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processing
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Acid whey (AW) contains valuable minerals, such as calcium and magnesium. Electrodialysis (ED)
is an efficient technology to recover these minerals; however, the less nutritional sodium will also
be recovered during ED. AW was processed by nanofiltration prior to ED in order to change the
ratio between the monovalent and divalent ions. The nano-filtration increased the efficiency of the
ED process regarding recovery of Ca2+ and Mg2+ ions by 70% and 67%, respectively, while it did
not affect the K+, Na+, phosphates and lactate. The spent energy was more effectively used to
recover Ca2+ in the nano-filtrated AW.

Keywords Acid whey, Electrodialysis, Nanofiltration, Calcium, Lactic acid, Minerals.

INTRODUCTION

The production of acidified milk products is
increasing due to high demand from consumers
(Pereira et al. 2021). However, the production of
some of these products, such as Greek yoghurt,
skyr, quark and cottage cheese, results in the
generation of a byproduct named acid whey
(AW). The composition of AW differs from the
protein-rich sweet (cheese) whey (Merkel et
al. 2021), commonly used for the production of
whey protein powders and infant formulas (Tser-
moula et al. 2021). AW is characterised by low
protein content and high concentrations of lactic
acid and minerals (Nielsen et al. 2021). Calcium
and magnesium are two minerals in AW that are
valuable for producing dairy-based functional
foods and important in the human diet (Bronner
and Pansu 1999; Al Alawi et al. 2018). How-
ever, sodium and potassium are also found in
high concentrations in AW, but since a limited
intake of sodium is recommended (Aaron and
Sanders 2013), it will be a benefit for the valori-
sation of AW that its concentration is reduced.
Moreover, high concentrations of lactic acid and
minerals lower the glass-transition temperature

of lactose and thereby hampers the formation of
powder products from AW (Chandrapala et
al. 2016).
Electrodialysis (ED) is an alternative to the

more common pressure-driven membrane sepa-
ration processes, such as ultra-filtration (UF),
nano-filtration (NF) and reverse osmosis (RO).
The separation process in ED is electrically dri-
ven, and the separation takes place based on
particle charge and the ratio between particle
size and charge. Several studies have shown that
ED is an efficient process for separating ions in
AW (Chen et al. 2016; Dufton et al. 2018;
Talebi et al. 2020; Nielsen et al. 2021). The
composition of AW is highly important for the
ED efficiency, and changes in concentrations
and chemical speciation of the ions highly affect
the separation efficiency (Nielsen et al. 2021;
Nielsen et al. 2022). A separation of Ca2+ and
Mg2+ from AW is of interest during ED. Pre-
processing of mineral brines using other separa-
tion processes, such as NF, demonstrated the
improvement of the separation efficiency during
the subsequent ED and reduced energy con-
sumption (Bouchoux et al. 2006; Nativ et
al. 2020). Furthermore, studies focused on the
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decreased lactic acid and mineral content of AW by ED in
order to improve the stability of AW powders (Talebi et
al. 2020; Merkel et al. 2021) and have shown that NF treat-
ment of AW has the advantages of reducing the concentra-
tion of sodium and potassium while retaining most of the
divalent ions in the retentate. Monovalent ions are trans-
ported prior to divalent ions during ED (Diblı́ková et
al. 2013; Rasmussen et al. 2020), and a change in the ratio
between monovalent ions and divalent ions will, accord-
ingly, increase the efficiency of ED to recover Ca2+ and
Mg2+. However, this process creates a side-stream with high
concentrations of ions, which could be reused by the food
industry in the formulation of other products. To our knowl-
edge, no previous studies have investigated how the
removal rates of specific minerals during ED are affected by
an NF pre-treatment. This knowledge is essential for opti-
mising the ED process efficiency and reducing energy con-
sumption. Better understanding of the mineral composition
of the ED concentrate stream will provide opportunities for
its valorisation. The present study aims to assess how the
pre-treatment of AW using NF prior to ED affects the
removal of sodium, potassium, calcium, and magnesium
during ED and its effect on the overall process efficiency
evaluated by the specific energy consumption. Furthermore,
the composition of ED concentrate obtained, a side stream
from ED, will be investigated to provide a solution rich in
divalent ions and low in monovalent ions, which potentially
can be used as ingredients in food products that lack cal-
cium and magnesium.

MATERIAL AND METHODS

Raw materials
AW from conventional skyr production was obtained from
Arla Foods Hobro (Denmark). The composition of the AW
can be found in Nielsen et al. (2021). The AW was trans-
ported at 2–5°C and stored at −20°C until further use.
Before use, the AW was thawed in a 40°C water bath and
stored overnight at 4°C. In this study, the AW retained by
the NF membranes is termed retentate, while the solution
passing the NF membranes is called permeate. The AW/
NFAW solution demineralised by the ED is termed diluate,
and the water solution receiving the ions is termed the con-
centrate.

Nanofiltration
To determine the optimal temperature for the AW’s NF
treatment, a number of laboratory-scale trials were per-
formed using an MMS Triple System (MMS AG Membrane
Systems, Urdorf, Switzerland). The trials were conducted at
10, 30 and 50°C with a transmembrane pressure (TMP) of
15 bar, using TFC NF flat sheets (active surface area
1.32 × 10−2 m2) with a molecular weight cut-off of 100–
250 Da from Synder Filtration (Vacaville, CA, USA). The

AW (1 kg) was filtrated until a volume concentration ratio
(VCR) of 2.5 was reached. The TMP, permeation flux, con-
centration factor of the retentate and temperature were mea-
sured in-line during the filtration. Samples of the retentate
were collected at the end of the filtration process and anal-
ysed by high-performance liquid chromatography (HPLC)
and Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-OES) to determine the lactic acid concentra-
tion and mineral composition. After selecting the optimal
temperature for the NF treatment, 25 kg of AW was NF
treated using a SW25 pilotscale filtration unit from MMS
AG Membrane Systems (Urdorf, Switzerland) with a spiral
wound NF membrane with the same properties and from the
same supplier as in the laboratory scale trials (active surface
area 1.1 m2). The temperature was 50°C, and the TMP was
15 bar. The filtration was stopped when the VCR of the
retentate reached 2.5. After filtration, the retentate was
stored at −20°C until it was thawed in a water bath at 40°C
before ED treatment.

Electrodialysis configuration
The ED experiments were conducted using an EDR-Z/10-
0.8 laboratory unit from MemBrain s.r.o. (Stráž pod Rals-
kem, Czech Republic). The unit contained 10 pairs of
heterogeneous AM-PES (anionic) and CM-PES (cationic)
ion-exchange membranes Ralex® (MEGA a.s., Stráž pod
Ralskem, Czech Republic). The membranes were arranged
in the order CM-AM-CM, and the total active surface area
was 6.4 × 10−3 m2. A description of the properties of the
membranes can be found in Merkel and Ashrafi (2019), and
a schematic representation of the ED configuration is shown
in Figure 1. The electric field was applied to Pt coated tita-
nium electrodes, and the voltage on the membrane stack
was measured with two Pt wires connected to the ends of
the stack. Before the main experiments, the limiting current
densities of the initial diluates were determined using the
Cowan and Brown method (Cowan and Brown 1959). The
ED experiments were operated at 10 V (1 V/per pair of
membranes), which is the standard working condition for
the ion exchange membranes used for dairy demineralisa-
tion. Furthermore, this voltage results in a current density
below the limiting current density of the two solutions. The
total applied voltage ranged from 12.9 to 14.8 V. The differ-
ence between the 10 V and the total applied voltage corre-
sponds to the ED stack resistance. The initial concentrate
consisted of 0.750 kg deionised water (κ ≤ 10 μS/cm), and
the electrolyte solution (0.250 kg) consisted of 20 g/L
Na2SO4 (≥99%, Merck KGaA, Darmstadt, Germany). The
diluate consisted of either AW or AW NF retentate (NFAW)
with an initial mass of 2.0 kg. Each experiment lasted for
180 min, which previously has been shown to be enough
for a 90% demineralization of AW from skyr production
(Nielsen et al. 2021). During each experiment, the conduc-
tivity, pH and temperature of the two streams and the total

© 2022 The Authors. International Journal of Dairy Technology published by John Wiley & Sons Ltd on behalf of Society of Dairy Technology. 821
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applied voltage, and the resulting current intensity were
measured at an interval of 10 min. Samples were collected
from the diluate and concentrate (brine solution) every
30 min. The samples were frozen at −20°C after the experi-
ments until analysis. No visual fouling was observed on the
membranes after the trials. The demineralization rates of the
solutions were calculated using Eqn 1, where σ0 and σt are
the conductivities in the initial diluate and at time t, respec-
tively.

DR ¼ σ0�σt
σ0

� 100 (1)

Concentration of minerals
The concentrations of calcium, magnesium, potassium,
sodium, and phosphor in the NF retentate and the diluate
and concentrate samples collected from the ED were deter-
mined by an ICP-OES 5100 system, including an SPR 4
auto-sampler from Agilent Technologies as described in
Nielsen et al. (2021).

Carbohydrates and lactic acid content
The lactose, glucose, galactose, and lactic acid concentra-
tions were quantified by HPLC using a refractive index
detector from Agilent Technologies. A description of the
method can be found in Nielsen et al. (2021).

Total nitrogen content
The total nitrogen in AW and NFAW was determined by
Dumas using a Rapid N Max Exceed from Elementar Anal-
ysensysteme GmbH (Langenselbold, Germany).

Determination of concentration depended association
constants
The concentration-based association constant (Kc) of Ca2+

binding to lactate was calculated from the activity-based associ-
ation constant, Ka, found in Nielsen et al. (2022), which was
derived from a Kc determined by Vavrusova et al. (2013), and
the ionic strengths of the solutions. The ionic strength (M), I,
was calculated based on the solution conductivity (μmho/cm),
σ, from the Russell equation (Belessiotis et al. 2016):

I ¼ 1:6� 10�5 � σ (2)

From the ionic strength, the Ca2+ activity was estimated
using the Davies equation (Davies 1962):

logγ2þ ¼ �ADH � z2
ffiffi
I

p

I þ ffiffi
I

p �0:30� I

� �
(3)

where γ2+ is the Ca ion activity coefficient, ADH is 0.51 at 25°C
and z = 2, which is the charge of the Ca ion. More information
about this calculation can be found in Nielsen et al. (2022).
Knowing γ2+ the association constant, Kc, was calculated:

Ka ¼ Kc
γþ

γ2þ � γ�
¼ Kc

γ2þ
(4a)

Kc ¼ Ka � γ2þ (4b)

Calculation of Ca-lactate complex formation
The concentration of the Ca-lactate complex in the AW and
NFAW was calculated by the following equation:

Figure 1 Schematic representation of the electrodialysis stack.

822 © 2022 The Authors. International Journal of Dairy Technology published by John Wiley & Sons Ltd on behalf of Society of Dairy Technology.
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x ¼
Kc � mþ Kc � nþ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� Kc � mþ Kc þ nð Þ2� 4� K2

c � m� n
� �q

2� Kc

(5)

where x is the concentration of the Ca-lactate complex in M
and has to be smaller than the value of m and n, which are
the concentrations of lactate (M) and calcium (M) in the
solutions.

Energy consumption
The specific energy consumption of the ED was calculated
according to Eqns 6 and 7 or 8, while the energy consump-
tion of the NF process was calculated using Eqn 9, where U
is the applied voltage on the stack (V), I is the current (A),
t is the time of ED (s), mi is the initial mass of the diluate
(kg), and CCa is the concentration of the Ca2+ ions trans-
ported during the ED process (mM).

EED Whð Þ ¼ U �
Z t¼10800

t¼0
Idt (6)

EED_mass
Wh

kg diluate

� �
¼ EED

mi
(7)

EED_Ca
Wh

mM Ca

� �
¼ EED

CCa
(8)

ENF Whð Þ ¼ Pfeed � t þ Pcirc � t (9)

where Pfeed is the feed pump’s electrical power (W) and Pcirc is
the electrical power of the circulation pump determined using
pump curves. Equation 10 was used to determine the total
energy consumption used for treating the NFAW, where AED is
the area of the ion exchange membranes in the ED unit (m2)
and ANF is the area of the membranes in the NF unit (m2).

Etotal

Wh
mM Ca

m2 membrane area

� �
¼

EED
CCa

AED
þ

EED
CCa

ANF
(10)

Statistical analyses
The results in the present work are represented as an aver-
age � standard deviation. One way ANOVA was used to
determine significant differences (p < 0.05). All experiments
were done at least as duplicates.

RESULTS AND DISCUSSION

Nanofiltration of AW
The time for reaching a VCR of 2.5 significantly depends
on the NF processing temperature (Figure 2). At 10°C, the

processing time was 5 h, whereas by increasing the temper-
ature to 30°C or 50°C, the processing time decreased to 3
and 2 h, respectively. These results are in accordance with
expectations since the increased temperature of a water-
containing solution, like AW, decreases the solution viscos-
ity and increases the membranes’ permeability to the solu-
tion (Dang et al. 2014). However, the concentrations of
lactic acid, calcium, magnesium, potassium, and sodium in
the NF retentate were independent of the processing temper-
ature (data not shown).
Pre-processing of the AW with NF at 50°C, which was

selected to achieve the highest flux, increased the concentra-
tions of calcium and magnesium in the retentates from
34.0 � 4.2 to 69.8 � 3.3 mM (105% w/w), and from
4.6 � 0.6 to 10.4 � 0.6 mM (126% w/w), respectively,
while the concentration increase of sodium and potassium
was limited to 20.3 � 0.9 to 22.2 � 0.9 mM (9% w/w),
and from 39.9 � 4.9 to 45.5 � 2.4 mM (14% w/w), respec-
tively (Figure 3). A rough estimation of the ratio between
the cations shows that the ratio changes from 7:1:4:9 in AW
to 7:1:2:4 in NFAW for Ca2+, Mg2+, Na+ and K+, respec-
tively, by increasing the relative concentration of the diva-
lent ions. The present findings are in agreement with
previous results by Merkel et al. (2021). Furthermore, the
concentration of phosphorus, which is a nutrient, increased
significantly from 26.1 � 2.8 to 47.5 � 2.2 mM (81% w/w)
by pre-treating with NF. The concentration of lactic acid
increased from 79.1 � 6.5 to 114.0 � 9.6 mM (44% w/w),

0 50 100 150 200 250 300
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6  10°C
 30°C
 50°C

VC
R

Time (min)

Figure 2 Evolution of the volume concentration ratio (VCR) over time

for the nanofiltration treatment of acid whey at 10, 30 and 50°C.
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which may be explained by the molar mass of lactic acid
(90.08 g/mol), which is close to the molecular weight cut-
off of the membrane used (100–250 Da).

Demineralisation of AW and NF AW by ED
Within 180 min ED processing, AW was 98% deminer-
alised, whereas the NFAW was only 84% demineralised
within the same process time. The initial conductivities of
the AW and NFAW were 8.3 � 0.1 and 9.3 � 0.1 mS/cm,
respectively. Hence, the conductivity of the AW increased
by the NF pre-treatment as a result of the increased concen-
tration of divalent ions in the NFAW. Previous studies have
also shown that the total demineralisation rate of a solution
decreases when the solution conductivity increases (Ras-
mussen et al. 2020; Nielsen et al. 2021). This means that
the demineralisation of NFAW is slower than the demineral-
isation of AW, as also found in the present study. The initial
pH of both AW and NFAW was 4.3. The pH of the AW
decreased to 3.7 after 150 min ED before reaching a final
pH of 3.8. The pH of NFAW decreased to 4.0 after 170 min
ED and remained stable until the end of the process. The
observed decrease in pH for both solutions has been attribu-
ted to lactic acid dissociation due to the migration of lactate
and water splitting (Beaulieu et al. 2020).

Cation transport during ED process
The concentration of the cations measured was almost
reduced to zero in the AW diluate during 180 min ED pro-
cessing (Table 1). In NFAW, only K+ was completely
depleted from the diluate, while 95% of the Na+ was
removed. The Ca2+ concentration decreased by 84%, and
the Mg2+ concentration decreased by 76%. Thus, the

transport of Mg2+ is slower in NFAW compared to AW.
This finding further agrees with the order in which 80% of
the cations are removed. In AW, 80% of the minerals was
removed in the following order: K+ > Na+ > Mg2+ and
Ca2+. No difference was found in the transport of Ca2+ and
Mg2+. A similar trend has previously been shown in AW,
sweet whey and nano-filtration retentate of milk (Diblı́ková
et al. 2013; Chen et al. 2016; Rasmussen et al. 2020; Niel-
sen et al. 2021). In NFAW, the K+ and Na+ also migrated
prior to the divalent ions. However, in NFAW, the transport
of Ca2+ was faster than the transport of Mg2+.
The transport of cations in AW and NFAW can, after an

initial lag time, be described as a zero-order reaction
(R2 > 0.99): y = axe + b, where y is the concentration of
the specific cation in mM at time x, x is the time in minutes,
and a is the transport rate (or rate constant) of the cation
(mM/min; Figure 4). Casademont et al. (2008) have previ-
ously shown that the transport of calcium, magnesium,
potassium and sodium during ED follows a zero-order reac-
tion in model salt solutions. Furthermore, it is observed that
the NF pre-treatment affects some of the ions’ transport
rates during the following ED process. Among the monova-
lent ions, the transport rate of Na+ was not affected by the
NF pre-treatment, while the transport rate of K+ decreased
(Table 2). These results show that even though the concen-
tration of potassium and sodium are slightly higher in
NFAW than AW, the transport rates of these two minerals
remain the same or even decrease during ED. This can be
explained by the high concentrations of calcium and magne-
sium in a sodium solution, which is known to decrease
sodium transport (Firdaous et al. 2007). These results are
important for optimising the process if the purpose of the
ED process is to produce a concentrate solution low in
sodium and potassium. In contrast to sodium and potassium,
the transport rate of Ca2+ increased by 70% in NFAW. The
higher transport rate of Ca2+ in NFAW is explained by the
higher concentration of calcium in the NFAW and the
amount of ionic calcium. The binding of Ca2+ to lactate
forms the calcium-lactate complex known to decrease Ca2+

transport during ED (Nielsen et al. 2022). Based on Kc

(4.03 and 4.18 mol−1 × L for AW and NFAW, respectively)
of Ca2+ and lactate, the distribution between Ca2+ and com-
plexed calcium was calculated. For the AW used in the pre-
sent investigation, the concentrations are 26.4 mM Ca2+ and
7.6 mM of calcium-lactate, while in NFAW, the speciation
corresponds to 49.5 mM Ca2+ and 19.5 mM calcium-
lactate. The concentration of Ca2+ is 85% higher in NFAW
compared to AW, and thus, the higher concentration of free
calcium allows free transport in the electric field during ED
since the divalent Ca2+ more easily migrates compared to
complexed calcium with only one positive charge of a larger
ion. Furthermore, Geise et al. (2013) have previously shown
that increased salt concentrations in a solution increase the
salt permeability of an IEM, resulting from reduced Donnan
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Figure 3 Concentrations of calcium, magnesium, sodium and potas-

sium in acid whey (AW) and acid whey nanofiltration retentate (NFAW).

Bars with different letters are significantly different (p ≤ 0.05).
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Table 1 Mineral concentrations in the initial acid whey (AW) and nanofiltrated acid whey (NFAW) and respective diluates after 180 min electro-

dialysis processing at 25°C

AW NFAW

Initial conc. Final conc. Reduction Initial conc. Final conc. Reduction

(mM) (%) (mM) (%)

K+ 39.9 � 4.9 0 � 0 100 45.5 � 2.4 0 � 0 100

Na+ 20.3 � 0.9 0 � 0 100 22.2 � 0.9 1.2 � 0.6 95

Ca2+ 34.1 � 4.2 0.3 � 0.2 99 69.8 � 3.3 11.4 � 1.9 84

Mg2+ 4.6 � 0.6 0 � 0 100 10.4 � 0.6 2.4 � 0.4 77

Figure 4 Evolution of (a) sodium, (b) potassium, (c) calcium and (d) magnesium concentration in acid whey (AW) and nanofiltrated acid whey

(NFAW) during 180 min electrodialysis processing at 25°C.
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exclusion of co-ions. Due to the divalent charge of the
Ca2+, the Donnan exclusion of Ca2+ from the anion
exchange membranes is more reduced compared to the
exclusion of monovalent ions (Rottiers et al. 2015). Thus,
the Donnan exclusion theory can also help describing the
increased transport rate of Ca2+ in NFAW. In addition, the
transport rate of Mg2+ also increased. This is in accordance
with Casademont et al. (2008), who also observed an
increase in Mg2+ transport rate when the initial magnesium
concentration in the diluate increased. In the present study,
magnesium’s initial concentration is much lower than the
other cations present in both AW and NFAW, which fully
explains the low transport rate. However, comparing the
properties of sodium, potassium, calcium and magnesium
(Table 3), it is evident that magnesium has a high hydration
enthalpy, which affects the transport rate (Tansel 2012). Due

to the high hydration enthalpy of magnesium, more energy
is required to overcome the partial dehydration of the ion,
which is important for the ion to pass through the mem-
brane (Kotov et al. 2002). As a consequence, magnesium
passes through the IEM as a hydrated ion, while sodium,
potassium and calcium are partially dehydrated. The hydra-
tion shell of the magnesium ion causes friction against the
membrane matrix, which results in a lower transport rate of
magnesium compared to the other cations (Firdaous et
al. 2007). Furthermore, magnesium also has a lower water
exchange rate constant. The water exchange rate constant
explains how fast a specific H2O molecule is exchanged
between the first and second coordination spheres of an ion
(Lincoln 2005). It is suggested that a fast water exchange of
a cation lowers the transport barrier during transport through
a bulk solution and thereby increases the transport rate of
the metal ion. However, since the water exchange rate of
Mg2+ is up to a thousand times lower than the water
exchange rate of potassium, sodium, and calcium, magne-
sium diffuses slower in an electric field in water.

Anion transport during electrodialysis
The lactic acid concentration decreased by 97% in AW and
74% in NFAW (Figure 5a). It has earlier been shown that
ED can be used to remove lactate, the conjugate base of lac-
tic acid, from AW. Nielsen et al. (2021), has previously
removed 82% lactate from skyr AW, while Chen et
al. (2016) removed 74% lactate from UF permeate from
AW. The lower removal of lactate from NFAW is a result of
a combination of the higher initial lactic acid concentration
and higher conductivity in NFAW compared to AW (Talebi
et al. 2020; Nielsen et al. 2021). Moreover, the concentra-
tion of total phosphorus was higher in the NFAW. Phospho-
rus in milk is found as phosphate PO4

3− or protonated as
HPO4

2− or H2PO4
− depending on pH (Gaucheron 2005)

and are thus competing with lactate in carrying the electrical
current. The pH of the two diluate solutions were both
around 4.3. At this pH, phosphate mainly exists as the
slightly charged anion H2PO4

− (Rotta et al. 2019). Thus,
the higher phosphate concentration can also contribute to a
lower removal of lactate in NFAW. The phosphate concen-
tration decreased 93% and 80% in AW and NFAW, respec-
tively (Figure 5b). When comparing the removal of lactate
and phosphate, it may be seen that phosphate is removed
prior to lactate, which is in accordance with the results of a
study by Talebi et al. (2019). The NF pre-treatment of AW
did not affect the transport rate of lactate, even though the
concentration of lactate/lactic acid was higher in NFAW
(Table 2). Only an insignificant increase in the transport rate
of phosphate was observed, despite the initial phosphate
concentration being almost twice as high in the NFAW com-
pared to the AW. Shi et al. (2019), Ward et al. (2018), and
Weinertova et al. (2017) have previously shown that the
current efficiency for removal of H2PO4

− is low compared

Table 2 Transport rate of all measured minerals and lactate in acid

whey (AW) and nanofiltrated acid whey (NFAW)

Transport rate (mM/min)

AW NFAW

K+ 0.5 � 0.1a 0.3 � 0.0a

Na+ 0.2 � 0.0a 0.2 � 0.0a

Ca2+ 0.2 � 0.0a 0.4 � 0.0b

Mg2+ 0.03 � 0.01a 0.05 � 0.0b

P 0.2 � 0.0a 0.2 � 0.0a

Lactate 0.5 � 0.1a 0.6 � 0.0a

aMeans within a row with different subscripts differ (p ≤ 0.05).

Table 3 Ion characteristics of potassium, sodium, calcium and mag-

nesium

K+ Na+ Ca2+ Mg2+

Valence 1+ 1+ 2+ 2+
Molecular weight (g/mol) 39.10 22.99 40.08 24.31

Ionic radius (nm)

(Israelachvili 2011)

0.133 0.095 0.099 0.065

Ionic radius (hydrated) (nm)

(Van Der Bruggen et al. 2004;

Israelachvili 2011)

0.33 0.37 0.41 0.43

Hydration number (�1)

(Israelachvili 2011)

3 4 6 6

Hydration enthalpies (KJ/mol)

(Smith 1977)

322 409 1577 1921

Mobility (cm2/s*V) (Bazinet

et al. 2000)

7.6 5.2 6.2 11.0

Water-exchange rate constants

(kH2O/s
−1) (Lincoln 2005)

109 109 108 106

826 © 2022 The Authors. International Journal of Dairy Technology published by John Wiley & Sons Ltd on behalf of Society of Dairy Technology.
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to smaller anions. The removal of H2PO4
− seems challenged

by the large size in terms of high molecular mass and large
hydrated radius, resulting in a low diffusion rate in water
(De Paepe et al. 2018). This results in a lower conductivity
for H2PO4

−, and thus a higher driving force is required to
transport the ion (Shi et al. 2018), explaining why the
increase in concentration does not significantly affect phos-
phates’ removal rate.

The composition of the electrodialysis concentrates
To assess the quality of the ED concentrates from AW and
NFAW, the composition of the two streams was analysed.
During the first 90 min, sodium is the dominating species in
the AW concentrate (Table 4). The initial sodium concentra-
tion in AW is lower than the potassium concentration; how-
ever, after 30 min ED, the potassium concentration becomes
lower than the sodium concentration in the AW ED concen-
trate. Presumably, this is a result of Na+ transport from the
Na2SO4 electrolyte solution to the concentrate solution
through the cation exchange membrane separating the elec-
trolyte solution and the concentrate compartments. After
120 min ED, the lactic acid concentration becomes higher
than the sodium concentration. However, throughout the
whole process, sodium is the dominating ion in the AW
concentrate solution. After 180 min, the sodium concentra-
tion is around double of the calcium concentration. The spe-
cies found in the lowest concentration is magnesium, which
is in accordance with expectations since magnesium was the
mineral present in the lowest concentration in the AW.
Moreover, low lactose concentrations are also transferred
from the AW to the AW concentrate. Lactose is a neutral
compound, and thus its transport is not driven by the elec-
tric potential. However, transport by diffusion also occurs

during ED, which might explain the presence of lactose in
the AW concentrate (Bazinet 2005). A rough estimation of
the ratios between the species after 180 min in the AW con-
centrate is 15:10:8:1:7:22:1 for Na+, K+, Ca2+, Mg2+, P,
lactic acid and lactose.
The sodium concentration was also higher than the con-

centration of potassium in the concentrates obtained from
ED of NFAW (Table 4). The sodium concentration is lower
in the NFAW concentrate than in the AW concentrate; how-
ever, this difference is not statistically significant (p = 0.6).
However, compared with concentrates obtained from ED of
AW, the calcium concentration is higher in the NFAW con-
centrates during all the ED processing times studied. This is
most pronounced at the end of the process (after 180 min),
where the calcium concentration in NFAW concentrates
becomes 88% higher (w/w) than the AW concentrate. At
this time point, calcium is also the dominating mineral in
the NFAW concentrate. Furthermore, the magnesium con-
centration increases in NFAW concentrate, and after
180 min, the concentration is 101% higher than the AW
concentrate. The lactic acid concentration increased by 9.3%
by the NF treatment. The ratio among the species in the
NFAW is estimated to be 7:6:8:1:5:12:1 for Na+, K+, Ca2+,
Mg2+, P, lactic acid and lactose.
Furthermore, the total nitrogen content of the AW and

NFAW concentrates was measured to assess the transport of
proteins and peptides during ED. However, only low nitro-
gen concentrationswere found in the AW and NFAW concen-
trates. We have previously analysed the total composition of
the initial AW used, where no intact proteins were detected
(Nielsen et al. 2021). Therefore, it is assumed that the nitro-
gen found in the AW and NFAW concentrates are peptides,
free amino acids or non-protein nitrogen compounds. Several

Figure 5 Evolution of (a) lactate and (b) phosphate concentration in acid whey (AW) and nanofiltrated acid whey (NFAW) during 180 min electro-

dialysis processing at 25°C.
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studies have shown that ED can be used to isolate peptides
(Firdaous et al. 2009; Suwal et al. 2014; Suwal et al. 2016;
Kadel et al. 2019). However, NF of AW does not signifi-
cantly affect the content of peptides found in the concentrate.
These data show that NF of AW before ED results in an ED
concentrate with significantly higher concentrations of cal-
cium and magnesium, which are valuable elements for the
industry because of their importance in the human diet
(Bronner and Pansu 1999; Al Alawi et al. 2018). Moreover,
the concentration of the monovalent ions is similar in both
concentrates. The NFAW concentrates are thus more suitable
for use as ingredients in other food products than AW con-
centrates.

Energy consumption
The specific energy consumption pr. kg diluate for 180 min
ED processing of AW and NFAW was estimated to be
4.4 � 0.1 and 5.5 � 0.2 Wh/kg. Thus, more energy is used
to demineralise NFAW than AW (p = 0.01). The initial con-
ductivity of NFAW was higher than the conductivity of AW.
This finding is in agreement with previous studies, which
have shown that more energy is required to demineralise
solutions with higher concentrations of ions and higher con-
ductivities (Lee et al. 2002; Talebi et al. 2020; Nielsen et
al. 2021). As the purpose of the demineralisation by the ED
is to recover the divalent ions, especially calcium, the
energy consumption was normalised according to the
amount of Ca2+ removed from the AW and NFAW during

the ED. The energy consumption of AW and NFAW was,
respectively, 0.3 � 0.0 Wh/mM Ca removed and
0.2 � 0.0 Wh/mM Ca removed. This means that pre-
treating AW with NF reduces the energy required to trans-
port 1 mM Ca2+ from the NFAW diluate to the NFAW con-
centrate during the ED by 50%. However, in the case of
NFAW, the energy consumption for the NF pre-processing
needs to be accounted for. In this study, the two processes
were performed at different production scales. The ED at
the laboratory scale and the NF at the pilot scale make a fair
comparison between both processes difficult. A solution was
to estimate the energy consumption based on the membrane
area of the ED and the NF units, respectively. This resulted
in a total energy consumption of 41.1 � 5.5 Wh/mM Ca/m2

membrane area and 31.5 � 2.8 Wh/mM Ca/m2 membrane
area for the AW and NFAW, respectively, where
1.9 � 0.0 Wh/mM Ca/m2 membrane area of the energy
used for the NFAW was for the NF pre-processing (Fig-
ure 6). The results show clearly that the energy used for the
NFAW is more efficiently used to transport Ca2+ ions,
which are the ions of high interest, compared to the AW.
From an engineering perspective, this information is impor-
tant for designing the most efficient ED process. However,
since the AW was heated to 50°C before the NF treatment,
the energy consumption for this heating procedure should
ideally be included in the total energy consumption calcula-
tions. Thus, the total energy consumption for the NFAW
might be slightly higher than estimated in this study.

Table 4 Composition of acid whey (AW) and nanofiltrated acid whey (NFAW) electrodialysis concentrates collected during 180 min electrodial-

ysis processing at 25°C

Time (min)

(mM) 0 30 60 90 120 150 180

AW Na+ ND 40.4 � 7.9 56.4 � 24.9 89.5 � 29.6 103.5 � 25.4 94.2 � 2.9 114.5 � 20.9

K+ ND 14.6 � 3.4 36.5 � 8.6 67.7 � 5.3 77.1 � 0.3 70.3 � 15.9 79.1 � 3.0

Ca2+ ND 6.0 � 2.3 20.0 � 1.7 41.9 � 2.9 52.8 � 6.7a 53.3 � 16.3a 61.8 � 8.6a

Mg2+ ND 0.2 � 0.5 1.8 � 0.1 4.5 � 0.3 6.1 � 0.9 6.1 � 2.5a 7.7 � 1.2a

P ND 4.4 � 0.5 15.1 � 4.3 33.7 � 4.4 45.1 � 1.2 44.5 � 11.1 54.3 � 1.2a

Lactic acid ND 11.9 � 1.1 39.5 � 11.5 87.6 � 18.3 129.4 � 10.9 134.8 � 21.9 170.2 � 1.1a

Lactose ND 0.7 � 0.1 2.6 � 0.8 6.1 � 0.7 8.3 � 0.1 7.8 � 2.0 10.0 � 0.2a

Total N ND ND ND 8.8 � 1.7 11.1 � 0.7a 10.2 � 2.3 12.5 � 0.4

NFAW Na+ ND 32.8 � 6.8 51.2 � 10.7 65.5 � 10.6 73.3 � 2.0 96.7 � 6.8 105.4 � 2.9

K+ ND 13.4 � 0.7 37.5 � 6.5 54.6 � 2.2 68.6 � 5.6 87.2 � 0.8 90.4 � 3.1

Ca2+ ND 9.7 � 1.0 32.6 � 6.4 58.3 � 6.7 82.2 � 0.2a 104.0 � 6.9a 116.6 � 1.4a

Mg2+ ND 0.9 � 0.3 3.9 � 1.1 7.1 � 1.2 9.7 � 0.9 13.8 � 0.2a 15.5 � 0.1a

P ND 5.1 � 0.2 19.9 � 4.1 37.7 � 5.8 52.4 � 2.6 73.0 � 0.2 83.8 � 1.9a

Lactic acid ND 10.9 � 2.0 35.7 � 9.5 66.7 � 17.7 101.0 � 13.2 141.4 � 4.7 186.0 � 3.7a

Lactose ND 1.2 � 1.0 3.4 � 0.3 6.4 � 0.7 10.1 � 0.6 14.2 � 0.03 16.6 � 1.1a

Total N ND ND ND 5.9 � 1.1 7.9 � 0.6a 11.8 � 0.4 14.1 � 1.2

ND, not detected.
aIndicates statistical difference between AW and NFAW within same compound and time.
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CONCLUSIONS

The present study concludes that an NF pre-processing of
AW prior to an ED process improves the ED efficiency if
the demineralisation aims to recover Ca2+ and Mg2+ ion.
The transport rate of Ca2+ and Mg2+ was higher in the
NFAW compared to the AW, while the transport rates of
K+, Na+, phosphates and lactate were not affected, which
could be explained by the initial mineral concentrations and
the Donnan exclusion theory. The resulting ED concentrate
from the NFAW had a better nutritional composition due to
the higher concentration of calcium and magnesium than the
AW concentrate. The concentration of sodium and potas-
sium in the ED concentrates were not affected by the NF
pre-processing. The energy spent for treating the AW and
NFAW was most efficiently used for the transport of Ca2+

ions in the NFAW. The present study reports relevant results
for optimization of the ED process and the importance of
pre-processing of AW by NF on reduction of the energy
consumption and composition of the obtained streams.
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