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For a long time bovine milk whey (BMW) was considered a residue. However, considering the protein

contents, lactose contents and other constituents, BMW has always presented good potential for the

manufacture of various by-products of nutritional value. Due to the low temperature, the BMW freeze

concentration influences the lactose crystallization, the protein structures and the bioactive compound

preservation resulting from water separation as ice crystals. The separation results in increased content

and improved functionality of these constituents. The effects of ethanol, calcium chloride (CaCl2) and

carboxymethylcellulose (CMC) concentrations on physicochemical properties, rheological parameters

and temperature profiles in the freeze concentration (FC) of BMW from cheese enzymatic coagulation

were evaluated. The results showed that the effects of ethanol, CaCl2 and CMC addition were significant

(p < 0.05) on percentage variations in density, lactose content, total soluble solids and protein content.

The number of stages influenced the freeze-concentration process. In the “concentrate” fraction, the

largest variations in density, lactose content, SST content and protein content were found in the

treatment consisting of 10% ethanol, 0.5% CaCl2 and 0.05% CMC. The results were supported by the

analysis of the levels of subcooling and initial freezing temperatures obtained through temperature

profiles and in the increase of viscosities of the “concentrated” and “ice crystal” fractions. The use of

substances that interfere in the ice crystal formation in the freeze concentration process that precedes

the drying process showed remarkable results in the constitution of the final products, used as

ingredients in various food formulations.
Introduction

For decades, the dairy industry has been one of the most
important sectors for the economy of industrialized and
developing countries. However, of the total volume of milk used
to make cheese, 85% of it was considered a residue (bovine milk
whey, BMW) which, when discarded directly into nature, could
cause great environmental impacts. Currently, whey is consid-
ered a by-product and proposed to be used for other purposes,
as BMW contains constituents of milk, such as lactose, soluble
proteins, lipids and high added-value mineral salts, with high
application in the food industry as a complement that is
nutritional and functional.1,2
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Methods based on the crystallization of water for obtaining
BMW by freeze concentration (FC) have been studied which do
not interfere with the nutritional and functional properties of
milk whey.1–3 Crystallization is the key operation in FC which is
a process that consists of crystallizing part of the water con-
tained in the medium to separate the soluble components
found in the system. This unit operation can be applied in
several types of processes, specically, in the concentration of
aqueous foods in the food industry.4 The purpose of FC is to
remove water at low temperatures. Therefore, important
components such as proteins, avorings, vitamins and poly-
phenols remain in the food and do not degrade or undergo
changes in their properties during crystallization and separa-
tion of the media. Another advantage because it occurs at low
temperature is that the microbial growth rate and enzyme
activity decrease. The main disadvantages of the process are the
high cost and the limitation of crystallization due to the
increase in viscosity.5,6 The most applied FC techniques in the
bio-food industry are suspension, progressive, eutectic partial
block and complete block.5 These techniques have been studied
by several authors for application in foods such as fruit juices
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and dairy products and water desalination.7–13 Progressive
freeze concentration forms a single ice crystal in the system;
therefore, the system is much simpler as compared with the
conventional method of equilibrium suspension crystallization
for freeze concentration, in which many small ice crystals are
formed.14

Aider et al.1,2 used FC technology for the recovery and
enhancement of milk whey as a promising ingredient in the
food industry. The objective of the work was to optimize the
milk whey concentration process, minimizing the amount of
dry matter retained in the ice fraction. This was made possible
by recycling the ice fraction. The authors report the concen-
tration of acid milk whey from 5.71 ± 0.01% (w/w) to 24.68 ±

0.03% (w/w) of total dry matter through three FC cycles and
recycling. The study also aimed to evaluate the emulsifying and
foaming properties of concentrated milk whey as a function of
concentration cycles. The results showed that the stability index
of the concentrated whey emulsion increased, as the number of
FC cycles increased, while the emulsifying activity index
decreased.5 Aer four levels of concentration it was possible to
concentrate the whey to 35% of the dry matter and the total
proteins were concentrated to 20% of the total dry matter.
Lactose was more concentrated in the ice fraction and proteins
were more concentrated in the non-frozen fraction. The effi-
ciency of the concentration process decreased when the number
of FC stages was increased. The optimization of the process by
mathematical models showed that the number of optimal
stages is three.3

In the freezing process, water crystallization begins when
favourable conditions are reached for aggregation in an ordered
arrangement of a group of molecules forming particles called
crystallization nuclei. These conditions are determined by the
correlation between temperature, cooling rate, concentration of
solutes and magnitude of the forces guiding the molecules in
the liquid. Ice crystal growth is possible once nucleation occurs.
The control of the ice crystal sizes in the presence of additives
was studied by Carneiro and Cal-Vidal.15 Based on the factors
responsible for the nucleation and ice crystal growth, strategies,
depending on the nal objectives and frozen biological prod-
ucts or systems, were proposed by Blanshard and Franks16 for
the control of water crystallization in food systems. Among
these strategies include: (1) the inhibition of nucleation. The
freezing point of the product is lowered by the introduction of
additives. (2) The control of the nucleation. Relative rates of ice
nucleation can be manipulated by appropriately exploiting the
heat transfer rates and the conditions of the physicochemical
parameters of systems. (3) Controlling the growth of the ice
crystal. The presence and accumulation of micro and macro-
molecular additives can modify the diffusion/colligative prop-
erties at the water–ice crystal interface and thereby limit the
extensive growth of the ice crystal or recrystallization.

Based on these fundamentals, the hypothesis in this work for
the FC process is to act in the opposite direction trying to favour
the formation of ice crystals by the use of substances to induce
water crystallization. Solutes present in water can also directly
inuence the morphology of ice crystals.15 In food systems,
macromolecules (proteins and/or polysaccharides) form a gel
© 2023 The Author(s). Published by the Royal Society of Chemistry
network at low temperatures that, as has been shown, inuence
and modify the ice crystal growth habits. Another aspect
considered in the freezing process is the addition of organic
solvents, such as alcohols before the freezing process, which
can reduce the solubility of solutes and promote their crystal-
lization through supersaturation of the system and also change
the ice crystal growth habits.17

Considering the dairy systems, Costa et al.18 investigated the
inuence of calcium fortication by the addition of calcium
chloride and k-carrageenan on the parameters of ice cream
quality. The results showed that the addition of calcium chlo-
ride led to a substantial increase in the size of the ice crystals
and partial fat coalescence, which were exacerbated by the
addition of k-carrageenan. The effects of adding calcium to
dairy systems are well known, resulting in improved casein
interactions.19

The ability of various hydrocolloids to inuence water crys-
tallization as a function of temperature and viscosity was
studied by Budiaman and Fennema.20,21 Carboxymethylcellu-
lose (CMC), gelatin, microcrystalline cellulose, sodium alginate
and some gums were tested for the ability to reduce the water
crystallization rate as a function of the initial sub-cooling
temperature. All samples showed an increase in the crystalli-
zation rate with a reduction in the sub-cooling temperature and
with a decrease in the concentration of hydrocolloids, but the
effects varied with the nature of the hydrocolloid. The inuence
on the growth rate of ice crystals by the presence of a gel
network was discussed by several authors16,22,23 in terms of the
interaction of the front of the ice crystal with the network and
others components of the gel system. These systems affect the
dynamics of the freeze-concentration process. Dairy protein
recovery has gained increasing interest due to the high aggre-
gate value of the product and few studies are found specically
on additives that can inuence the polarization mechanism of
solutes in BMW. Vuist et al.24 evaluated the effect of the addition
of sodium chloride and sucrose on the inclusion behaviour in
progressive freeze concentration of whey protein solutions. The
authors showed that solutions of whey protein isolate can be
successfully concentrated using progressive freeze concentra-
tion. Higher concentrations of whey protein lead to a higher
concentration near the interface, which may create a gel layer
that impedes the mass transfer from the boundary layer and
hence promotes solute inclusion. Therefore, this work aimed to
evaluate the effects of the addition of CaCl2, CMC and ethanol
in progressive freeze-concentration of bovine milk whey (BMW)
on the composition and thermal and rheological properties of
the concentrate and crystal fractions aer the ice separation.

Materials and methods
Bovine milk whey (BMW)

Bovine milk whey (BMW) was obtained from a dairy located in
the municipality of Perdões/MG. It was collected from the
cheese-making process by an enzymatic coagulation process.
The analytical composition of the original BMW used in the
tests was density (1022.96 kg m−3), lactose (2.21%), TSS (3.98%)
and protein (1.29%). The BMWwas sent to the laboratory where
Sustainable Food Technol., 2023, 1, 280–295 | 281
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Table 1 Rotational central composite design (RCCD): coded variables and real variables

Treatments

Coded variables Real variables

Ethanol (%) CaCl2 (%) CMC (%)
Ethanol
(%) CaCl2 (%) CMC (%)

1 −1 −1 −1 2.02 0.20 0.02
2 −1 −1 1 2.02 0.20 0.08
3 −1 1 −1 2.02 0.80 0.02
4 −1 1 1 2.02 0.80 0.08
5 1 −1 −1 7.98 0.20 0.02
6 1 −1 1 7.98 0.20 0.08
7 1 1 −1 7.98 0.80 0.02
8 1 1 1 7.98 0.80 0.08
9 −1.68 0 0 0 0.5 0.05
10 1.68 0 0 10 0.5 0.05
11 0 −1.68 0 5 0 0.05
12 0 1.68 0 5 1 0.05
13 0 0 −1.68 5 0.5 0
14 0 0 1.68 5 0.5 0.1
15 0 0 0 5 0.5 0.05
16 0 0 0 5 0.5 0.05
17 0 0 0 5 0.5 0.05
Control — — — 0 0 0

Fig. 1 Diagram of the BMW freeze-concentration process.
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it was ltered using cotton fabric as a lter element and stored
between 0 and 4 °C in a refrigerator until its application in the
process.

Sample preparation and experimental planning

The following reagents were used as additives: carboxymethyl-
cellulose salt sodium USP (CMC) (Exodus Cientica, São Paulo,
Brazil); calcium chloride P.A-ACS (Dinâmica, São Paulo, Brazil)
and ethyl alcohol 99.9% (Dinâmica, São Paulo, Brazil). For
treatments with different concentrations of CMC, the solubili-
sation of the additive in the BMW was done using a magnetic
stirrer for 30 minutes. Aer dissolving, the mixture (BMW with
CMC) was stored in a refrigerator for 12 hours at temperatures
between 0 and 4 °C to complete the hydration of the CMC.

Aer the hydration period, CaCl2 and ethanol were added to
the BMW in concentrations dened according to the experi-
mental plan presented in Table 1. The rotational central
composite design (RCCD) with 3 dependent variables with 14
axial points and 3 central points was applied and the variables
were the concentrations of CMC, CaCl2 and ethanol. Aer
preparation, the treatments were divided into 3 portions to
perform the FC process.

Progressive freeze-concentration process (FC)

The FC process for each of the treatments including the control
was done in batches and in three stages and 4 L of BMW were
processed in each stage. A diagram of the process is shown in
Fig. 1.

Concentrator

The progressive FC of the samples was performed in a concen-
trator with a 5.0 L volume container built in the laboratory. The
formation of ice occurs on the external surface of a 3/8 ” (9.53
mm) diameter stainless steel coil through which secondary
282 | Sustainable Food Technol., 2023, 1, 280–295
refrigerants circulate. The secondary refrigerant used for
cooling/freezing was an alcoholic solution (0.8 L of ethanol/liter
of solution) at −12 °C recirculated from an ultra-thermostatic
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2fb00024e


Fig. 2 Data acquisition system (1) concentrator; (2) agitator; (3) ther-
mocouples (position of the thermocouples installed on the concen-
trator); (4) data acquisition; (5) computer.
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bath (Nova Ética, Model: 521/3DF, Vargem Grande Paulista,
Brazil). The residence time of the samples in the concentrator
was xed at 40 minutes with mechanical agitation (72 rpm) (IKA
Labortechnik, model RW.20).

These operating conditions were determined from pre-tests
to determine the ideal time and temperature for the process.
Aer removing the concentrate, to accelerate the process of
removing the formed ice, water at 30 °C from a thermostatic
bath (Brookeld, Model: EX200, Stoughton, USA) was recircu-
lated through the circuit.

The standard BMW (raw material) was submitted to batches
under the same operating conditions of time and temperature.
Aer the processes, the fractions in each batch were separated
and conditioned in containers labeled as ice crystal fraction and
concentrated fraction. The trials were carried out until suffi-
cient concentrated fraction volume (4 L) was obtained to start
the second stage. The same procedures were carried out to start
the third stage.

To obtain the temperature histories, 4 copper-constantan T-
type thermocouples (Omega Engineering Inc., USA – AWG 30)
were installed in the radial direction 0.5 cm apart and close to
the coil, as shown in Fig. 2. Obtaining the temperature data as
a function of time was made by a data signal conditioning
system (National Instruments Mod. SCXI –Hungry) and the Lab
View 8.5 soware was used for data acquisition. The interval
between measurements was 10 seconds. Fig. 2 shows a repre-
sentation of the data acquisition system and the radial distri-
bution of the thermocouples inside the concentrator.
Physicochemical analysis
Total soluble solid content, density, lactose and protein

The total soluble solid (TSS) content, density, lactose and
protein were determined using Lactoscan © equipment (Ultra-
sonic milk analyzer; Milk Otronic, Bulgaria). The measuring
ranges are: TSS from 0 to 50% ± 0.17%; density from 1000 to
1150 kg m−3 ± 0.3 kg m−3; lactose from 0.01 to 20.00% ± 0.20%
and proteins from 2 to 7% ± 0.15% in accordance with the
manufacturer's instructions. The equipment was previously
calibrated using a standard BMW sample and the samples were
read in quadruplicate. The analyses of these parameters were
made in terms of the results obtained for the concentrated
© 2023 The Author(s). Published by the Royal Society of Chemistry
samples compared to those obtained for the standard sample
(BMW pure without additives) (eqn (1)):

variation ð%Þ ¼
�
conc:-standard

standard

�
� 100 ð%Þ (1)

Viscosity

The rheological measurements were performed at 4 °C using
a Brookeld DVIII Ultra concentric cylinder rotational viscom-
eter (Brookeld Engineering Laboratories, Stoughton, USA),
with an adapter for small samples 13R/RP (19.05 mm in diam-
eter and 64.77 mm in depth) and shear sensor coaxial SC4. The
samples were submitted to an increasing shear rate ramp that
varied linearly from 0 s−1 to 240 s−1. The measurements were
made in triplicate and 13 points were taken in each trial.

With the shear stress (s) and shear rate (g) values, the
rheological parameters, consistency index (k) and uid behav-
iour index (n) were calculated from the power law model (eqn
(2)). All rheological parameters were obtained using the Rheo-
calc soware (Version V.3.1, Brookeld Engineering Laborato-
ries, Stoughton, USA).

s = k$ _gn (2)

where s = shear stress (Pa); k = consistency index (Pa s); _g =

shear rate (s−1); n uid behaviour index.

Colorimetry

The color of the BMW samples was measured using a Konica
Minolta Spectrophotometer CM-5 colorimeter in the color
coordinate system L*, a* and b*. In this color representation
system, the values L*, a* and b* describe the uniformity of color
in three-dimensional space, where the value L* corresponds to
how light and how dark the analyzed product is (0 = black; 100
= white). The values of a* correspond to the scale from green to
red (a* negative, green; a* positive, red) and the values of
b* correspond to the blue to yellow scale (b* negative, blue;
b* positive, yellow).

From the values of a* and of b*, Hue angles (h°) were
calculated for each test that indicate the chromatic hue (attri-
bute in which the color is perceived), using eqn (3):

h* ¼ arctg

�
b*

a*

�
(3)

pH

The determination of pH was carried out using a bench pH
meter (MPA-210).

Statistics

All the readings in the samples were made in quadruplicate and
the mean values were used as response variables of the treat-
ments in the RCCD. A RCCD was performed with central points
(level 0) and axial points (levels ±a), totalling 17 tests,
Sustainable Food Technol., 2023, 1, 280–295 | 283

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2fb00024e


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/2
7/

20
26

 1
1:

53
:4

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
associated with the response surface methodology (RSM).25 The
minimum (a(−1.68) = 0%), central (a(0) = 5%) and maximum
(a(+1.68) = 10%) of ethanol concentrations were established
according to the work of Bezerra et al.17 Considering that the
concentrated product will be freeze-dried, the effects on large
ice crystal are minimized with higher ethanol concentrations
and the freezing stage becomes more difficult by the reduction
in the freezing temperature of the systems. The minimum
(a(−1.68) = 0%), central (a(0) = 0.5%) and maximum (a(+1.68)
= 1.0%) of CaCl2 concentrations were dened according to daily
adequate calcium intake that establishes 1000–1300 mg.18 The
minimum (a(−1.68) = 0%); central (a(0) = 0.05%) and
maximum (a(+1.68) = 0.10%) of CMC concentrations were
dened in pre-tests based on increased viscosities of the
systems.21 The complete experimental conguration is shown in
Table 1. The second-order polynomial model was adjusted to
the experimental data (eqn (4)).

Yi = b0 + b1x1 + b11x1
2 + b2x2 + b22x2

2 + b3x3
+ b33x3

2 + b12x1x2 + b13x1x3 + b23x2x3 + e (4)

where Yi is the response variable; b0 is a constant term; b1, b2
and b3 are the linear term coefficients (ethanol, CaCl2 and CMC,
respectively); b11, b22 and b23 are the quadratic term coeffi-
cients; b12, b13 and b11 are the interaction term coefficients; x1,
x2 e x3 represent the coded variables (ethanol, CaCl2 and CMC,
respectively); e is associated with the residual error of the
experiments. Polynomial statistical models were obtained for
each response variable. The usual test of signicance of the
adjusted regression equation is the null hypothesis test (H0),
which involves the calculation of the value and comparison of
this calculated value with the tabulated value, using the relation
Fa,p−1,N−p, in which N is the number of observations, p is the
number of parameter sets and a is the level of signicance. If
the calculated value exceeds the value of Fa,p−1,N−p tabulated,
then it is inferred with an a level of signicance that the vari-
ation accounted for by the model is signicantly greater than
the unexplained variation. In other words, the higher calculated
value indicates a better t.26 For the elaboration of the models,
the soware Statistica 8.0 was used, with a 95% condence
level. Analysis of variance (ANOVA) and evaluation of the
determination coefficient (R2) were used to verify if the model
presents an adequate t to the experimental data.
Results and discussion
Physicochemical (step 1) – concentrated 1

Table 2 shows the regression analysis coefficients (RCCD) of the
physicochemical parameters of the samples obtained in
concentrate 1 from stage 1 added with ethanol, CaCl2 and CMC
aer freeze concentration. Table 2 also shows the correlation
coefficients R2, the calculated F value and the regression coef-
cients for each order with their respective values of p. These
parameters make it possible to evaluate the signicant variables
involved in the different stages of the process applied in the
complete coded model shown in eqn (4). It is observed that
practically all the values of F calculated for the curve
284 | Sustainable Food Technol., 2023, 1, 280–295
adjustments presented in Table 2 are above the value F tabled
(Ftab = 3.73), indicating that the parameters are signicant.25

Another parameter presented in Table 2 is the determination
coefficient (R2). The value R2 is a measure of the variation
percentage of the observed values around the mean explained
by the adjusted model. In the analysis of variance shown in
Table 2, the percentage of variation explained by the regression
is greater than 97%.27 It can be seen in Table 2 that the additives
(ethanol, CaCl2 and CMC) linearly inuenced the density of the
BMW concentrate aer stage 1 of the concentration process.
These results allowed the construction of the response surfaces
shown in Fig. 1S – ESI.† These three additives also signicantly
inuenced the variation in the concentration of proteins in
concentrate 1. There was a positive linear increase in the protein
content in concentrate 1 with increasing concentrations of
ethanol and CaCl2 and a negative linear decrease with
increasing CMC concentration. In the statistical analyses of the
BMW freeze concentration process, it is observed that the
higher the ethanol and CaCl2 concentrations, the more effective
and linear is the response and the treatments with the highest
concentrations of these additives presented the best results.
This characteristic is explained by the interactions between the
additives and the BMW. Ethanol is a polar organic compound,
soluble in water, and yields hydrogen bonds, assisting in the
water separation from BMW components. With the addition of
CaCl2 to the system, part of the water molecules bind strongly to
salt, contributing to the increase of hydrophobic interactions,
resulting in protein–protein interactions. CMC had little inter-
ference in the freeze concentration process and in the pre-tests;
with agitation, there was a better concentration of pure BMW
and lower solute concentrations in the formed ice crystal.
However, when CMC is added to BMW, it interacts with the
BMW protein and precipitates. With agitation, the system
becomes homogeneous and protein molecules tend to incor-
porate into the crystal.

Only the addition of ethanol had a linear and positive
inuence on the variation of the lactose concentration in
concentrate 1 and the other additives, CaCl2 and CMC did not
produce a signicant effect on this parameter. The addition of
ethanol also increased the variation in the TSS contents and the
addition of CMC had a negative inuence on the variation of
this parameter. The analysis of the coefficients in Table 2
indicates that the higher the concentration of ethanol (%), the
greater the density variation values, lactose content, TSS and
proteins. Table 2 also shows that the higher concentration of
CaCl2 (%) improves the effectiveness of the process by linearly
increasing the variation in density and protein content. The
amount of CMC has a linear and negative inuence on the
variation of density, TSS and protein content, that is, the greater
the amount of CMC, the smaller the variation of all of these
evaluated components.

Table 2 shows that CaCl2 does not signicantly inuence the
lactose content or TSS. CMC does not signicantly inuence the
lactose content but inuences TSS in concentrate 1. The nega-
tive coefficients show that CMC reduces both the lactose
content and TSS and this effect is also noticeable in the system
consisting of CMC and CaCl2 (interactive effect b23). The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Coefficients for variation of density, lactose, SST and protein content using RCCD of concentrate 1 and ice crystal 1 obtained in the 1st
stage of the BMW freeze-concentration

Concentrate 1

Var. density (%) Var. lactose (%) Var. TSS (Brix) (%) Var. protein (%)

Regression coefficient p Regression coefficient P Regression coefficient p
Regression
coefficient p

b0 206.227 0.000a 302.441 0.000a 238.976 0.000a 201.374 0.000a

b1 77.250 0.000a 163.231 0.000a 107.829 0.000a 61.097 0.000a

b11 2.955 0.562 19.693 0.112 8.160 0.332 1.003 0.808
b2 15.598 0.010a 17.587 0.117 16.043 0.059 15.954 0.003a

b22 10.074 0.077 16.760 0.165 8.219 0.329 3.972 0.350
b3 −13.394 0.019a −17.290 0.122 −25.197 0.009a −12.722 0.010a

b33 5.637 0.284 12.228 0.296 18.569 0.050a −0.687 0.867
b12 −8.248 0.195 −15.102 0.278 −10.124 0.313 −6.977 0.182
b13 10.614 0.108 21.738 0.134 14.646 0.159 7.429 0.159
b23 −17.830 0.017a −29.657 0.054 −21.346 0.055 −15.633 0.013a

R2 0.980 0.977 0.974 0.980
F 38.694 32.889 29.071 37.359

Ice crystal 1

Var. density (%) Var. lactose (%) Var. TSS (Brix) (%) Var. protein (%)

Regression coefficient p Regression coefficient P Regression coefficient p
Regression
coefficient p

b0 158.870 0.000a 239.958 0.000a 185.444 0.000a 147.025 0.000a

b1 84.998 0.000a 155.126 0.000a 108.485 0.000a 68.591 0.000a

b11 6.638 0.258 18.609 0.1106 10.726 0.173 3.483 0.458
b2 18.716 0.007a 21.415 0.0540 19.172 0.020 18.650 0.002a

b22 5.119 0.374 11.010 0.316 7.172 0.345 3.712 0.430
b3 −12.762 0.035a −19.107 0.078 −15.309 0.049a −11.639 0.024a

b33 5.394 0.351 10.077 0.356 7.083 0.350a 4.351 0.359
b12 −5.486 0.420 −9.314 0.467 −7.464 0.404 −4.910 0.382
b13 11.133 0.126 20.136 0.140 13.369 0.156 8.786 0.139
b23 −16.857 0.034a −27.187 0.060 −19.567 0.053 −14.406 0.029a

R2 0.980 0.977 0.978 0.979
F 37.211 33.605 34.526 36.886

a Signicant at the level of 5% probability (p < 0.05). Legend: b0 = a constant term; b1 = ethanol (%); b11= (ethanol (%))2; b2 = CaCl2 (%); b22 =
(CaCl2 (%))2; b3 = CMC (%); b33 = (CMC (%))2; b12 = ethanol (%) × CaCl2 (%); b13 =ethanol (%) × CMC (%); b23 CaCl2 (%) × CMC (%).
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structure of the gel is composed of water strongly bonded by
hydrogen bonds to the hydrocolloid being immobilized by the
formation of the net which gives texture to the system. The
addition of Ca2+ ions competes with structural water causing
the breakdown of hydrogen bonds and water is released in the
system with a consequent reduction of viscosity. This behaviour
is in accordance with Ganz28 and justies the availability of
water necessary for the reduction of lactose and TSS contents in
concentrate 1.

The concentration of components in concentrate 1 was more
effective for treatments consisting of higher concentrations of
ethanol and CaCl2 and this characteristic can be explained by
competition of these additives through covalent and ionic
bonds with water in BMW releasing more free water in the
systems and favouring the formation of ice. The effects of
molecular interactions between these additives and BMW
proteins inducing the formation of large ice crystals have also
© 2023 The Author(s). Published by the Royal Society of Chemistry
been discussed in the literature.18 Various studies29,30 show that
in heat-set and cold-set whey protein gels, the addition of
calcium salts promotes aggregation and gelation through
a reduction in electrostatic repulsion. These aggregated whey
proteins were investigated by analyses of the rheological,
textural and microstructural properties of the gel. Information
on the interactions of added calcium with whey proteins at
lower temperature is limited.
Physicochemical analysis – step 1 – ice crystal 1

The ice crystal 1 fraction was formed and adhered to the
concentrator coil and was removed aer stage 1. The results
also are shown in Table 2. The response surfaces for the vari-
ables in ice crystal 1 showed behaviours in the graph that follow
the same trend that was observed for concentrate 1 (Fig. 1S –

ESI†).
Sustainable Food Technol., 2023, 1, 280–295 | 285
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Table 3 Regression results of the rotational central composite design (RCCD) for concentrate 2 and for ice crystal 2 obtained in the 2nd stage of
the BMW freeze-concentration

Concentrate 2

Var. density (%) Var. lactose (%) Var. TSS (Brix) (%) Var. protein (%)

Regression coefficient p Regression coefficient P Regression coefficient p Regression coefficient p

b0 228.151 0.000a 329.522 0.000a 261.677 0.000a 214.328 0.000a

b1 76.004 0.000a 164.975 0.000a 109.687 0.0000a 61.184 0.000a

b11 −3.598 0.397 15.220 0.155 6.908 0.263 −1.063 0.677
b2 16.146 0.003a 17.607 0.082 16.283 0.016a 17.009 0.000a

b22 6.639 0.140 13.940 0.188 8.211 0.192 2.728 0.302
b3 −15.297 0.004a −20.930 0.047a −18.033 0.010a −14.903 0.000a

b33 3.454 0.416 8.927 0.381 4.436 0.461 −0.0124 0.996
b12 −9.698 0.080 −16.384 0.192 −12.458 0.107 −7.429 0.038a

b13 15.480 0.014a 29.242 0.037a 18.467 0.029a 11.240 0.006a

b23 −13.694 0.023a −26.301 0.054 −17.253 0.038a −11.628 0.005a

R2 0.980 0.982 0.982 0.992
F 56.143 43.200 54.863 99.811

Ice crystal 2

Var. density (%) Var. lactose (%) Var. TSS (Brix) (%) Var. protein (%)

Regression coefficient p Regression coefficient P Regression coefficient p Regression coefficient p

b0 161.665 0.000a 238.339 0.000a 189.063 0.000a 145.693 0.000a

b1 86.746 0.000a 165.508 0.000a 114.191 0.000a 70.683 0.000a

b11 5.055 0.407 18.191 0.107 8.487 0.2980 2.381 0.556
b2 19.470 0.007a 29.605 0.013a 21.217 0.018a 20.150 0.001a

b22 11.350 0.088 18.004 0.110 9.331 0.256 10.877 0.026a

b3 −9.905 0.099 −22.108 0.043a −15.133 0.063 −9.632 0.028a

b33 6.777 0.275 12.085 0.259 8.250 0.310 6.492 0.136
b12 −7.618 0.300 −23.538 0.084 −14.816 0.142 −7.979 0.124
b13 10.587 0.163 33.228 0.025a 20.071 0.060 9.271 0.082
b23 −16.453 0.046a −12.888 0.306 −13.304 0.181 −13.662 0.020a

R2 0.978 0.982 0.977 0.985
F 34.357 42.142 33.766 52.645

a Signicant at the level of 5% probability (p < 0.05). Legend: b0 = a constant term; b1 = ethanol (%); b11 = (ethanol (%))2; b2 = CaCl2 (%); b22 =
(CaCl2 (%))2; b3 = CMC (%); b33 = (CMC (%))2; b12 = ethanol (%) × CaCl2 (%); b13 = ethanol (%) × CMC (%); b23 CaCl2 (%) × CMC (%).
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Physicochemical analysis – effects of other stages in the
concentration process

Tables 3 and 4 show the results of the regression analyses of the
physicochemical parameters of the concentrate and ice crystal
fractions obtained in stages 2 and 3, respectively, aer adding
ethanol, CaCl2 and CMC and freeze concentration.

The coefficients in Tables 3 and 4 when applied to the model
described by eqn (4) allow the comparison of the response
variables at different stages. Fig. 3 shows the variations in
density, lactose content, TSS and protein content in relation to
a standard sample as a function of the variation in the ethanol
concentration and xing the concentration of CaCl2 at 0.5% and
CMC at 0.05%. Fig. 3 shows that these response variables
increase notably with the increase in the concentration of
ethanol. A fact that must be highlighted is the reduction of the
percentage variation in the concentrate currents in the
sequence of stages 1, 2 and 3. On the other hand, these
286 | Sustainable Food Technol., 2023, 1, 280–295
variations increase in the ice crystal fraction, with the largest
variations observed in stage 3 of the freeze concentration
process. This is explained because the amount of water is
reduced in the systems at the end of each stage and density,
lactose content, TSS and protein content in the ice fraction
increased compared to the concentrate fraction. There was an
inclusion of lactose, TSS and protein in the ice layer.24

The variations in density, lactose content, TSS and protein
content in relation to a standard sample as a function of the
variation in CaCl2 concentration and xing the ethanol
concentration at 5% and 0.05% CMC are shown in Fig. 2S of the
ESI.† In these systems, the magnitudes of the variations were
lower.

Fig. 3S of the ESI† shows the variations in density, lactose
content, TSS and protein content in relation to a standard
sample as a function of the variation in CMC concentration and
xing the ethanol concentration at 5% and 0.5% CaCl2. In
general and compared with added CaCl2 and ethanol, it can be
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Regression results of the rotational central composite design (RCCD) for concentrate 3 and for ice crystal 3 of the BMW freeze-
concentration

Concentrate 3

Var. density (%) Var. lactose (%) Var. TSS (Brix) (%) Var. protein (%)

Regression coefficient p Regression coefficient P Regression coefficient p
Regression
coefficient p

b0 233.972 0.000a 352.844 0.000a 271.034 0.000a 215.389 0.000a

b1 73.366 0.000a 163.789 0.000a 88.357 0.002a 60.077 0.000a

b11 −5.867 0.082 9.321 0.267 12.262 0.572 0.745 0.848
b2 7.710 0.022a 5.910 0.428 27.850 0.182 8.976 0.034a

b22 6.796 0.051 6.254 0.445 13.017 0.549 5.222 0.206
b3 −14.945 0.001a −24.463 0.010a −38.817 0.078 −15.218 0.003a

b33 4.024 0.207 4.415 0.586 10.574 0.625 1.933 0.622
b12 −6.430 0.103 −13.820 0.176 −41.928 0.132 −0.614 0.894
b13 11.496 0.012a 17.817 0.094 46.660 0.099 9.528 0.070
b23 −15.663 0.003a −33.692 0.008a −56.983 0.053a −11.789 0.033a

R2 0.992 0.988 0.854 0.980
F 96.785 64.093 4.566 39.072

Ice crystal 3

Var. density (%) Var. lactose (%) Var. TSS (Brix) (%) Var. protein (%)

Regression coefficient p Regression coefficient P Regression coefficient p
Regression
coefficient p

b0 178.203 0.000a 264.713 0.000a 206.713 0.000a 166.032 0.000a

b1 82.348 0.000a 157.689 0.000a 107.969 0.000a 65.970 0.000a

b11 7.997 0.233 25.569 0.064 14.669 0.104 5.020 0.327
b2 15.625 0.026a 15.623 0.183 15.652 0.065 16.318 0.007a

b22 7.402 0.266 13.251 0.293 8.925 0.294 5.1567 0.315
b3 −11.664 0.074 −17.010 0.152 −13.034 0.111 −9.826 0.058
b33 3.352 0.601 7.358 0.548 4.765 0.564 2.553 0.609
b12 −10.767 0.182 −16.629 0.2684 −12.720 0.215 −9.464 0.138
b13 11.086 0.171 22.738 0.144 14.939 0.154 8.043 0.198
b23 −16.476 0.058 −26.621 0.096 −19.797 0.072 −14.244 0.040a

R2 0.985 0.972 0.973 0.974
F 27.051 26.647 27.705 29.382

a Signicant at the level of 5% probability (p < 0.05). Legend: b0 = a constant term; b1 = ethanol (%); b11= (ethanol (%))2; b2 = CaCl2 (%); b22 =
(CaCl2 (%))2; b3 = CMC (%); b33 = (CMC (%))2; b12 = ethanol (%) × CaCl2 (%); b13 = ethanol (%) × CMC (%); b23 CaCl2 (%) × CMC (%).
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seen in Fig. 3S,† Tables 3 and 4 that the concentration of CMC
had little signicant effect on the response variables for both
concentrates and ice crystals.

Fig. 3, 2S, and 3S† allow observing those treatments with
ethanol, CaCl2 and CMC where the differences between
concentrates, between concentrates and ice crystals and
between stages were statistically signicant. In stage 1, both the
crystal and the concentrate had close values of F and p (Table 2).
In stage 2, the behaviour was different in the variations (%) of
density and TSS; the value of Fconc. > Fcristal (Table 3) and this
characteristic was more evident in the protein content response
variable, where, Fconc. z 99.811 and Fcristal z 52.645. In this
case, the concentrate had a lesser dispersion of data, and it can
be said that the addition of ethanol and CaCl2 favoured the
concentrate.

The results indicated that the number of stages and the
concentration of ethanol inuenced the effectiveness of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
processes. Although Fig. 3 shows that the protein increases in
the concentrated fraction and in the ice fraction as the ethanol
concentration increases, the partition coefficient (protein
concentration in the ice/protein concentration in the concen-
trate) increases as shown in Fig. 4S and Table 1S (ESI†). Table 1S
(ESI†) shows that ethanol and CaCl2 concentrations and stages
1 and 2 inuence signicantly the partition coefficient. The
effect is notable in increasing the ethanol concentration and
stage 3 has no signicant effect (Table 2S – ESI†). In freeze
concentration systems, the partition coefficient is an important
parameter that varies between 0 and 1 and is desired to be as
low as possible. When the partition coefficient is equal to or very
close to 1, it means that the ice and concentrate have the same
concentration, and the process is not effective.

The optimum ethanol concentrations in stages 1 and 2 were
determined to obtain minimum protein partition coefficients.
The optimum range for the partition coefficient was determined
Sustainable Food Technol., 2023, 1, 280–295 | 287
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Fig. 3 Variation (%) of the (a) density, (b) lactose content, (c) total
soluble solids content and (d) protein content as a function of ethanol
concentration, 0.5% of CaCl2 and 0.05% CMC in the concentrates and
ice crystals separated in stages 1, 2 and 3 of the freeze concentration
process.

Fig. 4 Optimal superposition region of the contour graphs of signif-
icant responses evaluated as a function of the ethanol concentrations
at constant CaCl2 (0.5%) and CMC (0.05%) concentrations. NS, non-
significant for stage 3.

288 | Sustainable Food Technol., 2023, 1, 280–295
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by superimposing the contour surfaces of all the stage results.
Fig. 4 shows the overlaid contour plots for the signicant
responses, which were evaluated as a function of ethanol
concentration at constant 0.5% CaCl2 and 0.05% CMC
concentrations. Fig. 4 reveals that an ethanol concentration
range of 0–6.0% has the best combination of factors yielding
maximum values of protein partition coefficient of 0.86 (stage 1)
and 0.80 (stage 2).

The process with two stages and intermediate concentra-
tions of ethanol resulted in greater effectiveness of the freeze
concentration. To be effective in BMW freeze concentration,
CaCl2 must have a concentration of 0.5% in stage 2 as shown in
Fig. 4Sb. (ESI†).

Statistical analysis of the results of the color parameters was
made in the BMW samples at all stages. The results showed that
in the rst stage the data obtained in the ANOVA table were not
signicant at the 95% level, and it was not possible to adjust to
the model in eqn (4). In the second stage, the results obtained
for the Hue angle of concentrate 2 were signicant and it was
possible to perform the data regression and for ice crystal 2 this
parameter was not signicant. In the third stage, the variation
of the Hue angle was signicant in ice crystal 3 fractions. The
results of the regression analyses are shown in Table 5 and the
response surfaces for concentrate 2 and ice crystal 3 as a func-
tion of ethanol concentrations and CaCl2 are shown in Fig. 5Sa
and b (ESI†), respectively. This parameter indicates how much
closer to neutral colors the analysed concentrate or ice crystal
samples are. The increase in the hue angle parameter is
analyzed considering that values close to zero are related to
colors close to red that have an angular value equal to 0°. For
yellow, the angular value is equal to 90° and for green the
angular value is equal to 180°. Fig. 5Sa and b† show that
intermediate ethanol and CaCl2 concentrations presented
values indicating a color closer to yellow. The pH variation did
not signicantly inuence the freeze concentration process and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Regression results of the rotational central composite design
(RCCD) for the Hue angle (°) in the BMW freeze-concentration

Concentrate 2 Ice crystal 3

Regression coefficient p
Regression
coefficient p

b0 87.384 0.000a 90.932 0.000a

b1 −0.904 0.415 1.864 0.062
b11 1.150 0.350 1.103 0.272
b2 −1.986 0.098 −0.505 0.567
b22 2.689 0.051 1.525 0.144
b3 0.556 0.610 −1.411 0.137
b33 6.370 0.001a 0.351 0.716
b12 −0.628 0.658 −1.477 0.221
b13 4.517 0.013a 4.512 0.005a

b23 −5.191 0.007a −2.906 0.033a

R2 0.899 0.841
F 6.950 4.119

a Signicant at the level of 5% probability (p < 0.05). Legend: b0 =
a constant term; b1 = ethanol (%); b11 = (ethanol (%))2; b2 = CaCl2
(%); b22 = (CaCl2 (%))2; b3 = CMC (%); b33 = (CMC (%))2; b12 =
ethanol (%) × CaCl2 (%); b13 = ethanol (%) × CMC (%); b23 CaCl2 (%)
× CMC (%). Temperature proles during freeze concentration.
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does not interfere with the interactions of the additives with
BMW.
Temperature proles during freeze concentration

The graphs in Fig. 5 were obtained from readings of thermo-
couples installed near the central region of the concentrator
(T02) to obtain the temperature as a function of time for the
concentrates and near the cooled surface (T04) for the ice
crystals. In Fig. 5, the treatments consisted of different
concentrations of ethanol, 0.5% CaCl2 and 0.05% CMC (Fig. 5a);
different concentrations of CaCl2, 5% ethanol and 0.05% CMC
(Fig. 5b) e; different concentrations of CMC, 5% ethanol and
0.5% CaCl2 (Fig. 5c) which were selected to evaluate the indi-
vidual effects of each additive on the temperature histories of
the samples.

Fig. 5a1, b1 and c1 (T02, concentrate) show that during the
entire processing time the temperatures of the concentrates
remained at constant levels aer reaching the initial freezing
temperature, characterizing an equilibrium state solution-ice
crystal. In these cases, the temperature readings were ob-
tained in the concentrate samples located in the centre of the
concentrator container and with mechanical agitation. Fig. 5a2,
b2 and c2 (T04, ice crystal, close to the concentrator coil) show
the fast formation of ice crystals adhered to the coil. Compared
with the cooling history of the control sample, Fig. 5 shows the
individual effects of the additives in reducing the initial freezing
temperature and in the ice crystal formation rates adhered to
the serpentine. The freezing front movement occurs from the
cooled surface of the concentrator towards the centre and an
increase in the solute concentrations in the non-frozen phase
occurs near to ice formed in the serpentine. The accumulation
of solutes near the ice that is forming causes concentration
© 2023 The Author(s). Published by the Royal Society of Chemistry
polarization in progressive freeze concentration systems and is
responsible for reducing the freezing temperatures observed in
Fig. 5a2, b2 and c2. In this context, the effect is notable and
proportional to the increase in the ethanol concentration and
also, with less intensity, in the increase in the CaCl2 concen-
tration. The increase in the ethanol concentration provided
a delay in the formation of ice crystals that occurred at
extremely low temperatures. For the addition of CaCl2 and
CMC, no major changes are observed in temperature proles,
initial freezing points or ice crystal formation rates.

The effects of the stages are shown in Fig. 6 for treatments
with 0.5% CaCl2, 0.05% of CMC and different ethanol concen-
trations for the concentrates and ice crystals separated in stages
1, 2 and 3. Fig. 6 shows that for the fraction of BMW concentrate
without the addition of ethanol, the differences among initial
freezing temperatures were small considering the number of
stages. The lower initial freezing temperatures were in stages E2
and E3. This is an indication that the changes in the composi-
tions of solutes in the concentrates increase with the increase in
the number of stages. In systems consisting of 5% ethanol,
there were notable changes in the sub-cooling temperatures of
BMW samples in the three stages. In stage 1 (E1), the cooling
rate was slower and becomes faster in stages 2 (E2) and 3 (E3),
respectively. Sub-cooling and initial freezing temperatures are
dependent on the levels of TSS. Sub-cooling also depends on the
type of solute. At the same mass concentration (% w/w), the
lower molecular weight (MW) solutes have higher molality and
therefore lower freezing point. This could help explain the
marked effect of ethanol (MW ethanol < MWCaCl2 < MWCMC).
The higher the content of TSS, the lower the sub-cooling levels
and the presence of ethanol decreases the initial freezing
temperature and the ice crystal formation onset.

In the BMW samples with ethanol and additives, the
increase in the number of stages improved the efficiency of the
freeze concentration process. These observations are also valid
when the added ethanol concentration to the BMW was
increased to 10%. However, in this case the effect is observed
only by comparing stages E1 and E2. Stages E2 and E3 showed
small differences in terms of temperature proles. What stands
out is that these effects were most noticeable in the fractions of
ice crystals and can be proven and associated with increased
density, lactose content, soluble solid content and protein
content in the ice crystal fractions shown in Fig. 3. This
behaviour in the BMW freeze concentration process is partially
in line with the work of Aider et al.,3 where lactose was found
more concentrated in the ice fraction, while proteins were more
concentrated in the non-frozen fraction (thawed, freeze-
concentrated).

Vuist et al.24 evaluated the progressive freeze concentration
of whey protein–sucrose–salt mixtures if the inclusion of
protein in the ice was inuenced by the change in freezing point
due to the low-molecular weight components that accumulate
in the concentration polarization layer. The authors concluded
that at higher protein concentrations the inclusions are caused
by the increase in viscosity in the boundary layer, impeding
mass transfer and sucrose caused a similar effect. In this work,
a higher protein fraction was also found in the non-frozen
Sustainable Food Technol., 2023, 1, 280–295 | 289
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Fig. 5 Temperature profiles upon changing the concentration (a) of ethanol with 0.5% CaCl2 and 0.05% CMC; (b) of CaCl2 with 5% ethanol and
0.05% CMC and; (c) of CMC with 5% ethanol and 0.5% CaCl2 in the (1) concentrates and (2) ice crystals separated in stage 1.
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fraction and is attributed to the presence of ethanol. Aider et al.3

observed that the efficiency of the concentration process
decreases when the number of freeze concentration stages
increases and that the number of optimal stages is 3. In this
work, the presence of additives mainly CaCl2 and ethanol
inuenced the efficiencies of stages 1 and 2 and showed that the
increase in the number of stages increased the lactose
concentration, TSS and protein content in the ice crystal
fraction.
Viscosity

Fig. 7 shows the shear stress curves as a function of the shear
rate for BMW samples with 0.5% CaCl2 and 0.05% CMC and
added with different concentrations of ethanol (Fig. 7a); with
5% ethanol and 0.05% CMC added with different CaCl2
290 | Sustainable Food Technol., 2023, 1, 280–295
concentrations (Fig. 7b); and with 5% ethanol and 0.5% CaCl2
added with different concentrations of CMC (Fig. 7c), in the
concentrates and ice crystals separated in stage 1. The effects of
the number of stages of the freeze concentration process on the
shear stress as a function of the shear rate are shown in Fig. 8.
The results of the rheological parameters, consistency index (k)
and ow behaviour index (n) obtained by adjusting the experi-
mental data to the power law model are shown in Table 6.

Compared with the control sample and the individual effect
of each additive, Fig. 7a shows that the shear stress as a function
of the shear rate increases with the addition of ethanol, which
indicates an increase in the apparent viscosity of the BMW
samples aer the stage (E1). This increase is most evident in the
samples of the ice crystal fractions as shown in Fig. 7a2. This
behaviour of increased viscosity aer the concentration process
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature profiles for the system consisting of 0.5% CaCl2, 0.05% CMC and (a) 0% ethanol, (b) 5% ethanol, and (c) 10% ethanol
separated in stages 1, 2 and 3. (1) Concentrate and (2) ice crystal fractions.
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was also observed in the BMW samples containing CaCl2 and
CMC and is caused by the increase in the amount of solutes
aer the stage (E1). However, in these systems, the differences
between the shear stresses of concentrates and ice crystals are
more difficult to identify and the behaviours seem similar. The
effects of stages E1, E2 and E3 on the increase in shear stresses
are shown in Fig. 8. The effects are notable with the increase in
the concentration of ethanol compared to the control system
and less evident when comparing the effects between stages E1,
E2 and E3. The level of ethanol addition, CaCl2 and CMC in the
BMW samples inuenced the consistency index (k). Higher
values were observed with the increase in the level of
© 2023 The Author(s). Published by the Royal Society of Chemistry
incorporation of additives in the formulations (Table 6). The
consistency index (k) is an informative parameter of the BMW
sample viscosities aer Stage (E1); higher values of k indicate
that the concentrated BMW is more viscous. The presence of
additives led to an increase in the viscosity of the concentrate
and ice crystal fractions.

The rheological properties of BMW dispersions with addi-
tives are associated with greater or lesser water retention
capacity, which are favourable or unfavourable to the formation
of ice as indicated in the curves that describe the freezing
histories.
Sustainable Food Technol., 2023, 1, 280–295 | 291
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Fig. 7 Shear stress as a function of the shear rate of BMW samples added with different concentrations of (a) ethanol, 0.5% CaCl2 and 0.05%
CMC; (b) of CaCl2, 5% of ethanol and 0.05% CMC; and (c) CMC, 5% ethanol and 0.5% CaCl2 in (1) concentrate and (2) ice crystal fractions
separated in stage 1.

Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/2
7/

20
26

 1
1:

53
:4

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The ow behaviour index (n) in all treatments was less than 1
(for the concentrate fraction and for the ice crystal fraction),
indicating a pseudoplastic behaviour (Table 6). Increasing
concentration of ethanol, CaCl2 and CMC in BMW causes it to
deviate from Newtonian behaviour and therefore has a greater
pseudoplasticity aer the freeze concentration process.

The consistency index (k) and the ow behaviour index (n)
showed opposite variations in relation to the level of
292 | Sustainable Food Technol., 2023, 1, 280–295
concentration of additives. The k values increased and the
values of n decreased as these concentrations increased (Table
6). High values of k and low values of n indicate that BMW is
more viscous.

In this work, the presence of additives inuenced the rheo-
logical behaviour of BMW systems and consequently the freeze
concentration process. The additives inuence the loss of
secondary and tertiary structures of proteins during
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Shear stress as a function of the shear rate for samples with 0.5% CaCl2, 0.05% CMC and (a) ethanol 0%, (b) ethanol 5% and (c) ethanol 10%
in (1) concentrate and (2) ice crystal fractions separated in stages 1, 2 and 3.
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denaturation which leads to an increase in the volume occupied
by the protein. The result is increased viscosity if more dena-
tured proteins are present. The presence of a large number of
high molecular weight aggregates increases the resistance to
ow, increasing apparent viscosity.31 Huan et al.32 evaluated the
inuence of molecular weight and CMC concentration on the
stability and properties of whey protein isolate (WPI) stabilized
in emulsions. Emulsions stabilized by mixed WPI-CMC had
improved surface properties as well as reduced droplet occu-
lation. Increased viscosity due to no adsorbed CMC also
© 2023 The Author(s). Published by the Royal Society of Chemistry
contributed to increased stability at high CMC concentrations.
The binding of calcium ions to whey proteins reduces electro-
static repulsions and promotes interactions of the hydrophobic
domain that favours the aggregate formation and inuences the
rheological behaviour of BMW systems.28

Ethanol can effectively denature BMW proteins, as well as
change secondary and tertiary structures and induce protein
aggregation. Various studies33–35 have evaluated the ethanol
effects on themicrostructure and rheological properties of whey
proteins. Ethanol is less polar than water and has less
Sustainable Food Technol., 2023, 1, 280–295 | 293
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Table 6 Rheological parameters obtained from the power law model
of concentrate and ice crystal fractions separated in stage 1 for
samples with different concentrations of ethanol, CaCl2 and CMC and
fixing the concentrations of the other additives at the central point of
the RCCD

Rheological parameters (power law)

Concentrate Ice crystal

k n R2 k n R2

Ethanol 0% 0.025 0.910 0.992 0.015 0.992 0.987
Ethanol 5% 0.044 0.831 0.992 0.030 0.882 0.991
Ethanol 10% 0.047 0.876 0.991 0.042 0.857 0.998
CaCl2 0% 0.022 0.936 0.992 0.023 0.944 0.995
CaCl2 0.5% 0.044 0.831 0.992 0.030 0.882 0.991
CaCl2 1.0% 0.038 0.880 0.996 0.031 0.915 0.995
CMC 0% 0.029 0.917 0.994 0.046 0.830 0.996
CMC 0.05% 0.044 0.831 0.992 0.030 0.882 0.991
CMC 0.1% 0.036 0.894 0.996 0.036 0.875 0.998
Control 0.032 0.860 0.997 0.018 0.943 0.986
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permissiveness, which could easily disrupt non-covalent inter-
actions and therefore facilitate protein denaturation. According
to Feng et al.,33 ethanol induces molecular unfolding of native
whey proteins and subsequent aggregation that is caused by the
formation of disulphide bonds and intramolecular hydrogen
bonds, as well as hydrophobic interactions have signicant
effects on the structural, morphological and functional prop-
erties. In these studies, the results showed that with the
increase in ethanol concentration, structural changes occurred
and were detected.
Conclusions

The substances (ethanol, CaCl2 and CMC) signicantly and
linearly inuenced the density of the BMW concentrate aer
stage 1. Only the addition of ethanol had a linear and positive
inuence on the variation of the lactose concentration in
concentrate 1 and the other additives, CaCl2 and CMC did not
have a signicant effect on this parameter. The addition of
ethanol also increased the variation in the TSS content and the
addition of CMC negatively inuenced the variation of this
parameter. Increases in concentrations of ethanol and CaCl2 are
favourable for greater ice formation and more concentrated
solutions in concentrate 1. These variations increased in the ice
crystal fraction, with the largest variations observed in stage 3 of
the freeze concentration process. The process with two stages
and intermediate concentrations of ethanol resulted in greater
effectiveness of the freeze concentration.

With the cooling histories of the BMW samples, it was
possible to observe the individual effects of the additives in
reducing the initial freezing temperature and the ice crystal
formation rate adhered to the serpentine. In this context, the
effect is notable and proportional to the increase in the
concentration of ethanol and also, with little intensity, in the
increase in the concentration of CaCl2.

The rheological parameters increase with the addition of
ethanol, which indicates an increase in the apparent viscosity of
294 | Sustainable Food Technol., 2023, 1, 280–295
the BMW samples aer the (E1) stage of the freeze concentra-
tion process. This increase is most evident in the samples of the
ice crystal fractions. The level of ethanol addition, CaCl2 and
CMC in BMW samples inuenced the consistency index (k).

A justication for the use of these additives in the freeze
concentration process is that the effect of adding ethanol, for
example, becomes interesting if this process is applied in a pre-
drying process where the ethanol is easily eliminated. In addi-
tion, ethanol is low-cost and sustainably produced and accel-
erates the drying process. The result is a product with higher
protein content, lactose and TSS compared to the control
sample. These products can be used as wall material in micro-
encapsulation processes of bioactive compounds and as ingre-
dients in various food formulations.
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