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Abstract

This work focuses on the study of the concentration of lactose-free milk using a com-

bination of progressive freezing concentration (PFC) with block freezing concentra-

tion (BFC). First, we investigated the PFC of skim lactose-free milk applying response

surface methodology. To analyze the influence of three factors (stirring rate, coolant

temperature, and assay time) on the response variables (concentrate yield, efficiency

of the process, concentration index, and average ice growth rate), a central composite

design was used previously. It was found that all factors had a significate influence on

the responses. Then, once the optimized condition for this step was chosen (time of

58 min, coolant temperature of �5�C, and mechanical stirring of 1,035 rpm), the ice

obtained from it was subjected to a new freeze concentration cycle using the BFC

assisted by vacuum. In the concentrated fraction of this cycle, protein and carbohy-

drate contents were equals to 6.7 g 100 g�1 and 10.24 g 100 g�1, respectively. The

results suggest that in PFC carbohydrates accumulate more in the concentrated

phase, while in BFC it is the protein that has the greatest tendency to pass into the

concentrated liquid. In this approach, we believe that it is possible to combine the

two techniques (PFC + vacuum-assisted BFC) to obtain concentrates, and that they

can be used for the development of innovative lactose-free dairy products.

Practical Applications

The use of concentration processes can facilitate the customization of milk products

rich in proteins to meet specific requirements on nutritional and functional properties,
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for instance in bakery products, formulated food, ice-cream, beverages, energy drinks,

and others. Moreover, since most changes occur in an aqueous environment, the

removal of some part of milk water results in its preservation. Within the concentra-

tion processes, the freeze concentration emerges swiftly thanks to its inherent fea-

tures, involving low-temperature processing and selective nature of the water

removal step. Because of the low temperatures used in freeze concentration, this

technology is gaining in popularity as an alternative technique to the standard con-

centration techniques currently used in dairy processing. It offers the most enhanced

functional and sensorial qualities of concentrated milk because it decreases the qual-

ity deviation by minimizing the heat abuse on sensitive milk components, such as pro-

teins, water-soluble vitamins, and aromatics.

1 | INTRODUCTION

The incidence of lactose intolerance varies according to the regions of

the world. Ugidos-Rodríguez, Matallana-González, and Sánchez-

Mata (2018) reported that the occurrence of this gastrointestinal dis-

order is approximately 70% in the adult world population and 90% in

the Asian populations. In the case of the African and South American

population, it is estimated that 50% of people are affected

(De Oliveira Neves & de Oliveira, 2021). The disaccharide lactose is

composed of one unit of galactose and one of glucose linked by β-1,4

glycosidic bonds. In the human body, this linkage is naturally hydro-

lyzed by a specific enzyme, β-galactosidase (Singh, Rao, Sharma, &

Arora, 2021). So, a deficient amount of this enzyme or its complete

absence leads to malabsorption of lactose; which in turn is associated

with symptoms such as abdominal pain and bloating, flatulence, diar-

rhea, and vomiting (Suri et al., 2019). Therefore, when considering this

whole scenario, it is necessary to develop alternative and innovative

technologies to serve lactose intolerants who do not want to restrict

dairy products from their diet, given the importance of specific nutri-

ents present in milk.

Freeze concentration is already a widespread and accepted tech-

nology, applied mainly in the elaboration of ingredients and foods that

have high nutritive value (Aider & de Halleux, 2009). In this process,

the concentration of the fluid occurs through the removal of water in

the form of ice crystals. This means that the temperature of food liq-

uid decreases below its freezing point (Gulfo, Auleda, Ravent�os, &

Hernández, 2014), aiming to avoid the eutectic temperature and con-

sequently the solidification of all product constituents. One of the

main advantages of this operation is the preservation of thermally

sensitive compounds, given the low processing temperatures

employed (de Liz et al., 2020). The milk treatment in a temperature

range from 70 to 100�C can denature the whey protein (e.g., α-

lactalbumin and β-lactoglobulin) and induce the formation of aggre-

gates (Qian et al., 2017). When comparing heat of evaporation of

water (about 2,260 kJ kg�1 under at pressure of 0.1 MPa) with the

enthalpy of freezing water (335 kJ kg�1), the process of freeze con-

centration seems to be cheaper than evaporation from the energy

point of view. However, in practice, multieffect evaporation is avail-

able to recover thermal energy, causing the difference in energy

requirement between the two concentration methods to be substan-

tially reduced (Miyawaki, Liu, Shirai, Sakashita, & Kagitani, 2005).

Among freeze concentration processes, progressive freeze con-

centration (PFC) has been studied to concentrate various liquid foods

(Azhar, Panirselvam, Amran, Ruslan, & Samsuri, 2020; Miyawaki

et al., 2017; Rosdi, Yahya, Zakaria, Rahman, & Jusoh, 2020), as well as

effluents (Mazli, Samsuri, Amran, & Hernández, 2021; Mohamed

Anuar, Amran, & Ruslan, 2020). This technique consists of the partial

freezing of the solution under constant agitation, which is generally

employed to decrease the solute retention in the ice sheet (Ojeda

et al., 2017). This ice sheet is formed on a cooled surface (tank walls)

and is then separated from the concentrated fluid when the operation

is finished. On the other hand, in the block freeze concentration

(BFC), the food liquid to be concentrated is completely frozen,

followed by partial gravitational thawing. Therefore, the ice block rep-

resents a solid carcass through which the concentrated liquid passes

(Machado Canella et al., 2018). Aiming to enhance separation effi-

ciency, the BFC can be assisted by other techniques, such as the vac-

uum (Orellana-Palma, Petzold, Torres, & Aguilera, 2017) and

centrifugation (Baykal & Dirim, 2019).

The combined use of different concentration techniques has also

been reported in the literature; for example, suspension freeze con-

centration and centrifugal filtration of apple juice (Qin et al., 2021),

and PFC of coconut water followed by controlled thawing of ice

(Jayawardena, Vanniarachchy, & Wansapala, 2020). Recent work by

Hernández et al. (2021) suggests the combination of PFC and BFC

assisted by vacuum, as a strategy for desalination of saline solutions

simulating seawater. On the other hand, no references have been

found on the application of freeze concentration to lactose-free milk.

The approach of this study provides first data on the use of freeze

concentration processes to concentrate nutrients and compounds

from lactose-free milk. Therefore, response surface methodology

(RSM) was used to determine the optimum parameter conditions for

the PFC of milk. Three factors were chosen (refrigerant temperature,

stirring speed, and assay time) and their respective effects on the
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responses (concentrate yield, efficiency, concentration index, and

average ice growth rate) were investigated. Aiming to enhance the

separation efficiency of the system, a second stage was studied using

the BFC assisted by vacuum. In addition, freezing point depressions of

lactose-free milk and conventional milk were studied.

2 | MATERIAL AND METHODS

2.1 | Material

Ultra high temperature (UHT) lactose-free skim milk (CARREFOUR,

Madrid, Spain) was employed in the freezing concentration processes.

It was purchased from a local supermarket in the area of Barcelona

(Spain). Its initial composition was: 8.80 g 100 g�1 of total solids, 4.8 g

100 g�1 of carbohydrates (lactose <0.01%), 3.2 g 100 g�1 of proteins,

and lipid <0.5 g 100 g�1.

The same version of the product but with lactose (i.e., UHT skim

milk) was used for the preparation of concentrated milk, to investigate

the behavior of both kinds of milk (with lactose and free-lactose) dur-

ing freezing, and thus, verify the influence of lactose in this process.

So, the UHT skim milk composition was 4.8 g 100 g�1 of carbohy-

drates, 3.3 g 100 g�1 of proteins, and <0.5 g 100 g�1 of lipids.

2.2 | Physicochemical analysis

The total solids content of initial lactose-free milk, concentrated milk

fractions, and ice fractions were determined according to Floren, Sis-

cho, Crudo, and Moore (2016) with modifications. Therefore, a stan-

dard curve of total solids content against �Brix readings was plotted

employing distinct concentrations of lactose-free skim milk. For this

purpose, milk samples were freeze-dried and the resulting powder

was used to manufacture solutions with different concentrations (5%,

10%, 15%, 20%, 25%, 30%, 35%, and 40%). The �Brix readings of the

solutions were performed using an Atago refractometer (DBX-55,

Japan) with an accuracy of 0.1. Thus, through a linear regression

(y = 0.8715x � 0.3553, R2 = 0.999), the �Brix results of the tests

were converted and demonstrated as total solids content (g 100 g�1).

Machado Canella et al. (2020) applied this same correlation to semi-

skimmed goat milk (y = 0.9285x + 0.2764, R2 = 0.999). In cases of

readings of �Brix ≥4, the equation found by these authors shows simi-

larity to our equation. That is, from this reading range, the estimated

values for total solids will be smaller than their corresponding �Brix.

Protein contents (g 100 g�1) were determined by the Kjeldahl

method (N � 6.38) (AOAC, 2005), where N is the total nitrogen

obtained by the method and 6.38 is the conversion factor generally

used for milk and dairy products. This multiplication gives us the

amount of protein of the sample. Carbohydrates analyses (galactose,

glucose, and lactose) were realized according to the methodology

established by Schuster-Wolff-Bühring, Michael, and Hinrichs (2011),

with modifications. An aliquot of 1 ml of sample was diluted with 8 ml

of distilled water and vortexed. Then, 0.5 ml of Carrez Reagent 1 and

2 were added and the solution was mixed for 1 min. This mixture was

allowed to settle for 15 min, and thereafter, filtered by a nylon syringe

filter (0.45 μm of diameter pore) (Agilent, Santa Clara, CA). Twenty

microliters of each sample were injected onto a carbohydrate column

(ION 300) (Interaction Chromatography, San Jose, CA) of an HPLC

system (Hewlett Packard Series 1100, Agilent Technologies,

Waldbronn, Germany). As detector, it used a refraction index

(Detector Beckman 156, San Ramon, CA). The mobile phase employed

was a sulfuric acid solution (0.013 M), with a flow rate of 0.4 ml min�1

at a temperature of 28�C.

2.3 | Freezing point depression

Aiming to observe the influence of lactose and/or simpler sugars

(galactose and glucose) on the freezing point of milk, lactose-free skim

milk and skim milk in different concentrations (5%, 10%, 15%, 20%,

25%, 30%, 35%, and 40%) were submitted to freezing. For this, the

experimental apparatus used (Figure 1) consisted of three tubes with

40 ml of sample placed in a chest freezer (Fricon Model THC 520 N1,

Portugal) at �20�C. A type K thermocouple TESTO model 177-T4

(TESTO, Germany), previously calibrated with distilled water, was put

in the middle of the closed tubes to register the temperature changes

at intervals of 1 min.

2.4 | Freeze concentration systems of lactose-free
skim milk

Two freeze concentration protocols (PFC and vacuum-assisted BFC)

were used for the lactose-free milk concentration.

F IGURE 1 Apparatus to determine the freezing points of the skim
milk and skim lactose-free milk under different concentrations
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2.4.1 | Experimental setup of the PFC

The tests of PFC were performed in an equipment as described by

Muñoz et al. (2018) (Figure 2). In the receiving jacketed tank (1),

1.25 L of a previously refrigerated sample was placed. The tank, which

has a total height of 230 mm and a diameter of 115 mm, was isolated

with polyurethane foam (2) to limit heat exchange. The refrigerant

fluid was composed of an ethylene glycol�water mixture (50% wt/wt)

circulating in the thermostatic bath (3) (Polyscience SD15R-30, Nilles,

Illinois, USA) which allows for maintaining the temperature between

�30�C and 170 ± 0.1�C and also have a temperature control system.

The milk was agitated employing a mechanical stirrer (4) RGL-100

(Heidolph Instruments, Schwanbach, Germany) equipped with a speed

control system PCE-DT62 (PCE Deutschland GmbH, Meschede,

Germany) with 0.05% of accuracy and 0.1 rpm of resolution, and

speed range: 250–5,000 rpm. During the tests, the sample tempera-

ture was registered using a digital Dattaloger Testo 925 (TESTO,

Lenzkirch, Germany) (5) provided with a type K thermocouple with

precision of 0.1�C. The ice layer was formed in the walls of the vessel,

and at the end of each test, the concentrated liquid was removed to

separate it from the ice.

2.4.2 | Experimental design for PFC

The RSM was employed to determine the most promising conditions

for lactose-free milk PFC. First, we took into account a first-order

model, which was a 23 factorial design augmented by six central

points. The following independent factors were studied: stirring rate

(ω) (500, 1,000 and 1,500 rpm), coolant temperature (T) (�5, �10 and

�15�C), and time of assay (t) (20, 40, and 60 min). Once the significant

effect of the factors was confirmed, the design was extended to a

central composite design (CCD) (second-order model). For this, we

augmented the design with six axial points (face-centered). The

resulting factorial CCD for the two-level and three-factor scheme

with 20 treatments (three replicates) in total is described in Table 1.

After assessing the fit of the initial regression model, the num-

ber of variables was reduced following the stepwise method. This

is a tool used to simplify the initial model and to find a reduced

model that best explains the data. The reduced models were

obtained with α to enter and α to remove equal .15. All of these

analyses were performed using Minitab 19 for Windows (Minitab,

Inc., Stage Collage, PA). Thus, the regression coefficients were

used to make response surfaces, and the results were reported as

a mean ± SD.

2.4.3 | Response variables of the PFC

The response variables analyzed were the concentrate yield (Y), effi-

ciency of the process (eff), concentration index (CI), and average ice

growth rate (νice).

The concentrate yield was calculated according to Moreno,

Hernández, Ravent�os, Robles, and Ruiz (2014), using Equation (1).

Y %ð Þ¼ Cf mf

C0 m0
�100 ð1Þ

where Cf is the total solids content of the concentrate fraction

(g 100 g�1), C0 is the initial total solids content of the lactose-free

skim milk (g 100 g�1), mf is the concentrate fraction mass (g), and m0

is the initial milk mass (g).

The efficiency of the PFC relates to the increase in the solids con-

centration of the concentrate fraction relative to the solids content

retained in the ice fraction. Thus, this parameter was determined

using Equation (2):

eff %ð Þ¼Cf�Ci

Cf
�100 ð2Þ

where Cf is the total solids content of the concentrate fraction

(g 100 g�1) and Ci is the total solids content (g 100 g�1) of the ice

fraction.

The concentration index was defined as the relation between the

content of total solids in the concentrate fraction and the total solids

content of the initial milk. As mentioned by Nakagawa, Maebashi, and

F IGURE 2 Experimental setup for
progressive freeze concentration.
(1) jacketed tank; (2) polyurethane foam
used to isolate the tank; (3) thermostatic
bath; (4) mechanical stirrer; (5) digital data
logger equipped with a thermocouple
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Maeda (2009), this parameter is also known as relative concentration

(Equation 3).

CI¼Concentrate fraction total solids g100g�1
� �

Initial total solids g100g�1ð Þ ð3Þ

The average ice growth rate was measured at the end of the

experiment and takes into account the concentration, density, and

mass of the ice, as well as the heat transfer area and time of experi-

ment, as shown in Equation (4) (Osorio, Moreno, Ravent�os,

Hernández, & Ruiz, 2018).

νice μms�1
� �¼

r�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�mi 1�Cið Þ

ρi h π

q

t
106 ð4Þ

where r is the vessel radius (m), mi is the mass of the ice sheet (kg), h is

the ice layer height (m), ρi is the ice density (kg m�3), Ci is the total solids

content (g 100 g�1) of the ice fraction, and t is the time of assay (s).

Finally, the ice fraction of each test was reported to better under-

stand the results. For this proposal, Equation (5) was used:

Ice fraction %ð Þ¼ Icemass gð Þ�100
Initial mass gð Þ ð5Þ

2.4.4 | Vacuum-assisted BFC

Under the best condition for Y and eff (time of 58 min, stirring rate of

1,035 rpm, and coolant temperature of �5�C), ice samples were sub-

mitted to the vacuum-assisted BFC (Figure 3), following the method-

ology described by Machado Canella et al. (2020), with modifications.

For this, the ice obtained from PFC was completely melted at room

temperature. Then, the liquid was placed in plastic tubes (45 ml)

enveloped with polystyrene foam and frozen in a chest freezer at

�20�C for 18 hr. After the freezing process, the vacuum was applied

on the condition of 10 kPa (absolute pressure) for 65 min. The choice

of these parameters was based on correlated works. For example,

Hernández et al. (2021) verified the best separation conditions at

10 kPa and longer test times. Machado Canella et al. (2020), who

studied the freeze concentration of goat milk, found an optimal condi-

tion using the vacuum equal to 10 kPa and a time of 60 min. In our

experiment, the suction was produced by plugging a vacuum pump

into the bottom of the frozen sample. This procedure was replicated

three times. In summary, we considered the PFC as the first cycle of

lactose-free milk freeze concentration (the concentrated and ice frac-

tions were denoted as Concentrate 1 and Ice 1, respectively). The sec-

ond cycle consisted of BFC assisted by vacuum, where its fractions

were denoted as Concentrate 2 and Ice 2. Equation (5) was used to

TABLE 1 Central composite design (CCD) for three variables levels and their responses of concentrate yield, efficiency, concentration index,
average ice growth rate, and fraction of ice

Type

Variables levelsa Response

Temperature (�C) ω (rpm) Time (min) Y (%) eff (%) CI νice (μms�1) Ice fraction (% wt/wt)

Factorial �5 (1) 500 (�1) 20 (�1) 87.81 ± 0.72 36.30 ± 1.72 1.07 ± 0.01 3.05 ± 0.27 17.34 ± 1.23

�5 (1) 500 (�1) 60 (1) 82.91 ± 2.13 51.93 ± 0.23 1.20 ± 0.01 1.85 ± 0.13 29.82 ± 2.01

–5 (1) 1,500 (1) 20 (�1) 84.59 ± 2.10 47.59 ± 1.09 1.13 ± 0.02 3.74 ± 0.35 24.03 ± 2.08

–5 (1) 1,500 (1) 60 (1) 72.71 ± 4.26 60.90 ± 1.52 1.34 ± 0.04 2.41 ± 0.15 45.07 ± 1.84

�15 (�1) 500 (�1) 20 (�1) 70.02 ± 1.57 32.39 ± 1.83 1.12 ± 0.00 6.94 ± 0.32 37.24 ± 1.58

�15 (�1) 500 (�1) 60 (1) 50.18 ± 0.88 45.87 ± 1.07 1.42 ± 0.02 4.23 ± 0.08 63.84 ± 0.92

�15 (�1) 1,500 (1) 20 (�1) 60.11 ± 2.62 41.74 ± 1.44 1.26 ± 0.04 8.31 ± 0.09 51.49 ± 0.81

�15 (�1) 1,500 (1) 60 (1) 25.26 ± 0.61 51.66 ± 0.80 1.70 ± 0.08 4.76 ± 0.03 83.82 ± 0.48

Center �10 (0) 1,000 (0) 40 (0) 69.66 ± 0.78 52.34 ± 1.48 1.34 ± 0.02 4.29 ± 0.19 47.19 ± 0.98

�10 (0) 1,000 (0) 40 (0) 67.93 ± 1.74 53.85 ± 1.07 1.37 ± 0.01 4.59 ± 0.03 49.35 ± 1.04

�10 (0) 1,000 (0) 40 (0) 68.79 ± 1.17 55.01 ± 1.65 1.38 ± 0.00 4.53 ± 0.11 49.49 ± 0.55

�10 (0) 1,000 (0) 40 (0) 70.54 ± 2.24 55.36 ± 1.83 1.36 ± 0.02 4.29 ± 0.10 47.46 ± 2.65

�10 (0) 1,000 (0) 40 (0) 70.64 ± 1.21 54.53 ± 0.93 1.36 ± 0.01 4.29 ± 0.09 47.05 ± 0.92

�10 (0) 1,000 (0) 40 (0) 69.26 ± 0.98 53.43 ± 0.90 1.36 ± 0.01 4.41 ± 0.06 48.16 ± 0.79

Axial �5 (1) 1,000 (0) 40 (0) 84.25 ± 1.74 55.89 ± 1.00 1.20 ± 0.01 2.52 ± 0.15 28.63 ± 1.57

�10 (0) 500 (�1) 40 (0) 74.32 ± 1.06 43.66 ± 0.24 1.22 ± 0.01 3.66 ± 0.15 38.82 ± 1.51

�10 (0) 1,000 (0) 20 (�1) 77.39 ± 0.21 43.21 ± 1.18 1.17 ± 0.01 5.88 ± 0.04 33.50 ± 0.34

�10 (0) 1,000 (0) 60 (1) 62.32 ± 0.58 59.18 ± 0.58 1.56 ± 0.01 3.71 ± 0.06 59.32 ± 0.76

�10 (0) 1,500 (1) 40 (0) 60.35 ± 0.41 52.22 ± 1.03 1.41 ± 0.04 4.60 ± 0.01 56.28 ± 1.36

�15 (�1) 1,000 (0) 40 (0) 57.65 ± 1.29 52.26 ± 1.70 1.46 ± 0.02 5.62 ± 0.17 60.12 ± 1.51

Abbreviation: CI, concentration index.
aCoded levels are within brackets.
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calculate the CI of second cycle; the suction was produced by plug-

ging a vacuum pump into the bottom of the frozen sample. This pro-

cedure was replicated three times. In summary, we considered the

PFC as the first cycle of lactose-free milk freeze concentration (the

concentrated and ice fractions were denoted as Concentrate 1 and

Ice 1, respectively). The second cycle consisted of BFC assisted by

vacuum, where its fractions were denoted as Concentrate 2 and Ice

2. Equation (6) was used to calculate the CI of second cycle:

CI¼Concentrate2 total solids g100g�1
� �

Ice1 total solids g100g�1ð Þ ð6Þ

3 | RESULTS AND DISCUSSION

3.1 | Freezing point depression

Figure 4 shows the freezing points of both kinds of milk (with lactose

and free-lactose) under different concentrations. Hernández,

Ravent�os, Auleda, and Ibarz (2009) commented that the freezing point

of a liquid food depends on the types of solutes present in the solu-

tion and their respective concentrations. Thus, more concentrated

solutions commonly have a lower freezing point, exactly as observed

in our samples. We have performed the Student's t test of two means

and statistically significant differences (p = .021) appear between the

freezing points of milk with and without lactose. For skim milk, the

freezing point dropped from �0.17�C ± 0.06 (concentration of 5%) to

�3.87�C ± 0.12 (concentration of 40%). Lide (1998) reported a freez-

ing point depression of 0.288�C for a lactose concentration of 5%.

Small differences were expected, since skim milk not only contains

lactose, it also contains caseins and whey proteins, which alter the

freezing point properties (Ma & Barbano, 2003). In its natural concen-

tration (�10%), skim milk presented a freezing point of �0.43�C

± 0.06, which is similar to the result reported by Muñoz, Rubio,

et al. (2018) also for skim milk. On the other hand, the freezing point

of the lactose-free skim milk dropped from �0.33�C ± 0.06 (concen-

tration of 5%) to �6.37�C ± 0.06 (concentration of 40%). As informed

by the manufacturer, the lactose-free skim milk used in this study was

lactose-free due to previous enzymatic hydrolysis with β-galactosi-

dase. Thereby, the resulting milk contains large amounts of the mono-

saccharides glucose and galactose (approximately 2.4 g 100 g�1 of

each), which contributes to the increase of its overall molar concentra-

tion of sugars (Churakova et al., 2019). As result, a linear decrease in

the freezing point was observed. The findings of De Oliveira Neves

and de Oliveira (2021) showing similarities, that is, lactose-free milk

presented a lower freezing point than its nonhydrolyzed version.

Muñoz, Rubio, et al. (2018) highlighted that through the determination

of the freezing point, best working conditions for the freeze concen-

tration process can be established.

3.2 | Progressive freeze concentration

The experimental data corresponding to the average concentrate yield

(Y), eff, CI, and νice are shown in Table 1. The p values of the reduced

F IGURE 3 Freeze concentration
schematic diagram of lactose-free
milk in two steps

F IGURE 4 Freezing points of the skim milk (●) and skim lactose-
free milk (□) under different concentrations
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model and the initial model are presented in Table 2, which shows

that for all responses, the individual effects of the factors were signifi-

cant (p< .05). These models were obtained after applying RSM.

A regression equation (Equation 7) for Y was obtained from the

reduced model with a coefficient of determination (R2) equal to 0.982.

Analyzing this model, we observed that only one quadratic term was

significant (p ≤ .05) (ω2). Regarding the interaction between factors,

they all had a significant effect (p ≤ .05) on the concentrate yield.

Y¼76:68þ0:015Tþ0:03339ωþ0:3160t�0:000012ω2

þ0:00107Tωþ0:04739Tt�0:000275ωt ð7Þ

where T is the coolant temperature (�C), ω is the stirring rate (rpm),

and t is the time (min) of assay.

In Figure 5a, the contour plot illustrates the variation of Y with

the interaction factors (time and temperature). There was an increase

for the Y value when higher coolant temperatures were used, together

with a shorter test time. Muñoz, Rubio, et al. (2018), who studied the

PFC of skim milk, also reported better concentrate yield using a cool-

ant temperature of �5�C. As can be seen in Table 1, in general, it hap-

pens that when CI is maximum, Y is minimum. This is related to the

amount of ice produced. For example, at �15�C, 1,500 rpm, and

60 min (Y = 25.26%; CI = 1.7), an ice fraction of 83.8% is obtained.

Meanwhile, at �5�C, 500 rpm, and 20 min (Y = 87.8%; CI = 1.07),

only 17.3% of ice fraction is produced. For this reason, the liquid has

more solids from the initial milk but it is less concentrated (lower CI).

Thus, an optimized value of Y might not correspond to an efficient

process of freeze concentration. In contrast, at �15�C, 1,500 rpm,

and 60 min, Y is minimum and CI is maximum. That is, the final con-

centration is the highest of the Table 1, but the low value of Concen-

trate Yield would indicate that the solutes present in the solution

decreased and were occluded in the ice crystal (Osorio et al., 2018).

This phenomenon is due to a higher ice growth rate (νice) in this condi-

tion, because of the lower temperature on the surface of the vessel.

Muñoz, Machado Canella, Ravent�os, Hernandéz, and Prudêncio (2018)

and Muñoz, Rubio, et al. (2018) investigated the PFC for solutions of

whey and skim milk, respectively. These solutions had lower initial

concentration compared to our lactose-free milk samples (7.66 �Brix

and 5.00 g100 g�1 of total solids, respectively; against

’8.88 g 100 g�1 of total solids or 10.6 �Brix for lactose-free milk sam-

ples). Moreno, Ravent�os, Hernández, and Ruiz (2014) and Robles

et al. (2016) explained that a higher initial concentration implies an

increase of viscosity, which in turn hinders mass transfer. This condi-

tion induces the formation of dendritic ice, generating occlusions.

Osorio et al. (2018) found the higher Y values for ethanol-water solu-

tions at the lowest concentration (3% wt/wt) studied. Ethanol-water

TABLE 2 p values of ANOVA test from the regression of the
initial and reduced models

Term

p values

Y eff CI νice

Complete model Constant .000a .000a .000a .000a

T (�C) .000a .000a .000a .000a

ω (rpm) .000a .000a .000a .000a

t (min) .000a .000a .000a .000a

T2 .418 .477 .007a .000a

ω2 .000a .000a .000a .003a

t2 .453 .000a .751 .000a

Tω .000a .033a .000a .032a

Tt .000a .022a .000a .000a

ωt .000a .015a .000a .002a

Reduced model Constant .000a .000a .000a .000a

T (�C) .000a .000a .000a .000a

ω (rpm) .000a .000a .000a .000a

t (min) .000a .000a .000a .000a

T2 – – .005a .000a

ω2 .000a .000a .000a .003a

t2 – .000a – .000a

Tω .000a .032a .000a .032a

Tt .000a .021a .000a .000a

ωt .000a .014a .000a .002a

Note: –: term not applied in the model.

Abbreviation: ANOVA, analysis of variances; CI, concentration index.
aSignificant term (p ≤ .05).

F IGURE 5 (a) Contour plot of the response yield (Y) at 1,000 rpm
and (b) surface plot of the interaction effect of time and agitation
speed at �10�C
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solutions were freeze concentrated in an apparatus similar to that

used in our work.

When evaluating the interaction time-agitation speed (Figure 5b),

the best concentrate yields were noted for the lower agitations with

shorter test times. Under these conditions, the highest solute yield

values are obtained, due to the lower production of ice. Moreover, it

is observed that the effect of agitation speed is greater the longer the

test time. The findings of Muñoz, Rubio, et al. (2018) show a clear

dependence on the agitation, with the maximum solid recovery

obtained also at 500 rpm. On the other hand, the agitation (500–2,-

000 rpm) did not have a significant effect on the Y values for the PFC

of ethanol-water solutions (Osorio et al., 2018).

The final regression equation (R2 = 0.967) correlating eff with the

independent variables is as follows:

eff¼�3:14þ0:041Tþ0:0594ωþ0:962t�0:000023ω2�0:00597t2

þ0:000255Tωþ0:00692Tt�0:000074ωt

ð8Þ

This reduced model shows us that all interactions between fac-

tors had effect (p ≤ .05) on the efficiency. The quadratic terms of stir-

ring rate and time also were significant (p ≤ .05), whereas the

quadratic term of temperature was not significant (p > .05). Figure 6a

shows that the best eff values were found when used higher coolant

temperatures and longer experiment times. Moreover, high agitation

speeds also favored the achievement of highest eff values

(Figure 6b). We believe that the dependence of ω is because the

higher the rotation speed, the greater the tendency of the solids to

remain distant from the ice-solution interface, and thus not to be

retained during the crystallization process. Furthermore, Liu,

Miyawaki, and Hayakawa (1999) affirmed that the fluid stirring

enhances the mass transfer rate of the solutes from the ice surface

toward the liquid fraction.

It is important to highlight that in the calculation of efficiency, the

total solids present in the ice are taken into account. Obviously, it is

ideal that the ice obtained to have the lowest concentration of total

solids. Our results denote that the amount of solids in the ice is

defined by the agitation rate and by the advance of the ice front. In

this context, Shirai, Wakisaka, Miyawaki, and Sakashita (1998) affi-

rmed that by diminishing the advance of the ice and increasing the

agitation, the ice concentration decreases.

The Concentration Index is a measure of the final concentration

of solids in the liquid. Analyzing the reduced model (Table 2 and Equa-

tion 9) of this response variable, we see that all the effects were sig-

nificant (p ≤ .05) except the quadratic term of time (t2) (p > .05). The

model presented a coefficient of determination (R2) equal to 0.958.

CI¼0:7892�0:01607Tþ0:000339ω�0:00038t�0:001275T2

�0:0000001ω2�0:000011Tω�0:000486Ttþ0:000003ωt

ð9Þ

The CI was maximized at low temperatures, longer experi-

ment times (Figure 7a), and at high agitation speeds (Figure 7b).

The highest CI value of 1.7 corresponds to the condition �15�C,

1,500 rpm, 60 min (Table 1). This is due to the large amount of ice

produced under these conditions (83.8% ice fraction). Likewise,

the νice of 8.31 μm s�1 is the greatest of all the conditions tested.

These results are in conformity with those reported in previous works

using the same freeze concentration system with sucrose solutions

(Moussaoui, Blanco, Muñoz, Ravent�os, & Hernández, 2018; Ojeda

et al., 2017) and skim milk (Muñoz, Rubio, et al., 2018). In both cases,

the maximum concentration was obtained with the minimum tem-

perature and maximum agitation tested, although in these works

the variation of the time of experiment was not evaluated. Particu-

larly, in the study of Muñoz, Rubio, et al. (2018), the maximum CI

reached was 1.72, using a stirring of 1,000 rpm, �15�C of tempera-

ture, and time set at 60min. On the other hand, the least CI values

of our work were observed for the highest T and milder ω. Ojeda

et al. (2017) related that the decrease in ω can reduce the mass

transfer; moreover, the higher the coolant temperature, the lower

the heat transfer in the process. The authors emphasized that this

combined effect decrease the ice growth rate (as can also be seen

in our results in Table 1).

As can be seen in Table 2 and Equation (10), all the effects, lin-

ear, quadratic and interaction for the average ice growth rate were

significant (p ≤ .05). The reduced model presented R2 equal

to 0.987.

F IGURE 6 (a) Contour plot of the response efficiency (eff) at
1,000 rpm and (b) surface plot of the interaction effect of time and
agitation speed at �10�C
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νice ¼0:577�0:6802Tþ0:002533ω�0:091t�0:00999T2

�0:000001ω2þ0:001191t2�0:000032Tωþ0:004678Tt
�0:000012ωt

ð10Þ

For a same temperature and stirring, the average ice growth rate

decreased with increasing time. This occurs because of the resistance

to heat transfer present in the system. As time increases, there is a

continuous increment of ice on the reactor wall. This sheet of ice diffi-

culties the transfer of heat between the refrigerant and the solution

to be concentrated, decreasing the average ice growth rate.

The response contour of νice as function of the temperature and

time (Figure 8a) also reveals a marked dependence on the tempera-

ture of the refrigerant. That is, the lower the coolant temperature, the

higher the νice. An example can be observed when comparing the

responses of condition at �5�C, 1,500 rpm, and 20min with the con-

dition at �15�C, 1,500 rpm, and 20min (Table 1). The νice was more

than double when the temperature level changed from �5 to �15�C,

reaching the highest value of the table (8.31 μms�1). However, it was

not observed such marked increase in the concentration index. In con-

trast, eff and Y values decreased, indicating greater migration of the

solutes onto the crystalline phase. The influence of temperature on

νice has also been reported in previous works of freeze concentration

systems (Moreno, Ravent�os, et al., 2014; Ojeda et al., 2017; Osorio

et al., 2018; Vuist, Boom, & Schutyser, 2020). Some authors

established that an average ice growth rate greater than 8 μms�1 is

very fast to achieve an effective separation of the concentrated phase

(Moreno, Hernández, et al., 2014; Petzold, Orellana, Moreno, Cerda, &

Parra, 2016). Robles et al. (2016) and Moreno, Ravent�os, et al. (2014)

discussed that at low ice growth rates, the expulsion of solutes from

the formed network is favored due to the more orderly growth of the

crystal. Besides everything, the average ice growth rate increased

slightly with increasing fluid agitation (Figure 8b).

When applying the Response Optimizer function (software Mini-

tab) for the PFC data, the maximum values of Y and eff would be

80.81% and 62.22%, respectively. According to the model, these

values can be achieved at �5�C, 58 min, and 1,035 rpm. Therefore,

we performed three experiments under these conditions and found

values of Y, eff, CI, and νice equals to 81.92±1.57, 60.64±0.30, 1.34

±0.03, and 2.94 ±0.04, respectively. For these optimal conditions, the

experimental result of the ice fraction obtained corresponds to 37%.

This result is consistent with those reported by Muñoz, Rubio,

et al. (2018) with skimmed milk. In this work, the optimal condition for

Y is obtained at �5�C, 500 rpm, 60min with 27% of ice formed. The

difference with the results obtained in the optimal conditions of our

work may be due to the greater agitation (1,035 instead of 500 rpm),

which improves the flow of water from the concentrated fraction to

the ice fraction (mass transfer), and hence also the heat transfer.

These data are confirmed by comparing the average ice growth rate

F IGURE 7 (a) Contour plot of the response concentration index

(CI) at 1,000 rpm and (b) surface plot of the interaction effect of
temperature and agitation speed in assays of 40 min

F IGURE 8 (a) Contour plot of the response average ice growth
rate (ν) at 1,000 rpm and (b) surface plot of the interaction effect of
temperature and agitation speed in assays of 40 min
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under optimal conditions of 1.55 μms�1 in Muñoz, Rubio, et al. (2018)

with the 2.94 μms�1 of our work.

The contents of glucose, galactose, lactose, and protein of two

cycles were measured and are presented in Table 3. In the PFC sys-

tem, the concentration indices (CI) of total solids, carbohydrates (glu-

cose, galactose, and lactose), and proteins were calculated using

Equation (3) applied between Concentrate 1 and the original composi-

tion of the milk (Table 3). Values of 1.33, 1.40, and 1.19 were

obtained, respectively. These results suggest that in the PFC system

the proteins have a greater tendency to remain in the ice, while the

carbohydrates pass into the concentrated liquid phase. These results

are in agreement with the work of Kawasaki, Matsuda, and

Kadota (2006). They studied PFC of multicomponent solutions. They

found that the small molecular weight solutes separated and concen-

trated more efficiently than the higher molecular weight solutes, and

this corresponded well with the magnitude of the diffusion coefficient

of each solute. Similar results have been reported by Nakagawa,

Maebashi, and Maeda (2010). They observed that phenol (M.

W = 94 g mol�1) was more concentrated in the liquid zone than dye

(M.W = 993 g mol�1). The difference of these freeze-concentration

behaviors would be due to the difference of the mobility when the

substances meet the freezing front. The mobility of the solutes is

affected by the molecular size and the concentration.

3.3 | Vacuum-assisted BFC

Given the considerable amount of total solids retained in the Ice 1

(Table 3), this fraction was thawed, frozen again, and subjected to the

vacuum-assisted BFC (second cycle). The contents of glucose, galac-

tose, lactose, and protein of two cycles were measured and are pres-

ented in Table 3. In the BFC system, the concentration indices (CI) of

total solids, carbohydrates (glucose, galactose, and lactose), and pro-

teins were calculated using Equation (6) applied between Concen-

trate 2 and the Ice 1 (Table 3). Unlike the PFC system, in the BFC

tests the results obtained suggest that the protein is concentrated in

the liquid phase (CI = 6.4), while the carbohydrates (CI = 4.3) follow

the same trend as that of the total solids (CI = 4.0). These results are

in agreement with those reported by Aider, de Halleux, and

Akbache (2007) and Aider and Ounis (2012) for the block

cryoconcentration of whey and skimmed milk, respectively. The thaw

concentration mechanism has been extensively studied by Nakagawa

et al. (2009). It was found that the solution obtained during thawing

showed a higher concentration than the original solution. It also sug-

gests that the concentration of the thawed solution could be greatly

influenced by the morphology of the ice crystals. According to Yee,

Wakisaka, Shirai, and Hassan (2003), the growth of dendritic ice crys-

tals is expected during the freezing of carbohydrate solutions (glucose,

fructose, sucrose, and lactose), while in milk protein solutions the

crystals grow smoothly (planar front). This softer morphology could

favor the drainage of milk proteins toward the liquid phase. This

behavior could explain the higher CI of proteins in relation to carbohy-

drates. Nevertheless, the concentration of total solids (CI = 4.00)

achieved in the BFC test is considered high; this result and the low

solids content verified in Ice 2 indicate that the BFC system is effi-

cient for concentrating lactose-free milk components. Machado

Canella et al. (2020) explained that this behavior is expected since the

external driving force (vacuum) improves the natural division of gravi-

tational thawing.

The CI obtained with vacuum BFC was much higher than that of

PFC (4 vs. 1.33 average). This may suggest that it is better to apply

vacuum BFCs to the starter milk, and not just the ice fractions. In our

opinion, for practical applications, the parameter to be optimized is

the solute yield (Y) instead of the concentration index (CI). As stated

above, a high CI value implies a low Y value. This means that highly

concentrated flows are produced, but in small quantities. Many valu-

able solutes remain in the ice, which must be properly managed for

recovery. In this way, we can refer to the work of Petzold et al. (2016)

on the application of vacuum-assisted BFC applied to wine. The

authors consider for practical applications that under optimal condi-

tions a moderate CI of 1.7 and a high value of 82% for Y are obtained.

In any case, the simultaneous optimization of these two parameters

(Y and CI), using more advanced statistical techniques (desirability

function), could be considered as lines of future work. These analysis

techniques are outside the scope of this document.

On the other hand, for practical applications, time is an essential

factor to consider. Thus, in PFC the process time in the optimal condi-

tion is 58 min. In the case of BFC, the time of vacuum applied (65 min)

TABLE 3 Carbohydrate and protein content (mean ± SD) of lactose-free milk, and concentrates and ice fractions from first and second freeze
concentration cycles

Lactose-free milk Concentrate 1 Ice 1 Concentrate 2 Ice 2

Total solids (g 100 g�1) 8.8 11.68 ± 0.09 4.61 ± 0.15 18.47 ± 0.01 1.21 ± 0.01

Protein (g 100 g�1) 3.2 3.809 ± 0.319 1.050 ± 0.074 6.700 ± 0.104 0.521 ± 0.044

Glucose (g 100 g�1) �2.4a 3.390 ± 0.008 1.215 ± 0.004 5.130 ± 0.019 0.339 ± 0.001

Galactose (g 100 g�1) �2.4a 3.224 ± 0.075 1.160 ± 0.005 4.824 ± 0.028 0.359 ± 0.001

Lactose (g 100 g�1) <0.01 0.118 ± 0.003 0.024 ± 0.010 0.292 ± 0.011 <0.01

Note: Concentrate 1 and Ice 1 were fractions obtained by progressive freeze concentration at �5�C, 58 min, and 1,035 rpm. Concentrate 2 and Ice 2 are

fractions obtained by vacuum-assisted block freeze concentration from Ice 1.
aThe manufacturer does not provide data for monosaccharides, but only for total carbohydrates (4.8 g 100 g�1). Therefore, glucose and galactose contents

were expressed as approximate values, as discussed in Section 3.1.
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must be added that of freezing. For samples used in BFC, the freezing

time, estimated using the Pham (2008), is 300 min. Resulting in a total

process time in BFC of 365 min. In this time, theoretically, up to

six cycles of the PFC system can be carried out. In our work, the com-

bination of the two techniques (PFC + vacuum-assisted BFC) makes

it possible to recover 97% of the initial solids, while improving the CI

to 1.42. This idea of combining techniques has been suggested in pre-

vious works (Hernández et al., 2021), where can quickly remove ice

using PFC, and then purify it efficiently using BFC. As confirmed by

Canella et al. (2019), who freeze concentrated skim goat milk by BFC,

the increasing of freeze concentration cycles may enhance the con-

tent of important minerals, such as calcium and magnesium. More-

over, it was reported that the use of unitary operations associated

with low temperatures and vacuum resulted in a substantial increase

in the taste and flavor of food products (Sun & Zheng, 2006). So, it is

expected that lactose-free milk submitted to these freeze concentra-

tion processes could have different sensorial properties.

4 | CONCLUSIONS

The enzymatic hydrolysis of milk and the concentration of total solids

altered its depression freeze point. While investigating the effect of

process parameters on PFC of lactose-free milk, we observed that all

individual factors presented a significant effect on the responses. To

obtain simultaneously the maximum efficiency and concentrate yield

values, the operating conditions can be set at a time of 58 min, cool-

ant temperature of �5�C, and mechanical stirring of 1,035 rpm. The

results found in the PFC system suggest that the protein is easier to

be occluded in the ice. A second stage for the freeze concentration

process was proposed (by BFC), which in turn demonstrated to be an

efficient method to concentrate skim lactose-free milk. In this system,

the protein was well concentrated in the liquid phase. On the other

hand, carbohydrates did not concentrate like proteins, but even so, a

high concentration of this compound was found. Finally, Concentrate

1 and 2 could be mixed and used for the development of new lactose-

free dairy products.
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