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Abstract

This study’s main highlight to the effect of replacement of milk by different proportions of concentrated whey in the elaboration
of ice creams and the characterization of their physicochemical and microstructural properties. Ice creams have high levels of
total solids, acidity, and low pH values. All ice creams exhibited Newtonian fluid behaviors while the Power and Casson Law
model adequately explained the flow properties. Viscosity and hysteresis area increased as a higher ratio of concentrated whey
was added. Ice cream formulations containing a higher proportion of milk showed greater brightness, the ice creams showed a
greenish-yellow coloring tendency. The overrun values ranged from 27 to 44%, and ice cream with partial replacement of milk
by concentrated whey showed greater resistance to melting. The addition of concentrated whey did not influence the size of
the ice crystals, fat globules, and air bubble diameters. However, the higher total solids content influenced the texture of the ice
creams, promoting smoother and creamy ice creams. These results highlight the application of concentrated whey on the 50%
substitution level, thus being an attractive alternative for the food industry, mainly about the cost-benefit and added value to

the product, by enhancing the color, flavor, and texture.

Keywords: ice cream; whey; overrun; physical properties; freeze concentration process.

Practical Application: Use of by-products from the dairy industry for the production of ice cream.

1 Introduction

The use of secondary products such as whey has been
increasingly studied because is a cheap and easily available
product. The proteins from whey confer improvement in some
properties, such as helping in the emulsification, foaming, and
stability of food (Silva & Bolini, 2006). The high content of
organic matter present in whey is responsible for causing serious
pollution problems, especially when improperly discarded.
By studying the technological whey properties, new ways of using
this product can be developed (Masotti et al., 2017). The use
of technologies such as block freeze concentration can be the
solution to the problem of whey management, aiming to add
value and reduce the volume and disposal costs. According to
Sanchez etal. (2011a), this technology is capable of concentrating
liquids by freezing and removing part of the water without causing
damage to thermally sensitive compounds. The process is based
on the recovery of a food solute by the separation of pure ice
crystals freezing concentrated aqueous phase. Also, Sanchez et al.
(2011a) highlights that the operating cost of the block freeze
concentration process is three times cheaper compared to other
processes such as evaporation or reverse osmosis, considering
costs, cleaning, and energy. The freeze concentrated has before

now been applied to whey (Sanchez et al., 2011a; Canella et al.,
2018), however, no replacement of milk by concentrated whey
was reported in ice cream until now.

Hasan et al. (2020) stated that the ice cream is a popular
frozen dairy product over the world, and there are many types
ofice cream that differ according to additives and manufactured
way. Over the past 20 years, ice cream technology has improved
significantly (Al et al., 2020). The ice cream consists of a food
complex system, consisting of a frozen matrix containing air
bubbles, fat globules, ice crystals, and an unfrozen whey phase.
It can be considered a nutritious food due to the presence of
protein, vitamins, and minerals (Bahram-Parvar et al., 2015).
In addition, ice cream has a significant market because pleases
many consumers, but acceptance depends greatly on its quality,
flavor, and texture. Chemical and physical properties are essential
to the structure of ice cream and differ depending on formulation
and processing conditions (Balthazar etal., 2017a; Acu et al., 2020).
These structural attributes and the composition are essential for
the behavior of the ice cream. Preparation of ice cream with added
whey can be performed aiming an improvement in structural
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properties, such as viscosity, emulsification, and stability as
well as reducing production costs by replacing milk with whey.

This study aimed to investigate the potential use of concentrated
whey as a milk substitute in the preparation of ice creams, as
well as to evaluate its influence on the physicochemical, color,
rheological and microstructural properties.

2 Material and methods
2.1 Material

Pasteurized whole milk (Holandés®, Papenborg Laticinios,
Biguagu-SC, Brazil) with 12.03 g/100 g of total solids, 3.35 g/100 g of
lipids, 3.15 g/100 g of protein, 0.78 g/100 g of ash, and 4.75 g/100 g
of carbohydrate and commercial rennet, a chymosin produced
by Aspergillus niger var. awamorii (with a force of 1: 3000, Ha
La®, CHR HANSEN, Valinhos, Brazil) were used for obtaining
the cheese whey. The ice creams were elaborated using as
ingredients: pasteurized whole milk (Holandés®, Papenborg
Laticinios, Biguagu-SC, Brazil), fresh milk cream (45 g/100 g
of fat, Tirol, Treze Tilias, Brazil), sodium chloride (Cristalino®,
Ciasal Industria Salineira, Areia Branca, Brazil), and sucrose
(Camil Alimentos, Sdo Paulo, Brazil). All reagents used were
of analytical grade.

2.2 Manufacture of cheese whey

The whey was obtained by the manufacture of Minas
Frescal cheese. The cheese was prepared using a 30 L container
of pasteurized whole milk heated to 37 + 1 °C, sequentially was
added a commercial rennet in a concentration of 0,9 mL/L and
incubated at 37 + 1 °C for 40 minutes. The resulting gel was cut,
drained, and placed in perforated cylindrical packages with a
capacity of 500g each, given maximum whey release. The cheese
whey obtained was filtered and frozen at -20 + 1 °C until the
freeze concentration process.

2.3 Protocol of cheese whey freeze concentration process

The block freeze concentration method was used for the
whey concentration, according to the methodology described
by Canella et al. (2018). At each stage of the block freeze
concentration process, two fractions named freeze concentrated
whey (CW) and ice (I) were obtained (Figure 1).

2.4 Total solids content

For calculations of concentration factor and process efficiency,
the whey concentrates (CW1, CW2, and CW3), and ices (I1,
12, and I3) were evaluated to the total solids content (g/100 g).
The analysis was performed by drying the samples at 105 + 1 °C
until constant weight, as described in IDF (International Dairy
Federation, 2013).

2.5 Concentration factor

The concentration factor (CF) was calculated for each stage
of freeze concentration, according to the methodology presented
by Canella et al. (2018), using Equation 1:

Cheese whey
25L

Concentrated whey
(CW1)
1250 Lof CW 1

* STAGE 1

Concentrated whey
(CW2)
625 Lof CW2

"""" \
1
|

* STAGE 2
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Concentrated whey
(CW3)
312 L of CW3

Figure 1. Block freeze concentration process of cheese whey.
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where, TS, is the total solids content (g/100g) of the concentrated
whey at each stage of freeze concentration and TS, is the total
solids content (g/100g) of the initial cheese whey.

2.6 Process efficiency
The process efficiency (PE) of freeze concentration was
calculated by the following equation (Equation. 2):

)= TSc-TSg
C

PE(% 100 2

where it was determined by the increase in total solids content
(TS) in the concentrated (TSc) (g/100g) to the total solids content
(TS) remaining in the ice (TSg) (g/100 g) of each stage of the
freeze concentration process.

The concentrated whey used in the preparation of the ice
creams was chosen from the evaluated results of the process
efficiency (PE) and the concentration factor (CF).

2.7 Validation of experimental results

To validate the experimental results the mass balance was
calculated, following the methodology by Sanchez et al. (2011b).
It was made a comparison between the mass balance and the
theoretical data by calculation of the predicted ice mass ratio
(Wpred) (kg ofice per kg of cheese whey), according to Equation 3.
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TSg; ~TScy
W(pred) = ﬁ A3)
where, TSg; is the initial content of total solids (g/100 g) of whey,
TSc,, the content total solids (g/100g) of concentrated whey
(CW) and Ts, is the total solids content of the ice fraction (I).

The deviation between experimental and theoretical data
was expressed as the root mean square (RMS) deviation, using
Equation 4.

2
RMS(%) = \/(WEXP *W;r]cd / Wexp) 100 “4)
where Wexp and Wpred represent the experimental and predicted
proportions from the mass of ice, respectively, while N is the
number of repetitions performed.

2.8 Elaboration of ice creams

Five formulations of ice creams were elaborated according to
the methodology by Silva et al. (2015), with modifications. The ice
cream denominated ice cream 1 is the control sample, prepared
with pasteurized milk, the ice cream denominated ice cream (2,
3,4, and ice cream 5) were prepared with different proportions
of concentrate whey, as described in Table 1. The ingredients
of each ice creams were mixed and subjected to heat treatment
for 30 minutes at 70 + 1 °C, posteriorly were cooled and taken
to the ice cream maker (Cuisinart ICE 21, New Jersey, USA),
where they went through the process of beating and freezing.
Finally, the ice creams were stored at -20 + 2 °C until analysis.
All formulations of ice creams were produced in triplicate.

2.9 Ice cream analysis
Physicochemical analysis

The ice creams samples (1, 2, 3, 4, and 5) were analyzed for
their physicochemical characteristics. The acidity was determined
according to AOAC (Association of Official Analytical Chemists,
2019), total solids as described in IDF (International Dairy
Federation, 2013), and the pH was determined using pHmeter
(PHS-3 BW, BEL, Piracicaba, Sao Paulo, Brazil).

Overrun

The overrun of the ice cream samples was determined
according to Silva et al. (2015). A certain amount of ice cream
syrup mass (S) and other amounts of a mass of ice cream ()
were weighed and the excess was calculated using Equation 5.
The analysis was performed in duplicate.

Table 1. Ice cream composition.

Overrum(%) = Bie=Fie) 190 ©)

Melting behavior

The melting behavior was measured as proposed by Silva et al.
(2015), with some modifications. In one week of frozen storage,
70 g of the ice cream samples were left to melt at 25+ 1°Cona
2.0 mm wire mesh screen over a graduated cylinder. The dripped
volume was recorded every 5 min. The time (min) was plotted
against the melted mass (g), aiming at obtaining a sigmoidal
curve representing the kinetics of the melting process. The slope
of the curve was taken as the melting rate (g / min). The analysis
was performed in triplicate.

Color analysis

The color analysis of ice cream samples was determined
using a colorimeter (Minolta Chroma Meter CR-400, Osaka,
Japan), adjusted to operate with illuminant D65 and angle
of observation of 10 °, previously calibrated. The total color
difference (AE *) between the measured values in the control ice
cream (ice cream 1) to ice creams (2, 3, 4, and 5) was calculated
as described by (Okpala et al., 2010). The CIELab color scale
was used to calculate the parameters L*, b*, and a*, which L*is
the brightness of the ice cream (scale 1-100), a*is the red and
green balance, b* is the yellow and blue balance. The analysis
was performed in triplicate.

Distribution of ice crystals, air bubbles size, and fat particle

The distribution of ice crystals, air bubbles size, and fat
particles were assessed at —4 °C by optical light microscopy (AXIO
Image. A2m, Carl Zeiss, Germany) using 50x magnification,
according to Balthazar et al. (2017b). The samples were moved
directly from the freezer to the glove box (-4 °C) for preparation.
A drop of chilled kerosene was added to aid in dispersing the ice
crystals and to increase the resolution of the generated image.
Ice crystals, fat particles, and air bubbles images were captured
by a digital camera (AxioCamMRc 5, Zeiss, Germany) and edited
using the AXIO Vision Rel. 4.8 software (Microscope Software
AxioVision LE, Zeiss, Germany). For each sample, 20 structures
were measured (um) in 10 microscope spots.

Texture parameters

The texture of the ice cream samples was evaluated using
a texturometer TA.HD.plusTexture Analyser (Stable Micro
Systems, Godalming, Inited Kingdom) accompanied by the
Exponent program version 6.1.1.0 (Stable Micro Systems,

Sample Concentrated milk Pasteurized milk Fresh milk cream Sodium Chloride Sucrose g/100 g
whey g/100 g g/100 g g/100 g g/100 g
Ice cream 1 - 280 72.8 0.28 100.8
Ice cream 2 280 - 72.8 0.28 100.8
Ice cream 3 70 210 72.8 0.28 100.8
Ice cream 4 140 140 72.8 0.28 100.8
Ice cream 5 210 70 72.8 0.28 100.8
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Godalming, Inited Kingdom). The samples were maintained
at a temperature of -20 + 2 °C during the time of analysis.
For each sample, five measures were realized and the following
parameters were employed: test speed of 2.0 mm/s; a distance
of 10.0 mm; the height of 20 mm, and a proof body (probe) of
aluminum of 490 mm. From the TPA curve, they have obtained
the parameters: firmness (N) and adhesiveness (N.s).

Rheological measures

The ice creams samples were submitted to the rheological
measures using a concentric cylinder rotational rheometer
(Brookfield Engineering Laboratories model DV-III Ultra,
Stoughton, MA, USA) with spindle ULA, and were collected through
the Rheocalc 32 software version 3.2 (Brookfield Engineering
Laboratories, Inc., Middleboro, MA, USA). The rheometer
was thermostatically controlled by a circulating water bath
(TECHNAL model TE-184, Sao Paulo, Brazil) at 4.0 + 0.1 °C, to
ensure temperature stability the samples were allowed to stand
for 10 min. The flow and viscosity curves were generated by the
linear increase of the strain rate from 125 s the 269 s in the
first 4 minutes (upward curve) and returned to 125 s in the
following 4 minutes (downward curve). The speed of rotation
was increased from 1 rpm to 130 rpm, increasing 1 rpm each
2 5. The flow behavior was explained through the Power Law and
the Casson model, according to Equations 6 and 7 respectively:

o=K (" (6)

00'5 :68,5 + (ncy)O.S (7)

where o is the shear stress (Pa), 7 is the strain rate (s?), K is the
Consistency index (Pa s), n is the flow behavior index, o, is
yield limit (Pa) and n is the Casson viscosity (Pa s). The behavior
of the samples was evaluated by the hysteresis area calculation
between the upward and downward flow curves.

2.10 Statistical analysis

The results were expressed as mean and standard deviation.
The one-way analysis of variance (ANOVA) and Tukey test
(P < 0.05) were used to determine the significant differences
between the samples. The validity of the Power Law and Casson

models was evaluated based on the coeflicient of determination
(R?). The data were obtained using STATISTICA 13.3 (TIBCO
Software Inc., Palo Alto, CA).

3 Results and discussion
3.1 Block freeze concentration process

Table 2 shows the performance of the block freeze concentration
process obtained from the total solids content of the concentrates
and ice fractions. An increase (P < 0.05) of the concentration
factor (CF) was observed according to the evolution of the freeze
concentration stages. This result is expected because the CF is
directly related to the total solids content, increasing the value as
the total solids increase. Regarding the process efficiency (PE),
there was a decrease (P < 0.05) in the value with the evolution
of the freeze concentration stages, noting that the PE depends
directly on the total solids content in the ice fraction. As the
total solids content retained in the ice fraction increases the
process efficiency decreases.

For the validation of the results of the freeze concentration
process, the comparison of the mass balance data, theoretical
and experimental data showed a good agreement (Figure 2).
The root means square deviation defined the deviation between
theoretical and experimental assumptions. A good process
adjustment was observed, where the RSME (%) values ranged
from 2.97% to 19.04%. All values were below 25%, showing an
acceptable fit, as described by Canella et al. (2019).

e o =
o oo o

‘Wexp/ Wpred

| =4 =4
[
*

o
o

Concentration Stages

Figure 2. Experimental (0) and theoretical (-¢-) results of ice mass as
a function of freeze concentration stages.

Table 2. Total whey solids, concentrated whey (CW), and ice fractions (I) of each freeze concentrated stage and the concentration factor (CF)

and process efficiency (PE) to the total solids content.

Total solids (g /100 g) CF (%) PE (%)
Whey 6.55 + 0.06% - -
CW1 11.29 £ 0.09¢ 172.28 + 3.09* 93.35 + 0.26*
Stage 1
11 0.75 + 0.02° - -
CW2 18.61 + 1.26" 284.04 £21.91* 92.65 + 0.90*
Stage 2 .
12 1.37 £ 0.04¢ - -
CW3 29.02 = 1.06* 442.77 £ 19.90* 68.53 +2.72*
Stage 3
13 9.12 £ 0.56* - -

Results expressed as mean + standard deviation, among three batches performed in triplicate for each freeze concentrated stage, with three replications for total solids, CF, and PE; **<For
the same column, means + standard deviations with different superscript lowercase letters indicate significant differences (P < 0.05) between whey and CW at each freeze concentrated
stage; #P“PFor the same column, means + standard deviations with different superscript capital letters indicate significant differences (P < 0.05) between whey and the I of each freeze
concentrated stage; *** In the same column, means + standard deviations with different symbols indicate significant differences (P < 0.05) in CF and PE of each freeze concentrated stage.
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Based on these results, the freeze concentrate whey of the
second stage (CW 2) was used in ice creams preparation.

3.2 Ice cream analysis

The results of the physicochemical parameters of the ice
creams are presented in Table 3. It was observed that the total
solids content of ice creams increased (P < 0.05) with the increase
of concentrate whey in the ice cream formulations. The ice
creams showed a decrease in pH and an increase in titratable
acidity with the addition of concentrate whey;, is that ice cream
2 presented higher acidity and lower pH value. As noted by
Canella et al. (2019) in the freeze concentration process, the
high concentration of total solids improved the high inclusion
of proteins. According to Rodrigues et al. (2011), high amounts
of protein can increase buffering in dairy products and cause
variations in acidity and pH.

According to Karaca et al. (2009), air incorporation may vary
according to different elaboration procedures and ingredients
of ice cream. The overrun results obtained in this study are
presented in (Table 3). The ice creams (3, 4, and 5) presented
the highest values of overrun. Besides, there was no significant
difference in overrun values between ice cream 1 and ice cream
2. In general, low levels of air incorporation are observed in
the samples of this study and this could be attributed to the
poor foaming ability of whey. Levin et al. (2016) reported that
the formation of foam directly influences ice creams aeration.
Bahram-Parvar et al. (2015) suggested the reduction in air
incorporation is also correlated with increases in formulation
viscosities of the ice cream. The high viscosity does not favor
the foaming formation. Relkin & Sourdet (2005) reported that
the whey proteins present, in their denatured state, interact with
themselves and casein micelles, increasing the viscosity of the
ice cream formulations. The overrun values found in this study
are by the acceptable range for traditional ice cream.

Figure 3 shows the evolution of the melted ice cream mass
over time, in the form of sigmoidal curves. Ice cream 1 lost its
shape faster than the ice creams (2, 3, 4, and 5), which retained
its original shape longer. As reported by Kirtil & Oztop (2016)
this effect was probably a result of the total solids content of milk
whey and consequently of the protein content present, because
proteins delay the melting of ice cream due to its emulsifying

Table 3. Physical and chemical parameters of the ice creams.

property. It was observed that ice cream 2 showed similar behavior
to control (ice cream 1), which is explained by their amount of
air incorporated. According to Balthazar et al. (2018) overrun is
important in determining the melting rate. The ice creams that
exhibit low overrun also have a slower melting rate.

The values for the color parameters are presented in Table 3.
Ice cream 2 presented the lower (P < 0.05) whiteness between
the samples, once the presence of milk contributes to an increase
in the whiteness of the ice creams. As reported by Scarso et al.
(2017) the presence of tiny fat globules together with colloidal
casein particles and calcium phosphate are responsible for the
white color of milk. Negative values of a* and positives values
of b* indicate that the ice creams tend to green and yellow color,
respectively. The highest intensity of green and yellow color was
observed in the ice creams with concentrated whey addition.
According to the values of the total color difference (AE *), the
ice creams with the higher addition of concentrated whey were
more affected. The replacement of milk by whey in 50, 75, and
100% were visible to the human eye. According to Martinez-
Cervera et al. (2011), the total color difference (AE *) values
can be visually perceived by the human eye when the values
were greater than 3.

50
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Figure 3. Melting behavior of ice cream produced with pasteurized
whole milk (Ice cream 1) (A); freeze concentrated whey — Ice cream 2
(0); 25% of freeze concentrated whey and 75% of pasteurized whole
milk - Ice cream 3 (A ); 50% of freeze concentrated whey and 50% of
pasteurized whole milk - Ice cream 4 (0) and 75% of freeze concentrated
whey and 25% of pasteurized whole milk - Ice cream 5 (D).

Ice cream 1 Ice cream 2 Ice cream 3 Ice cream 4 Ice cream 5

Total solids (g/ 100 g) 34.75 £ 0.37¢ 40.82 + 0.36 34.59 + 1.10¢ 36.98 + 0.00° 40.38 +1.52*
Titratable acidity (g /100 g) 0.17 +0.01¢ 0.39 £0.01° 0.19 +0.01¢ 0.27 £ 0.03¢ 0.33+0.01°
pH 6.73 £0.02* 0.49 £0.01¢ 6.65 +0.01° 6.59 £ 0.01¢ 6.53 +£0.01¢

Overrun 27.49 + 1.60° 27.28 +2.18" 42.30 £ 0.65* 43.85+£2.51* 33.51 + 6.85®

L* 86.38 + 1.37° 82.45 +0.52° 86.14 + 0.04° 86.85 + 0.90° 87.65 + 0.94°

b* 14.49 + 0.26¢ 17.65 + 0.31° 16.27 + 0.63" 17.78 + 0.42° 18.02 + 0.44*

a* -3.34+£0.11° -4.32 +0.15¢ -3.67 £ 0.14° -3.98 £0.17¢ -4.05 + 0.10¢

AE* - 4.84 + 0.34° 2.15 +0.84¢ 3.45 +0.33° 3.94 +0.48"

sbedWithin a line, means * standard deviations with different superscript lowercase letters denote significant differences (P < 0.05) between the ice creams samples. Ice cream 1: ice
cream produced with pasteurized whole milk. Ice cream 2: ice cream produced with freeze concentrated whey. Ice cream 3: ice cream produced with 25% of freeze concentrated whey
and 75% of pasteurized whole milk. Ice cream 4: ice cream produced with 50% of freeze concentrated whey and 50% of pasteurized whole milk. Ice cream 5: ice cream produced with

75% of freeze concentrated whey and 25% of pasteurized whole milk.

Food Sci. Technol, Campinas, v42, e12521, 2022
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Figure 4 shows the structure of the ice creams observed by
the direct microscopy method. It was verified that the addition
of concentrate whey however did not influence the ice cream
structures. Fat globule size ranged from 1.60 + 0.42 (ice cream 1)
t0 2.29 £ 0.46 um (ice cream 2) showing no significant difference
(P < 0.05) between ice creams. According to Balthazar et al.
(2017b), fat influences the saturation, due to the aggregation
induced by the presence of air bubbles when the size of fat
globules is larger than 2 pm. Goff & Jordan (1989), stated that
the addition of whey increases the viscosity of the mixture and
influences the destabilization of fat in ice cream. All ice creams
samples presented similar average ice crystal sizes (<50 um2).
According to Balthazar et al. (2017b), most crystals must be
bottom than 50 pm in size, like ice creams with ice crystals greater
than 100 um can cause consumer rejection as it has rough and
coarse sensory aspect. Kozlowicz et al. (2019) stated that the
amount of total solids is a factor that can have a major impact
on the growth and quantity of ice crystals, the scarcity of total
solids leads to the increase of ice crystals. Thus, it suggests that

Table 4. Firmness and adhesiveness analysis of the ice creams.

Sample Firmness (N) Adhesiveness (N.s)
Ice cream 1 33.36 £ 1.10° -8.03 £ 0.85"
Ice cream 2 1.47 +0.10¢ -1.42 + 0.40°
Ice cream 3 7.15 £ 2.68° -2.64 £0.53*
Ice cream 4 8.16 + 1.30° -1.81 £0.32°
Ice cream 5 7.06 +0.27° -2.31 £ 0.60*

**<For the same column, means + standard deviations with different superscript lowercase
letters denote significant differences (P < 0.05) between the ice creams samples. Ice
cream 1: ice cream produced with pasteurized whole milk. Ice cream 2: ice cream
produced with freeze concentrated whey. Ice cream 3: ice cream produced with 25% of
freeze concentrated whey and 75% of pasteurized whole milk. Ice cream 4: ice cream
produced with 50% of freeze concentrated whey and 50% of pasteurized whole milk.
Ice cream 5: ice cream produced with 75% of freeze concentrated whey and 25% of
pasteurized whole milk.

Ice cream 2

the addition of concentrate whey did not influence (P < 0.05)
the size of the ice crystals. Mean air bubbles diameter ranged
from 2.58 + 0.59 um (ice cream 1) to 3.78 + 0.68 um (ice cream
2), the addition of concentrate whey did not influence the air
bubble diameter (P <0.05). Fat may have played a role around
air bubbles along with whey proteins present, separating air cells
and preventing coalescence, as noted by Chang & Hartel (2002).

Table 4 presents the firmness and adhesiveness results of the
ice cream samples. Regarding the firmness attribute, ice cream
1 appeared firmer, differing from the other ice creams containing
concentrate whey (P <0.05). It is important to highlight that the
ice cream elaborates only with concentrate whey (ice cream
2) was the one that presented the lowest firmness (P <0.05).
The addition of concentrate whey affected the firmness of the ice
cream, which decreased with the addition of concentrate whey.
This behavior is related to the increase in total solids content.
The higher the total solids content, the less water to be frozen
causing a smoother and creamy texture, a firmer ice cream, and
ahigher nutritional value. These differences in firmness may also
be related to whey proteins, because, according to Ruger et al.
(2002), the water retention properties of whey proteins may
prevent the increasing ice phase volume of the ice cream and
improving the texture.

The addition of concentrate whey also contributed to ice
creams with higher values (P < 0.05) of adhesiveness. It is
believed that the total solids content had a positive influence
on the adhesiveness increase. This behavior is in agreement
with Kozlowicz et al. (2019), who also observed a correlation
between the adhesiveness and the total solids content in ice
cream. Karaca et al. (2009) also suggested this behavior occurs
because the whey proteins may have simulated the role of fat
regarding the texture of the ice creams, this is attributed to their
ability to interact with water, proteins, and flavor compounds.
The increase in the viscosities of ice creams also contributes to
greater adhesiveness.

Figure 4. Structure of ice creams containing: pasteurized whole milk (Ice cream 1) freeze concentrated whey (Ice cream 2), 25% of freeze
concentrated whey and 75% of pasteurized whole milk (Ice cream 3), 50% of freeze concentrated whey, and 50% of pasteurized whole milk (Ice
cream 4) and 75% of freeze concentrated whey and 25% of pasteurized whole milk (Ice cream 5) observed by direct microscopy method (50 x).
Air bubble (Green arrow) (3), ice crystal (Red arrow) (3), and fat globules (Blue arrow) ().
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Table 5. Rheological parameters of the ice creams using the Power Law, Casson model, and thixotropic index.

Power Law Model Casson Model .
Sample Hysteresis
K (Pa.s") n R? o, (Pa) n_(Pas) R?
Ice cream 1 0.013 £0.003¢ 0.991 £ 0.039* 0.994 0.003 £ 0.001°¢ 0.012 £ 0.001¢ 0.998 2.875 + 0.898¢
Ice cream 2 0.035 £ 0.008* 0.907 £ 0.029* 0.996 0.035 £ 0.003* 0.018 £ 0.001* 0.998 28.268 + 6.552°
Ice cream 3 0.019 £ 0.002° 0.957 £ 0.048* 0.994 0.004+ 0.001°¢ 0.013 £ 0.001¢ 0.999 1.034 + 0.325¢
Ice cream 4 0.024 +0.004®  0.923 + 0.034° 0.996 0.009+ 0.001>  0.014 + 0.001" 0.998 14.321 + 0.460°¢
Ice cream 5 0.021 £ 0.005>  0.961 + 0.005° 0.995 0.010 +0.001>  0.016 + 0.001%® 0.996 11.071 £ 2.322°

Results expressed as means + standard deviation, among three lots performed in triplicate for each ice cream sample, with three replications for each rheological parameter; **¢<For the
same column, different superscript lowercase letters denote significant differences (P < 0.05) between the ice creams samples. Ice cream 1: ice cream produced with pasteurized whole
milk. Ice cream 2: ice cream produced with freeze concentrated whey. Ice cream 3: ice cream produced with 25% of freeze concentrated whey and 75% of pasteurized whole milk. Ice
cream 4: ice cream produced with 50% of freeze concentrated whey and 50% of pasteurized whole milk. Ice cream 5: ice cream produced with 75% of freeze concentrated whey and
25% of pasteurized whole milk; K = consistency index; n = flow behavior index; R* = correlation coefficients; o, = yield limit; n_= Casson viscosity.

The results of the rheological parameters of the ice creams
(1,2, 3,4, and 5) are presented in Table 5. It can be observed
that the addition of concentrate whey (P < 0.05) significantly
affected the rheological behavior of the ice creams, improving
the viscosity (Figure 5). It was observed that the viscosity of
the ice creams remained constant with increasing strain rate,
indicating a Newtonian fluid behavior (Figure 5). The ice
creams added with concentrate whey showed higher viscosity
than the control ice cream, being higher the viscosity with
the addition of whey. This behavior occurs due to the higher
total solids content of concentrate whey. Rossa et al. (2012)
noted that whey protein thermally unfolds in the ice cream
mixture and leads to the formation of protein polymers, which
can behave like hard spheres, showing high flow resistance,
thereby increasing the viscosity of the ice cream.

As verified by Ghandehari Yazdi et al. (2020) the ice creams
elaborated in the present work were fitted by the Power law
model. Therefore, the Power-law model described well the
flow behavior of ice cream with the high correlation coeflicient
(Table 5), being (n = 1), confirming the Newtonian behavior
(Figure 6). The consistency index value was indicative of the
flow properties of the ice cream. It was observed that concentrate
whey increased the consistency index from (0.013 Pa.s") ice cream
1 to (0.035 Pa.s") ice cream 2, and consequently, increased the
viscosity of ice creams. This behavior can be attributed to the
increase in protein content which tends to increase consistency
index and viscosity. According to Damodaran (1997), this
may be attributed to the large dispersion of denatured protein
colloidal particles and casein micelles in the structure of ice
cream so different protein sources would impact the consistency,
as protein content increased.

The Casson model was adjusted to calculate the Casson
yield limit (o,) and Casson viscosity (n_) (Table 5). In general,
all ice cream samples showed an increase in the Casson yield
limit. This behavior could occur due to the increased viscosity
of ice creams, caused by the water retention properties of whey
proteins. Casson viscosity values were higher in ice creams
added with concentrate whey, increasing with the addition of
concentrate whey. This increase is associated with the higher
total solids content of concentrate whey ice creams samples.

The hysteresis of ice creams (1, 2, 3, 4, and 5) are shown
in Figure 6. Ice cream 2 was the sample that had the highest
consistency index and highest viscosity and the largest hysteresis
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Figure 5. Effect of shear rate on viscosity of ice creams samples. Ice
cream 1 (®) ice cream produced with pasteurized whole milk, freeze
concentrated whey - Ice cream 2 (*), 25% of freeze concentrated whey
and 75% of pasteurized whole milk - Ice cream 3 (A ), 50% of freeze
concentrated whey and 50% of pasteurized whole milk - Ice cream 4
(#) and 75% of freeze concentrated whey and 25% of pasteurized whole
milk - Ice cream 5 (m).
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Figure 6. Flow curves, shear stress versus shear rate, for ice cream
produced with pasteurized whole milk - Ice cream 1 (m), freeze
concentrated whey - Ice cream 2 () 25% of freeze concentrated whey
and 75% of pasteurized whole milk - Ice cream 3 (0), 50% of freeze
concentrated whey and 50% of pasteurized whole milk - Ice cream
4 (A) and 75% of freeze concentrated whey and 25% of pasteurized
whole milk - Ice cream 5 (*).

area (P < 0.05) (Table 5). Rossa et al. (2012) state that a higher
viscosity thixotropic fluid may show a larger hysteresis area than
alower viscosity fluid, even if this one suffers a breakdown of the
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less viscous product structure. The largest hysteresis area of ice
cream added with concentrate whey is also related to the high
amount of total solids, as shown in Table 3. Mohameed et al.
(2004) related the concentration of solids with changes in
rheological properties.

Finally, the results obtained in this study showed that the use
of freeze concentrate whey in the preparation of ice creams is an
attractive alternative for the food industry, once the ice cream is
a product of expressive market that pleases several consumers
and have significant nutritional qualities.

4 Conclusion

The use of block freeze concentrated technology applied in
the whey has contributed to an economical, natural ingredient
and with a high nutritional value that can be added in the ice
cream preparation. The concentrated whey of the second stage
was chosen for the preparation of the ice cream. All ice creams
samples showed an increase in total solids and titratable acidity,
and a decrease in pH values. Overrun ranged from 27 to 44%.
Ice creams with of concentrate whey retained their original shape
longer. All the ice creams had crystal ice sizes, fat globules, and
the diameter of air bubbles similar. The ice creams with milk
showed higher whiteness, while the ice creams with concentrate
whey addition presented a higher tendency to yellow and greenish
color. The Power Law and Casson models described well the flow
of all ice creams, which presented the behavior of Newtonian
fluids. The addition of concentrated whey contributed to an
increase in viscosity, consistency index, and hysteresis area of
ice creams. Therefore, it was observed that replacing 50% of
whole milk with concentrate whey provides a better formulation,
choosing ice cream 4 due to its higher overrun.
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