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Goat milk concentrated by nanofiltration: flow decline modeling and characterization
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Abstract

The skimmed goat milk was submitted to the nanofiltration process using a volume reduction factor (VRF) equal to 2. It was
verified a rapid decrease of the permeate flux at a low time, with a continuous flux, caused by the reversible resistance, which
is characterized by the standard and complete blocking. The combined fouling model was evaluated, including complete pore
blocking and cake filtration mechanism, which described the skimmed goat milk nanofiltration behavior. For the VRF equal
to 2 was determined the total solids, protein, lactose, ash, mineral fraction content, which increased successfully with the
nanofiltration process. The Power Law and Herschel-Buckley models were fitting to describe the flow behavior for retentate,
which presented the higher apparent viscosity.
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Practical Application: The skimmed goat milk concentrate obtained from the nanofiltration process retains most of the main
milk constituents. This technology has the potential to be used as a pre-concentration step, aiming at obtaining a product with
preserved sensory and nutritional qualities with lower production costs. In addition, the clarification of the fouling mechanism

involved during the nanofiltration process can be used by the industry to facilitate the milk concentration process.

1 Introduction

Goat milk has become popular with consumers because
of its low lactose content, high protein content, high calcium
content, and a high proportion of more digestible fatty acids
compared with cow milk (Chen et al., 2019; Haenlein, 2004).
Therefore, is widely used in dairy products because it is highly
digestible, is hypoallergenic, and has high nutritional value
(Chen et al., 2019), and often even for its taste (Carvalho et al.,
2023; Sobral et al., 2023). Santos et al. (2022) highlighted that
goat’s milk production depends on the animal’s fitness, the
nutritional value of the food, the level of dry matter intake by
the animal, among others. Many types of research were involved
in studying the concentration of goat milk, which according to
Hariadi et al. (2023a) is used food diversification. Ribeiro et al.
(2023) stated that dairy products has been evaluated as an
alternative to innovate and improve some quality aspects of
the products. According to Hariadi et al. (2023b) milk is a food
ingredient that is composed of various nutritional values with
balanced proportions. The concentration of milk represents an
intermediate processing step in the production of milk products
or concentrated milk products, which can be used in several
food formulations, such as yogurts, ice cream, bakery products,
or some meals, by replacing the use of milk powder, since this
material is expensive and requires intensive energy for drying.

Among the concentration processes, highlight the membrane
process, which has been successfully investigated for the
concentration of milk components. Therefore, the membrane
process could be a promising technology for the recovery of fragile
compounds in comparison with other concentration processes,
which employ higher temperatures. Ng et al. (2017) emphasized
that the membrane processes have been demonstrated to be
advantageous over the conventional process for the recovery of
thermosensitive compounds from milk and cheese whey using
the methodologies such as nanofiltration, retaining protein,
lactose, and minerals. Moreover, emerging technologies, such
as the nanofiltration process, is still innovative for goat milk.
However, the nanofiltration of skim milk is particularly susceptible
to poor operational efficiency due to flux decline resulting from
concentration polarization and fouling. The membrane fouling is
due to several possible causes, such as adsorption and blocking
of solute on the membrane, formation of a deposited layer on the
membrane surface, and composition. Ferrer et al. (2014) cited that
during the process, concentration polarization at the membrane
surface can rise to a point where the concentrated solutes form
a gel layer on the membrane, and this irreversibly decreases the
permeation flux and process performance, ultimately causing
fouling of the membrane, which is associated with a decline in
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Nanofiltration of goat milk

the permeate flux with operation time. As the concentration
increases, the permeate fluxes decline (Ferrer et al., 2014).

In this sense, modeling is warranted to quantify the flux
decline during concentration that allows the prediction of process
behavior (Balyan & Sarkar, 2018). The flow decline modeling
and characterization of goat milk by nanofiltration process study
is of fundamental importance in the innovation process, as it
helps in the efficient technological processes, optimizing time in
the development of new products, and according to Silva et al.
(2023) with greater assertiveness in the execution and the use
of this process by the dairy industry.

Membrane fouling in the dairy industry has generally
been attributed to adsorption of proteins and precipitation of
calcium phosphate (Ng et al., 2018), but the exact nature of
fouling is difficult to ascertain, as this would require some form
ofin situ and in real-time observation and measurement. Some
of the best models known are described by Hermia and Ho
and Zydney, which can quite clarify the main reasons for flux
decline. Hou et al. (2017) cited that Ho and Zydney developed
a combined fouling model considering both pore blocking
and the filtration layer to describe flux decline. However, the
performance of the nanofiltration process should not only be
evaluated regarding the permeate flux and the flux decline but
also about the physical, chemical, and rheological properties
of the fractions obtained. Thereby, the present study aimed to
characterize the performance of the nanofiltration process of
skimmed goat milk by evaluating permeate flux decline, fouling
resistance, and retentate composition and rheological properties.

2 Material and methods
2.1 Material

Commercial skim UHT goat milk (Caprilat®, CCA Laticinios,
Rio de Janeiro, Brazil) was used as the start material. The skim
goat milk composition was 8.46 + 0.01 g total solids 100 g,
2.91 £ 0.05 g total protein 100 g, 3.93 £ 0.05 g lactose 100 g
and 0.89 £ 0.03 gash 100 g'1. The initial pH value and titratable
acidity were 6.60 + 0.01 and 0.12 + 0.01 g 100 g* lactic acid,
respectively. All reagents were of analytical grade.

2.2 Nanofiltration procedure

The skimmed goat milk was submitted to the nanofiltration
process in a pilot filtration unit, using a tangential filtration
system and a polyvinylidene fluoride (PVDF) spiral nanofiltration
membrane (Osmonics, Minnetonka, MN), with an approximate
molar mass cut-off ranging between 150-300 Da, and a filtration
area of 1.2 m”. The operating parameters controlled during the
nanofiltration process were a temperature of 25 + 1 °C and
pressure of 700 kPa, up to the volume reduction factor (VRF)
of 2 as the endpoint of the process. The VRF was calculated as
the ratio between the initial volume (L) of skimmed goat milk
used in the feed and the final volume (L) of the concentrate after
the nanofiltration process. The permeate flux (J) (L.h"'.m?) was
measured at 5 min and removed to obtain the skimmed goat
milk concentrate, according to Equation 1:

()]

where Vp (L) is the amount of permeate collected during the
period t (h) and Ap (m?) is the permeation surface area of the
membrane.

To assess the fouling mechanism during the nanofiltration
process, the model of flow decline during filtration can be selected
(Hermia, 1982) (Equation 2).

2 2 _ ﬂ"
dc/dv —ﬁ(de )

where V is the cumulative volume of filtrate, ¢ the time of
operation, and 7 is a constant.

Field et al. (1995) modified the classical constant pressure
dead-end filtration equation (Hermia, 1982), which expressed
as follows Equation 3:

—dJ/dt(J“_2) - K(JfJ*) 3)

where j* is the steady-state flux, ¢ is time and K is a constant
whose dimension depends on the values of n. n in both two
models is the general index which depending on the fouling
mechanism assumes different values.

When n corresponds to 2, the complete blocking model is
assumed, that is, each particle when arriving at the membrane
surface blocks some membrane pores such that no superposition
happens, and the blocked surface area is proportional to the
permeate volume. In this case, the size of the solute particles is
similar to the pore size of the membrane, forming a monomolecular
layer on the membrane surface (Equation 4).

Ln(J)=LnJo—Kpt 4)

In standard pore blocking, the n value is equal to 1.5, and
the solute particles with a smaller size than the pores of the
membranes can pass through the membrane pores, reducing
the pore size effectiveness (Equation 5).

e
7 JOA ®)

when n is 1, the fouling mechanism represents the incomplete
or intermediate blocking model in which the solute particles
cannot penetrate completely inside the porous structure, and
they can settle on other particles deposited before, forming
multilayers (Equation 6).

% = Jl—o +K At (6)

Finally, when the value of n is 0, the pore blocking is
neglected, and it is related to the formation of a cake layer by
the accumulation of solute particles onto the membrane surface
with a thickness proportional to the permeate volume (Garcia-
Ivars et al., 2017) (Equation 7).
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To evaluate the combined effect of the different pore blocking
and the filtration layer was used a model suggested by Ho and
Zydney (2000), according to Equation 8.

aAPC R aAPC
- _ m —exp| - 8
0=0 |:exp[ 4R, ZJJr X, +Rp X[l exp( iR, t]ﬂ (®)

where Q_ is the initial flow rate (m®.s™"), a is the pore blockage
parameter (m2.kg'), AP is the transmembrane pressure (Pa), C
is the bulk concentration s,  is the permeate viscosity (Pa.s), R

is the membrane resistance (m™), and ¢ is the filtration time (s).

Different resistances can appear throughout the process
when a complex solution is used as the feed solution (Leu et al.,
2017). The sum of these resistances is represented by a total
resistance Rt (m™) (Equation 9).

R, =R, +R.+R; )
The Rt was calculated according to Equation 10:

P

R =
/‘wa

(10

where Jf (L.h"".m™) is the final permeate flow, the permeate viscosity
was considered to be similar to that of water yw (mPa.s™) and
the experimental pressure P (Pa) was controlled. The membrane
resistance R (m™) was obtained from Equation 11 by permeating
pure water through the nanofiltration membrane. The viscosity
of water i, (mPa.s') and the permeate flow J , (L.h".m™) were
considered before the process with the skim milk.

P

- (11
"y

R

The irreversible fouling resistance R, (m™) was obtained
after filtration of the skimmed goat milk by Equation 12. The
skimmed goat milk was removed, and pure water was fed into
the system to obtain the water permeate flow J . (L.h".m?).

-_F (12)
HyJwy

Rir

The reversible resistance Rr (m™) was obtained by difference,
as shown in Equation 13.

R =R;—R, —R;, 13)

For adjusting all the equations, a computer routine for
Matlab (R2013a, MathWorks Inc, MA, USA) was developed,
using the nlinfit function.

2.3 Physicochemical analysis

All the physicochemical analyses were realized in the initial
skimmed goat milk, retentate e permeate from the nanofiltration
process, and were carried out in triplicate. The total solids content
(g 100 g') was determined through the drying of the samples
until reaching a constant weight at 105 °C (Instituto Adolfo Lutz,
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2008) and the total protein, by the Kjeldahl method (N x 6.38)
(Association of Official Analytical Chemists, 2012). The lactose
content (g 100 g*) was obtained using a spectrophotometer
FT-NIR model MPA (Multi-Purpose Analyzer) (Bruker Optik,
Ettlingen, Germany) operating with a spectral acquisition program
OPUS version 7.0 (Bruker Optik, Ettlingen, Germany). The
measurements were made by near-infrared Fourier transform
(FINIR) spectra of diffuse reflectance. Each vial containing the
samples was positioned in the diffuse reflectance accessory and
the NIR spectra were collected in the spectral range of 9.000 to
4.000 cm™ at a nominal resolution of 16 cm™ in transmission
mode. Each spectrum was the average of 500 scans.

The ash content (g 100 g') was analyzed through a gravimetric
method (Instituto Adolfo Lutz, 2008). The mineral content of
Ca, Mg, Zn, Mn, Cu, and Co (mg 100g") were determined
by flame atomic absorption spectrometry (F-AAS) according
to Navarro-Alarcon et al. (2011), with modifications. The
spectrometer used was the AAnalyst 200 model (PerkinElmer,
Inc., Waltham, MA, EUA) equipped with the background
corrector with the deuterium arc illumination and the Echelle
resolution system. Acetylene (purity 99.7%) was used as fuel
gas to heat the atomization system and as compressed gas,
compressed air was used. Before de measurement, all samples
were calcined at 520 °C and the ash treated using hydrochloric
acid 8 mol L. The analytical and instrumental parameters were
adjusted to obtain the best sensitivity for each element. For this,
the samples were diluted with Milli-Q water for interpolation
in the linear range of each element. The wavelengths used to
determine the elements were 422.67 nm for Ca, 285.21 nm for
Mg, 213.86 nm for Zn, 279.50 nm for Mn, 324.80 nm for Cu,
and 240.73 nm for Co using cathode lamps (PerkinElmer, Inc.,
Waltham, MA, USA).

2.4 Rheological properties

The measurements of rheological properties of skimmed
goat milk, retentate and permeate were carried out using a
Thermo Haake DC 10 rotational viscosimeter (model VT 550,
Thermo Haake, Karlsruhe, Germany), with concentric cylinders
(NV ST 807-0713 CE and NV 807-0702) and collected using
the software program Pro Rheowin® (version 2.93, Haake).
The control of temperature (5 °C) was realized through water
circulation in a temperature-controlled bath (Phoenix P1, Thermo
Haake, Karlsruhe, German) and coupled to the equipment. An
aliquot volume of 10 mL of samples was loaded into the cup of
viscometer and the data were obtained. The flow curves were
generated by a linearly increased shear rate of 0 s to 2000 s
(upward curve) and 2000 s to 0 s (downward curve) for 3
minutes. To accurately evaluate the most adapted flow behavior,
the models most frequently employed in food characterization
(Vélez-Ruiz et al., 1997) were used to describe the shear rate-
shear stress data expressed by Equations 14 and 15.

Power —law : O':K(y)n (14)

Herschel — Bulkley : 6= +Ky" (15)

where ois shear stress (Pa), 7 is the shear rate (s), Kis consistency
index (Pas™), nis flow behavior index, and o, is yield stress (Pa).
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2.5 Statistical analysis

The results were expressed as means + standard deviations
and were evaluated using the software STATISTICA version 13.3
(TIBCO Software Inc., Palo Alto, CA). Both one-way analysis
of variance (ANOVA) and Tukey’s studentized range (P < 0.05)
was carried out to test for any significant differences between the
results. R? values were calculated for the fit of the model’s data.

3 Results and discussion
3.1 Nanofiltration process

Figure 1a shows the permeate flux as a function of operating
time, for the nanofiltration process using skimmed goat as
feed solutions. Two stages can be distinguished, evidencing
the membrane fouling during nanofiltration processes of the
skimmed goat milk. The initial decline of permeate flux values
visualizes on the first minutes of the process is related to the
solute particles accumulated and adsorbed onto the surface and
inside the pore walls, known as concentration by polarization.
According to Ng et al. (2017), the concentration polarization
occurs, in the case of skimmed milk, due to the presence of proteins
and minerals. Milk proteins foul the membrane by adsorbing
to and depositing onto the membrane surface and creating a
flux resistance in the form of a gelatinous cake layer (Rice et al.,
2009). This protein adsorption is influenced by electrostatic
effects between the charged protein and charged membrane,
and by the hydrophobicity of the membrane. Rice et al. (2009)
stated that calcium can contribute to this protein cake by forming
protein-protein and protein-membrane bridges. Meanwhile,
soluble jons can precipitate once their solubility is exceeded,
potentially forming a scale within the pores or on the surface
of the membrane. Calcium phosphate salts are of particular
concern in the dairy industry due to their supersaturation in the
aqueous phase of milk. This phenomenon increases the osmotic
pressure of the solution, resulting in a significant decrease of
the flow so that the system must be stopped, as observed in the
second stage of permeate flux in Figure 1a, where a gradual flux
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decline at more extended periods, up to VRF equal to 2. In this
VRE the equilibrium between the attachment and detachment
of skimmed goat milk particles on the membrane was reached,
achieving an almost constant value of the permeate flux. The
mechanisms involved in this process can promote higher
concentrations of some constituents next to the membrane
surface and, consequently, adhere to the surface and creating a
resistance to fluid flow.

During a fouling experiment, the resistance to the fluid flow
increases due to various mechanisms, such as pore plugging,
cake layer formation, concentration polarization, and osmotic
pressure. Skimmed milk filtration is particularly susceptible
to poor operational efficiency due to flux decline resulting
from concentration polarization and fouling. The resistance
by concentration polarization is the accumulation of retained
particles at the membrane surface and is responsible for the
most of reversible resistances. While resistance by fouling occurs
due to adsorption or deposition of colloidal particles on the
membrane surface and in the membrane pores and is responsible
for the irreversible resistance (Ng et al., 2017). In the present
study, the reversible resistance contributed to 98.30% of total
resistance, while the membrane and the irreversible resistance
contributed to 1.2 and 0.4%, respectively. Rezzadori et al. (2014)
cited this processes operating at pressures above 3 bar are more
susceptible to the deposition of solutes on the membrane surface,
this deposition being related to the concentration by polarization
layer, corroborating with the results described in this study.
The reversible resistance is a direct result of flux and is usually
reversible in the sense that it will quickly diftuse if flux across the
membrane is halted. However, if the reversible resistance is high,
as observed in this study, a gel layer may be formed by particle-
particle interactions and such layer dissipates slowly, if at all,
when the flux is interrupted (Ng et al., 2018). From an operational
perspective, the reversible resistance is unavoidable, but it can
be minimized by improving particle convection away from the
membrane (Brans et al., 2004). On the other hand, irreversible
resistance fouling is irreversible (upon cessation of flux), and its

144 n!
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Figure 1. Behavior of (a) permeate flux curve (¢) and (b) permeate flux experimental (=) by the complete pore blocking model (—), standard
pore blocking (- — —), and intermediate pore blocking (- - - -) from nanofiltration of skimmed goat milk processes up to volume reduction factor

(VREF) equal to 2 at 700kPa and 25 + 1 °C.
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removal requires backwashing or often even chemical cleaning.
This interrupts operation, lowers productivity, consumes large
amounts of water and chemicals, and decreases membrane life
(Brans et al., 2004). Rabiller-Baudry et al. (2002) identified in
the ultrafiltration of skimmed milk that the adsorption of all
milk components (lactose, salts, proteins), even under static
conditions. However, after rinsing, lactose and salts were removed,
but proteins remained adhered to the membrane. Hence, lactose
and salts play a role in reversible resistance, whereas proteins
take part in both resistances (reversible and irreversible).

The membrane fouling mechanism during the nanofiltration
process of the skimmed goat milk up to VRF of 2 was estimated
by Hermia’s model, and the fitting of the models was evaluated in
the light of the R?. The results of the sample calculations for the
studied model with the experimental results are shown in Table 1
and Figure 1b. According to Razi et al. (2012), the resistance
coefticient (K) is dependent on the resistance and concentration of
the filter cake layer and blocked surface, mostly being influenced
by the system pressure. The highest resistance coefficient was
obtained for the complete pore blocking models, while the best
fit (R?) was obtained for the standard and complete pore blocking
models, with R? > 0.97. Vincent Vela et al. (2009) stated that
adsorptive fouling of membranes by particles smaller than the
membrane pore sizes is incorporated in the standard blocking
model. Therefore, particles may deposit inside the membrane
pore walls, leading to the reduction of the cross-sectional area
of membrane pores and a consequent increase in membrane
resistance. This fouling phenomenon always operates in non-
steady-state conditions, and it is independent of the crossflow
rate. In the nanofiltration process of skimmed goat milk, this
behavior could be occurring by the deposit of whey protein and
some minerals that have a lower size than the membrane pore.
According to Corbatén-Baguena et al. (2015), it is important to
note that one of the hypotheses of Hermia’s complete blocking
model is that the pore entrance is completely blocked or sealed
when one solutes molecule arrives at the membrane surface.
Therefore, complete blocking considers membrane fouling
mechanisms that are external and occur on the membrane
surface. These external membrane fouling mechanisms are
related to the difference between the solute molecule size and
the membrane pore size. Consequently, particles/solutes do
not permeate through the membrane, such as casein, lactose,
phosphate minerals, and minerals bound to casein micelles. By
the obtained results, it was established that in the early stage
the rapid permeate flux decline of the nanofiltration process
was characterized initially by a standard blocking model and
subsequently, by a complete blocking model.

Table 1. Phenomenological constant (K) and R? values from the fouling
mechanism of the skimmed goat milk nanofiltration up to volume
reduction factor (VRF) equal to 2.

Fouling mechanism K R2
Complete blocking (n = 2) (s™) 0.051 0.98
Standard blocking (n = 1.5) (m™** s*%) 0.016 0.97
Incomplete blocking (n = 1) (m™) 0.015 0.86

K = resistance coefficient; R* = determination coefficient.
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Ng et al. (2017) affirm that a single fouling model did not
provide a good description of the entire filtration process. A
combined fouling model which considers both pore blocking
and cake formation may be more appropriate, such as the
transient area-averaged protein filtration model developed by
Ho & Zydney (2000).

The data and model predictions are shown in Figure 2. The
model calculations were in good agreement with the experimental
data over the entire nanofiltration period, showing an R*> 0.97.
Corbaton-Baguena et al. (2015) stated that in this model are
considered the two stages in the decrease in permeate flux with
time: a rapid flux decline due to pore-blocking phenomena and,
after that, a slow decrease until the steady-state is achieved due to
the formation of a cake layer. According to Torkamanzadeh et al.
(2016), the hypothesis assumed in this model is that by deposition
of the first protein aggregates on the membrane surface, the
blocked pores will still be partially permeable to the fluid flow.
The model also accounts for the nonuniform character of
foulant particle deposition over the surface of the membrane.
Li et al. (2017) suggest the fouling mechanism in the filtration
of concentrated milk is not purely cake formation or protein
deposition, but a combination of both, influenced by operating
conditions and evolution of the feed composition. Besides the
protein deposition, mineral fouling by dairy streams is attributed
to the precipitation of calcium phosphate as it is sparingly soluble.
Skim milk is supersaturated concerning calcium phosphate, but
precipitation of calcium phosphate does not occur naturally. This
is mainly due to associations with casein micelles, which provide
a sufficient buffering capacity for calcium phosphate (Ng et al.,
2018). In addition, NF membrane pores are smaller than mineral
ions, thus fouling by calcium phosphate precipitation in the bulk
fluid could occur during skimmed milk nanofiltration.

3.2 Physicochemical properties

The total solids, protein, and lactose content of skimmed
goat milk, retentate and permeate are shown in Table 2. It was
possible to note that the nanofiltration process was successfully

6.0x10° -

4.0x10° 1

2.0x10°

Q (mﬁ.s'1)

0.0 4

t (min)

Figure 2. Permeate flux experimental (=) by the combined model (—)
from nanofiltration of skimmed goat milk processes up to volume
reduction factor (VRF) equal to 2 at 700kPa and 25 + 1 °C.
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Table 2. Total solids, protein, lactose, ash content (g 100 g"') and mineral fractions (mg 100 g"') of skimmed goat milk, retentate and permeate
from nanofiltration up to volume reduction factor (VRF) equal to 2.

Analyses Skimmed goat milk Retentate Permeate
Total solids (g 100 g) 8.46 +0.01° 13.46 £ 0.08* 1.00 £ 0.01¢
Total protein (g 100 g) 2.91 £0.05° 4.41 +0.02° 0.24 +0.01°
Lactose (g 100 g") 3.93 +0.05° 8.10 +£0.32° ND
Ash (g 100g™) 0.96 +0.03° 1.22 £0.01° 0.45 £ 0.01°¢
Ca (mg 100g™) 9874.80 + 3.38" 19266.85 + 34.77% 848.45 + 0.36¢
Mg (mg 100g™) 825.16 + 1.21° 1801.00 = 0.15* 99.94 + 0.01¢
Zn (mg 100g™) 69.71 £ 0.03* 41.91 £0.01¢ 42.12 +0.03°
Cu (mg 100g™") 2.99 £0.01¢ 3.80 £ 0.01° 10.10 £ 0.01°
Mn (mg 100g™) 0.21 £0.01¢ 2.05+0.01° 0.62 +0.01°
Co (mg 100g™) 0.869 +0.01° 0.665 + 0.01° 0.276+ 0.01¢

**Within a row, means + standard deviations with different superscript lowercase letters denote significant differences (P < 0.05) between the skimmed goat milk and retentates and
permeates from nanofiltration (NF). VRF: volume reduction factor.

Table 3 . Rheological parameters obtained using Power Law (o =K ( }'/)n ) and Herschell-Buckley model (o = o +k7" ) of skimmed goat milk
and retentate from nanofiltration up to volume reduction factor (VRF) equal to 2 at 5.0 + 0.1 °C.

Power Law model Herschell-Buckley model

Samples K (Pa.s") n RrR? o, K (Pa.s™) n R?
Skimmed goat milk 0.003 + 0.003® 0.920 + 0.029° 0.955 0.012 £ 0.002¢ 0.003 +0.001® 0.927 +0.031° 0.955
Retentate 0.005 = 0.0012 0.922 +0.002° 0.968 0.047 +0.001° 0.004 + 0.001° 0.946 + 0.015° 0.965
Permeate 0.002 + 0.001° 0.976 = 0.003* 0.850 0.092 £ 0.001* 0.001 + 0.001° 1.006 + 0.012° 0.851

**Within a column, means + standard deviations with different superscript lowercase letters denote significant differences (P < 0.05) between the skimmed goat milk and retentates and

permeates from nanofiltration (NF). VRF: volume reduction factor; K, Consistency index; #, flow behavior index; R?, determination coefficient; [ yield stress.

employed for concentrating on total solids, protein, and lactose
content (P < 0.05) from skimmed goat milk indicated that the
skimmed goat milk molecular size in the great majority is larger
than nanofiltration membrane pore size. The total solids content
determined to retentate in this study was higher than that
found by Moreno-Montoro et al. (2015), in the ultrafiltration of
skimmed goat milk. However, in the present study, some protein
molecules do pass through the membrane due to dehydration.
The concentration of protein is important, which is advantageous
for dairy production given that they are the most important
proteins for curd formation in the fermentation process. Casein
and whey protein are valuable food ingredients because of their
nutritive value and physicochemical and functional properties.
Due to their water-binding, emulsifying, whipping, foaming, and
texturizing properties, they are used in a range of commercial
applications, including protein fortification of dairy foods, and
ingredients for beverages, bakery, and meat (Sauer et al., 2012).
The nanofiltration process was also efficient in the concentration
of lactose content, once cannot be quantified in permeate, been
predominantly in the retentate.

The nanofiltration process contributed to the increase (P
< 0.05) of the ash and mineral fractions of retentate (Table 2).
Concerning mineral fraction, Ca, Mg, and Mn showed the
highest (P < 0.05) values in the retentate. However, Zn content
was presented in the retentate and permeate with similar values.
Cu showed higher (P < 0.05) values in the permeate, while the
Co was lower (P < 0.05) in the retentate and permeate about
skimmed goat milk. These behaviors were related to the size of

the molecules and the deposit of part of these minerals in the
pore walls.

Concerning the rheological properties, Figure 3 shows the
differences between the apparent viscosity behaviors of skimmed
goat milk, retentate and permeate. The skimmed goat milk and
retentate showed a slight decrease in apparent viscosity with
increasing the shear rate, indicated that these fluids had shear
thinning characteristics (non-Newtonian behavior). Showing a
different behavior, the permeate exhibited a Newtonian behavior.
Vélez-Ruiz & Barbosa-Canovas (1998) related the Newtonian
behavior of permeate to the low solids concentrations of these
samples (Table 2). It was also possible to observe that the
apparent viscosity was higher (P < 0.05) for the retentate. In
the concentration of skimmed milk, the increase of viscosity
occurs because the removal of water causes an increase in volume
fraction of dispersed particles and increases the micelle-micelle
interactions as the distance between the micelles becomes smaller.

According to Balde & Aider (2016) and Vélez-Ruiz &
Barbosa-Céanovas, (1998) the milk concentrates behaved as
non-Newtonian fluids, with flow curves well fitted by the Power
law and/or Herschel-Bulkley models as observed in the present
study for the skimmed goat milk and retentate, with showed a
coeflicient of determination (R2) higher than 0.95 (Table 3).
The rheological behavior of a fluid can also be described by the
consistency coeflicient (K), and the flow behavior index (n). When
the e n value is close to 1, the sample showed Newtonian behavior
and nis less than 1, the sample shear thins with increasing shear
rate, whereas if 7 is higher than 1, the sample shear thickens.
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Figure 3. Apparent viscosity versus shear rate of (o) skimmed goat

milk () retentate and (=) permeate from nanofiltration up to volume
reduction factor (VRF) equal to 2.

Both models used showed the higher flow behavior index (n),
confirming the Newtonian behavior presented in Figure 3. The
yield stress (o,) were of the samples was close to 0. According to
Balde & Aider (2016) and Canella et al. (2019), when the total
solid content of the skimmed milk is lower than 30 g 100 g-1
the yield stress presented lower values.

The above experimental results and analysis suggest that
nanofiltration is an interesting technology for skimmed milk
concentration. Moreover, it is important to determine the flow
decline behavior since the resistances visualized throughout the
process had a direct influence on the retention of the constituents
and the process performance.

4 Conclusions

During the nanofiltration process of the skimmed goat milk
was observed at the low time a rapid decrease of the permeate
flux. Atalong time of the nanofiltration process, it was verified a
continuous flux, which was characterized by an additional resistance
to the permeate flux caused by concentration polarization. For
the VREF value equal to 2, the standard and complete blocking
were the best fitting modes. The conclusions obtained from a
combined model based on the crossflow of the permeate flux
decline along the whole filtration curve were that the reversible
resistance was the main responsible for the flux decline and the
rapid permeate flux decline in the early stage of the nanofiltration
process was characterized by standard and complete blocking.
The combined model calculations were in good agreement with
the experimental data over the entire nanofiltration period. It
was determined that the nanofiltration process be successfully
employed to concentrate total solids, protein, lactose, ash, and
mineral fractions. The Power Law and Herschel-Buckley models
were fitting to describe the flow behavior for retentate, which
presented the higher apparent viscosity. Finally, these findings
not only clarify the fouling mechanism involved during the
nanofiltration process of the skimmed goat milk but also provide

Food Sci. Technol, Campinas, 43, 132622, 2023

valuable knowledge about the concentration of its components
that can be used by the dairy industry. These high values prove
the potential of this technology for use as a pre-concentration
step, aiming to obtain a product with the sensory and nutritional
qualities preserved with lower production costs.
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