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Abstract In this research, the protein concentration, the
permeate flux, and the predominant fouling mechanisms
were investigated during ultrafiltration of different whey
samples. The research was carried out at different values of
transmembrane pressure and temperature using an experi-
mental design, and a protein concentration of approxi-
mately 37 g L™ was obtained for the bovine whey powder
solution, at 60 kPa and 40 °C. The maximum flux observed
was 8.9 and 7.9 kg m > h™", respectively, for the bovine
whey powder solution and bovine whey, at 50 kPa and
30 °C. Although goat and buffalo whey presented lower
permeate flux, probably due to high solutes and calcium
contents, protein concentrates of around 40 g L™' were
obtained using the ultrafiltration process. This demon-
strates the potential of ultrafiltration to obtain non-bovine
protein concentrates. The best fit, verified by Ho and
Zydney model, suggests that the fouling for all analyzed
whey occurs due to pore blocking and subsequent deposit
on the membrane surface.
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Introduction

World milk production has been growing for several dec-
ades. According to FAO data, production increased from
500 million tonnes in 1983 to approximately 830 million
tonnes in 2018 (FAO 2018). Cow milk corresponds to 83%
of milk produced and buffalo milk to 14%, the rest having
its origin in goat, sheep and camel production (Villa et al.
2018). Of the total milk produced in Europe, for example,
37% are destined for the manufacture of cheese (Eurostat
2019).

Most of the milk used in cheese production is processed
into whey after protein coagulation. On average 9 L of
whey is generated for each kg of cheese produced. In the
past it was considered as waste due to its high environ-
mental impact, however, whey has an important nutritional
composition coupled with high values of chemical and
biochemical oxygen demand (COD and BOD) (Baldasso
et al. 2011).

In view of the importance and the large volume of whey,
the need has arisen to develop processes to recover and
concentrate its nutrients, as well as to avoid its improper
disposal and environmental impact. The main target of the
processes that use membranes is the recovery of whey
proteins. Whey proteins have a nutritional quality widely
known, because of their biological value higher than egg,
meat and soy protein (Smithers 2015).

Moreover, whey proteins also have functional properties
of interest to the industry, such as solubility, emulsifying
power, gelling and foaming (Nishanthi et al. 2017). Thus,
the whey can be used to obtain various products of high
nutritional value, such as fruit beverages (Amaral et al.
2018; Cappato et al. 2018), chocolate beverage (Oliveira
et al. 2017), fermented beverages (Lievore et al. 2015;
Sabokbar and Khodaiyan 2016), bakery products (Diaz-
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Ramirez et al. 2016), and dairy products such as yogurts
(Mahomud et al. 2017), ice cream, frozen desserts, and
popsicles (Gajo et al. 2017; Martins et al. 2018). Although
cow milk is one of the most common to the development of
these products, milk proteins from other sources also
deserve to be researched and applied industrially. Goat
milk, for example, presents high nutritional value, has good
digestibility, and is well tolerated by individuals with cow
milk allergy (Lou et al. 2018; Li et al. 2019). Buffalo milk,
in turn, has a higher lipid, protein, lactose and mineral
composition than other species (Mahmood and Usman
2010). Due to the growing interest and exploration of
buffalo milk for the production of Mozzarella cheese, the
resulting whey volume is also increasing (Sameer et al.
2020).

However, the literature regarding fresh whey and the
recovery of goat and buffalo whey proteins is scarce.
Because the most research uses whey protein concentrate
from cow origin to simulate whey solution. So, the litera-
ture still lacks studies that report the performance of the
ultrafiltration process when non-bovine whey is used.
Considering membrane separation processes, the main
challenge is still to identify the set of process conditions
that minimize the effects of the restrictive phenomena to
the flux, known as concentration polarization and fouling.
The main parameters that affect the permeate flux are
pressure, temperature and feed concentration. Therefore,
the present article aimed to study ultrafiltration to recover
proteins from commercial whey powder and fresh whey of
bovine, goat and buffalo origin, using different tempera-
tures and pressures. The identification of the predominant
fouling mechanisms during the ultrafiltration process was
also investigated.

Materials and methods
Whey samples

Sweet whey powder from the production of Mozzarella
cheese was donated by Alibra Ingredients, Ltda (Campinas,
SP, Brazil). For the preparation of the sample, whey
powder was reconstituted by manually dissolving it in
distilled water at 30 °C, with a soluble solids content of 6%
(wW/v).

The samples of fresh whey from bovine, goat and buf-
falo origin were donated by the Technological School of
Milk and Cheese of Campos Gerais (Ponta Grossa, PR,
Brazil). Bovine and buffalo whey samples were obtained
from the production of Mozzarella cheese and a sample of
goat origin from Feta cheese. The cheese fines were
removed using a 200 mesh sieve, prior to the ultrafiltration.
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Ultrafiltration process

The ultrafiltration (UF) process was conducted on a labo-
ratory scale in a Pellicon® Ultrafiltration System from
Millipore, which operates with the tangential flow. A
membrane cassette composed of polyurethane and
polypropylene with a nominal molecular weight limit
(NMWL) of 10 kDa and a filtration area of 0.5 m®> was
used. A jacketed feed tank (4 L capacity) was used together
with an ultra-thermostatic water bath (Thermomix BM, B.
Braun Biotech International) for temperature control.

In the first operation mode, the concentrate and perme-
ate were continuously recycled to the feed tank to ensure
steady-state conditions in relation to the volume and
composition of the feed. The whey powder solution was
used in these tests to define the best UF experimental
conditions by a Central Composite Rotatable Design
(CCRD). In total, 11 experiments were performed using the
27 experimental design with a star configuration (four axial
points) and three central points, with varying temperatures
in the range of 16-44 °C and a pressure of 10-70 kPa. The
levels of the variables were defined based on preliminary
experiments and on literature information. All the experi-
ments were carried out in a randomized way.

After evaluation of the effect of the variables pressure
and temperature in the process, the bovine, goat and buf-
falo fresh whey samples were ultrafiltrated under the best
experimental conditions in batch mode. In this operation
mode, the permeate stream is continuously removed from
the system.

The permeate flux was determined by the gravimetric
method using Eq. 1:

_ "

1S (1)

where J is the permeate flux (kg m™> h™"), my, is the mass
(kg)accumulated in the permeate stream during the filtra-
tion time #(h), and S is the membrane surface area (m?).

Mathematical models

The pore blocking models, proposed by Hérmia (1982) and
adapted by Field et al. (1995) is described by Eq. 2:

afp _
o
where J, is the permeate flux in time #,J* is the value of
steady-state permeate flux in the operating conditions,k,
and n represent the phenomenological coefficient and the
general fouling index, respectively.

According to the value of n, four blocking mechanisms
are proposed, which result in different corresponding
integrated forms of Eq. 2.
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Considering value of n =2.0, the complete pore
blocking model is obtained, represented by Eq. 3.

J(t) = Jlim + (J() - Jlim)-exp_kz‘o‘l (3)
For n = 1.5 the internal pore blocking model is defined
by Eq. 4.

1 1
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The value n = 1.0 gives the partial pore blocking model,
described by Eq. 5.

1
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The four model is the cake filtration, resulted by n = 0,
Eq. 6.
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where Jj is the flux at time zero and Jj;, is the flux mea-
sured at the last minute of operation approaching the flux of
the stationary region.

However, previous studies have shown that these simple
models may be insufficient to describe the fouling in the
UF process. Based on this, efforts were made to develop
more sophisticated combined mathematical models, which
take into account both pore blocking and cake formation.
Thus, the model developed by Ho and Zydney (2000),
Eq. 7, which considers fouling to be a two-stage process
with localized pore blocking prior to the build-up of a
surface deposit, was also selected to analyze the flux
decrease during whey ultrafiltration.

Assuming a uniform resistance of the cake layer over the
fouled membrane surface, an equation for J in time ¢ is
proposed:

“APCb Rm OCAPC[,
= . — . B I — .
J=J {exp( iR, t) + Ro+ R, ( exp( R, t
(7)

where o is the pore blockage parameter, AP is the trans-
membrane pressure, Cj, is the bulk protein concentration, u
is the solution viscosity, R,, is the resistance of the clean
membrane and R, is the resistance due to the particle
deposits on the membrane surface.

The models were adjusted by non-linear least squares
regression analysis at a 95% confidence interval. The
Statistica software (version 10.0) was used for all of the
calculations. The sum of squared residuals (SSR) and the
coefficient of determination (R?) were defined as the
evaluation criteria for the models.

Physicochemical characterization

The whey samples were characterized by pH using the
digital pH meter (Gehaka, model PG 1800); chemical
oxygen demand (COD) using colorimetric method with
closed reflux (APHA 2005); turbidity was determined
using a portable turbidimeter (Policontrol, model AP
2000); protein content was estimated by the Lowry method
(Lowry et al. 1951); lactose was measured by the DNS
method (3,5-dinitrosalicylic acid) according to the
methodology described by Miller (1959); fat content was
determined by the Roese—Gottlieb method (AOAC 2005);
total solids were estimated by the gravimetric method in a
recirculation oven at 105 °C until constant weight (AOAC
2005); minerals Ca, P, K, and Na were determined using
AOAC (2005) method. The fractions of concentrates and
permeates obtained from UF processes were analyzed in
relation to turbidity, protein and lactose content. The per-
meate samples also were characterized to COD.

Statistical analysis

The processes and analyses were performed in triplicate.
The results were expressed as the mean + standard error.
The effects of treatments were analyzed by analysis of
variance (ANOVA) followed by the Tukey’s test
(p value < 0.05). Statistical analyses were performed using
Excel and Statistica 10.0 software (Statsoft Inc., Tulsa,
USA).

Results and discussion
Physicochemical characterization of whey samples

The results of the physicochemical characterization of
whey samples are displayed in Table 1. As can be
observed, the whey samples presented the statistical dif-
ference between them for almost all the parameters
investigated. This is due to the fact that the milk used as
raw material originates from different species of animals,
which have considerably different nutritional compositions
and because of the variation in the traditional processes of
cheese manufacturing.

Buffalo milk has a composition traditionally known as
superior to the other kinds of milk, mainly in relation to
fats, proteins, lactose, and mineral content and conse-
quently, has a higher content of total solids and COD
(Shakerian et al. 2016). Thus, the whey generated during
the manufacture of buffalo mozzarella cheese also presents
higher values in its composition. Besides the content of
proteins, lactose and fats measured in this study were
higher than that of bovine and goat whey, the composition
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Table 1 Physicochemical

characterization of whey Parameter Whey powder solution Bovine whey Goat whey Buffalo whey

powder solution, bovine, goat, pH 6.50 + 0.14° 6.52 + 0.44° 5.64 + 0.26° 525 + 031°

and buffalo whey . . . b 2
COoD (g L™")* 76.40 + 0.80 79.27 + 0.91 84.64 + 1.19 91.55 + 0.87
Turbidity (NTU) 2880.0 + 109.9¢ 1552 £70.7° 36407 + 117.9°  5318.5 £ 129.6°
Protein (g L™1) 7.02 + 0.12¢ 7.27 + 0.33¢ 8.93 + 0.13° 10.89 =+ 0.21°
Lactose (g L™h 41.20 + 0.51° 4246 + 0.71° 3924 4+ 0.49¢ 46.26 & 0.16*
Fats (g L™ 2.35 £ 0.09¢ 2.64 & 0.18° 3.73 + 035" 497 + 0.31°
Total solids (g L™")  57.14 & 0.62° 5621 + 1.13°  59.16 & 0.46° 66.97 + 0.83°
Ca (mg kg™") 298.35 + 4.59° 319.27 + 1.46°  448.67 + 7.41°  949.90 & 10.10°
P (mg kg™ 320.98 + 4.48¢ 338.02 £ 2.13°  443.02 + 848>  679.68 & 12.53°
K (mg kg™") 838.73 + 5.92¢ 1576.06 + 4.58° 2170.38 & 49.25* 1293.78 + 32.05°
Na (mg kg™ ") 178.08 + 0.92¢ 240.44 4+ 0.63°  289.87 + 5.52° 4573 + 7.60°

Values are means =+ standard error

Different letters in the same row denote difference according to the Tukey test (p < 0.05)

*COD chemical oxygen demand

of the minerals was also higher when compared to the other
whey samples, especially the Ca content. These findings
are in agreement with data from the literature for buffalo
milk that show high Ca content in relation to cow milk
(Abd El-Salam and EI-Shibiny 2011; Shakerian et al.
2016).

The composition of the goat whey presented a statistical
difference in relation to the other whey analyzed. However,
it was similar to that found in the literature for this type of
whey, with values of protein, lactose, and total solids very
close to those observed by Thum et al. (2015).

The two types of bovine whey, whey powder solution
and bovine whey, were identified as having a similar
composition. The values found for pH, protein, lactose, and
total solids are also in agreement with those of other
authors, such as the sweet whey used by Marx and Kulozik
(2018). COD value is also in accordance with what has
been reported in the literature, where values above
60 g L' were presented (Smithers 2015).

These results obtained for all samples highlight the
importance of recovery and utilization of the nutrients of
the whey, mainly due to its rich content of protein, lactose,
and minerals. As well as, evidencing the relevance of the
application of processes that aim to mitigate its environ-
mental impact, reducing parameters such as turbidity and
COD.

Ultrafiltration experimental design

The information regarding the 2% experimental design with
a star configuration and three central points is shown in
Table 2. The influence of the operation variables, i.e.,
temperature and transmembrane pressure, on the perfor-
mance of the ultrafiltration separation process was
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analyzed and expressed as the protein content in the con-
centrated stream for the whey powder solution sample.

As for the protein content, it was verified that after UF
its value varied between 27.47 and 36.73 g L™'. The
highest value was observed in run 4, which used both
factors at level 1, temperature of 40 °C and pressure of
60 kPa, while the lowest concentration was observed in run
7, which used temperature at the central point (30 °C) and
lower pressure level (10 kPa). The results suggest that
lower pressure and temperature conditions, such as
10-20 kPa and 16-20 °C, used in this study, do not favor
protein recovery.

The Pareto chart, Fig. la, which shows the effective
contribution of each parameter to protein concentration,
corroborates with these findings. It is noted that both linear
terms of the analyzed variables had a positive effect on
protein concentration. That is, an increase in pressure or
temperature increases the protein content in concentrated
stream after UF process. However, it is perceived that the
effect of the pressure variable is considerably more
expressive. Possibly, this is because the pressure is the
driving force behind the process, so its increase is so
favourable.

The second-order model that predicts the protein con-
centration as a function of pressure and temperature,
obtained by the regression coefficients, considering only
the significant terms, is expressed by Eq. 8. The model
proposed was evaluated by means of predicted values
versus experimental values graph, the analysis of residues,
and ANOVA. Based on the F-test, the model is predictive,
since the calculated F-value (36.84) was higher than the
listed F (4.53) and the R-squared (0.97) was considered a
high value.
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Table 2 The matrix of the central composite rotatable design with the real and coded values (in parenthesis) for the response protein recovery,
and parameters coefficient of rejection and permeate flux

Run Temperature (°C) Transmembrane pressure (kPa) Protein in concentrated stream (g Lfl) Permeate flux (kg m2 h
1 20 (— 1) 20 (— 1) 28.03 £ 0.13% 3.7 £ 0.05%
2 40 (1) 20 (— 1) 27.75 £ 0.05" 4.0 £ 0.06°
3 20 (— 1) 60 (1) 34.32 £ 0.21¢ 6.8 + 0.03°
4 40 (1) 60 (1) 36.73 +£ 0.17* 7.0 + 0.07¢
5 16 (— 1,41) 40 (0) 29.67 + 0.14F 7.2 + 0.04°
6 44 (1,41) 40 (0) 33.18 £+ 0.18° 8.5 +0.13°
7 30 (0) 10 (- 1,41) 27.47 + 0.08' 3.2 + 0.02"
8 30 (0) 70 (1,41) 35.56 + 0.15¢ 7.4 4 0.13°
9 30 (0) 40 (0) 35.78 + 0.39% 8.5+ 0.19*
10 30 (0) 40 (0) 36.02 £ 0.28" 8.4 £+ 0.09*
11 30 (0) 40 (0) 35.94 + 0.30° 8.6 + 0.12°%

Values are means =+ standard error

Different letters in the same column denote difference according to the Tukey test (p < 0.05)

(a) (b)

-6,13236

(1)TMP(L)

Temperature(Q)

TMP(Q) -5,88736

Temperature (°C)

(2)Temperature(L) 2,900749

I > 36
Il <36
<32
<28

<24
<20
SOmm <16
<12

1Lby2L 1,558747

p=,05 40
Standardized Effect Estimate (Absolute Value) TMP (kPa)

Fig. 1 Pareto chart (a) and contour diagram (b) for whey protein concentration as a function of temperature and transmembrane pressure (TMP)

z = 2.5236 + 0.4498x — 0.0049x> + 1.3224y — 0.0228y> (5.46%) indicates that the model is adequate to predict
(8) protein concentration.

where z is the whey protein concentration (g L™, x is the
pressure (kPa) and y is the temperature (°C).
The second-order model was used to generate the con-

Influence of temperature and TMP on permeate flux

Table 2 also presents the final permeate flux values for the

tour diagram, Fig. 1b. As can be seen, the conditions in the
range from 40 to 75 kPa and from 25 to 40 °C were the
best for whey protein concentration. The critical condition,
predicted by the experimental design, was around 58 kPa
and 33 °C, and the maximum predict value for protein
concentration was 37.48 g L™'. Experiments were carried
out for external validation of the model using optimal
values of the variables and the absolute error verified

UF process of whey powder solution, where it was
observed that runs 6, 9 10 and 11 resulted in the largest
permeate flux, with a value around 8.5 kg m™2 h_l, and
statistically equal. It is noted that these experiments cor-
respond to the intermediate pressure conditions as well as
temperature.

Although the contribution of the temperature to flux
increase is discrete, it generates a statistical difference
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between the values obtained. The fact that higher temper-
atures favor diffusion and hence, mass transfer, may
explain the increase in flux during the UF process. In
addition, increasing the temperature reduces the viscosity
of the whey solution, which also favors mass transfer and
assists in increasing the permeate flux. Similar behavior
was observed by Konrad et al. (2012). The authors found
that an increase in temperature from 35 to 50 °C resulted in
a significant improvement in the permeate flux during the
UF of acid whey. However, the authors mentioned that
above this temperature, a considerable flux decline was
noted, possibly due to thermal precipitation of whey pro-
teins, especially o-La.

It was observed that the effect of transmembrane pres-
sure is more significant for the increase in permeation flow
than the effect of temperature. Comparing the tests per-
formed at a fixed temperature of 40 °C, varying the TMP
from 20 to 60 kPa, there is an increase of approximately
80% in the permeated flux. Regarding the effect of tem-
perature, comparing the experiments done at 20 and 40 °C,
at a fixed 60 kPa, there was an increase of about 6% in the
flux value.

The pressure behaviors verified in this paper are similar
to those obtained by Baldasso et al. (2011) and Galanakis
et al. (2014), which varied the TMP from O to 4 bar and
observed an increase in the permeate flux, while studying
the UF for protein recovery from sweet whey powder
solution and from Halloumi whey, respectively. Nath et al.
(2014) also noticed an increase in permeate flux as TMP
increased during the ultrafiltration process of the whey.
However, the authors pointed out that this behavior
occurred only up to a certain pressure value, possibly due
to the effect of concentration polarization at high TMP.
The findings in this work are also consistent in this regard,
since run 8 (Table 2), in which 70 kPa was used, results in
a lower permeate flux when compared to the values
obtained at 40 kPa, for the same temperature. This may be
due to the fact that with higher driving force, more solute
molecules are transported towards the membrane surfaces,
which will result in more deposits and, consequently,
higher resistance of the polarized layer.

As pressure exerts a strong influence on the separation
process, new experiments were conducted in the laboratory
to further verify the behavior of the permeate flux against
the variation of the pressure. Thus, the temperature was set
at 30 °C and the TMP ranged from 10 to 80 kPa. This stage
of the study was performed for all samples. Figure 2a
shows the variation in the permeate flux for pure water and
for each whey sample (whey powder solution and bovine,
goat and buffalo whey) for the different transmembrane
pressures applied.

The increase in TMP provided a linear rise in water flux.
For the whey samples, a linear increase in the permeate
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flux was observed only in the region of low pressures,
which was verified up to 40-50 kPa. At this point, the
values presented a tendency to reach a plateau, followed by
a slight decrease in flux in the higher pressures. The
decreasing behavior is due to the fact that high TMP
intensifies the concentration polarization phenomena and
the resistance due to fouling, resulting in a lowering of the
permeate flux level. Thus, at lower TMP, permeate flux
was controlled by pressure, while at a higher TMP value,
mass transfer controls the UF process.

It was found when comparing the permeate flux of the
four different whey samples, that whey powder solution
and bovine whey samples had better results at 50 kPa, 8.9
and 7.9 kg m~2 h™', which were slightly higher than those
observed for a pressure of 40 kPa, 8.7 and 7.1 kg m 2 h_l,
respectively. The goat and buffalo whey samples resulted
in maximum flux at 40 kPa, with values of 6.2 and
4.9 kgm h™', respectively. This may be because of the
presence of various solutes in goat and buffalo whey
samples, especially at a higher protein rate when compared
to the other samples, which contribute strongly to the
occurrence of resistive flux phenomena. The lower per-
meate flux observed for the goat and buffalo whey samples
can also be explained by their high calcium content, 448.67
and 949.90 mg kg~ !, respectively. According to Baruk¢ié
et al. (2015), the influence of calcium was crucial for the
decrease of the permeate flux in the UF study of sweet
whey, possibly due to the fouling resulting from the
interaction between proteins and the mineral.

Batch process operation

The ultrafiltration process carried out in batch mode
resulted in permeate with almost complete turbidity
removal (Table 3), that is, it was possible to obtain liquid
without suspended materials. This is due to the retention of
the proteins by the membrane, since these are also
responsible for the opalescence and consistency of the
whey. After UF, a reduction in the COD value over 50%
was also obtained for all permeates. The reason for this is
the protein concentration and partial retention of the lactose
that occurred. These characteristics observed in the per-
meate streams tend to facilitate their application in subse-
quent products or treatments for their disposal.

In the batch process, the behavior of the permeate flux
was also evaluated. Figure 2b shows the permeate flux
decreasing in time, with an abrupt drop mainly for whey
powder solution and bovine whey samples. This was fol-
lowed by a gradual decline and subsequent stabilization
after approximately 10 min within the process for all
samples. This may be due to the fact that during the process
there is a reduction in the feed mass because of the removal
of the permeate stream, promoting the protein
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Fig. 2 Effect of transmembrane pressure on the behavior of the
permeate flux during ultrafiltration of water and whey samples at
30 °C (a); Permeate flux versus time for each whey sample treated by

concentration, which results in a more severe membrane
encrustation and an increase in concentration polarization.

According to the research of Ng et al. (2017), about the
ultrafiltration of skim milk, the performance of the UF
process is greatly reduced by the decrease in flux resulting
from the concentration polarization and fouling, of which
aspects are not yet fully understood. However, what is
known is that fouling is caused predominantly by whey
proteins and in some cases by minerals. When comparing
the samples of whey analyzed in the present study, we
confirmed that the lowest flux observed was for the buffalo
whey sample, which presented the highest values for both
protein and calcium content. The pH may also play an
important role in flux decline, particularly at the tempera-
tures studied due to calcium phosphate precipitation (Ng
et al. 2017).

20 25 30 35 40 45
Time (min)

UF in batch mode operation, at 30 °C and 50 kPa (b); Fitting of the
pore blocking and Ho—Zydney models for the permeate flux data
during ultrafiltration of buffalo whey sample, at 30 °C and 50 kPa (c)

Fouling resistance measurements

To identify the predominant fouling mechanism during
whey ultrafiltration, a comparative study was undertaken to
analyze experimental values of permeate flux and different
mathematical models. The coefficient of determination
(Rz), the adjusted coefficient of determination (Radjustedz)
and the sum of the square residuals (SSR) between
numerical predictions and experimental data were the cri-
teria used to select the best fit model for each assay eval-
uated (Table 4).

The analyses show that from all conventional models,
the cake filtration model had the best experimental flux
data results for all whey types. Figure 2c shows the fitting
of the four simple pore blocking and Ho—Zydney models
for buffalo whey samples. Similar results were reported by
Lujan-Facundo et al. (2017), who also studied the
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Table 3 Physicochemical

characteristics of the whey Samples Turbidity (NTU)* COD (g L_l)** Protein (g L_l)
congentrates and permeates Whey powder solution
obtained from UF process at
30 °C and 50 kPa Fresh whey 2880.0 £+ 109.87 76.40 £ 0.79 7.02 + 0.12
Concentrate 12,327.06 £ 62.58 n.a 35.26 + 0.54
Permeate n.s 30.25 + 0.88 0.61 + 0.06
Bovine whey
Fresh whey 3155.22 + 70.73 79.27 £ 091 7.27 £ 0.33
Concentrate 14,165.63 + 56.84 n.a 36.74 £+ 0.59
Permeate n.s 33.55 + 1.19 0.42 £+ 0.05
Goat whey
Fresh whey 3640.73 £ 117.98 84.64 £ 1.56 8.93 £+ 0.13
Concentrate 17,375.26 + 79.42 n.a 39.74 + 0.72
Permeate n.s 40.86 £ 1.14 0.21 + 0.03
Buffalo whey
Fresh whey 5318.52 + 129.62 91.55 £ 0.87 10.89 £ 0.21
Concentrate 20,420.08 + 89.47 n.a 43.76 + 1.56
Permeate n.s 4337 £ 1.54 0.19 £+ 0.03

Values are means =+ standard error

“n.s.; not significant (value < 3 NTU)

“n.a.: not analyzed

Table 4 Permeate flux data modeling

Models Parameters* Whey powder solution Bovine whey Goat whey Buffalo whey
Complete pore blocking (n = 2) R? (%) 81.2 83.4 93.7 92.6
R? adjusted (%) 80.6 82.3 91.9 91.2
SSR 197.16 120.36 23.39 27.70
Internal pore blocking (n = 1.5) R? (%) 90.4 85.8 89.2 91.6
Radjustedz (%) 89.6 84.6 88.7 90.8
SSR 93.36 104.84 71.35 45.56
Partial pore blocking (n = 1.0) R? (%) 80.3 78.9 81.9 90.7
Rad_ius‘edz (%) 79.4 78.1 80.8 89.5
SSR 107.24 150.45 101.38 63.39
Cake filtration (n = 0) R? (%) 95.5 94.4 96.8 96.6
Rugjusted (%) 94.8 93.7 95.9 95.5
SSR 12.93 31.01 5.68 743
Ho—Zydney R? (%) 98.8 98.2 99.0 99.4
Radjusted2 (%) 98.1 97.6 98.5 98.9
SSR 3.36 3.59 2.52 1.57

"R?: coefficient of determination; Radjusledzz adjusted coefficient of determination; SSR sum of the square residuals

membrane fouling for different protein model solutions.
The authors reported that the cake filtration model was the
one that best fit the flux data for the solution tested.
However, none of the models studied by the authors
accurately defined the behavior of the UF process with all
solutions tested.

@ Springer

Despite the aforementioned results, the conventional

models of pore blocking did not describe the behavior of
the permeate flux completely, which was made possible
with the Ho and Zydney model. This model considers
fouling as a two-stage process with pore blocking occurring
before deposit on the membrane surface. Thus, it can be
said that this model combines the models of pore blocking
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and cake filtration, and the resistance due to the pore
blockage initially dominates the whey ultrafiltration, while
the resistance due to the cake becomes more expressive at
the end of the process.

Therefore, it can be inferred, based on the fouling profile
suggested by the models, that in the beginning of the
process the whey proteins, obstruct the pores of the
membrane, especially the ones that have an average size
around 10 kDa. As the process progresses, the high con-
centration of proteins in the concentrate stream leads to
concentration polarization and the protein—protein inter-
action tends to form a gel on the membrane surface,
causing the fouling phenomenon. Another factor that
contributes to the growth of the membrane surface
obstruction layer is possibly the protein—calcium interac-
tion, which is proper to the filtration regime of the fouling.

Conclusion

The ultrafiltration process made it possible to obtain whey
protein concentrate from different whey origins. Potential
for recovery of goat and buffalo whey proteins was
observed, in addition to the traditionally known bovine
whey. However, further studies should be performed to
improve permeate flux, especially in the case of goat and
buffalo whey. The permeate flux of the whey ultrafiltration
was strongly influenced by the protein and calcium content.
Thus, whey from goat and buffalo cheese resulted in lower
permeate flux during the ultrafiltration process. Further-
more, the Ho and Zydney model was in great agreement
with experimental data for the conditions tested as well as
it demonstrated a more complete description of the fouling
behavior during whey protein ultrafiltration for all samples
used.
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