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Highlights

1. Conducting recovery of proteins from milk whey solution by foam separation.

2. Langmuir’s adsorption parameters can be determined by the proposed estimating
method.

3. Estimated adsorption parameters verified with continuous mode operation.

4. Saturated adsorption density was largest at pH 5 in the range of pH 4-7.

5. B-lactoglobulin was considered most hydrophobic in the range pH 5-7.



Abstract

Milk whey proteins recovery was conducted with foam separation. Experiments
were conducted by batch mode in pH 4-8. The separation rate was evaluated by the rate
constant of the first-order kinetic equation. Both recovery efficiency and separation rate
were highest at pH 7. Overall equilibrium adsorption constant, K, and saturated
adsorption density, Xs, were determined from a proposed estimating method using data
obtained in batch mode. At pH 7, K and Xs were determined using the data obtained in
continuous mode. K and Xs determined by both operation modes were agreed well.
Adsorption parameters of the major proteins in milk whey (bovine serum albumin
(BSA), a-lactalbumin (LA), and B-lactoglobulin (LG)) were estimated by the proposed
estimating method in pH 4-7. X, is largest at pH 5 and the K of LG over pH 5 was larger,

which suggested that LG was the most hydrophobic species among them.

KEYWORDS: Foam separation; Milk whey protein; Adsorption; Water treatment;

bio-resource recovery



1. Introduction

Milk whey is a by-product of cheese production. In cheese production processes,
about 90 % of raw material, cow milk became milk whey (Gonzdlez Siso, 1996; Illanes,
2011). In Japan, for example, the domestic amount of cheese production was 44,000
tons in 2019 and it is reported that the amount produced increased year by year. With an
increase in the amount produced of cheeses, milk whey was produced over ca. 400,000
tons in 2020. Effective utilization of milk whey has been attempted, for example, food
additive for dietary supplements, confectionery, ice cream, livestock foods, and so on. It
has been reported that milk whey contains many useful substances, for example, lactose
(40-50 g/L), some proteins; a-lactaloumin; B-lactoglobulin (6-8 g/L), and minerals
(80-100 g/L) (Walstra et al., 1984). It is important to recover these for variable
utilization of potentially useful bio-resources.

However, to utilize whey effectively, a large amount of capital investment,
management, and maintenance costs are required for storage facilities for quality control
and various processing equipment. Therefore, the processing of whey is unprofitable for
small and medium-scale factories, and the whey has often been disposed of as industrial
waste, except for some manufacturers who use it for livestock feed (Japan livestock
technology association, 2006). There are many small-scale cheese factories in Hokkaido
prefecture, Japan and such factories should not be able to treat whey as well as
large-scale companies. Therefore, a simple and inexpensive processing method is
required for the effective utilization of whey.

Among many separation operations, the foam separation technique is one of the
convenient methods to separate or enrich soluble substances which have hydrophobicity.

From the viewpoint of efficient use of natural resources and industrial byproducts, it is



important to recover useful substances, such as proteins from milk or cheese whey. The
foam separation technique has some advantages, for example, fewer mechanical parts in
apparatus, low operation cost, simpler operation, and smaller facility area. Judging from
these advantages, the small-scale factories could maintain foam separation apparatus.

There have been several reports concerning the separation of milk or cheese whey
protein by foam separation in two decades (Matouq, 2008; Shea et al., 2009;
Mukhopadhyay et al., 2010; Mukhopadhyaya et al., 2011; Sunkesula et al., 2020). Most
of the previously reported studies have been concerned with determining the optimal
conditions for solving particular problems, and have not come close to proposing a
general-purpose solution. From a chemical engineering aspect, the enrichment process
by foam separation method is divided into two stages, (1) adsorption of objective
substance onto bubble surface in dispersed bubble bed, and (2) enrichment in foam bed
due to a coalescence of foam cells and gravitational liquid drainage (Maruyama et al.,
2000). The former one is well characterized by the adsorptive physicochemical
properties of objective substances. These properties affect values of adsorption rate
constant and equilibrium adsorption constant, which could be determined
experimentally. From a chemical engineering aspect, to develop and design a foam
separation technique, it is important to determine the adsorption parameters of objective
substances. In addition, the foam separation technique itself has been selected as a tool
to determine adsorption parameters.

In this study, we proposed a method to determine the overall equilibrium adsorption
constant and overall saturated adsorption density of milk whey proteins by batch foam
separation operation. These values were also determined by continuous operation mode,
which has been well employed for the determination of these parameters in literature. In

addition, the influence of pH on recovery efficiency and these adsorption parameters



were investigated in this study.



2. Material and methods

2.1. Materials

Cow milk used in this study was a marketed product containing over 8.4 wt.%
nonfat milk sold and 3.7 wt.% milk fat and was purchased from a mass merchandise
market in Hakodate city in Japan. Standard substances of a-lactalbumin, B-lactoglobulin,
and bovine serum albumin were obtained from Sigma-Aldrich Co. Ltd. Trifluoroacetic
acid (TFA) and acetonitrile were purchased from Kanto Chemical Co. Inc. as mobile
phase solvents for HPLC. All the other reagents used in this study were also obtained

from Kanto Chemical Co. Inc. and were used without further purification.

2.2. Preparation of milk whey solution

The desired volume of cow milk was poured into a beaker, then, 1 M HCI aqueous
solution was added to milk for adjusting the pH value of milk at pH 4.6, which
corresponds to the isoelectric point of casein. After adjusting pH 4.6, the milk solution
was centrifuged at 3,000 rpm for 15 minutes. The supernatant solution (whey solution)
was filtered with filter paper (ADVANTEC No.2). Moreover, 1 M HCI or 1 M NaOH
aqueous solutions were added to the obtained whey solution for adjusting desired pH
value. After that, the whey solution was centrifuged at 3,000 rpm for 15 minutes. The
whey solution was filtered again with filter paper (ADVANTEC 5C). In most
experiments in this study, the obtained whey solution was diluted to 5-fold (w/w) with
distilled water, and the diluted whey solution was used for foam separation experiments.

This operation was conducted at room temperature (22-28 °C).



2.3. Experimental setup

A schematic drawing of the experimental setup of foam separation for batch mode is
shown in Fig. 1. The column was constructed of a transparent acrylic resin tube of 4.4
cm in inside diameter. The main part of the column was 70 cm in height. A sintered
glass filter with an average pore size of 10-15 um was installed as a gas distributor at
the bottom of the column. Air was supplied to the column through the distributor.
Pressure taps were installed along the wall at intervals of 25 cm for measuring gas
holdup. The voltage signal from the transducer was recorded by a personal computer.

The foam separation column for continuous mode was almost the same as our
previous studies (Maruyama et al., 2000). A feeding tap was installed into the wall at the
center of the column height. Besides this, the column dimension and other equipment

were mostly the same as the column for batch mode operation.

2.4. Experimental procedure

Experimental procedures for batch and continuous modes in this study were mostly
the same as those in the previous studies (Maruyama et al., 2000; Maruyama et al.,
2007). The diluted whey solution prepared at desired concentration and pH value was
charged into the column (liquid height 60 cm). After the column was filled with the
solution, the air was supplied and was dispersed as bubbles by the distributor. In most
experiments, the volumetric flow rate of air was 50 cm®s. The solution within the
column was sampled from a sampling tap installed at the bottom of the column. In the

case of continuous experiments, the feed solutions were supplied from a feed tap by a



pump. In most cases, the volumetric flow rate of feed liquid was 0.1 cm®/s. The liquid
height (60 cm) was adjusted by control of the volumetric flow rate of the drained liquid
using a rotameter.

The overall concentrations of the whey proteins were measured by the Lowry
method (Lowry et al., 1951) using bovine serum albumin as a standard protein. The
protein concentrations including whey solution were determined by HPLC (Shimadzu).
The pH of the bulk liquid in the column was measured with a pH meter (ORION Model
520 or 920). The gas holdup was determined from the difference in static pressure
between the clear and aerated liquids using a differential pressure transducer. Voltage
signals were recorded by a personal computer via digital multi-meter (Sanwa PC5000a).

All foam separation experiments were conducted at room temperature (22-28 °C).



3. Results and Discussion

3.1. Influence of pH on separation rate and efficiency in batch foam separation

Typical results of the time course of overall whey protein concentration within the
column are shown in Fig. 2a. The experiments were conducted at different pH (pH 4-8).
The ordinate of Fig 2a corresponds to the residual fraction of whey protein. The initial
concentrations have some scatters. We had to dilute the whey solution 5-fold to prevent
it from becoming whole solutions into foam layers.

At first the pH of the undiluted (raw) whey solution was adjusted with HCI or
NaOH aqueous solution, and then the raw whey solution was diluted to 5-fold with
distilled water. Because the pH of the whey solution changed with the dilution, the pH
of diluted whey solution was readjusted with HCI or NaOH solution. The volume of
HCI or NaOH solution used for the pH adjustment was lesser than 5 mL. The volume
percentage of added HCI or NaOH solution to the diluted whey solution (600-800 mL)
was lesser than 1.0 %. Therefore, it is considered that the initial concentration of the
diluted whey solution was not affected by the pH adjustment.

In order to verify that the scatter of the initial concentration in the data presented in
Fig. 2 was not caused by the dilution, we employed the Q-test (Dean and Dixon, 1951)

and Grubbs method (Grubbs, 1969) to the data.

In Q-test and Grubbs method, values of Q and go were calculated by the following

equations, respectively.

Q = (Xa - Xn)/T 1)



9o = | Xd - Xal/s ()

Where, Xq, Xn, and x, are the doubtful value, the nearest neighbor value, and the average
value. r and s are the range of data series and standard deviation, respectively. The
Q-test and Grubbs method were applied to the experimental results conducted at the
initial concentrations of 0.506, 0.461, 0.446, 0.303, and 0.305. The doubtful value was
set to the largest value (0.506) or smallest value (0.303). The results were summarized
in Table 1. The results of Q-test gave the 90% confidence limit for the five data series
was less than the 5 %. The Grubbs method gave the same evaluation. The exact reason
for the scatters of the initial concentration is not known. The following is speculation,
we may consider that the pH adjustment may have caused protein aggregation, which in
turn may have caused the scatters. Except for the result at pH 7, the decrease in whey
protein finished within ca 50 min. At only pH 7, recovery of whey protein continued
until ca. 150 min. At that time, the concentration within the column reached a constant
value in the case of pH 7. The separation rate of whey proteins was estimated with the

separation rate constant, k, defined by the following equation.

In(C/C;) = —kt @)

Where, C and C; represent the concentration of whey protein at time t and the initial
state, respectively. The fitting of the data shown in Fig. 2a to Eq. (3) is shown in Fig. 2b.
The straight lines were obtained by a least-squares method with the fitting of the data to
Eq. (3). R? value in Fig. 2b represents a coefficient of determination in this least squares
method. In the early stage of decrease in C (t < 40 min), time-course data agreed well

with Eq. (3), thus, k could be determined from the slope values of the straight lines. The
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relationship of pH values and the separation rate constant, k is shown in Fig. 3a. Fig. 3b
also represents the relationship of pH and the residual fraction, C/C;, of whey protein
within the column. As seen in Figs. 3, at pH 7, it was found that the separation rate was
fastest and the residual fraction is lowest in the experimental range. However, the scatter
of k at pH 7 is considerably large, which corresponds to the standard deviation, 0.00161.
This value is one order larger than that at the other pH. On the other hand, the C/C;
value at pH 7 (Fig. 3b) is considered to be significantly smaller than that at the other pH.
Judging from the fact, at pH 7, the good separation efficiency was confirmed, however,
the separation rate is considered to maybe not faster than that at the other pH. Shea et al.
(2009) conducted semi-batch foam separation of proteins from spray-dried whey
solution and reported that maximum recovery efficiency and enrichment were obtained
at pH 4 and 8, respectively. This difference might be caused by the preparation method
of each solution. Sunkesula et al. (2020) have carried out recovery of cheese whey
proteins by foam separation in the range of pH 3-6.5 and have reported that the most
effective pH value was pH 3 and the recovery efficiency decreased with increasing pH
value. They also conducted experiments at a higher initial concentration (0.87 g/L) than
our initial concentration. At the higher concentration, they showed high yields in all pH
ranges in which they conducted their experiments. They defined the yield as "mass of
protein in the foamate/ mass of protein in the feed", which is quite different from our
definition since we estimated the efficiency from C/C;.

The main proteins in milk whey solution in this study were estimated as
B-lactoglobulin (LG), a-lactaloumin (LA), and bovine serum albumin (BSA) from the
result of HPLC analysis. The authors previously reported that the adsorption behavior of
ovalbumin onto bubble surface was expressed as Langmuir type adsorption isotherm

and the values of the adsorption equilibrium constant and the saturated adsorption
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density were largest at pH 4.6, i.e., the isoelectric point of ovalbumin (Maruyama et al.,
2000). The degree of hydrophobicity of proteins should become largest at their
isoelectric point. The isoelectric points for three proteins described above, that is, LG,
LA, and BSA are 5.2, 4.7-5.1, and 4.7-4.9, respectively. The isoelectric points for LG,
LA, and BSA are not close to pH 7, however, each value of isoelectric point for three
proteins are very similar values. During aeration in the experiments at pH 7, the
generation of very stable foam at the liquid-foam interface was observed rather than at
the other pHs. Judging from experimental observations, at pH 7, LG, LA, and BSA
might be slightly coagulated with each other, although the reason is not clear yet.
Judging from these results, the most effective pH should be regarded as pH 7 for whey

protein.

3.2. Determination of overall adsorption parameters of milk whey proteins.

Continuous foam separation has been conducted by many researchers. The purposes
of these experiments have not been just only separation operation but have also been the
determination method of adsorption density of an objective substance onto bubble
surface and some adsorption parameters of an adsorption model (Maruyama et al., 2000;
Brunner and Lemlich, 1963; Dick and Talbot, 1971; Shirotsuka and Ishiwata, 1973;
Kato and Nakamori, 1976; Kubota and Hayashi, 1977; Kubota et al., 1979; Kato et al.,
1992; Konduru, 1992a; Konduru, 1992b; Kou et al., 2015; Huan et al., 2019). In
continuous mode, however, a huge amount of feed solution should be required than that
amount in batch mode. Therefore, we propose a simple estimation method of adsorption
parameters by batch mode foam separation experiment.

Mass balance of whey proteins in batch mode can be expressed by the following

12



equation,

dave,)

= SX -G, (4)

Where V, g, and Sy, represent the liquid volume within the column, the volumetric flow
rate of the liquid in foam, and the production rate of bubble surface area within the

column, respectively. q and S, are defined as follows.

_av
dt

Sb =0 Sq (6)

q )

Where Sy represents the specific bubble surface area based on column volume within

the column. By substituting Egs. (5) and (6) into Eq. (4), Eq (4) can be rewritten as

follows,
dC dVv
V—2=(S X)— 7
= (8aX) (7)

The adsorption equilibrium relationship between proteins and bubble surface can be

expressed by Langmuir's adsorption equation (Maruyama et al., 2000).

X = X, @)
1+ KC,

Where K, X, and X represent the overall equilibrium constant of whey proteins, the

13



equilibrium adsorption density, and the saturated adsorption density. By substituting this

relation into Eq. (7), Eq (7) can be rewritten as,

v _[gx KC |V (©)
dt 1+ KC, ) dt

By solving the above equation with the initial condition as C, = Cjand V = V;att =0,

the following equation is obtained as,
K(Cb — Ci) + In(Cb/Ci) = SgXsK In(V/Vi). (10)

Where C; and V; represent the initial concentration of milk whey protein and the initial
volume of the whey solution within the column. By fitting the time course data to Eq.
(10), the overall equilibrium adsorption constant, K, and the overall saturated adsorption
density, X;, can be determined with a least-squares method. q was estimated by
measuring the time course of change in the liquid height (the distance between gas
distributor and liquid-foam interface). S, was determined by the following equation
(Maruyama et al., 2000; Suzuki et al., 1995; Maruyama et al., 2007; Maruyama and

Seki, 2020).

Sb = 6A&s(1—25)" ®[(4/225)(or—p6) g ()], (12)

where A, &, 0, oL, pc and i represent a cross-sectional area of the column, the gas
holdup, the gravitational acceleration, the density of liquid and gas, and the viscosity of

the liquid, respectively. Sq can be determined from Eq. (6) using q and Sy,

14



Fig. 4 shows the fitting of the data to Eq. (10). The abscissa and the ordinate of Fig.
4 correspond to the right-hand side and the left-hand side of Eq. (10), respectively. The
data shown in Fig. 4 are the same as the data at pH 4-7 shown in Fig. 2. R® value in Fig.
4 represents a coefficient of determination in this least squares method. The plot points
are generally placed on the diagonal line, indicating that these follow the proposed
model, although some scatters are observed. The fitting to Eq. (10) could be applied to a
region of rapid concentration change (0-50 min) of data at each pH. The values of K and
Xs estimated by fitting to Eq. (10) are summarized in Table 2. SD values in Table 2
correspond to a standard deviation. In addition, the influence of pH on K and Xs is
shown in Fig. 5. The value of K becomes minimum at pH 5, on the other hand, the value
of Xs becomes maximum at pH 5. The isoelectric point of the major three proteins, BSA,
LA, and LG are ca. pH 4.7-4.9, pH 4.2-4.5, and pH 5.2, (Shea et al., 2009) respectively.
Proteins are generally recognized to have the most hydrophobic state at the isoelectric
point. Thus it can be considered that the stronger hydrophobicity of proteins, the
stronger the adsorption intensity onto the bubble surface. This tendency is considered to
reflect that the stronger hydrophobicity of proteins, the larger the equilibrium adsorption
constant. In our previous study, however, we have reported that the equilibrium
adsorption constant was not necessarily the largest value at the isoelectric point
(Maruyama et al., 2000). In addition, protein molecules adsorbed onto bubble surface
could have the closest packing structure in the saturated state at the isoelectric point
(Maruyama et al., 2000) due to the weakest electrostatic interaction among the adsorbed
protein molecules. Since the interaction among proteins in a multi-species system is so
complicated, although the reason is not clear essentially, we consider it as follows. At
pHs other than pH 5, proteins might make complex, At pH other than pH 5, the proteins

form aggregates/complexes, which might have broken the tertiary structure of the
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protein molecules and brought the inner hydrophobic functional groups inside the
molecules to the surface of the molecules, making it more hydrophobic. Moreover, at
pH 5, few aggregates/complexes might be generated, which suggested that the saturated
adsorption density was larger than that at other pHs due to making a closed packing on
the bubble surface in the saturated adsorbed state.

To verify the K and X; values determined from the plotting of Eq. (10) proposed as a
convenient estimation method, continuous foam separation was carried out. Judging
from the result presented in the previous section, pH 7 is considered to be the optimum
pH value. Experiments in the continuous mode were conducted with varying
concentrations of the feed whey solution at pH 7. Each experiment was carried out until
the whey milk protein concentration within the column reached a steady state. The
experimental results are shown in Fig. 6. Fig 6a shows the adsorption isotherm of milk
whey proteins at pH 7, and Fig. 6b shows Langmuir’s plot of the data shown in Fig. 6a.
The adsorption density, X, was calculated by the following equation (Maruyama et al.,

2000).

X=W,; (Ci — Cbe)/Sb (12)

In addition, the following equation was used as Langmuir’s plot (Maruyama et al.,

2000).

s, 111 0
VVi (CI _Cbe) XsK Cbe X

S

Where Cpe and W; represent milk whey proteins concentration at a steady-state within

16



the column and the volumetric flow rate of the feed solution. As seen in Fig. 6b, by
plotting Eq. (13), a good linear relationship can be confirmed. R? value in Fig. 6b
represents a coefficient of determination in this least squares method. From values of
the slope and intercept of the line, K and X could be determined as 2.26x10* cm®/g and
0.96 x10" g/cm?, respectively. The solid line in Fig. 6a was drawn using the estimated
two adsorption parameters. By comparing the K and X values (Table 1) determined by
the method proposed in the present study, these values determined in the continuous
mode are considered to be mostly the same. Judging from the results of this comparison,
it is verified that the proposed estimation method can estimate sufficiently reliable

values.

3.3. Determination of adsorption parameters of major species proteins.

In the previous section, we verified the proposed adsorption parameter estimation
method using batch mode data. In addition, we attempted to estimate the adsorption
parameters of major three proteins, BSA, LA, and LB.

Assuming that the equilibrium relationship between these proteins and bubble
surface can be expressed by Langmuir’s adsorption model even in the three-component
system of proteins, a multi-component Langmuir adsorption isotherm equation can be

applied as follows.

XB — XS KBCbB (14)
1+ KBCbB + KLACbLA + KLGCbLG
XLA — X KLACbLA (15)

) 1+ I‘<B(:bB + KLA(:bLA + KLG(:b LC
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KLGCbLG

XLG = Xs
1+ KBCbB + KLACbLA + KLGCb L C

(16)

Where subscript B, LA, and LB represent bovine serum albumin, a-lactaloumin, and
B-lactoglobulin. As for BSA, the adsorption density, Xg, of BSA in Eq. (16) substitute

into Eq. (7), the next equation can be obtained as.

1 |dC 1\dv
|:KB + (1+ KLACbLA + KLGCbLG)C_bBi|d_tb = (SdXsXB VJE (17)

By solving Eq. (17) with the initial condition as Cpg = Cjg and V = Vj at t = 0, the

following equation is obtained as.

C Vv
XB(CbB - CiB)+ (1+ KiaCola + KLGCbLG)In (C_bB] =S5, X XgIn (\TJ (18)

iB i

By the same derivation, a similar relationship for LA and LG can be obtained as

follows.
CbLA \%
XLA(CbLA _CiLA)+ (1+ KBCbB + KLGCbLG)In C— = SdXsXLA In \7 (19)
iLA i
CbLG \
XLG (CbLG _CiLG)+ (1+ KBCbB + KLACbLA)In C— = SdXsXLG In \7 (20)
iLG i

As same as in the case of Eq. (10), by the fitting of the data to Egs. (18)-(20), K for each

18



protein and X can be determined by a least-squares method.

The time course of each protein concentration profile at pH 7 is shown in Fig. 7a.
The ordinate corresponds to the dimensionless concentration. The each initial
concentration for BSA, LA, and LG were 0.0178 g/L (2.70x10" mol/L), 0.0481 g/L
(3.40x10°® mol/L), and 0.0473 g/L (2.59x10° mol/L), respectively. It can be observed
that the separation rate from the liquid phase is faster for LG, BSA, and LA in that order.
LG has disappeared from the liquid phase within t = 180 min. LG might have the most
hydrophobic property among BSA, LA, and LB.

By fitting the data shown in Fig. 7a to Egs. (18)-(20), the proposed plot for
estimating adsorption parameters is shown in Fig. 7b. R? value in Fig. 7b represents a
coefficient of determination in this least squares method. The data essentially agree well
with Eqs. (18)-(20) for each protein, although some scatter were observed. The
estimated parameter, K and Xs are shown in Fig. 8 as a function of pH and are
summarized in Table 3. SD values in Table 3 correspond to a standard deviation. The
equilibrium adsorption constants for BSA, LA, and LG were largest at pH 7. This
tendency is mostly the same as in the case of the overall equilibrium adsorption constant.
We considered the reason for this similarity is as follows. LG exists as a dimer or trimer
at neutral pH while it dissociates to a native monomer below pH 3 (Sakurai and Goto,
2002; Ramamirtham et al., 2021). In addition, it has been reported that LG dissolved
form was the influence of coexisting salts and other proteins (Sakurai et al., 2001;
Seychell and Beck, 2021). Thus, interactions between dissolved proteins are so
complicated that further discussion would be difficult.

In a practical case, it is reported that the pH of milk whey solution generated from
the practical cheese processing process is ca. pH 6.2 (Tsakali et al., 2010). It should be

desired to recovery more amount of whey proteins without controlling pH from an
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empirical aspect. In a further study, we will have to focus on the aspect to improve and
develop the practical application of foam separation for the recovery of milk whey
proteins.

A comparison of major whey protein recovery with chromatography and membrane
filtration is summarized in Table 4. The two separation techniques have been well
established to recovery whey proteins. This comparison shows that ion exchange
chromatography is considered to be a good separation technique. Foam separation used

in this study also recovered LG very well, but the purity was not high.
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4. Conclusions

Recovery of proteins in milk whey solution was conducted with foam separation
technique.

As for overall milk whey protein, the separation rate was estimated by the first-order
rate constant in the batch mode at pH 4-8. At pH 7, the separation efficiency and the
separation rate were higher than those at other pHs.

The proposed estimating method was applied to the data in batch mode. The overall
equilibrium adsorption constant, K, and the overall saturated adsorption density, Xs, for
milk whey protein were determined as 2.21x10* cm®g and 1.15x10" glcm?
respectively. For verifying these estimated values, continuous foam separation was
carried out. The estimated K and Xs values from continuous mode were in good
agreement with these estimated from batch mode. The overall values of K and Xs were
largest at pH 7 and 5, respectively.

The proposed estimating method was also applied to the batch mode foam
separation data of major three species, bovine serum albumin (BSA), a-lactalbumin
(LA), and p-lactoglobulin (LG) at pH 7. The K and X, for each protein were also
successfully determined by the proposed method. Comparison of the K for each protein
suggested that LG was considered to be the most hydrophobic protein. the K for BSA,
LA, and LG were largest at pH 7. The X, values for BSA, LA, and LG were also largest

at pH 5. These tendencies were the same as the K for overall milk whey proteins.
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Notation

A = a cross sectional area of bubble column [m?]
Co = concentration of milk whey proteins

within the column in batch mode [kg/m®]
Chs = concentration of bovine serum albumin

within the column in batch mode [kg/m®]
Che = concentration of milk whey proteins at steady state

within the column in continuous mode [kg/m®]
Cpoa = concentration of a-lactaloumin within the column in batch mode [kg/m®]
CoLc = concentration of p-lactoglobulin within the column in batch mode  [kg/m?®]
Ci = initial concentration of proteins within the column [kg/m?]
Cis = initial concentration of bovine serum albumin within the column [kg/m°]
Ci,a = initial concentration of a-lactalbumin within the column [kg/m?]
Ciic = initial concentration of 3-lactoglobulin within the column [kg/m?]
& = gas holdup [-]
g = gravitational acceleration [m/s?]
k = separation rate constant of milk whey proteins in batch mode [min?]
K = overall equilibrium adsorption constant for milk whey proteins [m*/kg]
m = liquid viscosity [kg/(m s)]
q = volumetric flow rate of liquid in foam in batch mode [m3/s]
oL = liquid density [kg/m®]
06 = gas density [kg/m?]
Sp = bubble surface area production rate within the column [m?/s]
Sq = specific bubble surface area based on column volume within column [m*m°]
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Vi

Wi

XB
Xia
Xie

Xs

= time

= liquid volume within column

= initial liquid volume within column

= volumetric flow rate of feed solution in continuous mode

= adsorption density of milk whey proteins onto bubble surface

= adsorption density of bovine serum albumin onto bubble surface
= adsorption density of a-lactalbumin onto bubble surface

= adsorption density of B-lactoglobulin onto bubble surface

[s]
[m°]
[m°]

[m3/s]
[kg/m?]
[kg/m?]
[kg/m?]

[kg/m?]

= saturated adsorption density of oil droplet or floc onto bubble surface [kg/m?]
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Figure and table captions

Fig. 1.  Schematic diagram of the experimental setup for batch foam separation. 1.
bubble column; 2. gas distributor; 3. pressure measuring tap; 4. gas flow meter; 5. flow
control valve; 6. nitrogen gas cylinder; 7. pressure/voltage transducer; 8. amplifier; 9.
voltmeter; 10. personal computer, 11. sampling tap, 12. feeding tap (continuous mode).

Fig. 2. (a) Typical time course of the concentration of milk whey proteins within the
column in batch foam separation. The experiments were conducted at pH 4-8. The
volumetric airflow rate was 50 cm*/min. (b) Fitting of the data for Fig. 2a to Eq. (3).
The slope value of the solid line corresponds to the foam separation rate constant, k.

Fig. 3. Influence of pH of the whey protein solution on (a) the separation rate
constant, k, and (b) the separation efficiency.

Fig. 4.  Fitting of the data obtained by batch foam separation to Eg. (10) for
determination of the overall equilibrium adsorption constant, K, and the saturated
adsorption density, Xs.

Fig. 5. Influence of pH on (a) the overall equilibrium adsorption constant, K, and (b)
the saturated adsorption density, Xs.

Fig. 6. (a) The adsorption isotherm of the milk whey proteins at pH 7. (b) The
Langmuir plot of the data of Fig. 4(a) for determination of the overall equilibrium
adsorption constant, K, and the saturated adsorption density, X.

Fig. 7. (a) Typical time course of the concentration of the main component proteins
(B-lactoglobulin, a-lactalbumin, bovine serum albumin) of milk whey within the
column. (b) Fitting of the data of fig. 6a to Eqgs. (18)-(20) for determination of the
overall equilibrium adsorption constant, K, and, the saturated adsorption density, Xs. The
experiment was conducted at pH 7.
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Fig. 8. Influence of pH on the equilibrium adsorption constant, K, of (a)
B-lactoglobulin, (b) a-lactaloumin and (c) bovine serum albumin, and (d) the
saturated adsorption density, Xs.

Table 1 Summary of the results of Q-test and Grubbs method for scatters in the
initial concentrations

Table 2 The overall adsorption equilibrium constant, K, and the overall saturated
adsorption density, Xs, of milk whey proteins.

Table 3  The adsorption equilibrium constant, K, and the saturated adsorption density,
Xs, of a-lactalbumin, B-lactoglobulin, and bovine serum albumin in milk whey.

Table 4  Comparison of major whey protein recovery with chromatography and

membrane filtration.
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Fig. 1. Schematic diagram of the experimental setup for batch foam
separation. 1. bubble column; 2. gas distributor; 3. pressure measuring
tap; 4. gas flow meter; 5. flow control valve; 6. nitrogen gas cylinder;
7. pressure/voltage transducer; 8. amplifier; 9. voltmeter; 10. personal
computer, 11. sampling tap, 12. feeding tap (continuous mode).
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Fig. 3. Influence of pH of the whey protein solution on (a) the
separation rate constant, k and (b) the separation efficiency.
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Table 1
Summary of the results of Q-test and Grubbs method for scatters in the initial
concentrations

method Xq Xn Xa r S Q do

Q-test 0506 0.461 0.203 0.221 < 0.642
0.303 0.305 0.203 0.00985 < 0.642

Grubbs  0.506 0.404 0.0940 1.082 <1.71°
0.303 0.404 0.0940 1.075 <1.71b

a: 90% confidence limits forn =5
b: 5% significance level forn =5



Table 2
The overall adsorption equilibrium constant, K, and the
overall saturated adsorption density, X, of milk whey proteins.

pH K [cmd/g] SD X, [g/cm?] SD

4 513x10%2 5.95x10! 3.55x107 1.01x10
5 3.07 x10° 1.14 x10° 7.88 x10° 2.06 x10°
6 1.72x10% 7.34x10° 2.08x10® 6.27 x10”7
7 221x10* 1.65x10* 1.15x107 5.37 %108




Table 3
The adsorption equilibrium constant, K, and the saturated adsorption density, X, of a-lactalbumin, B-lactoglobulin, and
bovine serum albumin in milk whey.

K [cm3/g] X, [g/cm?]
pH a-lactaloumin  SD B-lactoglobulin ~ SD bovine serum albumin ~ SD SD
4 3.02 x108 1.78 x102  7.10 x102 4.94 x102 1.56 x103 7.00 x10? 5.39 x108 1.14 x108
5 7.16 x10%2 4.24 x10%  1.89 x103 5.46 x10? 4.39 x102 2.34 x10? 2.54 x107 4.08 x108
6 7.58 x10°® 2.66 x10°  2.09 x10* 3.45 x10°3 6.02 x10° 1.51 x102  4.14 x10® 1.40 x10®
7 4.21x104 1.49x10*  1.19 x10° 6.95 x10% 3.85 x10* 2.07 x10*  6.40 x10° 2.04 x10°




Table 4

Comparison of major whey protein recovery with chromatography and membrane

filtration.
Technique LA (%) LG (%) Ref.

Ultrafiltration 15 - Konrad and Kleinschmidt 2008
Ultrafiltration 48.7 65.2 Metsdmuuroen and Nystrom 2009
Ultrafiltration 70 90 Cheang and Zydney 2009
Cation exchange 91 91 El-Sayed and Chase 2009
chromatograpy
Cation exchange

67 78 El-Sayed and Chase 2010
chromatograpy
Anion exchange - 61 Santos et al., 2012
chromatograpy
Mixed matrix membrane
ion exchange - 81 Saufi and Fee 2009
chromatography
Foam separation 67 99 This study
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