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solution above their pI, their negative surface charge increases. 
Fig. 2 displays zeta potential in DI and in an alkaline solution with a 

pH around 13 but without the ions of SPS. Except for SC, all proteins 
showed a higher negative charge in the alkaline solution, compared to in 
DI. The increase in charge in proteins with increased pH is attributed to 
the deprotonation of functional groups of the amino acids in proteins 
[63]. In addition, at very high pH, proteins undergo molecular changes 
including unfolding and bond breakage, which could expose more 
functional groups previously hidden in the interior of proteins structure 
leading to higher negative charge. The increase in negative charge of the 
proteins enhances the repulsive force among the proteins leading to 
improved solubility of the proteins [64]. This is expected to aid in better 
adsorption of proteins onto the foam film, which can influence foaming 
characteristics of the proteins. The unchanged surface charge of SC 
could be because of its resistance to denaturation due to its already 
unstructured molecular structure [65]. Although it seems that this 
resistance to denaturation is also very dependent on the protein 
extraction and purification process, as SC could not resist denaturation 
in other studies [66]. This preparation method specifically affects 
gelatin type proteins like BG that undergo minimal change in surface 
charge, and in which the processing method can significantly affect the 
structural properties such as pI. That is, gelatins can have a pI of 5 with 
one processing method, and a pI of 9 with another [67,68]. It is possible 
that the BG protein used in this study is of the latter processing method 
and not very sensitive to the high alkaline pH. 

3.3. Hydrodynamic size and protein chain weight 

Protein size can affect foaming stability of the solution through dif
ferences in adsorption to the foam bubble interface film, since it is 
harder for larger protein particles to adsorb to the thin film interface of 
bubbles [69]. Some degrees of dissociation happen in DI depending on 
the protein type, but DI is not generally very effective in breaking the 
bonds between coagulated proteins [70]. High pH of 13, on the other 
hand, promotes unfolding and breakage of the molecular bonds in 
proteins [71]. The increase in negative charge and breakage of bonds 
provide the necessary driving force for the dissociation of these coagu
lated particles into smaller subunits [36,70]. It is seen from Fig. 3a that 
an increase in pH reduced the hydrodynamic size of the protein, espe
cially those that showed large aggregation in DI. Unlike these groups of 
proteins, those such as CP, Lys, Hem, Alb and BG that showed a smaller 
hydrodynamic size in DI, demonstrated a less pronounced change in size 
at high pH. The increase in hydrodynamic size of WP at high pH could be 
due to the re-aggregation of WP subunits caused by alterations occurring 
in the molecular structure of WP. Understanding the exact mechanisms 
underlying this behavior is beyond the scope of this study. The relatively 

unchanged hydrodynamic size of SC appears to be in line with its surface 
charge behavior, which stems from insensitivity of its molecular struc
ture to pH change. 

The electrophoretic results of SDS-PAGE for 9 proteins of the study 
are shown in Fig. 3b along with the weight marker. The other proteins 
were not suitable for SDS-PAGE running and despite the experimenta
tion with different solvents, they did not show good separation. The SC 
molecular structure is composed of chains of casein with usual weights 
around 20 to 35 kDa, where the big blot of proteins is seen. β-Lacto
globulin and α-Lactalbumin chains of WP on the other hand, are 15–20 
kDa and are showing up as bold spots in the gel. NFMP, which is 
composed of proteins of SC and WP and other less prevalent residues 
possesses almost the same bands as the two [72,73]. Ig seems to have 
protein chains from 25 to 150 kDa, most of which are situated around 
50–75 kDa. Alb has the largest band near 40 kDa, close to the weights 
associated with Ovalbumin. Lys is mostly clear and only shows one band 
near the very bottom of the gel close to weights around 10–15 kDa, that 
correspond to its protein size [74]. The chains that constitute the he
moglobin protein have a weight of 15–16 kDa, very close to what band 
weights are showing for Hem in the gel [75]. Try shows prominent 
bands near the 20–35 kDa range, close to the weights of the Trypsin 
protein. The Pepsin protein has a weight of approximately 35 kDa and a 
tentative band shows its weight around that value for Pep in the gel [76], 
although another smaller band near 15 kDa is also seen. 

3.4. Surface tension 

Fig. 4 shows the surface tension of the protein solutions at different 
concentrations of 0.625 %, 1.25 % and 2.5 % in DI and SPS. The surface 
tension of the proteins did not change noticeably with concentration for 
most proteins in DI and SPS as is evident in Fig. 4. This seems to suggest 
that these concentrations are more than the critical micelle concentra
tion of the proteins in DI and SPS. 

The effect of increased alkalinity and presence of ions in SPS on the 
surface tension of the solution can be seen by comparing Fig. 4a and 4b. 
These effects are very specific to each protein’s properties, and it is not 
viable to issue a broad verdict for all of them. It is noted that while some 
proteins exhibited an increase in surface tension in SPS compared to DI, 
some other proteins showed an opposite behavior. One reason for 
decreased surface tension of the proteins in SPS compared to DI could be 
related to the increased solubility of proteins in SPS. Solubility of protein 
solutions is dependent upon the charge, which is regulated by the pH 
level and the intrinsic pI of the protein itself [64,77,78]. The farther a 
protein solution’s pH is from its pI, the higher the solubility of that 
protein usually is [64,78]. Since many of the used proteins in this study 
have pIs situated around 4 to 9, an increase of pH to 13.6, a value far 

Fig. 2. Effect of pH on protein zeta potential.  
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on reducing the surface tension of the solution [86]. 
The effect of salts on foaming is a complicated process. Prior studies 

have indicated that these effects may exhibit themselves as changes in 
solubility, protein-proteins interactions in the interface, and disjoining 
pressure between the two sides of the film [80]. It has been shown that 
Ca2+ can adsorb onto the film interface and move between the protein 
mesh and change the shear rheology and protein interactions on the 
bubble film. This can induce an increase in the shear viscosity modulus 
of the solution [87]. The presence of ions in the solutions could promote 
accumulation of proteins at air–water interface due to the reduction of 
repulsive forces between the proteins. 

It is stipulated that the observed surface tension behavior of the 
proteins in SPS and DI is governed by a combination of multiple 
mechanisms with somewhat opposing effects [1]. The contribution of 
each of these mechanisms varies among the proteins as it is a function of 
their specific molecular structure. This explains why the proteins 
showed different surface tension behaviors in DI and SPS. 

3.5. Viscosity 

Viscosity of the bulk solution is influential on the foaming properties 
of surfactants. While a very high or very low viscosity is generally 
considered to affect the foaming properties negatively - resulting in low 
foamability and low stability, respectively – the effect of viscosity is also 
highly dependent on the type of surfactant [88]. The unfolding of the 
protein structure can result in the exposure of previously buried hy
drophilic amino acids, which could lead to better binding affinity to 

water, and as a result increased viscosity and higher stability of the 
foams [69]. The exposure of buried groups can also lead to higher 
contact area that would affect viscosity. This means that the increase in 
pH would make the solution more viscous. 

Although the bulk viscosity and air–water interface viscosity can be 
different, it can be assumed that they are correlated in a simplified 
system. As such, the viscoelastic monolayer of bubbles can reduce 
destabilizing effects that reduce the stability of bubbles such as 
drainage, gas diffusion and coalescence [89]. Despite this positive effect 
on bubble stability, a very high viscosity is thought to also be harmful, as 
it might reduce the incorporation of air into the solution in the first place 
and reduce the foamability. Therefore, instead of very low or high vis
cosities, a medium range of viscosity is expected to be effective for 
foaming [89,90]. 

In almost all cases shown in Fig. 5, the kinematic viscosity increased 
with the increased concentration of the protein solutions in SPS. 
Increased concentration of proteins generally translates into a more 
saturated solution and a harder environment for the flow of the solution. 
Especially if the particles are large, as some of the proteins in this study 
are, this effect is more accentuated. 

A summary of all the experimental data related to the physi
ochemical properties of the proteins is presented in Table 2. 

3.6. Foaming of proteins 

3.6.1. Stabilizing/Destabilizing forces in bubbles 
Prior studies have examined the foaming of surfactants and related 

Fig. 4. Surface tension of proteins at three concentrations in (a) DI and (b) SPS.  
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repulsive forces among proteins. This effect is especially more evident in 
the case of proteins including SPI, Try, and Pep, that showed virtually no 
foaming in DI because of low solubility; the degree of increase in foam 
capacity is specific to each protein. In a previous study, it has been 
shown that for the rice bran protein, the high alkaline environment of 
above pH = 10 (far from its pI of 4.5) resulted in high solubility and 
improved foaming capacity [77]. Ruíz-Henestrosa et al. [92] measured 
solubility for soy protein globulins up to a pH = 12 and observed that the 
highest solubility occurred at these highly alkaline regions. The corre
sponding foaming properties were also improved in higher solubility 
regions. 

Stability, which is indicated by the 10-min foam volume, is also 
affected by the protein solubility, as a result of higher presence of pro
teins in the solution and their consequent adsorption on the bubble 
interface, as was shown by Rodríguez Niño and Patino for bovine serum 
albumin [93]. This improvement in stability with higher packing density 
of proteins on the bubble interface correlated with a tougher bubble and 
improved foam strength [89]. In the case of soy protein for instance, a 
higher foaming performance was observed when the adsorption on the 
interface was higher [92]. Similar behavior has been observed for 
various other proteins [94]. 

The presence of cations in SPS could affect the foam stability by 
adsorbing on the interface. At bubble interface, they can reduce the 
repulsive forces between the proteins or potentially form bonds with the 
protein leading to increased stability of the mesh network structure of 
the bubble interface [1,89]. 

The enhanced interface viscosity and elasticity, in turn, protects the 
bubbles against destabilizing interactions such as gas diffusion, coales
cence, and drainage and, as a result, increases stability. On the other 
hand, the presence of cations can reduce the repulsive forces between 
the bubble films promoting thinning, coalescence and other destabiliz
ing mechanisms of the foam [1]. For instance, high concentrations of 
NaCl can result in the depression of solubility and the subsequent 
reduced foam stability in β-lactoglobulin [95,96] and pigeon pea protein 
[97]. 

It seems that the combined effect of the complex mechanisms 
described above favors improving the foaming characteristics of the 
proteins in SPS compared to in DI. Fig. 8 combines the initial vs 10-min 
foam volume of all proteins in DI and SPS. The straight line delineates 
perfect stability of the foams and points near it possess high stability, 
although they may have very low initial foaming to begin with. Proteins 
such as Hem SPS with high initial capacity and stability are generally 
placed near the top right part of the graph. On the other hand, SC SPS 
has moderate stability despite possessing the highest amount of initial 
foam. It is seen that the data corresponding to DI is concentrated in the 
lower left part of the graph indicating increased foam performance of 
the proteins in SPS compared to in DI. 

3.6.3. Foam bubble size and distribution 
Fig. 9 shows the average foam bubble diameter in DI and SPS for the 

1.25 % protein concentration. The size of each bubble was measured 
using the ImageJ software by analyzing the area of foams gathered in a 

Fig. 6. Foam capacity of proteins at different concentrations in (a) DI and (b) SPS.  
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petri dish, which were then used to find the diameter of each bubble, 
assuming a near ideal circular shape for the bubbles. It is noticed that the 
foam in DI showed a wider bubble size distribution compared to that in 
SPS. Generally, while proteins with smaller bubbles in DI such as Lys and 
BG exhibited an increase in bubble size in SPS, the proteins with larger 
bubbles in DI, such as MSP and Alb, had a significant reduction of size in 

SPS, and this reduction in size is more pronounced in the case of MSP. 
Most bubbles in SPS seem to be more stable in a diameter vicinity of 150 
µm. 

The relation between bubble size and stability depends on the initial 
size of bubbles, surface tension of the bubble film, the Laplace pressure - 
pressure difference between inside and outside of the bubble [89]. If the 
initial bubble size is very small, the high Laplace pressure makes it un
stable and inclined to expand in size or coalesce with other larger 
bubbles. Therefore, the bubbles have to expand to some degree before 
surfactant mesh can be formed in the bubble film to enhance the film 
stability. On the other hand, very large bubbles cannot form strong films 
and are very unstable against outside disturbances. Therefore, the 
decrease in bubble diameter due to the inward pressure of the thin film 
can result in a more stable form [89,98]. 

Fig. 10 exhibits the size distribution of the bubble diameter in DI and 
SPS. Only the results of a select number of proteins that showed the 
overall patterns are included in this figure. Some proteins such as Lys 
and WP showed a narrow size distribution with the average size being 
lower than 100 µm. There are also proteins like MSP that demonstrated a 
wide bubble size distribution with an average larger than 200 µm. Most 
of the remaining proteins showed a relatively moderate distribution 
with the average being centered around 100–200 µm. 

3.6.4. Bubble structure 
Fig. 11 shows the optical micrographs of the bubbles of select pro

teins in DI and SPS with a concentration of 2.5 %. Only the images of 
select proteins are included to illustrate the wide range of foaming 

Fig. 7. Foam volume at 10 min of proteins at different concentrations in (a) DI and (b) SPS.  

Fig. 8. Effectiveness of various proteins in foam creation and stabilization in DI 
and SPS. Points inside each group denote different concentrations of the pro
teins (0.625%, 1.25% and 2.5%). 
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characteristics of the proteins. While in the case of WP, the structure of 
bubbles did not change in DI and SPS, in the case of Try and Lys, the 
difference between the bubble structure in DI and SPS is evident and this 
difference is more pronounced in the case of Lys. 

The properties of the bubble film are important in their stability. A 
thin film is formed over time as the adsorption of proteins on the bubble 
film continues. As the adsorbed proteins on the film approach a satu
ration level, a mesh network of proteins is formed on the film, which 
improves its resistance to destabilizing phenomena, such as drainage 
and coalescence, by enhancing the overall stability of the foams. 

Microscopic images in Fig. 12 display this phenomenon to some 
extent for Lys and Hem. It is interesting to note that the bubble film of 
Lys in DI appeared to be smoother and thinner compared to that in SPS 
as seen from Fig. 12(a) and 12(b). This could be due to the formation of a 
mesh network of proteins on the bubble film resulting in a stable bubble 
film. 

This observation seems to be in agreement with the foam capacity 
and stability results of Lys in DI and SPS as discussed in the previous 
sections. Since the stability of the interfacial film is low in DI, the bub
bles are susceptible to destabilizing factors, such as coalescence, which 
is seen in Fig. 12a where two smaller bubbles are merging into a larger 
bubble. On the other hand, as can be seen in Fig. 12b, although bubble 
surfaces are touching each other, coalescence is not observed. This 

explains the observation that Lys in SPS possesses much better foam 
stability compared to in DI. It is also seen that the bubble film in the case 
of Hem seemed to be thicker in both DI and SPS. This observation is in 
line with high foam stability of Hem in both DI and SPS, as demonstrated 
in Figs. 6 and 7. 

The microscopic images of the bubbles over time corresponding to 
Alb and BG at the concentration of 2.5 % in SPS is presented in Fig. 13. In 
the case of Alb, little to no change can be seen, which is consistent with 
its very high stability of almost 1 in the 2.5 % concentration. The foam 
was also calm and no movement of the foam was observed. On the other 
hand, BG exhibited unstable bubbles and its bubble structure changed 
more noticeably at the initial stage and then to a lesser extent at later 
time. 

3.7. Relationship between foaming characteristics and physicochemical 
properties 

3.7.1. Effect of surface tension 
Surface tension is one of the major physicochemical properties of the 

protein solutions that directly affects their foaming characteristics. The 
surface tension vs 10-min foam volume for each concentration of the 
proteins is shown in Fig. 14. As expected, there is a correlation between 
the 10-min foam volume and surface tension in both DI and SPS. The 

Fig. 9. Average foam bubble diameter for the 1.25% protein concentration in DI and SPS.  

Fig. 10. Bubble size distributions of select proteins at the concentration of 1.25% in DI and SPS.  
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proteins were cited as the dominant factors. 

3.7.2. Combined effect of physiochemical interactions 
In order to examine the combined effect of the physicochemical 

properties on foaming, contour plots in Fig. 15a and 15b are presented to 
study the combined influence of surface tension and viscosity on 10-min 
foam volume of all proteins in DI and SPS, respectively. 

It is seen that in DI, lower surface tension alone is not adequate in 
producing large foam volumes, and even surface tensions as low as 52 
mN/m have low amounts of 10-min foam volume in low viscosities. This 
is mainly because these proteins in DI don’t produce enough foam in the 
first place because of a low solubility in DI or have low stability because 
of a weaker film interface of bubbles. The increase in viscosity is ex
pected to improve the viscoelastic liquid film of the bubbles and lower 
the amount of drainage that affects the foam volume over time [89]. 
That is why in relatively higher viscosities we can see an increase in 10- 
min foam volume even in higher surface tensions. 

On the other hand, in SPS, intermediate foaming is seen in almost all 
viscosities even at much higher surface tension values. The highest 
foaming is observed in the relatively lowest surface tension and medium 

viscosity range. The blue band seen on lowest surface tension range is 
due to the lack of enough data points in this region and should not be 
taken as an actual characteristic. This improvement is due to other 
physicochemical factors such as improved solubility in SPS, higher 
bubble stability because of charged film interface and other bubble 
stability mechanisms. Viscoelastic properties of the film interface can 
lower many destabilizing mechanisms such as gas diffusion, drainage 
and bubble repulsion [89]. 

4. Conclusions 

In this paper, the physicochemical characteristics of 13 proteins and 
their foaming behavior in DI and SPS were examined to help in under
standing the air-entraining mechanisms of proteins in cementitious 
mixtures. The following conclusions can be drawn from the results of 
this investigation:  

• The pH of the pore solution strongly influenced the proteins and their 
physiochemical properties compared to that in DI. At high pH, the 
surface charge of the proteins gains more negative charge resulting 

Fig. 14. Foam volume as a function of surface tension for all proteins at different concentrations in (a) DI and (b) SPS.  
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in better solubility and stability of the proteins compared to in DI. 
The hydrodynamic size of the proteins was shown to generally 
reduce at high pH compared to their natural state due to the disso
ciation of protein aggregates.  

• The effect of pH and ionic strength of SPS on the surface tension of 
protein solutions was found to be protein-dependent; some proteins 
showed an increase and some showed a decrease in surface tension in 
SPS compared to in DI and this was attributed to their molecular 
structure.  

• The physiochemical changes of the proteins in SPS proved beneficial 
to their foaming properties, and higher foam capacity and 10-min 
stability were observed. Increased protein solubility and enhanced 
stability of the bubble film in SPS contributed to the improved 
foaming properties of the proteins in SPS compared to in DI.  

• Generally, the proteins with large bubble sizes in DI, demonstrated a 
noticeable reduction in bubble size in SPS; however, the proteins 
with small bubble sizes in DI showed a slight increase in size in SPS. 

Optical microscopy showed increased roughness and thickness in the 
bubble film of the foam in SPS compared to in DI, which could be 
evidence of increased accumulation of proteins on the bubble films 
and enhanced foaming behavior of the proteins in SPS compared to 
in DI.  

• It was found that surface tension plays an important role in foaming 
properties of proteins in both DI and SPS; however, in SPS, the effect 
of surface tension on foaming becomes less important than in DI. This 
could be due to increased effect of other physicochemical properties 
on foaming in SPS. The effect of surface tension on foaming behavior 
diminished at high concentrations. 
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