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A B S T R A C T   

Protein-polysaccharide composite is of great significance for the development of soluble protein recovery pro-
cess. This study investigated the effects of cavitation jet (CJ) pretreatment at different time (0, 60, 120, 180, 240, 
300 s) intervals on the recovery of soy whey protein (SWP) from soy whey wastewater using chitosan (CH). In 
addition, the structure and properties of the SWP/CH complexes were examined. The results showed that the 
recovery yield of SWP reached 84.44 % when the CJ pretreatment time was 180 s, and the EAI and ESI values of 
the SWP/CH complex increased from 32.39 m2/g and 21 min to 48.47 m2/g and 32 min, respectively. In the CJ 
pretreatment process, SWP promotes the recombination with chitosan through electrostatic interaction and 
hydrogen bond, while hydrophobic interaction is also involved. This study has guiding significance for CJ 
technology in the recovery and utilization of protein in industrial wastewater.   

1. Introduction 

Owing to its exceptional functional characteristics and low cost, soy 
protein isolate (SPI) has emerged as the most widely consumed plant- 
based protein worldwide. The production of every ton of SPI generates 
20 t of soy whey wastewater (Wang, Wu, Zhao, Liu, & Gao, 2013). 
Untreated disposal of the majority of soy whey wastewater after pro-
duction may lead to environmental pollution and significant depletion 
of valuable compounds such as soy whey protein (SWP) (Liu, Zhang, Wu, 
Wang, & Wang, 2013). SWP, a protein that can dissolve in acid and has 
significant nutritional benefits, can be added to different food products 
as a functional compounds owing to its high nutritional value (Tu et al., 
2019). Additionally, SWP can serve as a structural agent or delivery 
system for bioactive substances in food, following chemical and physical 
alterations (Lavelli & Beccalli, 2022). Hence, the effective reuse of soy 
whey wastewater is anticipated to partially offset handling and disposal 
expenses while also generating valuable protein resources. 

The conventional technique of using ammonium sulfate for precipi-
tation can be employed to isolate SWP from soy whey wastewater. Salt 
precipitation for recovering proteins from wastewater is limited because 
of the need for strict control of salt concentration, easy decomposition of 

ammonium salts, and desalination of the product. The use of poly-
saccharides for flocculation and protein recovery is a distinct technique 
that has been extensively used for protein separation. Protein waste-
water can be treated with chitosan due to its unique macromolecular 
composition and physicochemical properties. According the study of 
Wibowo et al. (2005), chitosan is an effective bioflocculant for the 
extraction of soluble proteins from surimi wash water. Enhancing the 
protein recovery efficiency in industrial-scale protein extraction pro-
cesses can be achieved by incorporating physical field mediation. 
Nguyen et al. (2020) proposed a combination of ultrasonic extraction 
and chitosan co-precipitation as a highly effective method for extracting 
nutritional proteins from the heads of Australian Rock Lobsters. The 
results of studies have shown that the spatial conformational changes of 
proteins, including structural expansion and increased exposure of hy-
drophobic regions, will affect the recovery efficiency of polysaccharides. 
These changes may influence the processing and application of the 
resulting protein complex. According to a previous study conducted by 
Guo et al. (2023), CJ pretreatment has the potential to disrupt disulfide 
bonds within proteins, leading to the expansion of skeleton structures, 
reduction in aggregate sizes and molecular weights, and enhancement of 
emulsion activities. According to this study, the physical field produced 
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by the CJ can boost the recuperation of SWP when treating soy whey 
water with polysaccharides and can also enhance the functional prop-
erties of the resulting complex by adjusting the spatial conformation of 
the SWP. 

To test this hypothesis, the effect of chitosan on the recovery rate of 
soy whey protein and the structural properties and the emulsifying 
capability of SWP/CH complexes treated was investigated at different CJ 
pretreatment time (0, 60, 120, 180, 240, 300 s). This study developed a 
novel method on SWP recovery by CJ pretreatment assisted chitosan and 
provided theoretical support and reference significance for the recovery 
and reuse of food wastewater resources using CJ technology. 

2. Materials and methods 

2.1. Materials 

Soy whey wastewater (solid content 2.2 ± 0.2 %, crude protein 
content (dry basis) 18 ± 0.5 %, pH 4.6 ± 0.1) was obtained from 
Shandong Yuwang Ecological Food Industry Co., Ltd. (Shandong, 
China). Chitosan (with a deacetylation degree of at least 85 %, 100,000 
Da) was purchased from Shanghai Macklin Biochemical Technology Co., 
Ltd. (Shanghai, China). Corn oil was provided from Jiusan OILS and 
Grains Industries Group Co., Ltd. (Harbin, China). 

Nile red, bicinchoninic acid assay (BCA) protein kit and sodium 
dodecyl sulfate (SDS) were bought from Yuanye Biotechnology Co. Ltd. 
(Shanghai, China). All other reagents used were analytical grade. 

2.2. Formulation of samples for CJ pretreatment 

The soy whey wastewater was rested at 4 ◦C for 24 h. Wastewater 
was centrifuged (8000 g, 30 min) to remove residual soy protein isolate. 
Adjust the pH of the supernatant to 8.0 and repeat the centrifugation 
step to obtain the supernatant. Dialysis (MW 3500 Da) the supernatant 
at 4 ◦C for 48 h to remove salt ions, the deionized water was replaced 
every 6 h. Then the protein concentration was diluted to 1 % (w/v). The 
soy whey wastewater was treated at 90 Mpa for 0, 60, 120, 180, 240, and 

300 s by SL-2 Cavitation Jet Machine (Beijing Zhongsen Huijia Tech-
nology Development Co., LTD., China). 

2.3. Recovery of SWP/CH complexes 

The pH of soy whey wastewater with different CJ pretreatment time 
was adjusted to 6.0. Chitosan (1 % w/v) was added into soy whey 
wastewater at a ratio of 1:5 (chitosan:SWP). After stirring for 30 min, the 
solution rested for 4 h. The solution was centrifuged at 4 ◦C, 8000 g for 
30 min to obtain the SWP/CH complexes precipitate. The SWP/CH 
complexes precipitate was dissolved in purified water and adjusted pH 
to 9.0. Let it sat overnight to remove insoluble chitosan. The solution 
was centrifuged for 30 min (8000 g, 4 ◦C) to obtain the supernatant. 
After adjusting the pH to 7.0, the solution was centrifuged for 30 min 
(8000 g, 4 ◦C) obtain the supernatant. Dialyze (MW 3500 Da) the su-
pernatant for 48 h at 4 ◦C. During this process, the deionized water was 
replaced every 6 h. Then SWP/CH complexes were obtained by freeze- 
dried. These samples were named CJ-0, CJ-60, CJ-120, CJ-180, CJ- 
240, and CJ-300. 

Control group was prepared following the modified techniques 
described by Sorgentini and Wagner (1999). Briefly, the proteins were 
through salting out using ammonium sulfate (75 %) at 25 ◦C and 
centrifuged for 30 min (8000 g, 4 ◦C) to obtain protein precipitate. 
Dissolved the protein precipitation in deionized water, then adjusted pH 
to 7.0 with HCl (2 mol/L). The dialysis and freeze-drying are the same as 
above. Samples was named Control. A flux diagram of sample prepa-
ration is shown in Fig. 1. 

2.4. Recovery yield 

The Kjeldahl method was employed to evaluate protein levels, which 
were then analyzed by the Kjeldahl system from Velp Scientifica (UDK 
132, Italy). The results are expressed as the percentage of protein con-
tent, assuming a conversion factor of 6.25. Protein recovery was 
assessed using the method described by Jiang et al. (2022). Protein re-
covery yields were calculated as follows: 

Fig 1. The preparation procedure of the Control, CJ-0, CJ-60, CJ-120, CJ-180, CJ-240 and CJ-300.  
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protein recovery yield (%) =
Cr × Wr

Ce × Ve
× 100% (1)  

where Cr was the protein content of the SWP, Wr was the weight of the 
SWP after lyophilization, Ce was the protein content of soy whey 
wastewater and Ve was the volume of soy whey wastewater. 

2.5. Isothermal titration calorimetry (ITC) 

The method for measuring Isothermal titration calorimetry (ITC) was 
modified by Zhang et al. (2020). The thermodynamic properties and 
factors of complex coacervation between SWP and chitosan were 
determined at pH 6.0 and 25 ◦C using ITC-200 Microcalorimeter (Micro 
Cal Inc., Northampton, UK). At first, SWP solution (0.06 % w/v) and 
chitosan solution (0.12 % w/v) were degassing at 23 ◦C using a Micro 
Cal degasser. Afterwards, 1.7 mL SWP solution was added to the reaction 
cell, while the syringe contained 300 μL of chitosan solution. The dilu-
tion temperature was determined by titrating the chitosan solution with 
Milli-Q water under the same conditions and at the corresponding pH 
levels. Three measurements were obtained for each task. 

2.6. Zeta potential 

The deionized water as a solvent, samples were dissolved (0.1 % w/ 
v). The zeta potential of each sample was measured using Malvern zeta 
potential analyzer (Malvern Pana Technology Co., Ltd., China), with a 
cuvette length of 1 cm− 1 and a spacing of 0.4 cm− 1. 

2.7. Particle size distribution and turbidity 

A particle size analyzer (Nano-ZS90, Malvern Instruments, UK) was 
used to estimate the particle size distribution of the samples. To avoid 
multiple scattering effects, phosphate buffered saline (1 % w/v PBS, pH 
7.0) was added to prepare diluted samples (0.1 % w/v). The refractive 
index was determined as 1.460, which was adjusted to 1.330 to account 
for the dispersant. Additionally, information on the polydispersity index 
(PDI) is provided. The measurements were conducted three times at 
25 ◦C. 

The absorbance at 600 nm was recorded using a UV–Visible spec-
trophotometer (UV-3900, Shimadzu, Japan) to measure the turbidity of 
samples. A blank reference was prepared using deionized water. The 
measurements were conducted three times at 25 ◦C. 

2.8. Fourier transform infrared spectroscopy (FTIR) spectroscopy 

The samples powder was pressed into tablets with KBr, the FTIR 
spectra was recorded using a IS10 FTIR spectrometer (Nicolet, US) in the 
wavenumber range 4000–400 cm− 1. The background for each test 
consisted of 32 air scans. The data was analyzed using Win GX (version 
4.1) software. Spectra were baseline corrected and the first derivative 
spectra were plotted. Spectra were visually checked to ensure accuracy. 

2.9. Surface hydrophobicity 

Dilute the sample to a protein concentration of 0.1–1.0 % (w/v) by 
phosphate buffered saline (PBS, 1 % w/v, pH 7.0). Next, 20 µL of ANS 
were added to 4 mL of the prepared solutions. The intensity of the 
fluorescent signal was measured using Ultraviolet visible spectropho-
tometer (UV-3900, Shimadzu, Japan) at 390 nm and 465 nm (excitation 
and emission). The S0 was acquired from gradient of the correlation 
between the fluorescence intensity and protein concentration (Xie et al., 
2023). 

2.10. Protein solubility 

The method for measuring protein solubility was modified by Chen 

et al. (2023). Briefly, the sample solution (0.2 % w/v) was stirred for 15 
min at 25 ◦C and centrifuged for 15 min (8000 g, 4 ◦C). The BCA protein 
kit was employed to determine the protein solubility in the supernatant. 
Using bovine serum protein as a standard. 

2.11. Emulsifying activity index (EAI) and emulsion stability index (ESI) 

The method for measuring EAI and ESI was modified by Li et al. 
(2020). In order to obtain the emulsion, 90 mL of solution (0.2 % w/v 
proteins) and 10 mL of corn oil were mixed and homogenized for three 
cycles using Spch-10 High-Pressure Homogenizer (AXA United Tech-
nology Co., Ltd. China) under 30 MPa. At 0 min and 20 min after ho-
mogenization, 50 μL of emulsion was immediately taken out at the 
bottom of the emulsion, and then diluted 100 times with SDS solution (1 
% w/v). A spectrophotometer (Beckman DU 500, Fullerton, CA, USA) 
was used to determine absorbance at 500 nm. The EAI and ESI are 
defined as follows: 

EAI
(

m2

g

)

=
2.302 × 2 × DF × A0

10000 × c × ε × (1 − θ)
(2)  

ESI (min) =
A0

A0 − A20
× (T20 − T0) (3)  

where DF was the dilution factor multiplied by 100, A0 was the absor-
bance of the thinned emulsion at 0 min, c was the protein concentration 
in grams per milliliter. ε was the optical path of 1 cm, θ was the volume 
fraction of the SWP/CH complex, which is 0.90, A20 was the absorbance 
after 20 min, T20 was a duration of 20 min, T0 was a duration of 0 min. 

2.12. Confocal laser scanning microscope (CLSM) 

For sample staining, 500 μL of newly prepared emulsions were 
darkly stained with a mixture of 20 μL fluorescent dye composed of Nile 
red and Nile blue (0.1 % w/v, dissolved by absolute isopropanol). Nile 
Red was excited at 488 nm, whereas Nile Blue was excited at 633 nm (Ki, 
Parameswaran, Popat, Rittmann, & Torres, 2015). 

2.13. Adsorbed protein percentage (AP%) 

The method for measuring adsorbed protein percentage was modi-
fied by Liang and Tang (2013). The samples emulsion was centrifuged 
for 15 min (8000 g, 20 ◦C) to obtain an upper layer, called the emulsion 
layer, and a lower layer, known as the aqueous phase. The lower 
aqueous phase was extracted using a syringe and filtered through a 0.22 
μm membrane to determine the protein content in the aqueous phase 
using the BCA method. The adsorbed protein percentage (AP %) was 
calculated as follows, 

AP (%) =
C0 − CS

C0
× 100% (4)  

where C0 was the protein concentration in the initial protein solution, CS 
was the concentration of the protein that has not been adsorbed. 

2.14. Statistical analysis 

Statistical analyses were performed using SPSS version 26.0. Mea-
surements were conducted in triplicate which is independent. The out-
comes were reported as the average plus the standard deviation (SD). 
Duncan multiple comparison method was used to conduct one-way 
ANOVA on the data, and the significance was set at p < 0.05. 
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3. Results and discussion 

3.1. Recovery yield 

SWP recovery in Control and CJ pretreatment synergistic chitosan 
groups is shown in Fig. 2 A. The process of extracting SWP using 
ammonium sulfate involves the utilization of NH4

+ and SO4
2- ions to 

precipitate SWP, which disrupts surface hydration. SWP was recovered 
through the salting-out effect. Chitosan offers a polycationic property 
that serves as an ionizable polyelectrolyte in solution, which has the 
ability to enhance the flocculation of SWP through electrostatic in-
teractions (Nguyen, Luo, Su, Balakrishnan, & Zhang, 2020), allowing 
SWP to be recovered. The result showed that the recovery rate of SWP 
using chitosan was higher than the Control. Therefore, the recovery of 
SWP using chitosan is advantageous for protein recovery in food pro-
cessing streams. However, the spatial structural variation of SWP can 
directly affect their recovery by chitosan through electrostatic in-
teractions. The structure of SWP was altered by CJ pretreatment, and the 
effect of chitosan on the recovery of SWP at different pretreatment times 
was evaluated. With an increase in the CJ pretreatment time, the re-
covery rate of SWP using chitosan showed a trend of first increased and 
then decreased. The flexibility and overall charge of the SWP molecules 
are increased by mechanical shear, thermal decomposition, and free 
radical oxidation effects induced by the CJ (Guo et al., 2023). This 
improved the flocculation of SWP by exposing more binding sites for 
electrostatic interactions with chitosan. However, the extended duration 
of CJ pretreatment elicits the re-aggregation of SWP, impedes its 
unfolding, and diminishes the availability of binding sites on the SWP 
surface for chitosan. Therefore, the decrease in the binding ability be-
tween aggregated SWP and chitosan leads to a decrease in the recovery 

rate of SWP. 

3.2. ITC 

ITC is a direct method for examining the interactions between SWP 
and chitosan (Campiña et al., 2010). Fig. 3 showed the CJ-0 and CJ-180 
samples produced heat flow over time. The heat flow was negative, 
suggesting that the interaction between the SWP and chitosan was 
exothermic. Dong et al. (2015) have reported similar results. The SWP 
isotherm for chitosan titration showed high exothermic peaks at the 
beginning, followed by a constant decrease in temperature over time. 
Because coacervation between SWP and chitosan was primarily driven 
by negative enthalpy caused by electrostatic interactions. The observed 
increase in the number of chitosan injections required to achieve satu-
ration during the titration of SWP confirming that the duration of CJ 
pretreatment enhances the electrostatic attraction between SWP and 
chitosan. Table 1 displays thermodynamic parameters. These parame-
ters provided additional support for enthalpically favorable and entro-
pically unfavorable interactions between SWP and chitosan during the 
SWP/CH complexation process. The parameters of ΔH also indicate that 
the complexation of SWP and chitosan has a strong driving force. 
Furthermore, the complexation process is exothermic. 

The KD values of the CJ-0 and CJ-180 groups were below 10-6. This 
indicates the significant strength of the interactions between the two 
polymers, because the complexes are deemed to possess a high affinity 
while KD values were below 10-6(Franca, Lins, Freitas, & Straatsma, 
2008). A negative ΔG value indicates that the interactions between SWP 
and chitosan were consistently spontaneous, suggesting that the inter-
action between SWP and chitosan follows the pattern of associative 
phase separation (Rabelo, Tavares, Prata, & Hubinger, 2019). In the 

Fig 2. Recovery yield (A), Zeta-potential (B), Particle size (C), Fourier transform infrared spectrum (D), Surface hydrophobicity (E), Solubility (F) of the Control, CJ- 
0, CJ-60, CJ-120, CJ-180, CJ-240 and CJ-300. Different lowercase letters mean significant differences at p < 0.05 between different samples. 
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complex coacervation between SWP and chitosan at various CJ pre-
treatment durations (0 and 180 s), an electrostatic interaction between 
the two oppositely charged components produced most of the negative 
enthalpy (negative contribution to ΔG) (Vuillemin, Michaux, Muniglia, 
Linder, & Jasniewski, 2019). The formation of SWP and chitosan com-
plex involves electrostatic interactions that occur at a larger distance 
than hydrogen bonds and van der Waals interactions (Grinberg & Tol-
stoguzov, 1997). The denaturation of SWP induced by CJ pretreatment 
enables it to adapt to the charge density of chitosan by facilitating the 
formation of electrostatic complexes, which is accompanied by merging, 
fusion, or recombination of the complexes. This increased the enthalpy 
of the reaction system. Furthermore, the CJ pretreatment led to a posi-
tive alteration in entropy and an enhancement in affinity. The presence 

of non-electrostatic interactions was manifested by a stronger binding 
affinity between SWP and chitosan, leading to a reduction in entropy 
(Bolel, Datta, Mahapatra, & Halder, 2012). Indeed, the CJ pretreatment 
enhances hydrophobic interactions by causing conformational changes 
in the SWP structure and releasing bound water and counterions into the 
bulk (Mu et al., 2022). The formation of hydrogen bonds was facilitated 
by the presence of glutamate as the SWP molecules were pulled together 
by electrostatic interactions. In contrast, with a CJ pretreatment time of 
180 s, the stabilizing intermolecular interactions in the SWP/CH system 
were substituted by cooperative interactions between protein molecules 
along the chitosan chain. This change occurred because of the disruption 
of the hydrogen bonding. The inclusion of all charges in the interactions 
of the SWP/CH complexes led to a decrease in randomness and an in-
crease in the order within the system (Du, Hong, Cheng, & Gu, 2022). In 
addition, during the 180 s CJ pretreatment, the ions from the SWP acted 
as a protective barrier and reduced the impact of electrostatic in-
teractions on the charge of the polyelectrolytes in the solution. The 
combination of SWP and chitosan exhibited a beneficial change in 
enthalpy (ΔH < 0), which is partly counteracted by an unfavorable 
change in entropy (ΔS < 0). This compensation was linked to the 
equilibrium of SWP/CH electrostatic and hydrophobic interactions, 
which play a pivotal role in the creation and maintenance of complex. 

3.3. Zeta potential 

The zeta potential reflects the intensity of electrostatic repulsion or 
attraction particle surface of the SWP/CH complexes (Li, Xu, & Xu, 

Fig 3. Thermograms (top panels) and binding isotherms (bottom panels) corresponding to the titration of the soy whey protein (SWP) solution with chitosan so-
lution. Soy whey protein (SWP) was obtained from freeze-dried soy whey wastewater without cavitation jet pre-treatment (A) and freeze-dried soy whey wastewater 
after cavitation jet pre-treatment for 180 s (B), respectively. 

Table 1 
Thermodynamic parameters of binding between soy whey protein (SWP was 
obtained by freeze-dried soy whey wastewater without cavitation jet pretreat-
ment which is named CJ-0 and freeze-dried soy whey wastewater after cavita-
tion jet pre-treatment for 180 s which is named CJ-180, respectively) and 
chitosan (CH).  

Samples N KD (M) ΔG (kcal/ 
mol) 

ΔH (kcal/ 
mol) 

-TΔS (kcal/ 
mol) 

CJ-0 3.40 ×
10-3 

731 ×
10-9  

− 8.37  − 56.60  48.23 

CJ-180 4.71 ×
10-3 

852 ×
10-9  

-11.95  -63.64  51.69  
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2022). Therefore, the zeta potentials of the control and CJ-pretreated 
synergistic chitosan groups were determined. As shown in Fig. 2 B, the 
absolute value of the zeta potential in the CJ-0 group was lower than 
that of the Control. This may be because the positively charged chitosan 
interacted with the negatively charged SWP via electrostatic in-
teractions, and the binding strength between chitosan and SWP was 
higher than that of ammonium sulfate, thus causing the zeta potential of 
CJ-0 to be lower than that of the Control. The absolute value of the zeta 
potential of the SWP/CH complexes first decreased and then increased 
with increasing pretreatment time of CJ. When the pretreatment time of 
CJ was 180 s, the zeta potential reached its minimum value. This might 
be because an appropriate CJ pretreatment can break the skeleton 
structures of SWP and increase the flexible molecular structure and 
surface area of SWP, thus exposing more charged groups and facilitating 
the possibility of binding to SWP (Cheng et al., 2024). This change could 
cause the negative charge on the SWP surface to be neutralized by the 
greater positive charge on the chitosan surface, thereby reducing the 
absolute zeta potential of the SWP/CH complexes. This was also 
confirmed from another perspective: chitosan enhanced the recovery 
rate of SWP through electrostatic interactions, which were related to the 
pretreatment time of CJ. The results is agreed with those of previous 
studies (Mounsey, O’Kennedy, Fenelon, & Brodkorb, 2008). When the 
pretreatment time of CJ is prolonged, cavitation and thermal effects can 
lead to the dissociation and aggregation of SWP, thereby destroying 
some of the chitosan binding sites. This can lead to a decrease in the 
number of positively charged chitosan molecules bound to SWP and 
retention of exposed negatively charged amino acid residues, resulting 
in an increase in the absolute value of the zeta potential of SWP/CH 
complexes. 

3.4. Particle size distribution and turbidity 

The particle size distribution and turbidity of the control and CJ- 
pretreated chitosan groups are shown in Fig. 2 C and Table 2. The par-
ticle size and turbidity of the CJ group were higher than those of the 
Control due to the flocculation of SWP and chitosan. High turbidity in-
dicates strong cohesion between SWP and chitosan (Amine, Boire, 
Kermarrec, & Renard, 2019). The particle size and turbidity of the SWP/ 
CH complexes first decreased and then increased with increasing CJ 
pretreatment time, with the CJ-180 group exhibiting the smallest par-
ticle size and turbidity. This is because the cavitation cleavage effect 
produced by the appropriate CJ disperses SWP into small particles, 
which exposes more hydrophobic groups and can form small SWP/CH 
complexes via charge neutralization. Smaller SWP/CH complex were 
better dispersed in the water phase, thereby reducing the turbidity of the 
solution. However, the change in the spatial structure of small SWP 
particles caused by long-term cavitating jet pretreatment led to the 
reaggregation of the SWP. Strong hydrophobic and hydrogen bond in-
teractions between the reaggregates of SWP led particle size increase 
and turbidity when combined with chitosan. The trend of PDI variation 
is similar to that of particle size variation, which may be because 
effective charge neutralization between SWP and CH is conducive to the 

formation of uniformly sized and distributed complexes (Zhang, Dong, 
Gao, Chen, & Vasanthan, 2020). 

3.5. FTIR 

The stretching of chemical bonds and conformational changes in the 
SWP/CH complexes were assessed by FTIR. As shown in Fig. 2 D, the 
spectra were almost identical and the addition of polysaccharides did 
not cause new characteristic peaks to appear for CJ-0, indicating that the 
incorporation of chitosan did not induce additional covalent bonds in 
the SWP/CH complexes. The characteristic peaks at 1575–1480 cm− 1 

are mostly attributed to the C–O stretching and N–H bending of the 
amide bonds (Wang, Yang, Du, & Chen, 2023). The characteristic peak 
intensity of CJ-0 significantly increased at 1536 cm− 1, and the charac-
teristic peak intensity changed with increasing CJ pretreatment time. 
The blue shift of the peak in the spectrum at about 2932 cm− 1 and 842 
cm− 1 corresponds to the stretching vibration of –CH2 and the defor-
mation vibration of –CH. This is caused by the vibration of hydrogen 
bond interaction between SWP and chitosan (Mohammadian & Mada-
dlou, 2016). The characteristic peaks of FTIR spectroscopy at 2962 cm− 1 

correspond to the stretching vibration of hydrophobic C–H. However, 
the shapes and intensities of the CJ-0 and CJ-60 to CJ-300 samples were 
altered to a certain degree, suggesting the existence of hydrophobic 
interactions within the SWP/CH complexes. 

As shown in Table 3, chitosan and CJ pretreatment times signifi-
cantly changed the composition of protein secondary structures in SWP. 
Compared with SWP, the β-turn and random coil content of the SWP/CH 
complexes decreased, and α-helix and β-sheet content increased. These 
results suggested that the noncovalent binding of SWP to chitosan pro-
moted the conversion of β-turn regions and random coil regions to 
α-helix and β-sheet regions, and the increase in α-helix and β-sheet 
content also indicated that the structure of SWP/CH complex became 
more compact (Gao et al., 2013). Furthermore, with an increase in the 
CJ pretreatment time from 60 s to 300 s, the α-helix and β-sheet of the 
SWP/CH complexes first decreased and then increased, and the β-turn 
and random coil increased first and then decreased. When the CJ pre-
treatment time was 180 s, the α-helix content of SWP/CH complex was 
the lowest. In protein secondary structures, α-helices and β-sheets of 
proteins are considered ordered structures (Xue et al., 2022). The 
cavitation bubbles render the SWP structure looser and more stretched, 
and the ordered structures are converted into disordered structures (Guo 
et al., 2023). This structure promoted the interaction between SWP and 
chitosan, thus more chitosan molecules were bound. Furthermore, the 
excessive pretreatment time of CJ would cause the protein aggregation, 
thus increasing the α-helix and β-sheet content. 

3.6. Surface hydrophobicity 

Surface hydrophobicity measurements were conducted to assess al-
terations in the stability and conformation of the SWP/CH complexes 
(Zhan et al., 2019), which affect their functionality of SWP/CH 

Table 2 
Polymer dispersity index (PDI) and turbidity of the Control, CJ-0, CJ-60, CJ-120, 
CJ-180, CJ-240 and CJ-300.  

Samples PDI Turbidity 

Control 0.45 ± 0.02a 0.24 ± 0.02ab 

CJ-0 0.47 ± 0.04a 0.27±0.01a 

CJ-60 0.43 ± 0.05ab 0.22±0.02b 

CJ-120 0.39 ± 0.01bc 0.18±0.01c 

CJ-180 0.37 ± 0.01c 0.14±0.02d 

CJ-240 0.38 ± 0.06bc 0.18±0.01c 

CJ-300 0.35 ± 0.02c 0.19±0.01c 

Note: Different lowercase letters in the same column mean significant differ-
ences at p < 0.05 between different samples. 

Table 3 
Secondary structure content of the Control, CJ-0, CJ-60, CJ-120, CJ-180, CJ-240 
and CJ-300.  

Samples Content (%) 
α-helix β-sheet β-turn random coil 

Control 17.84 ± 0.03e 30.05 ± 0.04a 37.16 ± 0.09a 14.95 ± 0.01e 

CJ-0 21.34±0.09b 29.55±0.05b 32.64±0.09d 16.48±0.08c 

CJ-60 21.14±0.07c 29.32±0.08c 32.30±0.04e 17.24±0.07b 

CJ-120 19.63±0.04d 29.69±0.08b 33.37±0.07c 17.31±0.02b 

CJ-180 17.08±0.03f 28.87±0.04d 35.92±0.04ab 18.12±0.04a 

CJ-240 21.58±0.02a 29.33±0.03c 36.14±0.03a 15.79±0.05d 

CJ-300 19.62±0.09d 21.45±0.06e 34.16±0.06b 14.38±0.04f 

Note: Different lowercase letters in the same column mean significant differ-
ences at p < 0.05 between different samples. 
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complexes. As shown in Fig. 2E, the surface hydrophobicity of the CJ- 
0 group was higher than that of the Control. This suggests that the ter-
tiary structure of SWP undergoes changes in the presence of chitosan, 
thus changing the hydrophobic forces (Song, Zhong, Sun, Li, & Qi, 
2023). The surface hydrophobicity of the SWP/CH complexes first 
increased and then decreased with increasing CJ pretreatment time, and 
the surface hydrophobicity of CJ-180 was the highest. This is because 
the high-pressure shear effect of the CJ weakens the intramolecular 
forces of SWP, which induces the unfolding of SWP and the extension of 
the noncovalent bonds of the SWP molecules, thereby exposing the 
hydrophobic groups buried in the SWP (Man et al., 2023). CJ pretreat-
ment and the presence of chitosan together led to an increase in the 
surface hydrophobicity of the SWP/CH complexes. The surface hydro-
phobicity of the SWP/CH complexes decreased when the CJ pretreat-
ment time exceeded 180 s. This may have been due to the cavitation and 
shear stress generated by excessive CJ, which caused intermolecular 
hydrophobic aggregation of SWP and a decrease in the amount of 
binding with chitosan, thus reducing the surface hydrophobicity of the 
SWP/CH complexes. 

3.7. Protein solubility 

Solubility characterizes the degree of protein denaturation and ag-
gregation and affects many functional properties of proteins. As shown 
in Fig. 2 F, the solubility of the CJ-0 group was significantly higher than 

that of the Control. This is because the addition of CH and introduction 
of a large number of hydroxyl groups into the complex increased the 
solubility of the SWP/CH complexes. The solubility of the SWP/CH 
complexes first increased and then decreased with increasing CJ pre-
treatment time, with the highest solubility observed in CJ-180 s. The 
intense disruptive forces caused by CJ could effectively break down 
larger protein particles into smaller ones and increase the specific sur-
face area to bind with more chitosan, which further enhanced the SWP/ 
water and SWP/CH interactions, thus leading to increased solubility of 
the SWP/CH complexes (Sliwinski, Roubos, Zoet, van Boekel, & Wout-
ers, 2003). However, prolonged CJ can cause protein molecules to 
expand, exposing hydrophobic groups. The SWP molecules formed 
macromolecular aggregates through noncovalent interactions, burying 
the binding sites with chitosan, which resulted in a decrease in the 
solubility of the SWP/CH complexes. 

3.8. Emulsifying capacity 

3.8.1. EAI and ESI 
The emulsifying properties serve as metrics to assess the capacity of 

emulsifiers to stabilize emulsions at the O/W interface, as quantified by 
EAI and ESI. As shown in Fig. 4 A, the EAI and ESI of CJ-0 increased 
significantly compared with those of the Control because the in-
teractions between SWP and chitosan could lead to the exposure of 
hydrophobic residues outside the protein molecule, which were 

Fig 4. Emulsifying activity (EAI) and emulsifying stability (ESI) (A), Confocal laser scanning microscopy (CLSM, Scale bar = 150 μm) (B), Adsorbed protein per-
centage (AP %) (C) of the Control, CJ-0, CJ-60, CJ-120, CJ-180, CJ-240 and CJ-300. Different capital letters and lowercase letters mean significant differences at p <
0.05 between different samples. 
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absorbed onto the O/W interface, improving the stability of the emul-
sion (Wang et al., 2019). The EAI and ESI of the SWP/CH complexes 
exhibited an initial increase, followed by a decline as the pretreatment 
time of CJ increased, suggesting that appropriate pretreatment of CJ was 
favorable for forming an O/W emulsion. Appropriate pretreatment with 
CJ might increase the intermolecular electrostatic repulsion and hy-
drophobic interactions of SWP and accelerate the adsorption of chitosan 
onto SWP, thereby allowing SWP/CH complexes to adsorb and rear-
range more quickly at the oil/water interface, ultimately enhancing EAI 
and ESI (Kato, 2002). However, the excessive pretreatment of CJ may 
lead to the decrease of EAI and ESI of SWP/CH complex, potentially 
attributed to the diminished surface hydrophobicity. The lower surface 
hydrophobicity increased the energy required for the SWP/CH com-
plexes to adsorb onto the oil–water interface, hindering the adsorption 
of SWP/CH complexes and the formation of dense interfacial protein 
membranes (de Oliveira, Coimbra, de Oliveira, Zuñiga, & Rojas, 2016). 

3.8.2. CLSM 
The CLSM results for the emulsions prepared with SWP/CH com-

plexes were shown in Fig. 4 B. The SWP/CH complexes were dyed green 
and formed a shell structure on the outside of the oil droplets, whereas 
the oil phase was dyed red and wrapped inside. Control (Fig. 4 B Control 
c) sample was observed that SWP was dispersed in the lotion phase, and 
only a small amount was adsorbed on the surface of oil droplets. The 
lotion drops are spherical with uneven size distribution. As the pre-
treatment time of CJ increased, the surface of oil droplets (Fig. 4 B CJ- 
60c, CJ-120c, CJ-180c) is enveloped by SWP/chitosan complexes due 
to their “shell” state (Fig. 4 B CJ-120 a, CJ-180 a). The appropriate CJ 
pretreatment could reduce the particle size of SWP and cause SWP to 
adsorb more chitosan to form smaller SWP/CH complexes. The presence 
of chitosan can produce an osmotic driving force, thereby reducing the 
interfacial tension and enhancing the amphiphilicity of the SWP/CH 
complexes. This helped it better adsorb at the oil–water interface and 
form a stable and thick protein adsorption layer to stabilize emulsion 
droplets of smaller particle sizes (Xie et al., 2023). After prolonged 
pretreatment with CJ, the droplets size increased accompanied with 
irregular spherical. The SWP/CH complexes with large particle sizes 
produced by the excessive pretreatment time of CJ had lower surface 
hydrophobicity, thereby inhibiting adsorption at the oil–water interface. 
In addition, SWP/CH complexes with large particle sizes exhibit rela-
tively high vacancy resistance and electrostatic repulsion, making pro-
tein film formation difficult. Consequently, large aggregates of emulsion 
droplets are formed, causing emulsion instability. This is why it is 
important to consider the appropriate pretreatment time in order to 
reduce the particle size of the SWP/CH complexes. 

3.8.3. Adsorbed protein percentage (AP%) 
To better understand the interfacial properties of the emulsion, the 

adsorbed protein percentage (AP %) was measured and used as an in-
dicator of interfacial protein adsorption capacity (Wang, Wang, Dai, Yu, 
& Cheng, 2023). The AP% of the control and SWP/CH complexes after 
different CJ pretreatment times are shown in Fig. 4 C. Compared with 
the control, the AP% of CJ-0 was significantly increased. This may be 
due to the formation of soluble complex between SWP and chitosan, 
which can increase the AP content at the interface (Huang et al., 2023). 
With increasing CJ pretreatment time, the AP% content showed an 
increasing trend, followed by a slight decrease. The AP% content was 
highest when the CJ pretreatment time was 180 s. This result proved 
that CJ pretreatment promoted the adsorption of SWP/CH complexes on 
the oil–water surface. CJ pretreatment reduced the particle size of SWP 
and promoted the binding of SWP with chitosan, which led to greater 
thermodynamic incompatibility between SWP and chitosan, thus pro-
moting the diffusion and adsorption of the protein to the interface and 
making it easier to rearrange at the oil–water interface (Bergfreund, 
Bertsch, & Fischer, 2021). When the CJ pretreatment time was increased 
to 300 s, the AP% slightly decreased. Excessive pretreatment time of CJ 

could lead to the phenomenon of “overprocessing,” and the formation of 
complex systems of larger particles and fewer hydrophobic groups 
would be unfavorable for adsorption of SWP/CH complexes. Simulta-
neously, the reduction in the hydrophobic point of the SWP/CH complex 
leads to a decrease in the intermolecular connections among proteins. 
This decrease in protein particle adhesion onto the oil–water surface 
consequently results in a reduction in the AP% value. 

4. Conclusion 

In this study, SWP was recovered by using CJ pretreatment combined 
with chitosan. The proper CJ pretreatment of soy whey wastewater is 
beneficial for the binding of chitosan and SWP, thereby the recovery rate 
of SWP increased. Afterwards, we analyzed the binding mechanisms and 
emulsifying capacity of SWP/CH complexes. The FTIR and ITC results 
indicated that SWP and chitosan mainly bind through non covalent in-
teractions, with electrostatic interactions being the most important. In 
addition. The SWP/CH complexes obtained by proper CJ pretreatment 
had a smaller particle size distribution and higher surface hydropho-
bicity, which was conducive to their adsorption on the oil–water inter-
face, thus stabilizing the emulsion. While CJ pretreatment time was 180 
s, the ability of SWP/CH compound to stabilize emulsion reaches the 
maximum. However, the obtained results could be affected by the 
variability in the composition of raw material (soy whey wastewater) 
and chitosan commercial samples, which can exhibit different density 
charges and molecular weights. Therefore, it is necessary to further 
study the interaction mechanism between protein structure changes and 
polysaccharides with different density, charge and molecular weight, so 
as to better play the role of cavitating jet technology in the treatment of 
food industry wastewater. 
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