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(MNBs) include sanitisation and water treatment [3, 4], 
getting rid of pesticide [5], enhancing seed germination, 
growing of plants and fish [6, 7] and supporting medical 
researches for efficient drug delivery and release [8, 9]. 
Aside from commonly applied fields such as agriculture, 
biochemistry, and medical sciences, usages of gas NBs in 
food areas have also been attracting considerable attention 
due to some prominent beneficial characteristics offered by 
NBs to food materials.

With a size range of several hundred nanometers [1, 10], 
NBs display unique properties against their macro-scaled 
counterparts [2, 11, 12]. As a case in point, high internal 
pressure and extremely tiny diameter of NBs imply a huge 
surface area/volume ratio, allowing to improve intensive-
ness of mass transfer, which are expected in various food 
processes [13, 14]. In addition, remarkably high solubility of 
gas under nanobubble (NB) form [7, 15] and unusual stabil-
ity of NBs against coalescence [4, 16] are also extraordinary 
aspects resulting in many benefits on applying them in either 
laboratory research or industrial scale. The pre-combination 
of O2 MNBs was found to enhance the ultrasound cavita-
tion, assisting the ice nucleation and crystallisation during 
freezing process of sucrose and maltodextrin solutions [15]. 

 Introduction

Recently, exceptional features presented by ultrafine gas 
spheres known as nanobubbles (NBs) suspended in liquid 
medium have been suggested as a highly promising strategy 
for treating different challenges in various branches of sci-
ence and technology [1, 2]. Some well-known applications 
of fine and ultrafine gas bubbles or micro- and nanobubbles 
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Abstract
This work aims at examining the impact of generated CO2 nanobubbles (NBs) via the membrane-based method on physi-
cochemical properties and surface tension of commercial clarified apple juice. The gas was injected at 300 kPa pressure 
for variable liquid circulation times (5, 13 and 26 min) to produce the CO2 NBs. Sets of 13- and 26-min circulation time 
to mix CO2 and liquid gave the desirably nano-size (~ 80–200 nm) NBs and significantly (p ≤ 0.05) reduced surface ten-
sion (by ~ 20–25%) of the juice dispersed with these formed tiny gas bubbles (NB-juice). An increase in circulation time 
also resulted in more negative zeta potential and higher dissolved CO2 concentration of the NB-juice. Density values of 
apple juice remained unchanged with and without incorporating CO2 NBs. These experimental outcomes provide the 
potential use of NBs in controlling the characteristics of liquid food as an environment-friendly approach to minimise 
chemical usages.
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Amamcharla, Li and Liu [17] and Phan, Truong, Wang and 
Bhandari [14] found that the existence of bulk gas NBs from 
the air, O2, or CO2 could significantly decrease viscosities of 
food fluids by retarding the aggregation of suspended par-
ticles as well as playing as a buffer or diluting agent in the 
food systems.

Along with viscosity, surface tension has a vital role 
in food processes [14, 18]. For instance, the properties of 
maltodextrin and whole milk powder, such as wettability, 
dispersibility and solubility in liquid, depended on the liquid 
surface tension [19]. The surface tension of water also had 
a direct effect on the rate of homogeneous and heteroge-
neous nucleation in water crystallisation relating to freezing 
foods [20]. Regarding colloidal solutions, surface tension 
is one of the key parameters required to govern and predict 
the formation and physical stability of emulsions [21]. Very 
few attempts have been made to investigate the impact of 
NBs on the surface tension of liquid foods. A decrease by 
10% of surface tension value of water mixed with ozone 
(O3) ultrafine bubbles (diameter range of 10–500 nm) was 
observed by Ushida, Koyama, Nakamoto, Narumi, Sato 
and Hasegawa [22]. Our previous study obtained the high 
effectiveness of CO2 NBs (~ 30–100  nm) in lowering the 
surface tension of water containing sodium dodecyl sulfate 
(SDS) compared with the control sample (SDS solution 
having no CO2 NBs) [23]. Both samples contained SDS at 
thousand times lower content than its critical micelle con-
centration (CMC). Apart from these, the investigations and 
understanding about applications of NBs in food areas are 
infancy, and the influence of NBs suspension on properties 
of liquid foods is still limited. Accordingly, it is well worth 
considering the potentials and advantages of gaseous NBs, 
as an alternative means to chemical utilisations, in control-
ling food fluid characteristics.

In this research, we present the generation of bulk CO2 
NBs in distilled (DI) water, and in a commercial clarified 
apple juice by utilising the NB generator designed with a 
membrane module. The formed bubbles’ characteristics 
consisting of size distribution, size values and zeta potential 
(ZP) were evaluated. We also examined the surface tension 
and other physicochemical properties, including density, pH 
and dissolved CO2 content of the fruit juice injecting with 
the gas NBs (NB-juice) during the storage period (7 days) 
as against the control samples (apple juice without any CO2 
treatment). Besides, discussion to get further understanding 
about the effectiveness, as well as promising prospects of 
using NBs on controlling behaviour of liquid food medium, 
is presented.

Materials and Methods

Materials

The commercial Golden Circle apple juice was purchased 
from a local chain of supermarket (Brisbane, QLD, Austra-
lia). The clarified apple juice was employed as the medium 
to generate NBs. The juice clarity allowed to reduce the 
interference from the existing components in the NB prop-
erties determination.

NB-generator System

The schematic diagram of membrane-based circulation sys-
tem to generate bulk gas NBs in liquid medium is illustrated 
in Fig. 1. Details about the setup of the designed NB-gen-
erator are specified in the research work of Phan, Truong, 
Wang and Bhandari [14]. To create the bulk NBs dispersed 
in an aqueous phase, the gas from a CO2 gas cylinder (food-
grade CO2, purity > 99.5%, Coregas Co., Australia) was 
firstly injected at the tested level through the nano-sized 
pores (at 50 nm) of a ceramic membrane tube (TIA Co., Bol-
lene, France), housed in a membrane cartridge. The external 
and internal diameters of the applied membrane were 10 
and 8 mm, respectively, and the length was 250 mm. After 
the gas introduction, the liquid phase from a reservoir tank 
was conveyed and circulated by a pump (17 L/min, 12 V 
pressure pump DC, Kickass Products Pty Ltd., Australia) 
and attached liquid lines around the membrane module, 
as depicted in Fig. 1. Inside the membrane cartridge, there 
were two rubber rings controlled the flow of inlet and outlet 
liquid, so that the solution would only be transferred within 
the interior of the membrane tube. The mechanism for the 
formation or detachment of NBs from the membrane sur-
face is due to the shear stress caused by the pressurisation of 
gas injected via extremely small membrane nano-pores into 
the moving aqueous medium [4, 11, 14, 23].

Generation and Visualisation of CO2 NBs Formed in 
Water

Before introducing bulk CO2 NBs into apple juice, pre-
liminary tests to determine the optimum set of parameters, 
including injection gas pressure and circulation time for 
generating the gas NBs in pure laboratory DI water, were 
performed by employing the response surface methodology. 
Results depicted in Fig.  2 show that the optimum condi-
tions were 300  kPa of gas pressure together with 13  min 
of liquid circulation time around the membrane cartridge 
of the generator system. By applying the optimum set, the 
water medium showed a highly dissolved CO2 content of 
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2000–2200 ppm (by mass) with bulk CO2 NBs of around 
300–350 nm in size.

Cryogenic scanning electron microscopy (Cryo-SEM) 
(JSM-7100  F, JEOL Ltd., Japan) furnished with a Gatan 
low temperature section was used to capture the presence of 
formed NBs in DI water, as described in our previous work 
[23]. The Cryo-SEM sample preparation involved in the 
quenching copper holder, which contained approximately 1 
µL of the water sample dispersing CO2 NBs, into a liquid 
nitrogen cup (~-180oC). The specimens were then placed 
in a prepared cold chamber (with liquid nitrogen) and frac-
tured using a pre-frigid scalpel blade. Afterwards, they were 
engraved at -90oC for 10  min and coated with platinum 
before taking images at 2  kV of voltage (to decrease the 
fluctuation of temperature) in the cold stage of Cryo-SEM 
system. Liquid nitrogen was transferred periodically into 
the cooling chamber to maintain the required low tempera-
ture of visualisation process.

Generation of CO2 NBs in Apple Juice

Relying on the optimum generation conditions to produce 
ultrafine CO2 bubbles at nanosized scale in DI water, the 
sets by combining 300 kPa of injection gas pressure with 
three different circulation times including 5, 13 and 26 min 
were chosen to test the formation of CO2 gas NBs in apple 
juice (NBAJ). The selected sets are detailed and coded in 
Table 1.

After generation in the juice medium, features (size dis-
tribution, size values and ZP) of generated CO2 NBs and 
attributes (surface tension, density, pH, and dissolved CO2 
amount) of apple juice dispersed with them (NB-juice) were 

measured right away, as well as during the period of their 
retention (7 days). The samples containing NBs were stored 
in sterilised containers with un-tight caps at ambient tem-
perature (23 ± 2oC). The controls, which were apple juice 
samples without the gas treatment and stored at the same 
condition, were also evaluated, and compared the charac-
teristics with the NB-juices according to the storage time.

Characteristics of Generated CO2 NBs in Apple Juice

Measurement of Size Distribution

Size distribution density of CO2 NBs suspended in apple 
juice was evaluated relying on scattering and diffraction of 
laser light source on the NBs using dynamic light scatter-
ing (DLS) technique of the Zetasizer (Zetasizer Nano ZS, 
Malvern Panalytical Ltd., UK) following to Phan, Truong, 
Wang and Bhandari [14] and Wang, Zhao, Qi, Qin, Zhang 
and Li [24]. Number size distribution values including Dn0.5 
and Dn0.9, which are 50%, 90% of bubble population under-
size, were also determined.

Measurement of ZP

The Zetasizer (Zetasizer Nano ZS, Malvern Panalytical 
Ltd., UK) was also employed to measure ZP values of NBs 
dispersed in NBAJ samples and the control. Measurements 
were performed in U-shape cell (DTS1060) at 25oC by 
applying the laser doppler velocimetry technique and calcu-
lated by the Smoluchowski equation. Further details about 
the measurement protocols can be found in the recently pub-
lished works [11, 23, 24].

Fig. 1  Schematic of circulation 
nanobubble-generator system 
designed based on membrane 
technique (adapted and modified 
from Phan, Truong, Wang and 
Bhandari [14])
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CO2 NBs and their controls were directly determined using 
calibrated pycnometers (Labtek Pty Ltd., QLD, Australia) 
and a pH measuring instrument (pH Cube Benchtop pH-mV, 
TPS Pty Ltd., Australia), respectively, at ambient tempera-
ture (23 ± 2oC) [14].

Determination of Dissolved CO2 Amount

Solubilised CO2 concentrations of treated apple juice sam-
ples and the control during storage time were evaluated 
using the titration method as described by Truong, Palmer, 
Bansal, Bhandari and Hub [25] and Phan, Truong, Wang 
and Bhandari [14]. There were two 100 mL Buchner flasks 
connected with each other by a neoprene tubing. One flask 

Physicochemical Characteristics of Apple Juice 
Dispersed with CO2 NBs

Determination of Density and pH Values

Density and pH values of apple juice samples injected with 

Table 1  Generation conditions applied to form bulk CO2 NBs in apple 
juice (NBAJ)
Injection gas pressure
(kPa)

Circulation time
(min)

Code

300 5 NBAJ-5 min
13 NBAJ-13 min
26 NBAJ-26 min

Fig. 2  Response surface plots 
illustrating the impacts of injec-
tion gas pressure and circulation 
time on number size value – Dn0.9 
(90% of bubble population under 
the size) of CO2 nanobubbles 
(NBs) (a) and dissolved CO2 
concentration of water phase 
containing them (b)
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was applied to rinse off the platinum plate before each mea-
surement. All samples were measured at least three times.

Statistical Analysis

The Minitab statistical package (Minitab release 17, Minitab 
Inc., Stage College, PA, USA) was used for experimental 
data analysis. Mean values of replications were calculated 
and presented with standard deviation (± SD). One-way 
analysis of variance (ANOVA) and Turkey’s post hoc test 
were applied to evaluate the significant (at p ≤ 0.05) differ-
ences among treatments and the controls.

Results and Discussion

Micrographs of Bulk CO2 NBs Dispersed in DI Water

The representative Cryo-SEM images of bulk CO2 NBs 
generated in DI water and that of the water control without 
the gas injection are shown in Fig. 3. One can clearly find 
that there are emptily spherical holes at around 100–300 nm 
of diameter located on the ice surface of water sample con-
taining CO2 NBs, as shown in Fig. 3a-c. Whereas, the image 
capture of control water (Fig.  3d) with no CO2 treatment 
and at the same magnification has the smoother ice-face 
without the hollow hole. Accordingly, the generation of 
bulk CO2 NBs in aqueous medium can be confirmed, and 
this also means that the formation of these tiny gas-filled 

(flask A) contained 5 mL of H2SO4 0.5 M, while the other 
(flask B) hold 3 mL of standardised Ba(OH)2 0.05 M. When 
the set of Buchner flasks was ready, 2 g of juice sample was 
put into the flask carrying H2SO4 0.5 M, then the flask-set 
would be closed by conical rubber stoppers for 18–24 h at 
ambient temperature (23 ± 2oC) for equilibrating. During the 
equilibration time, there would be the reaction between the 
evolved CO2 from sample and Ba(OH)2 (in flask B) lead-
ing to the precipitation of BaCO3. Afterwards, the remained 
concentration of Ba(OH)2 in flask B was determined by 
titration with HCl 0.1 M using phenolphthalein as the indi-
cator. Three replications were applied for each sample.

Determination of Surface Tension

The surface tension of apple juice samples dispersed with 
CO2 NBs and the controls were measured by the Kruss force 
tensiometer (K11, Kruss GmbH, Hamburg, Germany) with 
the force transducer accuracy of 0.1 mN/m. The Wilhelmy 
plate method was employed to quantify the force acting 
on the Kruss standard plate (19 × 10 × 0.2  mm) immersed 
into the liquid medium as described by Nardello-Rataj and 
Leclercq [26] and Phan, Truong, Wang and Bhandari [23]. 
Numerous measurements were conducted at linear intervals 
for each sample until obtaining the equilibrium value of sur-
face tension. There were also other setting parameters which 
are surface detection speed (10 mm/min), immersion depth 
(2 mm) and surface detection sensitive (0.01 g) used for the 
evaluation of surface tension. The flame of Bunsen burner 

Fig. 3  Cryo-SEM micro-graphs 
of bulk CO2 nanobubbles (a-c) 
and DI water without the gas 
injection (d) observed at the 
magnification of 30,000×. Scale 
bar represents 100 nm
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Fig. 4 also show that size ranges of generated NBs decrease 
accordingly with the rise in applied circulation time of mix-
ing liquid and gas. Moreover, there is an increase in size 
distribution of NBs of all NB-juice samples following the 
duration of storage, especially those of NBAJ-5  min, the 
shortest time used for circulation of NB generation. NBs 
can collapse, coalesce, or experience Ostwald ripening after 
formation, as were previously reported by Ahmed, Sun, 
Hua, Zhang, Zhang, Zhang and Marhaba [16] and Phan, 
Truong, Wang and Bhandari [11]. Nevertheless, despite 
after 7 days of generation, the size distribution curves of 
all gas treatments to generate NBs in apple juice were 
still observed in the range of several hundred nanometers 
(lower than 1000 nm) and maintained the good mono-modal 
shape. Long-term stability of gas NBs could be attributed 
to their unique structure with hydrogen bonding network 
and the covering double charge layer equilibrating with the 
Laplace high internal pressure, which reduce gas diffusivity 
through NB-liquid interface to prevent bubble coalescence 
and shrinkage [1, 2]. Recently, Niwano, Ma, Iwata, Tadaki, 
Yamamoto, Kimura and Hirano-Iwata [30] reported that 
there were three, four- and five-membered ring clusters of 
water molecules observed at the interface structure of bulk 
gas NBs by using infrared reflection–absorption (IRAS) 
and nuclear magnetic resonance (NMR) spectroscopy tech-
niques. In these ring clusters, molecules of water are bound 
more tightly than those in free water medium, and also 
single clusters are bound together in the interfacial layer 

cavities in other food liquid is possible. In addition, among 
obtained images of CO2 NBs by means of Cryo-SEM, the 
case observed in Fig.  3c with a larger and un-round hole 
demonstrates the possibility of bubble coalescence and/or 
agglomeration because of unfavourable effects occurring 
during freezing process of the visualisation technique [23, 
27].

Characteristics of CO2 NBs Generated in Apple Juice

Size Distribution and size Values

Figure 4a illustrates the number size distribution of CO2 gas 
NBs right after production in apple juice using the injection 
gas pressure at 300 kPa with three different circulation times 
(5, 13 or 26 min) and the control. Likewise, the changes in 
size range of dispersed NBs in juice samples after storage 
periods of 1, 3 and 7 days versus their controls are plotted 
in Fig. 4b-d.

Firstly, there was a clear difference in NBs’ size distribu-
tion between the treated NB-juice samples (~ 80–800 nm) 
and their controls (~ 5–10 nm) at any monitored time point 
after bubble generation. Additionally, as shown in Fig.  4, 
size distribution of the controls seems to be unvaried during 
retention time. This size range is comparatively similar with 
the molecular radius of chemical compounds existing in 
plants/fruits such as polysaccharides, pectin, polyphenols, 
and proteins [28, 29]. The size distribution measurements in 

Fig. 4  Size distribution in number 
of CO2 NBs in apple juice just 
after generation (a) and during 
the storage period of 1 day (b), 
3 days (c), and 7 days (d). The 
controls (untreated apple juices) 
were stored at the same condition 
and observed at the same date of 
retention
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production of bulk NBs by applying membrane technique 
have also demonstrated that over a long mixing period, 
larger gaseous cavities would escape from the medium leav-
ing the smaller ones left due to the impact of buoyancy force 
[14, 16].

Zeta Potential (ZP)

The experimental results about ZP of CO2 NBs generated 
in apple juice are displayed in Fig. 6a. There is a positive 
correlation between the magnitude of ZP and the circulation 
time to form the ultrafine gas bubbles. The more negative 
ZP values of NBs of NBAJ-13 min and NBAJ-26 min are 
in accordance with the smaller in their number size distribu-
tion and the slower growth of their size values over days of 
retention. The same observations were stated in published 
research by Ahmed, Sun, Hua, Zhang, Zhang, Zhang and 
Marhaba [16] and Phan, Truong, Wang and Bhandari [11]. 
It has been known that NBs are negatively charged owing to 
the excess OH− ions comparative to H+ ions at the gas and 
water interface of bubbles [1, 4, 32]. The absolute ZP values 
of air, N2 and O2 NBs were 17–20, 29–35 and 34–45 mV, 
respectively, as reported by Ushikubo, Enari, Furukawa, 

which is similar to the solid state of water (i.e., ice layer) or 
a hydrogen bonding network, contributing significantly into 
the stability of tiny gas NBs [30]. Besides, the supersatu-
rated gas level of surroundings, which would be presented 
in the later part, can also be another factor supporting the 
longevity of bulk NBs. Observations in the research work 
of Ushikubo, Furukawa, Nakagawa, Enari, Makino, Kawa-
goe, Shiina and Oshita [12] indicated that the small gradient 
concentration of gas between NBs and the bulk medium due 
to a high amount of dissolved gas in liquid around NBs cor-
roborates with the possible stability of them since the gas 
diffusion at bubble interface would take longer time.

Determined size values of generated CO2 NBs include 
Dn0.5 and Dn0.9 following the storage time are illustrated in 
Fig. 5. Dn0.5 and Dn0.9 size values of NBs grow respectively 
from 70 to 400 nm and from 90 to 600 nm after 7 days. The 
growth rate of size values is also higher with the shorter 
circulation time used to generate the NBs. Oh and Kim [31] 
and Phan, Truong, Wang and Bhandari [14] reported the 
same effect of mixing and circulation time on size of bulk 
CO2 NBs in different liquids. The more stable NBs having 
smaller mode diameters were found with an increase in cir-
culation time to infuse the gas into liquid. Studies on the 

Fig. 5  Size values of CO2 NBs dispersed in apple juice just after gener-
ation and during storage time of 7 days. For each observed size value, 
Dn0.5 or Dn0.9, the means (± SD) sharing the same upper-case letter at 
the same circulation time treatment (impact of storage period) or the 

same lower-case letter at the same monitored time including just after 
generation, 1, 3 or 7 days (impact of circulation time treatment) were 
not significantly (p > 0.05) different
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Properties of Apple Juice Dispersed CO2 NBs

Density, Dissolved CO2 Concentration and pH Values

The results of density of apple juice injected with CO2 NBs 
are presented in Fig. 6b. There is no significant (p > 0.05) dif-
ference in density among the juice samples with and without 
the presence of CO2 NBs. Our earlier research on the same 
gas NBs formed in fruit juice concentrate and vegetable oil 
also found the same tendency indicating that incorporation 

Nakagawa, Makino, Kawagoe and Oshita [32]. In this study, 
the magnitudes of ZP of CO2 NBs formed in apple juice 
samples are lower (in the range of 9–15 mV). This can be 
explained by the lower pH value of the apple juice (< 3.5, 
which would be discussed in the following section) resulted 
from the existence of organic acid compounds [33] and the 
dissolution of CO2 in the juice increasing the H+ ions. These 
positive ions would be absorbed onto the bubble-liquid 
interface leading to a drop in the number of OH− group or 
the less negative ZP of the generated CO2 NBs [11, 32, 34].

Fig. 7  Dissolved concentration 
of CO2 in apple juice dispersed 
with the gas nanobubbles (NBs) 
generated by using 300 kPa of 
gas pressure and three differ-
ent circulation times (5, 13, and 
26 min), and the control without 
CO2 injection during storage 
period of 7 days at ambient 
temperature (23 ± 2oC). At the 
same retention time, the treat-
ment sharing the same upper-case 
letter had no significant (p > 0.05) 
difference. Under the same treat-
ment, storage date sharing the 
same lower-case letter had no 
significant (p > 0.05) difference

 

Fig. 6  Zeta potential (ZP) of generated CO2 NBs (A); and density val-
ues of apple juice dispersed the NBs (B) generated by using different 
treatments (coded and explained in Table 1). Controls were those of 

the juice samples without CO2 treatment. ZP and density values shar-
ing the same upper-case and lower-case letter, respectively, were not 
significantly (p > 0.05) different
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are significant (p ≤ 0.05) declines in surface tension values 
of NBAJ-13  min (58.4 mN/m) and NBAJ-26  min (54.4 
mN/m) samples when comparing with the control (without 
the gas treatment; 72.9 mN/m). The discrepancy in surface 
tension values between NB treated juice and the control 
is maintained during the storage time and positively cor-
related with the longer circulation time applied to produce 
CO2 NBs. These NB treatments coded as NBAJ-13 min and 
NBAJ-26  min also gave smaller size ranges, size values, 
and more negative ZP of formed NBs as mentioned above. 
Furthermore, they had higher dissolved CO2 concentration, 
lower pH and the slower changes in these characteristics as 
compared with those of the NB-juice generated with shorter 
applied circulation time (NBAJ-5 min).

The decrease in surface tension in the apple juice contain-
ing CO2 NBs agrees with recent findings on ultrasonic water 
having O2 NBs. According to Lee, Yim and Kim [37], the 
dissolved O2 content in the ultrasonic water existing with 
the gas NBs was significantly increased. They also found 
that the supersaturated level of O2 gas in DI water caused 
a reduction in surface tension of the aqueous solution from 
73 mN/m to 68 mN/m. The influence of the gas NBs on the 
drop in surface tension can be attributed to the role of the 
dissolved gas, which might become a surfactant reducing 
the attraction force among water molecules of the system 
[37]. Lubetkin [38] also suggested that surface tension of a 
liquid with and without dissolved gas is unalike. Fukuzawa, 
Watanabe, Yasuda and Ohmura [39] also demonstrated that 
there was a significant decrease in the interfacial tension of 
water because of the adsorption of CO2 and H2 gases at high 
pressure causing the hydrate formation. In another work, 
the presence of CO2 NBs in a low concentration solution 
of SDS (an anionic solution) showed that there was a sig-
nificant decrease in surface tension by approximately 12% 
with the incorporation of NBs as against the control having 
the same amount of substance [23]. The mixing of ultrafine 
O3 bubbles into water also led to 10% less static surface 
tension than the one of water alone [22]. Using the same 
Wilhelmy technique to determine surface tension of liquid, 
Wolert, Setz, Underhill and Duran [40] presented that a 
liquid film would be more easily ruptured if there were air 
NBs existed at the liquid film surface. The possibility can 
be the rupture of liquid film occurring with the burst and 
disappearance of NBs at the air-liquid interface, resulting 
in the decrease in evaluated value of surface tension [40, 
41]. Experiments carried out by Ushida, Hasegawa, Taka-
hashi, Nakajima, Murao, Narumi and Uchiyama [42] also 

of these ultrafine bubbles causes no propounded effect on 
the density of the medium [14].

Concentrations of CO2 dissolved in NBAJ-5 min, NBAJ-
13 min, NBAJ-26 min, and their controls following the stor-
age time are presented in Fig. 7. As shown in the graph, the 
higher amount of solubilised CO2 of NB-juice is related to 
the longer circulation time applied to generate them. Dur-
ing the storage period, although amounts of the dissolved 
gas in all juice samples injected with CO2 NBs are gradu-
ally reduced, their concentrations are still significantly 
(p ≤ 0.05) higher than the controls stored at the same condi-
tion. Additionally, as depicted in Fig. 7, the measured levels 
of dissolved CO2 in NB-juice subjected to 13 and 26 min of 
circulation time are more than that of the NBAJ-5 min over 
the monitored time. There are also significantly (p ≤ 0.05) 
lower size values and size distribution in number (men-
tioned above) of NBAJ-13 min and NBAJ-26 min. Studies 
have shown that stability of the small size scale of gas NBs 
can be supported and prolonged by maintaining the high 
level of dissolved gas in the liquid [12, 14, 22].

The determined data of pH of apple juice incorporated 
with CO2 NBs and those of the control during the storage 
period are compared in Table 2. Firstly, the difference in pH 
values between just generated NB-juice and the control is 
marginal. The findings can be acknowledged by the fact that 
pH of apple juice is already low due to the richness in acidic 
compounds like malic, tartaric and citric acids [33]. Nev-
ertheless, within 7 days of storage at ambient temperature 
(23 ± 2oC), the pH values undergo an upward trend for all 
treatments (Table 2), and there is a significantly (p ≤ 0.05) 
lower in pH value of NBAJ-13 min and NBAJ-26 min than 
the others. The increase in pH of fruit juices over retention 
time can be explained by considering the loss in acidic con-
tent of the juices [35, 36]. However, the less rise in pH val-
ues of NB-juice generated with 13 and 26 min of circulation 
time appears to be compromised with the high amount of 
solubilised CO2 maintained in the NB treated samples dur-
ing days of storage at 23 ± 2oC.

At the same monitored time (same column), the average 
(± SD) value of pH sharing the same letter had no signifi-
cant (p > 0.05) difference.

Surface Tension

Plots of surface tension measured by Welhelmy method of 
NB-juice samples and the control just after their generation 
and during 7 days of retention are shown in Fig. 8. There 

Treatments Just after After 1d After 3d After 7d
Control 3.34a ± 0.01 3.41a ± 0.01 3.51a ± 0.02 3.62a ± 0.01
NBAJ-5 min 3.33ab ± 0.01 3.40ab ± 0.01 3.50a ± 0.01 3.59ab ± 0.02
NBAJ-13 min 3.32b ± 0.01 3.39b ± 0.01 3.49ab ± 0.01 3.55c ± 0.01
NBAJ-26 min 3.33ab ± 0.01 3.39b ± 0.01 3.48b ± 0.01 3.56bc ± 0.02

Table 2  Values of pH of apple 
juice dispersing CO2 nanobubbles 
during storage time at ambient 
temperature (23 ± 2oC) and the 
controls
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products [44, 45]. Reducing surface and interfacial tension 
is one of key steps to mix two immicible liquids with each 
other as well as stabilise these interfaces for variably apply-
ing in food colloidal and foam systems [46, 47]. A decrease 
in interfacial tension also brings advantages by reducing the 
amount of mechanical work required to make emulsions or 
foams [48]. Rahman [49] observed that lowering surface 
tension allowed to decrease the capillary collapse in some 
cases of drying foods. By lowering the surface tension of 
chitosan coating solution, there was an enhancement in 
wettability of the liquid and also a denser coating film on 
the Fuji apple skins [50]. In addition, controlling the sur-
face tension supported in countering the adhesion of liquid 
food to packaging/equipment surfaces, then significantly 
increased economic benefits [51]. Applying food-grade gas 
NBs would offer a promising and green solution as a pos-
sible alternative to minimise the usages of chemicals or sur-
face-active compounds to govern surface and/or interfacial 
tension properties of food fluids.

observed a reduction in surface tension of liquid water from 
about 73 mN/m to 63 mN/m with the presence of bulk air 
NBs. Besides, these authors found that there was a consid-
erable decrease in surface tension of an anionic surfactant 
solution injected NBs, while the surface tension of solution 
containing a cation surfactant and same gas NBs remained 
unchanged. It was assumed that the local hydrophobicity 
of liquid system is more concentrated with the presence of 
negatively charged NBs possessing some hydrophobic parts 
at the bubble surface [41, 42]. In this research work, apple 
juice which would contain some proteins and phenolic com-
pounds [43], was used as the liquid phase for bulk CO2 NBs 
generation. Thus, possible interactions between these nega-
tive charged groups and the dispersed CO2 NBs can occur, 
increasing the hydrophobicity of the whole liquid system, or 
reducing the surface tension of the juice due to the presence 
of CO2 NBs.

Surface tension plays a critical role in formulating, 
processing and testing quality of different food industrial 

Fig. 8  Surface tension of apple juice injected with bulk CO2 NBs dur-
ing storage: (A) just after NBs generation; (B) after 1 day; (C) after 3 
days; and (D) after 7 days. The controls are the juice samples without 

CO2 treatment. All treated samples and their controls were stored and 
observed at the same condition and period of retention
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