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a b s t r a c t
This present experimental investigation is focused on arriving at the possibility of drinking water 
production from tap water irrespective of its quality with nanobubbles (NBs) technology. Out of 
the two phases in our work, the first phase expresses the generation of NBs and its subsequent 
substantiation and conversion of this NBs water to drinking water, forms the second phase. 
The NBs were created by electrolysis in tap water and the same was confirmed with the characteri-
sation studies conducted by scanning electron microscopy and atomic force microscopy. The water 
quality tests such as chemical oxygen demand (COD), biological oxygen demand (BOD), dissolved 
oxygen (DO), total dissolved solids (TDS), total suspended solids (TSS), phosphate, chromium and 
sulphide on the tap water, generated NBs water and purified water after NBs generation ensured the 
focus of our experimental work. The significant increase in DO %, drastic reduction in BOD, COD, 
TDS, and TSS confirmed that the above-treated water is a drinkable source. There was a 42.65% 
increase in DO in water after treatment. There was an abrupt drop of BOD by 50%, COD by 9.5% and 
TDS by 2.5% due to the removal of scales and dirt.
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1. Introduction

Nanobubbles are tiny bubbles with a respective diam-
eter range of 10–50 nm and <200 nm [1], and have been 
explored for various applications. Water nanobubbles 
have attracted increasing attention in recent years owing 
to their extraordinary properties including unexpected 
prolonged lifetime [2,3], high gas solubility [4], high ther-
mal stability [5] and mechanical strength [6]. The wide 
application of nanobubbles has been recognized also in 
many fields, such as biomedicine delivery [7], wastewa-
ter treatment [8], non-toxic treatment [9], surface clean-
ing [10] and befouling membrane [11]. Compared with 
the macroscopic bubbles, nanobubbles retain for months 
without bursting out at once as the large bubble does [12]. 
Nanobubbles at the surface were dynamically stable [13] 

as revealed by atomic force microscopy (AFM) investiga-
tion; Monolayer water can make the surface nanobubbles 
stable [14]. The stability of nanobubbles was considered as 
arising from the low gas diffusion through the water, or 
from the pinned contact water surface of the nanobubbles, 
as suggested by theoretical investigations [15]. Nanobubbles 
had a slow dissolution rate for hours or up to days, com-
pared with the microsecond’s lifetime for macroscopic 
bubbles [16]. Nanobubbles have an unexpected large con-
tact angle and high surface tension [17]. Nanobubbles are 
defined by their diameter – less than one micron and larger 
than a nanometre [18]. However, the most distinguishing 
feature of nanobubbles is longevity [19]. This longevity has 
two aspects [20]. The virtual disappearance of the buoyant 
force is the most prominent or the obvious one [21]. Bubbles  
that are smaller than 5 microns in diameter do not rise to 
the top surface [22]. Since the buoyant force is smaller than 
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any current in the liquid, it can also be flooded by the repul-
sive forces of these types of bubbles with each other and also 
with the other interactive forces [23]. The second less obvi-
ous aspect of longevity is physical stability [24], (i.e., such 
bubbles do not dissolve away). They are a heterogeneity that 
is preserved, much like imperfections in a crystalline struc-
ture. The activities of the liquid molecules are readjusted in 
such a way, that they take place without any interference 
with the heterogeneous regime. Nanobubbles, once formed, 
are highly persistent. This is both a blessing and a curse [25]. 
If energy-efficient, low-cost nanobubbles are available, the 
commodity applications where many bubbles are found to 
be dependent on the existence of the “permanent” hetero-
geneity in the liquid at the uniformly dispersed nanobub-
bles sited [26,27]. As the bubbles rise up to the surface, they 
latch onto the solids (contaminants) that are suspended in 
the liquid and carry them up to the surface [28]. As these 
suspended solids are not constant in size and shape, the 
larger bubbles often fail to latch onto them and end up inca-
pable of bringing them up to the surface, but nanobubbles, 
being very minute in size are capable of holding and latching 
onto them from all the sides, and because of free radicals 
promote the process of floatation of these suspended sol-
ids. The generation procedures of nanobubbles (NBs) were 
hydrodynamic cavitation, temperature exchange method, 
ultrasonication and electrolysis. In our experimental work, 
the NBs were generated in domestic tap water by electrol-
ysis with a voltage range of 8–12 V and subjected to puri-
fication by reverse osmosis. The observed NBs were very 
flat and had radii of the order of 50 nm at the surface and 
a height of 10 nm, which yielded a low contact angle. The 
presence of NBs was confirmed from the characterization of 
scanning electron microscopy (SEM) and AFM. The aque-
ous was subjected to various quality tests such as chemical 
oxygen demand (COD), biological oxygen demand (BOD), 
dissolved oxygen (DO), total dissolved solids (TDS), total 
suspended solids (TSS), phosphate, chromium and sulphide 
before and after the presence of NBs. This current research 
includes the physics in methods of generation of NBs while 
production of free radicals from NBs was reviewed with 
the focus on the degradation of toxic compounds, water 
disinfection, and cleaning/befouling of solid surfaces and 
a steady-state approach issued to study the stability of sur-
face nanobubbles in water electrolysis. The electrolysis pro-
cess is used for generating nanobubbles, which are capable 
of breaking organic waste with the help of free radicals. To 
detect the presence of nanobubbles in the water AFM had 
been done, which was helpful to know the different shapes  
and sizes of nanobubbles, and further this is made to pass 
through a set up where the dirt is finally removed and can be 
consumed, which is considered to be much more beneficial. 
The obtained results with the treated aqueous have given 
good agreement with the existing experimental evidence.

2. Generation and substantiation of NBs

The 5 L of tap water was electrolysed for the production 
of ultra-fine NBs for a duration of 60 min as described by 
authors in their previous publication in Desalination and 
Water Treatment Journal. The size of NBs as revealed by 
AFM is presented in Fig. 1 with a scan size of 5 µm × 5 µm.

The topography synthesis of NBs was characterized 
by AFM analysis. In AFM, the surface was imaged based 
on sensing interacting forces between atoms of a sharp tip 
mounted on a flexible cantilever and atoms of the sam-
ple. During the measurement, depending on the micro-
scope model, the cantilever and the tip were lowered 
towards the sample or the sample was lifted towards the 
tip until the contact was made. The displacement of the 
cantilever was detected through a laser beam reflected 
from the top side of the cantilever onto a photodetector. 
The 3-D image of NBs is given in Fig. 2 with uniform dis-
tribution of NBs throughout the aqueous solution. It was 
also an outcome that the NBs concentration was in inverse 
proportion with the NBs size.

The surface roughness also increases with the presence 
of NBs which influences the longevity of NBs. The size 
distribution of generated NBs is depicted in Fig. 3.

The cantilever was moved in a certain way over the sam-
ple (usually lines) and the information over the surface was 
gathered. The histogram of the average size of the nano-
bubbles throughout the specimen is represented in Fig. 4.

The spatial resolution depends on the tip shape and 
the microscope model but is in the nanometre range. With 

Fig. 1. AFM image of NBs with scan size 5 µm × 5 µm.

Fig. 2. 3-D image of NBs.
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proper calibration, changes in the voltage are transformed 
into changes in the sample topography or other param-
eters. The AFM image of the NBs scan-line at X section at 
2,430 nm with bubble size 124 nm is provided in Fig. 5.

So far, a number of imaging modes were employed 
to study surface nanobubbles. They were based on differ-
ent principles, operate in different force regimes and were 
able to provide different information about the sample. 
Fig. 6 shows the AFM histogram line for the X section at 
2,430 nm with bubble size 124 nm.

The AFM image of the NBs scan-line at X section at 
3,820 nm with bubble size 195 nm is indicated in Fig. 7.

In the tapping mode (TM) AFM contrary, to contact 
mode, in TM imaging, the cantilever was oscillated at 
(or close to) its resonance frequency with an amplitude 
A. The AFM histogram line for the X section at 3,820 nm 
with bubble size 195 nm is illustrated in Fig. 8.

When the tip is far from the sample surface, A is equal 
to the free (maximum) amplitude Ao. When the tip is low-
ered towards the sample during a topographic scan, Ao is 
damped by the interaction forces between the tip apex and 
the surface. In the vicinity of the surface, the amplitude is 

Fig. 4. Histogram of the average size of the NBs.
Fig. 5. AFM image of the NBs scan-line at X section at 2,430 nm 
with bubble size 124 nm.

Fig. 6. AFM histogram line for X section at 2,430 nm with bubble size 124 nm.

Fig. 3. Surface roughness of NBs.
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decreased to a minimum (zero). In a particular taping mode 
experiment, the extent of damping of the oscillation upon 
establishing “contact” with the surface is defined by set-
point amplitude. As per the set-point ratio (Asp/Ao) × 100%. 
In general, a large set-point value means smaller damping 
and, because the amplitude and the force dependences 
are related, it also means smaller force exerted on the 
sample and experienced by the tip.

3. Result and discussion

3.1. Substantiation by SEM

The SEM is considered to be a variant in the study of 
the electron microscopy that emits images of the given spe-
cific sample by scanning the outer surface with a focused 
beam of electrons. The electrons that have been focussed on 

the surface of the sample then interact with atoms present 
on it, thus producing various signals that possess infor-
mation about the surface topography, structure of atoms 
and composition of the sample. For testing the presence of 
nanobubbles in the water, a sample of 2.5 mL was taken. 
From that, only a single drop was taken on a glass slide 
and subject to dry in room temperature. Once the sample 
was dried in room temperature, it was taken for gold sput-
tering (as it is a non-conductive sample). After the com-
pletion of the sputtering, the sample was taken for AFM 
and SEM testing, and the following results were obtained.

Thus the roughness analysis for the considered 
specimen of nanobubble for 5 µm × 5 µm was found out to be,

Amount of sampling 655,36
Maximum 121.434 nm
Minimum 0 nm
Peak-to-peak, Sy 121.434 nm
Ten point height, Sz 60.9279 nm
Average 48.7289 nm
Average roughness, Sa 13.06 nm
Root mean square, Sq 15.8166 nm
Second moment 2,624.68
Surface skewness, Ssk 0.262938
Coefficient of kurtosis, Ska –0.300199
Entropy 9.15737
Redundance –0.324832

From the above AFM results, numerous nanobubbles 
were found, that were created using the electrolysis process. 
A smaller part of the area was scanned by tapping mode in 
AFM. This model revealed the presence of nanobubbles in 
the scanning area of 5 µm × 5 µm. The average size of the 
nanobubbles for the considered area in the specimen was 
found to be 48.7289 nm. The SEM image of the nanobubbles 
scan-line is given in Fig. 9.

Fig. 10 shows the SEM image of the nanobubbles scan-
line at different places of the sample is considered with the 
surface morphology.

The SEM image of the nanobubbles scan-line at a specific 
place of the sample is considered is represented in Fig. 11.

The SEM also provides the size distribution of NBs over 
the entire surface of the aqueous. The SEM image of the 
nanobubbles scan-line at a specific place with a different 
magnification factors of the sample is considered is given in 
Fig. 12.

The image of the sample that was taken for testing 
nanobubble’s presence in the given test sample is observed 
in Fig. 13.

3.2. NBs water quality test after purification

The tap water is taken directly into the tank, nearly 
5 L of water is taken for the treatment process. The water 
from the inlet then passes through the nanobubble gen-
erating system, which was kept in operation for a neces-
sary time period. Once the nanobubbles start generating, 
the water appears to be cloudy; indicating the presence of 
nanobubbles and the free radicals generated in the pro-
cess after the operation is stopped. As soon as the process 
is stopped, the sludge that reaches the surface as a result 

Fig. 7. AFM image of the NBs scan-line at X section at 3,820 nm 
with bubble size 195 nm.

Fig. 8. AFM histogram line for X section at 3,820 nm with bubble 
size 195 nm.
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of the flocculation is then pumped out immediately with-
out any loss of time, as it starts to settle as time passes by. 
Once the dirt is pumped out from the top, the remain-
ing water is made to pass through a purification process 

and then the end water sample that is obtained is fur-
ther taken to the lab, for testing the water quality before 
and after treatment by measuring different parameters 
which shows the effect of nanobubbles before and after 

Fig. 9. SEM image of the NBs scan-line.

Fig. 10. SEM image of the NBs scan-line at different places of the sample is considered.
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treatment by giving us positive results, initially, that is 
before treatment the BOD, COD, DO, TSS, TDS and phos-
phates contain was more and after treatment we can see 
the quality of water had improved from bad to good, if 
we take a look on Table 2, we can compare the values of 

different parameters, before the treatment COD level was 
11 mg/L which has decreased to BDL (below detection 
limit)/DL (detection limit) 4 mg/L, same can be explained 
for BOD, as decreased in the BOD level increases the oxy-
gen level in the tap water after treatment, likewise all the 
parameters have given positive results after the treatment. 

Fig. 11. SEM image of the NBs scan-line at a specific place of the 
sample is considered.

Fig. 13. Image of the sample that was taken for testing NBs 
presence in the given test sample.

Fig. 12. SEM image of the NBs scan-line at a specific place with a different magnification factors of the sample is considered.

Table 1
Water quality enhancement after treatment

Sl. No. Parameters Before (mg/L) After electrolysis (mg/L) Final product from specimen (mg/L)

1 BOD 4 2 BDL(DL:2.0)
2 COD 21 19 6.3
3 DO 6.8 9.7 6.7
4 TDS 1,302 1,269 1,286
5 TSS 12 24 BDL(DL:1.0)
6 Phosphate 22.5 0.14 0.36
7 Chromium 0.049 0.366 BDL(DL:0.005)
8 Sulphide BDL(DL:0.01) BDL(DL:0.01) BDL(DL:0.01)
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In this study, the water quality test was carried out using 
standard methods for the examination of tap water and is 
listed in Table 1. In this study, one case study demonstrated 
the efficiency of inducing nanobubbles in tap water and 
can be considered to be consumed by humans. This case 
study used one type of water source, which is tap water.

The thermophysical properties with microconstituents 
before and after the presence of NBs is given in Table 2.

4. Conclusions

The generated NBs by electrolysis were effectively 
utilized for the treatment of aqueous and the following 
conclusions were made. The generated NBs were with an 
average size of 100–200 nm as revealed from AFM. It was 
apparent that there was a strong swell of 42.65% in DO in 
water after treatment. There was an abrupt drop of BOD 
by 50%, COD by 9.5% and TDS by 2.5% due to the removal 
of scales and dirt. Almost all the microconstituents pres-
ent in NBs treated aqueous were within the acceptable 
limits. Hence it is suggested that NBs technology can be 
utilized for aqueous treatment without much drawbacks. 
This experimental study comes up with that the aque-
ous to be cast-off in further exploration and industrial 
research. Our future NBs work will be extended to drug 
discovery, cancer treatment, agriculture, aquaculture and 
combustion phenomenon in I.C. engines.
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