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The lower 12·875 km of the Passaic River is heavily contaminated due to industrial activities – specifically heavy
metal extraction from chromium-ore-processing plants and production of pesticides and herbicides. Conventional
methods for remediating contaminated sediments have limited application due to the tidal action and urban area of
the contaminated section of the Passaic River. Hence, this study proposes an in situ technology using ultrasound and
ozone nanobubbles to remediate the sediments. Ultrasound is capable of desorbing heavy metals from soil, and
ozone can oxidise the released heavy metals to a form that is mobile for ease of extraction. Nanobubbles are used
as an effective ozone delivery method for the oxidation of heavy metals. Bench-scale tests were performed to
evaluate the feasibility of the proposed technology. Ozone nanobubbles increased the solubility of ozone in water
and reduced wastage. Also, due to the high ozone concentrations in water, chromium oxidation increased. A
synthetic soil with a grain size distribution similar to that of actual river sediments was artificially contaminated
with chromium and used in this research. Test results showed a 97·54% chromium removal efficiency, suggesting the
feasibility of the proposed technology for pilot-scale studies.
Notation
E removal efficiency
I initial chromium concentration in the specimen
O chromium concentration at the end of the experiment

Introduction
The lower 12·875 km of the Passaic River is heavily
contaminated due to industrial activities – specifically heavy metal
extraction from chromium (Cr)-ore-processing plants and
production of pesticides and herbicides. Feng et al. (2004), while
studying river sediments collected between kilometres 3 and 5,
observed high heavy metal concentrations, including that of
chromium ranging from 7900 to 58 900 µg/kg. A study published
by Urban et al. (2009) showed environmental and health risks due
to the bioaccumulation of heavy metals in the Passaic River. Fish
and crab that rely on Passaic River sediments as a source of food
have an increased risk of bioaccumulation and therefore pose a
risk to humans if consumed.

For decades, the Passaic River was used to transport products
from many industries established along the river to Newark Bay
Harbor. The navigation channel ranged from 45 to 90 m wide,
which was nearly 50% of the total bank-to-bank width of the
river (USACE, 1973). Dredging to maintain the navigational
channel was stopped in the 1970s due to heavy contamination
of the river. Conventional methods for remediating the
contaminated sediments have limited application due to the tidal
action and urban area of the contaminated section of the Passaic
River.

This study proposes a coherent and novel remediation technology
using ultrasound and ozone (O3) nanobubbles. The conceptual
sketch proposed technology is shown in Figure 1. The proposed
in situ remediation technology involves a containment chamber
being partially lowered into the contaminated sediments, allowing
space for ozone-nanobubble-saturated water to be delivered
into the chamber. Inside the chamber, ultrasound agitates the
contaminated sediments, breaking their absorption bonds and
allowing ozone to oxidise the contaminants. The oxidised
chromium is water soluble and hence will be in the liquid phase.
Therefore, the sediments are allowed to settle and the resulting
effluent containing oxidised chromium will be extracted and
treated using a nanofiltration system.

This bench-scale study evaluated the proposed technology by
investigating the use of ozone nanobubbles and ultrasound to
remediate contaminated sediments.

Ultrasound
The propagation of ultrasound through a liquid promotes four
different responses: heating due to the dissipation of acoustic
energy, formation of gas/vapour bubbles termed ‘cavitation’,
violent collapse of cavitation generating high shear forces
and fluid flow termed ‘microstreaming’ (Newman et al., 1997).
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These shear forces are capable of removing material adhered
to surfaces.

Ultrasound has been the focus of numerous studies. The low-
frequency application of ultrasound from 20 to 100 kHz has been
used in industrial cleaning, including sediment washing (Meegoda
and Perera, 2001; Meegoda and Veerawat, 2002). Soil washing is
one of the most common technologies used in ex situ remediation.
Many researchers investigated the use of ultrasound to enhance
soil washing by replacing mechanical mixing. Bagal and Gogate
(2012) investigated the possibility of using ultrasound to remove
the herbicide alachlor. They used a 20 kHz ultrasound at 100W
power to remove alachlor at high efficiencies, where the Fenton
reaction was used to improve oxidation. Babić et al. (1998)
examined the efficiency and rate of extraction in ultrasonic
solvent extraction, Soxhlet extraction and shake-flask extraction.
They found that the rate of solvent extraction using ultrasound
was higher than that using shake-flask and Soxhlet extraction. The
use of ultrasound to remediate soil contaminated with heavy
metals has also been investigated. Kyllonen et al. (2004)
identified the capability of using ultrasound to process minerals
where they used ultrasound to separate lead (Pb) and zinc from
soil at the industrial scale. Newman et al. (1997) studied the use
of ultrasound to remove contaminants from bricks embedded with
copper oxide, achieving a 40% reduction of copper oxide,
compared to 6% reduction of copper oxide achieved using
mechanical mixing.

Ozone nanobubbles
Ozone is a highly unstable oxidiser used in many industries due
to its oxidising capacity and its ability to manufacture on demand.
Industries using ozone include cloth manufacturing, waste water
treatment, produce preparation and contaminant remediation (Choi
et al., 2001; Masten and Davies, 1997; O’Mahony et al., 2006).
Several researchers (Do et al., 2009; Li et al., 2014; Yu et al.,
2007) investigated the influence of soil grain size on ozonation of
2

soil contaminated with organics. Leštan and Finžgar (2007) used
ozone and UV (ultraviolet) to leach ethylenediaminetetraacetic
acid–lead from the soil and showed 58·4% lead removed from the
soil. Rodman et al. (2006) studied the use of advanced oxidation
methods which included ozone to convert chromium (III)
propionate to chromium (VI). With advanced oxidation methods,
heavy metals are converted to a higher oxidation state, making
them highly mobile (O’Mahony et al., 2006) and water soluble
and making it possible to separate them by precipitation and
filtration (Seo et al., 2010).

However, due to the short half-life of ozone in water, ozone
delivery to contaminated sediments using conventional methods is
ineffective and wasteful. In order to increase the efficient use of
ozone and efficient oxidation of contaminated sediments, this
study used ozone-infused nanobubbles to saturate and deliver
ozone to contaminated sediments. The prolonged lifespan of
ozone-infused nanobubbles helped keep the water saturated
with ozone.

Nanobubbles were selected for use in this study due to their
longer lifespan in water compared to those of macro- and
micro-bubbles. The most likely mechanisms for the prolonged
stability of nanobubbles includes hydrogen bonds on the interface
of bubbles (Ohgaki et al., 2010), formation of bubble clusters
(Bunkin et al., 2012; Jin et al., 2007; Sedlák, 2006a, 2006b),
available ions in water (Bunkin et al., 2012; Hampton and
Nguyen, 2010) and supersaturated liquid next to the bubble
surface (Brenner and Lohse, 2008).

Many researchers have investigated advantages of using
nanobubbles in various fields, including medicine (Choi et al.,
2001; Modi et al., 2014; Mondal et al., 2012), control of
boundary slip (Li et al., 2016; Wang et al., 2009), bioremediation
(Li et al., 2014; Pan and Yang, 2012) and water treatment by
flotation (Li et al., 2009). Takahashi (2009) proposed the use
Ozone-nanobubble-
saturated inlet

Ultrasound probes

Outlet to nano
filtration system

Containment
chamber

Contaminated soil

Figure 1. Conceptual sketch of the proposed remediation technology (Meegoda et al., 2017)
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of nano-air-bubbles to treat waste water. Khuntia et al. (2013)
investigated the possibility of using ozone micro- and
nano-bubbles to purify drinking water. Ikeura et al. (2011)
effectively removed fenitrothion from vegetables using
micro–nano-ozone bubbles.
Materials and methods

Materials
Sediments from the Passaic River are contaminated with a verity
of organic and inorganic pollutants, including polycyclic aromatic
hydrocarbons, polychlorinated biphenyl, chromium, nickel (Ni),
cadmium (Cd) and mercury (Hg). For the purposes of this bench-
scale study, a synthetic soil was developed and mixed with one
heavy metal (chromium). Only one heavy metal was used in the
study, since obtaining and controlling the other pollutants was not
a viable option due to cost, regulation of the New Jersey
Department of Environmental Protection (NJDEP) and the
complication to laboratory experiments due to the variety of
pollutants in varying concentrations (Meegoda and Perera, 2001).
Also, the authors had extensive experience dealing with
chromium. The particle size distribution of the synthesised soil is
shown in Figure 2, which closely matches that of sediment
samples obtained from the Passaic River. The soil was a mixture
of rock flour, kaolin and sand that had a similar size distribution as
the river sediments. The synthetic soil also had similar adsorption
as that of river sediments (Meegoda and Veerawat, 2002).

Sample preparation
The chromium (III) compound chromium (III) chloride
hexahydrate (CrCl3·6H2O) was used in the study to contaminate
the synthetic soil. The study used chromium (III) chloride
hexahydrate due to its usability in laboratory settings and its non-
toxic nature, which did not require modifications to the lab to
handle the chemical, and because chromium (III) chloride
hexahydrate mimics the behaviour of other heavy metals found in
Passaic River sediments. To prepare the sample, 1 g of chromium
(III) chloride hexahydrate was mixed with 50 ml of deionised (DI)
water and was stirred until chromium (III) chloride was dissolved.
The resulting liquid was mixed with 80 g of synthetic soil for 1 h
using a mechanical mixer. The sample was then placed in an oven
for 24 h at a temperature of 40°C to evaporate the excess water.
Then, the sample was heated for 3 h in a high-temperature oven at
850°C in an oxygen-less environment to make chromium-
contaminated soil with adsorption bonds between chromium and
soil particles. The oxygen-less environment was created by
injecting nitrogen into the oven to prevent chromium from
oxidising during heat treatment. After 3 h, the oven was turned
off, yet nitrogen injection continued until the sample reached
room temperature.

Ozone nanobubble generation
Ozone for this research was produced by passing industrial-grade
oxygen through an ozonator (A2Z Ozone Inc., model MP-3000).
Nanobubbles were generated with a micro–nano-bubble nozzle
(model BT-50FR, Riverforest Corporation, USA) where the
rotational flow of water in a high-pressure chamber was used to
generate nanobubbles. Ozone gas was introduced to the inlet of
the utility pump through a nanobubble nozzle (model 4CUK6,
Dayton, USA) to produce ozone nanobubbles. The pump
generated a constant running pressure of 55 pounds/inch2

(379 kPa) during operations to optimise the bubble generation.
The nanobubble generation system and the components used are
shown in Figure 3(a).

Experimental procedure
A 40 g sample of synthetic soil contaminated with chromium
chloride was placed in the reaction chamber (see Figure 3(b)). The
sample size was kept at 40 g to reduce the contaminant effluent,
which required special disposal to comply with NJDEP regulations.
The remediation chamber was made of a high-density polyethylene
base and a high-density polycarbonate shell. The soil was placed at
the bottom of the chamber and was subjected to varying amounts
of ultrasound power and dwell time, ozone-nanobubble-saturated
water, temperature and pH values. The water was then drained out
of the chamber through a filtering mesh and was collected in a 20
litre container where it was allowed to settle. Water was filtered out
from settled soil and returned to the reaction chamber to minimise
the soil lost during the experiment.

Chemical analysis
Analysis of heavy metal concentration
The treated contaminated synthetic soil samples were dried at 40°C.
A 1·0 g sample was collected from the dried soil and was digested
using 10ml of trace-metal-grade nitric acid (67–70% w/w). Then,
the mixture was heated at low temperatures (70–80°C) until the full
sample dissolved in nitric acid. The solution was diluted by adding
990 ml of deionised water, bringing the total solution volume to
1000ml. Then, the diluted nitric acid digested samples were tested
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using both atomic absorption spectrometry as well as inductively
coupled plasma mass spectrometry to obtain the metal
concentration and to identify and control for possible errors due to
equipment malfunction.

Dissolved ozone analysis
The dissolved ozone was measured using the 4500-O3 indigo
colorimetric method (Rice et al., 2017). A Thermo Scientific 220
UV–visible spectrophotometer was used to evaluate the
adsorption of ozone.

Dissolved oxygen analysis
Dissolved oxygen levels in water were measured using an Orion
Star A329 optical dissolved oxygen and pH monitor. This monitor
is capable of measuring oxygen levels in water from 0·00 to
90·00 mg/l with an accuracy of ±0·2 mg/l.

Nanobubble analysis
The ozone nanobubbles were tested every ten remediation cycles
to determine the bubble size distribution and the zeta potential
values of the bubbles to detect variations in bubble generation. A
Malvern Zetasizer Nano instrument was used to analyse the
bubble size distribution and zeta potential values of nanobubbles.
To analyse the bubble size, 12 mm square polystyrene cuvettes
was used, and to analyse the zeta potential, a folded capillary zeta
cell (model DTS1070) was used.
Results and discussion

Ozone nanobubble size distribution and zeta potential
The removal efficiency of chromium-contaminated soil depends
on the amount of dissolved ozone in water. The stability of
nanobubbles and the zeta potential are two key factors that
determined the amount of dissolved ozone in water. Nanobubbles
with a diameter of around 100 nm showed high stability and
remained in water for a long time (Ushikubo et al., 2010). Ohgaki
et al. (2010) observed that 50 nm nitrogen, methane and argon
nanobubbles lasted for more than 2 weeks.
4

During this study, ozone nanobubbles were measured at 10, 15,
20 and 25°C to determine the bubble behaviour, specifically the
size and zeta potential of the bubbles, with temperature. The
ozone nanobubbles were generated by operating the nanobubble
generation system for 6 min with the generation chamber filled
with 18 litres while keeping the temperature of the water constant.
Within 20 min of bubble generation, 100 ml samples were tested
for the bubble size and zeta potential. The observed bubble sizes
are shown in Figure 4. The average size of the ozone nanobubbles
varied between 100 and 200 nm. During analysis, it was observed
that the average nanobubble diameter increased with increasing
temperature.

The variation in zeta potential values with temperature is shown in
Figure 5. The zeta potential values of the ozone nanobubbles
decreased with increasing temperature. With an increase in
temperature, ions in liquid gain energy, which increases their
mobility within the liquid. Increased energy moves the high-energy
ions away from the stern layer, reducing the thickness of the
slipping plane, hence reducing the zeta potential. Jia et al. (2013)
reported similar zeta potential values for air bubbles in water, where
the bubble zeta potential decreased with an increase in temperature.

Variation in ozone concentration with time
Elevated ozone concentrations in water increase the probability
for ozone to react with chromium in sediments. The advantages of
using ozone nanobubbles over using a diffuser (that generate
macrobubbles (Figure 6(a))) to dissolve ozone in water was first
tested. To compare the two methods, ozone was dissolved in
water using ozone nanobubbles in one test and an air diffuser in
the second test. The ozonation tank used during the test was filled
to 20 litres with filtered tap water. Ozonation was performed for
3 min using the air diffuser by delivering ozone at a rate of
3 l/min at a pressure of 6·895 kPa. Ozonation using the
nanobubble generator was run for 3 min by delivering ozone at
the same rate and pressure. A sample of 800 ml was collected
from both tests. Both samples were kept fully submerged in a
constant-temperature water bath (Figure 6(b)) while keeping them
BT-50FR nanobubble nozzle

Ozone
in

Water pump
Ozone generator

Oxygen line in

Contaminated sediment
Effluent outlet

Sediment tank

Ultrasound probe

(a) (b)

Figure 3. (a) Ozone nanobubble generation system; (b) contaminant remediation set-up



Journal of Environmental Engineering
and Science

Remediation of heavy-metal-
contaminated sediments in USA using
ultrasound and ozone nanobubbles
Batagoda, Hewage and Meegoda
–20

–22

–23

–24

–25

–26

–27

–28

–29

–30
14 16 18

Temperature: ºC
20 22 24 26

–21

Ze
ta

 p
ot

en
tia

l: 
m

V

Figure 5. Zeta potential variation at temperatures of 15, 20 and
25°C
25

20

15

10

5

0

–5

25

20

15

10

5

0

–5

25

20

15

10

5

0

–5

25

20

15

10

5

0

–5

10 102 103 104

10 102 103 104 10 102 103 104

10 102 103 104

Number present at 10°C Number present at 15°C

Number present at 25°CNumber present at 20°C

N
um

be
r:

 %

N
um

be
r:

 %
N

um
be

r:
 %

N
um

be
r:

 %

Bubble size: nm Bubble size: nm

Bubble size: nmBubble size: nm

Figure 4. Ozone nanobubble size distribution at temperatures 10, 15, 20 and 25°C
(a) (b)

Figure 6. (a) Diffuser used in ozonation; (b) constant-temperature
bath
5



Journal of Environmental Engineering
and Science

Remediation of heavy-metal-
contaminated sediments in USA using
ultrasound and ozone nanobubbles
Batagoda, Hewage and Meegoda
ventilated to prevent any ozone build-up in the overhead space in
the containers. Ozone and oxygen concentrations in the samples
were measured for 8 h. Figure 7(a) shows the variation in ozone
concentration with time at 20°C. Dissolved ozone concentrations
in nanobubble-saturated water showed substantially elevated
ozone concentrations compared to samples prepared with a
regular air diffuser. Dissolved ozone concentrations obtained with
nanobubbles reached a maximum value of 52·79 mg/l, while
those using a conventional diffuser reached 39·39 mg/l.

The ozone concentration rapidly reduced when a regular air diffuser
was used to dissolve ozone in water. With ozone nanobubbles, the
amount of ozone after 1·6 h was equal to the initial ozone
concentrations using a diffuser. The ozone concentration rapidly
reduced during the first hour when a diffuser was used, whereas,
with ozone nanobubbles, the ozone concentration rapidly reduced for
4 h and then both, ozone dissolved using a diffuser and ozone
dissolved using nanobubles gradually decreased. When a gas is
bubbled, bubbles rise to the surface and burst. The smaller the bubble
size, the longer the time that the bubble rises to the surface. Thus, the
microbubbles generated from the diffuser steadily declined for over
1 h, while the nanobubbles steadily declined for over 4 h. The ozone
nanobubbles concentration was above 10mg/l for 7 h.
Simultaneously, dissolved oxygen levels were also monitored. The
dissolved oxygen levels in water at 20°C are shown in Figure 7(b).
The highest oxygen levels were observed in water when a
nanobubble generator was used to dissolve ozone in water. At
30min, the oxygen concentration reached 37·28mg/l, and then
oxygen levels slowly decreased over time. However, compared to
depletion of ozone, the rate of decline of oxygen was much slower
due to the generation of oxygen due to decomposition of ozone.

Remediation of chromium-contaminated sediments
To determine optimum treatment levels for the removal of
heavy metals, this study used a highly concentrated chromium-
6

contaminated soil to represent actual river sediments that contain
multiple heavy metals. The high concentrations of chromium in
the sample required long treatment durations.

The remediation of chromium-contaminated soil was performed in
a chamber with 3 litre volume. The remediation chamber was first
filled with ozone-nanobubble-saturated water, and then ultrasound
was applied to the soil and water mixture while varying the ozone
generation temperature, pH values, ultrasound power and dwell
time. The impact of ultrasound on nanobubbles was investigated,
and results showed that applying ultrasound for long durations
was detrimental to remediation; specifically, a long duration of
ultrasound treatment heated the water and hence reduced the
dissolved gases and nanobubbles in water. Hence, to avoid such
negative impact, ultrasound was applied in segments of 1–2 min
during remediation. The removal efficiency of chromium was
determined using the equation

E ¼ I − O

I
� 100

1.

where I is the initial chromium concentration in the specimen and
O is the chromium concentration at the end of the experiment.
The initial chromium concentration of the samples was 3253 parts
per million (ppm).

To test removal efficiency at different power levels, sonication
was performed at 20°C and over 2 min intervals to prevent
temperature increase followed by an average of 28 min to drain
slowly the water from the reaction chamber. This process of
sonication and draining was repeated for a total of 15 times.
Figure 8 shows the test results. The lower power levels showed
low removal efficiencies. A similar observation was also reported
by Meegoda and Perera (2001) and Park and Son (2017).
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To test removal efficiency for different durations, the experiment
was performed with ultrasound power kept at 1050W, while
the total sonication time was tested at 60 and 120 min where
the sonication was applied at 2 min cycles, followed by an
average of 28 min of draining. Figure 9 shows the test results. The
removal efficiency of chromium reached 97·54% after 120 min of
sonication with a total remediation time of 1800 min.

The pH value of water during remediation can significantly
contribute to heavy metal removal. Park and Son (2017) showed
high removal efficiencies at low pH values. This study evaluated
the impact of pH on removal efficiency by testing at pH values of
4, 7 and 10. During the investigation, a soil sample was collected
at the end of 10 min of total sonication. The experiments were
performed by using 2 min sonication cycles. The initial chromium
contamination level was tripled to 16·714 mg/g (16 714 ppm) in
the synthetic contaminated soil for this test. Figure 10 shows the
test results. The chromium concentration in the soil reduced over
time for all pH levels, but the reduction rate was much higher at
lower pH levels. Having a low pH level in water enhanced
remediation, while remediation performed at high pH levels
would not effectively remove chromium from the soil.

The chromium removal efficiency reached 99% for the solution
with a pH value of 4. At a pH value of 10, the removal efficiency
was low because chromium started to precipitate by creating
chromium (III) hydroxide (Cr(OH)3), which is not water soluble.
Chromium in an alkaline environment tends to precipitate, making
it difficult to separate chromium from soil. Hence, creating an
acidic environment for the removal of chromium will increase the
removal efficiency.

To observe chromium adsorption onto soil particles visually,
a scanning electron microscope (SEM) was used to identify
the impact of ozone nanobubbles and ultrasound on the soil.
The SEM image captured before remediation of soil is shown in
Figure 11(a). A Leo 1530VP–Zyvex nanomanipulator system/
cryosystem SEM was used for imaging.

Results from SEM images showed chromium deposits on the soil
particles. The deposits surround the soil particles, creating
adsorption bonds. Remediation of these sediments breaks the
adsorption bonds and oxidises chromium. SEM imaging was
performed on partially remediated sediments after 15 min of total
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sonication. The image obtained of remediated sediments after
15 min of total sonication is shown in Figure 11(b).

Summary and conclusions
This research investigated the use of ultrasound and ozone
nanobubbles to remove chromium from contaminated sediments,
testing efficiency and effectiveness at varying power, pH and
duration. Increasing the ultrasound power improved the remediation.
Changing the pH of the solution changed the chromium removal
efficiency. At higher solution pH values, the chromium removal
efficiency decreased, whereas low pH values showed faster and
higher removal rates. At longer durations, chromium removal
efficiency increased. The final removal efficiencies reached 97·54%
when the experiment was performed for 120min of sonication with
pH of 7 and power level of 1050W.

Ozone nanobubbles increased the solubility of ozone in water and
reduced wastage. Due to the high ozone concentrations in water,
chromium oxidation increased. When nanobubbles are used as a
delivery method, a reduced amount of ozone was required to
oxidise chromium, saving money and reducing the impact on the
environment from released ozone gas during treatment.

The laboratory-scale experiments showed convincing results of
decontaminating heavy-metal-contaminated soil with ultrasound
and ozone nanobubbles. Future pilot-scale studies are proposed to
refine the technology for field application and cost–benefit
analysis.
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