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a b s t r a c t

A combination of hydrodynamic cavitation and heterogeneous advanced Fenton process (AFP) based on
the use of zero valent iron as the catalyst has been investigated for the treatment of real industrial wastew-
ater. The effect of various operating parameters such as inlet pressure, temperature, and the presence of
eywords:
ydrodynamic cavitation
dvanced Fenton process

ndustrial wastewater treatment
ron metal catalyst

copper windings on the extent of mineralization as measured by total organic carbon (TOC) content have
been studied with the aim of maximizing the extent of degradation. It has been observed that increased
pressures, higher operating temperature and the absence of copper windings are more favourable for
a rapid TOC mineralization. A new approach of latent remediation has also been investigated where
hydrodynamic cavitation is only used as a pre-treatment with an aim of reducing the overall cost of pol-
lutant degradation. It has been observed that approach of latent remediation works quite well with about

sing
atent remediation 50–60% removal of TOC u

. Introduction

Due to increasing awareness about the environment and
ore stringent environmental regulations, treatment of industrial
astewater has always been a key aspect of research. Much work
as been done in developing and testing newer techniques and their
ombinations for wastewater treatment either individually or as
supplementary role to the conventional biological and chemical
ethods [1,2]. Cavitation is one such recent technique which has

een found to be substantially beneficial in wastewater treatment
3]. Cavitation can be described as formation, growth and sub-
equent collapse of cavities releasing large magnitudes of energy
ocally, creating conditions similar to hot spots, and also generat-
ng strong oxidizing conditions by way of production of hydroxyl
adicals and also hydrogen peroxide. The reactors, based on the
se of ultrasonic irradiation for generation of cavities, have been
ategorized as sonochemical reactors whereas when cavities are
enerated using hydrodynamic means (interchange of flow energy
nd pressure energy) they are termed, hydrodynamic cavitation
eactors. Considerable work has indeed focussed on the applica-

ion of sonochemical reactors for wastewater treatment [3–10] for

variety of pollutants. However, very few studies have reported
he use of the much more energy efficient hydrodynamic cavita-
ion reactors for wastewater treatment [11,12]. It should also be
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only minimal initial treatment by hydrodynamic cavitation.
© 2009 Elsevier B.V. All rights reserved.

noted here that, though cavitational (particularly sonochemical)
reactors have been reported to be highly successful on laboratory
scale operation, these still have been not able to find application
on an industrial scale mostly due to comparatively higher costs of
treatment and problems associated with efficient operation at lev-
els of power dissipation required for treatment [13]. The efficacy
of cavitational reactors can be significantly enhanced by combin-
ing cavitation with other oxidation processes or by using catalysts
and/or additives. With this intensification, cavitation can be a suit-
able technology for degradation of wastewater streams or at the
minimum it can be used for lowering the toxicity levels of the
effluent stream so that conventional biological oxidation can be
readily applicable [14]. It may not be practical, especially consid-
ering the economics of the process, to use cavitational reactors
for complete mineralization but it is strongly recommended as a
pre-treatment strategy especially for high COD effluent streams
as considered in the present work. In our earlier recent work, a
novel combination of hydrodynamic cavitation reactors and the
advanced Fenton process was applied to the destruction of real
industrial wastewater procured from a commercial organization in
UK at an operating capacity of 4 L [15]. We have also reported on
hydrodynamic cavitation, generated using a liquid whistle reactor,
and acoustic cavitation in conjunction with the advanced Fenton

process (AFP) utilizing zero valent iron metal in the form of scrap
iron pieces as the heterogeneous catalyst [16–18] with an aim of
reduction in the overall cost of the treatment. It was observed that
hydrodynamic cavitation was found to play a supplementary role
in enhancing the efficacy of AFP and the combination of the two

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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esulted in higher overall extents of degradation. The current work
s in continuation of the earlier work and utilizes a newly con-
tructed hydrocavitator for generation of hydrodynamic cavitation
ith a maximum operating capacity of 25 L. The paper presents an

dvancement over the earlier work in terms of experimental data
n a larger scale of operation with an aim of enhancing the confi-
ence among prospective users for commercial applications, use of
dditional oxidants with a possibly of reducing the treatment times
nd an investigation of the effect of operating temperatures which
ffects the efficacy of advanced Fenton oxidation. Also, as cavita-
ional reactors have been found to be cost intensive [13], an novel
pproach of latent remediation has been investigated wherein the
reatment time with hydrodynamic cavitation reactors has been
ept at a minimum in order to achieve lower overall costs of treat-
ent.

. Materials and methods

.1. Experimental setup

Hydrodynamic cavitation was generated using an in-house con-
tructed unit termed a Hydrocavitator which has a feed vessel
ank with maximum capacity of 25 L and operates in re-circulation

ode. Effluent from the feed tank is pumped using a triplex
lunger pump (SPECK NP25) with a maximum discharge pressure
f 4500 psi (31,020 kPa) and passes through an orifice unit (orifice
rea about 7.0 × 10−2 m2) followed by a catalyst bed and finally back
o the feed tank. An external ice bath is used to control the tem-
erature in the feed vessel tank, which is necessary as cavitation
esults in production of heat thereby increasing the temperature
f the effluent stream. A schematic representation of the reactor
ssembly is shown in Fig. 1.

.2. Characteristics of industrial wastewater

The experimental studies were performed to evaluate the effi-
acy of the combination technique for degradation of industrial
astewater effluent obtained from a local site (details not given due

o confidentiality issues). The current investigation is very impor-
ant in the context of the application to wastewater treatment as the

ajority of the reported literature deals with simulated effluents
nd the results may, or may not, be reproduced for real industrial
pplications due to the presence of trace components such as rad-
cal scavengers.
The effluent stream used in the present work consisted of a com-
lex mixture containing substituted phenolic compounds with an

nitial pH of 1.7, initial COD of 42,000 mg/L and TOC of 14,000 mg/L.
OD indicates the concentration of all organic compounds which
an be fully oxidized using strong oxidizing agents whereas TOC

Fig. 1. Schematic representation of the experimental setup.
ring Journal 152 (2009) 498–502 499

usually indicates the amount of all the organics present in the sys-
tem.

2.3. Experimental methodology

All experiments were carried with 8 L of wastewater (25 times
dilution with fresh water) with a reaction time of 150 min with
zero valent iron pieces (150 g as 100 pieces with dimensions of
1 cm × 2 cm × 0.10 cm) and H2O2 (usually 1900 mg/L unless speci-
fied otherwise). The concentration of H2O2 has been found to be the
optimum concentration in our earlier investigations on a smaller
scale of operation with an operating capacity of 4 L [15] as com-
pared to an operating capacity of 8 L in the present work. Passage
of the hydrogen peroxide through the iron bed results in generation
of hydroxyl radicals and this has been described as advanced Fen-
ton process [15–18]. Solutions of sulphuric acid (2 M) and sodium
hydroxide (2 M) were used for the adjustment of pH. An operating
pH of 2.5 was selected for all the experimental runs based on the
fact that maximum efficacy of the cavitational reactors as well as
Fenton chemistry is observed over an operating pH range of 2–3
[1]. The temperature was maintained constant using an external
cooling ice bath.

At defined time intervals, samples were taken and analysed for
TOC content present in the solution, as optimal mineralization of
the effluent stream was the main objective of the investigation.
The extent of mineralization was determined by direct injection
of the filtered samples into the heated persulphate-type (100 ◦C)
TOC analyser (Model 700, OI Analytical).

In the current work, all the experiments were carried out in
duplicate to estimate the repeatability of the obtained data which
were analysed by statistics tools provided by Excel, MS Office 2003.
The graphs were plotted using mean values obtained from the data
and the standard deviation of the replicate values is shown as error
bars in the values depicted on Y-axis. All the experimental errors
were found to be within ±2% of the mean reported value.

3. Results and discussion

The experimental results obtained by varying the parameters of
inlet pressure into the system, operating temperature of the reac-
tor and the role of additional copper windings on the AFP will be
discussed.

3.1. Effect of initial pressure

Preliminary control experiments without the use of the
advanced Fenton process indicated that hydrodynamic cavitation
alone results in very little degradation and that using an iron
catalyst in the presence of hydrogen peroxide is a definite require-
ment. The effect of different initial pressures of the hydrocavitator
in conjunction with the AFP was investigated over the range of
500–1500 psi (3446.7–10,340 kPa) and the results are shown in
Fig. 2, where it is clear that higher inlet pressures are effective in
the rapid mineralization of the wastewater. Maximum TOC removal
ratio (about 60% removal) was obtained at 1500 psi (10,340 kPa)
whereas the extent of TOC removal is 52% and 50% at 1000 psi
(6893.3 kPa) and 500 psi (3446.7 kPa) respectively under otherwise
identical experimental conditions. The trends in the variation of
TOC removal with inlet pressures are in close agreement with the
reported literature [19–21]. The increase in the extent of degrada-

tion with increasing pressure can be attributed to the enhanced
cavitational activity at higher pressures. Bubble dynamics studies
[22] have indicated that the cavitational intensity generated at the
collapse of the cavity increases with higher inlet pressure of the
system. The increase in the cavitational collapse intensity generates
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ton process is a surface phenomenon [16–18], the blockage of
the iron surface by copper results in decreased hydroxyl radical
generation thereby lowering the overall extent of mineraliza-
tion.
ig. 2. Effect of different hydrocavitator pressures on the extent of mineralization
experimental conditions—initial pH: 2.5, sample volume: 8 L, iron pieces: 100, dilu-
ion factor: 25 times, H2O2: 1900 mg/L, temperature: 30 ± 5 ◦C).

igher temperatures and pressures resulting in enhanced dissoci-
tion of the water molecules trapped in the cavity thereby leading
o a higher concentration of hydroxyl radicals. Also higher cavita-
ional activity is expected to have better activation effects on the
dvanced Fenton process in terms of greater particle size reduction
eading to a larger surface area for enhanced rates of reactions.

It should be also noted here that applying 1500 psi (10,340 kPa)
ay not be feasible on an industrial scale where a modification in

he design of the hydrodynamic cavitation setup (use of multiple
rifice plates) is recommended to get similar effects at much lower

nlet pressures and the work of Vichare et al. [20] provides more
nsight into optimization of hydrodynamic cavitation reactors.

.2. Effect of operating temperature

Operating temperature is another key parameter which affects
he intensity of hydrodynamic cavitation as well as efficacy of Fen-
on chemistry. Normally, cavitational intensity decreases with an
ncrease in temperature due to the formation of vaporous cavities

hich collapse less violently [23–25]. However, the Fenton process,
n terms of generation of hydroxyl radicals, is significantly enhanced
t higher operating temperatures [26–29]. Sun et al. [26] have
eported that the rate constant for degradation of p-nitroaniline
ncreased by almost 100% with a rise in temperature from 20 ◦C to
0 ◦C. Kavitha and Palanivelu [27] have reported that the maximum
xtent of degradation of cresols occurs at an operating temperature
f 30 ◦C using conventional Fenton chemistry.

The effect of operating temperature was investigated at 20 ◦C
nd 30 ◦C and was performed with precise temperature control and
he extent of variation in these sets was ±2 ◦C. The extent of min-
ralization at the end of 150 min was about 50% higher at 30 ◦C
s compared to an operating temperature of 20 ◦C. The enhanced
fficacy of the advanced Fenton process based on the use of iron
etal combined with hydrodynamic cavitation at higher operat-

ng temperatures can be attributed to the controlling contributions
rom the AFP compared to hydrodynamic cavitation. Zhou et al. [30]
ave reported an improvement in the extent of degradation of 2,4-
ichlorophenol using a combination of ultrasonic irradiation and a
enton-like system based on the use of Fe/EDTA, with an increase in

he operating temperature from 10 ◦C to 50 ◦C. Sun et al. [31] have
lso reported similar behaviour for the combined process of ultra-
ound assisted Fenton oxidation of acid black 1. The decolouration
fficiency increased marginally from 92.39% to 99.14% as a conse-
uence of raising the temperature from 20 ◦C to 40 ◦C.
ring Journal 152 (2009) 498–502

In the current work, the study of the effect of operating tem-
perature has enabled us to establish the controlling contribution
from the AFP for the overall extent of mineralization, amongst the
two opposite effects of temperature on cavitation and the Fenton
process.

3.3. Effect of copper

As the advanced Fenton process was the controlling process, it
was thought desirable to investigate the effect of the presence of
additional zero valent metals, in the form of copper, on the other-
wise optimized advanced Fenton process parameters such as iron
and hydrogen peroxide loadings [15]. It has also been reported
recently that use of copper results in generation of hydroxyl radicals
[32] giving a similar mechanism of oxidation.

Fig. 3 shows the extent of mineralization in the presence and
absence of copper windings on the iron pieces by the combina-
tion of the AFP and hydrodynamic cavitation. It is observed that
the addition of copper has a negative impact on the mineraliza-
tion of organic pollutants present in wastewater. From the figure,
it can be seen that about 60% of TOC was removed in the pres-
ence of iron pieces alone and only 40% of TOC was removed with
copper windings on iron pieces after 150 min of treatment. This
can be explained on the basis of relative rates of hydroxyl radi-
cal generation due to the presence of iron and copper. It is well
accepted that the rate of hydroxyl radical generation and hence
the extent of TOC mineralization is much higher in the pres-
ence of iron as compared to copper metal. Dai et al. [33] have
reported that degradation of pentachlorophenol was much faster
in the presence of elemental iron as compared to copper metal.
Guo et al. [34] have also confirmed the beneficial effects of iron
based Fenton chemistry for 2,4-dinitrophenol removal. In the cur-
rent scenario, the presence of copper windings on the iron pieces
(with an aim of increasing the overall loading of metal loading
and, potentially, any synergistic effects between the metals) blocks
some surface of iron catalyst being exposed to hydrogen peroxide.
Since the formation of hydroxyl radicals in the advanced Fen-
Fig. 3. Effect of copper windings on iron pieces on the extent of mineralization
(experimental conditions—initial pH: 2.5, copper wire: 5.5 g, sample volume: 8 L,
iron pieces: 50, pressure: 1500 psi (10,340 kPa), dilution factor: 25 times, H2O2:
1900 mg/L).
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stream received from industry was diluted by a factor of 25 before
actual treatment using fresh water adding up to the total cost of
treatment and also requires use of fresh water for dilution. Recent
ig. 4. Effect of the different treatment times on the extent of mineralization (exper-
mental conditions—initial pH: 2.5, sample volume: 8 L, iron pieces: 100, pressure:
500 psi (10,340 kPa), dilution factor: 25 times, H2O2: 1900 mg/L, temperature:
0 ± 5 ◦C).

.4. Latent remediation studies

Cavitation, though very effective in wastewater treatment, is
ften a cost intensive operation. To minimize the overall costs of
reatment in the present combined advanced Fenton process and
ydrodynamic cavitation, a new approach of latent remediation
as tested where the treatment time of hydrodynamic cavitation
as kept at a minimum. In this instance the waste effluent stream
as circulated through the hydrocavitator unit fitted with the iron
ed and cavitation chamber for an initial fixed time after which the
ffluent was left in the reactor undisturbed. The effect of different
reatment times (continuous treatment and 15 min of treatment
ime) on the extent of mineralization is depicted in Fig. 4. It is evi-
ent from the figure that about 70% of the initial TOC was removed
y the continuous treatment of the wastewater for a treatment time
f 150 min. However, when the wastewater was treated for only
5 min using the hydrocavitator and the AFP, further analysis of the
amples indicated that TOC mineralization did not cease. It can be
een from the figure that the initial TOC content was reduced to 53%
fter further 135 min of only storage, i.e. without any treatment.
uring the first 15 min of treatment, the extent of TOC reduction
as 30% while the remainder occurred in storage which can be
escribed as latent remediation. The process of latent remediation
an be explained on the basis of the contributing actions of hydro-
ynamic cavitation and iron particles in the presence of hydrogen
eroxide. During the first 15 min of treatment time, iron particles
re corroded in the presence of water and hydrogen peroxide and
enerate oxidizing species in the system. Some amount of iron is
lso leached into the effluent mixture as observed in our earlier
ork [15]. These oxidizing species present in the effluent mixture

long with the dissolved iron and remaining hydrogen peroxide
nitiate a series of radical reactions which ensures the presence of
xidizing species to continue TOC mineralization. The series of pos-
ible radical reactions that occur during the initial treatment and
uring latent remediation is illustrated below:

eo + 2H+ → Fe2+ + H2 (1)

e2+ + H2O2 → + Fe3+ + HO− +HO• (2)
(3)

2O2 +HO• → H2O + HO2
• (4)
ring Journal 152 (2009) 498–502 501

Fe3+ + H2O2 → + Fe(OOH)2+ + H+ (5)

(6)

Feo + 2Fe3+ → 3Fe2+ (7)

Fe3+ + H2O• → + Fe2+ + H+ + O2 (8)

It should be also noted here that out of the initially added
hydrogen peroxide in the system, some hydrogen peroxide will
be utilized by Fenton chemistry and some due to thermal dis-
sociation in the presence of cavitating conditions. The remaining
hydrogen peroxide, along with some hydrogen peroxide generated
due to hydrodynamic cavitation (the amount is expected to be sub-
stantially lower), contributes to the continuous formation of the
oxidizing species according to the reaction scheme illustrated ear-
lier. Credence to this hypothesis can be obtained from the results
with variation of the treatment time with the combined advanced
Fenton process and hydrodynamic cavitation. It has been observed
that when the treatment time was increased to 30 min instead of
15 min, the efficacy of latent remediation decreased possibly due
to lower availability of hydrogen peroxide. The extent of TOC min-
eralization using the latent remediation approach was only 47%
when 30 min treatment (using hydrodynamic cavitation) was used
as against 53% when only 15 min treatment (using hydrodynamic
cavitation) was applied.

4. Conclusions

The combination of hydrodynamic cavitation generated by an
in-house built hydrocavitator and the advanced Fenton oxidation
can be effectively used for treatment of real industrial wastewater
samples. Studies on the effect of different operating parameters and
treatment approaches have enabled us to draw following important
conclusions:

• Higher inlet pressures result in greater cavitational activity con-
tributing to the enhanced hydroxyl radical generation and hence
increased TOC mineralization of the effluent.

• Higher operating temperatures are preferred indicating that the
controlling contribution between the two oxidizing mechanisms
is due to advanced Fenton process.

• Presence of copper windings on iron pieces did not result in bene-
ficial effects possibly attributed to the blockage of the iron surface
for generation of hydroxyl radicals.

• A novel approach of latent remediation is substantially effective in
overall mineralization. Short treatment times of 15 min are more
beneficial than the 30-min treatment time thereby minimizing
the energy costs.

The results achieved using the hydrocavitator and the advanced
Fenton process are particularly beneficial and path-breaking due
to the fact that the overall unit operates in a continuous mode and
hence large volumes of contaminated water can be treated cost
effectively using the approach of latent remediation.

It should also be noted here that in the present work the effluent
results indicate that previously treated water, in which the TOC has
been reduced by around 60%, can be re-used as diluent. However,
further work is indeed required to reduce the dilution ratio for treat-
ment using a combination of hydrodynamic cavitation reactors and
the advanced Fenton process and this is currently in progress.
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