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ARTICLE INFO ABSTRACT

Hydrodynamic cavitation (HC) is an advanced oxidation process (AOP) which is used in this study for the
treatment of wastewater from a petroleum refinery. Bacterial load as well as chemical oxygen demand (COD) has
been successfully reduced to approved discharge standards for water reuse purpose. A cavitating reactor with
three different geometric configurations was used for the treatment. These reactor configurations include the
orifice (CNO) and venturi with different throat diameters (CN1 and CN5). Individual reactor configurations are
optimized for processing parameters such as operating pressure and number of passes of the wastewater through
the cavitating zone. The maximum bacterial disinfection and COD reduction were obtained using CN5 reactor
operated at 5bar pump discharge pressure and the extent of reduction was found to be 59.17% and 52% re-
spectively. The energy and cost estimation has also been carried out for this treatment process and approximate
values are 1.11 kW h/m>of energy usage and 5.54 Rs/m> (0.078 $/m?) respectively after 10 pass treatment. The
disinfection percentage can be further improved by increasing the number of passes and integrating it with other
advanced oxidation processes.
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1. Introduction

Although numerous efforts have been made to substitute the fossil
fuels, crude oil remains an essential first choice. The current global
demand of crude oil is 99.3 million barrels per day (mbpd), which
clearly indicates its dominance and it is expected to rise upto 107 mbpd
by 2030. However, it generates an enormous amount of wastewater of
about 0.4-1.6 times higher than the quantum of crude oil processed [1].
The primary wastewater generating sources in petroleum industries are
crude oil refining, production of fuels and the waste generated from the
intermediates of the lubricants and petrochemicals [2]. The major
components composed of this wastewater are polycyclic aromatics
contents [3], oil and grease [4], nitrogen and sulphur compounds [5]
and bacteria [6]. The rough estimates of the threatening pollutants
present in Petroleum Refinery Effluent (PRE) are illustrated in Table 1.
These pollutants are serious toxic hazards to the surrounding atmo-
sphere as well as aquatic life [3-7]. The rise in demand of fuel is clearly
indicating the generation of higher amount of wastewater and likely to
be polluting fresh water bodies which will adversely impact the existing
water quality. Therefore the Environmental Protection Agency (EPA) of
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USA and the Central Pollution Control Board (CPCB) of Government of
India has set minimum discharge standards for the PRE as shown in
Table 2.

Typical refinery wastewater treatment plant (WWTP) uses a defined
sequence of processes i.e. physical [8,9], physio-chemical [10,11],
chemical [12], and biological treatment [13-15]. New technologies
have also been reported which include membranes [14,16] and mi-
crowave assisted catalytic wet air oxidation [17]. These methods have
several limitations including the low elimination of organic com-
pounds, low reaction rates, generation of solid sludge and they works in
limited pH range [18,19]. Chemical oxidation method also realizes very
low reaction rates [20] and requires a large number of oxidants to treat
a large volume of PRE, hence restricts its application.

The available treatment plant is not able to meet the guidelines for
discharge of PRE mainly for COD and bacterial count (CFU). Currently
activated sludge process (ASP) is being used in the industry to treat the
effluent, hence the microbial concentration in the treated effluent is
high and it becomes a trouble. Eventually, these bacteria form scale (or
Biofouling) on the inner side of the pipeline surfaces. The aromatic
compounds such as phenols cannot be completely treated using
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Table 1

Characteristics of wastewater from the Petroleum Refinery.
Sr. Parameter Combined wastewater (Range) Unit
No.
1 Flow 10000-15000 m3/day
2 pH 6-10 -
3 Temperature 30-45 C
4 Suspended solids 100-500 mg/L
5 BOD (5 days 20 C) 300-500 mg/L
6 Oil and Grease (total) 500-3000 mg/L
7 Sulphides 50-320 mg/L
8 Phenolic compounds 20-40 mg/L
9 Ammonical nitrogen 50-70 mg/L

Table 2
Environmental Standards for minimum discharge of Petroleum Oil Refineries
Effluent for threatening components.

Sr. Parameter As per EPA norms As per CPCB norms Unit
No.
1 pH 6-8.5 6-8.5
2 0Oil and Grease 5 5 mg/L
3 BOD (3 days 27 C) 15 15 mg/L
4 COD 125 125 mg/L
5 Suspended solids 20 20 mg/L
6 Phenols 0.35 0.35 mg/L
7 Sulphides 0.5 0.5 mg/L
8 Ammonical nitrogen 15 15 mg/L

common bacteria, and traces of these compounds are present in the
treated effluent. Therefore, both CFU and COD reductions are necessary
for the refinery effluent. Therefore, it was decided to treat this further,
using viable technique and reuse of it in the same plant. Advanced
oxidation processes (AOPs), which are chemically based on a hydroxyl
radical (OH) and have great potential to degrade or mineralize a wide
range of organic molecules [21-25]. The oxidation potential of "OH is
higher (+2.8V) as compared to other oxidants like ozone (2.07 V),
H,0, (1.78 V), HOCI (1.49 V) and chlorine (1.36 V) [26].

Among the numerous AOP’s, hydrodynamic cavitation (HC) has
attracted the attention of many researchers considering its unique
features such as chemical free operation, great potential to degrade a
wide range of organic molecules, easy to implement on a large scale,
requires minimum space, simple in operation, cost-effective and less
energy intensive [27]. Hydrodynamic cavitation can be generated by
using a constriction in the flow, such as an orifice plate, venturi or
throttling a valve [28-36]. According to Bernoulli’s principle, when
liquid flows across a constriction, the kinetic energy of the liquid in-
creases at the expense of the pressure energy [28,29]. If the decrease in
pressure is sufficient to cause the pressure around the point of vena
contracta to fall below the threshold pressure for cavitation (usually
vapour pressure of the liquid medium being pumped at the operating
temperature), vapour cavities are generated [30,31]. These cavities
expand in the downstream section and eventually collapse as the
pressure recovers. During the passage of the liquid through the con-
striction, boundary layer separation and turbulence occurs and a sub-
stantial amount of energy is lost in the form of a permanent pressure
drop due to local fluid turbulence. Very high-intensity fluid turbulence
is also generated in the downstream of the constriction; its intensity
depends on the magnitude of the pressure drop and the rate of pressure
recovery; which in turn, depends on the geometry of the constriction
and the downstream flow conditions of the liquid, i.e. the scale of
turbulence. The intensity of turbulence has a profound effect on cavi-
tation intensity. Thus, by controlling the geometric and operating
conditions of the reactor, the required intensity of the cavitation for the
desired physical or chemical change can be generated with maximum
energy efficiency [29,32,33].
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The collapse pressure generated by the cavity can be of the order of
several hundreds of bars, which is sufficiently high to rupture the
biological constituents of water including the microbial cells causing its
death and viability. The asymmetric collapse of cavities also results in
high-speed liquid jet causing cell disruption [34,35]. Local fluid shear
rates around such jets are adequate to destroy several types of micro-
organisms [32,36]. The major causative effects of cavitation can be
classified as physical and chemical.

The physical effects include the generation of shock waves, the
water-hammer effect and radial bubble motion. The chemical effects of
cavitation during the cell disruption are due to the generation of free
radicals [37]. Their extent depends on the intensity of cavitation and
cavity contents which can be varied by the manipulation of the oper-
ating parameters such as the cavitation number, geometry of the cavi-
tation element, the initial concentration of the cell suspension, number
of passes through the cavitation zone, temperature and viscosity
[38,39] along with the dissolved gas content of the liquid. A cell is
likely to get disrupted due to high-velocity jet or shock wave produced
by a collapsing cavity and the pollutant can get mineralized by the
hydroxyl (OH) radical produced which oxidizes the former [29,33,40].
Depending on the end use of water, the extent of disruption of cells
should be controlled by controlling the intensity of cavitation, which in
turn can be controlled by tuning the operating parameters. When one is
interested in obtaining periplasmic enzymes, low-intensity cavitation
which is just sufficient to break the outer cell wall should be used
[35,41]. High-intensity cavitation is required when one needs to ensure
that viable microbial count is substantially reduced like in water dis-
infection applications or to recover the cytoplasmic enzymes. Waste-
water from petroleum industries contains mainly phenol, sulphides,
hydrocarbons, oil and grease, dissolved solids and some organics which
are broadly expressed in terms of COD and BOD [42-46]. The idea is to
treat the secondary effluent (i.e. wastewater coming from biological
treatment of wastewater) using hydrodynamic cavitation up to an ap-
proved discharge standard so that the treated water can be reused for
the cooling tower as a makeup water. In this work, the issue of mi-
crobial load and COD reduction is targeted using simple, economical
and maintenance free process called hydrodynamic cavitation.

This study explores the possibility of the use of hydrodynamic ca-
vitation as a post process to treat the secondary effluent (wastewater
coming from biological treatment unit) to meet the discharge limits of
PRE without the addition of chemicals and then treated water can be
reused for the cooling tower as a makeup water.

2. Materials and methods
2.1. Materials

Wastewater used for the study was the effluent from the petroleum
refinery near Mumbai, India coming out of the secondary treatment.
The effluents generated from all the units in the refinery are mixed and
sent to the WWTP, hence the effluent coming to the biological treat-
ment stage has a composition that is average of all the individual ef-
fluent streams. The effluent stream goes through process of oil-water
separation, equalisation, flocculation and air floatation, followed by
biological treatment. The samples used for present study were collected
from an Activated Carbon Filter (ACF) connected at the outlet of the
biological treatment plant. Visually, the initial collected water sample
appeared clear to a certain degree with a light odour. Plate Count Agar
(Standard Methods Agar) was procured from Hi-media (REF Product
Code M091). Sodium Chloride and Ethanol were procured from SFCL
(Extra pure, SFCL Product Code 40,123). Autoclave (Osworld Autoclave
steam sterilizer, JRIC-39) and laminar cabinet (IMSET, operating fre-
quency: 50 Hz) were used.
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Fig. 1. Schematic representation of Hydrodynamic Cavitation reactor setup.

2.2. Analytical methods

Analysis of COD was carried out using the standard method. The
enumeration of the microorganisms present in each sample was done
using heterotrophic plate count (HPC) method [47].

2.3. Experimental setup

The schematic diagram of the experimental setup is shown in Fig. 1.
The hydrodynamic cavitating reactor was procured from Hyca Tech-
nologies Pvt. Ltd., Mumbai, India. It includes a holding tank of 20 L
volume, a positive displacement pump, control valves (Vo, Vi, Vo and
V3), three main lines accommodating different cavitating reactor con-
figurations, and a bypass line. A 2 Hp reciprocating pump with a
variable frequency drive (VFD) was used in the setup with a max
pressure of 15 bar and maximum flow rate of about 1500 lph. The in-
itial volume used for the treatment during various trials and respective
flowrates are mentioned in Table 3.

The suction side of the pump is connected to the bottom of the tank
and discharge from the pump branches into the main lines and a bypass
line. The three main lines house the three reactor configurations,
namely CNO, CN1 and CN5 reactor. Material of construction for all the
cavitating devices was Stainless Steel 304. CNO reactor consisted of an
orifice plate with throat to pipe diameter ratio between 0.05-0.2,
whereas CN1 and CN5 reactors were cavitating venturies with throat to
pipe diameter between 0.1-0.2 and 0.2-0.3 respectively. CN1 was de-
signed to produce intense cavitation as compared to the CN5 reactor.
Designs of these devices are proprietary and cannot be disclosed here.
The flow was allowed to pass through one of the devices at a time using
the valves V;, V,, and V3. Additional valve is also provided to pass the
flow through the bypass line. The inlet pressure can either be controlled

Table 3
Operating conditions.
Device Pressure Volumetric flow Rate (Ipm) Cavitation Number
CNO 3 5.71 0.21
5 6.75 0.15
7 7.55 0.12
CN1 3 10.24 0.34
5 12.33 0.23
7 13.46 0.19
CN5 3 10.70 0.31
5 13.27 0.20
7 17.89 0.11

by using bypass flow controlling valve or by controlling the frequency
of the pump. However, if the system is controlled using bypass valve
then water gets partially treated using cavitating reactor and part of the
water passes through bypass line and remains untreated as it is by-
passed. This reduces the effectiveness of the system. Hence the flow was
always controlled using the frequency of the pump to ensure the
homogeneous treatment throughout the reactor volume. A variable
frequency drive (VFD) was used to adjust the number of piston strokes
per unit time of the pump, which controls the total flow generated and
hence the inlet pressure to the cavitating device. It was ensured that
both the mainline and bypass line terminate well inside the tank below
the liquid level to avoid any induction of air into the liquid due to the
plunging liquid jet. Pressure gauge P, and P, are used to monitor the
inlet and outlet pressure of the cavitating device.

2.4. Experimental procedure

The samples were collected from the outlet of a wastewater treat-
ment plant in the refinery which is based on biological processes. The
experiments were conducted in the premises of the petroleum industry
near the WWTP using the hydrodynamic cavitation reactor setup de-
scribed in Section 2.3. Samples were taken directly from the WWTP
without any intermediate storage time. These samples were then
treated using hydrodynamic cavitation at different conditions (inlet
pressure and Cavitation number) using fixed solution volume and for a
constant number of circulations (passes) through the cavitating device.
The experiments were carried out at ambient temperature (approx
30 °C) without any temperature control. The initial solution volume was
adjusted, so that to get 1 circulation per minute at all the operating
pressures. Three different reactor configurations were used in this study
(namely CNO, CN1 and CN5). The samples were collected after 0, 10, 30
and 50 passes and were analysed for COD and total bacterial count
(CFU/ml) in the laboratory at Institute of Chemical Technology,
Mumbai. Energy efficiency of hydrodynamic cavitation process is low
when it is operated beyond 50 passes and it is no longer economically
viable. Hence experiments were carried out only till 50 passes.

3. Results and discussion

3.1. Treatment using hydrodynamic cavitation reactor based on orifice
(CNO) Reactor

The number of cavitating events is controlled using operating
pressure; hence pressure is the dominating parameter in the phenomena
of cavitation. The sample water was treated using CNO reactor at
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Fig. 2. Effect of operating pressure and number of passes on CFU/ml reduction
for the CNO reactor (Initial CFU = 6.18 x 10° CFU/ml for 3bar, 3.0 x 10°
CFU/ml for 5 bar, 2.92 x 10° CFU/ml for 7 bar).

operating pressures of 3, 5 and 7 bar respectively. The water was con-
tinuously circulated for upto 50 passes through the cavitating reactor.
Samples for the analysis were collected after an interval of 10, 30 and
50 passes respectively.

The water samples used in the study were containing initial bac-
terial count 6.18 x 10 3.0 x 10° and 2.92 X 10° CFU/ml and the
COD 236.67, 141.67 and 150 mgO,/L for 3, 5 and 7 bar operating
pressure batches respectively. The maximum bacterial reduction after
50 passes was obtained as 32.04%, 38.66% and 24.32% at 3, 5 and
7 bar operating pressures respectively. It was observed that bacterial
disinfection was initially enhanced with increasing operating pressure
from 3 bar to 5bar, and then reduces when the operating pressure is
increased to 7 bar (Fig. 2). The main reason behind this observation is,
the number of cavitating events increases with the increase in operating
pressure initially, hence it influences the maximum zone in the water
body resulting into higher disinfection of bacteria. In addition to this,
the choked cavitation may be taking place at pressures higher than
5bar due to a higher rate of generation of vapour cavities. These cav-
ities then agglomerate and the overall collapsing intensity of the formed
cavity cluster reduces significantly [33].

The results for COD reduction at 3, 5 and 7 bar operating pressure
are shown in Fig. 3. Maximum COD reduction obtained after 50 passes
were37.39%, 29.41% and 1.11% for operating pressure of 3, 5 and
7 bar respectively. It can be observed that COD reduction was highest at
3bar, and decreased on increasing the operating pressure to 5 bar and
7 bar. In fact, at 7 bar, negligible COD reduction was observed, con-
firming that the flow might be entering in the super cavitation
(Chocked cavitation) regime at this pressure.

At 5 bar operating pressure, there is less COD reduction as compared
to 3 bar, but the Colony Forming Unit (CFU) removal has increased.

100 - —o—3 bar —#—5 bar ——7 bar

80 -

60 -

% COD Reduction

0 * T * T 4 )

0 10 20 30 40 50 60
Number of Passes

Fig. 3. Effect of operating pressure and number of passes on COD reduction for
the CNO reactor (Initial COD = 236.67 mgO./L for 3 bar, 141.67 mgO,/L for
5bar and 150 mgO,/L for 7 bar).
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This can indicate that at this operating condition, more cavities might
be undergoing asymmetric collapse. Asymmetric collapse results in
energy dissipation in the form of high shear stress, which is effective in
microbial cell disruption [48], but the extent of COD reduction may be
less in this case. However, when the cavity collapses symmetrically the
energy dissipation is in the form of an increase in local temperature and
pressure. This leads to splitting of water molecules inside the cavity and
the formation of a high amount of "OH radicals along with other ra-
dicals such as H', HO," and O’ [36,49]. These radicals can then react
with the pollutant molecules and oxidize them. This kind of collapse is
favoured to get a reduction in the COD of the wastewater.

3.2. Performance of CN1 reactor

The CN1 reactor was a cavitating venturi. Experiments using CN1
reactor were also carried out at operating pressures of 3, 5 and 7 bar. An
additional experiment was also carried out using air injection. An inlet
port was available at the throat of the venturi. The air was allowed to
get sucked in the water flow due to low pressure zone formed at the
throat region. Hence, no external mechanism was required for the ad-
dition of air in the venturi. Air is injected at the throat in such a manner
that it helps in increasing physical as well as chemical effects associated
with cavitation. The cavities produced can consist of air, water vapours
or a mixture of air and water vapours. The air bubbles generated in the
flow are capable of generating high shear forces and can act as nuclei
for cavity generation. This results in the formation of shock waves that
can carry out physical transformations. Additionally, the oxygen pre-
sent in the air helps in the formation of extra "OH radicals, and also
creates a possibility of direct oxidation in the high temperature regions
near cavity collapse ;thus resulting in the higher extent of oxidation of
pollutant molecules [28,29,32,33,50].The initial CFU/ml is found in
various effluent samples as 7.48 x 10°, 1.24 x 10° 1.29 x 10° and
7.84 x 10* and the COD128, 72, 104 and 96 mgO,/L for 3, 5,7 and
5 bar with air injection respectively. Figs. 4 and 5 shows COD and CFU
reduction at different operating conditions (3, 5 and 7 bar and with air
injection). It can be seen that after 50 passes without any air injection,
reduction in the bacterial count is highest at lower pressure (47% re-
duction at 3 bar pressure), whereas at higher pressure the COD reduc-
tion is higher (54% reduction at 7 bar). With the air injection, bacterial
disinfection is 70% and COD reduction was 28% after 30 passes. The
microbial disinfection and COD reduction at 5bar after 30 passes
without air injection was 13% and 8.33% respectively.

The injection of gas gives several advantages in terms of physical
and chemical effects associated with cavitation [51-53]. Since air is
easily and freely available around us so the trial experiment is carried
out with it. This is an alternative way to increase the number of cavi-
tation bubbles by injecting gases at the throttling section where suction
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Fig. 4. Effect of operating pressure and number of passes on CFU/ml reduction
for the CN1 reactor (Initial CFU = 7.48 x 10° CFU/ml for 3 bar, 1.24 x 10°
CFU/ml for 5bar, 1.29 x 10° CFU/ml for 7 bar and 7.84 x 10* CFU/ml for
5 bar with air injection).
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Fig. 5. Effect of operating pressure and number of passes on COD reduction for
the CN1 reactor (Initial COD = 128 mgO,/L for 3 bar, 72 mgO./L for 5 bar, 104
mgO,/L for 7 bar and 96 mgO,/L for 5 bar with air injection).

is generated. Additionally, this suction helps to suck the gases and helps
to save the energy required to inject the gas. The suction of the gas is
controlled using the flow controlled valve. The injected gas acts as
nuclei for the generation of cavitation bubbles. In addition to this, the
mixture of bubble contents changes according to the injected gases and
these forms gaseous, vapour and gas-vapour mixed cavities. These
cavities go under several reactions during cavitation and form nu-
merous radicals 'OH, H', HO,’, O" and N'. The population of ‘OH also
increases due to excess availability of oxygen through the trapped air
into bubbles resulting in the higher degradation of organic pollutants as
well as an increase in the bacterial disinfection rate. The several me-
chanisms of radical formations due to various induced gases have been
reported in the literature [36,49].

3.3. Performance of CN5 reactor

The CN5 reactor was also a cavitating venturi with the largercross-
sectional area as compared to CN1. The experiments were conducted at
the same operating conditions as the other two reactors, i.e. at 3, 5 and
7 bar operating pressure for 50 passes through the reactor. The initial
CFU/ml in waste effluent are found 7.5 x 10°, 1.09 x 107, 3.17 x 10°
and 6.15 x 10* and initial COD values 72, 64, 186.67 and 136 mgO,/L
for 3, 5,7 and 5 bar with air injection respectively. Figs. 6 and 7 show
the results of CFU/ml and COD for the experiments. It can be observed
that this reactor gives optimum results in terms of microbial disinfec-
tion as well as COD reduction at operating pressure of 5bar. The
maximum microbial disinfection obtained at this pressure was 71.43%
and COD reduction is 33.33% after 50 passes.

The cavitating reactor CN5 operating at a pressure of 5bar was
successful in treating petroleum effluent with higher efficacy, hence to

100 _—*—3 bar —#—5 bar ——7 bar ——S5 bar with air injection

80 -
60 -
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% CFU Reduction

0 T T T T T )
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Fig. 6. Effect of operating pressure and number of passes on CFU/ml reduction
for the CN5 reactor (Initial CFU = 7.5 x 10° CFU/ml for 3bar, 1.09 x 107
CFU/ml for 5bar, 3.17 x 10° CFU/ml for 7 bar and 6.15 x 10* CFU/ml for
5 bar with air injection).
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Fig. 7. Effect of operating pressure and number of passes on COD reduction for
the CN5 reactor (Initial COD = 72 mgO,/L for 3 bar, 64 mgO,/L for 5bar,
186.67 mgO,/L for 7 bar and 136 mgO,/L for 5 bar with air injection).

ensure its efficacy the trial was repeated at same conditions. It was also
showing good agreement with the previous results (Figs. 6 and 7) op-
erated under the same conditions (bacterial disinfection = 70% and
COD reduction = 30%). As CN5 reactor operated at 5 bar pressure was
seen to be more effective, hence additional experimental runs were
carried out with air injection. In this study, the air was injected at
throat using natural suction generated due to the low pressure region
formed downstream of the throat. This reduces the external energy
requirement for air injection. Since this is a closed loop system, the air
eventually gets solubilised and the excess undissolved air is released to
atmosphere in the holding tank. The reduction in COD as well as CFU is
found to be higher with air injection operated at 5bar pressure as
compared to without air injection at the same operating conditions
(Fig. 7). The addition of air increases the number of gaseous and gas-
vapour cavities at downstream of cavitating reactor, hence cavitation
events per unit volume increases resulted in higher efficacy [51-53].
Still further trials are needed to confirm and optimize the air flowrate to
get maximum disinfection as well as COD reduction.

The feasibility of the process on a commercial scale depends on the
cost required for the treatment. As operating pressure increases the
power utilization and associated cost also increases to run the pump. If
the number of passes increases then the processing time will also in-
crease. Hence, the optimization of the processing parameters like op-
erating pressure and number of passes is important. The ideal proces-
sing conditions in terms of feasibility are 5 bar operating pressure and
30 passes for wastewater treatment and the cost of treatment is 16.61
Rs/m? (0.23 $/m>) at same processing conditions. The expected cost of
the treatment for different operating pressures and for different passes
is reported in Table 4. The estimation of energy as well as costing is
briefly elaborated in the Appendix-I.

4. Conclusion

The amount of energy required to kill the bacteria is lesser com-
pared to the energy required for COD removal. Hence at lower oper-
ating pressure, the bacterial disinfection is observed to be higher
whereas COD reduction was less. The optimum reactor geometry and

Table 4
Costing for different operating pressures with different passes.

No. of Passes Cost Rs/m® ($/m>)

3bar 5 bar 7 bar
1 0.28 (0.0039) 0.55 (0.0077) 0.83 (0.012)
10 2.76 (0.039) 5.54 (0.078) 8.31 (0.12)
30 8.28 (0.12) 16.61 (0.23) 24.94 (0.35)
50 13.80 (0.19) 27.69 (0.39) 41.57 (0.58)
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optimum inlet pressure were chosen based on the maximum removal of
COD and the maximum bacterial disinfection of water. Based on these
criteria, CN5 reactor operating at 5 bar inlet pressure was found to be
the optimum. The bacterial disinfection obtained was 70% in this case,
while COD reduction was about 30% and the estimated cost of the
treatment was about 16.61 Rs/m® (0.23 $/m®).It can be seen that
maximum reduction in the bacterial count takes place in first 10 passes,
and the CFU destruction rate decreases with subsequent passes. Hence
for most energy efficient process, the cavitation reactor can be operated
with 10 passes. The expected cost of the treatment for 5 bar operating
pressures and for 10 passes is 5.54 Rs/m° (0.078 $,/m®) giving 40% CFU
reduction and 22% COD reduction. It is observed that the reduction in

Appendix A

Estimation of Energy and Cost

Journal of Water Process Engineering 29 (2019) 100768

COD as well as CFU is higher with air injection operated at 5 bar
pressure in CN5 reactor, still further optimization is needed to confirm
and optimize the air flow rate, operating pressure and number of cycles
to get maximum disinfection as well as COD reduction.

Acknowledgement

Authors would like to thanks Bharat Petroleum Corporation Limited
(BPCL) Refinery, Mumbai and Corporate Research and Development
centre of BPCL, Greater Noida for availing space and financial support
to carry out this work. Authors also would like to thanks HyCa Private
Ltd. Mumbeai for availing the cavitational reactor assembly.

For CNS reactor operated at 5 bar pressure for 10 passes

Inlet fluid pressure = 500000 Pa
Density of water = 1000 kg/m?
Outlet pressure (P2) = 101325 Pa

Volumetric flow rate at 5 bar pressure (Vo) = 13.27 lit/min

Initial volume = 13.27 lit
=0.01327 m?

=221x 10 m’/s

Hence, the initial volume of wastewater in the tank was taken to be 13.27 lit. So that 1 pass

gets completed in 1 min.

Therefore, Time for 10 passes = 10 min

Energy dissipated into the system (J) = Pressure drop across the cavitating device (Pa) x

Volumetric flow rate through the cavitating device (Vo) x Circulation time through the

device

= (500000-101325) x 2.21x 10 x (10x60)

=52864.3050J
=52.8643 KJ

Cost of treatment/m> of water = Power x Cost of Power (Considered as 5 Rs/kWh)

= ((Pressure drop across the cavitating device x Volumetric flowrate x time of treatment in

hr)/m? of volume treated) x Cost of Power

= (((500.000-101.325) x 2.21x 10*x (10/60)) / 0.01327) x 5

=1.1066 x 5

=5.537 Rs/m>(0.078 $/m>) (Assuming 1 $ = 71.14 Rs)

References

[1] A. Coelho, A.V. Castro, M. Dezotti, G.L. Sant’Anna Jr., Treatment of petroleum
refinery sourwater by advanced oxidation processes, J. Hazard. Mater. 137 (2006)
178-184.

[2] M.F. Harry, Industrial Pollution Handbook, McGraw Hill. Inc., New York, 1995.

[3] H. Wake, Oil refineries: a review of their ecological impactson the aquatic en-
vironment, Estuar. Coast. Shelf Sci. 62 (2005) 131-140.

[4] X. Xu, X. Zhu, Treatment of refectory oily wastewater byelectro-coagulation pro-
cess, Chemosphere 56 (2004) 889-894.

[5] L. Altas, H. Biiyiikgiingor, Sulfide removal in petroleumrefinery wastewater by
chemical precipitation, J. Hazard. Mater. 153 (2008) 462-469.

[6] F.K. Attiogbe, M. Glover-Amengor, K.T. Nyadziehe, Correlating Biochemical and
Chemical Oxygen Demand of Effluents—a Case Study of Selected Indust, (2007).

[7] B. Mrayyana, M.N. Battikhi, Biodegradation of total organic carbons (TOC) in
Jordanian petroleum sludge, J. Hazard. Mater. 120 (2005) 127-134.

[8] S. Demirci, B. Erdogan, R. Ozcimder, Wastewater treatment at the petroleum re-
finery Kirikkale Turkey using some coagulant and Turkiskh clays as coagulant aids,

Water Res. 32 (1997) 3495-3499.

[9] M.H. El-Naas, S. Al-Zuhair, A. Al-Lobaney, S. Makhlouf, Assessment of electro-
coagulation for the treatment of petroleum refinery wastewater, J. Environ.
Manage. 91 (2009) 180-185.

[10] M.H. El-Naas, S. Al-Zuhair, M.A. Alhaija, Reduction ofCOD in refinery wastewater
through adsorption on Date-Pit activated carbon, J. Hazard. Mater. 173 (2009)
750-757.

[11] A.J. Serafim, Solid Retention Time on Carbon Adsorption ofOrganics in Secondary
Effluents from Treatment of Petroleum Refinery Waste, PhD Thesis A&M University,
Texas, 1979.

[12] O. Abdelwahab, N.K. Amin, E.-S.Z. El-Ashtoukhy, Electrochemical removal of
phenol from oil refinery wastewater, J. Hazard. Mater. 163 (2009) 711-716.

[13] C.G.Jou, G. Huang, A pilot study for oil refinery wastewatertreatment using a fixed
film Bioreactor, Adv. Environ. Res. 7 (2003) 463-469.

[14] M.M. Rahman, M.H. Al-Malack, Performance of a crossflowmembrane bioreactor
(CF-MBR) when treating refinery wastewater, Desalination 191 (2006) 16-26.

[15] F. Ma, J.-B. Guo, L.-J. Zhao, C.-C. Chang, D. Cui, Application of bioaugmentation to
improve the activated sludge system into the contact oxidation system treating
petrochemical wastewater, Bioresour. Technol. 100 (2009) 597-602.


http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0005
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0005
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0005
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0010
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0015
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0015
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0020
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0020
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0025
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0025
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0030
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0030
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0035
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0035
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0040
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0040
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0040
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0045
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0045
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0045
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0050
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0050
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0050
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0055
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0055
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0055
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0060
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0060
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0065
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0065
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0070
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0070
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0075
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0075
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0075

S.B. Doltade, et al.

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]
[30]
[31]
[32]

Y. Li, L. Yan, C. Xiang, L.J. Hong, Treatment of oilywastewater by organic—inor-
ganic composite tubular ultrafiltration (UF) membranes, Desalination 196 (2006)
76-83.

Y. Sun, Y. Zhang, X. Quan, Treatment of petroleumrefinery wastewater by micro-
wave-assisted catalytic wet airoxidation under low temperature and low pressure,
Sep. Purif. Technol. 62 (2008) 565-570.

N.A. Laoufi, D. Tassalit, F. Bentahar, The degradation ofphenol in water solution by
TiO2 photocatalyst in a chemical reactor, Global NEST J. 10 (2008) 404-418.
M.S. Kuyukina, L.R. Ivshina, M.K. Serebrennikova, A.B. Krivorutchko,

E.A. Podorozhko, R.V. Ivanov, V.I. Lozinsky, Petroleum-contaminated water treat-
ment in a fluidized-bed bioreactor with immobilized Rhodococcus cells, Int.
Biodeterior. Biodegrad. 63 (2009) 427-432.

C.-R. Huang, H.-Y. Shu, The reaction kinetics,decomposition pathways and inter-
mediate formations of phenol in ozonation, UV/03, and UV/H202 processes, J.
Hazard. Mater. 41 (1995) 47-64.

M. Gagol, et al., Wastewater treatment by means of advanced oxidation processes
based on cavitation - A Review, Chem. Eng. J. (2018).

G. Boczkaj, Wastewater treatment by means of Advanced Oxidation Processes at
basic pH conditions: a review, Chem. Eng. J. (2017).

Noor S. Shah, et al., Solar light driven degradation of norfloxacin using as-syn-
thesized Bi3 + and Fe2+ co-doped ZnO with the addition of HSO5 —: toxicities and
degradation pathways investigation, Chem. Eng. J. 351 (2018) 841-855.

A. Fernandes, et al., Treatment of bitumen post oxidative effluents by sulfate ra-
dicals based advanced oxidation processes (S-AOPs) under alkaline pH conditions,
J. Clean. Prod. 195 (2018) 374-384.

A. Fernandes, et al., Pilot scale degradation study of 16 selected volatile organic
compounds by hydroxyl and sulfate radical based advanced oxidation processes, J.
Clean. Prod. (2019).

R.A. Al-Rasheed, Water treatment by heterogeneous photocatalysis an overview,
Paper Presented at 4th SWCC Acquired Experience Symposium Held in Jeddah,
(2005).

S.B. Doltade, M.R. Ladole, N.L. Jadhav, K.S. Desai, D.V. Pinjari, A.B. Pandit,
Chemical Weekly, (2017), pp. 199-204.

M.P. Badve, T. Alpar, A.B. Pandit, P.R. Gogate, L. Csoka, Ultrason. Sonochem. 22
(2015) 272-277.

P.R. Gogate, A.B. Pandit, Adv. Environ. Res. 8 (2004) 501-551.

M.M. Chivate, A.B. Pandit, Ultrason. Sonochem. 2 (1995) 19-25.

V.S. Moholkar and A.B. Pandit, 2001, 56, 6295-6302.

M.P. Badve, M.N. Bhagat, A.B. Pandit, Sep. Purif. Technol. 151 (2015) 31-38.

[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]

[44]

[45]

[46]

[47]
[48]
[49]
[50]
[51]

[52]

[53]

Journal of Water Process Engineering 29 (2019) 100768

V.K. Saharan, A.B. Pandit, P.S. Satish Kumar, S. Anandan, Ind. Eng. Chem. Res. 51
(2012) 1981-1989.

V.S. Moholkar, P. Senthil Kumar, A.B. Pandit, Ultrason. Sonochem. 6 (1999) 53-65.
S.S. Save, A.B. Pandit, J.B. Joshi, Chem. Eng. J. Biochem. Eng. J. 55 (1994) 67-72.
T. Sivasankar, V.S. Moholkar, Chem. Eng. J. 149 (2009) 57-69.

P. Senthil Kumar, M. Siva Kumar, A.B. Pandit, Chem. Eng. Sci. 55 (2000)
1633-1639.

K.K. Jyoti, A.B. Pandit, Biochem. Eng. J. 7 (2001) 201-212.

N.L. Jadhav, S.C. Sastry, D.V. Pinjari, Ultrason. Sonochem. 42 (2017) 532-540.
T. Sivasankar, V.S. Moholkar, Ultrason. Sonochem. 16 (2009) 769-781.

P.S. Kumar, A.B. Pandit, Chem. Eng. Technol. 22 (1999) 1017-1027.

P. Makos, et al., Hydrophobic deep eutectic solvents as “green” extraction media for
polycyclic aromatic hydrocarbons in aqueous samples, J. Chromatogr. A (2018).
P. Makos, et al., Method for the simultaneous determination of monoaromatic and
polycyclic aromatic hydrocarbons in industrial effluents using dispersive liquid-li-
quid microextraction with GC-MS, J. Sep. Sci. (2018).

G. Boczkaj, et al., Application of dispersive liquid-liquid microextraction and gas
chromatography with mass spectrometry for the determination of oxygenated vo-
latile organic compounds in effluents from the production of petroleum bitumen, J.
Sep. Sci. 39 (2016) 2604-2615.

G. Boczkaj, et al., New procedure for the control of the treatment of industrial
effluents to remove volatile organosulfur compounds, J. Sep. Sci. 39 (2016)
3946-3956.

G. Boczkaj, et al., New procedure for examination of degradation of volatile orga-
nonitrogen compounds during treatment of industrial effluents, J. Sep. Sci. 40
(2017) 1301-1309.

APHA/AWWA/WEF, Standard Methods, (2012), p. 541.

M. Sivakumar, A.B. Pandit, Ultrason. Sonochem. 9 (2002) 123-131.

S.B. Doltade, V.L. Gole, J. Adv. Oxid. Technol. 20 (2) (2017) 20170013.

M. Sivakumar, A.B. Pandit, Ultrason. Sonochem. 9 (2002) 123-131.

M. Gagol, et al., Highly effective degradation of selected groups of organic com-
pounds by cavitation based AOPs under basic pH conditions, Ultrason. Sonochem.
45 (2018) 257-266.

M. Gagol, et al., Effective method of treatment of industrial effluents under basic pH
conditions using acoustic cavitation — a comprehensive comparison with hydro-
dynamic cavitation processes, Chem. Eng. Process. 128 (2018) 103-113.

G. Boczkaj, et al., Effective method of treatment of effluents from production of
bitumens under basic pH conditions using hydrodynamic cavitation aided by ex-
ternal oxidants, Ultrason. Sonochem. 40 (2018) 969-979.


http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0080
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0080
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0080
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0085
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0085
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0085
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0090
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0090
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0095
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0095
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0095
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0095
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0100
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0100
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0100
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0105
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0105
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0110
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0110
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0115
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0115
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0115
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0120
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0120
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0120
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0125
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0125
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0125
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0130
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0130
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0130
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0135
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0135
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0140
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0140
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0145
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0150
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0160
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0165
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0165
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0170
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0175
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0180
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0185
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0185
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0190
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0195
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0200
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0205
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0210
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0210
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0215
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0215
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0215
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0220
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0220
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0220
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0220
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0225
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0225
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0225
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0230
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0230
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0230
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0235
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0240
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0245
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0250
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0255
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0255
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0255
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0260
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0260
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0260
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0265
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0265
http://refhub.elsevier.com/S2214-7144(18)30752-9/sbref0265

	Hydrodynamic cavitation as an imperative technology for the treatment of petroleum refinery effluent
	Introduction
	Materials and methods
	Materials
	Analytical methods
	Experimental setup
	Experimental procedure

	Results and discussion
	Treatment using hydrodynamic cavitation reactor based on orifice (CN0) Reactor
	Performance of CN1 reactor
	Performance of CN5 reactor

	Conclusion
	Acknowledgement
	Appendix A
	References


