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ARTICLE INFO ABSTRACT

Keywords: The present study reports significant improvements in the removal of ammoniacal nitrogen from wastewater

Wastewater treatment which is an important problem for many industries such as dyes and pigment, distilleries and fisheries. Pilot

Ca‘_’itat'ion plant studies (capacity, 1 m>/h) on synthetic wastewater using 4-amino phenol as model nitrogen containing

lel;ie?mn organic compound and two real industrial effluents of high ammoniacal nitrogen content were carried out using
ollution

hydrodynamic cavitation. Two reactor geometries were evaluated for increased efficiency in removal-orifice and
vortex diode. Effect of initial concentration (100-500 mg/L), effect of pressure drop (0.5-5 bar) and nature of
cavitating device (linear and vortex flow for cavitation) were evaluated along with effect of salt content, effect of
hydrogen peroxide addition and aeration. Initial concentration was found to have significant impact on the
extent of removal: ~ 5 g/m® removal for initial concentration of 100 mg/L and up to 12 g/m> removal at high
concentration of 500 mg/L. Interestingly, significant improvement of the order of magnitude (up to 8 times) in
removal of ammoniacal nitrogen could be obtained by sparging air or oxygen in hydrodynamic cavitation and a
very high removal of above 80% could be achieved. The removal of ammoniacal nitrogen by vortex diode was
also found to be effective in the industrial wastewaters and results on two different effluent samples of distillery
industry indicated up to 75% removal, though with longer time of treatment compared to that of synthetic
wastewater. The developed methodology of hydrodynamic cavitation technology with aeration and vortex diode
as a cavitating device was found to be highly effective for improving the efficiency of the conventional cavitation
methods and hence can be highly useful in industrial wastewater treatment, specifically for the removal of
ammoniacal nitrogen.

Amino phenol

1. Introduction

A large number of chemical and allied industries generate huge
amounts of wastewaters which require effluent treatment prior to dis-
charge for meeting stringent norms on Chemical Oxygen Demand
(COD), Biological oxygen demand (BOD) and Ammoniacal Nitrogen
(NH4-N). Industrial wastewater treatment is important for the sustain-
ability of environment and ecology and at times can threaten the very
existence of the industry, if the pollution norms are not complied with.
The conventional wastewater treatment largely focuses on the mana-
ging COD or BOD levels. In comparison, the subject of removal of
ammoniacal nitrogen has received sparse attention barring standard
biological methods of treatment. The nitrogen content, measured in the
form of ammoniacal nitrogen, is a serious problem in many industrial
wastewaters due to limitations of both biological and conventional

physico-chemical methods. Ammoniacal nitrogen is a measure for the
nitrogenous organic matter as ammonia, a toxic pollutant that can di-
rectly poison humans and upset the equilibrium of water ecology sys-
tems. The ammoniacal nitrogen is required to be below 30-50 mg/L
[1], though the limit can vary depending on location. There are many
industries such as dyes and pigment, nitrogenous fertilizers, specialty
chemicals that generate wastewaters having high ammoniacal nitrogen
(1500-3000 mg/L) and demand specific solutions for wastewater
treatment. Similarly, industries such as fisheries generate huge volumes
of wastewaters, easily treatable using conventional biological treatment
methods but end up in “treated wastewater” having high ammoniacal
nitrogen of the order of 400-600 mg/L that needs to be again brought
down to well below 50 mg/L using cost-effective physico-chemical
methods.

The ammoniacal nitrogen from effluent is conventionally removed
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Nomenclature

Co Initial concentration, (mg/L or ppm)

C Final concentration, (mg/L or ppm)

g Gravitational acceleration, m/s>

k Rate constant, min

N¢ Number of passes required for treatment
P Pressure, bar

P Cost of electricity per kWh, Rs.

Flow Rate, liter/h

Time, min

Volume, Liter

Superficial gas velocity, m/s
Energy dissipation rate, W
Cavitational yield, mg/J
Per-pass degradation factor
AP Pressure drop, bar

n Efficiency of the pump

exs<<"oO

using biological, physical, chemical methods or combination of these
methods. Adsorption, chemical precipitation, membrane filtration, re-
verse osmosis, ion exchange, air stripping, breakpoint chlorination and
biological nitrification/ denitrification are commonly employed in this
regard [2]. Physico-chemical treatment or ion exchange/adsorption are
widely used for the reasons of being stable, easy to maintain and reli-
able. Aguilar [3] investigated physico-chemical removal of ammoniacal
nitrogen by coagulation-flocculation using activated silica powdered
activated carbon and precipitated calcium carbonate. The removal of
ammonia was found to be rather low (3-17%). However, the removal of
albuminoid nitrogen (nitrogen in the form of proteins) was appreciable
(74-89%). Studies are also reported on effectiveness of variety of ma-
terials such as clay and zeolite [4-8], limestone [7]; natural and waste
materials such as waste paper, refuse cement and concrete [9] for re-
moval of ammoniacal nitrogen. Advanced oxidation processes including
photocatalytic processes were also reported for model and industrial
wastewater treatment [10,11]. Destructive methods such as catalyst
dependent advanced oxidation processes, though can reduce ammo-
niacal nitrogen, have significantly high cost of operation compared to
most other processes. However, for refractory pollutants, due to non-
biodegradability and also because of severe limitations of conventional
treatment, application of advanced oxidation methods is often required
to meet the pollution control norms. The oxidation processes employ
oxidizing agents such as hydroxyl radicals, ozone, hydrogen peroxide
that react with the pollutant resulting into partial or total degradation
through mineralization of species. Persulfates based oxidation processes
are also gaining attention in recent years and have been well reviewed
recently [12-15]. The severe process conditions in terms of pressure/
temperature/catalyst and therefore cost intensive nature of these
methods restrict their application due to economic viability. Thus, it is
essential to evaluate newer methods and devices that have potential to
offer techno-economically feasible option, specifically for ammoniacal
nitrogen reduction. Hydrodynamic cavitation can offer one such useful
alternative in the existing treatment of industrial wastewaters for re-
ducing the ammoniacal nitrogen [1,16-21]. While the use of vortex
diode and hydrodynamic cavitation is reported in the literature, sys-
tematic studies to evaluate effects of various process parameters along
with cost consideration are essential from practical point of view and
for implementation in real life applications pertaining to the effluent
treatment, which is the main objective of this study. Further, the
methodology can be effectively integrated with other conventional
methods of treatment.

In the present work, we report removal of ammoniacal nitrogen
using hydrodynamic cavitation with 4-amino phenol as model nitrogen
containing organic pollutant. Two different devices were evaluated for
their efficacy in the removal of ammoniacal nitrogen- orifice, a con-
ventional cavitating device that employ linear flow, and vortex diode-
employing vortex flow for cavitation. Influence of aeration and addition
of hydrogen peroxide on intensifying removal of ammoniacal nitrogen
was investigated. The efficacy of the developed methodology was also
validated for real industrial wastewater treatment. The quantitative
data on influence of initial concentration, total dissolved solids, aera-
tion and addition of hydrogen peroxide on removal of ammoniacal
nitrogen is presented together for the first time. The data is processed

using the per-pass degradation (removal) factor model and dependence
of per-pass removal factor on pressure drop across the cavitation device
(energy dissipation rates) is presented. The data is also used to calculate
cavitation yield and corresponding treatment costs. Two case studies of
real life industrial effluents are also included to facilitate application of
the presented results to practice. The results presented in this work will
be useful for selection of cavitation device and appropriate process
parameters for applying hydrodynamic cavitation for treatment of
waste water containing ammoniacal nitrogen.

2. Applications of fluidic devices without moving parts

Cavitation fluidic devices may be broadly grouped into two types:
devices with and without moving parts. The first class of devices is
typically comprised of a rotating impeller and stator. These devices are
rather expensive and incur a higher maintenance overhead. Cavitation
devices without moving parts have significantly lower costs, and are
considered to be the most promising route for realizing the full po-
tential of hydrodynamic cavitation. Cavitation devices without moving
parts can be further classified into two broad types: those based on
linear flow, and those based on rotational flows. In linear flow cavita-
tion devices such as an orifice or Venturi, the working fluid is forced
through a restriction, such that low pressure and therefore cavitation is
realized. In rotational flow devices, low-pressure cavitating region is
generated around axis of rotation. In this second scenario, the cavi-
tating zone can be sufficiently removed from solid surfaces so as to
eliminate the risk of associated damage to the device [19].

Hydrodynamic cavitation demands specific designs of cavitating
devices for creating low pressure regions in the flow domain, mainly by
increasing the linear velocity of liquid by forcing the flow through
constrictions such as orifice or venturi (conventional devices) or by
increasing the rotational velocity of liquid by forcing it in the form of
vortex flow through a device like vortex diode which has an outlet port
from the center of vortex. The schematic of hydrodynamic cavitation
process using vortex diode is shown in Fig. 1. The process integration in
the form of aeration (optional) is also indicated. In the conventional
devices, constrictions are designed such that velocity at the throat
(smallest flow area zone) is large enough to generate cavities that
subsequently collapse in a region further downstream of constriction
resulting in the desired effect. In the latter case, dimensions of the ca-
vitating device- vortex diode, and outlet port are designed such that
low-pressure region are generated because of the highly swirling flow in
the vortex diode chamber to generate cavities which subsequently es-
cape the chamber via outlet port and then collapse as they enter high
pressure region. The performance of cavitation depends on number
density and collapse intensity of generated cavities.

2.1. Cavitation process and hydrodynamic cavitation

Cavitation is an advanced oxidation process that involves both
physical and chemical changes. The physical process mainly involves
formation, growth and collapse of micro bubbles (cavities) within a
liquid. The cavities subsequently collapse (implosion) and as a con-
sequence, very high pressure (as high as 1000 atm) and temperature (as
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(Vortex Diode) in wastewater treatment and other applications was
reported extensively by Ranade and coworkers in recent years
[18,21,28,30,31]. The design of Vortex diode is more complicated
compared to conventional designs and has three essential components:
an inlet tangential port to impart tangential flow, a disc-shaped
chamber for generating vortex and cylindrical axial port for the exit of
fluid [32]. There are several design variations that are possible which
mainly include variations in diameter and height of chamber along with
curved surface and providing internals. The vortex establishes a large
pressure drop across the device. The flow characterization in vortex
diode is well discussed in the literature and will not be repeated here
[27,30,33,34]. Recently [1,20,35,36], have discussed degradation of
organics such as dyes, solvents and degradation of organics from real
industrial wastewater. However, no systematic studies have been re-
ported specifically for removal of ammoniacal nitrogen using hydro-
dynamic cavitation. In this work, we have used vortex based cavitation
device reported in the literature [18,19,30,32] for the removal of am-
moniacal nitrogen, evaluated its efficacy under various process condi-
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tions and have tried to significantly enhance the removal efficiency
using process intensification for overall reduction in the cost of treat-
ment.

Fig. 1. Schematic of hydrodynamic cavitation process using Vortex Diode.

high as 10,000 K or more) get generated locally at the point of collapse.
The extreme temperature and pressure conditions at the location of
cavity collapse (implosion), generate oxidizing species such as hydroxyl
radicals that can chemically oxidize and destroy refractory pollutants.
Under ideal conditions, the products of oxidation of organic pollutants
are water and carbon dioxide implying complete mineralization. The
phenomenon can be exploited for variety of applications, especially in
wastewater treatment, disinfection of water and for chemical reactions
[18,22-29].

The application of hydrodynamic Cavitation using tangential flow

@ > VENT

3. Experimental
3.1. Materials

Reagent grade 4-Aminophenol (HoNCgH4OH; 99%) was obtained
from Sigma Aldrich. Hydrogen peroxide (30%) was obtained from
MERCK India. Sodium chloride (NaCl, greater than 99%) was obtained
from Sigma-Aldrich. Air, Helium and Oxygen (all 99.99% pure) cylin-
ders were procured from M/s Vadilal Gas, India. Single nozzle air pump
(SOBO AQUARIUM SB-108, Max. 3 L/min) was also used for compar-
ison. A synthetic wastewater solution of 4-Aminophenol was prepared
using double distilled water for different known concentrations.
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TI: Temperature Indicator
PT. Pressure Transmitter
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HE: Heat Exchanger

CR-1: Cavitation Reactor (Orifice)

CR-2: Cavitation Reactor (Venturi)
CR-3: Cavitation Reactor (Vortex Diode)
FT. Flow Transmitter

Fig. 2. Schematic of Hydrodynamic Cavitation Set-up.
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Spectroquant® Pharo 100 spectrophotometer (MERCK, India) of wave-
length range 320-1100 nm was used for analysis of COD and
Ammoniacal nitrogen.

The details of experimental set-up were reported earlier [28,31] and
only essential aspects are repeated here for immediate and easy re-
ference and to avoid repetition. The main elements of the hydro-
dynamic cavitation pilot plant (Fig. 2) include a 50-liter storage tank
with a conical bottom, a vertical multistage centrifugal pump (Model
CNP make CDLF2-26, $$316, 1.2 m>/h at 228 MWC), rating 3 kW (4
hp), 2900 RPM, discharge pressure 0-15 bar, control valves and cavi-
tating devices in the main line. A bypass line to main flow is used to
control the flow rate. Nominal Pipe diameter was 3/4 inch. Flow
transmitters and pressure transmitters are used to record flow and
pressure (KROHNE, H250, Honeywell ST 700). The set-up is equipped
with temperature measurement (RTD make EUREKA Eng. Enterprises
India; 0-200 C) and control system. Two cavitating devices were used-
orifice (single hole, circular with 3 mm diameter) and a vortex diode
[30] (fabricated locally; chamber diameter 66 mm, Throat diameter
11 mm, Material of construction- SS 316) operated in reverse flow
mode. For the process intensification study, prior to sending the fluid to
cavitation device, an arrangement was made for gas bubbling by in-
serting a tube in the tank and using air pump or air cylinder, oxygen
cylinder or helium cylinder (typically air was bubbled using a single
nozzle air pump, SOBO AQUARIUM SB-108 with maximum flow rate of
3 L/min).

The removal of ammoniacal nitrogen was investigated mainly using
a synthetic wastewater system with 4-aminophenol as model nitrogen
compound and for different concentrations in the range of
100-500 mg/L. In view of the inception of cavitation at < 0.5 bar for
vortex diode and ~ 1.25 bar for orifice [31], the pressure drop condi-
tions for vortex diode were selected from 0.5 bar and above and for
orifice 2 bar and above. Cavitation number for the considered operating
range for orifice was less than 1 (Cavitation number of 0.75 corre-
sponding to the flow rate of 0.41 m®/h and 0.35 corresponding to the
flow rate of 0.59 m®/h, at pressure drop of 2 and 5 bar respectively).
The usual definition of Cavitation number is not applicable to the
vortex diode. We have ensured that both the devices are operated in
cavitating regime. Experiments were conducted for 120 min and sam-
ples were withdrawn at periodic intervals and analyzed for ammoniacal
nitrogen. The pH of the solution was observed to be in the range of
6.9-7.3, indicating no appreciable change.

4. Results and discussions
4.1. Effect of initial concentration and removal kinetics

The results of initial concentration effect on reduction in ammo-
niacal nitrogen are presented in Fig. 3 for two different reactor con-
figurations, vortex diode and orifice. It was observed that initial con-
centration has significant impact on the removal. While a good removal
of ammoniacal nitrogen could be obtained for Vortex diode (up to 45%)
at lower concentration of 100 mg/L, it was less than 20% at high
concentration of 500 mg/L. The corresponding extent of removal, for
orifice was only marginally lower, however, required substantially
higher pressures compared to vortex diode.

The influence of initial concentration on percentage removal of
pollutant is similar to that reported in the literature [37-39]. The initial
concentration of pollutant influences the vapour and dissolved gas
content of the cavity during collapse, similar to that reported [40] and
therefore influences overall hydroxyl radical generation rate. The
overall extent of degradation depends on concentrations of generated
hydroxyl radicals as well as concentration of pollutant. It should be
noted that though percentage degradation decreases with increase in
initial concentration, the actual amount of pollutant degraded increases
with increase in initial pollutant concentration.

In order to study the kinetics of removal, a pseudo-first order
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kinetics was considered. The reduction in ammoniacal nitrogen could
be represented as,

C = Cye ™™ (€))

where Cy and C indicate ammoniacal nitrogen concentration before and
after the treatment, “t” is time (min), and k is an apparent rate constant
(min 1Y) of the reaction. Since removal predominantly occurs in the first
60 min, the rate data was fitted accordingly. The values of rate con-
stants are given in Table 1. For lower concentration of 100 ppm, k value
obtained in case of vortex diode was 7.18 x 1072 min~' and
6.61 x 1073 min~"! for AP of 0.5 and 2 bar respectively. Similarly, in
case of orifice, the k value was 5.41 x 10 3 min~! and 5.05 x 103
min~* for AP of 2 and 5 bar respectively. It is evident that the extent of
removal was quite higher in case of vortex diode compared to orifice,
especially at lower concentration of 100 ppm. At higher concentration
of 200 and 500 ppm, values of apparent rate constant, k, decrease for
both vortex diode and orifice as compared to low-100 ppm con-
centration.

4.2. Effect of pressure drop

Pressure drop across the cavitating device is one of the most im-
portant parameter that not only determines the efficiency of removal
but also decides the cost of operation. The results on the effect of

50
Vortex diode, AP = 0.5 bar
[III1] Vortex diode, AP = 2 bar
B8 Orifice, AP = 2 bar
Il Orifice, AP = 5 bar
40 - (@)
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T 20
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0 —
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0.05 -| == Vortex diode,AP=0.5 bar, cavitation (b)
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Fig. 3. Effect of initial concentration on removal of NH4-N.
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Table 1
Rate constant data for removal of NH4-N with Vortex diode and Orifice.

Reactor Initial conc. % NH4-N removal Apparent rate constant
(ppm) (120 min) k x 10% (min~ Y
Vortex diode
AP = 0.5 bar 100 45.5 7.1
200 26.7 2.9
500 18.9 2.1
AP = 2 bar 100 43.2 6.6
200 25.7 2.9
500 13.7 1.5
Orifice
AP = 2 bar 100 36.7 5.4
200 21.0 2.3
500 8.67 1.1
AP = 5 bar 100 29.2 5.0
200 21.9 2.0
500 13.7 1.6

pressure drop are shown in Fig. 4 for both vortex diode (0.5 and 2 bar)
and orifice (2 and 5 bar) and for different initial concentrations. The
results clearly reveal significantly higher rates of removal for the vortex
diode compared to conventional orifice at all the concentration. Fur-
ther, low pressure drop is favored in both the reactors, especially at low
concentrations and the effect is also dictated by the reactor geometry
(corresponding to their point of inception of cavitation). In all the cases,
the performance of vortex diode was superior to conventional device-
orifice for the removal of ammoniacal nitrogen; both rate as well as in
terms of extent of removal. The present results highlight another im-
portant aspect concerning the pressure drop; the reduction/removal
somewhat insensitive to increase in pressure drop across cavitation
device up to a certain level and then decreases at very high pressure
drops. This also agrees well with many reports which indicate existence
of optimum pressure drop [28,41,42].

4.3. Effect of total dissolved solids

The hydrodynamic cavitation, by virtue of its dependence on the
cavity implosion, is expected to be influenced by presence of dissolved
solids; however, no systematic studies have been reported in this re-
gard. In order to evaluate the effect, experiments were carried out using
initial concentration of PAP as 100 and 500 ppm and using added initial
dissolved salt concentration of 500 ppm and 2000 ppm (NaCl con-
centration). The results using vortex diode as a cavitating device are
shown in Fig. 5. The results indicate marginal effect of TDS at low salt
concentrations while the effect is more pronounced at higher values of
TDS. However, within the typical prescribed limits of TDS
(< 2100 ppm), effectiveness of the hydrodynamic cavitation for the
removal of ammoniacal nitrogen is clearly evident.

4.4. Intensification by addition of H;0,

Conventional forms of process intensifications include addition of
strong oxidizing agents such as hydrogen peroxide or ozone. Since no
studies are available for removal of ammoniacal nitrogen in this regard,
representative forms of process intensification have been chosen for
studying their impact on removal of ammoniacal nitrogen. Fig. 6 shows
some of the results with the intensification using hydrogen peroxide
(30%) as additional or external- to be specific, oxidizing agent on re-
moval of ammoniacal nitrogen (hydrogen peroxide formation is also
expected in the normal course of cavitation). In the external addition,
the dose of hydrogen peroxide was investigated at the level of five times
than concentration of pollutant. It was observed that there is no sig-
nificant improvement and at low ammoniacal concentration of 100 mg/
L, vortex diode and orifice yields about 50% and ~ 40% ammoniacal
nitrogen removal at AP of 0.5 and 2 bar respectively, while at higher
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concentration of 500 mg/L about ~ 30% removal in ammoniacal ni-
trogen was obtained. The results indicate that process intensification in
the form of hydrogen peroxide does not significantly increase the re-
moval.

The Synergistic coefficient for hydrodynamic cavitation and H;0,
was calculated by using formula as given below,[39]

k
Synergistic coefficient = —HCHD0)

rc + Km0,

Synergistic coefficient values less than one confirmed the above
observation of no synergism for hydrodynamic cavitation with addition
of HyOo.

70
m Vortex diode, AP = 0.5 bar (a)
® Vortex diode, AP = 2 bar
60 —-{ A Orifice, AP =2 bar
v Orifice, AP =5 bar
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e
=Z 30
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X 20
10 —
o T T T T
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Fig. 4. Effect of Pressure Drop for different initial concentrations (a) 100 ppm
(b) 200 ppm (c) 500 ppm.
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Fig. 5. Effect of dissolved solids on hydrodynamic cavitation (a) Low TDS (b)
High TDS.
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Fig. 7. Increased efficiency due to aeration on NH4-N removal (C, = 500 ppm).

4.5. Intensification using aeration

Simple form of process intensifications such as aeration can be
useful for the reason that cavities constitute vapor, air and other gases
which therefore can influence the behavior in term of implosion or
oxidation or both. Aeration may cause,

1. Early inception of cavitation

2. Increased number of cavities, thereby increasing probability of re-
action

3. Increase number of oxidizing radicals (due to enhanced availability
of oxygen)

To evaluate the effect of aeration, experiments were carried out
with and without aeration (air was sparged through the effluent storage
tank). Independent experiments were also carried out with bubbling of
helium and pure oxygen, instead of air. Since, the extent of removal is
less at high initial concentrations, a concentration of 500 ppm ammo-
niacal nitrogen was selected to explore the enhancement. The results of
process intensification studies are shown in Fig. 7. A very high removal
of ammoniacal nitrogen was obtained (4 to 10 times), by aeration that
was otherwise not possible by normal cavitation. About ~ 80% removal
was obtained using aeration at 500 mg/L concentration. Suryawanshi
et al. [28] reported ~ 10% enhancement in COD reduction due to
aeration for the removal of solvents and suggested that the nature of the
pollutant species may be important in this regard. Thus, process in-
tensification in the form of aeration was not very effective for the re-
moval of COD from the wastewaters. In view of the present results, a
substantially different mechanism may be expected for the removal of
ammoniacal nitrogen.

The results of the experiments using oxygen and helium in-
dependently are also shown in Fig. 7. As can be expected, bubbling of
oxygen produces more or less similar effect as bubbling of air. In fact,
the close similarity of the two clearly indicates role of oxygen in the
enhancement rather than any of the physical factors mentioned above.
Bubbling of the inert gas such as helium (used only for establishing
proof-of-concept and is not required in any form for real application)
has not shown any positive impact on cavitation. The observations,
therefore, clearly imply chemical form of the process intensification due
to increased availability of oxygen as the critical component in the
removal of ammoniacal nitrogen. Naturally, it is believed that the re-
moval occurs via formation of NOx and water in the process similar to
that of CO, and water in COD reduction.

The removal mechanism is believed to include set of reactions due
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to collapse of cavities [43], resulting in generation of oxidizing species
followed by possible formation of intermediates such as ketone, 4-
benzoquinone imine and finally product of oxidation as benzoquinone,
water and NOx [44]. This implies no significant reduction in the COD as
the carbon number get only partly reduced, as has been confirmed in
the present study, where separate COD measurement indicated average
COD reduction of only 15%. However, more detailed investigations are
required to establish the exact mechanism in this regard.

4.6. Per-pass removal

Instead of using an apparent first order kinetic constant to represent
removal, it may be useful to use per-pass degradation factor to describe
hydrodynamic cavitation experiments presented in this work [21]. The
per-pass degradation factor is defined as,

Per-pass degradation factor (@) = k< 2

where, 7 is residence time defined as a ratio of volume of holding tank
and flow rate through cavitation device.
The energy dissipation rate,

W= APxQ 3

The overall cavitational yield (amount of ammoniacal nitrogen de-
graded per unit energy dissipation) can be written as,

y=V&=0 mg/J
APQt 4
Fig. 8 shows values of per pass degradation factor and energy dis-
sipation rate for the different conditions. At higher pressure drop con-
ditions for vortex diode at 2 bar and orifice at 5 bar, the energy dis-
sipation rate is quite high than low pressure drop conditions. This
clearly demonstrates that lower pressure drop conditions are more fa-
vorable for both vortex diode and orifice from the cavitational yield
perspective. The vortex diode at 0.5 bar shows maximum per-pass de-
gradation compared to all other pressure drop conditions.

4.7. Comparative analysis of per-pass degradation factor- without aeration
and with aeration

It is instructive to quantify the effect on enhancement using per-pass
degradation factor for different cases such as removal without aeration
and with aeration. The analysis in this regard is shown in Fig. 9. It is
evident from the values of per-pass degradation factor that aeration
leads to improvement in hydrodynamic cavitation. With increasing Co,
the improvement by aeration became larger. The analysis also quanti-
tatively reveals effectiveness, especially at low pressure drops and dif-
ferentiates the impact of reactor geometry.

4.8. Reactor geometry and cavitational yield

From the results obtained for ammoniacal nitrogen removal, it is
clear that the reactor geometry has a strong influence on the removal
behavior. This can be quantified in terms of cavitational yield for dif-
ferent reactors which is the ratio of amount of pollutant degraded and
product of pressure drop, flow rate and time. This analysis can be more
useful since there is large uncertainty associated with the character-
ization of the cavitation behavior due to difficulty in obtaining number/
quantity of cavities, size of the cavities or size distribution that can
imply quality of the cavities and effects of various known and unknown
parameters such as presence of organics, dissolved solids, other im-
purities, liquid viscosity, surface tension, temperature and so on. Thus,
the overall performance is largely attributed to the visible and mea-
surable parameters such as pressure drop, reactor configuration. Fig. 10
provides values of cavitational yield for different reactors- vortex diode
and orifice. A comparison is also made for the large enhancement ob-
tained for the process intensification using aeration. The energy
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dissipated by aeration can be given by g X Vg (J/kg), where g is
gravitational acceleration (9.81 m/s?) and Vy is superficial gas velocity
(m/s). In the present work, under experimental conditions, the energy
consumption due to aeration was found to be less than 1% of the total
energy consumption and hence, for simplifying and ease of comparison,
energy dissipated by aeration is neglected. The values of cavitational
yields were 49.2 x 10~ *mg/J and 31.4 x 10~ * mg/J for vortex diode
at 0.5 bar pressure drop, 100 ppm initial concentration and for with and
without aeration. The corresponding values for orifice were 8.4 x 10~*
mg/J and 4.9 x 10~ * mg/J respectively. For the initial concentration
of 500 ppm, the same values for vortex diode and orifice were
261.0 x 10~* mg/J and 73.8 X 10~ * mg/J and 59.8 x 10~ mg/J
and 6.75 x 10~ % mg/J respectively. It is evident that vortex diode as a
cavitation reactor is superior to the conventional device-orifice. It can
also be seen that the cavitation yield is higher for higher initial con-
centration. Also, cavitational yield increases significantly (up to 10
times) using aeration.

4.9. Cost considerations in removal of ammoniacal nitrogen using
hydrodynamic cavitation

In view of the high efficacy of hydrodynamic cavitation technology
for the treatment of industrial wastewaters containing high ammoniacal
nitrogen, it would be prudent to estimate approximate costs associated
with the treatment method. The cost of treatment can be obtained as
[1]:

N. X AP X Pg

Cos't of treatment per m? of effluent = %6
7)

For the removal of ammoniacal nitrogen with and without aeration,
the cost is estimated for the Indian scenario assuming the cost of
electricity as Rs. 10 per kWh (1$ = ~70 Rs). Pump efficiency was as-
sumed as 66%. For the similar levels of removal and for the process
conditions found most favorable in the present work, 0.5 bar AP and
vortex diode, the cost of treatment is 7 Rs/m® (~0.1$/m?), without
aeration and 2 Rs/m® (~0.02$/m>) for process intensification with
aeration (assuming negligible cost of aeration).

The corresponding costs for the orifice are 30 and 7 Rs/m> (approx.
0.42 and 0.1 $/m> respectively), at 2 bar AP without and with aeration
respectively. For a high concentration of 500 ppm, the estimated costs
are 7 Rs/m® (~0.1$/m>) and 0.60 Rs/m® (~0.008$,/m>) for vortex
diode without and with aeration while corresponding values for orifice
are 30 and 3 Rs/m® (approx. 0.42 and 0.04 $/m> respectively). Thus,
the treatment cost for vortex diode is significantly lower as compared to

Energy dissipation rate, W
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Fig. 8. Per pass degradation factor and energy dissipation rate at different
concentrations.
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the orifice used in this work.

The high effectiveness of vortex diode in the treatment of waste-
waters is largely due to the flow pattern- vortex flow in the design of
cavitation reactor. The rotational flow in such case is effective in re-
moval at lower pressure drop conditions as compared to the linear flow
based conventional cavitation devices.

5. Removal of ammoniacal nitrogen from real industrial
wastewater- two case studies

Two different industrial wastewater samples mainly having the
problem of high ammoniacal nitrogen were procured from a local dis-
tillery industry. The first sample was partially treated spent wash with
initial COD of 75875 ppm and initial ammoniacal nitrogen content of
2050 ppm. The sample was dark brown in colour with intense odor. pH
of the sample was 7. The second sample was of condensate water, after
the biological treatment of distillery wastewater and had ammoniacal
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Fig. 10. Cavitational yield for vortex diode and orifice; with and without
aeration.

nitrogen content of 2880 ppm.

Both the samples were specifically evaluated for the removal of
ammoniacal nitrogen using vortex diode and employing a pressure drop
of 0.5 bar and 2 bar respectively, conditions chosen on the basis of
preliminary investigations. The reduction in the ammoniacal nitrogen
for the spent wash sample was ~ 36% in 60 min, indicating efficacy of
the hydrodynamic cavitation technique in treating real industrial was-
tewater. The treatment of condensate water however was quite difficult
and a high reduction of the order of 75% could be obtained (Fig. 11)
only after prolonged treatment (~10 h), indicating relatively high cost
of the treatment of such wastewaters. This difficulty in the treatment
can be largely attributed to the nature of highly refractory compounds
that remained in the wastewaters even after the biological treatment.

The results on the real industrial wastewater treatment are similar
to those reported by Bhandari et al. [20] for real industrial wastewater
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Fig. 11. Ammoniacal nitrogen reduction in real life- distillery industrial was-
tewater.

treatment of fertilizer industry where ~ 37% reduction in the ammo-
niacal nitrogen was reported for wastewaters of high ammoniacal ni-
trogen content (530-1330 ppm) and ~ 87% reduction for the low
ammoniacal nitrogen (276 ppm) containing wastewater. The present
study on distillery wastewater samples however had significantly
higher ammoniacal nitrogen content and hydrodynamic cavitation was
found to be effective in treating real industrial wastewaters even at such
high levels of concentrations. Essentially, higher removal to desired
extent can be achieved using prolonged treatment time or using ap-
propriate process intensification.

6. Conclusion

The present study clearly establishes methodology for improving the
effectiveness of hydrodynamic cavitation especially using vortex diode
as a cavitating device in wastewater treatment, specifically for the re-
moval of ammoniacal nitrogen. Initial concentration has significant
impact on the removal and quantity of ammoniacal nitrogen removed
increases with the increase in the concentration for the same pressure
drop and reactor conditions. Overall, 9-45% removal could be obtained
only using hydrodynamic cavitation depending upon the initial con-
centration and reactor geometry, high removal using vortex diode for
pressure drop of only 0.5 bar. Interestingly, significant improvement,
up to 8 times, can be obtained using simple process intensification by
sparging air or oxygen and overall extent of removal of over 80% could
be accomplished, again high improvement in the case of vortex diode at
significantly low pressure drop (0.5 to 2 bar compared to orifice- up to
5 bar). For the initial concentration of 500 ppm, with and without
aeration, the values of cavitational yield for vortex diode at pressure
drop of 0.5 bar were 261.0 X 10~ * mg/J and 73.8 x 10~ % mg/J and
for orifice at pressure drop of 2 bar were 59.8 x 10~ * mg/J and
6.75 x 10~ % mg/J, clearly proving superiority of vortex diode as a
cavitation reactor over conventional device-orifice and demonstrating
order of magnitude increase in the cavitational yield using aeration.
The methodology of improving efficiency gets reflected in significant
cost reduction due to process intensification, ranging from 200% to
more than 1100%, an crucial and important aspect from industrial
application point of view. A plausible mechanism to elucidate effect of
aeration clearly highlighted role of oxygen for degradation by cavita-
tion. The application of the technology for the treatment of real in-
dustrial wastewaters from distillery industry having high ammoniacal
nitrogen content was equally effective in reducing ammoniacal nitrogen
proving efficacy of the developed technique. The insight obtained in
this study and the results are useful for real life industrial wastewater
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treatment and hydrodynamic cavitation technology with aeration ap-
pears to be a highly promising technology for the removal of ammo-
niacal nitrogen, in terms of efficiency, ease of operation, easy scale-up
and cost effectiveness. The cavitating devices and aeration may be used
alone or in combinations with existing established effluent treatment
processes to facilitate water recycling and reuse.
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