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Hydrodynamic  cavitation  (HC)  was  evaluated  as  a pretreatment  option  for  the  complex/recalcitrant
biomethanated  distillery  wastewater  (B-DWW).  The  effect  of various  process  parameters  such  as  inlet
pressure,  dilution  and  reaction  time  on  reduction  of  COD/TOC  and enhancement  of  biodegradability  index
(BI:BOD5:COD  ratio)  of  the B-DWW  was studied  with  an  aim  to  maximize  the  biodegradability  index  and
reducing  the  toxicity  of  the  distillery  wastewater.  It was  observed  that  higher  operating  pressure  (13  bar)
yielded  the maximum  BI whereas  the  lower  pressure  (5  bar)  is  suitable  for the  reduction  in the toxicity
ydrodynamic cavitation
iomethanated distillery wastewater
iodegradability index (BOD5:COD ratio)
olor

of  B-DWW.  The  toxicity  of  the  distillery  wastewater  was analyzed  by  measuring  the COD,  TOC  and  color
of the  wastewater  sample.  The  HC pretreatment  under  optimized  conditions  leads  to  a  BI of  0.32,  COD
and  TOC  reduction  of 32.24%  and  31.43%,  respectively  along  with  a color  reduction  by 48%.  These  results
indicate  the  potential  of  HC  as a  pretreatment  option  for  enhancing  the biodegradability  index  of  the
recalcitrant  wastewater  such  as  B-DWW  along  with  reduced  toxicity  of  wastewater  as  observed  from
COD, TOC  and  color  reduction  profile  under  optimized  conditions.
. Introduction

Distilleries are one of the highly polluting industries worldwide
1] and are rated as one of the 17 most polluting industries listed
y the Central Pollution Control Board (CPCB), Govt. of India [2].
he Indian distilleries use sugarcane molasses as a preferred raw
aterial for fermentation of sugar because of its easy and large

cale availability. There are about 579 sugar mills and 295 distil-
eries in India [3].  Currently, about 40.72 million m3 of spent wash
wastewater) is generated annually from all these distilleries alone
n India [4–8]. Significant volume of water is consumed for molasses
reparation (dilution), yeast propagation (fermentation), etc. in the
ange of 14–22 L L−1 of alcohol production. After the conventional
naerobic digestion the biomethanated wastewater retains around
0,000 mg/L of COD and significant color and becomes recalcitrant
BI:BOD5/COD ≈ 0.14) to further treatment by conventional biolog-

cal methods. This problem has emphasized the need for further
esearch on effective treatment/pretreatment methods for safe dis-
osal of anaerobically digested distillery wastewater.

Abbreviations: B-DWW,  biomethanated distillery wastewater; HC, hydrody-
amic cavitation; VFA, volatile fatty acid; COD, chemical oxygen demand; BOD,
iochemical oxygen demand; BI, biodegradability index (BOD5:COD ratio); BMP,
iochemical methane potential; TOC, total organic carbon; AOP’s, advanced oxida-
ion processes; ND, non detectable.
∗ Corresponding author. Tel.: +91 22 3361 2012; fax: +91 22 3361 1020.

E-mail address: ab.pandit@ictmumbai.edu.in (A.B. Pandit).

304-3894/$ – see front matter ©  2012 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2012.03.054
© 2012 Published by Elsevier B.V.

Various researchers have reported several biological, physico-
chemical and phytoremediation approaches for the treatment
of distillery wastewater [9–20]. However, all these studies have
only concentrated on the removal of color/melanoidin from dis-
tillery wastewater and not on the holistic issue of biodegradability
enhancement.

A recent technology such as cavitation which has found sev-
eral applications [21] can be effectively utilized as a pretreatment
option for refractory/recalcitrant wastes. Cavitation is defined as
formation, growth and subsequent collapse of microbubbles or cav-
ities in extremely small time intervals as micro to milliseconds,
releasing large magnitudes of energy over a small region but at
multiple locations in the reactor [22]. Although ultrasonic cavita-
tion is a costly option owing to its ineffective spatial distribution
of cavities on a large scale and less effective transducer outputs at
higher operating frequencies [23], an alternative cavitation phe-
nomena generated by manipulating the liquid flow pattern termed
as hydrodynamic cavitation, is reported to be more energy effi-
cient over acoustic cavitation for some application and even can
find large scale applications [23,24].

In hydrodynamic cavitation, cavities are formed by passing the
liquid through the constriction/geometry provided in line such
as venturi and orifice plate. When the pressure at the throat or
vena-contracta of the constriction falls below the vapor pressure

of the liquid, the liquid flashes, generating number of vaporous
cavities that subsequently collapse when the pressure recovers
downstream of the mechanical constriction. The effects of cav-
ity collapse are in terms of the creation of hot spots, releasing

dx.doi.org/10.1016/j.jhazmat.2012.03.054
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ab.pandit@ictmumbai.edu.in
dx.doi.org/10.1016/j.jhazmat.2012.03.054
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water in
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Fig. 1. Schematic representation of hydrodynamic cavitation reactor set-up.

17mm 
22.61° 6.4° 

2mm 

disodium hydrogen phosphate, ammonium chloride, calcium
chloride, magnesium sulfate and ferric chloride and were all
analytical grade reagents (S.D. Fine Chemicals, Mumbai, India).

Table 1
Characteristics of complex wastewater (biomethanated distillery wastewater).

Parameters Value

pH 7.61
Color Brown
COD (mg/L) 35,000
BOD (mg/L) 5000
TOC (mg/L) 10,000
Total solids (mg/L) 31,000
0 K.V. Padoley et al. / Journal of Haz

ighly reactive free radicals, surface cleaning and/or erosion, and
nhancement in local transport (heat, mass and momentum) rates.
he collapse of bubbles, generates localized “hot spots” with tran-
ient temperature of the order of 10,000 K, and pressures of about
000 atm [25]. Under such extreme conditions water molecules are
issociated into OH• and H• radicals. These OH• radicals then dif-
use into the bulk liquid medium where they react with organic
ollutants and oxidize/mineralize them. The two main mechanisms
or the degradation of pollutants using hydrodynamic cavitation
re the thermal decomposition/pyrolysis of the volatile pollutant
olecules entrapped inside the cavity during the collapse of the

avity and secondly, the reaction of OH• radicals with the pollu-
ant occurring at the cavity–water interface. In the case of non
olatile pollutant the main mechanism for the degradation of
ollutants will be the attack of hydroxyl radicals on the pollu-
ant molecules at the cavity–water interface and in the bulk fluid

edium. The mechanical effects are also significant. In some cases
he intensity of shockwaves generated by the collapsing cavity
an break molecular bonds, especially the complex large molec-
lar weight compounds. The broken down intermediates are more
menable to OH• attack as well as biological oxidation, which can
urther enhance the rate of oxidation/mineralization of the pol-
utants in subsequent biological treatment (increase in BI). The
iterature reports on the application of hydrodynamic cavitation
re very scanty, and limited only to synthetic wastewater contain-
ng only specific pollutants such as textile dyes, pharmaceutical
rugs and pesticides [23–28].  Use of hydrodynamic cavitation reac-
or in real industrial wastewater treatment applications has been
arely investigated. Chakinala et al. [23] have tried hydrodynamic
avitation (HC) in conjunction with the advanced Fenton process
or the treatment of real industrial wastewater and reported that
ydrodynamic cavitation is very effective as a pre-treatment to
iological oxidation for the effluent samples considered in their
ork.

The best and most practical utilization of cavitation in an energy
fficient manner can be made by using it as a pretreatment in
ombination with any other advanced oxidation system or conven-
ional biological treatment systems. In the present investigation,
ydrodynamic cavitation (HC) was evaluated as a pretreatment

or the complex wastewater such as biomethanated distillery
astewater (B-DWW). The biomethanated distillery wastewater
as subjected to HC reactor and the effect of various process
arameters was assessed and optimized for maximizing COD/TOC
eduction and enhancing biodegradability index (BOD5:COD ratio)
f the wastewater. The associated color reduction has also been
tudied.

. Experimental methods

.1. Experimental setup

The experimental setup for hydrodynamic cavitation experi-
ent is shown in Fig. 1. The setup includes a holding tank (15 L), a

ositive displacement pump (power rating 1.1 kW), control valves
V1–V3), flanges to accommodate the cavitating device, a main line
nd a bypass line. The suction side of the pump is connected to
he bottom of the tank and discharge from the pump branches into
wo lines: the main line and a bypass line. The main line consists
f a flange which houses the cavitating device which can be orifice,
enturi or any other mechanical constriction. The bypass line is

rovided to control the liquid flow through the main line. Both the
ainline and bypass line terminate well inside the tank below the

iquid level to avoid any induction of air into the liquid. Fig. 2 shows
he details of the cavitating device (venturi) used in this work.
10mm mm01mm76mm81

Fig. 2. Schematic of venturi.

2.2. Experimental protocol

2.2.1. Biomethanated distillery wastewater (B-DWW)
Distillery wastewater treated in a conventional anaerobic

digester from a distillery near Nagpur, India (source not given
due to confidentiality issues) was  collected as a grab sample and
transported to the laboratory in 25 L carboys. The wastewater was
characterized for its physico-chemical composition and the results
are presented in Table 1.

2.2.2. Preparation of the wastewater
The biomethanated distillery wastewater (B-DWW) stored at

4–5 ◦C was  allowed to attain room temperature before experi-
ments. The wastewater was then used as such for pretreatment
using hydrodynamic cavitation.

2.2.3. Chemicals
All the chemicals used in the study were analytical or reagent

grade. The chemicals used in the COD analysis viz. ferrous ammo-
nium sulfate heptahydrate, potassium dichromate, mercuric
sulfate, silver sulfate, concentrated sulfuric acid and ferroin indi-
cator were analytical grade reagents (Ranbaxy Fine Chemicals
India Ltd.). The BOD analysis was carried out using sodium thio-
sulfate, alkali iodide azide, manganous sulfate, starch, potassium
dihydrogen phosphate, dipotassium hydrogen orthophosphate,
Total suspended solids (mg/L) 1600
Biomass (%) 1
BOD5:COD ratio 0.168

The values given in the table are average of 3 sets of observations with S.D. < 5.



K.V. Padoley et al. / Journal of Hazardous Materials 219– 220 (2012) 69– 74 71

Table 2
Effect of inlet pressure on mineralization of biomethanated distillery wastewater.

Pressure Time (min) No. of passes COD (mg/L) TOC (mg/L) %COD reduction %TOC reduction

5 bar (VO = 550LPH)a

0 0 34391.00 9523.00 0.00 0.00
50  85 23723.00 6820.00 31.02 28.38

100 180 23442.00 6790.00 31.84 28.70
150  290 23302.00 6530.00 32.24 31.43

13  bar (VO = 850LPH)b

0 0 33973.00 9540.00 0.00 0.00
50  131 24128.00 7090.00 28.98 25.68

100  279 22325.00 6490.00 34.29 31.97
150  447 22325.00 6425.00 34.29 32.65

W
 150 m

 150 m

T
a
a
c
L
c
w
p

2

(
w
a
[
m
b
(
a
C
o
c
U

2

B
(
e
r
T

T
E

here VO is the volumetric flow rate at corresponding pressure.
a Absolute COD and TOC reduction is 11,089 mg/L and 2993 mg/L, respectively in
b Absolute COD and TOC reduction is 11,648 mg/L and 3115 mg/L, respectively in

he chemicals used for TOC analysis included phosphoric acid,
nhydrous potassium biphthalate, anhydrous sodium carbonate,
nhydrous sodium bicarbonate were all analytical reagent grade
hemicals (Qualigens Fine Chemicals (Division of Glaxo) India
td.). The distilled water used in the study for various purposes
onfirmed to pH: 5.5, conductivity: 140 �s/cm, Cl: 0, SO4: 0. Tap
ater was used for the dilution of the B-DWW during cavitation
retreatment studies, having pH: 7.3, COD: ND, BOD: ND.

.2.4. Analytical equipments and measurement protocols
The pretreated samples were centrifuged using a IEC centrifuge

Model PR-2) at 5000 × g for 10 min  at 20 ◦C and the supernatant
as subjected to the physico-chemical analysis. The COD, BOD

nd TOC analysis was carried out as per the standard methods
29]. The degree of total oxidation to carbon dioxide (complete

ineralization) that has occurred during cavitation was  assessed
y measuring total organic carbon using “Total Carbon Analyzer”
Model TOC 1200); supplied by Thermo Electron Corporation, USA
nd the methodology followed was as per standard methods [29].
ontrol dynamics, make pH meter was used for monitoring the pH
f the samples during investigation. The estimation of color was
arried out using Shimadzu UV–visible spectrophotometer, Model
V-1800, as per the method described by Naik et al. [30].

.2.5. Biodegradability – post pretreatment
Biodegradability index (BI) is expressed as the ratio of

OD5:COD and is a parameter for evaluating biodegradability

amenability to biological treatment) of a wastewater. This param-
ter is generally referred as biodegradability index (BI) with
eference to suitability of wastewater for biological treatment [31].
he COD and BOD of the wastewater and hence the BI were

able 3
ffect of extent of dilution on mineralization of biomethanated distillery wastewater.

% Dilution Time (min) COD (mg/L) 

No dilutiona

0 34391.00 

50  23723.00 

100  23442.00 

150  23302.00 

25%  dilutionb

0 28208.00 

50 19539.00 

100  18300.00 

150  18163.00 

50%  dilutionc

0 21280.00 

50  13193.00 

100  11916.00 

150  11207.00 

a Absolute COD and TOC reduction is 11,089 mg/L and 2993 mg/L, respectively in 150 m
b Absolute COD and TOC reduction is 10,045 mg/L and 2510 mg/L, respectively in 150 m
c Absolute COD and TOC reduction is 10,073 mg/L and 2599 mg/L, respectively in 150 m
in  of treatment.
in  of treatment.

evaluated after the hydrodynamic cavitation pretreatment and
compared with that of the untreated B-DWW.

2.3. Hydrodynamic cavitation pretreatment of B-DWW

The B-DWW was subjected to HC pretreatment for which, 6 L
of wastewater was treated in cavitation reactor (Section 2), and
the cavitation was achieved using a venturi (shown in Fig. 2). The
experiments were conducted at two  different inlet pressures (low
as well as high) and at different dilutions of the biomethanated
distillery wastewater in the time range of 50–150 min. At the end
of each defined time interval the samples were withdrawn from the
reactor through a sampling port, centrifuged and analyzed for pH,
COD, BOD, TOC and color as per the standard procedures, specified
earlier.

2.4. Experimental protocol for conducting biochemical methane
potential (BMP)

A 2.5 L amber colored anaerobic (nitrogen purged) bottle reac-
tor was used for conducting lab scale experiment for the evaluation
of BMP. The bottle was  filled with 2 L of pretreated (13 bar, 25%
dilution, 50 min  of pretreatment) B-DWW along with 10% accli-
matized biomass from a distillery anaerobic digester treating raw
spent wash. The temperature during cavitation was  maintained
at 35 ± 2 ◦C with the aid of a water circulating in the jacket. The
total gas evolution (i.e. CH4 and CO2) was monitored volumetrically
using water displacement method [31]. The control sample con-

sisted of B-DWW without hydrodynamic cavitation pretreatment
and with 10% acclimatized biomass (the COD  of this wastewater
without pretreatment was appropriately diluted to get the same
starting COD as that of pretreated B-DWW). The samples were

TOC (mg/L) %COD reduction %TOC reduction

9523.00 0.00 0.00
6820.00 31.02 28.38
6790.00 31.84 28.70
6530.00 32.24 31.43

7940.00 0.00 0.00
5710.00 30.73 28.09
5500.00 35.12 30.73
5430.00 35.61 31.61

6044.00 0.00 0.00
3725.00 38.00 38.37
3610.00 44.00 40.27
3445.00 47.34 43.00

in  of treatment.
in  of treatment.
in  of treatment.
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Fig. 3. Effect of inlet pressure (5 bar) on color reduction on biomethanated distillery
wastewater.
2 K.V. Padoley et al. / Journal of Haz

emoved periodically during the 40-day experiments and were cen-
rifuged at 5000 rpm for 10 min  for various analyses.

. Results and discussion

.1. Effect of inlet pressure on mineralization of B-DWW

The effect of the venturi inlet pressure on COD/TOC reduction
as evaluated at a lower (5 bar) and higher (13 bar) inlet pressure.

he B-DWW was used as such at an inlet COD of 34,000 mg/L (avg.).
he samples were collected at different time intervals and ana-
yzed for COD and TOC. The results are presented in Table 2. The
esults indicate that there is no significant increase in the percent-
ge reduction of COD and TOC with an increase in the inlet pressure
34% reduction in COD and 33% reduction in TOC were obtained
t 13 bar pressure as compared to 32% and 31% respectively at

 bar inlet pressure). The results also yielded the fact that maxi-
um  mineralization of the distillery wastewater at any selected

retreatment operating conditions occurs in the first 50 min  of cir-
ulation (85 passes) through the HC and after which there is no
ignificant reduction of COD and TOC, thus indicating optimum
reatment time to be 50 min. The results obtained at higher inlet
ressure (13 bar) did not lead to any further mineralization of the
istillery wastewater as that observed at 5 bar operating pressure.
herefore, further experiments were conducted at 5 bar operating
ressure. This seems to be practical since a higher pressure (13 bar)
aises feasibility issues for large scale operations and also increas-
ng operating pressure from 5 bar to 13 bar, increases the operating
ost by (13/5) times without any significant enhancement in the
OD reduction. Saharan et al. [27] have carried out degradation
f Reactive Red 120 dye using hydrodynamic cavitation and ven-
uri (used in our study) as a cavitating device. They have found out
hat the degradation rate increases with an increase in the inlet
ressure (3–10 bar) reaching to a maximum at 5 bar inlet pressure
nd then decreases. The results obtained in the present investiga-
ion are also in accordance with the conclusion found out by them
arlier.

.2. Effect of dilution on mineralization of B-DWW

The original wastewater (34,000 mg/L COD) was diluted 25% and
0% concentration (%, V/V) using tap water and was treated using
C maintaining inlet pressure at the selected optimum (5 bar). The
alues of COD and TOC observed at different treatment times are
resented in Table 3. It can be observed from the values of COD and
OC that the dilution has no significant effect on the mineraliza-
ion of distillery wastewater. Although the percentage reduction
s marginally higher at 50% dilution, the total quantum (mg  of
OD/TOC/L) of COD and TOC reduction is lower at 25% and 50%
ilution as compared to undiluted wastewater. These results are
ontrary to the literature reports [23] that increasing dilution leads
o enhanced mineralization using a chemically added oxidant (Fen-
on agent), which does not hold true for the present system. This

ay  be attributed to the inherent recalcitrance and complex nature
f the B-DWW.

.3. Effect of cavitation on color reduction of B-DWW

The dark brown color of the distillery wastewater is not only due
o the presence of a complex biopolymer called melanoidins, which
re Maillard reaction products but also due to the caramel col-
rants, which are generated during the processing (concentration,

vaporation) of sugarcane juice at higher temperatures in sugar
ndustries as also during the distillation of sugarcane molasses
32] for the recovery of absolute alcohol. The hydrodynamic cavi-
ation pretreatment in the present study has not only resulted in
COD/TOC reduction but also has reduced the concentration of total
color of B-DWW.  The hydrodynamic cavitation studies at optimal
inlet pressure (5 bar) indicate that a maximum 36% color could be
removed from undiluted B-DWW at 5 bar operating pressure in
150 min  of treatment. The color reduction profile is presented in
Fig. 3.

The results presented in Fig. 3 indicate that HC pretreat-
ment not only results in COD/TOC removal but also reduces
the color content (indirectly toxicity) of the wastewater system.
For undiluted wastewater a maximum of 34% color reduction is
observed, while for 25% and 50% concentration of diluted wastew-
ater, a maximum color reduction of 41% and 48% are observed
respectively.

The hydrodynamic cavitation pretreatment seems to reorient
the complex molecules of distillery waste leading to breaking
down of the constituents (chromophores) imparting color to the
wastewater. The chemical structure of melanoidins is still not
completely known, and it is assumed that they do not possess a
definite structure as their elemental/chemical structure depends
largely on the nature and molar concentration of parent reacting
compounds including pH, temperature, heating time and solvent
system use [32,33]. Bhargava and Chandra [32] have reported
the bacterial degradation of major color causing compounds in
distillery wastewater using Bacillus sp. and Alcaligenes sp. They
reported 70% color degradation by using a microbial consortium
prepared using Bacillus and Alcaligenes sp., and have reported that
an increase in the temperature from 30 to 37 ◦C lead to an increased
degradation of color causing compounds.

Sreethawong and Chavadej [34] have reported color removal
from diluted (20% concentration) distillery wastewater using
ozonation in presence and absence of ironoxide catalyst, and their
findings suggest that in the presence of ironoxide catalyst the
reduction in color and COD of the diluted distillery wastewater was
more. In the present investigation, the dilution of the wastewater
has lead to an enhanced color removal from B-DWW;  however, the
reduction is only incremental by a margin of 7% at 25% concentra-
tion and 14% at 50% concentration for a treatment time of 150 min
as compared to 34% at zero dilution. These findings suggest that
dilution is helping only marginally to alter the color of the wastew-
ater and the same can be seen from the BOD values (data discussed
in later section), since they are also increasing only slightly with
dilution. The dilution also requires the treatment of higher volume

and the additional consumption of water. Hence this strategy of
dilution is not recommended.
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Table 4
Effect of cavitation pretreatment on biodegradability index of biomethanated distillery wastewater.

Reaction condition Time (min) COD (mg/L) BOD (mg/L) BOD/COD

Pressure = 5 bar, no
dilution

0 34391.00 4853.00 0.14
50 23723.00 5120.00 0.22

100 23442.00 5500.00 0.23
150  23302.00 5500.00 0.24

Pressure = 5 bar, 25%
dilution

0 28208.00 3666.00 0.13
50  19539.00 4170.00 0.21

100  18300.00 4250.00 0.23
150 18163.00 4500.00 0.25

Pressure = 13 bar, no
dilution

0 33973.00 4756.00 0.14
50 24128.00 5830.00 0.24

100  22325.00 6400.00 0.29
150  22325.00 6400.00 0.29

0 28754.00 3738.00 0.13
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ciency of the conventional biological process is increased by almost
6 fold in terms of COD removal and biogas formation. Sangve and
Pandit [8] have studied the efficacy of the ultrasonic irradiation as a
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.4. Effect of cavitation on biodegradability of B-DWW

The biodegradability index (BI) is a measure of the extent to
hich a waste is amenable to biodegradation. BI can be expressed

s a ratio of BOD5:COD. For good biodegradability of any wastew-
ter, a minimum BOD:COD ratio (BI) of 0.3–0.4 is considered to
e ideal, with a ratio of ≥0.3 desirable for coupling with aerobic
reatment and ≥0.4 for anaerobic treatment [31]. In the present
tudy, the pretreatment with hydrodynamic cavitation has lead to
n enhancement of BI under all the experimental conditions. The
alues of BOD and BI are shown in Table 4. It was observed that there
s two fold increase in the ratio after 150 min  treatment, however,
ndividually the increase in the ratio with time is almost constant

ith a value of 0.22 at 50 min, 0.23 at 100 min  and 0.24 at 150 min
ndicating that the effective reorientation of complex molecules to
ender them biodegradable is occurring during the first 50 min  of
he treatment. It was also observed that at lower pressure (5 bar)
nd zero dilution the ratio increases to the tune of 0.24 becoming
.25 when the sample dilution is 25%, thus dilution is again not aid-

ng in BOD enhancement significantly. At higher pressure (13 bar)
he ratio enhances to a value of 0.29 at zero dilution and enhances
o 0.32 at spent wash concentration of 25%, thus as compared to
ower pressure higher pressure yields slightly better BOD/COD ratio
n treatment. From the obtained results, it can be inferred that
ower inlet pressure (5 bar) is suitable for the reduction in toxic-
ty (COD/TOC reduction), whereas for enhanced biodegradability
higher BI), higher inlet pressure operation would be preferred.
hus, it is shown that hydrodynamic cavitation is capable of reduc-
ng the toxicity of distillery wastewater as well as the pretreatment
ncreases the biodegradability of the B-DWW.  Hence, depending on
he final objective of the pretreatment, hydrodynamic cavitation
an be effectively utilized for the treatment of complex wastewater
uch as B-DWW.

.5. Evaluation of biochemical methane potential (biogas) for
avitationally pretreated B-DWW

Preliminary experiments were conducted to assess the BMP
f the cavitationally pretreated B-DWW as against untreated
-DWW as a control. The experiment was set up as per the method
iscussed in Section 2. The results (Fig. 4) indicate that in the
avitationally pretreated B-DWW (13 bar, 25% dilution, 50 min, BI:

.32), 400 mL  of gas volume was generated after a total duration
f 40 days (including the lag period of 6 days), along with net 70%
OD reduction, whereas in the control system (BI: 0.168), the gas
olume was observed to be only 60 mL  with around net 12% COD
795.00 6000.00 0.32
374.00 5910.00 0.32
363.00 5800.00 0.32

reduction under similar experimental conditions. Biochemical
methane potential has been reported for model organic containing
wastewaters [35], where in 45 mL  cumulative gas volume was
observed after 34 days incubation of p-coumaric acid solution
(740 mg/L, 50 mL  + 50 mL  biomass) and non acclimatized anaerobic
seed inclusive of a lag period of 2 weeks, whereas in current study
the lag phase was  only around a week (6 days precisely). This
reduction in lag phase can be attributed to the efficient hydrody-
namic cavitation pretreatment of the waste constituents to more
biodegradable constituents and also due to the use of acclimatized
biomass (inoculum). This reduction in the lag period can signifi-
cantly reduce the digester volume. The preliminary cost estimate
for the unoptimized hydrodynamic cavitation as a pretreatment
method to get the enhanced biogas formation is about US$0.12/L of
effluent treated. Though, the cost of this treatment is significantly
higher than the quantum of the gas, which is generated, this method
offers a possible solution to eliminate/reduce the bio-calcitrant
nature of the B-DWW.  The preliminary economical analysis of
hydrodynamic cavitation pretreatment is presented in Appendix
A. Hence, it can be concluded that the hydrodynamic cavitation is
capable of enhancing the efficiency of conventional biological pro-
cesses in terms of reduction of toxicity as well as increase in biogas
generation, along with a significantly net higher reduction in COD
and color. Due to hydrodynamic cavitation pretreatment, the effi-
Time (Days)

Control (gas, mL) HC pretreated (gas, mL) COD, Control COD, HC pretreated

Fig. 4. Cumulative gas evolution during BMP  analysis.
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retreatment step for the treatment of one of the polluting indus-
rial effluent samples, the distillery spentwash. They have found
ut that the ultrasound pretreatment enhanced the biodegrad-
bility of the untreated effluent and the extent of degradation
chieved in the case of ultrasound pretreated sample is almost
ouble as compared to the untreated sample. Further optimization
nd the advantage of the scale of operation can be explored using

 full scale system.

. Conclusions

The hydrodynamic cavitation can be effectively utilized for
nhancing the biodegradability of complex wastewater such as B-
WW  along with reduced toxicity (lower COD/TOC and color). The

ower inlet pressure (5 bar) is suitable for the reduction in toxicity of
istillery wastewater and higher pressure have no additional bene-
ts on the reduction of toxicity. The higher pressure (13 bar) seems
o be effective for enhancement of the biodegradability index and
iochemical methane potential.
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ppendix A.

Sample calculation for the cost estimation of hydrodynamic cav-
tation pretreatment.

Biogas formed in the cavitationally pretreated B-DWW (13 bar,
5% dilution, 50 min, BI: 0.32) = 400 mL  in 2 L of pretreated B-DWW.

Biogas formed in the control system = 60 mL.
Enhanced biogas formed due to hydrodynamic cavitation treat-

ent = (400 − 60) mL  = 340 mL  in 2 L of pretreated B-DWW.
Total biogas formed in 6 L of cavitationally pretreated B-

WW = 340 (mL) × (6/2) = 1.02 L.
Total electrical energy consumed = pump power × total treat-

ent time = 1.1 kW × (50/60) h = 0.92 kWh.
Biogas formed per unit energy con-

umed = 1.02 (L)/0.92 kWh  = 1.11 L/kWh.
Electrical cost in India for heavy industry = 0.13 US$/kWh.
Cost for the enhanced biogas formation = 1.11 (L/kWh)/0.13

US$/kWh) = 8.5 L/US$ = 0.12 US$/L.
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