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ABSTRACT

Most of the distilleries in India and the world over employ bio-methanation of
molasses spent wash in a bio-digester plant followed by two-stage aerobic treatment as a
treatment strategy. The bio-digester effluent (BDE) generated after this treatment strategy
still has a high chemical oxidation demand (COD) and dark brown color which can not
be directly discharged into a water body. -

In the present study, electrocoagufation (EC) has been employed for the COD and
color removal of a BDE in a batch EC reactor using stainless steel (SS) electrode. A
central composite (CC) experimental design has been employed to evaluate the individual
and interactive effects of four independent parameters namely initial pH ( pH : 3.5-9.5),
current density ( j : 39.06-195.31 A/m?), inter-electrode distance (g : 12 cm) and
electrolysis time ( ¢ : 30-150 min) on the COD and color removal efficiency. Pareto
analysis of variance (ANOVA) showed a high coefficient of determination value (R?
=0.9144) for COD and (R?-0.7650) for Color between the experimental values and the
predicted values by a second-order regression model. Maximum COD removal .of
61.58% and color removal of 99.17 % was observed at optimum conditions. Detailed
physico-chemical analysis of electrode and residues (scum and sludge) of the EC process
has also been carried out. A strategy for the disposal of EC residues has been proposed in

the present thesis.
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Chapter 1

INTRODUCTION

—— N

1.1 General

India has been known as original home of sugar and sugarcane. Sugar industry is
second largest agro-industry in India. There are more than 571 sugar industries which
produce around 20.1 million tonne of sugar. The water pollution becomes more serious in
most of the sugar industries because of the very high contain of chemical oxygen demand
(COD), biological oxygen demand (BOD), color and inorganic matter. During the
process of sugar manufacturing about 0.4-0.45 tonne of molasses per tonne of sugar is
generated as by product which is used.as a feed stock for distilleries. Molasses consist of
water (17-25%), sucrose (30-40), glucose (4-9), fructose (5-12), polysaccharides (2-5)
and inorganic matter. About 90% of molasses goes into production of alcohol and the rest
10% is used for cattle feed, foundries and manufacturing of citric acid.

Alcohol distilleries are regarded as one of the most polluting ihdustries by the
Government of India. Alcohol is sepa;ated by distillation and the residual liquor is
discharged as effluent. This effluent, Called as spentwash, is highly acidic, ;lark coloured
and contains high percentage of organic and inorganic matter both in suspended and
dissolved forms (Subramanian et al., 2005). For every liter of alcohol production, about
12-14 1 of wastewater is discharged which affect the soil and groundwater resources of
the region. Distillery spent wash is considered as a very high strength wastewater having
very high COD and BOD with low pH and dark brown color (Goel et al., 2003). The high

organic content of molasses spent wash makes anaerobic treatment attractive in



comparison to direct aerobic treatmenF. Therefore, bio-methanation is employed as a
primary treatment step. It is often followed by two-stage aerobic treatment before
discharge into a water body or on land for irrigation (Nandy et al., 2002). Though
biological treatment results in significant COD removal, still the effluent retains high
amount of COD and color (Inanc et al, 1999). The melanoidins are barely affected by
conventional biological treatment sucﬂ as methane fermentation and the activated sludge
process, and they cause COD and color in the final effluent (Migo et al., 1993).

The regulatory agencies in India require the distillery units to meet the effluent
discharge quality standards for release of the wastewater into surface waters (COD < 0.1

kg m™, biological oxidation demand (BOD) < 0.03 kg/m®) and sewers (COD < 0.3 kg/m3,

BOD < 0.1 kg/m®) (CPCB, 2006).

1.2 Profile of Indian Distillery

The technique for fermentation and distillation is believed to be have been .
available in India since Vedic times, with references to somras (alcohol) being available
in ancient literature. The first known Indian distillery was established in 1805 at
Janjmow, Kanpur in Uttar Pradesh for the production of rum for the army. The industry
received a major boost during the Second World War when distilleries were encouraged
to produce anhydrous ethanol for mixing With petrol, which was in short supply. As a
result, many distilleries came up in the major cane growing areas of Uttar Pradesh and
Maharashtra. However, the shortage of petrol vanished after World War II and thereafter
alcohol production was mainly for potable purposes.

When India became independent in 1947, the production capacity of alcohol was

60 million liter. From 1960 to 1993, nearly 50% of alcohol produced was utilized for



industrial purposes. However, decontrol of molasses in 1993, which resulted in its price
increase, caused a setback to this sector. However, the potable liquor sector continues to
post a steady 8% growth (year).

At present there are about 325 distilleries in the country with a total installed

capacity of 3.5 billion liter per annum.

1.3 Distillery Industry
1.3.1 Process Technology

Distillery is unit plant used for t_he production of ethyl alcohol by the use of
molasses. This process contains four procedures, dilution of molasses, fermentation,
rectification or distillation, packing. Molasses is raw material for distillery, this raw come:
from sugar industries. During this process some waste material comes out, one of them is
spent wash. This spent wash come from rectification unit of distillery. This spent wash
contain many valuable compound which can be used further by some other industries
generally fertilizer industries. The overlvirew of manufacturing process of alcohol is
shown in Fig. 1.1. o
Feed Preparation: Molasses is diluted with water to obtain a feed containing 15% - 16%
sugar. The pH is adjusted, if required, by addition of sulphuric acid. More recently,
sugarcane juice has also been used directly as a starting material for alcohol production.
Fermentation: The diluted molasses solution is transferred to the fermentation tank
where it is inoculated with typically 10% by volume yeast (Saccharomyces cerevisiae).

The mixture is then allowed to ferment anaerobically under controlled conditions of

temperature and pH. The process involves —

)
o



1. Conversion of sucrose to glucose and fructose
C12H22041 + H,0 Invertase — CsH;206 + CeH ;1206
2. Fermentation of glucose to alcohol releasing carbon dioxide and heat.

C12H206 + HO Zymase — 2C;HsOH + 2CO;, + 23.5 Kcal

Since the reaction is exothermic, the fermenter is cooled to maintain a reaction
temperature to 25-32 °C. Fermentation typically takes 48 to 80 h for completion and the
resulting broth contains 6-8% alcohol. Once fermentation is complete, yeast is separated
by settling and the cell-free broth is taken for distillation.
Distillation: The cell-free fermented broth is pre-heated to about 90 °C and is sent to the
de-gasifying section of the analyzer column. The bubble cap fractionating column
removes any trapped gases (COy etc.) from the liquor which is then steam heated and
fractionated to give 40% alcohol. The bottom discharge from the analyzer column is the
effluent (spent wash). The alcohol vapors from the analyzer column are further taken to
the rectifying column where by reflux’action, 95-99% rectified alcohol is trapped, cooled
and collected.
Stillage Processing: The spent wash at approximate 12.6% w/w concentration from
distillation is concentrated in a multi effect evaporator to approximate 55% w/w. This
concentrated spent wash will then be burnt in the boiler to produce high pressure steam.
The steam is then sent to turbine to generate electric power for its captive use in the
industry. The exhaust steam from turbine will be utilized in evaporation and distillery
plants.
Packing: Rectified spirit (96% ethanol by volume) is marketed directly for the
manufacture of chemicals such as acetic acid, acetone, oxalic acid and absolute alcohol.

Denatured ethanol for industrial and laberatory use typically contains 60-95% ethanol as



well as between 1% to 5% each of methanol, isopropanol, methyl isobutyl ketone
(MIBK), ethyl acetate, etc.
1.3.2 Environmental Pollution from Distillery

In India, most of the distillery industries use molasses obtained from sugar
industries as raw material. During the manufacturing process of alcohol large émount of
wastewater like, distillery effluent and spent wash come out. Characteristic of distillery
effluent and spentwash is shown in Table 1.1 and 1.2. This spent wash come from
rectification unit of distillery. This spent wash contain many valuable compound which
can be used further by some othér industries generally fertilizer industries.
Sources of Wastewater: For every liter of alcohol produced molasses-based distilleries
generate 8-15 L of wastewater characterized by high BOD (45-60 000 mg/1), high COD
(80-160 000 mg/l) and dark color. The most significant sources of wastewater in a
distillery plant ainong the various process‘s-tages are fermenter, condenser, bottling, and
distillation operations. Wastewater generated from different operation and its
characterization is shown in Table 1.3 and 1.4.

Permissible Effluent Quality: Permissible concentration of the discharge effluent from
various industries is directly linked to the different legislation and water pollution
policies. In India, the Environment (Pfd‘tection) Act, 1986 and rules and regulation are
made by government to protect the environment from the waste discharge by industries.
The Ministry of Environment and forest (MOEF), Govt. of India and Central Pollution
Control Board (CPCB) has mentioned -Minimal National Standard (MINAS) for the
discharge of pollutants from industries. The discharge standard mention by CPCB and ISI

standard (IS: 506-1980) for distillery effluent are tabulated in Table 1.5 and 1.6.



Table 1.1 Characteristics of Distillery Effluent

S.No. Parameter Range*
1. pH 4.3-5.3
2. Total Suspended Solids 12,000-14,000
3. Total Dissolved Solids 45,000-75,000
4. BOD:s, 20 °C 40,000-50,000
5. COD 80,000-1,00,000
Table 1.2 Characteristic of Spent Wash of Molasses
Characteristic From literature Data from 15 factories
pH 4.5t05.0 3.0t0 4.0
Total solid 50,000 to 90,000 1,500 to 1,04,000
Volatile Solid 53,000 to 60,000 1,100 to 75,000
Ash 26,000 to 30,000 200 to 22,00
Calcium as (Ca0O) 2,600 to 4,000 -
Potash as (K,0) 6,000 to 1>5,000 300 to 7,200

Sodium salt as (Na,0O)

1,500 to 2,000

Iron etc. hydroxide

100 to 300

Acid insoluble

1,000to 1,500

BODs, 20 °C 30,000 to 70,000 10,000 to 73,000
Phosphorus - 1,000 to 10,000
Nitrogen (N) - 100 to15,000




Tablel.3 Wastewater Generated in Different Operations (S. Majumdar, personal

communication)
Distillery operations Average wastewater Specific wastewater
generation generation (ki
(kl/d) wastewater/kl alcohol)
Spent wash (from distillation) 5114 11.9
Fermenter cleaning 108.2 2.5
Fermenter cooling 307.7 7.2
Condenser cooling 34.2 0.8
Floor wash 47.6 1.1
Bottling plant 126.9 3.0

Table 1.4 Typical Characteristics of Various Wastewaters Streams (S. Majumdar,

personal communication)

.

Bottling

Parameter | Spent | Fermenter | Fermenter | Condenser | Fermenter

wash cooling ‘cleaning cooling wash plant
Color Dark Colorless | Colorless | Colorless | Faint Colorless

brown

pH 4-4.5 6.26 5.0-5.5 6.8-7.8 6 7.45
Alkalinity 3500 300 Nil - 40 80
(mg/1)
Total 100000 | 1000-1300 | 1000-1500 | 700-900 550 400
solids
(mg/l)
Suspended | 10000 220 400-600 180-200 300 100
solids |
(mg/l)
BOD 45000- 100-110 500-600 70-80 15 5
(mg/l) 60000 |
COD 80000- | 500-1000 | 1200-1600 | 200-300 25 15
(mg/1) 120000




Table 1.5 Standard of Distillery Effluent (CPCB, 2006)

Characteristics Maximum discharge limit
pH 5.5-9.0
BOD;at 27 °C 30 mg/1 for disposal into inland surface water
100 mg/l for disposal on land for irrigation
Color and Odor All effort should be made to remove color
and unpleasant odor as far as practicable

Table 1.6 ISI Standards (IS: 506-1980) for Composition of Distillery Effluent

Characteristics For discharge into For discharge into For
water course public sewers discharge on

land

pH 5.5-9.0 N 5.5-9.0 5.5-9.0

BODs (mg/1) 100 500 500

Total suspended 100 600 -

solids (mg/1)

Oil and grease (mg/l) | 10 100 6-10

Temperature (°C) Shall not exceed 40°C

in any section of the
stream within 15
meters from effluent

outlet

10




well as between 1% to 5% each of methanol, isopropanol, methyl isobutyl ketone
(MIBK), ethyl acetate, etc.
1.3.2 Environmental Pollution from Distillery

In India, most of the distillery industries use molasses obtained from sugar
indusfries as raw material. During the manufacturing process of alcohol large émount of
wastewater like, distillery effluent and spent wash come out. Characteristic of distillery
effluent and spentwash is shown in Table 1.1 and 1.2. This spent wash come from
rectification unit of distillery. This spénf wash contain many valuable compound which
can be used further by some othér industries generally fertilizer industries.
Sources of Wastewater: For every liter of alcohol produced molasses-based distilleries
generate 8-15 L of wastewater characterized by high BOD (45-60 000 mg/1), high COD
(80-160 000 mg/l) and dark color. The most significant sources of wastewater in a
distillery plant among the various procesé ‘s;tages are fermenter, condenser, bottling, and
distillation operations. Wastewater generated from different operation and its
characterization is shown in Table 1.3 and 1.4.

Permissible Effluent Quality: Permissible concentration of the discharge effluent from
various industries is directly linked to the different legislation and water pollution
policies. In India, the Environment (Protection) Act, 1986 and rules and regulation are
made by government to protect the environment from the waste discharge by industries.
The Ministry of Environment and forest (MOEF), Govt. of India and Central Pollution
Control Board (CPCB) has mentioned -Minimal National Standard (MINAS) for the
discharge of pollutants from industries. The discharge standard mention by CPCB and ISI

standard (IS: 506-1980) for distillery effluent are tabulated in Table 1.5 and 1.6.



1.4 Wastewater Treatment Methods

The treatment of the effluents by the normal methods depends upon the quantum,
concentration, toxicity and presence of non-biodegradable organics (Mall, 2005). Several
treatment methods are suggested for the wastewater from distillery industry, e.g.,
biological treatment (Basak and Gokay, 1999; Clemente et al, 2004;) adsorption
(Shawwa et al.,, 2001); wet oxidation (Verenich et al., 2000; Fox and Noike 2004);
evaporation of water, concentration of the DWW followed by incineration, anaerobic
treatment (bio-methanation) followed by secondary and tertiary treatments, but many of
these methods are using more quantity of water, less efficient and more expensive than
simple discharge (Garad et al., 2006). Hence, these methods become obsolete and new
methods need to be sought.

Electrocoagulation (EC) is an enigmatic technology. This technology lies at the
intersection of three or more fundamental technologies - electrochemistry, coagulation
and flotation. EC is a complex process with a multitude of mechanisms operating
synergistically to remove pollutants. ‘l:his process is used to remove suspended (fine)
solids and dissolved molecules. EC enﬁances the rate of removal of turbidity to the order

of 99% in the distillery effluent

1.5 Environmental Impact
Environmental impact due to in plant and off plant activity in distillery industries is
shown in Fig. 1.2.

» Pollution of water, air and soil due to accidents with transport and storage of (by)
products.
» Air pollution due to bagasse burning.

» Air pollution and inconvenience due to cane and cane residue burning.



» Human health effects, for both workers and local population, due to
agrochemicals.
» Contamination of groundwater by agrochemicals, fertilizer and deposition of

liquid and solid residues on the soil.

1.6 Aims and Objectives

In the present work, we aim to treat BDE using EC technology. Only few studies
are reported for the EC treatment of distillery spent wash. However, no study is reported
for the treatment of BDE using EC method. EC process generates some amount of
residue (scum and sludge). Disposal of these residues is very important from
environmental point of view. No literature is available in the open literature where
residue disposal has been investigated. Based on literature review, the main objectives of
the present study are as follows:

1. To characterize the BDE for its various chafacteristics.

2. To optimize the COD and color removal of BDE by EC using stainless steel (SS)
electrodes in a batch EC reactor.

3. To study the effects of four operational parameters namely initial pH, current densit;f,
inter-electrode distance and electrolysis time on the COD and color removal utilizing
full factorial central composite design based on response surface methodology.

4. To carry out detailed physico-cheff;i;:al analysis of electrode and residues (scum and
sludge) to understand the EC mechani'sm.

5. To devise a strategy for the disposal of EC residues based on thermo-degradation

analysis.



Table 1.1 Characteristics of Distillery Effluent

S.No. Parameter Range*
1. pH 43-5.3
2. Total Suspended Solids 12,000-14,000
3. Total Dissolved Solids 45,000-75,000
4. BODs, 20 °C 40,000-50,000
5. COD 80,000-1,00,000
Table 1.2 Characteristic of Spent Wash of Molasses
Characteristic From literature Data from 15 factories
pH 4510 5.0 3.0t0 4.0
Total solid 50,000 to 90,000 1,500 to 1,04,000
Volatile Solid 53,000 to 60,000 1,100 to 75,000
Ash 26,000 to 30,000 200 to 22,00
Calcium as (CaO) 2,600 to 4,000 -
Potash as (K,0) 6,000 to 1}5,000 300 to 7,200
Sodium salt as (Na,O) 1,500 to 2,000 -

Iron etc. hydroxide

100 to 300

Acid insoluble

1.000t0 1,500

BOD;s, 20 °C 30,000 to 70,000 10,000 to 73,000
Phosphorus - 1,000 to 10,000
Nitrogen (N) - 100 to15,000




Tablel.3 Wastewater Generated in Different Operations (S. Majumdar, personal

communication)
Distillery operations Average wastewater Specific wastewater
generation generation (ki
(kl/d) wastewater/kl alcohol)
Spent wash (from distillation) 511.4 11.9
Fermenter cleaning 108.2 2.5
Fermenter cooling 307.7 7.2
Condenser cooling 342 0.8
Floor wash 47.6 1.1
Bottling plant 126.9 3.0

Table 1.4 Typical Characteristics of Various Wastewaters Streams (S. Majumdar,

personal communication)

.

Parameter | Spent | Fermenter | Fermenter | Condenser | Fermenter Bott‘l‘ing
wash cooling ‘cleaning cooling wash plant

Color Dark Colorless | Colorless | Colorless | Faint Colorless

brown

pH 4-4.5 6.26 5.0-5.5 6.8-7.8 6 7.45

Alkalinity 3500 300 Nil - 40 80

(mg/l)

Total 100000 | 1000-1300 | 1000-1500 | 700-900 550 400

solids

(mg/l)

Suspended | 10000 220 - 400-600 180-200 300 100

solids .

(mg/)

BOD 45000- 100-110 500-600 70-80 15 5

(mg/1) 60000 |

COD 80000- | 500-1000 | 1200-1600 | 200-300 25 15

(mg/1) 120000




Table 1.5 Standard of Distillery Effluent (CPCB, 2006)

Characteristics Maximum discharge limit
pH 5.5-9.0
BODjat 27 °C 30 mg/1 for disposal into inland surface water

100 mg/1 for disposal on land for irrigation

Color and Odor All effort should be made to remove color

and unpleasant odor as far as practicable

Table 1.6 ISI Standards (IS: 506-1980) for Composition of Distillery Effluent

Characteristics For discharge into For discharge into For

water course public sewers discharge on

land

pH 5.5-9.0 e 5.5-9.0 5.59.0
BODs (mg/l) 100 - 500 500
Total suspended 100 N 600 -
solids (mg/l)
Oil and grease (mg/1) | 10 100 6-10
Temperature (°C) Shall not exceed 40°C

in any section of the

stream within 15

meters from effluent

outlet
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CHAPTER 2

LITERATURE REVIEW

2.1 General Scope

This chapter presents a critical and concise review of the existing open literature
electrochemical coagulation for the treatment of distillery wastewater. Electrochemical
treatment (ECT) although has been used for treating polluted wastewaters. The following
sections focus on the fundamentals of this treatment technology, which among others
includes the process and design parameters of ECR used in water/wastewater treatment.
The research works have been discussed with a view to gauge the efficacy of the
treatment and the requirements of the regulatory and statutory authorities on the
discharge of effluents in the open sewers, on the land and in the surface waters. Physico-

chemical and engineering aspects of the sludge generated in the ECR are also dealt with.

2.2 Treatment Methods of Distillery Efftuent

Alcohol is manufacture from molasses, generates large volumes of wastewater
that is of serious environmental concerrr. The effluent is characterized by extremely high
chemical oxygen demand (COD) 80,000-100,000 mg/l and biochemical oxygen demand
(BOD) 40,000-50,000 mg/1, low pH, strong odor and dark brown color (Central Pollution
Control Board (CPCB) 1994, 2003). India is the second largest producer of alcohol with a
projgcted annual production of about 2300 million liter in 2006-07 (Subramanian et al.,
2005), alcohol distilleries are rated as one of the 17 most polluting industries. Apart from

high organic content, distillery wastewater also contains nutrients in the form of nitrogen
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1660-4200 mg/l, phosphorus 225-3038 mg/l and potassium 9600-17,475 mg/l
(Mahimairaja and Bolan, 2004) that can lead to eutrophication of water bodies. In an
earlier review on this subject, (Sheehan and Greenfield, 1980) discussed treatment
options practiced in the 1970s. More recently, (Wilkie et al., 2000) have examined
characteristics and anaerobic treatment of effluent obtained from different feedstock used
for alcohol manufacture. This review focuses on the advances in molasses-based
distillery wastewater treatment in the last two decades and the emerging technologies in
this field.
2.2.1 Biological Treatment

Presently anaerobic biological treatment systems like bi- (or di-) phasic and
UASB processes and their variants are more popular. In bi-phasic system, the first stage
of the anaerobic treatment is the acid formation (or acidogenic) stage, where the
carbonaceous matter gets hydrolyzed and converted into volatile acids by facultative
anaerobic microorganisms (acidogens). In the second stage, anaerobic methanogens
degrade these acids into methane and carbon dioxide

The effluent from the anaerobic biodigester (UASB or its variants) which is
referred to as the biodigester effluent (or BDE) still has high COD (30-40 kg/m®) and
BOD (5-10 kg/m®). Therefore, it has to be treated in the secondary treatment unit. In
secondary treatment, the BDE is treate(i aerobically requiring high efficiency of
oxygenation through either surface aerators or submerged high pressure bubblers. It is
able to reduce the COD upto 8-15 kg/m® and residual BOD in the range of 3-7 kg/m’.
Besides this, the open lagoon treatment system (aerobic treatment system) causes odor
and ground water pollution problems. The effluent coming out from aerobic treatment

system contains substantial amount of nutrients like nitrogen, potassium and phosphorus,
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therefore after suitable dilution, it may be used for irrigation and as a source of fertilizer
(ferti-irrigation).

A number of research workers have suggested suitable application rates for this
effluent under different conditions for ferti-irrigation in order to avoid the possibility of
removalin crop yields because of inorganic toxicity. The color of the effluent may cause
to removalin the oxygen diffusion and sunlight penetration, which is essential for crops
and aquatic life. High salt load, mainly potassium and sulphur, into soil system may
hamper the sustained crop yields due to continued long term applications of effluents in
agriculture. A progressive and large alcohol based organic chemicals unit uses ferti-
irrigation technique with the treated effluent having a BOD of < 500 mg/dm’.

2.2.2 Physico-chemical Treatment

Adsorption: Activated carbon is a widely used adsorbent for the removal of organic
pollutants from wastewater but the relatively high cost restricts its usage. Significant
decolorization was observed in packed bed studies on anaerobically treated spentwash
using commercial activated charcoal with a surface area of 1400m*/g (Chandra and
Pandey, 2000). Almost complete decolorization (49.9%) was obtained with 70% of the
diluted sample, which also displayed over 90% BOD and COD removal. Mall and Kumar
(1997) compared the color removal using commercial activated carbon and bagasse
flyash. 58% color removal was reported with 30 g/l of bagasse fly ash and 80.7% with 20
g/l of commercial activated carbon. Since the bagasse fly ash has high carbon content and
the adsorbed organic material further increases its heating value, the spent adsorbent can
be used for making fire briquettes. Yet another adsorbent that has been examined is the
natural carbohydrate polymer chitosan derived from the exoskeleton of crustaceans.

(Lalov et al., 2000) studied the treatment of distillery wastewater using chitosan as an
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anion exchanger. At an optimum dosage of 10 g/l and 30 min contact time, 98% color
and 99% COD removal was observed.

Coagulation and Flocculation: Almost complete color removal 98% of biologically
treated distillery effluent has been reported with conventional coagulants such as ferrous
sulfate, ferric sulfate and alum under alkaline conditions (Pandey et al., 2003). The best
results were obtained using Percol 47, a commercial organic anionic polyelectrolyte, in
combination with ferrous sulfate and lime. The combination resulted in 99% removalin
color and 87 and 92% removalin COD and BOD, respectively. Similar findings have also
been reported by (Mandal et al., 2003). Coagulation studies on spentwash after
anaerobic-aerobic treatment have also been conducted using bleaching powder followed
by aluminum sulfate (Chandra and Singh, 1999). The optimum dosage was 5 g/l
bleaching powder followed by 3 g/l of aluminum sulfate that resulted in 96% removal in
color, accompanied by up to 97% removalin BOD and COD. Non-conventional
coagulants namely wastewater from an iron pickling industry which is rich in iron and
chloride ions and titanium ore processing industry containing significant amounts of iron
and sulfate ions have also been examined (Pandey et al., 2003). The iron pickling
wastewater gave better results with 92% COD removal, combined with over 98% color
removal. Though the titanium processing wastewater exhibited similar color removal
levels, the COD and BOD reductions vs}éf(e perceptibly lower.

Wet Oxidation Process: The wet oxidation at high pressure and temperature has not been
applied due to large volume of BDE. (Dhale et al., 2000) have reported on the wet
oxidation of pretreated BDE. They first heated the effluent in absence of air at 150 °C,
cooled and then flocculated it with synthetic iron based polymer followed by wet

oxidation of BDE having initial COD in the range of 600-800 mg/dm>.
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This process is the liquid phase oxidation of organics and oxidizable inorganic
components at high temperature 125-320 °C and pressure 5-200 bar using oxidants air,
0,, H,0,, ozone, etc. with or without a catalyst. At these conditions the solubility of
oxygen gets enhanced, providing increased driving forces for oxidation. The organic
compounds get oxidized and converted into CO; and other innocuous end products.
Carbon is oxidized to CO,, nitrogen is converted into NH3, NO;, or elemental nitrogen;
halogen and sulfur are converted to inorganic halides and sulfates.

As the temperature is increased, the oxidation gets enhanced and the treated
effluent contains mainly low molecular weight oxygenated compounds, predominantly
carboxylic acids. The extent of oxidation depends mainly on the temperature, oxygen
partial pressure, residence time and the ability of the pollutanfs to oxidize.

Ion Exchange (IX): In this process undesirable ions in the feed water are exchanged for
desirable ions as the water passes through granular chemicals, calleld ion-exchange resins.
For example, cation exchange resins are typically used in homes and municipal water
treatment plapts to remove calcium and magnesium ions in "hard" water and by industries:
in the production of ultra-pure water. Thé higher the concentration of dissolved solids in
the feed water, the more often the resins will need to be replaced or regenerated. With
rising costs for resins and for disposing of regeneration solutions, IX is now competitive
with RO and ED only in treating relatively dilute solutions containing a few hundred ppm
of dissolved solids. Advantages of this method include no loss of adsorbent on
regeneration, reclamation of solvent after use and the removal waste. But this method is
not economical as faf as the cost is concerned (Slokar and Le M#rechal, 1998).

Membrane Treatment/Reverse Osmosis: This process may be applied to reduce the COD

and the dissolved metals of the distillery effluent. Membrane technology has had wide
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application in wastewater treatment and desalination through reverse osmosis. In this
process, a pressure difference across a membrane is used to overcome the osmotic
pressure gradient. Cellulose acetate membranes are the most common, used in either
wound, hollow fiber, tubular or plate and.frame configuration. The micro porous hollow
fiber membranes are used to separate the solute concentration in the range of 10 to 10000
mg/dm® (Kentish and Stevens, 2001). The fouling of membranes has been a major
obstacle in the use of reverse osmosis. This liquid membrane emulsion was brought in
contact of DWW in a batch mode by stirring at 110 rpm. The process has been found to
reduce 87 % COD and 97.3 % BOD at optimum operating conditions (Kumaresan et al.,
2003).

Microfiltration: Microfiltration is an iﬁﬁﬁortant separation process, as the permeate flux
is higher than that of any other membrane processes and the permeate quality is much
better than that of the conventional separation processes such as sedimentation,
centrifugation, filtration, flotation, etc. Most of the pollutants produced in the water have
particle sizes ranging from 0.05 - 10 um and can be removed by MF as they fall within
the range of microfiltration process.

Ultrafiltration: Ultrafiltration (UF) membranes allow the passage of water and retain high
molecular weight solutes and colloidal particles. UF pore sizes usually ranges from 5 - 20
nm and retain fine colloids, macromolecules, and micro-organisms. Partial retention of
some ions may dccur due to the charge interaction.

Nanofiltration: The nanofiltration mer;lg;anes (NF) are believed to have pores (2 - 5 nm)
and partially retain ions, through small and mono-valent ions, and low molecular weight

organics tend to pass. NF membranes usually have significantly higher water

v
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permeability than that of RO membranes and also operate at lower pressure (typically 7 -
30 bars).

Concentration-Incineration Process: Due to very large volume and very high BOD and
COD of DWW, and also the requirement of very low BOD and COD for the treated
DWW for discharge into the surface waters and on land, several distilleries concentrate
DWW through multi-effect evaporators followed by incineration of the concentrate to
recover the maximum energy in the form of steam, and minerals and inorganic salts
which serve as plant nutrients in the form of ash. During evaporetion, in multi-effect
evaporators, the stillage is concentrated (more than 50-80%) to give a syrup with a co-
production of evaporator condensate which is very low in organics (COD < 10 g/dm’).

The condensate is of a quality that can be used for both the boiler feed and as the cooling

make-up water. ' r
5 %lime Boiler feed Flue gas to
water atmosphere
l Concentrated ¢ . o "“'t
liquor . Particulat
- . . . Flue gas articulate | Clean
DWW Neutralization |~ Filtration |—s- Mulieffect Incineration al_p.| Recovery [l Stack
’ Evapcrators | _ Steam System about . gas
- 200°C Device
l T Ash&ich ¢
Air Saflt
Solid cake . in salts
for disposal/ Y
dryin
ving Excess Steam Steam for

Condensate <——1 ¢ densation hot utility

Fig. 2.1 DWW Concentration and Incineration Process.

The general unit operations involved 1n the evaporator concentration - incineration
system is shown in Fig. 2.1
The DWW having a pH in the range of 4.0 - 4.5 is neutralised using lime solution (~

5 %). The neutralization is carried out in three tanks. The first tank receives the wash, the
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5 %). The neutralization is carried out in three tanks. The first tank receives the wash, the
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second is used for neutralizing and settling and the third pumps the neutralized wash to
the filter press, where suspended impurities are removed. The filtrate is sent to multiple
effect evaporators. The vacuum in the last effect is maintained at about 0.01 MPa by a
two stage steam ejector or a vacuum pump. The concentrated licjuor obtained from the

evaporators is fed to the incineration system.

Biomethanation using Ecomet XT: Anaerobic biomethanation system uses a
specially designed Mixed Tank Biodigester; called Ecomet XTX, to convert organic
matter into useful energy in the form of Biogas. The biological process of conversion
takes place at Mesophilic temperature in a controlled atmosphere ensuring maximum
conversion efficiency and production of Biogas. Ecomet XT is specially designed to
handle highly toxic distillery waste taking into account the suspended solids, toxic
compounds and high COD and BOD in spent wash, shock loads arising out of distillery

operation and variations in feed characteristics, variation in temperature conditions.

Bio-composting Process: Composting is process of converting organic matter into
manure, rich in humus and plant nutrients. This alternative of utilizing digested/raw spent
wash in combination with press mud/ﬁlter.cake from sugar mill has been widely accepted
and implemented. The wastewater from the distillery in raw or cbncentrated form or from
the Biogas plant can be further treated in the Composting system. Like biomethanation,
biocomposting is also a biological process and needs a system, which will provide food,
air, and mdisture in appropriate quantity to the organisms. Hence the design of mixing
and aeration system, the cycle of oper.;‘;ion are of paramount importance for optimum
results. To avoid ground pollution, spent wash is sprayed in a controlled manner on the

windrows, which are formed on the fields by composting machine driven by tractor. A
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proper leachate management system in and around the compost plot to take care of

flooding in rainy season is important. Ground surface has to be made suitable to facilitate

vehicular movement. A well-designed Bio-composting process can ensure zero pollution

when enough Press Mud as filler material is available and process norms are strictly

adhered to. It is the most cost-effective solution available when weather conditions are

favorable.

Table 2.1 Principle of different Wastewater Treatment Technique

Technique Principle Reference

Adsorption Surface adherence. Decolorization| Mall et al. (2005), Chakraborty et
is a result of two mechanisms:| al. (2005), Kasgoz et al. (2005),
adsorption and ion exchange and| Mall et al. (2006), Orfio ~¢t al.
is influenced by many physio-| (2006), Chu and Chen (2002),
chemical factors, | such as,| Liversidge et al. (1997), Gupta and
dye/sorbent interaction, sorbent| Shukla (1992), Mckay et al. (1980)
surface  area, particle size,| etc _
temperature, pH, and contact time

Biological Self purification, use of biological| Daneshvar et al.(2006), Chen et

Processes organisms al.(2005), Gill et al.(2002),etc

Electrocoagulation | Electrocoagulation involves the | Do and Chen (1994), Kim et al.

generation of coagulants in situ
by dissolving electrically metal
ions from metal electrodes. The

metal ions generation takes place

(2002), Can et al. (2003), Alinsafi
et al. (2004), Mollah et al. (2004),
Pathak et al. (2004), Kobya et al.
(2005), Golder

et al. (20095),
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at the anode and hydrogen gas is
released from the cathode. The
hydrogen gas woﬁld also help to
float the flocculated particles out

of the water.

Ghalwa et al. (2005), Daneshvar et
al. (2002, 2004, 2006), S. Mahesh
et al. (2006), Aleboyeh et al. (2007)

etc

Membrane Selective permeability, filteration | Qin et al. (2007), Allegre et al.

Processes (2006), Mozia et al. (20095),
Machenbach (1998) etc

Composting Converting organic matter into Marhuenda et al. (2007),

manure, rich in humus and plant

nutrients.

Bustamante et al. (2008), Satisha et

al. (2006), Suthar et al. (2008) etc

2.3 Selection of Methodology

There are various method and techniqué’s-exit for the treatment of wastewater. Physical

process which include sedimentation, adsorption, membrane filtration, ion exchange,

Irradiation, or Chemical processes are used for the removal of floating and settleable

solids and also degradation of volatile organic compounds present at low concentrations

in contaminated media. Biological process in which bacteria break down the organic

parts of wastewaters; usually accomplished by bringing the wastewater and bacteria

together in trickling filters, acrobic, anaerobic or in the activated sludge process.

Distillery effluent is acidic having low pH (4-5) and high COD, organic and

inorganic matter contain which are difficult to decompose biologically, conventional

physico-chemical and biological treatment processes, Moreover all these processes are

costly and cannot be used by small industries.
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EC technology removes met;ls, colloidal solids and particles, and soluble
inorganic pollutants from aqueous media by introducing highly charged polymeric metal
hydroxide species. These species neutralize the electrostatic charges on suspended solids
resultant separation from the aqueous phase. EC can remove 75-99% of metals and 90-
99% of suspended solids while reducing BOD and COD by 50-75%. EC eliminates the
need of adding expensive chemicals as coagulants to the wastewater and, therefore
generates less solid waste, thus saving on disposal costs. EC process provides a simple,
reliable and cost-effective method for the treatment of wastewater without any need for

additional chemicals, and thus the secondary pollution

2.4 Literature Review

This section of these chapter deals with the review of EC and treatment- of
Distillery Effluent. Tﬁere has .been lots of treatment process has been studied like
adsorption process for treatment of dye {(Mall et al., 2005) on reactive red (kasgoz et .'.":.11.,
2005) similarly for chemical process (Lucas et al., 2007) and for biological process
(Dansehvar et al., 2006)

Electrocoagulation is an effective alternate technique for wastewater treatment.
Recently a lot of work has been done on the treatment of wastewater from various

industries using this method.
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Table 2.2 Literature Review

Author

Literature

Yousuf and

Mollah 2004

Electrocoagulation is an evolving technology that is being effectively
applies today for the wastewater treatment, the paucity of scientific
understanding of the complex chemical and physical process involved
is limiting future design and hindering progress.- The objective of this
review through a survey of the literature is to bring the chemistry and
physical processes involved into perspective and to focus attention on

those areas critically needing researches

Manisankar

and

Viswanathan

2004

Electrochemical treatment processes for the treatment of distillery
effluent to provide valuable contributions to the protection of the
environment. Electrolysis of distillery effluent was carried out in a
static electrochemical ;;’reactor. Two different types of anodes, planar
graphite (Gr) and titanium' substrate insoluble anodes (TSIA) were
chosen for the treatment of distillery effluent. Lead dioxide coated on
titanium (PbO,-Ti) and ruthenium oxide coated on titanium (RuO,-Ti)
electrodes were used as TSIA. Current density (C.D.) was varied from
1.5 to 5.5 A/dm*. Complete decolorisation was obtained in both cases.
A maximum of 92% of chemical oxygen demand (COD) reduction,
98.1% of biologicaf oxygen demand (BOD) removaland 99.5% of
absorbance removalwere obtained in the set up in which RuO2-Ti as

anode and stainless steel as cathode were used.

Holt and

Coagulation and flocculation are traditional methods for the treatment
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Barton 2002

of polluted water. Electrocoagulation presents a robust novel and
innovative alternative in which a sacrificial metal anode doses water
electrochemically. This has the major advantage of providing active
cations required for coagulation, without increasing the salinity of the
water. Electrocoagulation is a complex process with a multitude of
mechanisms operating synergistically to remove pollutants from the
water. A wide variety of opinions exist in the literature for key
mechanisms and reactor configurations. A lack of a systematic
approach has resulted in a myriad of designs for electrocoagulation
reactors without due consideration of the complexity of the system. A
systematic,  holistic | approach is required to understand
electrocoagulation and its controlling parameters. This will enable a

priori prediction of the treatment of various pollutant types.

Aleboyeh

al., 2007

et

The decolorization of C.I. Acid Red 14 (AR14) azo dye by EC process
in a batch reactor. Response surface methodology (RSM) was applied
to evaluate the simple and combined effects of the three main
independent parameters, current density, time of electrolysis and initial
pH of the dye solution on the color removal efficiency and optimising
the operating conditions of the treatment process. Analysis of variance
(ANOVA) showed a high coefficient of determination value (R2 =
0.928) and satisfactéiy prediction second-order regression model was
derived. Maximum color removal efficiency was predicted and

experimentally validated. The optimum current density, time of
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Barton 2002

of polluted water. Electrocoagulation presents a robust novel and
innovative alternative in which a sacrificial metal anode doses water
electrochemically. This has the major advantage of providing active
cations required for coagulation, without increasing the salinity of the
water. Electrocoagulation is a complex process with a multitude of
mechanisms operating synergistically to remove pollutants from the
water. A wide variety of opinions exist in the literature for key
mechanisms and reactor configurations. A lack of a systematic
approach has resulted in a myriad of designs for electrocoagulation
reactors without due consideration of the complexity of the system. A
systematic,  holistic " approach is required to understand
electrocoagulation and its controlling parameters. This will enable a

priori prediction of the treatment of various pollutant types.

Aleboyeh et

al., 2007

The decolorization of C.I. Acid Red 14 (AR14) azo dye by EC process
in a batch reactor. Response surface methodology (RSM) was applied
to evaluate the simple and combined effects of the three main
independent parameters, current density, time of electrolysis and initial
pH of the dye solution on the color removal efficiency and optimising
the operating conditions of the treatment process. Analysis of variance
(ANOVA) showed a high coefficient of determination value R =
0.928) and satisfactafy prediction second-order regression modell was
derived. Maximum color removal efficiency was predicted and

experimentally validated. The optimum current density, time of
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electrolysis and initial pH of the dye solution were found to be
102A/m?, 4.47 min and 7.27, respectively. Under optimal value of
process parameters, high removal (>91%) was obtained for Acid Red
14. Graphical response surface and contour plots were used to locate

the optimum point.

Holt et al. 2002

Electrocoagulation is a complex process with a multitude of
mechanisms operating synergistically to remove pollutants from the
water. A wide variety of opinions exist in the literature for key
mechanisms and reactor configurations. A lack of a systematic
approach has resulted in a myriad of designs for electrocoagulation
reactors without due coxsideration of the complexity of the system. A
systematic, holistic approach is required to understand
electrocoagulation arfd";:its controlling parameters. This will enable a

priori prediction of the treatment of various pollutant types.

Mabhesh et al.

20062

Electrochemical degradation of agri-based paper mill wastewater (black
liquor) was investigated in a 2 dm’ electrolytic batch reactor using iron
plate electrodes. Of the four-, six-, and eight—piate configurations, a
current density of 55.56 A/m’ at neutral pH with a six-plate
arrangement was found to be optimal, achieving a maximum chemical
oxygen demand (COD) and color removal of 80% and 90% (175
platinum-cobalt units (PCU)), respectively. The chemical dissolution of
iron was strongly influenced by pHy. Electrochemical treatment at

higher pHy (pHo g 9)( increases the dissolution of iron electrodes by an

26




order of magnitude. At the optimal current density, the iron electrode
consumed is 31.27 g/m24h, achieving maximum COD removal. An
increase in salinity reduces the treatment time significantly, and the
sludge settling char_acteristics also improve. The addition of
polyacrylamide (10 rog/dm’) to the electrochemical reactor enhances
the COD removal rate with a very short treatment time with excellent
sludge settleability. Coagulation using alum (360 mg/dm®) along with
20 mg/dm’ polyacrylamide (PAA) further reduced COD values to <180
mg/dm’® and a near 100% (<5 PCU) color removal. An overall COD
removal of 91% and color removal of near 100% could be achieved by

electrochemical treatment followed by coagulation/flocculation.

Diaz et al.

2006

The removal of organic pollutants from a highly complex industrial
wastewater by aluminium electrocoagulation process coupled with
biosorption was evaluated. Under optimal conditions of pH 8 and
45.45A/m’ current dénsity, the electrochemical method yields a vgrfx
effective removalof all organic pollutants, this removalwas enhanced
when the biosorption treatment was applied as a polishing step.
Treatment reduced chemical oxygen demand (COD) by 84%,
biochemical oxygen demand (BODs) by 78%, color by 97%, turbidity
by 98% and fecal coliforms by 99%. The chemical species formed in
aqueous solution were determined. The initial and final pollutant levels
in the wastewater were monitored using UV-vis spectrometry and

cyclic voltammetry. Finally, the morphology and elemental
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current densities), whereas EC with Al electrodes was more beneficial
for COD removal in terms of electrical energy consumption (5 kWh/m3
wastewater for EC with Al electrodes instead of 9 kWh/m3 wastewater

for EC with SS electrodes).

Daneshvar

al, 2006

et

Decolorization of C.I. Acid Red 14 (AR14) azo dye by
electrocoagulation (EC) process was studied in a batch reactor.
Response surface methodology (RSM) was applied to evaluate the
simple and combined effects of the three main independent parameters,
current density, time of electrolysis and initial pH of the dye solution
on the color removal efficiency and optimising the operating conditions
of the treatment process. A 23 full factorial central composite face
centred (CCF) experimehtal design was employed. Analysis of variance
(ANOVA) showed a high coefficient of determination value (R2 =
0.928) and satisfactory prediction second-order regression model was
derived. Maximum color removal efficiency was ‘predicted and
experimentally validated. The optimum current density, time of
electrolysis and initial pH of the dye solution were found to be
102Am~2, 4.47 min and 7.27, respectively. Under optimal value of
process parameters, high removal (>91%) was obtained for Acid Red
14. This study clearly showed that response surface methodology was
one of the suitable methods to optimize the operating conditions and
méximize the dye removal. Graphical response surface and contour

plots were used to locate the optimum point.
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2.5 ECT of Waters

Electrochemical technology has been used in the treatment of a wide'variety of
raw water and wastewaters. The types of water and wastewaters are -given below:
Waters: Removal of fluoride, arsenic, iron, selenium etc. from ground/surface waters for
drinking purpose and disinfection of waters, etc.
- Synthetic wastewaters: CMP planafiz'ation, dye wastewaters, chromium containing
effluent, cyanide wastewaters, etc.
Real wastewaters: Wastewaters or treated wastewaters from dairies, tanneries, food
processing, textiles, poultry slaughter houses, oil mills, beer brewery, restaurant, pulp and
paper mills, distilleries, potato chips manufacturing, petrochemicals, etc.

As seen from the review systems using a variety of anode and cathode geometfies
exist. Table 2.3 briefly describes a select patented information/knowledge which is

relevant to ECT of water/wastewaters. |
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order of magnitude. At the optimal current density, the iron electrode
consumed is 31.27 g/m24ah, achieving maximum COD removal. An
increase in salinity reduces the treatment time significantly, and the
sludge settling characteristics also improve. The addition of
polyacrylamide (10 mg/dm’) to the electrochemical reactor enhances
the COD removal rate with a very short treatment time with excellent
sludge settleability. Coagulation using alum (360 mg/dm?) along with
20 mg/dm? polyacrylamide (PAA) further reduced COD values to <180
mg/dm3 and a near 100% (<5 PCU) color removal. An overall COD
removal of 91% and color removal of near 100% could be achieved by

electrochemical treatment followed by coagulation/flocculation.

Diaz et al.

2006

The removal of organic pollutants from a highly complex industrial
wastewater by aluminium electrocoagulation process coupled with
biosorption was evaluated. Under optimal conditions of pH 8 and
45.45A/m” current dérisity, the electrochemical method yields a very
effective removalof all organic pollutants, this removalwas enhanced
when the biosorption treatment was applied as a polishing step.

Treatment reduced chemical oxygen demand (COD) by 84%,

| biochemical oxygen demand (BODs) by 78%, color by 97%, turbidity

by 98% and fecal coliforms by 99%. The chemical species formed in
aqueous solution were determined. The initial and final pollutant levels
in the wastewater were monitored using UV-vis spectrometry and

cyclic voltammetry. Finally, the morphology and elemental
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composition of the biosorbent was characterized with scanning electron

microscopy (SEM) and energy dispersion spectra (EDS).

Yusuf Yavuz

2006

Electrochemical treatment of alcohol distillery wastewater using iron
electrode with and without the presence of H,O, was investigated. The
effects of sodium sulfate concentration as supporting electrolyte,
current density, pH and H,O, concentration on the removal efficiency
were investigated. As a result of the electrofenton (EF) study, COD
removal efficiency of 92.6% for an initial COD of 4985 mg/l and TOC
removal efficiency of 88.7% for an initial TOC of 1507 mg/l were
achieved for the pre-treated alcohol distillery wastewater (PTDW) with
the additions of 0.3MNaSO4 and 60000 mg/l H,O, at pH 4. In the same
study, specific energy consumption of 0.53 kWh/g COD removed was
reached at the current density of 60 mA/cm?. On the other hand,
electrocoagulation (EC) alone was found ineffective in all experimental
conditions studied. According to the results obtained, by contrast with
EC, EF process is Ve'r‘; efficient for the treatment of alcohol distillery

wastewater which has high concentration of refractory organic matters.

Chaudhari

al. 2005

et

Removal of molasses-derived coior and chemical oxygen demand from
the biodigester effluent of a molasses-based alcohol distillery effluent
treatment plant was observed using inorganic coagulants—FeCl3,
AICI3 and polyéluminium chloride (PAC). The
coagulation/flocculation yield about 55, 60 and 72% COD reductions

and about 83, 86 and 92% color reductions, with the use of 60 mM/I
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AIC13, 60 mM/l FeCl3 and 30 ml/l of polyaluminium chloride,
respectively, at their optimum initial pH. The critical pH of the
effluent-coagulant mixture plays a very significant role in the
coagulation/flocculation process, with pHO 5.5 being the optimum for
PAC. The solid residue, obtained by filtration and drying from the use
of PAC has specific energy of 13.4 MJ/kg and can be used as a medium
energy fuel material. The filtration characteristics of the flocculated
effluent are poor. High COD removalof the waste water by flocculation
with PAC may be a better alternative to the conventional aerobic

treatment process of the biodigester effluent.

Idil et al.,

2007

The treatment of real reactive dyebath effluent comprising of an
exhausted reactive dyebath and its sequential rinses with
electrocoagulation (EC) using aluminum (Al) and stainless steel (SS)
electrodes. The experimental study focused on the effect of applied
current density (22-87 mA/cm2; at an initial, optimum pH of 5.5) on
decolorization and COD removal rates using Al and SS as electrode
materials. Results have indicated that the treatment efficiency was
enhanced appreciably by increasing the applied current density when
Al electrodes were used for EC, whereas no clear correlation existed
between current density and removal rates for EC with SS electrodes
the treatment efficiency could only be improved when the applied
current density was in the range of 33-65 mA/cm?2. It was established
that EC with SS electrodes was superior in terms of decolorization

kinetics (99-100% color removal after 10-15 min EC at all studied
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current densities), whereas EC with Al electrodes was more beneficial
for COD removal in terms of electrical energy consumption (5 kWh/m3
wastewater for EC with Al electrodes instead of 9 kWh/m3 wastewater

for EC with SS electrodes).

Daneshvar

al, 2006

et

Decolorization of CJ. Acid Red 14 (ARI4) azo dye by
electrocoagulation (EC) process was studied in a batch reactor.
Response surface methodology (RSM) was applied to evaluate the
simple and combined effects of the three main independent parameters,
current density, time of electrolysis and initial pH of the dye solution
on the color removal efficiency and optimising the operating conditions
of the treatment process. A 23 full factorial central composite face
centred (CCF) experimeﬁtal design was employed. Analysis of variance
(ANOVA) showed a high coefficient of determination value (R2 =
0.928) and satisfactory prediction second-order regression model was
derived. Maximum color removal efficiency was “predicted and
experimentally validated. The optimum current density, time of
electrolysis and initial pH of the dye solution were found to be
102Am—2, 4.47 min and 7.27, respectively. Under optimal value of
process parameters, high removal (>91%) was obtained for Acid Red
14. This study clearly showed that response surface methodology was
one of the suitable methods to optimize the operating conditions and
méximize the dye removal. Graphical response surface and contour

plots were used to locate the optimum point.
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2.5 ECT of Waters

Electrochemical technology has been used in the treatment of a wide‘variety of
raw water and wastewaters. The types of water and wastewaters are lgiven below:
Waters: Removal of fluoride, arsenic, iron, selenium etc. from ground/surface waters for
drinking purpose and disinfection of waters, etc.
* Synthetic wastewaters: CMP planarization, dye wastewaters, chromium containing
effluent, cyanide wastewaters, etc.
Real wastewaters: Wastewaters or treated wastewaters from dairies, tanneries, food
processing, textiles, poultry slaughter houses, oil mills, beer brewery, réstaurant, pulp and
paper mills, distilleries, potato chips manufacturing, petrochemicals, etc.

As seen from the review systems using a variety of anode and cathode geometl;ies
exist. Table 2.3 briefly describes a select patented information/knowledge which is

relevant to ECT of water/wastewaters.
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2.6 Conclusions from Literature Review
1. There are many processes for the treatment of wastewater such as adsorption,
biodegradation, membrane, RO, chemical coagulation and electrocoagulation.
2. Physical and chemical methods are effective only if the effluent volume is small. This
limits the use of physio-chemical methods, such as membrane filtration to small-

scale in situ removal.

3. A limiting factor of removal methods is cost. This is true even in lab-scale studies, and

methods, therefore, are unable to be used by large-scale industry.

4. Electrocoagulation is an e¢lectrochemical wastewater treatment technology that is
currently experiencing both increased popularity and considerable technical
improvements. Electrocoagulation has already proven very effective in the removal of

contaminants from water

5. EC process would eliminate adding expensive chemicals to the wastewater and would

subsequently generate less solid waste, thus saving on disposal costs.

6. The EC process has the advantage of removing the smallest colloidal particles, because

the applied electric field sets them in faster motion, thereby facilitating the coagulation.

7. EC process provides a simple, reliable and cost-effective method for the treatment of
wastewater without any need for additional chemicals, and thus the secondary

pollution.

@
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Chapter 3

ELECTORCOAGULATION FUNDAMENTALS

3.1 General

The basic concept of Electrocoagulation (EC) consists in applying direct current
from an external source between the sacrificial anode and the cathode (not necessarily of
inert material) to enhance contact between thé dispersed particles in the solution and
promote in-situ coagulation. Addition of metal salts electrochemically at concentrations
greater than the solubility limit of the metal hydroxide will result in the formation of
hydroxide precipitate.

The EC process takes advantage of the combined effect of charge
neutralization/surface complexation/adsorption onto the in-situ formed metal hydroxides
produced from the oxidation of corrodible anode materials (Fe, Al) and the combined
effect of flotation/concentration/collection of the metal hydroxide scum plus adsorbed
pollutants by the hydrogen gas bubbles formed at the cathode To fully exp!__pit
electrocoagulation potential, a quantitéitive understanding of the interactions occurring

between the fundamental process mechanisms is required.

3.2 Mechanism of EC

The mechanism of EC is highly dependent on the chemistry of the aqueous
medium, especially conductivity. The mechanisms of removal of ions by EC will be
explained with the help of reaction equation.
it is generally accepted that the EC procesé involves three successive stages:

(a) Formation of coagulants by electrolytic oxidation of the ‘sacrificial electrode’;
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(b) Destabilization of the contaminants, particulate suspension, and breaking of
emulsions;

(c) Aggregation of the destabilization phases to form scum. The destabilization
mechanism of the contaminants, particulate suspension, an breaking of emulsions
has been described in board steps and may be summarized as follows (Mollah et
al., 2001)

1. Compression of the diffuse double-layer around the charged species, which is
achieved by the interactions of ions generated by dissolution of the sacrificial
electrode, due to passage of current through the solution

2. Charge neutralization of the ionic species present in wastewater, which is caused by
the counter ions, produced by the electrochemical dissolution of the sacrificial
electrode. These counter ions reduce the electrostatic inter-particle repulsion
sufficiently so that the van der Waals attraction predominates, thus causing
coagulation. A zero net charge results in the process.

3. Flock formation, and the Flock formed as a result of coagulation creates a sludge
blanket that entraps and bridges colloidal particles that have not been complexed.
Details of these steps are lacking and require further study.

An electrocoagulation reactor is an electrochemical cell, where a sacrificial metal
anode (aluminium, iron, stainless steel) is used to dose polluted water with a coagulating
agent (Vik et al, 1984; Holt et al., 1999; Barkley et al., 1993; Pouet and Grasmick,
1995). Electrocoagulation introduces metal cations in sifu, rather than via external dosing.
Simultaneously, electrolytic gases are generated (typically hydrogen at the cathode).

Electrocoagulation has the capability to remove a wide range of pollutants including
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suspended solids, heavy metals, dyes, organic material (such as sewage), FOG's (i.e. fats,
oils and greases), ions and radionuclides.

pH of the solution is of vital importance in the performance EC process. Various
reactions take place in the EC reactor with iron as electrode material.
At iron anode, in situ generation of coagulants takes place by dissolving iron ions from
SS electrodes (Thella et al., 2008)

Fe — Fe?? + 2e”

3.1)
Also, in acidic pH, the electrode is attacked by H' and enhances its dissolution by

following reaction:

Fe + 2H" —— Fe®™  +  H, (B.2)
The oxygen evolution reaction may also take place at anode and is represented as:
2H)0 —= 0, + 4H" + 4o 33)
Ferrous ions are oxidized to ferric ions by oxygen in the aqueous phase
Fe2* + 1/40, + 12H,0 ——> Fe** + OH (3.4)
Other reactions taking place in the vicinity of the anode are:
Under alkaline condition
2+ + 20H —— (
Fe Fe(OH), (3.5)
Under acidic condition
Fe?*  + 1/40, + 52H,0 ——= - Fe(OH); + 20" 3.6)
At cathode, H, production occurs via following removalreaction:
2H,0O + 2¢ @ —> H, + 20H (3.7)
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Typically, at the cathode the solution becomes alkaline with time. The applied current
forces OH" ion migration to the anode, so that the pH near the anode is higher than that in
the bulk solution, thus favoring ferric hydroxide formation.

Precipitation and adsorption are the two major interaction mechanism considered
during EC process. Each of the mechanism is applicable at different pH ranges. At low
pH values, metal species like Fe** generated at the anode bind to the anionic colloidal
particles present in the BDE, thus neutralizing their charge and reducing their solubility.
This process of removal is termed precipitation. The adsorption mechanism operates at
higher pH range (> 6) and involves adsorption of organic substances on amorphous metal
hydroxide precipitates (Gregory and Duan, 2001; Gurses et al., 2002; Duan and Gregory,
2003; Can et al., 2003). In the present case, for pH < 6, the primary mechanism is charge
neutralization by monomeric cationic iron species, while for higher pH; sweep

coagulation with amorphous iron hydroxide explains the results (Canizares et al., 2007).

3.3 Type of Electrocoagulation

EC can be performing in batch and continuous type. . Following text gives a brief
detail of both types of process.
3.3.1 Batch Electrocoagulation Process

This process is carried out in a.reactor with a magnetic stirrer to agitate the
solution. Batch experiments were conducted for four stainless steel electrode
configurations at varying current intensities by using digital power supply. To optimize
various parameters for high reactor efficiency, the experimental runs were taken at
varying current density, pH, as a function of electrolysis time. Samples were drawn at

regular intervals and at the end of thé electrochemical process. The samples were filtered
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and analyzed for pH, COD and color by using pH meter and UV/VIS spectrophotometer.
In the batch process we can treat a fixed wastewater volume per treatment cycle.
3.3.2 Continuous Electrocoagulation Process

The feed tank and the ECR were stirred continuously to maintain uniform
concentration of the feed and to enéure good mixing in the reactor. A magnetic stirrer was
used for continuous stirring at the bottom of the ECR. The flow rate of the feed to the
reactor was maintained through a peristaltic pump (Miclins-20 PP, India). The voltage
across the cell was measured using a digital multimeter (Kiethley make, Germany).
Samples were collected at regular time intervals at the ECR outlet, filtered and analyzed
for pH, color, COD by using pH meter and UV/VIS spectrophotometer. Continuous
process is capable for treating large volume of waste water. The key advantage of such
reactor systems is that their coagulant requirement is usually fixed, major advantages.in

terms of design and operation.

3.4 Factor Affecting Electrocoagulation

1. pH

N

. Electrolysis time

W

. Current density
4. Inter electrode gap
5. Electrode material and shape
34.1 pH
The initial pH (pHo) of the wastewater will have a significant impact on the
efficiency of the ECR. The performance efficiency of the ECT depends on the nature of

the contaminants with the highest removal efficiencies obtained at near neutral pH. The
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pH effect gets reduced when the wastewater has high electrical conductivity. The effluent
pH after ECT would increase for acidic ‘in’ﬂuent but would decrease for alkaline influent.

The incremental increase in pH with an incremental increase in the amount of
current applied tends to decrease at higher current (Nielson and Smith, 2005, Mahesh et
al., 2006 a). The general cause of the pH increase can be explained from the following
equation.
2 H,0 + 2¢" = Hy () + 20H" (cathode) (3.8)

This reaction shows that the cathode generates hydrogen gas, (which attaches to
the flocculated agglomerates, resulting in flocks floating to the surface of the water-akin
to a dissolved air flotation unit) and this causes the pH to increase as the hydroxide-ion
concentration in the water increases. This reaction is one of the dominant reactions that
occur in the electroflocculation system {(Donini et al., 1994; Koren and*Syversen, 1995;
Mahesh et al., 2006b).

The following reaction, which would also impact pH, is theoretically possible:
2H,0=0,+4H + 4o (3.9)

This reaction occurs at the anode but has a minor impact than the cathodic
reaction in Eq. 3.9. These two reactions tend to neutralize pH (i.e., the neutralizing
reaction dominates during the appropriate acidic or alkaline condition to push pH levels
towards the second equation).
3.4.2 Electrolysis Time

The COD and color removal efficiency directly depends on concentration of ions
produced as time increases ion concenffétion increases thereby hydroxide forms flocks

increase, thus percentage removal increases with time
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3.4.3 Current Density

Current density (CD) is the ratio of the current across the electrodes divided by
the active area of the electrode (A/m* or mA/m?). In all EC processes current is most
important parameter for controlling the reaction rate within the reactor When the current
increases the efficiency of the ion production on the anode any the cathode increases
therefore there is an increase in the flock production in the solu‘éion and hence an
improvement in the efficiency of color or COD removal .Moreover, bubble generation
rate increases, this increases the separation effect and the bubble size decreases with
increasing current , which are both beneficial for high pollutant removal efficiency by H,
floatation.

3.4.4 Inter Electrode Gap

Usually Percent removal decreases with increase in the electrode gap. With
increasing distance between electrodes less interaction of ions with hydroxide polymer
expected .In the other words, decreasing of local concentration and electrostatic attraction
are the reasons for decreasing of removai of pollutants.

The ohmic potential drop is proportional to the inter-electrode spacing, reducing
this spacing is of great importance for reducing the electrolysis energy consumption
(Chen et al., 2000). Narrower gaps enhance mass transfer characteristics and increase
ohmic loss. Decrease in gap results increased in electrolyte resistance. The planned
electrode gap, however, depends on the practicality and field conditions. A minimum
electrode spacing of 3 mm and 8 mm is possible when handling synthetic wastewaters
and real wastewaters, respectively. Narrow spacing of less than 10 mm is accompanied

with low energy consumption. At increased inter electrode spacing, an increase in cell
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voltage occurs (Yu et al., 2005) causing an increase in the power consumption. When
planning for high SA/V reactors, the inter electrode gap should be just sufficient enough
to provide sufficient turbulence in-between the electrodes which initiate mass transfer
within the ECR. Spacing less than 10 mm reduces the swirling velocity of the liquid
medium between the electrodes thus afiecting the pollutant removal efficiency (Mahesh
et al., 2006 a).
3.4.5 Electrode Material and Shape

Efficiency of any ECT process depends on the type of electrode used in the ECR.
The treatment efficiency depends on the affinity of the pollutant towards the ions
generated by electrode material such as iron, which is the most suitable electrode for the
removal of as from water, (Kumar et al., 2004). Usually electrodes are rectangular or
square in shape and are arranged in bi-polar form, a alternative design With cylindrical

electrodes is suggested when electrode passivation is a problem (Chen, 2004).

3.5 Advantage and Limitation of EC -

Advantages:

1. Simple to use, portable, on-site treatment that does not increase the salinity of water

2. Environmental compatibility-electrons as clean reagents and no need to add extra
reagents.

3. Destroys/ina(;tivates and removes bacteria, virus and cysts and adds no harmful
chemicals to water.

4. Can effectively destabilize even the smallest colloidal particle.

5. Simple equipment which could be designed to virtually any size with an easy start-up

(unlike in biological treatment) and as a stand-alone system.
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6. Electrolytic processes in the EC cell are controlled electrically with no moving parts,
thus requiring low maintenance.

7. Cost effectiveness- the required equipment and operations are very simple and, if
properly designed and operated, are also inexpensive.

8. EC treated wastewater gives colorless and odorless, palatable and more or less clear
water.

9. The gas bubbles produced during electrolysis can enhance flotation atop the ECR
which can be later on skimmed off for settling.

10. Produces less TDS in the treated wastewater in comparison to chemiéal coagulation
methods.

11. A low volume sludge producing technique; sludge formed has quick settling
characteristics with easy dewater ability.

12. Requires low current, can run using- green processes such as solar, wind mills and fuel
cells and convenient in remote areas.

13. Electrochemical waste destruction processes run at very high electrochemical
efficiency and operate essentially under the same conditions for a wide variety of
wastewaters.

Limitations

1. There are relatively few “showcases” for this treatment technology.

2. Periodic replacement of sacrificial electrodes on its complete/partial dissolution.
3. The use of electricity in many places may be expensive.

4. Minimum conductivity of the wastewater suspension may be required depending on

the reactor design configuration.
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5. Chemical reactions, corrosion, adsorption, etc., at the electrode surface may cause

complications when not in use.

6. An impermeable oxide film may be formed on the cathode leading to loss of

efficiency of the EC unit.

3.6 Factors Affecting Selection of ECR
Reactors used for energy conversion and electrochemical synthesis are different
from those used in the destruction of contaminants/pollutants present in water or
wastewaters. Therefore, it is important to select (or design) an ECR for a specific use.
Fig. 3.2 show the classification of operating modes and types.of ECR. The form of the
reactants/pollutants/contaminants and products and the mode of operation (batch and
continuous) are also important design factors. The desirable factors in the reactor design
and their implications include the following (Walsh and Reade, 1994).
1. Moderate costs (low- cost components, a low cell voltage and a small pressure drop
across the reactor)
2. Convenience and reliability in operation (designed for facile installation, maintenance,
and monitoring)
3. Appropriate reaction engineering (uniform and appropriate values of current density,
electrode potential, mass transport and flow)

4. Simplicity and versatility (in an elegant design, which is attractive to the end users).
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Chapter 4

MATERIAL AND METHODS

4.1 General

This chapter deals with the treatment of bio-digester effluent (BDE) by
electrocoagulation (EC) method using stainless steel (SS) as an electrode. The
experimental details include characterization of BDE, residue, electrode and the materials
and methods used for the treatment and characterization processes, details about the

experimental program and details about the analytical methods used.

4.2 Characterization of Bio-digester Effluent (BDE)

Anaerobic treated distillery wastewater was procured from Doon Valley
distilleries near Dehradun. The BDE obtained from nearby distillery was characterized
for various parameters namely COD, total solids, total dissolved solids, sulphate, -

chloride, etc. as per standard method of analysis (Cleceri et al., 1998).

4.3 Material and Methods
4.3.1 Reactor

The experimental setup used for the treatment of (BDE) is shown in Fig. 1.
Experiments were carried out using lab-scale rectangular batch reactor made of Perspex
glass having 1.5 1 (108 mm x 108 mm x 130 mm) reactor volume. Stainless steel (SS)
plates having thickness 3 mm, and 100 mm x 80 mm dimensions were used as electrodes.
Area of electrodes dipped into the solution was 80 mm x 80 mm, thus the total effective
surface area of each electrode was 112 cm?. Two pairs of such electrodes were used in

the present study. Characteristic of EC cell is shown in Table 4.1. The spacing between
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two electrodes in EC cell was varied in the range of 1-2 cm. A gap (g) of 5 cm was
maintained between the bottom of the electrodes and the bottom of the cell to allowed

easy stirring. Magnetic stirrer was used to agitate the solution. The current density ( ;)

was maintained constant by means of a precision digital direct current power supply (0-
20V, 0-5 A).

Cleaning of the electrodes before and after the experiments was done by ordinary
detergent and 15% HCI solution followed by washing with water for perfect cleaning. To
maintain a fixed inter-electrode distance non conducting wir¢ was used as the electrode

/ separator Electrodes were arranged in parallel as the series arrangement will have higher
resf‘tanéfé
perl ental Design

2,820 ’
o o= 6]7}' ‘iﬁ
\_//Z tofhl of 28 experiments have been employed in this work to evaluate the
%

iﬂ fifiﬁ‘wdual and interactive effects of the four main independent parameters on the COD

and color removal efficiency. Percentage COD and color removal has been taken as a
response (Y) of the system, while four process parameters, namely, pH,: 3.5-9.5; Current
Density (7 ): 39.06-196.31 A/m?; Electrode Spacing (g): 1-2 cm; and Time (#): 30-150
min have been taken as input parameters. For statistical calculations, the levels for the
four main variables X, (X, (pH,), X, (j), X, (g), X, (t)) were coded as x,
according to the following relationship
x, =X, - X,)/x (4.1)
Where, X, is value of X, at the centre point and X presents the step change. The

variables and levels of the design model are given in Table 4.2. Independent parameters
for different experiments runs are given in Table 4.3. From experimental observations, it

was assumed that the higher order interactions were small relative to the low order.
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4.3.3 Experimental Procedure

Each experimental run was performed as per the conditions specified in the design
matrix Table 4.2. The pH of the solutions was measured and adjusted by adding 0.1 N
NaOH or 0.1 N H,SO4 solutions. The electrode spacing was set appropriately as per
design condition, and 1.5 1 effluent of known initial COD (COD,) was fed into the
reactor at the beginning of a run. Power supply was switched on at #=0. Current density
was maintained constant during the run. Samples were drawn from supernatant liquid,
and its final COD was measured.
The percentage COD removal was calculated using the following relationship:

Percentage COD removal (¥) = 100(COD, - COD,)/COD, 4.2)
where, COD, is the initial COD (mg/l) and COD, is the COD after ¢ (min) of

electrolysis time (mg/1)

4.4 Analysis of BDE Sludge and SS electrodes

The analysis following the experiments includes the SEM (scanning electron:
microscope), DTA (Differential Thermal Analysis) - TGA (Thermogravimetric Analysis)
and SEM of the electrodes.

4.4.1 Scanning Electron Micrograph (SEM)

To understand the m.orphology of the electrode before and after the EC of BDE,
and to study the distribution of the elements in the electrode and residues (scum and
sludge), a scanning electron microscope (SEM) QUANTA, Model 200 FEG, USA was
employed. Samples were first gold coated using Sputter Coater, Edwards S150 to provide

conductivity to the samples, and then the SEM.
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4.4.2 Energy Dispersive X-ray spectrometer (EDX)

The elemental composition of the top scum and settled sludge samples were
determined using an Energy Dispersive X-ray (EDX) analyzer/Spectrometer (model
ECON-149-10, country). The scanning energy for EDX analysis ranged from 0-20 KeV
with an elapsed time of 100 s. The particle size in the treated BL slurry was analyzed
using a particle analyzer-CIS 100 (Ankersmid Ltd., Israel) using WCIS-Software.

4.4.3 Thermo Gravimetric Analysis (TGA)

| Thermo gravimetric analysis (TGA) of the residues was carried out using Perkin
Elemer (Pyris Diamond) Thermogravimetric Analyser. Thermogravimetric (TG),
differential thermogravimetric (DTG) and the derivative thermal (DTA) analyses were
carried out from the data and plots obtained from the instrument.

Differential Thermal Analysis (DTA) measures the difference in temperature
between a sample and a thermally inert reference as the temperature is raised. The plot of
this differential provides information on exothermic and endothermic reactions taking
place in the sample. Temperatures for phase transitions, melting points, crystallization
can all be determined using the computer controlled graphics package. Maximum
temperature for this instrument is 1350 °C; variable atmospheres. Typical heating rates
are 1020°C per minute. Optimum sampie size is 50-100 mg; ideally, the sample should
be ground to 100 mesh.

Thermogravimetric Analysis (TGA) measures changes in weight of a sample with
increasing temperature. Moisture content and presence of volatile species can be
determined with this technique. Computer controlled graphics can calculate weight
percent losses. Maximum temperatures are 1250 °C for the TGA-7 and 1000 °C for the
TGA 2050; variable atmospheres. Typical heating rate is 10° per minute. Optimum

sample size is 50 - 100 mg.
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Table 4.1 Characteristic of EC cell

Electrode

Material (anode & cathode) Stainless Steel

Shape Rectangular plate

Size 8cm-8cm

Thickness 3 mm

Plate arrangement Parallel

Effective surface area 64 cm”

Reactor

Material Perspex

Type Batch mode\

Dimensions 10.8 cm-10.8 cm-13.0 cm
Volume 1.51 |
Electrode gap 1-2 cm y
Stirring mechanism Magnetic bar

Power supply Direct current (DC)
Voltage range (V) 0-20

Current range (A) 0-5

Table 4.2. Process Parameters and their levels for EC Treatment of Bio-digeéfer

Effluent using Stainless-Steel Electrode

Variable, unit Factors Level

X -2 -1 0 1 2
Initial pH, pH, (-) X1 3.5 5 6.5 8 9.5
Current density, j (A/m®) | X2 39.06 | 78.13 | 117.19 | 156.25 | 195.3]
Inter electrode distance, g | X3 1 1 1.5 2 2
(cm)
Time of electrolysis, ¢ (min) | X4 30 60 90 120 150
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Table 4.3 Coded and Unébded values of Experimental Runs

CODED VALUES UNCODED VALUES

Std Run Current IED | Time Current IED | Time
Order | Order | pH | Density(A/m®) | (cm) | (min) pH | Density(A/m% | (cm) | (min)
18 | 1 2 0 0 0 9.5 117.19 1.5 | 90
28 2 0 0 0 0 6.5 117.19 1.5 | 90
2 3 1 -l -1 -1 8 78.13 1 60
31 4 0 0 0 0 6.5 117.19 1.5 | 90
8 5 1 1 1 -1 8 156.25 2 60
14 6 1 -1 ] 1 8 78.13 2 | 120
13 7 | -1 -1 1 1 5 78.13 2 | 120
19 8 0 ) 0 0 []65 39.06 1.5 | 90
24 9 0 0 0 2 6.5 117.19 1.5 | 150
10 [ 10 |1 -1 -1 1 8 78.13 1 120
5 1| - -1 1 -1 5 78.13 2 60
20 12 [ o 2 0 0 6.5 195.31 1.5 | 90
23 13 |0 0 0 ) 6.5 117.19 1.5 | 30
17 14 | 2 0 0 0 '35 117.19 1.5 | 90
7 15 | -1 1 1 -1 5 156.25 2 60
15 16 | -1 1 1 1 5 117.19 1.5 | 90
3 17 | -1 1 -1 -1 5 156.25 1 60
16 18 | 1 1 1 1 8 156.25 2 | 120
4 19 | 1 1 -1 -1 8 156.25 1 60
12 20 | 1 1 -1 1 8 156.25 1 120
6 21 1 -1 1 -1 8 78.13 2 60
1 22 | -1 -1 -1 -1 5 78.13 1 60
11 23 | -1 1 -1 1 5 156.25 1 120
9 24 | -1 -1 -1 1 5 78.13 1 | 120
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Fig. 4.2 Actual Setup of Experiment
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Chapter 5

RESULT AND DISCUSSION

5.1 General

This chapter presents the results and discussions of the electrocoagulation (EC) in
batch and characterization of bio-digester effluent (BDE) as wastewater. The
optimization of the process for the removal of COD and color has be mention by using
full factorial central composite (CC) design based on response surface methodology
(RSM). Pareto analysis of variance (ANOVA) is also mention. Finally, the EC generated

solid residues, their physico-chemical and thermal characterizations are presented.

5.2 Characterization of Bio-digester Effluent (BDE)

The BDE obtained from nearby distillery was characterized for various
parameters namely COD, total solids, tQtal dissolved solids, sulphate, chloride, etc. as per
standard method of analysis (Cleceri et al., 1998). The main characteristics of the effluent

used for the present study are given in Table 5.1.

5.3 Fitting of Second-Order Polynomiél Equation and Statistical Analysis
Experiments were performed to study the affect of pH, j, g, and ¢ on the COD and
color removal efficiency of the EC process. The results of the Y (response) of COD and
color removal by EC were measured according to design matrix and the measured
responses are listed in Table 5.2
Linear, interactive, quadratic and cubic models were fitted to the experimental

data to obtain the regression equations. A system with several variables is affected
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primarily by some of the main effects and lower order interactions, and higher order
interactions are usually small as compared to the lower order interactions. Therefore, in
the present work only two-way interactions were considered. Two different tests namely
sequential model sum of squafes and model summary statistics were employed to decide
about the adequacy of various models to represent COD and color removal by EC.
Results of these tests are given in Table 5.3 and 5.4, respectively. Cubic model was found
to be aliased. For quadratic and linear models, p value was loWer than 0.02, and both of
these could be used for further study as per sequential model sum of squares test. As per
model summary statistics, the quadratic model was found to have maximum “Adjusted
R-Squared” and the “Predicted R;Squared” values excluding cubic model which was
aliased. Therefore, quadratic model was chosen for further analysis.
To analyze a process or system including a response I, where Y depends on the input
factors , ,...,.. , 1 2 k x x x the relationship between the response and the input process
parameters are described as (Montgomery, 1991)
Y= KX ) 6 5.1)
Where, f is the real response fuﬁction its format being unknown, and ¢ is the

residual error which describes the differentiation that can be included by the function f .

Considering all the linear, square and linear by linear interaction terms, the

quadratic response model can be described as

Y=B,+ Bx, +> Bux, +.B,xx, +¢ (5.2)

Where, B, is the offset term, f, is the linear effect of the input factor x,, f, is

il
the quadratic effect of input factor x, and f,is the linear by linear interaction effect

between the input factor x, and x; (Benyounis et al., 2005).
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A manual regression method was uszd to fit the second order polynomial given by
Eq. (5.3) and (5.4), respectively to the experimental data and to identify the relevant
model terms. The final equation obtained in terms of coded factors is given below:

% COD removal

Y =48.90-3.91X1+695X2+2.71X3+6.56X4-2.82X1* -2.24X2" +3.48X3* -1.99.x4°
+1.93X1.X2-0.52X1.X3+2.04X1.X4-0.56X2.X3-1.83X2.X4 —3'.06X3.X4 (5.3)

% Color removal |

Y =9540-422X1+3.41X2+0.037X3+5.53X4-491X1°> -2.06.X2> +9.41.X3* -5.25Xx4°

+139X1.X2-0.18X1.X3+0.23X1.X4-1.18X2.X3-0.53X2.X4-0.33X3.X4 (54)
The statistical significance of the ratio of mean square variation due to regression

and mean square residual error was tested using ANOVA (Huiping et al., 2007). The
ANOVA for the second-order equation is presented in Table 5.5 and 5.6, respectively.
According to ANOVA (Table 5.5 and 5.6), the Fisher F values for all regressions were
higher. The large value of F indicate that most of the variation in the response can be

explained by the regression equation. The associated p value is used to estimate whether
F is large enough to indicate statistical significance, p value lower than 0.05 indicates

that the model is statistically significant (Segurola et al., 1999). The ANOVA indicated
that the equation adequately represented the relationship between the response (the
percentage COD and color removal and the significant ﬂrariables. The model gave
coefficient of defermination (R?) value of 0.9144 and 0.765 and an adjusted-R* value of
- 0.8222 and 0.5119 for COD and color; resfl)ectively, which are high and advocate a high
correlation between the observed and the predicted values. The ANOVA result for the
COD and color removal by EC with SS electrodes system shows F - value of 9.92 and

3.0227, respectively. This implies that the terms in the model have a significant effect on
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the response. The probability p is less than 0.05. This indicates that the model terms are

significant at 95% of probability level. »»Any factor or interaction of factors with p < 0.05
is significant. “Adeq Precision” measures the signal to noise ratio. A ratio greater than 4
is desirable. For the present study, signal to noise ratio was found to be 11.83, which
indicates adequate signal. Therefore, quadratic model can be used to navigate the design
space.

The ANOVA results show that j, ¢+ and pH, are the significant factors that affect

the COD and color removal by EC. The constant, which does not depend on any factors
and interaction of factors, shows that the average COD is 48.9% and color is 95.4%
removal of BDE by EC process using SS electrodes, and that this average removal is
independent of the factors set in the experiment. The ANOVA analysis shows that the
férm of the model chosen to explain the relationship between the factors and the response
is correct (Kim et al., 2003).

Data Were also analyzed to check the normality of the residuals. A normal
probability plot or a dot diagram of these residuals is shown in Fig. 5.2. The data points
on this plot lie reasonably close to a straight line, lending support that the results of
ANOVA analysis are correct. Fig. 5.3 shows the relationship between the actual and
predicted values of Y. It is seen in Fig. 5.3 that the developed model is adequate because
the residuals for the prediction of each response are minimum, and the data points lie
close to the diagonal line.

5.4 Effect of Various Parameters on Maximum COD and Color Removal Efficiency

The inferences obtained from the response surfaces to estimate maximum COD
and color removal with respect to each variable; and each variable’s effect on COD and

color removal efficiency are discussed below.
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Effect of Current Density and pH: Experiments were carried out by varying j from
39.06 to 195.31 A/m” and under different pH, from 3.5 to 9.5. The results are plotted in

Fig. 5.4. The COD and color removal efficiency was found to increase with an increase

in j values at any value of pH,. According to Faraday’s law given below, the theoretical

amount of ion produced per unit surface area (m ) is directly proportional to the ;j passed

for time ¢.

_ M

m= o7 (3.5)

Where, Z is the number of electrons involved in the oxidation-reduction reaction;
for Fe, Z=2. M is the atomic weight of anode material, for SS, M =.55.85 g/mol and F
is the Faraciay’s constant (96486 C/mol). COD and color removal by EC is governed by
the formation of metal-hydrous ferric oxide complexes. It can be inferred from Fig. 4 that
higher COD and color removal efficiency is achieved at higher j value. This is due to
the higher dissolution of electrode material with higher rate of formation of iron
hydroxides resulting in higher COD and color removal efficiency due to co-precipitation
(Golder et al., 2007). Also, increased amount of sludge produced from the electrodes at
higher ;j value enhances the COD and color removal efficiency via sweep coagulation

(Guo et al., 2006).

In an attempt to investigate the influence of pH, on the EC process, pH, of the

effluent was varied in the range of 3.5 to 9.5. The results illustrated in Fig. 5.4

demonstrate the COD and color removal efficiency at different pH,. The results reveal

that at pH,~6.75, the COD and color removal efficiency was maximum. For pH, < 6,

the protons in the solution get reduced to Hj, and thus, the proportion of hydroxide ion
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produced is less and consequently there is less COD and color removal efficiency
(Modirshahla et al., 2007).

Effect of Inter Electrode Gap and Time: The COD and color removal efficiency
depends directly on the concentration of ions produced by the electrodes which in-turn
depends upon ¢. The effect of g and ¢ on COD and colér removal by EC under varying
g (from 1 to 2 cm) and ¢ (from 30 to 150 min) is plotted in Fig. 5.5. When the value of ¢

increases, an increase occurs in concentration of iron ions and their hydroxide Flocks.
Consequently, an increase in the ¢ increases the COD and color removal etticiency Fig.
5.5.

The electrical conductivity is directly proportional to the distance between the two

electrodes. As the distance between the anode and the cathode (g ) increases, resistance

(R) offered by the cell increases. From Faraday’s law, the amount of iron oxidized

decreases as g increases, and thus, the COD and color removal efficiency generally
decreases. Fig. 5.5 shows the effect of g on the COD and color removal efficiency
during EC process. It can be seen that the COD and color removal efficiency generally
remained constant with an increase in g . It seems that other factors namely j, pH, and ¢
have over-riding effect on COD and color removal efficiency as compared tog.
Therefore, the effect of g of COD and color removal efficiency gets marginalized in the

present study.

5.5 Selection of Optimal Levels and Estimation of Optimum Response
Characteristics
Optimal level of various parameters obtained after examining the response curves

and contour plots (not shown here) are summarized in Table 8. Maximum COD and color
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removal of 61.6% was obtained at pH,= 6.75, j=146.75 A/m?, g=1 cm and f= 130

min. Three confirmation experiments were conducted at selected optimal levels of the
process parameters and 63.1% average COD removal and 99.75% average color removal
was observed at optimal conditions.. The removal percentages obtained through

confirmation experiments are within 95% confidence interval of the predicted values

5.6 Physico-chemical Analysis of Electrodes and Residues
5.6.1 SEM Analysis of Electrode and Residue

SEM images of fresh SS electrodes; and used electrode before and after cleaning
are shown in Fig. 5.6. The surface of the original SS plate surface prior to its use in EC
experiments is rough, and this roughness is uniformly distributed throughout the suiface
with no dents on the surface. Fig. 5.6 also shows the SEM of the same electrode ‘aftcr
several cycles of its use in EC experiments. The SEM of one such electrode before its
cleaning in one such EC cycle is also shown at different magnifications. The electrode
surface is now found to contain a number.of dents having widths in the range of 50-500
pm. These dents are formed around the nucleus of the active sites where the elect;'ode,i
dissolution took place producing iron hydroxide. Amorphous organics are seen adhered
to the surface of the uncleaned electrode. The cleaned electrode shows same types of
dents with some micro-Flocks and sludge particles entrapped in it.

Fig. 5.7 shows SEM images of dried scum and sludge obtained during the EC
process. Both scum and sludge afe crystalline in nature with 50-200 um width. The

average size of crystalline sludge particles is bigger than that of the scum particles.

61



5.6.2 TGA Analysis of Residue

The sludge generated during the EC process poses disposal and management
problem. EC sludge can be dried and thermally degraded. The bottom ash obtained after
its combustion can be blended with the cementitious mixtures. To study the degradation
kiﬁetics of scum and sludge, TGA was carried out. In the present study, the operating
pressure was kept slightly positive, the air flow rate was maintained at 200 ml/min and
the heating rate was maintained at 100 °C/min. The TGA, differential thermal analysis
(DTA) and differential thermal gravimetery (DTG) curves of the EC scum and sludge in
oxidizing atmosphere is shown in Fig. 5.8 and 5.9, respectively. The TGA trace of the
scum Fig. 5.8 in oxidizing atmosphere shows the loss of moisture and the evolution of
some light weight molecules including water (2.4% weight loss) from 25 to 100 °C.
Higher temperature drying (from 100 to 250 °C) occurs due to loss of the surface bound
water. The rate of weight loss was found to increase between ~250 to ~700 °C (~38%
weight loss). This weight loss is generally associated with the evolution of CO; and-CO.
In the last temperature range between ~/00 to 1000 °C, residues oxidize and lose their
weight gradually; and there is ~4.5% weight loss. Maximum degradation rate of 2.84
mg/min was observed at 300 °C. The strong exothermic peak centered between 250-700
°C is due to the oxidative degradation of the sample. This broad peak as that observed
from the first derivative loss curve may be due to the combustion of carbon species.
Thermal degradation characteristics of sludge Fig. 5.9 shows removal of moisture (about
2.5%) up to temperature of 100 °C followed by an active degradation zone between 100
and 400 °C. Total degradation during this zone is about 27%. Beyond 400 °C, the
residues oxidize and lose their weight gradually; and there is ~6% weight loss. Residue

left at 1000 °C is the weight of the ash. It is 63.4% of the total sludge. Thus, the amount
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of ash in sludge is higher than that of scum which showed 41.4% ash. Therefore, it is
expected that the amount of organics is low in sludgeb as compared to that in scum.
Hence, the calorific value of sludge is expected to be lower than that of scum.
5.6.3 EDX Analysis of Residue
EDX of scum and sludge is shown in Fig. 5.10, and the results are given in Table 5.8.
Scum and sludgé obtained after EC experiments were found to contain 12.28% and
24.52% iron; 29.35% and 15.26% carbon; 25.03% and 24.01% oxygen, respectively.
Thus, scum contains lesser amount of iron and higher amount of carbon and oxygen as
compared to sludge. This was as expected from the TGA analysis.
Heating value of scum and sludge as determined from bomb calorimeter were found to be
7.8 and 3.3 MJ/kg, respectively. Higher heating value of scum is due to the higher"
percentage of carbon content present in the scum

Scum and sludge can be utilized for making blended fuel briquettes with other
organic fuels. This could be used as a fuel in the furnaces. The bottom ash obtained after
its combustion can be blended with the cementitious mixtures which is to be further used "
in construction purposes. Setting and leaching tests on the cementitious mixtures have
shown that the bottom ash can be incorporated into the cementitious matrices to a great |
extent (75 wt.% of total solid) without the risks of an unacceptable delay of cement
setting and an excessive heavy metals leachabilify from solidified products (Mangialardi,
2003; Srivastava et al., 2006). This method of EC residue disposal recovers energy from
the residues as well it chemically fixes the iron and other toxic metals present in EC

sludge.
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Table 5.1 Characteristics of Bio-digester Effluent

Characteristics Value
COD (mg/1) 9310
BOD (mg/1) 3724
CI' (g/) 2.0
Total solid (g/1) 17
Total dissolved solids (g/1) 15.6
pH 8.5
TOC (mg/1) 5750
Conductivity (milli mhos) 5.37
Turbidity (NTU) 1400
Color Dark black
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Table 5.2 Full Factorial Design used for the EC Treatment of Bio-digester Effluent

Std. Run pH, . g % COD reduction % Color reduction

order | order | (xl) /6D (x3) 1o Yoo (W) | ¥, () | Yoy (o) | T, (%)
1 9 5 i T I i M 87.1 | 87.22083
2 23 3 8125 | 1 | 60 | 2124 | 1631 | oo | 2501308
3 20 5 5625 | T |60 | 4527 | 4S8 942 | 94.68375
4 15 8 15625 | 1 | 60 424 1 83 1 9153 | 889175
5 17 5.1 78125 | 2 60 | 4833 | 4474 | o0 | g0 cea3
6 5 8 8125 | 2 | 60 | 2669 | 2794 | g0 | 2ge5708
7 19 5 15625 | 2 | 60 | 6396 | 5731 89.8 | 9340875
8 28 8 15625 | 2 | 60 | 4351 | 4822 | o .. 86.94
9 18 | 5 ] 78125 1 ] 1200 5492 4984 | o5 | 9953875
10 14 8 78125 | 1 | 120 | 3627 | 4329 o6 | 891425
T 3 5 15625 | 1 | 120 | 5824 | 5736 001 | 1048842
2 22 3 15625 | 1 | 120 | 5529 | 3851 | ococ | 1000304
3 21 5 78125 | 2 | 120 | 4738 | 5131 949 | 1016638
14 24 8 78125 | 2 | 120 | 4361 | 4266 92.2 90.565
15 12 5 15625 | 2 | 120 | 5201 | 5657 9071 | 102.2867
16 2 8 15625 | 2 | 120 | 389 | 55.64 05.7 | 96.73042
17 10 35 | 1171875 | 15 | 90 | 4371 | 4546 0it 84,1725
E T 95 | 1174875 | 15 | 90 | 3156 | 2981 | oog0 | 613075
19 13 65 | 390625 | 15 | 90 | 2668 | 2604 157 | 8033583
20 8 65 | 1953125 | 15 | 90 532 | 5384 086 | 9396417
21 6 65 | 1171875 | 15 | 30 | 2355 | 2783 5 6334583
22 4 65 | 1171875 | 15 | 150 | 5835 | 5407 068 | 8545417
23 26 65 | 117.1875 | 15 | 90 489 48.9 05.4 95.4
24 27 65 | 1171875 | 15 | 90 489 489 05.4 95.4
25 25 65 | 117.1875 | 15 | 90 489 489 05.4 95.4
26 7 65 | 117.1875 | 15 | 90 189 48.9 05.4 05.4
27 16 65 | 1171875 | 15 | 90 189 489 054 95.4
28 1 65 | 117.1875 | 15 | 90 189 489 05.4 95.4
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Table 5.3 Adequacy of the Models Tested for COD

Source Sum of DF Mean F Value | Prob>F | Remark
Squares Square

Sequential Model Sﬁm of Squares

Mean 56328.01 1 56328.01

Linear 2676.66 4 669.16 16.50 <0.0001 | Suggested

2F1 338.90 6 56.48 1.616 0.2029

Quadratic 284.97 4 71.24 2.99 0.0588 | Suggested

Cubic 308.32 7 44.046 485.88 | <0.0001 | Aliased

Residual 0.54 6 0.09

Total 59937.42 28 2140.62

Source Std. Dev. | Predicted | Adjusted R’ PRESS | Remark

R’ R’

Model Summary Statistics

Linear 6.36 0.59 0.69 0.74 1469.27 | Suggested

2F1 5.91 0.41 0.73 0.83 2128.41

Quadratic 4.87 0.36 0.82 0.91 2278.72 | Suggested

Cubic 0.30 0.99 0.99 Aliased
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Table 5.4 Adequacy of the Models Tested for Color

Source Sum of DF Mean F Value | Prob>F | Remark
Squares Square
Sequential Model Sum of Squares
Mean 228300 1 228300
Linear 1438.43 4 359.61 3.99 . 10.01 Suggested
2FI 60.58 6 10.1 0.085 0.99
Quadratic 1188.55 4 297.14 4.68 0.01 Suggested
Cubic 820.31 7 117.19 132.63 | <0.0001 | Aliased
Residual 53 6 0.88
Total 231800 28 8278.46
Source Std. Dev. | Predicted | Adjusted R’ PRESS | Remark
R’ R®
Model Summary Statistics
Linear 9.5 0.08 0.30 0.40 3222.12 | Suggested
2FI 10.88 -0.39 0.08 0.42 4896.67
Quadratic 7.97 -0.949 0.51 0.76 6849.3 | Suggested
Cubic 0.94 0.99 0.99 Aliased
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Table 5.5 ANOVA of the Second-order Polynomial Equation for COD

Source Coefficient | Sum of Mean Remark
Estimate | Squares PF Square ¥ Value | Prob>E

Model 3300.54 | 14 | 235.75 9.92 <0.0001 | Highly significant

intercept 48.9

X1 -3.91 367.31 1 | 367.31 15.46 0.0017 | Significant

X2 6.95 1159.12 | 1 | 1159.12 48.79 <0.0001 | Highly significant

X3 2.71 117.56 1 | 117.56 4.95 0.0445 | Low significant

X4 6.56 1032.68 | 1 | 1032.68 43.46 <0.0001 | Highly significant

X1 -2.82 190.35 1 | 190.35 8.01 0.0142 | Low significant

X2 -2.24 12042 | 1 | 120.42 5.07 0.0423 | Low significant

X3? 3.48 72.74 1 | 7274 3.06 0.1037

X4° -1.99 94.8 1 94.8 3.99 0.0671 | Low significant

X1xX2 1.93 59.41 1 | 5941 2.5 0.1378

X1xX3 -0.52 4.36 1 4.36 0.18 0.6755

X1xX4 2.04 66.54 1 | 66.54 2.8 0.1181

X2xX3 -0.56 5.07 1 5.07 0.21 0.6516

X2xX4 183 $34 | 1| 534 225 | 01577

X3xX4 -3.06 150.12 1 { 150.12 6.32 0.0259 | Low significant

Residual 308.87 | 13 | 23.76

Lack of Fit 30887 | 8 | 38.61

Pure Error 0 5 0

Cor Total 3609.41 | 27
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Table 5.6 ANOVA of the Second-order Polynomial Equation for Color

Source Coefficient | Sum of Mean Remark
Estimate | Squares br Square ¥ Value Frob>¥

Model 2687.55 | 14 | 19196 | 3.02 0.02 | Significant
intercept 954
X1 420 e | w662 | 67 0.02
X2 340 ) g7gs5 | 1| 2785 438 0.05

X3 003 1 90016 | ! | 0.0216 0.00 0.98

X4 332 | 3305 | V73305 | 1154 0.00 | Significant
X1* A1 | 59997 | 1| 57077 9.12 001 |Significant
X2’ 2061 10009 | 1| 102,09 1.60 0.22
X3* 240 | 53079 | 1 | 53079 | 835 001 | Significant
X4’ -5.23 6615 | | | 6615 10.41 p.0p | Stenificant
X1xX2 138 3071 | ! 30709 | o4 0.49 |
X1xX3 017 049 | ' | 049 0.00 0.93
X1xX4 022 083 | ' | 083 0.01 0.91
X2xX3 18 o030 | 230 | 035 0.56
X2xX4 0.52 448 | 1| 44 0.07 0.79
X3xX4 033 174 | P ame | 002 0.87
Residual 825 61 13 63.50
Lack of Fit 825.61 8 103.20
Pure Error 0 5 0
Cor Total 3513.17 27
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Table 5.7 Optimum and Confirmative values of Process Parameters for Maximum

COD and color Removal Efficiency

Optimal levels of

process parameters

Predicted optimal value with

95% Confidence intervals (%)

Average of
Confirmation

experiments (%)

pH,=6.75 (COD) 54.14 < 61.58 < 69.02 63.09
j=146.75 A/m (Color) 92.26<99.17 < 116.57 99.75
g=1lcm

t= 130 min

Table 5.8 EDX Properties of Scum and Sludge

Element Wt%

Scum Sludge

Fe 12.28 24.52
C 29.35 15.26
o 25.03 24.01
Ni 02.02 03.49
Cr 07.13 06.97
Ca 00.34 00.33
Pd 00.71 00.35
Gd 01.23 01.74
Pr 00.63 01.09
Mn 00.38 00.74
Au 12.23 13.79
Rb 00.49 00.73
Nb 03.90 04.46
Mo 04.27 02.51
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Fig. 5.1. Schematic Diagram of the Experimental Setup used for the
Electrocoagulation study
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Fig. 5.3. Scatter Diagram of Predicted Response versus Actual Response for the EC
Treatment of Bio-digester Effluent, (A) COD removal and (B) Color removal
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Fig. 5.4. 3D Response Surface Graph for COD and Color Removal versus Current
Density and pH for the EC Treatment of Bio-digester Effluent, (A) COD removal
and (B) Color removal
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Fig. 5.5. 3D Response Surface Graph for COD and Color Removal versus Electrode

Gap and Time for the EC Treatment of Bio-digester Effluent, (A) COD removal and
(B) Color removal
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Fig. §. 6. SEM Images of Stainless Steel Electrode Prior to its use; Un-cleaned and Cleaned Electrodes after its use in EC

Experiments
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Chapter 6
CONCLUSIONS ANDP RECOMMENDATIONS

6.1 Conclusions

The major conclusions drawn from the present work are given below:

1.

Electrocoagulation (EC) can be employed as a treatment method for chemical
oxygen demand (COD) and color removal of bio-digester effluent (BDE).

A central composite (CC) design was successfully employed for experimental
design, analysis of results and optimization of the operating conditions for
maximizing the COD and color removal. |

COD removal and color efficiency was maximum at pH,~6.75. For pH < 6, charge

neutralization by monomeric cationic iron species was the primary mechanism for
COD and color removal, while for higher pH, sweep coagulation with amorphous
iron hydroxide explained the results.

COD and color removal was found to increase with an increase in current density
(/) and time (¢).

Maximum COD and color removal efficiency of 61.58% and 99.75% respectively

was observed at optimum pH,, j, g and ¢ values of 6.75, 146.75 A/m?, 1 cm and

130 min, respectively.

A second-order regression model was fitted to the experimental data. Analysis of
variance showed a high coefficient of determination value for COD (R? = 0.9144)
and color (R* = 0.765) removal, thus, showing a satisfactory fit of the second-order
regression model.

SEM analysis of the used electrode surface showed the presence of a number of

dents with width in the range of 50-500 ym.
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10.

Scum obtained after the EC process was found to have greater heating value as
compared to the sludge. This was attributed to the higher percentage of carbon
content present in the scum as shown by EDX analysis.

Residues of the EC process (scum and sludge) can be utilized for making blended
fuel briquettes with other organic fuels, which can be further used as a fuel in the
furnaces. The bottom ash obtained after its combustion can be blended with the
cementitious mixture. This mixture can be used in construction purposes, thus,
recovering energy from the residues as well as chemically fixing the iron and other
toxic metals present in the EC sludge.

Results show that EC can be used as a potentially viable and inexpensive tool for

the treatment of BDE.

6.2 Recommendations

This study has brought forth a number of considerations which may be of interest

to pursue further research in the area of EC of BDE and other wastewaters generated in

distillery and various other industries. Based on the experiences gained during the present

work, the following recommendations are being made for future research:

1.

EC of the BDE should be studied by other electrodes so as to improve the COD
removal efficiency.

Batch and continuous EC may be carried out for the treatment of distillery effluents
and other industrial wastewaters.

Since the EC is not able to remove the COD completely, it is essential to further
treat the wastewater by other post-treatment options, like coagulation and/or

adsorption to meet the stipulated regulatory discharge standards of the effluents.
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