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ABSTRACT

APPLICATION OF
ELECTROCOAGULATION/ELECTRODIALYSIS TREATMENT
FOR THE RECOVERY AND REUSE TANNERY WASTEWATER

Abdalhadi DEGHLES

Department of Environmental Engineering
PhD. Thesis

Adviser: Assist. Prof. Dr. Ugur KURT

Tannery industry is known widely as one of the highest consumers of water as well as
playing a key role in the economic sector of many countries. A few decades ago, water
and energy sources were classified as the top two challenges for the twenty-first
century. Wastewater treatment has been considered as an efficient tool for managing
water and energy sources. Until relatively recently, little has been done of effective

technique “zero effluent” to conserve them.

In this context, electrochemical treatment technology has achieved much attention due
to its attractive advantages as: simple, fast, reliable, and cost-effective operation for the

treatment of wastewater.

In this work, a batch electrocoagulation (EC) technique for tannery wastewater
treatment was examined using iron and aluminum electrodes. It involves dissolution of
metal from the anode with simultaneous formation of hydroxyl ions, and generation of
hydrogen gas at the cathode The effects of operating parameters that include current
density, initial pH, and electrolysis time on EC performance were accomplished by

measuring of COD, Color, Cr, and NH3-N as control parameters.
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Firstly, EC performance on tannery wastewater was tried with discontinuous system by
using Taguchi Statistical Method. COD removal efficiencies were reached 64.4% for Al
and 63.3% for Fe electrodes.

After that, performance of the electrocoagulation (EC) process on the continuous
system was also measured. The effects of the same operating parameters on the
pollutants removal efficiency, sludge and hydrogen gas production were investigated in
order to optimize process performance. In the case of aluminum electrodes, The results
showed that for tannery wastewater with an influent pH adjusted at about 6, the use of a
current density of 14 mA/cm?, and an EC time of 125 min, gave access to pollutants
(COD, Color, Cr, and NH3-N) removal efficiency 73, 94, >99 and 51%, respectively.
The energy yield of harvested hydrogen was 60 % of the energy demand as kCal of the
electrocoagulation process. However, in the case of iron electrodes, with effluent pH
adjusted at about 7, the use of a current density of 14 mA/cm?, and an EC time of 125
min, gave access to pollutants (COD, Color, Cr, and NH3-N) removal efficiency 67, 93,
>99 and 46 %, respectively. And also, the energy yield of harvested hydrogen was 58 %
of the energy demand as kCal of the electrocoagulation process. Thus, the energy costs
for two cases were found to be 0.675 $/m* wastewater. And also the amount of dried
sludge was 0.35 kg/kg chemical oxygen demand removed. It could be seen that
hydrogen gas production coupled with pollutants removal efficiency by EC continuous

mode would be an effective approach for energy recovery and wastewater reutilization.

As the end of the studies, the optimized electrocoagulation process was then integrated
with electrodialysis (ED) process for the treatment of tannery effluents. In case of
treated tannery by EC with aluminum electrodes, ED process was effectiveness where
the removal efficiency of COD, NHs-N, Cr and color were 92,>99, >99, >99 %
respectively corresponds to conductivity value of 1.5 mS/cm at 25 minute. While, in the
case of treated tannery by EC with iron electrodes, ED process was also efficient for
removal pollutants, the removal efficiency of COD, NH3-N, Cr and color were 87, >99,

>99, >99 % respectively corresponds to conductivity value of 1.5 mS/cm at 75 minute.

It is noticeable that the effluent treated with combined EC- ED techniques presents very
similar values for the same parameter as the ones presented by Turkish dischargeable
legislation as well as guidelines for using reclaimed wastewater in irrigation for the

states of Turkey, Palestine and Jordan.
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Key words: Tannery Wastewater, Electrocoagulation, Hydrogen gas production,
Electrodialysis, sludge characterization.
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OZET

DERI ENDUSTRISI ATIKSULARINDA MADDE VE ENERJi GERIi
KAZANIMI, SUYUN YENIDEN KULLANILMASINDA
ELEKTROKOAGULASYON-ELEKTRODIYALIZ ARITMA
YONTEMI

Abdalhadi DEGHLES

Cevre Miihendisligi Anabilim Dali
Doktora Tezi

Tez Danismani: Yrd. Dog. Dr. Ugur KURT

Deri Endiistrisi bir ¢ok iilkenin ekonomisinde oynadigi onemli rol kadar, yiliksek su
kullanim1 olan bir sektdrdiir de. Son yillarda, 21. Yizyil i¢in olabilecek en biiytik iki
sorun su ve enerji kaynaklarindaki sikintilar olarak siralanmaktadir. Atik su aritimi su
ve enerji kaynaklar1 yonetiminde etkin bir ara¢ olarak dikkate alinmaktadir. Bu
kaynaklarin korunmasi i¢in elzem olan “Sifir Atik Teknolojis” son zamanlarda biraz

biraz kullanilmaya baglanmistir.

Bu baglamda, Elektrokimyasal Aritma Teknolojileri atik su aritiminda kolayligi, hizli
olmasi, giivenilirligi ve ekonomik isletme maliyetleri gibi cazip avantajlari nedeniyle
oldukca basarili olmaktadir. Hem degerlendirilebilir aritilmis atik su eldesi, hem de

enerji geri kazanimi agisindan 6nem arz etmektedir.

Bu calismada, Tabakhane Atiksuyu aritimi icin elektrokoagiilasyon (EC) teknigi
demir(Fe) ve aluminyum(Al) elektrotlar kullanilarak ¢alisildi. EC islemi es zamanlh

olarak anottan koagiilan metalin ¢6ziinmesi ve katotta hidroksil iyonlar1 ve hidrojen gazi
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olusumu seklinde gerceklesir. EC performansi iizerinde igletme parametreleri olarak
akim yogunlugu, baslangi¢ pH’s1 ve elektroliz siiresinin etkileri, kontrol parametreleri
KOI, renk, Cr ve NH3-N 6l¢iimleri ile arastirildi. ilk olarak Tabakhane Atiksuyu
tizerinde EC performans1 Taguchi istatistik yontemi kullanimi ile denendi. Al elektrot

icin % 64.4 ve Fe elektrot i¢in % 63.3 KOI giderim verimine ulasilabildigi goriildii.

Sonrasinda, siirekli sistem tizerinde EC performansi 6l¢iildii. EC prosesi performansini
optimize etmek icin ayni isletme parametrelerinin kirlilik giderim verimine etkileri
arastirildi. Al elektrot ve pH:6.0, akim yogunlugu 14 mA/cm? ve elektroliz siiresi 125
dakika igin KOI, renk, Cr ve NH3-N giderim verimi sonuglar1 sirastyla; % 73, % 94, >%
99 ve % 51 olarak tespit edildi. Uretilen hidrojen gazinin ihtiya¢ duyulan enerjiyi
karsilama orani kCal olarak % 60 oldu. Fe elektrot ve pH:7.0, akim yogunlugu 14
mA/cm? ve elektroliz siiresi 125 dakika icin ise, KOI, renk, Cr ve NHs-N giderim
verimi sonuglari sirastyla; % 67, % 93, >% 99 ve % 46 olarak belirlendi. Ayni1 zamanda,
Uretilen hidrojen gazinin ihtiya¢ duyulan enerjiyi karsilama orani kCal olarak % 58
oldu. Enerji maliyeti her iki durum icin de 0.65%/m* atiksu olarak bulundu. Giderilen
KOI’ye karsilik olusan ¢amur miktar1 0.35 kg kuru ¢amur/kg KOlg oldu. EC siirekli
sistem aritma c¢alismalart ile hem kirlilik giderim verimliliginin, hem de hidrojen gazi
tiretiminin atiksuyun yeniden kullanimi ve enerji geri kazanimi yaklagiminda etkili

oldugu goriildii.

Son c¢aligmalar olarak; Tabakhane Atiksuyunun aritimi igin optimize edilmis
elektrokoagiilasyon c¢alismalar1 elketrodiyaliz(ED) prosesi ile entegre edildi. Al
elektrotlu EC prosesi ¢iktilar1 ile gerceklestirilen ED prosesinin kirlilik parametreleri
gideriminde etkin oldugu goriildii. 1.5 mS/cm iletkenlik degerine ulasilan 25. dakikada
KOI, renk, Cr ve NH3-N giderim verimi sonuglar1 sirasiyla; %92, >%99, >%99 ve
>%99 olarak belirlendi. Fe elektrotlu EC prosesi ¢iktilart ile 1.5 mS/cm iletkenlik
degerine ulasilan 75. dakika ¢alismasinda ise, KOI, renk, Cr ve NH3-N giderim verimi
sonugclari sirasiyla; % 87, >% 99, >% 99 ve >% 99 olarak gergeklesti.

EC-ED kombine sistemi ile aritilmis atiksularin Tiirkiye’deki atiksu desarj mevzuati ile
uyumlu oldugu, dahasi Tiirkiye, Filistin ve Urdiin icin sulama suyu seklinde
kullanilmasiin da miimkiin olabilecegi dikkate deger bir durum olarak kaydedilmistir.

Anahtar Kelimeler: Tabakhane Atiksuyu, Elektrokoagiilasyon, Hidrojen gazi iiretimi,
Elektrodiyaliz, Camur karakterizasyonu.
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

A few decades ago, water and energy sources were classified as the top two challenges
for the twenty-first century [1]. Increasing pollution from point and non-point sources
such as industry and agriculture, respectively, the ever-increasing population,
urbanization and climatic changes, all of these are being leaded to decline water quality
and quantity [2, 3]. Wastewater treatment has been considered as an efficient tool for
managing water and energy sources. Until relatively recently, little has been done of

effective technique “zero effluent” to conserve them.

Billions of liters of industrial wastewater are produced every day with large quantity of
aqueous waste [4]. Leather and environment can be described as two sides of the same
coin due to the fact that potential wastes from meat industry (i.e. skins and/or hides) are
used in the leather industry via tanning process [5]. Overall, tannery industry is known
widely as one of the highest consumers of water as well as playing a key role in the
economic sector of many countries. The global leather industry produces about 18
billion square feet of leather yearly with an estimated value of about $40 billion [6].

Besides, leather industry is described as a hard process which involves in serious
operations can be given as: beam house operation, tanyard operation, post-tanning
operation and finishing operation [7]. At each operation several of chemical materials
are used such as acids, alkalis, chromium salts, tannins, solvents, sulphides, dyes and
auxiliaries. Ultimately, they produce large amounts of potentially toxic wastewaters

containing both organic and inorganic compounds [8, 9].

Tanneries, ultimately, generate wastewater in the range of 30-35 L Kg™ skin/hides
process with variable pH, high concentration of suspended solid, BOD, chromium,



COD, NHs-N and sulfides as well as low biodegradability [7, 10, 11]. Discharging
tannery wastewater into water body without treatment can affect in aquatic life
unconstructively .Thus, there is an increasing environmental alarm with regard to
tanneries in view of the fact that high consumption of the water, the complex
characteristics, economic sector, and environmental regulations. It should be,
absolutely, searched a cleaner technology, economically as well as environmentally

sustainable tannery wastewater treatment technologies [12, 13].

There are many options that utilize for the treatment of tannery wastewater such as
biological process [11, 14-16], and physical -chemical process [17-19]. In this context,
conventional biological treatment does not always achieve satisfactory performance due
to the toxicity of the tannery wastewater that will affect the development of the bacteria
and it is characterized by low biodegradability. Also traditional physical-chemical
processes are comparatively expensive, and may lead to secondary pollution because it
needed additional chemicals [20-21]. The limits forced are set with the aim of
protecting the environment. Absolutely, the treatment and reuse of wastewater has
become necessity. For these reason, we require to expand innovative and inexpensive
techniques for the treatment of tannery wastewater. In recent years, there has been
increasing interest and effective process in the use of electrochemical methods for the

treatment of industrial wastewaters.

Electrochemical technologies are distinct as a “green technology” due to the fact that
the main reagent, the electron. Hence, they present promising approaches for the
hindering of pollution problems in the process industry. Nowadays, electrochemical
technologies have reached such a state that they are not only comparable with other
technologies in terms of cost but also are more efficient and more compact. Ultimately,
it is a great attention to use in treatment of water/ wastewater due to have attractive
advantages such as environmental compatibility, versatility, energy efficiency, safety,
selectivity, amenability to automation, and cost effectiveness [22, 23].

Electrochemical technologies have explored in recent year in environmental
applications especially for treating water/wastewater. One of these processes is
electrocoagulation (EC) which has achieved much attention due to its attractive
advantages as: simple, reliable, and cost-effective operation for the treatment of
wastewater. In fact, it involves dissolution of metal from the anode with simultaneous

formation of hydroxyl ions, and generation of hydrogen gas at the cathode which can be
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recovered for use as energy source or a reactant for other industrial applications [24].
There are a vital advantages of EC as a low sludge production technology; secondly, the
EC flocs are relatively large, contain less bound water, more stable, and amenable to
filtration and therefore is not required to chemical aids (green process) [25]. The fitting
choice of EC materials is very essential electrode materials, generally, are aluminum
and iron. They are cheap, readily available, and have been proven effective [26]. Yet,
EC has satisfactory been utilized decades to treat wastewater of olive mill [27, 28],
metal plating [29], domestic [30], tannery [4, 31-33], rose processing [34], chromium
removal (V1) [35], textile industry [36], etc. However, the continuous mode of the EC
process has been less investigated, except in a few studies [37-42]. Based on literature
reviews, so far no other studies have taken into account the aspect of hydrogen recovery
from the electrocoagulation process. Hydrogen is a main by-product of the
electrocoagulation process as it is generated at the cathodes by water electrolysis. With
an effective gas-liquid-solid separation process, high quality hydrogen can be recovered
from the electrocoagulation process and used as an energy source or as a reactant for

industrial processes.

Thus, membrane technology has been applied in tannery wastewater treatment and
recycling [43- 45]. The prominent advantage for membranes process is that
concentration and separation are achieved without changing the physical state or the
need to use chemical products [46].0ne of the most important of the membrane
technology or electrochemical separation process is electrodialysis (ED), in which
electrically charged membranes and an electrical potential difference are used to
separate ionic species from an agqueous solution and other uncharged components. ED is
considered an electrodriven membrane process involving ion exchange membranes are
not only a part of applied in electrochemistry but also belong to the field of separation
techniques [47]. Compared to other kinds of membrane technologies, it uses an
electrical current, rather than pressure, to induce the ions to pass through the membrane;
the use of pressure is a major cost factor for other membrane processes. And also, it can
be used a low levels of electrical current, which helps to reduce the cost of ED In
addition, ED has attractive characteristics such as a high selectivity, a high product
recovery ratio and can destroy at least some of the components in the raw water
(drinking or waste), and it can run continuously. And also, ED does not require

treatment chemicals “green technology”, and cost effectiveness [46, 48, 49], all of these



advantages may be pointed out to the utilize ED in the future as an effective techniques.
However, unlike monopolar electrodialysis compared with bipolar membrane
electrodialysis (BMED). This is because the last has an a vital advantage which anions
and cations are separately removed from the sample and combined with H" and OH"
ions by means of a bipolar membrane so that separate acidic and alkaline solutions are
attained [50] .

Anyway, electrodialysis has been applied in water /wastewater treatment and also for
processing rinse water from electroplating industry [51, 52]. The use of ED is expected

to continue to increase in the future.

Sometimes it becomes necessary to use two or more methods of treatment, i.e. hybrid
processes, to ensure efficient treatment of wastewater [53]. Electrocoagulation has been
shown to be a better option in the removal of organic compounds, heavy metals present
in the wastewaters. And also increased the biodegradability index (Bl) of the effluents
[54- 56]. So, elctrocoagulation can be fabricated into water treatment with membrane
technologies. EC has been combined with microfiltration (MF) for control of virus in
surface water [57], with nanofiltration (NF) to treat textile wastewater [58], with

electro-oxidation (EO) to treat industrial wastewater [59].

There are a various types of studies performed for treatment of tannery wastewater by
various combined process [60-65]. As mentioned before, so far no other studies have
taken into account to the investigation of integrated process (EC-ED) combining
membrane technologies (ED) and electrocoagulation processes (EC) in the treatment of
tannery effluents. EC is used for the degradation of organic matter. ED allows the ionic
species separation, which produces water suitable for reuse in irrigation or goes to deep

sea, and to reuse in leather process according to standard legislation.

1.2 Objective of the Thesis

As well known, tannery industries are among the most polluting industries in terms of
the volume and the complexity of treatment of its effluents discharge. And also, it has
an effective economic value for many countries, and strict environmental regulations for
influent. The limits forced are set with the objective of protecting the environment.

Absolutely, the treatment and reuse of wastewater has become necessity.



The aim of this thesis is the investigation of integrated process (EC-ED) combining
membrane technologies; electrodialysis (ED) and electro-coagulation processes (EC) in
the treatment of tannery effluents. EC is used for the degradation of organic matter. ED
allows the ionic species separation, which produces water suitable for reuse in irrigation
or goes to deep sea, and to reuse in leather process according to standard legislation.
The experiments are performed at a laboratory scale in order to evaluate the
performance of each process and to optimize the experimental conditions for the

integrated process.

The prime objectives of the present thesis which they are the reduction of the pollution
from tannery industry, and to thoroughly assess and design a new treatment plant,

including experimental analysis when necessary, as following:

e To make sure environmental protection

e To characterize the tannery wastewater in terms of: pH, conductivity, chemical
oxygen demand (COD), Chromium (Cr), Ammoniacal nitrogen (NHs-N), color
and suspended solids (SS).

e To determine the optimal conditions for organic and inorganic pollutant
removal.

e To verify the sludge production.

e To evaluate the recovery of hydrogen gas production

e To determine the recovery of the pollutants

e To achieve enhanced treatment results, less energy consumption throughout
the system and ultimately a cost effective system, with an improved end

result.

To achieve the presented study objectives, the overall study was separated into the four

primary parts as shown the following:
Part | Definition of related problem
Related problem is defined as:

e Literatures survey on the fundamental of the EC and ED processes.
e Review of TWWT by different methods especially EC technology.
e Expert arguments are taken.

e Selection of tannery industrial region in Istanbul.



e Collection of samples.
e Characterize of samples.

o And experiment set up.
Part Il Designing and constructing a batch of electro-coagulator
This part will be involved in:

e The EC cell (discontinue system) is prepared and characterized.

e The removal and appropriate EC technology are assessed for TWWT.

e The effects of various operating parameters on the efficient removal of
pollutants will be investigated. These parameters can be given as; current
density, electrolysis time, pH solution.

e Taguchi method is carried out in order to design the experiments and to optimize
the experimental results.

e The optimum conditions are discussed for removal of pollutants in batch EC by
using the prepared electrodes; (Aluminum and Iron).

e The pollutant removal efficiency is determined on the efficient process and also
economic view.

e Result interpretation and discussions.
Part 111 Designing and constructing a continuous of electro-coagulator

Based on the results that will be obtained from batch experiments (optimum

conditions):

e The continuous EC system is designed and fabricated.

e The effects of current density , detention time, pH initial, inlet flow rate and
others parameters will be examined.

e The removal efficiency of the pollutants will be pointed out based on: the water
quality, hydrogen gas production, and the sludge characteristics.

e Result interpretation and discussions
Part IV Hybrid process

This part will be based on the results production from electrocoagulation continuous

mode:



e The effluent wastewater that is treated by a closed system at optimum conditions
even Fe and Al electrodes will be imposed to ED cell.
e The optimization of studies will be focused on:
a) Sure environmental protection
b) Standard environmental legislation
¢) Minimal energy consumption
d) Capacity of recovery substances
e Result interpretation and discussions.

e Conclude and write of dissertation manuscript.

1.3 Hypothesis

Globally, the tannery industry is currently undergoing radical transformation due to
pollution and discharge legislations. Tannery industry is known widely as one of the
highest consumers of water as well as playing a key role in the economic sector of many
countries. Tannery industries are among the most polluting industries in terms of the
volume and the complexity of treatment of its effluents discharge. A few decades ago,
water and energy sources were classified as the top two challenges for the twenty-first
century. Wastewater treatment has been considered as an efficient tool for managing
water and energy sources. Until relatively recently, little has been done of effective
technique “zero effluent” to conserve them. Based on literature reviews, so far no other
studies have taken into account the investigation of a hybrid technique for tannery
wastewater as EC with ED process. This thesis examines the use of electrocoagulation

treatment process followed by electrodialysis process of a tannery effluent sample.



CHAPTER 2

GENERAL INFORMATION

This chapter presents the state-of- art of the chemical reduction and treatment
technologies applied to leather wastewater. An introduction of the common production
technologies, water consumption and wastewater characteristics is first presented and
consequently wastewater treatment options are compared. Thus, the electrochemical

treatment technologies are assessed.

2.1 Wastewater

Water is formed as a combination of two parts, hydrogen and oxygen as H;O. In
general, water is not pure composition of hydrogen and oxygen. Pure water is, on the
other hand, only synthetic in a laboratory. Currently, water scarcity has been spread
among countries, societies, and communities due to increasing in both population and
consumption of natural resources to assist endless requirements, in addition, to pollution
from discharge of domestic and industry. Figure 2.1 offers the example of partially

closed water cycle.

consumer eg various
/\l products ipestlcndes i chemicals
water works household agriculture industry

A

groundwater

Figure 2.1 Schematic of water cycle



Of late, treatment of wastewater is indispensable tool to avoid deterioration of water
quality/quantity and public health, due to reduce variety of different pollutants that
generated from domestic and industry wastewater. Wastewater is water that has been
contaminated by use. In terms of its composition, wastewater is not homogeneous but as

diverse as its possible sources.
2.2 Tannery industry

2.2.1 Leather production and chemical use

Globally, the leather industry is currently undergoing radical transformation due to
pollution and discharge legislations. Leather and environment can be described as two
sides of the same coin due to the fact that potential wastes from meat industry (i.e. skins
and/or hides) are used in the leather industry via tanning process. It involves in a serious
operations to convert skins or/and hides to manufacture leather finished. These
operations can be given as: beamhouse operation, tanyard operation, post-tanning
operation and finishing operation [5, 66].

Chemicals being use in the production processes are depending on the raw material, and
the end product depends on the tanning process which may lead to produce a wide range
of waste with different type and amounts [10, 67]. Yet, at each stage, various chemicals
are used and a variety of materials are expelled in Figure 2.2. With annual global
processing capacity of 9x10° kg hides and skins, during tanning process at least about
300 Kg chemical are added to per ton of hides [5, 11] Thus, more than one hundred
different chemicals used in leather production which generated about 350,000 ton/y of
inorganic and heavy metal salts, acids, alkalis, soaps, tensioactives, oils, waxes,
solvents, dyes, and many others compounds that are not completely fixed by skins and
remain in the effluents especially present in commercial chrome tanning methods gives
rise to only about 50-70% chromium uptake. Additionally, chromium(lll) salts and
sulfur compounds are the main pollutants released in tannery wastewaters and in
the atmosphere [5,16,68, 69].

Moreover, in the retanning process, synthetic tannins (Syntan), oils and resins are added
to form softer leather at unstable doses [68]. Syntans are characterized by complex
chemical structures, because they are composed of an extended set of chemicals such as

phenol-, naphthalene-, formaldehyde- and melamine-based syntans, and acrylic resins.



Thus, among the synthetic tannins, the ones based on sulfonated naphthalenes and their
formaldehyde condensates (SNFC) play a primary role, for volumes and quantity used
[70].

2.2.2 Wastewater generation and characterization

Tannery industry is known widely as one of the highest consumers of water. The
volume of effluent tannery wastewater and its characteristics vary from tannery to
tannery depending on the raw material, finishing product and the production process.
However, an average of 30-35 m® of wastewater is produced per ton of raw hide, with
variable pH, and high concentration of suspended solid, BOD, sulfides, chromium and
with high COD value (27,600 mgL™ in the beam house area .The tannery wastewaters
may be characterized by several key parameters such as pH, conductivity, sulfide,
chromium, BOD, TOC, COD and suspended solids. Thus, organic pollutants (proteic
and lipidic components) are originated from skins (it is calculated that the raw skin has
30% loss of organic material during the working cycle) [5, 10, 11, 66, 71].

They reported that the beamhouse wastewater is characterized by an alkaline pH and the
tanning effluent by a very acidic pH as well as high COD correspond to value of 27,600
mgL™ [10]. Thus, a massive amount of common salt was used for preserving animal
skin, about 15% (w/w) to 40% (w/w) and it is removed during the soaking [72]. It is
estimated that, 64% of total COD and 56% of total suspended solids are produced from

beamhouse processes [5].
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Figure 2.2 Inflow—outflow diagrams for leather processing

Temporarily preserved (salted) hides and skins are treated with a variety of chemicals in
a water medium, through a series of unit processes and operations, to produce leathers.
This leads to a variety of solid (red text), liquid (blue text) and air (purple text)

pollutants at various stages of processing [5, 66].

Table 2.1 summarizes the average composition of tannery processes effluents.

Para- | Soaking Unhairing Bating Pickli | Chrom | Re- Ref.
meter liming deliming -ng tannin | tanning
-9

Min Max | Min Max | Min Max Min. Max. Min | Max

7.7 - 119 |- 8.6 - 3.6 - 5 - [10]
pH

6 10 125 |13 6 11 4 3.2 4 10 [71]
T[°c] |10 30 |10 25 |20 35 - - 20 |60 | [71]
NH;-N | 850 - 380 - 3800 | - 670 - - 530 | [10]
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Table 2.1 (cont’d)

Cr - - - - - - - 4100 | - 3000 | [71]
Sulfide | - - 2670 | - 134 | - - - - - [10]
0 700 | 2000 | 3300 | 25 250 | - - - - [72]
cl 17000 | 50000 | 330 | 25000 | 2500 | 15000 | 8950 | 2000 | 5000 | 10000 | [71]
15000 | 30000 | - ; - - 20000 | 30000 |- - [72]
coD | 31000 | - 58000 | - 5325 | - 2900 | - 4365 | - [10]
5000 | 11800 | 20000 | 40000 | 2500 | 7000 | 800 | 400 15000 | 75000 | [71]
3000 | 6000 | - - - - 1000 | 3000 |- - [72]
BODs | 2000 | 5000 | 5000 | 20000 | 1000 | 4000 | 100 | 250 6000 | 15000 | [71]
TSS | 2300 | 6700 | 6700 | 25000 | 2500 | 10000 | - - - - [71]
25000 | 40000 | - - - - 30000 | 70000 |- - [72]

During liming-unhearing operation, Lime and sodium sulfide or sulfyhydrateare
typically are used. On the other hand, increasing of environmental pollution by emission
volatile compounds generated from organic solvents which are most widely used
chemicals in degreasing step [71]. The wet-end re-tanning, dyeing and fat liquoring
processes have only a minor impact on the total salt load dominantly originated from
the hides in the initial pre-soak and main soak. The tanning wastewater contains the
highest concentration of total chromium (up to 4950 mgL ™) [73]. Table 2.1 summarizes

the average composition of tannery processes effluents.

However, table 2.2 reports the average composition of mixed effluents of leather
tanneries. The average influent chromium (I11) concentration varies in a wide range
(30-570 mgL™") depending on the tanning process applied. Very high salinity is
reflected by a concentration of TDS (37,000 mgL ™). Generally tannery effluents are
rich in nitrogen, especially organic nitrogen but very poor in phosphorous. Although
COD is the most common parameter used in tannery wastewater characterization, TOC
is more reliable than COD since the high concentration of chlorides and sulphides of

these effluents can affect significantly the analysis of COD.
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Table 2.2 Characteristics of tannery wastewater.

pH COoD NH3-N s? Cr Ref.
10.5 3114 33 33 83 [74]
8.4 4947 95 52 168 [75]
75-9 |5,000-10,000 |* * 100 [76]
7.7 2426 335 286 29.3 [64]
6.6 6855 70.5 * 140 [18]
7.08 * 128 * 90-100 [15]
7.2 2810 130 89 62 [77]
8.3 3100 * * * [78]
7.4 1470 180 440 * [31]
7.9-9.2 | 2533 118 860 258 [79]
7-8.7 | 4100 -6700 * * 11.5-14.3 [80]
6-8.2 | 12,000-23,000 |* 30-130 * [81]
7.7 2200 * * * [82]
8 1803 70 * * [83]
7.79 2155 168 35.8 50.9 [84]
4.1 2500-3000 180 * 570 [85]

COD: Chemical Oxygen Demand; S Sulfide; Cr (111): Chromium; *: not detected, all

parameters as mgL ",

2.2.3 Biodegradation characteristics

Biodegradability particulars are expressed in a term BODs/COD or BODs/TOC ratios.
In tannery wastewater BODs is considered as disputable parameter due to contain many
inhibitors [75]. Regarding the BODs/COD ratios, it was very low in comparison with
domestic wastewater due to low biodegradability in influent wastewater. Meanwhile,
COD can give more trust worthy details about the composition of this kind of
wastewater. So, COD fractionation is necessary for tannery wastewater to identify the
biodegradability and inert COD components due to correlate with the inhibitor effect of
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the particulate portion of the tannery wastewater [78]. On the other hand, Total Organic
Carbon (TOC) is very important parameter due to effect on the analysis of COD,
especially in tannery wastewater treatment which has a high concentration of chloride
and sulfide.

2.3 Treatment options

Nowadays, ecological factors became the focus of much superior attention. The
ideology of cleaner technology can be shown as: (a) Prevention is better than reuse (b)
Reuse is better than recycling and (c) Recycling is better than disposal. Based on
literature reviews, there are many processes that have been carried out in tannery
wastewater treatment, ranging from the simple to the advanced complicated methods.
These methods include biological treatment (aerobic and anaerobic treatment), physico-
chemical treatment, ion exchange, membrane filtration, and electrochemical systems
[86].

2.3.1 Coagulation and flocculation

Wastewater usually contains several impurities, which consist of clay minerals and
proteins with different sizes. Removing of the colloidal and suspended matter is very
slow and impossible by sedimentation. As a result, they need to be agglomerated by
coagulation and flocculation before can be settled out. Generally, Aluminum and ferric
salts are widely used as coagulants in water and wastewater treatment. The mechanisms
of coagulation process are involved as ionic layer compression adsorption and charge

neutralization, inter particle bridging, and sweep coagulation [17, 19].

Coagulation and flocculation (CF) process have been investigated in tannery wastewater
treatment, by utilizing inorganic coagulants such as aluminum sulphate (AISQ,), ferric
chloride (FeCls), ferrous sulphate (FeSO,) to reduce organic load (COD) and suspended
solids (SS) as well as to remove toxic substances, such as chromium before biological
treatment [17-19]. Besides, pH is considered as a specific parameter in CF so it’s
affected by many factors such as; type of coagulant, characteristics of wastewater, and
also the dosage of coagulant. Ultimately, they studied the influence of pH and coagulant
dosages on the coagulation process as a tool for treating tannery wastewater to optimize
conditions for removal organic matter and suspended solids as well as chromium. They
reported that a removal range of 30—-37% of total COD, 74-99% of chromium and 38—
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46% of SS using 800 mgL ‘of alum at 7.5 pH for pre-settled tannery wastewater
containing 260 mgL *of SS, 16.8 mgL of chromium, 3300 mgL *of COD at pH 9.2.
And they noticed that FeCl3 has proved better results than alum [17]. Thus, the removal
efficiency of COD and total chromium were 40-70%, and >99% respectively from
leather tanning wastewater using FeSQ,4, FeClsand alum [67]. On the other hand, under
several doses of alum (800-900-1000-1200 mgL %) (poly aluminum ferric chloride)
PAFC were used for treating raw tannery wastewater (ltaly). They evaluated the
optimum conditions as pH 8.5 and 900 mgL *of PAFC which resulted in high removal
of COD (>75%) and TSS (>95%) [18].

2.3.2 Biological treatment

2.3.2.1 Aerobic processes

As well known, biological processes are specified for treating industrial wastewater to
reduce organic contents. Besides they have cost-effective over the chemical oxidation.
They are carried out for treating tannery wastewater to reduce organic contents [14]. As
mentioned above, several of chemical materials use in leather processing which are
impacting on the biological treatment due to their low biodegradability. As a result,
presence of 10 mg/l of trivalent chromium (Cr*®) inhibited the growth of acclimatized
activated sludge and caused a significant decrease in specific growth rate (um) and
heterotrophic (Yy) values [87]. However, the concentration of chromium had less
influence on dentrification bacteria than nitrification bacteria [88]. Sequencing batch
reactor (SBR) was used to treat tannery wastewater; to measure the removal efficiency
of COD. It has proven to be more capable of carrying out biological processes such as
nitrification and denitrification in the presence of inhibiting substance [15]. SBR
technology is formed as a reliable treatment for tannery wastewater due to the flexibility
of its operation. (SBR) was investigated for treating tannery wastewater; they reported
that the removal efficiency of COD was 79% [11]. Nevertheless, a full-scale activated
sludge plant has been used for treating leather-tanning wastewater to evaluate the
impact of temperature on organic carbon and nitrogen removal. It was noticed that the
temperature changes had a minor influence on COD removal efficiency (4-5%) while
the total nitrogen removal was highly affected by the temperature. Besides, the presence
of sulphide, chromium, chloride and fluctuation in temperature has adverse effects on

nitrification process [89].
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2.3.2.2 Anaerobic processes

In the period from 1979 to 2008, authors used website www.scirus.com as a research
tool, they found 63 articles dealing with the application of anaerobic processes in
tannery wastewater treatment. Among them, 12 referred to vegetable tannery
wastewaters or to synthetic wastewater simulating vegetable tannery wastewater, while

the remaining referred to chromium tannery wastewater [81].

Anaerobic filters (AF) composed of both up-flow anaerobic filters (UAF) and down-
flow anaerobic filters (DAF) and Up-flow Anaerobic Sludge Blanket (UASB) reactors

are mainly used in anaerobic treatment for tannery wastewater [82,86].

However, the anaerobic digestion of tannery soak liquor was studied using a UASB.
COD removal reached 78% at an OLR of 0.5 kg COD m®d™, a HRT of 5 days and a
TDS concentration of 71 gL™ [82]. And also, some experiments are investigated to
estimate the methane production potential and volatile suspended solids for tannery
waste sludge by utilizing expanded granular sludge bed (EGSB) and to anaerobic
baffled reactor (ABR). They resulted that the specific methane production potential at
55 C is estimated to be 0.617 m* kg ™ of volatile suspended solids for tannery waste
sludge, 0.377 m® kg ™* for tannery waste trimmings and 0.649 m® kg™ for tannery waste
fleshing. Besides concerns such as chromium content, salinity and temperature
fluctuations were also addressed. Chromium content and salinity showed no adverse
effects; however a reactor temperature reduction of 4.4 °C led to a drop in biogas
production of 25%, indicating a requirement to keep the temperature constant at 55 °C
[90].

2.3.2.3 Wetlands and ponds

Constructed wetlands (CWs) may be motivating option for treating leather tannery
wastewater. The influence of pH, temperature and dissolved oxygen on a pilot-scale
advanced integrated wastewater pond system (AIWPSs) were investigated for treating
tannery wastewater, they concluded that a combination of advanced facultative pond
(AFP), secondary facultative pond (SFP) and maturation pond (MP) all arranged in
series, go before with simple pretreatment can adequately treat raw combined tannery
wastewater [91]. CWs are used to treat the effluent of conventional biological treatment
system operating at a tannery site, they noticed that CWs were efficient in removing

COD and BODs with removal efficiencies varying between 51 and 80% for COD (inlet:
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68-425 mg L™) and between 53 and 90% for BODs (inlet: 16-220 mg L™) [92]. And
also, chromium can be sustained in wetlands with non-specialized media [93].
Constructed wetlands may offer reliable option when biological process is used as

primary treatment for tannery wastewater.

2.3.3 Membranes process

Recently, membranes technologies have been interested in reducing their costs, as well
as application possibilities are still extended. The use of membrane technologies applied
to the leather industry represents an economic advantage, especially in the recovery of
chromium from residual waters of leather tanning. Microfiltration (MF), Ultra- filtration
(UF), Nanofiltration (NF) and reverse osmosis (RO) applied in leather industry for the
recovery of chromium from spent liquors [71, 94- 96]. Removal of the salts and effluent
of biological treatment of tannery is in the brightness for using membranes technologies
[97]. Moreover, Membrane Bio-Reactors (MBR) are more attractive than conventional
activated sludge process (CASP) for tannery wastewater treatment due to has several
advantages such as, eradication of settling basins, independence of process performance
from filamentous bulking and hasn’t mechanisms that affecting on settle-ability.
However, the main shortcoming of membrane application is a significant fouling due to
the clogging, adsorption and cake layer formation by the pollutants onto the membrane.
One of such alleviation to overcome this problem is a hybrid process where membrane
technology is combined with other treatment process [70, 98].

2.3.4 Advanced oxidation processes

Advanced oxidation process (AOP) has been applied to treat tannery wastewater by
interesting in the removal efficiency of COD and TOC. Using strong oxidizing agents
(O3, H20,), and/or catalysts (Fe, Mn, TiO,), sometimes supported in UV light which has
high-energy radiation. Hydroxyl radicals which are characterized as very powerful
oxidants, quickly and unselectively, are generated and utilized for removing organic
compounds [99,100]. Table 2.3 summarizes several of AOPs applied to tannery

wastewater and chemicals.
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2.3.4.1 Fenton processes

Fenton process is utilized for destroying organic pollutant; based on the generation of
very reactive free radicals, especially hydroxyl radicals (‘OH), which have a stronger
oxidation potential. It is attained by reaction hydrogen peroxide (H.0,) with ferric
(Fe**) and ferrous (Fe?*) iron in acidic aqueous solution, a complex redox reaction will

occur as the following: [83]

Fe*? + H,0, — Fe*3+0H" + OH" 2.1)
Fe3* + H,0, — FeOOH?* + H* (2.2)
FeOOH?* — HOj + Fe?* (2.3)
Fe3* + HO, — Fe?* + 0, + H* (2.4)

Thus, the reaction characteristics like (pH, temperature and the quantity of organic and
inorganic constituents) are considered significant factors in FO process. For instance, at
low pH (3), high temperature (43-45 °C) and high aromatic compound; the FO process
was attractive for treating tannery wastewater. Several studies have been successfully

employed to treat tannery wastewater by FO process [83, 99, 101-102].

Table 2.3 Chemical oxidations and AOPS applications to tannery wastewater.

Wastewater coD AOPS Results Ref.
characteristics (mg/l)
Coagulated/ 2365 Ozone 17% of COD removal [99]
Flocculated tannery 12% of TOC removal
wastewater 24% of BOD removal

pH 11
Settled tannery 1785 Ozone STW 6% of COD [14]
wastewater (STW) 835 removal t 5 min ozone
Biologically treated flow-rate of 42.8 mg
tannery wastewater /min.
(BTW) BTW 30% of COD

removal t 5 min ozone

flow-rate of 42.8 mg

/min
Pre-alkalized tannery | 2177 Ozone COD removal from 30% | [106]
wastewater to 70% after 120 min

when ozone flow rate

increased

from 1 to 8 g/h.
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Table 2.3 (cont’d)

Synthetic tannery
wastewater

2080

Electrochem
ical
treatment

Both electrodes rapidly
oxidized the tannic acid

in the first 2 h. PbO, gave
faster COD removal than
Ti/TiRuO,. the Ti/TiRuO,
required the same energy
consumption for complete
COD removal, it was
more stable and not
release toxic ions.

9]

Raw tannery
wastewater

2810

Electrochem
ical
treatment

70% of COD removal
840 mg/L H,0, Electrical
power of 15.0 W, t 10
min pH 3.

In neutral pH with 1670
mg/L oxidant

dose and 15.0 W, 58%
COD removal was
obtained in 10 min

[77]

Equalized tannery
wastewater

TOC
1005

Electrochem
ical
treatment

82.6% phenol removals at
20 mA/cm?, 78.5%, at 50
mA/cm 2, and 83.9% at
100 mA/cm 2, after 5 h of
electrolysis.

After 5 h of electrolysis,
TOC

removals are 14.3, 31.3,
and 40.5% at 20, 50, and
100 mA/cm?

[100]

Tannery liming drum
wastewater

25,300

Electrochem
ical
treatment

Aluminium electrodes:
62% COD removal

pH 3-5 Mild steel
electrodes: 82%, COD
removal

Current density 35 mA
cm—2,t 10 min
electrolysis time pH 3

[107]

Equalized Tannery
wastewater

17,618
and
12,225

Electrochem
ical
treatment

51-56% COD removal
30-70% TSS removal
>98% Cr removal

>96% Turbidity removal

[4]
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Table 2.3 (cont’d)

Synthetic tannery 1188 Electrochem | After 15 min strong [103]
wastewater (STW) ical reductions on Cr and
Pickling wastewater treatment Fe concentrations were
(PW) attained, reaching 0.24
and 3.16 mg /I
respectively, which
are below the limits
recommended by the
Brazilian environmental
norm for
discharge of wastewater
into freshwater bodies?
Raw tannery 1803 Fenton 70% COD removal [83]
wastewater t 20 min
90% COD removal
t 240 min.
Coagulated/ 2365 Photocatalys | 6% COD removal—pH 3 | [99]
Flocculated is 11% TOC removal—pH
tannery wastewater. (UVITIO2) | 315% BOD removal—
pH 7
Equalized Tannery 11,878 Photo- 04gL—1Fe and15g | [105]
wastewater Fenton L- 1 H,0, 540 min of
(UV/Fe2+/H | irradiation time 90%
202) COD removal 50% TSS
removal
Synthetic solution of ST: 300 Fenton ST: H,0,/FeSO, 600/500 | [101]
tanning agents: , (wiw)
synthetic tannins (ST) OL: 300 pH3-T40°C
and oils (OL) 80-90% of COD removal
OL: H,0,/FeSO, 600/750
(wiw)
pH 3.T: 43 °C
95% of COD removal
t: 30 min
Synthetic solution of 300 Photo- H,0,/FeSO, 300/750 [104]
synthetic tannins Fenton (w/w) After 15 min of
(ST) (UV/Fe**IH | oxidation by PF-A and
202) PF-C the COD removal
efficiency of initial
300 mg/l equivalent of ST
was 78% and
76% respectively
Equalized Tannery 11,878 Photo- 04gL-1Fe” and 15gL~ | [105]
wastewater Fenton 1 H,0, 540 min of
(UV/Fe2+/H irradiation time 90% COD
202) removal 50% TSS removal
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2.3.4.2 Photo oxidation processes

Hydroxyl radicals are generated by uses a strong oxidizing agents such as (O3, H205)
and/or catalysts (Fe, Mn, TiOy). Sometimes, it is supported in activity by high-energy
radiation, e.g., UV light. Hydrogen peroxide is irradiated with UV photolysis t to

produce hydroxyl radical

H,0, + hv — 2 ¢ OH (2.5)
This process is known photo oxidation which may occur via one of three general
pathways: hydrogen abstraction, electron transfer and radical addition. Several studies
have been carried out to treat tannery wastewater by photo oxidation process. However,
ultraviolet photolysis (UV) didn’t change the parameters COD, TOC and toxicity to D.
magna in untreated tannery wastewater [99]. Thus, it is not sufficient for destroying the
organic structure of leather tanning wastewater [104], and also, photo oxidation has
been investigated on coagulated tannery wastewater, they concluded that although COD
and UVs4 decreased gradually during the oxidation time, the color intensity of treated
wastewater increased [108].

Photo-Fenton process is produced more hydroxyl radicals in comparison to the
conventional Fenton (Fe?* with hydrogen peroxide) or to the photolysis. It achieves
when hydrogen peroxide and UV radiation are combined with Fe** or Fe** oxalate ion
[109]. However, UV light was very effective on degradation rate due to production of
HO' and Fe?". Besides, *OH are also produced via direct H,O,/ UV-C photolysis (slow

reaction) and the reaction of H,O, with Fe?* produced by photo reduction of Fe** [102] .

2.3.4.3 Ozone based processes

To achieve maximum extent of degradation in an energy efficient way, the important
operating parameters for the ozonation process can be given as: pH of the system
(hydroxyl radicals are generated from ozone decay at higher pH, whereas the molecular
ozone remains as the main oxidant at low pH values), Ozone partial pressure, Contact
time and interfacial area, Presence of radical Scavengers, Operating temperature,
Presence of catalyst, Combination with other oxidation processes [109]. However,
Ozonation has been examined the removal efficiency of COD and color in effluent
tannery wastewater, it has been observed that a maximum of COD removal efficiency of
92% has been achieved under optimum operating conditions. Further the

biodegradability index of the tannery effluent has increased from an initial value of 0.18
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to 0.49. So it may be used as prior to biological treatment to enhance high color removal
efficiencies and convert refractory organics to biodegradable organic compound. But
with pre-ozonation, it should be point out that ozone can also oxidize the biodegradable
fraction of influent COD. Seeing as ozonation competes with biological treatment under

these conditions this is an undesirable result [14].

2.3.4.4 Photo-catalysis

The important operating parameters, which affect the overall destruction efficiency of
the photo-catalytic oxidation process, can be given as: amount and type of the catalyst,
reactor design, and wave length of the irradiation, initial concentration of the reactant,
temperature, radiant flux, pH, and aeration, effect of ionic species. It can be used
effectively sunlight or near UV light for irradiation, which should result in economic
saving especially for large-scale operations. One of the main drawbacks of photo-
catalysis process, Compared to conventional chemical reaction rates, reaction rate of
photo-catalytic processes is usually slow and there is a need to provide large amounts of

active catalyst in the reactor [109].

A small number of studies have been applied in tannery wastewater treatment by photo-
catalysis oxidation they observed that despite of high removal COD, there are
increasing of toxicity to D. magna and also to Artemia salina after UV/TiO, treatment
[99,108].

2.3.5 Electrochemical treatment

Using electricity offers promising approaches for the prevention of pollution problems
in the process industry. Due to it is characterized as environmental compatibility “green
technology” due to have a clean reagent “the electron”. In addition, electrochemical
technologies have attractive benefits can be given as: versatility, energy efficiency,
safety, selectivity, amenability to automation, rapid reaction and cost effectiveness. And
also, compared with other technologies they are considered more efficient, cost
effective and more compact [3, 22,103]. The kinetics of the electrochemical process
have been found up to 100-fold faster than biological oxidation process [8]. However,
electrochemical processes have been applied successfully for treating tannery
wastewater. These include electro-fenton, electro-flotation, electro-oxidation and

electro-coagulation. We will to address these processes in chapter three.
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2.3.5.1 Electro-Fenton (EF)

Electrofenton (EF) is considered an electrochemical process which is characterized as
an eco-friendly methods as well as environment friendly. Since is not using any harmful
reagents and also does not create secondary pollutants. However, it has two different
configuration, the first one that the EF reagent is added to reactor from outside and inert
electrodes are used as anode material while the second configuration, only hydrogen
peroxide is added from outside and Fe*" is supplied from iron sacrificial anode.
Compared to the conventional Fenton process, the electro-Fenton process has the
advantage of allowing better control of the process and avoiding the storing and
transport of the H,O,. So, continuously H,O; is supplied to the contaminated solution
by a two electron oxygen reduction in an acidic medium according to Eq. (2.6). The
typical mechanism of E-Fenton process is illustrated in Figure 2.3.

02 + 2H+ + 29_ - = H202 (26)

wiiimp 2

A - B C
N 0, + 4H* Fe3* A
0 @ T
D 2 H,0 ‘+ H*¢ B H
E Q| -de ‘? 0
i—» OH* H:0;+2H*%. B D

J+RH H, E

Products 2H*

Figure 2.3 Reaction mechanism of E-Fenton process [110]

An effluent wastewater from organized tannery industrial regions with local sewerage
discharge limit (COD 800 mgL™) was treated by EF. They noticed that 99.5% of sulfide
was attained in 12 minutes, and also COD reduction altered from 41% to 99% based on
different variables such as wastewater type, electrical energy consumption, reaction
time, etc. [77].
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2.3.5.2 Electro oxidation (EO)

Study on electrooxidation (EO) for wastewater treatment goes back to the 19th century,
when electrochemical decomposition of cyanide was investigated [23]. Electrooxidation
(EO) can be recognized by both the direct and indirect processes and depends on the
treatment conditions and on the nature of the electrode materials. However, a large
amount of salt, chiefly chlorides, makes the tannery wastewater particularly agreeable
for electrochemical purification, offering the possibility to couple both direct and
indirect electro-oxidation [8, 12, 23,103]. Different of anodic materials (graphite, Ti/Pt,
Ti/Pt-Ir, Ti/RuO, Ti/PbO and other anode materials) were investigated to assess its
effectiveness on the treatment efficiency [8, 9, 12]. The efficiency of wastewater
treatment was found to be a function of the electrocatalytic properties of the anode
material, Ti/Pt-1r giving the best performance.

It has established that electrochemical oxidation was uneconomic process due to the
very high energy requirements, while the process was found to be competitive in costs
of operation and treatment performance when applied as a final polishing step or as an
alternative unit for nitrification and dentrification. Besides, the Kkinetics of the
electrochemical process have been found up to 100-fold faster than biological oxidation

process [8].

2.3.5.3 Elctrocoagulation (EC)

2.3.5.3.1 Historical perspective of EC

Electro-coagulation (EC) is not a new technology. During the late 19th century, EC has
been practiced for wastewater treatment in London, in the following decades; also
appointed in the United States and Europe to treat municipal and industrial wastewater.
At those times, EC was not popularity and limited success due to seeming higher
operating costs, the ready availability of mass-produced alternatives for chemical
coagulant dosing, and these studies are done as empirical without insight on the
fundamental chemical and physical mechanisms. By 1930s however, all such of plants
had been neglected due to these problems. Currently, electrocoagulation process is
undergoing rebirth, and also it has formed a nook in the wastewater industry, proving to
be reliable and effective technologies and it has been fitting applied to treat several of
industrial wastewater [53,111,112].
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2.3.5.3.2 Theory of EC

Electro-coagulation (EC) is considered an indispensable technique for treating industrial
wastewater due to eco-friendly and cost-effective process. The driving force for this
technique is a direct current source between metal electrodes engrossed in wastewater.
Generally, EC utilized aluminum or iron electrodes which are dissolved in electrolysis,
creating an array of coagulant species and metal hydroxides, to destabilize and
aggregate the suspended particles or precipitates and adsorb dissolved contaminants
(e.g. dissolved organic matter). Though, in EC process the coagulating ions are
produced ‘in situ’ and it involves six main processes: (i) electrophoresis and aggregation
due to charge neutralization; (ii) precipitation due to collective cation or hydroxyl ion
with pollutant; (iii) bridge coagulation resulting by interaction between metallic cation
with OH" to form a hydroxide, which has high adsorption properties therefore bonding
to the pollutant; (iv) sweep coagulation when the hydroxides form larger lattice-like
structures and sweeps through the water; (v) oxidation of pollutants to less toxic
species; (vi) electro-flotation or sedimentation and adhesion to bubbles lead to remove
the pollutants. Briefly, Figure 2.4 shows the interactions occurring within an electro-

coagulation reactor [23, 25].

2.3.5.3.3 Reaction types involved in the EC process

Electrolysis is a process in which oxidation and reduction reactions take place when
electric current is applied to an electrolytic solution. Coagulation and hydrodynamics
are forming the origin of electrocoagulation. Electrocoagulation is based on dissolution
of the electrode material used as an anode. This so-called “sacrificial anode” produces
metal ions which act as coagulant agents in the aqueous solution in situ [112]. At its
simplest, an electrocoagulation system consists of an anode and a cathode made of
metal plates, both submerged in the aqueous solution being treated. The electrodes are
usually made of aluminum, iron, or stainless steel (SS), because these metals are cheap,

readily available, proven effective, and non-toxic.
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Figure 2.4 Interactions occurring within an electro-coagulation reactor [111]

An electrical current is passed through a metal electrode; the anode material undergoes
oxidation, while the cathode will be subjected to reduction or reductive deposition of

elemental metals.
Aluminum electrode:

In the case of aluminum, main reactions can be given as;

Anode Al(s) > AI*" +3e (2.7)

Cathode 3H,0+3e” —»3/2H,(g) +30H" (2.8)
AI** and OH ions generated by electrode reactions (2.7) and (2.8) react to form various
monomeric species, which finally transform into Al (OH) 5(s) according to complex

precipitation kinetics.

Overall; AI* +3H,0 - AI(OH),, +3H" (2.9)

newly formed amorphous Al(OH)s¢) “sweep flocs” have large surface areas, which are
useful for a rapid adsorption of soluble organic compounds and trapping of colloidal
particles. these flocs are

Finally, removed easily from aqueous medium by

sedimentation or H, flotation.

However, depending on the pH of the aqueous medium other ionic species, such as Al
(OH),", Al, (OH) ,** and Al (OH) 4~ may also be present in the system. Examination of

the pE—pH equilibrium diagram reveals that under appropriate conditions various forms
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I3

of charged multimeric hydroxo AI®" species may be formed as it can be seen in reaction

2.10:
nAl(OH), — Al (OH),, (2.10)

For example, the structures of dimeric and polymeric Al3+ hydroxo complexes are

shown in Figure 2.5:

H
(H,omé/m@of :;i:a(: ;:/AI—DH—AI—
ﬁ :

Figure 2.5 Polymeric aluminum species in EC process
Iron electrodes

Iron upon oxidation in an electrolytic system produces iron hydroxide, Fe (OH) ,, where
n = 2 or 3. Two mechanisms have been proposed for the production of Fe (OH) ,. [53,
113].

Mechanism 1

Anode: Fe, — Fe™q +2e” (2.11)
Solution: Fe* (ag +20H @9 — Fe(OH)?%() (2.12)
Cathode: 2H,0,, +2¢~ —>20H @y + H,,, (2.13)
Overall: Fe +2H,0, — Fe(OH),, +Hyq, (2.14)
Mechanism 2

Anode: 4Fe, —> 4Fe™ g +8e- (2.15)
Solution: 4Fe™ (ag) +10H,0,, + O,y —> 4Fe(OH),, +8H (g (2.16)
Solution: 8H "(aq) +88~ —4H,, (2.17)
Overall: 4Fe ) +10H,0+ 0O, — 4Fe(OH),, +4H, (2.18)

The Fe (OH) n(s) formed remains in the aqueous stream as a gelatinous suspension,
which can remove the pollutants from wastewater either by complication or by

electrostatic attraction, followed by coagulation.
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2.3.5.3.4 Benefits and drawbacks of EC technique

EC has vital characteristics to be good-looking technique compared to others. Currently,

it is considered as the well-liked technique in wastewater treatment as well as other

related water management issues. Although EC has many advantages for treating

wastewater and also has some disadvantages, which can be given as benefits and

drawbacks:

1.

EC is an efficient technique due to high adsorption of hydroxide on mineral

surface “in situ”.
EC needs simple equipment and can be fabricated practically for any size.

It is easy to operate, cost-effective and as well as relatively low costs of

operating.

Virtually, there is no need to any chemical addition, and no possibility of

secondary pollution “green technology”.

It requires low current which can be carried out by fuel cell, solar energy and

wind. And it can be applied in rural areas where electricity is not available.
EC generates agreeable, clear, colorless and odorless water.

It produces low sludge as metallic oxides/hydroxides which are easy to be

readily settable and easy to de-water.

It removes the smallest colloidal particles efficiently by flotation due to generate
gas bubbles during electrolysis.

EC is generated large flocs, contains less bound water, is acid-resistant and more

stable, and therefore, can be separated faster by filtration.

However, EC also has some disadvantages. These disadvantages can be described as:

1.

The “sacrificial anodes” need to be replaced periodically. Which are dissolved in

water stream as a result of oxidation?
It requires high conductivity of wastewater suspensions.
Gelatinous hydroxide may tend to solubilize in some cases.

It may be suffered the loss of efficiency because of impermeable oxide

formation on the cathode.
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5. The cost of operating EC may be high many places due to high costs of
electricity [32, 53].

2.3.5.3.5 Reactor design and operation issues

To date, EC is characterized as a fuzzy process due to lack of literature and published
data on the electro-coagulation reactor design and operation. Follow-on, there is no
single empirical or systematic approach has appeared in the design of EC reactors.
Ultimately, there is a little guidance for a priori reactor design or performance
prediction [25, 112]. Hence, we highlight key features of the system through two

sections: physical and chemical design.
e Physical design issues

The design of EC process is indispensible step to achieve optimum operation and

efficiency. It should take account the following physical factors:
1. Continuous versus batch operation

The electro-coagulation reactor design is categorized as continuous or batch systems.
The first category has applied as continuous feed wastewater and operating under
(pseudo) steady-state conditions. Batch operation on the other hand generally is
operated with a fixed wastewater volume per treatment cycle but suffers from changing
conditions within the reactor with time [3, 23,112]. The continuous mode of operation is
applied satisfactory in industrial process for large effluent volumes. But the batch
reactors are fitting to laboratory and pilot plant scale applications. The typical batch
mode of operation and schematic diagram for continuous mode of operation are shown

in Figure 2.6.
2. Reactor geometry

Reactor geometry affects on this operational parameters, including bubble path and size,
flotation effectiveness, floc formation, fluid flow regime and mixing/settling

characteristics. [25].
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Figure 2.6 Schematic diagram of batch and continuous mode of operation, adapted by
[36]

3. scale-up

There are two types of scale-up the first laboratory scale-up and the second full scale
equipments. The surface area to volume ratio (As/V) was played as being significant
scale-up parameter. The electrode area influences current density, position and rate of
cation dosing, as well as bubble production and bubble path length [112]. Authors have
been concluded that where the area to volume ratio (As/V) increases the optimal current
density decreases and the treatment time also decrease. But, there is no signal that it has
been utilized as a design guide [114]. However, table 2.4 refers to several values of

electrode area to reactor volume ratio (As/V) and current density.

Table 2.4 Electrode surface area to reactor volume ratio (As/V) and current density

(A/m?)
Reference As/V (mAm?) Current density (A\m?)
[112] 10.5 3.4-27
[114] 16.8 25-250
[26] 18.6 30-80
[39] 6.4-34.6 1.12- 289
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4. Current density

Current density has a major role during the electro-coagulation process. It can be
defined as the current is imposed to electrode divided by active area of the electrodes.
Current density is one of influencing factors of EC process by depending on some
parameters; coagulant dosage rate, bubble production rate, size and growth of the flocs.
The changeable of the current density easily controls these parameters. Authors reported
that the array of current densities from 10 to 2000 A m~2 have been reported from 16
literature sources. Most of them reported current densities ranging from 10-150 A m™
[25]. So it could be pointed out that the pollutants removal efficiency is based on the
optimum current density. In the other words, an increase in current density above the
optimum current density does not result in an increase in the pollutant removal
efficiency as sufficient number of metal hydroxide flocs is available for the
sedimentation of the pollutant. Besides, there is an increase in the current density with
an increase in the conductivity. Sometimes the conductivity of the low-conductivity
wastewater is adjusted by adding sufficient amount of salts such as sodium chloride or

sodium sulphate to reduce energy consumption [36, 115, 116].

Basically, in the electro-coagulation experiment, commonly electrode assembly is
connected to an external direct current source [53]. The amount of metal dissolved or
deposited is directly proportional to the amount of electricity passed through the
electrolytic solution. A simple relationship between current density (mA /cm?) and the
amount of substances (M) dissolved (g of M/cm?) can be derived from Faraday’s law
(2.19):

W=]xtx(%)xF (2.19)
where W is the quantity of electrode material dissolved (g of M per cm?); J is the
applied current density (mA/cm?); t the electrolysis time in s; M the relative molar mass

of the electrode material under study; n the number of electrons in oxidation/reduction

reaction; and F is Faraday’s constant (96,500 C/mol).

The concentration of electrode material dissolved in the solution can be easily
calculated from the following equation (2.20):

Q. = AsW/V (2.20)
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Where, Qc is the concentration of electrode material dissolved in the solution (mg/l); As
is the anode surface area (cm?); W is the electrode material dissolved in the solution

(mg/cm?); and V is the volume of the treated water (L).

It is anticipated that there should be an agreement between the calculated amount of
substances dissolved as a result of passing a definite quantity of electricity and the

experimental amount determined [21].
e Chemical design issues

The performance and reliability of EC process will be affected by control, operation and
chemical interaction. In the chemical design, the electrode material, electrode
passivation and operational region should be considered.

1. Electrode material

Electrode material is playing a significant operator on the performance of EC process.
The anode material evaluates the cation introduced into solution. Several researchers
have studied the choice of electrode material with variety theories as to the preference
of a particular material [25]. Generally, the materials engaged in electro-coagulation are
aluminum or iron due to high coagulation efficiency and relatively cheaper, respectively
[23]. It has been seen by [117] that the aluminum surface has a higher efficiency than
steel in electro-coagulation, due to in situ creation of dispersed aluminum-hydroxide
complexes as through hydrolysis of the aluminates ions, while in the case of steel

electrode don’t occur.
2. Passivation

Electrode passivation is considered as one of the most challenges of the efficiency of
EC process. The accumulation of an inhibiting layer (usually an oxide) on the
electrode’s surface is undesirable for anode dissolution and electrocoagulation
operation. This leads to increase the cell potential due to resistance. However, it does
not affect either the coagulant or bubble production rates. It is absolutely needed to
clean the electrodes mechanically and periodically to limit or to prevent the passivation
materials. This maintains the reliability of the electrodes and ensures anodic dissolution
at a constant rate. Also these impermeable layers prevent the effective current transport
between the anode and cathode [3].
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Electrode passivation, exclusively of aluminum electrodes, has been widely observed
and recognized as detrimental to reactor performance. Generally, the formation of an
inhibiting layer, an oxide on the electrode surface, will prevent metal dissolution and
electron transfer, thereby limiting coagulant addition to the solution. Continuously, the
thickness of this layer increase, reducing the efficiency of the electrocoagulation process
[21]. There are several methods for preventing and/or controlling electrode passivation,

as can be given as:
v Changing polarity of the electrode.
v" Hydromechanical cleaning.
v Introducing inhibiting agents.

v Mechanical cleaning of the electrodes [25].

2.3.5.3.6 Electrodes Assignment

Generally, simple EC cell has consisted from two electrodes. For effective of electro-
coagulation process it may be essential to interchange the polarity of the electrodes
irregularly. Due to potential rate of metal dissolution, using two electrodes is not
suitable for wastewater treatment. “Sacrificial electrodes” which is defined as
conductive plates utilized in EC fabrication [21]. To achieve a high performance of EC
process it needs to use of electrodes with high surface area and also use electro-
coagulation cell with different mode of electrode connections [3]. Generally, there are
three connection modes which are exposed in Figure 2.7.

The first mode, monopolar electrodes in parallel connections (MP-P): means that the
anode and cathode are connected as parallel which is characterized as low potential
difference and also the current is divided between all the electrodes to the resistance of
individual cells. The second, monopolar electrodes in serial connections (MP-S): in this
mode each pair of sacrificial electrodes is internally connected with each other. The
inclusion of the cell voltages causes a higher potential difference for a given current.
The last mode, bipolar electrode in serial connections (BP-S): in this connection mode,
the outer electrodes are connected to the power supply and there is the no electrical

connection between the inner electrodes [36].

Authors studied the treatment of textile wastewater and compared the performances of

various electrode connection modes as a function of wastewater pH, current density and
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operating time [118]. They noticed that MP-P mode is the most cost effective for both

aluminum and iron electrodes.

(a) (b (e}

oo clr.r/

— +

4_—15 _________ I ______ | ______ |
| I

Figure 2.7 (a) MP-P system, (b) MP-S system, and (c) BP-S system, adapted by [36]
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2.3.5.3.7 Application of EC

Electrocoagulation (EC) is a simple and efficient method. It has satisfactory been
utilized for decades to treat many types of wastewater. Most of the articles published on
EC focus on the removal of some specific pollutant or pollutants from synthetic or real
solutions. The majority of these application studies can be given as the following
categories:

%+ Removal of organic material from wastewaters or synthetic solutions

Many studies have been reported in the literature using electrocoagulation for the
treatment of different types of wastewater and are shown in supplemental Table 2.5.
High removal is typically achieved with optimum parameters. Aluminum, iron and
combination electrodes can be used. Nearly, iron and aluminum electrodes give the
same organic matter removal, whereas higher color removal is achieved with aluminum

electrodes.

Rl

% Removal of metal ions (heavy metals) and other compounds

Generally, several of many industries have contained a massive concentration of heavy
metals; such as tannery, electroplating, textile industries, etc. Industrial wastewater has

become one of the severe environmental concerns. Due to have toxic metals such as Cd,
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Cr, Cu, Ni, Zn, Pb and other compounds which are toxic to living organisms and
harmful to the environment when they are directly discharged into the water bodies.
They can be easily absorbed by fishes and vegetables due to their high solubility in the
aquatic environments and may accumulate in the human body by means of the food
chain. It is indispensable to treat wastewater containing toxic metals to remove their
adverse effects on human and ecology. Recently, there are many of techniques that are
used for heavy metal removal from wastewater; such as ion-exchange, adsorption,
chemical precipitation, membrane filtration, flocculation, coagulation, flotation and
electrochemical methods [119]. Table 2.6 presents various studies that applied for
removal of heavy metals and toxic compounds using electrocoagulation process. It can
be seen from table 2.6 that the removal efficiency of heavy metal was reached to

complete removal or high at optimum conditions.
%+ Combination of EC with other methods

Based on literature reviews, EC process seems to be an efficient method in the
pretreatment of the industrial wastewater when optimal conditions are satisfied. So to
make sure environmental protection, sometimes, we need (hybrid process) two or more
techniques. Electrocoagulation in combination with other treatment methods is a safe
and effective way for the removal of pollutants. Table 2.7 shows a various studies of

combination of electrocoagulation with other treatment techniques.

0,

% Comparison of EC with other technologies

Table 2.8 shows various Studies that have been conducted to compare
electrocoagulation process with other conventional methods. It can be seen from that
electrocoagulation results seem a good output compared with other methods for the

same concentration of pollutants.
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Table 2.5 Electrocoagulation used for treatment of different types of wastewater

Tvoe of Anode- Optimum | Pollutants ?elfr?orcglm
w)::lgtewater cathode operating | concentration officienc Ref.
material | conditions | [mg/l] (%) y
COD: 4100-6700 COD: 95
Ta”?efyt pH:7-9 | BOD: 630-975 BOD: 96
wastewater
. Fe 2 [80]
organic and Alm TSS:600-955 TSS: 96
inorganic _ , _ _
pollutants t:20min | Color: 3800-6330 | Color:98
TKN: 144-170 TKN:62
pH: 9.5, | COD:2413.1 COD: 68
Tannery Ms-Ms |85 NH3-N: 223.4 NH3-N: 43.1 -
wastewater | Al - Al CI1A TOC: 1000.4 TOC: 55.1
t:60min | syifide: 112.3 Sulfide: 96.7
pH: 3
}?nr_lef% - CD: 35 COD: 25,300 COD: 82 (107
iming drum | Fe
Wastonater mA/em® | sulfide: 3000 Sulfide: 90
t: 10 min
oH:7.3 | COD: 7680 cob :. >90
cD:75 | BODs: 1326 BODs: >90
annery | Al A’ Cr: 18.40 cr: 100 [6]
. ; . N-NOs: 100
t: 45 min N-NOs: 299
N Turbidity:
Turbidity: 248 100
pH: 7.0 COD: 17,618 COD: 55.7
tannery CD: 68 N Turbidity:
wastewater | ¢ mA/cm? Turbidity: 1,016 99.2 (3]
t: 45 min Cr. 44 Cr: 98.7
oH:7.4 | COD: 3700 golft_’d: 46/56
. ulfide :
tannery Fe CD: 333 Sulfide: 440 25/97 [31]
wastewater mA/cm Cr: 22 cr: nd/o7
rn
t: 5/30 min .
S5: 2690 SS: nd/70
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Table 2.5 (cont’d)

Fe pH: 7.0 COD: 63.3
CD: 50
2 Cr: 99.7
mA/em COD: 2200- _
£ 25min | 3000 Color :82
Raw tannery ' [85]
wastewater pH: 6.0 Cr: 570
_ Color: 824 COD:64.4
Al CD: 50 Cr: 99
mA/cm? '
t 25 min Color: 88
T pH: 6.8
annery ) _ . .
wostewster | 7€ | CD:20. COD: 3200 COD: 52 [120]
mA/cm
e mi - or
olive mill C: 1A COD: 5690 [121]
wastewaters | e -Fe COD: 534
pH: 7.4
Domestic | oo o | c.012A | COD: 380 COD: 60 [30]
wastewater
t: 5-15 min
alal | PO COD: 1260 COD: 70
Textile CD: 80A/M’ o - [122]
wastewater _ Turbidity: 1310 | Turbidity: 90
t: 70 min
Textile d pH: 6.0
extile dye . .
wastewater AlAl CD:3}.25m COD: 2500 COD: >80 [42]
Alcm Dye: 80-100 Color : > 95
t: 14 min
pH: 6.5
Orange 11 CD:160
dye (Azo) Al -Al A/m? Dye: 10 Color: 95 [123]
solution HRT: 8.6
min
dye-
containing CD: 30/40 COD: 93
wastewater ) A/m2 . .
(Blue 140 Fe -Fe _ Dye : 100/100 Color :99 [124]
and Direct t: 5/5 min TS: 89
Red 23)
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Table 2.5 (cont’d)
pH: 11 COD: 76 for
Textile Fe-Fe | cD:200 . Fe
2 [116]
wastewater | A _Al Alm COD: 65 for
t: 10 min Al
H: 6.4 COD: 9500 COD: 80
Rose oi_I pH-© , | BODs:4950 BOD:: nd
processing Fe -Fe CD:80 A/m Turbidity : 750 | Turbidity: 81 [34]
urbidity : urbidity:
wastewater t 20 min Yy y
TS:7690 TS:nd
pH: 6.0-9.5
Restaurant | _a) | CD:30-80 1 o5h - 309 COD:84.1 | [40]
wastewater Alm
t: 90 min

Table 2.6 Removal of metals and other compounds by electrocoagulation

Metal or Concentration Anode- Re_m_oval Reference
compound (mg/L) cathode efficiency (%0)

Cr(lll), Cr(V1) | 887.29,1495.27 | Fe-Fe >99 [125]
NO3, As(V) 300, 1 MS-MS 84,75 [126]
Humic acid 20 Al-Al 97.8 [127]
As 0.15 Al-Fe 99 [128]
Fe 10 Al-Al 99 [129]
g‘r’((\'/'l)) Znh). | 59 Al-Al 99,99,83 [29]
F 5 Al-Al 96 [130]
PO4-P 25 Al-Al 100 [131]
TOC 2260 Al-Fe 79 [132]
NO,-N, NH3-N | 5 Fe-Fe 100, 15 [133]
S0,* 100 Al-Al, Fe-Fe | 72,68 [33]
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Table 2.7 Combination of electrocoagulation with other methods

Wastewater

Hybrid process Removal efficiency % | Reference
source
COD: 99, TSS: 70,
Tannery EC + Photo-Fenton Cr :>99 [105]
EC + Electroflotation +
Tannery Fluidized bed anaerobic COD: 90 [134]
reactor
Olive oil mill | EC + Ultrafiltration COD: 96 [135]
COD :80, Turbidity:
Textile EC + Electroflotation 76, SS :85, [115]
BOD: 89, Color :93
Textile EC + Nanofiltration Color (>99) [158]
Synthetic EC+ Electrooxidation CoD : 93 [136]
solution
) ECa + Adsorption COD: 98
Paper mill ) [137]
ECr.+ Adsorption COD:93
Laundry EC + Electroflotation COD: 62 [138]
Industrial EC + Electroflotation F:86 [139]
Distillery EC + Ozonation COD: 83 [140]
Table 2.8 Comparison of EC with other technologies
Type of wastewater | Parameter removal | Result (%6) Ref.
EC: >99 for both Cr(l1l) and
Electroplating Cr(VI)
wastewater Cr(in), Cr(vi) Coagulation (Ferric chloride): [125]
Cr(ll): 52.6 , Cr(VI) : 25.8
EC: COD: 25,Cr: 24.6
EC + Adsorption: COD: 92,
Tannery wastewater | COD, Cr Cr: 75 [141]
Adsorption: COD: 50, Cr: 77
EC: 23
. EC - Alum: 65
Textile wastewater COoD EC - Polyaluminum chloride: [142]
80
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Table 2.8 (cont’d)

EC: 44
Reactive blue 19 EC + Ozonation: 96 [143]
Ozonation: 10

Synthetic dye
solution

EC: 99.9in 20 min
Metal plating Cr Coagulation (Aluminum sulfate | [144]
and ferric chloride): >99

. EC: 100
Textile Color Coagulation (Alum): <5 [145]

2.3.5.3.8 Economic evaluation

The operating cost is considered a vital parameter that affects s the implementation of
any method of wastewater treatment. Generally, the costs of electrocoagulation process
are determined as the cost of energy consumption and the cost of electrode
consumption.  Sometimes the cost of addition chemical materials is taken into
consideration such as: for increasing the solution conductivity or varying the pH of the
solution. Anyway, the operating cost of electrocoagulation can be measured by

following equations.
> Electrode consumption (a Ec) (Kg/m®)

Electrode consumption is evaluated according to Faraday’s law as the following

equation (Eq. (2.21)):

(IXEXMyy)
EleCtOdeCOnsumption = (ZxFxv) (2-21)

where F is the Faraday’s constant (96,485 C/mol), Mw is the molar mass of electrode
type as in iron (56 g/mol), aluminum (27 g/mol), and z is the number of electron transfer
(z Fe: 2) and (zAl:3).

> Energy consumptions (b Ec) (KWh/m?)

Energy consumption is calculated via the following equations (Eq. (2.22)):

VXIXt
EnergyConsumption = % (2.22)
Where Energy consumption is the energy consumption (kWh/m®), V is the voltage
(Volts), I is the current (Amperes), t is the EC time (hour), and v is the volume of the

treated wastewater (m®).
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» Chemical consumption (c Cc) (Kg of chemical /m®) = Chemicals used/m® of

effluent
» Operating cost (cost/m® =aEc +b Ec + ¢ Cc (2.23)

In this context, authors studied the removal of organic and inorganic pollutants from a
wastewater of leather finishing industrial process using electrocoagulation. They
documented that the operational cost for the electrocoagulation was found to be US $
1.7 per m® of the treated tannery effluent as compared to the cost of US $ 3.5 per m® of

the treated effluent for conventional methods.
2.3.5.4 Electrodialysis (ED)

2.3.5.4.1 Theory

ED is an electrochemical separation process in which ions are transferred through ion
exchange membrane under the influence of an electrical potential difference used as a
driving force. ED uses a driving force to transfer ion species from one solution through
cathode (positively charged ion) and anode (negatively charged ion) to another (a
concentrate water stream), creating a more diluted stream [146]. Figure 2.8 illustrates an
electrodialysis process. The ion exchange membranes are the most used in ED
processes. The membranes are really of two fundamental types: cation-exchange

membranes (CEM) and anion-exchange membranes (AEM).

A Anion Membrane t

Condensed Liquid
C:Cation Membrane

Desalinated Water

(DA ClA|C|A|C|A|C (A CO
1_1 r_l
Waste v (NN IN N Waste
Liquid ia Na'y Na*. Na*, Na®, Liquid
— e — e L s
Na Na " Na'l Ma Na

Cl CI- CI ci Cl
i Cl I cr- I
Cathode Liquid 1 Anode Liquid

Feed Water -+

Condensed Liquid

Figure 2.8 Principle of electrodialysis
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2.3.5.4.2 Mass transport and balance in an ED system

ED cell pair is composing from two compartment bounded by a CEM and AEM as
shown in Figure 2.9. Mass transport is determined by amass balance, which hypothesis
that all components that removed from feed will be transferred to the concentrate. A
concentration gradient expands in x- direction while the solution flows through the
compartments in the direction of the x- coordinate. So, the flow in the x-direction is
determined by convection due to hydrostatic pressure gradient. On the other hand, the
flux in the z-direction is determined by migration and diffusion due to electrical
potential gradient and difference concentration between the dilute and concentrates
[147].

The flow rate within the dilute and concentrate as well as current utilization has taken
into account for material balance of mass transport within ED stack, as the following eq.
(2.24):

fd —(rc_ rfone — ¢!
¢/ = ch)e? =(cf - ¢/)ec = 5 (2.24)

cZc VcF

+——— Cell pair —————»1

EConoentrate Diluate E
! Product Product !
| ccac cdod !
AEM | CEM AEM 1

Convection .

diffusion

Cathode
«—— Migration
diffusion

Concentrate Feed Diluate Feed

c;cac C;de

Figure 2.9 schematic illustrating mass transports in an ED cell pair (adapting from
[147]).

Where Cifd and Cifc are the dilute and concentrate feed concentration mole/m? of a

component subscript ; , C;i® and C; are the dilute and concentrate product concentration
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mole/m*® , Qd and Qc are the flow rates of dilute and concentrate in parallel to the
membrane surface m*/s , I is the total current passing through a cell pair (A) , ( is the
current utilization (-) , z is the cation (subscript ¢ ) valance (C/mole) , v is the
stiochiometric coefficient (-) , F is the Faraday constant ( 96,485 C/mole).

Over all, current efficiency (CE) is a vital parameter that determined the optimum range
of applicability of ED. CE (usually { < 1) is a measure of how effective ions are
transported across the ion exchange membranes for a given applied current. This is
dependent on current leakages across the stack transport of H™ and OH", in addition to

salt ions, the transport of water, and membrane selectively according to equation (2.25):

¢{ = n.electrical ef ficiency = n.ng. ny,. 1, (2.25)

where, n is the number of cell pair, within the ED stack, s is the membrane selectively,

ay 1S the water transport efficiency, o, is the membrane manifold efficiency [146,147].

The ionic material balance can be utilized to evaluate the required membrane surface
area. The membrane area is proportional to the amount ions removed from feed solution
and calculated by eq. (2.26):

Q?(c/?-cf)zrn

in

A is the effective membrane area (m?), i is the current density (A/m?) which should be
approximately 80% of the limiting current density (LCD) [147].

2.3.5.4.3 Transport of ions in solution and through ion exchange membrane

Based on the extended Nernst—-Planck equation and Donnan equilibrium, mass transport
within ions solutions and transport of ions through ions exchange membrane are
determined by three contributions, an electrical migration, a diffusion and a convective
term, respectively as demonstrated in figure 3.8. Over all, the ionic flux in solution (J;,,
mole/ m%) and in a membrane (J;", mole/ m3s), is symbolized by the Nernst-Planck
equations (2.27) & (2.28): [146]

Solution:  J; = —D; (% + ZiR—FTCi Z—g) (2.27)
Membrane:  J = —D™ (‘% + % Z—z) (2.28)
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Where Di is the diffusion coefficient (m2/s), Ci the concentration, ¢ is the electric
potential/ voltage applied, R is the gas constant (8.314 J/mole k), T is the absolute

temperature (K), and superscript m refers to the membrane phase.

The Donnan equilibrium describes the idea that at equilibrium, the electrochemical
potential of a component is equal in both solution and membrane phase

(electroneutrality). In view of Na" and CI” ions in solution, electroneutrality is expressed

as:
Solution: [Nat] = [Cl7] (2.29)
Membrane: [Na*]™ =[Cl"]™ + [R™]™ (2.30)

Where, R"is the fixed charge of the ion exchange membrane.
The amount of NaCl transferred through the ion exchange membrane can be given as:

Cnact = [CI7]™ = [Na™]™ — [R7]™ (2.31)
Quantitative expressions of the Donnan equilibrium potential (electrochemical potential

in each phase) can be given as:

Solution: w; = ud + RT Inm; + RT InY;, Z; FQ (2.32)
Membrane: u™ = ui*° + RTInm[* + RTIny™ + Z; Fo™ (2.33)
Where, i is the electrochemical potential (J/mole), pi° is the electrochemical potential
under standard temperature and pressure conditions (J/mole), mi the mobility coefficient

(mole m/Js) and y is the activity coefficient (-).

At equilibrium, the electrochemical potential between the solution and membrane phase
are equal (uj = pi™). The Donnan potential is determined by combining the last
equations (3.27) & (3.28) to give the following eq. (2.34):

Gaon = 9™ — ¢ = In(Er (234)

An ideal permselective cation-exchange membrane would transmit positively charge
ions only. The permselectivity approaches zero when the transference number within
the membrane is identical to that in the electrolyte solution. Due to the Donnan
exclusion the permselectivity of the membrane depends on the concentration of the
electrolytes in the solution and on the ion exchange capacity of the membrane.
However, Donnan exclusion occurs when ions with the charge as the fixed ions in the

membrane are excluded and are not transported through the ion exchange membrane
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[148]. The principles Donnan exclusion in ion exchange membranes is showed in
Figure 2.10.

Fixed iong ———m» m :?_ U

c%fz' ‘@O
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MEECA - 4t

Figure 2.10 The principles Donnan exclusion in ion exchange membrane [147]

2.3.5.4.4 Concentration polarization and current density

Concentration polarization obstructs the optimization of membrane processes strictly.
Due to the imbalance of hydrodynamic boundary layer resistance and membrane
resistance—the membrane resistance becomes of the order of magnitude or even
smaller than the hydrodynamic boundary layer resistance—concentration gradients
evolve in the feed at the membrane surface. In its most prominent form, concentration
polarization is observed by the fact that the transmembrane flux does not increase with
increasing driving force and reaches a limiting flux. In electrodialysis with monopolar
membranes, this limiting flux is called the limiting current density with the voltage drop
across the membrane as a measure for the driving force [149]. Concentration
polarization in ED is caused by differences between ion transport number in the
electrolyte solution and the ion-exchange membrane. , ED is a good technology to

investigate reduction of concentration polarization.

The current density i follow Faraday’s law and is given by (2.35):

__ zZDF(cp— cm)
- 5(tm—tb1)

(2.35)

where t™ and t” are the transport numbers of the ion in the membrane and in the
boundary layer, respectively, z is the valence of the ion, D is the salt diffusion
coefficient, F is the Faraday constant, | is the electrical current density, ¢, and cm are
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the concentrations in the bulk and at the membrane surface, and o is the thickness of the

boundary layer.

According to Figure (2.11 a) it can be seen If the electrical potential difference is
increased, the current density will increase, leading to an increased in ions flux and
consequently to a decreased ion concentration at the surface of the membrane. When the
ion concentration at the membrane surface c, approaches zero, a limiting current

density (LCD) is reached so it is described by eq. (2.36):

flim = (2.36)

§(tm—¢bIly
Additional increase in the driving force (electrical potential) at this point will not result
in an increased in ion flux (Figure 2.11 b). In order to minimize the effect of
polarization, the thickness of the boundary layer must be reduced and hence the

hydrodynamics and cell design must be improved [47].

(a) cation exchange
membrane
= Nat—
b NN Cl-
Anode E : N Cathode
diffusion
boundary

layer (d)

Figure 2.11 (a) Schematic illustration of the concentration polarization in electro-
dialysis process [46]

(b)
Current 1

Density |
(A/lcm?)

L (3) Overlimiting current region

Limiting
Current
Density (2) Plateau region

(1) Ohmic region

Voltage drop (V)

Figure 2.11 (b) typical current density—voltage drop curve for an ion-exchange
membrane [149].

Generally, every ED unit installed in the world is designed following a simple rule: the

maximum current flowing through a stack must be 80% of the limiting current density
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at the lowest concentration in the dilute, resulting in high membrane areas for the

removal of salt in very dilute solution [47].

2.3.5.4.5 Energy requirementsin ED

Energy consumption in an ED stack related to the salt concentration and the voltage

drop in a stack. The energy requirements for ED can be explained by eq. (2.37):

Estack = I? Rstackt (2.37)
Where, Egck is the energy requirements (Wh/L), R sk 1S the electrical resistances of the
ED stack (Q) and t is the time (h).

Power consumption (Wh) during ED is expressed by eq. (2.38)

P=U.I (2.38)
Specific energy consumption (SEC,Wh/L) during ED is expressed by eq.(2.39)

SEC = &2 (2.39)

Where, Vp is the volume of the dilute (L).

The electric resistance of a cell pair (Ree), is the sum of the resistance of the membrane

and the dilute and concentrate streams eq. (2.40):

Reet = Ragma + Rp + Repm + Re (2.40)
Where, R aem, Ro, Rcem and Rc are the resistance of the AEM, dilute stream, CEM and

concentrate stream respectively, as specified follow( 2.41) &(2.42):

Where, ragm and rcem are the specific resistances of the AEM and CEM respectively
(Qcmd).

The resistance of the dilute (Rp) and concentrate (Rc) are inversely proportional to the
conductivity and therefore, to the salt concentration of the solution. Where (2.43) &
(2.44):

h

Rp = 2.4
D = Geaorp) (2.43)
=t (2.44)
¢ (kAeff) '

Where K is the specific conductivity (S/m)
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The eclectic resistance of the ED stack (Rstack) IS calculated by eq. (2.45):

Rstack = NReey (2.45)
However, Figure 2.12 shows the total desalination costs

Total cost

Energy cost

~__—— Optimum

-~ | T Membrane cosf
F‘-"";"‘—'-—f——————-—_-_ Operating cost
e
Current density

Figure 2.12 schematic of ED costs [146].

2.3.5.4.6 Inhibitors of membrane performance

The performance of ED process can be inhibited by membrane obstructions. Typically,
the categories of membrane obstructions are fouling, scaling and poisoning. On the
other words, inorganic and trace organic can lead to scaling and poisoning respectively.
But numerous efforts can be undertaken to diminish the problems of membrane fouling,
scaling and poisoning by such as pretreatment, there is still required for additional

research on the mechanisms involved so that the performance of ED can be optimized.
¢+ Membrane fouling

In ionic exchange membrane, fouling is defined as the accumulation of particulate, trace
organic compounds and organic materials (OM) that adhere to the membrane surface
and /or within the membrane through hydraulic or electric forces or other physical
[150]. The AEM is generally, more sensitive to organic fouling than CEM due to
electrostatic attraction between negative charged organics and the positively charged of
AEM [151]. Thus oxidative agents can also be attacked the ion exchange membranes.
This can result in membrane corrosion and decrease in the performance ED process.
Membrane fouling is characterized as a decrease of membrane selectively, an increase

in voltage drop and decreases the electrical conductance of the membrane.
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Membrane fouling in ED system is influenced by several of electrochemical and
physical properties of both membrane (e.g. resistance and zeta potential), and the
foulants (e.g. charge, molecular size), together with the operation parameters of ED
process (e.g. current density, pH solution and frequency). Thus the fouling
characteristics of ion exchange membrane depend on their electric resistances,
hydrophopocities, zeta potential and exchange capacity. However, the membrane
cleaning can be divided into hydraulic, mechanical and chemical cleaning. Hydraulic
cleaning includes alternate pressurizing and depressurizing and by changing flow
direction. However hydraulic and chemical cleaning methods need additional chemical
or tools leading to increase of the installed cost of the ED system as well as the

operating/maintenance costs [150].
% Membrane scaling

Scaling is a hard process that involving crystallization and hydrodynamic transport
mechanisms, the precipitation of soluble inorganic salts concentrates on the CEM while
the lesser extent in the AEM occurs. The treatment of seawater by ED process results a
membrane scaling due to has a limit solubility of salt species. Thus, pH solution,
inorganic concentration as well as flow rate and the incidence of concentration
polarization have suggestion for the scale formation process [152]. There are several
methods to prevent scaling membrane include adjustment to the feed solution pH,

physical mechanical, chemical of the membrane.

®,

% Membrane poisoning

In the case of the trace organic compounds are small enough to penetrate the
membranes other than whose mobility is so low that they still inside the membranes
casing a poisoning. This poisoning might be also due to sorption of the organics on the
membrane and the mass penetration by multivalent ions that direct to neutralize the

fixed charge within membranes [153].

The pretreatment process has been reported to prevent membrane poisoning, such as
microfiltration (MF), ultrafiltration (UF), activated carbon and membranes cleaning

with concentration acids or bases (e.g. HCI, NaOH).
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2.3.5.4.7 Application of ED

Electrodialysis process (ED) has been widely applied for the production of drinking and
process water from brackish water and seawater, treatment of industrial effluents,
recovery of useful materials from effluents and salt production [146]. The inorganic and
trace organic compounds may be exposure from drinking water, thus their production in
water treatment and the significance of this to water reuse. Absolutely, the removals of
these compounds are essential. Regard to the removal of the inorganic ED has been
satisfactory applied. Table 2.9 summarizes the removal investigated in several articles.
It can be concluded that the removal efficiency depends on the feed concentration as

well as pH.

Table 2.9 Removal of inorganic contaminants from water by electrodialysis (%)

Inorganic Concentration pH Removal Reference
[mg/1] efficiency (%)
Boron 77 9-10 97 [154]
64 8.3 25 [155]
Fluoride 10 7.9 97 [156]
3 6.5 79 [157]
Nitrate 90 8.1 73-83 [158]
210 7.7 90 [159]

One of the most important applications of electrodialysis in wastewater treatment
systems is processing rinse water from the electroplating industry. Besides, ED has also
proven a promising method in heavy metal wastewater treatment [119]. They
investigated the removal of hexavalent chromium ions by using anew working system
(ED pilot plant) which comprises from a set of ion exchange membrane. They resulted

satisfactory that the maximum contamination level of chromium was 0.1 mg/L.

The effectiveness of ED for the separation of Cu and Fe and water recovery from
solutions in copper electrowinning operations was studied. They established that ED
proved very effective in the removal of Cu and Fe from the working solution. Thus ED
has been utilized as modified cation exchange membranes to study the separation of Cr
(11) from sodium ion [160].
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ED has been utilized to investigate the effect of operating parameters on Pb®* separation
from wastewater. They established that the increasing voltage and temperature
enhanced cell performance; however, the separation percentage decreased with an
increasing flow rate. And also at concentrations of more than 500 mg/L, dependence of

separation percentage on concentration diminishes [157].

2.4 Summary

The application of electrochemical process to water/wastewater treatment could be
effective. Elctrocoagulation technique is indispensable for industrial wastewater
treatment compared to other techniques, due to have various benefits including
environmental capability, versatility, energy efficiency, safety, selectivity and cost
effectiveness. Thus EC technique is described as simple equipment, easy operation, less
operating time and decreased amount of sludge. However, it can be reported that further
studies need to be investigated the effect of shape and geometry of the electrodes on the
removal efficiency of the pollutants. Besides, EC is established as an efficient technique
of a pretreatment option of other techniques. Moreover, membranes technologies (ED)
offer a vital solution in environmental fields such as pollution reduction and water
reuse, recycling valuable components from the waste streams. However the removal
mechanisms in ED process should be addressed completely in order to design and
implement large-scale ED processes. Based in our reviews the transport and removal of
pollutants are dependent on the physiochemical characteristics of the membranes, the
concentration of the feed and solution chemistry as well as interaction between solution

and membranes.
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CHAPTER 3

MATERIALS AND METHODS

Based on literature reviews, so far no other studies have taken into account the effective
factors on EC treatment of tannery wastewater using the Taguchi method. And also so
far no other studies have taken into account the aspect of hydrogen recovery from the
electrocoagulation process. Moreover Until relatively recently, little has been done of
effective technique “zero effluent” to conserve water and energy. The idea of “‘zero
effluent’” may be linked to a hybrid process i.e EC- ED process. This chapter has been
outlined the wastewater sources and characteristics and the experimental set up and

procedure as well as the analytical procedure.

3.1 Wastewater sources and characteristics

The samples analyzed in this work were collected from different outflow wastewaters of
the Organized Tannery Industrial Region (OTIR) which is located in the Tuzla quarter
of Istanbul, Turkey. With regard to OTIR, the treatment plant receives wastewater from
100 small tannery plants based on chrome and vegetables tanning. Generally, it has four
treatment steps that can be given as: equalization, settling, aerobic activated sludge, and
physiochemical treatment by chemical coagulation. The samples were put into PE
containers, transported to laboratory in one hour, mixed very well, and conserved at 4°C
during the experiments. The composition of the wastewater sample is presented in Table

3.1. The sample was collected in December 2014.
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Table 3.1 Characteristics of raw tannery wastewater used in this study

Parameter Value

PH 4.10-7.00
Conductivity 11.71-12.80
COD 1780 - 2800
Soluble COD 1440 - 1760
Suspended solids 430 -910
Chloride 1690- 2000
Total chromium 425 - 570
Color 670 - 824
NH;-N 145 - 180

Note: Color ADMI (10) Pt-Co, Conductivity: mS/cm., all other parameters as mgL ™.

3.2 Experimental set up and procedure

3.2.1 Batch mode reactor

A schematic diagram of the experimental setup is shown in Figure 3.1. Hence, the
experimental setup of the electrochemical reactor operated in a lab-scale batch mode of
operation. It consists of a Plexiglas reactor with volume work 0.6 L, a pair of electrodes
(Al or Fe), and DC regulated power supply. The anode and cathode, that have the
dimensions of 9.0-5.0 cm, are placed vertically and parallel to each other with an inter-
electrode distance of 5 cm. The available effective electrode area is 37 cm? for anodic
reactions. The electrode plates are cleaned manually by washing them in distilled water
prior to every run. The volume of effluent taken is 250 ml in the electrochemical reactor
and the electrodes are connected to DC power supply (GPS-3030DD, 0-30.0 V, and
0.0-3.0 A). Thus, at the beginning of the experiment, the EC cell is thoroughly
washed and rinsed with deionized water followed by rinsing with the sample solution.
The cell voltage is periodically noted. The samples are taken at regular interval of time

from the reactor and filtered using Whatman 42 filter paper.
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1.DC power supply
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Figure 3.1 Schematic diagram of the experimental setup

Taguchi method was used to create a set of designed experiments by MINITAB
software (version 16). The Taguchi method applies OA to reduce the number of
experiments. OA refers to experimental matrix designed by L;, where i is the number of
trials of experimental matrix or total degree of freedom and includes a set of
experiments where the settings of process parameters are changed. OA allows
evaluating the effects of several process parameters to be determined efficiently. The
selection of a suitable OA depends on the number of control factors and their levels
[35]. In this study, Taguchi method was applied to determine the optimum condition of
EC process. Similarly, the current density, initial pH, and electrolysis time were
selected as control factors (parameters) during Taguchi orthogonal arrays experimental
design. Each factor that consisted of five levels and Lys orthogonal array was taken to
establish the optimal conditions for iron and aluminum electrodes with minimum
number of experiments. The factors and their levels are presented in Table 3.2.
However, the following steps should be determined to optimize performance

characteristics that can be given as:

1. Recognition of the recital characteristics and choosing the process parameters to

be assessed.
2. Determination of number of parameter levels.
3. Selection of the suitable orthogonal array.
4. Conduction of the experiments depends on the arrangement of the orthogonal

array.

54



5. Calculation of the performance characteristics.

6. Analysis of the experimental results using the performance characteristics and
ANOVA.

7. Selection of the optimal levels of process parameters.

8. Validation of the optimal process parameters through the confirmation

experiment [161].

Table 3.2 Factors and their values corresponding to their levels to be studied in EC
experiments (aluminum and iron electrodes)

Factors Levels

A : Current density 10 10 20 20 30 30 40 40 50 50
B :pH 4 3 5 4 6 5 7 6 8 7

C: Time 5 5 10 10 15 15 20 20 25 25

Note: I: iron electrode, 11: aluminum electrode; Current density (mA/cm?); Time (minute)

In order to optimize the COD, total chrome, and color removal efficiencies process,
experimental variables, their levels, and results were investigated as illustrated in Table
3.3. Taguchi method suggests the use of signal-to-noise (S/N) ratio to measure the
quality characteristic deviating from the desired value. The optimum conditions should
be determined using the S/N ratio of the results achieved from experiments designed by
OA technique. There are three cases of S/N ratios: the larger-the-better, the smaller-the-
better, and the nominal-the-better. In this study, the higher removal efficiency of
pollutants is required for optimization EC process. Thus, the larger-the-better was
selected based on COD, total chrome, and color removal efficiencies in two cases (iron
and aluminum electrodes). The performance characteristics were evaluated using the
following equation Eq. (3.1) [162]:

n
SNL=-10log| * 12

Niz1y

(3.1)
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where SNL is the S/N ratio or the performance characteristics as “the larger-the-better”,
yi IS the comparison variable in experiment i for a certain combination of control factor
levels, and n is the number of experiments performed for that combination. In such
cases, optimum operation conditions may have not been attained during the entire
experimental section. So, an additive model may be needed in order to predict the
performance value corresponding to the optimum operation conditions, where the

following additive model may be applied, as Eq. (3.2):

Yi = U+ Xi +ei (3.2)

where p is the overall mean of the performance value, X; is the fixed effect of the
quantity level combination used in ig experiment, and e;j is the random error in the i
experiment. Since Eq. (3.2) is a point estimation, which is calculated using experimental
data in order to determine whether results of the confirmation experiments are sufficient
or not, the confidence interval must be evaluated. At the selected error level, the

confidence interval is calculated using the following equation (Eq. (3.3)) [163]:

1 1
YIiCI Cl _\/Fa (1, fe)XVeX|:§+§:| (33)

where F a (1, f¢) is the F-ratio at a confidence level of (1 — o) against DOF 1, f; is the
error degree of freedom (DOF), nes is (N/ (1 + (total DOF associated in the estimate of
mean))), N is the total number of results, S is the sample size for confirmation test, ve is
the error variance, and ClI is the confidence interval. When the experimental results are
presented in percentages (%) “As in our work”, before estimating Egs. (3.2) and (3.3),
Q transformation for percentage values should be applied first using the following
equation (Eq. (3.4)) [162]. The values of interest are then determined later by carrying

out reverse transformation using the same equation.

1
Q(db) =-10log L— —1}
0 (3.4)

Where Q (db) is the decibel value of the percentage value subjected to omega
transformation and P is the percentage of the product obtained experimentally.
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Table 3.3 Experimental variables, their levels and results of conducted experiments
corresponding to Lps experimental plan

Variables and

Trail no. their levels COD ge Crge Color ge
A B C | 1 | 1 | |
1 1 1 1 21.0 17.0 47.9 20.0 5 10
2 1 2 2 29.0 32.3 63.2 30.0 25 30
3 1 3 3 33.9 38.0 80.0 60.0 53 39
4 1 4 4 38.5 40.7 94.0 78.0 7 60
5 1 5 5 40.5 475 96.7 88.0 85 70
6 2 1 2 36.0 30.1 83.6 33.0 35 33
7 2 2 3 40.0 41.6 95.2 55.0 7 43
8 2 3 4 44.6 45.8 99.5 88.0 85 72
9 2 4 5 48.6 49.8 100 94.1 82 71
10 2 5 1 36.0 36.0 93.8 64.0 64 45
11 3 1 3 45.9 33.6 95.6 50.0 90 53
12 3 2 4 48.0 50.0 97.8 92.5 83 75
13 3 3 5 50.2 54.9 98.7 100 79 79
14 3 4 1 40.6 38.2 95.0 72.0 80 57
15 3 5 2 43.0 55.0 100 94.6 77 76
16 4 1 4 49.7 40.7 98.7 77.0 87 70
17 4 2 5 55.0 54.9 100 100 86 80
18 4 3 1 40.0 37.8 89.5 64.0 67 50
19 4 4 2 475 55.8 96.3 96.9 85 73
20 4 5 3 48.5 57.4 99.1 100 76 78
21 5 1 5 55.3 46.5 98.2 98.9 89 84s
22 5 2 1 42.6 43.0 90.0 60.0 70 50
23 5 3 2 55.7 50.9 97.7 98.2 89 78
24 5 4 3 60.7 62.0 100 100 86 84
25 5 5 4 59.6 64.1 100 100 84 88
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3.2.2 Continuous mode reactor

The experimental setup is schematically shown in Fig.3.2. The continuous-mode system
used in electro-coagulation treatment consisted of: (1) a wastewater storage tank; (2) a
peristaltic pump with an operating flow rate between 0.07 and 1140 mI\ min (Longer
Pump, BT300-2J, China); (3) an electrochemical reactor with a set of five pairs of iron
or aluminum electrodes; (4) gas separation tank; (5) sedimentation tank. The
electrochemical reactor was constructed with Plexiglas having a dimension of
5.0x10.0%20 cm. It contained a set of 5 pairs of electrodes made of iron or aluminum,
which reduced the working volume to 2.5 L. The electrodes were connected vertically
with a gap distance of 7 mm. The configuration resulted in a total electrode working
area of 45 cm®The electrodes were connected in monopolar parallel mode to a DC
power supply and the electrochemical reactor was operated in continuous mode. The
continuous electrochemical reactor was designed to work by an up-flow process. The
tannery wastewater was fed in at the bottom of the reactor, flowed upward through the
layers of the electrodes and drained out at the outlet located at the top of the reactor.
The pump flow rate was adjusted to control the fluid residence time according to Eq.
(3.5):

HRT ="/, (3.5)
where, HRT is the hydraulic retention time (min), V is the working volume of the
reactor (L) and F is the flow rate (L min™). In this study, the working volume (V) was
2.5 L. The HRT was controlled to be equal to the required electrocoagulation time. For
example, if the required electrocoagulation time was 5 min, the pump flow rate was
adjusted to be 500 ml min-. If the required electrocoagulation time was 10 min, the

pump flow rate was adjusted to be 250 ml min ™.

However, electrodes (Al or Fe) were immersed in the reactor containing tannery
wastewater and connected to DC power supply by wires; the reactor was closed tightly
by silicon to prevent any gas leakage. The tannery wastewater (TWW) was taken from
different outflow wastewater of the Organized Tannery Industrial Region (OTIR)
located in the Tuzla quarter of Istanbul, Turkey.
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Figure 3.2 Schematic diagram of the experimental setup.

The raw TWW contained nearly 2500 -3000 mg\L of COD. Conductivity of the raw
TWW was 11.71 mS cm™ with an original pH of 4.10. The applied DC voltages (V) and
the amperes (A) were monitored during the course of experiments. And also, the

electrical energy supplied to the system was calculated using the following Eq. (3.6):

E, =VIt, (3.6)
Where, E; is the electrical energy supplied to the system by the DC power supply (J); V
is the applied DC voltage; I is the current (A), and t (sec) is the duration of the applied
DC voltage.

Pollutant removal efficiency was determined from the formula in Eq. (3.7):

Pollutants removal efficiency = (Co — C¢/Cp) * 100 (3.7
Produced hydrogen gas was collected in the head space of the reactor and also
calculated by water displacement method. In this study, two values of pH for aluminum
even iron electrodes were selected in order to determine the effectiveness of the
electrocoagulation according to pollutants removal efficiency as well as hydrogen gas
production. Additionally, the effects of the operating parameters were then studied and
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the optimal conditions of electrocoagulation continuous system for tannery wastewater

treatment were determined. The operating parameters and conditions are summarized in

table 3.4.

Table 3.4 Conditions of operating parameters

Operating parameter Value
Current density, mA/cm? 7 and 14
Electrode number, pair 5 for Al or Fe
Electrode gap, cm 0.7
Wastewater volume 25L

Inlet flow rate, ml/min

17, 20, 25, 33, 50 and100

Electrocoagulation time (min)

25, 50, 75, 100, 125, and 150

Initial pH

4.1, 6 for Al and 4.1, 7 for Fe electrodes

3.2.3 Electrodialysis process

The general experimental flow sheet used in this work is presented in Figure 3.3. The
effluent used was collected from different outflow wastewaters of the Organized
Tannery Industrial Region (OTIR) which is located in the Tuzla quarter of Istanbul,
Turkey. Next, optimum operating conditions were determined at the end of the
experimental studies. The optimum operating parameters and conditions are determined

as summarized in table 3.5.

Tannery Effluent

— >
By EC

Tannery effluent treated permeate

—

EC unit | ED unit

Figure 3.3 Schematic diagram of the experimental setup of the hybrid EC/ED process
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Table 3.5 Optimum operating parameters and conditions

Operating parameter Value

Current density, mA/cm? 14

Electrode number, pair 5 for Al or Fe

Electrode gap, cm 0.7

Wastewater volume 25L

Inlet flow rate, ml/min 20

Electrocoagulation time (min) 125

Initial pH 6 for Al and 7 for Fe electrodes

At these optimum parameters conditions, the ED technique was associated with EC
technique. In this work; bipolar membrane electrodialysis (BMED) process was applied.
A PCCell ED 64-4 unit and BMED 1-3 bench ED pump unit obtained from PCCell
GmbH were utilized. Electrodialysis experiments were performed in a pilot scale ED
system, using platinized titanium (Titane/Pt—Ir coated) electrode as anode and cathode
with effective membrane area of 64 mm? per membrane, the distance between two
membranes was 0.5 mm. The number of membrane pairs in the cell was one. During the
whole experiment, conductivity, pH of solution and ampere drop across the membranes
was recorded. Hydrogen chloride at a concentration of 0.01 M was used as electrode
rinsing solution in all experiments. The effluent was fed into the concentrate and dilutes
chambers in the ED cell. A constant potential of 24 V was applied. At the start of each

test one sample was taken for analysis.

In this work; bipolar membrane electrodialysis (BMED) process was applied. A PCCell
ED 64-4 unit and BMED 1-3 bench ED pump unit obtained from PCCell GmbH were
utilized. The characteristics of ion exchange membranes used in ED process were
shown in Table 3.6. And also, Experimental setup of ED process was shown with three
different ways in Fig. 3.4 a—c for better understanding of the basic mechanism of ED

process.
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Table 3.6 lon-exchange membranes characteristics

Membrane type Anion exchange Cation exchange
membrane membrane

Thickness (pm) 180-220 160-200

Perm selectivity (0.1 m KCI/0.5m | >0.95 >0.95

KCI)

Functional groups NH4CI SO3 Na

Surface potential ( Q cm?) 1.0-15 0.75-3.0

Temperature stability, max (°C) 60 60

Water content (wt %) 14 9

Chemical stability (pH) 0-9 0-11

lon Exchange capacity (meq. g—1) | ca. 1.5 ca. 1

The tannery was pretreated previous to ED to prevent clogging on membrane surface by
particulate matter. An electrocoagulation process was used to remove particulate matter.
So the efficiency in degrading organic matter by the EC process was proved by the
removal of color and odor and by significant reduction in COD as well as chromium.
This pretreatment makes it possible to treat the effluent so that it then does not clog the

membranes during ED.

3.3 Analytical procedure

The wastewater analyses were carried out in accordance with the Standard Methods for
Examination of Water and Wastewater [164]. “pH, conductivity, COD, total chrome,
NH;3-N and color were determined with (A Jenway 3040 brand, HACH HQ40d, closed
reflux titrimetric method 5220C, A-Analyst 400, atomic absorption spectrometer, and
HACH LANGE GmbH DR 5000 (spectrophotometer), respectively)”. Merck analytical
quality chemicals were used in the preparation of reagents.
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Figure 3.4 (a) Experimental setup (1: ED unit (ED 64-4); 2: ED pumping unit (BMED
1-3); 3: catholyte tank; 4: wastewater tank; 5: anolyte tank; 6: electrolyte  tank; 7: DC
power supply; 8: pump; 9: flow meter).

b

Figure 3.4 (b) Experimental setup (ED 64-4) (1, 2: electrodes and plates; 3: spacer; 4:
screw set; 5: ion exchanger membranes; 6: anode; 7: cathode; 8,9: solution inlet/outlet;
10: bipolar membrane).
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Figure 3.4 (c) Basic mechanism of bipolar membrane electrodialysis process (C: cation
exchange membrane; A: anion exchange membrane; BM: bipolar membrane; X+, Y—;
ionic pollutants), adapted by [59].
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CHAPTER 4

RESULTS AND DISCUSSION

In this work, the electrochemical techniques for tannery wastewater treatment have been
conducted. The elctrocoagulation process was applied as a batch mode and continuous
mode reactors using iron and aluminum electrodes. The effects of operating parameters
that include current density, initial pH, and electrolysis time on EC performance were
accomplished as a batch mode reactor. Taguchi method was carried out in order to
design the experiments and to optimize the experimental results. L,s orthogonal array
(OA, three factors in five levels), signal-to-noise (S/N) ratio (the larger-the-better), and
analysis of variance were applied to find the optimum levels and relative magnitude of

the effects of parameters.

And also the performance of a continuous electrocoagulation (EC) process was
investigated. The effects of the operating parameters, such as current density, pH of
solution and inlet flow rate, on pollutants removal efficiency, sludge production and
recovery of hydrogen gas were investigated in order to optimize process performance.
At optimum operating conditions that were determined in continuous mode reactor, the
treated tannery effluents were imposed to electrodialysis process to achieve enhanced
treatment results. The results and discussion for these processes can be emphasized as

below:

4.1 Batch mode EC reactor

4.1.1 Determination of optimum parametric levels

The collected data were analyzed using Minitab “16 version” statistical software for the

estimation of the effect of each parameter on the optimization criteria. Experimental
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results, with regard to the model, were liberated from Taguchi method and

demonstrated in Table 3.3.

On the other hand, all levels of variables are situated in Table 3.2. During this work,
COD, total chrome, and color results are expressed as percentage of removal (%)

through the following equation Eq. (4.1):

% removal = |2« 100 (4.1)
C.

where, C; is the initial concentration and C; is the final concentration of the pollutant

(mg/L and ptc).

The obtained results are shown in Figures. 4.1a, 4.1b, 4.1c, and 4.2a, 4.2b, 4.2c for iron
and aluminum electrodes, respectively. The numerical value of the maximum point in
each graph clarifies the best value of that particular parameter, situated in Table 3.3 for
each parameter, and indicates the optimum conditions within the range of experimental

conditions.

4.1.2 Effect of current density on EC process

Current density is considered as a vital parameter for pollutants removal efficiency in
EC process due to its power. Current density is in charge of the metal hydroxide
concentrations, reaction rate of the process, coagulant dosage, bubble production,
moreover, the effects on growth of flocs. During this work, current density was
examined at the range of 10-50 mA/cm’ in order to assess effects on tannery
wastewater treatment efficiency of EC process. Either iron or aluminum electrode can
be noticed from Figures. 4.1a and 4.2a that when current density increased, the COD
removal efficiency was increased but not as likely, and also, the removal efficiency of
total chrome and color was increased, so the best level for total chrome and color
removal efficiency was obtained at the fifth level (50 mA/cm?) for aluminum electrode
as shown in Figures. 4.2b and 4.3c, and for color removal efficiency. in the case of iron
electrode as demonstrated in Fig. 4.1c. It can be pointed out that the optimum removal
efficiency of total chrome in iron electrode was attained at the third level (30 mA/cm?)

as shown in Figure 4.1b.
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4.1.3 Effect of initial pH on EC process

It was reported in prior studies that pH is a central factor that affects the performance of
EC process [18]. In the case of iron electrode, Figures 4.1a, 4.1b, and 4.1c illustrates the
effects of all performance criteria on COD, total chrome, and color removal efficiencies.
As it can be seen in Table 3.2, original pH value of the wastewater is 4.1. The pH
experiments were performed within the examined range demonstrated that optimal pH
value was 7 (fourth level) for the best COD removal efficiency as founded in Figure
4.1a. It can be noticed from Figure 4.1c, COD removal is similar to the best color
removal at pH 7 (fourth parametric level). Whereas the best removal efficiency of total
chrome is pH 8 (fifth level) as shown in Figure 4.1b. And also, Figures. 4.2a, 4.2b, and
4.2c explain the optimum pH values for COD, total chrome, and color removal
efficiencies for the case of aluminum electrode. It can be seen that the optimum pH was

7 (fifth parametric level).

Current density Inditial pH EC Time

35—

Lievels

\
|
\

Figure 4.1 (a) The effect of each parameter on COD removal efficiency for iron
electrode. On the left side, it shows the current density with different currents (10-50
mA/cm?). In the middle, it presents different initial pH values from 4 to 8. On the right
side, it explains EC time with different intervals from 5 to 25 min.
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Figure 4.1 (b) The effect of each parameter on Cr removal efficiency for iron electrode.
On the left side, it shows the current density with different currents (10-50 mA/cm?). In
the middle, it presents different initial pH values from 4 to 8. On the right side, it
explains EC time with different intervals from 5 to 25 min.
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Figure 4.1 (c) The effect of each parameter on color removal efficiency for iron
electrode. On the left side, it shows the current density with different currents (10-50
mA/cm?). In the middle, it presents different initial pH values from 4 to 8. On the right
side, it explains EC time with different intervals from 5 to 25 min.
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Figure 4.2 (a) The effect of each parameter on COD removal efficiency for aluminum

electrode. On the left side, it shows the current density with different currents (10-50

mA/cm?). In the middle, it presents different initial pH values from 3 to 7. On the right
side, it explains EC time with different intervals from 5 to 25 min.
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Figure 4.2 (b) The effect of each parameter on chrome removal efficiency for aluminum
electrode. On the left side, it shows the current density with different currents (10-50
mA/cm?). In the middle, it presents different initial pH values from 3 to 7. On the right
side, it explains EC time with different intervals from 5 to 25 min.
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Figure 4.2 (c) The effect of each parameter on color removal efficiency for aluminum
electrode. On the left side, it shows the current density with different currents (10-50
mA/cm2). In the middle, it presents different initial pH values from 3 to 7. On the right
side, it explains EC time with different intervals from 5 to 25 min.
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4.1.4 Effect of electrolysis time on EC process

There is a strong relationship between electrolysis time and formation of metal
hydroxide which is responsible for removal of pollutants, and some parameters are time
dependent. In this study, electrolysis time was given at the range of 5-25 min. In the
two cases of iron and aluminum electrodes, Figures 4.1a, 4.1b, 4.1c, and Figures. 4.2a,
4.2b, 4.2c show the effect of electrolysis time on removal efficiency of pollutants. It can
be concluded that the removal efficiency of COD, total chrome, and color increased
with an increasing operation time. And the highest removal efficiency for all responses

parameters was at the fifth level (25 min).

4.1.5 Statistic al analysis

Analysis of variance (ANOVA) was performed to examine the effective parameters and
their confidence levels on the COD, total chrome, and color removal efficiencies. The
function of the ANOVA is to explore which process parameters significantly affect the
process responses. Table 4. 1 (panel a, b and c) illustrates the results of the ANOVA test
for COD, total chrome, and color in iron and aluminum electrodes, respectively.
According to S/N ratio analysis, it can be noticed from Table 4 (panel a, b and c) that
the factors can be classified according to their significance as follows: in the case of
iron electrode, current density > electrolysis time > initial pH for the COD, total
chrome, and color removal efficiencies. Whereas the result of aluminum electrode was:
initial pH > current density > time of COD, and total chrome removal efficiencies,

while as, current density > time > pH for color removal efficiency.

In Taguchi’s method, the confirmation test is important to verify the experimental
results. The confirmation experiment is performed. In this study, after determining the
optimum conditions and predicting the response under these conditions, a new
experiment was designed and carried out with the optimum levels of EC parameters.
Table 4.2 (a and b) shows the optimum working conditions. Thus, the equation omega
transformation (Eq. (3.4)) was applied to evaluate the predicted value in order to clarify
as percentage value of the result offered in Table 4.2. In addition, the percentage
contribution of each factor effecting COD, total chrome, and color removal was

calculated as illustrated in Table 4.1 using the following equation (Eq. (4.2)) [163]:

Sum of squares

C% = 100 x

(4.2)

Total sum of squares

69



It can be noticed that the current density had the highest contributions to the variability
of the experimental results for iron electrode. Contribution percentage on COD, total
chrome, and color were attained as 61.6, 42.4, and 32.5, respectively. In the case of
aluminum electrode, the initial pH was the highest contribution percentage for COD and

total chrome as 35.3 and 31.4, moreover, for color was the lowest as 19.6.
Table 4.1 Results of the ANOVA test and contribution percentage

a: for COD removal performance

DOF SS MS F P Co"

Variables
(I I 1 I 1 I 11 I 1 | 11

A:CD 4 4 6201 4932 1550 1233 5470 5273 0.00 0.00 616 33.8
B: pH 4 4 628 5145 157 1286 554 5501 0.01 0.00 6.3 353
C:Time 4 4 2901 4220 725 1055 2559 4512 0.00 0.00 29 29
Error 12 12 3.40 281 0.283 0.233 31 19

Total 24 24 100.71 145.80

b: for Total Chrome removal performance

Variables DOF SS MS F P Co’

(T | I | I | I I | I
A:CD 4 4 2151 10531 538 2633 639 1166 001 000 424 315
B: pH 4 4 8.15 105.26 204 2632 242 1165 011 0.00 16.0 314

C: Time 4 4 1098 97.16 275 2429 326 1076 0.05 0.01 216 29.0
Error 12 12 1009 2710 084 226 200 81

Total 24 24 50.75 334.83
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c: for Color removal performance

Variables  DOF SS MS F P Co,°

A:CD 4 4 221.7 15394 55.42 3849 325 1157 0.05 0.00 325 38.0
B: pH 4 4 1133 79.62 2832 1991 166 598 022 001 166 19.6
C: Time 4 4 143.7 13205 3592 33.01 211 992 014 0.00 21.0 326
Error 12 12 2045 3993 17.04 3.33 299 938

Total 24 24 6831 405.54

Note: b. Contribution is defined as 100 x (Sum of squares / Total sum of squares), SS: sum of
squares; DOF: degree of freedom; C%: contribution percentage, CD: current density (mA/cm?).
Time (minute)

4.1.6 Operating costs

The operating cost is considered a vital parameter that affects the implementation of any
method of wastewater treatment. In this paper, the operating costs have been calculated
for EC process under optimum conditions. Generally, the operating cost includes
material (mainly electrodes) cost, electrical energy cost, as well as labor, maintenance,
and other costs. However, in this study, the operating costs were calculated as energy
consumption and elect rode material where as consumption quantities per m® of
wastewater treated. Unit prices, given as Turkish market, 2015, are as follows: electrical
energy price 0.1 $/kWh, electrode material price 0.2 $/kg, for iron and for aluminum 1.5
$/kg.

The electrode and energy consumptions in the EC process were calculated via the
following equations (Egs. (4.3) and (4.4)):

_ IxXVxt

Energyconsumption - (4-3)

v
Where Energy consumption is the energy consumption (kWh/m®), V is the voltage
(Volts), I is the current (Amperes), t is the EC time (hour), and v is the volume of the

treated wastewater (m°).
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Table 4.2 Optimum experimental conditions predicted and observed removal efficiency
values (iron and aluminum electrode)

Perform. CD pH; ET Observed Predicted C.L %

Criteria % %

For iron level value level value level value

electrode

COD 5 50 4 7 5 25 63.3 58.3 50.2-66
chrome 3 30 5 8 5 25 99.7 99.9 99.9-100
Color 5 50 4 7 5 25 82.0 92.0 48-99.3
For

aluminum

electrode

COD 5 50 5 7 5 25 64.4 60.0 52.7-66.9
chrome 5 50 5 7 5 25 99.0 99.7 92.2-99.9
Color 5 50 5 7 5 25 88.0 92.0 79.0-97.3

Note: CD; current density; ET: electrolysis time; C.L: confidence limit
Besides, electrode consumption was evaluated according to Faraday’s law as the
following equation Eq. (4.4):

_ (IxtxMy)
EleCtTOdeconsumption - (ZxFxv)

(4.4

Where F is the Faraday’s constant (96,485 C/mol), Mw is the molar mass of electrode
type as in iron (56 g/mol), aluminum (27 g/mol), and z is the number of electron
transfer (z Fe: 2) and (zAl:3). In this work, in the case of iron electrodes, operating costs
for both of COD and color removals were calculated as 0.88 $/m°, besides, for chrome
removal was 0.70 $/m>. However, in the case of aluminum electrode, operating costs for
COD, chrome, and color removals were evaluated as 0.94 $/m°. Ultimately, EC process
is an effective costs method for treating tannery wastewater compared with other

methods.

72



4.2 Continuous mode EC reactor

The efficiency of EC process depends on several parameters such as: current density (j),
electrolysis time (t), initial pH (pH;), type of electrode material (Fe or Al) and distance
separating the anode to the cathode (d). In order to enhance the process performance,
the effects of current density, electrolysis time, type of electrodes and initial pH have
been tested. In the present work, only the untreated tannery effluent was used.

4.2.1 Effect of current density, inlet flow rate and energy consumption on the

pollutants removal efficiency for aluminum electrodes

In all electrochemical technologies, current density is considered a vital parameter for
controlling the reaction rate within the electrochemical reactor [53]. It is well known
that current density determines the production rate of coagulant, adjust also bubble
production, and consequently affects the growth of flocs [37]. According to the
conditions of operating parameter that listed in table 3.4 we investigated the effect of
current density j, inlet flow rate and energy consumption on the efficiency of pollutants

removal.

Figure 4.3.a and b show that the time required achieving steady-state conditions, i.e. the
values on the plateau region, decreased when j increased from 7 tol4 mA/cm? and then
became nearly constant at about 125 min. An increase in current density from 7 to 14
mA/cm? yielded an increase in the efficiency of pollutants removal, i.e. COD, NH3-N,
total chrome, and color removal efficiencies were increased from 44- 61, 17-31, 98-
>99, and 81-90, %, respectively. This could be anticipated: when the current density

I3

increases, the amount of Al cations released by the anode and therefore of Al (OH) 3

particles also increases.

As shown in figure 4.3.a and b, in addition, energy consumption was directly
proportional to applied current density. The energy consumption increased from 4.5 to
6.75 KWh/m® with the increase in the applied current density. When the energy
consumption was measured, the power requirement of electrocoagulation for pollutants

removal was taken into account, while pumping energy was not considered.

Thus, figure 4.4.a and b has achieved, satisfactory, a steady state conditions. So, the
values on the plateau region, decreased when j increased current density from 7 tol4

mA/cm? and then became nearly constant at about 125 min. An increase in current
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density from 7 to 14 mA/cm? yielded an increase in the efficiency of pollutants removal,
i.e. COD, NHs-N, total chrome, and color removal efficiencies were increased from 53-
73, 23-60, >99, and 85-95 %, respectively. However, the pollutants removal efficiency

at pH 6 is found superior than pH 4.1 for aluminum electrodes.

As described in figure 4.4.a and b, in addition, it can be seen that the energy
consumption was directly proportional to applied current density. The energy
consumption increased from 4.5 to 6.75 KWh/m® with the increase in the applied
current density. When the energy consumption was measured, the power requirement of
electrocoagulation for pollutants removal was taken into account, while pumping energy
was not considered. Conclusively, as the current density was increased, the pollutants

removal efficiencies and the energy consumption increased.

Regard to the inlet flow rate, as seen in figure 4.3.a and b, figure 4.4.a and b, it was
increased to 17, 20, 25, 33, 50 and 100 ml/min, the retention time directly decreased to
150, 125, 100, 75, 50, and 25 min. the pollutants removal efficiencies were decreased as
the flow rate was increased. This showed that mixing by the rapid turbulent inlet to the
reactor initially affected the pollutants removal efficiency. However, after the flow rate
was increased somewhat, from 20 to 25 ml/min in this study, the influence of retention
time decreasing was stronger than that of the mixing effect. The optimal flow rate could
be considered to be 20 ml/min which is corresponding to 125 min. The result indicated
that energy consumption was independent of the inlet flow rate, which is similar with its
behavior according to pollutants removal. Despite the increasing of the inlet flow rate,
the power consumption remained at 4.5-6.75 KWh/m? for figure 4.3 a and b and figure
4.4 a and b. The pumping energy was not taken into account on integrating the energy

consumption.

Anyway, for the experimental conditions of figure 4.3 b and figure 4.4 b, optimum
current density and inlet out flow seemed therefore to be 14 mA/cm?, and 20 ml/min, as
it can be considered that Ycop = 61, 73% respectively, corresponds to the minimum
acceptable value for EC process. However, fig.4.4 b has achieved the best condition
according to our results, optimum current density, pH and inlet out flow or
electrocoagulation time seemed therefore to be 14 mA/cm?, 6.0 and 20 ml/min or 125
min, respectively, as it can be considered that Ycop = 73 % , corresponds to the

minimum acceptable value for EC process. At these conditions, thus, the removal
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efficiency of NH3-N, Cr, and Color was 51, >99 and 95 % respectively, and the energy

consumption was 6.75 KWh/m?® in the case of aluminum electrodes.
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Figure 4.3 (a) Effect of current density on pollutants removal efficiency with time or
inlet flowrate and energy consumption of electrocoagulation using aluminum electrodes
(original pH 4.1, five pairs of Al electrodes, current density 7 mA/cm?).
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Figure 4.3 (b) Effect of current density on pollutants removal efficiency with time or
inlet flowrate and energy consumption of electrocoagulation using aluminum electrodes
(original pH 4.1, five pairs of Al electrodes, current density 14 mA/cm?).
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Figure 4.4 (a) Effect of current density on pollutants removal efficiency with time or
inlet fowrate and energy consumption of electrocoagulation using aluminum electrodes
(pH 6, five pairs of Al electrodes, current density 7 mA/cm?).
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Figure 4.4 (b) Effect of current density on pollutants removal efficiency with time or
inlet flow rate and energy consumption of electrocoagulation using aluminum
electrodes (pH 6, five pairs of Al electrodes, current density 14 mA/cm?).

4.2.2 Effect of current density, inlet flow rate and energy consumption on the
pollutants removal efficiency for iron electrodes

It is well known that current density (j) is the major operating variable directly affecting
on the performance of electrocoagulation process and operating costs. It is clearly

evident that as the value of j increases from 7 - 14 mA/cm? a substantial increment in

76



the pollutants removal was observed (figure 4.5a and b). Highest removal efficiency
was achieved at14 mA/cm?, as it can be seen in fig.4.b. This may be due to as the value
of j increases, the amount of Fe*® cations liberated by anode increases ,formation of
monomeric ions and hydroxyl complexes increases and thus may be attributed to the

adsorption of the hydrogen bubbles produced by electrodes.

Anyway, figure 4.5.a and b show the removal efficiency of the pollutants and the energy
consumption as a function of current density and electrocoagulation time or the inlet
flow rate. The pollutants removal efficiency was comparable for every combination of
current density and electrocoagulation time. Therefore, when considering both
pollutants removal efficiency and energy demand, figure 4.5.b seemed to be the most
suitable for treating tannery wastewater. The pollutants removal efficiencies of COD,
NHs-N Cr, and Color were 53, 27, >99 and 76 % respectively, and the energy demand
was 8.0 kWh/ m®. As shown in figure 4.b, When the electrocoagulation time was
increased from 25 min to 150 min at current density of 14 mA/cm? the removal
efficiency of COD, NHzs.-N, Cr and Color was significantly increased from 36- 53, 12-
27, 98.7->99 and 73-76 % respectively, The energy demand also increased from 2.10 to
8.0 kwWh/ m®,

Figure 4.6.a and b depict the removal efficiency of pollutants in term; COD, NHs-N, Cr
and color, the energy consumption as a function of current density and
electrocoagulation time or inlet flow rate. The pollutants removal efficiency was
comparable for every combination of current density and electrocoagulation time.
Therefore, when considering both COD removal efficiency and energy demand, figure
4.6.b seemed to be the most suitable for treating tannery wastewater. The COD removal
efficiency was 67 % and the energy demand was 6.75 kWh/ m* at 125 min. while, in
figure 4.6.a the removal efficiency of COD was 45% and the energy consumption was
5.05 KWh/m®at 150 min.

Regard to the inlet flow rate, as shown in (figure 4.5.a and b, figure 4.6.a.b), it was
increased to 17, 20, 25, 33, 50 and 100 ml/min, the retention time directly decreased to
150, 125, 100, 75, 50, and 25 min. the pollutants removal efficiencies were decreased as

the flow rate was increased.

Based in our experimental conditions, it can be seen that the optimum condition was

achieved in figure 4.6.b, optimum current density and inlet out flow or
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electrocoagulation time seemed therefore to be 14 mA/cm?, and 20 ml/min or 125 min,
respectively, as it can be considered that Ycop = 67 %, corresponds to the minimum
acceptable value for EC process. Thus, the removal efficiency of NH3-N, Cr and color

was 46, >99 and 93 % respectively, and also the energy consumption was 6.75 KWh/m®,
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Figure 4.5 (a) Effect of current density on pollutants removal efficiency with time and
energy consumption of electrocoagulation using iron electrodes (original pH 4.1, five
pairs of electrodes, current density 7 mA/cm?.
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Figure 4.5 (b) Effect of current density on pollutants removal efficiency with time and
energy consumption of electrocoagulation using iron electrodes (original pH 4.1, five
pairs of electrodes, current density 14 mA/cm?.
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Figure 4.6 (a) Effect of current density on pollutants removal efficiency with time and
energy consumption of electrocoagulation using iron electrodes (original pH 7, five
pairs of electrodes, current density 7 mA/cm?.
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Figure 4.6 (b) Effect of current density on pollutants removal efficiency with time and
energy consumption of electrocoagulation using iron electrodes (original pH 7, five
pairs of electrodes, current density 14 mA/cm?).
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4.2.3 Changes of pH values

It has already been established that pH is a vital operating factor influencing the
performance of electrocoagulation process [3]. Typically, pH of the medium is changing
during the process, as observed also by other investigators [26]. This change depends on
the type of electrode and the initial pH. The pH is continuously observed during the
study.

The results are presented in Figure 4.7.a and b. In the case of Al electrodes, it can be
seen from Figure. 4.7. a, when current density and initial pH were 7 mA/cm? and 4.1
respectively, pH changed from 4.1 to 6.2. And also, when current density and initial pH
were 14 mA/cm2 and 4.1 respectively, pH changed from 4.1 to 7.4. However, when
current density and initial pH were 7 mA/cm? and 6 respectively, pH changed from 6 to
7.5. And also, when current density and initial pH were 14 mA/cm? and 6 respectively,
pH changed from 6 to 9.48. It could be explained by the excess of hydroxyl ions
produced at the cathode and by the liberation of OH due to the occurrence of a partial
exchange of CI" with OH in Al (OH);3 [32].

In the case of Fe electrodes, it can be noticed from Figure 4.7.b, when current density
and initial pH were 7 mA/cm? and 4.1 respectively, pH changed from 4.1 to 6.35. And
also, when current density and initial pH were 14 mA/cm2 and 4.1 respectively, pH
changed from 4.1 to 6.5. However, when current density and initial pH were 7 mA/cm?
and 7 respectively, pH changed from 7 to 8.1. And also, when current density and
initial pH were 14 mA/cm? and 7 respectively, pH changed from 7 to 9.1. The pH of
water is anticipated to be high after EC; this is may be due to ammonia stripping

process.
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Figure 4.7 (a) Change of pH values during electrocoagulation process using aluminum

electrodes
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Figure 4.7 (b) Change of pH values during electrocoagulation process using iron
electrodes

4.2.4 Effect of wastewater conductivity on the specific energy consumption

Usually, sodium chloride is employed to increase the electrical conductivity of the
wastewater to a suitable level. Wastewater conductivity affects faradic yield, cell
voltage and thus energy consumption in EC cells. Sodium chloride was chosen because
of its low toxicity at moderate levels, its reasonable cost, and because the chloride
species avoids inhibition phenomena at the surface of sacrificial anodes [37]. However,
an excessive concentration of sodium chloride was proved to be detrimental to process

efficiency [42]. According to our results, already, it has established that increasing the
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conductivity of wastewaters had not a considerable effect on pollutants removal
efficiency. Figure 4.8.a and b show the Variation of tannery wastewater conductivity vs.

electrocoagulatiom time.
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Figure 4.8 (a) Variation of wastewater conductivity vs. electrocoagulatiom time (min)
using aluminum electrodes
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Figure 4.8 (b) Variation of wastewater conductivity vs. electrocoagulatiom time (min)
using iron electrodes

However, it must be pointed out that the absence of supporting electrolyte is never the

optimum situation from an energetic point of view. In this work, the conductivity of
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wastewater was adjusted using 4 g NaCl/L for the current density 14 mA/cm? This is
illustrated by Figure 4.9.a and b that report the evolution of specific energy
consumption as a function of NaCl addition in terms of Ycop. The electrical energy
consumed, expressed as kWh/m? of the tannery wastewater treated. Energy consumption
in KWh/m?® of wastewater has been obtained from the data generated at cell current 6 A.
figures 5.8 a indicated that at optimum condition of CODs (125 min), COD; of 0.756 Kg
was noted at the energy consumption of 3.7 kWh/m® in the case of aluminum
electrodes. The corresponding COD removal efficiency was 73%. However, in the case
of iron electrodes figure 5.8 b indicated that the energy consumption of CODs of 4.0
kWh/m®, when the CODs of 0.924 Kg and the corresponding removal efficiency was
67%. On the other wards, it is obvious from that electrolyte addition was beneficial for

the continuous EC process and constitutes a good way for minimizing operating costs.
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Figure 4.9 (a) Effect of NaCl addition on energy consumption Y COD for current
density j = 14 mA/cm2, COD; = 2800 mg/L, pH 6, and five pairs of aluminum
electrodes.
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Figure 4.9 (b) Effect of NaCl addition on energy consumption Y COD for current
density j = 14 mA/cm2, CODi = 2800 mg/L, pH 7, and five pairs of iron electrodes.

4.2.5 Recovery of hydrogen experimental and theoretical hydrogen yields

The effluent of tannery wastewater was supplied continuously to the bottom of the
electrochemical reactor. As the wastewater is moved to the top, gas bubbles also moved
up to the top together with upward effluent. The gas flowed out at the gas outlet located
at the top of the gas separation tank, and water flowed out at a water outlet located near
the top of the tank. With high liquid flow rates, only small amounts of solids
accumulated in the gas separation tank. The amount of total gas produced was
determined by water displacement method. The cumulative hydrogen gas production

was determined by using the following equation (4.5):

VHy; =VHy; 1+ Vrg + Vi — Vg1 (4.5)

Where Vi2i and Vi1 are the volumes of cumulative hydrogen (ml) calculated after
the ith and the previous measurement; Vg is the total gas volume measured by the
water displacement method (ml); Vg; and Vg1 are the volumes of the gas in the

headspace of the reactor for the ith and the previous measurement (ml).

Figure 4.10.a shows hydrogen gas evolution coupled with electrocoagulation of
different current densities (7 and 14 mA/cm?) and pH values (4.1 and 6) for aluminum
electrodes versus electrolysis time (min). As can be seen from Figure 4.10.a, the

hydrogen gas production rates coupled with current density (7mA/cm?) and
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electrocoagulation time (150 min) were 332 and 380 ml at pH values 4.1 and 6,

respectively.

While, the hydrogen gas production rates coupled with current density (14mA/cm?) and
electrocoagulation time (150 min) were 632 and 720 ml at pH values 4.1 and 6,
respectively. As mentioned above, in the case of aluminum electrodes, the optimum
current density and inlet out flow or electrocoagulation time seemed therefore to be 14
mA/cm?, pH 6 and 20 ml/min or 125 min, respectively, as it can be considered that
Ycop = 73 %, and also, at these conditions it can be concluded that the hydrogen gas

production rate was 582 ml.

However, in the case of iron electrodes an investigation of hydrogen production coupled
with electrocoagulatoin of two values of current density (7 and 14mA/cm?) and pH (4.1
and 7) versus electrolysis time (min) was conducted. As can be seen from Figure 4.10.b
the hydrogen gas production rates coupled with current density (7mA/cm?) and
electrocoagulation time (150 min) were 328 and 336 ml at ph values 4.1 and 7,
respectively. Thus, the hydrogen gas production rates coupled with current density
(14mA/cm?) and electrocoagulation time (150 min) were 612 and 668 ml at pH values

4.1 and 7, respectively.

For iron electrodes, as it can be considered that Ycop =67 %, corresponds to the
minimum acceptable value for EC process. The optimum conditions were seemed
therefore to be 14 mA/cm?, pH 7 and 20 ml/min or 125 min, at these conditions it can
be attained about 546 ml of hydrogen gas. It should be pointed out that the amount of

ammonia gas has been taken into consideration.

Ultimately, it could be explained that the hydrogen gas production increased when
current density increased for each electrolyte, this is because that more protons released
from the anode reaction which is agree with the COD removal [165]. Beyond that, the
experiments with aluminum electrodes clearly indicated that hydrogen gas production
from tannery wastewater was satisfactory than iron electrodes, this is due to high free

electron density and high electrical conductivity of aluminum [166].

However, the theoretical amount of hydrogen gas generated is calculated by faraday

law;

~

.t
F

H (4.6)

Ny,
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Where, ny,is the amount of hydrogen generated (mole), | is the supplied current
(Ampere), t is the electrocoagulation time (s), F is Faraday’s constant (96,500 C per
mole of electrons), H is the number of hydrogen molecules generated per electron
involved in the redox reactions. The value of H is independent of the type of anode; i.e.

iron or aluminum. That is, H is equal to 1/2 in both cases.

Table 4.3 compares the experimental hydrogen yield from the harvested hydrogen
product and the electrical energy requirement of the electrocoagulation process. The
experimental energy yield from the harvested hydrogen was calculated based on the

energy yield of hydrogen of 67.4 kcal/ Hy. (h)/ Volume (m®).

The results show that the energy yield of harvested hydrogen can reduce the electrical
energy consumption of the electrocoagulation process by 20 % for current density 7
mA/cm? and 30 % for current density 14 mA/cm? (Assuming 50% efficiency in
hydrogen to electricity conversion). It has been noted that the choice of current
densities, electrocoagulation time, pH and the type of electrodes, the estimated
hydrogen produced is always of the same order of magnitude, ranging between 0.93 and
2.00 kWh m™. Besides an energy source, hydrogen can be used as a reactant in
hydrogenation process to produce low molecular weight compounds, or to remove some

of pollutants such a sulfur and nitrogen compound [167].
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Figure 4.10 (a) Hydrogen gas production with aluminum electrodes
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Figure 4.10 (b) Hydrogen gas production with iron electrodes

Table 4.3 Comparison of theoretical energy yield from harvested hydrogen product and
energy consumption of the electrocoagulation process

Current density pH Electrode | Experimental Experimental electrical
mA/cm?)/ value | type energy energy requirement of
electrocoagulation production EC process

time (min) (KWh/m?) (KWh/m?)

7 mA/lcm?/125 4.1 Al 0.93 4.46

14 mA/cm?/125 4.1 Al 1.80 6.75

7 mA/cm?/125 6.0 Al 1.10 4.40

14 mA/cm?/125 6.0 Al 2.00 6.75

7 mA/lcm?/125 4.1 Fe 0.91 4.46

14 mA/cm?/125 4.1 Fe 1.73 6.75

7 mA/lcm?/125 7.0 Fe 0.93 4.46

14 mA/cm?/125 7.0 Fe 1.90 6.75
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4.2.6 Sludge production

Sludge produced in EC process is separated in clarifiers by sedimentation and flotation.
In addition flocs formed by EC settle easy and they are well de-waterable. It can be
observed from table 4.4 that the amounts of dried sludge were 0.43 — 0.72 Kg/m®in the
case of aluminum electrodes while they were 0.38- 0.67 Kg/m® in the case of iron
electrodes. The amount of sludge produced is related to the amount of pollutants

removed. Based on our results in two cases (Al &Fe) we found that removing of 1 Kg

of COD produces 0.35 Kg of dried sludge.

Table 4.4 Sludge production by Electrocoagulation process (kg/m®)

COD removed

Chromium removed

Organic sludge

Inorganic sludge

For aluminum electrodes

1.26 0.524 0.43 1.40
1.48 0.566 0.50 1.90
1.74 0.568 0.57 2.70
1.93 0.569 0.65 3.20
2.00 0.569 0.70 4.00
2.00 0.569 0.72 4.6
For iron electrode

1.18 0.564 0.38 1.80
1.40 0.567 0.47 2.75
1.60 0.568 0.58 3.76
1.80 0.569 0.63 4.80
1.88 0.569 0.65 5.65
1.88 0.569 0.67 6.82
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4.2.7 Comparison of the aluminum with the iron electrodes currently used in

electrocoagulation process

In any electrochemical process, selection of the electrode material is important due to
have significant effect on the treatment efficiency. Iron and aluminum were chosen as
electrode materials because these are non-toxic, cost effectiveness and easily available.
To compare the effect of electrode materials on the treatment efficiency, from our result
in this study, it was found that, the optimum conditions have been investigated and
determined before. At optimum conditions, the efficiency of both electrode materials

(Al & Fe) was compared as shown in Table 4.5.

Table 4.5 Efficiency of tannery wastewater treatment comparing different electrode

materials.

pH Removal Efficiency (%0) Energy Hydrogen gas
Electrode cons. production Oper;’;\tin
materials g$(/:053 S

B |A |coD |cColor|Cr | NHeN | (KWhim®) | Vol. | Energy | (8/M)

(ml) | (KWh/m®)

Al 6.0 [81]|73 94 >99 | 51 6.75 582 2.00 15
Fe 70 |9.0] 65 93 >99 | 46 6.75 546 1.90 1.2

Conditions: electrocoagulation continuous mode; five pairs of electrodes; current densityl4
mA/cm?; electrocoagulation time 125 min; A: after treatment; B: before treatment.

From the results presented in Table 4.5 it can be resulted that the aluminum electrode
was more effective than the iron electrode, thus the different electrode materials had an
effect on the effectiveness of water treatment because of its mechanisms which are

mentioned before.

4.2.8 Operating costs

The operating cost is considered a vital parameter that affects s the implementation of
any method of wastewater treatment. In this paper, the operating costs have been
calculated for EC process under optimum conditions. Generally, the operating cost
includes material (mainly electrode s) cost, electrical energy cost, as well as labor,
maintenance, and other costs. However, in this study, the operating costs were
calculated as energy consumption, pH adjustment and electrode material where as
consumption quantities per m® of wastewater treated. Unit prices, given as Turkish

market, 2015, are as follows: electrical energy price 0.1 $/kWh, electrode material price
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0.2 $/kg, for iron and for aluminum 1.5 $/kg, and also, the cost of the NaOH chemical
used in pH adjustment 0.75 $/kg.

The electrode and energy consumptions in the EC process were calculated via
equations: (4.3) and (4.4).

In the case of aluminum electrode, optimum pH value was 6.0. 1.7 ml 6N NaOH/L
wastewater solution was used to bring the pH from 4.1 to 6.0. Then, the required NaOH
solution per cubic meter should be 1.7 L 6N NaOH/m?® wastewater. To prepare 1.7 L 6
N NaOH 0.41 kg NaOH chemical is needed. This amount of NaOH per unit cubic meter
cost 0.27 $/m®. In addition, the electric energy consumption was taken into account for
EC continuous system, the required energy amount for optimum reaction time (125
min) was 6.75 KWh/m® tannery wastewater, so the cost of EC process per unit cubic
meter was 0.51 $/m® tannery wastewater. , the pumping energy was not taken into
account on integrating the power consumption. Thus, the cost of electrode material
consumption of tannery wastewater treated was 0.83 $/m®. The total cost of the EC

continuous process was found to be 1.5 $/m® wastewater.

In the case of iron electrodes, optimum pH was 7.0. 2.0 ml 6N NaOH/L wastewater
solution was used to bring the pH from 4.1 to 7.0. After that, the required NaOH
solution per cubic meter should be 2.0 L 6N NaOH/m?® wastewater. To prepare 2.0 L 6
N NaOH 0.48 kg NaOH chemical is needed. This amount of NaOH per unit cubic meter
cost 0.32 $/m*. However, the cost of energy consumption and electrodes consumption
were found to be 0.675 and 0.51 $/m® tannery wastewater, respectively at optimum
condition (125min). The total cost of the EC continuous process was found to be 1.2

$/m® wastewater.
4.3 Electrodialysis process

4.3.1 Optimization of electrodialysis (ED)

In this work, experimental results with a single membrane and a 25 V electrical voltage
were established to be the optimum operation conditions depended on two effluents
treated tannery; one is the effluents treated tannery by EC with aluminum electrodes and
the other with iron electrodes. Continuously analytical results for the anolyte, catholyte
and dilute streams under optimum operating conditions are taken. The conductivity and

current are taken into account in order to optimize the electrodialysis process as below:
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4.3.1.1 Desalination of tannery wastewater

In this study, tannery effluents treated by EC process with aluminum electrodes (ECa))
was fed into ED process. ED was conducted with a single membrane and 24 electrical
voltages. It can be seen from Figure 4.11 that the shift of pollutants was established at
the first moment of the experiment. A sharp decreasing in tannery conductivity from 22
to 1.5 mS/cm during the first 25 min was demonstrated. And also, it has decreased to
0.397 ms/cm after 45 min. Over the first 45 min the conductivity was decreased slowly.
Moreover, tannery effluents treated by EC with iron electrodes (ECr) also imposed to
ED process. It can be noticed from figure 6.3 that decreasing of tannery conductivity
from 21 to 1.5 mS/cm corresponding to 75 minutes was also occurred. Over the first 75
minutes the decreasing of the conductivity was weakly. In two cases of our experiments
this is anticipated as a result of a decrease in current as the conductivity is reduced but

removal efficiency of pollutants was increased.
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Figure 4.11 Conductivity variations of treated tannery by electrodialysis process

As shown in Table 4.6 a-b the obtained results indicated the removal efficiency of more
than 87% for COD in the present effluents. It was clearly observed that the removal
efficiency for ammoniacal nitrogen (NHs3-N) and chromium was >99%. Another
important positive result obtained with the treatment was a great reduction in color and

smell.
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4.3.1.2 Current variation

Current value is considered a vital factor in the ED process. In this study, it can be seen
from the Figure 4.12 that the changes in the current values were observed to parallel
changes in efficiency. Thus, in two cases of effluents EC process (Al & Fe), it can be
pointed out that an increased electrical voltage increases current and thus provides faster
ion transport. After that the current value was decreased as resistance increased and also
electric voltage was remained constant. Moreover, our results for effluent EC process
with aluminum electrodes (ECa-ED) was reached the target conductivity level of 1.5
ms/cm at 25 minutes, while in the second case of (ECg-ED) was reached to the same
value of conductivity level of 1.5 ms/cm at 75 minutes due to low electrical voltages. As
shown in Fig. 6.4 it can be observed that in either case of ECa-ED and ECg-ED, the
initial current values of a single membrane with 25 V were 6.5 A and 3.61A,
respectively. These current values decreased to 1A and 0.53 A after 25 minutes and to
0.37 A and 0.50 A after 75 minutes respectively. Regard to the flux desalination at
optimum conditions, the desalination for 1mS/cm was 414mg of NaCl per one liter. So
in the case of aluminum electrodes, the flux was reached to 5.85, 2.23, 0.9 and 0.15
m*/m®h at 5, 10, 25, 45 min respectively. While in the case of iron electrodes, it was
reached to 5.0 and 0.3 m*m?.h at 5 and 75 minutes respectively.
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Figure 4.12 Current variations of during electrodialysis process
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It can be anticipated that due to low resistance at the starting of the experiment the
current value was sufficiently high to obtain rapid treatment, but the rate of decrease in
the current values is particularly high. This result can be elucidated by clogging in the

process.

4.3.1.3 Economic estimation

As well known ED process has high ion removal efficiency, on the other hand, high
operating costs. In this study, ED laboratory scale was conducted with 190 mA/cm?
current density to continue the treatment of effluent EC process. For ECa-ED process at
25 minutes the energy requirement was 10 KWh/m* and also it was 31 KWh/m®
corresponding to 75 minutes in the case of ECge- ED process.

4.3.2 The comparison with EC and EC-ED processes

Table 4.6 a-b shows the values of monitored parameters from effluent tannery
wastewater, EC-treated effluent and combined EC-ED treated effluent. As shown in
Table 6.3 a-b it was clearly observed that the removal efficiency for of ammonium,
color and chromium was >99%. On the other words, it was also found that the effluent
treated with combined EC-ED techniques provided water quality values very similar to

values of Turkish dischargeable legislation.

It is important to emphasize that the values obtained after EC-ED treatment for critical
parameters like COD, chrome, and ammonium comply with present Turkish legislation

for effluent discharge standards as presented in Table 4.6.a-b.

In relation to reduction of organic compounds, EC has been shown to be a better option
as well as for the heavy metals present in the tannery wastewaters. This result is
ascribed to the fact that the extent of anodic dissolution of (aluminum or iron) increases,
resulting in a greater amount of precipitate for the removal of pollutants. Moreover,
bubble generation rate increases. These effects are both beneficial for high pollutant

removal by H, flotation.
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Table 4.6 a-b Characterization of feed water, effluent treated by EC process, and by EC-
ED system, plus removal grade obtained using these techniques

a. Inthe case of aluminum electrodes

Results
Parameter Effluent Treated Removal Treated Desalination | Legislation
Tannery effluent efficiency | effluent efficiency %
wastewater | (EC) % (EC-ED)
pH 6.0 8.10 - 3.31 - -
Conductivity | 23.0 22.0 - 1.50 - -
COD 2800 756 73 224 92 300
Total 570 0.1 >99 <0.1 >99 3.0
chrome
NH3-N 180 88.2 51 <1 >99 5.0
Color 824 49.5 94 <1 >99 280
b. In the case of iron electrodes
Results
Parameter Effluent Treated Removal Treated Desalination | Legislation
Tannery effluent efficiency | effluent efficiency %
wastewater | (EC) % (EC-ED)
pH 7.0 9.0 - 3.95 - -
Conductivity | 23.0 22.1 - 15 - -
COD 2800 924 67 364 87 300
Total chrome | 570 0.1 >99 <0.1 >99 3.0
NH3-N 180 97.2 46 <1 >99 5.0
Color 824 58 93 <1 >99 280

Note: color: (ADMI (10) Pt—Co); conductivity (ms/cm); other parameters: (mg/l); (-) undefined.

4.3.3 Applicability of reuse treated tannery wastewater in irrigation

Nowadays, the increasing water scarcity conduces to a planned reclaimed wastewater
(RWW) reuse: irrigation and dischargeable to water bodies. Any of these reuse targets

requires a specific quality level. According to this, the environmental impact of the
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RWW reuse needs to take into consideration the direct effects of RWW in irrigation
reuse (effect on soil, on crops and on the landscape vegetation) or in environmental

reuse ( ecosystem), and also the hydrological indirect effects of water bodies.

According to EPA, there is a quality criteria required for agricultural reuse treated

wastewater in irrigation; it can be highlighted on the chemical quality criteria:
1. Electrical conductivity.
2. Concentration of sodium ions and other cations.
3. Concentration of heavy metals.
4. Suspended solids and organic material.

All of these parameters have been related strongly with the types of food production,
climate, soil characteristics, the type of irrigation method (sprinklers, drip, etc). Regard
to these parameters there are guidelines to reused TWW in irrigation. Generally the
treated wastewater contain essential nutrients for plant mostly ammonium. And also
contains toxic ion like chloride, sodium, boron and chrome which can damage indirectly
the plant, in the case of above suitable concentration. Sodium may destroy the soil
structure which will cause reduction of permeability, also, heavy metals can be toxic to
people through food chain. So it is an indispensable to regulate the irrigation process

accurately.

Anyway a high concentration of SS makes clog for the irrigation method, so they are
recommended that the threshold values are ranged from 5 to 25 mg/l. in addition
Salinity leads to change in metabolic processes and physiological process of plants and
ultimately inhibits crop production. On the other wards the soil salinity is seen to inhibit
plant growth in the form of osmotic stress which is then followed by ion toxicity. TDS
limited values were ranged from 500 to 1000 mg/l based on the type of plant or the
suitable value of electrical conductivity was 700-3000 uS/cm. And also the value for
sodium adsorption ratio (SAR) should be ranged from 3 to 40. Regard to specific ion
toxicity it could be pointed that the main ions are sodium, chloride and boron. The
concentrations of these ions based on the type of plant that will be irrigated, so the
values of sodium ions are ranged from 18 to 102 mg/l and from 178 to 710 mg/l for
chloride as well as from 2 to 4 mg/l for boron. Thus for chrome the threshold value is
0.1 mg/l. regard to our results it could be pointed out that the treated tannery wastewater

can reuse in irrigation safely.
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Based on reviews, the states of Turkey, Palestine and Jordan have guidelines for treated
wastewater characteristics according to irrigation. Table 4.7 a-b shows the applicability

of treated tannery waste water by a hybrid process (EC-ED) to reuse in irrigation.

Table 4.7 a— b the comparisons with treated tannery effluent and recommended
Guidelines for treated wastewater according to different applications

a. in the case of aluminum electrodes (EC,-ED) process

Guidelines
Quality
parameter Effluent treated Turkey Palestine Jordan

(EC-ED)

(mg/1)

A B C A B C A B C
COD 224 400 | 400 | 400 | 250 | 250 | 250 | 500 | 500 | 500
Chrome <0.1 01 |01 |01 |01 |01 |01 |01 |01 |01
NH3-N <1 40 |40 |40 |50 50 50 45 45 45
Color <1 - - - - - - - - -
Conductivity 15 - - - - - - - - -
mS/cm

b. in the case of aluminum electrodes (EC,-ED) process
Guidelines
Quality
parameter Effluent treated Turkey Palestine Jordan
(EC-ED)
(mg/1)
A B C A B C A B C

COD 364 400 | 400 | 400 | 250 | 250 | 250 | 500 | 500 | 500
Chrome <01 01 (010101 (01 |01 |01 |01 |01
NH3-N <1 40 (40 |40 |50 50 50 45 45 45
Color <1 - - - - - - - - -
Conductivity 15 - - - - - - - - -
mS/cm

A: dry field crops; B: industrial crops; C: landscape; (-): undefined; color: ADMI (10) Pt—Co)

From table 4.7 a — b, it is noticeable that the effluent treated with combined EC- ED

techniques presents very suitable values for irrigation.
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4.4 Conclusion and recommendations

In this work, Taguchi design experiment (Lzs) was carried out to optimize the effective
parameters on the removal efficiency of tannery wastewater pollutants by EC process.
The larger-the-better S/N ratio was used to analyze the result experiments. A
confirmation experiment within the optimal process parameters was conducted to assess
the usefulness of the Taguchi optimization design technique. In view of our results, the

conclusion can be given as follow:

e For iron electrode: current density was the most significant parameter on COD,
total chrome, color, and its percentage value was 61.6, 42.4, and 32.5%,
respectively. Together with, the second important factor for COD, total chrome
and color was electrolysis time and its percentage contribution value was 29,
21.6, and 21%, respectively. Finally, the slightest factor was the initial pH.
According to the result statistical analysis, for COD removal, the optimum
condition was achieved as: current density 50 mA/cm? initial pH 7, and
electrolysis time 25 min, for total chrome removal: current density 30 mA/cm?,
initial pH 8, and electrolysis time 25 min, and for color removal: current density
50 mA/cm?, initial pH 7, and electrolysis time 25 min. In addition, the operating
costs for both of COD and color removals were computed as 0.88 $/m?, besides,

for chrome removal was 0.70 $/m?®.

e For aluminum electrode: the initial pH was significant parameter on COD and
its percentage contribution value was 35.3%, hence both current density and
initial pH have the same effect on total chrome and their percentage values were
31.5 and 31.4%, respectively. With regard to color, current density was the most
factors and its percentage contribution value was 38%. The second important
parameter on COD was the current density with percentage value 33.8%. On the
contrary, for color the second important factor was electrolysis time and its
percentage value was 32.6%, and also, it can be concluded that the color is
independent on the change of initial pH and its percentage value was 19.6%.
Electrolysis time for COD and total chrome was the slightest parameter with the
same percentage contribution value 29%. As said by the results statistical
analysis, the set of optimum condition for COD, total chrome, and color removal

was current density 50 mA/cm?, initial pH 7, and electrolysis time 25 min,
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whereas operating costs for COD, chrome, and color removals were evaluated as
0.94 $/m°,

A series of experiments was performed in order to find the effects of operating
parameters for tannery wastewater treatment by electrocoagulation of a continuous
mode. In addition, the effectiveness of electrocoagulation according to removal
pollutants, i.e., COD, NHs;-N, Cr and Color was evaluated. Therefore, the significant
amounts of hydrogen gas can be harvested by eclectrocoaulation has been determined.
Pollutants removal by electrocoagulation was affected by current density, electrode

materials, inlet flow rate, and initial pH.

Our results highlight the opportunity to apply continuous EC process for the efficient
removal of pollutants (COD, NHs-N, Cr, and Color), as well as recovery of hydrogen
gas from tannery wastewater at low operating costs. In the case of aluminum electrodes,
at optimum conditions the results showed that for tannery wastewater with an influent
pH adjusted at about 6, the use of a current density of 14 mA/cm?, and an EC time of
125 min, gave access to pollutants (COD, NH3-N, , Cr, and Color) removal efficiency
73, 51, >99 and 94 %, respectively. Thus, Ycop = 73% was achieved when COD; was
2800 mg/l with a specific energy consumption about 3.2 kwWh per kg of COD removed.
However, the total cost of the EC continuous process was found to be 1.5 $/m?
wastewater. With the above-mentioned conditions, it can be harvested a significant
amounts of hydrogen gas by EC technology. In this study it can be reported that the
hydrogen was lost in the liquid effluent from the gas separation tank. However, the
energy Yield of harvested hydrogen was 30% of the electrical energy demand of the

electrocoagulation process.

In view of our results, the optimum conditions for iron electrodes were determined.
With effluent pH adjusted at about 7, , the use of a current density of 14 mA/cm?, and
an EC time of 125 min, gave access to pollutants (COD, NHs-N, Cr, and color) removal
efficiency 67, 46, >99 and 93 %, respectively. Thus, Ycop = 67 % was achieved when
COD; was 2800 mg/l with a specific energy consumption about 3.46 kWh per kg of
COD removed. However, the total cost of the EC continuous process was found to be
1.4 $/m® wastewater. And also, the energy yield of harvested hydrogen was 28 % of the
electrical energy demand of the electrocoagulation process.
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The application of an integrated EC-ED process to out flow of tannery wastewater was
found to be effective. The efficiency in degrading organic matter by the EC process was
proved by the removal of heavy metals and by significant reduction in COD. This
pretreatment makes it possible to treat the effluent so that it then does not clog the
membranes during ED. The results show significant reductions in all parameters tested.
Comparing the values of the effluent treated with the association of EC-ED techniques
to the values of Turkish dischargeable legislation and guidelines for irrigation in the
states of turkey, Jordan and Palestine. The possibility was documented for directly go to
deep sea and to reuse in irrigation. The idea of ‘zero effluent technology’’ linked to this
process can bring environmental and economic benefits since, besides significantly
reducing the volume of effluent discharged, there is also a reduction in the use of feed

water.
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