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A B S T R A C T

In the present study, electrocoagulation process employing Fe-Al composite electrode was applied for treatment

of different types of textile wastewaters. Effect of major operating parameters such as pH, reaction time, current

density, voltage and inter-electrode distance were investigated for chemical oxygen demand (COD) and colour

removal efficiency. The process was found promising and produced more than 90% COD and colour removal

efficiency at optimised operating conditions of pH 8, reaction time 80 min, current density 20 A/m2 with an

inter-electrode distance of 3 cm. Robustness of the process was investigated on real and anaerobically pre-

treated textile wastewater. For real textile effluents, the process produced approximately 99% colour removal

efficiency, creating virtually colourless solution even at a lesser reaction time of 60 min. Electrocoagulation

effectively detoxified the anaerobically pre-treated textile wastewater by eliminating 78% of aromatic amines

within a reaction time of 180 min.

1. Introduction

Textile industry effluents are one of the major sources of environ-

mental contamination and public well-beings, mostly in many urban

regions. These effluents are severely polluted with the complex organic

and inorganic chemicals which are used during various steps of textile

processing. The unused constituents from each step are discharged as

wastewater which possesses strong colour due to the presence of re-

sidual dyes, high organic and inorganic matters, turbidity, pH and toxic

chemicals. Presence of a very small amount of residual dye in water is

highly visible and consequently, affects the receiving environment not

only aesthetically, but also disturbs the aquatic life by hindering the

light penetration and oxygen transfer. The carcinogenic and mutagenic

ability of various azo dyes and their precursors produces detrimental

effects to the environment [1]. Therefore, to protect the environment,

textile wastewater must be treated up to the safe discharge limits as

recommended by legal bodies of different countries. Various physico-

chemical, chemical and biological processes, as well as some of the new

emerging techniques like sonochemical or advanced oxidation pro-

cesses are practiced to treat the textile wastewater [2,3]. Each of them

has some limitations and drawbacks in their application. Biological

treatment by activated sludge offers appreciable efficiencies for COD

removal, but does not effective for the elimination of the colour of the

wastewater and often operational problems such as bulking of sludge

appear. Coagulation/flocculation process has been found to be robust,

cost effective, easy to operate and energy saving treatment options, but

the coagulation process does not work well for all the types of textile

dyes [4]. Advanced oxidation processes such as ultrasonication, ozo-

nation, UV-radiation H2O2, and their combinations have a great in-

terest, but the costs are still very high due to the high doses required

and power consumption [5]. Adsorption and nanofiltration processes

are not always enough to satisfy the discharge limits [6]. In addition,

few electrochemical technologies such as electrochemical oxidation,

electrochemical reduction, indirect electro-oxidation with strong oxi-

dants, emerging photo-assisted electrochemical treatments and elec-

trocoagulation have received considerable attention for treating dye

wastewaters during last decade [7]. Electrocoagulation (EC) process

has been successfully used for the treatment of textile wastewater being

attractive for its versatility, safety, selectivity, amenability to automa-

tion, ease of control and environmental compatibility [8]. These pro-

cesses are popular because of the ease of distribution and moderate

requirement of chemicals [9,10]. It involves the generation of coagulant

in situ by the dissolution of metal ions from the consumable anode with

subsequent formation of hydroxide ions at the cathode [11,12]. In EC,

contaminants are encroached up towards the surface of the EC cell by

small bubbles of hydrogen gas produced from the cathode. Therefore,

as an alternative of chemicals and microorganisms, electrons are the

only working agents in electrochemical cell being responsible for fa-

cilitating wastewater treatment [13]. The most widely used electrode

materials in electrocoagulation process are aluminum and iron. Many

researchers reported appreciable treatment efficiency of electro-

coagulation employing aluminum, iron and copper electrodes for

http://dx.doi.org/10.1016/j.jwpe.2017.11.001
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a b s t r a c t

The focus of this study is to evaluate electrocoagulation as a process for the remediation of phosphate

contaminated synthetic aqueous solutions using scrap aluminium plate electrodes in monopolar-parallel

mode. An attempt was made in modeling the phosphate removal as a function of the significant pa-

rameters as well as to optimize the process statistically with the help of Response Surface Methodology

using Design Expert software Version 7.0.0. The full factorial central composite design was followed to

obtain the required number of runs for batch study. Five parameters namely initial pH, inter-electrode

distance (IED), the concentration of the supporting electrolyte (SEC), electrolysis-time and voltage

were considered for the experimentations. A valid model to predict the removal efficiency was estab-

lished and the removal efficiencies witnessed were as high as 98%. The techno-economic optimization

yielded the following set of parameters as the most economical solution: pH¼ 7, Voltage¼ 11.23 V,

IED¼ 3 cm, t¼ 14.03min and SEC¼ 0.46 g/L exhibiting a 90% removal efficiency and an operating cost of

0.22 $/m3 of water treated or 2.52 $/Kg of phosphate removed. The study of crystallinity of the elec-

trocoagulation byproduct was also conducted using XRD analysis, which showed the presence of

amorphous or poorly crystalline phases.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Since the late 1960s, phosphate removal has received

commendable attention Rabbani et al. (2012). Nitrates and phos-

phates are the major nutrients required by plants and microor-

ganisms for their physiological processes Singh and Ramesh, 2013.

The main forms of phosphates in water bodies are orthophosphate,

polyphosphate and organic phosphates Rabbani et al. (2012). Or-

thophosphates are formed by either chemical or enzymatic hy-

drolysis Park et al. (2016). They are the only form of phosphorus

that can be assimilated by algae, bacteria and plant Correll (1998).

The abundance of nutrients in water bodies give rise to eutrophi-

cation. This phenomenon is particularly common in closed water

systems, like lakes, enclosed bays where there is hardly any flow

Oguz et al. (2003). It leads to a reduction of dissolved oxygen, death

of fish Hudson and Marson (1970), poisoning of livestock Reynolds

(1981); Rout et al. (2014), malfunctioning and shutdown of water

treatment plants due to clogging Collingwood (1977); Greene and

Hayes (1981). The major sources of phosphates are human waste,

domestic and industrial wastes Barnes et al., 1984, agricultural

runoff Kauppi (1985) and various other industrial processes Kobya

et al. (2010); Akyol et al. (2013); Kuokkanen et al. (2014). In the

United States and India, discharge limits of phosphates are (0.5 mg/

L-1 mg/L) and 5mg/L as P, respectively Vasudevan et al. (2009).

These limitations are brought about by means of various tech-

niques, which include chemical precipitation and crystallization

Huang et al. (2015); Su et al. (2014), ion exchange, membrane

filtration Chen et al. (2014), wetlands, enhanced biological phos-

phate removal (EBPR) Zeng et al. (2016) and adsorption Rout et al.

(2014). Electrocoagulation (EC) is a coagulant-dosing technology,

wherein, a sacrificial anode dissolves itself by the passage of electric

current through it. Various products are formed due to hydrolysis of

the dissolved metal cations and bring about the charge neutrali-

zation of negatively charged species (colloids or dissolved pollut-

ants) (Verma, 2017). The amorphous metal hydroxide (and/or

polyhydroxide) precipitates formed because of cationic hydrolysis

incorporate the impurities in them and sweep those out of the

solution Mollah et al. (2004). EC exhibits lesser energy require-

ment, less chemical cost, compact arrangement, provision for

precise coagulant dosage via control of applied voltage, ability to* Corresponding author.
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A B S T R A C T   

In the present study, a phenol degrading actinomycetes strain was isolated from paper pulp wastewater. The 
isolated strain was identi!ed as Rhodococcus pyridinivorans PDB9TN-1 using 16S rRNA gene sequencing tech-
nique, which yielded the complete degradation of 1600 mg l−1 of phenol within 56 h. Moreover, the Rhodococcus 
species could remove over 97.5% of total organic carbon (TOC) at an initial phenol concentration of 1000 mg l−1. 
The metabolic pro!le of phenol biodegradation by the actinomycetes species has been investigated using liquid 
chromatography–mass spectrometry (LC-MS) and Fourier-transform infrared spectroscopy (FT-IR). The key in-
termediate products detected in the actinomycetes culture were hydroquinone, protocatechuic acid, beta- 
carboxycis-cismuconate, maleyl acetate, 4–oxalocrotonic acid and 3-fumarylpyruvic acid. Further, a tentative 
oxalocrotonic acid pathway has been proposed on the basis of the detected intermediate products. The culture 
medium constituents are highly indispensable for the microbial growth, enzyme and other cellular metabolic 
activities associated with phenol biodegradation. Therefore, the effect of media components were modelled with 
the help of response surface methodology (RSM) and central composite design (CCD). A reliable quadratic model 
was established which predicted the degradation ef!ciency as high as 99.5% with an appreciable correlation 
coef!cient (R2) of 0.98. Moreover, phenol degradation ef!ciency was improved with concentrations beyond the 
central values for all media components except K2HPO4 and NaCl.   

1. Introduction 

Phenolic compounds are one of the most challenging pollutants 
present in the wastewater discharged from different industries. The 
major industries associated with discharging phenolic pollutants to the 
environment are petrochemicals (2.8–1220 mg l−1), petroleum oil re-
!neries (6–500 mg l−1), coal mining (9–6800 mg l−1) and coke oven 
plant (28–1200 mg l−1) (Busca et al., 2008; Pal and Kumar, 2014; 
Cetinkaya and Ozdemir, 2018). Phenolic pollutants undergo an active 
transformation inside the living organisms and generate more toxic 
electrophilic metabolites mediated by cytochrome P450 enzyme system. 
These active metabolites may bind and damage DNA or other vital 
enzyme systems of the living organisms, consequently causing muta-
genicity and carcinogenicity (Michałowicz and Duda, 2007; Dayana 
et al., 2019). Therefore, these phenolic compounds have been listed as 

the priority pollutants both by US- Environmental Protection Agency 
and European agency. 

Over the past decades, several conventional techniques have been 
explored for the treatment of phenolics wastewater, for instance; 
adsorption, fenton reagent, ozonation, membrane-based technologies, 
electrochemical processing and photocatalysis (Pal and Kumar, 2014; 
Sahoo et al., 2020). Among the different techniques available for 
degradation of toxic phenolic pollutants, biodegradation is the most 
promising and popular due to its numerous advantages such as; 
eco-friendly nature, economical feasibility and practical viability (Pan-
igrahy et al., 2020a). Therefore, different microbial strains have been 
isolated for degradation of phenolic pollutants from different waste-
waters such as; Pseudomonas species, Citrobacter farmeri SC01, Debar-
yomyces species, Bacillus species, Arthrobacter species (Panigrahy et al., 
2020b; Ren et al., 2014; Jiang et al., 2017; Felshia et al., 2017; Sahoo 
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A B S T R A C T   

Water scarcity problem due to both natural and human-made phenomenon is on the rise. Development and 
implementation of ef!cient and cost-effective methods to treat and reuse wastewater has become a subject of 
prime importance. Greywater constitutes approximately 70% of total wastewater from a household, if treated 
can address major water shortage problems. The current review is focused on the use of low cost materials as 
adsorbents for the removal of surfactants from gray water. Based on the literature survey, common adsorbents 
like wood and activated carbon have long been used as conventional adsorbents to remove typical greywater 
pollutants. In particular, waste materials as low-cost adsorbents tested in the past for the removal of surfactants, 
which constitute major proportion of pollutants in greywater, have been the focal point of the present study. The 
values of typical parameters of wastewater as studied by various researchers were closely observed and were 
found as pH 6.2–9.4, turbidity 20–444 NTU, total dissolved solids (TDS) 237–2385 mg/L, chemical oxygen 
demand (COD) 58–1340 mg/L, biochemical oxygen demand (BOD5) 42.1–6250 mg/L, TSS 25–1852 mg/L and 
surfactants 3–118 mg/L. Myriads of research have investigated the potential use of agricultural waste as cheap 
and natural adsorbents for the removal of pollutants from both industrial and domestic wastewater. The fact that 
some of such bio-sorbents have been tested speci!cally for removing surfactants from greywater makes it an 
untouched and naive !eld of research. Adsorbents that have been tested include granite sand, granular charcoal, 
dolochar, rice husk, coconut shell, zeolites etc. Such studies have not only portrayed a wide range of removal 
ef!ciencies but also depicted a pH dependent adsorption process. In a nutshell, there is a tremendous scope to 
explore such cost-ef!cient and simple alternatives and subsequently be implemented in the near future.   

1. Introduction 

In today’s era, fresh water sources are rapidly on the decline. Un-
restricted anthropogenic activities have led to increasing problems of 
water pollution, stress and related diseases. Many regulatory authorities 
and international agencies have given importance to the reuse and 
recycling of wastewater. Therefore, the need for treatment of waste-
water generated from industries and households has become an 
important focus of current research. As per the United Nations 

Development Program (UNDP) goals, by 2030, it is aimed to reduce 
water pollution, improve the water quality, reduce discharge of toxic 
substances into the environment and focus on recycle and reuse [1]. 
Recent reports furnished by the United Nations reiterate the problem of 
water stress faced by 700 million people in 43 countries. It is approxi-
mated that 663 million people do not have access to uncontaminated 
and reliable source of drinking water. In addition, roughly 1.8 billion 
people are without good quality water considered to be safe for human 
consumption [2]. 

A typical household generates two types of wastewater viz.: 
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ASSIGNMENT 
WHEREAS We,  
 
Jack Gilron, an Israeli citizen residing at 2 HaRevava St.,  
Beer-Sheva 8422514, Israel;  
 
Yoram Oren, an Israeli citizen residing at 20 Vered St.,  
Beer-Sheva 8485247, Israel,  
 
Zeev Ronen, an Israeli citizen residing at Midreshet Sde Boker,  
8499000, Israel, and 
 
Akshaya Verma, an Indian citizen residing at Midreshet Sde Boker 
8499000, Israel,  
 
are the inventors of provisional U.S. patent applications no. 
63/282,729 which was filed on November 24, 2021, in relation to 
an invention entitled "METHODS OF TREATING WATER"; 
 
WHEREAS We, B.G. Negev Technologies and Applications Ltd., at 
Ben-Gurion University,   P.O. Box 653, Beer-Sheva 8410501, 
Israel,  hereinafter referred to as the Assignee, are interested 
in obtaining all rights in respect to said invention, including 
the priority rights under the Paris Convention, and all patent 
applications related thereto; 
 
NOW, THEREFORE, we hereby assign and transfer to said Assignee 
our rights in said invention and in said U.S. provisional patent 
applications and the priority rights under the Paris convention 
stemming from said provisional patent applications and including 
all patent applications that will be filed in relation to said 
invention or on the basis of said provisional patent 
applications, in the U.S.A. or elsewhere, and including 
international patent applications and national/regional phase 
applications derived therefrom and including any divisional 
applications, applications for patent of addition and 
continuation applications, and any patent that may be granted 
on said patent applications, for consideration duly received. We 
hereby undertake to sign all documents that may be required in 
any proceedings relating to the patent applications and patents 
rising therefrom, and to do anything to assist said Assignee in 
any examination or litigation proceedings associated with said 
invention and with said patent applications and/or patents, the 
costs of which will be borne by said Assignee.  
 
 
 
 
 
 
 
 
 
 
 
 



11-238 

2 
 

 
 
Name: Jack Gilron 
 
Date: _02/02/2022  Signature: _________________ 
 
 
 
Witnessed by: Roy Bernstein 
   (printed name  signature) 
 
 
 
 
 
Name: Yoram Oren 
 

Date: _02/02/2022___________Signature: ____
__ 
 
Witnessed by: Roy Bernstein  
   (printed name  signature) 
 
 
 
 
Name: Zeev Ronen 
 
Date: _02/02/2022  Signature: _________________ 
 
 
 
Witnessed by: Roy Bernstein  
   (printed name  signature) 
 
 
 
 
 
Name: Akshaya Verma 
 

Date: __02/02/2022  Signature:   
 
 
 
 
Witnessed by: Roy Bernstein  
   (printed name  signature) 
 


