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Abstract

Dyes are an important class of organic pollutants and well known for their
hazardous effects to the aquatic life in general and the human beings in particular. In order
to reduce the negative effects of dye contaminated wastewater to the humans and the
environment, the wastewater must be treated carefully before discharge into main streams.
Advances in science and technology have led to the evolution of several techniques for the
removal of dyes from industrial and domestic effluents. In this review, the more recent
methods for the removal of dyes from water and wastewater have been discussed.
Wastewater treatment techniques such as adsorption, oxidation, flocculation-coagulation,
membrane filtration and biological treatment have been highlighted. Besides, efforts were
made to review all the available techniques and recently published studies from 2010-2014.
Furthermore, performances and special features of these technologies have been
summarised. Advantages and limitations of each technique are also presented. Literature
survey reveals that chemical oxidation, adsorption, and biological treatments have been the
most frequently investigated techniques for dye removal over the past few years.
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1. Introduction

With the growing rate of industrialization, the emission of effluents from the
different industries poses serious threats to several living forms due to their adverse effects.
Following the development of organic chemistry, and the Perkin’s discovery of Mauveine
in late nineteenth century, synthetic dyes emerged and grew rapidly. Within 50 years of
Perkin’s discovery, synthetic dyes had formed more than 90% of all the dyes in use'.
Nowadays, over 10,000 types of dyes are being manufactured according to the Colour
Index, and annual worldwide dye production is more than 700,000 tonnes’. Commercially,
azo dyes are the most important classes of dye stuffs owing to their superior tinctorial
strength, easy preparation, cheap and easy availability of raw materials, abilities to cover
the whole shade range, and good fastness properties. Other classes of dyes include
anthraquinones, phthalocyanines, aryl-carboniums, and polymethines.

Dyes find considerable applications in several industries including textile, paper,
plastic, rubber, concrete and medicine; with textile industry as the main consumer of dyes.
It is quite annoying to know that around 10% of dyes used in industries are discharged into
the environment’, which is quite harmful to the environment. Dye dissemination into water
bodies leads to coloured water, which is a visible public concern. These dispersed dye
molecules block sunlight from reaching the bulk of affected water system, and therefore,
reduce the dissolved oxygen (DO) level in water. Dyes may also increase the biochemical
oxygen demand (BOD) of the contaminated water body.

The toxicity level of a particular dye is very important due to its diverse effect to
environment and living organisms. The study of the harmful effects of dye constituents and

their metabolites is very important for the establishment of strategies to reduce their acute
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toxic effects’. Whilst some of the dyes do not possess significant acute toxicity, several
dyes particularly azo dyes are known to be carcinogenic. Precisely speaking, azo dyes
produce aromatic amines, which are highly toxic, carcinogenic or even explosive after
reductive cleavage of azo group. Most common carcinogens such as benzidine are present
in most of the dyes which must be treated before their discharge into the environment’.
Besides dyes, other contaminants such as metals and auxiliaries used for dye manufacturing
may be included. A study regarding estrogenic and anti-estrogenic activity of textile dyes
was reported recently’, which further supported the harmful impacts of dyes to living
organisms.

In order to control the negative impacts of dyes on living organisms, several
techniques and methodologies have been developed for their removal from industry
effluents and other water bodies. Briefly, dye removal from wastewater can be achieved
through physical separation, chemical processes or biological degradation. Some important
techniques which are widely used for the removal of dyes include adsorption, oxidation,
biological treatment, electrochemical treatment, membrane filtration and coagulation-
flocculation. Each technology has some merits and demerits. All kind of wastewater
containing dyes cannot be treated with one technology. Sometime only one technology may
be or may not be enough capable for the treatment of dye bearing water depends on the
nature of dyes, impurities and composition of the wastewater. There are three types of dyes,
anionic, cationic and non-ionic which have different chromophoric and auxochromic
groups.6 Anionic dyes are highly water soluble and difficult to remove by conventional
method. Biological treatments are not sufficient for the complete removal of acidic and

reactive dyes.” Nonionic dyes also know as disperse dyes do not ionize in an aqueous
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solution and their fused aromatic ring structure make them highly resistant to the
degradation.® However, few cationic dyes like methyl blue can be easily removed by
adsorption and advanced oxidation process.
The present review article describes all these techniques for the removal of dyes from water
and wastewater. The main aim of this review is to provide a detailed summary with latest
literature on different methods used for the removal of various dyes from the industrial
effluents.
2.  Review Background

Water stands as the second most important abiotic component of the ecosystem for
living organisms. The geometrical population growth, modernization of civilizations,
extensive industrialization, domestic and agricultural activities, and several geological and
environmental changes are steadily poisoning the water quality of natural water resources
12 As a consequence, water pollution due to several natural and man-made activities is a
serious problem in the present era and, therefore, government authorities, scientists, and
academicians are continuously making efforts to reduce or fully eradicate this problem.
Different technologies useful for the removal of dyes from water are available and several
others are being developed. A thorough search of literature on SciFinder and Google
indicated approximately 950 research papers on the remedial technologies for the removal
of harmful dyes and dye products from water. There has been a steady increase in the
interest of research work being carried out in this direction, which is well evident from the
increase in the annual number of research papers that have appeared on this issue since
2010 (Fig. 1). In addition, several review papers have also been published; addressing the

11-14

removal of different types of dyes from water using low cost adsorbants activated
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carbon'” nano-adsorbants'®!”, coagulation/flocculation'® and other methods'**%. However,
no review article was found to address the advancements in all the techniques used for the
removal of dyes from waste water. Therefore, it was considered worthwhile to write this
review and address the advancements in the removal of dyes from waste water using
activated carbon, nanoparticles, some low cost adsorbents, ion exchange, chemical
precipitation, chemical coagulation-flocculation, oxidation, ozonation, photocatalytic
degradation, electrochemical treatment, membrane filtration, ultrafiltration, nanofiltration,
biological treatment, reverse micelle extraction and combined techniques. Besides, efforts
have been made to discuss the current challenges faced in the development of technologies
for the effective removal of dyes from wastewater and the future perspectives for the
development of cheap, safe, non-toxic and effective removal technologies for water
reprocessing. One of the main objectives in the writing of this article is to organise the
scattered information on various dye contaminated water treatment technologies. We hope
this article will serve as a useful reference material to the beginners and other researchers
actively involved in the development of technologies for the effective treatment of dye
contaminated waste waters.
3. Dye Removal Techniques

From the last few decades, different physical, chemical and biological techniques
have been developed to remove the toxic dyes from the wastewaters and water reservoirs.
Among all the techniques of dye removal, adsorption process is the best choice for the
decolourization of dyes and gives the best results to remove various types of dissolved
2324

colouring materials

3.1. Adsorption
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Adsorption is a surface phenomenon in which adsorbate molecules or ions (liquid or
gas) is concentrated on the surface of a solid (adsorbent). The process can be classified as
physisorption or chemisorption depending on how the adsorbate species get adsorbed onto
the adsorbent surface ''. In adsorption process, dyes molecules may adsorbed on the surface
of adsorbent through several forces such as hydrogen bonding, electrostatic interaction, van
der wall forces, hydrophobic interaction etc.”> Generally, adsorbents possess porous
structures to increase the total exposed surface area and allow fluid to pass through faster.
Adsorption is a simple and economical method for dye removal from water and
wastewater.”® Generally, adsorption has high treatment efficiency and adsorbents can be
regenerated for multiple reuses. Initial dye concentration, solution pH, temperature, contact
time and adsorbent dosage are usually the main factors that govern the performance of most
of the adsorption process. The removal of dyes from water and waste water is generally
carried out by adsorption using activated carbon, nanoparticulate adsorbents, low cost
adsorbents and other types of adsorbents.

3.1.1. Activated Carbon

Activated carbons (AC) are well known for their high surface area (upto 3000 mz/g) and
great adsorption ability for all kind of pollutants.27 The excellent adsorption abilities and
economic promise of the activated carbons can be attributed to their origins from natural
materials such as biomass, lignite and coal, which exhibit high sorption properties. In
aqueous solution, an electric charge is generated on the surface of AC either due to
dissociation of the functional group of the carbon or due to the adsorbed ions which greatly
depend on the solution condition such as surface characteristics and solution pH.*’ Various

kinds of atoms or functional groups can be found on the surface of activated carbon which
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is responsible for the adsorption such as hydroxyl, carboxylic, epoxy depends on the source
of precursor materials.

In order to increase the adsorption capacity of AC, chemical and physical methods
have been used for the development and modification of activated carbons. Physical
activation is generally performed by the using of CO,, steam and other inert gases to
remove the non-carbonaceous elements and open new pores at high temperature. While in
chemical activation, organic or inorganic chemical used to modify and enhance the
adsorption capacity of the AC. Chemical activation generally low temperature is used with
in the presence of chemical which interact with the carbon skeleton.”” Fernandez et al.*®,
developed activated carbon from orange peel biomass through the activation of H;PO4 acid
and successfully applied this materials for the removal of basic dyes namely methylene
blue and rhodamine B from the aqueous media. Activated biomass material applied for both
batch and dynamic modes and showed a high adsorption capacity for both dyes. Mezohegyi

1%’ have demonstrated the role of activated carbon in removing dyes from aqueous

et a
medium. They found activated carbon as a very economical and versatile material in
decolouration. Njoku et al*® used a novel agricultural waste, rambutan (Nephelium
lappaceum) peel and prepared adsorbents in the form of activated carbon by chemical
assisted KOH activation. The developed material was used for the removal of acid yellow
17 dyes and results indicated high adsorption capacity, even at high initial dye
concentrations and best isotherm fitted was Langmuir isotherm model. The maximum
monolayer adsorption capacity was reported 215.05 mg g-'. Emami and Azizian®' applied

Date sphate as precursor to produce activated carbon by using phosphoric acid as an

activating agent and prepared material was successfully applied for the removal of methyl
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orange from aqueous solution. In reported article, microwave irradiation was used in the
activation process instead of furnace heating caused the decrease of operation time, saving
and homogeneous heating of sample. Trevino-Cordero et al.** successfully produced
activated carbon from biomass of plum kernel and jacaranda. Activated carbon from plum
kernel exhibited better removal of Acid Blue 25 and Methylene Blue. Besides, the presence
of calcium salts on the surface of activated carbon greatly influenced the adsorption of
dyes. Whilst this kind of research opened new possibilities for low cost production of
activated carbon from agricultural by-products, further studies are required because the
activated carbon produced may possess different properties than those produced from
conventional raw materials. Besides biomass, activated carbon can also be produced from
industrial wastes such as waste rubber tyres™. The activated carbon from waste rubber tyres
may be cost effective, efficient, and rapid for treating dye wastewater. Recently, Hadi and
co-workers®® published a critical review on the preparation, characterization and
wastewater treatment application of activated carbon derived from sludge. They observed
that activated carbons produced by the chemical activation method showed superior
adsorption capacity compared to the physically activated carbons. The adsorption capacity
of the sewage sludge derived activated carbon not only depends on the texture properties
but also the surface charge and functional groups present on the surface of adsorbent. The
activated carbon prepared from paper mill sewage sludge by steam activation was used as
adsorbent for the removal of Methylene blue and reactive red 24 in column process®> and
observed that the prepared carbon showed better adsorption than the commercial activated
carbon and sludge activated carbon showed lower adsorption of negatively charged reactive

red 24 dye (15.68 mg/g) compared to cationic methyl blue (103.58mg/g).
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3.1.2. Nanoparticles

Nanoparticles have the advantages of large specific surface area, small diffusion
resistance, higher adsorption capacity, and faster adsorption equilibrium. Magnetic
nanoparticles also allow easy separation by applying external magnetic field***’. These
features have attracted many researchers to study their potential in the removal of dyes
from waste water. Some of the recent studies carried out in this direction have been
summarized in Table 1. These studies indicated that magnetic nanoparticles can be
effectively used to remove dyes from aqueous solutions.

Among the various studies described in Table 1, iron ore tailings; wastes from steel
and iron industry; used by Giri er al*® to synthesize magnetite nanoparticles provide a
chance to re-use waste iron ore tailings. Acid leaching-precipitation and co-precipitation
processes were used to produce magnetite nanoparticles. The synthesized magnetite
nanoparticles showed rapid adsorption of Methylene Blue and Congo Red dyes. More than
85% desorption was achieved for both dyes, which indicated the reusability of the
adsorbent. This work was indicative of the large scale operation of this methodology.
Recently, Mahmoodi*® synthesized manganese ferrite nanoparticles by using the manganese
nitrate and iron nitrate and used it for the removal of dyes (Acid red 18, Direct green 6 and
Direct red 31) from the binary system. From the results, no selectivity was observed in
binary system for the removal of dyes using the magnetic adsorbents.
Debrassi et al.* used chitosan derivatives in their magnetic nanoparticles to remove
Methylene Blue, Crystal Violet, and Malachite Green with adsorption capacities of 223.58,
248.42 and 144.79 mg/g, respectively. The adsorbent was tested for three repeated cycles

with negligible effect on adsorption performance indicating the high adsorption potential of

10
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the nanoparticulate system. Fan ef al.** pooled several substrates including chitosan in their
adsorbent. The resulting adsorbent possessed the features of its individual constituents such
as higher stability and adsorption capacity, and easy separation. The adsorbent was very
efficient in removing Methylene Blue.

In addition to the magnetic nanoparticles, some non-magnetic nanoparticles have
also been reported for the removal of dyes from water. Ahmed et al.* investigated nano-
polyaniline to remove Acid Red 14. The adsorption capacity of the adsorbant was 323
mg/g, which was reported to improve to 430 mg/g by adding baker yeast, indicating the
potential of polyaniline nanoparticulate system with good tuning range as an adsorbant of
choice. Lee ef al*® demonstrated the use of nano-sized aminopropyl functionalized
magnesium phyllocilicate (AMP) clay for the removal of Malachite Green. The maximum
adsorption capacities were 334.8 mg/g and 81.72 % dye with 0.1 mg/mL AMP clay added,
and the authors envisaged that complete dye removal can be realized at above 0.2 mg/mL
AMP clay. Later, Assefi et al.® synthesized a cobalt (III) oxide (Co,0O3) nanoparticle
loaded on activated carbon and it was observed that it is an outstanding sorbent for the
removal of eosin Y (EY) as hazardous dye from aqueous solution. From the results, it was
concluded that Co,03-NP-AC can be used as efficient, green and low-cost adsorbent for
removal of dyes from the aqueous solutions having high adsorption capacity.

3.1.3. Low Cost Adsorbents

Conventional activated carbon is used for the
removal of a variety of contaminants from waste waters. In spite of that, there is a major
disadvantage associated with it to regenerate the activated

carbon, due to its inherent high cost, to allow for further use, thus, imparting additional
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costs to the adsorption process. Many non-conventional low-cost adsorbents, including
natural materials, bio-sorbents and waste materials from industry and agriculture can be
used as inexpensive precursors with high carbon and low inorganic content. There are
several advantages associated with the use of such materials such as low raw material cost
as wastes are being utilized, abundant availability since the wastes are being produced in
large quantities daily, and sustainability due to utilization of renewable resources.

A low-cost adsorbent, Castor bean (Ricinus communis L.) press cake, a by-product from the
biodiesel production process was used for the adsorption process by Magriotis et al.”® and
applied for the removal of malachite green (MG) and tropaeolin (TP) dyes from aqueous
solutions. The results are quite promising therefore it was confirmed that Castor bean press
cake is an alternative low cost adsorbent for removal of dyes from aqueous solutions, since
it is effective and available in large amount.

Ahmaruzzaman and Gupta®' reviewed the application of rice husk and its ash as low
cost adsorbent for treating various pollutants and demonstrated that rice husk and its ash
have good potential for the removal of various pollutants from water and wastewater.
Salleh e al.™ also reviewed the use of agricultural solid wastes as adsorbents to remove
dyes. Others investigated the potential of chitosan™, timber sawdust’®, coffee residues®,
milled sugarcane bagasse™, modified palm empty fruit bunch®, magnetite nanoparticles
loaded tea waste®’, dried prickly pear cactus cladodes®®, treated citrus biomass™, treated
wheat straw®® and Jania adhaerens biomass®'. Some of their adsorption results are given in
Table 2.

The biomass may itself exhibit high adsorption of dyes but it can be greatly

enhanced by suitable treatments. For instance, the adsorption capacities of timber sawdust

12
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for Methylene Blue and Methyl Green are 694.44 and 892.86 mg/g™*. After alkaline
treatment, the adsorption capacities increase to 1928.31 mg/g and 1821.33 mg/g for
methylene blue and methyl green, respectively. The equilibrium time and re-usability is
also greatly improved after alkaline treatment. Wen et al.®® studied the potential of glow
discharge plasma (GDP) to enhance dye adsorption performance of chitosan. The
adsorption capacity for Acid Red73 was 69.54 mg/g for untreated chitosan and increased to
99.80 mg/g by modifying chitosan using 50 mA GDP. Modifying chitosan using 120 mA
GDP gave adsorption capacity of 121.8 mg/g. The modified chitosan was tested for 10
other dyes and all showed significant improvement in dye removal percentages as
compared to untreated chitosan.

Besides agricultural biomass, algal biomass can also be used as adsorbent for dye
removal. Kousha et al.®! tested the potential of red algae, Jania adhaerens to remove Acid
Blue 25. The results showed that HCI treated J. adhaerens biomass had the highest
percentage of dye removal (95.4%) compared to untreated J. adhaerens biomass (49.41%)
and methanol treated J. adhaerens biomass (58.18%) at optimized conditions. Kousha et
al.®® investigated the use of brown microalgae, Stoechospermum marginatum to remove
Acid Orange II. Various types of pre-treatments were applied to the brown microalgae to
study their effects on dye adsorption. Esterification, formaldehyde pre-treatment, and
methylation were found to reduce the adsorption efficiency. It was concluded that
propylamination greatly improved the dye adsorption capacity from 35.62 to 71.05 mg/g
after treatment.

Meziti and Boukerroui® reported the use of spent bleaching earth (SBE) as

adsorbent to remove Basic Red 46. The SBE used in this investigation was obtained from
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the waste from edible oil refining. It was pre-treated through NH4Cl solution, heat
treatment, and washing with HCl before used as adsorbent. The adsorption capacity of
regenerated SBE is 73 mg/g while virgin bleaching earth had adsorption capacity of 84.03
mg/g. This report provides a clue to the usage of another alternative low cost adsorbent.

It is quite evident from the discussion in the above section and the data from Table
2 that low cost adsorbents serve efficiently in the removal of toxic dyes from waste waters.
Owing to their low costs, efficient regeneration, easy preparation and eco-friendly nature; it
is quite encouraging to stimulate further research into the development of water treatment
technologies using low cost adsorbents so that a few usable systems in future may be
obtained.
3.1.4. Miscellaneous Adsorbents

Polymeric adsorbents have the advantages of high flexibility in design, physical
superiority viz. porosity, uniform pore size distribution, high surface area, and chemical
stability towards acids and bases, feasible regeneration and thermal durability’’. They are
available in polar and non-polar forms to meet various needs. Mahmoodi ef al.”" studied the
use of poly(amidoamine-co-acrylic acid) copolymer (PAC) to remove Direct Red 31, Direct
Red 80 and Acid Blue 25. PAC showed high adsorption capacities of 3400, 3448 and
3500mg/g, respectively. Desorption was also investigated and the results showed that 88%,
90% and 86% dye release was achieved for Direct Red 31, Direct Red 80 and Acid Blue
25, respectively. Panic er al’® synthesized poly(methacrylic acid) based hydrogels to
remove Basic Yellow 28. Different neutralization degrees of monomers (0% and 80%)

were tested and the sorbent with 80% neutralization degree of monomer (PMAA/80)
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showed better performance than that of 0% (PMAA/0). PMAA/80 hydrogel can achieve up
to 157 mg/g adsorption capacity and 90% dye removal at a low dosage of 0.04 g.

Other recent studies included the use of TiO,/Ag modified penta-bismuth hepta-
oxide nitrate to remove Methyl Orange and Sunset Yellow’>, mesoporous carbon CMK3 to
remove methyl orange’, and mesoporous aluminophosphate to remove Malachite Green
and Methylene Blue with high removal percentages of 94% and 98%, respectively within
20 min only®. Mesoporous aluminophosphate had high thermal stability, high porosity,
environmental friendly and safe manufacturing process, and high potential for regeneration
(99% and 99.5% for Malachite Green and Methylene Blue).

3.2. Ion Exchange

Ion exchange process is one of the most common techniques, which can effectively
remove dyes from aqueous solutions through strong interactions between charged dyes and
functional groups on ion exchange resins. This process involves exchange of ions to form
strong bonds between solutes and resins, thereby achieving effective separation’”. The
resins are available as anion exchangers or cation exchangers for separating solutes with
different surface charges. Greluk and Hubicki’® extended their studies towards two Acid
Orange dye removal strategies. They investigated the efficiency of two strongly basic anion
exchangers and one weakly basic anion exchanger to remove Acid Orange 7 and Acid
Orange 10 from water. The presence of sulfonic group on acid dyes was thought
responsible for the ion exchange process. Besides, the dye molecules with more sulfonic
groups displayed enhanced and faster binding on all types of anion exchangers; in addition,
the basicity of resins was proved to have significant effects on adsorption capacity of dyes.

Greluk and Hubicki® studied the removal of Acid Orange 7 using strongly basic ion

15
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exchange resin. The authors observed that variations in pH, temperature, salt
concentrations, and presence of anionic and non-ionic surfactants had insignificant effects
on dye removal. However, presence of cationic surfactants greatly reduced the removal
efficiency due to dye-surfactant interactions that hindered adsorption of Acid Orange 7 on
resin. At optimized conditions, the resin can remove up to 99% Acid Orange 7 in 10 min.
However, the difficulty in desorption was the major drawback associated with this
technique. Wawrzkiewicz'’ studied Direct Red 75 removal potential of weakly and strongly
basic gel anion exchangers. The highest achievable desorption yield was 60%, and the
process also showed difficulty in desorption process.

Recently, Wawrzkiewicz'® studied the effectiveness of cation exchange resins to
remove Basic Blue 3. It was shown that 99.9% dye removal can be achieved in one hour of
contact time. However, presence of SDS in high concentration greatly reduced the removal
efficiency due to dye-surfactant interactions. Desorption of the cation exchange resin can
reach to 100% in optimized conditions. Shuang et al.”’ synthesized a novel quarternized
magnetic resin NDMP to remove Orange G and Red RWO dyes. This resin worked well
within large pH range of 2-11. The equilibrium adsorption amounts on NDMP of Orange G
and Red RWO were 1.9 and 0.7 mmol/g, respectively. This amount was twice as compared
to magnetic ion exchange resin. NDMP also showed good desorption capability; almost
100% for Orange G and 90% for Red RWO. The resin was used for 20 cycles during this
study with slight decrease in adsorption efficiency.

Naturally occurring compounds can be used as ion exchange resins. Constantin et
al.® prepared an ion exchanger based on pullulan microspheres to remove Azocarmine B.

The maximum adsorption capacity was 113.63 mg/g. The beauty of pullulan lies in the fact

16

Page 16 of 58



Page 17 of 58

RSC Advances

of its being biodegradable and a low cost ion exchanger for dye removal applications.
Alver and Metin®" modified natural zeolite and used it to remove Reactive Red 239 and
Reactive Blue 250. It was interesting to note that 97% and more than 99% removal can be
achieved for Reactive Red 239 and Reactive Blue 250, respectively in only 30 min.

The reports in this sub-section indicate that ion exchange resins have been
extensively investigated for their dye removal efficiencies from waste waters. Of course,
scientifically significant results have been reported in some studies. Besides, these reports
can provide a rational for how the better systems can be developed. The factors affecting
dye removal efficiency should be more keenly followed so that better systems can be
developed to remove dyes from waste waters at pilot scale.

3.3. Chemical Precipitation

Chemical precipitation is a relatively simple wastewater treatment technique in
which chemicals such as sulphides, hydroxides and carbonates react with organic and
inorganic pollutants present in wastewater to form insoluble precipitates. Chemicals react
with dissolved dye molecules to form insoluble precipitates and then can be removed. The
general procedures involve addition of chemicals into wastewater treatment to form the
precipitate with dye molecules and waiting for the insoluble particles to settle. Then the
wastewater can be decanted to separate the sludge. The most common chemical
precipitation method for dye removal is hydroxide precipitation. Bouyakoub et al.** used
magnesium chloride and manganese chloride to remove Levafix Brilliant Blue EBRA and
found that most dyeing auxiliaries greatly increase chemical dosage needed to remove dye.

Zhang et al.* used the leaching solutions of white mud to remove Acid Orange II,

Reactive Light Yellow K-6G, Reactive Bright Red K-2BP and Direct Yellow R. More than
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90% dye removal was achieved within 90 sec, which showed the fast kinetics of this
system. This study also showed 94.6% colour removal for industrial effluents at 4 g/L
sorbent. Besides, the treated water was further proved to be non-toxic. This report clearly
indicated the potential of chemical precipitation for the large scale treatment of water for
drinking and other purposes. Oladoja et al*® synthesized CaCO; and Ca(OH), from
gastropod shells. In situ hybridization of Methylene blue and Congo Red into growing
particles of the calcium derivatives were investigated. The precipitation of Methylene Blue
and Congo Red was found to be around 67-77 and 98% respectively. Besides, initial pH,
initial dye concentration, presence of anions and ionic strength had negligible effects on
dye removal. However, it was interesting to notice that anions produced larger sludge
volume while higher ionic strength increased sludge settling rate. However, chemical
precipitation is the efficient method for the removal of organic dyes from wastewaters, but
generation of sludge and high chemical cost are the major hurdle for the application of this
technology at industrial scale.
3.4. Coagulation-Flocculation

Coagulation and flocculation are an essential part of drinking water treatment as
well as wastewater treatment plant. The principle is to destabilize the dispersed solid
particles in water by reducing their surface charge and gather them to form larger particles.
Its procedures can be divided into three steps: flash mixing, coagulation and flocculation.
Firstly, coagulants are added with violent mixing. Then, the coagulants act to reduce or
neutralize the surface charge of fine dispersed particles. After that, flocculants and gentle
mixing are used to bring the fine particles close together and to form larger particles.

Sedimentation is usually applied to remove the larger particles afterwards. Various types of

18
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coagulants and flocculants have been used for wastewater treatment. Sometimes coagulant
aids are also added to enhance the treatment process. Lee ef al.® studied the significance of
five parameters on Cibracon Red FN-R removal using an inorganic-organic composite
polymer through flocculation system. The dosage of composite polymer was the most
significant factor for dye removal, followed by pH, dye concentration, agitation speed, and
the least significant factor was agitation time. This report served as a stimulus for
motivating and inspiring several other researchers to develop advanced and optimized
systems based on coagulation-flocculation for the safe and efficacious treatment of waste
water.

Coagulants can be metal salts, polymers or some naturally occurring materials. In
recent years, researchers have used calcium chloride®, aluminum sulphate®’, polymeric
aluminum sulphate®®, polyaluminium chloride and polyaluminium chloride sludge®, and
other naturally occurring materials® as coagulants to remove dyes from water. Table 3
gives an overview of different materials used in coagulation-flocculation procedures for the
removal of dyes from waste water.

Merzouk et al.” compared the effectiveness of ferric chloride and aluminium
sulphate to remove disperse red dye. The results showed that aluminium sulphate was more
effective than ferric chloride, which removed more than 90% color at dosage of 40 mg/L,
pH range 4-8, and dye concentration up to 235 mg/L. The presence of high salt content was
found to reduce the removal slightly. The authors also concluded that chemical coagulation
was more robust to pH change and had lower cost as compared to electrocoagulation.

In order to reduce the dependence on of water treatment procedures on synthetic

coagulants, several naturally occurring coagulants have been investigated, which are
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biodegradable and quite safe to handle. Chitosan, Surjana seed powder and Maize seed
powder were used by Patel and Vashi® as coagulants to remove Congo Red. Dye removal
at optimized conditions was 94.5% for chitosan, 98% for Surjana seed powder and 89.4%
for Maize seed powder. Therefore, it is quite obvious that the use of naturally occurring
coagulants is a step in the right direction for the removal of dyes from waste water at lower
cost and greater safety profiles.

Industrial wastes have been found to be considerable uses in water treatment
processes. Thus, the utilization of these wastes will help to improve environment at lower
cost. Bitterns are by products of solar salt production. The bittern wastewater studied by
Ayoub et al.’! contains high concentrations of magnesium ions which can act as coagulants.
The potential of bittern wastewater to remove Indigo Blue dye was studied by Albuquerque

1.”2. From the results, the mechanism was found to be different for each coagulant. The

eta
bittern wastewater can be applied efficiently and economically as a coagulant in the
physical-chemical treatment of alkaline textile effluents. Over 80% dye removal was
reported by the authors. Coagulant aids such as sodium alginate was found to reduce the
amount of aluminum sulphate needed to remove dyes’ . It also enhanced the process by
giving larger flocs, higher floc strength and better recovery ability.

Flocculants are polymers, which enhance flocs aggregation to form larger particles
for easier separation. Some flocculants include sodium poly-metachrelate, and CHT-
Floculant CV®*®. The COD removal and sludge production were also tested and acceptable
results were found. Wang ez al.”* developed a cationic organic flocculant, epichlorohydrin-

dimethylamine (EPI-DMA) to remove Acid Cyanine SR and Direct Violet N. The results

showed 90% Acid Cyanine 5R (0.1g/L) removal with 10 mg/L EPI-DMA and more than
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90% Direct Violet N (0.1g/L) removal with 6 mg/L. EPI-DMA. The authors identified EPI-
DMA viscosity and cationicity as important factors influencing flocs properties formed
with acid dyes and direct dyes.
3.5. Oxidation

Oxidation is a very important method for the treatment of wastewater by using
oxidizing agents. Mainly two forms of oxidation are reported such as chemical oxidation
and UV assisted oxidation using chlorine, hydrogen peroxide, fenton’s reagent, ozone, or
potassium permanganate for treatment of industrial and wastewater effluents. In Oxidation
process, pH and catalysts play an important role.
3.5.1. Ozonation

Ozonation is one of the most attractive and effective techniques to remove dyes
from water due to the strong oxidative action of ozone. Ozone, can quickly decompose into
free radicals such OHe, O, etc and these free radicals instantly react with the dyes.

0; > OH + 0, +HO; +HO,

OH' + O, + HO; +HO,4" + dyes — mineralized by product

The ozone is usually produced by passing air or oxygen through the gap between
two discharging electrodes. The ozone is then infused into the wastewater for treatment or
disinfectant process. Agents such as peroxides, UV and conditions of high pH assist ozone
in the oxidation process. The optimum pH can be in acidic range or alkaline range
depending on the type of dyes in the waste water. Although ozonation is proved to be very
effective for decoloration, it may produce by-products, which are more toxic and hazardous
than dye molecules. The by-products must also be degraded to ensure that there will be no

harm to the environment. Often, ozonation itself is sufficient to degrade all the harmful by-
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products but it will take longer time and increase the operation cost. Combination of
processes helps to reduce cost while achieving acceptable degradation. Mezzanotte et al.”
used high dose ozonation (up to 60 mg/L) to complete the dye removal. The authors found
that color removal can be used to predict the toxic potential of ozonation by-products such
as glyoxal and methylglyoxal concentrations. Another advantage was no sludge production
which greatly simplifies the operation.

Catalysts can be added to enhance ozonation process. Mahmoodi®® studied the
photocatalytic ozonation of dyes with copper ferrite nanoparticles. Mineralization gives
relatively safe compounds (NOs and SO4*) using this method. Some advantages of this
method are the potential to treat high volume of effluent without the use of high pressure
oxygen or heating.

3.5.2. Catalytic Degradation

Photocatalytic degradation is an effective way to deal with organic pollutants in
wastewater, which are difficult to degrade by conventional methods. Photocatalytic
degradation can treat dye solutions without high energy consumption. One of the widely
used photo catalysts is titanium dioxide (TiO;) due to its low cost, non-toxic, stable, and
highly reactive behaviour. In the photo catalytic degradation process, photocatalyst upon
exposure to the radiation, an electron in an electron filled valence band (VB) is excited
upon irradiation of light to a vacant conduction band (CB) and leave behind a positive hole
(h") in the VB. These electrons and holes (¢ and h") are mainly responsible for the
generation of active species which degrade the target molecules. These charge carriers e

97,98

and h" drive the reduction and oxidation, respectively. The photo catalytic mechanism

can be summaries as follows:
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(TiOy) +hv > h'yvg + e ¢

e cg + 02 — ‘O, (reduction)
h'vg + H,O — ‘'OH + H' (oxidation)
Gupta et al.”” ! studied UV/TIiO, for degradation of hazardous Tropacoline 000,
Tartrazine and quinoline yellow. The process was sensitive to solution pH and initial dye
concentration, followed pseudo-first order kinetics, and complete mineralization was

achieved. Karimi et al.'®?

reported the photocatalytic degradation of azo dyes using nano-
strontium titanate and suggested that nano-strontium titanate a very efficient photocatalyst
for the dye degradation. Comparison were made between two photocatalyst nano-strontium
titanate and nano-titanate oxide which have same particle size and demonstrated that nano-
strontium titanate was more advanced and efficient in photocatalyst oxidation process for
Direct Green 6 and Reactive Orange72 dye degradation.

A novel composite silver nanoparticle-colemanite ore waste (Ag-COW) was synthesized by

Yola et al.'®

and reported that its adsorption and photocatalytic behaviour towards the
Reactive Yellow 86 (RY86) and Reactive Red 2 (RR2) from aqueous medium in single and
binary systems. From the results, it was observed that Ag-COW is a more effective material
for the dye removal from aqueous media in combination of both adsorptions as well photo
catalysis.

Yuan et al.'™

studied the effect of chloride ions as one of the main components in
dye containing wastewater on UV/ TiO, degradation of Acid Orange 7. The chloride ion
had dual effects on dye removal. The low chloride ion concentration enhanced the removal

but high concentration inhibited the removal process. It was interesting to note that the

inhibitory effect of chloride ion was stronger at lower pH.
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In order to increase the dye removal performance of photocatalytic degradation,
researchers studied the modifications of TiO, photocatalyst and Pt-TNT, which was tested
on seven azo dyes'®. Saleh and Gupta'® enhanced the efficiency of UV/ TiO, system by
incorporating a co-adsorbent, multi-walled carbon nanotubes (MWCNT). This MWCNT/
TiO, composite had better photo catalytic activity compared to TiO, only due to the
prevention of recombination of photo-generated electron-hole pairs and large surface active
area. Yan et al.'” produced porous SnlnsSg microspheres as photocatalysts to remove
Methyl Orange, Rhodamine B and Methylene Blue with 95, 100 and 100% removal,
respectively. Complete mineralization was achieved after 5 hours. Upadhyay et al.'®
synthesized cadmium sulphide nanoparticles as photo catalysts to remove Crystal Violet
and Methylene Blue with up to 96% and 87% removal, respectively within 105 min. Li et
al.'” proposed electrochemical oxidation as pre-treatment before photocatalytic oxidation.
Complete removal of Methylene Blue (100 mg/L) was achieved in 4 hours. The authors
mentioned this method as highly efficient and energy saving way to treat high chroma
Methylene Blue solution.

Hydrogen peroxide (H,O;) is a popular oxidizing agent for wastewater treatment.
Many studies have been carried out using H,O, as one of the main components to remove
dyes from water. Some recent studies used CuO/y-Al,03/H,0, to remove Amaranth dye
(90% removal)''’, cobalt tetrasulfophthalocyanine monomer encapsulated in mesopouros
silica/H,0, to remove Acid Red 73 (82% removal)m, Fe alginate gel beads/H,O,/UV to
remove Reactive Blue 222 and Acid Black 234''?) nickel tetrasulfophthalocyanine
encapsulated in silica/H,O, to remove Methyl Orange (96% removal)113 , Ti0,/UV-

114

LED/H,0,; for complete removal of Rhodamine B"". These studies showed that a wide
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range of catalysts are available to use with H,O, for efficient removal of dyes. Some studies
also showed the re-usability of catalysts.

Enzymes have are being used in decoloration due to mild operating conditions and
environmental friendliness. Zhang et al.'"® used chloroperoxidase (CPO) as catalyst for
H,0, oxidative degradation of Orange G and Sunset Yellow. CPO was extracted from
Caldariomyces fumago. This CPO/H,0, combination showed excellent performance of
98.72% Orange G removal in 5 min and 77.25% removal of Sunset Yellow in 10 min at pH
2.75. In the recent study Liu and co-workers''® explore the mechanism of enzymatic
degradation of alizarin red S and crystal violet dyes. During CPO catalytic reaction few
small intermediate compounds having high oxidative activity such as Cl,, HCIO, and
HOOSO,(OH)/HSO3;00S03H formed on the active surface of CPO. These species are
mainly responsible for the degradation of the dye molecules/ions. Dulman et al.''
developed a new catalyst, Cu*" adsorbed on macroporous chelating polymer for H,O,
oxidative degradation of Orange G. This oxidation system was able to remove completely
the Orange G within 30 min at 24 °C. Further increasing the temperature up to 50 °C
reduced the reaction time (15 min) for complete removal of Orange G.

The performance of photodegradation, H,O, degradation, Fenton oxidation process,
and combination of these processes for the removal of Reactive Blue 19 was compared by
Guimaraes et al.'"®. The results showed the significant removal cannot be achieved with
UV or H,0; alone. Whilst, UV/H,0, can give 100% removal, it is slow and requires high
doses, making it expensive. However, UV/Fez+/HzOz process was found to be the most

effective method to treat Reactive Blue 19. Generally, during photo degradation, H,O,
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degradation, Fenton oxidation process highly oxidizing species like hydroxyl radicals
produced which are mainly responsible for the mineralization of the organic pollutants.

In oxidation degradation, for the removal of dye using UV/H,0; depends on some
important factors such as peroxide concentration, treatment time, intensity of UV radiation,
pH, chemical structure of the dye and additives. But drawback of this process is the
production of undesirable by-products and expensive for small scale industries. Sometime
degradation products are more toxic than the parent one. Moreover, expose to the UV
radiation is harmful may causes to the skin problems. Although, the process is highly
potential and technically sound for the treatment of coloring materials.

3.5.3. Miscellaneous Oxidizing Systems
The performance of persulfate (PS), peroximonosulfate (PMS) and H,0, to remove

Acid Orange 7 was compared by Yang et al.'"’

. They showed that these peroxides have
different degrees of activation under heat, UV radiation and presence of anions. Several
conclusions were drawn including, PS was heat activated while PMS and H,O, were hardly
activated by heat, UV activation order was PS>H,0,>PMS, PMS was anion activated but
not PS and H,0O,. From the above findings, suitable activation should be applied in order to
achieve maximum dye removal.

Other chemicals which were investigated for dye removal through oxidation include

121 " All of the mentioned

Co*"/PMS' and palladium/hydroxyapatite/Fe;O4 nanocatalyst
systems give near complete color removal under tested conditions. However, some of them
can only give partial mineralization.

Some processes can be incorporated in the oxidation system to enhance dye removal

122
L.

performance. Non-thermal plasma treatment was applied by Benetoli et a to remove
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Methylene Blue from water. High decoloration was achieved in both studies although
different feed gases and catalysts were used. However, oxygen/pyrite pair gave better
mineralization (70%) than air/Fe*" pair (21%).

Ultrasound can be used in advanced oxidation processes for dye degradation.
Eren'? reviewed the role of ultrasound in oxidative degradation of dyes. Geng and

Thagard'**

applied ultrasound to degrade Rhodamine B. Effects of various parameters such
as amplitude, external pressure, dye concentration and temperature on dye degradation
were investigated. It was found that increasing amplitude and hydrostatic pressure
increased dye removal; increasing temperature increased dye removal at lower amplitude
but had an insignificant or negative impact at higher amplitude. Finally, increasing initial
dye concentration was found to decrease dye removal.

Another oxidation system being studied for dye removal was catalytic wet air
oxidation. Hua et al.'® used CuO/y-ALO; as catalyst for wet air oxidation of Methyl
Orange, Direct Brown and Direct Green. Complete decoloration and 70% TOC removal

126
[ used

were achieved in all cases in 2 hours under optimized conditions. Ovejero et a
Ni/MgAIO as catalyst for wet air oxidation of Basic Yellow 11. Up to 98% removal can be
achieved and the catalyst was re-used three times with little drop in performance. Vallet et
al.'*" also used Ni/MgAIO as catalyst and studied the wet air oxidation of Chromotrope 2R
in trickle bed reactor. In situ catalyst regeneration was applied and this enabled long term
operation (>24 hours) of reactor with no loss of catalytic activity.

3.6. Electrochemical Treatment

From past two decades, electrochemical treatments have regained their importance

worldwide due to the increasing demand of fresh drinking water. Electrochemical
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treatments of dyes are mainly includes electrocoagulation and electrochemical oxidation,
which have high efficiency, easy operation and require compact facilities.

The main difference of electrocoagulation and chemical coagulation is that
coagulants are generated from anode during electrocoagulation and no secondary pollution
occurs. Recently, several studies using electrocoagulation for the removal of dyes were
conducted by Amani-Ghadim ez al.'*®. Anodes used were mainly of iron and aluminum. It
was quite interesting to note that more than 90% of dye removal can be achieved in short
time. For example, more than 99% Reactive Red 43 was removed using aluminum anode
within 12 min.

The performance of electrochemical oxidation using various electrodes such as
titanium, PTFE, iron, graphite and boron-doped diamond were studied by Senthilkumar et
al.m, Prakash et al.m, Korbahti et al.m, Rosales et al.'*?> and Vahid and Khataee'**
(2013). An et al. '3 synthesized TiO,-NTs/Sb-SnO,/PbO, anode for electrochemical
degradation of Reactive Blue 194 and it effected more than 90% of dye removal at
optimized conditions.

Suitable equipment’s are required for the proper operation of electrochemical
oxidation. An electrochemical cell was developed by Rivera ez al.'** for anodic oxidation of
Reactive Black 5. It was shown that cylindrical cell is better than cubic cell in terms of
removal efficiency. Complete decoloration and 95% TOC removal were achieved by using
this electrochemical cell in 3 hours. Pilot scale electrochemical oxidation of Methyl Orange
was studied by Ramirez e al.'*®. A three litre flow plant was used for the study. After
optimization through RSM, 95.9% decoloration and 60.3% TOC was achieved within 138

min. The authors mentioned that current density has significant impact on dye removal.
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Since the operating cost is a major concern for electrochemical treatment,
researches are deeply concerned to reduce the electricity usage. Kariyajjanavar et al."’’
stated that increasing NaCl salt reduced the operating voltage. By incorporating ultrasound
technique, Siddique ef al."*® successfully reduced the energy consumption of Reactive Blue
19 degradation to half compared to conventional electrochemical oxidation. Several studies
were also carried out to enhance the performance of electrochemical oxidation. Riera-
Torres and Gutierrez-Bouzan'>® applied UV treatment after electrochemical oxidation to
enhance decoloration and the removal of halogenated compounds. From the results, more

1.1 studied

than 92% decoloration and good COD removal were reported. Somayajula et a
the effects of ultrasonic waves and electrolyte concentration on the removal of Reactive
Red 195. It was found that higher sonic power lowers the dye removal. Dye removal in
NaCl (99%) and KCl (99%) were also found to be much better as compared to Na,SO4
(52%) and Na,COs (39%). Complete decoloration was achieved for 100 mg dye/L in 50.32
min through sono-electrochemical oxidation.

Electrochemical reduction is another type of electrochemical treatments. However,
it is not widely used for dye removal. delRio er al.'*' compared different types of
electrochemical treatments to remove Reactive Orange 4 and found that electrochemical
reduction has the slowest decoloration. On the other hand, electrochemical oxidation has
the highest mineralization rate while electrochemical oxido-reduction produced highly
oxidized intermediates. This technique is very effective for the removal of soluble and
insoluble dyes. Beside other variables, dye removal also depends on anode’s material and

working potential. Consumption of high electricity, production of sludge and pollution

from chlorinated organic materials are main drawbacks of this technique.

29



RSC Advances

3.7. Membrane Filtration
Membrane filtration is an advanced treatment technology for the removal of colour,

COD and salinity from wastewater'*

. The procedure involves passing the wastewater
through membranes with small pores. Any solutes which are larger than the pore size will
be trapped and the solution after passing through the membranes is free from those solutes.
The trapped solutes form layer of filter cake and must be removed constantly to ensure the
smooth running of the filtration process. Membrane filtration can be classified based on the
size of the pores on the membranes. Performance of membranes is usually evaluated
through rejection and permeates flux.
3.7.1. Ultrafiltration

Ultrafiltration requires lower pressure than nanofiltration and reverse osmosis, thus
making it more economical. However, large pore size may only give low rejection.
Ultrafiltration membranes have pore sizes within 0.1 to 0.001 microns. Aouni et al.'®
compared the performance of polyethersulfone (PES) membrane with pore size 10 kDa and
1kDa on dye removal. 10 kDa PES membrane did not gave good rejection in dye removal
whereas, 1 kDa PES membrane was able to give at least 80% removal and 100% removal
for most dyes tested. However, the authors described the need for other treatments to follow
the ultrafiltration since it is more suitable to be used as a pre-treatment process. Alventosa-
de Lara et al.'"* used ceramic membrane (150 kDa) as an ultrafiltration membrane to
remove Reactive Black 5. RSM optimization was carried out and more than 79.8%

rejection was achieved. The rejection remained above 70% even at high dye concentration

(500 mg/L).
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Since ultrafiltration membrane alone may not be enough to ensure acceptable dye
removal at reasonable operating conditions, additives can be used to improve rejection.

Dong et al.'®

used powdered activated carbon (PAC) to improve dye rejection by
adsorption. The results showed significant improvement from 43.6% rejection with
ultrafiltration membrane alone to near 100% rejection in 20 min at 100 kPa trans-
membrane pressure when PAC was deposited on the membrane surface. Increasing PAC
amount and operating pressure would reduce the time needed for complete decoloration.

Polyelectrolyte enhanced ultrafiltration (PEUF) was studied by Mondal ef al.'*. In
PEUF, polymer molecules undergo complexation with solutes to form macromolecules
which can be easily retained by ultrafiltration membrane. The polymer poly(acrylic acid),
poly(ammonium acrylate) and cellulose membrane (10kDa) were used. The results showed
significant increase in rejection when polymer concentration increased. Variations in pH
also affected the dye-polymer interactions. High removal was achieved at 2 bar trans-
membrane pressure.

Another method to enhance ultrafiltration involves the addition of surfactants into
the dye solution. This method is called micellar enhanced ultrafiltration (MEUF). The
surfactant molecules form micelles trapping charged dye molecules in it. This allows the
membrane to retain both dyes and surfactants easily. Ngang er al.'” studied the MEUF of
Methylene Blue with SDS as surfactant using polysulfone membrane and polyvinylidene
fluoride-titanium dioxide (PVDF-TiO;) mixed membranes, respectively. The former
showed 99.3% dye (6 mg/L) rejection at 300 kPa while the later displayed 99% rejection at

0.5 bar. Mixed membrane was more economical because it can achieve high rejection at
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low trans-membrane pressure. PVDF-TiO, also possesses significant UV cleaning

properties which simplify its handling.

3.7.2. Nanofiltration

Nanofiltration (NF) is a newly developed membrane technology for various
wastewater treatment and purification purposes. Pore sizes of nanofiltration membrane
range from 1 to 10 angstrom. Nanofiltration technology has exhibited properties in between
ultrafiltration (UF) and reverse osmosis (RO). Besides, NF offers excellent advantages over
UF and RO in terms of lower osmotic pressure difference, higher permeate flux, higher
retention of multivalent salts, relatively low investment and low operation and maintenance

148

costs. Some studies were carried out by Aouni e al.'*, Huang and Zhang'*®, Amini et

153
L.

al."™, Yu et al.', and Maurya et al."' to investigate the efficiency of nanofiltration

systems for dye removal. High dye removal efficiency using different types of membranes

1'% showed that nanofiltration has the potential to

has been shown in Table 4. Aouni et a
remove 98% of colour from industrial effluents while ultrafiltration removes only 90%
colour.

Several novel nanofiltration membranes with exciting features have been developed
by researchers. Two positively charged nanofiltration membranes were prepared by Zhong

1'% through UV grafting on sulfonated polyphenylenesulfone (sPPSU) at different UV

eta
exposure. The membranes have better rejection with positively charged dyes compared to
negatively charged dyes. Differential duration of UV exposure was found to affect the flux

and rejection of resulting membranes. Increasing duration of UV exposure reduced

permeate flux while bringing rejection to a maximum, then decreasing at longer UV
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exposure. Liu et al.'” developed new sulfonated thin-film composite nanofiltration
membranes which enhanced the water permeability up to 38-54% without reducing
rejection performance. Shao et al.'>* also developed a novel nanofiltration composite
membrane through interfacial polymerization. The membrane was able to remove more
than 90% of Safranin O and Aniline Blue dyes at pH 11.
3.8. Biological Treatment

Biological treatment procedures for the removal of contaminations from wastewater
are considered highly useful due to their eco-friendly nature, minimum usage of chemicals
and energy saving nature. The principle of the biological treatment procedures is the
conversion of biodegradable wastes into simpler and harmless species through biological
processes by various microorganisms. The treatment processes can be categorized into
aerobic or anaerobic process. Usually both processes are conducted for wastewater
treatment. The organisms used may be bacteria, fungi, algae or plants. Enzyme system is
also used in biological treatment. The final products after aerobic treatment are carbon
dioxide, water and biomass, while the final products after anaerobic treatment are carbon
dioxide, methane and biomass. This treatment is able to treat dye solutions in
environmental friendly way without high investment and cost.

Bacteria not only decolorize dye solution but also mineralize and degrade many

dyes, which is inexpensive and eco-friendly. Kumar Garg et al.'>

studied the potential of
Pseudomonas putida SKG-1 isolate for the removal of Orange II dye, and stressed the need
to optimize culture and nutritional conditions. 92.8% dye (100 mg/L) removal was achieved

in 96 hours at pH 8, 30 °C and static condition. Jadhav e al.'*® used Pseudomonas

aeruginosa to decolorize 97% Remazol Red (50 mg/L) in 20 min at pH 7, temperature 40
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°C and static condition. The method was able to treat solutions with dye concentration up to
250 mg/L. However, repeated cycles were found to cause significant drops in decoloration,
and increased time, which might be due to the depletion of essential nutrients for bacterial
activities.

Using single bacterial isolate to remove dyes may not give satisfactory results. Paul
et al"’ investigated the effect of applying irradiation before Pseudomonas sp. SUKI1
degradation to Reactive Red 120. At lower dose of irradiation (<1kGy), decoloration and
mineralization were improved significantly. 98% decoloration and 90% TOC removal were
achieved using 1 kGy irradiation after 96 hours microbial treatment.

Besides applying other physical or chemical processes, the use of bacterial
consortium can also improve dye removal performance. Dye removal potentials of a
bacterial consortium EDPA consisting of Enterobacter dissolvens AGYP1 and
Pseudomonas aeruginosa AGYP2 was tested by Patel et al.™*®. 93% Acid Red 119 (100
mg/L) removal after 20 hours at pH 7 at static condition was reported. This bacterial
consortium was able to decolorize high concentration of Acid Maroon V (up to 2000 mg/L)
and also decolorized 16 other dyes. Bacterial consortium with rice husks as support and
carbon source was studied by Forss ef al."*’ to remove Reactive Red 2 and Reactive Black
5. About 80% decoloration was achieved in 28.4 hours using this newly designed bio-filter

system. Phugare et al.'®

used a bacterial consortium SDS containing Providencia sp. and
Pseudomonas aeruginosa to remove Reactive Red 120. Complete removal was achieved
using 50 mg/L dye concentration in 1 hour at pH 7 and static condition. Good
detoxification properties were also reported. On the other hand, Senthilkumar et al.'®

reported that bacterial consortium with bacteria isolated from textile site soil only gave

34

Page 34 of 58



Page 35 of 58

RSC Advances

42.2% Proncion Scarlet dye removal. The combination of chemical oxidation with bacterial
degradation significantly improved decoloration to more than 96% with high COD
removal.

Although some researchers claimed that fungi are not as effective as bacteria for
dye removal, there are several reports indicating high dye removal efficiencies using fungi.
Kumar et al.'® used Aspergillus sp. to remove Brilliant Green dye. 99.2% dye (10 mg/L)
removal was reached within 72 hour at pH 5, 35 °C temperature and agitation. This method
was said to be low cost and simple handling. Several white root fungi were studied by
Kalpana et al.'® to remove Reactive Levafix Blue E-RA. Irpex lacteus was identified as the
best one and able to give complete decoloration without producing toxic metabolites. Lade
et al'® tested a fungal-bacterial consortium consisting of Aspergillus ochraceus and
Pseudomonas sp. to remove Rubine GFL dye. This consortium enables both fungal and
bacterial strains to complement each other and enhances overall performance. 95% dye
(100 mg/L) removal was achieved in 30 hours at pH 8.5, 37 °C and under micro-aerophilic

conditions. Khatace and Dehgan'®*

used microalgae Chara sp. and Cladophora sp.,
respectively for removal of Malachite Green. Neural network analysis was conducted to
predict dye degradation using Chara sp. while RSM optimization was used to optimize
Cladophora sp. dye removal performance. Results showed more than 90% dye removal
using Chara sp. and 71% dye removal using Cladophora sp.

Knowledge of the enzymes responsible for dye degradation may be very helpful in
designing biological waste water treatment technologies. Enzyme based treatments can
reduce biological contamination caused by microbes used during biological treatment.

165
L.

Yang et al. ™ studied an integrated enzyme system to treat Methyl Red solution. Up to 85%
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removal was achieved by optimizing four parameters viz. enzyme ratio, dye concentration,
NAD" and glucose concentration. Vafaei et al.'® used an aquatic fern, Azolla filiculoides to
remove Basic Red 46. Effects of duration, dye concentration, fern fresh weight, pH and
temperature were investigated. Best removal of 99% was achieved within 7 days.
Bioreactor treatments could give better performance compared to conventional
activated sludge treatments. Several bioreactors or equipment’s are being studied in such as

167

sequencing batch bio-filter granular reactor (SBBGR) "', sequencing batch reactor (SBR),

sequencing batch bio-film reactor'®®, moving bed sequencing batch bio-film (MB-SBBR)'®

170

and membrane aerated biofilm reactor (MABR) . Anaerobic and aerobic conditions were

investigated by the researchers to determine the best conditions for dye removal. For

instance, Hosseini et al.

showed the high efficiency of anaerobic SBR in removing Acid
Red 18 for long term. After anaerobic SBR, aerobic MB-SBBR was used to remove
metabolites produced during anacrobic degradation of dye'®. MABR also showed high
Acid Orange 7 decoloration (98%) and COD removal in 6 hours at optimized conditions' .
In order to enhance the biological treatment of textile effluents containing dyes, Lotito et
al.'®" integrated the process with ozonation and more than 80% removal was achieved.

1.'7" to enhance anaerobic treatment of Reactive

Micro-electrolysis was used by Huang ef a
Blue 19 with 65% removal. Applying an external electric field further improved the

removal up to 90%. These studies showed that various approaches can be applied to

enhance biological treatments of dyes.

3.9. Combined Techniques
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Since each dye removal technique has its own advantages and disadvantages, these
techniques can be combined together to complement each other for better dye removal
efficiency. Basha et al.'™ combined electrochemical oxidation, microbial oxidation,
electrolysis and photocatalytic oxidation sequentially to remove Proncion Blue, which takes
5 days and 14 hours to give high removal. 92-95% and 80-93% removals were achieved
using bacterial strains and fungal strains, respectively during microbial oxidation.

Membranes are very useful in preventing wash out. Therefore, they are widely used
to improve other dye removal techniques. Some studies involved the use of
photocatalysis/UF hybrid to recover TiO, catalyst during operation'”, whole cell fungal
membrane bio-reactors where membrane reduces enzyme wash out and enhances solid-
liquid separation'”*, and aerobic membrane bio-reactor where membrane helps to retain dye
molecules for biological treatment'”.

In some cases, other techniques can be used to enhance membrane filtration. Xu et
al."™® applied electrolytic oxidation on nanofiltration to enable lower operating pressure and

1.'77 studied the combination of various

membrane area. On the other hand, Vergili et a
filtration techniques (ultrafiltration, loose nanofiltration, tight nanofiltration, and reverse
osmosis) on dye removal. Comparative economic analysis was also done and choice
depends on desired effluent quality and budget.

Studies mentioned above showed that various improvements such as longer
retention time, better decoloration, better detoxification, recovery of valuable compounds,
and lower costs can be obtained by combining techniques. Therefore, combination

strategies are a novel and important window of research for the development of efficient

technologies for the removal of dyes from waste waters.
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4. Future Perspectives

A critical analysis of the discussion in this review indicates significantly increasing
advancements in dye removal techniques. In response to the increasingly stringent
environmental regulations and public awareness, new studies on dye removal techniques
need to s show good performance complying within the regulatory limits imposed. The
three most frequent dye removal techniques include chemical oxidation, adsorption and
biological treatment. Chemical oxidation is able to give excellent decoloration within short
duration. When combined with other techniques, high mineralization can be achieved.
Adsorption provides high flexibility for dye removal. Wide range of adsorbents including
magnetic nanoparticles and low cost adsorbents are studied. However, a large number of
the research article continuously publishing on the adsorption technology, few points must
be considered for future research such as pilot plant adsorption studies, handling of the
adsorbent specially nanosorbents. Separation and aggregation of nanomaterials is also
hurdle to use in actual system. Release on the nano adsorbent in aqueous solution causes
nanotoxicity on living system. Regeneration of spent adsorbent is still a big issue need to
be focused.

Biological treatment is an easy and environmental friendly way to treat dye waste
water. Various advances including bioreactor studies are being carried out to improve its
performance. Nevertheless, selection of the most suitable technique would depend on the
effluent conditions, type of dye, operating conditions, treatment quality needed, costs,
flexibility, environmental impact, and others. Biological treatment is a time taking and

uncontrolled process. More research work should be focused on reduction in degradation
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period under the controlled manner. However, bio treatments are versatile but should be
modify according to the target pollutant.

Chemical precipitation can be used to treat dye solutions with high removal
efficiency. Dye concentrations ranging from 25-300 mg/L can be treated. A main obstacle
is that the chemical price may become a great concern for using this technique as high
chemical doses are needed for the treatment of high volume of industrial wastewater.
Besides, the production of large amount of sludge is also a big concern. Coagulation-
flocculation is one of the conventional methods for dye removal. Dye concentration ranging
from 60-400 mg/L and 800-1500 mg/L can be removed. This technique enables efficient
dye removal and is relatively simple to operate. However, chemical cost and sludge
production are the two facts of concern for this dye removal technique. Besides, dye
molecules tend to form complexes with flocculants which further hinders the potential of
dye recovery afterwards. Chemical oxidation such as ozonation, photocatalytic oxidation,
and Fenton process enables the removal of dyes ranging from 50-400 mg/L and 1000 mg/L.
This method gives an excellent decoloration within short time. However, degradation of
dyes may give compounds which are more toxic than those before treatment. Therefore,
combination of other treatment techniques is suggested to enhance mineralization of dyes.
Photocatalytic degradation/ photo degradation need to mainly focus on the utilization of
visible light. In future, visible light active photo catalyst must be developed for the
degradation of organic pollutants like dyes.

Electrochemical treatment techniques are effective in both decoloration and
mineralization. Dye concentration ranging from 50-200 mg/L and 400-2000 mg/L can be

removed using this technology. The energy consumption is a major limitation of this
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treatment technology. Membrane filtration can effectively remove high percentages of dyes
while recovering the water for re-use. Dye concentrations ranging from 6-5000 mg/L can
be treated by using membrane filtration. The main limitation with this treatment technique
is that the process is very complex and membrane fouling is another big problem. Regular
cleaning and concentrated sludge production is also another issue related to membrane
filtration. Membrane filtration is most promising technology for the treatment of
wastewaters. Currently a lot of researchers are working on the development of low cost

membranes with high mechanical strength.

5. Conclusions

Dyes are an important class of pollutants and affect the general human life and
aquatic life drastically. In order to reduce the negative impacts of dye contaminated water
on humans and the environment, the wastewater must be treated carefully before discharge.
Several dye removal strategies including conventional techniques such as adsorption,
oxidation, flocculation-coagulation and biological treatment, as well as relatively new
techniques such as reverse micellar extraction have been developed for the removal of dyes
from wastewater. It may be understood from the discussion in this review that chemical
oxidation, adsorption and biological treatment are the most frequently investigated
techniques over the past few years. Indeed, the newer techniques are bringing about several
improvements. Most of the techniques are able to achieve more than 80% dye removal and
several exceed 90%. Really, great advances in the removal of dyes from waste water have
been reported during the last few years and it is quite encouraging that several reported

methods are very fast, have low costs with exciting dye removal efficiencies. Therefore, it
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is advised that more research be carried out in this direction because water is the second
most precious abiotic component of our ecosystems and its safe treatment and conservation
is the duty of every person living on this planet. We hope that more sophisticated
technologies are developed so that waste water can be treated easily, with low costs at both
industrial and pilot scales.
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TABLE 1: Adsorption of dyes using magnetic nanoparticles
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Magnetic Qm
nanoparticles Dyes (mgle) Conditions Reference (s)
Magnetite Methylene 70.4 Initial dye concentration:  [38]
nanoparticles blue 1.6-32mg/L, pH: 9.2,
dose: 0.3-0.9 g/L
Desorption: 85%.
Congo red 172.4 Initial dye concentration:
10.45-55.72 mg/L, pH:
6.2, dose: 0.3-0.9 g/L
Desorption: 95%.
N-benzyl-O- Methylene 223.58 Initial dye concentration:  [39]
carboxymethylchitosan blue 100-300 mg/L, pH: 3-5
magnetic nanoparticles Crystal violet 248.42
Malachite 144.779
green
Magnetic Methylene 70.29 Initial dye concentration:  [40]
nanoparticles coated blue 250 mg/L, pH: 6, dose:
on activated maize cob 0.4g/100ml, 45min
powder
SDS modified Safranin O 769.23 pH: 3. [41]
magnetite Desorption: >95%
nanoparticles
Magnetic B- Methylene 84.32 pH: Alkaline, dose: [42]
cyclodextrin-chitosan/  blue 0.01g/25mL
graphene oxide
(MCCG)
Organo-functionalized  Solvent green 81.82- Initial dye concentration:  [43]
magnetite microsphere 7 100.52 70-90mg/L, pH: Acidic
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Magnetic ferrite
nanoparticles —
alginate composite
Palm Kernel Shell
Coated with

Iron Oxide

Nanoparticles

SDS modified
magnetite

nanoparticles
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Basic blue 9
Basic blue 41
Basic red 18
Rhodamine B

Methylene
blue and

Congo red

106

56
625

70.4 and
172.4

Initial dye concentration:  [44]

50mg/L, pH: 8

Initial dye concentration:

100-500 mg/L, pH: 5-8,

[45]
adsorbent dose: 0.1g
Initial dye concentration:
30mg/L, pH: 6.2, 2min,

[38]

dose: 0.15g/L,
desorption: 95%




RSC Advances

TABLE 2: Adsorption of dyes using low cost adsorbents

Low cost Qm . Reference
adsorbents Dyes (mg/e) Conditions ©)
Alkaline treated Methylene 1928.31 Initial dye concentration: [54]
timber sawdust blue 150mg/L, dose: 1g/L, 10

Methyl green  1821.33 min.
Coffee residues Remazol Blue 179 pH: 2, 10 respectively, [26]

RN dose: 1g/L

Basic Blue 3G 295
Milled sugarcane  Rhodamine B 65.5 Initial dye concentration: [55]
bagasse Basic blue 9 30.7 250mg/L, dose: 1g/L
Modified palm Methylene 130 pH: 7, Citric acid modified [56]
EFB fibre blue

Phenol red 171 pH: 3, PEI modified
Dried prickly pear Methylene 189.83 pH: Acidic, dose: 1g/L [58]
cactus cladodes blue

Eriochrome 200.22 pH: Alkaline, dose: 3g/L.

black T

Alizarin S 118.35
Treated wheat Methyl orange 300 Initial dye concentration: [60]
straw Acid green 25 950 1000mg/L, pH: low, dose:

1g/L, 48h.
Methylene 100-130  Initial dye concentration:
blue 500mg/L, pH: <10, dose:
1g/L, 48h.

HCl treated jania ~ Acid blue 25 95.40% Initial dye concentration: [61]
adhaerens removal 20mg/L, pH: 2, dose:
biomass 1.2¢g/L.
sulphuric acid and Crystal Violet 277.7 Initial dye concentration: [62]
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zinc chloride
treated ginger
waste

oxidized cactus
fruit peel

Treated bagasse

Mesoporous
aluminophosphate

Chemically
modified brown
macroalga

Amberlite IRA-
958

brilliant green

Methylene

blue (MB) and

malachite
green (MG)
Methylene

blue (MB) and

Malachite
green (MQG)

acid orange II
(AO7)

Acid Orange 7

RSC Advances

166.66

69.93 and
65.79

35.2 and
24.51

45.47

5-20 mg/L, pH:9,
adsorbent doge: 0.05 g,
180 min

Initial dye concentration:
200-500 mg/L, pH:3,
adsorbent doge: 0.025 g,
240 min

Initial dye concentration:
100 mg/L-300 mg/L, pH:
2-10, adsorbent dose: 0.2-
1.0 g, temperatures
27+1°C-60°C,

Initial dye concentration:
100-500 mg/L, pH: 10,
thermal stability 1173 K,
20-30 min

Initial dye concentration:
30-90mg/L, pH: 2, 60min,
biomass dose: 0.2-2.2g/L.

Initial dye concentration:
50-500mg/L, pH: 2-12,
adsorbent dose: 0.2g,
180min, desorption: <50%

[63]

[64]

[65]

[66]

[67]
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TABLE 3: Dye removal through coagulation/flocculation/ co-precipitation

Coagulants and D Removal Conditi Reference
chemicals yes (%) onaitions s)
Calcium Blue bezaktiv S- 94 Initial dye concentration: [86]
chloride GLD 40mg/L, pH: 5-9
Polymeric Black novacron 93
aluminum R
sulphate
Aluminum Acid black 210  97.78 Initial dye concentration: [87]
sulphate 4¢/L, pH: 5.61, dose:
0.82g/L, 40°C.
Polyaluminium  Acid red 119 95.25 Initial dye concentration: [88]
chloride 140mg/L, pH: 3.8, dose:
57mg/L
Polyaluminium 94.10 Initial dye concentration:
chloride sludge 140mg/L, pH: 3.42, dose:
4.55g
CaCOs and methylene blue Initial dye concentration:
Ca(OH), (MB) or Congo  67-77%  25-100mg/L, pH: 4-10, [84]
Red 30min
Surjana seed Congo red Initial dye concentration:
powder, Maize 60mg/L, pH: 4, 60min
seed powder 08 [89]
and Chitosan flocculation,
dose: 25mg/L.
Leaching reactive bright Initial dye concentration:
solution of white  red K-2BP, 996,  100mg/L, pH: 12, dose:
mud reactive light 935 .
ye}low K-6G, 975, 2g/L., 90s, 20°C [83]
acid and 98

orange II and
direct yellow R
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TABLE 4: Dye removal through Ultrafiltration/Nanofiltration

Membrane Dyes Removal Conditions Reference
(%) (s)
NF 200, NF270 Everzol black, >90 Initial dye concentration: [143]
Everzol blue, 600mg/L, pressure: 3-12bar
Everzol red
PMIA Eriochrome >99 Initial dye concentration: [148]
black T 1g/L, pressure: 0.4MPa,
1g/L NaCl
Acrylic grafted 9 textile dyes 86-99 Initial dye concentration: [149]
polysulfone 50mg/L
CMCNa/PP thin  Sunset yellow 82.2 Initial dye concentration: [150]
film composite Methyl blue 99.7 100mg/L, pH: 6.8, pressure:
(700Da) Congo red 99.9 0.8bar, flux: 6.2-6.9L/m*h
Polysulfone- Reactive black 5 60-97 Initial dye concentration: [151]
polyamide thin 0.4-2g/L pressure: 5-25psi
film
CMCNa/PP thin  Congo red, 99.9 Initial dye concentration: [150]
film composite Methyl blue 100mg/L, pH: 6.8, pressure:
(700Da) 0.8bar, flux: 6.2-6.9L/m’h
UV grafting on Safranin O, 99.98, Initial dye concentration: [152]
sPPSU (1627- Orange II 86.76 50mg/L, 30min, pressure:5
1674Da) bar
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Fig. 1: A pictorial representation of the increasing interest (except for 2011) in the development
of treatment technologies for dye contaminated waters.



