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Abstract: The utilization of various types of natural and modified polymers for removing toxicant
dyes in wastewater generated by the dye industry is reviewed in this article. Dye wastewater contains
large amounts of metals, surfactants, and organic matter, which have adverse effects on human health,
potentially causing skin diseases and respiratory problems. The removal of dyes from wastewaters
through chemical and physical processes has been addressed by many researchers. Currently, the use
of natural and modified polymers for the removal of dyes from wastewater is becoming more common.
Although modified polymers are preferred for the removal of dyes, due to their biodegradability and
non-toxic nature, large amounts of polymers are required, resulting in higher costs. Surface-modified
polymers are more effective for the removal of dyes from the wastewater. A survey of 80 recently
published papers demonstrates that modified polymers have outstanding dye removal capabilities,
and thus have a high applicability in industrial wastewater treatment.

Keywords: natural and modified polymer; biodegradability; toxicant dyes; industrial
wastewater treatment

1. Introduction

The wastewater generated from different manufacturing processes poses serious problems for
organisms and aquacultures, due to the high toxicity of these wastes, which contain different types
of pollutants, such as plastic, leather, ink, fabric, palm oil, soap, pulp, and paper. These wastes are
disposed of directly (with partial treatment) into the environment and natural water systems. Short-term
exposure to these pollutants causes tremors and nervous system disorders, while long-term exposure
causes thyroid dysfunction, weight loss, and generalized hypoxia [1]. Therefore, the treatment of the
dye-containing wastewater before the final disposal is an urgent matter, not only to meet international
standards, but also to protect the biodiversity in nature and to ensure the availability of pure water for
future generations. The dye-containing wastewaters have been of great interest to researchers during
the past several years, primarily due to the high tectorial values of the dyes, where the discharge of
less than 1 ppm of a dye into the water might cause significant changes in the water’s physical and
chemical characteristics. The traditional treatment methods used for the treatment of wastewaters
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depend mainly on chemical, physical, and biological processes (Table 1), which contribute effectively
to improving the quality of the effluent parameters, such as the chemical oxygen demand (COD),
biochemical oxygen demand (BOD), total suspension solids (TSS), and turbidity. Unfortunately,
these methods are insufficient to remove the dyes from the wastewater. Coagulation/flocculation is a
potential alternative, and a highly efficient method of removing dyes from dye-containing wastewaters.



Water 2020, 12, 2032

Table 1. Advantages and disadvantages of the physical, chemical, and biological processes in dye wastewater treatment.

30f32

Process Advantages Disadvantages References
Physical Process
Ion exchange Good surface area, effective sorbent Not effective fo.r all dyes., c.flerived frqm petroleum-based [2]
materials, sensitive to particle charge
Adsorption Effective for dye removal Eco-friendly disposal of spent adsgrbents, requires 3]
pretreatment, and costly maintenance
Membrane filtration Able to remove all types of dyes Requires proper p retreatment for S.S removal, [4]
membrane fouling, expensive
Irradiation Effective in lab settings Requires large amounts of O, [5]
Electrokinetic coagulation Reasonable cost High sludge problem [6]
Chemical process
Cucurbituril Good sorption capacity for different types of dyes Expensive process [7]
Oxidation Simple application H,0; needs to be activated [8]
Chemical coagulation-flocculation Can remove dye molecules from dyebath effluent High sludge production [9]
Ozonation Efficient for colour removal Aldehyde by-product [10]
Fenton’s reagent able to treat soluble and insoluble colour pigments Results in large amounts of precipitate [11]
Biological process
Aerobic Economically attractive and eco-friendly Slow process [12]
Anaerobic Decolourized azo and water-soluble dyes Produces methane and hydrogen sulphide [13]
Decolourization by mixed cultures Able to remove colour in 30 h Lower efficacy, due to aerobic conditions [14]
Decolourization by white-rot fungus Degrades dyes using enzymes Unpredictable enzyme production [15]
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The conventional coagulation/flocculation process, using inorganic polymers (synthetic or
semi-synthetic), such as alum and ferrous sulphate (FeSO,), could increase the environmental pollution
levels by introducing non-biodegradable compounds [16]. Therefore, many researchers have shifted
to using natural coagulants for wastewater treatment due to the advantages of these coagulants over
chemical agents, particularly their low toxicity, low residual sludge production, and biodegradability [17].
Natural coagulants are of great interest to scientists, since they are natural, low-cost products, characterized
by their environmentally friendly behaviour, and are presumed to be safe for human health [18]. However,
in many of these studies, the utilization of natural coagulants was associated with the addition of natural
polymers, in order to enhance the floc size by attracting smaller particles to generate much larger flocs, and,
in some of the studies, natural polymers were used, without adding any coagulant, due to the high efficacies
of natural polymers in the flocculation process (direct flocculation) [19,20].

The use of natural polymers (plant or animal sources) is a promising method for treating wastewater
and removing dyes, due to the chemical structure and the composition of the polymers, such as the
presence of many functional groups, which contribute effectively towards the removal of dyes from
the wastewater. In addition, natural polymers are non-toxic, low-cost, renewable, biodegradable,
and biocompatible [21]. Natural polymers are synthesized from plant products, such as starch,
guar gum, gum acacia, locust bean gum, pectin, nirmali seeds (Strychnos potatorum), and drumstick
trees (Moringa oleifera), as well as from non-plant sources, such as alginates, carrageenans, chitin,
chitosan, bacteria, algae, and fungi [22-28]. Nonetheless, in many cases, natural polymers are not
sufficient to remove the dyes from highly complex dye-containing wastewaters, containing different
types of pollutants, such as heavy metals, which have a negative effect on the attraction of dyes to natural
polymers. Therefore, these polymers should be subjected to a modification process, involving chemical
or physical treatment, in order to increase their efficiency in removing dyes from complex wastewaters.
It is vital to modify the polymers according to the target application with tailor-made specifications,
designed using blending, grafting, curing or derivatization methods. The natural polymer can be
chemically modified by mineral acids, bases, salts of weak acids, enzymes, acetylation, saponification,
concentrated ammonium systems, and primary aliphatic amines [29]. The physical modification
process includes the blending of two or more types of the polymer at an ambient temperature or
elevated temperature. Polymer grafting involves the monomer being covalently bonded onto the
polymeric chain, which requires a longer time compared to curing. Curing forms, a coat of oligomers
mixture onto the substrate using physical forces. In derivatization, the substitution of a simple molecule
with a reactive group on the polymeric chain occurs to provide additional functional groups.

The current review article discusses the application of modified natural polymers in the removal
of dyes from dye-containing wastewaters. The characteristics of natural polymers from plant and
non-plant sources are reviewed. The feasibility of using modified natural polymers as an alternative
technology for the removal of dyes from wastewater is investigated. The main aim of this article is to
summarize the characteristics of dye-containing wastewaters, as well as the recent research concerning
the application of modified natural polymers for the removal of dyes from different wastewaters.
A comparison of several publications on the application of natural polymers has been compiled for
this purpose. The authors recommend that the reported removal capacities of natural polymers be
taken as a response to specific conditions, instead of maximum removal capacities.

2. Characteristics of Dyes

Over 100,000 types of commercial dye, for a total of more than 7 x 10° tons of dyestuff, are produced
by the textile industries around the world annually [30]. Dyes found in the wastewater are primarily used
in industrial activities, such as the textile industry and food processing. These wastes contain different
types of chemicals, such as dyestuff, bleaching agents, finishing chemicals, starch, thickening agents,
surface active chemicals, wetting and dispensing agents, as well as metal salts, which are used during each
stage of textile production [31]. Several types of heavy metals have negative impacts on human health,
as listed in Table 2 [32].



Water 2020, 12, 2032

Table 2. Classes of different dyes [32].
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Class

Substrates

Method of Application

Chemical Types

Acid

Azoic components and compositions

Base

Direct

Disperse

Mordant

Oxidation bases

Reactive

Solvent

Sulphur

Vat

Nylon, wool, silk, paper, inks, and leather

Cotton, rayon, cellulose acetate,
and polyester

Paper, polyacrylonitrile, modified nylon,
polyester, and inks

Cotton, rayon, paper, leather, and nylon

Polyester, polyamide, acetate, acrylic,
and plastics

Wool, leather, and anodized aluminium

Hair, fur, and cotton aromatic

Cotton, wool, silk, and nylon

Plastics, gasoline, varnishes, lacquers, stains,
inks, fats, oils, and waxes

Cotton and rayon

Cotton, rayon, and wool

Usually from neutral to acidic dyebaths

Fibre impregnated with coupling
component and treated with a solution of
stabilized diazonium salt

Applied from acidic dyebaths

Applied from neutral or slightly alkaline
baths, containing additional electrolytes
Fine aqueous dispersions often applied
by using high-temperature/pressure, or
lower-temperature carrier methods; dye
may be padded on cloth and baked on,
or thermofixed
Applied in conjunction with Cr salts
Amines and phenols oxidized on the
substrate
Reactive site on dye reacts with
functional group on fibre, to bind dye
covalently under influence of heat and
pH (alkaline)

Dissolution in the substrate

Aromatic substrate vatted with sodium
sulphide and reoxidized to insoluble
sulphur-containing products on fibre
Water-insoluble dyes, solubilised by

reducing them with sodium hydrogen
sulphite, then exhausted on fibre
and reoxidized

Azo (including premetallized),
anthraquinone, triphenylmethane,
azine, xanthene, nitro, and nitroso

Azo

Cyanine, hemicyanine,
diazahemicyanine,
diphenylmethane, triarylmethane, azo,
azine, xanthene, acridine, oxazine, and
anthraquinone
Azo, phthalocyanine, stilbene,
and oxazine

Azo, anthraquinone, styryl, nitro, and
benzodifuranone

Azo and anthraquinone
Aniline black and indeterminate
structures

Azo, anthraquinone, phthalocyanine,
formazan, oxazine, and basic

Azo, triphenylmethane, anthraquinone,
and phthalocyanine

Indeterminate structures

Anthraquinone (including polycyclic
quinones) and indigoids
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Dyes are classifieds into anionic dyes, cationic dyes, and non-ionic dyes. Cationic dyes are a
category of basic dyes, while anionic dyes are known as disperse dyes, and are comprized of acid
dyes, as well as direct and reactive dyes. Cationic dyes are water-soluble, with a positive charge
and high color visibility. Anionic dyes carry a negative charge and differ from cationic dyes in terms
of water-solubility, structure, and ionic substituents [30]. Several different types of dye have been
universally utilized in textile industries, such as azo, triphenylmethane, perylene, anthraquinone,
and indigoid dyes [33]. The different types of dyes are listed in Table 3 [34]. It can be noted that many
of the dyes are used in different industrial applications.

Table 3. List of heavy metal toxicities [34].

Heavy Metals Toxicities
Arsenic (As) Skin manifestations, visceral cancers, vascular disease
Cadmium (Cd) Kidney damage, renal disorder, human carcinogen
Chromium (Cr) Headache, diarrhea, nausea, vomiting, carcinogenic
Copper (Cu) Liver damage, Wilson’s disease, insomnia
Nickel (Ni) Dermatitis, nausea, chronic asthma, coughing, human carcinogen
Zinc (Zn) Depression, lethargy, neurological signs, and increased thirst
Lead (Pb) Damage to the fetal brain, kidney diseases, as well as circulatory system and nervous system diseases
Mercury (Hg) Rheumatoid arthritis, kidney diseases, as well as circulatory system, and nervous system diseases

In addition, the dyes are subjected to chemical and physical processes during their application,
which might result in the production of different, unknown secondary chemical substrates in the
generated wastewater. This point is of critical concern among scientists, since new unknown chemicals
are being released into the environment. Thousands of types of synthetic dyes are commercialized to
obtain multicolor fabrics [32]. It is estimated that the concentration of dye effluent can be in the range of
10 to 250 mg/L [33]. However, it depends on the specific dye industry. The highest concentration of dye
effluent recorded from the reactive dye industry reached 7000 mg/L [35]. Another concern associated
with the traditional treatment of the dye-containing wastewater lies in the dye’s unknown degradation
pathway, which has resulted in the release of secondary toxic by-products into the environment
and the natural wastewater, rather than being removed from the partially treated dye wastewater.
The formation of chlorinated compounds and phthalic acid esters (PAEs) in the treated dye wastewater
has been reported in the literature, for example, [36]. Dyes released into the environment can have
acute effects on organisms, based on their level of toxicity [37]. The presence of dyed water can even
be at concentrations as low as 1 mg/L [38]. This may affect the amount of light penetrating the water,
reducing photosynthesis rates. Thus, it is compulsory for raw wastewater to be treated before being
released into the environment. The standards and the guidelines for the disposal of textile wastewater
are illustrated in Table 4. Most of the countries listed showed similar numbers for permissible pollutant
concentrations to those listed by the United Sates Environmental Protection Agency (US EPA), with the
exception of Nigeria. These pollutants were SS, Hg, As, Cn, Cu, Mn, Sn, Zn, B, Fe, Ag, Al, Se, Ba, F,
formaldehyde, phenol, sulphide, oil and grease, ammoniacal nitrogen, and color. This shows that the
environmental regulation in Nigeria is not strict, at least in terms of water and wastewater sustainability.
Amendments to the regulations should be considered, in order to provide clean water for future
generations. Jordan and Bangladesh did not list the permissible concentrations of certain pollutants,
such as Cr3, Sn, Ag, Al, Ba, formaldehyde, and color, according to their regulations. One possible
reason is that these countries follow US EPA guidelines only for several ion’s discharge limits. The list
shows the different concentrations of ion discharge limits except for As, Pb, Ag, Al, Se, and Ba.
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Table 4. Permissible standard limits for industrial wastewater in different countries.
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Parameter Unit Malaysia [39] Jordan [40] Bangladesh [41] Nigeria [42] Singapore [43] US EPA [44]
o Summer: 40, Summer: 40
Temperature C 40 Winter: 45 Winter: 45 <40 45 40
pH Value - 5.5-9.0 6.0-9.0 6.0-9.0 6.0-9.0 6.0-9.0 6.0-8.5
BOD mg/L 50 50 50 50 50 40
SS mg/L 100 150 150 NL 50 TSS: 50
Hg mg/L 0.05 0.01 0.01 NL 0.05 0.005
Cd mg/L 0.02 0.05 0.05 <1 0.1 0.01
Cr mg/L 0.05 0.5 0.5 <1 1 0.1
Cr? mg/L 0.1 NL NL <1 1 0.5
As mg/L 0.1 0.2 0.2 NL 0.1 0.2
Cyanide (Cn) mg/L 0.1 0.1 0.1 NL 0.1 0.2
Lead (Pb) mg/L 0.5 0.1 0.1 <1 0.1 0.1
Copper (Cu) mg/L 1.0 0.5 0.5 NL 0.1 3.0
Manganese (Mn) mg/L 1.0 5 5 NL 5 NL
Nickel (Ni) mg/L 1.0 1 1 <1 1 3.0
Sn mg/L 1.0 NL NL NL 10 NL
Zinc (Zn) mg/L 2.0 5 5 NL 1 2.0
Boron (B) mg/L 4.0 2 2 NL 5 NL
Iron (Fe) mg/L 5.0 2 2 NL 10 3.0
(xix) Silver (Ag) mg/L 1.0 NL NL NL 0.1 NL
(xx) Aluminium (Al) mg/L 15 NL NL NL NL NL
(xxi) Selenium (Se) mg/L 0.5 0.05 0.05 NL 0.5 0.05
(xxii) Barium (Ba) mg/L 2.0 NL NL NL 2 NL
(xxiii) Fluoride (F) mg/L 5.0 7 7 NL NL 2.0
(xxiv) Formaldehyde mg/L 2.0 NL NL NL NL NL
(xxv) Phenol mg/L 1.0 1 1 NL 0.2 1.0
(xxvi) Free Chloride mg/L 2.0 600 600 600 NL 1500
(xxvii) Sulphide mg/L 0.50 1 1 NL 0.2 2.0
(xxviii) Oil and Grease mg/L 10 10 10 NL 10 10
(xxix) Ammoniacal Nitrogen mg/L 20 50 50 NL NL 50
(xxx) Colour ADMI * 200 NL NL NL 7 Lovibond Units 496 mm: 7m™",525 nm:

5m™1,620 nm: 3m™!
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Table 4. Cont.

8 of 32

Parameter Unit Malaysia [39] Jordan [40] Bangladesh [41] Nigeria [42] Singapore [43] US EPA [44]
(xxxi) COD:
(a) Pulp and paper industr

N Pul Ii 1 pap Y me/L 200 200 200 150 100 250
(i) Pulp mill i 350 NL NL NL NL NL
(11) Paper mill (recycle.d) mg/L 250 NL NL NL NL NL
(iii) Pulp and paper mill mg/ 300 NL NL NL NL NL
(b) Textile industry mg/L 250 NL NL NL NL NL
(c) Fermentation and distillery industry mg/L 400 NL NL NL NL NL
(d) Other industries mg/L 200 NL NL NL NL NL

* NL: not listed.
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3. Application of Polymers in Wastewater Treatment

A polymer, whether grafted as a polysaccharide base, is highly efficient at binding and linking
particles to itself and vice versa during collisions, resulting in the formation of larger, more settled
flocs [45]. Polymers used in flocculation and coagulation might be inorganic or organic, and might
be generated from natural resources, such as tannin, pectin, sodium alginate, chitosan, cellulose,
gums and mucilages, which are derived from polysaccharides and proteins [46], or synthesized, such as
acrylamide based poly-(2-methacryloyloxyethyl)-trimethylammonium chloride [47-49]. However,
most of the previous studies focus extensively on the utilization of natural polymers, due to their high
biodegradability. Many of the natural polymers discussed in the literature have been extracted from
Moringa oleifera, Strychnos potatorum, Pseudomonas plecoglossicida, Spirogyra sp., and Aspergillus
niger [50-54]. The extraction of polymers from agro-waste, such as guar gum, pectin, tannin, and locust
bean gum, is explored due to these being environmentally safe, natural compounds from renewable
resources, and not producing unintended hazardous wastes [55]. The high efficiency of the natural
polymers in the removal of dyes from wastewater lies in the presence of different functional groups,
such as the carboxyl, hydroxyl, phosphate, amine functional groups, which can bind to the cationic
charges on the dye molecules by using electrostatic force [56]. Moreover, the renewable resources are
abundant, and the aspect of biodegradability attracts many researchers [57].

The studies concerning the application of natural polymers in water and wastewater treatment
are listed in Table 5. Most of them were applied as adsorbents or flocculants during the coagulation
and flocculation process. Natural polymers usually work best in an acidic environment. However,
some studies used a pH of 8 during the adsorption, to remove the methylene blue dye with the aid
of acrylic acid [58]. About 20 mg of effective material was able to remove the dye color up to 45%.
The highest removal rate, at 99.2%, was accomplished at pH 2 using pectin in 34.32 mg/L of Crystal
Ponceau 6R dye [59]. A natural polymer extracted from animal waste, known as chitosan, was also
able to remove 99% of the Duasyn Direct dye at pH 3.4, in combination with other materials, such as
polyacrylamide and bentonite, as coagulants [60]. The cellulose/polyaniline (Ce/Pn) nanocomposite
removed more than 90% of Remazol Brilliant Blue R (RBBR), Reactive Orange 16 (RO), Remazol Brilliant
Violet 5R (RBVR), and Reactive Black 5 (RB) from the synthetic Remazol dye effluent. In contrast,
70.23% and 80.78% of the RBBR dyestuff was removed by using a chitosan-poly (acrylic acid) conjugate
in an acidic environment, at pH 4 and pH 5, respectively [61]. RBBR dyes were successfully removed
(100%) by using a combination of chitosan and cross-linked chitosan.

Natural adsorbents can also minimize the reaction time. Studies of alginates showed a 50%
removal of methylene blue and methyl orange, which only required 10 and 17 min to achieve,
respectively [62]. Previously, researchers used an alum and Acanthocereus tetragonus (a cactus species)
to treat synthetic water, containing 100 to 500 ppm of Congo Red and Direct Blue dye [62]. The results
indicated that using A. tetragonus as a coagulant resulted in 90% (up to 96%) color removal, while only
80% of color was removed by the alum. In addition, two types of plant organisms, namely Moringa
oleifera seeds and Grewia venusta peel, were investigated for the treatment of synthetic dyes, namely,
indigo carmine (reactive dye) and methyl orange dye [63]. The M. oleifera seeds were more effective
than the G. venusta peel, with 99% and 85% dye removal, respectively. Both plants also showed
optimum performances in acidic environments. The G. venusta peel, however, required harsh acidic
conditions, at pH 2, to achieve the highest removal rate. In actual textile wastewater, plant extraction
was not able to decolorize the pollution when using a single coagulant. Additional assistance was
required to bind the dye particles together. Inorganic iron was added to the okra mucilage at the
optimum pH of 6, in order to remove 93.57% of the colorant [64]. Textile wastewater is known to be a
complicated waste to process, due to the presence of both cationic and anionic charges.
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Table 5. Treatment of several types of wastewater using natural polymers.
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Natural Polymer Types Of Wastewater Treatment Process Condition Type Of Dye Colour Removal References
Pectin Textile wastewater Coagulation and flocculation PH 5, 4274 mg/l Mg,C12 and -NA- 54.20% [57]
21.9 mg/l pectin
. . pectin dose 20 mg; pH 8 5
Synthetic dye Adsorption 20 mg/l of Methylene blue Methylene blue dye 45.00% [58]
pH 2, 247.4 mg/l dose;
Synthetic dye Adsorption 34.32 mg/l dye Crystal Ponceau 6 R dye 99.20% [59]
concentration; 540-min time
no pH adjustment; 20 mg of ll)zigirﬁg/z%égr;;dm
Synthetic dye Adsorption beads was added to 50 mL of the Methylene blue dye . 9 mg/g [60]
. for pectin/cellulose
dye solution L
microfiber bead
pH 4.0, coagulant dose of
Chitosan Synthetic dye Coagulation & flocculation 25 mg/l, flocculation time of 60 Congo Red (CR) dye 94.50% [61]
. removal-
min and temperature of 340 K
chitosan beads,
1-butyl-3-methylimidazolium
. . acetate and Malachite Green (MG) 8.07 mg g~ and
Synthetic dye Adsorption 1-butyl-3-methylimidazolium dye 0.24 mg g~ [651]
(pH 4.0, dose of 0.008 g, and
agitation time of 20 min)
3 g/L alum + 0.4 g/L chitosan
pH 4.51, 250-rpm rapid mixing
Palm oil mill effluent ~ Coagulation and flocculation speed for 3 min, 30-rpm slow - 95.24% [60]
mixing speed for 30 min, and 60
min settling time.
95.90%, 91.90%,
Cellulose/Polyaniline . . 92.70%, and 95.70% of
(Ce/Pn) Nanocomposite Synthetic dye Adsorption process Remazol dye effluent RBBR, RO, RV, [61]
and RBK, respectively.
50.00% Methylene
. . . Methylene blue and blue in 10 min and
Alginate Synthetic dyes Activated carbon Methyl orange dyes Methyl orange in [62]

17 min
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Table 5. Cont.

Natural Polymer Types Of Wastewater Treatment Process Condition Type Of Dye Colour Removal References
Acanthocerous . . pH 6 at dose of 5 mg/L Congo red dye Direct 96.00%
Tetragonus (Cactus) Synthetic dyes Coagulation pH 4 at dose of 6 mg/L blue dye 90.00% (621
Moringa Oleifera Seeds . . pH 5 at MOS dose of 0.5 g and Indigo carmine 1
(Mos) Synthetic dyes Adsorption 150 mg/L concentration of dye (reactive dye) 31.25mgg (631
GrewiaVenusta Peel . . pH 2 at 0.5 g of GVP and 85.00%
(Gvp) Synthetic dye Adsorption 150 mg/L dye concentration Methyl orange dye 188.68 mg g1 [63]
Okra Mucilage Textile wastewater o
(Abelmoschus (during washing and ~ Coagulation and flocculation pH 6;: d3é280-0n;ngng§fs;:3f+Okra, - 5 798327 /0_1 [64]
Esculentus) finishing processes) ’ ' £8
0,
pH 2.9 (Bentonite+ anionic Methylene blue >90.00%
flocculant) 89.00%
Tannin Synthetic dye Coagulation and flocculation pH22 (Benton}te+ amonic PAM) Crystal violet [66]
pH 3.4 (Bentonite+ cationic PAM) 99.00%
pH 2.8 (Bentonite + cationic Duasyn direct dye e
flocculant) Acid black 2 83.00%
Manufacturing . . o
Coagulation and flocculation - - 99.00% [66]
wastewater treatment
Gums
Coagulation and flocculation Direct dyes >70.00% [67]

C. Javahikai Seed Gum
(@)

Synthetic dyes
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Various monomers are tabulated and listed, along with some details on the dye
removal rates from previous studies, in Table 6. Cationic monomers, such as
poly-(2-methacryloyloxyethyl)-trimethylammonium chloride (PDMC), diallyldimethyl ammonium
chloride, diethanolamine, and polyethylenimine, were very promising in thermal conditions
and certain solvents. Grafting by using the opposite charges on the polymer’s main backbone
has a greater potential to increase the dye removal rate. A previous study showed an
amphoteric grafting branch on chitosan using two monomers, known as carboxymethyl and
poly-(2-methacryloyloxyethyl)-trimethylammonium chloride, for the removal of different charges of
a dye molecule (cationic and anionic dyes) [68]. The existence of a quaternary ammonium group
increased the cationic charges in the acidic environment, but a weak anionic character was displayed
when the pH was above its isoelectric point. As the result, the bridging between these polymers and
dyes became stronger. Some monomers made the polymer sensitive to pH in both acidic and basic
environments. Diallyldimethyl ammonium chloride was grafted onto carboxymethyl cellulose (CMC),
which was already cross-linked with mono-chloroacetic acid (MCA) and epichlorohydrin (ECH),
and demonstrated a good performance in a methylene blue dye reduction, at over 98.54% removal
in acidic conditions, and 83.07% removal in basic conditions, within a mere 20 min [69]. Using a
PDMC monomer grafted onto carboxymethyl chitosan resulted in a 90% removal of Acid Green 25
at pH 4 and 98% of Basic Bright Yellow at pH 11. The quaternary ammonium salt was attracted to
the anionic Acid Green 25 dye, producing a strong electrostatic attraction in an acidic environment,
which is known as the neutralization effect. The presence of anionic charges on carboxymethyl chitosan
assisted with the binding between the molecule of dye, known as Basic Bright Yellow dye, and anionic
charges in the alkaline phase. A study on the alteration of bentonite with polyethylenimine to form
an electrostatic charge and a hydrogen bond with the Amino Black dye, was successfully executed
in an acidic environment (pH 3), at an adsorption rate of 264.5 mg/g [70]. The results showed that
the mixture, containing 30% of polyethylenimine and 70% bentonite, was successfully grafted onto a
molecule of (3-Glycidyloxypropyl) trimethoxysilane, with the aid of an epoxy bond, over a period of
24 h at 60 °C, in the presence of nitrogen gas.
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Table 6. Examples of monomers introduced in graft copolymerization.
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Monomers Classes Molecular Structure Removal Percentage References
poly(2-methacryloyloxyethyl) L 90% Acid Green 25
trimethylammonium chloride (PDMC) Cationic at pH 4 [69]
98% Basic Bright Yellow at pH 11
Diallyldimethyl ammonium Cationic >98.54% of methylene blue and 83.07% of anionic dye orange II [68]
Chloride pH=4and 11
Diethanolamine Cationic 99.6% of Congo red, 99.8% of methyl blue, 97.5% of sunset yellow, [71]
and 81.2% of neutral red
Polyethylenimine Cationic Adsorption rate of 264.5 mg/g for amino black dye at pH 3 [70]
Acrylamide Non-ionic >99% of methylene blue at pH 10 [72]
Acrylic acid Anionic 99.5% of Congo red and 98.7% of methylthionine chloride [69]
Poly(glycidyl methacrylate) Anionic 98.5% using 200 mg/L of methyl orange and methylene blue dyes [73]
Nearly 99% Rhodamine B, malachite green, and anionic dye

Triochloroaceticac Anionic orange were at concentration 222.6, 190.6, and 40 mg g7, [74]

respectively, at pH < 3
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The next type of monomer, known as non-ionic monomers (such as acrylamide), have been
widely grafted onto many types of polymers. One of the important steps for improving the
efficiency during water treatment was to select the polymer based on the best grafting ratio.
An ultrasound-assisted method was applied in order to increase the grafting efficiency since it
could reduce the polymerization time. A previous study showed that sodium alginate (SAG)
grafted with polyacrylamide (PAM) was able to achieve a high color removal with a grafting
efficiency of 75% [72]. The highest efficiency was attained at pH 10, with a 99% adsorption of
methylene blue. Recently, an in-situ ultrasonic wave-assisted polymerization was explored as a
substitute for proper physical emulsion mixing. In one of the studies, the ultrasonic system was
applied to anionic monomers, such as acrylic, triochloroacetic acid, and poly (glycidyl methacrylate),
and showed an affinity with cationic dyes. In addition, a monomer can also help increase the
pure water flux by using an acrylic monomer to reduce the graft density, which can enhance the
hydrophilicity. The fabrication of polypropylene composite hollow fibre membranes with acrylic
monomers demonstrated good dye retentions, with a 99.5% and 98.7% removal of Congo Red
and methylthionine chloride, respectively [75]. A recent study explored the modification of a
magnetic adsorbent, using poly (glycidyl methacrylate (PGMA)) microspheres, cross-linked with
ethylene glycol dimethacrylate (EGDMA), in the decolorization of dyes [73]. The polymerization
techniques were modified, to some extent. A modified multi-step swelling polymerization method
was employed with iminodiacetic acid (IDA) used to produce carboxyl groups, and the magnetic traits
were successfully embedded inside the microsphere’s pore using in-situ chemical co-precipitation.
The coating microspheres were then exposed to ultraviolet (UV) radiation. The results indicated a
good adsorption rate, and the decolorization rate reached 98.5%. The decolorization efficiency was
more than 80%, despite the adsorption—desorption cycle being run ten times. Other monomers, such as
trichloroacetic acid, remove 99% of cationic dyes, such as malachite green and rhodamine B [74].
High adsorption capacities were recorded for rhodamine B, at 222.6 mg/g, and 190.6 mg/g for malachite
green. A low adsorption rate was detected for anionic orange dye, at 40 mg/g, due to a smaller number
of cationic charges on the adsorbent.

Current research focuses on the extraction of microbial polymers, since it is easy to carry out, and
cost effective for industries. In order to obtain highly effective polymers for use in the removal of dyes,
researchers have focused on the polymers generated from indigenous microbes, such as Pseudomonas
pseudoalcaligenes, Pseudomonas plecoglossicida, and Staphylococcus aureus, in fawn dyes, mediblue,
whale dyes, and mixed dyes [76], because these dyes have a high resistance to decolorization. This is
possibly due to the acidic nature of these dyes, which makes it difficult for them to be absorbed by
microbial polymers [77]. The indigenous microbes might have adopted and developed a resistance
mechanism in order to survive in these dyes, therefore, these organisms exhibit a high dye removal
efficiency. In a recent study, one bacteria species (Brevibacillus laterosporus) and one yeast species
(Galactomyces geotrichum) were immobilized in a stainless-steel sponge and in polyurethane foam.
The microbial consortia successfully decolorized 50 mg/L of Remazol Red dye in the stainless-steel
sponge and in the polyurethane foam in 11 h and 15 h, respectively [78]. Immobilization by using
calcium alginate and polyvinyl alcohol produced more consistent results but required more time to
complete the decolorization process at 20 h in the stainless-steel sponge and 24 h in the polyurethane
foam. In another study, nine different bacterial strains from textile wastewater and sludge were
isolated, which resulted in one Planococcus sp. with decolorization abilities being found in textile
wastewater [79]. The Planococcus sp. decolorization ability was increased to 78% by combining it with
a 55% peptone and a 60% dextrose solution (in a nitrogen and a carbon source, respectively).

4. Graft Polymer (Coagulant/Flocculant)

New developments in the polymer research have drawn attention towards graft polymers,
also known as grafted copolymers. The advantages of graft polymers include their non-toxicity,
high biodegradability in nature, and low cost (Figure 1). Moreover, their high molecular weights,
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as well as the existence of new branching on the molecular chains, makes them more suitable for
removing dyes from wastewater. Natural graft polymers are defined as additional polymers inserted
into the backbone of a natural polymer, in order to alter the molecular chain. The alteration extends
the natural polymer’s length, thus improving the adsorption of molecules with opposite charges in
the solution [80]. Moreover, the existing branches of natural polymers have been modified in many
studies, by inserting an acetyl group into the chitosan, resulting in more functional groups being added
to the polymeric chain, thus improving the absorbance capacity of the polymers for azo dyes from
wastewater [81]. The formation of the carboxylic group on the chitosan’s polymeric chain was able to
remove cationic and anionic dyes, which in this case involved the synthetic methylene blue and methyl
orange dyes. As reported by the previous study, the grafted surface of graphene oxide showed a good
potential for dyes due to the presence of carboxylic and hydroxyl groups that produce a colloidal
dispersion in the aqueous medium due to its hydrophilic nature [82]. To conclude, the existence of the
carboxylic group was indeed helpful in removing the dye particles.

Low cost
The treatment Produces less

b sludge after the
ecomes more e

efficient sedimentation
process
Fast -

sedimentation Biodegradable
Advantages of graft

natural flocculant

m%?ggﬁ;r Regeneration
chain performance
Requires no High
additional molecular
coagulant weight

Figure 1. Benefits of grafting a natural polymer.

In order to better understand graft polymers, further studies on their mechanisms are required.
The two mechanisms involved in graft polymers are charged neutralization and bridge aggregation.
Several insoluble complexes form at higher speeds during rapid mixing, indicating that neutralization
has occurred. Subsequently, bridging occurred, resulting in the aggregation of the insoluble complexes
and contributing to the formation of larger flocs, due to the increase in the molecular weight [83].
The links in the large flocs settled down rapidly, followed by those in the smaller flocs. A study
showed that the bridging effect was more beneficial to the flocculation of grafted natural polymers
than for linear polymers [84]. Figure 2 demonstrates the differences in natural polymer branching
before and after modification [83]. Different particles are adsorbed onto the grafted natural polymer’s
chain to form bridges, which link to the opposite charges and occupy freer binding sites. Natural graft
polymers carry more binding sites as the length of the modified natural polymer is longer than the
original length [85].
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(a) Linear form (b) Graft polymer

Figure 2. (a) Linear polymer represents the coil form bound to the oppositely charged particles,
while (b) is the graft polymer presenting the comb form, able to bind to a large number of oppositely
charged particles in the solution [83].

4.1. Factors Affecting the Efficiency of Polymer Coagulants

4.1.1. Type of Coagulant

The current trends in wastewater coagulation research focus mainly on the utilization of
biodegradable polymers, such as chitosan, Moringa oleifera, nirmali seeds, and cactuses [86].
Natural polymers are used as coagulants because they are derived from renewable resources,
biodegradable, cheap, non-toxic, and able to minimize the sludge production at the end of the
treatment, as well as prevent the health risks associated with the utilization of alum, such as
Alzheimer’s disease [87]. Nonetheless, the study authors stated that synthetic organic polymers,
such as diallyldimethyl ammonium chloride, as well as copolymers of quaternized dimethylaminoethyl
acrylate or methacrylate, exhibited a better performance in the coagulation processes, due to charge
densities and molecular masses [88]. The advantages of the synthetic organic polymers include
the slow degradation activity, compared to that of the natural polymers with a longer life span,
as well as the high charge density and molecular mass, which make them effective coagulants [89].
The disadvantages of synthetic polymers were not only their hydrophilic nature, but also their high
cost [90]. This resulted in extra care being required during storage and transportation. Other drawbacks
included limited molecular weight and dosage scale, which narrowed down the application range,
and the presence of poisonous monomers, which are non-biodegradable and can be hazardous to the
environment [91]. Although the wastewater treatment becomes more effective with an increase in
dosage, problems arise when synthetic polymers are used due to unreacted chemicals making up the
monomer unit (e.g., formaldehyde), as well as unreacted monomers (e.g., diallyldimethylammonium
chloride and acrylamide) and reaction by-products.

4.1.2. Coagulant Concentrations and Mixing Conditions

A sufficient amount of coagulant should be dispersed completely in the wastewater, with the
optimum mixing speed and time, in order to get the maximum contact between the coagulant and the
suspended particles. One of the main factors affecting a coagulant’s efficiency is its concentration. It has
been demonstrated that coagulants with a cationic charge neutralize the suspensions and destabilize
the colloids. Increasing a polymer’s concentration improves its performance, however, a high dosage
has a negative effect on the coagulation processes and restabilizes the colloids, reversing the charge
and reducing the removal rate [92]. A previously published study proved that increasing the organic
coagulant concentration increased the COD removal rate, which, in this case, involved a combination
of Moringa oleifera and potassium chloride. Using aluminium sulphate had the opposite effect [93].
The removal of organic matter declined as the concentration of hydrolysed metal salt increased.
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The hydrolysed metal salt can contribute to coagulation by adsorption [94]. However, the reversal of
charge on the colloidal particle is the reason why the removal rate decreased. The aim of adding the
salt to the natural polymer was to aggregate the particles, by means of a double layer compression [10].
The excessive addition of salt may also reduce the removal rate, due to the reduction in protein
solubility (the salting-out effect) and the effect of hydration [95].

On the other hand, the mixing processes can also increase the removal rate efficiencies. The two
phases that involve the mixing parameters in the coagulation are rapid mixing and slow mixing.
The speed limit and the duration of time also play a role. The purpose of the rapid mix phase is
to disperse the coagulant well, in order to stimulate particle collisions by using a power paddle.
Rapid mixing was applied in a study, at speeds ranging from 80 rpm to 400 rpm and for time periods
ranging from 0.1 min to 8 min. By varying rapid mixing, the formation, the breakage, and the
regeneration of floc can be determined. A study showed that each coagulant has its own rapid mix
condition [96]. An aluminium-based coagulant, for example, required the minimum time period to
form a larger floc during the rapid mix phase, but the maximum time was needed when using a cationic
polyelectrolyte [97]. Somehow, the regrowth of flocs after longer time periods was possible when
using the cationic polyelectrolyte. The alum-based coagulant, on the other hand, had an irreversible
effect on the floc recovery after the breakage. In agreement with other studies, mixing at 120 rpm
for half a minute is required, in order to form larger flocs of highly turbid water [98]. The study also
found that rapid mixing was connected to slow mixing, due to the flocs’ resistance throughout the
slow mixing phase. The time requirement during mixing did not appear to be the primary factor
in removal effectiveness. The study found that the efficiency of coagulation, in terms of color and
turbidity, had an indirect effect on the time [99]. However, the application of these factors during
the process can provide some additional data. The following phase of slow mixing can take place
at speeds ranging from 10 rpm to 60 rpm, for time periods ranging from approximately 5 min to
30 min. The investigation indicated that a slow mixing intensity had a beneficial effect on the charge
neutralization coagulation when compared to sweep flocculation. Based on the optimum conditions,
longer time periods are required during slow mixing, in order to produce larger flocs. During charge
neutralization, an extended slow mixing phase can help to boost the coagulation performance, in case
of inadequate rapid mixing [100]. This is in contrast with the sweep flocculation mechanism, where a
shorter period of time is required for the slow mixing phase if the rapid mixing is excessively long.
The mixing process should be followed by a sufficiently long settlement process [101]. Having larger
flocs can shorten the time required for the settlement. Thus, the formation of larger flocs is important
in the coagulation process.

4.1.3. Functional Groups

Polymeric coagulants contain several types of functional groups with negative charges, such as
hydroxyl (OH™), amine (NH3~), phosphate (PO*"), and carboxyl (COO~). These groups have bridging
effects on the particles with opposite charges in the water and the wastewater [102]. In nirmali seeds,
the presence of OH™ groups along the galactomannan and the galactan molecular chains provide
abundant attachment sites for interparticle bridging. The presence of the hydroxyl group, indicated by
a broad wave between 3100 and 3500 cm ™!, can be observed for natural polymers. Previous studies on
different polymer analyses of functional groups are summarized in Table 7.
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Table 7. Summary of the functional groups on selected polymers.

Polymers Functional Groups

Chitosan was identified by the presence of OH groups, with NH band
overlapping around 3300 cm™~!; with additional NH stretching

Chitosan vibrations at 1649 cm™~! and 1578 cm~!, and C-O bonds appearing at

1419 em ™! and 1378 cm™!, due to the presence of remaining acetylated
moieties of chitin [103].

Tannin can be recognized by the vibration of phenolic hydroxyl group,
identified by peaks at 3200-3700 and 1325 cm~!. The C-O aromatic ring
Tannin and the C-C stretching vibration were observed at 1204 and 1536 cm™!,

respectively. The absorption peak between 1000 and 1150 cm™! was

associated with ethers (C—O-C) [103].

Moringa oleifera spectrum showed the absorption of OH stretching at
3400 cm™! ; symmetric stretching of C-H at 2925 cm™! ; carboxylic group
(COO™) stretching bands at 1610 cm™! and 1451 cm ™!, and carbonyl
group (C-O) stretching at d 1070 em™1) [104].

The absorption of a large number of hydroxyl groups is indicated by the
Zinc oxide nanoparticles broad peak between 3500 and3100 cm™!; and Zn-O bond stretching is
indicated by the lower absorption peak < 600 cm™! [105].
Polyacrylamide spectrum demonstrates broad absorption bands at 3421
and 3192 cm™!, indicating N-H stretching vibrations. The absorbance
peaks at 1655 cm™! correspond to the asymmetric C = O stretching
vibrations [106].

Common absorption bands, observed at 3387 cm™1, are ascribed to —OH
stretching vibrations. The C = O groups (~COOH), the C = C stretching,
the C-O-C stretching, and the C-O (C-OH) stretching peak can be seen at
1730, 1621, 1224, and 1049 cm™ !, respectively [106].
Hydroxyl absorption peak was recorded at 3421 cm~ L asymmetric and
Sodium alginate symmetric stretching vibrations of carboxylic groups were observed at
the peaks near 1621 em~! and 1395 cm™! [106].
Carboxymethyl cellulose (CMC) can be identified by the wide spectra
associated with ether bonds at absorption peaks between 1000 and 1100
cm™!. The absorption band at 1588 cm™~! was attributed to the scissoring
mode of the carboxylic groups (COO-) [73].

Pectin absorption band were indicated by five bands at 1019, 1052, 1076,
1104, and 1149 cm™!. Meanwhile, other bands at 1350-1750 were
associated with carboxylic groups and C = O stretching in the
protonated carboxyl group. In addition, two bands, representing
symmetric and asymmetric stretching modes in carboxylic group at
1600-1650 cm™! and 1400-1450 cm™?, respectively. In addition, the ether
and the C-C bond included in the molecule of pectin were indicated by
the absorption bands between 1100 and 1200 cm~1 [107].

The previous spectrum showed a broad peak at 3311 Cm_l, which is
Locust bean gum assigned to the O-H group. The presence of sharp peaks at 1004 cm™!

was attributed to C-O-H vibrations [108].

Moringa olefera

Polyacrylamide

Graphene oxide

Carboxymethyl cellulose

Pectin

Biopolymeric flocculants, such as pectin, have similarly negative charged particles (OH and
COO) [109] with longer chains, resulting in electrostatic repulsion, due to the chains stretching
out [110,111]. Studies on Polydiallyldimethylammonium chloride (PDADMAC) grafted onto a locust
bean gum showed the adsorption of amino groups reacting with anionic dye particles, indicated at 1474
and 3022 cm™! on the spectrum, increased with time, until the adsorption equilibrium was reached at
approximately 600 min [112]. Other studies on the existence of phenolic groups in tannin structures
showed these groups undergoing deprotonation to produce phenoxide effortlessly, thus expanding the
oxygen atom’s electron density [103]. The efficiency of the coagulation process is enhanced by the
presence of additional phenolic compounds in the polymer structure [81]. The studies have shown that
phenolic and amine groups are accessible in commercial tannin, which is a cationic polymer, with single
tertiary amine groups present in each monomer [113]. Natural polymers can be grafted onto the surface
of graphene oxide (GO) for the removal of dyes as GO has show a good potential for the removal
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of dye from aqueous solutions, as investigated by experimental and computational methods [32].
The computational evidence was illustrated using visual molecular dynamic programmes as can be
seen in Figure 3. The surface area of graphene oxide posed a more negative charge in low pH with
the absence of salt, which resulted in a protonated carboxylic group since no sodium ion (Na*) can
attach to the surface. Otherwise, an anionic group (CH3COO~, SCN™, S0,4%~,NO;~) was able to attach
to the hydrophobic graphene oxide. A previous study claimed that the higher surface area assisted
the graphene oxide’s ability to interact with direct blue Indosol dyes (a subcategory of anionic dyes)
at pH < 4, due to several factors, such as the presence of hydroxyl, carboxylic, and oxygen groups,
as well as the active sites on the dye particles, which may have resulted in stronger chemical bonds
between the graphene oxide and the dyes [114]. Instead, Direct Red 81 was added to solutions with
higher pH values (>7.5), resulting in nearly 100% removal. The new hydroxyl group will interact
with amine groups from dye particles in basic conditions, increasing the adsorption observed in
studies. In addition, multiple layers of neutralized sulphonate groups in the dye are formed, due to
the electrostatic interaction between the oxygen-containing functional groups on the graphene oxide.
In addition, the pi interaction and the bonding with the hydrogen molecules also help to increase the
adsorption rate.

Figure 3. Visual molecular dynamics simulation of the attachment between graphene oxide (GO):
(a) CH3COO~; (b) SCN~; (c) SO42~ and (d) NO5~. Color coding: C-cyan, O-red, N-dark blue, H-white,
S-yellow, Na-light blue [82].

4.1.4. Molecular Weight (MW) of the Flocculant/Coagulant Aid

Different polymers have different molecular weights, based on their molecular structures.
The molecular weight of the flocculant added after the coagulant has a significant impact on the process.
Polymers with higher molecular weights contribute to efficient toxin removal, due to the mechanisms
involved, such as charge neutralization, bridging, and electrostatic patch. Negatively charged particles
are destabilized by the Van der Waals forces, due to the presence of elements with high molecular
weights and numerous positive charges [110]. As soon as the Van der Waals forces are balanced out by
repulsive electrostatic forces, flocs begin to develop. In addition, larger loops and ends form as the
molecular weight increases; consequently, more sites are available to attract suspended particles [115].
Polymers with a minimum molecular weight of 800,000 daltons are more suitable for bridging [116].
A study of anionic polyacrylamides with different molecular weights indicates that a larger equivalent
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size (resulting from a higher molecular weight being added at an extremely rapid mixing rate), results in
a faster settling time [117]. However, a higher dosage is required to increase the density and to shorten
the settling time, by using a lower molecular weight. Polymers with higher molecular weights and
more branched chains demonstrate a better color removal performance and faster settling rates than
linear chains with small numbers of active sites for the pollutant to bind [118]. A high resistance and
large flocs simulated the separation of the pollutant particles out of the solution and their subsequent
sinking to the bottom. The adsorption of the target pollutant requires a strong adhesion between
solid-liquid interfaces, which is influenced by the polymer’s molecular weight [119]. In another study,
lignin- [2-(methacryloyloxy) ethyl] trimethyl ammonium chloride (METAC), with a high molecular
weight, was more successful at removing Reactive Orange 16 than Reactive Black 5, though both
dyes are anionic azo dyes [120]. The polymerization of polyacrylamides, with gelatine used as a
tested stabilizer, shows a lower dye removal potential when using a low molecular weight grafted
polymer [121]. The Congo Red dye removal was compared when using a copolymer (PAB) before
and after grafting with dextran (DAB), and the experiment showed a 68.1% removal rate when using
DAB, compared to 40.9% without the DAB, due to the higher molecular weight of the DAB grafted
polymer [122]. Using a commercial polymer, such as polyaluminium chloride (PAC), achieves a
48% removal rate. This indicates that the molecular weight does influence the effectiveness of the
coagulation, as well as the flocculation performance.

4.1.5. Type of Charge Density

A polymer’s charge density is categorized into low, medium, and high, based on the percentage
mole of the ionic group (10%, 25%, and 50-100%, respectively) [123]. A low charge density enhances
the polymer’s bridging effect. The effectiveness of the charge density ranges from 5% to 15% and can
improve shear resistance with higher molecular weights. Introducing graft copolymers results in an
improved stability and extends the biodegradability, to some extent [124]. In addition, re-flocculation is
incomplete when the charge density is below 12. The optimum flocculant concentration has been found
to be dependent on the ionic strength [125]. Adding cationic charge polymers significantly enhances
the coagulating capabilities. This effect increases in the order of monovalent < bivalent < trivalent.
For example, adding the trivalent ion results in a stronger floc structure, and increases the floc
size, the density and the shear resistance to a greater extent compared to monovalent ions [126].
One study, comparing four different lignin-based polymers extracted from pulping sludges, showed
an excellent removal rate of disperse dye wastewater when higher-charge-density polymers were
used. Particles form larger agglomerates when high-charge-density polymers are utilized, while looser
molecules, despite the abundance of active sites for the dye molecule to attach, undergo slower
reactions, as a consequence of the steric bulk [118].

5. Removal of Dyes by Using Modified Natural Polymers

Modified natural polymers have gained more attention in the recent years. Different types
of compounds have been used to modify natural polymers for the purpose of removing dyes
from wastewaters—for example, ammonia, formaldehyde, zinc oxide nanoparticles, lignosulfonate,
carboxymethylstarch, polyacrylamide and various monomers [127]. The studies concerning modified
natural polymers are presented in Table 8.



Water 2020, 12, 2032

Table 8. Compilation of toxicant removal from several types of wastewater using modified polymers.

21 of 32

Graft Polymer (Modified) Additional Compound Types of Wastewater Treatment Process Response Percentage Removal (%) References
. . . Synthetic wastewater,
Amine M(l)\j[l‘ll&ei"afannm Gel Aqueous ammonia using Brilliant green Adsorption Colour removal 94.05 [47]
' dye
Tannin ];xtraet§ (Acacia Clarotan with Guadiana River, in .
Mearnsii De Wild And . . . Coagulation and o
. . diethanolamine and Badajoz . Turbidity removal >90.00 [128]
Schinopsis Balansae) . flocculation
formaldehyde (south-western Spain)
Mw: Na
Chitosan—TiO, Titanium dioxide nano Simulated textile Coagulation and Removal of Cd, Cu,
. . . <97.00 [129]
Nanoparticles particles wastewater flocculation and Pb
Cationic moiety
N-3-chloro-2-hydroxypropyl
Chitosan Modified With trimethyl ammonium Simulated laundry Coagulation and Colour 76.20 [130]
CHPATC chloride (CHPTAC) in wastewater flocculation Turbidity 90.94 -
presence of sodium
hydroxide
Cationic Amylopectin Mw: 78.00
6.89 x 10* g/Mol :
Cationic Amylose
. 6
Mw: 2.64 x 10° g/Mol 50.00
Cationic Chitosan
. 5
Mw: 1.2 x 10° g/Mol ~80.00
Cationic Glycogen . .
Synthetic reactive .
6 R Yy
6.81 x 10° g/Mol black dye Adsorption Colour removal 96.20 [67]
Cationic Guar Gum
. 5
Mw: 6.6 x 10° g/Mol 70.00
Cationic Starch
. 5
Mw: 4.32 x 10° g/Mol 65.00
Cationic Tamarind Kernel
82.00

Polysaccharide

Mw: 6.12 x 10° g/Mol
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Graft Polymer (Modified) Additional Compound Types of Wastewater Treatment Process Response Percentage Removal (%) References
Cassia Javahikai Seed
Gum-Grafted . Textile wastewater Coagulation and Colour removal 35.00
Polyacrylamide (Cjg), Polyacrylamide PAM effluent flocculation Total suspended solid 80.00 [671
Mw: Na
. Grafted Copolymer of Allyl
Tanmn—E/?‘:/;\deI;Iydrogel Glycidyl Ether with Synthetic heavy metal Adsorption Lead (Pb) removal 99.00 at (0.5 mmol/L) [131]
’ Acrylamide
Carboxymethyl Chitosan Synthetic dye
Grafted Polyacrylamid Methyl orange Coagulation and
ec Tolyacty € Grafted polyacrylamide (anionic dye) 028 o Colour removal 93.00 [132]
(Cmc-G-Pam) .. flocculation
) Basic right yellow
Mw: Na e
(cationic dye)
. . 11 Acid blue 115 >95.0
ngnosulfona_te—Acrylamlde— Grafted with llgno§ulfonate Reactive black 5 Flocculation Colour removal >95.0 [133]
Chitosan and acrylamide
Methyl orange >50.0
Hydroxypropyl Methyl
Cellulose, Grafted With Coaeulation and
Polyacrylamide Grafted polyacrylamide Raw mine wastewater 5 . Turbidity 95.00 [83]
flocculation
(Hpmc-G-Pam)
Mw: Na
Hydrolysed
Polyacrylamide-Grafted :
Carboxymethyl starch (Hyd. Grafted Textile wastewater Coagulanog and Colour removal 88.18 [28]
Carboxymethyl starch flocculation
Cms-G-Pam)
Mw: Na
Polyacrylamide-Grafted . . . .
Sodium Alginate Mw:Na Grafted sodium alginate Synthetic dye Adsorption Colour removal 99.00 [134]
Methylene 99.00
. . . . . Blue
Ch1t0san—Acrylamlde-FulVlc Grafted with ?crﬂamlde and Acid blue 113, Adsorption Colour removal 97.00 [135]
Acid (Camfa) fulvic acid .
reactive black 5 and 91.60

methyl orange
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Graft Polymer (Modified) Additional Compound Types of Wastewater Treatment Process Response Percentage Removal (%) References
Total suspended solid 38.20
(TSS) 73.40
Polyethylenimine-Grafted Silk printing and redu tiCrcl)'ll"ljlrbidit 70
Cellulose Grafted with Cellulose P & Flocculation eauctio y [136]
Mw: Na dyeing wastewater Total suspended solid 87.40
’ (TSS) 96.20
COD reduction 79.90
Turbidity
Bamboo Pulp Cellulose . .
Grafting Polyacrylamide Grafted with polyacrylamide Cationic and disperse Flocculation Colour removal 87.20 [137]
dye 97.00
(Bpc-G-Pam)
Carboxymethylcellulose-G- graft Machining
Poly[Q-Methacryloylo.xyethyl) poly[(.Z-methacryloylo.xyethyl) wastewater Coagulatlog and Colour removal 93.50 [69]
Trimethyl Ammonium trimethyl ammonium Acid ereen 25 flocculation
Chloride] (Cmc-G-Pdmc) chloride] cd gree
graft copolymer with Brilliant blue KN-R 97.30
. . Yellow M-3RE Coagulation and 89.70
Pafc-Starch-G-P(Am-Dmdaac) gcrylarmde ar}d dlmethyl Dark blue M-2GE flacculation Colour removal 83.00 [138]
diallyl ammonium chloride
Green KE-4B 85.00
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Previously, researchers would come up with effective grafting procedures involving natural
polymers. For example, an amine-modified tannin gel effectively removed brilliant green (at 94.05%)
in neutral pH conditions, using the external surface adsorption mechanism [47]. In another study,
a tannin-based polymer was grafted onto tannin extracted from Schinopsis balansae and Acacia
mearnsii de Wild, by running a Mannich base reaction [139]. A tannin extract, modified with
Clarotan and diethanolamine, was first acknowledged for its potential use as a dye or a surfactant
in wastewater and river water [71]. Based on the wastewater simulation test, about 92% of the
dye could be removed from a 100 mg/L stock solution, and the surfactant concentration could be
reduced from 50 to 7.5 mg/L using a 150 mg/L stock solution. Modified tannin can perform well in
water and wastewater treatment processes, as shown by previous studies [140,141]. Another study,
focusing on lead adsorption, showed the ability of tannin-based hydrogels to absorb metal elements
on their surfaces well [131]. When grafted onto a well-known chitosan, (3-chloro 2-hydroxypropyl)
trimethylammonium chloride was used to reduce 1000 mg/L of the melanoidin dye at pH 3 using a
3 g/L dose chitosan-g-CHPTAC, which was able to remove up to 76.2% of the color and 90.14% of
the turbidity [130]. A study by Sanghi et al. [67] focuses on grafting polyacrylamides onto different
types of polysaccharides, such as amylose, amylopectin, starch, tamarind kernel, guar gum, glycogen,
and chitosan. Grafted glycogen, having the highest molecular weight (6.81 x 106 g/mol) and radius of
gyration, was the most effective, adsorbing 96.2% of the dyes, due to more branching taking place
on the glycogen’s backbone. This showed that the molecular weight is related to the effectiveness
of the treatment. In a previous study, carboxyl methyl chitosan-graft-polyacrylamide (CMC-g-PAM)
exhibited a high efficiency (above 90%) in removing anionic and cationic dyes. An investigation of
ternary graft polymers revealed a high decolorization performance when using grafted chitosan for
removing anionic and neutral dyes but demonstrated a low efficiency for the removal of cationic
dyes [132].

Recent studies have demonstrated that acrylamide grafted onto sodium alginate successfully
removes the methylene blue dye, with a removal rate of 99%. The sodium alginate alone did
not remove any of the dye at all. However, there are some limitations of using modified natural
polymers to treat real textile wastewater, due to the presence of different organic and inorganic
complex chemicals. For example, grafted carboxymethyl starch was only able to remove 88.18% of
the detected color at 520 nm [28]. The percentage removal of a synthetic dye can reach nearly 100%,
but not in real textile wastewater. Grafted cellulose was used for the treatment of silk printing and
dyeing wastewater, achieving a 95.7% removal of the COD [136]. The attachment of cellulose onto
hyperbranched polyethylenimine resulted in a highly effective removal of ammonia nitrogen, total
iron, and total phosphorus, at the original pH. The effluent pH did not require any adjustment,
being approximately neutral. This characteristic is an additional benefit of polymer grafting, as the
pH values during coagulation and flocculation treatments are independent of one another. Another
study reported a wide pH range (from pH 5 to pH 9) available for the treatment of Acid Blue 113
and Reactive Black 5, which happened to remove more than 90% of the dye colors [135]. In addition,
increasing the grafting ratio also increases the floc size and compactness, resulting in a lower
dosage being required, in order to achieve a higher color removal efficiency. A cellulose-based
flocculant, combined with poly-(2-methacryloyloxyethyl)-trimethylammonium chloride, showed
the best removal rate for an anionic dye (97.3%). Increasing the grafting ratio also improved the
color removal rate. Moreover, other advantages of grafted polymers depend on the dosage applied
during the process, which can be reduced up to 50% in synthetic wastewater using PAFC-Starch-g-p
(AM-DMDAAC) [138]. With increasing environmental awareness, a recent study demonstrated the
outstanding biodegradability of cellulose, extracted from bamboo pulp, grafted with polyacrylamide,
at 66.5% and 67.6% after 45 d and 90 d, respectively, in a soil-extracting solution [137]. It was also
successful at removing organic dyes, such as cationic and disperse dye solutions, with an average
removal rate of 97%. Overall, grafted natural polymers showed a superior dye removal performance,
compared to natural polymers on their own.
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6. Conclusions

Over the past several decades, high levels of toxicants have been produced as the result of
dye wastewater treatment involving harmful chemicals. Even though factors like turbidity, color,
COD, BOD, and the levels of heavy metals have been reduced to meet the permissible standards,
the sludge produced as the result of the treatment still comes into contact with toxic materials. Thus,
an effective solution is required in order to improve water quality. Grafted natural polymers could
replace commercial polymers, with an additional incentive of reduced costs. The characteristics of
effective coagulants can be enhanced by using specific types of polymers, the concentration and mixing
conditions, functional groups, higher molecular weight, and charge density according to the target
dyes pollutant. The chemical modification of polymers provided the opportunity to explore beyond
conventional applications. A thorough understanding of the polymer and its chemical modification
has a vast potential to be the future trend for the use of cosmetics, pharmaceutical, food, leather, paper,
and textile industries.
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