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ABSTRACT

Presence of significant quantities of toxic dyes has led to contamination of fresh water resources. The limited
availability of fresh water has escalated the pressure on maintaining sustainable agricultural production to ensure
food security. So , there is a need to recycle the wastewater and to explore the possibility to reuse it for irrigation
purpose. Amongst different techniques, adsorption has been found to be the best way for the remediation of colored
effluents. The concept of recycling and reuse of wastewater has propelled the exploration of potential inexpensive
adsorbents. Clays are cheap, non-toxic abundantly available natural materials. Over the recent years, researchers
have focused on clays modification to enhance their adsorption efficiency for the remediation of contaminants
such as dyes from wastewater. Therefore, the present article is written with an aim to systematically summarize
the recent advancements in clay modification and their potential as effective adsorbing agents for the removal of
various dyes from contaminated wastewaters. A detailed description of various clay modification techniques such
as treatment with surfactant, acid, heat, plasma, polymer, silane, metal oxide has been presented here. The effect
of various physicochemical process parameters such as solution pH, initial dye concentration, adsorbent dosage
and temperature on the performance of modified clays has also been presented. Based upon the final outcome of
literature review, it can be concluded that modified clays are much better adsorbing agents in comparison to the
natural clays. Hence, modified clays represent an economically viable and sustainable option for the purification
of wastewaters containing dyes and it can be utilized for irrigating different crops at the places where fresh water

resources have either depleted or limited.
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Rapid increase in industrialization and energy
production in recent years has increased the pressure on
freshwater resources. The generation of effluents from
different industries containing numerous toxic pollutants
is causing contamination of already limited water sources.
Discharge of colored effluents by textile, paper, plastic, paint
and pigment manufacturing industries without sufficient
treatment creates problems for living organisms as these dyes
have detrimental effects on all living beings. Dyes inhibit
the penetration of sunlight into water and thereby negatively
affect the aquatic flora through reduced photosynthetic
activity (Ferreira et al. 2014).The dyes being used are highly
persistent and recalcitrant in nature (Cakmak et al. 2017).
Therefore, it becomes essential to remove these toxic dyes
from the contaminated effluents before their discharge into
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the aquatic ecosystems.

Various estimates revealed that by the year 2050 about
60% increase in agricultural production is required to ensure
global food security. This ever increasing food demand
aggravates the pressure on available water resources.For
achieving sustainable increase in agricultural productivity,
optimum utilizization of natural resource like water is of
prime importance. Therefore, there is a need to find the
ways where agricultural production continues to increase
without facing water scarcity. One possible option to achieve
it is the treatment/ recycling of dye contaminated effluents
generated by numerous industries and utilizing the treated
water for irrigation purposes.

Though there are different methods for the treatment of
dyes but amongst available techniques, adsorption has been
found to be the most effective due to its low installation cost
and easy management. Activated carbon is commercially
available for water treatment but its high regeneration cost
has limited its use on a large scale. In the pursuit to find
low-cost adsorbents, it was found that different types of
adsorbents are available (Chopra and Singh 2019; Chopra
et al. 2019) but clay mineral-based adsorbents are preferred
amongst others being cheap, non-toxic and abundantly
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available, therefore, offer a good choice for the removal
of various dyes from contaminated wastewaters. In this
review, we have tried to present a comprehensive and
demanding analysis of various clays, their modification
and utilization for dye removal. Also, the factors affecting
the adsorption process such as the effect of contact time,
temperature, pH, initial dye concentration have been given
due consideration in order to understand the interactions
between adsorbent and dye molecule.

Structure and properties of clays

The term “clay’ generally refers to the naturally
occurring inorganic crystalline materials found primarily
in finer fractions of soil (<2 um diameter) (Velde 1992;
Velde 1995). The most commonly observed clays are layer
silicates (kaolinite, illite, montmorillonite, vermiculite
and chlorite) (Biswas and Mukherjee 1994) . Clays have
a strong influence on both physical as well as chemical
properties of soils because of their unique characteristic
features such as smaller particle size, high surface to
mass ratio and unique cation exchange characteristics
(Anonymous 2002). Layer silicates also serve as an
important component of coarser fractions (sand and silt) of
soil and therefore, should not be restricted only to the clay
fractions (Anonymous 2002) . Chemically, clay minerals are
hydrous aluminosilicates comprising of two key building
blocks; silica tetrahedral sheet (Si04)4' and octahedral
sheet (di or tri-octahedral). Each silica tetrahedral sheet is
formed through sharing of three basal oxide ions of each
tetrahedron with two adjacent tetrahedral units leading
to reduction in negative charge per unit tetrahedron. This
type of arrangement leaves one unshared apical oxide
ion in each tetrahedron, pointing upward from the basal
plane accommodating the shared oxide ions (Anonymous
2002). This apical oxide ion is free to form a bond with
other polyhedral atoms/ions. The octahedral unit formed
either of aluminium, magnesium or iron; surrounded by
equidistant oxygen or hydroxyl ion, leads to the formation
of an octahedral sheet. Depending upon the valency of
central cation (Al or Mg/Fe); octahedral sites can be filled
in two ways. In case of trivalent ion such as in gibbsite
[Al,(OH),]; two-third of the ionic positions are filled to
form the unit, resulting in the formation of dioctahedral
structure, whereas in case of divalent ions such as in
brucite [Mg;(OH),], all the positions are filled resulting
in the formation of trioctahedral structure (Anonymous
2002) . Hence, it is clear that both dioctahedral as well as
trioctahedral sheets are electrically neutral. The tetrahedral
and octahedral sheets are bonded together through the
sharing of an oxygen ion with silicon and aluminium in
their respective sheets to form the basic crystal unit of a
clay mineral. The spacing between the two layers of the
crystal unit is the interlayer space.

Clay modification
Clay minerals contain various species of cations
and anions, held onto their surface, that are usually
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available for exchange. This availability of exchangeable
cations and anions on clay surface drew the attention of
researchers all around the world to utilize their natural
as well as modified forms as a potential adsorbent for
wastewater treatment (Srinivasan 2011). Various scientific
studies conducted during the recent past have revealed
that naturally occurring clays are not much effective as
an adsorbent for the removal of organic contaminants.
This is primarily due to their hydrophilic nature, lower
interlayer spacing and high surface energy (Hundal ef al.
2001; Aggarwal et al. 2006). Therefore, modifications
of natural clays are required to enhance the adsorption
efficiency of clays. The modification results in an overall
enhancement of the total surface area, pore volume and
available active sites that ultimately result in the increase
in adsorption efficiency (Uddin 2017). Modification of
clays can be achieved through various processes and
can enhance the adsorption efficiency to a great extent.
The selection of modification techniques, materials used
for modification and the purpose of modification can
significantly affect the adsorption properties (Kausar et
al. 2018) .Therefore, proper selection of modification
technique and modification material is essential in order
to achieve desired adsorption efficiencies for the intended
purpose or application.

Cationic surfactant modification for dye removal:The
modification of natural clays through cationic surfactants
is among the most extensively explored approach. Natural
clays contain loosely bound cations present between layers
which can be easily replaced by other cations through ion
exchange mechanism. This property of natural clays is
successfully exploited to replace inorganic metal cations
with the long chain hydrocarbon cationic groups of
cationic surfactants. Ion exchange achieved through the
replacement of interlayer cations with cationic surfactants
can greatly enhance the adsorption of clays. Generally,
natural clays are hydrophilic in nature. In order to enhance
their adsorption potential for hydrophobic pollutants,
the clays are typically modified with alkyl ammonium
cationic surfactants through an ion exchange reaction
(Sanchez-Martin et al. 2006). The alkyl ammonium
cations preferentially remain present on the surface of
the negatively charged clays, while the hydrocarbon chain
extend into the interlayer spaces and render the original
hydrophilic clay to become organophilic (Le Baron et al.
1999; Wang et al. 2010) . The adsorption characteristics
of the resulting modified clay is greatly dependent upon
the molecular structure of the organic modifier (Bartelt-
Hunt et al. 2003). The surfactants used for modification
commonly consist of a single or multiple long hydrophobic
hydrocarbon chains which are attached to the central atom.
This intercalation of clays through cationic surfactants not
only alters the adsorption characteristics from hydrophilic
towards hydrophobic but also increases the basal spacing
between the layers to a great extent. Thus, the resultant
surfactant modified clay becomes a more efficient adsorbent
(Latifi et al. 2017; Patanjali et al. 2019; Patanjali and Singh
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2020). It also enhances the overall surface area leading
to improved intercalation of organic cation between the
layers of modified clays (Singla ef al. 2012: Patanjali et al.
2018). More often, the studies are focusing on the effect
of length of alkyl chain, whereas the studies on the effect
of the spacer length of surfactant are comparatively fewer
(Yang et al. 2014; Luo et al. 2015).Wang and Wang (2008)
modified montmorillonite with cetyltrimethylammonium
bromide (CTAB). XRD patterns exhibited that untreated
montmorillonite displayed a typical peak at 6.94° with
a basal spacing of 12.74 A. Although, montmorillonite
modified with CTAB exhibited the peak shift towards
lower angle (5.94°) and an increase in corresponding
basal spacing to 14.89 A thereby indicating the formation
of the intercalated nanostructures in the CTAB modified
montmorillonite.

Anirudhan and Ramachandran (2015) modified
natural bentonite clay by cationic surfactant
(Hexadecyltrimethylammonium chloride) and studied its
dye removal potential against methylene blue, CV and
RB from the aqueous phase (Fig 1).The outcomes of the
study revealed that modified bentonite exhibited higher
dye removal efficiency than unmodified bentonite for all
the dyes. Batch studies were performed to evaluate percent
dye removal as a function of adsorbent dose of 400 micro
mol L' at pH 9.0. The results revealed that modified clay
is 1.6, 1.7 and 1.75 times more effective in comparison to
the unmodified form for the removal of methylene blue, CV
and RB respectively. This is due to the increase in surface
area and porosity of bentonite as a result of the modification
process. Increasing the dose led to the increase in active
sites per gram of adsorbent. Therefore, number of adsorbate
molecules were chemically bound to the adsorbent surface
leading to an increase in adsorption.

Acid activation for dye removal: Chemical treatment
of natural clays by various acids is extensively explored
for the surface activation of different clays (Fig 2).This
approach is more commonly explored in bentonite clays
typically with hydrochloric acid or sulphuric acid. The
natural clays are treated with mineral solutions in order
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Fig 1 Adsorption of dyes through surfactant modified clays (Huang et al. 2017).
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to get a partly dissolved silicate material with enhanced
surface properties such as specific surface area, a number
of possible active sites, increased porosity and surface
acidity (Carrado and Komadel 2009; Komadel and
Madejova 2013) . The first effect of acid treatment of
clays is the replacement of exchangeable cations with
protons; thereafter they attack the interlayers (Amonette
et al. 1994). The mineral structure is altered primarily due
to the interaction between silicate structure of clay and
inorganic acid leading to dealumination. This ultimately
results in the formation of non-crystalline silicate layers
(Zhao et al. 2008; Wang et al. 2011). The treatment of
clays with acids such as hydrochloric acid or sulphuric
acid also results in the removal of basic cations (e.g.
Na', Ca®") from the interlayer spaces and edges. This
will result in an overall increase in the negative charge
of clays. Sulphuric acid is generally preferred over
hydrochloric acid because it is comparatively cheaper
and less harsh (Murray 2007).Consequently, these acid
activated clays exhibit exceptional behavior which can
be exploited for novel applications (Komadel 2016).The
surface physicochemical characteristics of clay minerals
can be successfully modified through treatment with
various inorganic acids, i.e. hydrochloric acid (Yang et
al. 2018), sulphuric acid and phosphoric acid (Toprak and
Halisdemir 2015) .

Sarmaet al. (2016) utilized different molar concentrations
of sulfuric acid for modifying montmorillonite and studied
their adsorption efficiencies in removal CV from aqueous
solutions. Langmuir monolayer adsorption capacity revealed
higher adsorption capacities of acid treated bentonite than raw
bentonite. Moreover, increasing the molarity of acid resulting
into enhanced adsorption capacity. Surface characterization
of acid treated montmorillonite by BET revealed higher
porosity and enhanced surface area per unit mass. Similar
increase in specific surface area of clays and enhanced
adsorption efficiencies has been reported by other authors
also. Acid treatment of clays not only removes the impurities
but at the same time substituting exchangeable cations
with H" through ion exchange reactions. Acid treatment
might result in cation leaching into
the tetrahedral and octahedral sites to
open up the platelet edges resulting
in higher surface area and better pore
dimensions for increased adsorption
sites (Valenzuela Diaz and Santos
2001; Auta and Hameed 2013) .

I Pillaring by metal cations for
. dye removal: Pillaring has evolved
as a potential technique for the
' ‘ modification of clay surface through

utilizing appropriate pillaring agents.
This results in the widening of
[ interlayer spaces of natural clays
leading to highly resistant and
thermally stable clays with improved
porosity, basal spacing and increased

Dye Molecule
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Fig 2 Effect of acid activation on the surface and interlayer spaces of bentonite clay (Espafa et al. 2019).

surface to mass ratio (Zhou et al. 2014; Ye et al.
2016; Baloyi et al. 2018). The pillaring technique is
fundamentally based on cationic exchange. In this
technique, metallic cations are introduced in the interlayer
spaces of the clay resulting in the formation of oxides
that strongly bound to interlayers of the minerals (Fig 3)
(Brigatti et al. 2006).In general, the preparation of pillared
clays consisting of two key steps: firstly, the preparation of
solution of the metal oxide pillaring agent and secondly,
the mixing of this pillaring solution with a clay to form
a suspension (Kloprogge et al. 2005).This method is time
taking and needs a huge amount of water which represents
a majorlimitation to scale-up this technique to industrial
scale (Fetter and Bosch 2010) . Intercalation of natural
clays with suitable pillaring agent leads to the formation
of clays having enhanced porosity. The pillared clays are
envisaged to exhibit enhanced adsorption properties. Due
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Fig 3 Schematic representation of pillaring by metal cations (Baloyi et al. 2018).

to high stability, cost-effectiveness, eco-friendly nature
and great versatility in the application as adsorbents,
pillared clays has emerged as one of the most intensively
studied families of functional materials in the past few
decades (Galeano et al. 2014). A wide range of naturally
available clays and pillaring species are available. The
proper selection of clay and pillaring species is, therefore,
necessary to achieve the desired performance of the final
resulting material. The factors that affect the adsorption
performance of pillared clays and must be considered
before utilization as adsorbents are as follows:
» thermal and hydrothermal stability of the pillared clay
* interlayer spacing
» pillaring density
»  chemical nature and stability of pillars
The intercalation of clays in the pillaring process
introduces two direct consequences on the properties of the
clays. Firstly the d-spacing is enhanced
as observed by XRD and secondly, the
increase in the specific surface area
(Gil et al. 2008; Gil et al. 2000).
Inastudy, Giletal. (2011) prepared
* aluminium (Al) and zirconium
(Zr) pillared montmorillonite clays
through intercalation and assessed
their adsorption potential for the
removal of two dyes such as MB
and Orange II from the aqueous
solutions. The maximum adsorption

LIl

Intercalating was attained after 5 h of contact
Peljeasions time. In case of orange II both
pillared clays showed almost similar
Pillar Oxide adsorption capacities whereas, in case
of MB higher adsorption capacity was
Pores exhibited by Zr pillared clay than

Al pillared clay. Here, the restricted
diffusion in micro-pores of size
0.8-1.4 nm is the major deciding
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factor for adsorption. Therfore, variation in adsorption
capacities of two pillared clays can be explained on the
basis of restricted diffusion.

In another study, Zeng and Liu (2005) utilized cation-
exchange phenomenon to prepare mixed hydroxy Fe-Al-
pillared montmorillonites having large basal spacing.
These pillared clays, when utilized as adsorbents for
the removal of direct green B from dye contaminated
waterexhibited superior performance in comparison to the
normal sodium montmorillonite. The pH of solution tends
to exhibit high influence on the dye removal performance
of pillared clays.

Titanium pillared montmorillonite was synthesized
by Bouras et al. (2002) through the cationic exchange of
polymeric titanium cations into the interlayers spacings
followed by co-adsorption with cationic surfactant. These
clays were then evaluated as adsorbents for the removal of
anionic dye, sulfacid brilliant pink. Adsorption isotherms
revealed that the organic modification of titanium pillared
montmorillonite surfactant increased the dye removal
capacity up to 1000 mg/g.

Plasma modification for dye removal: In the
recent time, cold plasma techniques have fascinated
many researchers due to their comparative advantages
over the conventional modification techniques.Plasma
modification techniques are energy efficient, easy to
operate, non-polluting and are therefore emerging as a
greener alternative (Sahin et al. 2015). Depending upon
the type of gas used for the generation of plasma and
other common reaction parameters of plasma treatment;
it is possible to activate the clay surface differently. The
manner in which clay surface can be modified through
plasma includes the introduction of surface active groups,
etching, surface abrasion, cross-linking or the combined
effects in many cases (Ratner 1995; Guruvenket et al.
2004; Lixon Buquet et al. 2010; Fatyeyeva et al. 2011).
Capkova et al. (2016) achieved montmorillonite surface
modification with the help of plasma treatment and studied
the structural changes that occured. The XRD and infrared
(IR) spectroscopy results revealed that dehydration started
at a discharge power 10 W and completed at 50 W. The
dehydration was primarily due to the transfer of heat after
collisions of montmorillonite grains with the ions from the
plasma. The effects of plasma treatment were comparable
to the effects of heat treatment of 8 h at 450°C. Hence,
plasma treatment might prove to be a much more energy
efficient way for clay modification in comparison to the
high energy consuming thermal treatment. In another study,
Djowe et al. (2013) modified the smectite clay with the
help ofgliding arc plasma. The results revealed that plasma
treatment caused the breakdown of structural bonds at the
surface of clay leading to the formation of hydroxyl groups
(Si—OH and Al-OH) on the edges. The main mechanism
behind this was the breaking of the Si—O—Si and AI-O-Al
bonds at the edges and the formation of silanol (Si—-OH)
and aluminol (AI-OH) groups respectively.

In a study conducted by Yavuz and Saka (2013),
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kaolinite surface was modified through treatment with cold
plasma in order to improve its adsorption properties for
the removal of MB dye. After treatment of kaolinite with
cold plasma, the maximum adsorption capacity increased
by approximately 2.5 times (i.e. from 19.60 to 51.02
mg/g) in comparison to the untreated kaolinite. In another
study, bentonite surface was modified through cold plasma
treatment and its effect on adsorption characteristics was
studied for the removal of MB from aqueous extracts.
After cold plasma treatment, the specific surface area and
the pore volume increased. Maximum adsorption capacity
was evaluated through Langmuir adsorption isotherm and
was found to be significantly higher than raw bentonite
(Sahin et al. 2015).

Grafting of polymers/organic compounds for dye
removal: Naturally occurring clays modified through
grafting of polymers/organic compounds present a novel
class of adsorbents that display superior adsorption
properties in comparison to their unmodified counterparts.
The grafting of clays with polymers/organic compounds
not only provides an appropriate route for the synthesis
of novel adsorbents but also helps in incorporating
desirable structural changes and performance enhancement
into the clays. The factors on which the grafting relies
are composition and geometry of grafting material,
its concentration and the nature of physicochemical
interactions between them (Liu 2007). The surface grafting
of clays with polymer/organic compounds leads to the
improvement in interfacial interactions among the clay
particles. Physical adsorption and chemical grafting are
the key methods to achieve surface modification of clay
minerals through polymers/organic compounds (Liu 2007).

Physical adsorption can be achieved via surface
absorption or interaction of surface active sites with
organic molecules, such as silane coupling agents (Fig
4). It is mainly controlled by thermodynamic factors
and it can be enhanced through modification of clay
surface. Surface modification of clay minerals through
chemical grafting can be achieved by two methods: one
step grafting (condensation of functionalized polymers
with chemically active sites present on clay surface) and
two step grafting (a monolayer of monomer is covalently
attached to the clay surface) (Liu 2007). The two step
grafting procedure is more advantageous in comparison
to the one step grafting because desired properties could
be incorporated in the grafted clay adsorbents through
careful selection of the grafting monomers and grafting
conditions (Kango ef al. 2013).

Thermal activation for dye removal: The treatment of
clays at elevated temperatures is a commonly employed
method for enhancement of their surface properties and is
known as thermal activation of clays.Thermal activation
or heat treatment can increase the adsorption capacity of
natural clays to a great extent e.g. palygorskite (Wang et
al. 2007; Gan et al. 2009), bentonite (Toor and Jin 2012.;
Toor et al. 2015). Different water molecules present in
the intra-crystalline spaces can be selectively removed



December 2020] CLAY MODIFICATION TECHNIQUES FOR WASTEWATER REMEDIATION 2267
(l)CH3 C|>CH3
R—sli—o o—-Sli—R
D —
OCH; OCH,
R — S et T
CH, R—Si—O o0—Si—R
P — , I R — S
—OH, + R—Sj—OCH; OCH; OCH;
OCH, OCH; OCH;
o - | |
on R = Sl
OCH; OCH,

OH CH,
S\)\4 l *
) G N——CH,
al |

HO OH
é é 5 OH  CH; CH;
S OH
A —— S e NCH, ————— 3 #}\/S
[€) H;C—"N \/\FR
o TN
£ s OH

H;C

Fig 4 Modification of montmorillonite with (a) alkyl silanes and (b) fluorosurfactant (Khajehpour et al. 2015).

through the calcining of clays at variable temperatures,
which correspondingly changes their porosity and surface
properties (Kuang et al. 2004; Chen et al. 2011a).
Therefore, high temperature treatment of clays has great
influence on the surface area per mass unit of clay minerals
which is one of the key determining factor for adsorption
efficiency of any adsorbent (Wang et al. 2007).

Toor and Jin (2012) modified the surface of naturally
occurring bentonite by thermal activation and the results
revealed that bentonite structure became more porous after
heat treatment. The scanning electron microscope (SEM)
images of thermally activated bentonite indicated that the
interlayer spaces collapsed, leading to the more tightly
bound structure. The specific surface area of activated
bentonite was increased nearly about 26% in comparison
to the non-activated counterpart. The enhancement in
surface area was primarily due to the exclusion of adsorbed
and hydrated water present at different sites in untreated
bentonite.

Chen et al. (2011) thermally activated polygorskite and
studied their adsorption efficiencies for the removal of MB.
During the study, it was observed that adsorption capacity
increased to 78.1 mg/g with an increase in temperature up
to 700°C and thereafter decreases with further increase
in temperature. A similar trend was also observed for
cation exchange capacity which was maximum at 700°C
and decreased thereafter. This indicated that the cation
exchange phenomenon is a main mechanism for the
adsorption process. In a study, (Toor ef al. 2015) evaluated
thermally activated bentonite as low cost adsorbent
for removal of congo red dye from wastewater. The

adsorption performance of thermally activated bentonite
for the removal of congo red was evaluated with respect
to the temperature of activation and time of heating. The
adsorption capacity of clay increased with the increase in
time. The enhancement in congo red adsorption is primarily
due to enhanced surface area per unit mass and the removal
of trapped water from interlayer spaces. Contrastingly,
the dye removal capacity of activated clay was reduced
as temperature increased beyond 200°C. This reduction in
adsorption is possibly due to the reduction in surface area
and the availability of active sites for adsorption. Under
given physicochemical parameters, the thermally activated
bentonite exhibited significantly higher adsorption of congo
red than raw bentonite (Toor and Jin 2012) .

Some recent studies on the removal of dyes using
modified clay minerals have been shown in Table 1.

Factors affecting adsorption of dye

Several factors such as pH of solution, initial dye
concentration, temperature and amount of adsorbent etc.
affect the adsorption of dye onto a matrix. Therefore,
the effects of such parameters need to be considered.
Optimisation of these parameters facilitates the development
of large scale dye removal process (Yagub et al. 2014).
In the subsequent section, various factors affecting the
performance of clays for dye removal will be discussed.

Effect of solution pH: The pH of the solution is among
the key factors which determine the adsorption performance
of an adsorbent during the process of adsorption such as
removal of dye from wastewater. The variability inthedegree
of ionization of the adsorbate and the surface characteristics
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Table 1 Recent studies on the removal of dyes using modified clay minerals
Clay mineral Dye Modification Effect on adsorption capacity Reference
Kaolinite and alpha MB Sodium dodecyl sulfate Modification increased adsorption (Olusegun ef al.
quartz (SDS) modified raw clay  capacity from 23.13mg/g to 30.92 mgg 2018)
Vermiculite AR and MB Treatment with HNO,;/ ~ Maximum adsorption capacities for AR (Stawinski et al.
H,S0, / HCI followed and MB were 100.8 mg/g and 150 mg/g 2016)
by citric acid respectively
Vermiculite AR and MB Treatment of acid Maximum adsorption capacities of AR and (Stawinski er al.
activated vermiculite MB were 127 and 203 mg/g 2017)
with NaOH
Montmorillonite MB Iron oxide Maximum adsorption capacity of 71.12 (Cottet et al.
mg/g at 333 K 2014)
Montmorillonite MB Dodecyl sulfobetaine Adsorption capacities for MB at 298 K (Fan et al. 2014)
surfactant-modified and pH 5 was 254.0 mg/g
Bentonite MB Cold plasma treatment maximum adsorption capacity of 303 (Sahin et al.
mg/g at 30°C. 2015)
Montmorillonite ()% H,SO, treatment Maximum adsorption capacity of acid (Sarma et al.
treated clay was 400 mg/g 2016)
Montmorillonite Acid Red 1 and  3-aminopropyl- Maximum adsorption capacity 364.1 and (Thue ef al.
Acid Green 25 triethoxysilane 397.0 mg/g for Acid Red 1 and Acid Green 2018)
25respectively
Kaolinite CR, 4BS and SR Modification with TiO, Dye-removal efficiency increased from (Hai et al. 2015)

Kaolinite and
Montmorillonite

Palygorskite and

Sepiolite

Vermiculite

Vermiculite

Montmorillonite

Montmorillonite

Montmorillonite

Sericite

Smectite

CR

MB and MY

Remazol Brilliant
Blue RN

Pyronin B

MO

ARS and BG

MB

Sulfur blue 11

Bright green

Treatment with 0.25 and
0.50M H,SO,

3-aminopropyltriethox-
ysilane

Ethylenediammine

Phosphoric acid

Gemeni surfactants

HDTMA

HDTMA

HCI containing 2% (v/v)
methanol

HDTMA

25 to 95%, 11 to 90%, and 13 to 97% for
CR, 4BS, and 5R, respectively

Acid treatment of kaolinite and
montmorillonite enhanced the adsorption
capacity by 7-9%and 1.8-3.8% respectively

Adsorption capacities were 49.48 and
47.03 mg/gfor grafted palygorskite and
60.00 and 59.78 mg/g for grafted sepiolite,
for MB and MY dyes, respectively

Adsoption capacity was 11.02 mg/g

The adsorption capacities were 25.6
mg/gfor vermiculite and 30.0mg/g for
modified vermiculite

The adsorption capacities ranged from
161.03 to 271.74 mg/g

Maximum adsorption capacities were
666.6 and 1250 mg/gfor Alizarin Red S
and BG respectively.

Increase in adsorption capacity upon
modification

The adsorption capacity decreased
from 145 to 64 mg/g withincreasein
temperature from 283 K to 313 K

The adsorption capacity of Bright green
on HDTMA modified clay was found to
be 45.5 mg/g

(Bhattacharyya
et al. 2014)

(Moreira et al.
2017)

(de Queiroga et
al. 2016)

(Toprak and
Halisdemir
2015)

(Luo et al.
2015), (Ren et
al. 2018)

(Biglari et al.
2018)

(Jourvand et
al2015)

(Choi 2017)

(Latifi et al.
2017)

Contd.
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Table 1 (Concluded)
Clay mineral Dye Modification Effect on adsorption capacity Reference
Kaolin MB KT1-Thermal treatment The maximal adsorption capacity (Boukhemkhem
KT2- thermal treatment (111 mg/g) was observed for modified and Rida 2017)
followed by acid kaolin (KT-3).
activation
KT3- thermal followed
by acid and alkaline
treatments
Bentonite Acid Blue 129 Magnesium - (Hussain et al.
2016)
Montmorillonite BG HDTMA Maximum sorption capacity (460.15 mg (Omidi-
g ) was achieved at a pH of 3. khaniabadi et al.
2016)

of the adsorbent matrix may give rise to variation in pH
of the solution (Nandi ef al. 2009). In general, as a result
of electrostatic attraction between the positively charged
surfaces of adsorbent, the percent removal of anionic dye
from solution increases at lower (acidic) pH ranges. The
presence of electrostatic attractions among the positively
charged molecules of dye and negatively charged adsorbent
lead to the reduction in percent dye removal from the
solution at higher (basic) pH ranges (Nadeem et al. 2016;
Naeem et al. 2017; Rashid et al. 2016). On the other hand,
when a solution has higher pH, the adsorption capacity as
well as the removal of cationic dyes increases due to the

interaction of the positively charged dyes with the anionic
adsorbents (Ullah et al. 2013; Tahir et al. 2017) . Based
on the results obtained from recently conducted studies
the effect of solution pH on the adsorption performance
of modified clays is compiled in Table 2.

Effect of temperature: Another physicochemical
parameter which has a significant effect on dye removal
efficiency of clays is temperature (Argun et al. 2008).
Temperature has a considerable impact on dye removal
efficiency because it can cause significant variation in
the adsorption capacities of the adsorbent. In case of
endothermic processes, the adsorption capacity tends to

Table 2 Effect of solution pH on the adsorption of dyes using modified clays

pH range Effect on adsorption

Reference

Adsorbent Dye

Surfactant modified MB, RB and CV 2-11
bentonite

Silane modified palygorskite MB 2-10
and sepiolite

Silane modified palygorskite MY 2-10
and sepiolite

Silane modified Acid Red 1 and Acid 2-10
montmorillonite Green 25

methylene esterified sericite ~ Sulfur blue 11 1-12

Surfactant modified MB 4-8
montmorillonite

Surfactant modified Alizarin Red S and BG 3-11
montmorillonite

Cold plasma modified Methylene blue 2-12
bentonite

Surfactant modified BG 3-11
montmorillonite

acid-treated montmorillonite CV 4-7

Surfactant modified MO 3-9

montmorillonite

Increase (Anirudhan and
Ramachandran 2015)
Decrease (Moreira et al. 2017)
Increase (Moreira et al.2017)
Decrease (Thue et al. 2018)

Increase for pH 1.0 to 6.0 and (Choi 2017)

almost constant for pH 7.0 to 12.0

Nearly constant (Fan et al. 2014)

Decrease (Biglari et al. 2018)

Increase from 158 to 231mg/g (Sahin et al. 2015)

Decrease (Omidi-khaniabadi et al.

2016)

Increase from 25 mg/g to 165.0 (Sarma et al. 2016)
mg/g

Decrease (Ren et al. 2018)
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increase withacorresponding increase in temperature.This
is possibly due to the increase in kinetic energy of dye
molecules leading to their higher mobility and increase in
surface active sites for adsorption process to occur upon
increase in temperature. A decrease in adsorption capacity
with increase in temperature is observed for exothermic
processes. This decrease in adsorption is possibly due to
the diminishing adsorptive forces between the molecules of
dyesand surface active sites present on the adsorbent (Salleh
et al. 2011). Based on the results obtained from recently
conducted studies the effect of temperature on the adsorption
performance of modified clays is compiled in Table 4.
Effect of adsorbent dosage: The dose of adsorbent is a
decisive parameter which governs the adsorption properties
of an adsorbent at a particular quantity of the adsorbent
under similar operating conditions. Usually, the percent dye
removal increases with increase in adsorbent dose because
the total number of surface active sites present on adsorbent
tends to increase upon increasing the adsorbent dose.
Therefore, the study of the effect of adsorbent dose on the
adsorption process can provide a rough estimate about the
quantity of a dye to be adsorbed with a minimum amount
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of adsorbent in order to assess the potential of adsorbent
from an economic point of view (Salleh et al. 2011). The
effect of adsorbent dosage on the dye removal performance
of modified clay adsorbents as reported in various scientific
literature has been presented in Table 5.

Application of textile wastewater in agriculture

The textile wastewater contains loads of pollutants
and has high TDS, COD and BOD values. But after the
treatment of these effluents, recycled water can be used
as an alternative for irrigating the crops. Though there are
many studies that have used textile effluents for irrigating
the crops but the treated wastewater has found limited
applications for its use for irrigation. Bhuiyan et al. (2016)
used gamma radiation treated dye contaminated water for
the irrigation of spinach and the plants exhibited overall
better physiological growth than the underground water
treated plants.

Challenges and future prospects
The comprehensive reviewing of literature till date has
revealed that more comprehensive studies are required to

Table 3  Effect of initial dye concentration on the adsorption of dyes using modified clays

Adsorbent Dye Initial dye concentration Percent dye removal Reaction conditions Reference
Mg-bentonite AB129 1.0-6.0x10"7 mol/L 15.15t067.92 x105mol/g pH 3.0 (Hussain et al.
2016)

Methylene esterified Sulfur blue 11 1-40 mg/L Increased from 68 mg/gto pH 7.0 (Choi 2017)
sericite 162 mg/g

Surfactant modified ARS 20-100 mg/L Increased from 18.18 mg/ pH 3.0 (Biglari et al.
montmorillonite gto 81.89 mg/g 2018)

Surfactant modified BG 50-500 mg/L Increased from 36.23 mg/ pH 3.0 (Biglari et al.
montmorillonite gto 468 mg/g 2018)

Phosphoric acid Pyronin B 15-35 mg/L Increased from 14-30 - (Toprak and
modified vermiculite mg/g Halisdemir 2015)

Surfactant modified BG 50-500 mg/L 36.23 to 468 mg/g pH 3.0 (Omidi-khaniabadi
montmorillonite et al. 2016)

Acid modified RB 50-350 mg/L Decrease in extent of - (Bhattacharyya et
Kaolinite adsorption from 34.1 to al. 2014)

14.4%

Acid modified RB 80—400 mg/L Decrease in extent of - (Bhattacharyya et

montmorillonite adsorption from 43.1 to al. 2014)
11.3%
Table 4 Effect of temperature on dye removal capacity of modified clays
Adsorbent Dye Temperature range  Effect on adsorption Type of process Reference
(O

Mg-bentonite ABI129 10-40 Decrease Exothermic (Hussain et al. 2016)

Silane modified Acid Red 1 and 25-50 Decrease Exothermic (Thue et al. 2018)
montmorillonite Acid Green 25

Iron oxide modified MB 35-60 Increase Endothermic (Cottet et al. 2014)
montmorillonite

Methylene esterified  Sulfur blue 11 10-40 Decrease Exothermic (Choi 2017)

sericite
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Table 5 Effect of adsorbent dosage on the percentage of dye removal
Adsorbent Dye Adsorbent dosage (g/L) Percent dye removal Reference
Acid base modified kaolin ~ MB 1.0 to 1.8 increases from 66% to 100% (Boukhemkhem and Rida
2017)
Acid-treated montmorillonite CV 0.2-0.8 Increase from 37.2 to 96.2% (Sarma et al. 2016)
Surfactant modified MB 1 up to 20 Decreased from 49.73 mg/g to (Jourvand et al. 2015)
montmorillonite 2.48 mg/g
Acid modified Kaolinite RB 1.0 to 6.0 Amount adsorbed per unit mass (Bhattacharyya et al. 2014)
decreased to 19.21 to 8.03 mg/g
Acid modified RB 0.2 to 0.6 Adsorption decreased from 98.99 (Bhattacharyya et al. 2014)
montmorillonite to 74.34 mg/g

improve the overall preparation and utilization of modified
clay minerals as efficient adsorbents in dye removal
from wastewater. Several aspects need to be addressed
in upcoming studies related to modified clay materials
as cost-effective and efficient adsorbents for dyes. The
most important ones amongst these are improvements
in adsorption efficiencies through the utilization of
mechanistic modeling for anappropriate understanding of
the adsorption mechanisms. The interactions among the
adsorbates and adsorbents should be studied with further
details in order to establish the relationships and roles of
active sites/functional groups present in clays and dye
molecules. Extensive research and analysis are required
to assess the feasibility of these modified clay adsorbents
and to bring the laboratory level efforts towards practically
utilizable levels for dye removal at a large scale. The
complications in the separation of adsorbate—adsorbent
mixture after the adsorption process limit their practical
utility as adsorbents. In addition, extensive work needs
to be done to assess the behavior of different crops while
using the treated wastewater for irrigation. As the demand
of water is going to continually increase there is need to
recycle and reuse the wastewater to ensure food security.
As a greater number of clay minerals are available locally
so researchers need to exploit these materials for colored
effluent treatment and promoting the mantra ‘“‘think
globally, act locally”.

Conclusion

After extensive review, it can be concluded that
activation or modification of clays significantly enhance
their surface properties. On the basis of various studies,
it is well understood that modified clays are much more
potent as adsorbents in comparison to their unmodified
counterparts. It has also been observed that kinetics of
adsorption of dyes depends on various physic-chemical
properties such as solution pH, adsorbent dose, initial
dye concentration and contact time.The development
of superior modified/activated clay adsorbents is
indispensable for their utilization in industrial applications.
Although enough research has been carried out plentiful
research is still required to attainanimproved understanding
of the mechanism of dye adsorption through modified

forms of clay minerals.

REFERENCES

Aggarwal V, Li H, Boyd S A and Teppen B J. 2006. Enhanced
sorption of trichloroethene by smectite clay exchanged with
Cs+. Environmental Science & Technology 40: 894-899.

Amonette J E, Zelazny L W, Cicel B and Komadel P. 1994.
Structural formulae of layer silicates. (In) Quantitative
Methods in Soil Mineralogy, pp 114-136. Soil Science Society
of America.

Anirudhan T S and Ramachandran M. 2015. Adsorptive removal
of basic dyes from aqueous solutions by surfactant modified
bentonite clay (organoclay): Kinetic and competitive adsorption
isotherm. Process Safety and Environmental Protection 95:
215-225.

Argun M E, Dursun S, Karatas M and Giirii M. 2008. Activation
of pine cone using Fenton oxidation for Cd(II) and Pb(II)
removal. Bioresource Technology 99(18): 8691-8698.

Auta M and Hameed B H. 2013. Acid modified local clay beads
as effective low-cost adsorbent for dynamic adsorption
of methylene blue. Journal of Industrial and Engineering
Chemistry 19(4): 1153-1161.

Baloyi J, Ntho T and Moma J. 2018. Synthesis and application of
pillared clay heterogeneous catalysts for wastewater treatment:
a review. RSC Advances 8: 5197-5211.

Bartelt-Hunt S L, Burns S E and Smith J A. 2003. Nonionic
organic solute sorption onto two organobentonites as a function
of organic-carbon content. Journal of Colloid and Interface
Science 266: 251-258.

Bhattacharyya K G, Sen Gupta S and Sarma G K. 2014. Interactions
of the dye, Rhodamine B with kaolinite and montmorillonite
in water. Applied Clay Science 99: 7-17.

Bhuiyan M A R, Mizanur Rahman M, Shaid A, Bashar M M and
Khan M A. 2016. Scope of reusing and recycling the textile
wastewater after treatment with gamma radiation. Journal of’
Cleaner Production 112: 3063-3071.

Biglari H, Rodriguezicouto S, Khaniabadi Y O, Nourmoradi H,
Khoshgoftar M, Amrane A, Vosoughi M, Esmacili S, Heydari
R, Mohammadi M J and Rashidi R. 2018. Cationic surfactant-
modified clay as an adsorbent for the removal of synthetic dyes
from aqueous solutions. International Journal of Chemical
Reactor Engineering 20170064: 1-14.

Biswas T D and Mukherjee S K. 1994. Textbook of Soil Science.
Tata McGraw-Hill.

Boukhemkhem A and Rida K. 2017. Improvement adsorption
capacity of methylene blue onto modified Tamazert kaolin.
Adsorption Science and Technology 35: 753-773.

[31]



2272

Bouras O, Chami T, Houari M, Khalaf H, Bollinger J C and Baudu
M. 2002. Removal of sulfacid brilliant pink from an aqueous
stream by adsorption onto surfactant-modified ti-pillared
montmorillonite. Environmental Technology 23(4): 405-411.

Brigatti M F, Galan E and Theng B K G. 2006. Chapter 2-Structures
and mineralogy of clay minerals. (In) Developments in Clay
Science, Vol 1, pp 19-86. Elsevier.

Bulut Y and Aydin H. 2006. A kinetics and thermodynamics study
of methylene blue adsorption on wheat shells. Desalination
194: 259-267.

Cakmak M, Tasar S, Selen V, Ozer D and Ozer A. 2017. Removal
of astrazon golden yellow 7GL from colored wastewater using
chemically modified clay. Journal of Central South University
24: 743-753.

Capkové P, Matousek J, Rejnek J, Bendlova N, Pavlik J, Kormunda
M, Splichalova L and Pilafova V. 2016. Effect of plasma
treatment on structure and surface properties of montmorillonite.
Applied Clay Science 129: 15-19.

Carrado K A and Komadel P. 2009. Acid activation of bentonites
and polymer-clay nanocomposites. Elements 5(2): 111-116.

Chen H, Zhao J, Zhong A and Jin Y. 2011. Removal capacity and
adsorption mechanism of heat-treated palygorskite clay for
methylene blue. Chemical Engineering Journal 174: 143—150.

Chen T, Liu H, Li J, Chen D, Chang D, Kong D and Frost R L.
2011a. Effect of thermal treatment on adsorption—desorption
of ammonia and sulfur dioxide on palygorskite: Change of
surface acid—alkali properties. Chemical Engineering Journal
166(3): 1017-1021.

Choi H J. 2017. Application of surface modified sericite to
remove anionic dye from an aqueous solution. Environmental
Engineering Research 22: 312-319.

Chopra I and Singh S B. 2019. Pearl Millet Seed Husk as an
Effective Low-Cost Adsorbent for Methylene Blue: Equilibrium
and Kinetic Studies. Proceedings of 15t National Agrochemicals
Congress Country’s Status on Various Fronts of Agrochemicals,
p 120, November 13 — 16, 2019, Delhi.

Chopra I, Singh, P K and Singh S B. 2019. Utilization of pearlmillet
stem, an agricultural waste as potential adsorbent for removal
of cationic dye from aqueous solutions. Proceedings of XIV
Agricultural Science Congress, 20-23 February, 2019, Delhi.

Cottet L, Almeida C A P, Naidek N, Viante M F, Lopes M
C and Debacher N A. 2014. Adsorption characteristics of
montmorillonite clay modified with iron oxide with respect
to methylene blue in aqueous media. Applied Clay Science
95: 25-31.

de Queiroga L N F, Soares P K, Fonseca M G and De Oliveira F
JV E. 2016. Experimental design investigation for vermiculite
modification: Intercalation reaction and application for dye
removal. Applied Clay Science 126: 113-121.

Djowe AT, Laminsi S, Njopwouo D, Acayanka E and Gaigneaux
E M. 2013. Surface modification of smectite clay induced by
non-thermal gliding arc plasma at atmospheric pressure. Plasma
Chemistry and Plasma Processing 33: 707-723.

Espafa V A A, Sarkar B, Biswas B, Rusmin R and Naidu R. 2019.
Environmental applications of thermally modified and acid
activated clay minerals: Current status of the art. Environmental
Technology & Innovation 13: 383-397.

Fan H, Zhou L, Jiang X, Huang Q and Lang W. 2014. Adsorption
of Cu2+ and methylene blue on dodecyl sulfobetaine surfactant-
modified montmorillonite. Applied Clay Science 95:150—158.

Fatyeyeva K, Bigarré J, Blondel B, Galiano H, Gaud D, Lecardeur
M and Poncin-Epaillard F. 2011. Grafting of p-styrene sulfonate

PATANJALI ET AL.

[Indian Journal of Agricultural Sciences 90 (12)

and 1,3-propane sultone onto Laponite for proton exchange
membrane fuel cell application. Journal of Membrane Science
366:33-42.

Ferreira AM, Coutinho J A P, Fernandes A M and Freire M G. 2014.
Complete removal of textile dyes from aqueous media using
ionic-liquid-based aqueous two-phase systems. Separation and
Purification Technology 128:58-66.

Fetter G and Bosch P. 2010. Microwave effect on clay pillaring.
(In) Pillared Clays and Related Catalyst. Springer New York,
pp 1-21.

Galeano L, Vicente M A and Gil A. 2014. Catalytic degradation of
organic pollutants in aqueous streams by Mixed Al / M-Pillared
Clays (M = Fe , Cu, Mn). Catalysis Reviews: Science and
Engineering 56 (3): 239-287.

Gan F, Zhou J, Wang H, Du C and Chen X. 2009. Removal of
phosphate from aqueous solution by thermally treated natural
palygorskite. Water Research 43:2907-2915.

Gil A, Assis F C C, Albeniz S and Korili S A. 2011. Removal
of dyes from wastewaters by adsorption on pillared clays.
Chemical Engineering Journal 168: 1032—1040.

Gil A, Gandia L M and Vicente M A. 2000. Recent advances
in the synthesis and catalytic applications of pillared clays.
Catalysis Reviews 42:145-212.

Gil A, Korili S A and Vicente M A. 2008. Recent advances in the
control and characterization of the porous structure of pillared
clay catalysts. Catalysis Reviews: Science and Engineering
50(2): 153-221.

Guruvenket S, Rao G M, Komath M and Raichur A M. 2004.
Plasma surface modification of polystyrene and polyethylene.
Applied surface Science 236: 278-284.

Hai Y, Li X, Wu H, Zhao S, Deligeer W and Asuha S. 2015.
Modification of acid-activated kaolinite with TiO2 and its use
for the removal of azo dyes. Applied Clay Science 114: 558-567.

Huang Z, Li Y, Chen W, Shi J, Zhang N, Wang X, Li Z, Gao L
and Zhang Y. 2017. Modified bentonite adsorption of organic
pollutants of dye wastewater. Materials Chemistry and Physics
202: 266-276.

Hundal L, Thompson M, Laird D and Carmo A. 2001. Sorption
of phenantrene by reference smectites. Environmental Science
& Technology35s: 3456-3461.

Hussain S, Ullah Z, Gul S, Khattak R, Kazmi N, Rehman F,
Khan S, Ahmad K, Imad M and Khan A. 2016. Adsorption
characteristics of magnesium-modified bentonite clay with
respect to acid blue 129 in aqueous media. Polish Journal of
Environmental Studies25: 1947-1953.

Anonymous. 2002. Fundamentals of Soil Science. Indian Society
of Soil Science.

Jourvand M, Khorramabadi G S, Omidi-Khaniabadi Y, Godini
H and Nourmoradi H. 2015. Removal of methylene blue
from aqueous solutions using modified clay. Journal of Basic
Research in Medical Sciences 2: 32—41.

Kango S, Kalia S, Celli A, Njuguna J, Habibi Y and Kumar R.
2013. Surface modification of inorganic nanoparticles for
development of organic-inorganic nanocomposites - A review.
Progress in Polymer Science 38:1232—1261.

Kausar A, Igbal M, Javed A, Aftab K, Nazli Z H and Bhatti H N.
2018. Dyes adsorption using clay and modified clay: A review.
Journal of Molecular Liquids 256: 395-407

Khajehpour M, Gelves G A and Sundaraj U. 2015. Modification
of Montmorillonite with alkyl silanes and fluorosurfactant for
clay/fluoroelastomer (FKM) nanocomposites. Clays and Clay
Minerals 63: 1-14.

[32 ]



December 2020]

Kloprogge J T, Duong L V and Frost R L. 2005. A review of the
synthesis and characterisation of pillared clays and related
porous materials for cracking of vegetable oils to produce
biofuels. Environmental Geology 47: 967-981.

Komadel P and Madejova J. 2013. Acid activation of clay minerals.
Developments in Clay Science, 2nd ed., Vol-5. Elsevier.

Komadel P. 2016. Acid activated clays: Materials in continuous
demand. Applied Clay Science 131: 84-99.

Kuang W, Facey G A and Detellier C. 2004. Dehydration and
rehydration of palygorskite and the influence of water on the
nanopores. Clays & Clay Minerals 52: 635-642.

Latifi I, Ayari F, Chehimi D B and Ayadi M T 2017. Study of the
adsorption of Bright Green by a natural clay and modified.
Journal of Material Science and Engineering 6(1): 1000317.

LeBaron P C, Wang Z and Pinnavaia T J. 1999. Polymer-layered
silicate nanocomposites: an overview. Applied Clay Science
15: 11-29.

Liu P. 2007. Polymer modified clay minerals: A review. Applied
Clay Science 38: 64-76.

LixonBuquet C, Fatyeyeva K, Poncin-Epaillard F, Schaetzel P,
Dargent E, Langevin D, Nguyen Q T and Marais S. 2010.
New hybrid membranes for fuel cells: Plasma treated laponite
based sulfonated polysulfone. Journal of Membrane Science
351: 1-10.

Luo Z, Gao M, Ye Y and Yang S. 2015. Modification of reduced-
charge montmorillonites by a series of Gemini surfactants:
Characterization and application in methyl orange removal.
Applied Surface Science 324: 807-816.

Moreira M A, Ciuffi K J, Rives V, Vicente M A, Trujillano
R, Gil A, Korili S A and de Faria E H. 2017. Effect of
chemical modification of palygorskite and sepiolite by
3-aminopropyltriethoxisilane on adsorption of cationic and
anionic dyes. Applied Clay Science 135: 394-404.

Murray H H and Haydn H. 2007. Applied clay mineralogy :
occurrences, processing, and application of kaolins, bentonites,
palygorskite-sepiolite, and common clays. Elsevier.

Nadeem R, Manzoor Q, Igbal M and Nisar J. 2016. Biosorption
of Pb(II) onto immobilized and native Mangifera indica waste
biomass. Journal of Industrial and Engineering Chemistry
35: 185-194.

Naeem H, Bhatti H N, Sadaf S and Igbal M. 2017. Uranium
remediation using modified Vigna radiata waste biomass.
Applied Radiation and Isotopes 123:94-101.

Nandi B K, Goswami A and Purkait M. 2009. Removal of cationic
dyes from aqueous solutions by kaolin: Kinetic and equilibrium
studies. Applied Clay Science 42: 583-590.

Olusegun S J, de Sousa Lima L F and Mohallem N D S. 2018.
Enhancement of adsorption capacity of clay through spray
drying and surface modification process for wastewater
treatment. Chemical Engineering Journal 334: 1719—-1728.

Omidi-khaniabadi Y, Jafari A, Jourvand M, Saeedi S and Basiri H.
2016. The study of azo dye removal from liquid medium by
modified clay. Journal of Advances in Environmental Health
Research 4(1): 9-17.

Patanjali P, Chopra I, Mandal A and Singh R. 2019. Removal of
Cationic Dyes from Wastewater by Bentonite/Calcium Alginate
Composites. Proceedings of 15 National Agrochemicals
Congress Country’s Status on Various Fronts of Agrochemicals.
pp 124. November 13 — 16, 2019. Delhi.

Patanjali P, Patanjali N and Singh R. 2018. Decontamination of
wastewater utilizing modified bentonite. Proceedings of 4
India International Science Festival Theme: Swachh Bharat,

CLAY MODIFICATION TECHNIQUES FOR WASTEWATER REMEDIATION

2273

pp 19, October 5-8, 2018. Lucknow.

Patanjali P and Singh R. 2020. Removal of cationic dyes from
wastewater by silane grafted bentonite. Proceedings of JTA
Multidisciplinary International Conference, p 213, February
16-18, 2020, Delhi.

Rashid A, Bhatti H N, Igbal M and Noreen S. 2016. Fungal
biomass composite with bentonite efficiency for nickel and
zinc adsorption: A mechanistic study. Ecological Engineering
91: 459-471.

Ratner B D. 1995. Surface modification of polymers: chemical,
biological and surface analytical challenges. Biosensors and
Bioelectronics 10: 797-804.

Ren H P, Tian S P, Zhu M, Zhao Y Z, Li K X, Ma Q, Ding S
Y, Gao J and Miao Z. 2018. Modification of montmorillonite
by Gemini surfactants with different chain lengths and its
adsorption behavior for methyl orange. Applied Clay Science
151: 29-36.

Sahin O, Kaya M and Saka C. 2015. Plasma-surface modification
on bentonite clay to improve the performance of adsorption
of methylene blue. Applied Clay Science 116-117: 46-53.

Salleh M A M, Mahmoud D K, Karim W A W A and Idris A.
2011. Cationic and anionic dye adsorption by agricultural solid
wastes: A comprehensive review. Desalination 280: 1-13.

Sanchez -Martin M J, Rodriguez-Cruz M S, Andrades M S,
Sanchez-Camazano M. (2006). Efficiency of different clay
minerals modified with a cationic surfactant in the adsorption of
pesticides: Influence of clay type and pesticide hydrophobicity.
Applied Clay Science 31: 216-28.

Sarma G K, Sen Gupta S and Bhattacharyya K G. 2016. Adsorption
of Crystal violet on raw and acid-treated montmorillonite, K10,
in aqueous suspension. Journal of Environmental Management
171: 1-10.

Singla P, Mehta R and Upadhyay S N. 2012. Clay modification by
the use of organic cations. Green and Sustainable Chemistry
2(1): 21-25.

Srinivasan R. 2011. Advances in application of natural clay and
its composites in removal of biological, organic, and inorganic
contaminants from drinking water. Advances in Material
Science and Engineering :1-17.

Stawinski W, Freitas O, Chmielarz L, Wegrzyn A, Komedera K,
Btachowski A and Figueiredo S. 2016. The influence of acid
treatments over vermiculite based material as adsorbent for
cationic textile dyestuffs. Chemosphere 153: 115-129.

Stawinski W, Wegrzyn A, Danko T, Freitas O, Figueiredo S and
Chmielarz L. 2017. Acid-base treated vermiculite as high
performance adsorbent: Insights into the mechanism of cationic
dyes adsorption, regeneration, recyclability and stability studies.
Chemosphere 173: 107-115.

Tahir M, Igbal M, Abbas M, Tahir M A, Nazir A, Igbal D N,
Kanwal Q, Hassan F and Younas U. 2017. Comparative study
of heavy metals distribution in soil, forage, blood and milk.
Acta Ecologica Sinica 37: 207-212.

Tahir N, Bhatti H N, Igbal M and Noreen S. 2017. Biopolymers
composites with peanut hull waste biomass and application for
Crystal Violet adsorption. International Journal of Biological
Macromolecules 94: 210-220.

Thue P S, Sophia A C, Lima E C, Wamba A G N, de Alencar W S,
dos Reis G S, Rodembusch F S and Dias S L P. 2018. Synthesis
and characterization of a novel organic-inorganic hybrid clay
adsorbent for the removal of acid red 1 and acid green 25 from
aqueous solutions. Journal of Cleaner Production 171: 30-44.

Toor M, and Jin B. 2012. Adsorption characteristics, isotherm,

[33]



2274

kinetics, and diffusion of modified natural bentonite for
removing diazo dye. Chemical Engineering Journal 187: 79-88.

Toor M, Jin B, Dai S and Vimonses V. 2015. Activating natural
bentonite as a cost-effective adsorbent for removal of Congo-
red in wastewater. Journal of Industrial and Engineering
Chemistry 21: 653—661.

Toprak M and Halisdemir E. 2015. Removal of Pyronin B from
aqueous solutions using raw and modified vermiculite. Research
on Chemical Intermediates 41: 8289-8306.

Uddin M K. 2017. A review on the adsorption of heavy metals by
clay minerals, with special focus on the past decade. Chemical
Engineering Journal 308: 438—462.

Ullah I, Nadeem R, Igbal M and Manzoor Q. 2013. Biosorption
of chromium onto native and immobilized sugarcane bagasse
waste biomass. Ecological Engineering 60: 99-107.

Valenzuela Diaz F R and Santos P de S. 2001. Studies on the
acid activation of Brazilian smectitic clays. Quimica Nova
24: 345-353.

Velde B. 1992. Introduction to Clay Minerals : Chemistry, Origins,
Uses and Environmental Significance. Springer, Netherlands.

Velde B. 1995. Origin and Mineralogy of Clays. Springer, Berlin
Heidelberg.

Wang L and Wang A. 2008. Adsorption properties of Congo
Red from aqueous solution onto surfactant-modified
montmorillonite. Journal of Hazardous Materials 160:
173-180.

Wang M, Liao L, Zhang X, Li Z, Xia Z and Cao W. 2011.
Adsorption of low-concentration ammonium onto vermiculite
from hebei province, China. Clays & Clay Minerals 59:
459-465.

Wang M, Yu J H, Hsieh A J and Rutledge G C. 2010. Effect of
tethering chemistry of cationic surfactants on clay exfoliation,

PATANJALI ET AL.

[Indian Journal of Agricultural Sciences 90 (12)

electrospinning and diameter of PMMA/clay nanocomposite
fibers. Polymer 51: 6295-6302.

Wang W, Chen H and Wang A. 2007. Adsorption characteristics
of Cd(II) from aqueous solution onto activated palygorskite.
Separation and Purification Technology 55: 157-164.

Yagub M T, Sen T K, Afroze S and Ang H M. 2014. Dye and
its removal from aqueous solution by adsorption: A review.
Advances in Colloid and Interface Science 209: 172-184.

Yang R, Li D, Li A and Yang H. 2018. Adsorption properties and
mechanisms of palygorskite for removal of various ionic dyes
from water. Applied Clay Science 151: 20-28.

Yang S, Gao M and Luo Z. 2014. Adsorption of 2-Naphthol on
the organo-montmorillonites modified by Gemini surfactants
with different spacers. Chemical Engineering Journal 256:
39-50.

Yavuz O and Saka C. 2013. Surface modification with cold
plasma application on kaolin and its effects on the adsorption
of methylene blue. Applied Clay Science 85: 96—-102.

Ye W, Zhao B, Gao H, Huang J and Zhang X. 2016. Preparation of
highly efficient and stable Fe, Zn, Al-pillared montmorillonite
as heterogeneous catalyst for catalytic wet peroxide oxidation
of Orange I1. Journal of Porous Materials 23: 301-310.

Zeng X Q and Liu W P. 2005. Adsorption of direct green B on
mixed hydroxy-Fe-Al pillared montmorillonite with large basal
spacing. Journal of Environmental Sciences 17: 159—-162.

Zhao M, Tang Z and Liu P. 2008. Removal of methylene blue
from aqueous solution with silica nano-sheets derived from
vermiculite. Journal of Hazardous Materials 158: 43-51.

Zhou S, Zhang C, Hu X, Wang Y, Xu R, Xia C, Zhang H and Song
Z. 2014. Catalytic wet peroxide oxidation of 4-chlorophenol
over Al-Fe-, Al-Cu- and Al-Fe-Cu-pillared clays: Sensitivity,
kinetics and mechanism. Applied Clay Science 95: 275-283.



