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Abstract The presence of dye in water stream leads to unexceptional effects on
living life. As dyes are consumed globally from small-scale to large-scale industries
inculcating tanneries, food, cosmetic, textile, medicinal sectors with the production
of 1,000,000 tons all over the world. Majorly, the textile sector plays a pertinent
role in dye emissions into the ecosystem. Only dying industries discharge about 7.5
metric tons annually. The complex structures of dye comprising of aromatic rings
bonded with different functional groups having m-electron could absorb light within
380-700 nm spectra. They impart coloration due to the presence of chromogens and
chromophores. Out of several natural and synthetic dyes, azo group proliferation has
been highly carcinogenic due to amine and benzidine emissions. Besides this, the
fact of being non-biodegradable makes the dye molecules last longer in the environ-
ment producing hazards. Henceforth, eradication of dye molecules from wastewater
is thus needed before discharging the stream into the environment with long- and
short-term effects. The severe implications have been reported for the aquatic life
due to direct contact. Whereas to human life, there were observations from skin irri-
tations to cancer-like disease. Several approaches were reported for the treatment of
dye-containing streams but the exploration for the best available technique is still
ongoing. So, this chapter collects comprehensive facts about dyes, its harmful effect,
and approaches for the treatment at a worldwide level and Indian perspective. Addi-
tionally, the article draws out the comparative analysis for available techniques and
states the recent advancements for the purification of dye-containing wastewater.
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1 Introduction

Water is the basic amenity for the existence of living bodies [1]. Humans in the
sake of historical cultivation and globalization have grown themselves in terms of
technologies [2]. This industrialisation has led to severe water contamination leaving
a bad impression towards environmental health especially aquatic bodies [1]. For
instance, dyes are generally used to impart colour whether in textile, food, cosmetics,
medicinal, etc., and therefore, the resulting water has a significantly strong percentage
of dye wherein 50% of it has been lost in the effluent stream [3]. The waste stream
has been utilized for washing, bathing, etc., or in the majority cases the stream
has been discarded into rivers, lakes, canal, and drainage [4, 5]. The assessment
of the quantity of dye in waste stream is a pertinent examination to be performed
prior to the disposal as even a small quantity of 1 mg/L could result in coloration
and an undesirable concentration for consumption [6]. Majorly, dyes are organic
multifaceted molecules and have the property of being attached to several surfaces
like fabrics, leathers, etc. In accordance to the recent survey, there have been 1,00,000
commercially available dyes used all over the globe with a record of 10,000 tonnes
per year of consumption [7]. With this huge squandering of textile dyes, the fact that
effluent being highly complex in nature makes the disruption of an ecological system
[5, 8].

Textile discharges may comprise of several pollutants coupled with organic loads.
Pollutants may include highly complex dye structures, heavy metals, salts, surfac-
tants, chlorinated chemical species, and auxiliary compounds, etc. [9]. Out from
which a comprehensive study by Al Prol (2019) revealed that a major part of the
stream (93%) of the feed to the textile industries emerges out as the pigmented
wastewater and the remaining comprises of other chemical complexes. Moreover, it
has been a difficult task to quantify the exact concentrations of toxic chemicals lost
during the process due to the plethora of substances [10]. Hassaan (2017) provided
the fact that the production of 1 kg of textile cloth approximately 0.15 m? of water
is utilized with the statistics of 3000 m> discharge processing 20 tons of fabrics per
day [11].

Due to the discharge being rich in several chemicals, every pollutant has its toxi-
city level and imparts threat accordingly. But almost all chemicals in the discharge
stream are non-biodegradable in nature with carcinogenic properties [12]. The exis-
tence of dye molecules in the hydrosphere reduces the penetration of sunlight deep
into the water bodies and thereby inducing annoyance in the biological pursuit of
aquatic life [13]. There have been toxicological outcomes like growth inhibitions,
reduced ingestion capacity, accumulation in living cells, increased enzymatic activ-
ities, reduced reproductive potential kidney dysfunctions, protein level decrements,
respiratory problems, opercular movements, histopathological variations, sub-lethal
consequences, etc. Not only these mentioned but many more harmful effects were
reported due to toxic pollutants to the aquatic and living life [14]. But main charac-
teristics depend on the analysis of every component in the discharge, which is the
main step before opting the method for treatment. Therefore, many investigations
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were performed for analysing the long-chain chemical elements in the waste [15].
So, it could be addressed that the treatment proposed maybe location-specific in
nature. Sources of emissions are firstly to be identified. Sources could be varying
as it can fluctuate from the domestic level to the industrial level. The functionally
active chemical core species which inflate the real characteristics of water is the
chromophore.

There were several divisions based on chromophore namely, azo, cyanine,
xanthene, nitro, quinone-imine, indigoid, acridine, oxazine, anthraquinone, triaryl-
methane, phthalein, triphenylmethane dye, diarylmethane, etc. Chromophore is the
nimble organic parts portraying the spatial atoms localization and the adsorption of
electromagnetic waves is due to the excited state of molecules [16, 17]. Moreover,
the preceding section describes about the classification based on chromophore in
detail with their important characteristics.

2 C(lassification of Dye

There were several bifurcations of dyes depending on chemical structure, ionic
charge, etc. Mainly these two were explained briefly in the articles. Simply these
are colour imposing elements to the fabric which connect its molecule to the
surface of basic cloth. So, the classification based on surface charge includes
ionic dyes and non-ionic dyes. Whereas structural division includes azo, cyanine,
xanthene, nitro, quinone-imine, indigoid, acridine, oxazine, anthraquinone, triaryl-
methane, phthalein, triphenylmethane dye, diarylmethane, etc. depending on chro-
mophore [14]. The preceding sub-section included the classification of dyes and their
chemistry.

2.1 Classification of Dyes Based on Charge

Surface charge-based classification of dyes includes ionic and non-ionic bifurcations
wherein the ionic dyes include cationic and anionic which are mostly used category of
the dye. Moreover, anionic dyes have their wide application due to the huge consump-
tion in textiles due to the affinity towards the fabric in forming covalent bonds and
these dyes are brighter dying agents in comparison to other dyes [18]. Therefore,
anionic dyes are generally applied in greater quantity. Whereas the cationic dyes are
although water-soluble, but they inhibit some biological activity due to the positive
surface charge and chemical property used in lesser quantity as they possess benign
coloration and malignant tumours. Cationic dyes include cyanine, azine, acridine,
azo, anthraquinone, xanthene, oxazine, etc., and some of the anionic dyes namely,
nitroso, nitro, triphenylmethane, anthraquinone, azo groups, etc. [15]. Both anionic
and cationic dyes are carcinogenic dyes, but the hazards associated with the anionic
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DYES
Ionic Dyes Non-Ionic Dyes
Cationic Dyes  Anionic Dyes Vat Dyes Disperse Dyes
Acidic Dyes Reactive Dyes Direct Dyes

Fig. 1 Classification of dye based on charge present on surface of molecule

dyes have more mutagenic effects like bladder cancer, allergies, dermatitis, asthma,
etc.

Additional to the ionic division, dyes could be classified as non-ionic dyes.
Such non-ionic dyes are the neutrally charged surface molecules. It includes vat
and disperse dyes in which vat dyes react with leuco salts after getting reduced
in alkaline medium whereas disperse dyes are insoluble in water and maybe form
hydrophobic liquid dispersion [19]. Vat dyes have very less toxicity whereas disperse
dyes are relatively carcinogenic in nature [20]. Non-ionic dyes include indigoids,
anthraquinone, nitro, azo, styryl, etc., groups associated with the chemical alignment.
The classification of dyes based on the charge is as shown in Fig. 1.

2.2 Classification Based on Chemical Structures

Dyes are basically the organic chemical structures with three important groups, i.e.,
(a) chromophore, (b) auxochrome, and (c) matrix in the molecular structure. Out of
which chromophore is the essential spatial group is the collection of atoms commonly
comprising of nitro, azo, nitroso, carbonyl, alkenes, etc. [9]. Dye entity encompassing
these structures becomes chromogenic moreover these when added with auxochrome
enhances the dyeing abilities of the molecule. Auxochrome part might be acidic or
basic in nature, i.e., hydroxide, sulphite, carboxylic, etc., are categorized as acidic
while amino, alkanol amine, etc., are basic ones. Remaining is the part named as
matrix. Each type of classification has an attached group to the molecular structure
and has its own colour index reflecting the corresponding chronological order as
tabulated in Table 1 [21]. Dye effluent with functional group is lesser likely to be
treated with the conventional techniques. Moreover, the type of functional elements
in the effluents has been complex in nature due to the several attached chemical
components. The chromophore-based division has been detailed in Table 1 with
the assigned colour indexed ranges as reported in the literature. Acridine is the



Dye Pollution in Water and Wastewater

Table 1 Chromophore based proliferation of dyes [14]

Class of dye

Chromophore structure

Colour index ranges

Acridine dyes

H

46,000-46,999

Anthraquinone dyes o 58,000-72,999
3}
Azo dyes 11,000-39,999
<: : —N—N ——<: :>
Cyanine dyes 74,000-74,999
_\'\ —_—
A L 4
—N W\ =
n
Diarylmethane dyes | [ 42,000-44,999
: c
Indigoid dyes 73,000-73,999
i f H
H
Nitro dyes 10,300-10,999
—N—/0O0 NO.
(o]
Nitroso dyes N—O 10,000-10,299

(continued)
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Class of dye

Chromophore structure

Colour index ranges

Oxazine dyes

e,

NN
H

51,000-51,999

Phthalein dyes

52,000-52,999

Quinione-imine dyes

77,000-77,999

Triarylmethane dyes

— \:,/f
Q

42,000-44,999

Triphenylmethane dyes

D
P

41,000-41,999

Xanthene dyes

/Ol
e B8

45,000-45,999

chemical structure of dye based on the organic matrix with nitrogen-derived hete-
rocyclic formula. Earlier, these were the dyes playing important once at a time but
have niche application as far as the present scenario is concerned [6]. It has a basic
nature and colourless crystal-like appearance. Some of the examples include pyri-
dine, quinoline, etc., having C-H bonds located centrally in the structural formula.
Anthraquinone relates to the abundant type of dye which is usually colourless but
turns blue to red by incorporating electron donor groups like amino or hydroxy at the
1, 4, 5 or 8th position. They can occur naturally or may be categorised as synthetic
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dyes. Such dye comes under indigo stuff. They are generally dispersed and reactive
dyes. Azo dyes are the chemical structures with linkage of R-N=N-R’ aryl nature
which are consumed in textiles, leather, foods, paper field. Mostly, methyl orange,
disperse orange 1, phenolic diazo, etc., are widely used in these dyes. Cyanine dyes
are synthetic dyes which is a heterocyclic system wherein the structure has nitrogen
conjugated with pyridine, imidazole, quinoline, thiazole, pyrrole, etc. [22]. This is
highly consumed in biotechnology for analysis, biomedical purposes, and labelling.

Triarylmethane dye comes under synthetic chemical dyes comprising of triph-
enylmethane as their supporting molecule. These are immensely coloured chemicals,
for instance, crystal violet is one of the triarylmethane dye. Widely implemented for
biotechnological applications containing nitrogen in the end so that it can be linked to
either nucleic acid or protein molecule [23]. Indigoid dye is distinct organic species
with blue colour and was naturally extracted from plants. However, they may be
synthetically obtained and used for colouring denim fabric and blue cloths. Nitro
group is an aromatic dye whose structure contains NO,, imino, hydroxyl, OH, etc.
linkages. Sometimes may consists of chloride, COOH, etc., substituents. Another
group, Nitroso has NO linkages in the chemical structure in the organic moiety.
There may be nitrosoalkanes, nitrosothiols, nitroamines, alkyl nitrites, etc. Oxazines
are heterocyclic structures with one nitrogen and oxygen atoms attached to double
unsaturated 6 member ring-like structures. It consists of ifosfamide, morpholine, etc.
Phthalein are basically the indicators for pH due to the capability to change colour.
Majorly formed of phthalic anhydride with conjugated phenols [24].

Quinone imine dyes are the results of oxidation of para-aminophenols and conden-
sation of paranitrosophenols. It comprises of sulphur, nitrogen, oxygen atoms with
heterocyclic structure and used for the production of thiazine, azine, oxazine, respec-
tively. Xanthene is the organic yellowish solid-like structure commonly soluble in
organic solvents and is obscure, but its derivatives are still used [25]. The direct emis-
sion of molecules is the major topic of concern which is delineated in the preceding
section.

3 Sources of Dye in Aquatic Life and Environment

Emerging of the polluting molecules is a major point to be analysed as according to
the status of production and consumption of synthetic and natural dyes in the field
of textiles, food, tanneries, etc. Majorly these are the highly detected areas from
where ample wastewater has been discharged. However, there is no such criterion
defining discharged by direct or indirect ways. But the reported analysis of states
that India emits out about 9000 m* of an effluent stream without treating it. Some
major sources have been delineated in Fig. 1 as textile, industries, chemicals, food,
tannery, household, printing, etc. [26].

Textile has notably been the major origin for dye effluent as they have dyeing
steps and it discharges direct into the water bodies. For instance, dyeing the cellulose
fabrics after which, the stream discharged contains 10-40% sulphur dyes 10-50%
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of reactive type dyes. Statistical data with textile dyes states that 200 billion 1 of
pigments are produced annually and up to 50% are the effluents dispensed directly
in the aquatic system. Every year it has been estimated that 2,80,000 t of textile dyes
are lost in this sector. As of now, 20% of industrial pollution has been reported due
to textile emissions. Another dyeing disposal point is the household hair dyeing,
dye-containing cosmetics, household chemicals, which during usage is mixed with
water and disposed at the end to rivers, sewages, etc. In an investigation researcher
evaluated wastewater from 17 flats consuming 750 L capacity of water. The study
revealed that there were 11 synthetic dyes with acidic orange 7, acidic orange 24, and
acid blue 25. During the period of analysis people were asked not to use dyes for hair
or clothes so that clear statistics could be obtained for dyes presence in household
chemicals [27].

The food industry is another dye dispensing source. The fish industry is the major
unauthorized point leading to contamination of water bodies as the farms discharge
dyes like malachite green dyes [14]. Khodabakhshi and Amin (2012) evaluated the
fish farm effluent for the presence of malachite green and reported about 0.006 to 0.4
pg/l concentration of dye in the effluent [28]. Moreover, malachite green in fishing
industries effluents is ranged from 265 to 1663 pg/kg revealing an aqua system has
been directly hindered by the presence of dye due to the untreated discharges from
food industries. Also, the colorants used in food industries are a major source for
dye emissions in the water. Currently, it was found that at least 15 dyes out of 45
were authorized and others were used as colorants [14]. Li et al. (2013) explored the
colorants usage in the food industry and found that about eight dyes were used in food
industries illegally which are banned [29]. Such banned dyes were utilized in textile
sectors and were found to be used for food sectors. In an investigatory article, Rahi
2018 collected the effluent from Sanganer textile industrial region from Rajasthan
and reported the huge TDS of about 3000-3500 ppm and TSS 5000-7000 ppm [30].
Another research states that Ahmed et al. (2020) evaluates the physicochemical
properties from the collected samples discharged from the textile effluent reporting
the turbidity high up to 250 FTU and high electrical conductivity of 1300 ps/cm
with heavy metals like lead (0.5 ppm), nickel (0.2 ppm), and copper (0.11 ppm)
[31]. Moreover, there were huge total dissolved solids found in the sample analysed
by Khatun et al. (2020) states that textile effluents collected from the discharge end
of pakiza dyeing and printing industries and reported high COD (400 ppm), TDS
(2100 ppm), and TSS (200 ppm) [32]. Also, there were investigations carried out
in which huge organic matters within the range of 1-5 %, electrical conductivity of
13000 S/cm, and high sulphate content of 4 mg/kg [33]. Cases like this shows that
without proper treatment of effluents the sectors like food, pharmaceutical, fishing,
textile, etc., make a direct source for discharges into aquaculture [34] (Fig. 2).
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4 Textile Dye Emissions

There were various case studies, investigations, researches, and project established
for obtaining the calculative data for textile industries and their emissions. However,
there is no such obligation taken after them to pre-treat the discharge before disposal.
The effluent stream might be subjected to have high organic matter, coloration, heavy
metals, turbidity, hardness, dissolved solids, suspended solids, dissolved oxygen,
ionic species like sodium, potassium, calcium, magnesium, chloride, sulphate,
nitrate, fluoride, etc., and alkalinity in most of the cases [35]. However, there might be
differences in composition as the chemical and physical properties varies based on the
location, type of industries, and quality of effluent being discharged [36]. This section
provides an overview of the global situations and national-level status of textile indus-
tries and their emissions. Preliminary case studies evaluated by researchers inves-
tigating the physicochemical properties of textile effluent discharged from various
industries have been tabulated in Table 2.

4.1 Worldwide Level

Globally, the overall emissions reported for textile effluents are immensely high. It has
been already highlighted that 7 x 103 tons of dyes have been consumed. For instance,
even if 10% out of which gets discharged would create a huge negative impact on
living and aquaculture [4]. One of the leading producers and consumers of synthetic
azo dyes are India, China, Malaysia, and Germany. One report by Madamwar et al.
(2019) states that Malaysia holds about 1.3% of the world’s contribution for synthetic
dyes production and Germany also has the main hand on for about 1.1% contribu-
tion [43]. Moreover, China holds about 36% of the U.S. market for textile imports
and tops the position for sharing 29% of the European Union textile imports in the
world [44]. One of the reports by Samir et al. (2021), states that samples collected
from textile industries situated in Zhenjiang, China have azo, reactive, disperse, and
sulfonic dyes in the composition [45]. Another focus highlighted by the researcher
performed assessment of the discharge from Tunisian textile industries reported
high characteristics like BOD (552-900.7 mg/L), COD (1595.7-2104 mg L), TSS
(252.33-604.67 mg/L), turbidity (255.67— 549.67 NTU), and conductivity (9.69—
13.89 mS/cm) [46]. Moreover, Li et al. (2018) evaluated the composition of synthetic
dyeing industries revealing disperse dyes, additives, acetates, soluble micropollutants
[47]. The emissions all over the world are found increasing at a rapid rate with major
sources as illustrated in Fig. 2. The year-wise emission and the extrapolations till
2023 for dye emissions are portrayed in Fig. 3.



(penunuoo)

K. Maheshwari et al.

wdd 100°0-peaT
‘wdd g g-wnrwory)
‘wdd 00 g-o1uesIV
‘widd 9-z-opuiony{
‘wdd gg9gz-e1eyding
‘wdd 97 -91emIN

‘wdd ¢g9-aproqy)
‘widd ¢ -wnrsouse

eipu] ‘nduey] ‘newfef

[1%] ‘wdd 19z-ummne) - - 8L - 987C|  WoIyjuaNyJs [eLIsnpuy

eIpuy ‘qefung

eueIypn ‘931eyosIp

lov] #L9-In0[0D €00 SL99 9 06’9 95'¥TST sansnput Surk(
Syy/Swr L1 1 1-oreydsoyq

‘Byy/8ur 99' [-a1enIN eipu] ‘euekIey ‘o[oyfurg

[6¢€] ‘Byy/8w ¢-areyding veL €€| TSSL - 060t 1e 9)Is aisem 2L
wdd g¢-wnissejoq
‘wdd g9 -wnipos

‘wdd Z16T-opHoN) erpuy ‘mdniry, “o81eyostp

‘wdd ¢/ -areyding JUINJQ SI0SSAV0I]

[8¢€] ‘wdd g/ z-umiore) L1€ 08 9L'6 Ly 08Z¥ O[UIXAL, IYIeseAlYS
wdd [z 1-wnisou3e
‘wdd 699-apHo[y)

‘wdd g9-wnissejoq BIpU]

‘wdd gg-wnipog ‘K10 urelln yreSaerreyg

[sel ‘Byy/Bur oL g-wmiore) - - L88L 8I% T8 JUIN[HJ9 [eLIsnpu|

RIpU ‘TeqUINA

[Lg] wdd 09z-opHory) 7902t TILL| $'869 To6vEl 9'€70°CT | Jo¥eq [ernsnput efofe],

(wroysrl) K&yranonpuod
S0UAIOJOY uonngrysip ooy | (3w) 0D | (1/8w) aod Hd| (7/8w) SSL| [edmdod/(1/5w) SAL wutod a3reyosiq

10

SOLIISNPUI SNOLIBA WO} SAZILYDSIP JUANYJH T dqeL



11

Dye Pollution in Water and Wastewater

wdd gpp-areyding
‘wdd 69-apuofy)

ysope[sueg
Jo syoinsi(q indizen

[ey]|  ‘wdd g9g-sereuoqreorg ¥8L 0LT| t'8-SL 00t wdd 00L€-000¢ | pue Ieysley ‘TpSursieN
(woysml) KAyranonpuod
S0UAIOJOY uonnquysip ooy | (Sw) doD | (1/8w) aod Hd| (7/8w) SSL| [edmdod/(1/5w) SAL wutod a3reyosiq

(Ponunuod) g AqeL,



K. Maheshwari et al.

T T T T T
e T e

R R S BRI
B R R R R R R RETES

BB R R s 538

B R R R R R R R
o R R R A

e S I I S S I

R R

e hold

R BB A R R I

Food
5

R B SRS S B A SREE AR BA KR
R RIS
R R RRRR RS

Hou
T
7.2

2023

2022

12

W
—
-
(>
o—
=i
=
L5
®

Source of dyes
in environment

g

Textile

o
-4

itin.

Prin

_—

t [24]

1n environmen

Fig. 2 Sources of dye

d statistics

Ise emissions an

Year Wi

e T S Tt
e RS ERER]

<
) R R R
w)

R R R R R BRI
e S e st oetostea

e S SO
S SRS

R R R R RS
A0 2020 ettt et 0t o ta ettt et ta et et et etaabetetotetotel

R BRI
oo ssntesnsatesnsatesatetoratosatatorasatotatatotatetotatetoretototetototetotstetotstetots

S
e o
e e stss ot
RIS X
255

B R AR TRR
oo o

T o
a8
R RIEIIK

s s s e s ot
e eateessatesssatesasatetaratototetetatototatetosatotosetototetototetotatetosetototets

RIS

B RIS
oot
BB RIS

uotljilg dsn

2017 2018 2019 2020 2021

2016

0ns

d the future extrapolat

1Ss1018 an

Fig. 3 Worldwide dye effluent em



Dye Pollution in Water and Wastewater 13

4.2 Indian Scenario

As far as the Indian scenario is considered there are wide varieties of dyes utilized
in fabrics, food, and pharmaceuticals. Most importantly the textile sector has the
highest consumption of dyes in India. The state-wise distribution has been evaluated
and provided in Fig. 4 till date [43]. However, to the Rajasthan’s ground level statistics
there have been basically textile factories from small scale to the industrial level. Due
to the cultural heritage of states value, Rajasthan is famous for the cloth market and
prints. It was evaluated that the states consume 30,000 tons of cotton and polyester
for dyeing purposes. Major areas concerned to the textile industries are Pali, Balotra,
Bagru, Sanganer, etc. [2]. Rathore (2012) studied the loading pollution caused in
dyeing industries in Rajasthan’s Pali area who stated that it has been the biggest
area of the state with 989 small-scale industries for dyeing of fabrics. The industries
generate about 13 MLD liquid wastewater whereas solid waste of 10 tons/day [48].
Moreover, Sharma et al. (2014) studied the influence of effluent discharged into water
for physicochemical properties and reported that liquid waste is about 18 MLD and
the solid waste emissions were 8—10 tons/day [49]. Bagru region of Rajasthan has
about 250 textile units and 600 dyeings were there in Sanganer area [48]. Ludhiana
another region has about 268 industries out of which 10 are running at large-scale
level and the remaining are small level dyeing sectors. These textile industries are
generating about 150 MLD of an effluent stream consisting of organic as well as
inorganic pollutants [40] (Fig. 4).
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5 Toxicity Associated with Textile Effluents

Toxicity can be justified with the amount of the substance being poisonous. It is
the by which the organism, environment, cell, tissues, etc., gets affected. However,
the effect on every individual may vary [50]. An investigator Novotny et al. (2006)
reported a comparative assessment for toxicity of two azo and anthraquinone dyes on
the living organism like bacteria, ciliates, and microalga. Amongst the dyes tested,
EC50 for disperse blue 3 was maximum i.e. 0.5 mg/l (Selenastrum capricornutum)
relative to Vibrio fischeri with 488 mg/l EC50 [51]. Insights to the measurements
revealed that algal organisms showed higher sensitivity to the dye tested than that
depicted by bacteria. A briefed toxicological analysis over microorganism with the
class of dyes have been provided in Table 3.

Not only aquaculture suffers from the toxicity of the direct untreated discharges
but the human beings, animals, plants whosoever comes in exposure with the dyes
get affected. Human’s contact with azo dyes especially is harmful as it leads to
carcinogenic effects. There may be other effects like inhalation issues, bad intestinal
activities, respiratory problems, etc. Chung (2016) explains the effect of azo dyes on
human health in his article which states that aromatic amines attached to the conju-
gated dye structures lead to disorders in urinary tracks, hematopoietic, porphyria,
hypertension, sensitivity, etc. Not only this but the contact can also leads to immune
deficiency and leading to autoimmune human body [57]. Feng et al. (2012) delin-
eated the intestinal effects caused by azo dyes briefing that ingestion of azo dyes can
cause hepatocarcinogenicity in animal mice and mark ably leading to carcinogenetic
effects in humans [58]. An investigator Chequer et al. (2009) evaluated the mutagenic
activity of disperse dyes red 1 and orange 1 due to the immense effect of these dyes
on human lymphocytes they mentioned that presence increased the micronucleus
frequency in the human bodies [59]. Sathishkumar et al. (2019) explained that textile
effluents consisting of highly hazardous dyes like Congo red may inhibit the effects
till death [60]. As Congo red is an azo dye with one sulfonic, hydroxyl, and chro-
mophore group and combination of all the three makes the chemical species highly
toxic. And therefore, the proper treatment of such effluents is needed [2].

6 Available Treatment Method and Recent Advances

Various reported approaches governed by different mechanisms have been studied
and applied for dyes and textile water treatment. There were membrane-based tech-
niques, temperature-driven processes, electric potential-based approaches, and sorp-
tion techniques reported in the literature for dye remediation [61]. However, every
technology explored had its own advantages and disadvantages. So, for the same, this
section draws out the capabilities of several technologies reported in the literature
with their critical aspects. Considering the process operations, energy consumption,
economics, efficacies, and process parameters for recent dye removal investigations.
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Table 3 Class of dyes and their toxicological effects
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Dye class Dye and its Species and taxon Effects References
toxicity(mg/l)
(EC50/LC50)
Azo Acid orange 7 (16), Food | Bacteria (Vibrio Irritability, restlessness, | [52]
yellow (22), Reactive fischeri) depression
black 5 (28), Procion
yellow (71), Procion
navy (19), Procion
crimson (35)
Anthraquinone Remazol, Congo red, Ciliates (Tetrahymena | Decreased ingestion, [51]
brilliant blue R, Reactive | pyriformis) inhibition of growth,
orange 16, Disperse blue rounding effect on cell
3
Azo, Methane, Azo, Reactive red 141 (96), Algae (Chlorella Cell size decrements, [53, 54]
Anthraquinone Basic red 14 (11), vulgaris Selenastrum | Accumulation in cells
Reactive black 5 (29), Capricornutum)
Acid orange 7 (100),
Food red 17 (61), Food
yellow 3 (72), Vat green
3(6)
Anthrone, Vat blue 20 (96), Vat Selenastrum Growth inhibitors, [55]
Anthraquinone, Azine, | green 1 (142), Vat green | Capricornutum health hazards,
Azo 9 (96), Acid blue 324 (Algae) Irritability,

(12), Acid blue 80 (124),
Acid violet 48 (102),
Direct blue 293 (147),
Acid black 1 (54), Acid
black 24 (67), Acid black
26 (43), Acid black 94
(15), Acid blue 113 (78),
Acid brown 235 (6),
Acid brown 354 (92),
Acid green 111 (72),
Acid green 68 (39), Acid
orange 33 (66), Acid
orange 7 (56), Acid
orange 95 (70), Acid red
119 (12), Acid red 131
(85), Acid red 266 (22),
Acid red 374 (8), Acid
yellow 42 (77), Acid
yellow 49 (65), Acid
yellow 61 (58), Direct
blue 71 (66), Direct
green 26 (49), Direct red
227 (126), Direct red 23
(107), Direct red 81 (78),
Disperse blue 79 (113),
Br Disperse (128), blue
79 CI (45), Disperse
orange 30 (85), Disperse
orange 61 (116),
Mordant yellow 10 (1),
Mordant black 11 (13),
Reactive black 5 (135),
Reactive red 120 (153),
Reactive red 195 (120),
Reactive red 83 (11),
Reactive yellow 15 (15)

Restlessness, etc.

(continued)
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Table 3 (continued)

Dye class Dye and its Species and taxon Effects References
toxicity(mg/l)
(EC50/LC50)

Azo Disperse red 1 (1.9), Hydra attenuata Increased enzymatic [56]
Remazol brillant blue R | (Invertebrates activity
(No data) Cnidaria)

Baghel et al. (2018) evaluated the vacuum membrane technology for blue-black
naphthol dye revealing a potentially good flux of 54 kg/m? h at 85 °C temperature
with flow rate of 5 Ipm and feed pressure of 750 mm Hg but considering the capital
expenditure and the membrane fouling the process lacks for the treatment at industrial
scale [62]. Similarly, another investigation by Khumalo et al. (2019) focused to over-
come the fouling problems by nanoparticles incorporation and worked at membrane
distillation for toxic congo red dye removal resulted in the flux of 0.0041 L/hm? but
the cost economics were still an unresolvable issue [63]. Moreover, Heidari et al.
(2019) implemented a catalytic oxidation process using nanocomposite found the
100% removal of reactive red 198 at a dose of 0.3 g/L and reaction time of 25 min
but there were no physicochemical parameters reported for treated water leaching
and is not industrially acceptable [64]. Moreover, Mook et al. (2017) implemented
electrocoagulation for reactive black 5 treatment and found that an electrolyte dosage
of 0.11 g/L and 0.075 A current a removal of 83.5% was obtained. This approach
is although energy efficient but the outcome from the process was relatively less
[65]. Recent application of adsorption was explored by Nasseh et al. (2020) synthe-
sizing metallic novel iron, silicate, copper-based adsorbent for removal of congo red
reporting 100% removal of contaminants at 2 g/LL dose and 200 min of contact dura-
tion from wastewater [5]. Moreover, based on similar kind of operation advanced
technique of capacitive deionization (CDI) is yet a topic for exploration in the field
of dye removal.

CDI is a combination of sorption and potential applied process. Till date the inves-
tigations were reported for salt sorption, heavy metal remediation, anionic pollutant
removal like fluoride, etc. [66]. It has good process feasibility, economics, energy
statistics, and outcome so to the best of author’s knowledge this could be a plausible
approach for dye-containing wastewater treatment. Therefore, a brief understanding
of phenomenon and the treatment of wastewater were explored in the chapter within
upcoming section.

6.1 Treatment of Dye Emissions via Adsorption

Adsorption is the most employed technology for the treatment of dyes effluents.
Enormous investigations were reported in the literature for dye removal due to
variety of adsorbents and the ease in operation. There were investigations found
using activated carbon, activated carbon derived from biomass, carbon nanotubes,



Dye Pollution in Water and Wastewater 17

metal-organic frameworks, synthetic adsorbents, nanoparticles, etc. [67]. Selection
of adsorbent plays a major role for application as the properties namely specific
surface area. Higher the specific surface area more will be the adsorption due to the
porous cavities adsorbing pollutants. Moreover, the process includes several param-
eters which need to be optimized like pH, dosage, temperature, initial concentration,
and contact time [68]. Dye molecule specially has affinity towards adsorption on
surface of adsorbent due to the charge attraction and Vander wall forces leading to
chemical and physical adsorption [69]. The investigations performed by researchers
state that adsorbents tend to have the highest removal rates and sorption capaci-
ties with ease in operation and economically feasible [70]. Recenet reports from
conventional carbon family adsorbents composites and metal-organic framework
has gained attention. In this area, a research performed by Liu et al. (2019) revealed
that mesoporous carbon-based bimetallic Zn/Cu incorporated adsorbent leads to the
uptake capacity of 1000 mg/g for congo red dye removal 100 mg/L and dosage of
0.02 g [71] In the recent investigation, Zolgharnein et al. (2020) states that a novel
metal-organic framework of Nickel possessed potentially good adsorption capacity
0f242.1 mg/g for congo red dye removal with initial concentration of 50 mg/L, dosage
of 0.0107 g and temperature of 45 °C [72]. Moreover, from the carbon family, adsor-
bents from waste have been explored for textile effluent treatment wherein Mahesh-
wari et al. (2020) attempted the congo red removal from the walnut shell derived
biochar using microwave-assisted synthesis and ultrasonic treatment achieving the
adsorption capacity of 75.75 mg/g at an adsorbent dose of 0.2 g and consuming the
lowest energy in the approach of around 0.7 kWh with an effective cost of Rs. 2.81
and treatment cost of Rs. 4.9 [1]. But the related shortcoming noted in the composites
and carbon-based recent examinations were the cost of synthesis and the leaching of
metal from adsorbent in the treated water. Whereas considering the biochar-based
adsorbents which are lacking the applications at industrial level. Henceforth, the
treatment of dye effluents requires a new process for treatment which is cost efficient
and has implication in industrial aspects.

6.2 Treatment of Dye Emissions via Coagulation

Treat of dye effluents through coagulation has also gained attention due to low cost,
ease in operation, and can be operated without electricity. Dalvand et al. (2016)
performed the synthesis of coagulant from Moringa stenopetala seed extract which
could achieve 98.5% removal in 240 ppm concentration [73]. Shankar et al. (2017)
performed the pre-treatment of textile effluent having and corresponding percentage
removal: Acid Red 94 (41.5%), Acid Yellow 1 (27%), Direct Green 26 (26.2%),
and Reactive Blue 21 (43.5%) by alum dosing [74]. In the same string, Le (2020)
attempted the synthesis of coagulant from mucilage extract obtained from dragon
fruit resulted in the turbidity removal of 95% from the dye wastewater [75]. But the
problem associated with the coagulant is mixing time distributions and the lesser
removal efficiency.
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6.3 Treatment of Dye Emissions via Filtration

Membrane filtration has gained enormous horizon in the field of wastewater treat-
ment. For effluent treatment there were nanofiltration, reverse osmosis, ultrafiltration
modules applied, and pilot plant assembled at the discharge point of dye indus-
tries. Membrane processes depend on the pressure parameters and the pore size
of membrane used. From the literature, it has been seen that nanofiltration when
applied for the treatment of dye effluent from using thin-film composite achieved
a high rejection of 99.99% removal with an initial TDS of 5000 ppm operating at
the pressure of 400 psi [76]. Additionally, the Baghel et al. (2018) performed the
vacuum membrane distillation for naphthol blue-black removal revealing the 99.7%
removal with permeate flux of 53.51 kg/m>h at 85 °C temperature, 5 Ipm rate, initial
concentration of 30 ppm and a pressure of 750 mmHg [62]. Another investigation
Korenak et al. (2019) provides the feasibility of forward osmosis for dye wastewater
treatment revealing 55% water recovery and greater than 94% COD rejection and
99% ionic rejection [77]. For congo red removal Khumalo et al. (2019) revealed that
direct membrane distillation is also a pathway for removal of congo red examining
the PTFE/PVDF thin membranes obtaining a flux of 0.0041 L/hm? [63]. However,
membrane technology has a discrepant limitation of being highly cost-effective and
energy-consuming. Therefore, the implications of such system are not preferred.

6.4 Treatment of Dye Emissions via Electrical Applications

There were electrical-driven processes like electrocoagulation, electrodialysis,
capacitive deionization, etc. [78]. There were several conventional investigations
using electrocoagulation of dye removal. But the exploration of capacitive deion-
ization is wholesomely a new horizon to the field of wastewater treatment. So, the
authors have attempted the same which has been delineated in preceding section.

7 Exploration of Capacitive Deionization for Dye
Treatment: A Future Perspective

Capacitive deionization is an electrochemical process for the treatment of pollutants
using two electrodes separated by an aqueous solution. The two terminals have been
aligned in the system for positive and negative pole so as to adsorb the anionic and
cationic species correspondingly [79]. Herein, there was simple rod-shaped electrode
fabricated from activated carbon developed from the agricultural waste as synthesized
by [1] using walnut shell activated carbon and bonded with polyvinylidene difluoride
and using N-Methyl-2-pyrrolidone as solvent. The diameter of the electrode was kept
around 0.5 cm and a copper wire (0.80 mm) was placed within the captive hole in
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Fig. 5 Experimental setup for capacitive deionization of the congo red dye

between the electrode for passage of voltage. The connections were established, and
alignment was built as shown in Fig. 5.

7.1 OQOutcomes and Discussions

The experiments were conducted for initial concentrations of 10, 20, 30, 40, 50 ppm
congo red dye with a volume of 50 mL at room temperature. The application of 1.2 V
was supplied to the system via DC source as aligned in Fig. 5. The % removal as
obtained and the electrosorption capacities were evaluated as per below mathematical
Egs. 1 and 2 [66]:

Cin — Cyi
% x 100 (1)

in

% Removal, %R =

(Cin = Cyi)

Electrosorption Capacity, E.q, =
Mep

X Vpa @)

where %R, C;,, Cs, Eqp, M1, and Vi, are variables resembling percent removal (%),
initial feed concentration (mg/L), final feed concentration (mg/L), electrosorption
capacity (mg/g), electrode mass (g), the volume of batch (L), respectively.

The results obtained were as shown in Fig. 6. It was analysed that upon increasing
the initial concentration the percentage removal was decreased [80]. The maximum
percentage removal was obtained 41.8% at an initial concentration of 10 ppm after 2 h
of contact period and the electrosorption capacity of 1.16 mg/g. Although there were
high capacities reported in literature for congo red dye removal, but present work



20 K. Maheshwari et al.

50 T T T T T T T T
(a)
]
40 1 i
m  Congo Red
50 g l ]
(14
(J
= 20 =
10 [ ]
- -
-
0 —
T T T T T
10 20 30 40 50
Initial Concentration (ppm)
T T T T T T T
1.2

Electrosorptlon capacity ]

.

Initial Concentration (ppm)

-
o
|

o
o
1

e
o
1

o
'S
1

Electrosorption capacity (mg/g)
o
1

o
=}
]

10

Fig. 6 a Percentage removal and b electro sorption capacities at varying initial concentration

has a nominal energy inclusion of 0.62 kWh m~3. Moreover, further modifications
in the material’s surface may reveal better performance. The future work would be
focused on the modifications and material improvements.

8 Conclusion

The present chapter reported the health hazards associated with the effluents
discharged from the textile industries. Delineates the proliferation of dye used in
textiles and presents the global issues and Indian scenario of discharges. It portrays
the toxicological effects of dyes on microorganisms and humans. The article states
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the technologies for the treatment and proposes the new technology based on elec-
trochemical treatment for the carcinogenic congo red dye which till date has not yet
been attempted. Lastly, the performance was evaluated revealing 41.8% removal and
1.16 mg/g capacity at an initial concentration of 10 ppm. Concluding the article to the
point that capacitive deionization could be a possible technology for the treatment
of dye effluents.
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Abstract Industrialization, modernization and improper agricultural practices have
led to the discharge of many diverse pollutants in the environment, threatening the
lives of humans and the ecosystem. Water pollution is one of the most important issues
that humans are dealing with. Up to now, many attempts have been conducted to reme-
diate and treat polluted water. Environmentally biomaterials are of great alternative
for water purification, particularly due to their promising properties, including cost-
effectiveness, availability, non-toxicity, and excellent performance. Accordingly, the
present chapter explores the utilization of some biomaterials, namely, chitosan, Luffa,
sisal, and hydroxyapatite within the field of water and wastewater technology for the
removal of dyes, heavy metals, and pharmaceuticals. The consideration of these three
groups of pollutants is mainly because of the fact that in actual water media, these
may come all together. In addition, the fundamentals of the adsorption process as well
as isotherms/kinetics models and thermodynamic parameters are well discussed.
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1 Introduction

With the advent of technology in every aspect of life, humans decided to move toward
industrialization and a life of high quality and standard. Even a great flourish has
observed in agriculture, leading to more efficient productivity. Such advancement and
progress are not always without any disadvantages. Human activities have adversely
affected the ecosystem and living environment by imposing a great deal of pollutants,
releasing them freely into water, soil, and air. ‘Water pollution’, ‘Soil pollution’, and
‘Air pollution’ are words that every individual has heard for ages. Water pollution
defines as the entrance of any harmful substances (generally chemicals and microor-
ganisms) to water media, leading to lowering its quality and posing hazards for
humans or the environment. By contamination water media, some consequences are
occurred in water, including temperature and color change, undesired acidity or alka-
linity, unpleasant odor, turbidity by organic/inorganic solids, etc. Although natural
sources contaminate the environment and also water, human activities and sources
are the primary reasons for the current concern for water pollution.

Many scholars have already warned the nations about the adverse effects of
pollutants in the environment. Psychic disturbances, cardiovascular effects, Landry’s
paralysis, Minamata disease, kidney damage, blood vessel congestion, potent neuro-
toxicity, anemia, brain tissue damage, bone degeneration, renal dysfunction, etc. are
some of the effects of metals, including thallium, mercury, cadmium, and lead [1].
In case of dyes and textile industry effluent, their wastewaters frequently own a high
amount of biochemical oxygen demand (BOD) and chemical oxygen demand (COD)
that are hard to degrade. Also, dye-containing wastewaters tend to accumulate on the
surface of the water, preventing light penetration and a reduction in the rate of photo-
synthesis and dissolved oxygen [2]. Pharmaceuticals, particularly antibiotics could
pollute the ecosystem by propagating antibiotic resistance bacteria and antibiotic
resistance genes propagation [3, 4].

Considering the mentioned hazards for ecosystem and living creatures, treatment
of contaminated water is of high priority. During the last decades, many nations have
attempted to mitigate the negative effects of water pollution by utilizing different
water purification techniques. Frequently, water and wastewater treatment techniques
fall into physical, chemical, and biological approaches in which a combination of
these is required to reach a sustainable removal and efficiency. Adsorption [5], elec-
trocoagulation [6, 7], photocatalytic degradation [4, 8], membrane separation [9],
aerobic/anaerobic biodegradation [10], etc. Adsorption is a physical mass transfer
phenomenon that has gained a great deal of attention during the last two decades,
and many believed that this technique could be an excellent alternative for pollutant
elimination [11, 12]. Adsorption provides a few particular advantages: simplicity,
high removal rate, cost-effectiveness, simplicity in operation, and reusability [3].
Adsorbents employ various mechanisms to remove the pollutants such as acid—base
interaction, chelation, complexation, hydrogen bonding, electrostatic interactions,
diffusion, ion-exchange, hole filling, and 7 interactions. Note that the appropriate-
ness and favorability of the adsorption process may be enhanced by using low-cost
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materials as the adsorbent. Khadir et al., for instance, suggested Luffa composite as a
biomaterial for the treatment of water contaminated with ibuprofen molecules [13].
The utilization of biomaterial has been a fascinating and interesting option for
many studies since it provides affordable, effective, and bio-removal separation
techniques. Bioadsorbents or biosorbents are in fact biomaterials that are derived
from biological sources and could exhibit the adsorption capacities at par with
chemical adsorbents [14]. Chief bio-macromolecules, including cellulose, hemi-
cellulose, proteins, and lignin, are the main constituents of the biomaterials. The
presence of carboxyl, carbonyl, hydroxyl, amine and amide as the reactive functional
groups enables bio-adsorbents to establish the required bond with the pollutants [15].
According to the present literature, bioadsorbents have been applied for the removal
of heavy metals, dyes, pesticides, and pharmaceuticals due to their inexpensiveness,
abundancy and easy to find, various functional groups, structural heterogeneity, pore
sizes, low operating costs, minimal volumes of chemical disposal, etc. [14, 16].
The current chapter aims at the following goals:

A fundamental introduction to the adsorption process and its mechanism.
Adsorption isotherms (Langmuir/Freundlich assumptions) for sorption systems.
Kinetics models (Pseudo-first order, Pseudo-second order, and Elovich) for
sorption systems.

Thermodynamic parameters and their importance.

A comprehensive discussion on some of the most famous and applicable
biomaterials and biosorbent in the field of water depollution.

2 Fundamentals of the Adsorption Process

Since the utilization of the first water and wastewater treatment techniques, such
as sedimentation and simple filtration, many people and companies have tried to
introduce better and more efficient methods for the purification of contaminated
waters. Aside from the fact that more energy savings’ systems along with excellent
performance are desired, it is urgent to note that some of the conventional methods
of treatment are not good enough to remove a wide range of pollutants, especially
emerging ones, including pharmaceuticals, or somehow dyes. Many reports have
already been released, demonstrating that present/conventional water and wastewater
treatment plants are not capable of removing all emerging pollutants from the influent
[3, 17, 18]. Hence, these hazardous substances enter the environment via effluent from
the treatment plant, contaminating the ecosystem. Pharmaceuticals, for instance, have
been detected in drinking water and groundwater. This has led to the utilization of
novel and advanced systems for the purification of water and wastewater.

The adsorption process has been nominated as a promising, efficient, simple, and
cost-effective water purification technology that has been extensively utilized during
the past decade to remove various kinds of pollutants. Adsorption, in fact, is a physical
transport of the pollutant molecules (known as adsorbate) from the liquid phase to
a solid, porous or functionalized surface (known as adsorbent) [19]. In 1550 BC,
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Egyptians employed charcoal for medicinal purposes, and it was actually of the first
utilization of the adsorption process. This separation technique gained significant
attention once zeolite was synthesized commercially in 1956 [20]. However, it is
about twenty years that many scholars are attempting to improve the performance of
the sorption system by introducing more engineered materials.

The interaction of the adsorbate and adsorbent is the key factor affecting the
efficiency of the entirety of the process. Adsorption is divided into physical adsorption
and chemical adsorption. If the adsorbate is adsorbed via London—van der Waals
forces, it is called physical sorption or physisorption. In this case, the attractive
forces are weak and usually the process is exothermic in nature. Physisorption is a
weak force and acts non-selectively, leading to the formation of multi-layers on the
adsorbent surface. If chemical bonds controlled the attachment of the adsorbate to
the adsorbent, the process is chemical adsorption or chemisorption [21]. This type
of adsorption tends to form a mono-layer on the adsorbent. Also, it is energetic and
irreversible.

There are multiple operational parameters that affect the outcome of the adsorp-
tion process. Contact time is a primary factor which means enough time must be given
to the process until the equilibrium state is reached. In addition, by increasing the
contact time between adsorbent and adsorbate, it is believed that adsorption efficiency
might increase with varying rates, depending on the available sites of the material
[5]. Adsorbent dosage, the amount of adsorbent in the solution, is also critical in the
sorption system since it influences the efficiency and sludge production. A higher
dosage of adsorbent could provide a greater number of empty sites that adsorbate
could occupy, leading to an increment in the adsorption efficiency. It is noted that
agglomeration and aggregation of the adsorbent particles, especially nano-materials,
can reduce the surface area of the adsorbent which is not beneficial in terms of the
adsorption process. Next is the initial pollutant concentration. If pollutant concen-
tration increases, it is expected that the efficiency of the process would decline under
constant adsorbent dosage. It is tried to keep the pollutant concentration to a minimal
value. Salinity, temperature, competing ions/compounds, etc. are other parameters
determining the efficiency of the adsorption system. In order to reach the maximum
capacity of the treatment, these parameters must be optimized.

3 Adsorption Isotherms

Approximately a century ago, equations called isotherms were suggested to expound
the process of the sorption system. These models are based on the equilibrium rela-
tionship between the amount of pollutant adsorbed and its concentration in the solu-
tion under constant temperature. Equilibrium experiments are those tests that at a
certain time the number of molecules entering the surface of the adsorbent are equal
to the number of the molecules that are leaving the adsorbent surface. This behavior
occurs once the adsorbent is saturated, meaning that no more pollutants cannot be
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removed anymore. Isotherm models are applied to saturated systems. Langmuir and
Freundlich are the two most important models in adsorption studies.

Langmuir model is one of the simplest equations of isotherm, assuming that the
surface possesses a certain number of binding sites with equal energy/heat and no
lateral interactions. Monolayer formation is desired by Langmuir isotherm. For a pure
component system and multicomponent mixtures systems, the Langmuir equation
might be written as follows [20]:

. q;KC
“=T5kc
g = —dm i KiCi
1+ KiGi

where g, (mg/g) and g, (mg/g) are the equilibrium adsorption capacity and Langmuir
maximum adsorption capacity, respectively. K is the Langmuir constant. The index
Jj is indicative of the presence of ‘n’ species in the solution. With the contribution of
Langmuir, a dimensionless equilibrium parameter (R; ) could be calculated as follow:

1

R, = ——+—.
14+ K;Cy

According to the value of R, four different possibilities are feasible:

0 < Ry < 1 — favorable,
R; > 1 — unfavorable,
R; =1 — linear,

R; = 0 — irreversible.

Freundlich isotherm is an empirical adsorption model that has been extensively
employed in environmental investigations. This model is based on the formation of
multilayers over a heterogeneous surface with the different free energy of sorption.
Freundlich isotherm is expressed as follows [6]:

1
ge :KFCena

where K is the Freundlich constant, which represents adsorption capacity; 1/n is an
empirical constant indicating the adsorption intensity of the system. If n = 1, then
adsorption is linear; if n < 1, then adsorption is a chemical process; if n > 1, then
adsorption is a physical process [22].
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4 Adsorption Kinetic Models

To figure out more information about the adsorption process and involved mecha-
nism, accurate kinetic modeling is necessary in order to draw credible conclusions.
So, the effect of contact time is one of the most important tests during optimization
procedure that requires great care to obtain the best results. Generally speaking, these
models contribute to finding the rate of the reactions, the amount of time required to
attain the desired performance, and the scale of an adsorption apparatus [23].

In an adsorption process, different phenomena occur with different rates that
the slowest rate determines the limiting rate. Once the adsorbate is exposed to the
adsorbent, three steps may happen during the removal of the pollutant via sorption:
(I) movement of the adsorbate from the bulk solution to the external surface of the
adsorbent (external mass transfer), (I) diffusion of the adsorbate to the sites (internal
diffusion), and (I) occurrence of sorption [24]. Over many years, a great number of
kinetics models have been formulated for different sorption systems that consider
the mentioned step of the adsorption. Among these models, Pseudo-first order and
Pseudo-second order are the most common ones.

Lagergren (1898), the one who proposed the earliest model of kinetic in the
adsorption system, investigated the adsorption of oxalic acid and malonic acid onto
the charcoal and expressed the following equation:

th
L = K1(g. — q,).
r 1(ge — q1)

The non-linear and linear forms can be written as follows:
qr = ‘]e(l - e_K'r),

K
2.303

log(g. — q/) = — t +logg,,

where K| (1/min) is the pseudo-first-order rate constant for the kinetic model.

The importance of Pseudo-second order cannot be ignored since so many inves-
tigations have believed that this model is superior to Pseudo-first order or Elovich
describing the sorption process. Only some special studies declared that Pseudo-
second order is not the primary model for the system [25]. Pseudo-second order
model has the following form [26]:

dCIz 2
2 = Ky(g. — q,)°.
T 2(ge — q1)

The non-linear and linear forms are as follows:

t _(1)t+ 1
q qe K»q?2’
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Elovich is another second-order kinetic model for heterogeneous chemisorption
of gases on solid surfaces. Accurate data at short reaction times are essential for the
Elovich model [27]. The Elovich equation is generally expressed as follows [28]:

q: = %ln(aﬂ) + %lnt,

where « is the initial sorption rate of the Elovich equation (g/g min), and § is the
adsorption constant (g/g).

5 Adsorption Thermodynamics

Once the thermodynamic study is performed, the adsorbent and adsorbate are inter-
acted with each other under different temperatures while the other parameters are
kept constant. The obtained results could provide substantial information about the
interactions between the involved species. Thermodynamic parameters (free energy
change (AG°®), entropy (AS°) and enthalpy (AH°)) are calculated by the effect
of temperature on the adsorption process. Enthalpy declares the strength of the
adsorption, and entropy indicates the change in the overall order of the system [29].
According to the laws of thermodynamics, the following equation could be expresses
[30]:

AG® = AH®° —TAS°,
AG® = —RT InK,,.

By combining the last two equations, the well-known van’t Hoff equation is found
as follows:

AH® AS°

ke =% T &

AS° and AH? are calculated from the slope and intercept of the van’t Hoff equa-
tion. The equilibrium constant (K.,) can be determined with the help of isotherm
constants (Langmuir, Freundlich, Henry, or Flory—Huggins), partition constant, and
distribution constant [26]. Since K, is dimensionless, many scholars have proposed
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different methods of changing other dimension-based constants to dimensionless
ones. Langmuir isotherm, for instance, owns the constant K; with the units of L/mg
or L/mmol which could not directly be employed in the thermodynamics equation.
The following formula could relate K; with K, [26]:

L
K.y =555 x1000 x K, ( ),
mmol

. L
Koy = 10°K, ( —).
mg

The positive values of AH® indicate the endothermic nature of the reaction,
meaning that adsorption efficiency increases by increasing the temperature. However,
exothermic reactions and more efficiency at a lower temperature are derived from
negative values of AH®. In addition, as the AH® values increase the bonds between
adsorbate and adsorbent tend to be chemisorption; however, low AH® values exhibit
weak physical adsorption. The positive AS° demonstrates an increase in disorder
at the interface during adsorption. The negative and positive values of AG® reveal
spontaneous (thermodynamically favorable) and non-spontaneous adsorption.

6 Biomaterials and Biocompounds for Water Purification

6.1 Chitosan

Chitin and chitosan (Fig. 1) are two famous biomaterials, having extensive applica-
tions. The discovery of chitin bio-polymer was made from mushrooms in 1811 by
Henri Braconnot, a French professor of natural history. Chitin was also observed in
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Fig. 1 Structure of chitin and chitosan
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insects in 1823 by Odier. Chitosan, the deacetylated product of chitin, was synthe-
sized in 1859 by Professor C. Rouget, and research on chitosan was intensified
in the early twentieth century [31]. Chitosan is a versatile polysaccharide widely
distributed in nature (second most abundant biopolymers after cellulose) produced
by alkaline N-deacetylation of chitin. Chitosan is known as a biomaterial due to its
biocompatibility, biodegradability, and non-toxic properties. Many application fields
are described in scientific publications regarding the use of chitin, chitosan and their
derivatives. Wastewater treatment and water using chitin or chitosan is an important
application. Today the development of chitosan-based nanomaterials and nanocom-
posites is of great scope to exploit the unique properties of nano-adsorbents for water
purification purposes.

Chitosan is a type of copolymer which consists of two repeating units, i.e., N-
acetyl-2-amino-2-d-glucopyranose and 2-amino-2-deoxy-d-glucopyranose [32, 33].
These two repeating units are linked by the p-(1 — 4)-glycosidic bond. Because
of this type of arrangement, chitosan shows a rigid crystalline structure through
inter- and intra-molecular hydrogen bonding. Chitosan has one -NH; group and
two —OH groups on each and every glucosidic residue. Owing to the presence of
these two reactive groups, chitosan exhibits marvelous chemical as well as biolog-
ical properties. The intrinsic pK, value of chitosan strictly depends upon the degree
of deacetylation, ionic strength, and the charge neutralization of -NH, groups. Prac-
tically, for fully neutralized amine functions with a degree of acetylation of not more
than 50%, the pK, value always lies between 6.3 and 6.7. The majority of natu-
rally occurring polysaccharides such as pectin, dextrin, agar, agarose, carrageenan,
and cellulose are acidic in nature, while chitosan is a highly basic polysaccha-
ride. Chitosan exhibits special properties such as viscosity, solubility in various
media, polyelectrolyte behavior, ability to form films, metal chelations, optical, and
structural characteristics.

Many scholars have noted the fact that chitin and chitosan could be great in
removing pollutants from polluted water and wastewater. They could be used
as coagulating/flocculating agents and adsorbents for the removal of distinctive
organic/inorganic matters. For instance, Cu*? removal was investigated by different
composites of chitosan, including chitosan beads, chitosan/polyaniline beads,
chitosan/glutaraldehyde beads, and chitosan/alginate beads, owning the adsorption
capacities of 52.6, 100, 31.20, and 67.66 mg/g, respectively [34]. Jiang et al. tested
the performance of crosslinked glucan/chitosan for the removal of heavy metals [35].
The composite had the structure of pale brown-yellow honey-comb morphology. The
authors pointed out heavy metal adsorption initially increased very rapidly in 40 min,
and the saturation point was reached at 60 min. The effect of pH was also studied
from one to seven, resulting in an increase in heavy metal adsorption. The elevated
temperature was beneficial for the sorption performance, resulting in an endothermic
process. The adsorption capacities of glucan/chitosan hydrogels for Cu*?, Co*?, Ni*2,
Pb*? and Cd*? were 342, 232, 184, 395 and 269 mg/g, respectively. They noted that
the whole removal procedure was spontaneous and single-layer chemisorption.

In another investigation, the effect of ball milling on dye adsorption by chitosan
(bought from Sigma-Aldrich, Germany) was studied by Qiu et al. [36]. When chitosan
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was not ball milled, its surface area was 0.922 mzlg; however, after 0.5, 1, 2, and
3 h milling, the surface area of the chitosan was 2.038, 2.431, 2.073, and 1.803
m?/g, respectively. It is considered that during the first hour of milling, the particles
are breaking without aggregation; however, after an hour, the number of particles
reduced, and agglomeration may occur. The utilization of 1 h ball milled chitosan,
resulted in an adsorption capacity of 1.54 mmol/g for azo-dye reactive red 2 which
was 70% higher than that of unmilled chitosan. For other dyes, namely, brilliant blue,
sunset yellow and tartrazine, chitosan proved promising adsorption capacities in the
range of 406.19to 814.27 mg/g, 924.88 to 1432.98 mg/g, and 611.27 to 1065.55 mg/g,
respectively [37].

M. N. dos Santos et al. prepared ZnFe,Og4/chitosan magnetic particles (57.4
m?/g) for the removal of diclofenac from water and found that adsorption capac-
ities and removal percentages increased as initial pH values decreased [38]. This
behavior was attributed to acidic behavior of diclofenac (pK, = 4) and the protonated
amino groups of chitosan (N H, — N H;"). Similar observation between diclofenac
and chitosan-based material was reported in the literature [39]. The low dosage of
ZnFe,04/chitosan resulted in high adsorption capacity; at a dosage of 0.2 g/L, the
adsorption capacity was 180 mg/g. The kinetic data were analyzed by Pseudo-first
and Pseudo-second order models, and based on R? and average relative error values,
the Pseudo-second order model was the best one. High adsorption capacity and adsor-
bent reusability were two primary advantages of the synthesized material. In case
of Bisphenol A removal, the removal efficiency of 93.8% was reported by means
of chitosan-based composite [40]. Table 1 summarized the adsorption capacities of
chitosan toward dyes, pharmaceuticals, and heavy metals.

6.2 Luffa

Luffa is a plant with pale to bright yellow flowers belonging to the family Cucur-
bitaceae and generally grows in tropical and subtropical areas around the world [61].
L. cylindrica and L. acutangula are two primary species of Luffa. In many regions
such as Iran, Korea, China, Japan, India, Brazil, Australia, Africa, and America,
this plant could be found. China is considered to be one of the leading countries in
Luffa plantation, particularly in areas such as Jiangxi, Henan, Sichuan, Guangdong,
Jiangsu, and Anhui [62]. In Japan also Luffa was used for the manufacture of filters
in 1890-1895. Regarding different environmental conditions, this plant has different
sizes ranging from cm-scale to even 9 m [63]. The diameter and density are 8-30 wm
and 1.48 g/cm?, respectively. Figure 2 shows the Luffa. Cellulose (60%), hemicellu-
lose (30%), and lignin (10%) are the general component of Luffa that could fluctuate
in the range of 50-60% for cellulose, 25-28% for hemicellulose and 10-12% for
lignin. In regions with suitable light, lignin could have better synthesis, resulting in a
greater percentage [64]. In view of elementary analysis, Luffa is mainly constituted
of carbon (46.5-66.1%), oxygen (21.3-37.6%), hydrogen (6.8-8.2%), and nitrogen
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Table 1 Summary of heavy metal, dyes, and pharmaceutical adsorption onto chitosan-based

adsorbents
No. | Adsorbent Adsorbate Adsorption | Refs.
capacity
(mg/g)
Ninhydrin-functionalized chitosan Pb (1) 196 [41]
2 Alginate/melamine/chitosan aerogel Pb (II) 1331.6 [42]
Melamine-grafted chitosan Pb (1ID) 618.2 [43]
Hg (II) 490.7
4 Chitosan-cellulose magnetic carbon Cu (ID) 115.65 [44]
foam
5 Hydroxypropyl chitosan-based dual Cr (VD) 95.31 [45]
self-healing hydrogel
6 Chitosan—-montmorillonite/polyaniline | Methylene blue 111 [46]
nanocomposite
7 Chitosan-deep eutectic solvents beads Malachite green 17.86 [47]
Modified Chitosan Magnetic Composite | Methyl orange 785 [48]
9 Chitosan-activated carbon composite Methyl orange 354 [49]
microspheres
10 Xanthated chitosan/cellulose sponges Methylene blue 213.220 [50]
Congo red 289.855
11 PAMAM grafted chitosan dendrimers Amido Black 10B 543.20 [51]
Congo red 557.26
12 Cross-linked chitosan/bentonite Amido Black 10B 350.9 [52]
13 Zr loaded cross-linked Amido Black 10B 418.4 [53]
chitosan/bentonite composite
14 Trimethyl Chitosan/Siloxane-Hybrid Sulfamethoxazole 597.9,24.15 |[54]
Coated Fe304 Nanoparticles
15 Co-polymerized chitosan/Fe3zO4 Tetracycline 67.1 [55]
composite
16 Genipin-crosslinked chitosan/graphene | Tetracycline 556.28 [56]
oxide-SOsH
17 Chitosan/biochar Ciprofloxacin 82 [57]
18 CoFe,Og4/activated carbon @chitosan Ciprofloxacin 93.5 [58]
19 Al(III)-chelated cryogels of Ciprofloxacin 390 [59]
N-(2-carboxyethyl)chitosan
20 Glutaraldehyde cross-linked magnetic Diclofenac 57.5 [60]

chitosan

(3-5%) [65]. In another analysis, it demonstrated that Luffa has 4.2% protein, 1.08%

lipid, 1.04% ash, 55.78% fibre, and 37.81% carbohydrate [66].

When the fruit is immature and young, it is edible/eaten as a vegetable, and as
it grows and becomes ripened, a fibrous structure is formed in the plant [67]. The
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Fig.2 aand b are images of Luffa

outstanding properties of Luffa, including fibrous matrix, mechanical strength, abun-
dancy, non-toxicity, natural-based and environmentally-friendly biomaterial, fast
growth and cost-effectiveness, have made it a promising material having extensive
applications [13, 68]. Luffa has been employed in dishwashing, cleaning automo-
biles and glassware, insulations, and stuffing for pillows, hat manufacture, automobile
windshield wipers, pot holders and gloves [64]. In the case of water and wastewater
technology, Luffa has been continuously used for the removal of contaminants in the
last two decades.

The present literature reveals that Luffa and its related composites have been used
for the removal of dyes, metals, pharmaceuticals, etc. The capability of the Luffa
for pollutant removal may be attributed to the surface structure of Luffa. Firstly,
it is a porous biomaterial with a complex network that could provide vacant sites
for the adsorption of contaminants (mainly macromolecules) via physical sorption.
Secondly, it is a lignocellulosic-based material; and the cellulose surface becomes
negative in contact with aqueous media, resulting in an appropriate media for the
adsorption of positively charged molecules/ions [69]. In fact, the Luffa surface exhib-
ited superior adsorption capability for anionic species. Accordingly, many scholars
have attempted to exploit the mentioned advantage of Luffa for water purification.

Cadmium removal from an aqueous solution was studied by raw Luffa [70].
The adsorbent did not go under special chemical/physical treatment. It was merely
washed several times with water to remove undesired dust or impurities. The exper-
iments were carried out to optimize the adsorption capacity. It was observed that
the maximum cadmium (II) elimination was occurred at neural pH 7. At low pH, a
competition between Cd*? and H* has happened, so some vacant sites are occupied
by H* ions. At basic conditions (pH > 8), Cd*? tends to precipitate which is meaning-
less in terms of adsorption. The equilibrium data were modeled with Freundlich and
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Fig. 3 Adsorption capacity of different sorbents for cadmium adsorption

Langmuir equations, and the results declared that Cd*? removal follows Langmuir
assumptions. The maximum adsorption capacity was reported to be 6.711 mg/g.
To figure out the applicability of Luffa toward Cd*?, Fig. 3 is prepared, showing
the adsorption capacities of other sorbents for cadmium elimination. It is fair to
suggest that Luffa had acceptable results for cadmium removal. In another study,
copper removal was investigated by raw Luffa, and it was found that this biomaterial
has an excellent adsorption efficiency (98%) and adsorption capacity (47.39 mg/g)
[71]. Luffa was also used for the removal of a basic dye, namely, malachite green
(Cy3HpsN», 364.911 g/mol) [13]. It is important to note that many researchers [ 14—
16] have already worked on this dye removal due to its significant pollution in the
ecosystem. It is used to dye materials such as wool, cotton, paper and leather. In
the view of Luffa utilization, the authors noted that by increasing the contact time,
the effectiveness of the adsorption process enhanced until it reached the equilib-
rium state at 5 h. Three most-used isotherms, namely, Langmuir, Freundlich and
Dubinin-Radushkevich were employed to assess the experimental results at three
different temperatures. Based on the R? values, Langmuir (0.993) fitted the data
better than Freundlich (0.867) and Dubinin-Radushkevich (0.924) isotherms. Also,
the R, values were all lower than one, revealing the appropriateness of the Lang-
muir model. Herein, it can be stated that malachite green molecules tend to form
a monolayer on the surface of the raw Luffa. The results demonstrated that higher
temperature was more favorable in terms of dye removal, and maximum monolayer
sorption capacity happened at 308 K (29.4 mg/g). In short, raw Luffa could be nomi-
nated as a successful biomaterial for water purification, especially for pollutants
having positive species such as heavy metals.

Although Luffa has exhibited reasonable results as a natural material for water
purification, it is still not widely accepted that it could be employed for any pollu-
tant removal. For instance, Khadir et al. expressed that raw Luffa could not be a
good biomaterial for ibuprofen removal, since the results did not exhibit the required
adsorption capacity [13]. The negative nature of both bio-adsorbent and adsorbate
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was introduced as the main reason for the adsorption process hindrance. Further-
more, many researchers are still working on Luffa to modify its capability and perfor-
mance to have higher adsorption capacity and removal efficiency. To achieve this aim,
composite preparation has always been expressed as a nice method of improvement,
especially for natural sources.

Khadir et al. compared raw Luffa with Luffa/conducting polymer nanocomposite
for the removal of ibuprofen from aqueous media [13]. Accordingly, Luffa was
bought from a local shop and then washed several times with water. To conduct the
polymerization step, Luffa was soaked in the solution of FeCls (oxidant) and pyrrole
(monomer). Figure 4a shows the effect of contact time on ibuprofen adsorption. At the
initial step of the process, the curve owns a rapid slope, and then this continues until
it reaches the equilibrium state at 90 min. The optimum pH value was found to be five
(Fig. 4b). To explain, it is necessary to notice that ibuprofen is negatively charged at
pH 5; however, Luffa/polypyrrole has (—NH) groups that under interaction with H*
ions convert into —NH; . Electrostatic interaction between positive-negative species
resulted in an effective adsorption process which is illustrated also in Fig. 5 for better
clarification. Pseudo-first order and Pseudo-second order models were applied to
kinetics data, and it revealed that Pseudo-first order could not satisfactorily describe
the process (due to its low R? value 0.9016 compared to Pseudo-second order 0.9987).
This indicates a chemisorption mechanism for ibuprofen elimination. Among the
isotherm equations, Langmuir was found to be the best with an extremely high R?
value of 0.9879. On this occasion, the authors proposed that Luffa/polypyrrole surface
is capable of proving both physical sorption (via its fibrous nature) and chemical
sorption (via effective functional groups). The maximum adsorption capacity was
19.15 mg/g which was superior to previous studies, including Parthenium weed [72],
Honey comb [73], Nonporous SiO, [74], and Olive waste [75].

Luffa-based activated carbon and biochar have always been a fascinating option
for water purification. One of the first utilization of Luffa-activated carbon dates
back to 2007 for the removal of reactive orange [76]. Chemical reagents such as
H3POy4, ZnCl,, and HNOj as well as carbonization/activation temperature of 500 °C
were considered during the activated carbon preparation. The maximum adsorp-
tion capacity was 50 mg/g, and the authors believed that the obtained results are
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Fig. 4 Effect of contact time (a) and initial solution pH (b) on ibuprofen adsorption by
Luffa/polypyrrole nanocomposite
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Fig. 5 Proposed mechanism for ibuprofen adsorption by Luffa/polypyrrole nanocomposite.
Reprinted with permission from Elsevier and Ref. [13]

helpful for the design of a treatment plant. Interestingly, for methylene blue removal
Luffa-activated carbon exhibited a significant performance by reaching the maximum
adsorption capacity of 210.97 mg/g [77]. The authors tested the effect of different
carbonization temperatures (600, 800, 1000 °C) and found that the effective surface
area of the bioadsorbents was 472, 733, and 226 m2/g with the total pore volumes of
0.304, 0.526, and 0.209 cm?/ g, respectively. Evidently, Luffa carbonization at 800 °C
had the best surface area and pore volume. As expected, activated carbon Luffa-
800 °C had higher adsorption capacity (Fig. 6). The obtained equilibrium results were
analyzed by Langmuir and Freundlich isotherms. Activated carbon Luffa-800 °C was
described well with the Langmuir isotherm with a R? value of 0.959 compared to
0.859 for Freundlich isotherm. The value of n was 1.66, indicating a favorable adsorp-
tion of methylene blue since itis in the range of 1-10. The authors applied Pseudo-first
order, Pseudo-second order and intra-particle diffusion model for the analysis of the
kinetics data. The R? value of the Pseudo-second order (0.9981) was significantly
close to one and was higher than Pseudo-first order (0.8384). They deduced that
sharing or exchange of electrons between adsorbent/adsorbate via chemical-reactions
was the main mechanism of methylene blue adsorption. Other scholars, including
Ebadollahzadeh and Zabihi [78] and Han et al. [79] also confirmed that methylene
blue removal by activated carbon-based composites follows Pseudo-second order
assumption. Methylene blue is one of the most studied dyes and generally is found
in every textile effluent, so many studies have been conducted for its removal. Table 2
compares Luffa activated carbon with other sorbents for methylene blue adsorption.
Accordingly, it is fair to suggest that Luffa provided competitive results and could
be an excellent biomaterial for the dye elimination.
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Fig. 6 Adsorption isotherms of methylene blue adsorbed by Luffa-activated carbon. Reprinted
with permission from Elsevier and Ref. [77]

Table 2 The comparison of Luffa activated carbon with other materials for methylene blue
adsorption in terms of adsorption capacity

No. Adsorbent Adsorption capacity (mg/g) Refs.
Luffa activated carbon 210.97 [77]

2 Activated biochar from reed biomass | 77.35 [80]
Pineapple waste-based activated 288.34 [81]
carbon

4 Coconut waste-based activated carbon | 149.30 [82]

5 Graphene oxide/calcium alginate 181.81 [83]
composites

6 Eucalyptus bark-based activated 204.08 [84]
carbon

7 Frozen alginate—clay 181.8 [85]
Magnolia denudate leaves 185.19

9 hardwood waste “Mahogany” 149.25 [86]

10 Alginate/polyvinyl alcohol-kaolin 17.33 [87]
composite

11 Platanus orientalis leaves 114.94 [88]

12 Activated carbons obtained coconut 66 [89]
leaves
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6.3 Sisal Fibres

Sisal (Fig. 7) belongs to the Agave Sisalana family, a native of Mexico, and is widely
famous for its strength that made it a practical m material in the rope industry. Owning
to its fantastic properties such as lightweight, robustness, inexpensiveness, and of
course natural polymer, it has been successfully utilized the composite preparation
[90]. Cars, furniture, construction, plastics and paper products are some of the appli-
cations of sisal. Brazil has worked so much on sisal cultivation that is currently
known as the greatest producer and exporter of sisal fibre around the world. Only in
Brazil, this magic fibre is capable of providing a livelihood for many people [91].
In other regions of the world such as China, Kenya, and Tanzania, this plant is culti-
vated, having about 1 m tall, 28 mm wide and a lifetime of about 7-10 years [92].
In order to emphasize the importance of this plant, it should be noted that in the
1960s and 1970s sisal used to be the white gold of Tanzania, contributing to the
economics of this country. One of the greatest characteristics that set sisal apart from
the other crops is that it could grow even in hot and arid conditions all the year. Of the
main physical and mechanical properties of sisal, the following could be considered:
density 1.45 g/cm?, cellulose content 85-88%, lignin content 4-5%, tensile strength
400-700 MPa, and tensile modulus 9000-20,000 MPa [93].

To expand the applications of sisal fibre, scientists tried to use this material in
water and wastewater technology. Vargas et al. milled and sieved sisal to particles
from 325 to 425 pwm for the removal of methylene blue and reactive black 5 dyes
from aqueous solutions [94]. Even having a low surface area (5.53 m?/g), sisal fibres
represented desirable adsorption capacity which may be attributed to the functional
groups in the surface of the adsorbent. Once the adsorbent dosage reached 10 g/L,
almost all methylene blue and 50% of reactive black 5 were removed from the solu-
tion. In relation to the pH effect, the opposite trend was observed in which highly
acidic media was favorable for reactive black 5 elimination and methylene blue had
the maximum removal efficiency at approximately neutral pH. In view of thermo-
dynamic parameters, AH® values were —62.60 (methylene blue) and 18.47 (reactive
black 5) kJ/mol for, revealing exothermic and endothermic processes, respectively.

Fig. 7 Images of sisal plant (a) and sisal fibre (b)
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The high adsorption capacity, 553.4 for methylene blue and 310.2 for reactive black
5, was one of the greatest advantages of sisal fibres that make it an excellent biomate-
rial for water purification. The authors clearly noted that sisal fibres could effectively
remove anionic and cationic dyes from the solution. In another work regarding sisal
and dye interaction, the authors prepared sisal activated carbon via chemical acti-
vation using hydrochloric acid, nitric acid, phosphoric acid, sodium hydroxide and
potassium hydroxide for the removal of reactive red 120 (Fig. 8) [95]. The reagent
phosphoric acid yielded better carbon than the other chemicals. The surface area of
the bioadsorbents was 885 m?/g that it was very significant and beneficial for the
adsorption processes. The adsorption process reached an equilibrium state at 240 min
which was almost a long time compared to the investigations conducted by Celekli
et al. [96] or Jawad et al. [97] for reactive red 120 removal. Note that even 8 h has
been reported in the literature as the required time for the arrival of the equilibrium
in the case of reactive red 120 elimination [98]. The maximum adsorption capacity
for sisal activated carbon toward reactive red 120 was 110 mg/g, confirming the fact
that it could be used well for dye adsorption.

With a view to decolorize reactive orange 5, Khadir et al. attempted to modify
sisal fibres with polypyrrole/polyaniline to decolorize reactive orange 5 solution [99].
Regarding the fact that conducting polymers suffer issues such as low surface area,
agglomeration, and low adsorption capacity, it is proposed to be utilized in composite
materials. The following is the chief polymerization reactions:

Pyrrole polymerization:

SO;Na
Nae— N
$OyNa ‘ N
OH
H NISO,
| NH
" OH NH N N /J\
“ N N
N I |
N\ N e
N
\l/ N Cl
SO,Na d

Fig. 8 The chemical structure of the reactive red 120
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+
Z/ \S + FeCl; (aq) ———— > /@\ + Cl_ +FeCl, +HCl1
N N

H H
n

Aniline polymerization:

NH,
H H +ClIy
+FeCl; (aq) ———— N N N N
cr

The authors firstly washed sisal fibres several times with deionized water and then
conducted the polymerization procedure by use of 2 mL aniline, 2 mL pyrrole, 0.3 M
HCI, and 6 g FeCl;. SEM images (Fig. 9a, b) were indicative of the formation of spher-
ical particles on the surface of raw sisal via in-situ chemical oxidative polymerization
technique. It demonstrates that after modification with conducting polymers, modi-
fied sisal was more porous than the raw one. The sisal/polypyrrole/polyaniline was
able to remove 68% of reactive orange 5 within 60 min of the contact time. In optimal
conditions, 99% of the dye was removed from the solution. The promising perfor-
mance of sisal/polypyrrole/polyaniline was ascribed to its surface functional groups
that are able to establish chemical bonds with the reactive dye. Figure 9c illustrates the
removal trend of reactive orange 5 by sisal and sisal/polypyrrole/polyaniline. Clearly,
sisal-conducting nanoparticles composite unveiled a significantly acceptable perfor-
mance than raw sisal for the dye removal, advocating that sisal fibres could act as
a sustainable media for conducting polymers. It was also shown that equilibrium
capacity decreased from 9.4 to 4.8 mg/g with an increase in the adsorbent dosage
from 50 to 200 mg. Increment in temperature has a positive effect on the whole
process. In addition, to explain the mechanism of sorption, various isotherms were
applied and found that Langmuir and Freundlich were suitable for the equilibrium
data. This could be related to the formation of both monolayer and multilayers of
dye molecules on the heterogeneous surface of sisal/polypyrrole/polyaniline through
physical and chemical reactions. The parameter n value was greater than one, indi-
cating the dominant of chemisorption for dye adsorption on sisal composite. The
following order was considered based on the isotherm suitability:

Freundlich > Langmuir > Temkin > Dubinin — Radushkevich > Harkins — Jura
In terms of kinetics models, Pseudo-first order, Pseudo-second order, Elovich,

and Fractional power equation were intended and compared initially based on the
R? values. For the kinetics models, R? values were in the range of 0.911-0.9921,
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Fig.9 SEM images of raw sisal (a) and sisal/polypyrrole/polyaniline (b). Comparison of sisal and
sisal/polypyrrole/polyaniline composite for reactive orange 5 adsorption. Reprinted with permission
from Elsevier and Ref. [99]

0.9934-0.9981, 0.9441-0.9898, and 0.8559-0.9525, respectively, uncovering that
system followed the Pseudo-second order model. Optimization experiments stated
12.43 mg/g as the maximum adsorption capacity of sisal composite for reactive
orange 5 adsorption. In another investigation, polyaniline was coated on sisal fibres
for the removal of Pb (IT) [100]. The authors found that the amount of Pb (IT) removed
sharply increased from 48 to 97.5% with an increase in adsorbent dosage from 0.1
to 1 gr, and further increase in adsorbent dosage had little effect on the amount of
the removed. Within pH 4-7 the efficiency of the adsorption was almost constant
and had a minor influence on Pb (II) adsorption. In EDAX analysis, the elements
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O and C were detected for sisal, and after modification, other elements N and Cl
were also appeared, showing a successful synthesis procedure. The Pb (II) adsorp-
tion process by sisal/polyaniline composite obeyed Langmuir assumptions with the
maximum adsorption capacity of 6.53 mg/g. Polypyrrole was also used with sisal pulp
for the removal of hexavalent [101]. Hexavalent removal decreased with increasing
solution pH. At pH 2 the maximum removal of 99.2% and 55.6% was found for
sisal pulp/polypyrrole and polypyrrole, respectively. The authors also noticed that
pyrrole concentration was of great importance in the removal of adsorbate, having the
optimum value of 7 g/L. The sorption kinetic data fitted well to the pseudo-second
order model and isotherm data fitted well to the Langmuir isotherm model. The
Langmuir maximum adsorption capacities were 326.79, 358.42 and 377.35 mg/g
at 298, 308, and 318 K, respectively, with the R? values of 0.9988, 0.9998, and
1.000, respectively. Such high adsorption capacity may be ascribed to the presence
of polypyrrole containing nitrogen groups that have a high binding affinity to metal
ions. In a previous study that polypyrrole-based composite and metal ions interacted
with each other in a batch system, the significant adsorption capacity was reported
[102].

During the last decade, many investigations focused on the utilization of chemicals
such as Fe, Zr, Al, Co, and Cr as a chemical treatment to modify the applicability of
the raw materials. Fe might be the most interesting one due to its low solubility and
toxicity. Fe-loaded sisal activated carbon was prepared by Mwakabona et al. for water
defluoridation [103]. The authors tested the effect of post-alkalization and found
that it could contribute to chemical stability and remove fluoride via electrostatic
interaction. However, ligand exchange was introduced as the chief mechanism for
Fe-loaded sisal activated carbon.

6.4 Hydroxyapatite

Hydroxyapatite, (Ca;g (PO4)s (OH),), belongs to the phosphate family having the
hardest structure and is found in the bones and teeth of mammals. Excellent properties
of hydroxyapatite have made it a useful biomaterial in bone tissue engineering,
biologicals’ delivery systems, and bioactive coatings [104]. Recently, this promising
biomaterial has gained much interest in the field of environmental pollution control.
The presence of C and P sites in the structure of the hydroxyapatite plays the important
role in removing pollutants. Hydroxyapatite can be prepared from various sources,
including sea shells, sea corals, crocodile egg shells, egg shells, bamboo, fish scale
and bone, pig bone, cow bone, human bone, etc. [105]. Figure 10 shows some of the
main synthesis/preparation methods of hydroxyapatite.

Harja and Ciobanu proposed hydroxyapatite as a potential biomaterial for the
adsorption of oxytetracycline [106]. The zwitterionic nature of the hydroxyapatite
surface was proved by the value of pH,,. (= 6.5) in which as pH > 6.5, = OPO3; H™
sites are formed and at pH < 6.5 the adsorbent surface becomes negative by the forma-
tion of CaO H;r . Ion-exchange, surface complexation and the formation of insoluble
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Fig. 10 Different synthesis methods for hydroxyapatite

compounds are the involved mechanisms for oxytetracycline adsorption. The whole
process experienced a rapid adsorption via external surface adsorption in the first
15 min, and then reached equilibrium after an hour. The surface area 316 m?/g and
adsorption capacity 291.32 mg/g of hydroxyapatite were superior to illite/kaolinite
(8.85/4.78 mg/g) [107], graphene oxide functionalized magnetic particles (45 mg/g)
[108], and multiwalled carbon nanotubes (190.20 mg/g) [109]. Gao et al. prepared
hierarchical hollow hydroxyapatite microspheres by the hydrothermal process for
fluoride removal [110]. The kinetic data followed pseudo-second order assumptions,
indicating that chemisorption is the rate-determining step in fluoride elimination by
hydroxyapatite. Of studied isotherm models, Langmuir was the best model with a
high R? value of 0.9913. The authors also surveyed the effect of competing anions and
proposed that carbonate and phosphate had the most adverse effect on the perfor-
mance of the adsorption, and nitrate/chloride had the least effect. This behavior
was attributed to the valency of the anion. Ionexchange, electrostatic attraction, and
hydrogen bonding are the primary removal pathways.

Although hydroxyapatite owns excellent property in removing pollutants, it has
some drawbacks limiting its applications. Hydroxyapatite tends to agglomerate and
loses dispersibility, resulting in a lower surface area [111]. In addition, the adsorp-
tion ability of hydroxyapatite can be improved by preparing suitable composites. Wei
et al. suggested humic acid as organic macromolecules to improve the adsorption
properties of nano-hydroxyapatite which was fabricated by a simple precipitation
method [112]. In single and binary systems, the removal of Cu*? and methylene
blue was investigated and the optimization procedure was carried out by central
composite design-based response surface methodology. At initial Cu*? concentra-
tion 25 mg/L and methylene blue concentration 85 mg/L, the removal efficien-
cies were 97.68% and 100%, respectively (at contact time 5 h). The adsorption
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kinetics and equilibrium agreed well with Elovich and Langmuir models, respec-
tively. Adsorption mechanisms were surface complexation and electrostatic attrac-
tion. In another similar study, the authors expressed the poor mechanical stability of
hydroxyapatite as the main reason for modification [5]. Microwave-assisted synthe-
sized magnetic zeolite-hydroxyapatite nanocomposite was prepared for the removal
of anionic dyes. Note that such synthesis procedure could resolve the structural
limitations of hydroxyapatite and use no surfactant or modifiers (microwave-based
synthesis). Raw zeolite exhibited the BET surface area and pore volume of 35.12
m?/g and 0.06 cm?/g, respectively, and after modification with magnetic nanoparti-
cles/hydroxyapatite, BET surface area and pore volume changed to 103.56 m?/g and
0.34 cm®/g, respectively. They found that the amount of dyes adsorbed significantly
increased by reducing the solution pH, with the maximum adsorption capacity at
pH 2. Thermodynamic parameters were indicative of endothermic and spontaneous
reactions (negative AG® and positive AH®). Freundlich and pseudo-second order
could satisfactorily describe the dye sorption process, demonstrating that formation
of multilayers over the surface of the adsorbent via chemical-reactions is feasible.
The results showed the maximum adsorption capacity of 104.05 mg/g for Congo red,
88.31 mg/g for Reactive orange 16, and 92.45 mg/g for Reactive orange 5.

Hydroxyapatite has also been used in the photocatalytic degradation of persis-
tent pollutants. For instance, the effectiveness of low-cost red phosphorus/hollow
hydroxyapatite microsphere composite (surface area 60.3 m?/g) as a photocatalyst
for degradation of rifampicin, tetracycline, and levofloxacin antibiotics [113]. The
authors firstly carried out dark adsorption, meaning that adsorbents and antibiotics
were interacted with each other without irradiation to ensure the establishment of
adsorption—desorption equilibrium. The adsorption efficiency of 0%, 23%, and 8%,
respectively. Thereafter, the reactor was illuminated by a 300 W xenon lamp, leading
to complete degradation of antibiotics at 20, 10, and 50 min, respectively (pH 6,
photocatalyst dosage 1 g/L). The authors proposed the following reactions for the
degradation of the antibiotics:

red phosphorus/hollow hydroxyapatite + hv — e~ + h'
e~ (hydroxyapetite) — e~ (red phosphorus)

O, + e™ (red phosphorus) — -O5

H,O0 + k' (hydroxyapatite) — -OH + H*

-0/ - OH/h* + antibiotics — degraded products

Among various types of dyes, metal-complex dyes are considered to be highly
toxic since they contain toxic complex ions as well as aromatic rings. During the
removal of such dyes, the release of complex ions as the secondary pollutant must
be taken into account. Heterogeneous Fenton reactions, generation of hydroxyl radi-
cals (-OH) from reactions between recyclable iron-based catalysts and H,O,, has
gained a great attention for its capability in degrading recalcitrant compounds. Hou
et al. suggested that chitosan could be immobilized on inorganic materials such as
hydroxyapatite, improving its stability, strength, and adsorptive performance [114].
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Chitosan/hydroxyapatite/Fe;O4 magnetic composite was proposed for the removal
of metal-complex dye AY220. One role of hydroxyapatite was to provide sites
for adsorbing the released ions. Also, hydroxyapatite/chitosan prevents agglomer-
ation/aggregation of bare Fe;O4 nanoparticles. The authors found that an increase
in catalyst dosage and H,O, concentration could elevate the removal efficiency, and
the optimum pH was 3. The metal-complex dye AY220 removal efficiency reached
95%, and Co*? ions (secondary pollutants) were effectively removed. Adsorbing
Co*2 ions contribute to the generation of radical species and greater dye elimination.
Co*? released could initiate H,O, via the following reactions:

+2
Coreleased

Fet? + H,0, + Ht — Fe™3 + -OH + H,O0.

+H,0, + H" — Co>.  + .OH + H,0,

released

However, Co*? adsorbed on the surface of the catalysts experienced different
reactions as follows:

CO;lzsorbed + H202 + H+ — CO;dSSOrbed + OH + HQO,

+2 +3 +3 +2
Fe + Coadsorbed — Fe + Coadsorbed’

Fet? + H,0, + HY — Fet? + .OH + H,0,
Fet? + H,0, — Fet? + HO, - +H™,
Fe™? + HO,- — Fet? + 0, + H™.

Table 3 summarizes the studies conducted regarding water pollutants removal by
hydroxyapatite-based adsorbents.

7 Conclusion

The findings of the chapter evidently proved that natural-based materials have gained
the attention of countless scholars because of the appropriate removal efficiency of
these biomaterials. They have been demonstrated to eliminate an extensive group
of contaminants such as heavy metals, dyes, and pharmaceuticals. The findings of
some studies are discussed and compared. The results demonstrated that biomaterials,
especially those that are modified, are good candidates for wide utilization in polluted
water remediation.
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Table 3 Summary of the removal of various water pollutants by hydroxyapatite-based adsorbents

No. Adsorbent Adsorbate Adsorption Refs.
capacity
(mg/g)
1 Hydroxyapatite (eggshells) Cu (ID 10.58 [115]
Ni (IT) 9.53
2 Hydroxyapatite modified sludge-based Cu (ID 89.98 [116]
biochar Cd (1) 114.68
Nano-hydroxyapatite Pb (1D 1300.93 [117]
4 Mesoporous hydroxyapatite Pb (1D 1438.85 [118]
5 Chitosan supported graphene Congo red 43.06 [119]
oxide-hydroxyapatite Acidred 1 41.32
Reactive red 2 | 40.03
6 Nanocrystalline hydroxyapatite Congo red 139 [120]
Magnetic zeolite-hydroxyapatite Reactive 9245 [121]
Orange 5 88.31
Reactive 104.05
orange 16
Congo red
8 Organofunctionalized Violet reactive | 365.0 [122]
hydroxyapatite/tripolyphosphate/chitosan SR
spheres
9 Industrial waste-transformed hydroxyapatite | Congo red 139 [120]
10 Zinc (II) modified hydroxyapatites Tetracycline 168.46 [123]
11 Hydroxyapatite Tetracycline 5.80 [124]
12 Hydroxyapatite-clay Tetracycline 76.02 [124]
13 Zeolite-hydroxyapatite-activated oil palm Tetracycline 732.2 [125]
ash
14 Magnetic hydroxyapatite Catechin 110.97 [126]
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Abstract Textile, leather and paper goods require a huge amount of synthetic dyes
for their colouration. During colouration and other wet processing treatments, a
considerable amount of dye remains in the aqueous bath as unused. This unused
dye is the major constituent of effluent and a serious concern to the water pollution.
In the past two decades, many biopolymers have been extensively studied for the
removal of dyes, heavy metal ions and other contaminants from effluents. Due to the
biodegradability, nontoxicity and outstanding chelation behaviour, chitosan and its
derivatives have been considered as prospective biosorbents to capture the dissolved
dyes from aqueous solutions. Further, the ability of this biopolymer to be shaped
into flakes, powders, beads, gels, films and porous particles expands its practical
applicability. This write-up is an attempt to highlight the relevancy of the chemical
structure of chitosan for dye removal applications. The mechanism of working of
chitosan and the process parameters affecting the efficiency of dye removal have also
been discussed. The recent modifications carried out in the physical and chemical
structure of chitosan to improve its dye adsorption capacity have also been thoroughly
investigated. Moreover, some practical constraints limiting its usage for dye removal
application have also been a part of this chapter.
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1 Introduction

The industrial setups involved in the wet processing of textiles, food, paper and leather
generate an enormous amount of waste water [14]. This waste water carries many
inorganic and organic contaminants. When the waste water containing these dyes is
released into the environment without any treatment, it leads to a major pollution
problem. Therefore, the release of waste water without any treatment draws serious
environmental and public concern.

Even a very small trace of dye present in the water is highly visible and extremely
undesirable. This is due to the fact that the dye molecules hinder the visibility of
light through the aqueous medium [17]. In addition to this, the process of diffusion
of oxygen in the water bodies is also badly affected, which makes the survival of
aquatic creatures quite difficult. Besides this, the toxic effects of these contaminants
on the human body are also alarming. Health complications such as skin irritation,
development of tumours and various allergic problems have also been associated
with the use of contaminated water.

Therefore, the remediation of dyes from the waste water becomes paramount.
Several physical methods have been reported for the removal of dyes and colouring
components from industrial waste water. These are ultrafiltration, electrodialysis,
reverse osmosis and chemical methods such as electro floatation and electrochemical
oxidation. In general, these methods are not found to be cost-effective. Some of
these treatments involve the use of excessive chemicals, which also create further
environmental concerns. Also, many of these treatments are not effective for all
classes of dyes [84].

Among the various physical and chemical methods used for the remediation of
unused dyes from waste water, adsorption is the most popular and widely accepted
method. Adsorption transfers the dye from the aqueous effluent to a solid substrate.
Thus, significantly decreases the concentration of the dye in the effluent. In adsorp-
tion, activated carbon (AC) is commonly used for dye removal due to its effectiveness.
AC is prepared by utilizing various organic precursors such as coal, coconut shells,
lignite, wood, biomass, synthetic fibres and polymers, etc. [26]. These organic precur-
sors are subjected to heat treatments at relatively high temperatures of 800 to 1200 K
under an inert environment using various inert gases. Therefore, in the process of
carbonization and activation, AC with extended surface area and high capacity of
adsorption is prepared. The high surface reactivity and micro-pore structure formed
during the preparation of AC efficiently eliminates the dye molecules from waste
water. However, some of the major concerns of using AC in dye removal applica-
tions include the high cost and difficulty in its regeneration after use. The adsorption
efficiency of AC is also reduced after its regeneration [53]. Hence, research into the
development of efficient adsorbents with low cost of dye removal treatment is at the
forefront in the last few decades.

In general, a suitable adsorbent to be utilized commercially for the adsorption of
unused dye should meet many desirable features. For example, it should be efficient
in adsorbing a wide variety of dyes. It should have a high capacity of adsorption and
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Agricultural waste
Bark, straw, rice husk, Peel, bagasse

Processed agricultural waste
Activated carbon obtained from high temperature calcination

Starch, cyclodextrin

Sea food
Seaweeds, chitin, chitosan, algae

[ Adsorbents originated from Nature ]—

Inorganic materials
Clay, zeolite, silica, soil, ores

J
]
Plant food extract ]
)
]

By-products based on processing of natural materials
Fly ash, red mud, metal hydroxide sludge, steel waste, sewage
sludge, blast furnace slag

B P PR I N A

Microbe ]

Bacteria, fungi, yeast etc

Fig. 1 Classification of adsorbents originated from nature

the rate of adsorption should also be high. It should also have a high selectivity for
different concentrations of dyes. It should be structurally stable towards any adverse
processing environment of waste water. In addition to this, its wide acceptability lies
in the fact that it should be readily available and inexpensive [33]. Figure 1 shows
the classification of adsorbents, which are originated from nature.

It has been noticed that the amount of dye adsorbed by most of the low-cost bioad-
sorbents is not sufficiently good. The adsorption capacity of most of the adsorbents
lies in between 50 to 600 mg/g [67]. It is mainly based on the specific physical and
chemical nature of the adsorbent. For example, bioadsorbent involving microorgan-
isms may work selectively well against some dyes. However, in the rest of other
cases, the dyes generally exhibit adamant behaviour towards biological degradation
[39].

It is difficult to find a single adsorbent, which would have the capability to fulfill
the aforementioned requirements in a comprehensive manner. Also, there is a need
for screening a suitable bioadsorbent that can enhance the efficiency of the dye
adsorption process. Hence, it is imperative to explore a cost-effective bioadsorbent
having an improved capacity of dye adsorption. This chapter is an attempt to provide
a comprehensive understanding of chitosan for its suitability in dye removal.

2 Chemical Structure and Availability

Chitosan is a biomolecule of linear polysaccharide chains. The chemical structure of
chitosan is a combination of both deacetylated and acetylated units of D-glucosamine
and N-acetyl-D-glucosamine respectively. The presence of these randomly distributed
units provides heterogeneity, versatility and uniqueness in the polymer structure.
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CH,OH

NHCOCH,

Chitin Chitosan

Fig. 2 Chemical structure of a Chitin [poly (N-acetyl-b-D-glucosamine)], b Chitosan [poly (D-
glucosamine)]

Chitosan is derived from Chitin. Chitin is one of the most abundant amino-
polysaccharide available in nature. Chitin is present in the exoskeleton of crustaceans,
cuticles of insects and the cell walls of fungi [18]. Itis a low-cost linear homopolymer,
composed of B(1-4)-linked N-acetyl glucosamine (Fig. 2a). The chemical structure
of chitin closely resembles the structure of cellulose with a slight difference. Unlike
cellulose, the C-2 position of the carbon atom in chitosan is attached to acetamide
in place of the hydroxyl group. The presence of the acetamide group in the chemical
structure of chitosan not only improves the adsorption property of the polymer but
also facilitates various modification reactions. The raw form of chitin is abundantly
available as a waste of the sea food processing industry [83].

The chitin in its pure colourless form is procured from crustaceans like shrimps,
crabs, etc. The acid treatment dissolves the undesired calcium carbonate from crus-
taceans. Subsequently, the alkaline extraction separates the proteins to obtain a
colourless polymer [24]. The molecular weight of chitin typically lies between 300
and 1000 kDa, which is mainly depending upon its source of extraction.

A partial deacetylation converts chitin into chitosan (Fig. 2b). A completely
deacetylized form of chitosan is not chemically stable. It gives birth to chain depoly-
merization and many other side reactions. Hence, a completely deacetylized form
of chitosan is not regarded as a very useful polymer product. A commercial-grade
chitosan is a copolymer (Fig. 3), which is characterized by its average degree of
acetylation.
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Fig. 3 Chemical structure of a commercial chitosan

3 Solubility Characteristics of Chitin and Chitosan

The crystalline structure of chitin is mainly responsible for its high solvent stability.
One of the most important structural parameters on which the solubility and solution
properties of both chitin and chitosan depend is the degree of acetylation (DA) or
degree of deacetylation (DD). In chitin, the DA is typically around 0.90. Chitin
is highly insoluble in water, aqueous solutions of dilute acids, alkalis and many
organic solvents such as alcohols, hydrocarbons and ketones. However, chitin can be
dissolved in some solvents such as concentrated sulphuric acid, hydrochloric acid and
85% phosphoric acid, hexafluoroacetone, hexafluoroisopropanol, chloro alcohols in
conjugation with aqueous solutions of mineral acids and also in formic acid with
significantly reduced molecular weights [49, 86]. For along time, dimethyl acetamide
(DMACc) containing 5% lithium chloride (LiCl) was the widely used solvent for chitin.
In spite of the vast availability of chitin, recalcitrance and insolubility of chitin is
a major problem that challenges the process development and application of chitin
[58].

Based on the source of extraction of the biopolymer and its DD, chitin becomes
soluble in aqueous acidic media. N-deacetylated derivative of chitin having a DD
greater than 0.65 is considered as a representative chitosan molecule. Chitosan is not
soluble in water at neutral pH. It is also not soluble in organic solvents like DMSO
and organic alcohols. This is mainly due to its crystalline structure and presence
of substantial intra and intermolecular hydrogen bonding [61]. Chitosan dissolves
in organic acids (formic, acetic, propionic, succinic, toluene, acrylic, oxalic and
ascorbic acids) and oxy-acids (such as gluconic, maleic, tartaric, citric and lactic
acids). Chitosan can also be dissolved in acidic amino acids such as glutamic acid.
This is possible due to the formation of acid salts with the existing amino groups in
their structure. However, chitosan is insoluble in sulphuric, hydrochloric and phos-
phoric acids [80]. The most widely used solvent for chitosan is 1% acetic acid at
a pH near 4. The soluble—insoluble transition of chitosan takes place at pKa value
which is in between pH 6 and 6.5. Chitosan is soluble in many dilute acid solutions
below pH 6. At low pH below 6, the free amino groups at the C-2 position at the
polymer backbone gets protonated and becomes positively charged which makes the
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chitosan as a water-soluble cationic polyelectrolyte. However, at pH 6 and above,
the amino groups of chitosan get deprotonated and loses its charge which makes
the polymer insoluble [86]. Several factors influence the solubility of chitosan. They
are mainly temperature, concentration of alkali, time of deacetylation, molar ratio of
chitin to alkali solution, particle size, pretreatments applied to isolation of chitosan,
distribution of the acetyl groups on the main chain and molecular weight [41, 62].

4 Ultility of Chitosan in Dye Removal Application

Due to the abundant availability, the use of low-cost adsorbent from sea-based
biopolymers has attracted great attention. Among them, the polysaccharides like
chitin and chitosan have received considerable interest in dye adsorption. Chitosan
is commercially extracted from a natural source such as crustacean (crab, cray-
fish, krill). Crustacean exoskeleton waste is obtained as a byproduct of the sea food
processing industry. These wastes when dumped into the sea, increase the pollution
in the coastal areas [15]. Hence, the utilization of these wastes to extract chitosan
not only helps the economy but also saves coastal environmental pollution.

The production of chitosan does not require any exorbitant temperature; therefore,
its manufacturing process is energy efficient. Due to its versatility to acquire different
shapes, chitosan can be used in the form of film, fibre, sponge, gel, bead, nanocom-
posite and nanoparticle. Possibly, this is one of the reasons for getting a better
adsorption efficiency of chitosan with different shapes vis-a-vis the conventional
adsorbents.

Due to the presence of high content of both amine and hydroxyl functional groups
in the chemical structure of chitosan, it has a very high affinity towards various
classes of dyes. The adsorption property of chitosan has been studied for direct,
acid, reactive, azo and disperse classes of dyes. However, chitosan has a low affinity
towards the adsorption of cationic dyes. Only after suitable chemical modifications,
the adsorption power of cationic dyes is improved.

5 Mechanism of Dye Adsorption

During adsorption, different kinds of interaction occur between dye molecules
and chitosan. These include chemical bonding, ion-exchange, hydrogen bonding,
hydrophobic attraction, vander Waals interaction, physical adsorption, aggregation
and dye—dye interaction. For a given dye—chitosan adsorption system, these inter-
actions may occur simultaneously or in different combinations. It is based on vari-
ation in chitosan preparation, chemical structure of dye, pH of dye effluent, salt
concentrations and the type of ligands present in the dye-adsorbent system.

The removal of dye by the adsorbent surface of chitosan is carried out in the
following steps:
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(a) In the first step, migration of dye occurs from the bulk of the effluent dye
solution to the adsorbent’s surface. It is known as bulk diffusion.

(b) In the second step, diffusion of dye occurs through the boundary layer to the
adsorbent’s surface. It is known as film diffusion.

(c) In the third step, the dye is transported from the surface to the pores of the
adsorbent. It is known as pore diffusion or intra-particle diffusion.

(d) Inthe fourth step, a chemical reaction occurs between the dye and the active site
of the adsorbent surface. This is carried out via ion-exchange, complexation
and/or chelation.

A large number of scientific work has been dedicated towards the removal of dyes
using chitosan-based materials. However, most of them focus on the evaluation of
the adsorption performance of the adsorbent. Only a few are aimed at exploring the
mechanism of adsorption of dyes. Based on the available literature, the mechanism
of adsorption of dye on chitosan is explained mainly by chemisorption, surface
adsorption, aggregation and molecule exchange [36, 71].

Anionic dyes are widely studied dyes for adsorption by chitosan. It has been
found that chemisorption is the most prevailing adsorption mechanism by which
anionic dye molecules are trapped. In chemisorption, the adsorbate (dye molecule)
is held by the adsorbent by forming chemical bonds. In this adsorption, electrons are
transferred or shared between adsorbate and adsorbent. Chemisorption is a highly
pH-dependent phenomenon, where adsorption takes place by ion-exchange or by
electrostatic attractions. The adsorption of anionic dyes by chitosan is explained
based on the chemisorption mechanism.

Under acidic conditions, the amino groups present in the chitosan chain are proto-
nated first. At the same time, in an aqueous solution, the sulfonate group of the
anionic dye is converted to anionic dye ion. In the subsequent step, the negatively
charged anionic dye molecules are adsorbed on positively charged chitosan through
ionic attraction [4, 38]. The rate of adsorption of anionic dyes on chitosan goes on
increasing as the pH of the aqueous medium decreases.

In contrast, the usage of chitosan for the removal of cationic dyes is less preferred.
As such, chitosan possesses a very low affinity towards cationic dyes due to elec-
trostatic repulsion. Under acidic conditions, both chitosan as well as cationic dye
molecule are protonated and repel each other. Hence, the adsorption is prevented.
However, by some modifications in chemical structure, it is possible to utilize
chitosan for the removal of cationic dyes too. Figure 4 shows the adsorption behaviour
of anionic and cationic dyes with respect to chitosan under acidic conditions.

Surface adsorption is another prominent mechanism, which works to bind the
dye molecules with chitosan. In this case, a surface reaction takes place. The dye
molecules are attracted to the charged surface of chitosan without the exchange of
ions or electrons.
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Sakkayawong et al. [63] studied the adsorption of a reactive dye (RR 141) by
chitosan under both acidic and alkaline conditions. It has been found that the adsorp-
tion of RR 141 dye in acidic conditions followed chemisorption. However, under alka-
line pH, both physical interaction (rapid surface adsorption) and chemical adsorption
take place.

In another study, Uzun and Guzel [75] observed the adsorption of Orange II
dye (an anionic monoazo dye of acid class) on chitosan to be of both physical and
chemisorption type. It has also been concluded that physical surface interaction is a
prominent mechanism in the multilayer adsorption of dyes.

Aggregation is another strong interaction that exists in the chitosan—dye adsorption
system. The aggregation phenomenon is highly pH-sensitive. The mechanism of
aggregation is affected by the size of the dye particles. In fact, the ability of dye
particles to diffuse into the internal porous network of the adsorbent structure depends
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on the size of the dye particles. It has been reported that the chitosan in the form of
nanoparticles can get aggregated very easily after interacting with the dye molecules
[35]. Also, the concentration of dye solution influences the aggregation mechanism.
A higher concentration of dye solution facilitates aggregation [20]. The aggregation
can also be facilitated by adding an electrolyte to the dye solution.

It has been reported that the adsorption of dyes on grafted chitosan is a
phenomenon of molecular exchange. It is not always necessary that the dye molecules
shall be adsorbed by the adsorbent due to the forces of attraction. The adsorption may
also take place due to strong dye—dye hydrophobic interactions, which compel the
dye molecules to leave the solution and get adopted by the chitosan surface [25, 72].

Based on the studies carried out to understand the mechanism of adsorption of
dye, many contrasting conclusions have been reported. It has been realized that
existing simple models are not sufficient to interpret the interactions of chitosan with
different classes of dyes. Therefore, more efforts are needed to explain the adsorption
mechanism of chitosan—dye interactions.

6 Modifications in Chitosan

Itis an established fact that amino and hydroxyl groups have a vital role in dye adsorp-
tion using chitosan. Depending upon the availability of such useful functional groups
in the structure, the dye molecules in the effluent get selectively adsorbed by these
adsorption sites. This is how the adsorption capacity and selectivity of chitosan alters
[85, 88]. Nevertheless, modification of chitosan is desirable to improve its physical
strength, solubility in acidic medium, adsorption capacity and selectivity. Various
physical and chemical modifications have been made to alter the physiochemical
property of chitosan to approach the requisites of an ideal adsorbent.

6.1 Modifications in Physical Form

6.1.1 Effect of the Physical Structure

The physical structure of chitosan can be modified into various forms such as powder
[5], film [65], beads [55] and nanofibres [23]. This is possible either by varying the
process parameters or by the adoption of various manufacturing routes. The kinetics
of dye adsorption depends upon the physical form of the chitosan. A smaller size and
bigger surface area of the adsorbent enhances the rate of adsorption. Similarly, higher
porosity in the physical structure of the adsorbent is also helpful in increasing the
adsorption rate. Eventually, the time required to achieve the equilibrium is reduced
[87].

The adsorption of dye is best when chitosan is used in its dissolved polymeric
form. In dissolved form, the intra-molecular H-bonding between hydroxyl and amino



68 A. Mishra and S. Natarajan

groups in the polymeric structure reduces. Thus, these free hydroxyl and amino
groups now get more chances to interact with effluent dye molecules. However, the
recovery of chitosan from its dissolved form is not easy.

On the other hand, recovery of chitosan beads in their immobilized form is easy
and these beads can be reused. Wu et al. [82] studied the adsorption of RR-222 dye
using chitosan flakes and beads. On comparison, it has been found that chitosan
beads have a higher adsorption ability than chitosan flakes. The explanation of the
obtained result lies in the fact that beads have greater surface area and porous structure
as compared to the flakes. In addition to this, the residual crystallinity of polymer
is considerably decreased on the formation of beads. Due to the enhancement in the
specific surface and expansion in the polymer network, the diffusion property of the
chitosan is improved. Therefore, using chitosan beads, the dye adsorption capacity
can be more than double as compared to the flakes. Besides, it has been noticed
that the chitosan converted into gel form has a reduced crystallinity. Therefore, it
is possible to improve the intra-particle diffusion of dyes in its gel form. Recently,
chitosan-based composites are gaining popularity. These composites offer better
mechanical strength and magnetic properties [21, 47].

6.1.2 Effect of Particle Size

The particle size of the adsorbent material has a great role in determining its adsorp-
tion behaviour. Adsorption is a surface phenomenon. As the specific surface area of
the adsorbent material increases, adsorption increases. The specific surface area of
the adsorbent usually increases as its particle size decreases. As a result, the satu-
ration capacity per unit weight of adsorbent increases with a decrease in particle
size.

It has also been mentioned that the time elapsed in establishing the equilibrium
increases, while increasing the size of the adsorbent particles. In this case, the intra-
particle diffusion characteristics of the adsorbent affect the accessibility of dye to its
internal sites [20, 22]. Generally, the larger size of adsorbent particles contributes
more to the intra-particle diffusion resistance. This controls over the adsorption
kinetics of low porosity materials.

However, in the case of large-scale applications, the use of adsorbents with small
particle sizes has practical difficulties. Taking the example of a fixed-bed column,
the use of small particle size frequently causes blockages in the column [73].

6.1.3 Effect of Development of Porous Structure

One of the strategies used in the modification of the physical form of chitosan is
the development of the porous structure. The porous structure can be developed
by the conditioning of polymer in gel form. The conditioning of gel decreases the
crystallinity but improves the swelling and diffusion properties of the polymer. It also
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facilitates the development of porous structure in the polymer network, resulting in
ease in the transportation of dyes.

By freeze-drying the solution of chitosan in acetic acid and subsequent removal
of ice crystal phase by lyophilization, the material can be transformed into a porous
structure. The mechanical property of the porous material is dependent on the size
of pores and their orientation. By controlling the freezing rate and thermal gradients
during freezing, both pore sizes and their orientation can be regulated. Alternatively,
sol—gel method [16] or coagulation technique has also been used for the development
of porous structure in the chitosan beads. The porous structure with high internal
specific surface area allows better access of dyes to the interior adsorption sites in
the polymer.

The development of nanoporous structures [66, 71, 79] with the use of nanotech-
nology further improves the performance due to the possibility of achieving high
specific area and reduction in internal diffusion resistance as compared to the
micronsized materials.

6.2 Modifications in Chemical Structures

Due to the abundant availability of amino and hydroxyl functional groups, the chem-
ical modification of the chitosan structure is possible. The chemical modification
in the structure not only improves the adsorption capacity of the chitosan but also
imparts good mechanical resistance and chemical stability to it.

6.2.1 Modification Using Grafting

Using grafting, a desirable functional group or structure can be added to the host
molecule. On the introduction of desirable functional groups, the physicochem-
ical behaviour of the host molecule can be altered. In chitosan, grafting is possible
using graft copolymerization, etherification or acylation reactions. By introducing
carboxylic, amine, alkyl groups or any specific structure like crown ether or cyclodex-
trin, the dye adsorption performance of chitosan can be improved. The specific ligand
used as a chemical graft not only improves the adsorption capacity, but also the
selectivity and adsorption kinetics [81].

Graft copolymerization is one of the most popular methods of introducing desir-
able functional groups in chitosan. It is also used to modify the water absorption
behaviour as well as the cationic/anionic properties of chitosan. The graft copoly-
merization reaction is initiated by free radicals, gamma irradiations or by selected
enzymes [3, 40, 91]. The graft copolymerization is influenced by the type of initiator
and its amount, concentration of the monomer, temperature and reaction time. Based
on these parameters, the grafting percentage and grafting efficiency are determined.
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In copolymerization reaction, the monomers should have reactive groups to carry
out radical polymerization. Therefore, monomers are generally comprised of unsat-
urated structures. It has been experimentally verified that grafting of sulfonate
groups in chitosan structure enhances its adsorption capacity towards cationic dyes.
Similarly, grafting of amino and quaternary ammonium groups (cationic type) into
chitosan improves the removal of anionic pollutants. Chitosan modified by quater-
nary ammonium salt can also be utilized to remove Cr(VI) from the dye effluent.
Table 1 shows a modification of chitosan using grafting.

6.2.2 Modifications Using Crosslinking

Due to poor strength and chemical instability in acidic solutions, the use of unmod-
ified chitosan is limited for the adsorption of dye from effluent. To overcome this
issue, various crosslinkers have been utilized in modifying the chitosan structure [64].
Crosslinking is the formation of covalent bonds among molecular chains to form a
three-dimensional network. This is possible by utilizing the functional groups present
in chitosan.

The compounds having two reactive functional groups per molecule (e.g. alde-
hydes, anhydrides and epoxide) can be used as crosslinkers [78]. In addition to this,
some special mono-functional chemical agents such as epichlorohydrin (ECH) can
also be utilized as a crosslinking agent [80]. Most commonly, glutaraldehyde (GLA)
[8, 56], epichlorohydrin (ECH) [46, 50] and ethylene glycol diglycidyl ether (EGDE)
[28] are used for crosslinking of chitosan structure. Figure 5 shows the chemical
structure of chitosan after crosslinking with GLA, ECH and EGDE respectively.

After crosslinking, the segmental mobility of the polymer chains of chitosan is
restricted due to the formation of a three-dimensional network. Thus, the chemical
resistance and physical strength of the adsorbent improves. Depending upon the
nature and extent of crosslinking reaction, the adsorption performance of chitosan
can be altered. In general, the higher the extent of crosslinking, the lower is the
adsorption capacity of an adsorbent [74].

During crosslinking reaction, both hydroxyl as well as amine functional groups
existing in the polymeric chain of chitosan are engaged. At the same time,
crosslinking also brings the possibility of introduction of new functional groups in the
adsorbent system. Therefore, modification of chitosan structure using crosslinking
affects its adsorption properties to a great extent. In fact, the amino groups present in
the chitosan structure participate more actively in the adsorption process as compared
to hydroxyl groups. However, it is unfortunate that the crosslinkers such as GLA and
EGDE react more with amino groups than hydroxyl groups. Though, crosslinker such
as ECH mainly consumes hydroxyl groups rather than amino groups in crosslinking
reaction. Table 2 describes the modification of chitosan using crosslinking agents.

It is practically difficult for a dye to penetrate from effluent to a highly crosslinked
network structure of an adsorbent [9]. Therefore, it can easily be understood
that although crosslinking is necessary for better physical resistance and chemical
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Table 1 Modification of chitosan using grafting
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Grafting agent Features Targeted class of dye/dye | References
name
Succinic anhydride ¢ Grafting of carboxyl Cationic dyes Lima et al. [43]; Kyzas

groups in chitosan
structure.

Dye removal using
electrostatic forces and
chelation mechanism.
Effective in acidic
medium.

Adsorbent in the form
of flakes

et al. [42]

Enzymatic

Grafting of carboxyl
groups in chitosan
structure.

Improves the surface
polarity and enhances
the density of
adsorption sites.

The adsorption
selectivity enhances
towards the targeted
dye.

Adsorbent in the form
of beads.

Lignin peroxidase can
be immobilized on
chitosan to form
crosslinked enzyme
aggregates (CLEA)

Cationic dyes; Reactive
dyes (Sandal-fix Red
C4BLN, Sandal-fix Black
CKEF and Sandal-fix Turq
Blue GWF)

Chao et al. [7]; Parveen
etal. [57]

Carboxymethylated
chitosan

Grafting of carboxyl
groups.

Both physical and
chemical adsorption.
Cost-effective.
Adsorbent in the form
of gel.

The adsorption of
congo red dye by
hybrid composite using
electrostatic interaction

Anionic, cationic and
reactive dyes; Congo red
dye

Uzun and Guzel [76, 77];
Zhang et al. [89]

Fatty acid functionalized
with glycidyl moieties

ITonic bonding and
hydrophobic interaction
in order to introduce
long aliphatic chains

Effective adsorption of
both anionic and cationic
dyes.

Shimizu et al. [69]

Disulfonate derivatives

Grafting of sulfonate
groups.

Electrostatic interaction
with dye.

Adsorbent in the form
of bead and powder.
Sodium styrene
sulfonate grafted on
glutaraldehyde
crosslinked
microspheres

Cationic dyes; Methylene
blue (MB), Methyl violet,
Malachite green oxalate,
safranine T and
Rhodamine B

Crini and Badot [11]; Shi
et al. [68]

(continued)
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Table 1 (continued)

Grafting agent Features Targeted class of dye/dye | References

name
B-cyclodextrin and * Electrostatic Cationic dyes; Indigo Liu et al. [48]; Kekes and
graphene oxide interactions, TT—T carmine dye Tzia [34]

interaction and pore
filling mechanism.
Adsorbent in the form
of hydrogel.
Adsorption of Indigo
carmine dye on
chitosan crosslinked
with B-cyclodextrin
takes place by
electrostatic interaction

stability, a balance between the degree of crosslinking and adsorption performance
of chitosan should be maintained.

6.2.3 Modifications Using Surfactant Impregnation

Surfactant impregnation is another technique by which the adsorption capability
of chitosan can be improved. In this technique, the surfactant molecules are bound
with chitosan using ionic links and they form supra-molecular aggregates. Surfactant
impregnation facilitates the chemical linkage between hydrophilic groups of chitosan
and surfactant. Besides this, the dye adsorption potential of chitosan is also improved
by hydrophobic interaction between chitosan and hydrophobic part of the surfactant.
Due to the strong electrostatic bonding between the macromolecules of chitosan and
surfactant, the separation of surfactant from chitosan surface is not easy [6].

An anionic surfactant such as sodium dodecyl sulfate (SDS) has also been used in
chitosan-based hydrogel beads to enhance the adsorption of cationic dyes. The sorp-
tion of SDS on chitosan was carried out to prepare chitosan-surfactant-core-shell
beads. As compared to pure chitosan beads, the adsorption capacity of core-shell
beads was almost double (360 mg/g as compared to 171.35 mg/g for removal of
malachite green (MG) dye). This improvement was attributed to the “adsolubiliza-
tion” of MG on the surfactant bilayer [13]. Triton X-100 and CTAB have also been
used to enhance the adsorption potential of chitosan as mentioned in Table 3.

6.2.4 Modifications Using the Nanostructural Form

Due to the hydrophilicity, biodegradability and nontoxicity, chitosan is a preferred
material to be utilized in nanostructural form. As compared to its micro-sized form,
the nanostructure imparts high adsorption efficiency of dyes due to its size, high
surface area and quantum size effect. The nanocomposite structure also shows high
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Fig. 5 Schematic representation of the crosslinked chitosan using a GLA, b ECH and ¢ EGDE

stability and recyclability potential for repeated usage. Table 4 depicts some of the
examples of chitosan modified into nanostructural form.
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Table 2 Modification of chitosan using crosslinking agents
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Crosslinking agent

Features

Targeted References
class of

dye/ dye
name
Glutaraldehyde (GLA) ¢ GLA acts as an ionic Both Kim and Cho
crosslinker. cationic [37]; Kamari
« It preferably crosslinks | and et al. [32];
with amino groups rather | anionic Jozwiak et al.
than hydroxyl groups dyes; [31]; Galan
present in chitosan. Reactive etal. [19]
« Chitosan gets crosslinked | Blue 4
with GLA and forms (RB4)
bead.
¢ Dye adsorption takes
place by electrostatic
interaction.
¢ The adsorption of RB4
dye with Gluteraldehyde-
crosslinked chitosan
beads takes place mainly
by electrostatic
interaction and to a lesser
extent by dipole—dipole
interaction and n-pie
bonds
Epichlorohydrin (ECH) ¢ ECH preferably forms Anionic Chiou et al.
(chloromethyloxirane) crosslinks with hydroxyl | dyes; [10]; Jawad

groups, whereas the
amino adsorption sites
are not much affected.
Chitosan gets crosslinked
with ECH and forms
bead.

Higher adsorption
capacity due to
unaffected amino
adsorption sites, which
adsorb many pollutants.
Chitosan gets crosslinked
with ECH and zeolite to
form zwitterionic
composite beads.
Remarkable adsorptive
performance for both
cationic (MB dye) and
anionic (RR 120 dye)

Methylene | et al. [29]
blue MB
and
Reactive
red (RR)
120

(continued)
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Table 2 (continued)
Crosslinking agent Features Targeted References
class of
dye/ dye
name
Ethylene glycol diglycidyl ether (EDGE) |+ EGDE forms crosslink Acid blue | Azlan et al.
with amino groups of 25 and [2]; [1]
chitosan rather than Acid red
hydroxyl groups. 37 dyes;
* The adsorption capability | Reactive
of crosslinked chitosan is | orange16
slightly reduced. (RO16)
¢ Crosslinked chitosan
forms bead.
* A cost-effective process.
¢ The adsorption of RO16
dye with
chitosan/EGDE/Titanium
dioxide nanoparticles
works under different
mechanisms such as
electrostatic attraction,
H-bonding, Yoshida
H-bonding and n-1t
interaction
Tripolyphosphate (TPP) * Due to the polyanionic Adsorption | Momenzadeh
nature of TPP, of reactive | et al. [52];
electrostatic interaction | red 189 Liet al. [45];
takes place with the and Mohammed
cationic part of chitosan. | Reactive etal. [51]
* Modified chitosan is in orange 120
the form of dyes. Also,
nanodispersion cationic
composite and hydrogel. | and
¢ Chitosan was anionic
physicochemically dyes such
modified with TPP as basic
through ionic blue 9,
crosslinking and by fly methylene
ash particles to form a blue and
hybrid composite. direct red
e The RR120 dye 28

adsorption mechanism is
due to electrostatic
attraction, Yoshida
H-bonding, H-bonding
and n-7 bonding

(continued)
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Crosslinking agent Features Targeted References
class of
dye/ dye
name
1,3,5-Triacryloylhexahydro-1,3,5-triazine | Introduction of Removal Shimizu
(TAT) hexahydrotriazine rings of | of acid etal. [70]
TAT into chitosan enhances | dyes and
the adsorption of anionic metal ions
dyes from
solution
Table 3 Modification of chitosan using surfactant impregnation
Surfactant system Features Targeted class of | References

dye/dye name

Impregnated with
Triton X-100,

a nonionic
surfactant; cetyl
trimethyl ammonium
bromide (CTAB), a
cationic surfactant;
and sodium dodecyl
sulfate (SDS).

* Supra-molecular aggregates of
chitosan surfactant.

* Complex is formed through

electrostatic forces of attraction.

* Direct sorption by
hydrophobic

interactions.

* Improvement in adsorption
capacity

Both cationic and
anionic dyes

Chang et al. [6]

Anionic surfactant
and SDS into
chitosan

 Chitosan-surfactant-core-shell

structure can be fabricated

through sorption of SDS on

chitosan.

Adsorption is improved by

“adsolubilization” of cationic

dye on surfactant bilayer.

e It is produced in the form of
hydrogel and beads

Cationic dye
(Malachite Green)

Das and Pal [13]

7 Limitations of Chitosan in Dye Removal Applications

The usage of chitosan in dye removal applications is still limited at the industrial
scale. Having derived from a natural source, the control over molecular weight as
well as the degree of deacetylation reaction on parent polymer is difficult. Therefore,
it is not easy to maintain the uniform distribution of acetyl groups along the backbone
of the polymer chain. This causes variability and heterogeneity in the polymer [12].
Therefore, the reproducibility of the polymer having consistent quality remains a

challenge.

Various dyes have their own complicated chemical structures. The efficiency of
adsorption of dyes by chitosan shall depend upon the accessibility of their sorp-
tion sites. Besides, the uptake of dye by chitosan is highly pH-dependent [59].
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Table 4 Modification of chitosan into nanostructural form
Nanocomposite system Features Targeted class of | References
dye/dye name

Ethylenediamine-modified | Separation of anionic dyes by | Acid orange 7 Zhou et al.
magnetic chitosan electrostatic forces. and acid orange | [90]
nanoparticles * The force of attraction is 10 from aqueous

between sulfonic anionic solutions

dyes and protonated amine of

chitosan
Chitosan/magnetic * It is prepared by solution Azo dye (methyl |Jiang et al.
maghemite (y-Fe;03) casting method orange) in batch | [30]
nanoparticles adsorption

experiment
Hydroxyapatite » Hydroxyapatite/chitosannano | Anionic (congo | Hou et al.
by coprecipitation composite red); Brilliant [27]; Ragab
* Jonic interaction, surface green dye et al. [60]

complexation, ion-exchange

and H-bonding
Metal oxide  Chitosan layer improved the | Cationic dye Linda et al.
nanoparticle-based dye adsorption potential. (Rhodamine B); | [44]; Mostafa
chitosan nanocomposite * Due to the chelating potential | Methylene blue | et al. [54]

of chitosan and its

nanostructural form,

excellent photocatalytic

reduction of dye is achieved

To overcome these issues, attempts have been made to standardize various process

conditions.

It is pertinent to mention that both traditional as well as commercial methods

of extraction of chitin evolve a large amount of waste. The conversion of chitin to
chitosan further involves a chemical deacetylation reaction, which requires a high
dosage of acid.

Another issue that arises during the usage of chitosan and its derivatives is its
poor physicochemical characteristics. Chitosan has a low surface area and porosity.
In addition, due to strong hydrophilic characteristics and pH sensitivity, the stability
of chitosan materials is generally low. Apart from this, chitosan being a biopolymer
is biodegradable and does not hold durability for long-term applications.

8 Conclusion

Chitosan has been extensively studied with respect to its adsorption performance. As
evident from the literature survey, chitosan has a remarkable capability of adsorbing
anionic dyes such as direct, acid and reactive classes of dyes. Due to the flexible
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polymeric chain structure, chitosan can easily adopt various physical shapes. There-
fore, as compared to others, the applicability of chitosan as an adsorbent is widely
accepted. In addition to this, the enormous possibility of chemical modifications in
the structure enhances its dye adsorption capacity and improves its resistance towards
adverse environmental conditions.

However, it has been realized that most of the studies on adsorbent behaviour
of chitosan are limited to laboratory scale batch-wise process. Therefore, pilot-plant
studies should also be conducted to observe the feasibility of chitosan at a commercial
scale. Besides, the adsorption property of chitosan and its derivatives should also
be investigated against the industrial effluents. This would possibly be helpful in
evaluating the efficacy of the adsorbent in real-life applications.
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Dye Degradation by Recent Promising )
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Djamal Zerrouki and Abdellah Henni

Abstract Dyes are employed in an assortment of manufacturing products,
including textiles, paints, plastics, beverages, pharmaceuticals, and cosmetics. Dyes
discharging in effluents is a big environmental concern, resulting in a high decline of
water quality and destruction of the aquatic ecosystem. Various conventional routes
to treat with the effluents containing dyes, such as filtration, coagulation-flocculation,
and adsorption have been extensively studied, however; these processes are based
only on the transportation of dyes to another phase without destroying them this
is not cost-effective because an additional step to achieve a full treatment must be
applied. The only way to resolve the environmental problem is to remove these dyes
from effluents by degrading them into non-toxic materials. Recently the degrada-
tion of organic compounds via photocatalysis using semiconductors is considered a
promising process; metal-based oxides are reported to be an efficient photocatalyst
to break down the organic dyes. Here, we summarize the most up-to-date infor-
mation on dye degradation using a new promising nanocomposite. Their synthesis
process and photocatalytic mechanism of the hybrid structure have been addressed.
The effectiveness of photocatalytic removal in comparison to traditional approaches
has all been examined.

1 Introduction

The excessive utilization of dyes in many industries has dramatically increased in the
last decades from drugs and cosmetic manufacture to paint, printing, plastic, food,
and medical field [5, 7, 8, 16, 18,27, 44,47]. Organic dyes are now a fundamental part
of many manufacturing processes, and are among the most significant components in
the formulation process, throughout the fabrication process or the product utilization.
The result of the release of dyes cause harmful soil contamination and water pollution
especially. The majority of available dyes are non-biodegradable, posing a significant

D. Zerrouki (<) - A. Henni
Laboratory of Dynamic, Interactions and Reactivity of System’s, Kasdi Merbah University, 30000
Ouargla, Algeria

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021 85
S. S. Muthu and A. Khadir (eds.), Novel Materials for Dye-containing Wastewater

Treatment, Sustainable Textiles: Production, Processing, Manufacturing & Chemistry,
https://doi.org/10.1007/978-981-16-2892-4_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2892-4_4&domain=pdf
https://doi.org/10.1007/978-981-16-2892-4_4

86 D. Zerrouki and H. Abdellah

threat to the atmosphere and aquatic system when released. Organic dyes are usually
complex aromatic compounds with a wide range of structures. Dyes are distinct from
other chemical compounds in terms of color since:

— they can absorb visible light (400-700 nm);

— contain at minimum one chromophore as colors group such as anthraquinone,
methane, phthalocyanine, nitro, azo, triarylmethane;

— characterized by a conjugated system, their structure includes double and single
bonds;

— expose electron resonance as a stabilizing mechanism in organic compounds.

Besides the chromophores, most coloring agents contain auxochromes, such as
carboxylic acid, sulphonic acid, amino acid, and hydroxyl group, which are not
qualified for coloring. But their viability can modify the color of the dye, and they
are most commonly used to regulate the solubility of the dye.

To produce color in an organic compound, the chromophore must be a part of the
conjugated system; the size of the conjugated system causes a major bathochromic
transition.

Dyes are classified as Azo dyes, triaryl methane dyes, anthraquinone dyes, hete-
rocyclic dyes, and phthalocyanine dyes based on their chemical structures. Azo dyes
are distinguished by the inclusion of azo groups —N=N- in the molecule, which
form a bridge between organic residues, up to 70% of dyes used are Azo class and
represent the most important chemical class of dyes [3].

The most recent advancement in the field of water treatment has been completed in
the oxidation of organic compounds, strongly present in the effluents of textile waste
for example. These approaches are founded on the establishment of very reactive
chemical compounds that transforms the most recalcitrant entities into degradable
molecules or mineral molecules such as H,O and CO,: these are known as the
Advanced Oxidation Processes. Heterogeneous photocatalysis is one of the most
investigated degradation processes, with the greatest performance, respect to the
environment, and this efficiency has been proven in the degradation of pollutants
[22, 23, 32].

Several approaches to manufacturing stable chemically composite as pollutants
degradation are progressing rapidly [43]. Usually, a single material exhibits catalytic
activity for a specific dye. However, this particular material may not permanently be
able to provide a similar catalytic activity for different dyes. Therefore, research is
being done to develop composites [10, 26, 48] or nanocomposite [1,31,41] which can
give superior performance in a multi-dye system. This chapter presents an outline
of the application of composite materials for dye photocatalytic degradation and
presents a different synthesis technique, as well as the progress of the photocatalytic
removal process vs conventional methods.
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Dye Removal
Methods
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Fig. 1 The dye removal techniques

2 Dyes Degradation

Various treatment processes have been employed to eliminate synthetic dyes from
the solution. The process of dyes elimination can be arranged into two classes:

— Separation: by applying a physical or physical-chemical process.
— Degradation: thanks to the chemical and biological reaction process.

The separation processes are the most used technique, however, the main disad-
vantage is the disposal of dye-containing sludge. During the degradation procedure,
the complex dye compounds undergo a series of degradation (Fig. 1).

3 Advanced Oxidation Process

The process basic principle is focused on the generation of highly reactive oxidants,
primarily hydroxyl radicals (OH), the radical (OH) with a redox potential OH/H, O of
2.8 V/SHE, which is classified as one of the stronger oxidizing agents after fluorine
[6].

These radical attacks the organic pollutants with high reaction rate with a capacity
to destroy most organometallic and organic pollutants, by the conversion to CO,,
H;O, and organic ions, the process achieved generally through the following three
different ways:

— Redox reaction OH + RX — RX" + OH™

— Dehydrogenation: consist of abstraction of H atom OH + RH — R + H,0

— Hydroxylation: consist of an electrophonic addition to = system OH + PhOH —
PhXOH

These reactions create organic radicals, which initiate a radical chain that includes
reactions with oxygen (formation of peroxy radicals), and the produced reaction inter-
mediates, undergo additional oxidation reactions with the created oxidizing agents
(OH™, HO», H,05) until the organic contaminants are fully mineralized.
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Electrochemical advanced oxidation processes use electrolytically formed
hydroxyl radicals to mineralize organic contaminants; this process is separated into
two classes: Direct and indirect processes [36].

Direct process: hydroxyl radicals are formed on the anode surface as a result of
direct oxidation of water according to:

M + H,0 — M(OH) + H" +¢~

20 > M(OH) + H" 4+ ¢~

The catalytic behavior of the anode material is determined by its composition. The
generation of hydroxyl radicals in this method does not necessitate the addition of any
additional reagent. Yao et al. [53] prepared nanocomposite electrodes of PbO,-ZrO;
by pulse electrodeposition and successfully removed 10% of methylene blue.

Indirect process: The Fenton chemistry is used to generate hydroxyl radicals,
which can be done in situ (electro-Fenton) or by adding external reagents like H,O,
or ferrous ion.

3.1 Fenton Process

Fe?* and H,0, are formed simultaneously in the electro Fenton process by cathodic
reduction of Fe?* and O,, respectively. A small amount of Fe?* salt is added first,
which can react with electrochemically produced H,0, to produce Fe**.

The following equation is often used to explain the mechanism of the photo-Fenton
reaction.

Fe’* + H,0, — Fe** + OH™ + OH
Fe** + H,0, — Fe’* + HOO + HY
Fe’* + H,0 ™% Fe?* + OH +H*

hv _.
H202 — 2'0OH

"‘OH + organic compound — oxidized products

The rate of degradation of the photo Fenton reaction increases in the presence of
UV light due to the Fe®*) photoreduction, which produces a current. Fe®*) ions are
formed by the OH radical, and Fe®*) can react with H,O».
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Photolysis of H,O, can produce OH" radical directly, this synergetic effect causes
an enhancement of the catalytic activity for photo-Fenton, at the industrial scale
the heterogeneous Fenton process is more advantaged compared to homogeneous
Fenton, they lead to scale up and catalyst reuse, They reduce the residual concentra-
tion of an iron ion in the treated solution, and in a heterogeneous phase, Fe ions may
be loaded onto several substrates to create a catalytic composite.

3.2 Nanocomposite in Fenton-Based Process

Many issues with this technique, such as stabilization, recycling, and isolation, can
be solved by immobilizing the catalyst on stable supports. Both organic and inor-
ganic materials, such as activated carbon, have been used as supports for Fenton-like
reactions [33], fiber [42], clay [13], and carbon nanotube.

A different form of iron oxides and iron hydroxides such as Fe;Oy, y-Fe,03,
a-Fe, 03, a-FeOOH, and y-FeOOH have been investigated as catalysts for Fenton
like processes.

The exploration of nanocarbon materials, is rapidly evolving in the catalysis
field as an opportunity to improve the catalyst propriety, the nanocarbon supported
nanocatalyst such as carbon nanotube (nanocarbon/metal oxide) is synthesized and
used for the degradation of various dyes.

Carbon nanotube (CNT) supported iron catalysts (Fe,O3/CNT) and Fe double-
walled CNT mixed metal oxide, have been synthesized and tested for their ability to
degrade (RhB), Fe; O3/MWCNT (multiwalled carbon nanotube) materials for Methyl
orange degradation were tested [51]. The effectiveness has improved compared to the
unsupported Fe;Oy4, for example in the case of Fe;O4/MWCNT the achieved degra-
dation efficiency was two times greater than Fe, O3 for acid orange II decomposition
[51].

Graphene oxide (GO) and Iron oxide have been emerged as favorable composites,
the graphene and GO used due to their outstanding electron transfer capacity, good
stability, and high surface area.

Graphene oxide supported Fe,O3 prepared by Guo et al. [17], the degradation
of RhB was measured, in the presence of H,O,, depending on the amount of GO
(5-20%) the effect on the degradation have been reported to fluctuate between 2 and
5 time more compared to unsupported Fe,O3, However, when the loading quantity
surpasses 25% the removal affected negatively. Palanivel et al. [38] prepared GO-
doped NiFe,O4 nanocomposite following the sol-gel and hydrothermal method as a
photo-Fenton catalyst for organic RhB dye degradation.

Another composite class based on Clay such as laponite and bentonite supported
iron oxide was prepared for dye degradation in the Fenton process [45].

As cathode material in electro Fenton application, the nanocomposite is an
emerging trend, nanostructure such as Fe,O3/CNT used as an electrode for the
degradation of RhB, as a cathode material was able to produce OH radicals and
degrade RhB in a wide range of pH, many nanocomposites employed as cathode
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have been studied such Fe,Os/activated carbon, Fe,O3;/CNT/PTFE, carbon nanotube
immobilized graphite cathode combined with anodes such as Pt sheet or wire.

Alimard [2] prepared Neodymium-cesium (Nd-Ce) doped Fe;Oy4-chitosan
combining co-precipitation and a crosslinking process and evaluated on the degra-
dation of Red 81 dye.

Tertiary composite such as ZnO deposition on Fe3;04/rGO [28], the nanocom-
posite, which was made by hydrothermally depositing of ZnO on Fe304/GO prepared
via a solvothermal process, showed superior catalytic activity for the degrada-
tion of Azo dyes when compared to ZnO, Fe;O4, and a ZnO/Fe;O,4 bicomposite.
However, using a green one-pot annealing process, whit N-doped carbon/CuO-Fe, O3
(NC-CuFe) was made, height MB dyes degradation was observed [40].

Using co-precipitation method combined graft co-polymerization, Cellulose
based hydrogel coated Fe;O4 prepared by Zhou et al. [57] and used as Fenton-
like catalyst for acid red 73 degradations, in H,O, activation the composite showed
high efficiency.

3.3 Photocatalysis: State of the Art and Basic Principles

Photocatalysis is an emerging technology based on the characteristic of the semi-
conductor, the titania dioxide (TiO,) is the most famous semiconductor used as
a catalyst, the photoactivity of TiO, was investigated in the late 1930s and their
ability to perform as a photosensitize was revealed, when it was incorporated as a
pigment in the building found a bleaching effect under solar irradiation and in the
presence of oxygen, The work of Fujishima has had a major impact on the interest in
TiO, as photoactive material (1970) [15] and Nozik [37], since their application is
enormously boosted and focused recently on the development of more efficient and
sophisticated photocatalytic materials (Fig. 2).

One of the targeted results for a successful photocatalyst is its aptitude to harvest
light absorption to bring it to a higher energy level, When irradiation coincides or
surpasses the bandgap energy of the semiconductor which is 3.2 eV for anatase TiO»,
the electrons are ejected to the conduction band which leads a formation of a hole,
the holes reach the catalyst surface and react with the adsorbed hydroxyl group to
form OH radical, that leave the surface as free radicals (OH). With the discovery
of the capacity of the anatase nanocrystalline TiO, to perform this function under
UV illumination, these results were followed by many suggestions for doped TiO,
and other alternative materials for example composite nanofibers systems containing
cellulose acetate, multiwall carbon nanotubes to increase the efficiency that could be
extended into the visible range.



Dye Degradation by Recent Promising Composite 91

Fig. 2 Representation of the
photocatalytic degradation
mechanism

Photocatalyst

3.4 Nanocomposite Preparation for Photocatalytic Dyes
Degradation

Nanocomposite material for photodegradation efficiency improvement in the irra-
diation of visible light is dependent on the combining of photocatalyst material or
support with a narrower bandgap metal-semiconductor, these include mixed metal
oxide, nonporous, polymers, and carbon-based nanocomposite.

Recently many nanocomposites have been prepared and exhibited a high photo-
catalytic activity mainly to overcome some technical limitations such as the recy-
cling and the recovering of the nanocatalyst powders and the risk of their release
into the environment; many efforts have been achieved on the immobilization and
incorporation.

Three main steps are necessary to accomplish the successful preparation of a
photocatalyst nanocomposite

e the choice and synthesis of an effective photocatalyst
surface functionalization in order solid linking with the support
incorporation into a suitable matrix depending on the final utilization.

a. Carbon nanofibre: Amorphous carbon nitride

Carbon nitrides material is a combination of carbon and nitrogen in a ratio of 34,
can easily be obtained at low cost from a nitrogen-rich material, their proprieties can
be designed according to the synthesis strategies, precursors, and polymerization
condition, nitrogen content depends primarily on the content in the used precursor.
Nitride is classified as semiconductors with a narrower bandgap compared to metal
oxide semiconductors, they are superior to oxide semiconductors [12]. The increased
visible light capture of nitride semiconductors is due to the nitrogen (N) having a
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lower electronegativity than oxygen (O), and the N2p orbital having higher potential
energy than the O2p orbital. The graphitic carbon nitride (g-C3N4) semiconductor
has many allotrope phases, including diamond-like, -C3Ny cubic, pseudocubic, and
polymer-like g-C3Ny4. At atmospheric conditions, the amorphous graphitic phase
C3Ny4 has the most stable allotrope type.

g-C3N,4 with a bandgap of 2.7 eV is considered as an indirect semiconductor,
they facilitate the absorption of visible light. Graphitic C3N4 and ferrite composite
(ZnFe,04-gC3Ny) [52] prepared via facile sol-gel followed by calcination method,
The composite shows the photo Fenton like reaction and fastest degradation capa-
bility in the presence of H,O, in all visible light sources as used for sunlight-driven
photocatalytic organic pollutant removal.

The electronegativity of g-C3Ny4 and ZnFe;Qy is around 4.7 and 5.8 eV, respec-
tively, their bandgap energy is between 2.75 and 1.73 eV which matches with pristine
g-C3Ny and ZnFe, Oy the value of the estimated E., and Ey, of g-C3Ny is (—1.14 eV)
and (1.60e). The mechanism of dyes degradation in the presence of ZnFe;O4-gC3Ny
can be explained as follows:

When a photon interacts with the photocatalyst’s surface, on both catalysts the
electrons are dislocated from the valance band to the conduction band. The excited
conduction band electron in the g-C3N4 migrated to the ZnFe,O,4 conduction band
due to low potential energy, though the holes migrated to the g-C3Ny4 valance band.
Under light irradiation, the dye molecule can be degraded in two ways: the O, is
reduced to O,* by the conduction band electron during the transmittance at the
g-C3Ny and the O; is reduced to O,* by the conduction band electron during the
transmittance at the g-C3N4. The following is the breakdown mechanism:

ZnFe;/gC3Ny 4+ hv — ZnFe,04(e™ /h™)
gC3Ny 4+ Oy — Os-
0,- + H,O — H,0,
0,- + H,O — OH™ + OH*

OH* + dye — CO, + H,0

The electron on the conduction band of ZnFe,0, interacts with H,O, to create
OH* radicals. One of the advantages of magnetic particle is their aptitude to use
the magnetic field to recover the nanocomposite for the recycling process after each
reaction as example graphitic carbon nitride/copper-iron oxide (CN @CIO) prepared
via in situ formation of g-C3Ny4 onto copper iron oxide.

The forming of chemical bonds during calcination as a result of metal oxide
intercalation produced several layer gaps in the g-C3Ny structure.
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b. Clays-based nanocomposite

Clay refers to a class of layered materials made up of silicates or minerals with metal
oxides and organic matter, Clay minerals are promising support materials because
they exhibit high specific surface areas, large pore sizes, chemical stability, strong
mechanical properties, and they are commercially available in large quantities. Clay
minerals, such as kaolinite which a layered silicate and aluminum oxide/hydroxide,
with the formula Al,Si,O5(OH),.

The kaolinite basic structure is constituted by one tetrahedral (Si-O) and one octa-
hedral (Al-O) sheet, which is held together by hydrogen bonding between the silicate
and aluminum layers. The 1:1 clay (Kaoline) formed by One tetrahedral silica layer
is lined on top of octahedral gibbsite or brucite sheet, however, the montmorillonite
has two tetrahedral silica and one octahedral gibbsite (2:1)

Clays materials tend to boost the photocatalytic activity of TiO, nanoparticles,
this a consequences of their elevated surface area, adsorption capacity, and large
porosity with the availability of the active site TiO/clay, the presence of inter-
layer cations catch electrons and make the holes free for oxidation which makes
charge recombination of TiO,/Clay decrease, for the preparation of nanocomposite,
impregnation methods are highly preferred (clay surface or it’s layered with TiO5).
The sol-gel method combined with different process dryings, such as air or super-
critical drying, ethanol extraction, the hydrothermal method preferred to the real-
ization of highly crystalline TiO, (anatase 40-60°A). However, Bentonite mostly
constituted of montmorillonite, acid-catalyzed sol-gel used for TiO, based Bentonite
nanocomposite.

c. Graphene (porous, graphene oxide nanosheet)

Graphene is a carbon isotope with an excellent physiochemical property added to its
various applications, graphene is an interesting candidate for photocatalysis appli-
cation as graphene-based composite, and a variety of semiconductor photocatalyst
has been used for the preparation of graphene-based composites employing a range
of synthesis process such as hydrothermal, solvothermal method.

TiO,/graphene composite prepared by one-step hydrothermal, this consist on the
loading of the semiconductor or the metal precursors on the GO sheets and then
rGO, the nanocomposite showed an important improvement in the reaction rate, and
high-performance photocatalyst on the degradation of methylene blue (MB), and the
activities of their activity found to be more active than the unsupported catalyst.

The composite ZnFe,O,4-graphene prepared by hydrothermal in ethanol aqueous
solution, same as Bi, WO4TiO,/GO nanocomposite which enhances the MB degra-
dation under UV by a factor of 1.4 compared to TiO,, however on methyl orange the
efficiency is very low even though the factor is improved depending on the graphene
content.
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d. Polymer-based nanocomposite

Such as biopolymer hydrogel, polyaniline, cellulose, gar gum, chitosan grafted
polyaniline or Synthetic polymers such polyethylene, polypyrrole, polyaniline,
polypropylene (PP), polylactic acid (PLA), poly (3-hexylthiophene), polyvinyl
alcohol has been used to prepare a nanocomposite as materials for photocatalytic
application for dyes degradation, polymers matrices is an attractive host thanks to
their surface chemistry and controllable pore size, the polymer with comfort and
excellent mechanical propriety, the choice of the polymer to integrate as polymeric
nanocomposite for dyes degradation may depend on the thermomechanical behavior,
biocompatibility, surface proprieties, chemical, and thermal stability, electronic or
electric propriety and many other characteristics could be considered, different
technologies have been investigated for preparing polymers based nanocomposite.

e. In situ synthesis

In situ synthesis is widely applied in different type, the catalyst could be applied
sol-gel approach has been employed for catalyst polymer, such as polyimide TiO,
hybrid films from soluble polyimides, the TiO, dropped into polyimide solution with
vigorous stirring with the amount of water to assist the hydrolytic reaction of TiO,
followed by filtration and cast heated a 250 °C to transformer the gel into the hybrid
film, another approach is the polymerization of the monomer containing catalyst this
method allows to synthesize the nanocomposite with tailored physical properties,
ZnO was traded with methacryloxypropyl trimethoxysilane and disperse in methyl
methacrylate [11].

f. Template synthesis

Template synthesis is a simple procedure which has made the fabrication of sophis-
ticated nonmaterial’s relatively easy, nanofibers, microporous membrane an many
other solid could be obtained by this method, the synthesis procedure achieved thanks
to a polymer template containing cylindrical pore of uniform pore diameter, the pores
filling process could be achieved via many processes like sol-gel, electrodeposition,
chemical vapor deposition.

g. Electrospinning

Electrospinning is a method of producing polymer, ceramic, metallic, and composite
fibers from a solvent dispersion using a syringe pump to move a suspension to
the needle edge, a high voltage applied to the metallic needle, and a syringe., metal
oxide and catalyst could be included in the electrospun polymer fibers, Nylon-6/TiO,
nanocomposite prepared with TiO, solution and 20%wt Nylon in formic acid and
acetic acid the electrospinning process was achieved with a voltage of 18 kV, the
nanocomposite an ability to be recycled offered a possibility to degrade a methylene
bleu.
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Conventional solvent casting technique has been used to prepare a polymeric film
with doping oxides, the key elements for this technique are that the polymer must
be soluble in a volatile solvent or water, and a solid solution, nanosized TiO, photo-
catalyst were immobilized onto polyhydroxy butyrate films prepared by dissolving
it in chloroform and participated in cold methanol, under a solar light 96% of dye
decolorized after an hour, the cellulose/TiO, nanocomposite reported.

In the presence of supercritical CO,, the molecular chains of cellulose were
affected, and TiO, was facilitated to enter and impregnate into the structure of cellu-
lose fibers through the forming of hydrogen bonds with abundant hydroxyl groups
of cellulose, resulting in a significant increase in thermal stability.

Polystyrene film-based photocatalytic film was prepared using solvent casting
method incorporating rGo graphitic carbon along with TiO, as catalyst were prepared
94% of decolorization of complex phthalocyanine dye wastewater.

h. Activated carbon

Activated carbons (ACs) with different porosities are an excellent candidate for
photocatalytic applications, as environmentally stable and low-cost materials have
been used as hot and support for metal oxide and photocatalytic catalysts, often
obtained by dip hydrothermal process.

The loading of the catalyst on the activated carbon has been achieved in the
reported work in a different way, such by impregnation (Ag/AC, ZnO/AC), co-
precipitation (Ag-ZnO/AC), or by consecutive precipitation TiO, prepared by sol-gel
and supported on spherical AC to prepare TiO,/AC hybrid photocatalysts efficiency
removal of ZnO/AC was more than two times compared to ZnO [49]. The role of
porous activated carbon used as a catalyst for carbon/TiO, composite in photodegra-
dation of phenol was investigated and the presence of a synergistic impact of carbon
on photodegradation operation was demonstrated. SnO,/corn cob activated carbon
showed as best photocatalytic toward the degradation of MB when compared to SnO;
alone a synergic effect of both adsorption and photocatalysis have been shown with
a reduced bandgap.

ZnO nanorod assembled on AC fibers via sol-gel and hydrothermal process exhib-
ited a high degradation rate of MB dye compared to ZnO powder, CdS nanoflower
loaded AC by the mixed solvothermal route and tested for RhB degradation, the
main advantage of activated carbon they allow a high adsorption capacity on the
surface catalyst and assist charge efficient separation, which eventually enhances the
photocatalytic performance, as a consequence of the synergistic effect of adsorption
and photocatalysis.

Sol impregnation hydrothermal process has been applied to prepare a bifunctional
composite supported on activated carbon such as Bi,O3/TiO,, on methylene orange
degradation the composite showed high efficiency.
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i. Magnetic nanocomposite

Magnetic nanocomposite for the photocatalytic application has been emerged as a
potential alternative to assist the separation process and easily recoverable catalyst
during the liquid phase reaction, the isolation of magnetic catalyst from the reaction
medium based on applying a simple magnetic field, especially for small catalysis
particles.

Various magnetic photoactive catalysts have been prepared with different
processes, Single-phase catalysts, nanocomposites, multifunctional metal-organic
matrix binary, ternary, and core-shell materials are only a few examples.

Single-phase magnetic materials such as magnetite Fe;O,4, magnetite (y-Fe;Oy4
and p-Fe;0,4), and hematite (a-Fe;O4). The combining of magnetic photocatalyst
oxide with another oxide is a new technique for preparing highly photoactive mate-
rials, and the combination of two distinct oxides will also reduce charge recombi-
nation and increase catalytic activity. The single component has a low potential for
absorption in the visible range, which contributes to poor catalytic efficiency.

A lot of composite was prepared based on the hydrothermal process and evalu-
ated on RhB like MoS,/CoFe; 04, Fe;04/Ag, BiysFeOy4¢/Fe;04/Fe, 03 the catalytic
activity remained stable after many utilizations. ZnO (gap energy of 3.37 eV)
compared to Anatase TiO, (3.20 eV) and Rutile 3.03 eV which is rarely used.

As a magnetic nanoparticle the Fe,O,4, which made by co-precipitation of FeCl,,
FeCl; in an aqueous solution under alkaline condition, the magnetic particle inte-
grated with a catalyst in a various process such as sol-gel by mixing the magnetic
particles with a precursor such as tetrabutyl titanate dissolved previously in ethanol
to obtain a Fe,04/TiO, [24, 29].

j-  Multimetal oxide Semiconductor/metal oxide heterostructures

To boost the visible light photocatalytic activity, semiconductors have been coupled
with other semiconductors or metal oxide heterostructures with a narrower bandgap.

To be photocatalytically active under visible light, a catalyst must have a narrower
bandgap and lower charge carrier recombination, all semiconductors suffer from
charge carriers recombination either in the bulk or on the surface many approaches
have been applied to exhibit a high quantum yield, firstly by modifying the cata-
lyst by substitution of a metal cation or nonmetal anion, or by co-doping with
compensating cation-anion pairs, another alternative is by exploiting the structural
engineering of nanostructure like synthesizing and the more reactive (001) anatase
surface rather than (101). The recent advanced result showed that the heterostructure
and metal oxide semiconductor combination is a successful approach to adjust the
structure to give a visible light absorption and improved the photocatalytic activity
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compared to pure oxide, composite like BiOBr-ZnFe,0Oy4, BiVO4-WOj3, CdS-TiO,,
WO;-TiO,, Bi;WOg, combining of ZnO with Ag, CdO, or in a ternary form such
as ZnO/Ag/Mn,03, MoO3/TiO,, V,0s5/TiO,, for example, in the case of (RhB)
degradation, a metal oxide such as Bi;WO¢/SnS showed an efficiency of 66% [46],
however, Bi;03-Ce0,Zn0 [21], ZrO,/PbO, [53] using single-step hydrothermal
method showed en efficiency of 93% BiVO,/Bi,0,CO3, CdO-ZnO (97%), CeO,-
Y03 (98%) on the other hand NiO-CdO-ZnO [34] prepared by homogeneous co-
precipitation method achieved a degradation efficiency of 99 and 98% for methylene
blue.

Some metals have been used on the degradation of MB such as CdO-NiO, Fe,0s-
CuO-Zn0O, CdO-NiO ZnO, CdO-ZnO-MgO (78-91%).

Recently a newly emerging strategy based on an environmentally friendly,
economic, and simple process to prepare a nanocomposite based on the green
synthesis, Au/TiO, composite prepared via a green process, in the presence of
Degussa P-25 TiO, HAuCly reduced with, Cinnamoum tamala leaves the aqueous
extract, the degradation activity of the composite on methyl orange found to be
2.5 times more compared TiO; only [35], CuO/ZnO nanocomposites prepared by
using Cu(CH3COO),-H,;0 and Zn(CH3COQO),-2H, O precursors and biomass filtrate
(Penicillium corylophilum). The ratio of CuO (CuO/ZnO) give a noticeable decrease
in the optical band gap 6.32 eV (80%CuO) to 5.22 eV (20%CuO) [14] (Table 1).

4 Conclusion

Important progress has been made in the use of nanocomposites in dye degradation
in recent years. These nanocomposites offer better performance compared to micro
composite materials. There are several methods for making nanocomposite materials,
each with its characteristics. Today, the economic challenges for the development
of these materials are multiple and already affect many fields of application such as
construction, transport, food packaging, sporting goods, textiles, etc.

Currently, advanced oxidation systems may be an alternative to traditional
approaches for the degradation of organic contaminants.
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Table 1 Nanocomposite in Fenton process for dyes degradation

Composite Preparation Dyes degradation References
method
rGO supported Sol-gel and Photo-Fenton Palanivel et al.
NiFe;04/g-C3Ny hydrothermal degradation of RhB [38]
Nickel on Sol-gel Fenton-MB and methyl | Das et al. [9]
hydroxyapatite-encapsulated precipitation orange
with Cobalt Ferrite
(Ni/HAP/CoFe;04)
ZnO/FeVO4 Coprecipitation | Photo-Fenton like Rahimpour
process et al. [39]
Iron gel-chitosan/clay Self-assembled Photo-Fenton MB dye Palanivel et al.
(montmorillonite [38]
nanosheets)(Fe-CS/MMTNS)
MnFe,04/rGO One-pot Photo-Fentonmethylene | Wei et al. [50]
hydrothermal blue (MB)
method
Co Fey04/rGO Thermal Fenton-like reaction Hassani et al.
decomposition — methyl orange (MO) [20]
- RhB
MnFe;04@ SnS» Hydrothermal Photo-Fentonmethylene | Zhao et al. [56]
blue (MB)
MnO,/NiO nanocomposite Hydrothermal Photo-Fenton-like Zhang et al.
method degradation of orange II | [55]
Fe304 @cellulose Co-precipitation | Fenton reaction Lu et al. [30]

methylene blue (MB)

Fe304 @cellulosaerogel Hydrothermal Fenton-like degradation | Jiao et al. [25]
of RhB
Fe3;04/ MWCNT Solvothermal Heterogeneous Fenton Xuetal. [51]
methyl orange
Fe,O3/CNT Chemical Heterogeneous E-Fenton | Yao et al. [54]
synthesis RhB

ZnFe; 04 @g-C3Ny

Co-precipitation

Fenton-like
photodegradation RhB

Borthakur and
Saikia [4]

Fe304/TiO,/C nanocomposites | Precipitating MB dye Fenton-like Liu et al. [29]
hydrothermal system
(Fe304 NPs) and molybdenum | Hydrothermal Fenton-like RhB Han et al. [19]

disulfide microspheres (MoS;)
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Abstract Photocatalysis, being a sustainable and environmentally friendly tech-
nology with potential for low-cost applications, is one of the most researched methods
for dye decolourization. Among the various photocatalysts available, TiO; is a highly
efficient and stable photocatalyst. Even though reports of scientific studies on the
use of TiO, dates to 1930s, wider attention and numerous studies on its appli-
cation as a photocatalyst for environmental remediation started after the study by
Fujishima and Honda in 1972. The use of pure TiO; as photocatalyst is limited due
to its high band gap energy and recombination rate. Also, the photo excitation of
TiO; is in the ultraviolet (UV) range and consequently, only 5% of the total solar
energy could be utilized for photocatalysis with pure TiO,. Another limiting factor
affecting the efficiency of degradation is mass transport limitation and agglomeration
of the photocatalyst. This chapter reviews composites with metals, non-metals, semi-
conductors, carbon derivatives and other support structure, which are developed to
tackle the limitations of photocatalysis with pure TiO,. Metal-doped photocatalysts
aid in reduced recombination and visible light photocatalysis. Non-metal doping
leads to band gap modification and redshift. Heterojunctions with semiconductors
as photosensitizer or electron sinks are possible. Carbon derivative-based compos-
ites and support structure-based composites also are studied extensively. Of late,
co-modified composites are gaining importance. Overall, this book chapter intends
to take the readers through the journey of development and application of TiO,-based
photocatalysts for dye degradation with emphasis on composites.

Keywords Photocatalysis + Dye decolourization + Composites + Advanced
oxidation process + Recombination + Metal doping + Non-metal doping *
Heterojunction - Intermediate energy level

I. M. Sasidharan Pillai (<) - K. L. Priya
Department of Civil Engineering, TKM College of Engineering, Kollam 691005, Kerala, India
e-mail: indums @tkmce.ac.in

K. L. Priya
e-mail: priyaram @tkmce.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021 103
S. S. Muthu and A. Khadir (eds.), Novel Materials for Dye-containing Wastewater

Treatment, Sustainable Textiles: Production, Processing, Manufacturing & Chemistry,
https://doi.org/10.1007/978-981-16-2892-4_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2892-4_5&domain=pdf
mailto:indums@tkmce.ac.in
mailto:priyaram@tkmce.ac.in
https://doi.org/10.1007/978-981-16-2892-4_5

104 I. M. Sasidharan Pillai and K. L. Priya

1 Introduction

Freshwater resources are shrinking day by day, mainly due to overexploitation and
pollution. According to the World Water Development Report (2020) globally about
4 billion people live under severe physical water scarcity and almost one-fourth of
the world face economic water scarcity [126]. Coupled with the increased awareness
about health-related problems due to water pollution, various governments were seen
to take stricter legal action to throttle the pollution.

Among the various pollutants, dyes are a major issue worldwide. More than 10,000
different varieties of dyes are produced around the world [106]. Discharge of dye-
containing wastewater to land and water bodies leads to many environmental and
health issues. Aesthetic pollution, organic loading in the receiving water bodies,
interference with penetration of light into waterbodies affecting the aquatic flora and
fauna, toxicity and carcinogenicity of dyes, etc., are a few in the list [27, 96, 97,
107]. Adsorption, coagulation, chemical treatment, microbial remediation, etc., are
applied for the treatment of this wastewater with different degree of success [29].
But the complete degradation and removal of dyes remain a challenge.

Advanced oxidation processes (AOPs) are now gaining importance as a major
technology for wastewater management, especially for the treatment of recalci-
trant organics and natural organic matter [113]. The method is based mostly on
the use of hydroxyl radical (the second-best oxidizing agent next to fluorine) for
the oxidation. The non-specific nature of hydroxyl radical and its ability to degrade
a wide variety of contaminants helps in the degradation of complex wastewaters
by AOPs. The main pathways for hydroxyl generation in AOPs are by chemical
reaction (H,O,/Fe?*, H,0,/03, etc.), photolytic techniques (Photocatalytic oxida-
tion, photoelectrochemical oxidation, etc.) or electrolytic techniques (electrochem-
ical oxidation, electro-Fenton, etc.). Among the different AOPs, photocatalysis is the
most widely researched option. Many metal-based semiconductors including TiO,,
Zn0O, Sn0,, Fe,03, WO3, VO4, M00Oy, CeOy4, CdS, ZnS have proved efficient in
the degradation of dyes [20]. Among the various photocatalysts available, TiO, is a
highly efficient, low cost and stable photocatalyst [13, 18, 45, 93, 102, 105]. Hence,
TiO; and its various modifications are studied elaborately as photocatalysts for dye
degradation. This chapter discusses about the general mechanism of photocatalysis
followed by a brief description on the genesis and of photocatalysis using TiO, and its
various modifications. Mechanism of degradation with modified TiO, is examined.
The modifications are classified under different heads and application of modified
TiO, under each classification in dye degradation is reviewed.

2 Mechanism of Photocatalysis

In semiconductors, the energy difference between the bottom of the conduction band
and top of the valance band is known as band gap. The electron bound in the valance
band will move to the conduction band upon acquiring energy greater than or equal
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Fig. 1 Mechanism of photocatalytic oxidation with pure TiO2

to the band gap. This electron is then free to move within the lattice structure of
the crystal. In case of photocatalysis, photons of energy greater than the band gap
excite the electrons in the valence band and the electrons move to the conduction
band leaving a positively charged hole in the valence band (Eq. 1). This is commonly
referred to as the generation of electron-hole pair [36].

The electron and hole migrate to the surface of the crystal, where it undergoes
redox reactions with the adsorbed reactants. The hole can tap the electron from the
hydroxyl ion in the water to produce hydroxyl radical (Eq. 2). This hydroxyl radical
aids in the degradation of the contaminants in the bulk solution. But owing to the
short lifetime of the hydroxyl radical, its action is limited to near the photocatalyst
[37]. The electron can also generate superoxide radicals which aid in the degradation
(Eq. 3). The detailed mechanism is depicted in Fig. 1.

TiO, + hv — e, + h;, (1)
OH™ +h{, - H" +*OH (2)
Oy +ey — 05° 3)

TiO, shows exceptionally good photocatalytic activity in the crystalline phase,
whereas the activity in the amorphous phase is limited. TiO, exists in three crystal
structures namely anatase, rutile, and brookite. The band gap energy for these three
crystal structures is 3.2 eV, 3.0 eV and 3.54 eV for anatase, rutile and brookite struc-
tures, respectively [24, 31]. Of the three, anatase is more active photo catalytically
owing to its better adsorption capacity, higher reduction potential and slower recom-
bination [28, 48]. Degussa P25, which is one of the most widely studied commercial
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photocatalysts has anatase and rutile phase in the ratio 70:30 (approximately) and
has better efficiency. This is due to reduced recombination owing to the formation
of heterojunction between the two phases [31, 48].

Earlier studies on TiO, photocatalysis focused mostly on optimization of oper-
ating parameters. However, even though near 100% efficiency for dye removal was
obtained at optimum conditions, the technology is not used in the field. The main
challenges limiting the field application are listed below [13, 16, 19, 53, 54].

i.  Photoexcitation of TiO; is in UV range owing to its high band gap energy.
Since the UV component in solar light is less than 5%, this technology is not
cost-efficient.

ii.  The photonic efficiency of the system is reduced due to high electron-hole
recombination (in the order of 10~? s), whereas the degradation of contaminants
takes 1073 to 1073 s, leading to low quantum yield.

iii.  Agglomeration of TiO, nanoparticles causes a reduction in the surface area.
Since photocatalysis is a surface phenomenon, this reduces efficiency.

iv.  Transport of the contaminant from the bulk of the solution to the photocatalyst
surface is required for the decomposition, i.e. the removal efficiency is mass
transport controlled.

v.  Separation of photocatalyst from the reaction medium after treatment.

In the last decade, researchers concentrated on overcoming these limitations of
TiO, and as a result, many modifications, and composites of TiO, were prepared and
tested. A brief history of the development of various photocatalysts is provided in
the following section.

3 Genesis and Advancement of TiO;, Photocatalysis

Reports of scientific studies on the use of TiO, dates to the 1930s. Wider attention
and a large number of studies on its application as photocatalyst for environmental
application started after the paper on water photolysis using TiO, by Fujishima
and Honda in 1972 [94]. Environmental application of TiO, was first reported by
Frank and Bard [94]. To tackle these issues and improve the properties of TiO,
photocatalysts various modifications were carried out. The initial focus was to reduce
the recombination and improve the photonic efficiency. One prominent modification
in this aspect was the doping of the catalyst with various metals, especially noble
metals.

Doping with transition metal elements, resulting in visible light-sensitive photo-
catalysis were studied extensively post the study by Anpo in the late 1990s [47].
However, e~ trapping by metal centres (beyond optimum doping), thermal insta-
bility and costly preparation process led researchers to explore non-metals for this
purpose. Nitrogen is the most widely studied non-metal dopant, with a good visible
light response [44]. The photocatalytic activity of nitrogen-doped TiO, was initially
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explored Sato in 1986 [47, 94]. Dye sensitized TiO, photocatalysis studied from the
late 1990s also aided in visible light photocatalysis [47].

Immobilization on glass/quartz was attempted to separate the TiO, from the
reactor. Various modifications like coating on magnetic iron oxide, different
polymers, natural/biological membranes, etc., are attempted recently in this line
[32, 46, 65, 98, 141].

Of late, most of the studies focus on modification with carbon-based materials.
Another line of study is co-modification with two or more compounds to enhance
specific properties of the photocatalyst. These are discussed in detail in the following
sections.

4 Degradation Mechanism with Modified TiO;

As evident from the previous section, many modifications are explored to improve
the photocatalytic performance of TiO,. These modifications improve the efficiency
by different mechanisms. When materials with good electron affinity form composite
with TiO,, the excited electron from the conduction band is transferred to the element
with high electron affinity. In other words, the material with good electron affinity
acts as an electron sink, thereby preventing the recombination [1, 4, 49]. This helps in
improving the photonic efficiency. The generalized mechanism is depicted in Fig. 2a.

Some elements in the composite can act as a photosensitizer, i.e. they can supply
electron to the TiO, after photoexcitation (Fig. 2b). This can also result in visible
light photocatalysis [78, 80]. Another mechanism of action is band gap modification
(Fig. 2c). This is achieved by introducing intermediate energy levels between the
valance band and conduction band by doping with nonmetals like nitrogen, carbon,
etc., and metals like erbium [ 16, 17]. Reduced TiO; also has intermediate energy band
[34, 76]. The reduction in band gap energy results in redshift and thus leads to visible
light photocatalysis. Another mechanism cited for visible light photocatalysis is
extrinsic adsorption owing to photoionization of defects induced by dopant elements
[55, 79].

Composites of TiO, with metals and semiconductors result in the formation of
heterojunction between the semiconductors (Fig. 2d, e). In a heterojunction free
electron movement from the conduction band of the semiconductor at a higher energy
level to the conduction band of semiconductor at lower energy level takes place.
Depending on the type of semiconductor used in the composite, this can aid in visible
light photocatalysis and/or reduction in recombination rate [57, 75, 88]. Transfer of
holes from higher energy level valance band to lower energy level valance band is
also possible [88].

Many carbon-based substrates act as electron sink and transport the electron away
from the photocatalyst resulting in reduced recombination. They are also good adsor-
bents and hence the mechanism of action includes adsorption and photocatalytic
degradation. In this type of photocatalysis mass transfer limitation, mentioned earlier
is minimized (Fig. 2f).
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The subsequent sections of this chapter focus on the various TiO, composites
applied for dye removal. A wide variety of complexes are developed for dye removal
and hence it is important to classify them before moving on with the discussions.

5 Classification of TiO, Composites

A direct classification of the TiO, composite is not possible due to its varied nature.
Dahl et al. [28] classified the TiO, composites based on their position in the periodic
table. A pictorial representation of the classification proposed by them is shown in
Fig. 3a. The classification by Han et al. [44] is also similar to Dahl et al. [28], but
along with the classification based on the periodic table, functional classification
was also done. The details are provided in Fig. 3b. A more concise classification was
followed by Nasr et al. [84] in their review (Fig. 3c).
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Fang et al. [34] prepared a generalized classification for visible light active reduced
TiO, as non-metal doped TiO,, metal-based reduced TiO,, carbon-based TiO,x and
TiO,.x with special morphology and is represented in Fig. 3d. Higashimoto [47] also
represented visible light active photocatalysts under generalized heads as given in

Fig. 3e.

Based on the above classifications and review of other articles, TiO, composites
are classified under the following in the present study.

1. Metal/metal oxide-based composites
2. Non-metal-based composites
3. Carbon derivatives-based composites
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4. Semiconductor-based composites
5. Support structure-based composites
6. Co-modified composites

Both metal and non-metal-based composites have improved properties due to
bulk modification of the TiO, crystal, whereas the rest achieves improvement in the
property by surface modification [63].

5.1 Metal/Metal Oxide-Based Composites

Studies on decolourization of dye using alkali metals and alkaline earth metals are
limited. TiO, modified with Na, Li and K were studied by Bessekhouad et al. [15].
Both Na and K incorporation led to the deactivation of the photocatalyst in the
degradation of malachite green oxalate and 5% Liimpregnated TiO, performed better
than undoped TiO, in the degradation of malachite green oxalate. Crystallinity was
reported to increase with an increase in Li concentration, whereas K doping had
a detrimental effect on crystallinity. On the contrary, Chen et al. [22] reported an
improvement in photocatalytic efficiency with K* modified composite at optimum
preparation conditions. In general, alkali metals are not an attractive dopant of TiO,.

Transition metals are used widely for the enhancement of the photocatalytic prop-
erties of TiO,. Most of these metals act as e~ sinks, thus preventing recombination.
In W(IV) doped TiO,, the improvement in the efficiency of decolourization of crystal
violet under UV light was attributed to the e~ sink action of W(IV) [26]. Lee et al.
[65] also reported that W doped TiO, performed better in the degradation of methy-
lene blue under UV light. They compared the performance of W doped, Al-doped
and (W + Al) doped TiO, prepared by dip-coating method and observed that the
performance of Al-doped TiO, was poorer than pure TiO,.

Silver doped TiO, prepared by sol-gel method showed 99.5% efficiency in
decolourization of methyl orange under UV irradiation. The authors suggested
that the improvement in efficiency is owing to the e~ sink action of Ag* [122].
Reduction in recombination by Ag* doping of TiO, was observed with Ag-TiO,
thin films deposited on Silica substrate [30]. Pd also improves the photocatalytic
decolourization efficiency by e~ sink mechanism [87].

Some of the transition metals also move to the crystal lattice and result in band
gap modification and improves the visible light excitement. Fe** with a similar ionic
radius as Ti** is one of the easiest metals to incorporate to TiO, crystal lattice.
They are reported to create new energy level and act as an e~ sink [7, 32]. A higher
concentration of Fe** is reported to reduce the crystal size. However, due to particle
agglomeration, the surface area was lesser compared to Degussa P25 [7]. Similar
observation on reduction on particle size at higher iron doping was provided by [5].
Momeni and Ghayeb [79] developed visible light active Co-TiO, nanotube by photo-
assisted deposition of cobalt. The resulting composite had a band gap of 2.42 eV and
exhibited around 70% decolourization efficiency for methylene blue under visible
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light irradiation. Ni doping is also reported to be quite efficient in improving the
visible light response of TiO,, with more than 80% methylene blue removal efficiency
under UV irradiation with Ni-doped TiO, [55]. In both the studies, the removal
efficiency by pure TiO, was reported to be less than 10% under similar degradation
conditions. Doping of Ce ions to TiO; lattice was reported by Yan et al. [135]. A red
shift and visible light activity were reported with Ce doping. Chen et al. [23] also
reported visible light activity of Ce-doped TiO,. However, they had reported that Ce
is attached to the surface of TiO, and cannot move to the bulk of the crystal. The
contradiction could be due to the difference in preparation conditions. Nearly 100%
removal efficiency for methyl orange was obtained with Cu-doped TiO, having the
optimal doping of 1 mol%.

Heterojunctions also aid in improving photocatalytic efficiency. Bi-TiO,
nanotubes were reported to form heterojunction, where Bi acted as an e~ sink. Band
gap energy reduction from 3.18 eV (pristine TiO;) to 2.82 eV was also reported
leading to 3.6 fold improvement in methylene blue degradation under visible light
[4]. Heterojunction of TiO, film with silver ion was reported by Demirci et al. [30].

The effectiveness of the modification depends on several factors including the
relative proportion of the metal/metal oxide in the composite, calcination, technique
used for the modification, etc. If the dosage of the metal is beyond an optimal limit,
they can act as centres of recombination, thus affecting the efficiency detrimentally
[32, 44, 138]. The optimal concentration for Ag*™ was reported as 0.25 mol% [122],
whereas for another noble metal, Pt, the optimum doping was reported to be 0.5
atom% [56] and for Pd, it was 0.5 wt% [87]. Fe** was also reported to function
efficiently at low molecular concentration, the efficiency reducing with an increase
in concentration [32]. In the case of La, 1 mol% was reported as the optimum doping
[69]. Cu* also was reported to perform best at 1% mole fraction [138]. Study on
various rare-earth-doped TiO, (La**, Ce**, Ce**, Nd**, Sm**, Pr**, Eu**, Gd** and
Dy?** doped TiO,) showed a red shift of the doped composites with optimum doping
in the range of 0.5-1 weight % [120].

Chen et al. [22] reported that the efficiency of the photocatalyst depends on the
preparation conditions. An improvement in photocatalytic efficiency was observed
for TiO, with 4.6% mole fractions of K* and calcined at 700 °C, whereas the effi-
ciency was low for composites calcined at a lower temperature. In the modification of
TiO, with alkali metals impregnation method was better than the sol-gel preparation
method [15]. An increase in the concentration of Tungsten (IV) retards conversion
from anatase phase to rutile phase and hinders crystal growth. The optimum concen-
tration of W(IV) for improving the photocatalytic efficiency is reported as 3% [26].
A similar mechanism was also reported for Ce doped TiO,. Ce inhibits the conver-
sion of anatase to rutile phase and restrain the growth of TiO, particle size [135]. A
reverse trend was observed for V doped TiO,, where the anatase to rutile conversion
happened at 300 °C [143].

As evident from the discussion, it is extremely critical that the doping is performed
at an optimal concentration. Beyond the optimal concentrations the metal act as
centres of recombination, thereby reducing the efficiency. Thermal instability of the
modified photocatalysts is also an issue. Another pertinent issue with metal-doped
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photocatalyst is the possibility of metal leaching. Details of different metal-doped
composites are provided in Table 1.

5.2 Non-metal-Based Composites

Non-metal doping in general has minimal effect as recombination centres, which
was one of the major limitations of metal-doped TiO, [21]. Nitrogen is one of the
widely studied non-metal dopants. Nitrogen doping can function in two ways i.e.
while substitution of lattice oxygen by N results in band gap narrowing, interstitial
nitrogen results in the formation of a mid band gap. In both cases, the band gap energy
is reduced and the reduction is more in case of the latter [21, 47]. N-TiO, prepared
by a low-temperature hydrothermal method had the presence of both interstitial
and substitutional nitrogen [133]. Le et al. [64] also reported the incorporation of
nitrogen by substitutional and interstitial means where substitutional doping resulted
in a band gap of 3.06 eV and interstitial doping lead to a band gap of 2.46 eV. In
N-TiO, prepared by chemical precipitation followed by calcination, the substitution
of lattice oxygen by N was observed and the reduction in band gap was estimated
as 0.14 eV. N-TiO, thus developed performed better than Degussa P25 in the visible
region, while in the UV range P25 performed better than N-TiO,.

Carbon is another major non-metal dopant efficient in imparting visible light
photocatalytic activity of TiO,. According to Chen et al. [21], C atom has difficulty in
diffusing to TiO; bulk of TiO; crystal and rather exists on the surface and suppresses
crystal growth and the carbon species on the surface of TiO, lead to agglomeration of
the photocatalyst. On the contrary, Xiao et al. [130] indicated that carbon substitutes
some of the Ti atom in the crystal lattice resulting in the formation of reduced Ti
and consequent red shift. Substitution of oxygen in the crystal lattice by carbon
was also observed [112, 128]. Mechanism of photodegradation with C doping was
suggested to be photosensitization by the carbon species on the surface of TiO; by
Chen et al. [21]. Band gap modification by reducing Ti was suggested as the reason
for enhanced visible-light activity in C-TiO, prepared by sol-gel auto-combustion
technique [130]. Carbon also improved the adsorption of dyes and thus reduced the
mass transfer limitation [104, 112].

Sulphur is also reported to enhance visible light activity. During doping of TiO,
with cationic sulphur, the dopant substituted Ti from the crystal lattice causing a
red shift owing to band gap modification [14, 83, 90]. Band gap modification by
substitution of oxygen in the lattice with anionic sulphur was also studied [125].
Doping process did not affect the crystal phase of TiO;, [14]. F-S-co-doped TiO,
showed better performance than F doped TiO, and S doped TiO,. The co-doped
composite had excellent structural stability [137]. The ionic radius of fluorine and
oxygen are remarkably close and hence oxygen in the TiO, lattice can be replaced
by Fluorine with ease. Inhibition of anatase to rutile crystal transformation was also
reported [131]. Fluoride doping also has the advantage of suppression of brookite
crystal formation [140]. Fluorine doping does not produce mid-gap energy levels but
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leads to the formation of surface oxygen vacancies which is important for visible light
absorption [137]. Fluorine doping affects the strength and mode of dye adsorption
and due to the surface charge modification associated with fluorine doping retardation
in degradation efficiency of anionic dyes are noted [44].

Other anions doped with TiO; include boron, phosphorus, iodine, etc. [67, 117,
136]. In all the cases, visible light photocatalysis is achieved. In general, non-metal
doping is a band gap engineering technique where redshift in light absorption is
achieved mainly through the introduction of sub-levels or creation of oxygen defects.
Despite the visible light activity, other limitations of TiO, photocatalysis remain in
non-metal modified catalysts and need to be addressed. Table 2 summarizes different
nonmetal doped composites.

Calcination temperature plays a crucial role in determining the efficiency of
nonmetal doped TiO,. Le et al. [64] reported that the dopant (N) concentration
reduced with an increase in calcination temperature. Agglomeration of particles with
the increase in temperature was also reported. The optimum calcination temperature
was 400 °C [110]. N-TiO, prepared by sol-gel method and calcined at 400 °C proved
to be an excellent photocatalyst in the degradation of azo dyes. The study stresses
that the photocatalyst remains in the amorphous state before calcination and is less
efficient [61, 70]. The effect of calcination temperature on carbon doping was studied
in detail and 600 °C was found to be optimal [130]. A loss in carbon content with an
increase in the calcination temperature was reported by Matos et al. [77]. Temperature
is reported to have a crucial role while doping TiO, with sulphur and the optimum
temperature obtained was 500 °C [14, 83, 90]. Carbon doping is found to inhibit the
formation of Brookite TiO, [77, 104]. A reduction in crystal size with doping was
also reported [21, 70, 110]. The phase transformation from anatase to brookite was
also inhibited by N-doping [25]. Unlike metal doping optimum concentration of the
dopant was not considered in most of the studies, however Le et al. [64] reported the
optimum N concentration obtained in their study as 9.47 atomic mass%.

5.3 Carbon Derivatives-Based Composites

In this section, a discussion on various composites based on different forms of
carbon like activated carbon, carbon nanotube, fullerene (C60), graphene, graphene
oxide (GO), reduced graphene oxide (rGO), xerogel, etc., which is extensively
studied recently, is included. Optical and photocatalytic activities can be signifi-
cantly improved in the case of nanocarbon derivative-based composites [17]. Table 3
indicates the performance of TiO,/carbon derivates-based composites. Unlike carbon
doping, these carbon derivatives modify the properties of TiO, by different mecha-
nisms and in general, are more advantageous. They act as conductive linkers, e~ sink,
photosensitizers, and support for catalysts [9, 13]. The simplest of these modifiers
is activated carbon-based composites where the activated carbon acts as a support
for TiO, and adsorb pollutant from the bulk of the solution and concentrates it near
the TiO, surface [6]. The photodegradation by commercial activated carbon/TiO,
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composite is reported to be two times faster than that by pure TiO, owing to the highly
porous nature of the commercial activated carbon [82]. More than 90% dye removal
efficiency for activated carbon/TiO, composite was reported under UV irradiation
[99].

Single-walled carbon nanotube (SWCNT) reduces recombination by e~ sink and
transport action and hence the performance of TiO,-SWCNT (k = 2.4 x 1073) was
reported as better than TiO, alone (k =9.7 x 10~*)[19]. Da Dalt et al. [27] prepared
multiwalled carbon nanotube (MWCNT)/TiO, composites by sol-gel method, but
the performance of the prepared composite was poorer than pure TiO, and MWCNT.
Oh et al. [89] performed a comparative assessment of the efficiency of two carbon-
based photocatalysts in the degradation of methylene blue and concluded that the
performance of MWCNT/TiO, (1.19 times more efficient than pristine TiO;) was
better than that of Cgp/TiO, (1.03 times more efficient than pristine TiO;). In another
comparative assessment study, Degussa P25/graphene composite performed better
than Degussa P25/carbon nano tube composite under both UV light and visible light.
Performance of both the composites was much better than pure TiO, [141].

As in the case of carbon-doped TiO;, a detailed analysis of XRD spectra of carbon
nanotube/TiO; indicated that TiO; crystals are not well developed (amorphous TiO;).
The phase conversion was achieved by thermal treatment [27]. Anatase crystal struc-
ture formed at a temperature range of 350—450 °C and for a temperature of 550 °C,
rutile phase was prominent. Surface area also decreased with the increase in temper-
ature [50]. Another factor affecting the degradation efficiency was the mass ratio of
carbon nanotube. At lower mass ratios (0.05 and 0.1) improvement in the efficiency
of the composite was observed. However, at a mass ratio of 0.15 and above, the effi-
ciency of the composite was less than that of TiO, nanotube, which was attributed to
photon scattering by surplus carbon [50]. Other forms of carbon also show a similar
trend. Reduced graphene oxide/TiO, composite at 3% rGO concentration had 4.1
fold higher photocurrent in contrast to TiO, nanotube [86]. The optimal mass ratio
of graphene oxide in GO/TiO, was reported as 10% [85]. In the study conducted by
Song et al. [118], a higher mass ratio of 15% was reported to be optimal. Both crystal
phase and size are affected by carbon concentration [13, 41].

Graphene sheets form a heterojunction with TiO, and act as acceptors and trans-
porters of photogenerated electrons and suppress electron-hole recombination [17,
81]. This property resulted in 12 times better photocatalytic activity of graphene
oxide-TiO, nanocomposites than nano TiO,. However, a significant difference in
time required was observed for the degradation of methyl orange (240 min) and
methylene blue (25 min), indicating the selective nature of the photocatalyst [8].
Apart from acting as an e~ sink, carbon composites also act as a sensitizer [71, 78].
The sensitizer effect of reduced graphene oxide was observed under visible light,
whereas under UV light it acts as an electron acceptor [93]. Functionalized carbon
nanotube and carbon xerogel can also act as a sensitizer [13, 109].

The preparation procedure has a major role in determining the photocatalytic effi-
ciency of the composite. Sampaio et al. [109] reported that TiO,/carbon nanotube
composite prepared through sol-gel method had improved efficiency in compar-
ison with pure TiO,, whereas for TiO,/carbon nanotube composite prepared through
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hydration-dehydration technique the efficiency was lesser than that of pure TiO,.
The properties of the composites also varied with the preparation procedure.

A major limitation of the carbon-based composites is the masking of light by
carbon, i.e. weakening of the light intensity arriving at the surface of the catalysts
due to the presence of nanocarbon and lack of reproducibility of the photocatalyst
due to variations in preparation and treatment [1, 9, 92]. Table 3 indicates good
recyclability for the carbon-derivatives-based TiO, photocatalysts.

5.4 Semiconductor-Based Composites

In semiconductor-based composites, two semiconductors interact over a heterojunc-
tion resulting in reduced recombination, visible light photocatalysis, etc., based
on the property of the semiconductors. Different semiconductor composites were
attempted to improve the property of the TiO,. Fang et al. [35] developed Cu,O/TiO,
composite with visible light activity. They reported that the calcination temper-
ature had an important role in the crystallization with the temperature between
400-600 °C yielding high purity anatase TiO,. The band gap of Cu,0O is 2.2 eV
and hence photoexcitation occurs in the visible wavelength. The excited electron is
transferred to the conduction band of TiO,, aiding degradation. Thus. the composite
has reduced recombination and improved light response [35]. CuO/TiO, composite
was also successfully attempted. Reduction in band gap energy with an increase
in CuO concentration was reported [57]. Composite of TiO, with WO3 was also
reported to perform well under visible light and sunlight [72]. The composite has a
reduced band gap (2.78 eV) and improved efficiency [79]. Composite with SeO, also
results in visible light photocatalysis [100]. ZnO is another semiconductor used to
form composite with TiO,. The band gap of ZnO is larger than that of TiO, and the
composite has reduced recombination [127]. SnO; is reported to stabilize the anatase
phase of TiO,. It also reduces recombination and improves solar light photocatalytic
activity by reducing the band gap [59, 101, 111]. The optimum concentration of
SnO; in the composite was reported as less than 10% [59].

TiO,/ZnFe, 04 was found to be 4-5 times more efficient than pure TiO; in visible
light photocatalysis of methyl orange. The magnetic property of the composite also
aids in easy separation from the reactor [132, 134]. TiO,/magnetic Fe;O4 composite
prepared by acid sol method had the dual advantage of easy separation of photo-
catalyst from the reactor and improved decolourization efficiency owing to e sink
action of Fe**. The composite achieved complete decolourization of reactive bril-
liant red X-3B under UV irradiation [24]. The study highlights the importance of the
preparation method on the efficiency of magnetic nanoparticles.

Other than metal oxides, metal sulphide semiconductors were also effectively
used for the preparation of composite with TiO,. Composite of MoS, with TiO, was
2.5 times more efficient than pure TiO,. The semiconductor was reported to form a
heterojunction with TiO, and reduce recombination with MoS, acting as an electron
sink [49]. In another study MoS; nanosheet-mesoporous TiO, composite prepared by
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hydrothermal approach was shown to perform well under sunlight with greater than
90% colour removal efficiency while mesoporous TiO, had around 65% efficiency.
The optimum proportion was 0.3 weight % of mesoporous TiO, on MoS, nanosheet
[53]. Visible light photocatalysis of drimaren red, rhodamine B and methylene blue
with CdS/TiO, was reported [11, 40, 66, 124]. The optimal proportion of CdS to
TiO, was reported to be 12% by Li et al. [66], whereas TiO,/CdS ratio of 4:1 was
reported to be optimal by Bai et al. [12].

Composite with amorphous carbon nitride, a semiconductor in the visible region
with band gap of 2.7 eV is reported to have high efficiency in comparison to commer-
cially available TiO; [9]. Simonkolleite, a wideband semiconductor with band struc-
ture similar to ZnO, was used to prepare composite with TiO, and the prepared
composite had visible light activity [10, 91]. A considerable reduction in the surface
area upon the formation of the composite was reported [10]. The details of various
semiconductor-based composites are shown in Table 4.

5.5 Support Structure-Based Composites

Support structure-based TiO, composites address three different limitations, individ-
ually or in conjunction, i.e. mass transport limitation, agglomeration of photocatalyst
and recovery of photocatalyst after the reaction. Some support structures also interact
with the photocatalyst resulting in visible light photocatalysis and/or reduced recom-
bination. As described in Sect. 5.3, carbon derivatives like activated carbon, carbon
nanotube, etc., act as efficient support structures for TiO, photocatalysis with good
adsorption capacity and dispersion of TiO, [108, 114].

Researchers addressed the issue of difficulty in the separation of TiO, from the
reaction mixture majorly in two ways. One method is the preparation of compos-
ites with a magnetic nanoparticle. The second method is the support structure-based
composites. Earlier glass and quartz were tried as support structures [32, 65, 119].
TiO, embedded on poly(methyl methacrylate) was efficiently used to retrieve nano
photocatalyst from the slurry reactor [19]. Floating photocatalyst was developed by
using low-density polyethylene as the substrate. The composite had a strong bonding
and leaching was not reported, however, agglomeration of the photocatalyst at high
TiO, concentration was reported as an issue [74]. Poly sulfone is another polymeric
membrane attempted for the immobilization of TiO, [60]. Composite with a conduc-
tive polymer (polypyrole) had good decolourization efficiency under UV light and
sunlight. The conductive polymer acted as a photosensitizer in the composite, but the
reusability of the composite is not good [58]. Poly [acrylamide-co-(acrylic acid)] also
served as good support at low TiO, concentration. But agglomeration at high TiO,
concentration and poor recyclability due to change in morphology of the hydrogel
during photodegradation are the major limitations [51]. Methyl cellulose, porous
poly dimethyl siloxane, bentonite, poly aniline, etc., are other supports studied [43,
46, 62, 103]. An added advantage of these composites is its increased porosity and
improved adsorption capacity which helps in addressing the mass transport limitation
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[38, 103, 123]. Some of these polymers can also enhance the visible light activity
of the composite. A polymer, poly hydroxy butyrate, was used as a substrate for
immobilization with solar light activity. The authors reported biodegradability of the
polymer, but that can lead to the release of TiO, nanoparticles to the environment
which is not desirable [139].

TiO, was successfully immobilized on clay with improved efficiency owing to
adsorption and concentration of contaminants near to the photocatalyst [119, 129].
Visible light activity was also reported with hybrid kaolin clay substrate [129].

Many natural materials like chitosan, 3D eggshell membrane, xylan, cellulose,
etc., are successfully used in the immobilization of TiO, [36, 38, 42, 68, 73, 142,
144]. These membranes concentrate the dye near TiO, by adsorption, improves the
recovery of the photocatalyst and reduce agglomeration. The possibility of photocat-
alytic degradation of the cellulose membranes needs to considered [123]. Another
issue of the cellulose membrane is its negative charge due to which retention aids
need to be incorporated in the photocatalyst for effective degradation of anionic dye
[98] (Table 5).

5.6 Co-modified Composites

Of late co-modified composites with more than one additive are gaining importance.
The synergistic action of the multiple additives aid in overcoming multiple limi-
tations of the TiO, photocatalyst. Brindha and Sivakumar [17] developed nitrogen
and sulphur co-doped TiO,/rGO composite, where rGO acted as acceptor and trans-
porter of photogenerated electron thereby reducing recombination and anion doping
reduced the band gap energy enabling visible light photocatalysis. There was a
considerable effect of the graphene dose and 5%-rGO was found to be optimal [17].
The efficacy of TiO, composites with N-doped graphene and B-doped graphene was
studied by Gopalakrishnan et al. [41]. It was found that the type of dopant affects the
behaviour of the photocatalyst. During degradation of methylene blue and rhodamine
B using these photocatalysts, it was observed that boron-doped graphene/TiO,
performed best in degrading methylene blue and nitrogen-doped graphene/TiO,
performed well in the removal of rhodamine B [41]. TiO,/B-nanowire/rGO was
reported to result in band gap engineering and had visible light activity, increased
surface area and adsorption and reduced recombination [76]. Nitrogen and palla-
dium co-doped TiO, embedded in polysulfone membrane could effectively be used
in membrane photocatalytic reactor with visible light activity [60].

A comparative assessment of semiconductor composite and first-row transition
metal-doped semiconductor composite indicated that the metal doping has improved
the efficiency of the photocatalyst and enhanced light absorption. The efficiency
of the different composites follows the order Ni-SiO,/TiO; > Cr-SiO,/TiO, > Zn-
Si0,/TiO; > Co-Si0,/TiO; > Cu-Si0,/TiO, > Si0,/TiO, [2]. Another composite
of metal-doped TiO, is Ni-TiO,/GO [95]. Boikanyo et al. [16] synthesized erbium
and MWCNT modified TiO, immobilized on a biopolymer. Cellulose acetate and
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polycaprol acetone were the biopolymers attempted. In this composite, Er** acts
as a photosensitizer and aids in red shift by band gap engineering. MWCNT aids
in reducing recombination and concentrating the contaminant near the photocata-
lyst and immobilization on biopolymer helps in easy recovery of the photocatalyst
from the reactor. Overall, this combination addresses the major issues posed in TiO,
photocatalysis.

Co-modification of the semiconductor composite ZnO/TiO, with different weight
percentage of rGO indicated that 5% rGO aided in efficiency enhancement of
the photocatalyst. The improvement in overall efficiency was due to adsorp-
tion and concentration of the dye by rGO and the effective transport of photo-
generated electrons to rGO, thereby reducing recombination [86]. Substantial
increase in photodegradation efficiency was obtained by a similar mechanism in
TiO,/Zn0O/Bi,03-graphene nanofibre composite and ZnO-graphene-TiO, composite
[52, 88]. ZnO-graphene-TiO, composite was 3 times more efficient than pure TiO,
[88] Another co-modification of semiconductor composite is Cu, O/TiO, composite
immobilized with aluminosilicate inorganic polymer [33] and CdS-graphene-TiO,
co-modified composite. Performance of co-modified composites is depicted in
Table 6.

6 Discussion and Conclusions

Photocatalysis is a potential technology for the treatment of dye-containing wastew-
ater and TiO; is the most widely studied photocatalyst. However, pure TiO,, even
though efficient has many limitations, which restrict its field application. Many TiO,
composites are developed to address the shortfall of pure TiO, photocatalysis. The
studies indicate the enhanced activity of the catalysts. Co-modified composites are
having good prospects for field application as they can address multiple limitations
of pure TiO, photocatalysis. However, the studies are mostly carried out under simu-
lated conditions and only limited testing is done under real conditions. In a few
studies on commercial dyes, a significant reduction in efficiency in comparison to
other dyes was observed. Hence it is difficult to assess the applicability in the field.
Also, the studies on composites are limited to the development of novel composites
and testing. The influence of modification on pH,,. and the effect of operational
parameters are studied rarely. Hence, the novel catalysts developed may be good for
a group of dyes and not good for other types of dyes.

Only very few studies are focused on reactor design and field testing. This indicates
that there is a long way to go for the field implementation of photocatalytic treatment
of dye wastewater using TiO, and its composites.
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Nanocellulose-Based Membranes )
for the Removal of Dyes from Aquatic L
Systems

Nhamo Chaukura, Thato M. Masilompane, Mpho Motsamai, Abel Hunt,
and Khanya V. Phungula

Abstract Conventional methods used in dye removal have limited efficiencies. Due
to its eco-friendliness and other desirable characteristics, such as biodegradation,
environmental friendliness, nontoxicity, excellent thermal and mechanical properties,
and ease of modification, cellulose has found application in fabrication of membranes
for dye removal from wastewater. Unlike the bulk form, the properties of nanocellu-
lose include high mechanical strength and high surface area, giving it potential for
the fabrication of high-efficiency membranes. This stems primarily from the abun-
dant surface OH groups. Moreover, nanocellulose affords a high aspect ratio, a large
population of active binding sites, resulting in high adsorption capacity for a range of
pollutants including dyes. The major challenge in the design of nanocellulose-based
membranes is ensuring adequate access to reactive sites, together with maintaining
high flux and mechanical stability. Generally, incorporating nanomaterials into the
membrane matrix reduces fouling. This chapter reviews literature on the use of
nanocellulose-based membranes in the remediation of dye-polluted wastewater. The
specific objectives are: (1) to evaluate literature on the synthesis and fabrication of
nanocellulose-based membranes and (2) to link the physico-chemical properties of
the membranes to their dye removal performance.

Keywords Biomaterials - Nanofiltration - Photodegradation - Wastewater
treatment

1 Introduction

Dyes are recalcitrant to aerobic degradation, and stable to heat, light, and oxidants [1].
As aresult, the treatment of dye-polluted wastewater is challenging, and consequently
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dyes persist in treated water. A number of treatment approaches have been applied in
the remediation of dye-contaminated wastewater, and these include adsorption, coag-
ulation, chemical oxidation, electrochemical, photocatalytic, and membrane separa-
tion processes [2]. Among these, membrane technology is an effective method for the
remediation of dye-contaminated water [3]. Recently, there has been a shift towards
green technologies with a reduced carbon footprint (refs). In this regard, membranes
derived from biomaterials have gained significant research interest.

Biomaterials are abundant, cheap, and have desirable physico-chemical proper-
ties, thus they have potential as feedstock for synthesizing and fabricating nanocel-
lulose membranes [4, 5]. They are composed of several organic compounds such
as hemicellulose, lignin, and cellulose with polyphenolic moieties that influence
the binding mechanisms of dyes [5]. Cellulose is the most abundant renewable
biopolymer and can be obtained from a range of biowastes. Owing to its biodegrada-
tion, excellent mechanical and thermal properties, nontoxicity, and relative ease of
modification, cellulose has received considerable attention in the design, synthesis,
and fabrication of water treatment materials and devices [6].

The cellulose surface has oxygenated functional groups, and the carbon backbone
can be easily modified and tailored to introduce properties that target certain pollu-
tants [5, 7]. Moreover, it is easily modified into nanocellulose, which has a high aspect
ratio that endows it with high removal capacities [3]. Thus, cellulose and its deriva-
tives such as cellulose nanocrystals, nanofibers, nanofibrils, or nanowires have great
promise in the removal of pollutants such as dyes from aqueous systems. Besides
being used as powdered or granular adsorbents, nanocellulose can be fashioned into
membranes using various methods. Previous studies have reported high dye removal
efficiencies using nanocellulose-based membranes [2, 8, 9]. This chapter aims at
reviewing literature on the use of nanocellulose-based membranes in dye remedia-
tion. Specifically, the objectives are: (1) to evaluate literature on the synthesis and
fabrication of nanocellulose-based membranes and (2) to link the physico-chemical
properties of the membranes to their dye removal performance. Knowledge gaps and
opportunities for future research were identified.

2 Synthesis and Fabrication of Cellulose-Based Membranes

2.1 Precursor Materials

Cellulose (30-50%) is a carbohydrate that co-occurs with lignin (10-20%), hemi-
cellulose (15-35%), and a small proportion of other plant components such as
amino acids, essential oils, fat reducing agents, flavonoids, gum, saponins, starch,
sterols, and sugars within the plant fibers [6]. With its strength and flexibility, lignin
protects the plant from microbial invasion, while hemicellulose serves as an adhesive
between the lignin and cellulose. In turn, cellulose confers mechanical stability and
hydrophobic character to the plant cell wall [6]. It is readily available, environmental
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friendly, and nontoxic as well as inexpensive. Various cellulosic materials ranging
from leaf fibers, bast, straw, grass to wood, agricultural wastes or by-products, oil
palm, and other sources such as bacteria or animals have been studied [6, 10-15]. The
chemical structure of cellulose provides sites for interaction with various pollutants
and avails opportunities for functionalization using a range of reactive moieties.
It consists of D-glucopyranose monomeric units with p-1, 4-glycosodic linkages,
and is stabilized by hydrogen bonding [16, 17]. The abundant OH groups facilitate
hydrogen bonding that confer a three-dimensional fibrous structure on the cellulose
[6]. The hydrogen bonding stabilizes cellulose and confers axial stiffness to cellulose
fibrils. In addition, the OH groups permit the modification of surface charge using
biological, chemical, and mechanical approaches. Within the cellulose fibril struc-
ture, there are areas where cellulose chains are highly ordered and crystalline, and
other regions that are of low order and amorphous [18]. Because of these remarkable
properties and the potential to sequestrate pollutants from aqueous systems, cellulose
has received increasing research interest.

The fabrication of nanomaterials from cellulose has been widely investigated.
These nanomaterials are subsequently used to fabricate cellulose-based membranes.
Common nanomaterials derived from cellulose include bacterial nanocellulose
(BNC), cellulose nanocrystals (CNCs), and cellulose nanofibers (CNFs) which can be
synthesized from a range of biomass precursors through acid hydrolysis, mechanical
disintegration, and enzyme treatment, respectively [19]. In a previous study, CNCs
had the largest surface area (138-226 m?/g) relative to CNFs (146-219 m?/g) and
Chitosan-CNC composites (76-86 m?/g) (Liu et al. 2014). The crystallinity of the
materials increased due to the elimination of amorphous phases in cellulose sludge
during the synthesis process. Thermal degradation experiments showed CNCs had
the least degradation temperature (209 °C), followed by ChCNCs (200 °C) and CNFs
(258 °C). The zeta potentials followed the trend CNC < CNF < Chitosan-CNC with
values in the range of —44.4 to 47.3 mV, most of which were negative, suggesting
negatively charged surfaces, save for the positively charged CNF surface at lower
pH. Overall, the conversion of cellulose to nanocellulose produces materials with a
high aspect ratio and modified surface chemistry, and thus suitable for subsequent
modification.

2.1.1 Cellulose Nanofibrils

CNFs contain a network of amorphous and crystalline, micrometer long and
nanometer wide, fibrils [19]. As a result, they possess a large specific surface
area and high aspect ratio. Moreover, the high density of surface OH groups
make CNFs suitable for modification [19]. Mechanical techniques like grinding,
high-pressure homogenization, microfluidization, and ultrasonication are used to
extract CNFs from lignocellulosic plants. Chemical or enzymatic pretreatments
are commonly used to reduce the energy demand for making cellulose nanofib-
rils with smaller diameter and a narrower size distribution [8]. Such pretreatments
include carboxymethylation, enzymatic hydrolysis, phosphorylation, and oxidation
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using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO). Of these, TEMPO oxidation
is commonly used to isolate CNFs [4]. The properties of the resulting CNFs are
influenced by the source of the cellulose material. In addition, the degree of crys-
tallinity, the intensity of the fibrillation, morphology, and structural properties of the
resulting CNFs are artefacts of the extraction method [4]. The large surface area and
high mechanical strength increase the interaction with the secondary materials at
nano-scale to produce a new functionality in hybrid materials [20].

2.1.2 Cellulose Nanocrystals

CNCs are the crystalline component of CNFs following the removal of the amorphous
phase through acid hydrolysis. Their properties mainly depend on the hydrolysis
conditions, which include the concentration of the acid, reaction temperature, and
reaction time. Usually, CNCs have needle-like or rod-like geometries, with dimen-
sions between 1 and 50 nm wide and few 100 nm long. They exhibit high surface areas,
excellent thermal and mechanical properties, and a high high-magnetic response, and
can potentially enhance the mechanical properties of hybrid materials [7, 14]. More-
over, they are hydrophilic owing to the abundant OH groups [21]. The CNCs possess
a high negative surface charge density, and thus provide high adsorption capacity
for the removal of positively charged pollutants [22]. Compared to CNFs, CNCs are
rigid owing to the high degree of crystallinity.

As a result, CNCs have potential in enhancing membrane performance. For
instance, previous studies have fabricated membranes from CNCs and polymers
and metals, and reported improved and increased porosity, increased hydrophilicity,
and in some cases higher selectivity, leading to higher water permeability [21]. In
another study, the incorporation of CNCs into the interlayer of nanofiltration (NF)
membranes resulted in high permeation and increased selectivity towards monovalent
ions.

2.1.3 Bacterial Nanocellulose

Apart from CNCs and CNFs, BNCs are biosynthesized from a wide range of bacteria,
including Gluconacetobacter xylinus and Acetobacter xylinum, via a bottom-up bio-
fabrication assembly technique [16, 23]. Compared to other nanocellulose mate-
rials, BNCs possess the highest purity. The properties of BNCs include nanofiber
network structures and a high moisture content (99%) in the form of thermally and
mechanically stable hydrogels [16]. They possess twisted ribbon geometry with
around 10-20 nm diameter and micrometer lengths [3]. The drying method signif-
icantly influences the properties. Air-drying results in the collapse of the three-
dimensional microstructure as manifested through wrinkling due to fiber aggregation,
shrinkage, and superficial hornification, resulting in reduced porosity [16]. Owing to
its superior crystalline structure and higher purity relative to plant cellulose, BNCs
have excellent mechanical properties [3]. Notably, BNC fibrils offer possibilities to
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obtain the nanofibrils naturally. Nevertheless, biomass derived from plants remain the
most abundant and low-cost source of cellulose, especially in large-scale processes.
Besides, plant-derived nanocellulose is more biodegradable, more hydrophilic, and
thus more eco-friendly. In addition, the high aspect ratio lends it for adsorption
applications [3, 16].

2.1.4 Pretreatment

The purpose of pretreatment is to remove impurities such as ash, hemicellulose,
lignins, and wax to produce pure cellulose. Through chemical or mechanical treat-
ment, cellulose can be converted to CNCs and CNFs, which are subsequently fabri-
cated into membranes by a number of methods [23]. Mechanical processes such as
grinding/crushing, high-pressure homogenization, and ultrasonication are some of
the physical methods used in the preparation of CNFs. CNWs are synthesized via
acid hydrolysis and are made up of short fibrils. However, this method is limited by
low yield and shorter fiber lengths [23].

2.1.5 Chemical Modification of Cellulose

Chemical modification of cellulose can be achieved by either direct modification of
OH groups through various modifying agents, or grafting monomers to cellulose.
The existence of three OH groups in each monomer unit and their high reactivity
give cellulose the properties such as hydrophilicity, chirality, and biodegradability [5,
17]. Besides, OH groups allow for surface modification and tuning of surface charge.
Depending on the chemical treatment used, this produces cellulose derivatives that
have tailored properties for targeted application [7]. Chemical modification of cellu-
lose depends on the position attacked, which can either be anhydro-glucose units
ring opening or attack on the OH group [4]. Apart from the OH groups, the CNC
surface may contain other functional groups arising from the preparation and isola-
tion conditions. Depending on the hydrolysis pathway, common functional groups
introduced during the isolation stage include carboxyl and sulfate groups. These
groups confer a negative charge on the CNC surface in the pH range exceeding the
pK., [1]. In contrast, CNFs are obtained through mechanical disruptions and are not
functionalized and therefore, require further modification to widen their scope of
application. The most frequently used hydrolyzing agent is H,SO,, which reacts
with the surface OH groups of cellulose via an esterification reaction by grafting
anionic sulfate esters. The introduction of these groups carrying a negative charge
facilitates dispersion of the nanocellulose in aqueous solution through electrostatic
repulsion [3]. By modifying the cellulose, physico-chemical properties and selec-
tive interaction improves. Using quaternary ammonium groups gives CNC/CNF a
permanent cationic charge.

Grafting structural moieties onto cellulose using agents such as NaOH, imidazole,
and amines can impart specific structural and physico-chemical properties to the
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modified cellulose [16]. Following membrane fabrication, functional groups can be
grafted onto the surface of nanocellulose via amidation, carboxylation, esterification,
etherification, phosphorylation, oxidation, and sulfonation [23]. Such membranes
are selective in the retention of metal ions, dyes, and microbes in water treat-
ment. Grafting polymers carrying reactive groups is a novel technique that produces
membranes with high adsorption and rejection capacities for a wide range of pollu-
tants. For instance, polymers carrying amino groups were grafted onto nanocellulose
and showed a significant rise in the adsorption of arange of dyes owing to interactions
between dye molecules and the amino group.

3 Membrane Fabrication

Nanocellulose is an excellent precursor for the fabrication of membranes owing to
their excellent chemical and mechanical properties and their ability to form a range
of materials with diverse structures and properties [9, 24]. Various types of nanocel-
lulose have been used to fabricate membranes with tunable porosity [23]. Properties
like selectivity and permeability are influenced by the chemistry and microstruc-
ture of the feedstock. A range of methods have been used to fabricate membranes
from nanocellulose. These include solvent casting, spin-coating, and electrospinning,
freeze-drying followed by compaction, vacuum-filtration followed by dip-coating
[22, 25]. The method used determines the porosity and permeability of the resul-
tant membrane, among other properties. The content of nanocellulose in the hybrid
membrane has a bearing on the ensuing properties. For example, a previous study
demonstrated that drying CNFs at higher CNC content constricts the nanocellulose
network structure and reduces pore sizes [22].

Composite membranes are frequently used in ultrafiltration applications. Because
thinner layers give a higher flux, ultrathin ultrafiltration membranes are the best high-
flux separation membranes in terms of effectiveness. However, a balance has to be
struck to maximize flux while optimizing the mechanical strength of the membrane.

3.1 Modification of Nanocellulose-Based Membranes

Cellulose can be chemically modified by either direct modification of OH groups
through various modifying agents, or grafting monomers to cellulose. The existence
of three OH groups in each monomer unit and their high reactivity give cellulose the
properties such as hydrophilicity, chirality, and biodegradability [5, 17]. Besides, OH
groups allow for surface modification and tuning of surface charge. Depending on the
chemical treatment used, this produces cellulose derivatives that have tailored prop-
erties for targeted application [7]. Chemical modification of cellulose depends on the
position attacked, which can either be anhydro-glucose units ring opening or attack
on the OH group [4]. Apart from the OH groups, the CNC surface may contain other
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functional groups arising from the preparation and isolation conditions. Depending
on the hydrolysis pathway, common functional groups introduced during the isola-
tion stage include carboxyl and sulfate groups. These groups confer a negative charge
on the CNC surface over a range of pH values exceeding the pK, [1]. In contrast,
CNFs are obtained through mechanical disruptions and are not functionalized and
therefore require further modification to widen their scope of application. The most
common hydrolyzing agent is HSO4, which reacts with the cellulose OH groups
through an esterification reaction by grafting anionic sulfate ester moieties. The
introduction of these negatively charged moieties facilitates dispersion of nanocel-
Iulose in aqueous solution through electrostatic repulsion [3]. Thus, by modifying
the cellulose, physico-chemical properties and selectivity improves.

4 Properties of Nanocellulose-Based Membranes

The properties of nanocellulose-based membranes are largely inherited from the
precursor materials. These include tunable porosity and molecular weight cut-off,
high hydrophobicity, and excellent mechanical properties (Table 1). In order to reduce
the energy demand while keeping the high selectivity, a membrane should ideally
have high flux at low pressure [9, 24]. Finding suitable membrane processing path-
ways to achieve these goals is however, a challenge. Owing to the bio-based nature,
biodegradability, and functionality offered by cellulose nanomaterials, the develop-
ment of nanocellulose-based membranes is an interesting area for both research and
industry.

The mechanical properties of membranes are particularly important for the
membrane to withstand the high operation pressures. Nanocellulose has been widely
reported to enhance the mechanical strength and durability of hybrid membranes. For
example, an investigation on CNCs-embedded natural rubber latex (NRL) composite
reported a rise in the tensile strength (27.3%) and tensile modulus (24.8%) with
increasing CNCs content (2—4%), whereas the elongation at break decreased (17.4%)
[34]. The enhancement of mechanical properties was due to the OH groups in NRL
chains which facilitated the interaction of the rubber matrix with CNCs. Another
study developed a CNCs and chitosan composite membrane by freeze-drying,
followed by compaction and subsequent cross-linking with glutaraldehyde vapors
[25]. Both the pristine and cross-linked membranes had similar tensile strengths
(1 MPa), while a 148.4% increase in the tensile modulus was observed after cross-
linking. The membrane had an average pore diameter of 13.0 nm and reduced flux
(64 L m~2 h™'), and effectively retained cationic charged dyes, namely, Victoria
Blue, Rhodamine, and Methyl Violet.

A previous study observed that dip-coating a CNF layer with CNCs increased the
tensile strength and tensile modulus of the membrane [22]. Solvent treatment is a
widely used strategy to tune porosity and surface area. For instance, acetone treatment
increased the pores and reduced hydrogen bonding, and enhancing the membrane
surface area as a result. Similarly, porosity can be tuned using nanomaterials such as
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graphene oxide (GO). An ultrathin GO layer fabricated on a CNF membrane reduced
the average pore size as the thickness of GO layer increased, indicating the GO layer
had denser and smaller pores relative to the CNF layer. In addition, the membrane
showed improved mechanical stability.

The porosity of a membrane determines the water permeability and flux. A
study investigating the impact of CNC on the properties of polyethersulfone (PES)-
based membranes used MWCO measurements to determine the membrane pore size
(Lessan et al. 2020). Neat PES membranes exhibited higher rejection, while the
membranes loaded with CNC (5 wt%) had poor performance, showing the least
rejection on all PEG molecular weights. Higher rejection rates for the 1 and 1.5
wt% PES CNC were observed from molecular weights between 4 and 35 KDa in an
ascending order. At 2 wt% CNC content, the rejection rate increased linearly from 1
to 35 KDa.

5 Cellulose-Based Membranes for Dye Removal

Dyes are recalcitrant to aerobic digestion, biodegradation, and light. Although
biological, chemical, and physical approaches are commonly used for dye removal
from wastewater, membrane filtration is the most effective. The performance of
nanocellulose-based membranes is dependent on the pore structure and the flow mode
used. The performance of CNFs membranes is mainly associated with their selec-
tivity in adsorbing pollutants from water, which is determined by surface functional
groups. The intrinsic hydrophobicity can reduce fouling, which, along with high
cost and limited flux, are major challenges in membrane technology [23]. Thus, effi-
cient technologies for clean water recovery from dye-polluted wastewater are highly
significant. Nanofiltration (NF), a pressure-driven membrane technique with charac-
teristics between those of ultrafiltration (UF) and reverse osmosis (RO) membranes,
is the most promising option for removing dyes from wastewater [35].

A number of previous studies have reported the use of nanocellulose-based
membranes in dye removal from polluted wastewater (Table 2). For example, sulfated
CNCs in a chitosan matrix was reported to remove 98, 84, 69% of Victoria Blue
2B, Methyl Violet 2B, and Rhodamine 6G, respectively [25]. In another study,
zwitterionic BNC crosslinked with poly(2-methacryloyloxyethyl phophorylchline)
performed 5.7-9.1 times better than pristine BNC in removing methyl orange and
methylene blue dyes [36, 37]. However, for nanocellulose hybrid crosslinked with
polyhedral oligomeric silsequioxane containing multi-N-methylol, the adsorption
for Reactive yellow B-4RN and Reactive Blue BRN dyes did not exceed 10% [38].
Adsorption increased with an increase in contact time. A study using carboxylic func-
tionalized CNCs achieved a maximum Crystal violet dye adsorption of 244 mg/g [39].
While the CNC membrane produced by oxidation of sodium periodate reacted with
ethylenediamine had an Acid red GR dye uptake of 556 mg/g [40, 41], crosslinked
microgel polyvinylamine CNC had removal capacities of 896, 1469, and 1250 mg/g
for Acid red, Congo red, and Reactive light yellow, respectively [42].
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Table 2 Applications of cellulose-based membranes in dye removal and comparison with other

membranes/methods
Dye Membrane % Removal Comments References
Victoria Sulfated CNCs in chitosan 98, 84, 69% Electrostatic | [25]
Blue 2B, matrix through freeze-drying attraction
Methyl followed by compacting, between
Violet 2B, | then cross-linked with negatively
Rhodamine | gluteraldehyde vapor charged CNCs
6G and cationic
dyes
Methylene | Zwitterionic BNC PMPC/BNC perform | Electrostatic [36, 37]
blue, cross-linked with 5.7-9.1 times better | interaction
methyl poly(2-methacryloyloxyethyl | than pure BNC in between both
orange phophorylchline) (PMPC) methylene blue and | cationic and
methyl orange anionic dyes
removal. and the
Amino-functionalized | reduction of
aerogels had better both
performance for gram-positive
methyl orange and
removal (266 mg/g) | gram-negative
pathogenic
bacteria
Reactive Nanocellulose hybrid Adsorption for both | Adsorption [38]
yellow B, | cross-linked with polyhedral | dyes <10%. was between
Reactive oligomeric silsequioxane Adsorption increased | dyes and the
Blue containing multi-N-methylol | with contact time -C-N-
function
groups and the
cubic cores in
the
nano-cellulose
composites
Acid red Oxidation of sodium Dye uptake: 556 mg/g | Maximum dye | [40, 41]
periodate sequentially uptake was
reacted with ethylenediamine H-dependent
to make CNC
Acid red Crosslinked microgel Maximum uptake: [42]
Congo red | polyvinylamine CNC 896, 1469, and
Reactive 1250 mg/g for Acid
light red, Congo red, and
yellow Reactive light yellow,

respectively

(continued)
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Table 2 (continued)

Dye Membrane % Removal Comments References
Crystal CNC with carboxylic groups | Maximum Electrostatic | [39]
violet introduced via esterificaton | adsorption: 244 mg/g | interactions
of surface OH groups using between
maleic anhydride negatively
charged CNC
membrane
and cationic
dyes

Besides molecular exclusion due to intrinsic porosity, nanocellulose-based
membranes also remove pollutants through adsorption, the mechanism of which
mainly depends on the nature and availability of active groups serving as adsorption
sites, whereas the membrane pore structure determines the accessibility to the active
sites.

6 Conclusion and Future Outlook

In contrast to the bulk form, nanocellulose has high mechanical strength and a
high surface area, making it very promising for producing membranes. Owing to
their ease of modification and excellent dye retention properties, cellulose-based
membranes have been extensively applied for the remediation of dye-polluted
wastewater. Besides molecular exclusion due to intrinsic porosity, nanocellulose-
based membranes also remove pollutants through adsorption, which depends on the
nature and availability of adsorption sites.

Generally, membranes are susceptible to fouling owing to hydrophobicity, causing
significant decrease in pollutant retention efficacy, flux, and lifespan. While incorpo-
ration of nanomaterials into the membrane matrix has been reported to reduce fouling,
more strategies need to be developed to prolong the lifespan of the membrane.

Further studies should thus focus on:

(1) developing sustainable synthesis and fabrication methods to produce low-cost
membranes. So far this has been pursued through the use of biowastes as
feedstock for nanocellulose.

(2) methods for tailoring membrane porosity without compromising flux and
consequently pollutant removal.

(3) reduction of fouling through cost-effective intelligent processing techniques.
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Abstract Industrial effluents of dyes is a vital source of water pollution, their release
from textile industries into surface water affects the ecosystem by generating over-
sized volumes of outlets mixed with several dyes. These dyes cause harmful health
effects and lead to significant health concerns to humans and affect the environ-
ment. This chapter implements a contribution to environment in a sustainable view
through adsorption and biosorption approaches to remove the methylene blue (MB)
dye from aqueous solutions and from a real effluent of textile industry. In this survey,
efficiencies of several adsorbents such as mineral, organic, synthetic, and low-cost
materials are established. A brief insight into methylene blue dye removal mechanism
and comparison among various adsorbents—Duste Apatite (DA), Phosphogypsium
(PG), Raw Clay (RC), Glebionis coronaria L. (G. coronaria L.), Diplotaxis Harra
(D. Harra), acidic and basic sawdust acacia (A-HCI and A-NaOH)—along with their
sorption properties and their characteristics are discussed. Due to its good sorption
capacity, chemically treated acacia tree sawdust has been successfully applied for
eliminating textile dyes from wastewater. A real final effluent of a textile industry
was thus treated by sorption on both acidic and basic chemically treated acacia tree
sawdust.
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1 Introduction

Toxic organic dyes are considered the major pollutants in wastewater discharged
from textile and other industries. Due to their accumulation in the environment,
these toxic substances cause various harm to the ecosystems. In effect, the release
of huge colored wastewater into the ecosystem involves environmental damages
such as esthetic pollution and troubles of aquatic life. Among 7 x 10° tons and
approximately 10,000 different types of dyes and pigments produced worldwide
annually, it is estimated that 1-15% of the dye is lost in the effluents during the
dyeing process [61].

Furthermore, dyeing 1 kg of cotton could generate 200 kg of wastewater
containing up to 50% of the initial input of dyes in the dye bath and up to 100 g/L
of salts [41, 50]. The majority of these dyes are toxic, mutagenic, carcinogenic, and
cause a serious water pollution.

Due to its effectiveness in various industrial fields, methylene blue (MB) can
contribute to eye burns. Its inhalation can give rise to breathing difficulties and its
ingestion through the mouth produces a burning sensation, causing nausea, vomiting,
sweating, and profuse cold sweating [8]. Its treatment is proven to be effective and
of great attention.

Therefore, to remove dyes from colored aqueous solutions, various processes have
been used such as ultrafiltration [29], photocatalytic degradation [5], photocatal-
ysis [4, 7], electrochemical treatments [23], coagulation/filtration [60], ozonation
[21], reverse osmosis [2, 46], advanced oxidation processes [20, 34, 35], filtration
[53], chemical precipitation [19, 52], electrocoagulation/flotation [42], biologic treat-
ments [32], aerobic and anaerobic microbial degradation [28], ion exchange [26],
and adsorption process [14, 34].

Howover, the majority of these techniques have exhibited their effectiveness to
remove dyes, while, their industrial applications are limited because they are costly,
require high energy, and time consumption. Then these methods can release large
quantities of secondary sludge, which should be also properly treated in order to
prevent the environmental pollution [27]. Wheras, adsorption remains a relatively
easy technique to implement, it is widely used for water treatment [10, 47, 44, 54].
It has long been admited as a simple and economical technique for the treatment of
textile dyes.

Due to its uncomplicated operation process, adsorption onto activated carbon has
been considered the most efficient and applicable approach [36]. While, the utilization
of activated carbon has some drawbacks such as the high cost and regeneration
difficulties [3].

This work aims at the adsorption process of Methylene blue (MB) onto avail-
able low-cost adsorbents including Apatitic phosphate studied for the elimination of
certain hardly degradable organic compounds such as metal ions and dyes [15, 17];
phosphogypsum, attempted during the last decade in agriculture, wastewater treat-
ment, manufacture of plaster, cement, road embankments and earthworks, which have
also been reused for the production of sulfuric acid [37], natural clays, in particular
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illite and kaolinite, reveald a great result in the treatment of colored effluents [9,
25, 40, 44]. Diplotaxis harra (D. harra) and Glebionis coronaria L. (G. coronaria
L.) biomasses as plentiful, easily available, and no-toxic biosorbents and acidic and
basic sawdust of acacia.

Biosorption and adsorption processes were investigated through the optimization
of the contact time and adsorbent dosage. Equilibrium adsorption were modeled by
Langmuir and Freundlich isotherm models. The surface properties of adsorbents
were evaluated by FTIR, BET, SEM, and XRD methods.

Owing to its good sorption properties, higher chemical stability, and greater
surface area, chemically treated sawdust of acacia tree has been successfully applied
to remove textile dyes from wastewater.

2 Materials and Methods

2.1 Materials

The chemical used in this study was of analytical grade. MB (85%) was purchased
from Panreac (Spain). The chemical structure and physical properties of this dye
are shown in Table 1. NaOH was purchased from Merck (Germany), HNOj3 from
Scharlau (Spain), and NaCl (99.5%) from Sigma—Aldrich (Germany).

2.2 Preparation of Adsorbent Materials

D. harra and G. coronaria L. were collected from the region of Khouribga in
Morocco. They were sun-dried for 3 weeks, cut into small portions, and then were
powdered to particle sizes of 120 wm using a domestic mixer. The residual powder
of plants were dried in an oven at 70 °C for 24 h and stored for further utilization.
The acacia tree was purchased from the Azrou region in Morocco. The cut
branches part of the acacia tree are used in adsorption. They are washed with the

Table 1 Chemical structure and physical properties of methylene blue

Dye | Chemical structure Molar mass | Amax (nm) | Area of use
(g/mole)

319.85 666 Textile industries,

N
/(:/L m skin tanning,
HyC cH,y dyeing, food, or in
>N . o yeing

b v_ the analysis of
construction
materials or as a
colored indicator

MB
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water to remove adherent impurities, then, they are crushed and sieved to small parti-
cles with size ranging from 50 to 500 pm. The final powder has a sweet corn color.
A quantity of 20 g of the acacia powder was chemically treated with 200 mL of
NaOH (1 M) or HC1 (1 M) for 3 h. Both obtained products are washed several times
to remove traces of NaOH and HCIl. Moreover, they are dried in an oven at 80 °C
for 24 h. Lastly, two biosorbents based on acacia tree are acquired as A-NaOH and
A-HCL

The raw clay (RC) used in this work is supplied from a natural basin in the region
of Safi (Morocco), crushed, and sieved to 0.08-0.1 wm size fractions. Further, it was
dried at 378 K (105 °C) for 24 h and used for next applications.

The other adsorbents used in this work are the dust from natural apatites (DA) and
the phosphogypsum (PG), ground, sieved to a particle size between 25 and 315 pwm,
and then dried for 24 h. The drying temperature was 105 °C for DA and 40 °C for
PG.

2.3 Characterization of Adsorbent Materials

FTIR transmittance spectra of adsorbents were analyzed in the region of 4000—
400 cm~! using an ATR Miracle Diamante spectrometer by contacting a crystal
(diamond) with the test sample without dilution in Ker matrix.

Specific surface area was evaluated by N2 adsorption according to the BET method
using a Micromeritics model TRISTAR 3020 Instrument.

The morphological characteristics of adsorbents were investigated by scanning
electron microscopy using a FEI Quanta 200 model. Small amount of each sample
was finally powdered and mounted directly onto an aluminum sample holder using
two-sided adhesive carbon model.

To identify the predominant phases of the clay mineral, X-ray diffraction anal-
yses were performed using the Siemens D-5000 Diffractometer. The patterns were
reported in 20 range from 10 to 70° using a Bruker-axs D2-phaser advance diffrac-
tometer operating at 30 kV and 10 mA with CuKa. The interlayer spacing d002 was
determined using the Bragg equation, d = \/2 sinf, where, \ is the X-ray length and
0 is the scattering angle for the peak position.

2.4 Sorption Studies

24.1 Methylene Blue (MB) Sorption

Desired solutions were prepared by dissolving required weight of MB dye in distilled
water and necessary concentrations were obtained by dilution. D. harra and G.
coronaria L., A-NaOH and A-HCI, RC, PA, and PG adsorption experiments were
carried out in a series of 50 mL (for biosorption experiments) and 100 mL (for
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adsorption experiments) beakers respectively, containing the intended weight of each
biosorbent and 50 mL of the dye solution at desired concentration. Adsorbent dosage
from 0.5 to 10 g/L for D. harra and G. coronaria L. adsorption and A-NaOH and
A-HCI, 0.1 g/L to 0.6 g/L for the RC, and 1 to 7 g/L for the PG and PA were added
to the MB dye solution. Initial dye concentrations ranges from 20 to 200 mg/L, 10
to 500 mg/g for D. harra and G. coronaria L., A-NaOH and A-HCl respectively, 10
to 60 mg/L for RC, PA, and PG and temperature from 10 to 50 °C.

Following each sorption experiment, the solid phase was separated from the liquid
phase by centrifugation at 3,000 rpm for 10 min for D. harra and G. coronaria L., RC,
PA, and PG sorption and by filtration for 10 min for A-NaOH and A-HCl biosorption.
Each sample was diluted by distilled water and the residual concentrations were
determined from UV-vis characteristics at maximum absorption wavelength of MB
dye (Table 1) using a TOMOS V-1100 UV-vis spectrophotometer. The absorbance
of the treated MB stained solution was measured using a spectrophotometer [GBC
(Ajax, Ontario) UV/visible 911] at the wavelength corresponding to the maximum
dye absorption \y.x = 666 nm.

The adsorption capacity and adsorption yield were calculated using the following
Egs. (1) and (2):

_ [(Co— C) x V]
- m

ey

t

where gt is the adsorbed quantity (mg/g), C is the initial dye concentration (mg/L),
C is the dye concentration at a time ¢ (mg/L), and m is the mass adsorbents per liter
of solution (g/L).

Co— C
% removal = w 2)
Co

2.4.2 Industrial Effluent Biosorption

Final discharge of an industrial effluent from Sidi Brahim industry in Fez city was
considered the “sampling site. The sampling was performed by the composite method
to know the variations of the pollution characteristics during a day.

Three samples were implemented, and each sample is a mixture of six sepa-
rate samples for each hour, of equal volumes. In the last of the day, a calculation
makes it possible to constitute a composite sample by the association of 6 samples.
Furthermore, three samples were achieved for the results reproductibility.

The water samples were collected with sterile vials during the spring season of
2018. Then, they were stored in a cooler at 4 °C during transport to the laboratory
and then analyzed after 24 h. Then, water temperature, electrical conductivity, and
pH were measured in situ. The water samples and their methods of analysis are
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those recommended by AFNOR and enacted by Rodier [49]. Samples were evalu-
ated through various physicochemical analyses including pH, conductivity, temper-
ature, chemical oxygen demand (COD), biological oxygen demand (BODs), NTK,
suspended matter (MES), and heavy metals (ML) (Cd, Cr, Cu, Ni, and Zn). The
heavy metals were evaluated by inductively coupled plasma spectrometry (ICP AES)
(Ultima 2_jobin yvon).

3 Results and Discussion

3.1 Characterization of Adsorbent Materials

3.1.1 Infrared Spectroscopy

Infrared spectroscopy analysis of the chemically treated sawdust acacia, raw acacia,
RC, AD, PG, and D. harra and G. coronaria L. are established in Fig. 1. The spec-
trum of biosorbents based on acacia shows a band around 3336.54 cm~! indicating
the presence of OH hydroxyl groups of cellulose, lignins, and hemicellulose compo-
nents of wood. The bands at 2902.5 cm™! correspond to C—H functions. The bands
at 1266.45 are assigned to C—O functions. The bands at 1023.19 cm™! can be corre-
sponding to C—O-C functions. The bands appearing at the frequency between 720
and 400 cm~! are characteristic of the C—H group in cellulose (Alemdar and M. Sain,

(@)~~~ ooy (b) :"‘_=

1266 45

LY
Transmtancy

AD

Fig.1 Infrared absorption spectra of G. coronaria L. and D. Harra Biosorbents (a); Raw-A, A-HCI,
and A-NaOH biosorbents (b); Red Clay, Apatites Dust, Phosphogypsum (c)
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2008). From the spectrum, it could be deduced that the treated and untreated sawdust
acacia tree contribute approximately the same bands with different intensities.

The infrared spectra of D. harra and G. coronaria L. shows broad absorption
band at 3000-3600 cm~! with a maximum at about 3333.8 cm™! for D. harra and
3334.7cm™! for G. coronaria L. This band is characteristic of the stretching vibration
of hydrogen bending of the hydroxyl group linked in cellulose, lignin, adsorbed water,
and N-H Stretching [38]. The bands at 2917 and 2849.2 arise from aliphatic C—-H
stretching in an aromatic methoxyl group, in methyl, and methylene groups of side
chains. The v(OH—), v(N-H), and v(C-H) stretching is larger in the case of D. harra
than of G. coronaria L. The small band at 1700 cm ™! is assigned to C = O stretching
vibrations of ketones, aldehydes, lactones, or carboxyl groups. The band at 1600—
1590 cm™! is due to O—H bending. The band at 1423 cm™! is attribuated to phenolic
—OH and —C = O stretching of carboxylate. The band at 1372 cm™! is characteristic
of —COO groups. Moreover, a very strong band at 1032 cm™! could be assigned to
= C-O-C, P = O stretching, or P-OH stretching. While, the bands at 898, 830,
and 700 cm~! could be assigned to out-of-plane deformation mode of N-containing
bioligands [6].

IR spectrum of red clay relates the presence of elongation vibrations relating
to calcite (1442.5; 874 and 726 cm™!), quartz (798 and 778 cm™1), and calcite
and dolomite. It shows also the presence of the OH hydroxyl group vibration of
hydrated aluminosilicates structure, hydrated water molecules and poorly crystallized
kaolinite (3698.5), of the water OH valence band from hydration of clay minerals
(3453.6), OH valence bands of chlorite (3572 and 3498), characteristic bands of
dolomite, associated with the valence vibration of the CO3%~ group (2526, 1817,
1450, 880 and 712) and elongation vibration bands of the calcite CO group.

The spectrum relating to DA is characteristic of apatite and more particularly
carbonate fluoroapatite type B. In fact, the presence of absorption bands located at
1455 and 1430 cm™! is shown on the spectrum. These positions are comparable to
those observed in the case of carbonated phosphocalcic fluoroapatites in type B sites,
prepared at boiling [12]. In addition, the IR spectra for the phosphate bands and bands
around 780-800 cm™! could come from the vibration of the silicate groups. A broad
band in the 1620 cm™! and 3460 cm™! ranges is characteristic of the symmetrical
valence vibrations of the OH- ions.

While the shoulder observed around 960 cm™! is attributable to sulfate ions in the
PG structure, these bands could be considered as evidence for the adsorption of the
dyes on the RC, the DA, and PG.

3.1.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy images of D. harra and G. coronaria L. are presented
in Fig. 2 and raw and treated sawdust of acacia are shown in Fig. 3. Those of the dust
of apatite DA, phosphogypsum PG, and Red Clay RC are shown in Fig. 4.

Figure 2 shows that both the materials are characterized by a smooth and homoge-
neous surface. The surface of D. Harra does not have well-defined pores. However,
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Fig. 2 SEM Images: a D. harra, b G. coronaria L.

Fig.3 SEM Images: a Raw-A, b A-HCI, ¢ A-NaOH

(a)

Fig. 4 SEM images of: a PG, b DA, and ¢ RC
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the G. Coronaria L. fragment is formed by a smooth surface made up of some cavities.
These results are in agreement with the low specific surface. Figure 3 indicates that
the raw sawdust acacia contains many pores corresponding to the cellulose microfib-
rils concentrated inside the fiber. After the treatment process and due to the reaction
between the raw material and the treatment agent, new pores of different sizes and
cavities are formed. The external walls of the acacia fiber are composed mostly of
hemicelluloses, and the interfiber joining lamellar containing the lignin. The last one
binds the wood fibers together, while, the hemicelluloses join the cellulose and the
lignins.

It can be deduced from Fig. 4 that the red clay has a lamellar structure confirmed
by the stacking of layers, particles of irregular or rounded shapes, and pores in the
form of holes.

The morphological investigation of Fig. 3 has revealed also that the AD has a
beige color, including essentially phosphate particles of various irregular or rounded
shapes, quartz grains, organic debris as well as bone debris. The sawn nodules on the
left reveal a concentric structure, underlined by the variations in the concentration
of organic matter. The grain structure results in a lower porosity and a total absence
of honeycombing. These two characteristics provide for low specific surfaces.

The SEM images relating to PG show that the crystals are formed of fine fibrous
and lamellar needles or in the form of a platelets stack, of yellowish beige color.
These platelets are characterized by tabular facies with poorly defined edges and a
very disturbed surface condition. The sulfated particles have a statistical distribution
and almost tight dimensions which explains the low specific surface of the crystal.

3.1.3 Development of Surface Area

The calculated values of biosorbents’ surface area are about 698.91 m?/g for A-NaOH
and 523.51 m?/g for A-HCI. Hence, the NaOH treatment provides a large surface
area for sawdust acacia compared to the HCI. This result suggests a difference in the
sorption capacities of both the biosorbents.

The specific surface area of the D. Harra and G. coronaria L. biosorbents was
1.612 and 1.741 m?/g respectively. This small surface area indicated that these
biosorbents do not have any defined holes on their morphology.

The specific surface of DA, PG, and RC are 13, 16 and 40 m?/g respectively. The
specific surface of the PG is very weak and justifiable by the nature of its crystal
lattice which consists of CaSQ, sheets; between them water molecules are attached.

3.1.4 X-Ray Diffraction (XRD)

The X-ray diffractogram of the three samples including the raw and both the
chemically treated acacia sawdust with HC] and NaOH are shown in Fig. 5.

The diffraction intensity increased after the chemical treatment of the acacia
sawdust. These results suggest an increase in the crystallinity index according to
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Fig. 5 XRD diagram of raw acacia, A-HCI, and A-NaOH

the chemical treatment applied to the sawdust that are due to the improvement in the
order of crystallites. In fact, the degree of crystallinity of the cellulose is higher in
the treated samples than in the raw sawdust, due to the reduction of hemicelluloses
during chemical treatment. While, the treatment of acacia sawdust with HCI has an
effect on increasing the crystallinity of the material, which is higher than that of
acacia sawdust treated by NaOH. These results are consistent with those of Alemdar
and Sain who made similar studies (Alemdar A. and Sain, 2008) on untreated and
chemically treated Scots pine sawdust.

According to the literature [44], the mineral species that constitute RC adsorbent
are illite, kaolinite, quartz, kaolinite, quartz and illite, calcite and dolomite respec-
tively, shown by intense peaks 9.99 A, 7.16 A, 5.02 A, 4.47 A, 4.25 A, 3.579 A,
334 A,3.03 A et 2.9 A. The chemical composition of red clay is confirmed by the
dolomite with the chemical formula CaMg(COs3), and kaolinite with the formula of
Al;Si;05(OH)4.

The DA adsorbent also crystallizes in the hexagonal system. It consists of a
carbonate fluoroapatite, as the main constituent, large quantities of calcite, and a
quantity of quartz. In the case of PG adsorbent, the main diffraction lines were
easily indexed, in comparison with those of calcium sulfate dihydrate (Fig. 6). They
are indexable in a monoclinic. The crystalline parameters of all phases were then
calculated and compared to ASTM files, and the results were almost similar.
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Fig. 6 Diffractogramms of DA, PG, RC adsorbents

3.2 Sorption Studies

3.2.1 Adsorption Kinetic

Adsorption rate kinetic gives important information for studying batch sorption. It
demonstrates the rate of the reaction making it possible to determine the contact time
involved in order to acquire the equilibrium of the reaction. The adsorption was rapid
at the first period of the process, and after that the rate of adsorption becomes slower
and stagnates with the increase in contact time.

The kinetic sorption of the MB dye onto A-HCl, A-NaOH, D. harra, G. coronaria
L., RC, DA, and PG is presented in Fig. 7. It could be seen for A-NaOH and also
for A-HCI that the biosorption of methylene blue is rapid; the equilibrium is reached
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Fig. 7 Adsorption Kinetic of MB onto D. harra and G. coronaria L. (a), A-NaOH and A-HCl
(b), PG and DA (c). RC (d), Coqvs) = 100 mg/L, R = 0,5 g/L, T = 25 °C for D. harra and G.
coronaria L., A-NaOH and A-HCI C (MB):10 mg/L, adsorbent: 2 g/L of PG and DA, 400 mg/L of
RC

after 90 min. In the case of D. harra and G. coronaria L., it is reached after 60 min.
Whereas, 50 min and 260 min are the time necessary to reach equilibrium for RC
and for the PG and DA respectively.

In fact, the kinetic adsorption was initially fast for all the adsorbents. All the kinetic
curves have the same shape and consist of two steps: the first for arapid increase in the
adsorbed quantity of dyes. A second showing a less rapid evolution, which ends with
stabilization and saturation of the materials (adsorbed concentration at equilibrium).
The second step is probably due to the intra-particle diffusion phenomena of the
chromophoric groups of the dyes inside the pores of the adsorbents.

At the beginning, the increase in the amount of adsorbed dye could be due to the
rise in the number of vacant sites available (Fig. 7).

For characterizing the kinetics involved in the adsorption process, pseudo-first-
order and pseudo-second-order rate equations were applied, and the kinetic data were
evaluated through the regression coefficient (r?) and the amount of dye biosorbed
per unit weight of the biosorbent.

The kinetic model fitting curves and the comparison of experimental and calcu-
lated sorption capacity (q) values can be applied to deduce the suitable kinetic models.
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Also, the obtained correlation coefficient (12) is considered a main factor to acquire
the adequate kinetic models and describe the sorption kinetics.

e Pseudo-first-order kinetic model

The pseudo-first-order rate of Lagergren is based on solid capacity. This model
considers that the rate occupation of sorption sites are proportional to the number of
unoccupied sites. It is one of the most mainly applied models for the sorption of a
solute from liquid solution. It is generally established following the Eq. (3) [30]:

k
log(g. — q:) = log g, — ﬁr 3)

where,

k; first-order reaction rate constant for MB adsorption on adsorbents (min~").
ge amount of MB adsorbed at equilibrium (mg/g).

q¢ amount of MB adsorbed at time t (mg/g).

t contact time (min).

This model makes it possible to describe the phenomena that happen during the
first minutes of the adsorption process.

® Pseudo-second-order kinetic model

The pseudo-second-order model proposed by [24] is based on the assumption that
the sorption follows second-order chemisorption. The pseudo-second-order model
(PSO) is represented by Eq. (4):

t 1 1
— = = —t 4)
9 kaq;  q.

k, second-order reaction rate constant of MB sorption on adsorbents (g/mg/min).
ge amount adsorbed at equilibrium (mg/g).

qt amount adsorbed at time t (mg/g).

t contact time (min).

By plotting t/qt = f (t), we get a line which gives k, and q.

The kinetic parameters of both the kinetic models are listed in Table 2.

From the results of Table 2, the correlation coefficients of the pseudo-first-order
model obtained for MB biosorption onto A-NaOH and A-HCI, D. harra and G. coro-
naria L. are greater than those of the pseudo-second-order model. The theoretical qe
biosorption capacities gave acceptable values in comparision to the experimental ones
for the MB dye in the pseudo-first-order model. Hence, the reaction involved in this
biosorption process is adequate to the pseudo-first-order kinetic model. Therefore,
this model can describe more the sorption process of the MB onto these biosorbents.
It can be seen that the removal of MB dye onto the studied biosorbents may be
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Table 2 Kinetics parameters of pseudo-first-order and the pseudo-second-order models for the MB
adsorption onto DA, PG, RC, A-NaOH, A-HCl, D. Harra, G.coronaria. L

Pseudo-first-order Pseudo-second-order
ki (min™") | ge(mgg™) |R* | Qexp (mg/g) | ko(gmg™' | ge(mgg™") | R?
min~!)

DA 0.023 2917 0.980 | 3.650 0.039 3.750 0.990
PG 0.019 5.320 0.970 | 4.550 0.019 4.680 0.990
RC 0.100 10.200 0.900 | 25.350 0.048 25.420 0.990
A-NaOH 0.044 227.38 0.990 | 223.400 —1.008 187.43 0.740
A-HCl 0.030 221.77 0.990 | 209.00 1.194 163.92 0.980
D. Harra 2319 124.713 0.985 | 131.163 2.702 123.36 0.977
G.Coronaria. | 1.756 142.046 0.961 | 154.186 3.149 139.099 0.938
L

done with a physical sorption. Also, this result suggests that the biosorption capacity
may be due to the higher driving force making fast transfer of MB molecules to the
surface of the biosorbent particles. Also, this sorption process can be attributed to
the availability of the uncovered surface area and the remaining active sites on these
adsorbents.

The results of the other type of adsorbents—RC, DA, and PG—are represented in
Table 2. It appears that the values of R? are very higher and are all in the order of 0.99
in the case of the pseudo-second-order model. The calculated adsorption capacities
of DA, PG,RC are 3.75 mg g~', 4.73 mg ¢!, and 25.42 mg g™, respectively, from
the second-order model kinetic that are close to those found experimentally Gexp.
Further, the gy values obtained from the pseudo-first-order are different from the
g€exp- These results suggest that diffusion is the rate limiting step not only for the MB
adsorption onto RC, DA, and PG but also the MB adsorption mechanism depended
on both the MB adsorbate and the RC, DA, and PG adsorbents.

3.2.2 Effect of Adsorbent Dosage

Based on the variation of the amount of adsorbents, the data obtained are presented
in Fig. 8. The figure indicates that the increase in biosorbent dosage resulted in a rise
of the biosorption yield.

For D. harra and G. coronaria L., the MB biosorption yield increased from 67.42
to 83.58% and from 46.48 to 86.82% when the biosorbent dosage was increased
from 0.25 to 1 g/L, respectively. The effective biosorbent dosage of acacia shows a
very rapid and a strong discoloration until 80% onto A-HCI and 90% onto A-NaOH
using 0.5 g/L of these biosorbents. For RC, DA, and PG, MB dye removal increased
from 6 to 23% for DA, 25 to 79% for PG, and from 61 to 92% for RC, by increasing
the adsorbent dose from 1 to 7 g/L for DA and PG and from 100 to 700 mg/L for
RC. The highest MB dye removal (92%) was obtained at 400 mg/L of RC, 4 g/L for
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Fig. 8 Effect of adsorbent dosage on sorption of MB by D. Harra and G. coronaria L. (a); treated
acacia sawdust; A-NaOH and A-HCI (b); Cp = 100 mg/L, RC, AD, and PG, C (MB):10 mg/L,
contact time = 120 min, pH = initial pH, T = 25 °C

DA, and 5 g/L for PG. Thus, a mass ratio of 0.5 g/L for A-NaOH and A-HCI, 1 g/L.
for D. harra and G. coronaria L., 400 mg/L for RC, 4 g/L for DA, and 5 g/L for PG,
respectively, are considered the optimal adsorbent dose with a higher percentage of
removal of MB.

These results can be attributed to the higher surface area and/or active adsorption
sites available in the surface of the studied materials for adsorption of MB dye
molecules. Moreover, the increase in adsorbent quantities indicated no significant
improvement in the MB dye removal. Similar trend was found by many authors
[11, 58].

3.2.3 Adsorption Isotherms

Adsorption isotherms describe the state of the solute—surface interaction as well
as the specific relation between the concentration of adsorbate and its degree of
accumulation onto adsorbent surface at constant temperature.

The equilibrium biosorption capacity of adsorbents for MB removal increased
with a rise in initial dye concentration. The increase in adsorbed amounts with
concentration is probably due to a high driving force for mass transfer [33]. In fact,
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greater concentration in solution involved higher amount of dye molecules fixed
at the surface of the adsorbent. Two isotherm models were applied to describe the
adsorption experimental results: the Langmuir and the Freundlich models.

e Langmuir isotherm model

Langmuir proposed a theory to describe the adsorption of gas molecules onto metal
surfaces [11]. Langmuir’s model of adsorption predicts the existence of monolayer
coverage of the adsorbate at the outer surface of the adsorbent. The isotherm equation
further assumes that adsorption takes place at specific homogeneous sites within the
adsorbent, which implies that all adsorption sites are identical and energetically
equivalent.

The Langmuir isotherm can be expressed by the following form in Eq. (5):

Ce 1 gmax+C,

Q. K. gmax ®

where ge is the equilibrium dye concentration on the adsorbent (mg g='), Ce is
the equilibrium dye concentration in solution (mg dm~3), gmax is the monolayer
capacity of the adsorbent (mg g~!), and Ky is the Langmuir adsorption constant
(dm® mg1).

o Freundlich isotherm model

The Freundlich isotherm is an empirical model of heterogeneous surface sorption
with non-uniform distribution of heat sorption and affinities [18]. The form of the
Freundlich equation can be stated as follows in Eq. (6):

1
QEZKFm (6)

where, Kg (mg!~""g=1L!"") and n are the Freundlich constants, n is the heterogeneity

factor related to biosorption affinity and K is related to the biosorption capacity.

Adsorption parameters of Langmuir and Freundlich isotherm models of MB onto
A-HCIl, A-NaOH, DA, PG, RC, G. coronaria L., and D. Harra for each model and
correlation coefficients are summarized in Table 3.

This table implements that the Langmuir isotherm model investigates higher
values of correlation coefficients in the adsorption of the MB dye onto DA, RC,
D. Harra, G. coronaria L., A-NaOH, and A-HCI adsorbents than the Freundlich
isotherm model. Thus, the adsorption of MB onto these adsorbents is more fitted
by Langmuir isotherm model. Whereas, the equilibrium data of PG are suitable to
Freundlich model, with a higher correlation coefficient.

The equilibrium data of DA, RC, D. Harra, G. coronaria L., A-NaOH, and A-
HCI (Table 3, Fig. 9) can be explained by the fact that the increase in the dimensions
of MB molecules due to the hydration, have prevented them from entering the pores
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Table 3 Langmuir and Freundlich parameters for DA, PG, RC, D. Harra, G. coronaria L., A-HCI,
and A-NaOH adsorbents

Isotherms Langmuir Freundlich
Qmax Ki R? n Kt R?

DA 16.36 0.307 0.999 1.297 3.644 0.995
PG 12.82 0.012 0.970 1.083 0.175 0.990
RC 50.29 3.26 0.990 6.622 36.59 0.800
D. Harra 161.29 0.08 0.990 5.319 64.43 0.880
G.coronaria L 185.59 0.308 0.980 3.333 55.95 0.720
A. NaOH 256.41 0.039 0.980 3.22 28.64 0.880
A. HCl1 230.65 0.01 0.990 2222 12.2 0.990

of the adsorbents, so that they are adsorbed on their external surfaces. It indicates
also that the formation of monolayer takes place on the suface of the adsorbents,
showing that only one dye molecule could be adsorbed on one site of adsorption.

While, the PG results following Freundlich model indicates a non-ideal and multi-
layer sorption on heterogeneous surfaces. For the Freundlich model, the values of
n > 1 indicated a favorable biosorption under experimental conditions of MB dye
sorption onto all the biosorbents.

It could be seen that the sorption capacities of all studying adsorbents are in the
order of A-NaOH > A-HCI > G. Coronaria L. > D. Harra >RC > DA > PG. This result
could be due to the higher surface area of A-NaOH than other biosorbents, where
the NaOH increases the dissociated groups and creates well-developed pores on the
surface of the material. It could be seen that the materials having greater specific
surfaces have a higher sorption capacity unlike those with lower surfaces under
the same conditions of experience. Then, the higher MB sorption onto adsorbent
materials could be attributed to the nature of the interaction between each adsorbate
and sorbent.

The maximum Langmuir adsorption capacities were 267.04, 230.65, 185.59,
161.29, 50.29, 12.82, 16.36 mg/g in the case of MB, respectively, for A-NaOH,
A-HCl, G. coronaria L., D. Harra, RC, DA, and PG. The adsorption capacities for
MB dye were compared to the researches reported in literature of several low-cost
sorbents as represented in Table 4. It could be seen that the experimental data of
these already studied materials were higher than those of the most corresponding
adsorbents in the literature. The adsorption capacities of these adsorbents can be
attributed to the surface area of each material.

After studying the adsorption efficiencies of different materials as adsorbents and
biosorbents of MB dye, it could be seen that the chemically treated sawdust of acacia
tree has a greatest sorption capacity to remove MB dye from aqueous solutions. For
that, a real final effluent of a textile industry was treated by sorption on both acidic
and basic biosorbent based sawdust acacia.
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3.3 Industrial Effluent Biosorption

3.3.1 Physicochemical Characterization of the Studying Effluent

The average values of physicochemical characterization results of the studying
effluent are established in Table 5 before biosorption. It appears that the average
values of samples exhibit a temperature and a conductivity less than the standard
values [13]. Hence, they have higher values for the other parameters.

The metallic characterization results of the studying effluents listed in Table 6
provides a high concentration of chromium 0.908 mg/L. It may be seen that it was
the origin of the toxicity of different dyes applied in the treatment of jean, and
therefore, its value was higher to standards of recommended rejects [13].
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Table 4 MB adsorption comparison with differents adsorbents

Adsorbents Q(MB) (mg/g) References
Moroccan red clay from oued laou 18.83 [11]
Natural apatite 16.28 Our study
Phosphogypsum 13.40 Our study
Red clay of Safi 50.29 Our study
Natural clay 62.50 [44]
Algerian Kaolin 52.76 [40]

M. Bacillus subtilis 59 + 0.60 [59]
Coconut coir dust 29.50 [51]
Carica papaya wood 32.25 [48]
Cotton waste 277.77 [39]
Coffee husks 90.10 [43]

D. Harra 161.29 [56]

G. coronaria L. 185.59 [56]
A-NaOH 256.41 [57]
A-HCI 230.65 [57]

Table 5 Results of the physicochemical characterization of the industrial effluent

Temperature | pH Conductivity | DCO | DBOs (mg |[NTK |P MES
O (s/cm) (mg | Oz/L) (mg/L) | (mg/L) | (mg/L)
0Oy/L)
Final 27.13 9.01 186 658.36 | 336.3 126.49 | 2.4152 | 2194.6
discharge
Discharged | 30 5.5-8.5|2700 120 40 40 2 30
Water
Standards

Table 6 Results of the metallic characterization

Heavy metals (mg/L) Cd Cr Cu Ni Zn
Rejet final 0.0482 0.908 <0.01 <0.01 0.3021
Discharged Water Standards 0.2 0.5 3 5 5

3.3.2 Results and Characterization of the Industrial Effluent After
Biosorption Studies

The kinetic sorption of the polluted charge allows decolorization rates of the industrial
effluent of 77% and 98% for A-HCl and A-NaOH, respectively, with an optimal mass
of 4 g/L [57].
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Also, results indicate that the decolorization rate of the effluent adsorbed onto
A-NaOH is more significant than that treated by A-HCI, suggesting that the biosor-
bent treated by NaOH is composed of more active sites than that treated with HCI.
Moreover, this higher A-NaOH sorption can be attributed to the large surface area
which is directly related to the porosity of this adsorbent and the presence of many
active sites on its surface.

After biosorption and biological treatment elaborated by the textile industry, the
obtained results of the industrial effluent characterization are given in Fig. 10.

This figure indicates that the treatment of industrial effluent by the biosorption
on chemically treated acacia sawdust or by biological treatment carried out by the
industry itself remains insufficient. Hence, the combination of both the treatments
was recommended for better results since the biological treatment gives better results
in terms of biological parameters (COD and BOD:s); while, the physicochemical
treatment implements a good result, it treats effectively the color, the MES, and the
odor of the studied effluent.

The biosorption wastewater of this study was compared to the previous records
of various low-cost biosorbents as shown in Table 7.

It can be observed that the experimental data of A-NaOH and A-HCl were found
among the hightest than those of the most corresponding adsorbents in the literature
to remove color in real effluents.
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Fig. 10 Characterization of the industrial effluent after treatment
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Table 7 Wastewater adsorption comparison with differents adsorbents

Adorbents/biosorbents | DCO removal percentage % | Abs removal percentage % | References
Arg.r 92 98 [9]

A-HCl 10 98 [57]
A-NaOH 8 77 [57]

Fungi 58 94 [45]
Moroccan pozzolana | 94.5 Colorless [55]
Activated carbon 45 94 [22]

4 Conclusion

In this work, chemically treated acacia sawdust, Diplotaxis harra (D. harra) and
Glebionis coronaria L. (G. coronaria L.), Dust Apatite (DA), Phosphogypsum (PG),
and raw clay (RC) were used as low-cost biosorbents/adsorbents for the removal
of methylene blue from aqueous solutions, and to find the optimal parameters. The
sorption ability of these materials was investigated using kinetic and equilibrium
studies and the effect of dosage adsorbents.

The biosorption of MB increases gradually up to 0.5 g/L of treated acacia sawdust,
400 mg/L of RC, 4 g/L of DA, and 5 g/L of PG. A further increase in biosorbent
dosage beyond these values exhibited no extra improvement in MB removal.

Further, sorption experiments release that the sorption process was very rapid; the
equilibrium time was obtained at 90, 60, and 50 min for D. harra, G. coronaria L.,
and RC respectively and 260 min for PG and DA. The biosorption kinetic data fitted
well to the pseudo-first-order kinetic model for chemically treated acacia sawdust,
D. harra and G. coronaria L., whereas, it follows to pseudo-second-order for Dust
Apatite (DA), Phosphogypsum (PG), and Raw clay (RC).

The equilibrium data shows that the adsorption of MB onto A-NaOH, A-HCl, D.
Harra, G. coronaria L., RC, and DA was more fitted by Langmuir isotherm model.
While, the equilibrium data of PG are suitable to Freundlich model. The adsorption
equilibrium data of the methylene blue dye onto all the adsorbents and biosorbents
were best fitted according to the Langmuir isotherm model. The Langmiur adsorption
capacities are 267.04, 230.76 /g, 185.59, 258.76, 50.29, 16.36 and 12.82 mg/g onto
basic sawdust acacia, acidic sawdust acacia, D.Harra, G. coronaria L., RC, DA, and
PG, respectively.

Under the experimental conditions, DA and PG did not give satisfactory results
to remove dyes. While, the A-NaOH gives the most effective results than A-HCI,
and than all other studied adsorbents. As a result, the adsorption process combined
with a biological treatment investigates a good result based on physicochemical
characteristics study.

Therefore, and for more enhanced adsorption results, a real final effluent of textile
industry was treated onto A-NaOH and A-HCI that have been good sorption capac-
ities. The kinetic sorption of the polluted charge allows decolorization rates of the
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industrial effluent of 77% and 98% for A-HCI and A-NaOH, respectively, with an
optimal mass of 4 g/L.. The higher removal of polluted charges has occurred through
A-NaOH.

In prospect, for the other adsorbents—RC, DA, and PG—a pretreatment will be
recommended before using them or mixing them with other high specific surface area
co-products to increase their adsorption capacities and enhancing their properties to
investigate a good sorption in the industrial scale.
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and Xuan Tong Nguyen

Abstract Textile dyeing wastewaters is one of the most difficult to handle. The aim
of this paper to investigate the removal capacity of two azo dyes, including Bril-
liant green and Alizarin red S from the aqueous solution by three types of activated
carbon prepared from bamboo leaves AC30 (650 °C/30 min), AC45 (650 °C/45 min)
and AC60 (650 °C/60 min). All three samples displayed the functional group repre-
sented by the azo dye removal capacity such as C=C; C-O-C, O-H and showed
high C content (over 72%). With the highest BET surface area up to 108.9202 m?/g,
the AC60 material sample recorded the maximum efficiency of 100% at the reaction
time of 30 min with the volume ratio of azo dye/distilled water of 2/18 (mL), pH 9,
the absorbent amount of 0.5 and 2 g for Brilliant green and Alizarin red S, respec-
tively. This study is an overview of the azo dye removal capacity in initial textile
dyeing wastewater sample and compares the quality of AC60 material sample to four
commercial activated carbon samples, including AC-R (Russian activated carbon),
AC-C (Chinese activated carbon), AC-F (French activated carbon) and AC-Tra Bac
(Vietnamese activated carbon from coconut shell). The analysis results also showed
that the azo dye removal efficiency of the AC60 material synthesized from bamboo
leaves is higher than some previously prepared material (AC-C material reached only
90.5 and 82.55% for Brilliant green and Alizarin red S, respectively) and achieved
the maximum adsorption efficiency 100% after 30 min reaction time. These findings
indicated that the removal efficiency for azo dye depends on experimental conditions
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such as reaction time, pyrolysis temperature, pH... and the source of the raw mate-
rials also has a great influence on the carbonaceous material structure, determining

?3% ;f)ehaitcmgnt efficiency as well as the removal capacity for pollutants.

bstract

Activated carbon_ |
material

Keywords Activated carbon - Bamboo leaves - Azo dyes - Adsorption efficiency -
Adsorption capacity * Brilliant green + Alizarin red S - Textile wastewater -
Carbonaceous material + Characteristic material

1 Introduction

Activated carbon (AC) is well known as the most commonly used adsorbent in water
and wastewater treatment. ACs characterized by their extended specific surface reac-
tivity, good internal porous structure and high chemical, mechanical and thermal
stability [15] which be used in a variety of applications such as removal of organic
pollutants, heavy metals, medical application, catalysis, electrode materials in elec-
trochemical devices [5]. In recent years, the adsorption techniques of ACs have been
widely applied in water treatment due to fast adsorption kinetics, simplicity of design,
initial cost, high removal efficiency, and insensitivity to toxic substances. However,
the high cost of ACs makes itincreasingly necessary to produce and regenerate [7, 39].
The carbonaceous material has a wide range of sources, including industrial waste
[13], waste of biodiesel industry [36], agricultural by-products (pineapple waste [32];
soybeans, corn stalks, corn stalks [29], corncob [49]), livestock manure (poultry
manure, poultry manure, poultry manure [29, 54]), vermicompost [51] sludge. The
carbonaceous material itself has the advantages of large pores, high surface area,
and variety surface functional groups. The variety surface functional groups with
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high porosity are considerably crucial in the adsorption process of dye, especially
azo dyes. Azo dyes are widely used in various industries such as textiles, leather,
plastics, and paper and manufacturing of inks, which account for more than 60% of
total dyes.

Azo dyes characterized with the presence of one or more azo functional groups
(R{-N=N-R;), where R; and R, are aromatic groups, can be substituted by some
combinations of functional groups such as amino (-NHy), chlorine (—ClI), hydroxyl
(-OH), methyl (—CH3), nitro (-NO,), sulphonic acid and sodium salts (—SO3;Na)
[8]. However, azo dyes as wastewater pollutants represent a big concern for the
environment, and currently the most attractive issue is finding the methods to remove
these substances from water. Most dyes are toxic, carcinogenic or mutagenic [20]
and can pose a hazard to health, like causing chromosomal damage [2]; affecting
the eyes and skin, damage to internal organs such as liver and kidney [3]; disrupting
the photosynthesis process in water bodies [38]. Consequently, it is very essential
to treat the textile wastewater or find the new material to absorb or support the
azo dye removal from wastewater. Several techniques were investigated to remove
the azo dye species from the wastewater [45], including chemical, physical and
biological treatments or a combination of these processes such as: adsorption [10, 26],
hydrogen peroxide [25], biological treatment [24], membrane filtration [28]. Among
the physical processes, adsorption is considered an effective separation technique in
terms of low cost, flexibility, simplicity of design, ease of operation, and sensitivity
to toxic substances [1, 20].

Bamboo is a large, woody-grass member of the family of Bambusoideae encom-
passing about 1250 species within 75 genera worldwide [16]. The raw materials used
in the paper industries, cottage industries, domestic commodities, board and charcoal
are gradually being replaced by bamboo material [30]. Vietnam is the fourth country
in the world in terms of area planted to bamboo and production of bamboo, primarily
grown in Lam Dong, Da Lat. Vietnamese people use bamboo in many ways, such as
sharpened bamboo trees to make weapons in the wars, and now, bamboo trees are
used as materials to build houses, make furniture, and other useful everyday items
baskets, chopsticks, fans.

Bamboo is considered one of the ideal materials for the twenty-first century
because it is environmentally friendly. Nowadays, there has been increasing interest
in the research of the production of low-cost activated carbon from bamboo. Many
studies have been conducted to evaluate the ability of using bamboo in the synthesis
of carbonaceous materials for the removal of dyes [14, 52]. In this study, the carbona-
ceous materials were synthesized from bamboo leaves at 650 °C with three ranges of
activation time 30, 45, and 60 min. The adsorption capacity of the activated carbon
material in current study was evaluated through the use of two industrial dyes (namely,
Brilliant green and Alizarin red S). The characteristics and structure of two selected
commercial azo dyes are shown in Table 1 and Fig. 1 below.

Various researches were carried out to remove these dyes from wastewater by the
carbonaceous material synthesized from other residues or agriculture waste, such
as: studies for the treatment of Naphthol B. green by the red mud [25], removal of
Alizarin red S reviewed by the activated carbon/y-Fe, O3 nano-composite [9, 23],
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Fig. 1 Structure of two selected commercial azo dyes: a Brilliant green [27] and b Alizarin red S
[42]

removal of Chrysoidine Y by the activated Sawdust [6, 35]. However, not much have
been published on using ACs material obtained from bamboo leaves to adsorb these
above dyes from industrial effluents. Therefore, this study was conducted to evaluate
the ability to remove two azo dyes from the aqueous solution, including Brilliant
green and Alirazin red S by carbonaceous materials produced from bamboo leaves.
The study was designed to (1) assess the azo dye removal efficiency (according to
the amount of the adsorbent material and the reaction time) of three activated carbon
material and (2) examine the actual wastewater sample and (3) assess the quality of
the synthesized material by comparing the adsorption efficiency to some commercial
carbonaceous material.

2 Materials and Methods

2.1 Preparation of Activated Carbon from Bamboo Leaves

Fresh bamboo leaves as raw materials were collected at Lang area, Thach That
District, Hanoi city, Vietnam and moved to laboratory, clean washed and naturally
dried at room temperature for 24 h. Bamboo leaves were then chopped and soaked
with 5% H3;POy4 solution for 1-2 h, took out to drain (the aim of this technical
step to clean impurities on bamboo leaves and prevented the natural burning under
heating effect). Transfer the bamboo leaves to the tube containing samples of the
oven and carbonized them at a temperature of 225-230 °C/4 h. Afterwards, down
the temperature of the oven to 150 °C and took the carbonized bamboo leaves out of
the oven. Then, put these bamboo leaves into distilled water to reduce heating, soon
after took out the basket to drain naturally. After draining, put carbonized bamboo
leaves into each inox tray in the drying oven, dried at 60 °C for 12 h. The final, transfer
the carbonized bamboo leaves to each ceramic bowl to activate in the UAF furnace
at temperature 650 °C for 30, 45, and 60 min, respectively. The washed material
samples were dried at 105 °C for 12 h, finely ground and stored in ceramic boxes.
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The yield of activated carbon in the current study calculated to be 38.71 [19]. The
three material samples will be encoded as AC30, AC45, AC60 and used for further
experiments. All the chemicals in this study supplied by Merck.

2.2 Identification of Material Characteristics

The activated carbon material also determined for its surface morphological charac-
teristics and the chemical composition using a JSM 6380 Scanning Electron Micro-
scope (SEM) and Energy-dispersive X-ray spectroscopy (EDX). The functional
groups on the surface of each material sample were identified using the Fourier
Transform Infrared spectroscopy (FTIR) TENSOR II instrument. The BET- and t-
plot method was used to determine the total surface area, average pore radius and
micropore volume of samples by Micromeritics Tristar 3000 instrument. Besides,
the particle size is also determined to have an overview of the structure of the three
activated carbon materials. All samples in this study were measured at the Institute
of Tropical Technology, Vietham Academy of Science and Technology and Hanoi
National University of Education.

2.3 Experimental Setup

2.3.1 Preparation of Azo Dyes (Brilliant Green and Alizarine Red S)

The two azo dyes used in current study (Brilliant green and Alizarin red S) were
supplied by Sigma—Aldrich. Their chemical structure is shown in Fig. 1. Weigh
0.01 g each compound Brilliant green and Alizarin red S separately, dissolve in
100 mL of distilled water, shake well and store in a dark bottle as a stock solution.

2.3.2 Experimental Steps

Our steps proceed very much in the same way follow what is indicated in Tran et al.
[48]. Three activated carbon materials were evaluated for the adsorption capacity in
batches in 100 mL flasks. At first, carried out experiments to select the optimization
volume of azo dye in solution. 0.5 g activated carbon added into 20 mL solution
containing azo dye (Brilliant green and Alizarin red S) and distilled water according to
the ratio of V0 dye solution: Vdistilled water = 2:18; 3:17;4:16; 5:15 and no pH adjustment.
Then, shake the samples well by a horizontal shaker with speed of 150 r/m for 30,
60, 90, 120 min and measure the pH of the newly mixed samples. The filtered
samples have analyzed the concentration of azo dye remaining by HPLC instrument
at 360 nm (Brilliant green) and 260 nm (Alizarin red S) in Institute of Chemistry
- Material, Institute of Military Science and Technology, Hanoi, Vietnam. The ratio
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Of Vazo dye solution: Vdistilled water With the highest adsorption efficiency was selected to
evaluate for further experiments.

Subsequently, 0.25; 0.5; 1; 2 g of three material samples added into every flask
contains 20 mL solution with selected optimization ratio and continue to carry out
experiments at 30, 60, 90, 120 min. Adsorption capacity q. (mg/g) and adsorption
efficiency H (%) at equilibrium time are calculated according to the formula of Tran
et al. [48] as follows:

q. = (Co —Ce) - V/m (mg/g)

H(%) = (Co — Ce)/C, - 100 (%)

where ¢ is the adsorption capacity at equilibrium (mg/g), C,: initial concentration
(mg/L), C,: concentration at equilibrium (mg/L), V: volume of solution (L), m: mass
of absorbent material (g).

In this study, V (the adsorption volume, 20 mL), C, (the concentration of the
initial adsorbent solution, mg/L), and m (the amount of the adsorbent, 0.25; 0.5; 1
and 2 g) were fixed. The ratio volume of azo solution/distilled water and adsorption
time will be changed various from 2:18; 3:17; 4:16 va 5:15 mL and t = 30; 60; 90;
120 min, respectively.

The experimental procedure is summarized in Fig. 2 below. The newly synthe-
sized activated carbon with highest adsorption capacity will be used to compare the
quality with some available commercial products (from Russia, China, France and
the Tra Bac of Vietnam). A textile wastewater sample was collected at the local
textile factory in Long Bien, Hanoi and transfer to the laboratory. Analyze the initial

= = B, 2
Preparation carbonaceous materials 3 types of carbonaceous Characteristic of
Temperature: 650°C * material: AC30; AC45 *| carbonaceous material
| Activated time: 30: 45 and 60 minutes. and AC60
\. A
x ( Assessment of
l.a < X | adsorption  efficiency
Setup experiment to reaction : R
changed in reaction
time and ratio of azo time.  Compare to othel
colour/distilled water i ™ - The optimal azo dye commercial
- Reaction time: 30: 60: 90 and Select the optimal volume ratio. Fcarbnnnccous material
120 minutes azo dye volume ™ - Reaction time: 30 60; - To experiment with
<7 s ratio. R actual sample.
- Volume of solution: 20 mL % 90 and 120 minutes.
1. Ratio: 2:18: 2. Ratio: 3:17 - Activated  carbon
3. Ratio: 4:16; 4. Ratio: 5:15 weight: 0.25: 0.5: 1 and
1
.\\ /; \Ze. Vi

Fig. 2 Setup the experimental conditions
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pollution concentration and test with the optimization conditions. Evaluate the azo
dye adsorption capacity of the material.

2.4 Statistical Analysis

Statistical significance was analyzed through the use of Origin 2019 and GraphPad
software.

3 Results and Discussion

3.1 Characteristics of Activated Carbon Material

In this study, the material characteristics of the three activated carbon samples is
shown in Table 2 and Figs. 3, 4, 5. The C content of all material samples is rela-
tively high, in which the AC60 sample has the highest C surface content of 80.18%,

Table 2 The physical and chemical properties of three activated carbon material

Code Activated Size of BET surface | Surface elements
sample | temperature and | particles | area (m?/g) C (%) 0%) |Si%) |P@)
time (°C) (vm)

AC30 650 °C/30 min | 17.4889 25.2337 72.45 2391 |342 0.22
AC45 650 °C/45 min | 23.3497 44.6221 74.20 2252 |3.09 0.19
AC60 650 °C/60 min | 18.7503 | 108.9202 80.18 17.82 | 1.04 0.96
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Fig. 3 SEM images and FTIR spectra of AC30 material activated from bamboo leaves at
650 °C/30 min
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Fig. 4 SEM images and FTIR spectra of AC45 material activated from bamboo leaves at
650 °C/45 min
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Fig. 5 SEM images and FTIR spectra of AC60 material activated from bamboo leaves at
650 °C/60 min

followed by the AC45 and AC30 samples with 74.2 and 72.45% C, respectively.
The C content plays an important role in creating small porous with large volume to
increase the adsorption surface area for activated carbon material [41]. The elemental
percentage composition in Table 2 also showed that three activated carbon material
AC30, AC45, AC60 contained other elements such as: O were found to be with the
lowest percentage from 17.82% (AC60 sample) to the highest of 23.91% (AC30
sample); element Si and P have lower percentages from 1.04 to 3.42% (Si) and 0.19
to 0.22% (P) respectively. All three samples have a relatively high BET surface area,
special the AC60 sample has a BET value of up to 108.9202 m?/g. With the average
particle size ranging from 17.4889 pwm (AC30) to 23.3497 wm (AC45) showed that
the material is smooth particles and quite similar together, the particle size of the
AC60 sample is more uniform [11]. The small particle size combined with the large
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specific surface area will affect the adsorption and removal of the material’s pollutants
[19].

The surface morphology of three activated carbon was studied by SEM technique,
and the results showed that the surface structure of the material samples somewhat
different and parallels with BET measurement results. It can be seen that the material
structure in three samples is heterogeneous porous. However, the AC60 sample was
observed to be most homogeneous, and it had a larger porous structure, more porous
and contained the most significant surface area among the three samples. There
was a significant positive between the current study and previous results [12, 47,
49]. It can be clearly observed the microporous with a larger pore diameter will
lead to reduction in surface area and an increase in porous structure [49], improve
adsorption capacity for azo dye. Compared to the raw materials, the activated carbon
material has a more strongly adsorption capacity through a rough surface with tiny
channels and porous structure [12, 29]. Similarly, the FTIR measurement results
in Figs. 3, 4 and 5 indicated that the activation time and temperature influenced the
material characteristics and the formation of functional groups on the material surface
[37, 40]. All three samples have adsorption spectrum from 400 to 4000 cm™! with
characteristic bonds such as C=0, O-H, C-C, C=C... Apart from some functional
groups, characteristic bonds lost or newly formed depending on activation time from
30, 45 or 60 min, the intensity of the characteristic peaks of samples also changed.
The FTIR spectrum obtained for all three samples displayed the following bonds
such as O—H stretch groups (peak at 3440-3426 cm™') and C-N amine (peak at
1088-1881 cm™"). The absorption peaks at 29242853 cm~! and 1680-1620 cm™!
are attributed to the C—H stretch and C=C groups, respectively. The FTIR results
also show peaks varied from 797 to 792 cm~! for aromatics out of plane bend C—
H. The C-halogen (Br/I) bonds appeared with a peak at 464—460 cm~' or N=0O
bonds representing spectral range from 1550 to 1300 cm™!. The C—O—C group was
also presented with a peak at 1120 to 850 cm~!. However, the C=0 bond as ketone
group (peak at 1725-1705 cm™") was only observed in the AC30 sample. The AC30
sample had lower purity than the two remain samples and containing many functional
groups on the material surface, leading to dispersed and reduced treatment efficiency.
Moreover, according to Pavia et al. [40] FTIR spectrum of three activated carbon
samples in this study is different from many other samples because of containing
bonds around 2350 cm~! representing the CO, group. Our results corroborate with
published studies [11, 41]. According to Chan et al. [11], the C=C, O-H, C-O-C
groups play an important role in characteristic dye adsorption were represented for
peaks at 1650, 3450, 1120 cm™!, respectively. Furthermore, the study of Pongener
et al. [41] also showed that the surface structure and pore size of the material are
highly dependent on additional precursors during activation processing, in which
the presence of H* ions will increase particle distribution, leading to an increase in
porous structure and the surface area of the material.
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3.2 Removal Efficiency of Azo Dye by Three Activated
Carbon Materials

3.2.1 Brilliant Green

Effect of Initial Azo Dye Volume and Reaction Time on Adsorption Capacity

To study the effect of initial azo dye volume and reaction time on adsorption capacity,
0.01 g Brilliant green dye was diluted in 100 mL with distilled water and analyzed
the initial concentration by HPLC instrument at wavelength 360 nm. The analyzed
result recorded the actual concentrations of Brilliant green in the stock solution was
85.97 mg/L. The amount of Brilliant green dye adsorbed at the equilibrium by the
three materials AC30, AC45 and AC60 is shown in Table 3. All samples recorded pH
value changed from 9 to 9.4. When the dye volume added into the samples changed
from 2, 3, 4 to 5 mL, and the reaction time increased from 30 to 120 min, the azo
dye removal efficiency also increased accordingly. At the reaction time of 30 min,
the adsorption capacity (q.) of the AC30 sample was the lowest with 95.40 mg/g and
the highest value was observed for the AC60 sample with 293.71 mg/g when added
2 and 5 mL Brilliant green, respectively. The adsorption capacity of Brilliant green
azo dye reached a maximum value of 343.88 mg/g for the AC60 sample at reaction
time 120 m with every volume ratio (2, 3, 4 and 5 mL). Similarly, the AC45 sample
also recorded the maximum adsorption capacity (343.88 mg/L) when adding 2 and
3 mL Brilliant green at the reaction time 120 min, but when the volume increases to
4 and 5 mL, the efficiency decreased to 327.8 and 320.92 mg/g, respectively. With
different reaction times (from 60 to 90 min), the complete removal capacity of azo

Table 3 The adsorption capacity q. (mg/g) of Brilliant green dye by 3 activated carbon materials

Type of | Vazodye (ML) | Mactivated carbon (&) | ge (Mg/g)
materials Reaction time (minute)
30 min 60 min |90 min | 120 min

AC30 2 0.5 237.95 265.28 |297.00 |343.88
AC45 2 0.5 255.57 299.86 |333.93 |343.88
AC60 2 0.5 293.71 337.37 |343.88 |343.88
AC30 3 0.5 186.11 201.89 |257.95 |326.27
AC45 3 0.5 201.92 286.47 |320.92 |343.88
AC60 3 0.5 285.96 328.04 |343.88 |343.88
AC30 4 0.5 166.40 197.95 |237.96 |309.43
AC45 4 0.5 186.11 265.00 [299.85 |327.80
AC60 4 0.5 265.00 32474 |343.88 |343.88
AC30 5 0.5 95.40 124.00 |151.16 |297.78
AC45 5 0.5 146.67 229.78 |265.00 |320.92
AC60 5 0.5 257.62 297.43 32091 |337.37
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dye was found for the AC60 sample with 2 mL Brilliant green adding and reaction
time 60 min. Unlike the results for the AC60 sample, the two samples were AC30
va AC45 had reported the lowest adsorption capacity of 124 and 333.93 mg/g when
added 5 mL (AC30 sample, reaction time 60 min) and 2 mL azo dye (AC45 sample,
reaction time 90 min), respectively. It can be clearly seen that the volume ratio of
Brilliant green: distilled water (mL) of 2:18 recorded the maximum removal capacity
because the adsorption capacity has obtained 237.95 mg/g after only 30 min reaction
time and reached the maximum capacity of 343.88 mg/g at all remaining reaction
times (60, 90 and 120 min).

Effect of Adsorbent Material Mass and Reaction Time on Adsorption Capacity

Based on the result obtained in Sect. 3.2.1, the volume ratio of brilliant green: distilled
water (mL) of 2:18 selected for further experiments. Figure 6 showed that when
increasing the amount of the adsorbent from 0.25; 0.5; 1 to 2 g, the adsorption
efficiency (H%) for azo dye increased as well. Only the adsorption efficiency obtained
from the AC60 sample after 30 min reached 97.4% (with 0.25 g adsorbent material)
and up to 100% as soon as this amount was increased to 0.5 g, while the remaining
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Fig. 6 The adsorption efficiency (H%) of Brilliant green dye from aqueous solution when adsorbed
with 0.25, 0.5, 1 and 2 g activated carbon material
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two samples AC30 and AC45 removed only 79.7 and 100% Brilliant green when
added 0.25 and 2 g respectively, and even the AC30 sample achieved only 89% with
the amount of adsorbent material 2 g. When the reaction time varied from 60 to
120 min and with just 0.25 g of adsorption material, the AC60 is the only sample
that recorded the maximum adsorption efficiency of 100%, and the two remaining
samples obtained the values of 79.7; 81; 95% (AC30 sample) and 94; 98.3; 98.4%
(AC45 sample) with the reaction time 60, 90 and 120, respectively. Unlike the results
for 0.25 g absorbent material, the adsorption efficiency with 0.5, 1 and 2 g for three
activated carbon samples is very different together. The azo dye removal efficiency
of the AC45 sample was recorded value up to 100% just as 0.5 g at reaction time
60 min, whereas the AC30 sample reached only the value of 100% with 2 g at 60 min.
With the reaction time of 120 min and the amount of absorbent material 2 g, all three
materials observed to able to remove 100% of Brilliant green azo dye from water. Of
these, the AC60 is the only sample that obtained the completely removal efficiency
of 100% with 0.5 g absorbent material at the reaction time of 30 min.

3.2.2 Alizarin Red S

Effect of Initial Azo Dye Volume and Reaction Time on Adsorption Capacity

Similarly, the initial concentration of Alizarin Red S solution analyzed by HPLC at
wavelength 260 nm was 98.6 mg/L. The pH value in every sample measured around
8.9t09.2. The Alizarin Red S azo dye removal capacity at different time periods was
lower than Brilliant green although the maximum adsorption capacity value of the
material is higher. The results in Table 4 showed that when the 2 mL of Alizarin Red
S azo dye was added, the removal capacity of all three materials recorded the rather
high value and reached the maximum adsorption capacity of 394.4 mg/g at 60, 90 and
120 min by AC360, AC45 and AC30 samples, respectively. However, when the azo
dye volume was altered from 3, 4 to 5 mL, the removal capacity of all samples was
significantly reduced. As seen for the AC60 sample, the removal capacity was the
highest for 5 mL of 118.32 mg/g and the lowest for 3 mL of 78.88 mg/g, respectively;
with 4 mL Alizarin Red S, the adsorption capacity was only reached 177.48 mg/g (at
30 min) to 216.92 mg/g (at 120 min). The remaining samples showed the removal
capacity for Alizarin Red S really reduced. As with 30 min reaction time and the
volume of Alizarin Red S ranged from 3, 4 to 5 mL, the AC30 and AC45 samples
only reached 134.10; 70.99; 7.89 mg/g and 248.47; 118.32; 27.61 mg/g, respectively.
When the reaction time increased to 120 min, the adsorption capacity increased as
well but only reached 39.44 to 256.36 mg/g (AC30 sample) and 78.88 to 343.13 mg/g
(AC45 sample), respectively. It is also clear that the azo dye volume needed to reach
the highest adsorption capacity value was 2 mL Alizarin Red S. This volume ratio
would be selected for further experiments.
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Table 4 The adsorption capacity q. (mg/g) of Alizarin red S dye by activated carbon material

Type of | Vazodye (ML) | Mactivated carbon (&) | ge (Mg/g)
materials Reaction time (minute)
30 min 60 min |90 min | 120 min

AC30 2 0.5 262.96 302.80 |367.28 |394.40
AC45 2 0.5 311.00 37740 |394.40 |394.40
AC60 2 0.5 389.55 39440 |394.40 |394.40
AC30 3 0.5 134.10 181.42 |248.47 |256.36
AC45 3 0.5 248.47 339.18 |343.13 |343.13
AC60 3 0.5 291.86 339.18 |351.02 |354.96
AC30 4 0.5 70.99 78.88 |106.49 |118.32
AC45 4 0.5 118.32 138.04 | 145.93 | 157.76
AC60 4 0.5 177.48 185.37 |197.20 |216.92
AC30 5 0.5 7.89 19.72 39.44 39.44
AC45 5 0.5 27.61 39.44 39.44 78.88
AC60 5 0.5 78.88 78.88 98.60 |118.32

Effect of Adsorbent Material Mass and Reaction Time on Adsorption Capacity

As with Brilliant green azo dye, the adsorption efficiency for Alizarin Red S increases
when increasing the reaction time and adsorbent material. The result of the experi-
ments in Fig. 7 showed that the effect of adsorbent material mass and reaction time on
adsorption capacity was lower than Brilliant green azo dye. With the volume ratio of
Alizarin Red S: distilled water is 2:18 and the amount of the activated carbon material
varied from 0.25 to 2 g, the adsorption efficiency of the material samples increases
accordingly. When 0.25 g adsorption material was added, the AC30 sample recorded
the lowest efficiency of 2%, and the highest was the AC60 with 30% at reaction
time of 30 and 120 min, respectively. At a reaction time 30 min and the amount of
adsorbent material increases from 0.5 to 1 g, the AC60 sample recorded the highest
azo dye removal efficiency 74% (with 1 g adsorbent material) and the lowest value
of 45% (with 0.5 g adsorbent material), the remaining two samples have the lowest
removal capacity of 18% (with 0.5 g AC30 material sample) and the highest is 63%
(with 1 g AC45 material sample). Between 60 and 120 m, the removal rate increases
steadily but quite slowly. The maximum efficiency reached to 30, 45, 55% and 65, 87,
90%, respectively when added 0.5 and 1 g adsorbent material AC30, AC45, AC60
at reaction time 120 min. However, when the adsorbent material increased up to 2 g,
the adsorption efficiency of all three samples was achieved to the maximum value,
completely removing 100% of azo dye at all four reaction times (from 30 to 120 min)
except for the AC30 sample with only 98% at 30 min.

In this way, it can be seen that the removal efficiency for Brilliant green azo dye
better than Alizarin red S. The results also showed that the optimal experimental
condition for the azo dye volume ratio/distilled water of 2/18 (mL). The adsorption
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Fig.7 The adsorption efficiency (H%) of Alizarin Red S dye from aqueous solution when adsorbed
with 0.25, 0.5, 1 and 2 g activated carbon material

efficiency increases linearly with the reaction time and the weight of the adsorbent
material added. However, only the AC60 sample achieved the maximum efficiency of
100% with both two azo dyes at reaction time of 30 min when the 0.5 and 2 g absorbent
material for Brilliant green and Alizarinred S were added to the solution, respectively.
This experimental result matches with the material structure characteristic of the
AC60 sample. Further tests carried out with the optimization experimental conditions
confirmed with our initial findings.

Azo dye is a group of dyes represented by a functional group (-N=N-) and the
removal of this group from textile dyeing wastewater is a very difficult task. Our
results have a number of similarities with some previously published findings [11, 19,
22]. Kaya and Uzun [22] used the carbonaceous material consist of pine cone, walnut
shell, and hazelnut shell that were synthesized at different temperature range from 400
to 700 °C for 60 min to remove Alizarin yellow GG azo dye from the aqueous solution.
When 20 ppm Alizarin red S and 8 g/L adsorbent material added to the solution at
pH 3, the activated carbon sample from the walnut shells with the largest material
surface area of 259.74 m?/g had recorded the maximum adsorption efficiency of 82%.
Similarly, Chan et al. [11] indicated that the dyes with a smaller molecular size would
more easily adsorb onto the carbonaceous material and the dye removal efficiency
depends on the appearance of the adsorbent functional groups on the material surface.
In his investigation into the removal percentage of two azo dyes, Acid Yellow 117
(AY117) and Acid Blue25 (AB25), Chan et al. (2006) shows that the AB25 dye
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with smaller molecular size readily adsorbed onto the carbonaceous material than
AY117 dye with larger size showed minimal adsorption. The results of material
characterization also showed that the FTIR spectrum of activated carbon samples
appeared dye adsorption functional groups such as C=C, O-H, C-O—C represented
for peaks at 1650, 3450, 1120 cm™!, respectively. The surface structure and pore
size of the material play an important role in the adsorption and removal of the dye.
Hameed and El-Khaiary [19] demonstrated that activated carbon samples have a high
BET specific surface area, large pore size, the adsorption capacity with pollutants
also increases accordingly. In his analysis, Hameed and El-Khaiary [19] point out the
adsorption speed of malachite green (MG) is controlled by the pore structure of the
material and the maximum removal efficiency reaches 263.58 mg/g with 300 mg/L
of the absorbent material (synthesized from bamboo leaves at 850 °C/2 h) at reaction
time 230 min.

For batch adsorption, the reaction time and the concentration of the initial adsor-
bent are important factors in determining the adsorption capacity value (q.). When
the adsorption time increases, the adsorption efficiency also increases accordingly
[27, 43]. These fit well with the statement of Saeed et al. [27], Laskar and Kumar
[43] and also confirm our findings. When the amount of the initial adsorption time
increases from 0.25 to 2 g, the AC30 sample also recorded maximum efficiency,
completely removing 100% azo dye after only 30 min of reaction time (BG dye)
and 60 min (AR dye), the AC60 and AC45 samples also reached this value with
0.25 and 2 g, respectively, after only 30 min of reaction time. As mentioned by
Laskar and Kumar [27], the removal efficiency of Brilliant green dye by the acti-
vated carbon material synthesized from Bambusa Tulda bamboo up to 98% only with
10 g/L of the absorbent material at the reaction time of 60 min. The Brilliant green
removal percentage has been reduced to 83.74% when the amount of adsorbent mate-
rial is reduced to 50 mg/L accordingly. Furthermore, the different activated carbon
material types exhibit different adsorption efficiency. Laskar and Kumar [27] also
demonstrated that the Brilliant green azo dye removal rate reduced from 136 mg/L
(absorbed with the material modified with sodium carbonate) to 72 mg/L (the material
modified with hydrochloric acid). Our findings appear to be well supported by Saeed
et al. [43]. He underlines that the sorption equilibrium of crystal violet dye (CV) by
the activated carbon from grapefruit peel reached rapidly to 96% after 60 min. The
maximum adsorption capacity increases gradually from 60.42 to 254.16 mg/g as the
adsorbent material content increases from 25 mg/L to 1 g/L, and the amount of CV
added to the solution increases correspondingly from 10 to 600 mg/L.

As with changes in the reaction time, the solid/solution ratio also is an important
factor in calculating the capacity of adsorption of azo dye in a batch treatment system.
This confirms previous findings in the literature of Ahmad et al. [3], Al-Da’amy and
Al-Shemary [4], Xu et al. [50]. According to Xu et al. [50], the methyl violet (MV)
adsorption of carbonaceous materials synthesized from 156 g rice husks achieved
the highest efficiency with the ratio of MV/distilled water of 1/18.2 (mmol/L). Xu
et al. [50] demonstrated that the adsorption of methyl violet by the carbonaceous
material is related to electrostatic attraction, surface precipitation, the specific inter-
actions between dyes and hydroxyl, and carboxylate groups on the surface material.
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Ahmad et al. [3] also showed that methylene blue (MB) was completely removed
by the carbonaceous material prepared from rice husk, cow dung and sludge. When
the 0.5, 1.0, 1.5, 3.0, and 6.0 g of the absorbent material added to 100 mL solution
containing 100 mg/L of MB, the maximum efficiency achieved with three materials:
rice husk, cow dung and sludge of 97.0-99.0, 71.0-99.0 and 73.0-98.9%, respec-
tively. Similarly, the removal capacity of Alizarin yellow R and Alizarin red S by the
absorbent material from snail shells recorded the maximum value after 30 min with
the amount of initial absorbent material of 0.01 g and the initial dye concentration
of 30 mg/L [4].

The azo dye removal efficiency of the carbonaceous materials also depends on
the adsorption mechanism. Mukarram et al. 2020 reported on adsorption for methyl
orange (MO) and Eriochrome Black-T (EBT)—and cationic dyes—methylene blue
(MB) and crystal violet (CV) and concluded that the maximum adsorption capacity
reached up to 206.61, 309.59, 163.132 and 934.57 mg/g when supplemented with
200 mg/L MB, EBT, MO, and CV, respectively. According to Mukaram et al. (2020),
the adsorption mechanism is mainly based on the Redlich-Peterson isotherm model
(R? > 0.95). However, Saniyaa et al. [44] used the isothermal model Langmuir and
Freundlich to demonstrate the optimal experimental parameters to remove crystal
violet (CV) dye from the textile dyeing wastewater. Saniyaa et al. [44] showed that the
maximum removal efficiency of 70% had obtained after reaction time of 60 min with
100 mg/L of the carbonaceous material synthesized from curry bark and the initial
dye concentration of 50 mg/L. He comes to reach the conclusion that the Langmuir
isothermal model is most suitable in his work. Three kinetic models,namely, pseudo-
first-order, pseudo-second-order, and intra-particle diffusion were used to analyze
the adsorption mechanism. The kinetic results showed that the pseudo-second-order
equation was the best model. The isotherm analysis indicated that the equilibrium
data were well fitted to the Langmuir isotherm model, showing a monolayer adsorp-
tion manner of the dyes onto a homogeneous surface of the modified nanoparticles.
According to the experimental results, about 97.8% of alizarin yellow and 78.7% of
alizarin red were removed from aqueous solutions under optimal conditions [18].

3.3 Effect to Actual Textile Dyeing Wastewater Sample
and Compare the Material Quality with Some
Commercial Activated Carbon Samples

3.3.1 Effect on Initial Textile Dyeing Wastewater Sample

To evaluate the application capacity of the activated carbon sample, an initial wastew-
ater sample (NTO) was collected from a factory of jeans in Long Bien district, Hanoi
city, Vietnam and moved to the laboratory. Initial wastewater samples were measured
for pH and analyzed the concentration of azo dye in the solution. The experimental



202

T. T. H. Tran et al.

Table 5 The analysis results with initial wastewater samples at different time periods

No Items NTO NT30 NT60 NT90 NT120
1 pH 8.4 9.2 9.0 9.0 9.0
2 BG 66.29 mg/L 0 0 0 0

AR 0 mg/L 0 0 0 0

optimization conditions selected in Sect. 3.2 will be applied with the initial wastew-
ater samples at different time range from 30 min (NT30), 60 min (NT60), 90 min
(NT90) to 120 min (NT120) and 0.5 g the absorbent material AC60. The analysis
results are shown in Table 5 and Fig. 8.

The analysis result showed that the Brilliant green dye was completely removed
from the solution after only 30 min of reaction time, HPLC spectrum did not record
the appearance of a peak at the retention time of 16.232 min for samples absorbed
at 60, 90, and 120 min, respectively. As reported above, this is a factory of jeans so
the analysis result was no peak of AR dye. Both samples before and after absorbed
by AC60 material did not record a peak at the retention time of 3.364 min.
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Fig.8 HPLC (High Performance Liquid Chromatography) spectrum of standard and initial sample:
a standard spectrum with Brilliant green dye; b standard spectrum with Alizarin red S dye; ¢ spec-
trum of wastewater sample before adsorption to AC60 material and d spectrum of wastewater
sample after adsorption with 0.5 g of AC60 material at 30 min
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3.3.2 Compare the Material Quality with Some Commercial Activated
Carbon Samples

To evaluate the quality of material in the current study, the AC60 sample with the
best treatment efficiency would be compared with four other commercial material
types available in the Vietnam market consists of AC-R (Russian activated carbon),
AC-C (Chinese activated carbon), AC-F (French activated carbon) and AC-Tra Bac
(Vietnamese activated carbon from coconut shell). The adsorption efficiency of four
materials for Brilliant green and Alizarin red was performed according to the exper-
imental optimization condition in Sect. 3.2. The results are shown in Table 6 and
Fig. 9 as follows:

From the comparison results, it can be seen that the adsorption efficiency for
BG and AR dyes by four commercial activated carbon materials share a number of
similarities with our findings with AC60 material in the same optimization experi-
mental conditions. The analysis results also showed that the azo dye removal effi-
ciency of the AC60 material synthesized from bamboo leaves is higher than some

Table 6 The adsorption capacity (q.) for BG and AR by four commercial activated carbon material
compared to AC60 material

No Type of Vazo dye (HlL) Mactivated carbon (g) PH Qe (mg/ g)
materials Brilliant | Alizarin
green (at red S (at
30 min) 60 min)
1 AC-C 2 0.5 4 311.20 325.60
2 AC-R 2 0.5 4 343.88 394.40
3 AC-F 2 0.5 3 343.88 394.40
4 AC-TraBac |2 0.5 5 343.88 394.40
5 AC60 2 0.5 9.1 343.88 394.40
Fig. 9 The adsorption 150 - mm B (H%)
efficiency of four e "
commercial activated carbon “aé = A(H%)
materials compared to AC60 =
material § 100 -
a2
L&)
=
L4
s
= 50
]
w
k=]
<<
0-

AC-C AC-F AC-R AC-Tra Bac AC60

Type of commercial carbonaceous material
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previously prepared material (AC-C material reached only 90.5 and 82.55% for
Brilliant green and Alizarin red S, respectively). As anticipated, our experiments
prove that the removal efficiency for azo dye depends on experimental conditions
such as reaction time, pyrolysis temperature, pH ... and the activated carbon material
quality. According to Mahdi et al. [33], the pyrolysis time will determine the material
recovery productivity, affect the structure of cellulose and hemicellulose and release
of organic molecules. The formation of functional groups (C=0, C-O-C and C-0)
will determine the azo dye removal efficiency and therefore improve the material’s
surface characteristics (surface area and pore volume). The removal efficiency of
pollutants depends on the functional groups on the carbonaceous material surface
such as hydroxyl, carboxyl and —OH, C-H, C=0... These functional groups will
have a strong influence on ion adsorption capacity [21].

The material synthesis environment and the experimental conditions were greatly
affected the maximum adsorption capacity [31]. The pH value in the experimental
medium is in contradiction with previous results reported in the documents about its
effect on pollutant removal efficiency. Gautam et al. [17] suggested that the acidic
environment enhances sorption processing. The maximum adsorption capacity of
material from different waste plant biomass (consists of orange peel, flower waste,
and environmentally harmful Alligator weed) recorded at 50 °C were 42.58 and
68.78 mg/g for Alizarin red S and Tartrazine at pH 4.0 and 2.0, respectively. Our
findings do not support the data provided by Gautam et al. [17] in this area. In fact,
in contrast with what was previously data, we found that the pH value in the current
study change around pH 9 and our findings appear to be well supported by Kyi’s
report [26]. Kyi et al. [26] carried out the sorption experiment to remove crystal
violet from wastewater with adsorbent material from palm kernel shell. The results
showed that the removal percentage and adsorption capacity of the material increases
linearly with the pH value in the solution. These differences can be explained partly
by the negative charges on the surface of carbonaceous materials at high pH enhance
electrostatic attraction between azo dye molecules and carbonaceous material.

According to Sumalinog et al. [46], the removal efficiency of acetaminophen
(APAP) and methylene blue (MB) dyes from aqueous solution were affected by
changes in pH value. The removal efficiency of MB dye (99.9%) recorded the higher
value than APAP dye (only reached 63.7%). While the adsorption capacity of APAP
was strongly reduced by pH change, MB adsorption found to be unaffected when pH
increases from 2 to 12. Chahinez et al. [10] argued that the concentration of crystal
violet dye (CV) adsorbed into the carbonaceous material derived from date palm
petioles increased by 46% (from 18.8 to 27.4 mg/g, an average of 24.36 mg/g) when
the solution pH increased from 2.0 to 12. Zazycki et al. [53] showed that the treatment
capacity of methyl violet dye (MV) is higher in alkaline medium. Surprisingly, for
maximum adsorption capacity of the carbonaceous material from chitin was found
up to 1120.8 mg/g with pH changed from 6.8 to 9. Consequently, it can be seen that
the characteristics and source of the raw materials have a significant influence on
the carbonaceous material structure, determining the treatment efficiency as well as
the removal capacity for pollutants. Our study provides additional further evidence
for insight into the material synthesized conditions such as reaction time, pyrolysis
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temperature as well as the volume ratio of dye/water added to the solution for azo
dye removal in textile wastewater.

4 Conclusion

This study investigated the removal capacity of two azo dyes, including Brilliant
green and Alizarin red S, by three types of activated carbon prepared from bamboo
leaves, AC30 (650 °C/30 min); AC45 (650 °C/45 min) and AC60 (650 °C/60 min).
The obtained materials have relatively high C content (AC30 is 72.45%; AC4S5 is
74.30% and AC60 is 80.18%) and contain the characteristic bonds represented by the
azo dye removal capacity C=C; C—O-C, —OH. The results also showed that the AC60
material sample has the best adsorption efficiency reached 100% at the reaction time
of 30 min with the volume ratio of azo dye/distilled water of 2/18 (mL), pH 9, the
absorbent amount of 0.5 and 2 g for Brilliant green and Alizarin red S, respectively.

The analysis results of initial textile dyeing wastewater sample with four commer-
cial activated carbon samples showed that the material source and the experimental
conditions in the current study are suitable for the azo dye removal application from
industrial textile dyeing wastewaters. Despite this, we believe our work could be a
starting point for further studies on the adsorption mechanism, the wastewater prop-
erties, desorption/adsorption... need to be thoroughly conducted before application
in factories or actual conditions.

References

1. Abd-Elhamid AI, Emran M, El-Sadek MH, El-Shanshory AA, Soliman HMA, Akl MA, Rashad
M (2020) Enhanced removal of cationic dye by eco-friendly activated biochar derived from
rice straw. Appl Water Sci 10(1):45. https://doi.org/10.1007/s13201-019-1128-0

2. Aboel-Zahab H, El-Khyat Z, Sidhom G, Awadallah R, Abdel-Al W, Mahdy K (1997)
Physiological effects of some synthetic food colouring additives on rats. Boll Chim Farm
136(10):615-627

3. Ahmad A, Khan N, Giri BS, Chowdhary P, Chaturvedi P (2020) Removal of methylene blue
dye using rice husk, cow dung and sludge biochar: characterization, application, and kinetic
studies. Biores Technol 306:123202. https://doi.org/10.1016/j.biortech.2020.123202

4. Al-Da’amy MA, Al-Shemary RQ (2018) Removal of alizarin red dye from aqueous solution
with bio sorption technique using snail shell as low cost adsorbent. J Glob Pharma Technol
422-430

5. Amirza MAR, Adib MMR, Hamdan R (2017) Application of agricultural wastes activated
carbon for dye removal—an overview. In: MATEC web of conferences, vol 103, p 06013.
https://doi.org/10.1051/matecconf/201710306013

6. Ashraf MW, Abulibdeh N, Salam A (2019) Adsorption studies of textile dye (chrysoidine)
from aqueous solutions using activated sawdust. Int J] Chem Eng 2019:1-8. https://doi.org/10.
1155/2019/9728156

7. Bello OS, Adegoke KA, Olaniyan AA, Abdulazeez H (2015) Dye adsorption using biomass
wastes and natural adsorbents: overview and future prospects. Water Treat 53:1292-1315.
https://doi.org/10.1080/19443994.2013.862028


https://doi.org/10.1007/s13201-019-1128-0
https://doi.org/10.1016/j.biortech.2020.123202
https://doi.org/10.1051/matecconf/201710306013
https://doi.org/10.1155/2019/9728156
https://doi.org/10.1080/19443994.2013.862028

206

8.

9.

10.

11.

12.

16.

17.

18.

19.

20.

21.

22.

23.

24.

T. T. H. Tran et al.

Benkhaya S, M’rabet S, El Harfi A (2020) Classifications, properties, recent synthesis and
applications of azo dyes. Heliyon 6(1):e03271. https://doi.org/10.1016/j.heliyon.2020.e03271
Bhomick PC, Supong A, Baruah M, Pongener C, Gogoi C, Sinha D (2019) Alizarin Red S
adsorption onto biomass-based activated carbon: optimization of adsorption process parameters
using Taguchi experimental design. Int J Environ Sci Technol 17:1137-1148. https://doi.org/
10.1007/s13762-019-02389-1

Chahinez HO, Abdelkader O, Leila Y, Tran HN (2020) One-stage preparation of palm petiole-
derived biochar: characterization and application for adsorption of crystal violet dye in water.
Environ Technol Innov 100872. https://doi.org/10.1016/j.eti.2020.100872

Chan LS, Cheung WH, McKay G (2008) Adsorption of acid dyes by bamboo derived activated
carbon. Desalination 218(1-3):304-312. https://doi.org/10.1016/j.desal.2007.02.026

CuiJ, Yang Y, Hu Y, Li F (2015) Rice husk based porous carbon loaded with silver nanoparticle
by a simple and cost-effective approach and their antibacterial activity. J Colloid Interface Sci
455:117-124. https://doi.org/10.1016/j.jcis.2015.05.049

. Dias YN, Souza ES, da Costa HSC, Melo LCA, Penido ES, do Amarante CB, Teixeira OMM,

Fernandes AR (2019) Biochar produced from Amazonian agro-industrial wastes: properties
and adsorbent potential of Cd%* and Cu?*. Biochar 1:389—400. https://doi.org/10.1007/s42773-
019-00031-4

. Edward LKM, Cheung WH, Valix M, McKay G (2010) Dye adsorption onto char from bamboo.

J Hazard Mater 177(1-3):1001-1005. https://doi.org/10.1016/j.jhazmat.2010.01.018

. El maguana Y, Elhadiri N, Benchanaa M, Chikri R (2020) Activated carbon for dyes removal:

modeling and understanding the adsorption process. J Chem 2020:1-9.https://doi.org/10.1155/
2020/2096834

Fei B, Gao Z, Wang J, Liu Z (2016) Biological, anatomical, and chemical characteristics of
bamboo. Econ Appl Second Xylem 283-306. https://doi.org/10.1016/B978-0-12-802185-9.
00014-0

Gautam PK, Shivapriya PM, Banerjee S, Sahoo AK, Samanta SK (2019) Biogenic fabrication
of iron nanoadsorbents from mixed waste biomass (MWB) for aqueous phase removal of
alizarin red S and tartrazine: kinetics, isotherm and thermodynamic investigation. Environ
Progr Sustain Energy 1-13. https://doi.org/10.1002/ep13326

Gholivand MB, Yamini Y, Dayeni M, Seidi S, Tahmasebi E (2015) Adsorptive removal
of alizarin red-S and alizarin yellow GG from aqueous solutions using polypyrrole-coated
magnetic nanoparticles. J Environ Chem Eng 3:529-540. https://doi.org/10.1016/j.jece.2015.
01.011

Hameed BH, El-Khaiary MI (2008) Equilibrium, kinetics and mechanism of malachite green
adsorption on activated carbon prepared from bamboo by K,COj3 activation and subsequent
gasification with CO;. J Hazard Mater 157(2-3):344-351. https://doi.org/10.1016/j.jhazmat.
2007.12.105

Hao Y, Wang Z, Gou J, Dong S (2015) Highly efficient adsorption and removal of Chrysoidine
Y from aqueous solution by magnetic graphene oxide nanocomposite. Arab J Chem. https://
doi.org/10.1016/j.arabjc.2015.07.013

Hirata M, Kawasaki N, Nakamura T, Matsumoto K, Kabayama M, Tamura T, Tanada S (2002)
Adsorption of dyes onto carbonaceous materials produced from coffee grounds by microwave
treatment. J Colloid Interface Sci 254:17-22. https://doi.org/10.1006/jcis.2002.8570

Kaya N, Uzun ZY (2020) Investigation of effectiveness of pyrolysis products on removal of
alizarin yellow GG from aqueous solution: a comparative study with commercial activated
carbon. Water Sci Technol 1191-1208. https://doi.org/10.2166/wst.2020.213

Khamis MI, Ibrahim TH, Jumean FH, Sara ZA, Atallah BA (2020) Cyclic sequential removal
of alizarin Red S dye and Cr(VI) ions using wool as a low-cost adsorbent. Processes 8(5):556.
https://doi.org/10.3390/pr8050556

Kornaros M, Lyberatos G (2006) Biological treatment of wastewaters from a dye manufacturing
company using a trickling filter. ] Hazard Mater 136(1):95-102. https://doi.org/10.1016/j.jha
zmat.2005.11.018


https://doi.org/10.1016/j.heliyon.2020.e03271
https://doi.org/10.1007/s13762-019-02389-1
https://doi.org/10.1016/j.eti.2020.100872
https://doi.org/10.1016/j.desal.2007.02.026
https://doi.org/10.1016/j.jcis.2015.05.049
https://doi.org/10.1007/s42773-019-00031-4
https://doi.org/10.1016/j.jhazmat.2010.01.018
https://doi.org/10.1155/2020/2096834
https://doi.org/10.1016/B978-0-12-802185-9.00014-0
https://doi.org/10.1002/ep13326
https://doi.org/10.1016/j.jece.2015.01.011
https://doi.org/10.1016/j.jhazmat.2007.12.105
https://doi.org/10.1016/j.arabjc.2015.07.013
https://doi.org/10.1006/jcis.2002.8570
https://doi.org/10.2166/wst.2020.213
https://doi.org/10.3390/pr8050556
https://doi.org/10.1016/j.jhazmat.2005.11.018

Ability to Remove Azo Dye from Textile Dyeing Wastewaters ... 207

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Krishna Mohan GV, Naga Babu A, Kalpana K, Ravindhranath K (2016) Removal of naphthol
green B dye from polluted waters using hydrogen peroxide treated red mud. Der Pharma Chem
8(19):403-414

Kyi PP, Quansah JO, Lee C-G, Moon J-K, Park S-J (2020) The removal of crystal violet from
textile wastewater using palm kernel shell-derived biochar. Appl Sci 10(7):2251. https://doi.
org/10.3390/app10072251

Laskar N, Kumar U (2018) Removal of Brilliant Green dye from water by modified Bambusa
Tulda: adsorption isotherm, kinetics and thermodynamics study. Int J Environ Sci Technol
16:1649-1662. https://doi.org/10.1007/s13762-018-1760-5

Lee JW, Choi SP, Thiruvenkatachari R, Shim WG, Moon H (2006) Submerged microfiltration
membrane coupled with alum coagulation/powdered activated carbon adsorption for complete
decolorization of reactive dyes. Water Res 3:435-444. https://doi.org/10.1016/j.watres.2005.
11.034

Liu N, Charrua AB, Weng C-H, Yuan X, Ding F (2015) Characterization of biochars derived
from agriculture wastes and their adsorptive removal of atrazine from aqueous solution: a
comparative study. Biores Technol 198:55-62. https://doi.org/10.1016/j.biortech.2015.08.129
Lobovikov M, Paudel S, Piazza M, Ren H, Wu J (2007) World bamboo resources. Food and
Agriculture Organization of the United Nations 18(1): 70. https://doi.org/10.13140/RG.2.1.
1042.3764

Macedo JdS, Junior NBdC, Almeida LE, Vieira EFdS, Cestari AR, Gimenez IdF (2006) Kinetic
and calorimetric study of the adsorption of dyes on mesoporous activated carbon prepared
from coconut coir dust. J Colloid Interface Sci 298:515-522. https://doi.org/10.1016/j.jcis.
2006.01.021

Mahamad MN, Zaini MAA, Zakaria ZA (2015) Preparation and characterization of activated
carbon from pineapple waste biomass for dye removal. Int Biodeterior Biodegrad 102:274-280.
https://doi.org/10.1016/j.ibiod.2015.03.009

Mahdi Z, El Hanandeh A, Yu Q (2017) Influence of pyrolysis conditions on surface characteris-
tics and methylene blue adsorption of biochar derived from date seed biomass. Waste Biomass
Valorization 8:2061-2073. https://doi.org/10.1007/s12649-016-9714-y

Michalina O, Ryan FD, Rita JM, Glenn K, Christopher TE (2011) The potential for human
exposure, direct and indirect, to the suspected carcinogenic triphenylmethane dye Brilliant
Green from green paper towels. Food Chem Toxicol 49:1870-1876. https://doi.org/10.1016/j.
fct.2011.05.005

Mittal A, Mittal J, Malviya A, Gupta VK (2010) Removal and recovery of Chrysoidine Y from
aqueous solutions by waste materials. J Colloid Interface Sci 344(2):497-507. https://doi.org/
10.1016/j.jcis.2010.01.007

Nautiyal P, Subramanian KA, Dastidar MG (2016) Adsorptive removal of dye using biochar
derived from residual algae after in-situ transesterification: alternate use of waste of biodiesel
industry. J Environ Manag 182:187-197. https://doi.org/10.1016/j.jenvman.2016.07.063
Nguyen DT (2012) Modern physical methods applied in chemistry. National University
Publishing House, Hanoi

Oveisi M, Asli MA, Mahmoodi NM (2018) MIL-Ti metal-organic frameworks (MOFs) nano-
materials as superior adsorbents: synthesis and ultrasound-aided dye adsorption from multi-
component wastewater systems. J Hazard Mater 347:123-140. https://doi.org/10.1016/j.jha
zmat.2017.12.057

Pathania D, Sharma S, Singh P, Arabian J (2017) Removal of methylene blue by adsorption onto
activated carbon developed from Ficus carica bast. Arab J Chem 10:S1445-S1451. https://doi.
org/10.1016/j.arabjc.2013.04.021

Pavia DL, Lampman GM, Kriz GS, Vyvyan JR (2013) Introduction to spectroscopy. United
States of America

Pongener C, Kibami D, Rao KS (2015) Sythesis and characterization of activated carbon from
the biowaste of the plant manihot esculenta. Chem Sci Trans 59-68. https://doi.org/10.7598/
cst2015.958


https://doi.org/10.3390/app10072251
https://doi.org/10.1007/s13762-018-1760-5
https://doi.org/10.1016/j.watres.2005.11.034
https://doi.org/10.1016/j.biortech.2015.08.129
https://doi.org/10.13140/RG.2.1.1042.3764
https://doi.org/10.1016/j.jcis.2006.01.021
https://doi.org/10.1016/j.ibiod.2015.03.009
https://doi.org/10.1007/s12649-016-9714-y
https://doi.org/10.1016/j.fct.2011.05.005
https://doi.org/10.1016/j.jcis.2010.01.007
https://doi.org/10.1016/j.jenvman.2016.07.063
https://doi.org/10.1016/j.jhazmat.2017.12.057
https://doi.org/10.1016/j.arabjc.2013.04.021
https://doi.org/10.7598/cst2015.958

208

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

T. T. H. Tran et al.

Rehman R, Mahmud T (2013) Sorptive elimination of alizarin Red-S dye from water using
citrullus lanatus peels in environmentally benign way along with equilibrium data modeling.
Asian J Chem 25(10):5351-5356. https://doi.org/10.14233/ajchem.2013.14179

Saeed A, Sharif M, Igbal M (2010) Application potential of grapefruit peel as dye sorbent:
kinetics, equilibrium and mechanism of crystal violet adsorption. J Hazard Mater 179(1—
3):564-572. https://doi.org/10.1016/j.jhazmat.2010.03.041

Saniyaa A, Sathyaa K, Nagarajanb K, Yogesha M, Jayalakshmia H, Praveenaa P (2020)
Modelling of the removal of crystal violet dye from textile effluent using Murraya koenigii
stem biochar. Desalin Water Treat 203:356-365. https://doi.org/10.5004/dwt.2020.26191
Srinivasan A, Viraraghavan T (2010) Decolorization of dye wastewaters by biosorbents: a
review. J Environ Manag 91(10):1915-1929. https://doi.org/10.1016/j.jenvman.2010.05.003
Sumalinog DAG, Capareda SC, de Luna MDG (2018) Evaluation of the effectiveness and mech-
anisms of acetaminophen and methylene blue dye adsorption on activated biochar derived from
municipal solid wastes. J Environ Manag 210:255-262. https://doi.org/10.1016/j.jenvman.
2018.01.010

Suresh S (2014) Treatment of textile dye containing effluents. Curr Environ Eng 1:1-23. https://
doi.org/10.2174/2212717801666141021235246

Tran TTH, Nguyen VH, Vu NT, Nguyen XT, Tran AQ, Vu KT (2021) Initial results of using
biochar derived from spent coffee grounds to remove pollutants from livestock wastewater in
Vietnam. In book: Proceedings of the international conference on innovations for sustainable
and responsible mining, vol 108, pp 305-325. https://doi.org/10.1007/978-3-030-60269-7_16
Vu TM, Trinh VT, Doan DP, Van HT, Nguyen TV, Vigneswaran S, Ngo HH (2017) Removing
ammonium from water using modified corncob-biochar. Sci Total Environ 579:612-619.
https://doi.org/10.1016/j.scitotenv.2016.11.050

XuRK, Xiao SC, YuanJH, Zhao AZ (2011) Adsorption of methyl violet from aqueous solutions
by the biochars derived from crop residues. Biores Technol 102(22):22. https://doi.org/10.1016/
j-biortech.2011.08.089

Yang G, Wu L, Xian Q, Shen F, Wu J, Zhang Y (2016) Removal of congo red and methylene
blue from aqueous solutions by vermicompost-derived biochars. PLoS One 11(5):e0154562.
https://doi.org/10.1371/journal.pone.0154562

Yang Y, Lin X, Wei B, Zhao Y, Wang J (2014) Evaluation of adsorption potential of bamboo
biochar for metal-complex dye: equilibrium, kinetics and artificial neural network modeling.
Int J Environ Sci Technol 11(4):1093-1100. https://doi.org/10.1007/s13762-013-0306-0
Zazycki MA, Borba PA, Silva RNF, Peres EC, Perondi D, Collazzo GC, Dotto GL (2019)
Chitin derived biochar as an alternative adsorbent to treat colored effluents containing methyl
violet dye. Adv Powder Technol 30(8):1494-1503. https://doi.org/10.1016/j.apt.2019.04.026
Zhu'Y, Yi B, Yuan Q, Wu Y, Wang M, Yan S (2018) Removal of methylene blue from aqueous
solution by cattle manure-derived low temperature biochar. RSC Adv 8(36):19917-19929.
https://doi.org/10.1039/C8RA03018A


https://doi.org/10.14233/ajchem.2013.14179
https://doi.org/10.1016/j.jhazmat.2010.03.041
https://doi.org/10.5004/dwt.2020.26191
https://doi.org/10.1016/j.jenvman.2010.05.003
https://doi.org/10.1016/j.jenvman.2018.01.010
https://doi.org/10.2174/2212717801666141021235246
https://doi.org/10.1007/978-3-030-60269-7_16
https://doi.org/10.1016/j.scitotenv.2016.11.050
https://doi.org/10.1016/j.biortech.2011.08.089
https://doi.org/10.1371/journal.pone.0154562
https://doi.org/10.1007/s13762-013-0306-0
https://doi.org/10.1016/j.apt.2019.04.026
https://doi.org/10.1039/C8RA03018A

Removal of Rifampin by Luffa: m
A Pharmaceutical Potential in Producing | @i
Dye in Water

Mehrdad Negarestani, Amir Lashkari, Ali Khadir,
and Afsaneh Mollahosseini

Abstract Pharmaceuticals are regarded as one of the prominent environmental
concerns due to their entrance and detection in aquatic solutions. Some pharma-
ceuticals are able to generate colouring agents in water which must also be removed.
This chapter focus on the removal of rifampin, a drug producing a reddish-orange to
reddish-brown colour in water, by Luffa biomaterial. The bioadsorbent was character-
ized with SEM, XRD, and FTIR. In view of experimental tests, it turned out that equi-
librium reached in 140 min, and at a concentration of 5 ppm, the removal efficiency
of approximately 100% was achieved. The highest rifampin removal was observed at
25 °C. The kinetics and isotherm studies let out that the experimental results followed
pseudo-second-order, Elovich, and Langmuir models. It is fair to suggest that based
on the results, Luffa biomaterial could be nominated as a sustainable, non-toxic and
rifampin removal that can adsorb it from aqueous solutions

Keywords Luffa - Rifampin - Biomaterial - Isotherm + Kinetics + Removal
1 Introduction

The word “Environmental Pollution” or especially “Water pollution” started with
the entrance of pollutants such as heavy metals into different water media, posing
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Fig. 1 Chemical structure of rifampicin

(0]

threats to the ecosystem. Currently, with the advancement in people’s living stan-
dards, modernization, and agricultural activities, other new contaminants have been
observed in waters, names emerging pollutants. Although emerging pollutants have
so many categories and groups, pharmaceuticals and drugs are some of the most
important ones. Aquatic-pharmaceutical pollution indicates the presence of drugs in
waters.

Rifampicin or rifampin (Fig. 1), 3-[(4-methyl-1-piperazinyl)imino]-methyl, is a
broad-spectrum antibiotic treating bacterial infection disease such as tuberculosis
which requires 6-9 months’ treatment period. It is also used for immunosuppressed
patient’s treatment. Since its introduction in 1968, it showed great capability in basic
health care. Despite the fact that antibiotics have contributed to bringing long life
for both humans and animals, they also have their own side effects that pose threats
to the ecosystem [1]. With the rapid advancement in analytical techniques, many
reports have declared that pharmaceuticals, including antibiotics, find their ways
into our ecosystem [2, 3]. Excretion from humans, inappropriate pharmaceutical
waste management, improper and over consumptions, and inability of current water
and wastewater treatment plants are the main reasons associated with the observation
of pharmaceuticals in waters. Considering pharmaceuticals and antibiotics prolifer-
ation in aquatic media as a serious global concern, many scholars in academia have
attempted to propose an effective treatment technique for pharmaceutical removal
[4-9]. Another important side effect of pharmaceuticals in waters is their colouring
agents or colourant. Pharmaceutical companies employ colourant with pharmaceu-
ticals with different aims, including better appearance and acceptability by patients,
facile detection particularly by elderly, brand development and product identity [10,
11]. Rifampin, for instance, causes a reddish-orange to reddish-brown colour which
aesthetically is not accepted and must be removed. In this direction, the elimination
of some drugs is associated with the removal of the dye released.
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The high solubility of rifampin along with its colour has gained the attention of
many researchers to find suitable methods of removal. Henrique et al. [12] studied
rifampicin antibiotic elimination by calcined Mytella falcata shells. The experimental
data indicated a rapid adsorption process, finished in 30-45 min. The kinetics results
followed pseudo-first-order model assumptions, and the ultimate removal efficiency
of 95% was reported. In another report, magnetic Fe;O,4 nanoparticles (111.8 m?/g)
were utilized in rifampicin removal and showed a removal percentage of 98.4%
[13]. Lin et al. [14] investigated simultaneous elimination of rifampicin and Pb (II)
by an economical and non-polluting material, Fe nanoparticles adsorbent [14]. The
surface area of the adsorbent was found 37.3 m?/g which provides suitable porous
structures for the removal of pollutants. High removal efficiencies of 100% and 92%
were reported for Pb (II) and rifampicin, respectively. Liu et al. [15] conducted an
interesting research on rifampicin removal by rtGO @nFe/Pd (reduced graphene oxide
composited with bimetallic iron/palladium nanoparticles) nanocomposite. Once the
reactor was equipped with Fenton oxidation, the removal efficiency increased from
79.9 to 85.7%. For actual wastewaters, rivers, aquaculture wastewater and domestic
wastewater, these composites showed promising removal capability, 80.4, 77.9 and
70.2%, respectively. Other works, including Madivoli et al. [16], Xu et al. [17], and
da Silva Duarte [18], were also focused on rifampin removal from waters. In spite
of these studies, the authors think that there is still a gap in rifampin removal as a
dye—producing compound, and there are other low—cost biomaterials that could also
be effective in water purification.

The adsorption process is now addressed as an advanced sustainable water purifi-
cation and wastewater treatment technique that has been widely studied during the
last decade. Adsorption is a surface process that transports a molecule from fluid to a
solid surface via physical forces and chemical bonds [5]. The adsorption process is the
most common procedure in the wastewater and water treatment industry because of its
advantages, such as cost-effectiveness, high efficiency, and simple operation. Since
now, many scholars have suggested different materials as adsorbent, including acti-
vated carbon, graphene-based composites, carbon nitride, hydrogels, metal-organic
framework, and manganese oxide nanoparticles. Regarding the high cost associated
with specific adsorbent preparation/synthesis (such as activated carbon), biomate-
rials have gained high attention due to their availability, cheap, non-toxicity, and
perfect performance [19]. The applicability of biomaterials for the elimination of
heavy metals, dye, pharmaceuticals, and other less essential pollutants has already
been demonstrated. Nonetheless, more research and exploration must be conducted
to figure out the performance of biomaterials in interaction with pollutant molecules.

Luffa (Fig. 2) is a famous biomaterial that is known as a cheap, non-toxic, afford-
able, porous, and robust environmental pollutant adsorbent that can adsorb various
types of adulterants such as dyes, pharmaceuticals, and heavy metals [19]. Luffa
is a natural fiber that is commonly distributed on Earth, and it is usually famous
as sponge gourd, bath and vegetable sponge, dishcloth gourd, and loofa. The most
famous Luffa family member is Luffa cylindrica, and this type of Luffa is available
in some countries like India, Brazil, Nepal, South Africa, Korea, and the USA. The
washing and bathing industries used Luffa to produce some products such as mats,
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Fig. 2 Image of Luffa used in this study

bath towels, and sponge baths. Not only Luffa is used for washing purposes but also
it is useful in the pharmaceutical industry. Luffa can adsorb heavy metals [20-22],
pharmaceuticals [23, 24], dyes [25-27], etc. These works demonstrated that Luffa is
a promising biomaterial in removing different kinds of pollutants.

In the present chapter, the authors employed Luffa biomaterial for the removal
of dye produced from rifampin in aqueous solutions. In this direction, Luffa was
initially characterized and then used in adsorption experiments. The kinetics and
experimental data were analyzed by kinetics and isotherm models.

2 Luffa Preparation and Characterization

First, Luffa was bought from a cosmetic store located in Tehran, Iran. To extract
impurities and dust from its top, it was washed a couple of times with purified water.
Thereafter, it was inserted in an oven at 40 °C to become dry. Once it was fully
dehydrated, Luffa was cut into similar pieces in order to be utilized in adsorption
experiments.

SEM model TESCAN-Vega II was utilized for SEM images of Luffa biomaterial.
On a SHIMADZU FT-IR 8400 S model, the spectrum of Fourier in frost transforma-
tion in Luffa biomaterial was reported. XRD model Philips PW 1800 Diffractomete
was also employed for Luffa characterization.
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3 Adsorption Experiments

In the current investigation, rifampin adsorption by Luffa adsorbent was tested.
Rifampin stock solution (100 ppm) was formulated and stored in the refrigerator.
A 50 mL Erlenmeyer flask was used to conduct the batch experiments. In order
to optimize the process, the effects of contact time (0-170 min), initial rifampin
concentration (5-50 ppm), Luffa dosage (0.1-05 g), and temperature (25-55 °C)
were tested. Removal efficiency, adsorbed rifampin at equilibrium and time t were
determined using the following equations:

Co—C
Re (%) = —2—— % 100,
0
(G —CHxV
e — m £
(G~ C)xV
r — m )

where Re (%) is the rifampin removal efficiency, Cy, C;, and C, are the initial, at time
t, and equilibrium concentration of rifampin in the solution (ppm), respectively. V
(L) is the volume of the working solution, and m (gr) is the mass of Luffa biomaterial
used for rifampin removal.

4 Results and Discussion

4.1 Luffa Characterization

Characterization procedures are generally useful to study the features of biomaterials.
In the present study, SEM images, FTIR spectrum, and XRD pattern are utilized to
characterize Luffa biomaterial.

SEM images are useful images to see the surface texture of a material. Figure 3
shows SEM images of Luffa. Empty channels and holes are clearly observed on
the surface of Luffa, providing empty sites for rifampin adsorption. The fibrous
structure of Luffa could also be seen in these images which proves that this bioma-
terial belongs to fibrous adsorbents. These observations are in great conformity with
previous studies, including Demir et al. [28] and El Ashtoukhy [29].

FTIR is an observational method that shows a range of absorption peaks used to
analyze the existence of such functional groups. Extensive utilization of these tech-
niques may attribute to the fact that it is rapid, economical, easy, and non-destructive
[30]. The FTIR of Luffa is depicted in Fig. 4. The peak at 1626 cm™ shows OH
bending vibrations, and at 1399 cm™!, C-O stretching was observed. Other peaks,
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Fig. 3 SEM images of Luffa biomaterial used for rifampin removal

including 1089 and 1044 cm™', were indicative of cellulose. Similar peaks were
reported in the previous literature [31, 32].

XRD is another nondestructive technique generally used for the identification
of materials. XRD pattern of raw Luffa biomaterial is shown in Fig. 5. Important
peaks are observed at 15.9° and 22.3°, and another peak at around 34.3° could be
detected. In addition, at an angle lower than 10°, another peak is recorded. Zhang et al.
[33] studied the reliability and efficiency of Luffa as a carrier for high ammonium
wastewater treatment and reported similar peaks for XRD pattern in terms of Luffa
characterization.
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Fig. 4 The FTIR of Luffa biomaterial used for rifampin adsorption
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Fig. 5 XRD pattern of Luffa biomaterial used for rifampin adsorption

4.2 Optimization of the Parameters

As mentioned earlier, adsorption processes are generally affected greatly by the envi-
ronmental condition, and to reach the maximum performance in removal efficiency,
parameters must be optimized. In the current study concerning rifampin adsorption,
parameters such as rifampin concentration, contact time, temperature, and Luffa
dosage were tested. The findings are discussed in the following.
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4.2.1 The Effect of Contact Time

Experiments were accomplished to measure how contact time can impact the adsorp-
tion process. Different times had been selected (0, 10, 20, 50, 80, 110, 140, and
170 min), and the purpose of these tests was to determine the removal efficiency of
rifampin. The Luffa dosage and rifampin concentration were set at 0.3 gr and 30 ppm,
respectively, and all experiments were conducted at 30 mL. The agitated speed was
considered 100 rpm. The obtained results are illustrated in Fig. 6. The contact time
can raise the removal efficiency directly, although the tests having the contact time
of more than 140 min do not increase obviously. Thus, this can be learned from
the tests that the optimum contact time is about 140 min. The figure shows that the
removal process could be split into two stages. The first phase could be called a fast
adsorption phase, and the contact time between 0—110 min showed this. The binding
process that could be happened between the rifampicin and the first phase can be
explained at the active adsorbent sites.

Nevertheless, it should be considered that the functional groups on the adsorbent
were entirely completed, and the adsorption rate of rifampicin was regulated from the
solution to the surface of the adsorbent particles. The second phase could be called
the slow adsorption process, and in this phase, the adsorption rate is slowly stabi-
lized. The adsorbent’s functional groups were steadily saturated, and the adsorption
rate was controlled by rifampicin transported from the external to the internal sites
of adsorbent particles. The adsorption capacity value was also shown to produce
similar results (Fig. 7). Briefly, there was a fast advancement in adsorption capacity
until the contact time of 110 min, and then a slow trend was observed between
110-140 min. The capacity at the equilibrium level was 2.22 mg/g. Accordingly,
the optimum contact time for further test was considered 140 min to achieve the
maximum rifampin removal and maximum Luffa adsorption capacity. In previous
studies also such behavior has been reported [34, 35].
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Fig. 6 The effect of contact time on rifampin removal by Luffa
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Fig.7 The value of Luffa adsorption capacity towards rifampin molecules at different time intervals

4.2.2 The Effect of Initial Rifampin Concentration

The initial concentration of rifampin is the main adsorption parameter. Figure 8
manifests the effect of different initial rifampin concentrations ranging from 5 to
50 ppm on the removal efficiency. 0.3 gr luffa was added to 30 ml of solution,
and the rotation speed and pH were adjusted to 100 rpm and 4, respectively. As
it is observed, an increment in the initial rifampin concentration could decrease
the removal efficiency, so the maximum removal efficiency was obtained at 5 ppm
rifampin concentration, which was about 99%. The leat removal efficacy of 43%
was attributed to a rifampin concentration of 50 ppm. Once the initial pollutant
concentration decreased, the sites on the adsorbent are appropriate for adsorbing the
molecules of rifampin [36]. In other words, high adsorption/removal efficiency is

10 20 30 50
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40

20

Removal efficiency (%)

Fig. 8 The effect of the initial concentration of rifampin on the removal of rifampin by Luffa
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Fig. 9 Effect of the Luffa dosage on the elimination of rifampin

generally achieved at low rifampin concentration. The authors decided to continue
the experiments with a rifampin concentration of 20 ppm.

4.2.3 The Effect of Luffa Dosage

Another essential element in adsorption processes is the dosage of the adsorbent.
Firstly, adequate dosages of adsorbent provide required sites for pollutant removal,
resulting in appropriate removal efficiency. Secondly, excessive dosages of adsorbent
could generate a larger mass of wastes, which is not economically acceptable. Such
optimization is carried out to minimize the treatment cost. Accordingly, the effect
of Luffa dosage (0.1, 0.2, 0.3, and 0.5 gr) on rifampin removal was examined, and
the findings are shown in Fig. 9. Rifampin elimination performance improved from
39 to 97% when the Luffa dose was increased from 0.1 to 0.5 gr. Sequentially, this
trend is because the increasing dose of Luffa could provide more empty/functional
areas for rifampin molecules’ adsorbing [37]. Similar observations were reported by
Mondal et al. [38], Sivaraj et al. [39], and Khadir et al. [40].

4.2.4 The Effect of Solution Temperature

Figure 10 shows how temperature can impact the removal efficiency. Rifampin elim-
ination performance decreased from 98% to almost 80% by raising the temperature
from 25 to 55 °C. Note that in temperatures 25 and 35 °C, the temperature effect
was almost negligible, and somehow the process is temperature—independent. Such
behavior is called exothermic processes. It may be attributed to weak interaction
forces between adsorbate and adsorbent at high temperatures.
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Fig. 10 The effect temperature on rifampin removal by Luff biomaterial

Based on the present literature, exothermic processes are possible once Luffa is
used as the adsorbent. Raw Luffa sponge for Trypan blue dye adsorption exhibited
that in 20-80 °C, the adsorption capacity has the best value at a lower temperature
[41]. Khadir et al. [31] also reported an exothermic behavior of Luffa towards a
non-steroidal anti-inflammatory drug.

4.3 Isotherms of Adsorption

Under steady temperature and pH, isotherms are absolute equations that specify
the concentration of a solute on the surface of the adsorbent. Among different
proposed isotherms, Langmuir, the two famous ones, Freundlich and Temkin, have
been included in a wide range of investigations.

Freundlich gave an expression in 1909 describing the isothermal difference in the
adsorption of an amount of gas adsorbed with pressure by a unit mass of rigid adsor-
bent. The Freundlich equation, also known as the Freundlich adsorption isotherm, is
an experimental relationship between the concentration of a solute on the surface of
an adsorbent and the concentration of the same solute in the substance with which
it comes into touch. The Freundlich equation can also be obtained theoretically by
attributing the change in the constant equilibrium of the binding system to the surface
heterogeneity and the difference in adsorption heat. Freundlich isotherm’s linear form
is written as follows [42]:

1
Ing.=InKrp+ —-InC,,
n



220 M. Negarestani et al.

where

C, (mg/L) the equilibrium concentration of rifampin;
q. (mg/g)  the equilibrium adsorption capacity;

K (mg/g) Freundlich adsorption isotherm constant;
n heterogeneity of adsorption process.

Figure 11 shows the linear plot of Freundlich for rifampin adsorption by Luffa,
and the calculated parameters are listed in Table 1. Accordingly, the R*> value was
found 0.9547 which was an excellent value. Rifampin molecules appear to form
layer (s) on the Luffa’s outer surface. The n value of Freundlich isotherm is of
great importance. In the current study, the n value for rifampin adsorption was 3.69,
indicating a chemisorption process.

Langmuir adsorption is often used to measure and contrast the adsorptive poten-
tial of different adsorbents, which was explicitly intended to define gas—solid
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Fig. 11 The linear plot of Freundlich for rifampin adsorption by Luffa biomaterial

Table 1 The constant
. Important parameters Isotherm models
parameters of the studied °
. (25°0)
isotherm models
0.97 K, Langmuir
2.442 qm
0.9958 R?
1.09 Kp Freundlich
3.69 N
0.9547 R?
55.92 Ar Temkin
0.3243 Br
0.8953 R?
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phase adsorption. Adsorption and desorption, according to the model, are reversible
processes. By balancing the relative adsorption and desorption rates (dynamic equi-
librium), Langmuir isotherm accounts for the surface coverage. Adsorption is relative
to the open surface fraction of the adsorbent, while desorption is proportional to the
covered surface fraction of the adsorbent. In the following linear form, the Langmuir
equation can be written [40]:

Cez 1 +Ce’
qe quL qm

where

C, the concentration of rifampin at equilibrium (mg/g);
K; Langmuir constant related to adsorption capacity (L/mg).

In addition, Langmuir isotherm is able to demonstrate the suitability of the adsorp-
tion process as described in the following equation with a dimensionless constant
called separation factor (LD):

Crucial characteristics:

1
R = ———,
L 1+krco
where Cy is the initial rifampin concentration (mg/g).
R, values indicate the adsorption to be

Unfavorable — R; > 1;
Linear — R; = 1;
Favorable — 0 < R; < 1;

Irreversible — R; = 0.

Figure 12 shows the linear plot of Langmuir isotherm for rifampin adsorption by
Luffa, and the calculated parameters are listed in Table 1. The R? value of Langmuir
isotherm was 0.9958 which was very close to one. It is fair to suggest that rifampin
molecules tend to be adsorbed to a homogenous surface of Luffa via forming a
monolayer. Based on Langmuir’s assumptions, it can be stated that adsorbed rifampin
on the surface of Luffa has no interaction with each other. Furthermore, the adsorption
energy on the surface of Luffa is uniform and remains unchanged. The R; values
of this study are depicted in Fig. 13 demonstrating that rifampin adsorption is a
favorable process.
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Fig. 12 The linear plot of Langmuir for rifampin adsorption by Luffa biomaterial
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Fig. 13 Calculated Ry, values for rifampin adsorption by Luffa biomaterial

The impacts of indirect adsorbate—adsorbate interactions on the adsorption
mechanism are considered in the Temkin isotherm model. The Temkin isotherm
believed that the heat of adsorption decreased linearly instead of logarithm when the
concentration was very low or high. The Temkin linear form is given below

go=BInA+ BlnC,,

where

B (=RT/b) the Temkin constant related to the heat of adsorption (J/mol);
A the Temkin isotherm equilibrium binding constant (L/g).
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Fig. 14 The linear plot of Temkin for rifampin adsorption by Luffa biomaterial

Figure 14 shows the linear plot of Temkin isotherm for rifampin adsorption by
Luffa, and the calculated parameters are listed in Table 1. Considering the very low
value of R? (0.8953) obtained from Temkin isotherm, it is very clear that this model
could not expound rifampin adsorption by Luffa.

Comparing the results of studied isotherms, the Langmuir model appears to be
the best equation for explaining the pharmaceutical adsorption mechanism. A closer
look at the results unveils that Freundlich also exhibited a high correlation to the
experimental data in terms of R? values. To sum up, it can be stated that a mix of
Langmuir and Freundlich assumptions would be the best model for rifampin adsorp-
tion by Luffa. This implies that the surface of Luffa might be more homogeneous
with a tendency to heterogeneous in which physical and chemical sorption may occur.
In the previous literature, similar results have also been reported. Jai Poinern et al.
[43] combined ultrasonic/microwave methods to synthesize nanostructured hydrox-
yapatite for the removal of fluoride from contaminated water and reported that the
equilibrium adsorption data followed both the Langmuir and Freundlich isotherms.
In another study focusing on textile wastewater treatment, the results were well fitted
by both Langmuir and Freundlich isotherm models [44]. Luo et al. declared that R>
values for both Langmuir and Freundlich models were reasonable for describing the
adsorptive removal of mercury by metal-organic framework material [45].

4.4 Kinetics of Adsorption

Lagergren proposed a pseudo-first-order kinetic model that is commonly used and
accepted for solid-liquid systems and the equation as explained below
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K-
4 = qe(1 —eF1).
The equation that is shown above can be converted to a linear form as follows:

In(q. — q:) = logq. — K;t.

The adsorption capacity of adsorbent at equilibrium is shown by ¢, (mg/g), and
at the time, ¢ (min) is ¢, (mg/g), and the slope of the plot between In (g, — g;) versus
t is K1; it is called the rate constant (min~!). For high adsorbate concentrations in
the solution, the pseudo-first-order model can be effectively implemented.

In the case of low concentrated solutions, the pseudo-second-order model has
the advantage of analyzing adsorption kinetics. It is presumed that chemisorption is
the rate-limiting step in a pseudo-second-order reaction, and the capacity to absorb
primarily depends on the adsorbent’s active surface sites.

The pseudo-second-order model is expressed as follows:

dg; 2
= = Ky(q. — q1)%.
m 2(ge — qr)

The pseudo-second-order rate constant is K, (g/mg/min). For boundary conditions

(gs = 0 — gt and t = 0 — 1), this equation can be conveniently linearized into the
equation that is mentioned below

1 +1t
a9 Ki-q? g

The Elovich kinetics model is almost used in the chemical adsorption of pollutants
over a heterogeneous surface. The nonlinear and linear equation of Elovich is written
as follows:

d
L~ aexp(—pgy).

q: = %Ln t+ % Ln («f),

where o (mg/g min) is the initial rate constant and § (mg/g) is the desorption contact.
A linear relationship must be observed in a plot of g; versus Int.

Figure 15 shows the linear plots of the pseudo-first-order, pseudo-second-order,
and Elovich models, and their relative parameters are summarized in Table 2.
Comparing the kinetics models in terms of R? value, it shows that Elovich and
pseudo-second-order models have the highest value which is very close to unity.
Pseudo-first-order could not describe the kinetics of rifampin adsorption very well
which is in great conformity with many studies in adsorption systems that believed
this kinetic model is not the excellent one [46, 47]. Therefore, it should be noted that
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Fig. 15 Linear kinetics models of pseudo-first-order model (a), pseudo-second-order model (b),
and Elovich (c¢) for rifampin adsorption by Luffa biomaterial

Table 2

kinetics models

paramete;l;};i iﬁ:sstt?;:itie d Important parameters Kinetics models
0.009 K PFO
2.53 qe
0.9552 R?
0.017 K> PSO
3.196 qe
0.9934 R?
3.92 o Elovich
1.415 ¥
0.9952 R?

the Luffa surface might be energetically heterogeneous towards rifampin molecules,
and chemical adsorption or chemisorption is the rate-limiting step. Lin et al. [14]
reported that iron nanoparticles were used to remove Pb (II) and rifampin from a
polluted solution, and the kinetics mechanism was found to adopt pseudo-second-
order kinetics. Not only rifampin, other pharmaceutical removal kinetics followed
pseudo-second-order or Elovich, including Khadir et al. [48] and Sekulic et al. [49].
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4.5 Conclusion

Water pollution is recognized as a universal problem nowadays, and many attempts
are being done to mitigate the level of contamination. The present work focuses on
the elimination of colouring agents produced from rifampin drug in waters. Luffa
was used as received without further modification. Increased contact time was bene-
ficial for both removal efficiency and adsorption capacity. It was found that higher
dosages of Luffa resulted in greater rifampin removal which may be attributed to the
enhancement in the adsorbent sites. The whole process followed the assumptions
of Langmuir, pseudo-second-order and Elovich models. High removal efficiency
achieved in this study proved that Luffa biomaterial is a sustainable, non-toxic and
cost-effective biomaterial with great availability in nature that can effectively mitigate
and remove contaminants in aquatic media.
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paper.
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