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Chapter

Adsorption Processes in the
Removal of Organic Dyes from
Wastewaters: Very Recent
Developments

Francisco Jose Alguacil and Felix A. Lopez

Abstract

The problem of the treatment of contaminated wastewaters is of the upmost
worldwide interest. This contamination occurs via the presence of inorganic or
organic contaminants of different nature in relation with the industry they come
from. In the case of organic dyes, their environmental impact, and thus, their
toxicity come from the air (releasing of dust and particulate matter), solid (scrap of
textile fabrics, sludges), though the great pollution, caused from dyes, comes from
the discharge of untreated effluents into waters, contributing to increase the level
of BOD and COD in these liquid streams; this discharge is normally accompanied
by water coloration, which low the water quality, and caused a secondary issue in
the wastewater treatment. Among separation technologies, adsorption processing
is one of the most popular, due to its versatility, easiness of work, and possibility
of scaling-up in the eve of the treatment of large wastewater volumes. Within a
miriade of potential adsorbents for the removal of organic dyes, this work presented
the most recent advances in the topic.

Keywords: organic dyes, adsorbents, wastewaters, water quality

1. Introduction

Nowadays, one of the most important environmental issues is related to water
scarcity, water contamination and water quality. In many cases, water contami-
nation is due to pollution by means of the presence of inorganic and/or organic
compounds; particularly, the presence of organic dyes in waters, or in general, in
effluents must be avoided since they are toxic (mutagenic, i.e. Azure B or Disperse
Red 1, and carcinogenic, i.e. Basic Red 9 and Crystal Violet) against life and
humans. Under the word “dye,” is included substances which.

produced a color on materials of diverse nature, being the textile industry (54%)
which produced the highest quantity of dyes-bearing effluents, followed by the
dyeing industry (21%), paper and pulp industry (10%), tannery and paint industry
(8%) and the own dye manufacturing industry (7%).

These compounds can be classified on structural bases, i.e. basic, acid, azo,
disperse, anthraquinone or metal complex. The international standard of dye
effluent discharge into the environment considered the next tolerable limits [1]:
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i) biological oxygen demand: under 30 mg/L, ii) chemical oxygen demand: below
50 mg/L, iii). color: under 1 ppm; .iv) pH value in the 6-9 range, v) suspended
solids: less than 20 mg/L, vi) temperature: below 42° C, and vii) toxic pollutants:
completely avoid. However and despite all prohibitions, still today there is an
important number of illegal dyes (i.e. Solvent Yellow 4, a member of the azolipo-
philic compounds) used in the textile industry. There are a number of useful tech-
nologies to eliminate these organic dyes from waters-effluents [2, 3], and among
them, adsorption processes gained a paramount interest due to their manipulation
easiness, scaling up, and the possibility of using a countless number of potential
adsorbents.

The present work, and due to space constrains, reviewed the most recent results
(January-April 2020) about the removal of organic dyes by adsorption processes.

2. Adsorbents and organic dyes: the adsorption results

Being a plant practically present around the world, cactus, and due to their
chemical composition and biological and nutritional properties, find various appli-
cations, being one of them, their use as adsorbents for toxic metals and organic dyes
[4]. Thus, different cactus parts: fruit seeds, peel, clodades, among others, had been
investigated in the topic of the removal of organic dyes from waters. Often, these
bioadsorbents were subject, before use, to some type of treatment, such as heat
treatment, chemical treatment, sun-dehydration. Some results about the adsorption
capacity of these adsorbents are given in Table 1.

These cactus-based adsorbents presented maximum adsorption capacities in
close relation with those derived from other materials of different origins (Table 2).

Others bioadsorbents used in the removal of organic dyes (maximum capacity)
are: leaves of Lawsonia sp. (malachite green (no data)) [5], Platanus ovientalis
(rthodamine B (557 mg/g), methyl orange (327 mg/g)) [6], a-chitin (methylene blue

Adsorbent Dyes (maximum capacity, mg/g)
Cladodes of Tacinga palmadora Crystal violet (229)
Fruit peels of O. ficus indica Crystal violet (312). Metyhylene blue (416)
Natural cladodes of O. ficus indica Methylene blue (3.5)
Palm cactus Crystal violet (173-220)
O. ficus indica Basic Blue 9 (35-278)

Table 1.

Use of cactus in dyes adsorption.

Adsorbent Dyes (maximum capacity, mg/g)
Leaves of Tacinga Palmadora Crystal violet (229)
Tarjuna sawdust waste Crystal violet (46)
Rice husk Crystal violet (293)
Cactus cladodes (activated carbon) Methylene Blue (750)
Walnut shell Methylene Blue (315)
Wood apple rind Methylene Blue (40)
Table 2.

Crystal violet and methylene blue adsorption onto different adsorbents.



Adsorption Processes in the Removal of Organic Dyes from Wastewaters: Very Recent...
DOI: http://dx.doi.org/10.5772/intechopen.94164

(95 mg/g)) [7], pods of Clitoria fairchildiana (rhodamine 66 (571 mg/g)) [8], and
diatomite waste (methylene blue (25 mg/g), acid orange (35 mg/g)) [9].

Nanomaterial-based adsorbents are another type of materials that, due to their
properties and adsorption capacities, have applications in the removal or organic
dyes from waters. Including in these nanomaterials, carbon nanotubes (CNTs),
grapheme sheets (GS), and metal oxides (MO) are found [10].

Carbon nanotubes presented a sp allotropic carbon of graphite structure in
cylindrical or tube shaped sheets. Based on the number of these sheets presented in
the adsorbent, CNTs can be found as single-walled carbon nanotubes (SWCNTSs) or
multi-walled carbon nanotubes (MWCNTs). Typically, SWCNTs presented a diam-
eter in the 0.4-10 nm range, whereas MWCNTs have a diameter in the 10-100 nm
range and spacing between sheets in the 0.34-0.38 nm range.

The adsorptive effectiveness of these carbon nanotubes can be improved by
functionalizing them or modifying some of their characteristics: specific area,
charge density, porosity, and hydrophilicity. These modifications can be done by
acid/oxidant treatment, combination with metals/MO, and grafting special func-
tional groups, such as polymer and surfactants.

These carbon materials presented four characteristics adsorption sites in their
surfaces. Thus, the adsorption process occurred at i) the external, and/or ii)
internal surface of the nanotubes, iii) the interstitial pathways between individual
nanotubes sheet, and iv) the external groove sites. In the case of MWCNTSs, the
space between the sheets can also be used to adsorb organic dyes.

Organic dyes uptake onto these nanotubes responded very often to the Langmuir
and Freundlich isotherm models, and the adsorption kinetics is best fitted to the
pseudo-second-order kinetic model.

Graphene is formed by a single layer of sp” allotropic carbon atoms arranged in a
two-dimensional hexagonal honeycomb lattice structure.

Similarly to carbon nanotubes, single-layer (SLG) or multiple-layer graphene
(MLG) materials can be yielded in a 2D structure from a graphite-based material.
Other derived materials, such as graphene oxide (GO) and reduced graphene oxide
(RGO), with enhanced adsorptive characteristics, can be produced by chemical
oxidation of graphite and reduction of grapheme oxide, respectively. These two
last materials, presented better adsorption characteristics than the above grapheme
materials.

A graphene/wastepaper composite [11], had been used in the removal of methy-
lene blue and Congo red from waters, with maximum capacities of 58 and 90 mg/g,
respectively. Nanoribbons of graphene were used in the adsorption of methylene
blue and orange II dyes [12], in this case the maximum capacities, presented for
the adsorbent, were of 280 and 265 mg/g, respectively. Others graphene-based
materials had been recently used in the adsorption of crystal violet (69 mg/g) [13],
rhodamine B (963 mg/g) [14], etc.

It was found that for selected organic dyes, graphene-based adsorbent had
an average 2-5 times higher dye adsorption capacity than carbon nanotubes and
metal oxides.

MOs adsorbents applied for the treatment of organic dyes-bearing waters
included, iron oxide (Fe;0,), zinc oxide (ZnO), titanium dioxide (TiO,), magne-
sium oxide (MgO), alumina oxide (Al,03), and zirconium oxide (ZrO,). Among
them, iron oxide nanoparticles presented good properties i.e. high specific surface
area, to adsorb organic dyes, and they are magnetic. This characteristic facilitated
the dispersion of the nanoparticles in the aqueous solution, and their removal from
it, when an external magnetic field is applied [15].

Other investigations described the use of nanohybrids of Cu,O/Fe,03/MoC
as materials used in the adsorption of reactive red 195A and reactive yellow
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84 (maximum capacities 435 and 278 mg/g, respectively) [16], also the use of
Cr-doped ZnO in the adsorption of methyl orange (19 mg/g) and methylene blue
(41 mg/g), the adsorption of methyl orange (833 mg/g) by a magnetic composite
[17], and Fe;04/PPy composites (eosin Y, methyl orange and brilliant green: 212,
149 and 264 mg/g, respectively) [18]. It was described in the literature [19], the
usefulness of Ag,O as adsorbent of Congo red (181 mg/g), acid orange 7 (125 mg/g)
and amido black 10B (83 mg/g), however this investigation, as many others, did not
give any information about the desorption step.

The list of nanoparticles or nanomaterials used to remove organic dyes from
waters seemed not to end [20, 21], considering that a series of materials such
as biomass, clay minerals, different wastes, etc., when modified with magnetic
nanoparticles enhanced their respective adsorption capacity towards organic dyes,
because they increased their surface area and porosity and with the addition of the
magnetic nanoparticles, they adopt a new property, as is the magnetic character,
which improve their separation from the treated water. Moreover, by the addition of
adequate functional groups to these nanoadsorbents, basically on their surface, they
further improve their respective capacities on the treatment of waters contaminated
with organic dyes. Not being exhaustive, Table 3 summarized some of the results
encountered in this field.

Polyaniline, polypyrrole and other conducting polymers, had been also used
in the removal of organic dyes from waters. In fact, these polymers reacted with
organic dyes due to the similarity of the conjugated molecular structures, of both
types of compounds, which enhanced the reactivity between them. The use of these
organic dyes as templates in the conducting polymer synthesis may affect both the
conductivity and morphology control of the end product, specially in the case of

polypyrrole.
It was described [22], how conducting polymers and organic dyes reacted:

i.m-m interaction between the aromatic rings,
ii. electrostatic ionic interactions,
iii. hydrogen bonding, and.

iv. hydrophobic interactions.

Adsorbent

Organic dye (removal efficiency, mg/g)

Magnetic baker’s yeast biomass

methyl violet (61)

Modified multi-walled carbon nanotubes

alizarin yellow R (45)

Magnetic peach gum bead methylene blue (232)
Magnetic polyacrylamide micropheres methylene blue (1990)
Malachite@clay nanocomposite Congo red (238)

ZnO nanorods loaded activated carbon brilliant green (58)
Sorel’s cement nanoparticles methyl orange (21)
Alkaline treated timber sawdust methylene blue (694)

Ultrathin MoSe, nanosheets

rhodamine B (133)

Cellulose nanocrystal-reinforced keratin

reactive black 5 (1201)

Table 3.
Adsorbents and adsorbed organic dyes.
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Some dyes used in the preparation of polyaniline are: methyl orange and green
GS, whereas in the case of polypyrrole, the list included both mentioned above and
Congo red, Thymol blue, cresol red and rhodamine B among others.

In the conducting role, polyaniline and polypyrrole are polycations, thus, it is
expected that they normally reacted with anionic dyes, however, experimentally
it was found that both cationic and anionic dyes reacted with these conducting
polymers; it seemed that electrostatic ionic interactions are not the most important
factor to explain this reactivity.

As it is mentioned above, these conducting polymers had been used, alone or
in the composite forms, in the removal of numerous organic dyes from waters, and
basically their success is due to that they have a relative low production cost.

In the case of polyaniline, the list of investigations related to the removal of
organic dyes from waters included: Congo red, eosin Y, rose bengal, indigo carmine,
etc. Polyaniline composites are classified along the non-conducting component, and
included composites containing (in various forms): aluminum, bismuth, carbon,
iron, silicium, natural polymers (cellulose), synthetic polymers, etc.

Pristine polypyrrole had been investigated in the removal of methyl orange,
methylene blue, etc. Polypyrrole composites again contained in various forms:
aluminum, carbon, titanium, zinc, etc.

Table 4 presented a comprehensive (but not exhaustive) list of organic dyes
adsorbed by polyaniline and polypyrrole composites.

The use of polyaniline-related materials, such as aniline oligomers and copoly-
mers, polyaniline chemically modified, etc., had a further interest in the removal of
organic dyes from waters. The use of polypyrrole-related materials in this environ-
mental role has a significant minor development.

Due to their environmentally friendly and availability, polymer derivatives
based on polysaccharides are also of interest in the removal of organic dyes from
contaminated waters. Thus, a variety of modified polysaccharides, i.e. chitosan,
starch, dextran, cellulose, have been investigated as adsorbents in this role;
however, and despite some of pullulan characteristics such as: high solubility and
flexibility of the backbone when compared with other polysaccharides, they are not
amply used in waters purification [27].

Composite Organic dye (maximum capacity, mg/g) Ref.

Polyaniline TiO, Methyl orange (62) [23]

TiO, Methylene blue (83) [24]
Congo red (20)
Crystal violet (50)
Rhodamine 6G (57)

SiO, Methylene blue (55) [24]
Congo red (33)
Crystal violet (25)
Rhodamine 6G (2)

resin Methylene blue (40)* [25]
Methylene blue (28)°

PSMA Methyl orange (148) [26]

Polypyrrole Fe;0, EosinY (712) [18]
Methyl orange (149)
Brilliant green (264)

“Mixed solutions of Cr(VI) and methylene blue.
"Solutions containing only methylene blue.

Table 4.
Organic dyes adsorbed onto polyaniline and polypyrrole composites.
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Pullulan, having a chemical formula (C¢H;¢Os),, is a linear, non-ionicpolysac-
charide consisting of maltotrioseunits:a-(1 — 6)-linked (1 — 4)-a-d-triglucosides.
The known pullulan derivatives are: i) soluble ionic pullulan derivatives: this type
of compounds can be synthesized by chemical modification of the polysaccharide.
It can include i.i) various content and length of grafted chains, and i.ii) various
content of tertiary amine groups, ii) pullulan microspheres: they can be formed by
suspension cross-linking of the previously grafted pullulan with cationic moieties
(P-g-pAPTAC); iii) nonionic thermosensitive pullulan copolymer: it was prepared
by graft-polymerization of p(N-isopropylacrylamide) onto the pullulan. Here,
cerium(IV) was used as initiator. The resulted thermosensitive material has the
(P-g-pNIPAAm) acronysm; iv) nonionic pullulan-graft-polyacrylamide hydrogel:
this pullulan was synthesized by free radical polymerization in presence of a cross-
linking agent and calcium carbonate.

Pullulan derivatives showed high removal efficiency of organic dyes contami-
nants, i.e. P-g-APTAC microspheres were used in the adsorption of azocarmine
B (maximum capacity: 114 mg/g), acid orange 7B (65 mg/g) and methyl orange
(55 mg/g); pullulan-graft-polycrylamide hydrogel was used in the adsorption of
methylene blue and reactive blue with maximum capacities (70° C) of 399 and
356 mg/g, respectively.

The properties of metal-organic frameworks (MOFs), made of them interesting
materials for the removal of organic dyes from waters. Some of these properties
are: thermal stability, high surface area and porosity, nanosized cavities, etc. The
metal centers of these materials provided additional coordination locations aimed
to fixing organic dyes, whereas one step ahead in the practical use of these MOFs is
provided them with magnetic properties via the incorporation of magnetic materi-
als within the framework. Some examples of the use of these materials are given in
Table 5.

Similarly to the number of materials used to adsorb organic dyes, the number
of these chemical compounds investigated to be adsorbed, seemed to be countless.
Besides all the mentioned along this work, below, it is summarized further investi-
gations and results (maximum capacities, mg/g):

i. methylene blue: modified Cs-ZnS (502) [33], Cr-doped ZnO nanorods (41)
[34], attapulgite derivative (115) [35], mesoporous Zr-based polymer (60)
[36], diatomite waste (32) [37], iron-carbon nanosheets (185) [38], graphene
oxide derivative (1370) [39], zeolite/CeO, nanocomposite (2.5) [40], pyridine
derivative (175) [41], cellulose nanocomposite (2067) [42], cellulose/carbon
aerogel (1179) [43], MgO modified biochar (475) [44], MoS,/WO; (228) [45],

ii. methyl orange: Cr-doped ZnO nanorods (16) [34], TOCN/CGG hydrogel

(134) [46],
Adsorbent Organic dye (maximum adsorption, mg/g) Reference
Cd-MOF Congo red (192) [28]
Zn-MOF methylene blue (116) [29]
HSO;-MOF methylene blue(833) [30]
LDH-MOF orange II (1173) [31]
aramid nanofibrils-MOF methyl violet (114) [32]

Tables.
MOFs and adsorption of organic dyes.
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iii. Congo red: iron-carbon nanosheets (532) [38], BasSigO,; microspheres
(1239) [47], cellulose/carbon aerogel (585) [43], MIL-100(Fe) (1791) [48],

iv.bromophenol blue: Hermetia illucens larvae (571) [49],
v.acid chrome blue K: MIL-100(Fe) (926) [50],

vi. crystal violet: attapulgite derivative (69) [37], vii) thioflavin T: TOCN/CGG
hydrogel (430) [46],

vii. methyl blue: nitrogen-doped carbon derivative (1054) [50],
viii. eriochrome black T: carbon derivative (166) [51],
ix.rhodamine B: WS,/WO; (237) [52],
x. reactive yellow: diatomite waste (33) [37],
xi.indigo carmine: N and S organic framework (547) [53],
xii. direct red 31: nanoporous composites (526) [54],

xiii. acid blue 92: nanoporous composites (556) [54].

3. Conclusions

During the first quarter of 2020 year, an important number of dye adsorption
procedures have been proposed in a series of published papers, all of them, claim-
ing successful dye removal. However, in the opinion of the authors of the present
review some criticism to the papers must be accounted for:

i.comparison of the maximum dye capacity presented different numbers, see
Table 6. Thus, the successfulness of some of these adsorbents can be ques-
tioned if compared with the figure presented by other materials,

ii. near 52% of the published papers included some data about the desorption
step, that is, the other 48% of the published papers are uncompleted in terms
of the overall adsorption-desorption process. Authors must aware that as
important is the adsorption step than the desorption one, and in all the cases
in which the latter is included, the authors do not give any comment about
what to do with the now dye-bearing desorption solution. In the manu-
scripts, organic dyes simply go to one solution (the feed one) to another
solution (the desorption one) (except in the case of degradation occurs),

iii. all the reviewed manuscripts lacked the investigation of a sometimes key vari-
ables on adsorption processes and in batch mode, as the stirring speed and how
the phases mixed can be. This is because, with the correct stirring speed, the.

iv. thickness of the aqueous film layer reached a minimum and the adsorption
reached a maximum. Together with the above, the form in which the phases
are mixed also ensured the best contact, and thus the best solute transfer,
between the phases involved in the process.
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Organic dye Adsorbent Maximum capacity (mg/g) Ref.
Methylene blue functionalized-organic polymer 2740 [55]
cellulose hydrogel 756 [56]
modified grapheme oxide 257 [57]
functionalized lignosulfate 63 [58]
Methyl orange NiAITi 1250 [59]
MIL-101-NH, 462 [60]
polyaniline composite 148 [26]
Crystal violet fly ash 433 [61]
polyaniline-metal oxides 50 [24]
Congo red MIL-100(Fe) 1791 [31]
cellulose/carbon aerogels 585 [43]
polyaniline-metal oxides 33 [24]
Rhodamine B Ni-graphene composite 963 [14]
MoS, nanoflowers 365 [62]
polyaniline-metal oxides 20 [24]

Table 6.

Difference in organic dyes adsorption capacity of various adsorbents.

It is needed to mention here, that in Refs. [63, 64] a heavy scientific fault was
detected: the authors of the manuscripts investigated, besides the adsorption of
organic dyes, the adsorption of Cr®, written as such, when this element in the
VI oxidation state, never exists as a cation in aqueous solutions. This fault also is
responsibility of the corresponding reviewers and of the Editors.

In practical terms, the real bottlenecks in the usefulness of these adsorbents are:

i.lack of information about the desorption step,

ii. evident loss of adsorption capacity under continuous adsorption-desorption
cycles,

iii. adsorbent cost and possibility of production at large scale to scale-up the
adsorption—desorption process,

iv.environmental friendship of the own adsorbent,
v.lack of information on the use of the purification of real waters bearing
organic dyes.
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