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Abstract: Dye is amajor source of water pollution. This mini-review highlights
the origin of dye, its removal strategies, and the recent literature of methylene
blue and Congo red adsorption by activated carbons. Adsorption is a unique
process that relies upon the physicochemical properties of the activated carbon
and the inherent characteristics of dye. Also, factors affecting adsorption,
such as contact time, temperature, and concentration, were discussed to gain
insight into dye removal mechanisms.
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1. Introduction

Dyes are a common organic contaminant in many areas across the world.
A British scientist named William Henry Perkin discovered the world’s first
synthetic purple dye in 1856. It was originally known as Tyrian purple, but after
being commercialized in 1859, it was renamed mauve or aniline purple [1].
Dyes are commonly used in the textile and food industries for the purpose of
colouring products. Many commercial dyes are manufactured each year, resulting
in approximately seventy thousand tonnes of dye pollution. Dyes in water are less
biodegradable due to their chemically stable aromatic molecular structures [2].

Due to the excessive discharge of dyes into environment, the textile industry is
one of the major contributors to dye pollution. The amount of waste dye in the textile
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industry is 3,000 ADMI, which exceeds the department of environment’s allowable
limit of standard A (100 ADMI) and standard B (200 ADMI) in Malaysia [3]. Dye
wastewater is discharged into a river or waterway, contaminating the aquatic
environment [4]. Dyes have certain adverse effects on the environment and
humans. For example, dyes have a significant effect on bacteria, and hence affect
their growth. Dyes, considered carcinogenic, can also cause serious diseases in
humans. Also, dyes can affect the aquatic living organism by causing chemical
and biological activities in rivers, as well as consuming oxygen that is dissolved
in the water [5].

Dyes are coloured, ionizing, and aromatic organic substances that have a specific
affinity for the substrate to which they are applied in an aqueous solution.
It colourizes a substrate inasmuch as the colouring remains resistant to washing,
heat, light, and other conditions. However, not all dyes are coloured substances,
as there are whiteners or optical brighteners that are also referred to as “dye”.
Because they contain carbon, most dyes are organic. In the visible area, dyes
strongly adsorb light, and the physical and chemical interaction between the
functional groups of the dyes and those on the support allows a strong bond
between the dye and the support. In other words, physical forces, such as hydrogen
bonding (van der Waals), and ionic forces enable dyes to be physically linked to
the fibre, and in certain situations dyes are chemically bound to the substrate via
covalent links [6].

2. Classification of dyes

Dyes can be grouped in several ways at the international level to ensure an
easier import and export trading and dye manufacturing. Different dyes can be
classified based on their chemical composition, application, colour, dyeing support,
and commercial name. Chemical composition and application are the most used
classification criteria. In the dyeing industry, dyes are classified mostly based
on application rather than on chemical composition. The chemical composition
ofa dye indicates how many chromophores it has, but it does not reveal the dye’s
structural characteristics [7]. Table 1 summarizes the classification and application
of dyes.

Concerning the dyes’ class, colour, and overall composition as found in the
Colour Index of the Society of Dyers and Colourists, they are basically separated
into three broad categories, which are as follows: dyes containing anionic groups,
dyes containing cationic groups, and special colourant class. Numerous compounds
from various dye classes, such as acid, direct, and reactive dyes, contain carboxylic
acid or sodium salts of sulfonic acid groups [8]. Although these anionic dyes have
different structural characteristics and substrate affinity, they all have the same
property of providing water solubility and ionization to the dyestuft.



Methylene blue and Congo red removal by activated carbons... 31

Table 1. Classification and application of dyes [7]

Dyes Application

Acid dyes Coloured anions applied to silk and nylon at low pH.

Basic dyes  Coloured cations used on polyacrylonitrile textiles with acid side-chains;
mainly used on proteinaceous fibres and tannic acid-treated cotton.

Natural dyes Dyes made or extracted from plants or animals.

Direct dyes  Acid dyes with big molecules that can directly bond to cellulose fibres.

Disperse Insoluble coloured substances in fine suspension which infiltrate hydro-
dyes phobic materials.

Reactive Coloured substances that have side-chains which react with the substrate
dyes to form covalent bonds; used to dye cellulose and other materials.

Azoic dyes  An insoluble azo dye formed within the substrate through the reaction of
diazonium salt with naphtol.

Solvent Coloured substances that are only soluble in hydrophobic solvents and used
dyes to colour liquids and polymers.

Basic dyes are also known as cationic dyes, and these coloured cationic salts
belong to the family of amine derivatives. The basic groups in the structure of
basic dyes enable the migration and the reaction of basic dye cations with the
acidic or negatively charged fibre surface, resulting in an ionic linkage formation.
These cationic dyes contain amine side-chains, which are protonated in acidic
solutions, or quaternary nitrogen atoms, which are cationic in neutral or high pH
environments. A non-conjugated chain of carbon atoms may be bound to the charged
group [9]. Basic dyes have the advantage of producing bright colours and intensities,
as well as being extremely quick on acrylic fibres. These cationic dyes have a high
tinctorial value and are soluble in mild acidic conditions. Basic dyeable acrylic,
cationic dyeable polyester, wool, silk, and nylon are among the fabrics to which
basic dyes are applied. Basic dyes have also been found to be extremely strong and
effective colorants for ready-made textiles such as acrylic fibres [10].

An example of a special colourant class is disperse dyes. The small polar dye
molecules used in the dyeing of hydrophobic synthetic fibres, such as nylon, acetate,
triacetate, polyester, and other manufactured fibres, are known as disperse dyes.
Disperse dyes, unlike other cationic or anionic colourants, contain anthraquinone
or azo groups but do not contain either positively or negatively charged groups.
Disperse dyes have good light and wash fastness, as well as provide powerful
bright colours although have a low water solubility [11].

2.1 Methylene Blue

Heinrich Caro, a German scientist, synthesised methylene blue dye in 1876 by
oxidizing dimethyl-4-phenylenediamine in the presence of sodium thiosulphate [12].
Methylene blue is also known as methylthionine chloride, having the chemical
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formula of C H, CIN,S. Some of its characteristics are: it is a dark green powder,
has a deep blue colour when diluted in water, and is odourless. In addition, it has
distinct physicochemical characteristics that are dependent on the polar co-solvent
in solution. Methylene blue, like most organic dyes, does not obey Beer’s Law,
which is related to the light absorption properties of the substance through which
light passes. This is linked to the reversible formation of dye aggregates, which is
one of the characteristics of organic dyes [13].

The medical sector and the textile industry are the two main applications of
methylene blue. In the medical sector, Paul Ehrlich was the first to employ this dye
to treat malaria in 1891 [14]. Even though its mechanism in antimalarial activity is
undetermined, its use in the treatment of malaria has proven to be quite effective
[15]. It is also widely used to treat methemoglobinemia, Alzheimer’s disease, and as
atracer in the mapping of sentinel lymph nodes during gynaecologic laparoscopy
[16].

Next, methylene blue is widely used in the textile industry for colouring
products, as well as in the cosmetic, pharmaceutical, and paper industries. It is a
cationic dye that is widely used in the textile industry to dye wools, cotton, and
silk, as well as for hair colouring and paper coating. The increasing use of dyes in
the industries results in wastewater containing excessive amounts of dye, which
is then discharged into the environment. Textile industrial wastewater is one of
the most environmentally hazardous wastewaters [17]. Therefore, more studies
should be focused on its removal from wastewater to avoid the harmful effect on
the health of living creatures.

2.2 Congo red

Congo red was reportedly created in 1884 by Paul Bottiger, a German scientist
who was looking for a pH indicator [18]. It is a synthetic compound with a variety
of formal chemical names, but each molecule is made up of two molecules of
naphthionic acid (1-naphthylamine-4-sulfonic acid or 4-aminonaphthalene-1-
sulfonic acid) linked by azo groups to one molecule of benzidine (diaminophenyl
or 4-(4-aminophenyl) aniline). Horobin and Kiernan (2002) gave Congo red the
Colour Index number 22120 and the name Direct Red 28. The molecular formula
is C,,H,,N.Na,O_S,. At a pH range below 3, it appears as a blue-violet colour, while
it changes into red colour when the pH is above 5, and it is also odourless [19].
Due to its high solubility in water, Congo red can be easily removed via adsorption
using carbonaceous adsorbent or activated carbon.

Congo red is mostly used in two main sectors, the medical and the textile. Its main
application in the medical sector is in the diagnosis of amyloid. Bennhold described
the staining of amyloid with Congo red in a short technical paper published in
1922, and this is now one of its most common applications. Bennhold was not,
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however, the first to use this dye as a microscopy staining. In 1886, Griesbach
investigated numerous azo dyes, but he did not mention amyloid. Bennhold
is credited with being the first to report its use in amyloid detection. This was
identified in a study of Congo red intravenous injections, which had previously
been used to measure blood volume [20].

Congo red is widely used in a variety of industries, including textile, printing,
leather, paper, pulp, and cosmetics, and a large amount of its effluent is released
into the aquatic system, particularly during dyeing processes. As a result, the
overuse of the dye pollutes the environment and has become a major challenge for
environmental protection organizations. Benzene and naphthalene rings in Congo
red cannot be degraded using traditional methods. Due to the presence of an aromatic
structure, it has a high optical and physiochemical stability [21]. Therefore, more
studies should be focused on the removal of methylene blue and Congo red from
wastewater. Table 2 summarizes the characteristics of these two dyes.

Table 2. Characteristics of methylene blue and Congo red

Dyes IUPAC name Commercial A... Molecular structure Refe-
name (nm) rence
Methy- [7-(dimethylamino)- — Basic blue 9 650 ] [22]
lene phenothiazin- — Methyl- o Gt
Blue 3-ylidenel] thioninium He S Mo,
dimethylazanium chloride \@N;@/
chloride — Solvent Blue 8
— Swiss blue
Congo disodium-4- —Direct Red 28 497 O [23]
Red amino-3-[4-[4-(1- — Direct Red K H%SNHZ
amino-4-sulfonato- — Haemonorm \,
naphthalen-2-yl)- - Solucongo OOy, N,
diazenylphenyl]-
phenyl]-diazenyl- HosS O
naphthalene-1-
sulfonate

3. Dye removal technologies — An overview

Dyes are difficult to remove from wastewater because of their high toxicity and
tinctorial value, which makes them visible even at low concentrations. Despite this,
a variety of wastewater decolourization techniques have been developed, which
can be classified into three categories: physical or physicochemical techniques,
chemical techniques, and biological techniques [24]. Each dye removal technology
has different applications, advantages, and drawbacks. In the following section,
these dye removal techniques are further discussed.
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3.1 Physical and physicochemical treatment

Dyes are physically removed from the wastewater in the course of the physical
or physicochemical treatment. Physical, chemical, or biological unit processes
are used in physicochemical wastewater treatment; in most cases, the physical
process is in the first stage, followed by a sequence of single-unit processes. This
means that the physical treatment removes dyes using specific equipment, without
the use of any chemicals or reactions, whereas physicochemical techniques
combine physical and chemical processes with the use of substances, such as
coagulant and flocculant, to improve dye removal efficiency. Physical dye removal
techniques include adsorption, ion exchange, and membrane filtration, which
includes reverse osmosis, nanofiltration, microfiltration, and ultrafiltration, while
physicochemical treatments include precipitation, coagulation, and flocculation
[25].

Coagulation and flocculation are two physicochemical techniques that have
been used in industrial wastewater treatment and decolourization over the
years. Since it removes colloidal particles of turbidity, colour, and bacteria,
this traditional method belongs to the initial treatment in an overall wastewater
treatment scheme. The coagulation process does not remove all types of dyes
[26]. Cationic dyes, for example, do not coagulate at all, whereas acid, direct,
and reactive dyes coagulate in most cases, but their flocs are of poor quality and
cannot settle without the addition of flocculant. Only disperse dyes coagulate
well and sink rapidly.

Membrane filtration is a physical treatment that removes the dyes from
industrial effluent in a continuous process. The micropores and selective per-
meability of the membrane are used to filter and separate residual dyes and
pollutants from the treated water. In membrane separation processes, such as
microfiltration, ultrafiltration, nanofiltration, and reverse osmosis, the membrane
pressure is also a critical factor. This technique is highly effective, simple to
adopt, and resistant to temperature and microbial attack, but its drawbacks are
membrane fouling and clogging, as well as a high cost [27].

Adsorption is one of the most effective methods for eliminating dyes and
other stable pollutants among all treatment methods. Furthermore, this physical
treatment is cost-effective, simple to operate, and produces a high-quality product.
In the absence of any reaction, the adsorption process involves the spontaneous
accumulation of molecules of a gas, liquid, or vapour at the contacting surface.
Physicochemical parameters, such as adsorbent surface area, dye adsorbent
interaction, particle size, pH, temperature, and contact time, influence adsorption
[28]. Adsorption efficiency is also influenced by the properties of the wastewater
and the type of carbon used. Activated carbon, peat, coal, wood chips, silica gel,
and other materials can be used for adsorption.
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Ion exchange technique, on the other hand, cannot accommodate a wide range
of dyes, and thus it is rarely used in the decolourization of dye effluent. In this
physical treatment method, dye effluent passes through ion exchange resins
to allow anions or cations to exchange until the exchange sites are saturated.
To avoid adsorbent loss, the spent adsorbent can be regenerated. Nonetheless,
because organic solvents are expensive and dispersed dyes are resistant to ion
exchange, it is a high-cost treatment [29].

3.2 Chemical treatment

Chemical treatment employs a variety of techniques to remove dyes from
textile wastewater, including ozonolysis, chemical oxidation, and reduction.
When the specific chromophore of colour is decreased and the dye molecules
are broken down into small fragments, decolourization by chemical techniques
occurs. Chemical treatment methods such as oxidative treatments are commonly
used in industries due to their ease of use. Despite this, most dyes are stable,
and mild oxidation conditions are insufficient to remove dyes from wastewater.
To improve dye removal in oxidative treatments, strong oxidizing agents, such
as chlorine, ozone, Fenton’s reagent, sodium hypochlorite, or other oxidizing
alternatives, are used [30].

Chlorine is a good dye-oxidizing agent, and recent research has shown that it
can be used for dye removal. Chlorine gas or sodium hypochlorite (NaOCl) can
be used in the chlorination process. Chlorination can rapidly remove acid and
reactive dyes, while direct and disperse dyes are resistant to chlorine treatment,
even at high chlorine concentrations. Although chlorination is an effective
and low-cost method of removing dyes, it can react with nitrogen-containing
components, resulting in the formation of undesirable compounds [3]. The public
has expressed a strong opposition to chlorination because it produces harmful
chlorinated chemicals.

Using Fenton’s reagent as an oxidant is another chemical oxidative technique.
The Fenton reaction is widely used in the preliminary or primary treatment
phase to manage sewage that is resistant to biological treatment and dangerous
to all living beings. The hydroxyl radical is a powerful oxidizing agent that
completely converts organic materials, including dyes, to water, carbon dioxide,
and inorganic substances. Although this technique has a high efficiency in dye
and COD removal, it still has several significant drawbacks, including the large
amount of sludge produced, pH manipulation, which necessitates a significant
amount of acid and alkali, the need to reduce excess iron concentration, and
unfitness for final effluent emission [31].

Due to the characteristic of high instability, ozone is a stronger oxidizing agent
than chlorine. Oxidation with ozone can break down detergents, chlorinated



36 Hao, Othman, Zaini

hydrocarbons, insecticides, aromatic substances, and phenols. Ozone oxidation
is only effective for specific types of dyes: for example, a significant percentage
of reactive dyes can be removed via ozonation, whereas the removal of azoic and
basic dyes in wastewater is only moderately effective. Despite this, ozonation fails
to separate dispersed dyes from the textile effluent. In other words, ozonation
works best with molecules that are double-bonded [32].

Irradiation, in addition to oxidative methods, is a conventional chemical
treatment that uses electron beams or gamma rays to destroy organic contaminants
and harmful microorganisms in wastewater. When there is enough dissolved
oxygen present, radiation can efficiently rupture organic pollutants. Due to the
extremely rapid exhaustion of dissolved oxygen, a consistent and sufficient
resource is required, which has an impact on operating costs. Although irradiation
is a simple and effective technique, its use on a broad scale is limited due to
maintenance and cost considerations [33].

3.3 Biological treatment

Dyes are removed from wastewater via adsorption on activated sludge or the
biological digestion of dye molecules in biological treatment. However, because
dye components are not a source of food for microorganisms, the competence
of biological agents in the dye removal of dye wastewater is ambiguous and
inconsistent. Bacterial breakdown of organic substances can take place in either
aerobic or anaerobic environments. In other words, based on the oxygen requirement,
biological treatment methods can be divided into aerobic and anaerobic treatment [34].
Nonetheless, dissolved oxygen concentrations in water may decrease because
of rapid development with increased water pollution.

4. Adsorption of dyes

Heinrich Gustav Johannes Kayser, a German scientist, coined the term “ad-
sorption” in 1881. Adsorption varies from absorption in that the former is
the attraction between a substance and the outer surface of a medium termed
adsorbent, whereas the latter is when a substance diffuses into a medium
to produce a solution [35]. Because of capillary pressure, absorption is the
fundamental driving force for transferring bulk fluid into a substance. Adsorption
occurs when the atoms, ions, or molecules of the adsorbate bind to the surface
of the adsorbent.

Adsorption is described as the spontaneous accumulation of gas, vapour, or
liquid molecules at the contacting surface without any reaction. Adsorption
is a phase of equilibrium in which the adsorbent meets the bulk stage and the
interfacial layer, and it can occur in a variety of systems, including liquid—gas,
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liquid-liquid, solid-liquid, and solid—gas. In the evolution of industrial-scale
adsorption processes, solid—liquid and solid—gas interfaces are equally the
most common ones. Adsorption is defined as the penetration of the adsorbate
molecules into the mass solid stage, whereas adsorbate is defined as the material
in the adsorbed state [36].

Many researchers are interested in the development over several years of
novel categories of solid adsorbents such as activated carbon fibres, carbon
molecular sieves, microporous glasses, and nanoporous substances. Some ad-
sorbents are used extensively as catalyst supports, catalysts, or desiccants,
while others are used for liquid purification, gas separation or storage, pollution
management, and respiratory protection. They are also interested in converting
easily accessible and low-cost biomass into adsorbents, such as banana stems,
mangosteen peels, oil palm, tea waste, and palm shell [37]. In terms of industry,
industrial adsorbents can be divided into two categories: carbon adsorbents and
mineral adsorbents.

4.1 Adsorption phenomena

There are multiple applications linked to the adsorption mechanism, including
gas phase, liquid phase, and environmental applications. Gas phase applications
include moisture removal in gases and fluids with activated alumina and nitrogen
generation from air with carbon molecular sieves, while liquid phase applications
include water treatment and protein uptake at the solid-liquid interface. Adsorp-
tion heat pumps and adsorption gadgets in spacecraft environmental control are
examples of environmental applications. The adsorption process is used on a
large scale in the industry for many applications: for instance, the separation
and purification of gas and liquid blends, air, isomers, and bulk chemicals,
water treatment, dehumidification of liquids and gases, chemical recovery from
industrial gases, and removal of impurities in liquid and gas media [9].

Certain adsorbates in gas and liquid mixture are applicable in adsorption-
related applications. The pore size and arrangement of solid adsorbents should
be large enough to ensure rapid diffusion for adsorption-related operations.
Generally, the van der Waals forces between the adsorbate and the adsorbent
have a significant impact on selective adsorption [38]. Often, the higher the
BET area (or pore volume), the greater the removal capacity because of the
more adsorbate—adsorbent interaction probabilities. Also, the existence of surface
functionalities in the adsorbent helps in the adsorption of certain target molecules/
compounds. Nonetheless, adsorption is a unique process that relies upon not
only the physicochemical properties of the adsorbent (e.g. specific surface, pore
size, surface chemistry, etc.) alone but also on the inherent characteristics of the
adsorbate (e.g. molecular size, polarity, charge density, steric hindrance, etc.) and



38 Hao, Othman, Zaini

the environment or operating conditions (e.g. temperature, concentration, retention
time, co-existing substances, etc.) that bring about the affinity of adsorbate—
adsorbent interactions and mechanisms, such as n-n, hydrogen bonding, pore
filling, electrostatic, ion-exchange, etc.

The application of adsorption mechanisms to the removal of impurities
encounters an advanced breakthrough when the artificial zeolite was formulated,
and operation cycles are designed to recover product and regenerate used
adsorbents. Every system including an adsorption process performs two critical
actions: the separation of one or more substances with higher affinity and the
regeneration of spent adsorbents from the adsorbent bed. These two procedures
can be carried out in a continuous sequence or in a parallel multi-bed setup,
with no adsorbents being wasted. The newly regenerated adsorbents are reused
in cycles, and the adsorbate is recovered at the same time [39].

4.2 Methylene blue and Congo red adsorption

Methylene blue is a cationic dye that is poisonous and carcinogenic if
accidentally ingested, whereas Congo red is an anionic dye that can have a serious
impact on aquatic living organisms if discharged into the aquatic environment
from industry effluent [40]. Therefore, it is important to separate these dyes from
the industry effluent and the water bodies. Surface area, initial concentration,
contact time, pH, and adsorption temperature are some parameters that influence
the adsorption capacity of dyes. The adsorption of methylene blue and Congo red
by various activated carbons is illustrated in Table 3. The number of active sites,
porosity, and pore volume of the adsorbent facilitate the removal of dyes through
several synergistic interactions. Meanwhile, an increase in temperature reduces
solution viscosity and gives dye molecules more kinetic energy, increasing their
mobility and diffusion onto the surface of the adsorbent and the internal pores,
resulting in enhanced dye uptake [41].

Likewise, when the initial concentration of the dye increases, the quantity
of the molecules absorbed per unit mass of the adsorbent also increases. For
instance, the adsorption capacity of methylene blue by rubber-sludge-based
activated carbon increases from 224 to 458 mg/g when the initial concentration
increased from 250 to 500 mg/L. Similarly, the capacity of Congo red removal
using sargassum-based activated carbon increases from 125.66 to 234.00 mg/g
when the initial concentration increased from 100 to 200 mg/L. The concentration
gradient offers a driving force to facilitate dye diffusion from bulk solution
onto the adsorbent. In the case of activated carbon, the contact time is adjusted
depending on the initial concentration, as alonger contact time to attain equilibrium
is required for a higher initial concentration [42].
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5. Conclusions

Dyes are toxic and recalcitrant to biodegradation. Methylene blue and Congo red
are among the widely used dyes in industries. Therefore, there is an urgency to treat
effluent laden with dyes prior to be discharged to the environment. In this mini-
review, we highlighted recent works on methylene blue and Congo red adsorption
by activated carbons. Synergistic interactions in terms of the physicochemical
properties of the adsorbent, the intrinsic characteristics of dye, and the adsorption
environment are expected to result in favourable adsorbate—adsorbent interactions
in wastewater treatment.
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