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ABSTRACT

Due to the drastic industrial development, it has become evident that various harmful chemicals
are released into the environment. Industrial effluent comprises pollutants of varied nature such as
organic pollutants, heavy metals, dyes, and other toxic chemicals. Phenolic and its derivative pol-
lutants are such groups of organic compounds which are widely detected in domestic wastewater.
The pollutant is also associated with many different industrial effluents, making it a heterogenous
mixture. So, to abate this toxic waste many treatment methods have emerged. Adsorption is one such
treatment methods which has become the best available methods to treat an effluent of this nature.
However, during the process of adsorption mixture of contaminants involves complex interactions
such as synergism, antagonism, non-interaction, and competition between the solute molecules for
the adsorbent. In this review paper, we have tried to identify interactions in binary adsorption setup
of organic pollutants (phenol and 2,4-dichlorophenol). The study also considers interaction factors
present in 3 multicomponent isotherms and other factors which are mostly associated with binary

system to arrive on to suitable interaction.

Keywords: Adsorption; Competitive; Interaction; Isotherm models; Multicomponent adsorption

1. Introduction

Effluent from the industry is the source of many diver-
sified pollutants. The effluent is mainly composed of a het-
erogeneous mix of contaminants such as heavy metals,
organic and inorganic pollutants and is accompanied by
other parameters such as total dissolved solids, colour [1-3].
Phenolic compounds are the most commonly monitored
pollutants in industrial effluents, agricultural and domestic
discharges [4-6]. Recently, phenol and its derivatives, such
as chlorophenol, 2,4-dichlorophenol (2,4-DCP) etc., have
attracted significant attention. It could be owing to their

* Corresponding authors.
* First author.

comprehensive resources, such as effluents discharged from
many industries. They are coke ovens in steel plants, petro-
leum refineries, petrochemical, phenolic resin, pesticide and
fertiliser, pharmaceutical chemicals, dye industries, coal
processing, plastics and wood products, paint and paper
industries, explosives and leather treatments [7-9]. Though
these compounds are present in small concentrations in
frequently used items like plants, microorganisms, foods,
cosmetics etc. their large-scale presence in the environment
is attributed to the various human activities as these com-
pounds are extensively used in various industries [10-13].
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There are strict regulations worldwide when the phe-
nolic compound is considered because of its extreme toxic-
ity. Due to their toxic effects, effluents containing phenolic
compounds cannot be discharged without proper treatment.
Also, the regulations on the discharge of effluents contain-
ing phenol and associated compounds, such as 2,4-DCP,
chlorophenol etc., have been imposed by various environ-
mental protection agencies and boards. Some of the import-
ant properties of phenol and 2,4-DCP are given in Table 1.

Methods such as adsorption, biodegradation, photocatal-
ysis, etc., have been implemented to date for the remediation
of such pollutants. Among them, adsorption using various
adsorbents such as granular activated carbon [11], coconut
husk activated carbon [18], biologically activated carbon

Table 1
Physical and chemical properties of phenol and 2,4-dichloro-
phenol

Parameters Phenol 2,4-DCP References
Formula CHO CH,CLO

Molecular weight 94.11 g/mol  163.1 g/mol

i :’;;Eglty WA g 3g/100mL 5 g/100 mL

Density 1.07 g/cc 1.38 g/cc

Melting point 40.91°C 42°C-43°C

Boiling point 181.75°C 210°C

A, (NmM) 270 283 [13-17]
Dipole moment 122D 1.60 D

pKa 9.89 7.9
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Fig. 1. Scope of the study.

[17], rice husk ash [19], iron nanocomposites [20] etc, are
investigated.

Several studies have been carried out on the adsorption
of single-component pollutants [21-23]. This has happened
for many decades because of the ease in conducting exper-
iments. It is evident from the literature that, in recent two
decades, studies on binary and ternary component adsorp-
tion have been advancing [24-27]. Due to the heterogeneity
associated with phenol, 2-DCP and many such pollutants,
it becomes challenging for an environmental engineer to
abate phenolic pollutants at the lab scale using adsorption
techniques [28,29]. Adding to this, difficulty is also due
to complexity of interaction factors when more than one
pollutant is considered for remediation using adsorption
technique.

Moreover, the interaction phenomena such as synergis-
tic (SYI), antagonistic (ANI) and non-interaction (NI) are
observed depending on the adsorption capacity of the pol-
lutants. This could be due to some inherent effects such as
hydrophobic effect, m—m interactions, electrostatic attraction,
surface complexation, co-precipitation etc [16-19]. The inter-
actions between adsorbents, adsorbate and between con-
taminants could be due to charge on pollutant, surface area,
porosity of adsorbent etc. [34]. So, it is essential to under-
stand the potential interactions occurring in the system.

A survey was made using the Scopus survey tool for the
keywords “Simultaneous”, “Adsorption”, and “Interaction”.
It was found that a around 2643 (from 1930-2022) differ-
ent research articles have investigated the interaction fac-
tor in their respective domains. Fields such as Chemistry,
Chemical Engineering, and Environmental Engineering
contribute to more than 50% of the total research. From
Fig. 1 it can also be concluded that there is ample scope to
explore this field. Furthermore, it becomes imperative for
current researchers to contribute more towards this study
and investigate the interaction factors participating in
adsorption process. These interaction factors will help to
understand the multi-component adsorption mechanism

Chemistry (24.6%6)

" Chemical Engine... (14.794)

Materials Scien... (13.9%)



P. Patil et al. / Desalination and Water Treatment 285 (2023) 213-241 215

better. A considerable amount of literature has been pub-
lished on investigating interactions in binary adsorption
system by means of adsorption capacity only. To some
extent affinity, selectivity and inhibition was also discussed
in some investigations. However, degree of interactions
of SYI, ANI and NI are least discussed. This review looks
into the simultaneous adsorption of organic components
(phenols/2,4-dichlorophenol) with other components in a
binary system. It is focused on (i) understanding the dif-
ferent interactions in binary adsorption setup by means
of different factors as mentioned in section 2. (ii) Further,
different possible mechanisms responsible for the interac-
tion are discussed. (iii) Besides, an attempt to generalise
the factors is carried out to arrive at specific interaction.

2. Types of interaction in binary system

Studies on competitive adsorption of two pollutants
involve three possible mechanisms. The basic principle gov-
erning these mechanisms is by considering the adsorption
capacity of the contaminants. They are adsorption capacity
(i) in the binary solution (Q, ), and the adsorption capacity
adsorbate (ii) in a single-component system (Q, )..

2.1. Based on adsorption capacity
2.1.1. Synergistic interaction

It is defined as a type of interaction observed in bisolute
adsorption system where, presence of one solute enhances
the adsorption capacity of other [35,36]. This interaction can
also be depicted in terms (Q, ), and (Q,). which represents
adsorption capacity in binary and single adsorption systems,
respectively. In this case, the ratio of (Q,), to (Q,), is always
greater than 1. Mathematically, it can be represented as below:

>1 )

The synergistic interaction is exemplified in the work
undertaken by Nguyen et al. [35] and Dhandole et al. [37]
wherein the former study involves simultaneous adsorp-
tion of phenol and Ni(Il) and latter involves investiga-
tion on synergistic effect of heavy metals on to nanorods/
nanotubes.

2.1.2. Antagonistic interaction

It is defined as a type of interaction observed in binary
adsorption system, in which there is decline in adsorp-
tion capacity of a pollutant when associated with another
pollutant [19,33] and the ratio of (Q,), to (Q,), is less
than 1. Mathematically it can be written as below:

(Qm )b <1 2)

Few examples of what is meant by antagonistic inter-
action can be found in research carried out by Thakur

et al. [19] and Rathore et al. [38]. The schematic represen-
tation of various interactions in bisolute adsorption system
is shown in Fig. 2.

2.1.3. Non-interaction

It is defined as a “type of interaction in which there
is no significant change in adsorption capacity of a pol-
lutant when associated with another pollutant” [39,40].
Mathematically, non-interaction can be represented as
follows:

~1 )

The above interaction has been reported in an investiga-
tion carried out by Jin et al. [41], where adsorption capacity
of copper ions and 2,4-DCP did not alter in binary adsorp-
tion system. Similar interaction was communicated by
Kumar et al. [42].

2.2. Based on multi-component isotherm model and other factors

Significant literature is available for binary adsorption
systems. These studies can be modelled and validated using
many modified and non-modified competitive isotherms/
models. But not all of these models efficiently identify the
interaction between the adsorbate molecules of a binary
system. Also, in most of the cases the parameters calculated
from the single-component adsorption isotherm model do
not delineate the interaction between the individual com-
ponents. Some models, for example, modified competitive
Langmuir isotherm, modified competitive Redlich-Peterson
isotherm and Sheindorf-Rebuhn-Sheintuch (SRS) equation
have incorporated parameters to identify an interaction.

2.2.1. Modified competitive Langmuir isotherm

In a binary system, an interaction term has to be intro-
duced to describe the mechanism of the adsorption pro-
cess. This interaction term shows the competitive effect of
adsorbates in the solution. It is a characteristic parameter
of a component, and it depends on the concentration of the
other components present in the solution [11,18]. It is rep-
resented mathematically as below:

i

C.
(Qiro )17 X bi x L)b
(Q.), = — & ()

C,
1+Z;\I:1b/' x lez)b
j

where Q  equilibrium adsorption capacity for component
i, mg/g; (lCi,u)b concentration, mg/L; (Q, ), monolayer adsorp-
tion capacity for component i, mg/g; b, Langmuir constant for
component i, L/mg.

The value of N for the binary system is 2. The nota-
tions n, and n, are the interaction factors for components
i and j. The value of n, is a function of characteristics of
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Fig. 2. Schematic representation for different interactions in binary system. (a) Single system — before adsorption, (b) single system
— after adsorption, (c) binary system — before adsorption, (d) binary system — after adsorption (synergistic interaction), (e) binary
system — after adsorption (antagonistic interaction) and (f) binary system — after adsorption (non-interaction).

adsorbent, concentration of component j. A higher value of
n, implies a lower affinity of component i to the adsorbent
and vice versa.

2.2.2. Sheindorf~-Rebuhn—Sheintuch equation

The interaction factor out of SRS equation has poten-
tial to investigate the inhibition of adsorption for a com-
ponent in a binary solution by another component
[36-38]. The equation is given as below:

(Q..), =k x(C,,) (i(ew (c].,e)b)][”‘]1 G)

j=1

where Q. — equilibrium adsorption capacity for component
i, mg/g; C“, — equilibrium concentration of an ith component,
mg/L; k, ~ Freundlich constant; n, — adsorption intensity;
0, — competition coefficient.

0, indicates inhibition of adsorption of the ith component
by adsorption intensity (N = 2) for a binary solution. The
interaction component 0, shows inhibition of ith component
on adsorption of the jth component. The higher value of 6,
than 0, signifies that, in binary solution, the jth component
has more potent inhibition. It also infers that component
ith component has weaker inhibition on the adsorption of
component j [25].

2.2.3. Modified competitive Redlich—Peterson isotherm

The special term () added in modified competitive
Redlich-Peterson isotherm (MCRPI) shows the interac-
tion among the components in a multi-component solution
The model can be represented as:

= (kPRri(ce,i /nPR,i))
1+ Zil(um,i (Cel]- / T]I,Rl]. )ij

Q..)

(6)
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where Q. — equilibrium adsorption capacity for component
i, mg/g; ICM. — concentration, mg/L; e and Mo, — model
constant, L/mg; B and a,, — model constant, (L/mg)F.

The value of N for the binary system is 2. The notations
Npg, and n,, . are the interaction factors for component i and
j and the value of n,, . is dependent on the concentration
of component j. A higher value of n,, . implies lower affin-
ity of that component towards adsorbent and vice versa.
The studies including these factors are calculated in Table 2
and the significance of each factor is explained. Further, it
is important to study the interaction behaviour of the pol-
lutant in a binary solution. It is required to investigate on
how the adsorbent-components interact with each other
and with adsorbate. It is moreover prominent to note that,
how one adsorbent-pollutant dominates over other or gets
inhibited by other pollutant in solution. Furthermore, it is
also significant to understand affinity of a pollutant towards
the adsorbent and how the adsorbents are attracted towards
the solid surface. In the previous studies, these discussion
on various interactions were investigated comparing the
adsorption capacity as factor. They can also be explained
based on the interaction factors namely selectivity ratio,
sorption affinity, P-factor, and inhibition factor.

2.2.4. Selectivity ratio (S(m.))

It is the ratio of adsorption capacity of ith solute to jth
in the single/binary adsorption system. The ratio gives an
idea of the affinity of an adsorbent towards a component in
a binary solution. It also aids in the investigation of selec-
tive preference of the desired adsorbent for a particular
pollutant. It is due to surface structure, morphology, and
pore distribution [23-26]. The selectivity ratio can be rep-
resented in two forms, one each for single component and
binary component adsorption system as show below:

S(i/j):(Qvo) (7)

®)

where (Q, ), — monolayer adsorption capacity for compo-
nent 7 in binary system, mg/g; (Q,,), — monolayer adsorp-
tion capacity for component j in binary system, mg/g;
(Q,,), — adsorption capacity for component i single system,
mg/g; (Q,,), — adsorption capacity for component j in single
system, mg/g.

If the ratio S( 5, is more than S, it implies that the

ilj) D (iliy X

adsorbent has a stronger affinity towards component i than

component j and vice versa.

2.2.5. Sorption affinity (kJ*)

It refers to an attraction of solvent to a solute molecule
present in a binary solution. The factor helps compare the
adsorption capabilities of different adsorbents in a binary
system. It is represented by the equation as given below:

k, = (C.) )

where (C, ) — initial concentration of a component, mg/L;
(O concentration of solute in a solid phase in binary
solution, mg/L.

The greater value of k.* of component i and j, indicates
a weaker affinity of the adsorbent to the solute molecule in
a binary system [28]. The factor can also be used to distin-
guish the interaction in bisolute adsorption setup. However,
the formula can only be used to identify interaction when
the initial concentrations of component i and j are same

(say 100 mg/L).

2.2.6. P-factor (P,)

It is defined as the ratio of adsorption capacity of pol-
lutant in mono-component to adsorption capacity in binary
solution. This factor compares data about single-compo-
nent equilibrium and the binary component. P-factor helps
to understand the competitive adsorption of the compo-
nents in a binary solution [23-28]. The factor also explains
how another component in a binary solution inhibits the
adsorption of a component. It is given by the expression:

Qi 0

Ijﬁ — ( 4 )5 (10)
(QI,O )b

where (Q,), — adsorption capacity for component i sin-

gle system, mg/g; (Q, ), — monolayer adsorption capacity
for component i in binary system, mg/g

The value of P, determines the inhibition of adsorption
of a component by another component in a binary solution
[23]. P, greater than one, implies the adsorption of compo-
nent i is inhibited in presence of component j also the com-
ponent i exhibits antagonistic interaction in the presence
component j. The value of P, lower than unity, implies the
adsorption of component i is enhanced in presence of com-
ponent j in the binary solution and the component i exhib-
its synergistic interaction in presence component j. For the
value of P, equal to unity suggests that the adsorption of
both pollutants are unaltered by other component and both
components follow non-interaction.

2.2.7. Inhibitory effect (AIE)

The adsorption of an adsorbate may be inhibited by
another component present in the binary system which can
be described by the inhibitory effect (AIE). Mathematically
it is represented as below:

Q). ~(Q.),

AIE, = s
)

(11)

where (Q, ), — adsorption capacity for component i sin-
gle system, mg/g; (Q,,), — monolayer adsorption capacity
for component i in binary system, mg/g.
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The higher or positive value of AIE, suggests the
adsorption capacity of component i is suppressed in the
presence of j and the antagonistic interaction is observed
in component i. The lower or negative value of AIE, sug-
gests the adsorption capacity of component i is enhanced in
the presence of j and the synergistic interaction is observed
in component i.

3. Mechanisms in adsorption system

The prominent mechanism of adsorption can be either
follow physical or chemical processes. The interaction mech-
anism for the adsorption of the organic molecules could be
due to hydrophobic effect, - interactions, filling of pores
and electron-donor reactions. Further in case of inorganic
molecules electrostatic attraction, ion-exchange, surface
complexation, co-precipitation etc. may be responsible for
adsorption process. Some of the prominent mechanisms are
shown in Fig. 3.

3.1. Ion-exchange

The primary principle involved in this process is
exchange of protons and ionised cations with dissolved salts
on the surface of the adsorbent. A study conducted by Ru
et al., on removal of organic molecules (phenol and aniline)
reports that, the sorption of molecules is mainly attributed
to combination of ion exchange, hydrophobic interaction
[45]. Similar findings were reported by Dong et al. [46], while
investigating adsorption of phenol and chromium on biochar.

ié! Active functional group

Pollutant molecule

S U8
.{ Adsorbe ‘%‘;j

ﬁf | ﬁ}&
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3.2. Surface complexation

In this adsorption mechanism, the multi-atom formation
interacts with metal to create a metal complex. For exam-
ple, research conducted by Zong et al. [54] on competitive
removal of cadmium and phenol attributes surface com-
plexation as interaction factor responsible for adsorption
of cadmium(II) ions. Similar results were also described by
Wang et al. [55].

3.3. Precipitation and electrostatic interaction

It is one of the main mechanisms which is usually
observed in mixture of inorganic pollutant. The mecha-
nism involves formation of precipitate onto substrate sur-
face. Electrostatic interaction involves attraction of organic/
inorganic compounds which are ionisable to charged sur-
face of adsorbent by means of electrostatic interaction. For
example an investigation carried out by Huang et al. [56], on
competitive sorption of phenol and chromium found that
adsorption of former followed partition phenomena and
latter followed electrostatic interaction.

3.4. Partition onto uncarbonized area

Diffusion of adsorbate material into the porous
uncarbonized part of adsorbent results in partition of
uncarbonized area and this area is freely available to
organic pollutant for interaction leads to adsorption [50].
According Zhang et al. [57], organic carbon (OC) compo-
nents of biochar exhibit high sorbate partitioning of the
atrazine contaminant.

O Active functional group
() Polutant molecuie

molecule

(& (h)

Fig. 3. Different mechanisms in adsorption. (a) Ion-exchange [47], (b) surface complexation [48], (c) precipitation [49], (d) parti-
tion onto uncarbonized area [50], (e) filling of pores [51], (f) surface sorption [52], (g) electron donor and acceptor [46], and

(h) hydrophobic effect [53].
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3.5. Filling of pores

In this mechanism the organic contaminants, based on the
polarity and nature and variant of adsorbent gets attached to
the surface of porous adsorbent having mesopore (2-50 nm)
and micropores (<2 nm). For example a study investigated
by Singh et al. [58] found that, the adsorption of phenol
and cyanide was attributed to filling of pores. The same
was further proved from by analysing surface morphology
by means of FESEM. According to Kasozi et al., the micro-
pore filling process for the sorption of catechol was more
effective than other adsorption methods [59].

3.6. Surface sorption

Sorption is defined combination of physical and chem-
ical process by means of which a pollutant molecule accu-
mulates within another phase or on the phase boundary of
two phases. The process also means accumulation of a sub-
stance onto the substrate and absorption of substrate mole-
cule within the bulk of solid surface. The physical process
which involves establishment of chemical bond as result
of metal ion diffusion into porous adsorbent. The results
from the study investigated by Tahermansouri et al., con-
firm that both the external surface sorption and intrapar-
ticle diffusion dominated in the adsorption of phenol by
carbon nanotubes [60].

3.7. Electron donor and acceptor (EDA) interaction

The EDA interaction mechanism is mostly applied to the
adsorption of aromatic compounds on biochar. For exam-
ple a study carried out by Dong et al. [46] of competitive
removal of phenol and chromium proposes m—mt interaction
and electron donor-acceptor complex for phenol removal.
Similar results were also reported by Al-Malack and Dauda
[10], who investigated removal of phenol using activated
carbon.

3.8. Hydrophobic effect

When organic compounds of hydrophobic and neutral
nature are available, the mechanism of adsorption takes
place by virtue of partitioning and hydrophobic interaction
processes. In terms of energy requirement, hydrophobic
interaction process works on lesser energy as compared to
partition. For example, a study carried out by Rubin et al.
[61], on sorption of phenolic pollutants using macro algae
attributes hydrophobic effect as main interaction factor
responsible for binding. Similar conclusions were drawn by
Zhou et al. [8], who examined the removal of phenol using
magnetic nanohybrids.

To summarise, in case of organic pollutants, the attrac-
tion of pollutant onto adsorbent was mainly dependent on
the aromatic and/or unique functional groups and on the
polarity of both adsorbent and the organic pollutants. The
characteristic of intermolecular gravitation and electro-
static force between the adsorbent and the pollutant was
the determining factor for the physical adsorption, while
the chemical adsorption mainly depends on the chemi-
cal interactions between the adsorbent and the organic
pollutant, which can be m—m bonds, hydrogen bonds and

coordination bonds. However, for inorganic contaminants
the combined effects of several interactions, such as elec-
trostatic interaction, surface sorption, ion exchange, com-
plexation, and precipitation, were often included in the
possible adsorption process.

The mechanisms discussed above leads to furthermore
interactions (SYI, ANI, NI). In Table 2 most investigations
on simultaneous adsorption are identified and incorpo-
rated to discuss on interaction factors as mentioned in
section 2.

Various studies on the interaction between the sol-
ute molecules in a binary solution have been published in
the literature. The adsorption of molecules onto the adsor-
bent, the adsorption capacity of the adsorbate in single and
binary solution mode, and the kind of interaction are all
highlighted in this study. It also analyses the likely cause of
the components’ interaction. As a result, the review looks
into the simultaneous adsorption of organic components
(phenols/2,4-dichlorophenol) with other components in a
binary system. The interaction effect among the components
in the above investigation is determined from available stan-
dard relationships. The components involved in simultane-
ous adsorption are the adsorption capacity for each compo-
nent, and the interaction mechanism are discussed below.
Some of the significant findings from the literature reported
in Tables 2 and 3 are discussed below.

In an investigation on multi-component adsorption,
Nguyen et al. [35] used chemical and biologically modi-
fied chitosan beads (crosslinked) to remove phenol and
nickel. The adsorption in binary systems increased in the
second-component compared to their adsorption in sin-
gle systems synergistic biosorption between phenol and
Ni(Il) was found. The positive value of the P-factor also
imply synergism. The isotherm modelling showed that
the modified Langmuir model could acceptably describe
the simultaneous biosorption of phenol and Ni(Il) from
binary solutions, reflecting the nature of chemical adsorp-
tion. Chemical binding and coordination were found to be
support mechanism for adsorption and synergism.

A study on competitive adsorption of phenol and resor-
cinol was carried out by Thakur et al., [19]. Lower value
of 1, of resorcinol depicts a stronger affinity towards the
adsorbent. The substitution of the hydroxyl group takes
place with resorcinol. Thus, the m—m interaction leads to
the adsorption of resorcinol with the adsorbent [19].

Aksu and Akpinar studied the performance of dried
anaerobic activated sludge (DAAC) to adsorb phenol and
chromium(VI) ions in a single and binary system. It was
observed that the equilibrium uptakes of both the pollutants
were changed due to the presence of another component.
Adsorption isotherms were developed for single and binary
component systems. The study also found that adsorption
of phenol was inhibited in the presence of a higher concen-
tration of Cr(VI). This could also be understood by the value
of the interactions factor of modified competitive Langmuir
isotherm, that is,  , and New which is found to be 1.07 and
1.00, respectively. Flere 1, is greater than n which implies
Cr(IV) has a greater affmlty towards sludge than phenol
[76]. Positive value of inhibitory effect depicts antagonis-
tic interaction and factors such as competition on similar
binding sites and screening effect could be responsible for
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such interaction. Some of the other reasons could be specific
surface properties and some physicochemical properties
of solution [40].

Simultaneous adsorption of phenol and cyanide on cop-
per-infused activated carbon was carried out by Agarwal
et al. [62]. It was investigated that the adsorption of phenol
was increased nearly 27-fold (from 10.74 to 292.95 mg/g) in
the presence of cyanide. The ratio of (Q,)/(Q,,), for phe-
nol and cyanide was calculated as 27.27 and 1.10, respec-
tively. This relation hence establishes the fact that phenol
and cyanide show synergism in the process of adsorption.
The degree of synergistic effect was not prominent in cya-
nide; however, it can be explained with the help of a inhib-
itory value as calculate in Table 2. Further, this implies the
adsorbent had a greater affinity towards phenol. The pro-
cess can be attributed to hydrogen bonding between hydro-
gen atoms from phenol and a lone pair of electrons of the
nitrogen atom of cyanide [62].

Agarwal and Balomajumder conducted a similar adsorp-
tion study on phenol and cyanide using granulated acti-
vated carbon (GAC) as an adsorbent. It was investigated
that the adsorption of phenol was comparatively very high
in the presence of cyanide. The reason could be high sur-
face area of GAC. Further, this can be demonstrated by the
value of selectivity ratio which was found to be greater than
one. This implies that phenol molecule had greater affinity
towards adsorbent. The interaction between cyanide and
phenol could be attributed to hydrogen bonding and intra-
particle diffusion [11].

Singh and Balomajumder worked on simultaneous
adsorption of phenol and cyanide using coconut shells
as a source of adsorbent. The adsorption of phenol was
enhanced in the presence of cyanide. The adsorption of
phenol in the binary state was more than its single state
which is supported by negative value of inhibitory effect.
Thus, indicating the interaction to be the synergistic type of
interaction. The phenomena governing both solutes” adsorp-
tion were chemisorption and weak van der waal’s force of
attraction [18].

A similar study was investigated by Singh and
Balomajumder, where Pseudomonas putida was immobil-
ised on coconut shell activated carbon. The study found
an increase in the adsorption of phenol from 18.19 to
349.86 mg/g in the presence of cyanide, indicating syner-
gism. The values also suggest that phenol had a greater
affinity towards the adsorbent. In addition, this can be fur-
ther explained by selectivity ratio 349.86/18.19=160.49, which
is greater than one indicating a greater affinity of phenol
than cyanide. Another reason for the higher adsorption of
phenol could be initial concentration [63].

Singh and Balomajumder used sugarcane bagasse as
a source of adsorbent to remove phenol and cyanide. The
adsorption capacities of adsorbent were predicted and were
94.25 and 5.46 mg/g for phenol and cyanide, respectively.
The greater affinity of phenol could be due to rise in tem-
perature. This can be explained using sorption affinity S
factor. Here the calculated value was found greater than
one [76], that is, 1.497 (phenol) and 1.26 (CN). The study
shows a synergistic interaction mechanism involved in the
binary adsorption process [58].

Further, a study conducted by Ha and Vinitnantharat
[17] used biological activated carbon by considering phenol
and 2,4-dichlorophenol (DCP) in a single and binary system.
The adsorption capacity of activated carbon for both phe-
nol and DCP decreased, indicating antagonistic behaviour.
This finding can be supported by positive value of inhib-
itory effect. Further, the reason for such interaction could
be mutual interaction and molecular size. Components in
binary system were inhibited mutually. It was found that
degree of inhibition was profound in DCP, which was also
the reason for the fall in the adsorption capacity of DCP.

Istratie and Stoia, in their research, adsorption of methyl
orange (MO) and phenol used magnetic iron oxide-based
nanocomposites (MNP3). The adsorption of MO was higher
compared to phenol but both components followed syner-
gistic interaction. Electrostatic and non-electrostatic inter-
actions were among the governing forces of the synergistic
interaction. However, both electrostatic and non-electro-
static forces governed methyl orange adsorption, and phe-
nol adsorption was due to non-electrostatic forces. Though
the interaction behaviour was synergistic for both, it was
found that MO had a greater affinity towards the adsor-
bent in the presence of phenol. This can be explained by the
selectivity ratio and P-factor [20].

In work reported by Wang et al. on the adsorption of
methyl red and methylene blue onto biochar, the adsorp-
tion of the molecules was governed by size and ionisation
of molecules. Variation in the above factors at equilibrium
and different isotherm were used to determine the interac-
tion between the molecules. A significant rise in adsorption
capacity of 2,4-DCP and Cr(VI) was observed. The syner-
gistic interaction was due to the bridge interactions which
created additional new sites for both pollutants [34].

In some of the studies, it was possible to explain the
interaction behaviour of pollutants using competitive
models.

In the present study, rice husk ash (RHA) was used as
an adsorbent for individual and simultaneous adsorp-
tion of phenol and resorcinol. Langmuir, Freundlich and
Redlich-Peterson showed a similar fit with regard to the
mono-component adsorption data and Extended Langmuir
best depicted the binary component experimental data. The
affinity of RHA was found to be greater for phenol than
that for resorcinol in both single component and binary
solutions [19].

Aksu and Akpinar used dried activated sludge to
abate phenol and chromium from synthetic wastewater
and modelled using modified competitive Langmuir iso-
therm (MCLI). The model predicted the value 1, for phe-
nol and was greater than that of chromium, which implies
higher affinity of adsorbent towards chromium. Further, it
indicates that chromium adsorption was greater than phe-
nol in the binary state. Antagonistic pollutant behaviour
during competitive removal can be proven using a modified
competitive Langmuir isotherm model [40].

Research carried out by Singh and Agarwal used coco-
nut husk-activated carbon (CHAC) as an adsorbent. It was
found that phenol adsorption in the binary system was
more than cyanide, implying antagonistic behaviour. It may
be due to higher surface area of CHAC with active sites
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Table 3
Interaction based on multicomponent Adsorption isotherm
Sl.  Adsorbent Pollutanti Pollut- Interaction parameter Inference from  Interaction Refer-
No ant j 0, 0, (ML) g, (MRP) factors effect ences
(SRS)
Lower affinity of
Dried anaerobic Phenol - 1.07 Antagonistic
1. Phenol Cr(VI) -NA- -NA- [lutant 1 to th 40
activated sludge enoe (VD) Cr(VI) - 1.00 pollutantltothe -\ o cry 40
adsorbent
Copper impreg- Lower affinity of .
Phenol - 0.71
2. nated GAC Phenol CN  -NA- Cl\fnoo 760 NA- pollutant 2 to the (Sy;‘erg;StéCN) [62]
-0. enol,
(Cu-GAC) adsorbent P
Phenol - 3.06 Phenol -0.13 Lower affinity of Synergistic
-3 -0. ynergisti
. hell A Phenol -NA- llutant 1 to th 1
3 Coconut shell AC eno CN N CN - 052 CN - 0.03 pollutant 1 to the (phenol, CN) [18]
adsorbent
Lower affinity
of pollutant 1 to
Phenol - 0.37 Phenol-1.29 the adsorbent, Synergistic
4. Phenol -NA-
Sugarcanebagasse  Phenol - CN N CN-034  CN-137  lower affinity of (phenol, CN) L)
pollutant 2 to the
adsorbent
Lower affinity of
Phenol - 0.36 Phenol - 0.20 Antagonistic
. thusk AC  Phenol -NA- llutant 2 to th 4
5 Coconut husk AC eno CN N CN - 0.70 CN - 023 pollutant 2 to the (phenol, CN) [64]
adsorbent
Chitosan beads Lower affinity of
Phenol - 0.11 isti
6.  (chemical and bio- Phenol Ni(Il) -NA- .eno 0 -NA- pollutant 2 to the Synergis IC, [35]
. » Ni(II) - 0.27 (phenol, Ni)
logical modified) adsorbent
B.u?zllus sp. immo- Phenol - Phenol — 0.05 Lower affinity of o
7. bilis onto tea Phenol Cr(VI) -NA- 14.14 Cr(VI) - 0.82 pollutant 2 to the Synergistic [65]
waste biomass Cr(VI) -41.9 ' adsorbent
- Phenol — 6.03 Lower affinity of o
8.  Tea waste biomass Phenol Cr(VI) -NA- -NA- pollutant 1 to the Synergistic [2]
Cr(VI)-0.25
adsorbent
Resor Phenol - 0.44 Lower affinity of No interac
9. GAC Phenol ) -NA- Resorcinol -NA- pollutant 2 to the . [42]
cinol tion
-05 adsorbent
Pollutant 2 has
weaker inhi-
bition on the
Phenol Phenol — adsorption  of N
Resor- 1 1.097 Phenol - 0.39 pollutant 1, Synergistic
10. RHA Phenol . Resor- ’ . Resorcinol -  lower affinity (phenol, [19]
cinol . Resorcinol — .
cinol 10768 0.77 of pollutant 1 to resorcinol)
-2.11 ' the adsorbent,
lower affinity of
pollutant 2 to the
adsorbent
. Phenol — 0.67 Lower affinity of o
11.  Chitosan Phenol CN -NA- CN -1 -NA- pollutant 2 to the Synergistic [74]
adsorbent
Lower affinity of
Phenol - 0.63 Phenol —1.58
12. Peanut shell Phenol Cd(I) -NA- C diﬁ?— 068 C de(;())_ 1.60 pollutant 2 to the Synergistic [75]

adsorbent
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for phenol. The adsorption study was also modelled using
a modified competitive Langmuir isotherm and modified
Redlich-Peterson isotherm (MRPI). Both exemplified the
interaction phenomena as antagonistic. The reason could
be interaction parameter for phenol was lesser than cyanide
which implies phenol showing greater affinity [64].

An investigation on the removal of chromium and phe-
nol by using Bacillus sp. immobilised tea waste biomass was
carried out by Gupta and Balomajumder. The study was
modelled for competitive isotherms, i.e.; MCLI, extended
Langmuir, extended Freundlich, non-modified competitive
Redlich-Peterson etc. The extended Langmuir best fitted
for phenol and non-modified competitive Redlich-Peterson
best fitted for Cr(VI) sorption. It was found that chromium
is synergistic in the presence of phenol, and out of all
the models, MCLI can determine the interaction [65].

Tea waste activated carbon was used as an adsorbent
to remove phenol and chromium from a binary solution. It
was observed that the adsorption of phenol was less than
chromium. The possible reason may be functional groups,
the structure of the adsorbent, size, shape and molecular
nature of solutes present. It was also explained that phenol
gets attached to the adsorbent surface through weak van
der Walls forces and p-p interaction, and chromium gets
attracted to the functional groups present on the adsor-
bent. The synergic type of behaviour was observed in the
binary system. Though the binary system experienced
synergetic behaviour, phenol inhibition was higher in the
presence of chromium ions. This could be explained using
the interaction factor of MCLI [2].

Kumar et al. [42] investigated co-adsorption of phenol
and resorcinol on GAC. Three equilibrium isotherm mod-
els, non-modified Langmuir model, modified Langmuir
model and extended Freundlich, model, were considered
for multi-component adsorption. The effect of low and high
initial concentration was studied for different operating
conditions. It was found that there was the least interaction
between the pollutant in binary system. This phenomena
can be understood by interaction factor n, are n of MCLI,
which are approximately equal to each other.

Agarwal and Sengupta, in their study, analysed the
potential of modified chitosan for removal of phenol and
cyanide in binary system. Modified and non-modified iso-
therms models were fitted to the experimental data of the
binary adsorption system. It was that extended Freundlich
best depicted the adsorption in a binary system. It was
found that adsorption of phenol was enhanced in the
presence of chromium [74].

The present study investigates the potential of
peanut shells as adsorbent for the removal of phenol
and cadmium(ll) from a bisolute wastewater system.
Langmuir-Freundlich model best fitted with regard to the
mono-component adsorption data and modified Langmuir
best depicted the binary component experimental data.
The adsorption capacity of phenol and cadmium was
almost the same in single and binary states, indicating no
interaction. This may be because phenol adsorbed rap-
idly, making it non-interactive. And the non-interaction
could also be explained from the interaction parameters
present in MCLI and MRPI [75].

In one of the studies, rice husk incorporated with iron
particles was used as adsorbent. Multi-component models
modified, and non-modified competitive isotherms were
applied to investigate the adsorption of phenol and Cr(VI)
in a single and binary state. The adsorption capacity for
phenol and Cr(VI) was enhanced in binary systems. This
was because phenol acts as an electron donor, enhancing
the Cr(VI) adsorption. Extended Freundlich for both phe-
nol and Cr(VI) for the multi-component system was agreed
better with the experimental results. The results show that,
adsorption of Cr(VI) is enhanced from 7.55 mg/g in single
system to 36.38 mg/g in binary system implying synergistic
interaction [77].

4. Discussion and conclusions

This review papers gives a brief idea of possible inter-
action of phenolic compounds with other pollutants which
can be either organic or inorganic nature. From the stud-
ies tabulated in Table 2, it was evident that, phenol exhib-
ited synergistic behaviour in presence of pollutants such
as resorcinol, cyanide, 2,4-DCP, methyl orange, catechol,
aniline, nickel, chromium, lead and cadmium. Further, in
some of the studies, antagonistic interaction of phenol was
observed in presence of cyanide, methylene blue, 2,4-DCP,
chromium, cadmium, nitrophenol, nickel and hydroqui-
none. In addition, few cases of non-interaction of pheno-
lic pollutant was observed in presence of resorcinol and
mercury. The reason for such interaction could be charge
on the adsorbing molecule and pH of the sample, possi-
ble overlap of surface area and many other mechanisms
as discussed in section 3.

An initial objective of the review was to identify a rela-
tion between interaction and the factors. It was possible to
correlate selectivity ratio, P-factor and inhibitory effect to
adsorption behaviour and the interactions in simultaneous
adsorption studies considered in the review but same was
not convincing with sorption affinity. In case of sorption
affinity, the concept of relating the interaction and factor
did not hold good. However, it holds good only for same
initial concentration of both the solutes.

Based on the values of selectivity ratio and sorption
affinity for a binary system, a brief idea of the degree of
affinity of pollutants towards the adsorbent can be under-
stood. However, by considering P-factor and inhibitory
effect for a single and binary adsorption system would aid
in identifying adsorption of the prominent pollutant (inhi-
bition/enhancement) in the binary system. Further, by ana-
lysing the values of P-factor and inhibitory effect, it was
possible to generalise and distinctly arrive at interaction
(synergistic, antagonistic, non-interaction) of a solute in
binary adsorption system.

The relation between P-factor, inhibitory effect, and
interactions (SI, AN, NI) were identified by following con-
vention as mentioned in previous section 2. Further, it was
also possible to find the interactions in the binary system
using modified competitive isotherms such MCLI, MCRPI
and SRS equations. The interaction factors present in MCLI
and MCRP, that is, n, and Ny, Were used to depict the nature
of the affinity of pollutant, and in the SRS equation the
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factor 6, was used to determine the inhibition of pollutant
ionj.

Prior to this review, adsorption capacity of adsorbent
in binary system was only the sole way to recognize inter-
action. In this review, a new understanding on interaction
factors would help researchers, to improve predictions of
the interaction mechanism in binary adsorption system.
The findings of this review would also provide the follow-
ing insights for future research. More studies on competitive
adsorption of phenol and 2,4-DCP would help us to estab-
lish a greater degree of accuracy on this matter. Further
research could also be conducted to determine the effec-
tiveness of linking interaction mechanism to the factors as
discussed in previous sections and this would be a fruitful
area for further work. Studies involving adsorption of ter-
nary pollutants can be investigated and modelled. Further,
the parameters related to interaction can be investigated.
No studies were found, which can relate Gibb’s free energy,
enthalpy and entropy to interaction between molecules.
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