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The ecosystem and human health are both significantly affected by the occurrence of potentially harmful
heavy metals in the aquatic environment. In general, wastewater comprises an array of heavy metals, and
the existence of other competing heavy metal ions might affect the adsorptive elimination of one heavy
metal ion. Therefore, to fully comprehend the adsorbent's efficiency and practical applications, the
abatement of heavy metals in multicomponent systems is important. In the current study, the
multicomponent adsorption of heavy metals from different complex mixtures, such as binary, ternary,
quaternary, and quinary solutions, utilizing various adsorbents are reviewed in detail. According to the
systematic review, the adsorbents made from locally and naturally occurring materials, such as biomass,
feedstocks, and industrial and agricultural waste, are effective and promising in removing heavy metals
from complex water systems. The systematic study further discovered that numerous studies evaluate
the adsorption characteristics of an adsorbent in a multicomponent system using various important
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of interactive effects including synergism, antagonism, and non-interaction. Despite the enormous amount
of research and extensive data on the capability of different adsorbents, several significant drawbacks hinder

adsorbents from being used practically and economically to

remove heavy metal ions from

multicomponent systems. As a result, the current systematic review provides insights and perspectives
for further studies through the thorough and reliable analysis of the relevant literature on heavy metals
removal from multicomponent systems.

1. Introduction

Among the most critical challenges the globe has been dealing
with for decades is water contamination. Water bodies all
across the world have recently seen significantly higher levels of
contamination due to unrestrained industrial, mining, and
agricultural operations, as well as human ignorance regarding
unplanned waste disposal.' According to the UN, 80% of all
industrial and urban wastewater is discharged untreated into
the environment, especially in developing nations.> However,
wastewater is utilized for irrigated agriculture in developing
nations due to water scarcity, posing serious health issues to
both farmers and consumers while also providing nutrients for
cultivated plants.**

Annually, several heavy metals are released into water sour-
ces and the environment due to anthropogenic and natural
activities, which is a worldwide concern.”> Fig. 1 shows the
detailed main sources of heavy metal pollution in the
ecosystem, which include natural and anthropogenic sources.
The most prevalent heavy metals discovered in wastewater that
must be confiscated using the right technologies before water is
recycled or used again are as follows: As(ut), Cd(u), Cr(vi), Hg(u),
Ni(u), Pb(u), and Cu(u) ions.® These heavy metals are bio-
accumulative, non-biodegradable, and detrimental to plants,
animals, human beings, and other living things.” For instance,
they are particularly toxic to the tissues of all living organisms
and human organs including the liver, kidney, lungs, and
intestines.® Due to the persistent,

non-decaying, toxic,
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mutagenic, and cancerous nature of heavy metals in humans as
shown in Fig. 2, it is crucial to appropriately treat them before
releasing them into the environment.®

Numerous traditional treatment methods presented in Fig. 3
have been used, including biological treatment, coagulation,
membrane separation procedures, chemical precipitation, ion
exchange, enhanced oxidation, and adsorption utilizing
commercial activated carbon, to lessen the risks posed by heavy
metals and limit their build-up in wastewater.">** Due to the
high cost involved in the production and regeneration of
exhausted commercial activated carbons, the adsorption of
heavy metals using commercial activated carbons is not
economical for use in wastewater treatment in underdeveloped
countries.™

Nevertheless, adsorption, using locally and naturally avail-
able adsorbents from different biomass or feedstocks as shown
in Fig. 4 is a cheaper and expedient technique for the decon-
tamination of different heavy metals from water and waste-
water.'>"” In studies, inexpensive adsorbents
synthesized from industrial and agricultural residues as well as
from other sources were employed to achieve maximum heavy
metals removal from water systems.'®>® Notwithstanding, most
of these studies focused greater attention on the practical
application of low-cost adsorbents derived from natural mate-
rials for the decontamination of heavy metals from synthetic
wastewater typically containing a single component or
pollutant. However, real wastewater comprises a mixture of
several cations, anions, and compounds instead of a single ion.
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Fig. 1 Various sources of heavy metals pollution in the ecosystem (this figure has been reproduced from Kanwar et al.*® with permission from

Springer, copyright 2020).
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Fig. 2 A schematic diagram showing heavy metals toxicity in human organs (this figure has been reproduced from Singh et al.** with permission

from MDPI, copyright 2023).
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Fig. 3 Conventional and non-conventional technologies for heavy metals removal from aquatic environments (this figure has been reproduced

from Nallakukkala et al.** with permission from MDPI, copyright 2022).
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Fig. 4 Different biomass or feedstocks used for the production of various adsorbents for heavy metals remediation in water systems (this figure

has been reproduced from Wani et al.?” with permission from Springer, copyright 2022).
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In recent times, studies on real wastewater treatment are
gradually increasing to improve the knowledge of multicom-
ponent adsorption of different pollutants using various adsor-
bents. For instance, heavy metals usually occur as
multicomponent mixtures in the aquatic environment.*®
Hence, it is vital to comprehend the interaction of other heavy
metals that coexist in a composite solution through the sorption
processes in a multicomponent system.” In multicomponent
adsorption, the interaction among the adsorbate molecules and
their competition in the solution toward the adsorbent surface
is complicated.?® Hence, it is important to elucidate the mech-
anisms of the multicomponent sorption of adsorbate molecules
from the industrial point of view.

Previously, several review articles have been published and
most of these studies are based on the removal of heavy metals
from single component adsorption systems by using various
adsorbents as well as applying conventional isotherm and
kinetic models to explain their mechanisms of adsorption.>*'-**
Only a very few reviews focus on heavy metals removal in
multicomponent systems and the application of multicompo-
nent adsorption isotherm models in describing sorption
mechanisms.**** Undoubtedly, broad reviews are useful in
comprehending the adsorption of different water pollutants
such as heavy metals, dyes, phenols, and pharmaceuticals in
multicomponent systems.

To the best of our knowledge, so far, there is no any
systematic review article on the removal of heavy metals from
binary- and multicomponent adsorption systems using
different kinds of adsorbents including both natural and engi-
neered adsorbents. Therefore, this systematic review is focused
on assessing the potential applications of different kinds of
adsorbents in water purification with an emphasis on the
adsorption of toxic heavy metals in multicomponent systems.
The experimental operating factors as well as the possible
interaction mechanisms among the heavy metals and the
adsorbents including synergistic, antagonistic, and non-
interaction were also discussed using several multicomponent
adsorption isotherm models. Finally, future prospectives and
roadmaps are provided with suggestions for future research.

2. Methodology
2.1 Database searching and search strategy

This systematic review was carried out following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. The existing research findings on the
removal of heavy metals from binary and multicomponent systems
are contextualized and given a detailed overview in this systematic
review. A computerized literature search was performed to find
articles from the last 10 years regarding heavy metals removal from
binary and multicomponent systems in batch adsorption
processes. In this review, Web of Science, Scopus, PubMed, Sci-
enceDirect, SpringerLink, and Google Scholar were the primary
databases utilized. Each database search was carried out inde-
pendently, and the selected articles were pooled together later.
To search the literary works, several pertinent keywords
associated with the review focus were employed including;

13056 | RSC Adv, 2023, 13, 13052-13093
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adsorption, biosorption, binary component, bicomponent, bi-
solute, bi-metal, multi-component, multi-solute, multi-metal,
equilibrium, isotherm, kinetics, thermodynamics, simulta-
neous, concurrent, competitive, removal, decontamination,
depollution, heavy metals elimination, reduction, abatement,
sequestration, adsorption factors/variables/parameters,
modeling, optimization, wastewater, aqueous solution, and
sorbent materials including natural or unmodified adsorbents,
biochar, biosorbents, activated carbon, zeolite-based adsorbents,
nano-particles and nano-based adsorbents, composites-based
adsorbents, and graphene-based adsorbents. Two or more of
the listed keywords were combined with “heavy metals”, which is
the most prevalent keyword using Boolean operators (“AND” and
“OR”) for searching the relevant literature.

Atotal of 975 articles were selected and grouped within 5 years
intervals with 48% (n = 468) from 2019-2023, 35% (n = 341) from
2014-2018, 12% (n = 117) from 2009-2013, and 5% (n = 49) from
2004-2008. All the articles that were published from 2014-2023
were of interest, however, other articles below the year 2014 and
based on historical discoveries and theories formulations were
also included to provide complementary information. Mendeley
Desktop software was then applied in the management of the
gathered articles and citing all the references. Almost all of the
selected articles were related to heavy metals adsorption from
binary and multicomponent systems using batch experimental
approaches. The selected articles were grouped by adsorbent
types such as natural or unmodified adsorbents, biochar, bio-
sorbents, activated carbon, zeolite-based adsorbents, nano-
particles and nano-based adsorbents, composites-based adsor-
bents, and graphene-based adsorbents.

2.2 Articles inclusion criteria

The inclusion criteria were applied to judge which article
should be included in the review while evaluating the titles and
abstracts. Articles that demonstrated a strong relationship
between heavy metals removal from binary- and multicompo-
nent adsorption systems using different kinds of sorbent
materials including natural or unmodified adsorbents, biochar,
biosorbents, activated carbon, zeolite-based adsorbents, nano-
particles and nano-based adsorbents, composites-based adsor-
bents, and graphene-based adsorbents were included. Addi-
tionally, studies on equilibrium, isotherm, Kkinetics,
thermodynamics, modeling, and optimization of independent
factors influencing heavy metals removal from multicomponent
systems were also included. Therefore, after the initial reading
of the titles and abstracts as well as the deletion of duplicated
papers and noting down the most important information that
the review wanted to highlight, a total of 402 articles written in
the English Language were selected and exported into the
Mendeley Desktop for this systematic review.

2.3 Articles quality study and exclusion criteria

During the drafting of the paper, which required careful reading
of the contents of all the selected articles, 205 irrelevant papers
were further deleted for not meeting the inclusion criteria.
Specifically, 19 articles were deleted as they were non-peer-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reviewed articles; 10 articles were excluded because of inaccurate
descriptions of the research methods; 61 articles were removed
because they did focus on the concurrent removal of heavy metals
from wastewater or aqueous solutions; 100 articles were omitted
as they are very old publications above 10 years but historical
works were not excluded. To ascertain the suitability and quality
of this review, 15 records including books, letters or short
communications to the editors, and pre-print were excluded.
According to the PRISMA flowchart shown in Fig. 5, the search-
ing, screening, and filtering produced 197 suitable full-text arti-
cles that were ultimately included in this systematic review.

3. Results and discussion

Among the 197 eligible full-text articles selected for this
systematic review, 97 of these selected full-text articles based on

View Article Online

RSC Advances

different types of adsorbents employed for the adsorptive
removal of heavy metals from binary and multicomponent
sorption systems are presented in Fig. 6. Subsequently, the
selected full-text articles were comprehensively reviewed
systematically and discussed according to the adsorbent type
such as pristine adsorbents [raw or natural or unmodified]
(Section 4.1), biochar (Section 4.2), biosorbents (Section 4.3),
activated carbon (Section 4.4), zeolite-based adsorbents (Section
4.5), nano-particles and nano-based adsorbents (Section 4.6),
composites-based adsorbents (Section 4.7), and graphene-
based adsorbents (Section 4.8).

3.1 Competitive adsorption of heavy metals from
multicomponent systems

The majority of studies in the adsorption field usually deal with
the sequestration of heavy metals from single solute systems

and Google Scholar]
(n=933)

Identification

Articles identified through database
searching [Web of Science, Scopus,
PubMed, ScienceDirect, SpringerLink,

Articles identified
through searching
other sources

(n=42)

\ 4

A\ 4

Total articles selected from both sources for screening and filtering

w2

b

2
& (m=975)

50
8=
2
E
-3 A 4

= - .

g) Titles and abstracts Exclusion of duplicates and
g screened, read, and _| irrelevant articles via titles
§ articles selected "] and abstracts screening

Q
s (n=402) (m=573)

A\ 4
= Full-text related articles Articles excluded for not
S assessed for eligibility »1 meeting the inclusion criteria
)
[ (n=197) (n=205)
v

g - - - - -

-2 Full-text articles included in the systematic review

=]

2 (m=197)

Fig. 5 PRISMA flowchart showing a standard four-step protocol for searching, screening, assessing eligibility, and inclusion of full-text articles

for the systematic review.
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Fig. 6 Pie chart showing the number of selected full-text articles based on the different types of adsorbents cited in this article.

but real wastewater contains more than one component.
Therefore, multicomponent adsorption must be studied to
understand the competitive effect of the various inorganic and
organic pollutants and the interactions between different
pollutants. This is because competitive adsorption reveals the
actual interactive behavior of the heavy metals in the multi-
component sorption system. Fig. 7 shows the schematic
diagram of the competitive adsorption of adsorbate molecules
from aqueous systems onto a sorbent material.

During the competitive sorption processes, several indepen-
dent parameters significantly affect heavy metals uptake capacity
by the promising adsorbents/biosorbents. The effectiveness of
these adsorbents/biosorbents is greatly inhibited by the physi-
cochemical properties of the aqueous solution including pH,
initial metal ion concentration, temperature, ionic strength,
adsorbent/biosorbent particle size, reaction time, and adsorbent/
biosorbent dosage. Fig. 8 shows the schematic diagram of the
different independent adsorption factors as a function of two
dependent variables namely; removal efficiency and adsorption
capacity. The impact of the independent adsorption parameters
on the decontamination of various heavy metals from single and
multi-metal systems are summarized in Table 1.

More so, in the optimization of the competitive and
concurrent removal of more than one heavy metal ion in the
coexistence of other cations and anions in multi-solute systems,
it is essential to identify the types of interactive effects among
the heavy metals. In multicomponent systems, competitive
sorption typically takes place, and three primary kinds of effects
are possible including synergism, antagonism, and non-inter-
action.*® The effect of the ionic interactions on the multicom-
ponent sorption system is determined by the ratio of the
maximum uptake capacity for one heavy metal ion in the
multicomponent system (gmix), to the uptake capacity for the
same heavy metal ion present in the single system (go)."”

13058 | RSC Adv, 2023, 13, 13052-13093

Mathematically, the interaction factor (Rq.) is expressed in eqn

(1).

Gmix

R =0 (1)
where gnmix is the multicomponent adsorption capacity of the
pollutant in the binary or multi-solute system and g, is the
uptake rate of the same pollutant in the single component
system at the same operating conditions as the binary or
multicomponent system. Under the same operating conditions,
the factor Ry, enables comparison of the multiphase adsorbent
efficiency with that of single solute systems.*® Table 2 shows the
types of interactive effects among heavy metal ions in a multi-
component sorption system.

3.2 Multicomponent adsorption system isotherm models

Globally, multicomponent adsorption of water pollutants
including heavy metals using various adsorbents has been
recognized to be essential and effective. The adsorptive removal
of one pollutant may be influenced by the coexistence of other
pollutants in the multicomponent system due to adsorbent
properties including surface charge, structure, size, porosity,
number of active sites, and functional groups present on the
sorbent surface.** In a multicomponent system, the amount of
the pollutant removed by the sorbent material may upsurge,
reduce or remain unchanged in the existence of the other
pollutants.*

Adsorbent efficiency and pollutant uptake ability could be
quantitatively compared using adsorption isotherm modeling to
estimate the adsorption parameters.>® Hence, equilibrium
adsorption isotherm data are required in designing adsorption
systems.** Several adsorption isotherm models such as Lang-
muir, Freundlich, Dubinin-Radushkevich, Temkin, Redlich—
Peterson, and Sips as well as kinetic models including pseudo-
first-order, pseudo-second-order, Elovich, and Webber-Morris

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic diagram showing competitive adsorption of adsorbate molecules from aqueous systems onto a sorbent material.

intra-particle diffusion have been employed to explain the
interactive effect between pollutants and adsorbents in single
component systems.”*>*” However, real wastewater contains
a variety of contaminants that cause competition and interaction
among the contaminants. The single component isotherm
models are usually modified and applied to multicomponent
systems since the models used in the single component systems
do not apply to multicomponent systems. This is due to the
sophisticated mechanism involved in multicomponent adsorp-
tion and more in-depth complex models must be utilized.>*
These multicomponent adsorption isotherm models are
important to establish the relationships between the uptake
capacity of one pollutant by the adsorbent and the equilibrium
concentration of the other coexisting pollutants in the waste-
water. The competitive adsorption isotherm models could
determine the type of interactions (as summarized in Table 2)

© 2023 The Author(s). Published by the Royal Society of Chemistry

among the various adsorbates and adsorbents in the
multicomponent systems at equilibrium.
3.2.1 Non-modified competitive Langmuir isotherm

model. The fundamental Langmuir isotherm model, in which
the sorption occurs at specified homogeneous sites within the
adsorbent has been expanded to form the non-modified
competitive Langmuir model.>*** This non-modified competi-
tive Langmuir isotherm model is expressed in eqn (2) and is
used to analyze the competitive adsorption of a single compo-
nent ({) in a multicomponent solution (N). As a result, when one
component is coexisting with other components, its adsorption
capacity can be computed.**’

_GmaniKLiCei

v (2)
1+ ;(KL,CW-)

qe’l:
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Fig. 8 Adsorption influencing independent variables as a function of two dependent variables.

where C.; and ¢, are the equilibrium concentration and the
adsorbed amount of the i component per unit gram of adsor-
bents, respectively. C.; is the equilibrium concentration of j
component in the composite solution. gmax; iS monolayer
adsorption capacity for component i (mg g~ ') and K;; and Ky
are the Langmuir constants obtained from the single
component Langmuir isotherm model.

3.2.2 Modified competitive Langmuir isotherm model. The
competitiveness of pollutants and their interaction in a multi-
component system is described by modifying the single
component Langmuir isotherm model. Similarly, this model
assumes that all of the adsorbate molecules in the solution
strive for the same binding sites and that the sorbent surface
sites are homogeneous.””® Adsorption equilibrium in
multicomponent systems can be predicted using the modified
Langmuir model for competitive adsorption as given in
eqn (3).°

The parameters derived from the single component
adsorption isotherm model do not describe how the interac-
tions between the different components and the adsorbent in
the solution occur. To explain the nature of the sorption
process, an interaction term is typically used. This interaction
factor reveals the competitive effect between the individual
components and adsorbent in the multicomponent system. It is

13060 | RSC Adv, 2023, 13, 13052-13093

a component's distinctive parameter that is influenced by the
concentration of other constituents in the multicomponent
system.*®

qmax,iKL,i(Cej/nLi)
N
1+ 2} Kij(Ces/n))
J=

qe, i= (3)

where n; and 7y, are the interaction terms of 7 and j compo-
nents, respectively.

3.2.3 Extended Langmuir isotherm model. The extended
Langmuir isotherm model presented in eqn (4) was formulated
to explain multicomponent adsorption systems by expanding
the monocomponent Langmuir adsorption isotherm model.*
This model is built entirely on the hypothesis that all of the
sorbent active sites are uniform in nature and equally accessible
to each of the adsorbates. Hence, all the adsorbate molecules in
the multicomponent system are adsorbed on the same adsor-
bent active surface sites and there is no interaction between the
molecules adsorbed.®*** The model further presupposes that
the adsorption energy at the adsorbent active sites is uniform.*

Goyi = quN—KlCe, (4)
1+ Z I<j CeJ

Jj=1
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Independent adsorption parameters influencing heavy metals removal
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Adsorption parameter

Description

Reference

Reaction time

Agitation speed

Solution pH

Adsorbent particle size

Adsorbent dosage

Initial metal ion concentration

Reaction temperature

Ionic strength

The rate of heavy metals removal is greatly affected by reaction time and it is
significant during the designing and development of water treatment systems. To
achieve maximum heavy metals uptake capacity and to know the kinetics of the
adsorption process, an equilibrium reaction time is required

The adsorptive removal of heavy metals could be augmented or declined through
agitation. However, a quicker agitation speed, might not sometimes result in higher
heavy metals uptake by the sorbent material

The solution pH is an essential parameter in heavy metals sequestration and it
influences the adsorbent surface charge. At pH values smaller than that of the pH
point of zero charge (pHpyc), the adsorbent surface becomes positively charged, which
inhibits and reduces the uptake capacity of heavy metals. At pH values greater than
that of pHpyc, the adsorbent surface is negatively charged which enhances heavy metal
ions' decontamination from water systems

The capacity of heavy metals to bind to an adsorbent surface decreases with increasing
particle size while increasing with decreasing particle size. To decontaminate heavy
metals effectively from aqueous systems through adsorption, the adsorbent surface
area upsurges as the particle size reduces. A bigger surface area signifies the
availability of many sorption sites on the adsorbent surface for the efficient uptake of
heavy metal ions

The dosage of the sorbent material defines its suitability for a certain amount of heavy
metal ions to be adsorbed. Higher amounts of heavy metals are decontaminated from
the aqueous systems when more active surface sites are created by upping the
adsorbent load. However, one alternative to minimize the adsorbent load required for
removing heavy metal ions from single or multicomponent systems is to increase the
adsorbent surface area

The starting concentration shows dependence on the non-competitive and
competitive decontamination of any heavy metal from individual and multi-solute
systems. The initial concentration plays a key role in overcoming the resistance to
mass transfer between the toxic metal ions and the adsorbent in the solution

The uptake ability of heavy metals from aquatic systems strongly depends on the
reaction temperature. Therefore, increasing the reaction temperature between the
metal ions and the sorbent material in the solution leads to endothermal exothermic
adsorption, respectively

The ionic strength is a very crucial parameter in the decontamination of various heavy
metals from aquatic systems because wastewater contains other metal ions or
electrolytes. Hence, the coexistence of other cations and anions in wastewater could
inhibit the single removal of these heavy metal ions due to electro-statistic interactions
between heavy metals and sorbent surfaces

39

12

40

41

42

43

44

45

3.2.4 Extended Freundlich isotherm model. The extended

Table 2 Impact of the ionic interactions on the sorption process

Relation Meaning Reference

gmix | The adsorptive elimination of one heavy metalis 49
90 promoted by the coexistence of other heavy

metal ions in a multicomponent system

suggesting synergism

The existence of other cations and anions in the 50

90 multicomponent system does not influence the

individual decontamination of the various heavy

metal ions indicating non-interaction

The coexistence of other ions significantly 37

q0 inhibited the adsorptive elimination of the
individual heavy metal ions from the
multicomponent system, which points to
antagonism

Gmix -1

Gmix <1

© 2023 The Author(s). Published by the Royal Society of Chemistry

Freundlich model is an extension of the monocomponent
Freundlich model, which describes the sorption characteris-
tics of adsorbate molecules in multicomponent systems. The
model is applied to heterogeneous adsorption where molecules
that have been adsorbed on the adsorbent surface sites
interact.®® The extended Freundlich isotherm models for two
components in a binary system are given by eqn (5) and (6),
respectively.*”

Ke,C J(l/"z‘)ﬂf

qe,i = % (5)
Cei"' + iCey
KF"C ..(l/n/)erj

G = o ©)

Ce‘ix' + Vi Cei/'Z'

where g.; and g, are the uptake capacity of components i and j
(mg g™") at equilibrium, C.; and C.; are the equilibrium
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concentration of components i and j (mg L™"). Kg,; and K ; are
the Freundlich constants and n; and n; are the adsorption
intensities obtained from the experimental data of the single
component Freundlich isotherm models. The six parameters
X1, Y1, 21 and Xy, Y», 2, is the multicomponent Freundlich model
constants of two components.>"°¢-®

3.2.5 Non-modified Redlich-Peterson isotherm. By inte-
grating the Langmuir and Freundlich models, the Redlich-
Peterson model was developed, and it can be used to analyze
single component equilibrium data for a wide range of adsor-
bate concentrations. This model assumes that the concentra-
tions in the numerator and denominator terms are both linear
and exponential, respectively.®® When applied to multicompo-
nent systems, the Redlich-Peterson model can be transformed
into non-modified and modified Redlich-Peterson isotherm
models.®* The non-modified competitive Redlich-Peterson
isotherm is expressed in eqn (7).

KRP,iCe,i

ei = (7)

N
1+ arp;Ces”’

J=1
where Kgp; (L mg™'), 8 and agp; (L mg~') are the model
constants obtained from the experimental data of individual
Redlich-Peterson isotherm models. Then for a set of C, ; values
the corresponding values of g.; can be evaluated.”

3.2.6 Modified competitive Redlich-Peterson isotherm
model. To illustrate the type of interaction among the indi-
vidual adsorbates in a multicomponent solution, the interac-
tion term is introduced to this model. The modified Redlich-
Peterson isotherm model is expressed in eqn (8).”

os = KRP,i(Ce,i/nRP,i)
ei — N .
1+ Z(akp,/(ce,//nkp,j)m)
j=1

(8)

where Kgp; (L mg '), 8 and agp; (L mg ') are the model
constants evaluated from the experimental values of individual
Redlich-Peterson isotherm models. The interaction parameter
Nre,; for various components can be calculated from the
experimental values of g.,; and C; by minimizing the error in
non-linear regression analysis.”

3.2.7 Sheindorf-Rebuhn-Sheintuch (SRS) isotherm model.
Following the assumptions of the monocomponent Freundlich
isotherm model, which assumes that the distribution of
adsorption energy occurs exponentially for each solute, the
Sheindorf-Rebuhn-Sheintuch (SRS) isotherm model was
developed for multicomponent systems.””* To demonstrate
how component j suppresses component i's adsorption, the
competition parameter (oy) is added. The values of the
competition indices for «; and «;; are both equal to one.” The
SRS isotherm model is given as in eqn (9).”

1
NG
Gei = Kg;Ce ( Z (aijce.i))

=1

©)

where K ; is the constant of the Freundlich model and 7; is the
intensity of sorption calculated from the experimental data of
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the conventional Freundlich model. The competition factors o;;
in the SRS isotherm model represent the inhibitory effect of
component i on the adsorptive removal of component j and may
be calculated from the experimental sorption data of binary
component systems.”

3.2.8 Non-modified Sips isotherm model. The non-
modified Sips model is an expanded form of the Sips
isotherm model for single component adsorption system and
has variable parameters (a;, by;, and ng,) for each adsorbate in
a competitive component system. This isotherm model is given
in eqn (10) and assumes energetic heterogeneity on the surface
of the adsorbent.”

As; Cejl/w

N
143 by Ce'™

j=

e, i = (10)

3.2.9 Extended Sips isotherm model. The Sips adsorption
model, which is applied to heterogeneous systems, combines
the Freundlich and Langmuir models.”* This model can be
expanded to explain the sorption in systems with several
components. The improved Sips isotherm model for multi-
component systems is presented in eqn (11).

qmax‘[KSP,iCc,fm
143 Kepi G

J=1

Qei = (11)

where gmayx,; is the monolayer adsorption capacity for compo-
nenti(mgg '), Ksp, is the Sips isotherm constant (L mg™ '), m is
the Sips model exponent. The isotherm data of individual
components are used to calculate the extended Sips isotherm
constants. For a m value of 0, the model approaches the
Freundlich isotherm at decreasing pollutant concentrations.
The model can be changed to a Langmuir isotherm for larger
adsorbate concentrations for m values close to 1.7®

3.2.10 The P-factor. A correlative method called the P-factor
was formulated by McKay and Al Duri.” This model, which
makes use of a Langmuir isotherm, can be explained using eqn
(12) below.*

. . 1 (KLAiCe.imulti)
¢e, L, multi = — [ ————

12
P \1+av;mui (12)

where P; is a “lumped” capacity factor and can be defined as
follows in eqn (13).

(KL,i/ aL,i)
P,‘ ==

KL.i/ ai
where (Ky /ay;) mono and (K /ar;) multi are the maximum

adsorption capacities for component i in monocomponent and
multicomponent systems, respectively.

mono Omax, MONO
multi Ohmax, multi

(13)

4. Competitive decontamination of
heavy metals from sorption systems

The possibility of various adsorbents derived from natural,
agricultural, and industrial waste materials as well as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Biosorbent ‘
(Microbial)

Activated / '
carbon ‘

Sorbent
Materials

4 Pristine
(Agro-waste) Y

Fig. 9 A schematic diagram showing different sorbent materials for the determination of heavy metals from aquatic environments.

biosorbents synthesized from microorganisms including algae
and bacteria have been reported in several studies. In the
present study, the simultaneous adsorptive elimination of
heavy metals from multicomponent systems using various
sorbent materials as shown in Fig. 9 has been systematically
reviewed. This systematic review has categorized the seques-
tration of various heavy metal ions in the multicomponent
systems by these sorbent materials into eight (8) types
including natural or unmodified adsorbents, biochar, bio-
sorbents, activated carbon, zeolite, nano-, composite-, and
graphene-based adsorbents. In most of the studies, the uptake
capacities of the different heavy metals in the binary and
multicomponent adsorption systems achieved by these sorbent
materials have been reported and discussed in this review to

establish the interactive mechanisms among the heavy metals
involved.

4.1 Natural or unmodified (pristine) adsorbents

The application of natural materials as adsorbents have shown
that they are versatile and promising for the removal of both
inorganic and organic contaminants from aquatic environ-
ments. A schematic diagram showing the preparation of
unmodified or pristine adsorbents from agro-waste or biomass
is displayed in Fig. 10. The simultaneous removal of several
heavy metals from multicomponent adsorption systems using
natural, raw, unmodified, and pristine adsorbents has been
reported and discussed.

Waste biomass

Washing and drying
to constant weight

Dried biomass
grinding and sieving

Prepared adsorbent

Fig. 10 Schematic illustration of the preparation of unmodified or pristine adsorbents from agro-waste or biomass (this figure has been adapted

from Bilal et al.3 with permission from Elsevier, copyright 2022).
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Natural banana peels were used for Pb(u) and Cu(u) ions
removal from a binary solute system by varying operating vari-
ables such as initial concentration, adsorbent dose, pH, and
adsorbent particle size in a batch mode through the application
of central composite design (CCD)." The analysis of variance
indicates a good fit with the coefficient of determination of
0.998 and 0.988 for Cu(u) and Pb(u), respectively. The removal
efficiency of Cu(u) and Pb(u) augmented with increasing
adsorbent dose with the sorption rate of Pb(u) being the highest.
The optimized operating conditions gave 99.79 and 88.94%
removal efficiency for Cu(u) and Pb(u), respectively with
100.00 mg L™ concentration, pH 5.00, 1.00 g adsorbent load,
particle size of 75.00 um, and desirability of 0.959. The good
correlation between the actual and predicted values indicates
the validity of the second-order polynomial equation for Cu(n)
and Pb(u) ions removal using the banana peels.

More so, the potential of tea pulp in the decontamination of
Pb(u) and Cu(u) from single and binary systems was investi-
gated.”® The impact of pH, adsorbent dosage, agitation time,
and initial single- and binary-metal concentrations on Pb(ir) and
Cu(u) removal was conducted using batch technique. At a pH of
5.00-8.00 and pH of 4.00-8.00, Cu(u) and Pb(u) ions optimum
uptake capacities were achieved by the adsorbent, respectively.
For the single system, the optimum uptake capacities of Pb(u)
and Cu(m) attained by the tea pulp were 48.54 and 37.17 mg g™ ",
respectively, and 43.47 and 28.41 mg g~ for Pb(mand Cu(n),
correspondingly in the competitive system. The isothermal and
kinetic data achieved by tea pulp were well explained by the
pseudo-second-order kinetic and Langmuir isotherm models.
The study found the tea pulp to be a less-cost bio-adsorbent that
could decontaminate Pb(n) and Cu(u) ions effectively from
single and bicomponent systems.

Also, the confiscation of Pb(u) and Cu(u) by an adsorbent
derived from chili seed in single and multicomponent systems
was studied by Forgionny et al.® In single component systems, it
was observed that the uptake capacity of 48.00 mg g~ * for Pb(m)
was greater than the Cu(u) uptake capacity of 4.10 mg g~ as
achieved by the chili seed. This suggests that the chili seed has
greater selectivity for Pb(u) ions than for Cu(u) ions in the single
sorption systems. For multicomponent systems, it was observed
that the elimination of Pb(u) and Cu(u) ions by the adsorbent
was due to antagonistic interactive effects between Pb(u) and
Cu(n) ions. The study revealed that under equal initial concen-
trations of Pb(u) and Cu(u) and at higher amounts of Pb(u),
about 50.00 and 56.00% decline in Pb(u) and Cu(u) removal were
observed, correspondingly.

The potentiality of vetiver roots as an adsorbent in removing
Ni(1), Cd(u), and Pb(u) from synthetic ternary aqueous systems
was carried out.®" Single and ternary metal solutions were
prepared and used to perform the batch experiments using
optimum operating conditions. Out of five isotherm models
tested, the Langmuir isotherm was best fitted to the equilibrium
sorption data of Ni(u), Cd (i), and Pb(u) with uptake capacities of
13.55, 10.99, and 17.33 mg g ', respectively. The impact of
competitive sorption was predicted using the modified Lang-
muir competitive isotherm model. In the mono-metal systems,
the highest uptake capacity of Ni(u) and Pb(u) by the biosorbent
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was decreased by about 3.00 and 33.00 times, respectively in
a ternary component system. However, it was later found to
improve by about 1.64 times for Cd(u). Based on the findings of
this study, it is concluded that the adsorbent could be employed
in the elimination of heavy metals.

An adsorbent derived from rice husk was utilized in
removing Cu(u), Pb(u), Fe(ur), and Cr(m) from multicomponent
sorption media.*> The study indicated that at a reaction time
of 2.00 h and solution pH of 5.00, the equilibrium removal rate
of Cu(u), Pb(u), Fe(m), and Cr(m) was accomplished with Fe(u)
ions being the most highly adsorbed. The experimental data of
Pb(u), Cr(m), Fe(m), and Cu(u) achieved by the adsorbent well
correlated to the pseudo-second-order kinetic model. While the
sorption data of Pb(u), Cr(u), Fe(m), and Cu(u) at equilibrium
were best represented by the Langmuir model. The study
showed the efficacy and affordability of utilizing rice husk-
derived adsorbent to simultaneously remove Pb(u), Cr(im),
Fe(m), and Cu(u) from aquatic systems.

Similarly, the depollution of Zn(u), Hg(u), and Cd(u) in mono-
, binary- and tertiary-metals systems by rice husk ash (RHA) has
been investigated.*® Batch tests were performed for both the
mono- and multi-metals aqueous media with varying metal ions
concentrations to investigate the non- and competitive
adsorption characteristics. The study indicated that the
decontamination of these metal ions exhibited this trend: Zn(u)
> Cd(u) > Hg(u) in the single solute systems. In the binary and
tertiary component systems, the sorption process was inhibited
by the existence of other ions in the aqueous solutions. It was
found that the Freundlich and Langmuir models best fitted the
equilibrium data of Zn(u), Cd(u), and Hg(u) in all the sorption
systems. The study recommended that there is a need to grasp
the mechanisms of competitive sorption of coexisting ions onto
RHA for the effective operation of the sorption processes for
removing these toxic metal ions from polluted water.

The capability of an adsorbent derived from thiourea spent
grated Cocos nucifera (TSGC) was explored for the concurrent
depollution of Pb(u), Ni(u), and Cu(u) from ternary water
systems.*® The study found that TSGC had a greater affinity for
the Cu(u) ions than that of Ni(u) and Pb(u) ions present in the
ternary sorption medium. Hence, the uptake capacity of Cu(u)
ions by the adsorbent was greater than Ni(n) and Pb(u). The
maximum uptake capacity of Ni(u), Pb(u), and Cu(u) attained by
the adsorbent was 1.38, 0.32, and 0.24 mmol g™, respectively.
The sorption kinetic data of Cu(u), Ni(u), and Pb(u) best fitted
the pseudo-second-order kinetic model. Also, the Langmuir
model was well correlated to the sorption data of Ni(u), Pb(u),
and Cu(n). The study suggested that TSGC is a promising locally
available adsorbent for heavy metals remediation from
contaminated water.

Unmodified pomelo peels were applied as a bio-adsorbent to
decontaminate Pb(u) ions present in multi-solute systems.?* The
study found that 99.90% of the Pb(u) ions were removed using
this bio-adsorbent at 210.00 min of agitation time, 20.00 mg L~*
Pb(u) concentration, pH of 3.00, and 50.00 °C temperature.
There was no influence of Zn, Cu(u), Mg(u), and Cd(u) on the
efficiency of pomelo peels to decontaminate Pb(u) from the
liquid phase. The kinetic and equilibrium isotherm data of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Pb(u) were observed to obey the Langmuir and pseudo-first-
order models, correspondingly. Pomelo peels exhibited the
possibility to be employed for the concurrent decontamination
of harmful heavy metals coexisting in wastewater.

Likewise, the concurrent sequestration of Cd(u), Ni(u), Zn(u),
and Cu(u) from competitive sorption media was examined using
orange peel biomass.*® The uptake capacity of the adsorbent
was found to be reduced in the binary solute system suggesting
an antagonistic effect on the heavy metals removal. There was
the existence of a synergistic effect on Cu(u) ions sequestration
from the multicomponent system while an antagonistic effect
existed during the single decontamination of Zn(u), Cd(u), and
Ni(n) ions from the multi-solute medium. The modified Lang-
muir isotherm model demonstrated good fitness to the equi-
librium competitive data of Cd(u), Zn(u), Ni(u), and Cu(u). The
results of this study showed that an orange peel-based adsor-
bent is employable for the multicomponent sequestration of
heavy metals found in aqueous media.

An adsorbent was produced from wheat bran and used for
removing Cd(u), Pb(u), and Cu(u) from multicomponent media.®®
The optimum removal capacity of the adsorbent was found as
901.00, 978.00, and 1136.00 mg g~ for Cu(u), Cd(u), and Pb(u),
respectively. The adsorbent was observed to have the highest
affinity towards Pb(u) and Cd(u) ions. The study revealed that
there exist synergistic effects among the three heavy metals, in
which the adsorptive removal of an individual metal is promoted
by the occurrence of other ions. The prepared adsorbent
possessed a large specific surface area of 140 m* g~ ' obtained
from BET sorption data. Hence, this adsorbent is found to be
proficient in treating heavy metals contaminated water.

Also, unmodified peanut shells, sawdust, and activated
carbon were used to eliminate Cd(u), Cu(u), and Pb(i) from non-
and competitive sorption systems.*” The study found that as the
contact time progressed and then approached equilibrium,
Cd(u), Pb(u), and Cu(u) ions were eliminated by the activated
carbon, peanut shell, and sawdust. Also, the quantity of Pb(u),
Cu(u), and Cd(u) ions adsorbed augmented but the removal
efficiency thereof decreased as the initial Cd(u), Pb(u), and Cu(u)
concentrations increased. The activated carbon exhibited the
highest uptake capacity of 5.50, 13.10, and 14.01 mg g ' for
Cd(u), Cu(u), and Pb(u), respectively. While the uptake capacity
of Cd(u), Pb(u), and Cu(u) attained by the unmodified peanut
shell were 5.07, 9.50, and 49.10 mg g ', respectively. The
untreated sawdust had the lowest sorption capacity of 3.99,
5.30, and 5.50 mg g ' for Cd(u), Cu(n), and Pb(u) ions, corre-
spondingly. The sorption data of both single and competitive
systems was best represented by the pseudo-second-order and
Langmuir models. In the multicomponent sorption systems,
there existed antagonistic effects among the adsorptive elimi-
nation of Pb(u), Cd(u), and Cu(u) ions from the competitive
aqueous media.

More so, the elimination of Cd(u), Pb(u), and Cu(u) from
unitary, binary, and ternary sorption systems by white pottery
clay was conducted.®® The study revealed that the white pottery
clay's maximum uptake capacities of Pb(u), Cu(u), and Cd(u)
were attained at an equilibrium reaction time of 180.00 min.
The kinetic and isothermal data of Pb(u), Cu(u), and Cd(u) were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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well explained by the pseudo-second-order and Langmuir
isotherm models, correspondingly. The Langmuir maximal
monolayer uptake capacities attained for Pb(u), Cu(u), and Cd(u)
were 159.24, 38.49, and 26.99 mg g~ ', respectively. In the Pb(i)-
Cu(u) binary sorption medium, the Cu(u) ions exhibited an
antagonistic effect on Pb(u) ions elimination by the adsorbent
while Cd(u) ions demonstrated very low inhibitory influence on
Pb(u) ions decontamination from the Pb(u)-Cd(u) binary
medium. The ability of white pottery clay to depollute Cd(u),
Pb(u), and Cu(u) ions is significantly reduced as a result of the
competitive effect superimposing in the ternary system [Pb(u)-
Cu(n)-Cd(u)]. In comparison, the sorption capacity of Pb(u)
reduced with rising Cu(u) and Cd(u) initial concentrations.
However, the adsorptive elimination of Cu(u) and Cd(u) ions is
insignificantly inhibited by Pb(u) initial concentration in the
aqueous solution.

Secondary composts (SC) derived from solid wastes of
a municipal and wood (W-SC) were synthesized and utilized in
removing Cd(u), Ni(u), Zn(u), and Cu(u) from mono- and multi-
solutes sorption media.*® It was found that in the mono-metal
system, the W-SC had a higher affinity towards the heavy
metals than SC with maximum sorption capacity of 42.70, 38.60,
34.90, and 28.70 mg g ' for Cd(u), Cu(u), Zn(u), and Ni(n),
correspondingly. In multi-solute media, the Ni(u) ions uptake
rate by both adsorbents was greatly inhibited than that of Cu(u),
Zn(u), and Cd(u). The equilibrium sorption data of Cu(u), Cd (),
Ni(u), and Zn(u) was best described by Freundlich and Langmuir
models. The study demonstrated that W-SC is very useful for
decontaminating several heavy metals from water systems.

In another study, cork stopper particles were utilized as
a bio-adsorbent to decontaminate Zn(m) and Cd(u) from
monocomponent and bicomponent simulated wastewater.”
The study found that in a single sorption medium, the optimum
percentage decontamination of Cd(u) and Zn(u) ions was 82.62
and 90.96%, respectively at 150.00-180.00 min contact time, pH
of 5.50-6.00, a biosorbent dosage of 0.85-1.00 g, with 50 mg L "
initial metal ion concentration. For Zn(u) and Cd(u) ions
decontamination from the binary component system, an
optimum solution of pH 6.00 was used. In both mono- and bi-
solutes sorption systems, the heavy metal ions elimination
occurred in this order, Zn(u) > Cd(u1). However, in the bi-solute
medium, the percentage removal of both heavy metals was
observed to be reduced. The kinetic sorption data of Zn(u) and
Cd(n) achieved by the cork stopper particles was well explained
by the pseudo-first-order kinetic model. Also, the isothermal
data of Cd(u) and Zn(u) was best correlated to extended
Freundlich and Langmuir models for the non-complex and
complex component systems, correspondingly.

The simultaneous depollution of Fe(ur) and Cu(u) from binary
component sorption media was examined by microcrystalline
cellulose (MCC) as an adsorbent.”* The result of the adsorption
experiment revealed that MCC could remove more than 70.00%
of Fe(r) and Cu(u) indicating that there were sturdy electrostatic
attractions among the adsorbent surface and cationic heavy
metal ions. Also, the sorption data of Fe(u) and Cu(u) attained by
MCC were best represented by the pseudo-second-order kinetic
model, demonstrating chemisorption between the polymeric
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MCC adsorbent and heavy metal molecules. The study
concluded that the MCC is a reliable and low-cost sorbent in
treating water polluted by Fe(u) and Cu(u) and other water
pollutants.

Also, Tekin and Unsal®* conducted a study to investigate the
individual and competitive uptake of Ni(n) and Cu(u) onto
sepiolite. For the monocomponent systems, the initial mono-
metal concentration, mixing speed, and temperature were
studied as a function of time to determine the operating
conditions where the adsorbents showed a great deal of affinity
towards the Ni(n) and Cu(u) ions in the solutions. Among the
applied isotherm models, the one-component sorption data did
fit the Langmuir isotherm best. The simultaneous and
competitive uptake of Cu(u) and Ni(un) was assessed using the
extended Langmuir and Freundlich adsorption isotherm
models. It was revealed that both isotherm models described
the two-component sorption data perfectly with uptake capac-
ities of 222.22 and 256.41 mg g~ " attained by the sepiolite for
Ni(n) and Cu(u), correspondingly. Therefore, the single- and
binary-sorption results unclosed that the effect of sepiolite on
Cu(u) is greater than that of sepiolite on Ni(r).

Bassam et al.*® carried out a study to establish the ease of
removing Cd(u), As(m), and Cr(vi) ions competitively from
aqueous media using raw rock. The impact of adsorbent dose,
agitation time, reaction temperature, pH, and initial concen-
tration on Cd(u), Cr(vi), and As(ur) ions removal in the batch
mode was undertaken. The kinetic and isothermal data attained
by the adsorbent conformed to the pseudo-second-order and
Langmuir models, respectively. The optimum monolayer
adsorption capacities of the Langmuir isotherm model were
found to be 16.36, 17.54, and 15.23 mg g~ * for As(m), Cr(v1), and
Cd(u), respectively. The thermodynamic variables suggested
that the adsorptive removal of all the investigated heavy metals
was exothermic, feasible, and spontaneous. The heavy metal
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ions desorption showed that this raw rock had excellent recy-
cling capacity. Based on the results, these untreated rocks can
be used as inexpensive and environmentally friendly adsorbents
to treat water contaminated by heavy metals.

Granular gravel was explored as an adsorbent to decontam-
inate Cu(u), Zn(u), Ni(u), and Fe(u) ions from single- and multi-
solutes.” It was revealed that the removal rate of Cu(u), Fe(u),
Zn(u), and Ni(u) from the single metal system was 98.00, 87.50,
76.05, and 36.38%, respectively. While the removal rate of 7.32,
48.00, 83.00, and 98.30% for Ni(u), Zn(u), Fe(u), and Cu(u),
respectively, were attained in the multi-solute medium at a pH
of 7.00. The sorption rates of these metal ions using this
adsorbent ranged from 0.91-42.86 mg g ' as well as 0.04-
1.63 mg ¢~ ' in the single and mixed metal systems, respectively.
The kinetic and isothermal data conformed to the pseudo-
second-order and Freundlich models, correspondingly.

4.2 Biochar

In the absence of oxygen and at low temperatures, feedstock or
any biomass is pyrolyzed to produce biochar, a solid by-product
rich in carbon. Due to electrostatic interactions between heavy
metal ions and the negatively charged surface of the biochar as
well as ion exchange among the surface electrons and metallic
cations, biochar can adsorb heavy metals. A schematic diagram
showing the conversion of agro-waste into biochar for the
adsorptive removal of heavy metals from aqueous systems is
presented in Fig. 11.

Ferrihydrite-modified biochar (Fh@BC) was utilized for the
simultaneous decontamination of As(m) and Cd(u) ions from
binary-metal aqueous systems as well as determine the mech-
anism of the sorption process.”® The Langmuir model best
correlated with equilibrium sorption data with optimum sorp-
tion rates of 18.38 and 18.18 mg g~ ' for As(m) and Cd(u),

Biochar

Fig. 11 Schematic diagram showing the conversion of agro-waste into biochar for heavy metals removal from aqueous systems carbon (this
figure has been adapted from Wang et al.** with permission from RSC, copyright 2023).
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respectively. The mechanisms of the simultaneous elimination
of As(m) and Cd(u) by Fn@BC were due to cation exchange,
complexation, and oxidation. The study showed that Fn@BC is
a promising bio-adsorbent for the concurrent decontamination
of As(mr) and Cd(u) ions present in wastewater.

Likewise, the simultaneous elimination of Cd(u)and As(m)
from water systems was achieved by a unique a-FeOOH-treated
wheat straw biochar (a-FeOOH®@BC).”® The highest removal
capacity of a-FeOOH@BC for Cd(un) and As(m) was 78.30 and
62.90 mg g~ ', correspondingly, in the single component system.
While the maximum adsorption capability of a-FeOOH@BC
decreased to 39.30 and 67.20 mg g ' for Cd(un) and As(m),
respectively, in the binary component system. The Langmuir
adsorption isotherm and pseudo-second-order models
provided good fits for the experimental data of As(ur) and Cd(u).
Ion exchange and co-precipitation were the two main sorption
mechanisms, and the removal of As(m) and Cd(u) ions on o-
FeOOH®@BC exhibited a competitive effect. The study demon-
strated that o-FeEOOH®@BC can be a useful remediation bio-
adsorbent for the simultaneous As(m) and Cd(n) from aquatic
environments.

Also, wheat straw was used to produce activated biochar for
decontaminating Pb(u) and Cd(un) competitively from aquatic
systems.® At an equilibrium reaction time of 2.00 h, pH of 8.00,
and 30.00 mg L~ metal ion concentration, optimum sorption
capacity of 8.85 and 9.03 mg g~' for Pb(u) and Cd(u) ions,
correspondingly, were attained. The Langmuir isotherm and
pseudo-second-order models best described the isothermal and
kinetic data of Pb(u) and Cd(u), respectively. The optimum
monolayer adsorption rates of Pb(u) and Cd(u) ions attained by
the biochar at 298 K were 0.60 and 9.30 mg g ',
correspondingly.

Additionally, biochar obtained from anaerobic sludge was
utilized to decontaminate Cd(u) and Pb(n) from non- and
competitive aqueous systems.”” In a single sorption system, the
biochar exhibited a greater removal rate for Pb(u) ions than
Cd(u) ions. For the single component system, the optimum
removal capacities of 0.55 and 0.75 mmol g~ " were achieved by
the biochar for Cd(u) and Pb(u), correspondingly. In the binary-
metal systems, the Cd(u) ions decontamination by the biochar
was highly inhibited, while Pb(u) ions uptake by the biochar was
not significantly interfered with. The sorption data of Pb(u) and
Cd(n) at equilibrium was best explained using both Dubinin-
Radushkevich and Langmuir models for the single metal
system, while the competitive Langmuir adsorption isotherm
model well represented Pb(u) and Cd(u) equilibrium data ob-
tained from the bi-solute systems.

Similarly, a corn stalk biochar-supported nanoscale zero-
valent iron (nZVI-BC) with diverse ratios of nZvI and BC was
used for the concurrent elimination of As(m) and Cd(u) from
aquatic media.®® The batch tests results revealed that nZVI-BC
(1:1) had the greatest uptake capacity for Cd(u) and As(u) ions
and optimum Cd(u)and As(m) sorption capacity was 33.81 and
148.50 mg g~ achieved at 2.00 and 1.00 h, respectively. More so,
the study found that the synergistic effects between As(ui) and
Cd(u) ions in a competitive system improved the nZVI-BC (1: 1)
sorption capacity. In the competitive system, the uptake rate of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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As(m) and Cd(u) was increased to 158.50 and 179.90 mg g~ *,
respectively. The experimental data attained for the concurrent
abatement of As(m) and Cd(u) from the solution was well
correlated to the pseudo-second-order kinetic and Redlich-
Peterson isotherm models, respectively. Therefore, nZVI-BC (1 :
1) is a good choice for the treatment of Cd(u)and As(m) ions in
polluted water bodies.

The simultaneous detoxification of Cd(u) and As(v) ions from
water systems were studied using ultrasonic and nanoscale TiO,
(TD) biochar.”” The experimental data were well explained by
the pseudo-second-order model whereas the equilibrium data
fitted well to the Langmuir isotherm model. The maximum
uptake capacities of 118.06 and 72.62 mg g~ ' were achieved by
the adsorbent for As(v) and Cd(u), correspondingly. The removal
efficiency of 70.00% accomplished for both Cd(un) and As(v)
occurred at optimum pH of 5.00. The presence of both As(v) and
Cd(n) ions in the bicomponent system revealed a competitive
effect at 100.00 mg L~' concentration. The study offered
a practical technique for the development of the adsorbent,
which is a safe adsorbent to simultaneously decontaminate
water pollutants, particularly heavy metals.

The chitosan-EDTA treated magnetic biochar (E-CMBC) was
employed to remove Cd(u), Ni(u), and Cu(u) in mono-metal and
binary-metal sorption media.*® It was observed that the kinetic
and equilibrium data of Cd(u), Ni(u), and Cu(i) on E-CMBC were
best explained by the Avrami fractional order and the Langmuir
models. The optimum uptake capacities were 40.38, 48.73, and
61.95 mg g for Ni(u), Cu(n), and Cd(u), correspondingly. In
a binary-metal system, coexisting ions have obvious competitive
adsorption behavior on E-CMBC. The maximum sorption
capacities of these metal ions were found to be lesser than that
in single component systems. The order of the competitive
decontamination was: Cu(u) > Ni(11) > Cd(u). Therefore, the study
recommended that E-CMBC had the potential to depollute
a variety of pollutants from water systems.

The decontamination of Zn(u) and Pb(u) from mono- and bi-
solutes sorption media was examined by animal-derived bio-
char (ADB) was studied.'®* The optimum uptake capacity of
Zn(u) and Pb(u) onto ADB in the mono-solute system was 2.74
and 3.23 mmol g ', respectively. While in the bi-solute
medium, the uptake capacity of Zn(u) and Pb(u) by the ADS
was observed to be 2.31 and 2.7 mmol g, respectively. The
removal efficiency of Zn(u) and Pb(u) in the mono-solute system
was 99.90 and 78.00-80.60%, respectively. In the binary sorp-
tion system, the existence of Pb(u) ions altered the removal
mechanism of Zn(u) by ADB. The study found that ADB is
proficient biochar for the competitive decontamination of Zn()
and Pb(u) from their aqueous media.

Also, biochar obtained from chicken manure (CM), rice
straw (RS), and sewage sludge (SS) was employed to remove
Pb(u)and Zn(u) from mono-solute and binary-solute systems.*>
The RS biochar was observed to have the highest uptake
capacity for Pb(u) and Zn(u) ions from both mono-solute and
binary-solute systems. This is because the RS was found to be
a highly negatively charged surface, possess enormous aromatic
functional groups, and is physically stable. The sorption data
obtained from both single- and binary-metal systems were best
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correlated to both the Freundlich and Langmuir models,
respectively. Therefore, this study provided crucial information
for using biochar derived from locally available resources for
wastewater purification.

More so, the individual and simultaneous sequestration of
Pb(u) and Cr(vi) by engineered biochar synthesized from pine-
wood sawdust were investigated.'® The study revealed that the
uptake capacity of Pb(u) and Cr(vi) from the binary sorption
medium was found to be greater than that obtained from the
single systems at a temperature of 298 K. However, the detoxi-
fication of Pb(u) ions from both individual and binary compo-
nent systems was higher than that of Cr(vi) attained by the
biochar. The uptake capacity of Cr(vi) and Pb(u) at the equilib-
rium was found to be 346.00 and 606.00 mg g ' in
monocomponent systems and 488.00 and 1420.00 mg g ',
correspondingly in the binary system. The study revealed that
biochar could be fruitfully employed for the individual detoxi-
fication of Pb(u) and Cr(vi) ions from wastewater and in
multicomponent systems.

Wu et al.® produced biochar (BC) and magnetic biochar
(MBC) from pomelo peel at different temperatures for the
adsorptive elimination of Cu(u), Pb(u), and Zn(u) from single-,
binary-, and ternary-metals systems. It was observed that the
pyrolysis temperature and magnetization could influence the
uptake rate of biochar. The study found that the competitive
sorption order of the metals in the ternary-solute system was
Pb(u) > Cu(u) > Zn(u). The kinetic and isothermal data best
agreed with the pseudo-second-order and Langmuir models.
The study showed that pomelo peel biochar is effective in the
adsorptive elimination of heavy metals from wastewater where
the major contaminant is Pb(n) and maximum uptake capacity
could reach about 48.74 mmol g . The study also proposed
technical support for the effective utilization of the pomelo
peels as well as the engineering application of its biochar.

Similarly, biochar derived from raw tea waste (RTW) was
produced under different pyrolysis conditions for the elimina-
tion of Cd(u), Cu(u), and Pb(u) from single and ternary solute
systems.** However, the biochar produced by pyrolysis of RTW
at 900.00 °C (BC 900) demonstrated the highest uptake capacity.
The affinity of these metals in the ternary solutions towards the
BC 900 followed the pattern: Pb(u) > Cd(u) > Cu(u). While the
single metal ions' affinity towards the BC 900 was in the order of
Pb(u) > Cu(u) > Cd(u). It was observed that the uptake of Pb(u),
Cd(u), and Cu(n) ions from the single and ternary solute systems
was best explained using the pseudo-second-order model sug-
gesting chemisorption. The results of the investigation provided
new insight into the employability of RTW in water purification.

Also, an alkali-modified biochar prepared from ginkgo leaves
was produced by simply one-step pyrolysis and was employed
for the concurrent elimination of Cd(u), Cu(u), and Pb(u) from
competitive aqueous systems.?* The study found that after the
ginkgo leaves were modified with alkali, the biochar exhibited
abundant surface functional groups and large porosity, result-
ing in high adsorption capacities for 589.32, 563.55, and
81.70 mg g~ for Pb(n), Cd(u), and Cu(u), correspondingly. The
isothermal and kinetic data best fitted the Freundlich and
pseudo-second-order kinetic model, correspondingly. The
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alkali-modified biochar could act as a functioning sorbent for
heavy metals elimination in actual wastewater because of its
superior performance over a wider pH range and its high uptake
capacity.

A raw cassava root husk-derived biochar (CRHB) and modi-
fied CRHB using ZnO nanoparticles (CRHB-ZnO;) was applied
for the simultaneous removal of Cr(vi), Pb(u), Cd(u), and As(u)
ions from competitive aqueous solutions by batch mode.*** It
was found that at pH 6.00-7.00, 60.00 min contact time, and
concentration of 80.00 mg L', maximum removal of these
heavy metals was achieved. The uptake capacities of these heavy
metals by CRHB-ZnO; were observed to be in this trend: Pb(u) >
Cd(u) > As(m) > Cr(vi). The overall maximum uptake capacity
achieved by the CRHB and CRHB-ZnO; during the removal of
these four metal ions was observed to be 115.11 and 154.21 mg
g~ !, correspondingly. The individual uptake capacity by the
CRHB-ZnO; was determined as 44.27, 42.05, 39.52, and
28.37 mg g~ " for Pb(u), Cd (), As(m), and Cr(vi), correspondingly.
The optimum uptake capacity of Pb(u), Cd(u), As(), and Cr(vi)
ions attained by CRHB was found to be 34.47, 32.33, 26.42, and
21.89 mg g, respectively. The study also revealed that the
pseudo-first-order and pseudo-second-order models best
described the kinetic data of the bio-adsorbent. While the
sorption data were well correlated to the Langmuir model. The
study found that the cassava root husk can be applied as an
alternative, inexpensive, non-toxic, and highly suitable adsor-
bent in removing various toxic cations from aquatic systems.

Peanut shell-derived biochar (PBC) was utilized in removing
Pb(u), Cu(u), Ni(u), Cd(u), and Zn(u) ions from single and
competitive wastewater.'” The study found that the biochar
demonstrated efficient decontamination of these metals from
the single component system. Besides, the competitive sorption
revealed that the selectivity of the biochar for the heavy metal
ions declined according to the following manner Pb(u) > Cu(u) >
Cd(n) > Ni(u) > Zn(u), which was found lower than that in the
single sorption system. The kinetic and isothermal data of both
single and competitive sorption systems were best explained by
the Langmuir isotherm and pseudo-second-order models,
correspondingly. Therefore, the study indicated that peanut
shells-derived biochar is a profitable green adsorbent for water
contaminants cleanup.

The single and ternary detoxification of Hg(u), Pb(u), and
Zn(u) from wastewater onto a flamboyant char was studied by
Sellaoui et al.** It was found that the flamboyant char is more
proficient and suitable for the decontamination of Hg(u) in both
mono- and ternary component medium than that of Pb(u) and
Zn(u) ions. However, the adsorptive removal of Zn(u) and Pb(u)
was observed to be varied based on the existence of the other
competitive ions in the ternary system. The existence of other
competing heavy metal ions in the ternary component system
resulted in the recognition of high antagonistic effects on the
sequestration of Zn(u) from the multi-metal sorption system.

In batch and column adsorption tests, the competitive
decontamination of Pb(u), Cu(u), and Ni(u) from aquatic
systems using date seed biochar was explored.*” The study
revealed that the decontamination of Ni(u), Pb(u), and Cu(u) by
date seed biochar in the multi-solute systems demonstrates
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a competitive effect. In all column and batch modes, the uptake
capacity of each heavy metal ion was decreased by 48.00-75.00%
when compared to single metal systems. Subsequently, Pb(u) >
Cu(u) > Ni(u) was the order in which the uptake and affinity
towards the adsorbent occurred. The sorption system was well
explained by the modified Langmuir model. The date seed
biochar in this study demonstrated high potential in removing
Pb(u), Ni(u), and Cu(u) competitively from the aqueous media.

Groundnut shells biochar (GB) obtained from different
pyrolysis temperatures including GB350 and GB700 was explored
in the decontamination of Hg(u), Cd(u), and Pb(u) from single
and competitive aqueous media.'®® It was revealed that Cd(u)
percentage removal by groundnut shell biochar was 99.60%,
which is greater than that of Pb(u) and Hg(u). The GB700 was
efficient and resulted in 100.00% of Cd(u)removal and Pb(u) ions
from the binary component system. Similarly, the percentage of
Hg(u) and Pb(u) removal using GB350 was 100.00% except for
Cd(u) ions having a removal efficiency of 99.05, 99.46, and
99.69% obtained from the single, binary, and ternary systems,
respectively. The Langmuir adsorption isotherm model showed
a good fitness to Cd(u), Pb(i), and Hg(u) to the equilibrium data
obtained from the mono-, binary, and ternary component
systems. The study demonstrated that biochar made from
groundnut shells could be employed as a practical and affordable
bio-adsorbent in remediating various water contaminants.

An investigation of the competitive reduction of Zn(iu), Cu(u),
Pb(u), and Fe(u) ions in a quaternary solution by hybrid biochar
developed from sugarcane bagasse (SCB) mixed with low-
density polyethylene (LDPE) and pure SCB biochar was con-
ducted.” For the two adsorbents utilized, more than 99.00%
removal efficiency was recorded, which implied they can remove
heavy metals from the simulated wastewater. The Langmuir
isotherm fitted best in each domain and based on the correla-
tion coefficient; the kinetic sorption data best fitted the pseudo-
first-order model well.

More so, the simultaneous removal of Zn(u), Fe(u), Cu(u), and
Pb(u) from the quaternary system by biochar derived from oil
palm (Elaeis guineensis) fibers was conducted.'” The uptake
capacity of 16.54, 16.59, 16.65, and 16.67 mg g ' for Zn(u),
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Cu(u), Fe(u), and Pb(u) was achieved by the biomass biochar
while the hybrid biochar uptake capacity of Pb(u), Zn(u), Fe(u)
and Cu(n) was 16.66, 16.54, 16.65 and 16.57 mg g ', corre-
spondingly. The sorption kinetic and isothermal data con-
formed to the pseudo-second-order and Elovich isotherm
models, respectively.

Also, a study explored the adsorptive removal of Pb(u), Cu(u),
and Ni(u) from mono- and multi-solute media by soil amended
with plant residue biochar including corn straw, wheat straw,
rice husk, and licorice root pulp each at 3.00% w/w."*® For the
single component system, the uptake capacities of the metal
ions were in the sequence of Pb(u) > Cu(u) > Ni(u), and the
Freundlich isotherm fitted well to the sorption data of Cu(u),
Ni(u), and Pb(u) at equilibrium. In the competitive system, the
coexistence of different metal ions reduced the uptake capacity
for each metal ion and the selectivity followed this trend: Ni(u) >
Pb(u) > Cu(u). The corn straw biochar (CSB) was found to have
the greatest uptake capacity of 0.23, 1.41, and 2.73 mg g~ for
Ni(u1) > Pb(u) > Cu(u), correspondingly.

4.3 Biosorbents

The decontamination of various heavy metals from water
systems using biosorbents produced from microbial biomasses,
agricultural waste, industrial by-products, or natural materials
is efficient, cost-effective, and economical due to the possibility
of regenerating the biosorbent. Fig. 12 demonstrates the step-
by-step procedure for biosorbent preparation from microbial
biomass or agro-based waste.

The capability of dry biomass derived from two species of
macrophytes was used to decontaminate Pb(u) and Cu(u) from
a binary sorption medium.*** The study revealed that maximum
removal efficiency was achieved by Pontederia rotundifolia and
Salvinia biloba at an agitation time of 120.00 and 240 min,
respectively. The biosorbent, Salvinia biloba was suitable in
decontaminating Cu(u) from the aquatic media while both the
biosorbents could be effective for Pb(u) ions removal. The data
of Cu(u) and Pb(u) at equilibrium showed good fitness to the
Langmuir isotherm model. The high removal rate, high uptake

Microbial biomass
or agro-waste

1. Washing and drying

2. Grinding into powder

3. Store and use

Pre-treatment of microbial
biomass or agro-waste

Biosorbent

Fig. 12 A schematic diagram showing the step-by-step procedure for the preparation of the biosorbent from microbial biomass or agro-based
waste (this figure has been adapted from Bilal et al.*? with permission from Elsevier, copyright 2022).
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capacity, and low cost of P. rotundifolia and S. biloba biomass
make them suitable for use in biosorption systems to treat
wastewater.

Similarly, microalgae waste was modified and applied as an
environmentally friendly biosorbent for eradicating Cd(u) and
Pb(u) ions from mono- and bicomponent synthetic waste-
water."? The study showed that the kinetic data of Pb(u) and
Cd(un) obtained by the biosorbent for both the mono- and
bicomponents media agreed well with the pseudo-second-order
model. The isothermal data of Pb(u) and Cd(u) also showed
good fitness to the Langmuir and Freundlich models, respec-
tively. The Langmuir optimum uptake capacities achieved by
the biosorbent were 337.00 and 232.00 mg g ' for Pb(u) and
Cd(u), correspondingly. The results of the binary sorption
system indicated that Cd(un) and Pb(u) exhibited antagonistic
effects, in which the decontamination of Pb(u) and Cd(u) indi-
vidually reduces the coexistence of each other. The study
showed that the biosorbent has great capability in treating
wastewater polluted by heavy metal ions.

Sodium chloride-treated Cystoseira indica as a biosorbent
was employed to decontaminate Ni(u) and Co(u) ions simulta-
neously from polluted water."™® The CCD was employed to
elucidate the interactive behavior of the biosorption parameters
and optimum operating conditions were observed at 5.90 pH,
0.06 g biosorbent dose, 91.94 mg L~ Ni(u) concentration,
89.36 mg L' Co(i) concentration. The sorption data were best
explained by the intra-particle diffusion model at an equilib-
rium sorption time of 80.00 min. While the extended Freund-
lich isotherm model showed good representation with the
equilibrium data of Ni(u1) and Co(u) from the binary component
system with an optimum biosorption capacity of 69.99 and
75.21 mg g~ for Co(m) and Ni(m), correspondingly.

Similarly, a magnetic composite obtained from green mac-
roalgae (Enteromorpha prolifera) as a biosorbent was utilized for
Co(u) and Ni(u) depolluting from mono- and binary component
systems.”* The study found that the biosorbent had a strong
selectivity for both Ni(i) and Co(u) ions with the optimum
sorption capacities of 135.00 and 137.00 mg g~ ', respectively.
The coexistence of alkali and alkali earth metal ions including
Na*, K*, Mg(n), and Ca(u) inhibited the decontamination of Ni(i)
and Co(u). In comparison with the single sorption system, the
sorption capacity of Ni(u) and Co(u) from the binary system was
reduced due to the presence of the other ions. The study dis-
closed that the biosorbent is resourceful in the removal of heavy
metals in addition to alkali and alkali earth cations in waste-
water simultaneously.

The competitive detoxification of Ni(n) and Cd(u) from
aquatic systems was explored using brown algae (Cystoseira
indica) as a biosorbent.’ The study revealed that optimum
operating conditions for maximum Ni(u)and Cd(u) removal
were a biosorbent dosage of 1.00 g L™, initial concentration of
100.00 mg L™, and solution pH of 6.00. The kinetic data of
Cd(u) and Ni(u) was best fitted to the intra-particle-diffusion
kinetic model. While the equilibrium isothermal data of Ni(u)
and Cd(u) was better fitted to the extended-Freundlich model
with optimum biosorption efficiencies of 55.34 and 18.17 mg
g~ for Ni(mand Cd(u), correspondingly.
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Similarly, the concurrent sorption of Ni(u) and Cd(u) ions in
wastewater onto Streptomyces rimosus biomass was conduct-
ed."® The study found that Ni(n) and Cd(u) biosorption from the
bi-solute medium attained equilibrium at a shaking time of
3.00 h and the maximum biosorption capacities achieved by the
biosorbent were 9.86 and 22.80 mg g~ ' for Cd(n) and Ni(u),
correspondingly. The sorption data of Cd(u) and Ni(u) showed
good representation with the pseudo-second-order and Lang-
muir models, respectively. The Streptomyces rimosus biomass
has been demonstrated to have a high biosorption ability and
would be an effective biosorbent for Cd(u) and Ni(u) ions elim-
ination from water systems.

The adsorptive elimination of Cr(m) and Ni(u) from mono-
and binary component systems was conducted by using Dur-
villaea antarctica as a biosorbent."” The study observed that
optimum sorption capacity of 32.85 and 102.72 mg g~ for Ni(m)
and Cr(m) occurred at a pH of 5.00, and a reaction time of 240.00
and 420.00 min, respectively. It was observed that the increasing
Ni(u) initial concentration increases its uptake capacity but
reduces the uptake capacity of Cr(m) ions. The binary compo-
nent equilibrium data of Ni(u) and Cr(m) showed the best fit to
the Sips model. The competitive biosorption indicated that
Cr(m) and Ni(u) ions present in wastewater compete strongly for
the same active biosorbent sites.

Also, a study was conducted to decontaminate Cd(u), Cu(u),
and Zn(u) from both mono- and ternary aqueous media using
phosphogypsum as a biosorbent.'*® The uptake capacity of
Cu(n), Zn(u), and Cd(u) ions onto the biosorbent upsurged with
the pH and the optimum decontamination was attained at pH
of 8.00, 9.00, and 9.50, respectively. The sorption rate of Cd(u)
attained by the biosorbent was greater than Cu(u) and Zn(u) in
both mono- and multi-solute sorption media. Also, in a ternary
sorption system, the biosorbent retained its overall uptake
capacity with an increment in the uptake of Cu(u) while the
uptake capacity of Zn(u) and Cd(u) ions decreased. The experi-
mental data of Cu(u), Zn(u), and Cd(u) were well described by the
pseudo-second-order kinetic and Freundlich isotherm models.
The study demonstrated that phosphogypsum may be used as
a cheap biosorbent for the sequestration of various water
contaminants.

The uptake ability of Pb(u), Co(u), Cd(u), Zn(u), Cu(u), and
Ni(n) ions from non- and competitive sorption systems by Leu-
codon sciuroides (LS) mosses as a biosorbent was carried out."*®
It was revealed that the optimum uptake efficiency of these
heavy metal ions occurred at 30.00 min of agitation time and
a pH of 6.00 with Pb(u) and Cu(u) being the most adsorbed by
the LS. The equilibrium sorption data of Ni(i), Co(ir), and Cu(m)
well-fitted to the Langmuir model whereas Pb(u), Zn(u), and
Cd(n) equilibrium data conformed to the Freundlich model.
Also, the experimental data attained by LS for all six heavy
metals correlated well with the pseudo-second-order model.
The competitive biosorption showed that the biosorbent can
concurrently remove Cu(u) and Pb(u) from complex water
systems including the other four heavy metals.

The detoxification of Cd(u), Cu(u), and Ni(r) from mono- and
multicomponents sorption medium was conducted by using
biogenic vaterite induced by Bacillus subtilis as a biosorbent.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The study revealed that the sorption data agreed well with the
Langmuir in comparison to the Freundlich isotherm model.
While the experimental results were best represented using the
pseudo-second-order kinetic model. The Langmuir maximum
biosorption capacity of Cd(u), Cu(u), and Ni(u) obtained from
the single component medium was 270.27, 172.41, and
178.57 mg g ', respectively. However, in the multi-solute
medium, the maximum uptake capacities of 94.34, 30.30, and
175.44 mg g~ ' were attained by the adsorbent for Ni(u), Cu(1),
and Cd(u), correspondingly. The study observed that in the
multi-metal sorption systems, competitive effects occurred
amongst the heavy metal ions and with Cu(u) ions uptake by the
adsorbent being the least affected by the existence of the other
two competing for heavy metal ions.

4.4 Activated carbon

Due to its great adsorption capacity, activated carbon can be
used in a variety of applications. It has numerous uses, such as
the treatment of industrial effluent, medicine, the discoloration
of sugar, and a lot more. The porous nature of activated carbon,
which results in a high surface area makes it an effective
adsorbent. Fig. 13 is a schematic illustration of the production
of activated carbon from biomass. Several studies have
employed activated carbon in the remediation of heavy metals
from complex water systems as discussed in this section.

The elimination of As(ur) from binary systems onto hybrid
granular activated carbon has been investigated using the batch
technique.” The removal of As(m) was found to show depen-
dence on the adsorption factors studied. The equilibrium
isothermal and kinetic data attained from both mono- and
binary solutes sorption media were best correlated with the
Langmuir and pseudo-second-order models, suggesting the
mechanism of As(m) removal was due to chemical adsorption.
The Langmuir monolayer adsorption capacities of the activated
carbon were 205.76 for the mono-solute and 153.09 mg g~ * for
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binary solute sorption systems, correspondingly. This implies
that there existed an antagonistic effect on the removal of As(ur)
due to the presence of Hg(u) ions in binary sorption media. The
thermodynamic variables indicated that the elimination of
As(m) ions from both sorption media were endothermic and
spontaneous with an increase in randomness at the adsorbate-
sorbent interface. The successive regeneration studies showed
that the spent activated carbon uptake capacity is renewable
after multi-cycles of adsorption-desorption. This suggested that
activated carbon has economic prospects and practical indus-
trial applications for As(ur) remediation in wastewater.

A response surface methodology (RSM) was utilized to
investigate the parameters that influence the competitive
uptake capacity of Ni(u) and Cu(u) from binary component
systems by activated carbon derived from sewage sludge.'** The
uptake efficiencies of Ni(u)and Cu(u) were optimized by the
application of CCD under RSM. It was found that the model-
predicted data correlated well with the experimental results.
While the ANOVA results indicated that the process was mainly
influenced by the Ni(u) concentration and adsorbent dose,
whereas the remaining factors exhibited very low effects. The
best-operating conditions were Ni(u) and Cu(u) concentration,
agitation time, adsorbent dosage, and reaction temperature
were 40.00 mg L™, 100.00 min, 4.00 g L', and 30.00 °C. Under
these optimal settings, the maximum uptake capacities of 4.04
and 7.48 mg g~ ", respectively were attained for Cu(n) and Ni(n).
From the results of the study, the activated carbon derived from
sewage sludge could be utilized beneficially for removing Cu(i)
and Ni(u) from aquatic environments.

Similarly, the depollution of Cu(u) and Ni(u) in mono- and
bicomponent systems was performed by using activated carbon
derived from corn cob. The impact of sorption parameters
was considered and equilibrium was attained at 240.00 and
100.00 min with uptake capacity of 0.39 and 0.28 mmol g~ for
Cu(n) and Ni(n), correspondingly. It was observed that at higher

Carbonization

Thermal treatment

Carbonaceous

NH;, CO,, Air, Steam, O,

Physical activation

Activation
o R % y
Activated carbon

hemical activation

KOH. H,PO,. NaOH, ZnCl. H,50,...

Fig. 13 Schematic illustration of the classical fabrication and activation techniques of activated carbon (this figure has been reproduced from

Mariana et al.*** with permission from Elsevier, copyright 2021).
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pH and initial concentration, the sorption process was
enhanced and Cu(u) uptake by the adsorbent was not influ-
enced by the coexistence of Ni(u) in the solution. The influence
of temperature on Cu(un) and Ni(u) elimination from the
monocomponent system was statistically insignificant and
statistically significant only during Cu(u) removal from the
bicomponent system. The sorption data of the monocomponent
system was best explained by Sips and pseudo-second-order
models and that of the bicomponent system was best con-
formed to the extended Langmuir model. The study showed
that corn cob-activated carbon is efficient in heavy metals
remediation from water systems.

The adsorptive decontamination of Cu(u) and Zn(u) from
binary solute systems onto carbonaceous materials obtained by
chemical activation and ammoxidation of polish brown coal
was investigated."” The influence of agitation time, tempera-
ture, solution pH, and initial concentration as well as the exis-
tence of competing ions on the uptake ability of activated
carbons, were studied. It was revealed that the sorption capacity
upsurges with increasing concentration and the agitation time
and optimum removal were found at pH of 8.00 and 6.00 for
Cu(n) and Zn(u), correspondingly. The carbonaceous adsorbent
derived from ammoxidation was more proficient in the decon-
tamination of Zn(u) and Cu(u) from binary component systems.
However, the uptake capacities of Cu(u) and Zn(u) by the
carbonaceous adsorbent relative to that of unmodified adsor-
bent were much smaller. The isothermal and kinetic data ob-
tained from both systems were well represented by the
Langmuir and pseudo-second-order models.

More so, the adsorptive decontamination of Cd(u) and Pb(u)
ions from mono- and binary component systems with
commercial granular activated carbon was conducted in batch
mode." It was observed that the maximum agitation time was
120.00 min for both heavy metal ions and the optimum pH
ranged from 5.50-6.00 and 7.00-8.00 for Pb(u) and Cd(u),
correspondingly. The study revealed that the uptake capacity of
9.30 mg g ' for Pb(u) attained by the activated carbon was
higher than Cd(u), which is 9.26 mg g~'. The kinetic data of
Pb(un) and Cd(un) showed good fitness to the pseudo-second-
order model while both the extended Freundlich and Lang-
muir models best correlated to the binary component system
adsorption data. The optimization results using RSM revealed
that initial pH of 6.30, a temperature of 56.80 °C, and a shaking
speed of 308.00 rpm as optimum operating conditions.

The depollution of Co(u) and Pb(u) ions from a bicomponent
aqueous medium was performed by thiolated sawdust.”®
According to the study, the saw dust-activated carbon appeared
to be a proficient adsorbent for the concurrent sorption of Co(u)
and Pb(u). The Langmuir multicomponent isotherm demon-
strated that the existence of Co(u) in the solution reduced the
affinity of Pb(u) towards the bio-adsorbent, and so, the effect of
the mixtures appeared to be antagonistic. Therefore, the current
study emphasized the possibility of sawdust in eliminating
heavy metals from mono-solute and multi-solute systems,
particularly for small-scale companies.

The elimination of Hg(u) and Zn(u) from the binary system
was examined by activated carbon produced from Theobroma
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cacao pod husk.”® The batch experiment disclosed that the
elimination of Hg(u) and Zn(u) simultaneously attained equi-
librium rapidly at an agitation time of 90.00 min. The Temkin
and Langmuir models well-fitted the equilibrium sorption data
of Hg(u) and Zn(u). The sorption kinetic data were best
described by four models notably among which are the pseudo-
first-order, Elovich, pseudo-second-order, and intraparticle
diffusion models. The study indicated that the Theobroma cacao
pod husk could be proficient in decontaminating of Hg(u) and
Zn(u) from aquatic systems.

Besides, a modified pine bark (as activated carbon) efficiency
was tested for the single and simultaneous reduction of Cr(m)
and Ni(u) ions from aquatic systems."”” The sorption kinetic
data of Cr(m) and Ni(u) obtained by the adsorbent in the single-
and binary solute systems was best explained using the pseudo-
second-order kinetic model. Also, the isothermal data of Cr(im)
and Ni(u) at equilibrium are well correlated with the Langmuir
isotherm with monolayer maximum sorption efficiencies of
31.40 and 23.70 mg g~ ', correspondingly. In the binary solute
system, Ni(u) ions coexistence showed little influence on Cr(i)
ions removal but the occurrence of Cr(u) ions decreased Ni(u)
ions uptake rate by the adsorbent. In the binary solute medium,
the modified Langmuir model well described the sorption data
of Cr(m) and Ni(u) achieved by the activated carbon at
equilibrium.

The possibility of removing Ni(u), Pb(i), and Zn(u) concur-
rently from two binary-metal sorption media including Ni(u)-
Pb(u) and Ni(u)-Zn(u) onto oxidized activated carbon fiber (ACF-
Ox) was conducted.” The simultaneous sequestration of Pb()
and Ni(u) ions from the bi-solute sorption medium [Ni(u)-Pb(1)]
by the ACF-Ox suggested that the affinity of Pb(u) ions towards
ACF-Ox was much greater than that of the Ni(u). However, the
concurrent sequestration of Ni(u) and Zn(u) by the ACF-Ox in the
bi-solute system [Ni(u)-Zn(u)] indicated that the Ni(u) ions
uptake capacity was 1.12 times higher than Zn(u) ions. The
competitive sorption data attained by ACF-Ox for Ni(u), Pb(u),
and Zn(u) in the binary sorption systems were best fitted to the
extended Freundlich isotherm.

A commercial wood-based granular activated carbon (GAC)
was acquired and its ability to adsorb Cu(u), Pb(u), and Zn(u)
ions in mono- and bicomponents systems was explored."”® The
study discovered that the maximum abatement of Cu(u), Zn(u),
and Pb(u) from both sorption systems was accomplished at
solution pH of 5.50, 4.50, and 6.00, respectively. It was found
that the selectivity of these metals towards the GAC was in this
trend Pb(u) > Cu(u) > Zn for all the pH ranges studied. The Sips
and Langmuir models conformed to the equilibrium data Cu(mu),
Zn(u), and Pb(u) obtained from the mono-solute system at a pH
of 5.00. The Langmuir optimum sorption capacities of Cu(u),
Pb(u), and Zn(u) achieved by the activated carbon were 0.094,
0.142, and 0.058 mmol g™, respectively. The uptake capacities
of Zn(m), Cu(u), and Pb(n) at a concentration of 0.01 mmol L "
were 0.040, 0.085, and 0.130 mmol g’l, respectively. The IAS-
Sips and Ideal Adsorbed Solution (IAS)-Langmuir models best
represented the bi- and ternary solutes sorption data, respec-
tively. The study added to the body of knowledge on the
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modeling of binary and ternary sorption systems on GAC,
a flexible adsorbent widely utilized in wastewater treatment.

Multicomponent competitive elimination of phenol, Pb(),
Cd(u), and Cr(m) was performed with KOH-activated carbon
obtained from mangrove charcoal.”® The study discovered that
the optimum removal rates of phenol, Pb(u), Cd(u), and Cr(m)
from the multicomponent system were found to be 76.00, 92.00,
47.00, and 31.00%, respectively obtained at optimum pH 5.00,
2.50 g L™ adsorbent dosage, 120.00 min of reaction time, and
50.00 mg L~ concentration for phenol and 30.00 mg L™ of
each heavy metal. The optimum uptake rates of phenol, Pb(u),
Cr(m), and Cd(u) were 46.00, 32.00, 11.00, and 3.80 mg g *,
respectively. The study observed that the concurrent elimina-
tion of phenol, Pb(u), Cr(u), and Cd(u) from the multi-solutes
system was fierce due to the comparable sorption mecha-
nisms. The equilibrium data of Pb(u) and Cr(u) showed good
fitness to the Langmuir model whereas the sorption data of
Cd(u) at equilibrium agreed with the Redlich-Peterson model.
Besides, the Freundlich model best explained the phenol
sorption data. However, the pseudo-second-order best fitted the
kinetic data of phenol, Pb(u), Cd(u), and Cr(m) obtained from
the multicomponent system suggesting chemisorption as the
adsorption mechanism. The adsorption and desorption for the
multicomponent system indicated that HCI could recover the
heavy metal ions while NaOH solution was the best eluent for
phenol desorption.

The decontamination of Pb(u), Cu(u), Cd(u), Zn(u), and Cr(vi)
from both single and multicomponent systems onto wooden
commercial activated carbon was conducted.™° The study found
that at a pH of 3.00, optimum Cr(vi) removal was accomplished,
while a pH of 7.00 resulted in maximum decontamination of
Pb(u), Cd(u), Cu(u), and Zn(u) in the single system. The
maximum uptake capacities of the heavy metals were observed
to exhibit the pattern of Pb(u) > Cr(vi) > Cd(u) > Cu(u) > Zn(u) at
a temperature of 25.00 °C in the mono-metal system. For the
single component system, the equilibrium sorption data obeyed
the Langmuir and pseudo-first-order models. In comparison,
the study showed that Cr(vi) and Cu(u) depollution was
enhanced by the presence of Cd(u), Zn(u), and Pb(u), while the
removal of Zn(n) and Cd(u) was influenced by the coexistence of
Pb(u), Cu(u), and Cr(vi) ions in the multicomponent systems.
This study offered useful recommendations for the future use of
wooden commercial activated carbon in complex wastewater
purification including different heavy metals.

The decontamination of Pb(u), Cu(u), Cd(u), and Zn(u) ions as
well as Mg(u), Ca(u), and K" as alkali and alkali earth metal ions
in mono- and multi-metals sorption media onto bagasse acti-
vated carbon were performed.”® The study revealed that at
60.00 min agitation time, optimum removal of Pb(u), Cd(u),
Cu(u), Zn(n), Mg(n), K*, and Ca(n) ions by the bagasse activated
carbon was 0.77, 0.64, 0.49, 0.69, 0.47, 0.67 and 0.09 mmol g™,
correspondingly, which was much higher than the untreated
bagasse. The kinetic data attained from the monocomponent
system obeyed the pseudo-second-order kinetic model. The
multicomponent sorption showed that the bagasse-activated
carbon had a greater affinity for the heavy metals than the
alkali and alkali earth metal ions. At 0.015 g adsorbent load, the
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optimum Pb(u), Cu(u), Zn(u) and Cd(u) ions removal rate from
the wastewater was 94.53, 92.74, 70.46 and 83.30%, respectively
while that of Mg(n), Ca(u) and K" was only 6.64, 4.75, and 0.00%,
respectively. This implied that the heavy metals have the chance
of being removed selectively from wastewater by the modified
bagasse.

The simultaneous removal of Zn(un) and Hg(u) in the coexis-
tence of Mg(u) onto chemically activated bentonite using the
batch technique was explored by Mudasir et al.*** At 6.00 pH and
60.00 min reaction time, maximum concurrent removal of Zn(u)
and Hg(u) ions in the existence of Mg(n1) was accomplished. The
uptake capacity, selectivity, and affinity of modified bentonite
towards Zn(u) and Hg(u) were higher than unmodified
bentonite. The kinetic data achieved by the adsorbent for both
Zn(u) and Hg(u) in the coexistence of Mg(u) was well correlated
to the pseudo-second-order model. While the equilibrium data
of Zn(u) and Hg(u) showed good representation with the Lang-
muir and Freundlich models. The results demonstrated that the
existence of Mg(u) ions in the multicomponent system did not
inhibit the uptake of Zn(n) and Hg(u) ions signifying that
dithizone-immobilized bentonite had a greater affinity for
heavy metals.

The peels of Artocarpus nobilis fruit were used to produce
NaOH-activated carbon solutions to concurrently remove Cr(vi)
and Cr(m) from aqueous systems."** The study observed that the
best solution pH for Cr(m) and Cr(vi) ions detoxification was
found to be pH of 5.00 and 2.00, respectively. At pH of 5.00 and
2.00, the maximum uptake rates of Cr(vi) and Cr(ur) ions were
4.94 and 4.89 mg g, correspondingly. The kinetic data of Cr(m)
and Cr(v1) correlated well with the pseudo-first-order model.

Similarly, untreated and NaOH-modified waste cotton yarn
was utilized in removing Pb(u), Cr(m), As(v), and Cd() from
single- and multi-metal aqueous solutions.”® The study
revealed that NaOH-modified cotton yarn adsorbent insignifi-
cantly affected the uptake ability of the cations. The uptake
rates of Pb(ur) were observed to be the greatest in the mono- and
multi-sorption media whereas As(v) ions demonstrated the least
affinity to the cotton yarn surface. The equilibrium sorption
data of Pb(u), Cd(u), Cr(m), and As(v) ions onto cotton yarn was
well correlated to the pseudo-second-order and Freundlich
models. The study concluded that cotton yarn, a waste product
from the textile industry, might potentially be applied as
a cheap adsorbent for depolluting various heavy metals from
aqueous media.

The elimination of Ni(u) and Cr(vi) from mono- and bi-
solutes sorption media by modified diatomite waste as an
adsorbent were performed in batch mode."* In the mono-solute
medium, the sorption data of Cr(vi) and Ni(u) achieved by the
adsorbent was accurately represented by the Langmuir and
Freundlich models. At a solution pH of 3.00 and 8.00, maximum
uptake efficiencies of 3.64 and 2.90 mg g~ for Ni(u) and Cr(vi)
were attained. In the bicomponent medium, the coexistence of
Ni(un) ions affected Cr(vi) ions removal, but Cr(vi) existence
promoted the adsorptive elimination of Ni(u). The kinetic
sorption data of Cr(vi) and Ni(u) attained by the adsorbent in the
single and binary systems were observed to exhibit good fitness
to the pseudo-second-order model. Besides, the extended
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Freundlich and Langmuir extended multicomponent adsorp-
tion isotherm models were found to fit well with the competitive
equilibrium data of Ni(u) and Cr(vi). This study provided
insights regarding the utilization of modified diatomite wastes
for heavy metals elimination from the ecosystem.

Besides, modified argillaceous limestone was used in
removing Cd(u), Pb(u), and Ni(u) from the mono- and
multicomponent system.**® In the monocomponent system, the
decontamination rate of Cd(u), Pb(u), and Ni(u) were much
higher than that in the multi-solute media. The study showed
that Pb(u) ions uptake capacity by the adsorbent in the
competitive system was much higher than the other heavy metal
ions. The kinetic and isothermal data of Cd(u), Pb(u), and Ni(u)
obtained by the adsorbent demonstrated good fitness to the
Langmuir and pseudo-second-order models, respectively. The
study uncovered the efficacy of argillaceous limestone in the
remediation of aquatic systems for heavy metal ions.

Similarly, raw and activated clay was employed in decon-
taminating of Cd(u), Zn(u), Pb(u), and Cu(u), ions both individ-
ually and simultaneously from wastewater.”®” In the single
sorption system, the study found the uptake capacity of Pb(u) to
be 26.78 and 45.94 mg g ' for natural and activated clay,
correspondingly. For the multicomponent system, the sorption
process showed dependence on the initial metal concentration
with the uptake rate of 41.71 mg g~ for Pb(n) being the highest
in the binary systems. In multicomponent systems, the removal
efficiency of each metal was significantly reduced in the exis-
tence of other heavy metal ions. The study indicated that clay
can be employed as a viable adsorbent for wastewater
treatment.
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4.5 Zeolite-based adsorbents

Zeolites are extensively utilized in the petroleum industries as
water softeners, and catalysts for the synthesis of laundry
detergents, and molecular sieves. Zeolite has a porous and
intergranular microstructure with thermal and mechanical
stability. Many different forms of zeolites have been employed
as adsorbents for removing contaminants, particularly the
removal of heavy metals in fields of water treatment, due to
their strong ion exchange and adsorption capacities. Fig. 14 and
15, respectively are schematic illustrations of the general
synthesis of zeolite and its adsorption characteristics. Several
studies have employed zeolite-based adsorbents in the reme-
diation of heavy metals from complex water systems as dis-
cussed in this section.

Dahake et al.**® reported on the synthesis of oxime-modified
zeolite-A as a promising adsorbent for uranium U(vi) ions
sequestration from competitive solute solutions. The influence
of several experimental variables was studied using the
prepared adsorbent. Maximum U(vi) removal efficiency of
98.00% attained at a pH of 4.00-6.00. The uptake capacities of
4.92 mg g ' were observed for U(vi) in presence of other
competing ions such as Cr(vi), Cd(u), Co(u), Pb(u), and Mn(u)
ions. The equilibrium data was found to be best agreed with the
Langmuir and pseudo-second-order models. More so, the spent
adsorbent could be regenerated and reusable up to eight mul-
ticycles of adsorption and desorption with high removal effi-
ciency for each run. It can be inferred from the results that
oxime-modified zeolite-A is a capable adsorbent for the
recovery of U(vi) ions due to its easy separation, high adsorp-
tion, and excellent reusability.

Crystallization in
autoclave reactor

=i
| |
\ Vacuum
pump
—— T ——
Filtration Zeolite

Fig. 14 A schematic diagram showing hydrothermal processes for synthesizing zeolite sorbent material for water pollutants removal (this figure
has been adapted from De Magalhdes et al.**® with permission from Hindawi, copyright 2022).
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Fig. 15 A schematic diagram showing zeolite can only adsorb cationic species (b) when modified by a cationic surfactant (a), zeolite can also
remove anionic (c) and organic species or both (d) (this figure has been adapted from De Magalhaes et al.**® with permission from Hindawi,

copyright 2022).

More so, de Morais Franca et al.*® applied isotherm models
to investigate the interactions between zeolite 4A and Cu(u),
Ni(un), and Zn(u) with varying concentrations in single- and
multicomponent adsorption media. The Freundlich, Langmuir,
and Sips models well represented the sorption data of Cu(u) and
Ni(n) at equilibrium whereas the Freundlich and Langmuir
models correlated well to the isothermal data of Zn(u). The
adsorption kinetics was discovered to be fast during Zn(u) and
Cu(u) and slow for Ni(u). Hence, higher diffusion values were
obtained during the decontamination of Cu(u) and Zn(u) from
the sorption systems indicating a strong affinity of the synthe-
sized zeolite 4A for the Zn(u) and Cu(u) in both the mono- and
multi-solute sorption media.

Also, zeolite X was employed for the competitive elimination
of Cu(u) and Zn(u) from the binary sorption system.'* It was
discovered that as Cu(n) initial concentration increased, the
uptake capacity of Zn(u) significantly dropped from 175.20 to
7.10 mg g~ *. On the contrary, as Zn() concentration upsurges,
Cu(n) sorption capacity went up from 142.90 to 148.30 mg g~ . It
was found that Cu(u) has a greater affinity for and selectivity
toward zeolite X in the bicomponent sorption medium. The
kinetic data of Zn(u) and Cu(u) showed a good fit for the pseudo-
second-order kinetic model. Furthermore, the isothermal data
exhibited good fitness to the Langmuir model. According to the
study, diatomite-derived zeolite X might be a useful adsorbent
for decontaminating different heavy metals from industrial
aqueous systems.

The performance of clinoptilolite for removing Zn(u) and
Cd(u) ions from wastewater in a batch mode was investigated.**
Zn(u) and Cd(u) concentrations varied between 10.00 and
20.00 mg L™, and the sorbent loading ranged between 10.00
and 60.00 g L' in the aqueous media. The maximum removal

© 2023 The Author(s). Published by the Royal Society of Chemistry

rate of both Zn(u)and Cd(i) was reached at 10.00 g L™ " with very
low metal ion concentrations. However, the uptake capacity
declined when Cd(u) and Zn(un) amounts increased to
200.00 mg L. Further experimentations were performed using
the maximum concentration of 200.00 mg L™ while increasing
the adsorbent loading to 40.00 and 60.00 g L™ '. The findings
revealed that maximum percentage removal of more than
50.00%. The clinoptilolite was found to have a greater affinity
for Cd(u) ions in a single system. The adsorbent exhibited
a better affinity for Zn(u) due to a unique sorption mechanism
in the presence of two metals in the binary system with a higher
removal rate.

Similarly, clinoptilolite was treated with hexadecyl-
trimethylammonium bromide (HDTMA-Br) and employed as an
adsorbent to decontaminate Cr(vi) and Cu(u) simultaneously
from water systems.*** The optimum operating parameters ob-
tained for the concurrent maximum elimination of Cr(vi) and
Cu(n) ions from binary solute media were found to be 2.00 g
adsorbent dosage, 56.50 mg L' Cu(u) concentration, and
10.00 mg L™ Cr(vi) concentration. It was observed that the
existence of Cu(u) in the bi-solute system enhanced the adsor-
bent surface charge and subsequently increased Cr(vi) ions
uptake. The Langmuir model fitted well to the sorption data.
While the thermodynamic studies showed that both Cr(vi) and
Cu(u) ions uptake by the adsorbent was endothermic and
exothermic in nature, respectively.

Furthermore, in mono- and binary solute systems, the
comparative decontamination of Cd(u) and Pb(u) by amine-
functionalized MCM-48 (NH,-NH-NH-MCM-48) and amine-
grafted MCM-48 was studied.'” The study utilized batch
adsorption techniques in both single component and multi-
component systems. The effects of the experimental factors
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were examined, and the findings showed that MCM-48 with an
amine attachment demonstrated greater Pb(u) and Cd(u)
removal efficiency than MCM-48. The binary metal sorption
results indicated that the elimination of the single metal ions is
inhibited by the presence of the other heavy metal. The binary
component sorption data agreed well with the extended Lang-
muir model, whilst the sorption data were best explained by the
Freundlich and Langmuir models in the single system. The
optimum uptake rates of Cd(u) and Pb(u) attained by NH,-NH-
NH-MCM-48 were 82.70 and 119.24 mg g™, respectively, in the
single component system. It was discovered that NH,-NH-NH-
MCM-48 had a greater affinity for Cd(u) ions in both sorption
systems.

On synthesized silica-based Mobil composition of matter no.
41 (MCM-41), Zn(u), and Cr(vi) ions were removed from single-
and binary solute systems.'* The Zn(u) and Cr(vi) ions were
effectively removed under the optimal working conditions of pH
7.00,0.10 g L' adsorbent load and 2.00 h of contact time. It was
found that raising the initial Zn(n) amount caused the uptake
capacity of Zn(u) to improve, whereas increasing the Cr(vi)
concentration triggered the uptake capacity of Zn(u) to decrease.
The elimination of Cr(vi) ions followed a similar pattern as Zn(u)
concentration increased. The antagonistic effects on Zn(u) and
Cr(iv) removal from the binary metal aqueous solutions were
established. The experimental data of Zn(u) obtained from the
binary solute system fitted best with the modified Redlich-
Peterson isotherm model.

The concurrent decontamination of Cd(u), Zn(u), Cu(u),
Co(u), and Pb(u) from aquatic systems by FAU-type zeolites
produced from coal fly ash."** The study revealed that in the co-
existence of other heavy metal ions, FAU zeolite derived from
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coal fly ash could decontaminate heavy metal ions simulta-
neously in competitive aqueous solutions. The equilibrium
sorption data of Pb(u), Cd(u), Co(u), Zn(u), and Cu(u) fitted well
to the pseudo-second-order and Langmuir models, corre-
spondingly. The heavy metal ion which was found most
adsorbed was Pb(u) having an optimum uptake rate of
109.90 mg ¢~ while that of Co(i) was the least with an uptake
efficiency of 12.20 mg g~". The removal efficiency of FAU-type
zeolite for the quinary-metals sequestration declined in the
trend of Pb(u) > Cu(u) > Cd(u) > Zn(u) > Co(u).

In another study, the competitive elimination of Cd(u), Pb(u),
Ni(u), and Cu(u) from quaternary solute systems onto fly ash-
based Linde F(K) zeolite was carried out.'* It was found that
Cu(u), Pb(u), Ni(u), and Cd(u) removal from the quaternary
component systems upsurged with rising pH values, and equi-
librium was achieved at a pH of 6.00-7.00. The percentage
elimination of these metals was observed to be high at the
beginning of the sorption process and then progress slowly
until equilibrium was established. The sequence of these heavy
metals’ uptake capacity at equilibrium was Pb(u) > Cd(u) > Cu(u)
> Ni(11). The pseudo-second-order and internal surface diffusion
were the best-fitted models, which accurately described the
equilibrium sorption data of Pb(u), Ni(u), Cd(u), and Cu(u).

4.6 Nano-particles and nano-based adsorbents

Many contaminants in wastewater, including heavy metals,
organic and inorganic solvents, dyes, biological toxins, and
pathogens, have been reported to be successfully eliminated by
nanomaterials. Nanomaterials are well suited for use in waste-
water treatment because of their high surface-to-volume ratio,

a) Fullerene (Cg)

e) Nanographene

- Carbon based

Nanopatrticles

d) Quantum dots

b) Nanodiamond

—

C) Carbon Nanotubes

Fig. 16 Carbon-based nanoparticles: fullerene (a), nano-diamond (b), carbon nanotube (c), quantum dots (d) and nanographene (e) for
wastewater treatment (this figure has been reproduced from Thakuria and Kataria'*® with permission from Springer, copyright 2021).
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Fig.17 Different non-carbon nanomaterials, used for the treatment of heavy metal-contaminated water (this figure has been adapted from Baby

et al**” with permission from MDPI, copyright 2022).

high sensitivity and reactivity, high adsorption capacity, and
simplicity of functionalization. As shown in Fig. 16 and 17,
nanomaterials are divided into carbon-based nanoparticles and
non-carbon nanomaterials.

In a study, a magnetic core nanoparticle coated in metallic
nanometric silver and functionalized with r-cysteine was
employed to remove monomethyl mercury, dimethyl mercury,
ethyl mercury, and Hg(u) from aquatic systems simulta-
neously.™® The results showed that at 30.00 s of agitation time,
400.00 pL of nanoparticles were sufficient to achieve 100.00%
sorption performance for all Hg species in the aqueous media at
a solution pH of 6.20 and under room temperature. The sorp-
tion data obtained for all the Hg species at equilibrium was well
explained by the Langmuir isotherm model. The efficacy of this
adsorbent in treating wastewater is suggested by its capacity to
simultaneously adsorb all species of mercury present in water
and achieve full adsorption in just a few seconds.

Magnetic nanoparticles were employed as an adsorbent in
removing Cd(u) and Cu(u) concurrently from water systems.'*
The study found that the maximum elimination of Cu() and
Cd(u) ions was accomplished at a pH of 7.00 and 60.00 min
shaking time. The sorption kinetic data of Cu(u) and Cd(u) was
well fitted to the pseudo-second-order model while the
isothermal data best fitted the Langmuir isotherm with
optimum uptake efficiencies of 73.50 and 79.40 mg g~ for Cd(m)
and Cu(u), correspondingly. This study indicated that the

© 2023 The Author(s). Published by the Royal Society of Chemistry

adsorbent is efficient and reliable to eliminate Cd(u) and Cu(u)
from contaminated aquatic systems.

Also, individual and binary sequestration of Ni(u) and Pb(u)
from wastewater using polyether sulfone (PES)/chitosan (CS)/
Fe;0,~NH,-SH nanofiber was investigated by Jafarnejad et al.***
using RSM. The RSM was employed to determine the impact of
the pH of the solution, Fe;0,-NH,-SH, and adsorbent loads on
the adsorptive elimination of Ni(u) and Pb(u) ions from waste-
water. The optimum predicted uptake capacity of 91.15 and
52.27 mg g ' was obtained for Ni(n) and Pb(u), respectively,
using the following optimum operating settings: pH = 5.50,
adsorbent dosage = 1.00 g L', and Fe;0,-NH,~-SH content =
10.00 wt%. In the binary system, the uptake capacity of these
heavy metals declined with the upsurge of multi-metal ion
concentration and selectivity followed the order: Pb(u) > Cu(u) >
Ni(u1) > Co(u) > Zn(u). The kinetic sorption data of Ni(u) and Pb(u)
showed good fitness to the double-exponential model. While
the isothermal data agreed well with the Langmuir model with
optimum uptake efficiencies of 95.30 and 282.40 mg g ' for
Ni(u) and Pb(u) ions, correspondingly. The regeneration capa-
bility of the nanofiber adsorbent revealed that the uptake
capacity reduced slightly after the fourth adsorption—-desorption
cycle indicating the suitability of the adsorbent.

Besides, zero-valent iron nanoparticle was employed to
remove Cd(u), Cu(u), and Pb(u) simultaneously from water
systems.”® The study showed that the competitive

RSC Adv, 2023, 13, 13052-13093 | 13077


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01660a

Open Access Article. Published on 28 April 2023. Downloaded on 5/3/2026 6:31:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

decontamination of the Cd(u), Cu(u), and Pb(u) ions was
affected by reaction time, pH, concentration as well as the
coexistence of other competing ions in the solution. It was
revealed that Cu(u) ions were removed faster than Cd(u) and
Pb(u) during the first 5.00 min until at about 120.00 min, 95.00-
99.00% maximum removal of the studied heavy metals was
accomplished. The kinetic and isothermal data of Pb(u), Cu(),
and Cd(u) obtained by the adsorbent from the aqueous systems
was best represented using the pseudo-second-order and
Langmuir models.

Additionally, magnetically modified mesoporous nano-
particles were utilized for decontaminating Cd(u), Cu(u), and
Pb(u) simultaneously from wastewater.'*> Through the applica-
tion of the CCD, it was found that 90.00-105.00% and 90.30-
107.00% optimum detoxification of Cd(u), Cu(u), and Pb(u) from
real and synthetic wastewaters, respectively was attained by the
adsorbent within 10.00 min. The isothermal data correlated
well to the Langmuir model with maximum uptake capacities of
238.09, 208.33, and 178.57 mg g~ for Cd(u), Cu(u), and Pb(m),
correspondingly.

Multicomponent adsorptive reduction of Cu(u), Co(u), and
Ni(u) by nanostructured layered sodium vanado-silicate (Na-V-
Si) adsorbent was carried out in a ternary system.** The study
found that the simultaneous decontamination of Cu(u), Ni(1r),
and Co(u) was attained within 5.00 min and at a mono-solute
concentration of 10.00 mg L™". The study revealed the sorp-
tion capacity and adsorbent affinity were observed to be in the
sequence of Cu(u) > Co(u) > Ni(u). More so, the Cu(u) ions had an
antagonistic effect on the decontamination of Ni(u)and Co(u)
ions in the ternary system. The sorption kinetic data was best
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explained by pseudo-second-order and pseudo-first-order
models. The optimum sorption capacity of the nanostructured
layered Na-V-Si was found to be 154.00, 70.70, and 55.40 mg
g~ for Cu(u), Co(u), and Ni(m), correspondingly in the single
component systems. The design, operation, and optimization
of a practical sorption system for the sequestration of multiple
heavy metals from water systems could benefit from the in-
depth insights provided by this study.

The concurrent depollution of Cd(u), Pb(u), Cu(u), and Ni(u)
from river water has been investigated by Fato et al.'®* using
ultrafine mesoporous magnetite (Fe;O,) nanoparticles
(UFMNPs). The study found that the single elimination of Pb(u),
Ni(u), Cu(u), and Cd(u) from the river water by the adsorbent was
effective with a maximum removal rate of 98.00, 78.00, 90.00,
and 87.00%, respectively. For the multicomponent system, the
optimum percentage decontamination of Pb(u), Ni(u), Cu(m),
and Cd(u) from the river was found to be 86.00, 54.00, 84.00, and
80.00%, respectively. The study showed that the decontamina-
tion efficiency of Pb(u), Ni(u), Cu(u), and Cd(u) from the multi-
ion systems was much lower than in the single component
system. This study had shown that UFMNPs have a great
ability in treating wastewater, particularly for such competitive
elimination of several pollutants from aqueous systems.

4.7 Composite-based adsorbents

When it comes to water and wastewater treatment facilities,
composites are an excellent option because they require less
maintenance and upkeep. Synthetic adsorbents for the removal
of hazardous metals from aquatic environments are efficient

Polymer based
magnetic composite

Clay based magnetic
composite

Plant based
magnetic composite

MOF ased magnetic
composite

Fig.18 A schematic diagram showing different types of composite for the treatment of various water contaminants (this figure has been adapted

from Sharma et al.*>®> with permission from Elsevier, copyright 2022).
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due to the flexibility with which these sorbent materials can be
tuned into any form of composite with desirable surface func-
tional groups. Fig. 18 represents the schematic diagram of
different types of composite materials that could be applied in
the treatment of various water contaminants including heavy
metals, dyes, and pharmaceuticals.

A bio-composite adsorbent synthesized from magnetic pine
cone gel beads (MPCB) was employed for the individual and
simultaneous decontamination of Cu(u) and Cr(vi) from binary
sorption media.* The uptake of Cr(vi) and Cu(i) onto MPCB
showed dependence on solution pH, initial Cu(u) and Cr(vi)
concentration, and reaction time. The optimum uptake capacity
of Cu(u) and Cr(vi) ions attained by the magnetic bio-composite
was 69.77 and 132.52 mg g~ ', respectively. The sorption data of
Cr(vi) and Cu() best correlated to the Langmuir pseudo-second-
order models with Langmuir maximum sorption capacity of
68.64 and 212.22 mg g~ * for Cu(u) and Cr(vi), respectively. For
the binary components system, it was found that both antago-
nistic and synergistic effects existed. The Cu(u) ions exhibited
an antagonism effect on Cr(vi) ions removal while the presence
of Cr(v) ions promoted Cu(u) ions decontamination from the
binary solutions, pointing to a synergistic effect. The competi-
tive equilibrium sorption data were best explained by the
modified competitive Langmuir model. The study discovered
that the MPCB is a promising bio-adsorbent and could be
employed in the adsorptive elimination of heavy metals from
aquatic environments.

The simultaneous and competitive interactive effect between
As(v) and As(m) from aqueous media onto chitosan/
diatomaceous earth composite (CSD) was also carried out.'*®
At 60.00 min equilibrium, reaction time, and 0.50 g dosage,
maximal uptake capacities of 106.00 and 88.00 mg g~ ' were
achieved by the adsorbent at pH of 6.00 and 2.00 for As(v) and
As(m), correspondingly. The sorption data obtained for As(v)
and As(m) at equilibrium was found to be well-fitted to the
Langmuir and pseudo-second-order models. The Langmuir
optimum uptake rate attained by the adsorbent for As(v) and
As(m) was 87.81 mg g ' and 44.07 mg g ' at a pH of 6.00,
respectively. The study indicated that the synthesized adsorbent
demonstrated considerable prospects for usage in the decon-
tamination of arsenic species from aqueous media.

Besides, in a study, ZSM-5 zeolite supporting sulfide nano-
scale zero-valent iron (S-nZVI@ZSM-5) composite adsorbent
was produced to decontaminate Cr(vi) and As(v) in single and
binary systems."” The adsorbent was found to demonstrate
higher uptake capacity for Cr(vi) and As(v) in the single system,
and the optimum sorption capacity of Cr(vi) and As(v) was found
to be 52.16 and 161.66 mg g ' at a reaction time of 14.00 and
18.00 h, respectively. In the binary solute medium, the optimum
sorption rates of As(v) and Cr(vi) achieved by the adsorbent were
lowered by 13.01 and 63.08%, respectively, due to the compet-
itive sorption process, demonstrating that S-nZVI@ZSM-5
exhibited a stronger chemical affinity towards As(v) ions than
of Cr(vi). The equilibrium sorption data of As(v) and Cr(vi)
attained from both single and binary systems best fitted the
pseudo-second-order and Langmuir models.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Also, a jacobsite-biochar nanocomposite (MnFe,0,-BC) was
synthesized and applied to eliminate Sb(m) and Cd(u) concur-
rently from wastewater.'*® It was observed that optimum Sb(i)
elimination efficiency was greater from the bi-solute medium in
comparison to the mono-solute medium. This showed that the
presence of Cd(u) promoted Sb(m) ions removal from the binary
component systems. The equilibrium data of Sb(ur) and Cd(u)
attained from the binary solute was best correlated to the
Langmuir model with optimum sorption capacities of 237.53
and 181.49 mg g~ ', correspondingly. It was established that the
produced MnFe,0,-BC nanocomposite could serve as a prom-
ising adsorbent for the competitive elimination of Sb(u) and
Cd(u) from aqueous phases.

More so, a bentonite-alginate composite (BAC) was
employed in eliminating Hg(u)and Pb(u) from both mono- and
bicomponents sorption media."” The study revealed that the
adsorbent was more effective for the uptake of Pb(u) ions than
Hg(u) ions in the single component system. However, the
sorption capacity of these heavy metals decreases in the binary
component system suggesting inhibitory effects between the
Pb(u) and Hg(u). The equilibrium data of Hg(u) and Pb(u) ach-
ieved by the adsorbent in the single metal and binary metal
systems best fitted the Hill and competitive Hill isotherm
models, respectively.

Likewise, the competitive removal of Cu(u), Zn(u), and Pb(u)
by polypyrrole/TiO, composite was conducted in batch tech-
nique.’ The study found that Zn(u) had a greater affinity
towards the surface of the adsorbent with a sorption capacity of
77.81 mg g~ '. While Cu(n) uptake rate by the adsorbent was
highly inhibited by the occurrence of the other competing ions
[Zn(n) and Cu(u)] in the aqueous medium. The adsorptive
decontamination of the heavy metals was in a pattern of Zn(u) >
Pb(u) > Cu(u) in the multi-metal systems. The selectivity of the
Zn(u) ions towards the adsorbent over that of Cu(u) and Pb(u)
was not known. This study offered some helpful suggestions for
developing adsorbents that are selective for particular heavy
metals coexisting in wastewater.

The depollution of Cu(u), Pb(u), and Zn(u) from mono- and
ternary solute systems using hydroxyapatite-biochar nano-
composite was investigated.'®* The kinetic data of Pb(u), Zn(u),
and Cu(u) attained by the adsorbent showed good fitness to the
pseudo-second-order model. In both mono- and ternary solutes
media, the sorption data of Pb(u) attained by the adsorbent
obeyed the Langmuir isotherm model whereas the sorption
data of Cu(u) and Zn(u) achieved at equilibrium conformed to
the Freundlich isotherm model. The study revealed that the
adsorbent can be utilized in wastewater purification, especially
those polluted with heavy metals.

The detoxification of Cd(u) and Pb(u) from monocomponent
and bicomponent media using chitosan functionalized EDTA-
silane/MgO as an adsorbent in batch technique was
studied.’®® The study found that a solution pH of 5.00 and
dosage of 0.30 g L' were the maximum operating conditions
for Pb(u) and Cd(u) removal from the monocomponent
medium. At these optimum conditions in the single
component system, the optimum uptake rates of Cd(u) and
Pb(u) attained by the adsorbent were 1.05 and 2.33 mmol g™,
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correspondingly. The results of the binary component system
indicated that Cd(u) ions possess synergetic effects on the
decontamination of Pb(u) in the competitive system. While the
presence uptake by the adsorbent was observed to have an
antagonistic effect at Pb(u) high initial concentration. The Pb(u)
on Cd(u) experimental data showed good fitness to the pseudo-
first-order model. The thermodynamic studies revealed that the
decontamination of Pb(u) and Cd(u) was endothermic and
spontaneous in nature.

Similarly, the competitive decontamination of Cd(u), Pb(1r),
Cu(n), and Ni(u) from aquatic systems was studied in the batch
system using a nanosized zirconia composite.’®® The batch
experiments indicated that agitation time, pH, concentration,
and coexisting ions affected the concurrent elimination of
Pb(u), Ni(u), Cu(u), and Cd(u). It was found that the competitive
decontamination of the heavy metals was in the sequence of
Pb(u) > Cu(u) > Ni(u) > Cd(u). The sorption data of Pb(u), Cd(u),
Cu(u), and Ni(u) showed good fitness to the pseudo-second-
order and Langmuir models, respectively. The Langmuir
optimum uptake capacities of Ni(u), Cd(u), Cu(u), and Pb(u) by
the adsorbent were found to be 0.700, 0.701, 0.615, and
0.620 mmol g~ ', correspondingly. The study revealed that the
adsorbent is proficient in the uptake of heavy metals from
wastewater.

4.8 Graphene-based adsorbents

Due to their exceptional electrical and thermal mobility, huge
surface area, high mechanical strength, outstanding corrosion
resistance, and configurable surface chemistry, graphene-based
materials have recently attracted a lot of interest in the field of
water and wastewater treatment. The renewability of the spent
adsorbents and adsorbates recovery even after many life cycles
is one of the key advantages of graphene-based adsorbents.
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Fig. 19 shows the synthesis process of graphene-based adsor-
bent for the decontamination of adsorbate molecules.

Divalent cadmium [Cd(u)] and divalent lead [Pb(u)] ions in
mono- and binary solutes aqueous media were decontaminated
using nickel oxide-decorated reduced graphene oxide.” The
results of the single metal sorption showed that Cd(u) and Pb(u)
had sorption rates of about 725.00 and 890.00 mg g ', respec-
tively. Additionally, the simultaneous sequestration of Cd(u)
and Pb(u) from the binary metal systems triggered a rise in Pb(u)
uptake rate and decreased the removal capacity of Cd(u). The
maximum uptake efficiencies of Pb(u) and Cd(u) attained were
1000.00 and 580.00 mg g, correspondingly. This suggested
that the elimination of Cd(u) and Pb(u) were influenced by
synergistic and antagonistic effects, respectively. The experi-
mental data attained from both single- and binary-metal
systems fitted the pseudo-second-order and Langmuir models.

A novel graphene-like biochar (GB)-supported nanoscale
zero-valent iron (nZVI) and the underlying mechanisms of
synergistic effects between GB and nZVI for the concurrent
sorption of As(ur) and Cd(u) were investigated.**® It was observed
that at pH 4.00 and 7.00, maximum depollution of Cd(u) and
As(ur) was realized. The study showed that GB has an efficient
uptake capacity of 181.50 and 46.40 mg g~ for As(u1) and Cd(n),
correspondingly. While nZVI uptake capacity was 363.00 and
92.80 mg g * for As(m) and Cd(u), correspondingly. The study
indicated a strong synergistic effect between GB and nZVI,
which promoted Cd(u) and As(ur) ions removal. Therefore, GB
and nZVI exhibited high performance and could be employed
for the simultaneous depollution of other heavy metal ions from
irrigation waters.

To examine the selectivity of Cu(ur) ions in mixed multi-metal
systems, graphene oxide (GO)-based hybrid membranes
(GHMs) were produced.’*® The study showed that the Ni(u),
Cu(u), and Co(u), were competitively adsorbed onto GHMs and
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[

(Sonication)

GO
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Fig.19 A schematic diagram showing the synthesis process of graphene-based adsorbent for adsorbate molecules removal (this figure has been
adapted from Qu et al.*** with permission from Elsevier, copyright 2017).
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the competitive elimination of Cu(u) in mixed multi-metal
solutions demonstrated that Cu(u) ions uptake by the GHMs
was higher. According to the sorption data, the adsorptive
elimination of Ni(u), Cu(u), and Co(u1) was well-described by the
diffusion-chemisorption and pseudo-second-order models,
respectively. Furthermore, according to the Langmuir model,
the uptake rates of Cu(u), Co(u), and Ni(u) on the surface of
GHMs were 4.338, 3.339, and 3.160 mg g ', respectively. These
findings demonstrated that GHMs may have potential uses in
heavy metals separation and recycling.

A glutathione-functionalized NiFe,0,/graphene oxide
composite is employed in the single and competitive detoxifi-
cation of Hg(u), Pb(u), and Cu(u) from aqueous systems.'®” The
removal rate of these heavy metal ions showed dependence on
PH, agitation time, and concentration. In the single system, the
optimum pH of 5.00 was attained for Pb(u) and a pH of 6.00 was
optimum for both Hg(u) and Cu(u) ions removal with a removal
efficiency of 94.00% at an equilibrium time of 90.00 min. The
kinetic data were well explained by both pseudo-second-order
and Elovich models as well as the Freundlich isotherm. In the
bicomponent system, the percentage removal of Cu(u) and Pb(u)
decreased in the presence of Hg(un), Mn(u), and Cd(u) by
competition. The study indicated that the adsorbent is efficient
in the decontamination various of heavy metals from ground-
water samples.

The summaries of other studies on the decontamination of
heavy metals from multi-metal sorption systems (binary,
ternary, quaternary, and quinary solutions) using various
adsorbents are presented in Table 3.

5. Conclusion and future
perspectives

The present study systematically and particularly reviews the
multicomponent adsorption of heavy metals from various
multicomponent systems such as binary, ternary, quaternary,
and quinary solutions using different kinds of adsorbents. This
is necessary because the adsorption of a specific heavy metal in
complex wastewater may be affected by the other components
and the adsorbent properties including surface charge, struc-
ture, size, functional groups, porosity, and active sites present
on the adsorbent surface. Therefore, it is imperative to review
the adsorption of different heavy metals from multicomponent
systems using different kinds of adsorbents to elucidate the
interactive behaviors among co-existing pollutants by using
multicomponent adsorption isotherm models.

The systematic review revealed that adsorbents derived from
naturally and locally available materials including biomasses,
agricultural, and industrial wastes are more promising and
efficient in the decontamination of heavy metals from
multicomponent systems. It was also discovered that numerous
studies evaluate the adsorption characteristics of an adsorbent
in a multicomponent system using various important inde-
pendent adsorption parameters. These independent adsorption
parameters include reaction time, solution pH, agitation speed,
adsorbent dosage, initial metal ion concentration, ionic
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strength as well as reaction temperature, which were found to
significantly affect the multicomponent adsorption process.
Furthermore, through the utilization of the multicomponent
sorption isotherm models, the competitive adsorption mecha-
nisms of the heavy metals were found to be characterized by
three primary kinds of interactive effects including synergism,
antagonism, and non-interaction. Generally, the review con-
ducted on the different kinds of adsorbents indicates that the
competitive effects for heavy metal ions become more recog-
nized with the increase in the number of solutes in the aqueous
systems where the sorption of one metal ion usually interferes
with that of another.

Despite the enormous amount of research and extensive data
on the capability of different adsorbents, several significant
drawbacks hinder adsorbents from being used practically and
economically to remove heavy metal ions from multicomponent
systems. As a result, the current systematic review provides the
following insights and perspectives for further studies through
the thorough and reliable analysis of the relevant literature on
heavy metals removal from multicomponent systems.

(1) Due to the non-biodegradable nature of heavy metal ions,
they can cause both indirect and direct health-related problems
to humans and other lifeforms when released into water
resources. Several adsorbents are being used nowadays to
remove harmful metal ions from drinking water, wastewater,
and groundwater to preserve water systems due to their effi-
ciency. Future studies are therefore recommended to develop
non-toxic, secure, high-performing green adsorbents using
environmentally friendly processes.

(2) The application of biochar for the adsorptive decontam-
ination of heavy metals from multicomponent systems has been
recognized to be very proficient. However, further investigations
are required on various types of biochar derived from locally
and naturally available materials as well as different synthesis
conditions to actually know and select a reliable biochar that
could effectively eliminate several heavy metal ions concur-
rently from the complex wastewater.

(3) In addition, it is important to first assess the effectiveness
of adsorbents in a multicomponent adsorption system before
deploying them for industrial use. Therefore, choosing the
appropriate sorbent material for the type of adsorbate in the
aqueous solution is crucial from the perspective of practical
applications. Hence, future studies should not only focus on the
presence of the adsorbates in the multi-solute system but also
their baseline concentration, pH, and other vital independent
adsorption factors.

(4) During the field and laboratory studies, several other
variables, like cost and time that are significant in industrial
and commercial applications are sometimes overlooked. The
expenditures should include the cost of producing the adsor-
bent and byproduct disposal in addition to the cost of the raw
materials. According to this systematic review, surface modifi-
cations of the adsorbents improved their adsorption capacity
but increased the cost of the adsorption process.

(5) There has been limited research on the renewability and
reuse of exhausted adsorbent after the adsorption process, and
this approach is not financially feasible. However, due to their
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capacity to both adsorb and desorb heavy metals from aqueous
systems, adsorbents can be regarded as dual-functional mate-
rials. Particularly in real-scale applications, the regeneration
and reusability of adsorbents heavily influence their economic
worth and efficiency. Unfortunately, while adsorption is the
subject of in-depth analyses in the literature, very few studies
address the regeneration of spent adsorbents. Hence, in future
studies, attention should be focused on the regeneration of the
exhausted adsorbents as well as the recovery of precious metal
ions from the sorbent surface after the sorption process to
understand the worth of low-cost adsorbents. After the
adsorption process, the exhausted adsorbents must be removed
from the medium, renewed, reused, and subsequently disposed
of appropriately. Therefore, in addition to desorption studies,
regeneration capability is crucial when choosing a promising
adsorbent for the adsorptive decontamination of heavy metals
from single and multicomponent systems.

(6) Future research ought to focus on reducing the antago-
nistic effects of one heavy metal over other heavy metal ions in
multicomponent systems. Additionally, research should be
conducted to determine whether there are any synergistic
effects of water contaminants in the multicomponent systems
using various competitive adsorption isotherm models.

(7) More so, there is limited research on the optimization of
competitive sorption process and concurrent removal of more
than one heavy metal ion in the coexistence of other cations or
anions in multi-solute systems. Therefore, more attention
should focus on the optimization of heavy metals removal from
multicomponent systems using the design of experiments and
statistical packages including Design Expert of Stat-Ease. It is
essential to identify optimum operating conditions for the
efficient sequestration of heavy metals from multi-solute
systems and determine the types of interactive effects among
the heavy metals.
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