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Abstract

Biosorption is the most widely effective, low-cost, and eco-friendly technology for the removal of

heavy metals from industrial wastewaters. Several biomaterials have been investigated for their potential to

sequester heavy metals from aqueous solutions and show good biosorption capacity. Although the industrial

effluents contain a mixture of metal ions, most biosorption studies have been carried out to examine the

removal of metal ions in a single rather than a multicomponent system. This review highlights the biosorption

of heavy metals in binary and ternary systems by various biomaterials reported in literature, focusing on the

factors affecting metal uptake. The review covers the applicable adsorption isotherm models used to analyze

and predict the equilibrium data in a multicomponent system.
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Introduction

A wide spectrums of hazardous substances contaminate
the environment due to industrial discharge in the form of
wastewater that contains industrial processed toxic heavy
metals from electroplating, mining, metal finishing, leather
tanning, metallurgy, electronics, fertilizers, chemical
manufacturing, and petroleum industries [1-2].

Environmental contamination and public health
concerns draw significant implications because of their
potential toxicity, non-biodegradability, and tendency to
accumulate in the tissues of living organisms [3]. Heavy
metals pose various acute and chronic disorders such as
kidney damage, liver damage, gastrointestinal distress,
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nervous deterioration, pulmonary fibrosis, renal edema,
skin diseases, and cancer [4-6].

Several state and international agencies in
industrialized countries have enforced strict regulations
and legislation to control heavy metal pollution. These
regulations designate permissible limits on industrially
discharged metals into public sewage systems, and on
land and in aquatic environments. Hence, industries need
to remove heavy metals from their wastewater before
discharging to the environment [7].

Traditional technologies such as chemical precipitation,
reverse osmosis, ion exchange, electro-dialysis, and
membrane filtration have been implemented to sequester
heavy metals from industrial wastewater. However, they
pose some limitations with their high cost, low efficiency,
high energy consumption, and the generation of toxic
sludge that requires further careful disposal [8].
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Alternative technology to overcome these limitations
is in the interest of research and development.
Adsorption technology confirms the effective removal
of trace concentrations of heavy metals from wastewater.
Moreover, it is an environmentally feasible, highly
efficient, and cost-effective technology compared to other
methods [9].

Metal ions in liquid phase adhere to the surface of solid
materials in the adsorption process. Activated carbon is the
most widely used adsorbent for the removal of heavy metals
from industrial wastewaters. Commercially available
activated carbon remains expensive and requires physical
and chemical modification to improve its efficiency [10].
This advances to delve into new inexpensive adsorbent
materials to existing activated carbon. [11].

The biosorption technology that utilizes naturally
available biomaterials for the treatment of wastewater has
been proven as a promising emerging technology that can be
demonstrated as an alternative to traditional technologies,
including activated carbon adsorption [12-13].

Only a few studies have been conducted for examining
different metals competition for the adsorption sites on
biosorbents, even though industrial wastewater contains
more heavy metals. This paper reviews the biosorption of
heavy metals in a multicomponent system by focusing on
the applied adsorption models.

Biosorption of Heavy Metals

Biosorption can be defined as a physico-chemical
process that utilizes biomaterials for the removal of
substances from aqueous solutions. In this process, the
dissolved molecules (adsorbate) in the solvent are attached
to the surface of biomaterials (biosorbent) [14].

The complex composition of biomaterials implies the
presence of the variety of functional groups that have the
ability to bind the heavy metals as they are brought into
contactinaqueous solutions [15]. The mechanism by which
the metal species attached to the surface biomaterials may
involve physical adsorption, complexation (chelation and
covalent bonding), ion exchange, oxidation/reduction, and
micro-precipitation [16].

The physical adsorption is mainly due to electrostatic
attraction and van der waals forces. lon exchange means
that one ion on the surface of biomaterials is replaced by
a metal ion in the solution. The complexation may be due
to clectrostatic attraction between the ions of opposite
charges, resulting in reducing the distance and forming
what termed ion pairs or the formation of covalent bonds.
Micro-precipitation involves the deposition of electrically
neutral metal on the surface of biomaterials without the
formation of bonds. Metal species can be transformed
to another due to oxidation-reduction reactions, which
may facilitate the formation of species with a higher
affinity for the adsorption sites under specific conditions.
The biosorption mechanisms reflect the definition of
the biosorption process as a physico-chemical process
independent of metabolism.

An early attempt at the removal of copper by fungal
spores of 7. tritici and U. crameri was done by L. Hecke
in 1902. During the 1970s, research efforts were directed
toward the use of biomaterials for the removal of heavy
metals from aqueous solutions. These efforts expanded
and the first patent on the use of biosorption technology
in the removal of uranium and thorium from aqueous
solutions was granted to B. Volesky and M. Tsezos in 1982
[17].

In the last two decades several biomaterials were
investigated for their ability to sequester heavy metals
from wastewaters. A wide range of biomaterials has been
investigated for the potential to remove heavy metals
from synthetic and real wastewaters. These biosorbents
are derived from different sources such as bacteria, fungi,
algae, agricultural waste, and forest plants (Table 1).

Table 1. Biomaterials used for the removal of heavy metals.

Maximum
Biomaterial Metal adsorpt'lon References
capacity
(mg/g)
Bacteria
Cr(VI) 72.6
Bacillus laterosporus [18]
Cd(11) 159.5
Plesiomonas
shigelloides Cd(1D) 106.7 [19]
Staphylococcus Cd(D) 250 20]
xylosus Cr(VI) 143
Pb(II) 270.4
Pseudomonas putida [21]
Cu(Il) 96.9
Thiobacillus
ferrooxidans Zn(I 172.4 (22]
Bacillus pumilus Pb(II) 93.24 [23]
Exiguobacterium sp Cd( 1) 15.6 [24]
Fungi
Saccharomyces Pb(Il) 72.5 [25]
cerevisiae
Microsphaeropsis sp Cd( 1) 247.5 [26]
Pb(1T) 208.3
Trametes versicolor [27]
Cd( 1D) 166.6
Cu(ID) 48.54
Aspergillus niger [28]
Pb(IT) 56.50
Aspergillus sydoni Cr(VI) 9.07 [29]
Cephalosporium
aphidicola Pb(II) 36.91 [30]
Penicillium italicum Zn(II) 0.2 [31]
Algae
Cu(II) 103.09
Cystoseira indicia [4]
Co(II) 59.5
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Table 1. Continued.

Padina australis Ni(II) 22 [32]
Pb(II) 240.35
Cu(ID) 62.9
Sargassum sp Cd(In) 85.4 [33]
Zn(11) 32.7
Ni(II) 35.8
Bifurcaria bifurcate Cddr) 73.1 [34]
Iy ) ” Zn (IT) 59.5 [35]
acrocystis pyrifera
TPy Cddr) 100
Chlorella miniata Cr(IIT) 41.12 [36]
Cd(I), 42.1
Fucus spiralis Zn(11) 343 [37]
Pb(IT) 435
Oedogonium sp CddI) 80.4 [38]
Maximum
Biomaterial Metal adsorp'gon References
capacity
(mg/g)
Algae
Spi Cr(VI) 14.7 [39]
irogyra s
PHORITA S Pb(IT) 140 [40]
. ) Cr(VI) 31 [41]
Oedogonium hatei -
Ni(II) 40.9 [42]
Plants
Ni(IT) 4.51
Typha domingensis [43]
Cdd1) 28.49
Lagerst.roemm Cr(VI) 204 [44]
speciosa
Cu(II), 96.15
Corn silk Co(ID) 90.09 [45]
Ni (I) 76.92
Ni(ID) 9.2
Asplenium nidus L [46]
Pb(II) 12.24
Cyclosorus interruptus | Pb(II) 46.25 [47]
Cd(1) 25.24
Diplotaxis harra [48]
Co(II) 33.02
Acidosasa edulis Cu(Il) 2.51 [49]

Biosorption in a Multicomponent
System

Since industrial effluent often contains different metal
ions, great attention should be paid for the competition
between these ions for the binding sites on the surface of
the biosorbent. Experimental studies testing the effects of
multicomponents on the biosorption process represent a
better simulation for the real wastewater treatment than
the single studies. Taking into consideration the limited

active site on the surface of the biosorbent, it is granted
that the biosorption capacity for a specific metal ion in a
multicomponent system is less than that of a single system
[50].

The results of many research works showed strong
competition between metal ions for the adsorption sites.
The amount of Cr (VI) adsorbed per unit weight of R.
arrhizus was decreased with increasing concentrations
of Fe (III) ions showing an antagonistic combined effect
[51].

Experimental work done by Fagundes-Klen et al. [52]
showed that in the presence of high concentrations of
cadmium, the amount of zinc adsorbed by S. filipendula
decreased to 56.8% in comparison with the mono-
component system. S. filipendula showed a preference
for zinc ions more than cadmium ions, attributing that to
smaller ionic radius, the smaller number of coordination,
and the higher ionization potential of zinc.

It is worth noting that the ionic concentration of metal
ions has a significant effect on the adsorption capacity of
metal ions in a multi-component system. The higher ionic
concentration provides a driving force that overcomes
the mass resistance transfer of metal ions during the
biosorption process. Although the lead ions have a higher
affinity than the copper ions for the biosorption on algae
Gelidium, it has been observed that the copper uptake was
higher than lead due to the higher initial concentration of
copper [53]. Similar higher affinity for lead ions compared
to the copper ions was observed for biosorption on pine
cone shells. The metals (lead and copper) uptake by pine
cone shells in a binary system was inhibited slightly in
comparison to their uptake in a single system [54].

Electronegativity and atomic weight of heavy
metals can play an important role in the biosorption of
heavy metals in a multicomponent system. Study on the
biosorption of Ni (II) and Zn (II) on wheat straw in a
binary system revealed competition between two metals
for the adsorption sites, with a higher preference for Zn
(II) than Ni (II) [55]. The lower electronegativity and
higher atomic weight of Zn (II) than Ni (II) provide better
physical characteristics for Zn (II) to be adsorbed than
Ni (II). The oxygen-containing group on the wheat straw
(negative sites) repels the Ni (II) more than Zn (II).

Temperature was found to be the most important factor
affecting the biosorption of Cr (III), Cu (II), and Zn (II)
by wine-processing waste sludge (WPWS) in a ternary
system [56]. The removal of these metals in a mixture
by WPWS follows the trend Cr (IIT) > Cu (II) > Zn (II).
Despite that, Cr (III) sorption was lower than that of Cu
(I) at 10°C, whereas at 30°C the sorption of Cr (III) was
higher than the sorption of Cu (II).

Biosorption of heavy metals from a multicomponent
system has been investigated by many researchers and
some results are presented in Table 2. Conducting a basic
search in the web of science (WoS), we found 10,710
results regarding the topic of biosorption. These results
refined with “multicomponent” as a topic narrowed the
results to 101 articles. Further refinement using “heavy
metals” resulted in 60 articles. After sorting these articles
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Table 2. Biosorption of heavy metals in a multicomponent system and the models applied.

Multicomponent system Biosorbent Biosorption preference References
Ni-Zn Wheat straw Zn(II) > Ni(II) [55]
Cr-Fe Rhizopus arrhizus Cr(VI) > Fe(III) [51]
Cd—Zn Sargassum filipendula Zn(I1) > Cd(1T) [52]
Pb-Cu, Pb-Cd and Pb-Zn algae Gelidium Pb(II) > Cu(Il), Pb(IT) > Cd(II), Pb(Il) > Zn(II) [53]
Cr(VI)-Fe(III)-Cu(II) Rhizopus arrhizus Fe (Eg\féi an [57]
Pb-Cu Pine cone shell Pb(1) > Cu(Il) [54]
Cr-Cu-Zn Wine-processing waste sludge Cr > Cu(II) > Zn(II) [56]
Ni-ZN-Pb Arthrospira platensis Pb(I1) > Zn(II) > Ni (II). [58]
Cu-Co-Cr-Fe-Hg-Ni-Zn-U Oedogonium sp Hg>U>7Zn>Fe>Cu>Cr >Ni>Co [59]
Zn-Ni-Cu Sargassum ilicifolium Zn(11) > Ni(II) > Cu(Il) [60]
Cu-Ni Sargassum filipendula Cu(I) > Ni(II) [61]
Pb-Cd Saccharomyces cerevisiae cell Pb(1l) > Cd(I) [62]
Cd-Pb-Cu-Ni Grapefruit biomass Pb(II) > Cu(II) > Ni(IT) > Cd(II) [63]
Cd-Zn Activated sludge Cd(II) > Zn(II) [64]
Pb-Cu Almond shell Pb(II) > Cu(Il) [65]
Zn-Co-Cd Aspergillus niger Cd(II) > Co(II) > Zn(II) [66]
Cu-Co Cystoseira indicia Cu(II) > Co(II) [4]

from the highest to the lowest number of citations, we
listed the top-10 highly cited research articles in Table 3.

Modeling Multicomponent Adsorption

For designing a biosorption process, suitable models
should be used to analyze the experimentally obtained
equilibrium data, understand the process mechanism,
and predict process performance. An adsorption isotherm
describes the equilibrium between the concentration of
adsorbate in solution and its quantity per unit mass of
adsorbent. This can be mathematically expressed using
the mass balance formula:

_ (Ci - Ce) xV
qe = m (1)

...where q_ is the metal ion adsorbed (mg metal ion/ g
biosorbent) at equilibrium, V is the volume of the solution
(L), C, and C, are the initial and equilibrium concentration
of metal ion (mg/L), and m is the dry weight of the
biosorbent (g).

The adsorption isotherm can be used to compare
between the biosorbents for their capacity to uptake heavy
metals from wastewater and the affinity of different metal
ions to the same biomaterial. Several adsorption isotherm
models have been used to describe the equilibrium
isotherm of the biosorption process.

Taking into account the competition of different metals
for the adsorption sites on the surface of a biosorbent,
adsorption modeling is needed for better understanding
and designing of the system. Since obtaining the
equilibrium data from a multicomponent system is
difficult, the multicomponent adsorption isotherm models
have been developed using the equilibrium data form
the single system with additional information from a
multicomponent system [67].

Unfortunately, few adsorption isotherm models have
been developed to describe the equilibrium data in a
multicomponent system. Bulter and Ockrent (1930) were
the first to extend the Langmuir model for competitive
adsorption. Based on the assumptions that the adsorption
is monolayer and one site on the surface of the biosorbent
is available for one adsorbed molecule, the Langmuir
isotherm is given by the following equation:

_ KLqmaxCe
qe =
1+K,C, 2)

..where q_ is the maximum biosorption capacity of
the adsorbent (mg/g) and K, is the Langmuir biosorption
constant (L/mg). The multicomponent Langmuir
adsorption isotherm model can be expressed as follows
[54]:

KL,iqmaxCe,i

1+ 3N, K, C;

Gei
3)
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Table 3. Top-10 highly cited research articles on the biosorption of heavy metals from a multicomponent system.
Article Authors Journal Times cited
Equilibrium Isotherm Studies for the Sorption of Water, Air, and Soil
Divalent Metal Ions onto Peat: Copper, Nickel Ho, Y'izclié);terE}J'F' and Pollution (2002), 141, 501
and Lead Single Component Systems ¥, N 1-33.
. . . Environmental Science
Modeling of the P};(i)ton;l\/t[ietil Ion Exchange in | Schiewer, S}éand Volesky Technology (1995), 29, 212
OsorpHo ' 3,049-3,058.
Description of two-metal biosorption equilibria Chong, K. H. and . qutechr}ology and
. Bioengineering (1996), 47, 198
by Langmuir-type models Volesky, B.
451-460.
Figueira, M. M.,
. . . . Volesky, B., Ciminelli V. | Water Research (2000), 34,
Biosorption of metals in brown seaweed biomass S.T. and Felicity 196- 204, 195
A.R.
wckomtion of cadmium and nicke ono bagaase | STV VC. Mall, | Chemical Engincering 150
P & 1.D., Mishra, .M. Journal (2006), 117, 79-91.
fly ash
. . . Romera, E., Gonzalez,
Comparatnli::eztllll:zs(i)rfl bldoisfgf;lsn of heavy F., Ballester, A., Bioresource Technology 162
£ Blazquez, M.L., Munoz, | (2007), 98, 3,344-3,353.
types of algae
JA.
Ion binding to natural organic matter: General Koopal LK., Salto T.f’ COHOldS. and Surfaces
considerations and the NICA—Donnan model Pinheiro J.P., Riemsdijk, A: Physicochem. Eng. 128
W.H. van. Aspects (2005), 265, 40-54
_ Equilibrium modelling of individual and Aksu, Z., Actkel, U. A., | Water Research (2002), 36,
simultaneous biosorption of chromium(VI) and Kabasakal. E.. Tezer S 3.063-3.073 127
nickel(I) onto dried activated sludge > ’ ’ ’
. . . . Environmental Science
Modeling Mugli-Merta:iI(;n Exchange in Schiewer, S].3and Volesky Technology (1996), 30, 101
OsorpHo ' 2,921-2,926
. . .. Kratochvil, D. and Water Research (2000), 34,
Multicomponent biosorption in fixed beds Volesky, B 3.186-3,196 67
..where C . and q_ are the equilibrium concentration
and the adsorbed quantity of the “i” component per unit gy = (@max1 — Gmax2)K11C1 Amax1K1,1C1
gram of biosorbents, respectively. C_; is the equilibrium ! 1+ K;,C4 1+K,,C, +K,,C,
concentration of the “j” component in the solution. q__, (5)
K , and K, ;are the Langmuir adsorption constants
derived from the corresponding individual Langmuir Qnax2K12C5
i qz = '
model equation. 1+K,,C, +K,,C, ©)

The multicomponent Langmuir adsorption isotherm is
further modified to describe the competition of metal ions
and their interaction in the mixtures. The interaction factor
is incorporated to Eq. 3 as [44]:

— KL,iqmax(Ce,i/ni)
1+, K.;(Cej/my) (4)

ei

[7331}

...where n,and n, are the correction factors for “i” and “j”
metals that can be estimated from the multicomponent
data.q__, KL)I, and KL’j are calculated from the individual
Langmuir isotherm equation.

Based on the assumption of partial competition between
metals for the adsorption sites, the multicomponent
Langmuir adsorption isotherm for binary mixture can be

expressed as [55]:

The right-hand side of Eq. (5) and Eq. (6) represent
the amount of metal “1” and metal “2” adsorbed with
competition with each other, respectively, whereas the
left side of Eq. (6) accounts for the amount of metal “2”
adsorbed without competition with metal “1.”

Freundlich proposed an empirical isotherm equation
assuming heterogeneity of adsorption sites. The Freundlich
equation is:

_k.cn
qe = fle 7
...where “K,"”is a measure of the capacity of the adsorbent

and “n” is a measure of how affinity for the adsorbate
changes with changes in adsorption density.
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The Freundlich multicomponent isotherm model,
which is known as the Sheindorf-Rebuhn-Sheintuch
(SRS), equation can be written as [55]:

K n;i—-1

qei = Kf;C,; Z a;C,;
j=1 ®)

For a binary system the model can be expressed as:

Cy _ 1

C, = 6231 A ©)
C, 1 g

—_ — —a

€ G 2 (10)

qi

1 mi—-1
...where Bi= (K”ci) and a, is the competition
coefficient with a, = l/a{./.. The Freundlich constants Ki and
m, can be obtained from the Freundlich model for a single
system, where m, = 1/n.. The values of g, and C, are the
metal uptake and equilibrium concentrations of metal “i”
in the multicomponent system, respectively.

Both models of the Langmuir and Freundlich
multicomponent adsorption isotherm are based on the
assumption of the single component models resulting
in restricted application of these models to describe
adsorption in a multicomponent system. The ideal
adsorbed solution theory (IAST) model provides the
more accurate description of multicomponent adsorption
equilibria [68].

This theory was applied for the adsorption of mixtures
from aqueous solutions by Radke and Prausnitz (1972).
They assumed that when mixtures of adsorbate are adsorbed
simultaneously at the same temperature and spreading
pressure as each species would, the adsorbed phase forms
an ideal solution. IAST theory uses the thermodynamic
approaches to describe the multicomponent adsorption
isotherm using single-component adsorption data. The
IAST equation can be expressed as [69]:

RT Cei 9e,i
T=m; = —
A 0 Ce,i

dcC,;
(11)

...where 7 is the spreading pressure of the system (the
decrease of surface tension as a result of adsorption),
which is equalized with the spreading pressure 7, of each
component “i.” The spreading pressure is calculated by
integrating % over the range from zero to the concentration
of solute in a single system that exerts the same spreading
pressure of the mixture C’, . “R” is the universal gas
constant, “T” is the temperémre in Kelvin, and “A” is
the external surface area per unit mass of adsorbent.
The integration can be calculated using the obtained data
from different adsorption isotherm models of a single
system.

The adsorption equilibrium data can be described
using the combination of Langmuir and Freundlich

adsorption isotherm models. This combination model was
developed by Sips 1948 and is known as the Sips model.
The expression of the Sips model in a single system is:

 Gmax(bO)'/n
1+ (bC)l/n (12)

e

2

...where the values of “b,” “q_,” and “n” can be
obtained by fitting the experimental data to the model. The
Sips model has been extended to describe adsorption in
a multicomponent system. The equation for the extended
Sips model is [70]:

1
L= qmax,ibici(zllyzl bka) /ni_l
Bl 1
1+ (2521 bka) /"i (13)

...where the values of “b, ” “G s ”and “n” are calculated
from Eq. (12) and applied in a multicomponent model.

Conclusion

Biosorption is an effective, low-cost technology
for removing heavy metals from industrial wastewater.
Most research studies in this field were diverted to test
the removal of metals using various types of biomaterials
in a single system. Biomaterials have the ability to bind
different metals from wastewater with a higher affinity for
certain metal ions than others. Many factors such as initial
metal concentration, electronegativity, atomic weight, and
ionic radius can play important roles in the competition of
different ions for the adsorption sites. For designing the
process and designing and predicting sorption performance
in a multicomponent system, isotherm models were
developed to describe the equilibrium data. These models
were an extension or modification of the single Freundlich
and Langmuir models. It is most important to investigate
the simultaneous biosorption of heavy metals because
real wastewater doesn’t often contain a single metal
component. Studying the factors that affect competitive
biosorption can help develop adsorption models that fit the
equilibrium data obtained from binary or ternary systems
adequately.
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