& Desalination and Water Treatment 57 (2016) 8967-8980
¢ www.deswater.com April

(
Taylor & Francis
doi: 10.1080/19443994.2015.1027278 Taylor & Francis Group

Application of bifunctional Mangifera indica L.-loaded Saccharomyces cerevisiae
as efficacious biosorbent for bivalent cobalt and nickel cations from different
wastewaters: equilibrium and kinetic studies

Amr A. Yakout®*, Medhat A. Shaker™®, Hassan M. Albishri¢

“Faculty of Science, Chemistry Department, University of Jeddah, Jeddah, Saudi Arabia, Tel. +201001609201;

email: Amryakout157@gmail.com (A.A. Yakout), Tel. +966553471259; email: drmashaker@yahoo.com (M.A. Shaker)
"Faculty of Science, Chemistry Department, Alexandria University, Alexandria, Eqypt

Faculty of Science, Chemistry Department, Damanhour University, Damanhour, EQypt

dFaculty of Science, Chemistry Department, King Abdulaziz University, Jeddah, Saudi Arabia, Tel. +9666545550373;
email: hmalbeshri@kau.edu.sa

Received 15 October 2014; Accepted 1 March 2015

ABSTRACT

Baker’s yeast (Saccharomyces cerevisine) was immobilized on mango (Mangifera indica L.)
leaves to prepare a novel, low cost, and eco-friendly biosorbent Mi-yeast. The fabricated
biosorbent was characterized by FTIR and SEM and applied to remove Co(II) and Ni(II)
ions from aqueous solutions via batch mode technique. The biosorption equilibria were
established in 30 min and the experimental data were applied to Freundlich, Langmuir, and
Dubinin-Radushkevich isotherm models. The maximum biosorption capacities were found
to be 526 mg g~ ' for Co(Il) at pH 6 and 250 mg g~ Ni(Il) at pH 7. Among four kinetic mod-
els, the experimental data were best described by the second-order expression. Different for-
eign ions were found to have a negligible interfering effect on the biosorption capacities.
Mi-yeast could be regenerated using 0.2 M HCI during repeated biosorption—-desorption
cycles with 4-7% loss in metal efficiency after five cycles. The potential applications of
Mi-yeast for selective removal of Co(II) and Ni(II) from different real wastewater samples of
different matrices were also applied using a micro-column technique.
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1. Introduction and industrial technologies have generated large
quantities of aqueous effluents containing heavy metals
with great toxicity beyond the permissible limits due to
their non-biodegradability and bioaccumulation that
pose a significant threat to the environment and public
health [2,3]. Heavy metal toxicity may result in a num-
ber of health problems including damaged or reduced
mental and central nervous function, lower energy
levels, and damage to blood composition, lungs,
*Corresponding author. kidneys, liver, and other vital organs. These possible

Heavy metals can be classified into four major
groups as essential, such as Cu, Zn, Co, Cr, Mn, and Fe
which are micronutrients and toxic when taken in
excess, non-essential such as Ba, Li, and Zr, less toxic
such as Sn and Al, and highly toxic such as Hg, Pb, and
Cd [1]. The great expansions in anthropogenic activity
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detrimental impacts of heavy metals on the human, bio-
logical organisms, and ecological systems make it
necessary to apply ever-increasing standards of pollu-
tant detection and treatment and to search for efficient
extraction processes for toxic metals from wastewaters
[2-5]. Accordingly, many countries set very strict leg-
islations to limit the concentration of heavy metals in
aquatic life. The maximum permissible concentration
limits for cobalt and nickel given by WHO and United
States Environmental Protection Agency were 100 and
70 pg L', respectively. Several chemical and physico-
chemical technologies for removing heavy metals from
wastewater such as chemical precipitation, hyperfiltra-
tion, ion exchange, electrochemical treatment, mem-
brane technologies, floatation, adsorption, evaporation,
reverse osmosis, and photocatalysis could be applied to
remove heavy metals from polluted waters [6-16].
However, these techniques might either have low
removal efficiencies or high expenses and secondary
pollutions, especially at low concentrations of metal
ions. Biosorption seems a promising and often used
alternative method to remove contaminants from
domestic and industrial effluents with minimal energy,
high efficiency, low cost, possibility of regeneration of
the biosorbent, minimization of secondary pollution,
and minimal impact on the environment. Biosorbents
contain various functional groups as carboxylic (galac-
turonic acids in pectin), phosphate, sulfate, amino,
amide, and hydroxyl (in cellulose) that are known to
strongly bind metal cations in aqueous solution. Typical
biosorbents can be derived from three main sources, the
first source is the non-living biomass such as plant
materials, bark, lignin, shrimp, krill, squid, crab shell,
etc.; the second source is the algal biomass, and the
third one is the microbial biomass, e.g. bacteria, fungi,
and vyeast. Natural biosorbents from agricultural
byproducts that are environmentally safe and easily
available in large quantities could be potentially low-
cost adsorbents, as they represent unused resources.
Actually, no exclusive investigation has been carried
out on the ability of mango (Mangifera indica) leaves as
biosorbent for the extraction, treatment, and removal of
heavy metal ions from wastewater samples. Instead,
mango bark powder was investigated in some batch
equilibrium biosorption systems. Yeast (Saccharomyces
cerevisiae) was successfully applied in selective biosorp-
tion for a number of metals from different matrices. To
improve the biosorption capacity of biosorbents,
various types of modifying agents have been applied
[17-19]. Immobilization of yeast on another biosorbent
surface was found to improve its interaction properties
with metal ions [17-19]. Searching for low-cost,
non-conventional, abundant, economically viable, and
environmentally safe biomaterials that can interact
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effectively with heavy metals to ppb levels is the main
focus of our research works [20-30]. The objective of
this work was to investigate the potential and the effi-
ciency of yeast immobilized-Mangifera leaves powder
(Mi-yeast) for the biosorptive extraction of Co(Il) and
Ni(Il) from aqueous solutions and comparing its metal
capacity with the native leaves (Mi). The effects of med-
ium pH, contact time, initial adsorbate concentration
and sorbent dose on the biosorption capacity, and
removal efficiency were investigated by batch and
micro-column techniques. Langmuir, Freundlich, and
Dubinin-Radushkevich ~adsorption models were
applied to the experimental adsorption data. Different
kinetics models were tested to determine the rate
expression of biosorption processes. In addition, the
potential applications of Mi and Mi-yeast biosorbents
for effective heavy metal ions removal from real con-
taminated samples have been accomplished to test the
environmental impact and significant role of those
biosorbents in controlling the removal, mobility, and
bioavailability of metal ions in the environment. The
reusability of the batch and micro-column studies was
performed by carrying out different cycles of
biosorption and desorption.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals (Aldrich Chemical Company) used
in this work were of analytical reagent grade. Baker’s
yeast (S. cerevisize) was purchased from local commer-
cial company. Anhydrous cobalt(Il) chloride and
nickel(Il) sulfate salts were dissolved in double dis-
tilled water to prepare stock solutions (0.1 M) for each
metal. One liter buffer solutions (pH 1.0-7.0) were pre-
pared by mixing appropriate volumes of HCl (1.0 M)
and CH3;COONa-3H,0O (1.0 M) solutions in double dis-
tilled water. The pH-value of each buffer solution was
adjusted using Orion pH-meter.

2.2. Preparation of [Mi] and [Mi-yeast] biosorbents

Mango leaves, Mi were collected from trees grown
in an organic fertilized soil. The leaves were washed
four times thoroughly with double distilled water and
air-dried. The dried leaves were ground to fine solid
powder and sieved to 80 pm particle sizes. The yeast
biomass was dried in a hot air oven at 60°C for 2 h.
The immobilization of yeast was carried out by mixing
100 g of dry Mi powder, 50 g of powdered baker’s
yeast, and 15 ml double distilled water then dried at
60°C for complete dryness. The composite matrix was
further well mixed with 15 ml of double distilled water
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and then left for complete dryness. This procedure
(mixing and drying) was repeated five times to obtain
a homogenous biopolymer-assisted composite powder,
Mi-yeast as a novel biosorbent of yellow-brown color.
Finally, the wet mixture was dried for 24 h.

2.3. Instrumentations

The scanning electron microscope, SEM (JEOL-
JSM-5300) was used to study the surface morphology
and characterization of biosorbents. FTIR spectra were
performed for characterizing the investigated the
biosorbents using Perkin-Elmer (FTIR system-BX
0.8009) in the range 350-4,000 cm™'. The Shimadzu
atomic absorption spectrophotometer (AAS) AA-6800
was used together with the auto sampler Shimadzu
ASC-6100 used to determine Co(Il) and Ni(Il) concen-
trations at the proper wavelengths. An Orion pH
meter model 420A was used to measure the pH of the
sorption reaction mixtures.

2.4. Biosorption studies

All batch biosorption experiments were performed
as single component batch systems in triplicate at
25.0°C. Each sorption experiment was performed in
50-mL volumetric flask by mixing a 1.0mL of
0.1 mol L™ of either Co(Il) or Ni(II) ions solution with
100 mg of each biosorbent and the pH was adjusted
by adding 9.0 mL of buffer solution. The mixture was
shaken for 30 min (200 rpm) to achieve the equilib-
rium. This mixture was filtered and washed with
50 ml of double distilled water. At equilibrium, the
amount of metal remaining in solution became time
invariant. The metal content in the filtrate was mea-
sured using AAS. The biosorption capacity was calcu-
lated from the metal mass balance by Eq. (1).

(Co—Cp)V

< 1,000 1)

Biosorption capacity =

where Cy and C; (mM) are the concentrations of the
metal ions in the initial and final solutions, V (mL) is
the volume of the biosorption reaction, W (g) is the
weight of the sorbent, and the biosorption metal
capacity (umol g™') represents the amount of the metal
ions adsorbed per 1.0 g of dry sorbent.

2.4.1. Effect of pH

The previously mentioned batch experiment proce-
dure was carried out at different buffered mixtures
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(pH 1.0-7.0). The residual metal ions concentration
after the biosorption process was determined by AAS
and the metal biosorption capacities were then calcu-
lated from Eq. (1).

2.4.2. Effect of contact time

The same batch experiment procedure was carried
out at different shaking time intervals (1, 5, 10, 15, 20,
and 30 min) at the optimum buffering condition. The
metal content concentrations were measured by AAS
and the biosorption capacity was determined as
described before.

2.4.3. Effect of biosorbent dosage

Similar batch experiments were carried out by mix-
ing different sorbent masses (10, 20, 30, 40, and 50 mg)
with 1.0 ml of 0.1 M of Co(Il) or Ni(Il) ions solution
and 9.0 mL of buffer solution (pH 6.0 for Co(Il) and
pH 7.0 for Ni(ID)). The biosorption mixture was shaken
for 30 min and the residual metal concentration was
determined by AAS.

2.4.4. Effect of initial metal ions concentration

Adsorption experiments were carried out at 25°C
by adding 100 mg of each biosorbent to 1 mL of differ-
ent initial metal ions concentrations (0.01, 0.05, 0.1,
0.25, 0.5, and 1.0 M) and 9.0 mL of buffer. The mixture
was shaken for 30 min, then filtered, and washed
three times with 50 ml of double distilled water. The
residual metal ions concentration was determined by
AAS to estimate the metal biosorption capacity.

2.4.5. Effect of interfering ions

The biosorption capacities of Co(II) and Ni(II) were
investigated in the presence of different competing
metal ions (Na®, K*, Ca®", Mg2+, and Cu®") under
equimolar concentration. The examined solutions were
prepared by mixing 100 mg of the each biosorbent
with 1.0 mL of 0.1 mol L™" of each metal ion solution
in the presence of 1.0 mL of 0.1 mol L™ of each inter-
fering metal ions solution. Then, the pH of the mix-
ture was adjusted by adding 8.0 mL buffer solution
(pH 6 for Co(Il) and pH 7 for Ni). The biosorption
mixture was shaken for 30 min, filtered, and washed
three times with 50 mL double distilled water. The
residual Co(Il) and Ni(Il) ions concentration was
determined by AAS. For successful comparison, the
metal biosorption capacity was evaluated in the
absence of the interfering ions.
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2.5. Sorption kinetics experiments

Kinetics experiments were carried out at 25°C by
mixing 100 mg of Mi or Mi-yeast biosorbent with
1.0 mL of metal ions solution (0.01, 0.05, 0.1, 0.25, 0.5,
and 1.0molL™") and 9 mL of buffer. At pre-deter-
mined time intervals, the residual metal content, C;
(M) was determined by AAS. The amount, g; (mg g™")
adsorbed at time t was calculated using Eq. (2). All
biosorption experiments were run in triplicate. The
difference in results for the triplicates was typically
less than 3%.

(Co—CV

qr = W x Atomic mass (2)

2.6. Potential applications for the extraction of Co(II) and
Ni(II) from real samples

Different real samples of sea, drinking tap, indus-
trial wastewater, and marine sediment were studied
for removing Co(Il) or Ni(Il) ions by [Mi] and [Mi-
yeast]. Wastewater samples were pre-analyzed for the
investigated metal cations by AAS. The sea and drink-
ing tap wastewater samples were found to be free
from Co(I) and Ni(II) ions and therefore, it was
spiked with 1.248, 1.833 mg L7! Codl) ions and 1.496,
1.864 mg L' Ni(I) ions, respectively. The industrial
wastewater ~ sample was  contaminated  with
1.026 mg L' of Co(Il) ions and 1.736 mg L™" of Ni(Il)
ions. Extraction of Co(Il) and Ni(Il) ions from all sam-
ples were carried out by passing a 1-L solution
through a micro-column packed with 500 =1 mg of
each  biosorbent under constant flow rate
(10 mL min™'). The effluent was collected and ana-
lyzed to determine the residual metal ions concentra-
tion. The percentages of the metal removal were
determined on the basis of triplicate analysis.

3. Results and discussion
3.1. SEM analysis of Mi and Mi-yeast biosorbents

SEM images shown in Fig. 1(a) and (b) enable
direct observation of the surface microstructures and
comparison between Mi and Mi-yeast. It has been con-
cluded that Mi is a compact fibrous material with a
mixture of mesopores (pore diameter ranging from 2
to 50 ym) and macropores (pore diameter > 50 um),
while the micrographs of Mi-yeast revealed the pres-
ence of irregular particles with heterogeneous struc-
tures with more internal binding sites to adsorb more
Co(I) and Ni(II) ions [31].
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(b)

(e)

Fig. 1. Characterization of the synthesized biosorbents (a)
SEM image for Mi (b) SEM image for Mi-yeast (c) FTIR of
yeast (d) FTIR of Mi and (e) FTIR of Mi-yeast.

3.2. FTIR characterization

A biosorbent may consist of complex organic
materials such as proteins, lipids, and carbohydrate
polymers. Biosorption mostly depends on the available
functional groups in a particular biosorbent. The FTIR
spectra of baker’s yeast as a modifier, Mi, and Mi-yeast
are shown in Fig. 1(c—e), respectively. The broad
intense peaks located at 3,430 cm ™' for baker’s yeast,
3,472 cm™! for Mi and 3,405 cm™! for Mi-yeast corre-
spond to the fundamental stretching vibrations of dif-
ferent types of free hydroxyl groups [32,33]. The peaks
at 2,921-2,931 cm ! for yeast, Mi, and Mi-yeast
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correspond to the symmetric or asymmetric (vc_y) of
aliphatic acids [34]. The peak observed at 2,353-
2,358 cm™! for Mi and Mi-yeast corresponds to (vc_p)
stretching which is absent in yeast [35]. Asymmetric
(vcoo-) stretching vibration is observed at 1,657 cm™?
for yeast, at 1,632 cm™' for Mi, and at 1,651 cm™" for
Mi-yeast while the peaks correspond to symmetric
(vcoo-) are observed at 1,407 cm”™! for yeast, 1,451 cm ™!
for Mi and 1,454 cm™' for Mi-yeast suggesting the
interaction between the Mi and the yeast [33]. The
peak observed at 1,318 cm™" for Mi and absent in yeast
and Mi-yeast may be assigned to symmetric stretching
(vcoor) [36]. The aliphatic acid group vibration at
1,240 cm™! for yeast, at 1,280 cm™ ! for Mi, and at
1,242 cm™" for Mi-yeast correspond to deformation
vibration of C=0 and stretching formation of O-H of
carboxylic acid and phenols [37]. The stretching
(vc—-OH) of alcoholic and carboxylic acid groups is
observed at 1,076 cm™ ! for yeast, 1,067 and 1,166 cm ™!
for Mi, and at 1,067 cm™' for Mi-yeast. Generally, the
peaks detected in the range 1,170-1,000 cm™' are
assigned for (vcoc), (vcop) and (von) of polysaccharides
[38]. The peaks observed at 918 and 1,551 cm ! for
yeast are suggested to be interactive binding sites
between yeast and Mi that are absent in Mi-yeast.
However, the additional peaks at 610 cm™" for Mi and
594 cm™' for Mi-yeast can be assigned to bending
modes of aromatic compounds [39]. It is concluded
that -COOH and —-OH groups in Mi and Mi-yeast may
function as proton donors and hence the deprotonation
of those groups may be involved in binding to metal
ions [40].

3.3. Effect of pH

The biosorption medium pH is a key factor for con-
trolling the number of biosorbent surface sites available
to bind metal cations. The effect of pH on biosorption of
Co(I) and Ni(II) ions onto Mi and Mi-yeast biosorbents
was examined in pH range of 1.0-7.0, Fig. 2(a). Experi-
ments could not be conducted beyond pH 7.0 due to
metal precipitation. Generally, the biosorption capacity
of Mi and Mi-yeast increased with increasing pH to a
maximum value at pH 6.0 for Co(Il) and pH 7.0 for
Ni(Il) ions. The enhanced biosorptive capacity of
Mi-yeast compared to Mi may be explained by the
increase in the availability of binding sites and
improvement in the access of metal ions to its metal
binding sites. The biosorbent surface is regarded as a
mosaic of different negatively charged functional
groups that can bind to metal ions via various mecha-
nisms. At pH values above the isoelectric point, the net
negative charges on the cell wall components and
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Fig. 2. Factors affecting the sorption capacities of Co(II)
and Ni(I) by Mi and Mi-yeast biosorbents (a) effect of pH
and (b) effect of contact time at pH 6 for Co(Il) and pH 7
for Ni(II).

carboxyl, phosphate, and amino ligands will promote
reaction with metal ions via hydrogen bonding mecha-
nism, Eq. (3) and ion exchange [41]. As the pH is low-
ered, however, the overall surface charge on the cells
will be positive, which inhibits the approach of metal
ions as a result of repulsive forces leading to biosorp-
tion inhibition [42]. Also, Co(II) or Ni(II) ions may com-
pete with hydrogen ions and thus the biosorption
process is mainly performed by ion-exchange mecha-
nism [43-46]. The binding of metal ions to Mi-yeast
functional groups can be proceed via complex forma-
tion and/or ion-exchange mechanisms, Egs. (4) and (5).

2(Mi-yeast) — COOH + M(OH),
— (Mi-yeast — COOH),M(OH), ®)

2(Mi-yeast) — COOH + M**
— (Mi-yeast — COO),M + 2H"* (4)

Mi-yeast) — COOH + M(OH)*
Yy
— Mi-yeast — COO — M(OH) + H* (5)
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3.4. Effect of contact time

The effect of contact time is important to identify
the binding rate of Co(II) and Ni(I) ions to Mi and Mi-
yeast and certify the optimum time for complete metal
removal. The biosorption experiments were carried out
for different contact times (1, 5, 10, 15, 20, 25, and
30 min) with fixed amount of biosorbent at 25°C,
Fig. 2(b). Co(Il) ions show higher biosorption capacity
than Ni(II) for both Mi and Mi-yeast. The metal uptake
processes were found to proceed with high rates after
5.0 min of shaking time, where the interaction between
both metal ions and biosorbents was taken place in
two successive steps. The first step proceed via a grad-
ual increase up to 80% extraction percentage during
the first 10 min and this trend refers to the fast equili-
bration and kinetics of the biosorption process. The
second step is based on complete saturation of biosor-
bents surfaces with the metal cations. The biosorption
equilibrium was established in 30 min.

3.5. Effect of biosorbent dosage

The effect of Mi or Mi-yeast dosage on the biosorp-
tion capacity of Co(Il) or Ni(Il) was investigated at pH
6 for Co(l), pH 7 for Ni(Il), and 25°C using different
biosorbent doses (10-400 mg) and initial metal ions
concentration (0.10 mol L™Y), as shown in Table 1. The
biosorption capacity increased as the biosorbent dose
increased. The maximum biosorption capacity values
were achieved when 100 mg biosorbent dose was used.
Further increase in the biosorbent mass showed no sig-
nificant increase in the metal biosorption capacity.

3.6. Biosorption isotherms

Biosorption isotherms describe the equilibrium dis-
tribution of adsorbed molecules between the solid and
liquid phases. Different equilibrium adsorption
isotherm models can be applied to give an obvious

Table 1
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behavior of biosorbents with metal ions. The
concentration variation method is commonly used to
calculate the adsorption constants and characteristics
of both biosorbents and biosorption process. Gener-
ally, the biosorption equilibrium condition is recog-
nized when the concentration of sorbate in the bulk
solution is in a dynamic balance with that of the
solid/liquid interface. Equilibrium batch experiments
were carried out with different initial metal concentra-
tions (0.01-1.0 mol L™") for 30 min contact time and
100 mg of dry Mi and Mi-yeast sorbents at pH 6.0 for
Co(II) and pH 7.0 for Ni(Il). The mixture was filtered
and washed three times with 50 ml of double distilled
water. The residual metal concentration was
determined by AAS. The metal biosorption capacity
and percent biosorption at each initial concentration
were then determined. The elucidation of isotherm
data by fitting them to different models is a substan-
tial step in the adsorption study. The present biosorp-
tion data of Co(Il) and Ni(II) sorbed onto Mi and
Mi-yeast are tested by Langmuir, Freundlich, and
Dubinin-Radushkevich isotherm models to recognize
the best model that fit the experimental data and to
provide information about the effectiveness of the
metal-sorbent system.

3.6.1. Freundlich adsorption model

Freundlich was the first to propose an empirical
formula describing the adsorption isotherm [47]. It
assumed that different adsorption sites exist on the
solid phase surface with different adsorption energy
to interact with adsorbed species. This model is often
used for adsorbents with an irregular surface or single
solute systems within a specific concentration range.
Also, it is used to estimate the adsorption intensity
towards the adsorbate on a heterogeneous energetic
distribution of active binding sites of adsorbent. The
Freundlich equation is expressed by Eq. (6).

Effect of biosorbent dosage on Co(II) and Ni(II) capacity under optimum buffering conditions (pH 6 for Co(II) and pH 7

for Ni(I))

Co(ID Ni(ID)
Biosorbent dosage (mg) [Mi] [Mi-yeast] [Mi] [Mi-yeast]
10 81 89 48 72
25 205 254 123 185
50 420 510 256 367
100 876 1,091 540 777
200 1,012 1,358 775 960
400 1,380 1980 1,062 1,250
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ge = KeCi 6)

where g, is the amount adsorbed (mg) per one gram
of the adsorbent, C,. is the equilibrium concentration
(mg L), while K¢ and n are constants. Kg is the func-
tion of adsorption energy and temperature and mea-
sures the adsorptive capacity and n determines the
intensity of adsorption or the adsorbent-adsorbate
bond strength and can help determine whether
adsorption is favored. The value n > 1 describes favor-
able adsorption, whereas n =1 characterizes linear
adsorption and n <1 describes unfavorable adsorption
situations. The linear form of Freundlich isotherm is
shown in Eq. (7).

1
logge = glog C. + logKg )

According to Freundlich model, the values of K and
n, Table 2 for Mi and Mi-yeast biosorbents can be
obtained from the slope and intercept of the linear
plots of Eq. (7). It is concluded from Table 2 that the
calculated values of n>1 reveal that adsorption is
favorable.

The sorption constant, Kp increased upon immobi-
lization of yeast on Mi and thus, Mi-yeast showed
higher maximum biosorption capacity and faster
biosorption equilibrium compared to the native
biosorbent. Moreover, the high values of R? revealed
that the Freundlich isotherm model is suitable for
describing the adsorption behavior in this study.

3.6.2. Langmuir adsorption model

Langmuir model is the most commonly used iso-
therm for sorption of solute onto a solid surface due
to its simplicity and good agreement with experimen-
tal data. This model assumed a reversible sorption
process on uniform adsorbent surface, with limited
adsorption sites, forming a monolayer sorption

Table 2
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without interactions between the adsorbed species. In
addition, adsorbate molecules occupying separate sur-
face sites, do not interact with each other and have
equal affinity and uniform sorption energies [48]. The
Langmuir isotherm equation is given by Eq. (8).

qe _ KLQmaxCe (8)
1+K.Ce

where C, (mg L") describes the equilibrium Co(Il) or
Ni(II) ions concentration, g. (mg g ') is the amount of
Co(Il) or Ni(Il) cations adsorbed on Mi or Mi-yeast
surface at equilibrium, g, (mgg™") is the maximum
adsorption capacity corresponding to complete mono-
layer coverage, and Ki (L mg ') is the Langmuir
adsorption constant (adsorption affinity constant).
Accordingly, the experimental adsorption data con-
verge to horizontal plateaus. Each plateau corresponds
to the formation of a monolayer of adsorbent on the
Mi or Mi-yeast surfaces. The linearized form of
Langmuir isotherm is represented by Eq. (9).

1
Co_ Gy ©9)
e Gmax  KiGmax

The values of gmax and Ki, in Table 2, calculated from
the slope and intercept of linear plots of C./ge vs. Ce.
were found to increase upon immobilization of yeast
on Mi as revealed from their higher values of maxi-
mum biosorption capacity (526 mg g~ for Co(Il) and
250 mg g ' for Ni(Il)). The order of the biosorption
capacity was found as Co(II) > Ni(Il), which indicates
that the biosorbents have more affinity to Co(Il) com-
pared to Ni(I) ions. The equilibrium constants Kj, tend
to decrease on going from Mi to Mi-yeast for both
metal ions. The essential characteristics of the Lang-
muir isotherms may be expressed in terms of dimen-
sionless separation factor Fy, as in Eq. (10) [49-51]. The
F, value indicates the adsorption nature to be unfa-
vorable if Fp >1, linear if F; =1, favorable if
0 < F1, <0, and irreversible if F; = 0. All calculated Fy,

Different adsorption isotherm parameters for Pb(II) and Cd(II) onto Mi and Mi-yeast at 25°C and optimum pH values

Langmuir model

Freundlich model

Dubinin—-Radushkevich model

Metal ion  Sorbent Jmax (Mg gfl) K. x107° R? Kg n R? gp (mg gfl) Bp Ep (kJ/mol) R?

Co(II) [Mi] 435 9.43 0965 0.150 1.29 0.969 99.5 0.0062 7.9 0.643
[Mi-yeast] 526 8.68 0989 0459 141 0951 117.8 0.0064 7.8 0.562

NidI) [Mi] 227 6.35 0958 0.046 124 0953 645 0.0349 3.8 0.608
[Mi-yeast] 250 1.57 0978 0.197 1.39 0.896 873 0.0012 6.2 0.687
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values Table 2 were found to be from 0.74 to
56x107° for the initial concentrations range
212 x 10°-2.07 x 10° mg L™ of metal ions, indicating
favorable biosorption processes. In addition, the R?
values (~1.0) proving that the biosorption data fitted
well to Langmuir isotherm model and suggest the
homogeneous monolayer biosorption.

1

Fo=
L 1+ K.Co

(10)

3.6.3. Dubinin—Radushkevich (D-R) isotherm model

D-R isotherm is an empirical model initially con-
ceived for the adsorption of subcritical vapors onto
micropore solids following a pore filling mechanism
[52]. It is often used to estimate the characteristic
porosity in addition to the apparent free energy of
adsorption. This model is valid at low or intermediate
concentration ranges and can be used to describe the
adsorption mechanism with a Gaussian energy dis-
tribution onto heterogeneous surface [53-55]. The D-R
equation can be expressed by Eq. (11).

2
ge = gp exp (BD [RT ln(l + é)] )

where gp (mgg ') is the D-R constant which is
related to monolayer sorption capacity by Mi or
Mi-yeast surface. Bp (mol?J7?) is the constant related
to the sorption mean free energy, Ep (k] mol™) of
Co(I) or Ni(Il) when it is transferred from infinity to
the sorbent surface in solution, R (8.31 J mol™' K™) is
the ideal gas constant, and T (K) is the absolute
temperature.
The linear form of Eq. (11) is given by Eq. (12).

(11)

Ing. =Ingp — Bp {RT In <1 +Ci>] (12)

The value of mean sorption free energy, E (J mol ") is
defined as the free energy change required to transfer
1 mol of ions from solution to the solid surfaces and
can be calculated from D-R parameter Bp according
to Eq. (13) [56].

1

E=—
v/2Bp

(13)
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The values of gp and Bp for D-R model, evaluated
from the intercepts and slopes of the linear plots of
Ing. against [RT In(1+ 1/C.)]* for the biosorption of
Co(I) and Ni(I) by Mi and Mi-yeast are collected in
Table 2. The D-R approach is usually applied to give
information about the type of adsorption mechanism
as chemical ion-exchange or physical adsorption based
on the value of mean free energy, E. If the magnitude
of E is between 8 and 16 k] mol !, the sorption process
is supposed to proceed via chemisorption (chemical
ion-exchange processes), while if the values of
E <8kJ mol™’, the sorption process is of physical nat-
ure and finally if the values of E > 16 k] mol™', the
adsorption mechanism may be dominated by particle
diffusion. [57-60]. The calculated values of mean free
energy, E for both adsorbents were <8KkJ mol},
indicating that the biosorption processes of Co(Il) and
Ni(II) by Mi and Mi-yeast are of physisorption nature.
The D-R isotherm model shows an inadequate fit of
experimental data in the whole range of concentra-
tions giving the lowest R* values (0.562-0.687) among
the applied models. The poor ability of this model to
represents the experimental data could be due to the
homogeneity of the adsorbent surface. In summary,
the biosorption of Co(I) and Ni(l) by Mi and
Mi-yeast is favorable and Langmuir isotherm model
best fits the experimental data compared to Freundlich
and D-R models.

3.7. Kinetic studies

A suitable kinetic model is imperative to analyze
data of biosorption rate and to examine the mecha-
nism of biosorption process. Different models were
used to analyze the kinetic data of Co(Il) and Ni(Il)
onto the Mi and Mi-yeast. Lagergren pseudo-first-
order, pseudo-second-order [61,62], Elovich [63], and
intraparticle diffusion [64] kinetics models were
applied to fit the experimental data. All the kinetic
equations and their parameters are shown in Table 3,
where g. and g; are the biosorption capacity (mg g™")
at equilibrium and at time ¢ (min), respectively, k is
the rate constant, and R? is the correlation coefficients
to express the uniformity between the experimental
data and model predicted values. From the slope of
Fig. 3(a), the Lagergren-first-order rate constants k;
can be obtained. The correlation coefficients R* (0.886—
0.967) and the predicted g. values for the first-order
kinetic model did not give reasonable values, suggest-
ing that the adsorption system is not a first-order reac-
tion. The pseudo-second-order kinetic constant k, and
ge can be calculated from the intercept and slope of
plots of t/q; vs. t, Fig. 3(b). The calculated k,, g., and
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Table 3
Kinetic equations that used to analyze the adsorption of Co(Il)

and Ni(Il) on Mi and Mi-yeast biosorbents

Kinetic models Linear kinetic equations Plot

Slope Intercept Calculated parameters

Lagergren pseudo- first-order In (g.—g;) = In g.—K;t In(g,

t 1 t t
Pseudo-second-order T BE T on o Vs
Elovich e = gln (2 f) + 5 Int g vs
Intraparticle diffusion qr = KiVE+C qr Vs

—q,) vs. t Ky In g, ge(mg g_l) , Ky (min™Y)
ot s Yo gemg g7, Kx(g mg™ min™")
JInt 5 FIn @) glmgg™), almg g min?),

plg rng{1 min )

Vi Kne C qe(mg g™,

Kin(mg g ' min~"/?)

R* in Table 4 showed a good agreement with the
pseudo-second-order model which suggests that the
rate-limiting step in biosorption is controlled by
chemical process [65]. The Elovich equation used to
interpret the predominantly chemical biosorption on
highly heterogeneous adsorbents was also adopted to
fit the experimental data. Where « is the initial adsorp-
tion rate (mg g ' min ") and $ is the desorption con-
stant (g mg ' min~') related to the extent of surface
coverage and activation energy for chemisorption. The
Elovich constants, a and f are calculated and given in
Table 4. The plots of g, vs. In(t) in Fig. 3(c) display a
good linear relationship before reaching the biosorp-
tion equilibrium. However, the correlation coefficients
are lower than those of the pseudo-second-order equa-
tion and the calculated g. values do not agree with the
experimental data. This means that the biosorptions of
CodI) and Ni(I) onto Mi and Mi-yeast are not highly
heterogeneous systems. The intraparticle diffusion
equation describes the movement of ions from bulk
solution to the solid phase. Where k., is the intraparti-
cle diffusion rate constant (mg g~ ' min~'/?) which can
be obtained from the slope of straight line of plots of
g vs. t'/2, Fig. 3(d). The constant C is related to the
boundary layer thickness (mgg ') which can be
deduced from the intercept of straight lines. The con-
stants ki and C are calculated and given in Table 4.
All C values are not equal to zero indicating that the
adsorption process may not be mainly controlled by
intraparticle diffusion [66]. From all the correlation
coefficients (R?) and above analysis, it is concluded
that the pseudo-second order is the most suitable
kinetics model for biosorption of Co(II) and Ni(II) onto
Mi and Mi-yeast biosorbents.

3.8. Effect of interfering ions

The effect of the presence of equimolar concentra-
tions of metal ions and Na*, K*, Ca?*, or Mg2+ as inter-
fering ions on the biosorption capacity was investigated
for Mi and Mi-yeast. The results of this study are listed

in Table 5. Comparing the biosorption capacity of Co(II)
and Ni(Il) ions in the presence and absence of interfer-
ing ions, showed that K" and Mg2+ have minimum
inference relative to Ca®* and Na®. The difference in the
affinity of these interfering ions for competing on the
biosorption sites is influenced by the difference in
charge and size of the hydrated ions, as well as the nat-
ure of functional groups present on yeast [67].

3.9. Desorption and reuse of the biosorbents

The regeneration of the biosorbents is an important
controlling parameter in assessing their potential for
commercial applications. Desorption of Co(Il), and
Ni(Il) from the metal-loaded Mi and Mi-yeast was per-
formed using 0.2 M HCI [68]. In order to show the
reusability of the biosorbents, adsorption-desorption
cycle of Co(l) and Ni(Il) was repeated five times
using the same preparations. The biosorption effi-
ciency of both biosorbents did not noticeably change
and only a maximum 4.0-7.0% decrease was observed
after five cycles. This may be due to the small amount
of biomass lost during the repeated adsorption-
desorption operations.

3.10. Thermodynamic study

The effect of temperature on the equilibrium con-
stants of the biosorption of Co(II) and Ni(Il) ions onto
Mi-yeast was investigated. The thermodynamic
parameters, free energy change (AG), enthalpy change
(AH), and entropy change (AS) were calculated using
Eq. (14).

—AG® AS° AH°
nK = RT - R~ R®T (14)

where R is the ideal gas constant (8.3145 ] mol ' K™, T
is the absolute temperature (K), and K is the conditional
equilibrium constant for the investigated adsorption
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Fig. 3. Fitting of kinetic models (a) Lagergren pseudo-first order, (b) pseudo-second order, (c) Elovich and (d) intraparti-
cle diffusion for the biosorption of Co(Il) and Ni(Il) on Mi and Mi-yeast biosorbents at initial concentration of

0.10 mol L™ at 25°C.

processes. The adsorption experiments were repeated
at three different temperatures 15, 25, and 35°C using
0.10 M solutions of Co(II) ions at pH 6.0 and Ni(Il) ions
at pH 7.0 and 100 mg biosorbent dose. The calculated
values of AG were —1.24 and -2.58 k] mol™! for Co(II)
and Ni(II)-adsorption systems, respectively, indicating
feasible biosorption processes. Additionally, the AH
values were 9.54 and 6.58 k] mol™" for the adsorption
cases of Co(Il) and Ni(Il) ions, respectively, represent-
ing the endothermic nature of the biosorption. Finally,
the evaluated positive AH values for Co(Il) and Ni(ID)-

adsorption systems (5191 and 34.93JK ' mol™’,
respectively) assure the increase in the order of the
metal-Mi-yeast bound products because of the good
ability for the metal ions to complex Mi-yeast functional
groups.

3.11. Applications of Mi and Mi-yeast for Co(II) and Ni(Il)
extraction from real water samples

The applications of Mi and Mi-yeast for biosorp-
tive removal of Co(Il) and Ni(II) from real wastewater
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Co(I) and Ni(Il) sorption capacities (umol g™') in the presence of other competing interfering ions under optimum buffer-

ing conditions

Biosorbent Na* K* Mg* Ca* Cu**
Co(II) biosorption capacity Co(II) biosorption capacity in presence of interfering ions
[Mi] 876 835 864 860 794 758
[Mi-yeast] 1,091 1,025 1,078 1,070 1,010 984
Ni(II) biosorption capacity Ni(II) biosorption capacity in presence of interfering ions
[Mi] 540 490 536 528 477 428
[Mi-yeast] 777 742 780 765 718 690
Table 6
Selective solid phase extraction of Co(Il) and Ni(Il) from different wastewater samples by 500 mg of Mi and Mi-yeast
Co(ID Ni(ID)
(amount detected) percentage (amount detected) percentage
tracti tracti
Wastewater (ug mL™") spiked exracton (ug mL™") spiked exracton
sample (detected) [Mi] [Mi-yeast] (detected) [Mi] [Mi-yeast]
Tap water 1.833 (0.2065) (0.0573) 1.864 (0.1837) (0.1187)
88.73% =19  96.87% +2.3 90.14% +2.3  93.63% + 1.4
Sea water 1.248 (0.2122) (0.0864) 1.496 (0.1245) (0.0985)
83.00% +2.4  93.08% + 1.7 91.68% +2.6  93.42% +2.5
Industrial 1.026 (0.1125) (0.0438) 1.736 (0.1562) (0.0887)
water 89.04% +1.8  95.73% + 2.1 91.00% +2.5  94.89% +3.2

samples either contaminated or spiked are summa-
rized in Table 6. The percentages of metal extraction
from tap and sea water samples spiked with
1.55-1.76 pg mL™" were found to be in the range of
89.5-925% for Co(I), 92.5-93.2% for Nidl) by
Mi-yeast, and 83.4-86.2% for Co(ll), and 88.2-89.7%
for Ni(Il) by Mi. While the percentages of Co(Il) and
Ni(ID) ions from industrial wastewater samples contami-
nated with 1.03-1.14 pyg mL™" are found to be in the
range of 95.9-96.6% for Mi-yeast and 91.7-92.9% for Mi.
In addition, the percentage extraction of Co(Il) from
marine sediment contaminated with 1.283 ygmL™" of
CdI) was found to be 87.8% for the Mi and 91.9% for
Mi-yeast. On the other hand, the percentage values of
extraction from the industrial wastewater sample were
relatively lower than the other two water samples due
to the possibility of high contamination of the industrial
sample with other competitive interfering ions.

4. Conclusions

The biosorption properties of Mi-yeast were exten-
sively studied for the removal of Co(Il) and Ni(Il) and
compared to the native leaves. Different analytical

parameters affecting their sorptive capacities were
investigated. Among various isotherm models, the
experimental biosorption data best followed the
Langmuir isotherm, where the maximum biosorption
capacities were 526 mg g ' for Co(I) at pH 6.0 and
250 mg g~ " at for Ni(Il) at pH 7.0. The kinetic study
revealed that the biosorption processes obeyed the
pseudo-second-order model, and the adsorption equi-
librium could be achieved in 30 min at 25°C. The pres-
ence of Na*, K*, Ca?", Mg2+, and Cu®" as interfering
ions has a negligible effect on the biosorption perfor-
mance. The biosorption—desorption studies indicated
that Mi-yeast had a high stability and good reusabil-
ity. The removal efficiencies of spiked Co(II) and
Ni(Il) ions from real wastewater samples were suc-
cessfully accomplished (83.0-96.9 + 1.7-2.4% and 90.1-
94.9 + 1.4-3.2%, respectively). The aforementioned
results concluded that Mi-yeast is effective, low-cost,
reusable, and eco-friendly biosorbent.
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