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Abstract: The examination of the performance of raw and immobilized S. (Saccharomyces) cerevisiae
in the simultaneous abatement of metal ions from wastewater effluent is the focal point of this article.
The optimal storage time for raw and immobilized S. cerevisize, during which they can be utilized,
was estimated. The outcomes revealed that as the initial metal ion concentrations increased, the
adsorption capacity improved, while the removal efficiency of S. cerevisiae yeast cells decreased, with
the highest uptake obtained at the optimal conditions: pH = 5.0, 2.0 g S. cerevisiae/L, 25 °C, and a
contact time of 25 min. The maximum adsorption capacities (qmax) for Pb(Il), Cd(II), and Ni(II) ions
are shown by Langmuir at 65, 90, and 51 mg/g, respectively. It was discovered that the metal ions’
biosorption reactions were spontaneous and were fitted by the pseudo-second-order model. The
mechanisms of the metal ions” abatement were explained by using XRD (X-ray diffraction), FTIR
(Fourier transform infrared spectroscopy), (BET) Brunauer-Emmett-Teller, and TEM (transmission
electron microscopy) outputs. EDTA and citric acid can eliminate more than 70 £ 4 and 90 + 5%
of the adsorbed ions, respectively. The experiment of storage demonstrated that the immobilized
S. cerevisiae was more stable for 8§ months than the raw yeast.

Keywords: fixed-bed column; immobilized S. cerevisiae; industrial wastewater treatment

1. Introduction

Climate change requires sustainable and innovative treatment approaches to deal with
the quickly depleting water resources that have rendered water a competitive resource for
many regions globally. Producing stable materials through low-cost approaches to provide
adequate amounts of freshwater is the need of the water industry that has motivated many
scientists and researchers to research nontraditional water treatment techniques to increase
the quantity of water. Fast urbanization and industrialization in the world have prompted
the introduction of heavy metals by industrial and mining activities: manure, paints, battery
manufacture, and spillage of industrial wastes, plus pesticide-based metals [1]. Among the
metal ions, lead (Pb(II)), cadmium (Cd(II)), and nickel (Ni(Il)) ions are perceived to be huge
ecological pollutants [2].

Several physicochemical treatment methods (precipitation, coagulation—flocculation,
membrane processes, chemical precipitation, ion exchange, electrodeposition, and electro-
chemical techniques) have demonstrated adequate performance in the abatement of trace
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elements from aqueous solutions [3—6] but remain economically nonviable because of the
additional capital, unpredictable efficiency, generation of toxic sludge, high energy and
reagent requirements, and high operational costs that have diminished their possibilities
for widespread use [7,8]. Electrodeposition, as opposed to adsorption and chemical precipi-
tation, is a more cost-effective and safe method of removing and recovering heavy metals
from wastewater that does not require the utilization of chemicals [9,10]. Adsorption,
in any case, remains a feasible alternative, particularly in developing nations, since it is
environmentally benign, simple, inexpensive, and does not produce large sludge quanti-
ties [11,12]. In recent decades, various natural and manufactured adsorbents have been
examined for their ability to eliminate heavy metals from contaminated solutions [13-20];
however, separating these adsorbents from the aqueous solution entails a complex process
with additional costs, and structure stability should be emphasized [20].

Biosorption is a significantly more proficient strategy for the elimination of numerous
pollutants, which include heavy metals, because of the accessibility of a diverse range
of biosorbents that have low prices and adapt to various circumstances [21-24]. In this
way, different sorts of microorganisms (bacteria, yeasts, algae, fungi) [25-27] have af-
firmed that they can recover heavy metals from aqueous solutions via biosorption [7,27-29].
Saccharomyces cerevisiae (S. cerevisiae) yeast is generally utilized in food biotechnology pro-
cesses, such as the production of wine, bread, and beer. It is an especially appropriate organ-
ism for biological examinations and it has “generally regarded as safe (GRAS) status” [30].
Thus, efficient and low-cost processes for producing large-scale yeast biomass have evolved.
S. cerevisige is a promising biosorbent that has been shown to eliminate pesticides [31], my-
cotoxins [32], and trace elements from synthesized water or aqueous solutions, even when
deactivated, and it has its highest efficiency in short contact times [7,29,33-45]. Furthermore,
the encapsulation of S. cerevisiae in a biopolymer, for example, alginate [32,43,46-50], is
an alternative strategy for their application, as well as being steadier, simple-to-deal with,
and economical.

Hence, in this examination, the performance of S. cerevisiae (grown on Yeast Peptone
Dextrose (YPD)) biomass at 25 °C for ions being rid from the water was assessed. The
influence of pH, S. cerevisiae dose, initial metal ion concentration in solution, contact time,
and temperature on ion biosorption efficiency and biosorption capacity of the biomass
was examined. The equilibrium data have also been examined via isotherm, kinetic, and
thermodynamic investigations. The biosorption mechanism of S. cerevisiae was explained
by considering the XRD, FTIR, BET, and TEM techniques. The adequacy of different
eluents (H,O, NH4NO3, EDTA-Najy, and citric acid) to desorb or regenerate the biosorbed
metal ions was also examined. At last, the efficacy of S. cerevisine and the fixed-based
column (immobilized S. cerevisiae) for the abatement of metal ions from wastewater were
compared and the best storage time after which they could be reused was determined.
Outcomes verified the capacity of S. cerevisiae in the biosorption of mono-components
from synthesized water and comparison of two approaches for the take-up of metal ions
from real wastewater samples. The outcome of this investigation would be to provide eco-
friendly metal ion abatement materials, stable for 8§ months (m), mostly from wastewater of
different multi-components.

2. Experimental
2.1. Wastewater Sampling

Screw-capped sterilized bottles were utilized for the collection of wastewater samples
from “Al-Monairy for corn products, Madinat al-Ashir min Ramadan, As Shargia, Egypt”.
The fundamental products of that factory are corn (starch, flour, and grits), glucose, fructose,
gluten (corn and feed), high maltose, dextrose, and maize oil that are widely used in
most other manufacturing industries (i.e., pharmaceuticals, textile, paper, food products
and feed). The color of gathered samples was black and specified by their high content
of solids.
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2.2. Reagent, Biosorbent, Media, Culture Condition, and Drying Process

All chemicals and supplements were of high-purity analytical grade. For aqueous
solution preparation and cleaning purposes, double-deionized water (DDW) was utilized.
Calcium chloride (95+% CaCly) was purchased from Chem-Lab NV (made in Belgium),
while sodium alginate (91-106% CgH7OgNa) was a Techno PharmChem product. YPD
Broth was Merck (KGaA—Bioz) product. Ammonium nitrate (>99%, NH4NO3), citric
acid (>99%, [HOC(COOH)(CH,COOH);]), and Ethylenediaminetetraacetic acid disodium
salt solution (0.5 M EDTA-Na; in H,O) were purchased from Sigma-Aldrich. S. cerevisiae
culture was acquired from the Microbial products lab of the “National Research Center
(NRC)/Egypt”.

Then S. cerevisize was cultured on sterilized Yeast Peptone Dextrose (YPD) agar broth
at 25 £ 1 °C and then kept up at 4 °C on YPD agar slant. The media was prepared to
comprise (W/v %): glucose, 2%; yeast extract, 1%; peptone, 2%, and agar, 2%. Each strain
was cultured at 25 &= 1 °C for 24 h at 150 rpm in sterilized media (YPD) and the cells were
collected for that investigation. Strains were kept at —4 £ 1 °C until they were utilized in
the trials [46,47]. After culturing, S. cerevisiae yeast cells were harvested by centrifugation
at 6000 rpm for nine min. The harvest cells were rinsed with DDW few times to eliminate
excess growth medium before being centrifuged. The S. cerevisiae yeast was dried in an
autoclave at 25 £ 1 °C until constant weight, homogenized, and saved in a desiccator
until use.

2.3. Biosorption Parameters Investigation

For each investigated metal ion, all the examinations were performed by suspend-
ing the biosorbent in solution by varying the parameters: pH (2-8), ion concentration
(25-250 mg /L), biosorbent dose (2-16 g/L), contact time (6—-180 min), and temperature
(15-40 °C), while the others stayed constant. The solution was incubated at 20 °C on
a rotary shaker (150 rpm) for 2 h. The filtrate was centrifuged at 6000x g for nine min
and then filtered utilizing 0.45 um pore size filter paper to eliminate particle intrusion
into the analytical equipment. The initial (C;) and equilibrium final (C,) concentrations of
investigated metal ions were quantified (mg/L). Each trial had three repetitions, the results
were averaged, and the standard deviation (STD) was calculated. The removal efficiency
(RE%) and the adsorption capacity (qe, mg/g) were estimated by Equations (1) and (2), in
which V is the volume (L) of the solution, and W is the mass (g) of biosorbent [18,51].

. Ci—Ce
Removal Ef ficiency (RE%) = =~ 100 1)
1

ge = (Ci — Ce) @)

=<

2.4. Laboratory Water Analyses

All examinations were conducted in an ISO 17025: 2017 certified laboratory of the
“Central Laboratory for Environmental Quality Monitoring (CLEQM)”. The samples
were subjected quickly to physical and chemical examinations as demonstrated by the
Standard Methods for the Examination of Water and Wastewater [52]. The pH, electric
conductivity (EC), and dissolved oxygen (DO) were estimated at 25 °C utilizing a pH meter
InoLab WTW, conductivity meter InoLab, and DO meter, respectively. Trace metals and
cations were estimated utilizing the ICP-MS, PerkinElmer product model SCIEX Elan 9000.
Recovery studies for the investigated metal ions analyzed utilizing ICP-MS ranged from 98
to 102%.

2.5. Biosorption Isotherm, Kinetics, and Thermodynamics Studies

Two isotherm models (Langmuir and Freundlich), three kinetics models (pseudo-first-
order (1st), pseudo-second-order (2nd), and intraparticle diffusion), and thermodynamic pa-
rameters were utilized to model the empirical data using the mathematical formulas [29,34,47]
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prescribed in Table 1. The best isotherm and kinetics models were selected relying on the
regression coefficients (R?), estimated statistically.

Table 1. Mathematical equations of both isotherm and kinetic models, and thermodynamics parame-
ters utilized for the empirical data analysis.

Model

Equation Notations

Isotherm models

Langmuir

Freundlich Ing, =InK + % In C,

where C, is the equilibrium (final) metal ions
concentration (mg/L), K; is an apparent
C, 1 C, dissociation constant, n indicates the

9e " emax 0 emax intensity of the process, qemax represents the
capacity for metal ion uptake when the
surface is completely covered with metal
ions, Kris a biosorption equilibrium constant,
ge and q; (mg/g) are the amounts of Cd(II),
Pb(II), and Ni(Il) ions adsorbed on the

Kinetic models

Pseudo-first (1st)-order log(qe — q: ) = log ge — (%) .t

adsorbent at equilibrium and time t (min),
respectively. I is the intercept and k; (1/min),
¢ 1 ¢ k» (g/mg min), vy (g/mg min), and K;

Pseudo-second (2nd)-order @ v e (mg/g min®?) are the rate constant of

— a2
v1 = kage pseudo-1st-order, pseudo-2nd-order, initial
sorption rate, and intraparticle

Intraparticle diffusion qr = Kgt® + 1 diffusion, respectively.

Thermodynamic

Thermodynamic parameters In K= S+ + ATSU

AGP, AH®, and AS? are the free energy
—AGY = —RT In Kp change, enthalpy changes, and entropy
AHO change, respectively. R (8.314 J/mol K) is the
universal gas constant, T is the absolute
AGY = AHY — TASY temperature (K), and K is the
equilibrium constant.

2.6. Characterization Techniques

X-ray diffraction patterns (XRD) of powder samples of S. cerevisiae and Pb(II)-biosorbed
S. cerevisiae biomass were registered in a Broker D8 Advanced target Cuka powder diffrac-
tometer (A = 1.5418 A) over the range of 20 = 0-80° scale. FTIR for S. cerevisiae and uploaded
Pb(II) was examined in KBr discs containing about 3% (w/w) of finely ground powder of
each sample using spectrophotometer PerkinElmer FTIR 1650 in El-Zagazig University.
For treated S. cerevisine and uploaded Pb(Il): the surface area analysis, average particle
size, and total pore volume were obtained by utilizing the Brunauer -Emmett—Teller (BET,
HitachiVP-SEM S-3400N, Germany) method. The TEM for S. cerevisiae and uploaded Pb(II)
was performed utilizing JEOL TEM-1400 electron microscope and optronics AMT CCD
camera with 1632 pixel format as side mount configuration relying on the strategies applied
by El-Sayed [48].

2.7. Yeast Cell Immobilization and Its Application for Simultaneous Treatment of Wastewater

The immobilization procedures were carried out in accordance with the procedure
reported in Araujo et al. [49] (Figure 1). For biosorption fixed-bed column, a glass column
(height 2.5 cm, inner diameter 0.38 cm) was packed with 2 g of calcium alginate beads
loaded with S. cerevisiae [49,50]. During the treatment, the column temperature was kept
constant at 25 °C. One liter (L) of the sample (pH 5.0) was pumped through the column at
1.5 mL/min for 25 min contact time. After a resident time, the samples were gathered and
analyzed immediately as described before.
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Figure 1. Immobilized S. cerevisiae.

2.8. Desorption Experiments from Loaded Cell Biosorbent

Desorption of Cd(II), nickel (Ni(II)), and lead (Pb(Il)) from previously loaded resting
immobilized cells was examined by utilizing deionized water (H,O), 1.0 mol/L of NH4NO;3,
0.1 mol/L of EDTA-Na,, and 10% citric acid as eluents. The trials were tested with
0.036 g Cd(II)-, 0.034 g nickel (Ni(II))-, and 0.046 g lead (Pb(II))-loaded 1 g immobilized cell
biosorbent in 50 mL plastic tubes containing 20 mL of each eluent. After 30 min of shaking
at 25 °C, supernatants were centrifuged and analyzed for metal ions by ICP-MS. Adsorption
capacities for each of the recently mentioned eluents were assessed by the amount of metal
ion concentrations in the desorption solution. Sequential sorption—desorption cycles were
repeated thrice trials to lay out the reutilizing of the adsorbent. In the meantime, biosorption
capacity was also assessed.

2.9. Storage of the Yeast Cells

The free and immobilized S. cerevisine was kept in a refrigerator at 4 + 1 °C in saline
solution for 0 months (m), 2 m, 4 m, and 8 m, and then utilized for treating the collected
wastewater samples.

2.10. Statistical Analyses

Data were exposed to investigation utilizing statistical software IBM® SPSS®, V 26,
2019, and reported as min, max, mean values, and standard deviation (SD). The statis-
tical programs SPSS and Costat (V. 6.400, USA) were utilized to recognize and compare
treatments utilizing analysis of variance (ANOVA) and multiple component tests.

3. Results and Discussion
3.1. Optimum Conditions and Modeling Biosorption Processes by S. cerevisiae
3.1.1. Impact of pH on Biosorption Capacity

pH is the most critical consideration in the biosorption process. It impacts the competi-
tion of metal ions and the activity of the biomass functional groups [29,53]. The adsorption
of different metal ions on S. cerevisiae was examined at pH values of 2, 3, 4, 5, 6, 7, and 8 to
optimize the progression of the Cd(II), Pb(II), and Ni(II) removal rates with pH as shown
in Figure 2A. The sorption capacity of the ions increases as the pH of the aqueous solution
rises from 2 to 5 due to the protons preferentially binding to the superficial functional
groups [29]. Then the capacity decreases as pH rises from 6 to 8 because of the -OH™
group competing with the binding sites on the S. cerevisiae cell wall to combine with metal
ions and precipitate as metal complexes Cd(OH),, Ni(OH),, and Pb(OH),; thus, it is not
able to bind to the functional groups present in or on the cell wall [36]. Considering these
outcomes, the biosorption of the examined metal ions on the S. cerevisiae biomass happens
with the highest efficacy at a pH of 5, and this value was the most suitable and was utilized
in all other experimental studies.



Water 2022, 14, 4049

6 of 19

100

% of Removal by S. Cervisia

¥ 5 3 8

o

% of Removal by S. Cervisiac

(@]

% of Removal by S. Cervisiae

95

% of Removal by 5. Cervisiae

¥ Pb % removal

25

100

Metal concentration (mg/L)

[essssssessehedd

—a— Pb adsorbed E==1CA% removal —u—Cd adsorbed (MMM Ni % removal ~—e—Ni adsorbed
50 80 50 80 50
® § ® ®
L, Te D,2 Te 0,
s § [ 8 3 g &
oE&T o 2 U = 30 8%
. P F o = . 5 T . g
0 % % il = 0 F % ] 0 7
0 £ o 2 : 0 £ o ‘ 0
2 2 3 4 5 6 7 8 =2 2 3 4 5 6 7 8
pH
50 40 80 40
- &
® 4 ® B B
S S 0 B E e 0
= o w oo o w oo
g8 0O 2 U g H
Pie o frg e
Y WVEE 40 0%
0§<L 3 o o &2
g 3 5 3 g
o0 % 10 g % 20 - 10 g
& & ‘
0 e 0 8 0 J 0
& & 2 4 8 16
gYeast /L g Yeast /L
100 100 80 80 &0
80 B & w0 B & ®»
® @ e 0 B 7 60 E)
55 & B 28 & 0z f
E’OE - & = S 2=
BT & = DVEE 4 9 Il
08 o o 40 a 5 a
25 £ i =5 2 nZE
0 % E % o5 g E
2 ] 2
0 E 0 ki 0 E 0 : 0
I b
150 200 250 s 25 50 100 150 200 250 s 25 50 100 150 200 250
s Metal concentration (mg/L) o Metal concentration (mg/L)
50 80 40 80 40
- 2 — 2 —
&0 N o0 T =1+
% ER E
H ae g i 2T @ e
¢ < 270 © 2,40 20 ¢
i 8¢ £ 8¢ £ 3£
jro=2 3 RN 5
' 3 % 65 =l 3 % 20 10 2
¢ @ = [ E © 2 ©
i & : g
BBl s 3 60 : = 28 w o+ A 0
75 90 180 2 6 18 25 48 €0 75 90 180 = 6 18 25 48 60 75 90 180
Time (min) Time (min)

Figure 2. Impact of pH (A), biosorbent dose (B), initial concentration (C), and (D) time on the removal
efficiency and adsorption capacity of Cd(II), Pb(Il), and Ni(II) ions on S. cerevisiae yeast cells. For
(A,B,D) the biosorbent concentration was 0.5 g/250 mL (dry mass/volume), and the initial metal
concentration 100 mg/L, 25 °C, 150 rpm and 2 h. Error bars represent standard deviation.

3.1.2. Impact of Biosorbent Dose

The influence of various biomass (S. cerevisiae) doses on the biosorption performance
for Cd(II), Pb(Il), and Ni(II) was investigated and is delineated in Figure 2B. It can be seen
from Figure 2B that the biosorption capacity is greatest at a biosorbent dosage of 2 g/L.
As the biosorbent dose increased, the biosorption capacity reduced, while the efficacy of
biosorption increased. The variation in biosorption processes is explained by the lessening
in the ratio among the number of ions and the number of biosorbent functional groups [54].
Furthermore, raising the biosorbent dosage to 2—4 g/L results in a negligible advancement
(up to 10%) in the metal ions’ removal percentage. Hence, a dosage of 2 g/L was sufficient
for the biosorption of the investigated metal ions on S. cerevisiae and was deemed optimal.

3.1.3. Impact of Initial Concentration and Biosorption Isotherms

Figure 2C displays the efficiency of S. cerevisiae as an adsorbent for each metal ion
in adsorption experiments at concentrations ranging from 25 to 250 mg/L. The outcomes
demonstrated that the capacity of biosorption (removal ratio) enhances, while the biosorp-
tion yield of biomass reduces as the initial metal ions’ concentration increases. While the
pathway of biosorption of the investigated metal ions is reliant on their initial concentration,
at low concentrations, metal ions are biosorbed by specific active sites on S. cerevisiae, while
with increasing metal ion concentrations, the specific sites are somewhat saturated. Our
results were reinforced by the investigation of Martins et al. [55] in which they exhibited
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that the adsorption rate significantly reduced with increasing elemental Cd(II), Pb(II), and
Ni(II) concentrations up to 100 mg/L.

Linear Langmuir and Freundlich biosorption isothermal models for the trace elements
investigated by S. cerevisiae are exhibited in Figure 3A,B, respectively. Table 2 shows
the model parameters (Ky, Gemax, Ky, and n) estimated from the experimental and model
isotherms for investigated metal ions. Langmuir isotherms provide the best fit for the
computed values for S. cerevisiae; that conclusion can be based on a high R? correlation
coefficient (R* > 0.99) compared to the R? of another isotherm (R? = 0.96-0.98). During
the adsorption process, the investigated ions cover the adsorbent with monolayer sorption
onto a surface with a finite number of matching sorption sites.

-~

Ce/qe

A ¢ Pb(Il) e Cd(I Ni(lI) B B Pb(I) ACA(IT) o Ni(Il) N
50 -
1 45 -
| 40 -
T a5 ¢
| ° E 30-

10 10 30 50 70 90 110 130 150 170

| 25 4
| / 20 -

25 -5 05 05 15 25 35 45 55

Ce (mg/L) In(Ce) /

Figure 3. (A) Langmuir and (B) Freundlich biosorption isotherms of Cd(II), Pb(Il), and Ni(II) by
S. cerevisiae.

Table 2. Isotherm Model Parameters for Adsorption of Cd(II), Pb(II), and Ni(II) on S. cerevisiae using
Langmuir and Freundlich Isotherms.

Langmuir Model Freundlich Model
Parameters 2 2
Gemax (Mg/g) b = (1/Ky) R RL K¢(L/g) n R
Cd(I) 65.36 0.032 0.98 0.11-0.56 4.95 1.98 0.94
Pb(II) 90.09 0.193 0.99 0.02-0.17 23.69 3.14 0.94
Ni(II) 51.55 0.020 0.95 0.17-0.67 2.50 1.77 0.90

The highest biosorption capacity (qmax) for Cd(Il), Pb(Il), and Ni(II) ions is 65, 90,
and 51 mg/g, respectively. The fundamental isothermal characteristics of Langmuir’s
are evident in expressions of RL (a dimensionless constant separation factor), known as
RL = (HlTCo) in the range 0 < RL < 1, reflecting the appropriate adsorption process [56].
As indicated by the low RL values for lead (0.02-0.17) and the high RL values for nickel
(0.67-0.17), the yeast cells showed a high and low affinity for Pb?* and Ni?*, respectively.
However, the values of RL for any tested metal ion were found in the range 0 <RL < 1,
confirming that the adsorption process was suitable for the examined metal ions. In
addition, the value of 1/n < 1 calculated from the Freundlich isotherm model confirms that
the process is chemical [57].

Table 3 presents a comparison of the gmax obtained from the Langmuir isotherm model
in the literature data [33,42,47,58—-62] with this investigation for various adsorbents to Cd(II),
Pb(II), and Ni(Il). The qmax value for Cd(Il) was found to be 65.36, which was higher than
that of B. thuringiensis-remediated wastewater [58], ethanol-treated yeast [47], and EDTA-
treated yeast [60]. The qmax value was found to be 90.09 mg/g for Pb(II), which was higher
than that of P. chrysosporium-treated wastewater [59], a bioreactor biosorption system [42],
and ethanol-treated S. cerevisiae [47], but less than that of EDTA-treated yeast [60]. The qmax
was estimated to be 51.55 mg/g for Ni(II), which was near the value estimated by Guler
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and Ersan [61], and was higher the value Ozer and Ozer [33] and Guler and Sarioglu [62].
The gmax for the prepared yeast was higher and lower, respectively, than the gmax found in
the literature, probably attributed to the condition of the reaction, the treatment materials,
the source of yeast, the media used to culture the yeast, and the inactivation. All of the
above confirmed that culturing yeast on YPD and drying it at 25 °C enhanced its properties
more than the studies in the literature for the biosorption of Cd(II) Pb(Il), and Ni(II) ions.

Table 3. The maximum adsorption capacity (qmax) of various biosorption capacities of biomass
discovered in this research was compared to those published in the literature for Cd(II), Pb(Il), and
Ni(II), respectively.

Metal Ions Biomass qmax (mg/g) Reference
B. thuringiensis 59.17 [58]
S. cerevisiae 31.75 [47]
CdI) P. chrysosporium 27.79 [59]
S. cerevisiae 32.26 [60]
S. cerevisiae 65.36 This study
S. cerevisiae 72.46 [42]
B. thuringiensis 30.76 [58]
P. chrysosporium 85.57 [59]
Pb(In S. cerevisiae 60.24 [47]
EDTA-treated S. cerevisiae 200 [60]
S. cerevisiae 90.09 This study
S. cerevisine nZVI 54.23 [61]
. S. cerevisiae 21.39 [62]
Ni(ID) S. cerevisiae 46.30 [33]
S. cerevisiae 51.55 This study

3.1.4. Impact of Time on Biosorption and Kinetic Isotherms

The consequence of the biosorption kinetics of Cd(Il), Pb(Il), and Cu(II) ions at various
intervals time for S. cerevisiae is shown in Figure 2D. In the range of 6 min and 18 min, the
ions are rapidly biosorbed by the S. cerevisiae, and the state of equilibrium arrives at 25 min
for the examined metal ion. Those returning to the functional groups of S. cerevisiae are
uncovered, and the metal ions are rapidly bound, regardless of their nature. After 48 min,
there was no further increase in biomass biosorption capacity for ions, and the removal
percentage did not change significantly until 180 min. This implies that the entire surface of
the S. cerevisiae was coated. Hence, metal ions struggle to identify active centers accessible
for binding, resulting in a slow increase in biosorption capacity. Thusly, a contact time of
25 min is adequate to attain equilibrium in the case of the biosorption of the three examined
metal ions on S. cerevisiae.

The regression coefficient (R?) values clarified that the pseudo-second order (2nd)
model, (R? > 0.99-1.00) was the best-fitting model compared with pseudo-first-order
rate kinetics (R? > 0.54-88), and the intraparticle diffusion model (R? > 0.85-0.96), see
Table 4 and Figure 4A—C. The rate constant of the pseudo-second-order was in the range of
0.013-0.049 g/mg/min, see Table 4. These outcomes were supported by Amirnia et al. [42].
Thus, in this case, the limiting rate of the biosorption reaction may be chemisorption since
the removal of the investigated metal ions occurs most often via surface complexation
reactions at specific biosorption sites [63]. Thusly, the metal ions’ retention on the surface
of S. cerevisige is accomplished via chemical interactions that include two active centers
in good geometric positions. The proclivity of metal ions to cooperate with the binding
sites of S. cerevisiae, depicted by kj, indicates that Pb(II) ions are most effectively retained
(0.049 g/mg min), accompanied by Cd(II) ions (0.021 g/mg min), and finally Ni(I) ions
(0.013 g/mg min).
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Table 4. Kinetic parameters of the Cd(II), Pb(Il), and Ni(II) removal by S. cerevisize biomass.

Pseudo-First-Order Pseudo-Second-Order Intraparticle
Zone 1 Zone I1
Ions qe Ky ) Uy qe ka )
mg/g (min—1) R (mg/gmin) (mg/g) (g/mg min) R Ky I R? Kq I R?
(mg/g/min®®) (mg/g/min®®)
Pb(II) 409 0.0001 0.88 99.0 45.05 0.049 1.00 0.05 4393 099 0.08 43.16 0.96
Cd(n) 22.8 0.0007 0.84 30.7 38.5 0.021 0.99 0.26 3524 099 0.21 35.61 0.91
Ni(II) 13.9 0.0021 0.54 17.5 36.2 0.013 0.99 0.32 29.49 096 0.15 33.80 0.85
/ ¢ Pb(Il) o Cd() A Ni(I) o i) o Cd(ln A Ni(Iy ¢ Pb(I o Cd(Ip A Ni(l) I\
A s B s Cs
SH—ooo— o664 —
4 66—
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Figure 4. Plot of pseudo-first order equation (A), pseudo-second order equation (B), and intraparticle
(C) of Cd(II), Pb(II), and Ni(II) ions” adsorption by S. cerevisiae biomass.

3.1.5. Impact of Temperature on Biosorption and Thermodynamic Studies

The thermodynamic parameters Gibbs free energy (AG®), enthalpy (AH®), and entropy
(AS®) clarify how spontaneous the biosorption process is, see Table 5. The equilibrium
constant (K) was estimated using the equation: AG = —RTInK at different temperatures
(15-40 °C). The greatest biosorption capacity for the examined ions by S. cerevisiaze was
achieved at a temperature of 25 °C; after that, the %RE and the biosorption capacity were
constant, see Figure 5A. The negative values of AG for the tested metal ions proved that the
biosorption process was spontaneous. The AH® and AS° for the biosorbent were calculated
utilizing the Van’t Hoff plot of InK against 1/T, see Figure 5B. The positive values of the
AS for all trials of metal ions demonstrated an expansion in irregularity at the solid /liquid
interface during the biosorption process. The negative values of AG?, while AS" had
positive values, were supported by Gialamouidis et al. [64]. The positive AH? for the trial
metals revealed that the biosorption process was endothermic.

Table 5. Values estimated from the thermodynamic analysis.

Temperature T (K) 288 293 298 303 313
Pb(II)
Gibbs free energy AG® (k] mol 1) —2.62 -2.99 —3.36 —3.73 —4.47
Entropy AS° (k] mol~ 1 K1) 0.073
Enthalpy AH® (k] mol 1) 18.64
Cddn)
Gibbs free energy AG® (k] mol 1) —0.66 -0.96 —1.25 —1.55 —2.14
Entropy AS° (k] mol~! K—1) 0.059
Enthalpy AH® (k] mol~1) 16.39
Ni(II)
Gibbs free energy AG® (k] mol 1) —0.05 —0.33 —0.61 —0.89 —1.45
Entropy AS° (k] mol~! K1) 0.056

Enthalpy AH® (k] mol 1) 16.16
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Figure 5. (A) Removal efficiency versus temperature, and (B) In(K;) versus 1/T of Cd(II), Pb(II), and
Ni(II) ions” adsorption by S. cerevisiae biomass.

3.2. Mechanism of S. cerevisiae
3.2.1. XRD of S. cerevisiae

Figure 6A,D elucidates the chemical nature of yeast cells bound to native lead, cad-
mium, and nickel, respectively. Figure 6A for native S. cerevisiae biomass is expected to be
amorphous. Figure 6B depicts lead accumulation in five distinct peaks at 20; 21.67°, 27.71°,
31.31°, 41.19°, and 44.08°, corresponding to respective d-spacing 4.15, 3.40, 3.36, and 2.19 A.
Based on spacing values, these peaks are ascribed to the presence of crystalline lead sulfate
compounds (Pb30,504 and Pb,OSO4, Pb(SO4) and Pb,OSy). Extracellular Pb-containing
minerals are lead sulfate [48].
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Figure 6. XRD analysis of (A) native, (B) lead-loaded, (C) cadmium-loaded, (D) nickel-loaded
S. cerevisiae biomass.

Figure 6C presents the XRD pattern of S. cerevisiae loaded by cadmium, which shows
distinct peaks at 26, 43°, and 52.28°, which belong to (110) and (111) planes of the Cd(OH),
crystalline structure with a hexagonal phase, which concurs with JCPDS card No. 31-0228,
while the distinct peak at 30.33° belongs to the Cd(OH), monoclinic phase, which is ori-
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ented along (110) reflection planes as per JCPDS card No. 84-1767. The low reflection at
20 27.4°, corresponding to the plane (210), is attributed to the presence of cadmium chlo-
ride phosphate (JCPDS cards 29-0254 and 30-0206). Extracellular Cd-containing minerals
(cadmium hydroxide and cadmium chloride phosphate) were observed on the cell wall.
In Figure 6D, the mean peak at 47.8° is indexed to the (132) and corresponds to
1.90 A, and the other peak at 22.18° is indexed to the (130) corresponding to the respective
d-spacing 4.005 A, which indicate the presence of nickel orthophosphate octahydrate
(Ni3(POy4)2.8H0) (JCPDS No.19033-89-7) and hexagonal phase Ni,P (JCPDS No. 74-1385,
P62m, a = 5.859 A, ¢ = 3.382 A), while the diffraction peaks at 43.85°, 42.6°, and 59° are
indexed to the (100), (111), and (102), which belong to Ni,O3 (JCPDS 14-0481), NiO, (JCPDS
89-8397), and Ni (JCPDS 89-7129), respectively. The extracellular Ni-containing minerals
are nickel phosphide, nickel orthophosphate octahydrate, nickel oxide, and nickel dioxide.

3.2.2. FTIR of S. cerevisiae and Its Impact on Biosorption of Investigated Metal Ions

To investigate the impacts of Cd(Il), Pb(II), and Ni(Il) on the properties of cell walls,
the S. cerevisiae functional groups were investigated with and without the examined metal
ions using FTIR analysis. The infrared spectra FTIR of native S. cerevisiae and metal-loaded
ones were recorded over the range of 300-4000 cm~!. Native S. cerevisize biomass displays
a different FTIR spectrum in Figure 7A; the mean peak at 3413 cm ™! is characteristic of
hydroxyl O-H and N-H stretching vibrations, while the peak at 2928 cm ™! refers to the
methyl groups’ (C-H) asymmetric stretching [48]. Furthermore, the band at 1644 cm™!
proved the vibration C=0 of the acetyl group and the deformation N-H of the amide (II)
group at 1550 cm ™! refers to the stretching (C-N, and N-H) of amides II from proteins,
and 1380 cm~! belonged to the carboxyl group appearance (COO-) in proteins. In addition,
the band that appeared at 1239 cm ! refers to a strong symmetrical stretching vibration
of the phosphodiester group [vs(-PO,27) in DNA and RNA and phospholipids groups,
and 1072 cm ™! appertains to the p(1—3) stretching of glucan and S=O. Finally, the peak at
537 cm~! was assigned to an asymmetrical stretching vibration of PO,3~, which reveals
that the phospholipid bi-layers also exist in yeast cells. From the abovementioned, the
primary functional groups of the native fungal cells of S. cerevisiae are the hydroxyl, amide,
acetyl, methyl/methylene, carboxyl, phosphoryl, and nitro groups. All of these functional
groups or active binding sites can be utilized to assess the efficacy of the biosorption process
since they are engaged in the retention of metal ions from the solution [48].

On the other hand, the changes in the vibrational frequencies identified through FTIR
clarified the engagement of the S. cerevisiae cell wall in Pb(I) removal (Figure 7B). The
biosorption of Pb(Il) on the S. cerevisiae surface led to a shift in wavelength by —10 to
—1 cm~!. When compared to the original sample, the peak 1239 cm~! had not changed,
indicating that the lead atoms did not bind to the phosphate group. However, some peaks
had a slight shift to a lower wavelength (3413-3407, 2928-2926, 1644-1641, 1550-1543,
1380-1373, 10721062, and 537-535 cm 1), suggesting the intervention of hydroxyl, methyl,
acetyl, carboxyl, sulfide, Pb-O, and ring deformation groups during Pb(II) adsorption [48,65].

Furthermore, the FTIR spectral analysis of S. cerevisize biomass cadmium-loaded in
Figure 7C displays a shift in the wavelength from —19 to +11 cm~!. When compared to the
native cells, the peaks displayed at 1072 and 1550 cm~! disappeared completely after Cd(II)
ions, which means that amides II and S=O participated in the biosorption of cadmium
ions. Some peaks had a slight shift to a lower wavelength (1380-1378, 1644-1625, and
537-520 cm~!), whereas others had a significant shift to a higher wavelength in peaks
(3413-3420, 2928-2930, and 1239-1250 cm 1) after Cd(II) treatment. The shift to low and
higher wavelengths could imply that the carboxyl, acetyl, methyl, hydroxyl, and phosphate
groups were engaged with the binding of Cd(II) on the cell wall [66].

The FTIR spectral analysis of S. cerevisiae biomass nickel-loaded in Figure 7D displays
a shift in wavelength by —23 to +2 cm~!. The peaks displayed at 2350 and 535 cm ™!
vanished completely when compared to the native sample, implying that the phosphate
group participated in nickel biosorption. The peak 1072 cm~! demonstrated no difference
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with respect to original yeast because nickel atoms did not bind to the sulfide and glucan
groups. Furthermore, significant shifts to a low wavelength in peaks 3413-3395 cm ™!,
2928-2924, 1644-1621, 1550-1541 cm ™!, and 1380-1373 cm ™! after Ni(II) treatment might
imply the involvement of the methyl, hydroxyl, acetyl, amide, and carboxyl groups, while
a shift to a higher wavelength in peak 1239 to 1241 cm~! suggests the phosphate group
was involved in the binding of Ni(II) on the cell wall [67].
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Figure 7. FTIR spectrum of raw S. cerevisiae (A) and lead- (B), cadmium- (C), and nickel (D)-loaded
S. cerevisiae.

Finally, there was a shift to low and high wavelengths in the peak bands of treated
S. cerevisiae stacked with the investigated metal ions. These deformations of peaks pre-
sented in the FTIR spectrum can be surveyed as evidence of biosorption. In addition, no
new absorption bands were found to be pertinent for showing that the biosorption of inves-
tigated metal ions is not involved in the formation of covalent bonds and that it is performed
predominantly through ion-exchange interactions (that are electrostatic) [48,65-67].

3.2.3. Surface Area of S. cerevisiae

The previously mentioned features of yeast by FTIR with its large surface area
(252.6 m?/g) make it capable of holding heavy metals through biosorption, see Table 6. The
nitrogen adsorption—desorption isotherms of the raw S. cerevisiae and Pb-loaded S. cerevisiae
are identified as type IV following the IUPAC “International Union of Pure and Applied
Chemistry” classification (Figure 8A,B). This kind of isotherm is characteristic of meso-
porous adsorbents for the S. cerevisiae and Pb-loaded S. cerevisiae and is preferred for the
process of ion exchange as it provides more access sites for sorbate cations to reach the
internal porosity. The surface area of yeast was reduced from 252.6 m? /g to 225 m? /g after
the biosorption of Pb(II) (Table 6). The depletion in surface area can be credited to the cre-
ation of new surfaces in inactivated S. cerevisiae by physical entrapment and ion exchange.
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The prepared yeast has a higher surface area than is found in the literature [24,54], which

confirms the higher result of qmax than is found in the literature.

Table 6. Brunauer—-Emmett-Teller (BET) analysis for raw and Pb(I)-S. cerevisiae biomass.
Total Pore Volume

Average Particle Size
0.581792 cc/g

Surface Area
S. cerevisiae 252.6 m? 4.60667 nm
/8 (cm3/g)
Pb(Il)-loaded 0.511272 cc
(I)-loac 22197 m?/g 4.60667 nm 72 cc/g
S. cerevisiae (ecm”/g)
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Figure 8. N; sorption isotherms for the hydrothermal alkali-activation products of S. cerevisiae (A)

and Pb-loaded S. cerevisiae biomass (B).

3.2.4. TEM of S. cerevisiae
Transmission electron microscopy (TEM) was utilized to pinpoint mineral phases
inside and on cell walls as well as their morphology. TEM was performed to observe the
extent of morphology differences before and after the biosorption of metal by S. cerevisiae
(Figure 9A,B). It was evident that the S. cerevisize morphology can facilitate the sorption
of Pb* because of its cellular surface being smooth with no membrane dentitions and the
uniform electron-dense area across the monocyte body of the stain. After the biosorption
of Pb(Il), it was deposited inside and outside the S. cerevisize and formed an irregular
surface of the biosorbent materials that had fractions of mesoporous particles (Figure 9B).
Various examinations have affirmed that numerous fungi can accumulate significant trace
elements in their cells, without annihilating the integrity of the cells [68-70]. Intracellu-
lar Pb(II) transport occurs through binding to intracellular metal or sequestering sites
that have a stronger affinity than cell surface binding sites, and this provides a driving
force for intracellular biosorption [68-70]. Accordingly, the fungi developed a mechanism
to remove toxins within the cell. Hence, the efficiency of S. cerevisiae required a suffi-
cient morphology for the biosorption of mineral particles formed within cells to create a

crystalline structure.
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A

Figure 9. TEM images where (A) TEM native S. cerevisiae and (B) loading with lead.

3.3. Biomass Regeneration (Desorption)

Metal desorption from the immobilized yeast cells can result in biomass regeneration
as well as valuable metal reclamation. Desorption is necessary when the preparation and
production of biosorbent is expensive.

In the present investigation, various types of desorbents solutions (H,O, NH4NO3,
EDTA, and citric acid) were used in three cycles to desorb Cd(II), Pb(II), and Ni(II) ions from
immobilized S. cerevisiae, see Figure 10. The obtained data show the degree of desorption of
Cd(II), Pb(IT), and Ni(II) from immobilized S. cerevisiaze. EDTA and citric acid characterize
the highest desorption (80 =+ 4, 90 + 5%, respectively) because of their ability to form a
wide variety of complexes as chelating agents. The EDTA can desorb not only the metal
associated with physical entrapment, exchanged but also metal complexes with functional
groups, while citric acid has the ability to desorb metal associated with physical entrapment,
exchanged, complexes, and parts from the residual metals, which are bio-accumulated. It
is suggested that HyO (12-20%) and NH4NOs (38-45%) display the lowest and medium,
respectively, desorption capacities to Pb(Il), Cd(Il), and Ni(II) ions from S. cerevisiae. The
lowest desorption by H,O can be credited to the physical entrapment in which the metal
ions are easily susceptible to desorption by water because they weakly bind metals to
the cell surface, while the medium desorption using NH4NOj3 can be ascribed to the ion
exchange with Na*, Ca?*, K*, and Mg?* on the cell S. cerevisiae wall.

7 )\
Desorption chart  mH20 ®NH4ANO3 WEDTA @Citric acid
S 120
>
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S
g_ 40
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Figure 10. Desorption efficiency (%) of metal ions (100 mg/L for each) biosorbed by immobilized
S. cerevisiae yeast cells by H,O, NH4;NO3, EDTA, and citric acid. Error bars represent standard deviation.
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3.4. Corn Industrial Effluent Treatment

The outcomes of the physicochemical analyses of wastewater samples from the corn
factory are displayed in Table 7. The normality test was applied to the researched variables
and exhibited that the test showed significant values (p > 0.05) for all variables, which
affirmed that the examined water quality variables have a normal distribution. The com-
parison of the two approaches: raw S. cerevisine AP1 and immobilized S. cerevisize AP2
(fixed-bed column) for the treatment of effluent wastewater are displayed in Table 7. Statis-
tically, the analytical data indicated that both the S. cerevisiae and fixed-bed column utilized
for wastewater remediation demonstrated significant differences (<0.05) for all examined
water quality variables. The pH of the solution was slightly alkaline, ranging between 7.6
and 8.2. S. cerevisiae showed good activity for the removal of calcium, sodium, potassium,
and magnesium ions, with significant variation (p < 0.05) from food effluent.

Table 7. Water quality parameters of raw wastewater, and treated water after the application of
S. cerevisiae, p-value, and their removal efficiency (RE%). (n = 3 samples).

Treated Water with S. cerevisiae Uploaded on

. . Raw Wastewater Treated Water with S. cerevisiae (AP1) Calcium Alginate (AP2)
arameters
Min Max Average p Min Max Average p RE (%) Min Max Average p RE(%)
pH 6.7 6.9 68+0.11° 7.5 7.7 7640104 -11.8 8.1 8.2 8240014 —11.6
Ca** 400.5 483.8 4533 £ 454 11.6 13.9 13141278 97.1 12.6 25.5 2054698 95.5
Mg** 11486 13328  1255.0+£494 13 1125 1313 12054+9.73% 11 904 1189 1523  1393+179% 1 889
Na* 17400 19185 1803.6 £ 99 A S 543 59.6 56.1 +3.06 B S 969 54.3 105.8 85.8 +27.68 S 95.2
K* 7639 15278 10855+ 3954 g 175 35.1 25.0+9.118 g 977 22.0 50.9 39.7 4+ 1558 g 96.3
BOD 88000 92200 9006 +£2104 = 1799 3603  240.1+1045 = 980 1053 2449 1907+355% 5 938
COD 11,200 12,100 11,766 & 493 4 £ 400.0 435.8 4239 +£208 L 96.6 171.3 772.0 558.0 4+ 324 B a 93.5
Cd* 13.50 16.70 15+154 = 0.151 0.184 0.167 +0.02 B = 989 0.152 0.591 0420+ 0248 97.2
Pb2* 2.87 3.33 3.04+024 0.029 0.035 0.031 + 0.002 B 99.0 0.2 0.6 0440058 97.3
Ni2* 12.00 24.00 183+ 64 0.253 0.509 0.387 £0.1B 97.9 <DL 0.1 0.140.280B 96.2

*: The units of variables in Table 7 are mg/L, pH is unitless dimension. Negative values are an indication of
the increased pH after the application of treatment. Data represented as mean & SD of 3 samples. The single
alphabetical letters (* and B) in the same column for each studied parameter are significantly different (p < 0.05).

On the other hand, it was proved that the competitive outcomes of the biosorption of
metals by S. cerevisiae followed the order: Pb(II) > Cd(II) > Ni(II). Because lead has a smaller
ionic cation radius (4.01 for lead [18]), it has a higher probability of being biosorbed by
S. cerevisiae than the other metal ions. For a single metal at 25 mg/L, simulated solutions of
the efficacy of the removal of Ni(II) and Cd(Il) were viewed at 60 and 80%, respectively, and
almost 99% for Pb(Il), as discussed previously in that investigation, while in food effluent,
the efficacy of elimination by S. cerevisine was almost 100% for Pb(II), Cd(Il), and Ni(II).
The enhanced RE% is attributable to the concentration of a single metal ion solution being
25 mg/L and the concentration of metal ions in real industrial effluent being extremely
lower; therefore, a better RE% was taken. Biodegradation of organic compounds by
S. cerevisiae can be seen as a better activity for the decrease in COD and BOD in the water
samples, because S. cerevisiae has been portrayed as a strong bio-degrader, particularly for
wastes rich in protein and carbohydrates [71,72].

Thusly, S. cerevisiae shows a superior reduction in cation, COD, BOD, Cd(Il), Pb(II),
Ni(IT), and Zn(II).

3.5. Storage of the Immobilized S. cerevisiae

One of the prime aims of biosorption is to expand the time of storage of S. cerevisiae.
Consequently, storage stability and reusability of the raw and immobilized system are
vital for fruitful bio-treatment and for industrial remediation. As displayed in Figure 11,
the immobilized S. cerevisiaze was very steady when kept at 4 °C for 8 m (months) and
showed the strength of the immobilized S. cerevisiae in repeated use for eight cycles, with
retained RE% up to 90% for the investigated metal ions. Despite this, the raw S. cerevisiae
was active for 2 m; after that, the RE% decreased by about 44-60%, 52-63%, and 35-48%
for Pb(Il), Cd(II), and Ni(II), respectively, after storage for 3-8 months. This reinforced that
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the stability of immobilized S. cerevisiae can be attributed to the autolysis prevention by
immobilization, so the immobilized yeast had a greater reduction in metal ion pollutants.
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Figure 11. Removal efficiency (%) of Cd(Il), Pb(Il), and Ni(Il) ions by different storage times for
immobilized and raw S. cerevisiae yeast.

4. Conclusions

The current article showed that S. cerevisine was successfully grown on YPD and had
the ability to reduce metal ions from water and effluent. This aspect was confirmed by XRD,
TEM, BET, and FTIR outcomes. The yeast has an area of 252.6 m? /g with a mesoporous pore
volume, which is higher than what is found in the literature, so the maximum biosorption
capacity is 65 for Cd(Il), 51 Ni(II), and 90 for Pb(Il) mg/g, indicating that the grown and
dried method for the yeast enhanced its character. The optimal pH for the removal of
Cd(II), Pb(Il),and Ni(Il) from an aqueous solution is 5 at a contact time of 25 min, 2 g
S. cerevisiae/L at 25 °C, which allowed the removal of 80, 99, and 70% (25 mg/L), and 72,
90, and 69% (100 mg/L), respectively. The Langmuir isotherm model and the second-order
kinetic model were the best models for describing the spontaneous biosorption reactions of
the investigated metal ions. A comparison was made between S. cerevisiae and a fixed-based
column (packed with immobilized S. cerevisiae) on a real effluent. The outcomes indicated
that both approaches not only remove the examined metal ions, but also cations, BOD, and
COD with higher efficiency. EDTA and citric acid have proved excellent outcomes for yeast
regeneration. The removal efficiency of the raw S. cerevisiae decreased after being kept
for 3-8 months. Storage and reusability investigations confirmed the highest operational
stability of immobilized S. cerevisiae for eight cycles with retained activity up to 90%.

The findings of this examination indicate that the column technique using the immobi-
lized S. cerevisiae leads to obtaining the biosorbent that is easy to handle, excellent, stable for
months, sustainable, eco-friendly, and can be applied in food industrial effluent treatment.
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