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Abstract

Today, pollution caused by heavy metals is considered one of the most serious challenges to
the environment and human health. Among these metals, lead (Pb) is of particular importance
due to its high toxicity and ability to easily accumulate in microorganisms and the human
body, especially in bones and the nervous system. Biosorption is one of the effective methods
for removing Pb from the environment. Thus, this study investigated the ability of the
Saccharomyces cerevisiae yeast and two strains of lactic acid bacteria (Lactobacillus acidophilus
and Lactobacillus plantarum) to remove Pb. Factors affecting biosorption, including pH, biomass
dosage, initial metal concentration, contact time, and temperature, were evaluated, and the
highest Pb removal was observed by the yeast followed by the two strains of LAB under optimal
conditions. The kinetic results further revealed that the adsorption process followed the pseudo-
second-order model. Additionally, the analysis of the kinetic data, along with microscopic
observations, indicated the significant role of the chemisorption mechanism in this process.
These findings suggest that S. cerevisiae and LAB can serve as effective biosorbents for reducing
Pb in contaminated environments and pave the way for further research at larger, real-world
scales.
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1. Introduction

Over the past century, population growth, economic
expansion, and industrial development have posed
serious risks to human health and the environment, one
of which is heavy metal pollution. Heavy metals are non-
biodegradable elements that exist in both organic and
inorganic forms and have a density at least five times
greater than that of water (i.e,>5 g/cm®) (1), making
them environmentally persistent and allowing them to
bioaccumulate through the food chain, asliving organisms
are unable to metabolize them effectively (2). Cadmium
(Cd), chromium, lead (Pb), arsenic, manganese, copper,
nickel (Ni), and mercury are among the most common
heavy metals that are found in industrial wastewater and
are major contributors to soil contamination (3). While
some of these metals (e.g., zinc, manganese, and copper)
act as essential cofactors in cellular biochemical processes,
others (e.g., arsenic, Pb, and Cd) have no known biological
function (4).

After being absorbed by the soil, heavy metals enter
the ecological cycle, including plants, animals, and
humans, and can become toxic at high concentrations
(5, 6). Continuous exposure, even to low levels of these
toxic elements, may lead to various health issues, such as
cardiovascular disorders, neurological damage, cancer,
reproductive dysfunction, and fetal developmental
delays (4-7). According to reports, between 10% and
20% of Pb contamination originates from drinking
water consumption (8), affecting not only the circulatory
system but also kidney function in children. In addition, it
has been documented that relatively high levels of metals
such as Pb can cause premature births and severe mental
impairments in newborns (9, 10).

Owing to increasing consumption and the persistent
nature of heavy metals, heavy metal pollution has now
become one of the most critical environmental challenges.
Conventional methods for removing metal jons from
aqueous solutions have been extensively studied, including
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chemical precipitation, ion exchange, electrochemical
treatment, oxidation-reduction processes, coagulation,
electro-recovery, membrane technologies, and adsorption
using activated carbon. However, chemical precipitation
and electrochemical techniques are generally ineffective
when the metal ion concentration is below 1-100 mg/L,
and they often generate large volumes of sludge, leading to
additional handling and disposal problems. Additionally,
ion exchange, membrane filtration, and activated carbon
adsorption are prohibitively expensive, making them
impractical for large-scale use. As a result, it is necessary
to develop cleaner, cost-effective technologies (11). One
promisingalternativeisbiosorption, which uses the natural
materials of biological origin (e.g., bacteria, fungi, yeasts,
and algae) as an adsorbent. These biological materials can
reduce heavy metal ion concentrations in solution from
parts per billion (ppb) to parts per trillion (ppt), thereby
offering high efficiency and rapid removal even from
complex and dilute solutions. Moreover, biosorption is
less costly, simpler to operate, and more effective over
a broader pH range compared to precipitation methods
(12). Therefore, biosorption is considered a suitable
option for the treatment of large volumes of wastewater
with low metal concentrations (13).

Nonetheless, the biosorption capacity of biological
materials primarily depends on the ionic properties of
metals (e.g., valence, ionic radius, and atomic weight), the
biological properties of biosorbents (e.g., cell age), and
environmental and operational conditions (e.g., contact
time, temperature, and pH) (14). The uptake of heavy
metals by microbial cells occurs through biosorption
and bioaccumulation. Biosorption refers to the ability
of living, inactive, or dead biomass to bind heavy metals
or other contaminants in dilute solutions, primarily
through interactions with the cell wall. In contrast,
bioaccumulation involves the metabolically active uptake
of metals by living cells and typically occurs in two stages.
The first stage is rapid and metabolism-independent and
involves the surface binding of metal ions to the microbial
cell wall. The second one is slower and metabolism-
dependent, where metal cations are actively taken up into
the cells, resulting in higher metal accumulation than
biosorption alone (15). Among various microorganisms,
yeasts are frequently preferred for heavy metal removal
because of their high resistance in metal-contaminated
environments, strong metal-binding capacity at the
cell wall, and high intracellular uptake efficiency. The
binding capacity of yeasts is largely attributed to the
electrical charges generated by the partial dissociation
of acidic functional groups (e.g., carboxyl, hydroxyl,
and amino) in the cell wall. However, heavy metals are
also toxic to microorganisms due to their high affinity
for forming complexes with membrane components,
which can compromise membrane integrity and impair
cellular performance (16). Biological methods for heavy
metal removal have several advantages, including low
operational costs, food-grade safety, selective removal of
specific toxic metals, minimal chemical usage (resulting

in low sludge production), lack of a need for added
nutrients, and high efficiency at trace concentrations
(17). Furthermore, these processes are rapid, typically
requiring only a few minutes under ambient pressure and
temperature (18). Despite these benefits, only a limited
number of wastewater treatment systems currently
employ biosorption or bioaccumulation processes.
Among promising candidates for biological adsorbents
are lactic acid bacteria (LAB), which are Gram-positive
microorganisms classified as GRAS (generally recognized
as safe) by the FDA (Food and Drug Administration).
LAB have a long history of safe use as probiotic
supplements and are believed to neutralize toxins due to
their strong binding affinity to intestinal wall proteins (19,
20). In addition, research suggests that LAB can reduce
heavy metal absorption in the body, and that the oral
consumption of LAB may support in vivo detoxification
(21). It should be noted that LAB strains are generally
resistant to heavy metal toxicity through sequestration
or aggregation (22), and their application as biological
adsorbents is supported by their high metal selectivity,
low cost, wide availability, and functional stability across
temperature and pH ranges (23). In recent years, several
LAB species have drawn significant attention for their
potential use in removing heavy metals to protect human
health (24, 25). In the study by Mostafidi et al, seven
strains of LAB bacteria were evaluated for their ability
to adsorb Cd, Pb, and Ni. The results revealed that three
of the strains were capable of effectively adsorbing these
metals, and their combination produced a synergistic
effect, increasing the metal adsorption rate by nearly
99% (26). Similarly, in the study by Savastru et al,
Saccharomyces cerevisiae was investigated as a low-cost
biosorbent for the removal of cobalt, zinc, and copper
ions from aqueous environments. Their results indicated
that the maximum adsorption efficiency for all metal ions
was achieved at the pH level of 5, vzith an adsorbent dose
of 4 g/L, a room temperature of 23 *, and a contact time
of 60 minutes. Moreover, the adsorption capacity and
rate followed the order Co(II)>Zn(II) > Cu(II), and the
adsorption mechanism was mainly attributed to the yeast
cell surface (27). Likewise, Geng et al screened two LAB
bacterial strains due to their high tolerance and excellent
adsorption capacity for Pb, with adsorption rates of up
to nearly 86% under optimal conditions. In simulated
wastewater samples, Pb adsorption was 73.38% and
74.15%, respectively (28). The findings of these studies
confirmed that using various biological sources (e.g., LAB
and yeasts) can be an effective, eco-friendly, and low-
cost approach for removing heavy metals from aquatic
environments. However, a limited body of research has
directly compared the heavy metal binding capacities
of LAB and the S. cerevisize yeast under identical
experimental conditions. It is worth mentioning that these
organisms were separately evaluated in most previous
studies. Therefore, no comprehensive understanding
of the differences in biosorption mechanisms between
fungal and bacterial biomasses has been achieved so far,
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and a significant scientific gap remains in this area.

Thus, this study aims to fill this knowledge gap by
simultaneously comparing S. cerevisiae and the two
selected species of LAB (Lactobacillus plantarum and
Lactobacillus acidophilus) in the removal of Pb from
aqueous solutions. The main innovation of this research
lies in the use of identical experimental conditions for
the comparative evaluation and analysis of contact time,
biosorbent concentration, contaminant concentration,
pH, temperature, and type of biosorbent. It is noteworthy
that the obtained results can provide a scientific basis for
selecting the most effective and compatible microbial
biosorbentsin environmental and food safety applications.
Moreover, this study presents several methodological
and biosorbent-selection innovations. Compared with
previous studies, which mainly focused on single-
species microbial evaluation, this is the first research
to conduct a systematic and simultaneous comparison
among three distinct microorganisms. Another notable
innovation of this study is the deliberate selection and
use of microorganisms classified as generally recognized
as safe and already used in food and probiotic industries.
This feature offers strong potential for applying these
biosorbents in wastewater treatment systems related to
food industries and even possible applications within the
food chain, ensuring higher safety considerations.

2. Materials and Methods

This experimental laboratory investigation was performed
at the Laboratory of the Faculty of Food Technology,
Bahar Branch, Bu-Ali Sina University, Hamadan, over
a period of three months. Experiments were conducted
on synthetic Pb-containing solutions using biological
adsorbents, including baker’s yeast (S. cerevisiae; Iran
Mellas Company) in the form of dried and inactivated
powder and LAB strains L. plantarum (DSMZ 20174)
and L. acidophilus (DSMZ 20079) purchased from DSMZ
GmbH, Germany. The bacterial cell mass was preserved in
5 mL of MRS broth supplemented with 20% glycerol and
stored at —80°C. For biomass preparation, the LAB strains
were subcultured twice in MRS broth containing lactose
and incubated under anaerobic conditions at 37°C with
shaking at 150 rpm for 48 hours. After incubation, the
bacterial cells were harvested by centrifugation at 10,000
rpm for 10 minutes. The biomass was then washed twice
with distilled water. In addition, biomass concentrations
were determined using McFarland standards and optical
density measurements at 600 nm (OD_ ). Further, the
yeast powder was suspended in distilled water to remove
excess soluble particles and then centrifuged. The washed
yeast was subsequently dried in an oven at 60°C for 6 hours
(29). To ensure the comparability of concentrations, the
biomass amount for the yeast was calculated based on
dry weight (g/L). Pb was introduced using Pb (II) nitrate
(Pb (NO,),), purchased from Merck Company, Germany.
Other chemicals used in the experiments, including nitric
acid (65%) and hydrogen peroxide (37%), were also
laboratory-grade and obtained from Merck Company,

Biosorption of lead by microorganisms

Germany. All glassware and containers utilized in the
study were soaked in 20% nitric acid for 48 hours prior to
use to ensure decontamination.

All the experiments were conducted under aerobic
conditions in a batch system using 250 mL Erlenmeyer
flasks containing 100 mL of the Pb-containing solution.
The biosorbent was added to each flask, and the mixtures
were placed in a shaker incubator set at 150 rpm to
maintain uniform agitation. Furthermore, the sample
temperature was controlled by a shaker incubator. After
the biosorption process, the samples were centrifuged:
yeast samples at 4,000 rpm for 10 minutes and
Lactobacillus samples at 10,000 rpm for 10 minutes. Then,
the resulting supernatants were analyzed for residual
Pb ion concentration using inductively coupled plasma
optical emission spectroscopy with a Spectro Arcos model
(SPECTRO, Germany).

The main experimental variables included pH (3, 4, 5,
6, 7, and 8), yeast dose (S. cerevisiae at 0.5 g/L, 1 g/L, 1.5
g/L, 2 g/L, and 3 g/L), initial Pb concentration (2.5 mg/L,
5 mg/L, 7.5 mg/L, 10 mg/L, and 15 mg/L), contact time
(15 minutes, 30 minutes, 60 minutes, 90 minutes, and 120
minutes), and temperature (22°C, 28°C, 35°C, and 42°C).
These parameters were individually optimized by varying
one factor at a time while keeping the others constant.

In subsequent stages, the optimized Pb removal
conditions were applied to biosorption experiments
using L. acidophilus and L. plantarum as biosorbents. All
experiments were performed in duplicate, and the average
values were reported accordingly.

q, = =Dy Eq. (1)

m

Removal efficiency (%) = %*100 Eq. (2)

Eq. (1) was used to calculate the amount of Pb uptake
by the biomass of S. cerevisiae, L. plantarum, and L.
acidophilus in all experiments. In Eq. (1), q, is the amount
of metal uptake by the biomass (mg/g), and C, denotes
the initial concentration of metal ions in solution (mg/L).
Moreover, C, and V represent the final concentration
of metal ions in solution (mg/L) and the volume of the
sample that is mixed with the biomass (L), respectively,
and m is the amount of biomass added based on dry
weight (g). Furthermore, the removal efficiency was
calculated according to Eq. (2), where R and C, indicate
the metal uptake efficiency by the biomass (%) and the
initial concentration of metal ions in solution (mg/L),
respectively, and C_ is the final concentration of metal
ions in solution (mg/L).

To determine the adsorption kinetics of Pb by S.
cerevisiae, experiments were performed at the pH level
of 6 using an initial Pb concentration of 5 mg/L, with a
biosorbent dose of 1 g/L. Additionally, contact times were
set at 0 minute, 15 minutes, 30 minutes, 60 minutes, 90
minutes, and 120 minutes. The resulting data were used to
analyze adsorption kinetics (30-32). Further, both metal-
treated and untreated (control) cell pellets were examined
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to investigate morphological changes in S. cerevisiae cells
resulting from Pb adsorption. The samples were then
analyzed using scanning electron microscopy (SEM)
(JEOL JSM 5400 LV, Japan). Eventually, the presence of
metal elements in the yeast biomass was confirmed using
energy-dispersive X-ray spectroscopy (EDX; JEOL JSM
6360 LA, Japan) (33).

3. Results and Discussion

3.1. Impact of pH on Lead Removal

The effect of pH on Pb removal was studied over a
60-minute period using 1 g/L of the S. cerevisiae yeast
powder at 28°C in 100 mL of the Pb-containing solution
with an initial concentration of 5 mg/L. The experiments
were conducted at pH levels of 3,4, 5, 6, 7, and 8 (Figure 1).
The highest Pb removal efficiency was observed at the
pH level of 6, reaching 71%, with an adsorption capacity
of 3.55 mg/g. The results indicated that Pb removal
efficiency increased with rising pH from 3 to 6, while
it decreased as pH was increased from 6 to 8. Thus, the
pH level of 6 was identified as the optimal value. This
trend is likely due to the effect of pH on the ionization
of functional groups on the yeast cell surface and the
chemical behavior of Pb in solution. At low pH values,
a high concentration of protons leads to the protonation
of the yeast’s binding sites, reducing their negative charge
and thus their ability to attract and bind metal ions (34).
At higher (alkaline) pH levels, heavy metal ions are more
prone to precipitation, which decreases their availability
for biosorption. Moreover, the increased negative charge
of the yeast surface at high pH levels may lead to the
electrostatic repulsion of metal cations. However, this
repulsion effect appears to be less substantial at higher
contaminant concentrations, likely because of the greater
availability of metal ions and the dominance of proton
competition (35, 36). Similar findings were reported by
Cui et al, who used brewer’s yeast to remove Ni (II) and
Cd (II) from aqueous solutions, with optimal removal
also occurring at the pH level of 6. As mentioned above,
the highest level of metal adsorption by yeast occurs at
the pH level of 6. At lower pH values, that is, in acidic
environments (e.g., pH=1-3), the functional groups on
the yeast surface (e.g., sulfonate and carboxyl groups)
become protonated and gain a positive charge. This

80 6
- 70 5
< 60
>
9 4
5 50 o
B E}
5 40 3 E
= u
4 o
=}
g % 2
173
& 20

1
10 ——qe.(mg/g) —o— R(%)l
0 0
3 4 5 6 7 8
pH

Figure 1. Effect of pH on Lead Removal in the Presence of 1 g/L of the
Saccharomyces cerevisiae Yeast at the Temperature of 28°C and an Initial
Concentration of 5 mg/L of Lead for 60 Minutes

causes electrostatic repulsion with positively charged
metal ions, leading to a sharp decrease in adsorption.
With increasing pH and approaching neutral conditions,
these groups become deprotonated and acquire a negative
charge, which considerably enhances the electrostatic
attraction of metal ions. At pH values higher than 6, the
likelihood of metal hydroxide precipitation increases,
and metal removal occurs mainly through chemical
precipitation rather than surface adsorption, which was
not the focus of this study. Therefore, the pH level of 6
was determined as the optimal point, as under these
conditions, the maximum surface adsorption of metals
occurs with minimal chemical precipitation. Similarly,
Cui et al and Padmavathy et al reported a similar result
regarding the effect of pH on the removal of other heavy
metals using the S. cerevisiae yeast. This was attributed
to the reduced competition between hydrogen ions and
positively charged metal ions for active sites on the yeast
surface and the prevention of precipitation formation
(37, 38), which conforms to the findings of the present
research.

3.2. Effect of Yeast Dosage

The effect of varying S. cerevisiae yeast doses (0.5-3 g/L)
on Pb removal was evaluated at the pH level of 6, the
temperature of 28°C, and an initial Pb concentration of
5 mg/L, over contact times ranging from 15 minutes to
120 minutes (Figure 2). The results demonstrated that
Pb removal efficiency increased with higher yeast doses,
which is attributed to the greater availability of adsorption
sites. However, no remarkable improvement in removal
efficiency was observed at doses above 1 g/L after 120
minutes of contact time. Consequently, 1 g/L was identified
as the optimal dose. The concentration of the biosorbent
is a critical factor influencing adsorption performance
(39). Increasing the biosorbent dose enhances metal
ion removal by providing more active binding sites for
adsorption (40). Nonetheless, after reaching the optimal
dosage, the adsorption capacity reaches saturation, and
further increases in the amount of adsorbent have no
significant effect on efficiency. This phenomenon, known
as the “saturation effect”, occurs due to the occupation
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Figure 2. Effect of the Saccharomyces cerevisiae Yeast Dose on Lead
Removal at Different Time Intervals at the pH Level of 6, Temperature of
28°C, and Initial Lead Concentration of 5 mg/L
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of all available active sites and the reduction of effective
contact surface resulting from particle aggregation and
adhesion (agglomeration) at higher concentrations.
Therefore, at the optimal point, the highest adsorption
efficiency is achieved without the negative effects of
crowding or reduced effective surface area. In their study
aiming at modelling the biosorption and isotherms of
heavy metals using reed plants, Mohammed et al reported
similar findings; increasing the amount of adsorbent
significantly enhanced the metal removal efficiency, but
after reaching the optimal and saturation point, further
increases in adsorbent dosage had no effect on metal
adsorption efficiency (41). Likewise, Ren et al attempted
to determine the optimization of adsorbent dosage
through single-factor experiments and final optimization
using the response surface method (RSM) and obtained
similar results. In this study, the adsorption capacity
increased with increasing adsorbent dosage, but beyond
a certain point, it sharply decreased, which was attributed
to cell aggregation and the saturation of all active sites at
higher dosages (42).

3.3. Effect of Initial Lead Concentrations

The effect of different initial Pb concentrations (2.5-15
mg/L) on removal efficiency over various time intervals
is displayed in Figure 3. The results revealed a sharp
reduction in Pb concentration within the first 15 minutes
for all tested concentrations. After this initial phase, no
considerable further decrease was observed over the
remaining contact times. After 120 minutes of treatment
at concentrations of 2.5 mg/L, 5 mg/L, 7.5 mg/L, 10 mg/L,
and 15 mg/L, the removal rate declined with an increase
in the initial concentration. Based on these findings, 5
mg/L was identified as the optimal concentration for
biosorption. Additionally, the results demonstrated that
removal efficiency decreased with increasing the initial
Pb concentration, likely due to the saturation of available
adsorption sites. At low contaminant concentrations,
metal ions bind to functional groups (e.g., carboxyl and
hydroxyl) on the adsorbent surface, resulting in the
removal of a significant portion of metals. As the initial
concentration increases, the concentration driving force is
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Figure 3. Effect of Changes in the Initial Lead Concentration on Removal
Efficiency at Different Time Intervals at the pH Level of 6, Temperature of
28°C, and 1 g/L of the S. cerevisiae Yeast

Biosorption of lead by microorganisms

enhanced, leading to more frequent collisions of ions with
active sites, and consequently, the adsorption capacity
(mg/g) increases until the optimal point is reached.
However, at high concentrations, the number of metal
ions exceeds the surface adsorption capacity, and the
active sites become rapidly saturated; therefore, some ions
remain in the solution, thereby decreasing the removal
percentage. At this stage, although the percentage removal
efficiency declines, the amount of metal adsorbed per unit
mass of adsorbent continues to increase until complete
saturation. Beyond the optimal concentration, the
adsorption capacity reaches its maximum and may slightly
decrease due to ion competition or excessive crowding.
From a practical perspective, this behavior indicates that
to achieve high removal efficiency, adsorbents should
be used at low contaminant concentrations, whereas
their application near saturation concentrations or with
higher adsorbent doses is recommended for economic
efficiency and the maximum utilization of adsorption
capacity (43, 44), which is consistent with the findings
of previous studies. For example, Padmavathy et al
reported a decline in adsorption efficiency for divalent
Ni with increasing concentration using yeast biomass
(38). Likewise, Jahan et al demonstrated that increasing
the initial arsenic concentration from 0.005 mg/L to
1.5 mg/L led to a decrease in the adsorption percentage
from 80% to 60%, which is in line with the findings of
the present study. Meanwhile, the trend of (q,) showed
that with increasing the initial metal concentration, the
value of (q,) increased in an ascending but decelerating
manner until reaching saturation. Moreover, their results
indicated that the highest adsorption occurred within
the first hour of contact, and at longer times, the (q,)
value slightly decreased due to partial desorption (45). In
contrast, in our study, the adsorption capacity (q ) of the
yeast continuously increased with an increase in the initial
Pb concentration from 2.5 mg/L to 15 mg/L (Figure 4).
These results corroborate the findings of Halttunen et
al (45, 46). The outcomes of these studies confirm those
of the present research regarding the effect of the initial
metal concentration on removal efficiency, emphasizing
the reliability of the obtained data.
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Figure 4. Lead Biosorption Capacity (q,) of S. cerevisiae Biomass at Different
Initial Lead Concentrations
Note. S. cerevisiae: Saccharomyces cerevisiae.
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In this study, the performance of the biomasses used
for the removal of Pb ions from aqueous solutions was
investigated within a concentration range of 2.5-15
mg/L. This range was selected to simulate more realistic
environmental pollution conditions with moderate
intensity, with a particular focus on approximating
natural and drinking water scenarios, which typically
fall within this concentration range of metals. This
indicates that the aim of the research was to evaluate the
adsorbent’s performance under conditions similar to
real surface or groundwater contamination, rather than
highly concentrated industrial wastewater. The results
revealed that increasing the initial metal concentration
up to about 5 mg/L led to a significant increase in
adsorption efficiency, while at higher concentrations, the
adsorption rate decreased due to the gradual saturation
of active sites. Conducting experiments within the 2.5-
15 mg/L range allows for assessing the sensitivity and
effectiveness of the adsorbent in removing extremely low
concentrations of heavy metals and demonstrates that this
adsorbent can reduce contaminant concentrations below
permissible limits. This trend is consistent with similar
reports on heavy metal adsorption by microorganisms
and inactivated biomasses. Moreover, by selecting low
concentrations and controlling pH within the 3-8 range,
interferences (e.g., metal hydroxide precipitation) were
prevented, ensuring that the primary removal mechanism
remained surface adsorption. Considering that many
similar studies work within low concentration ranges,
this choice aligns the study with more realistic conditions
and enables more precise scientific comparisons. Overall,
selecting this concentration range aimed to evaluate the
performance of S. cerevisiae and LAB under conditions
close to real water pollution and demonstrate their
ability to reduce toxic metal concentrations to safe levels,
indicating their practical applicability in drinking water
treatment and contaminated water sources (47).

However, it should be noted that the concentration
range used in this study cannot fully reveal the system’s
performance when exposed to highly concentrated
wastewater or mineral waters (with concentrations
above 100 mg/L). Thus, a decrease in efficiency due to
ion competition and adsorption capacity limitations
is expected under such conditions. In future studies,
investigating performance at higher concentrations, along
with detailed isotherm analyses and kinetic modeling,
can lead to a more comprehensive understanding of the
maximum adsorption capacity (q, ) and system stability.

3.4. Effect of Contact Time

The effect of contact time on Pb removal was studied
over a period of 15-120 minutes at the optimal pH, using
100 mL of solution with an initial Pb concentration of
5 mg/L at a temperature of 28'C. The results indicated
that Pb removal efficiency increases with increasing
contact time. After 15 minutes, the removal efficiency
was 57.3%, with an adsorption rate of 2.86 mg/g. After
120 minutes, the removal efficiency increased to 72.4%,

and the adsorption rate reached 3.62 mg/g (Figure 5). In
addition, the adsorption capacity increased over time. Pb
adsorption onto yeast rapidly occurred within the first
15 minutes, and equilibrium was approximately reached
after 60 minutes. Based on the results, the highest removal
efficiency was achieved after 15 minutes, with subsequent
increases in removal efficiency occurring at a slower rate.
This trend highlights the significant impact of contact
time on recovery efficiency, with diminishing returns as
the contact time increases. A similar trend was observed in
a study by Wang et al, where the time to reach equilibrium
was also determined to be 1 hour. The adsorption of metal
ions onto yeast follows a two-phase process; the first phase
israpid and involves passive adsorption or ion exchange on
the biomass surface, which significantly contributes to the
total metal adsorption. The second, slower phase involves
active adsorption, contributing to a smaller portion of
the overall uptake (48). The rapid phase is mainly due to
the immediate occupation of available active sites on the
yeast surface and ion exchange. Then, the adsorption rate
decreases, and the system gradually reaches equilibrium.
Once the system achieves full equilibrium, further
increases in contact time are not justified scientifically
or economically. The equilibrium time for metal ions is
generally reported to range between 60 minutes and 180
minutes. In the slower phase, the diffusion of ions into
the inner layers of the cells and less accessible sites plays a
role, and increasing the contact time has a slight effect on
adsorption capacity because most surface sites are already
saturated. Kinetic data analysis indicates that the pseudo-
second-order model provides the best description of the
system’s behavior, suggesting that the adsorption rate
mainly depends on chemical and electrostatic interactions
between metal ions and active sites (27, 29). Zinicovscaia
et al evaluated the potential of the S. cerevisiae yeast as
an efficient, low-cost, and environmentally-friendly
biosorbent for the removal of heavy metals from
aqueous solutions. In the initial phase of the adsorption
experiments, within the first 5-45 minutes, the adsorption
capacity of the biosorbent rapidly increased, with the
highest increase in silver ion adsorption observed within
the first 5 minutes. After this phase, the adsorption rate
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Figure 5. Effect of Contact Time Changes on Lead Removal at the pH Level
of 6, Temperature of 28°C, 1 g/L of the Saccharomyces cerevisiae Yeast,
and Initial Lead Concentration of 5 mg/L
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decreased, and equilibrium was reached between 45
minutes and 60 minutes, establishing 60 minutes as the
optimal contact time for maximum efficiency. The kinetic
analysis of the data showed that the pseudo-second-order
model best fit the data, confirming the dominant role of
chemisorption and the necessity for interaction with two
active centers in appropriate geometric positions. The
high adsorption rate in the initial stages and the rapid
attainment of equilibrium revealed that the predominant
mechanism involves surface adsorption, electrostatic
interactions, and ion exchange at the active sites on the
cell wall; this was further supported by the release of light
cations during the process (49).

3.5. Effect of Temperature

Figure 6 depicts the effect of temperature on Pb removal
over a contact time of 15-120 minutes at optimal pH
and an initial Pb concentration of 5 mg/L. The results
indicated that increasing the temperature from 22°C to
28'C enhanced Pb removal efficiency, while a further
increase from 28°C to 42°C led to a decrease in adsorption.
At 28, the removal efficiency reached 64.3% and 72.4%
after 15 minutes and 120 minutes, respectively. It should
be noted that efficient biosorption requires maintaining
the temperature within an optimal range. Elevated
temperatures may inhibit microbial activity or cause
cell death, while low temperatures can reduce metabolic
activity and biosorption potential (50). The decrease
in adsorption efficiency at temperatures between 28°C
and 42°C can be attributed to physicochemical changes
in the adsorbent structure and the thermodynamics of
adsorption. According to findings from similar studies, in
the biosorption process using dead yeast cells, increasing
the temperature beyond the optimal point of 30°C leads
to a significant reduction in metal adsorption capacity,
which is mainly due to the physical destruction of active
adsorption sites on the cell wall. In other words, high heat
causes the denaturation of proteins and structural changes
inthe functional groups on the cell surface, which playakey
role in binding metal ions. The biomass’s ability to retain
metals is remarkably reduced with the loss of integrity
of these adsorption sites. These findings are consistent
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Figure 6. Effect of Temperature Changes on Lead Removal at the pH
Level of 6, 1 g/L of the Saccharomyces cerevisiae Yeast, and Initial Lead
Concentration of 5 mg/L

Biosorption of lead by microorganisms

with the results of the present study, emphasizing that
although increasing the temperature within the optimal
range accelerates ion diffusion and enhances adsorption,
exceeding a specific thermal threshold has detrimental
effects on the structure of the biosorbent and severely
reduces its efficiency (51). Previous research reported
that the highest biosorption capacity for bacterial strains
occurs within the temperature range of 15-40°C (52).
However, the optimal temperature for biosorption varies
depending on microbial species, culture conditions, and
the type of heavy metal involved (53). Specifically, for S.
cerevisiae, the highest biosorption efficiency for Pb, Ni,and
chromium (Cr) was observed within the range of 15-40°C
(54). Temperature plays a decisive role in the efficiency
of the biosorption process, affecting both the kinetics
and adsorption capacity directly and cellular metabolism
indirectly. The optimal temperature for many yeast strains
was reported to range between 28°C and 30°C, which
usually corresponds to their natural growth temperature.
One of the main mechanisms for metal removal is
intracellular accumulation (bioaccumulation), which is
a metabolic and energy-dependent process. Therefore,
enzymatic activity and yeast metabolism decrease at
temperatures below the optimum, limiting the active
transport of metals into the cells. In contrast, temperatures
above the optimum can lead to the denaturation of
proteins and enzymes that are responsible for transport
and detoxification, potentially damaging the cell or even
causing cell death, thus reducing process efficiency.
Additionally, temperature can influence the production
of extracellular polymeric substances, which play a
role in metal adsorption, affecting both the quality and
quantity of produced extracellular polymeric substances.
Ultimately, the study emphasized that determining the
optimal temperature for each yeast strain is critical, as
maintaining temperature within the appropriate range
ensures both kinetic performance and cell health, enabling
maximum biosorption efficiency (55). Nguyen Van et al
examined the effect of temperature on two different metal
removal processes by yeast: bioaccumulation by live cells
and biosorption by inactivated cells and found that the
optimal temperature for both processes was 30°C. At this
temperature, live cells exhibited higher efficiency because
they performed both surface adsorption and active ion
transport, whereas dead cells solely relied on surface
adsorption. Increasing the temperature beyond 30°C led
to reduced efficiency and structural damage to the cells.
These findings highlight the importance of determining
the optimal temperature for the biosorption process (51),
which is consistent with the results of the present study.
In this research, the “one factor at a time” (OFAT)
method was used to evaluate the effect of variables on
the biosorption process. This approach was selected
due to the exploratory nature of the study and the need
to gain an initial understanding of the behavior of
each parameter independently. Although multivariate
optimization methods (e.g, RSM) are capable of
identifying interactions between factors, OFAT was
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considered suitable for this stage of the research for (1)
simplicity and speed for the initial screening of influential
parameters, (2) lower cost and requirement for fewer
samples, and (3) rapid access to the effect of each factor on
adsorption efficiency. In addition, this approach serves as
an initial step in process optimization and as a foundation
for future studies using more advanced statistical designs
(56). Furthermore, since the present study primarily
aimed to compare the performance of different biomasses
rather than comprehensive statistical optimization, using
the OFAT method as a preliminary and efficient approach
was deemed more appropriate.

3.6. Comparison of the Removal Efficiency of
Saccharomyces cerevisiae Yeast With the Biomass of
Lactobacillus acidophilus and Lactobacillus plantarum

Under the optimal conditions previously established for
S. cerevisiae (i.e., the pH level of 6, initial Pb concentration
of 5 mg/L, temperature of 28°C, and a contact time of 60
minutes), biosorption experiments were conducted using
L. acidophilus and L. plantarum. The results confirmed
that the Pb removal efficiency was the highest for S.
cerevisiae, followed by L. acidophilusand then L. plantarum
(Figure 7). The high ability of S. cerevisiae to adsorb heavy
metals arises from the unique structural and functional
characteristics of this yeast, making it an efficient natural
biosorbent for metal removal from aqueous solutions. The
main reason for this high capacity is the cell wall structure
and the presence of ligand-forming functional groups.
These chemical groups on the cell surface can bind with
heavy metal ions and form stable chelates, a process that
constitutes the basis of passive biosorption and allows
rapid and effective interaction with metal ions. Physically
and structurally, the large surface area of yeast cells is
another key factor that contributes to high adsorption
capacity. The budding process increases the contact area
of cells with metal ions, providing more opportunities
for interaction. Additionally, the yeast cell wall is porous
and contains significant amounts of polysaccharides,
proteins, and chitin. These compounds have electron-
rich functional groups, such as carboxyl (COOH),
hydroxyl (OH"), amino (NH,), and phosphate (PO,*),
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Figure 7. Comparison of the Efficiency of Saccharomyces cerevisiae With
the Biomasses of Lactobacillus acidophilus and Lactobacillus plantarum in
Lead Removal Under Optimal Conditions

Note. ‘A pH level of 6, the Saccharomyces cerevisiae yeast of 1 g/L, and
initial lead concentration of 5 mg/L at a contact time of 60 minutes.

which act as active sites to capture metal ions through
complexation or ion exchange. This porous structure with
abundant active sites enables extensive interactions with
metal ions. Functionally and biologically, the adsorption
mechanismsin S. cerevisiae are multiple and not limited to
the cell surface. They include physical surface adsorption,
which is a metabolism-independent process that traps
metals on the cell wall (1), chemical adsorption through
complexation and ion exchange with cell wall functional
groups (2), and intracellular accumulation (3). For certain
metals, metabolism-dependent mechanisms are activated,
transporting metals into the cytoplasm. Moreover, the
genetically modified strains of S. cerevisiae can exhibit
higher adsorption efficiency due to the increased
expression of metal-binding proteins. Interestingly,
inactivated or heat-killed cells occasionally adsorb
metals even more effectively than live cells, as membrane
permeability is enhanced and all adsorption sites on the
cell wall are accessible without the impact of metal toxicity.
The combination of extensive cell surface, porous wall
structure, multiple functional groups, and active metabolic
mechanisms ensures the high performance of S. cerevisiae
in heavy metal adsorption. From a practical and economic
perspective, this yeast is widely available as a byproduct of
fermentation industries (e.g., brewing) at low cost, making
it a cost-effective and suitable option for industrial-scale
applications. In summary, the high performance of S.
cerevisiae results from passive adsorption through the cell
wall with multiple functional groups and active uptake
mediated by intracellular metabolic processes, which trap
and accumulate metals. This structural and functional
combination makes S. cerevisiae a highly efficient natural
biosorbent for removing heavy metals from aqueous
solutions (57, 58).

Conversely, LAB also have metal-binding capabilities.
Their cell walls are mainly composed of peptidoglycan
and lipoteichoic acid, containing negatively charged
functional groups. Their adsorption mechanism is
primarily non-metabolic and surface-based, with limited
intracellular accumulation (26). Therefore, the higher
efficiency of S. cerevisiae compared to LAB in heavy metal
adsorption can be attributed to the unique physical and
chemical structure of its cell wall and the use of active
metabolic mechanisms, allowing greater metal uptake
and accumulation. These features make S. cerevisiae a
highly effective natural biosorbent for removing metals
from aqueous solutions. The results of this study conform
to those of Ibrahim et al; they evaluated the performance
of S. cerevisiae in the simultaneous removal of metal ions
from wastewater and reported a maximum adsorption
capacity for the Pb ions of approximately 90%. The high
efficiency of S. cerevisiae in heavy metal removal was
attributed to its complex cell wall structure, which contains
active functional groups (e.g., carboxyl, phosphate,
amino, and hydroxyl), effectively binding metal ions
through strong chemical interactions (59). Additionally,
Dong et al used S. cerevisiae as a biosorbent for Pb and
Cd removal in single-metal and binary-metal aqueous
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systems and concluded that S. cerevisiae functioned as a
rapid and effective biosorbent for both metals. The main
mechanisms of heavy metal adsorption by the biomass
included ion exchange, surface adsorption, complexation,
chelation, and microbial precipitation, representing
effective physicochemical processes for metal removal
(60), which matches the findings of the present study.

Although the experimental conditions were primarily
optimized for S. cerevisiae, the study still provides an
initial and practical comparison between biomasses,
allowing the identification of general trends and the
relative capacity of microorganisms. As mentioned
earlier, even under identical conditions, yeasts, compared
to LAB, generally show higher adsorption capacity due
to the unique physical and chemical structure of their
cell walls, utilization of active metabolic mechanisms,
and ability to uptake and accumulate heavy metals.
Furthermore, the data from this study revealed that while
separate optimization for each strain could improve
comparison accuracy, the present research provides
valuable information on relative adsorption efficiency
under identical conditions. In similar studies, researchers
typically adopt a screening and selection approach: first
identifying the biomass with the highest metal adsorption
potential and then optimizing conditions only for that
sample (61, 62). This method is a common strategy in
preliminary and exploratory research, where limitations
in resources, materials, and cost prevent separate
optimization for all samples, and is scientifically valid and
reasonable. For this reason, in the present study, optimal
conditions were determined only for S. cerevisiae, and
the LAB were subsequently compared under the same
conditions.

3.7. Kinetic Models

The results of Pb removal experiments conducted
at various contact times (15 minutes, 30 minutes, 60
minutes, 90 minutes, and 120 minutes) demonstrated that
the highest rate of adsorption occurred within the first
15 minutes, indicating that S. cerevisiae exhibits a rapid
initial uptake of Pb. To better understand the adsorption
behavior, the experimental data were analyzed using the
pseudo-first-order and pseudo-second-order reaction
models.

In this study, q, is the Pb adsorption capacity at
equilibrium (mg/g), and q, represents the Pb adsorption
capacity at time t (mg/g). Moreover, t denotes the
adsorption time (minute), and parameters K, and K, are
the adsorption rate constant in the first-order model (1/
minute) and the adsorption rate constant in the second-
order model (g/mg minute), respectively. Table 1 presents
the parameters of the adsorption kinetic models as well
as the correlation coefficient (R?) for the adsorbent.
The results of the experiments conducted at 28°C are
summarized in Table 2, showing that the second-order
kinetic model fits the Pb removal of S. cerevisiae better,
because the R? value is higher than that of the first-order
model. Therefore, the first-order model is unsuitable for
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explaining the adsorption kinetics of metal ions on the
adsorbent. Similarly, the experimental data of metal ion
adsorption kinetics are closely supported by the second-
order model (64).

In a practical study, Parvathi et al investigated the
potential of brewery waste yeast (S. cerevisiae) for
Pb removal from the actual wastewater of a battery
manufacturing unit and concluded that this biosorbent
had an adsorption capacity of 2.34 mg/g under optimal
conditions. In addition, equilibrium data fitted well with
Freundlich and Langmuir isotherm models, representing
a high theoretical capacity of the biosorbent. Mechanism
analysis further highlighted the role of cell surface
functional groups, revealing that carboxylic groups
contributed most to Pb adsorption, with electrostatic
adsorption being the predominant mechanism.
This study clearly demonstrated the efficiency of an
inexpensive yeast in treating a hazardous pollutant under
real environmental conditions (65), which conforms to
the findings of the present study. Contrarily, Teemu et al
investigated the mechanisms of Cd and Pb removal from
water using two ALB strains (Lactobacillus fermentum
and Lactobacillus longum) and reported different
results. The Pb adsorption capacities were 93 mg/g and
68 mg/g for these two strains, respectively. Comparing
these results with the adsorption capacity obtained in
the present study (3.67 mg/g) indicates a significant
difference, primarily due to variations in the bacterial
strains used and the optimized experimental conditions.
In the above-mentioned study, the focus was on specific,
optimized strains that, under controlled pH and metal
concentration, could form metal precipitates on the cell
surface, substantially enhancing adsorption capacity.
In contrast, the lower capacity observed in the present
work is likely due to the predominance of simple surface
adsorption without precipitation, as well as the influence
of less-optimized parameters, such as pH, biosorbent
dose, and the biomass preparation method (66).

3.8. Effect of Lead Metal Ions on the Cell Surfaces of
Saccharomyces cerevisiae Biomass

The effect of Pb metal ions on the cell surfaces of S.
cerevisiae biomass was evaluated using SEM images. Pb
metal deposits were visible on the cell surface, displaying
a high Pb binding capacity by the S. cerevisiae cell mass
(Figure 8b), while no Pb deposits were observed in the
micrographs of the cells (Figure 8a). SEM images showed
that yeast cells underwent significant morphological
changes after absorbing the heavy metal Pb. The cell
surfaces became deformed, and distinct cavities appeared
on the cell walls, likely due to cytoplasmic leakage caused
by contact with metal ions. Additionally, sticky particles
appeared on the cell surfaces, which are presumed to be
complex compounds formed between the metals and
the functional groups of the biomass (67). Likewise,
Kadukova et al reported structural damage on the
surfaces of living cells in SEM images, observed as crater-
like formations (18). Similar structural changes, described
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Table 1. Characteristics of the Kinetics Investigated in This Study

Kinetic Model Linear Form Equation Reference
Pseudo-first-order log(g, —q,) =log(q, )—Lt % =k(q,—q,) (63)
< <2303 a
t 1 1 d
Pseudo-second-order —=( )+ ()t 9 _ . -q,)
q kg q, a = a)

Table 2. Results of the Kinetics Study

Kinetic Model Pseudo-First-Order Pseudo-Second-Order
k, 0.0291 -

Kinetic parameters k, - 0.1495
q. 2.38 3.67
R? 0.97 1/00
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Figure 8. SEM Images of Live Yeast Saccharomyces cerevisiae Before and After Pb Binding: (a) Untreated Biomass, (b) Biomass After Pb binding, (c) EDX Spectra

of Untreated Biomass, and (d) EDX Spectra of Biomass After Pb Binding

Note. Pb: Lead; SEM: Scanning electron microscopy: EDX: Energy dispersive X-ray.

as cave-like features, were noted in cell cross-sections
obtained using transmission electron microscopy by the
same researchers. Moreover, metal elements in bacterial
biomass were detected using energy dispersive EDX.
According to the results obtained from the analysis of the
EDX micrograph, the Pb signal was found with a clear
peak (Figure 8d), indicating the presence of Pb due to
biological adsorption. In other words, the EDX spectrum
confirmed the additional Pb peak that was not present
in the control sample (Figure 8c). The morphological
changes of the biomass surface of S. cerevisiae observed
by SEM after Pb exposure are consistent with the findings

of studies conducted by Teemu et al (66) and Ameen et
al (33), demonstrating major Pb deposits on the surface
Lactobacillus  fermentum ME3 and Bifidobacterium
longum 46 that were compatible after binding.

Overall, the results of this study demonstrated that S.
cerevisiae, as an efficient biosorbent, possesses a high
capacity for removing metal pollutants. Despite its
promising performance at the laboratory scale, future
research should focus on evaluating adsorption behavior
in the presence of interfering ions, assessing performance
at pilot scale, and optimizing the biosorbent regeneration
process. Moreover, combining this biosorbent with
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carbon-based materials or nanostructures can be a
promising approach to enhance stability and adsorption
capacity under real-world conditions. Previous studies
have shown that the adsorption and tolerance of multiple
metals by S. cerevisiae occur largely independently, with
no direct competition for binding sites; however, the
simultaneous presence of metals may increase cellular
metabolic stress. Therefore, each adsorption site is specific
to a particular metal, and competition occurs only at the
level of cellular metabolic and energy resources (68).
Furthermore, according to prior findings, S. cerevisiae can
be regenerated and reused for up to five consecutive cycles.
Although a slight reduction in adsorption capacity may
be observed, overall efficiency is maintained. According
to Sieber et al, the main mechanism of regeneration
involves the replacement of adsorbed metal ions with
protons (H*) during washing with acids such as sulfuric
acid, leading to the reactivation of the biosorbent (69).
Consequently, it is recommended that future studies focus
on evaluating the practical performance of S. cerevisiae
in industrial-scale wastewater treatment systems. These
investigations should include adsorption stability in the
presence of interfering ions, regeneration efficiency over
multiple cycles, and performance in continuous systems
or bioreactors to enable the practical application of this
biosorbent under real conditions.

4. Conclusion

This study systematically investigated the biosorption
efficiency of Pb by three microorganisms: S. cerevisiae,
L. acidophilus, and L. plantarum. Our findings revealed
that S. cerevisiae exhibited the best performance with an
efficiency of 72.4% under optimal conditions (pH level
of 6, a temperature of 28°C, contact time of 60 minutes,
an initial concentration of 5 mg/L, and an adsorbent
dose of 1 g/L). In addition, the pseudo-second-order
kinetic model showed a better fit with the data, and
SEM/EDX observations confirmed the formation of Pb
complexes on the cell surface. Moreover, kinetic data and
microscopic observations indicated the significant role
of the chemical adsorption mechanism in this process.
Scientifically, the findings of this study demonstrated
that the cell wall structure and the density of functional
groups in yeasts are key factors in Pb adsorption
efficiency. Practically, S. cerevisiae, as a low-cost, readily
available, and safe biosorbent, can be used for treating Pb-
contaminated wastewater at a semi-industrial scale. This
approach is particularly suitable for food industries that
are familiar with this yeast. Despite the favorable results,
this study had limitations that should be addressed in
future research. Although the OFAT method had several
advantages for preliminary screening and there were
logical reasons for its use in this study, it could not identify
potential interactions among operational parameters
affecting adsorption. Therefore, to investigate synergistic
or antagonistic effects among factors, it is essential to
use multivariate methods (e.g., RSM) in future studies.
Additionally, resource and cost limitations prevented
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conducting more replicates and advanced statistical
analyses (e.g., Fourier transform infrared and zeta
potential). Nevertheless, the available data provide initial
insights into the effects of different parameters, including
temperature, reaction time, pH, biosorbent concentration,
and pollutant concentration, on adsorption efficiency, and
can serve as a basis for further research using multivariate
statistical designs and more replicates to examine factor
interactions and perform more precise statistical analyses.
Finally, evaluating the recovery, regeneration, and reuse
of biomass in consecutive adsorption-desorption cycles
to determine the stability and cost-effectiveness of the
process at a larger scale will be a priority for future studies.

Acknowledgements

The authors would like to express their deepest gratitude to the
Faculty of Food Technology, Bahar Branch, Bu-Ali Sina University,
Hamadan, for their cooperation and assistance in using the
chemical and microbiology laboratories of the university.

Authors’ Contribution

Conceptualization: Mojtaba Zivari Mehranfar, Seyed Hadi Razavi,
and Mostafa Karami

Data Curation: Mojtaba Zivari Mehranfar and Seyed Hadi Razavi
Formal Analysis: Mojtaba Zivari Mehranfar

Investigation: Mojtaba Zivari Mehranfar

Methodology: Mojtaba Zivari Mehranfar and Seyed Hadi Razavi
Project Administration: Mojtaba Zivari Mehranfar, Seyed Hadi
Razavi, and Mostafa Karami

Writing-Original Draft Preparation: Mojtaba Zivari Mehranfar
Writing-Review and Editing Mojtaba Zivari Mehranfar, Seyed Hadi
Razavi, and Mostafa Karami

Validation: Seyed Hadi Razavi and Mostafa Karami

Visualization: Mojtaba Zivari Mehranfar

Supervision: Seyed Hadi Razavi

Competing Interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

Ethical approval
Not applicable.

Funding
This research received no external funding.

References

1. Fakhri Y, Djahed B, Toolabi A, Raoofi A, Gholizadeh A,
Eslami H, et al. Potentially toxic elements (PTEs) in fillet
tissue of common carp (Cyprinus carpio): a systematic review,
meta-analysis and risk assessment study. Toxin Reviews
2021;40(4):1505-17. doi:10.1080/15569543.2020.1737826

2. Jaishankar M, Tseten T, Anbalagan N, Mathew BB,
Beeregowda KN. Toxicity, mechanism and health effects of
some heavy metals. Interdiscip Toxicol 2014;7(2):60-72.
doi:10.2478/intox-2014-0009

3. Shamim S. Biosorption of heavy metals. In: Derco ], Vrana
B, eds. Biosorption. London: IntechOpen; 2018. p. 21-49.
doi:10.5772/intechopen.72099

4. Karami M, Afyuni M, Rezaee Nejad Y, Khosh Goftarmanesh
A. Cumulative and residual effects of sewage sludge on zinc
and copper concentration in soil and wheat. ] Water Soil Sci
2009;12(46):639-54.

5. Jawad I, Allafaji SH. The levels of trace metals contaminants
in wheat grains, flours and breads in Iraq. Aust ] Basic Appl
Sci 2012;6(10):88-92.

6. Zahedifar M, Moosavi AA, Zarei Z, Shafigh M, Karimian F.

Avicenna ] Environ Health Eng 2026;13(1) | 11


https://doi.org/10.1080/15569543.2020.1737826
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.5772/intechopen.72099

Zivari et al

20.

21.

22.

23.

Heavy metals content and distribution in basil (Ocimum
basilicum L.) as influenced by cadmium and different
potassium sources. Int) Phytoremediation 2019;21(5):435-47.
doi:10.1080/15226514.2018.1537253

Majlesi M, Shekarforoush SS, Ghaisari HR, Nazifi S,
Sajedianfard J, Eskandari MH. Effect of probiotic Bacillus
coagulans and Lactobacillus plantarum on alleviation of
mercury toxicity in rat. Probiotics Antimicrob Proteins
2017;9(3):300-9. doi:10.1007/512602-016-9250-x

Mosaferi M, Taghipour H, Hassani AM, Borghei M, Kamali Z,
Ghadirzadeh A. Study of arsenic presence in drinking water
sources: a case study. Iran J Health Environ 2008;1(1):19-28.
World Health Organization (WHO). WHO Guidelines for
Indoor Air Quality: Selected Pollutants. Geneva: WHO; 2010.
p. 13-59.

Zagrodzki P, Zamorska L, Borowski P. Metal (Cu, Zn, Fe, Pb)
concentrations in human placentas. Cent Eur J Public Health
2003;11(4):187-91.

Peng Q, Liu Y, Zeng G, Xu W, Yang C, Zhang J. Biosorption
of copper(ll) by immobilizing Saccharomyces cerevisiae on
the surface of chitosan-coated magnetic nanoparticles from
aqueous solution. ] Hazard Mater 2010;177(1-3):676-82.
doi:10.1016/j.jhazmat.2009.12.084

Elangovan R, Philip L, Chandraraj K. Biosorption of
hexavalent and trivalent chromium by palm flower (Borassus
aethiopum). Chem Eng ] 2008;141(1):99-111. doi:10.1016/j.
cej.2007.10.026

Bishop PL. Pollution Prevention: Fundamentals and Practice.
New York: McGraw-Hill; 2000. p. 699.

Chen C, Wang J. Influence of metal ionic characteristics on
their biosorption capacity by Saccharomyces cerevisiae.
Appl Microbiol Biotechnol 2007;74(4):911-7. doi:10.1007/
s00253-006-0739-1

Goksungur Y, Uren S, Giiveng U. Biosorption of cadmium
and lead ions by ethanol treated waste baker’s yeast biomass.
Bioresour  Technol  2005;96(1):103-9.  doi:10.1016/j.
biortech.2003.04.002

Skountzou P, Soupioni M, Bekatorou A, Kanellaki M, Koutinas
AA, Marchant R, et al. Lead(ll) uptake during baker’s yeast
production by aerobic fermentation of molasses. Process
Biochem 2003;38(10):1479-82. doi:10.1016/s0032-
9592(03)00023-2

Mirza Alizadeh A, Hosseini H, Mohseni M, Eskandari S,
Sohrabvandi S, Hosseini M, et al. Analytic and chemometric
assessments of the native probiotic bacteria and inulin
effects on bioremediation of lead salts. J Sci Food Agric
2021;101(12):5142-53. doi:10.1002/jsfa. 11160

Kadukova J, Vircikovéa E. Comparison of differences between
copper bioaccumulation and biosorption. Environ Int
2005;31(2):227-32. doi:10.1016/j.envint.2004.09.020
Mrvegi¢ J, Stanzer D, Soli¢ E, Stehlik-Tomas V. Interaction
of lactic acid bacteria with metal ions: opportunities for
improving food safety and quality. World J Microbiol
Biotechnol 2012;28(9):2771-82. doi:10.1007/s11274-012-
1094-2

Zoghi A, Khosravi-Darani K, Sohrabvandi S. Surface binding
of toxins and heavy metals by probiotics. Mini Rev Med Chem
2014;14(1):84-98. doi:10.2174/13895575136661312111055
54

Kinoshita H, Sohma Y, Ohtake F, Ishida M, Kawai Y, Kitazawa
H, et al. Biosorption of heavy metals by lactic acid bacteria
and identification of mercury binding protein. Res Microbiol
2013;164(7):701-9. doi:10.1016/j.resmic.2013.04.004

Zhai Q, Xiao Y, Tian F, Wang G, Zhao J, Liu X, et al. Protective
effects of lactic acid bacteria-fermented soymilk against
chronic cadmium toxicity in mice. RSC Adv 2015;5(6):4648-
58. doi:10.1039/c4ra12865f

Pakdel M, Soleimanian-Zad S, Akbari-Alavijeh S. Screening
of lactic acid bacteria to detect potent biosorbents of lead and

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

cadmium. Food Control 2019;100:144-50. doi:10.1016/j.
foodcont.2018.12.044

Daisley BA, Monachese M, Trinder M, Bisanz JE, Chmiel
JA, Burton JP, et al. Immobilization of cadmium and lead by
Lactobacillus rhamnosus GR-1 mitigates apical-to-basolateral
heavy metal translocation in a Caco-2 model of the intestinal
epithelium. Gut Microbes 2019;10(3):321-33. doi:10.1080/1
9490976.2018.1526581

Massoud R, Khosravi-Darani K, Sharifan A, Asadi G, Zoghi
A. Lead and cadmium biosorption from milk by Lactobacillus
acidophilus ATCC 4356. Food Sci Nutr 2020;8(10):5284-91.
doi:10.1002/fsn3.1825

Mostafidi M, Sanjabi MR, Mojgani N, Eskandari S,
Arbabi Bidgoli S. Heavy metal bioremediation potential
of autochthonous lactic acid bacteria for use in edible
leafy vegetables. ] Food Qual 2023;2023(1):8730676.
doi:10.1155/2023/8730676

Savastru E, Bulgariu D, Zamfir Cl, Bulgariu L. Application of
Saccharomyces cerevisiae in the biosorption of Co(ll), Zn(ll)
and Cu(ll) ions from aqueous media. Water 2022;14(6):976.
doi:10.3390/w14060976

Liu G, Geng W, Wu Y, Zhang Y, Chen H, Li M, et al.
Biosorption of lead ion by lactic acid bacteria and the
application in wastewater. Arch Microbiol 2023;206(1):18.
doi:10.1007/500203-023-03755-x

Farhan SN, Khadom AA. Biosorption of heavy metals from
aqueous solutions by Saccharomyces cerevisiae. Int | Ind
Chem 2015;6(2):119-30. doi:10.1007/s40090-015-0038-8
Aeisyah Aba SN, Shah Ismail MH, Kamal ML, Izhar S.
Adsorption process of heavy metals by low-cost adsorbent: a
review. World Appl Sci ) 2013;28(11):1518-30. doi:10.5829/
idosi.wasj.2013.28.11.1874

Ashraf MA, Mahmood K, Wajid A, Maah MJ, Yusoff I. Study
of low cost biosorbent for biosorption of heavy metals.
In: Proceedings of the International Conference on Food
Engineering and Biotechnology, IPCBEE. Vol 9. Singapore:
ACSIT Press; 2011. p. 60-8.

Mesfin A. School of Graduate Studies Chemical Engineering
Program [dissertation]. Addis Ababa University; 2009.
Ameen FA, Hamdan AM, El-Naggar MY. Assessment of the
heavy metal bioremediation efficiency of the novel marine
lactic acid bacterium, Lactobacillus plantarum MF042018. Sci
Rep 2020;10(1):314. doi:10.1038/s41598-019-57210-3

Sari A, Mendil D, Tuzen M, Soylak M. Biosorption of Cd(ll)
and Cr(lll) from aqueous solution by moss (Hylocomium
splendens) biomass: equilibrium, kinetic and thermodynamic
studies. Chem Eng ] 2008;144(1):1-9. doi:10.1016/j.
cej.2007.12.020

Reddy DH, Ramana DK, Seshaiah K, Reddy AV. Biosorption of
Ni(ll) from aqueous phase by Moringa oleifera bark, a low cost
biosorbent. Desalination 2011;268(1):150-7. doi:10.1016/j.
desal.2010.10.011

van Wyk CS. Removal of heavy metals from metal-containing
effluent by yeast biomass. Afr ] Biotechnol 2011;10(55):11557-
61. doi:10.4314/ajb.v10i55.

Cui L, Wu G, Jeong TS. Adsorption performance of nickel
and cadmium ions onto brewer’s yeast. Can ] Chem Eng
2010;88(1):109-15. doi:10.1002/cjce.20241

Padmavathy V, Vasudevan P, Dhingra SC. Biosorption
of nickel(ll) ions on Baker’s yeast. Process Biochem
2003;38(10):1389-95. doi:10.1016/50032-9592(02)00168-1
Chen C, Wang J. Removal of Pb2+, Ag+, Cs+ and Sr2+ from
aqueous solution by brewery’s waste biomass. ] Hazard Mater
2008;151(1):65-70. doi:10.1016/j.jhazmat.2007.05.046
Hussein H, lbrahim SF, Kandeel K, Moawad H. Biosorption
of heavy metals from waste water using Pseudomonas sp.
Electron ] Biotechnol 2004;7(1):30-7.

Mohammed AH, Shartooh SM, Trigui M. Biosorption and
isotherm modeling of heavy metals using Phragmites australis.

| Avicenna ] Environ Health Eng 2026;13(1)


https://doi.org/10.1080/15226514.2018.1537253
https://doi.org/10.1007/s12602-016-9250-x
https://doi.org/10.1016/j.jhazmat.2009.12.084
https://doi.org/10.1016/j.cej.2007.10.026
https://doi.org/10.1016/j.cej.2007.10.026
https://doi.org/10.1007/s00253-006-0739-1
https://doi.org/10.1007/s00253-006-0739-1
https://doi.org/10.1016/j.biortech.2003.04.002
https://doi.org/10.1016/j.biortech.2003.04.002
https://doi.org/10.1016/s0032-9592(03)00023-2
https://doi.org/10.1016/s0032-9592(03)00023-2
https://doi.org/10.1002/jsfa.11160
https://doi.org/10.1016/j.envint.2004.09.020
https://doi.org/10.1007/s11274-012-1094-2
https://doi.org/10.1007/s11274-012-1094-2
https://doi.org/10.2174/1389557513666131211105554
https://doi.org/10.2174/1389557513666131211105554
https://doi.org/10.1016/j.resmic.2013.04.004
https://doi.org/10.1039/c4ra12865f
https://doi.org/10.1016/j.foodcont.2018.12.044
https://doi.org/10.1016/j.foodcont.2018.12.044
https://doi.org/10.1080/19490976.2018.1526581
https://doi.org/10.1080/19490976.2018.1526581
https://doi.org/10.1002/fsn3.1825
https://doi.org/10.1155/2023/8730676
https://doi.org/10.3390/w14060976
https://doi.org/10.1007/s00203-023-03755-x
https://doi.org/10.1007/s40090-015-0038-8
https://doi.org/10.5829/idosi.wasj.2013.28.11.1874
https://doi.org/10.5829/idosi.wasj.2013.28.11.1874
https://doi.org/10.1038/s41598-019-57210-3
https://doi.org/10.1016/j.cej.2007.12.020
https://doi.org/10.1016/j.cej.2007.12.020
https://doi.org/10.1016/j.desal.2010.10.011
https://doi.org/10.1016/j.desal.2010.10.011
https://doi.org/10.4314/ajb.v10i55
https://doi.org/10.1002/cjce.20241
https://doi.org/10.1016/s0032-9592(02)00168-1
https://doi.org/10.1016/j.jhazmat.2007.05.046

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Sustainability 2025;17(12):5366. doi:10.3390/su17125366
Ren H, Xiang Y, Zhang A, Zhao H, Tian H, Guo X, et al.
Optimization and mechanism of Ca2+ biosorption by
Virgibacillus pantothenticus isolated from gelatine wastewater.
Pol J Microbiol 2025;74(1):19-32. doi:10.33073/pjm-2025-
002

Alharbi RM, Abdel-Raouf N, Mohamed MS, Fathy WA,
Ibraheem 1B, Hozayen WG. Phycomediation of cadmium
contaminated aqueous solutions using Chlamydomonas
sp.: process optimization and adsorption characterization.
Front Bioeng Biotechnol 2025;13:1558757. doi:10.3389/
fbioe.2025.1558757

El-Sayed MT. Removal of lead(ll) by Saccharomyces
cerevisiae AUMC 3875. Ann Microbiol 2013;63(4):1459-70.
doi:10.1007/s13213-013-0609-x

Jahan K, Mosto P, Mattson C, Frey E, Derchak L. Microbial
removal of arsenic. Water Air Soil Pollut Focus 2006;6(1):71-
82. doi:10.1007/511267-005-9014-1

Halttunen T, Finell M, Salminen S. Arsenic removal by
native and chemically modified lactic acid bacteria. Int
J Food Microbiol 2007;120(1-2):173-8. doi:10.1016/j.
ijffoodmicro.2007.06.002

Chaudhry SA, Khan TA, Ali I. Adsorptive removal of Pb(ll)
and Zn(ll) from water onto manganese oxide-coated sand:
isotherm, thermodynamic and kinetic studies. Egypt J Basic
App! Sci2016;3(3):287-300. doi:10.1016/j.ejbas.2016.06.002
WangJ, Chen C. Biosorption of heavy metals by Saccharomyces
cerevisiae: a review. Biotechnol Adv 2006;24(5):427-51.
doi:10.1016/j.biotechadv.2006.03.001

Zinicovscaia |, Yushin N, Grozdov D, Rodlovskaya E, Khiem
LH. Yeast-as bioremediator of silver-containing synthetic
effluents. Bioengineering (Basel) 2023;10(4):398. doi:10.3390/
bioengineering10040398

Kumar N, Kumar V, Panwar R, Ram C. Efficacy of indigenous
probiotic  Lactobacillus  strains to reduce cadmium
bioaccessibility - an in vitro digestion model. Environ Sci
Pollut Res Int 2017;24(2):1241-50. doi:10.1007/s11356-016-
7779-6

Nguyen Van P, Thi Hong Truong H, Pham TA, Le Cong T, Le
T, Thi Nguyen KC. Removal of manganese and copper from
aqueous solution by yeast Papiliotrema huenov. Mycobiology
2021;49(5):507-20. doi:10.1080/12298093.2021.1968624
Kang CH, Kwon YJ, So JS. Bioremediation of heavy metals
by using bacterial mixtures. Ecol Eng 2016;89:64-9.
doi:10.1016/j.ecoleng.2016.01.023

Massoud R, Hadiani MR, Hamzehlou P, Khosravi-Darani K.
Bioremediation of heavy metals in food industry: application of
Saccharomyces cerevisiae. Electron ) Biotechnol 2019;37:56-
60. doi:10.1016/j.ejbt.2018.11.003

Fadel M, Hassanein NM, Elshafei MM, Mostafa AH,
Ahmed MA, Khater HM. Biosorption of manganese from
groundwater by biomass of Saccharomyces cerevisiae. HBRC
J2017;13(1):106-13. doi:10.1016/j.hbrcj.2014.12.006

Shao Q, Yan S, Sun X, Chen H, Lu Y, Li S, et al. Applications
of vyeasts in heavy metal remediation. Fermentation
2025;11(5):236. doi:10.3390/fermentation11050236

Yu IT. Factor screening with modified one-factor-at-a-time
experiments. Commun Stat Simul Comput 2024;53(9):4449-
63. doi:10.1080/03610918.2022.2154793

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Biosorption of lead by microorganisms

Garanin R, Lykov I. Biosorption of zinc and copper
ions by immobilized yeast under aerobic and anaerobic
conditions. E3S Web Conf 2024;548:02004. doi:10.1051/
e3sconf/202454802004

Sagar Jena P, Pradhan A, Prakash Nanda S, Kishore Dash A,
Naik B. Biosorption of heavy metals from wastewater using
Saccharomyces cerevisiae as a biosorbent: a mini review.
Mater Today Proc 2022;67(Pt B):1140-6. doi:10.1016/j.
matpr.2022.07.306

Ibrahim LA, El-Sesy ME, ElSayed EE, Zelenakova M,
Hlinkova M, Mohamed ES, et al. Simultaneous removal of
metal ions from wastewater by a greener approach. Water
2022;14(24):4049. doi:10.3390/w14244049

Dong X, Ye B, Xiang H, Yao M. Kinetic and isotherm
of competitive adsorption cadmium and lead onto
Saccharomyces cerevisiae autoclaved cells. Environ Geochem
Health 2023;45(7):4853-65. doi:10.1007/s10653-023-01540-
9

Goudarzi L, Kasra-Kermanshahi R, Jahed-Khaniki G. Response
surface design for removal of lead by different lactic acid
bacteria. Health Scope 2020;9(3):e101049. doi:10.5812/
jhealthscope.101049

Huang H, Jia Q, Jing W, Dahms HU, Wang L. Screening
strains for microbial biosorption technology of cadmium.
Chemosphere 2020;251:126428. doi:10.1016/j.
chemosphere.2020.126428

Nemr AE. Potential of pomegranate husk carbon for Cr(VI)
removal from wastewater: kinetic and isotherm studies.
)] Hazard Mater 2009;161(1):132-41.  doi:10.1016/j.
jhazmat.2008.03.093

Mustapha S, Shuaib DT, Ndamitso MM, Etsuyankpa MB,
Sumaila A, Mohammed UM, et al. Adsorption isotherm,
kinetic and thermodynamic studies for the removal of
Pb(ll), Cd(l), Zn(ll) and Cu(ll) ions from aqueous solutions
using Albizia lebbeck pods. Appl Water Sci 2019;9(6):142.
doi:10.1007/s13201-019-1021-x

Parvathi K, Nagendran R, Nareshkumar R. Lead biosorption
onto waste beer yeast by-product: a means to decontaminate
effluent generated from battery manufacturing industry.
Electron ] Biotechnol 2007;10(1):92-105. doi:http://dx.doi.
org/10.4067/s0717-34582007000100009

Teemu H, Seppo S, Jussi M, Raija T, Kalle L. Reversible surface
binding of cadmium and lead by lactic acid and bifidobacteria.
Int ] Food Microbiol 2008;125(2):170-5. doi:10.1016/j.
ijffoodmicro.2008.03.041

Chen C, Wen D, Wang J. Cellular surface characteristics of
Saccharomyces cerevisiae before and after Ag(l) biosorption.
Bioresour ~ Technol ~ 2014;156:380-3.  doi:10.1016/j.
biortech.2014.01.065

Nicula NO, Lungulescu EM, Rimbu GA, Marinescu V, Corbu
VM, Csutak O. Bioremediation of wastewater using yeast
strains: an assessment of contaminant removal efficiency. Int
J Environ Res Public Health 2023;20(6):4795. doi:10.3390/
ijerph20064795

Sieber A, Jelic LR, Kremser K, Guebitz GM. Spentbrewer’s yeast
as a selective biosorbent for metal recovery from polymetallic
waste streams. Front Bioeng Biotechnol 2024;12:1345112.
doi:10.3389/fbioe.2024.1345112

Avicenna ] Environ Health Eng 2026;13(1) | 13


https://doi.org/10.3390/su17125366
https://doi.org/10.33073/pjm-2025-002
https://doi.org/10.33073/pjm-2025-002
https://doi.org/10.3389/fbioe.2025.1558757
https://doi.org/10.3389/fbioe.2025.1558757
https://doi.org/10.1007/s13213-013-0609-x
https://doi.org/10.1007/s11267-005-9014-1
https://doi.org/10.1016/j.ijfoodmicro.2007.06.002
https://doi.org/10.1016/j.ijfoodmicro.2007.06.002
https://doi.org/10.1016/j.ejbas.2016.06.002
https://doi.org/10.1016/j.biotechadv.2006.03.001
https://doi.org/10.3390/bioengineering10040398
https://doi.org/10.3390/bioengineering10040398
https://doi.org/10.1007/s11356-016-7779-6
https://doi.org/10.1007/s11356-016-7779-6
https://doi.org/10.1080/12298093.2021.1968624
https://doi.org/10.1016/j.ecoleng.2016.01.023
https://doi.org/10.1016/j.ejbt.2018.11.003
https://doi.org/10.1016/j.hbrcj.2014.12.006
https://doi.org/10.3390/fermentation11050236
https://doi.org/10.1080/03610918.2022.2154793
https://doi.org/10.1051/e3sconf/202454802004
https://doi.org/10.1051/e3sconf/202454802004
https://doi.org/10.1016/j.matpr.2022.07.306
https://doi.org/10.1016/j.matpr.2022.07.306
https://doi.org/10.3390/w14244049
https://doi.org/10.1007/s10653-023-01540-9
https://doi.org/10.1007/s10653-023-01540-9
https://doi.org/10.5812/jhealthscope.101049
https://doi.org/10.5812/jhealthscope.101049
https://doi.org/10.1016/j.chemosphere.2020.126428
https://doi.org/10.1016/j.chemosphere.2020.126428
https://doi.org/10.1016/j.jhazmat.2008.03.093
https://doi.org/10.1016/j.jhazmat.2008.03.093
https://doi.org/10.1007/s13201-019-1021-x
http://dx.doi.org/10.4067/s0717-34582007000100009
http://dx.doi.org/10.4067/s0717-34582007000100009
https://doi.org/10.1016/j.ijfoodmicro.2008.03.041
https://doi.org/10.1016/j.ijfoodmicro.2008.03.041
https://doi.org/10.1016/j.biortech.2014.01.065
https://doi.org/10.1016/j.biortech.2014.01.065
https://doi.org/10.3390/ijerph20064795
https://doi.org/10.3390/ijerph20064795
https://doi.org/10.3389/fbioe.2024.1345112

