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Abstract: This study investigates the effectiveness of Chlorella vulgaris in treating copper, cadmium,
and zinc in aqueous solutions; the aim of this study was to examine the effects of various factors on the
adsorption capacity of Chlorella in water. This study explored the intra- and extracellular adsorption
and accumulation patterns of copper (Cu(Il)), cadmium (Cd(Il)), and zinc (Zn(I)), revealing their
molecular response mechanisms under the most suitable conditions. The adsorption capacity of
Chlorella to Cu(Il), Cd(II), and Zn(II) in water was 93.63%, 73.45%, and 85.41%, respectively. The
adsorption mechanism for heavy metals is governed by both intracellular and extracellular diffusion,
with intracellular absorption serving as a supplement and external uptake predominating. XRD, XPS,
FTIR, SEM-EDX, and TEM-EDX analyses showed that there would be the formation of precipitates
such as Cu,S, CuS,, CdS, and ZnSOy. The adsorption of Cu(Il) involves its simultaneous reduction to
Cu(I). Moreover, specific functional groups present on the cellular surface, such as amino, carboxyl,
aldehyde, and ether groups, interact with heavy metal ions. In view of its efficient heavy metal
adsorption capacity and biosafety, this study recommends Chlorella as a potential biosorbent for the

bioremediation and environmental treatment of heavy metal contaminated water in the future.
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1. Introduction

Water is one of the essential elements for life on Earth [1]. Nowadays, the quality of
water is affected by a variety of harmful pollutants in water, some of which are produced by
industrial and mining activities, such as cadmium (Cd), chromium (Cr), copper (Cu), nickel
(Ni), zinc (Zn), lead (Pb), and mercury (Hg) [2]. These pollutants are highly carcinogenic,
mutagenic, and toxic, which can lead to various changes in plants, animals, and humans,
causing environmental and human health problems [3,4]. Heavy metal ions have been
identified as the most serious contributor to wastewater contamination, mainly because
of their accumulation and spread through the food chain, posing a grave threat to human
health and ecosystems, as well as to their toxic and non-biodegradable characteristics [5].
Among these heavy metals, Cu(Il), Cd(II), and Zn(II) are categorized as three important
pollutants. High levels of copper and zinc have been shown to damage the liver and induce
nausea, vomiting, diarrhea, and abdominal pain, while excessive zinc can impair immune
responses [6,7]. Cadmium is not only one of the heavy metals that most severely impact
aquatic life but also one of the most toxic pollutants to phytoplankton [8]. The impact of
cadmium extends beyond aquatic ecosystems, contributing to cell death, as well as the onset
of kidney and bone diseases, along with impairment in lung function [9-11]. Research
has shown that pollutants related to heavy metals are hard to remove [12]. Therefore,
wastewater containing heavy metal pollution has received extensive research attention,
and the development of effective methods to remediate heavy metal ions in wastewater
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has become crucial. It becomes imperative to prevent the release of Cu, Cd, and Zn ions
into the environment by employing efficient removal processes before discharging them
into the surroundings.

Studies have shown that heavy metals in wastewater can be removed by membrane
filtration [13], solvent extraction [8], chemical precipitation [14], ion exchange [15], and
adsorption [5]. In recent years, there has been a shift towards the use of biological methods
for heavy metal removal due to the low cost and environmentally friendly nature of
microbial cultivation. In particular, microalgae have simple structures, rapid growth rates,
and high photosynthetic efficiency and, thus, are judged to be potential candidates for
heavy metal treatment. They can remove heavy metals through mechanisms such as
remediation and bio-adsorption, achieving higher removal efficiency [8]. Furthermore,
relevant research has demonstrated that microalgae are effective in removing heavy metals.
They are environmentally friendly, easily assimilated, and capable of bioremediation [16,17].
Among them, Chlorella is one of the more relevant microalgae and can survive in a
variety of environments, including mines and industrial waters [16,18]. Furthermore,
relevant studies have indicated that Chlorella can tolerate a number of different heavy
metal ions, including Zn(Il), Cu(II), Ni(I), or Cd(Il) [19,20]. Zhao et al. [5] showed that
the adsorption rates of Cd and Cu were as high as 95% and 99%, respectively, using a
novel Dielectrophoresis-assisted device for the bioremediation of heavy metal ions using
Chlorella vulgaris at a concentration of 1.65 g/L. The results showed that the adsorption
rates of Cd and Cu were as high as 95% and 99%, respectively, by Chlorella vulgaris. The
bioremediation of individual heavy metal ions in wastewater by Chlorella vulgaris was
shown to be excellent. James et al. [21]. compared the removal efficacy of two algal species,
Chlorella vulgaris and Scenedesmus obliquus, for Cd and Cu in water and showed that
Chlorella vulgaris was a more effective adsorbent for the two metals compared to S. obliquus,
both in single and mixed metal solutions, and its binding capacity for both metals was also
higher. Chlorella has significant advantages over other similar species in the adsorption of
heavy metals in water, including strong adsorption capacity, high efficiency, fast adsorption
rate, high tolerance and survivability, environmentally friendliness, and low cost, as well as
diverse adsorption mechanisms. These advantages make Chlorella a promising candidate
for heavy metal contamination treatment and are of great value for research.

The process of algae adsorbing heavy metals is relatively complex and generally di-
vided into two stages [22]. The first phase is extracellular adsorption, a process that is rapid
and considered passive. This adsorption occurs immediately after contact with the metal
and involves mechanisms such as the interaction of metal cations with the anionic cellular
ligands, formation of microprecipitates, surface complexation, as well as covalent connec-
tions between proteins and other polymers and metal ions. Intracellular accumulation, the
second phase, is thought to be active even though it moves more slowly than the first. The
mechanisms involved exhibit species-specific characteristics, exemplified, for example, by
the formation of metal chelates by plant chelating agents. Heavy metals are bound into
algal vesicles, which then bind to proteins, DNA, and lipids [23]. Microalgae are efficient
adsorbents/accumulators of heavy metals in acidic mine wastewater [24], and they can ei-
ther adsorb or actively translocate heavy metals through cell organization. The mechanism
involves the interbinding of metal ions with negatively charged characteristic groups on the
cell surface, followed by accumulation within vacuoles [25]. In both phases, the cell surface
attracts some of the metals to be bound, and inside the cell, there is a buildup of metals due
to the different types of metals as well as differences in the algae themselves [26]. Surface
adsorption is the most important aspect of the adsorption process as it constitutes the
majority of it [27]. Nevertheless, the relative significance of surface adsorption for metals
and algae may differ [26]. However, the distribution and morphological changes in heavy
metals in algal cells remain to be explored. Therefore, exploring the distribution of heavy
metals within and external to microalgal cells, alongside the response mechanisms of active
compounds during the immobilization of heavy metal ions, is essential to elucidate the
mechanism of heavy metal immobilization in microalgae. This comprehensive examination
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aims to clarify the immobilization mechanism of heavy metal ions in microalgae, thereby
establishing a theoretical foundation for a deeper understanding of the intricate interplay
between microalgae and heavy metals. Such insights are pivotal for advancing strategies
that ensure the safe disposal and resource utilization of heavy metals.

Based on the above questions, to study the ability of Chlorella vulgaris to adsorb Cu(II),
Cd(II), and Zn(II), Chlorella vulgaris was subjected to different initial concentrations of
pH and heavy metal ions in order to obtain the most adapted adsorption conditions for
Chlorella vulgaris. By employing kinetic and isotherm models, FTIR (Fourier Transform
Infrared Spectroscopy) and XPS (X-ray Photoelectron Spectroscopy), as well as quantifying
the content of reduced glutathione (GSH) in algal systems, the adsorption process of mi-
croalgae was elucidated. The morphology before and after algae adsorption was analyzed
using XRD (X-ray Diffraction), SEM (Scanning Electron Microscopy), TEM (Transmission
Electron Microscopy), and EDX (Energy Dispersive X-ray Spectroscopy). Additionally, the
amount of adsorption intracellular and extracellular was measured to reveal the synergistic
mechanism between microalgae and heavy metal ions. In conclusion, this study elucidated
the synergistic mechanism of heavy metal adsorption by Chlorella; clarified the transfor-
mation and migration mechanism of heavy metals in Chlorella, as well as the response
mechanism of related active substances to immobilization; and laid a theoretical foundation
for further studies on the interaction between microalgae and heavy metals.

2. Materials and Methods
2.1. Chlorella
2.1.1. Chlorella Culture

The microalgae Chiorella vulgaris (CV) utilized in this experiment was acquired from
the Freshwater Algal Culture Repository of the Institute of Hydrobiology, Chinese Academy
of Sciences. The preliminary culture was conducted in a sterile BG11 medium (Table S1)
in a GY-FYQ-1564-ZZ-type photobioreactor (LeadingTec®, Wenzhou, China), with a tem-
perature maintained at 30 °C (12:12 light-dark cycle) and an airflow rate of 15 L/h. The
Chlorella were cultured until they entered the stable phase, characterised by a cell number
increase of no more than 5% per day. The initial density of Chlorella was approximately
1.0 x 10% cells/mL, as measured by cytometry. Subsequent experiments were performed
after the Chlorella reached a stable growth phase.

2.1.2. Determination of Standard Curves and Microalgae Concentrations

Four clean 500 mL conical flasks, four clean 50 mL plastic centrifuge tubes, a bottle of
Chlorella in the logarithmic growth phase, and several volumes of BG11 culture solution
were taken. Four plastic centrifuge tubes were weighed, and their initial masses were
recorded. Subsequently, we diluted the logarithmic-phase microalgae solution with BG11
culture solution and distributed the dilution into four 500 mL conical flasks. The absorbance
(OD660) of the algal solution in the four conical flasks was adjusted to 0.1, 0.2, 0.3, and 0.4,
as measured by UV-visible spectrophotometer (Shanghai Hengping UV-Vis Spectropho-
tometer 754, Shanghai, China) at a wavelength of 660 nm. Then, the microalgal solutions
of different concentrations were transferred to 4 labeled plastic centrifuge tubes. After a
low-speed centrifugation at 3000 rpm for 15 min, to each bottle, 50 mL was transferred at
a time, for a total of 5 transfers, for a total of 250 mL of algal liquid. The microalgal cells,
together with the plastic centrifuge tubes, were dried in a freeze-dryer. After freeze-drying,
the plastic centrifuge tubes with the dried algal cells were weighed, and the mass of the
empty centrifuge tubes recorded was subtracted to obtain the dry weight of the microalgae
corresponding to the absorbance. Since each bottle of centrifuged microalgal solution
was 250 mL, the relationship curve between microalgae concentration and OD660 could
be deduced and the density of the microalgae with respect to OD660 could be obtained
through fitting, as shown in Figure S1.
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2.1.3. Selection of Chlorella Concentration

The algae density of Chlorella vulgaris showed a good linear relationship with the algae
solution at OD660, where R% was 0.9999, and the absorbance of the diluted Chlorella was
chosen to be 0.743 in this experiment.

2.2. Adsorption of Cu(Il), Cd(II), and Zn(1I) by Chlorella vulgaris
2.2.1. pH and Initial Concentration

Van Hille et al. demonstrated that metal ions react with hydroxide to generate a
precipitate at pH values higher than 8.0 [28]. Therefore, the initial pH range was set to
2.0-8.0 for this experiment. Different concentrations of Cu (CuSO4-5H,0), Cd (CdCl,), and
Zn (ZnCl,) were added to the microalgal solution with varying initial concentrations (Cu:
0.2,04,0.8,1.0,2mg/L; Cd: 4, 8,12, 16, 20 mg/L; Zn: 5, 10, 15, 20, 25 mg/L), which were
placed in an orbital oscillatory culture on a thermostatic oscillator at 30 °C and 160 rpm.
After 24 h of cultivation, the supernatant was collected after centrifuging at 3000 rpm for
15 min using a low-speed centrifuge. The supernatant was then filtered through a 0.45 pm
filter into a centrifuge tube. The concentrations of heavy metals in the supernatant were
determined using ICP-OES. Each concentration gradient treatment was repeated twice in
parallel experiments.

2.2.2. Adsorption Kinetic Experiments

This research aimed to investigate the impact of various variables on the adsorptive
capacity of algae. The adsorptive characteristics of three distinct metals in a Chlorella
solution are primarily manifested in three aspects: adsorption rate, adsorption mechanism,
and adsorption process. Empirical adsorption models, such as the pseudo-first-order,
pseudo-second-order, and intra-particle diffusion kinetic models, were utilized to analyze
the experimental adsorption data and clarify the adsorption behavior. A certain amount of
1.0 g/L heavy metal mother liquor was added into the Chlorella solution, and the initial
concentrations of the system were 2 mg/L Cu, 12 mg/L Cd, and 5 mg/L Zn. Supernatants
were obtained at time intervals of 15, 30, 60, 90, 120, 150, 180, 240, and 300 min, and the ion
concentrations were measured using ICP-OES. The calculation Formula (1) for adsorption
efficiency is as follows [29]:

(Co—Cy)V
g= GGV (1)
where Cy denotes the initial concentration of heavy metal ions (mg/L), C; represents the
concentration of heavy metal ions at time ¢ (mg/L), V signifies the total volume of the
adsorption solution (L), M indicates the mass of the adsorbent (g), and g is the adsorption

capacity (mg/g).

In(ge — q¢) = Inge — kyt (2)
t 1 t

= 4 3

q kage®  ge ®)

gr = kst? +C @)

The three equations above represent the pseudo-first-order (2), pseudo-second-order (3),
and intra-particle diffusion kinetic models (4) [30]. In the equations, the variables ¢, q;, and
ge denote the adsorption time (min), the heavy metal ion adsorption capacity (mg/g), and
the metal ion adsorption capacity at equilibrium (mg/g). The adsorption rate constants k;
(min~1), k, (g/mg/min), and kf correspond to the pseudo-first-order, pseudo-second-order,
and intra-particle diffusion kinetics, respectively.

2.2.3. Adsorption Isothermal Experiments

To attain the maximal adsorption capacity for the three heavy metals in the microalgal
solution system, the Langmuir (5) and Freundlich (6) models were utilized to analyze the
adsorption data. A certain amount of 1.0 g/L heavy metal mother liquor was added to the
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system to form different initial concentrations: Cu: 0.5, 5, 10, 15, 20, 40, 50, 60, 100 mg/L;
Cd: 5, 15, 20, 30, 55 mg/L; Zn: 5, 15, 20, 30, 50, 70, 95 mg/L:

o QmKLCe
e = ©)

gi = kst? +C ©6)

In this equation, C, denotes the ion concentration at equilibrium (mg/L), g, signifies
the maximal ion adsorption capacity (mg/g) [31], the Freundlich empirical parameter is
1/n, the Langmuir constant is K;, and the Freundlich constant is K [32].

2.2.4. Determination of Antioxidant Activity

Using the GSH test kit, the concentration of GSH in the microalgal system was quanti-
fied before and after the adsorption process. The GSH content reveals the mechanism of
GSH in the detoxification and enhancement of heavy metal adsorption capacity of Chlorella,
which in turn provides a scientific basis and technical support for the treatment of heavy
metal pollution in water bodies.

2.2.5. Determination of Intracellular and Extracellular Heavy Metals

After being subjected to varying pH treatments and initial concentrations of heavy
metal ions, Chlorella was dried on 0.45 um organic filter paper and subsequently fil-
tered before being put into a 20 mL centrifuge tube. The centrifuge tube was filled with
0.2 mol/L nitric acid for three elutions. Nitric acid (0.2 mol/L, Xilong Scientific, Shantou,
China) was added to the centrifuge tube for elution (3 times). Each time, 5 mL of nitric
acid was added and eluted at 3000 rpm for 30 min. The eluate was collected, transferred to
a digestion tube, and digested with digestion solution (nitric acid:sulfuric acid = 3:1) for
2 h. When the volume was constant, the ion concentration in the digestion solution was
detected by ICP-OES and the amount of extracellular adsorption was calculated. After the
elution process was completed, the algal bodies were retained and digested with nitric
acid:perchloric acid (1:1). The specific digestion method was as follows: a total of 9 mL of
acid was added, placed in the digestion tubes, digested at 60 °C for 30 min, then heated at
120 °C for 30 min. After cooling to room temperature, 1.2 mL of hydrogen peroxide was
added to each tube and digested for 15 min at 120 °C. Finally, the solution was transferred
to a 100 mL volumetric flask, the concentration was detected by ICP-OES to determine the
digestive concentration, and the amount adsorbed in the cells was calculated.

2.3. Characterization Measurements
2.3.1. XPS Measurements (Thermo Scientific ESCALAB Xi+, Waltham, MA, USA) and XRD
Measurements (Bruker D8 Advance, Berlin, Germany)

Chlorella before and after adsorption was washed three times with 0.1 M, pH 7.0
phosphate buffer (PBS buffer), and then, the samples were placed in a freeze-dryer (HORDE-
ELECTRIC-HD-LG, Weifang, China) for 24 h. The freeze-dried samples were ground in a
70 pm disposable cell sieve and used in the machine for testing.

2.3.2. SEM-EDX (Zeiss Sigma300, Oberkochen, Germany) and TEM-EDX (Thermo
Scientific Talos F200X, Waltham, MA, USA)

Chlorella before and after adsorption was rinsed three times with PBS bulffer, fixed
with 2.5% glutaraldehyde in the dark for 12 h, poured off the fixative, and rinsed with PBS
buffer three times for 15 min each time; the sample was fixed with 1% osmium acid solution
for 1-2 h; the osmium acid waste was carefully removed, and the sample was rinsed with
PBS buffer three times, 15 min each time; and the sample was dehydrated with gradient
concentrations (including 30%, 50%, 70%, 80%, 90%, and 95% concentrations) of ethanol
solution for 15 min each. The samples were then treated twice with 100% ethanol for
20 min each time. Finally, the samples were treated with a mixture of ethanol and isoamyl
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acetate (v/v = 1/1) for 30 min and then treated with pure isoamyl acetate for 1 h or left
overnight. At the critical point, the samples were dried, coated, and observed.

2.3.3. FTIR Measurement (Thermo Scientific Nicolet i520, Waltham, MA, USA)

The samples were washed three times with PBS buffer, freeze-dried, and ground in a
70 um disposable cell sieve. The dried 1.0 mg of sample was mixed with 100 mg of KBr
and ground thoroughly in an agate mortar. The tablets were then tested by pressing them
in the scanning wavelength range of 4004000 cm .
3. Results and Discussions
3.1. Adsorption Experiments
3.1.1. Influence of pH on the Adsorption of Cu(II), Cd(Il), and Zn(lI)

Due to the speciation of metal ions in the solution and the protonation of functional
groups on the adsorbent [33], pH plays a pivotal role in determining the overall stability of
microalgal cells. The metabolic activity of microalgae is also highly correlated with pH [34].
The adsorption of heavy metal ions by microorganisms varies significantly with pH levels.
Figure 1 illustrates the impact of varying pH conditions on the uptake of Cu(Il), Cd(Il),
and Zn(II) by Chlorella vulgaris. Chlorella vulgaris’s adsorption efficiency for Cu(Il), Cd(I),
and Zn(II) progressively rises with increasing pH. The adsorption efficiency of Cu(Il) and
Cd(II) is relatively poor at pH 2—4, around 40%. In contrast, the adsorption efficiency of
Zn(1l) is relatively poor at pH < 7, and the adsorption efficiency is around 30%. In an
extremely acidic environment, competition for adsorption sites on the adsorbent surface
may occur between heavy metal ions and H* ions. More adsorption sites become available
as the pH rises because OH™ in the solution neutralizes H*. Chlorella vulgaris’s adsorp-
tion capacity is increased because the functional groups on its surface are additionally
ionized into anions. It gives them an advantage when interacting with the metal cations
in the solution [29,35]. It is also likely that the cell membrane’s tolerance and permeabil-
ity are impacted by the solution’s low pH, leading to poor cell accumulation, i.e., poor
adsorption performance [36].

The results indicate that in extremely acidic conditions (pH 2.0), Chlorella has the
lowest efficiency in adsorbing heavy metal ions. This is because extreme acidic conditions
can lead to the death of Chlorella vulgaris, resulting in decreased adsorption efficiency. The
highest adsorption efficiency of Chlorella vulgaris for Cu(ll), Cd(Il), and Zn(Il) occurs at pH 7,
followed by pH 8, indicating that neutral to slightly alkaline conditions are more favorable
for the adsorption of Chlorella vulgaris. According to Joo et al. [37], Chlorella vulgaris cells’
specific surface area grew by 19 times and their ability to adsorb heavy metals increased by
2.4-4.1 times following treatment with sodium hydroxide. In the adsorption process, the
rise in extracellular polymeric substances (EPSs) can also be significant [38]. Li et al. [39]
found that compared with microbial cells containing extracellular polymers, microbial cells
without extracellular polymeric substances have a better adsorption performance for heavy
metal ions such as Cu(Il), Ni(Il), Cd(Il), and Zn(Il) in aqueous solutions. This suggests that
EPS is crucial to the adsorption of heavy metals.

3.1.2. Impact of Varied Initial Concentrations of Cu(Il), Cd(Il), and Zn(II) on Adsorption

The efficiency of the adsorption process is influenced by the concentration of heavy
metal ions in the solution, as it can modify the permeability of cellular membranes and
the resistance mechanisms of microorganisms [40]. Figure 2a—c illustrate the adsorption
capacity of microalgae for Cu(Il), Cd(Il), and Zn(Il) at different initial ion concentrations
under the condition of highest adsorption efficiency at pH = 7. For Cu(Il) at concentrations
ranging between 0.2 and 2.0 mg/L, microalgae demonstrate excellent adsorption capacity,
remaining above 90%, which reaches the highest of 93.63% at the 2.0 mg/L concentration.
For Cd(II) at concentrations of less than 12.0 mg/L, the adsorption capacity of Chlorella
increases with concentration but decreases when the concentration exceeds 12.0 mg/L.
This could be the result of Cd ions interacting with the cells’ intrinsic structure, enhancing
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the adsorption capability by expanding the adsorption sites. The adsorption capacity of
Chlorella is highest at 12.0 mg/L, reaching 73.45%. For Zn(1II) at concentrations ranging
between 5 and 20 mg/L, the adsorption capacity decreases with increasing concentration,
reaching the best adsorption capacity of 85.41% at 5.0 mg/L.
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Figure 1. Adsorption capacities of Cu(Il) (a), Cd(Il) (b), and Zn(II) (c) at different pH values (2.0-8.0)
and initial concentrations (Cu(II): 0.2-2.0 mg/L, Cd(I): 4.0-20 mg/L, Zn(II): 5.0-25.0 mg/L), under
the experimental conditions of 30 °C and 160 rpm for 24 h. Additionally, the adsorption capacities of
Cu(II) (a-1), Cd(II) (b-1), and Zn(II) (c-1) at pH 7 were also evaluated.

3.1.3. Intracellular Adsorption and Extracellular Adsorption

The summarized results indicate that microalgae can effectively remove Cu(Il), Cd(II),
and Zn(II); however, the adsorption mechanism remains unclear. Therefore, the adsorption
of Cu, Cd, and Zn ions in the extracellular and intracellular spaces was studied through
analysis and elimination experiments, and the adsorption results are shown in Figure 2a—c.
Notably, the extracellular heavy metal content is significantly higher than the intracellular
content across various pH gradients and concentration ranges. Specifically, at pH 7, the
extracellular content of 2.0 mg/L Cu, 12.0 mg/L Cd, and 4.0 mg/L Zn is 7.65, 22.45, and
13.70 mg/g, respectively. At this time, the intracellular content was 1.40, 2.69 and 3.10 mg/g,
respectively. It is easy to conclude that the adsorption of these three ions by microalgae
mainly occurs in the extracellular space. In conclusion, microalgae mostly adsorb Cu(Il),
Cd(II), and Zn(II) through extracellular attachment points, with only a few heavy metal
ions entering intracellular adsorption.
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Figure 2. The adsorption capacities of Cu(Il) (a), Cd(Il) (b), and Zn(II) (c) inside and outside of
Chlorella cells at different pH values (2.0-8.0) and initial concentrations (Cu(Il): 0.2-2.0 mg/L, Cd(II):
4.0-20 mg/L, Zn(II): 5.0-25.0 mg/L) under the experimental conditions of 30 °C, 160 rpm, and 24 h
of adsorption. Additionally, the changes in GSH content before and after adsorption of Cu(II) (a-1),
Cd(II) (b-1), and Zn(II) (c-1) were studied.

3.1.4. Changes in Glutathione Content of Chlorella vulgaris

Glutathione is a low redox potential tripeptide made up of cysteine, glycine, and
glutamic acid. It functions inside the cell as a detoxifier and chelating agent for unbound
heavy metal ions. Because of its powerful attraction to ions of heavy metals, it can detoxify
the heavy metal ions by forming stable intracellular metal-glutathione complexes. The
content of reduced glutathione (GSH) is commonly used to assess the degree of self-repair
of algal cells during environmental stress periods [40,41]. To explore the alterations in the
oxidation system of the microalgae subsequent to heavy metal binding, the GSH content of
the microalgae was monitored before and after 24 h of adsorbing Cu(II), Cd(Il), and Zn(II).
The results are shown in Figure 3. It can be observed that under extremely acidic conditions
(pH = 2), the GSH content after adsorption is much lower than that before adsorption,
reflecting the severe damage to the cells. This finding further proves the phenomenon of
microalgal death under the unfavorable environment of extreme acidity combined with
heavy metal stress. In weakly acidic and neutral environments, the GSH content of the
microalgae exhibits distinct trends after adsorbing different heavy metals. Specifically, for
Cu adsorption, the GSH content and the initial concentration have a positive correlation.
In the case of Cd adsorption, the GSH content initially rises with concentration, reaching
its peak at 12 mg/L, and then declines. Conversely, the GSH content after adsorbing Zn
shows a negative correlation with concentration. Furthermore, after adsorption in weakly
acidic environments, the GSH content decreases compared to pre-adsorption, while under
the optimal adsorption conditions (pH = 7), the GSH content after adsorption surpasses the
pre-adsorption levels, indicating that the microalgae itself can produce a higher content of
GSH to resist the damage of external heavy metal ions to microalgal cells. Additionally,
the better the adsorption efficiency, the higher the GSH content, which is consistent with
the results of the effects of different initial Cu(Il), Cd(Il), and Zn(Il) concentrations on
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adsorption and the effects of pH on Cu(Il), Cd(II), and Zn(II) adsorption. These results
suggest that enhancing the biosynthesis of intracellular glutathione can effectively alleviate
the toxic response to Cu(Il), Cd(Il), and Zn(Il)-induced ecotoxicity; this could be one of the
processes by which heavy metals are changed and detoxified in microalgae [42,43].

(a) (b)
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Figure 3. The adsorption of 2 mg/L Cu(Il), 12.0 mg/L Cd(II), and 5.0 mg/L Zn(II) by microalgae
at pH 7.0, 30 °C, and 160 rpm following the pseudo-first-order and pseudo-second-order kinetics
models (a), and the adsorption of heavy metals following the intra-particle diffusion kinetics model
within the microalgae (b).

3.1.5. Dynamics of Adsorption of Cu(ll), Cd(II), and Zn(Il) by Chlorella vulgaris

The adsorptive behavior of Chlorella vulgaris towards Cu(ll), Cd(Il), and Zn(II) was
examined through the application of pseudo-first-order, pseudo-second-order, and intra-
particle diffusion kinetic models to analyze the organism’s adsorption kinetics. The ex-
perimental conclusions are shown in Figure 4a and Table S2. The pseudo-second-order
kinetic equation for Chlorella vulgaris’s heavy metal adsorption (Cd(II): 0.9941; Zn(II): 0.9956;
Cu(ID): 0.9999) shows R? values higher than those of the pseudo-first-order kinetic equation
(CA(II): 0.9915; Zn(1I): 0.9948; Cu(Il): 0.9995), as illustrated in Table S2. This implies that
the pseudo-second-order kinetic model provides a more accurate representation of the
adsorption process of Chlorella vulgaris. From Figure 4, it is evident that within the first
90 min, the capacity of Chlorella vulgaris to adsorb Cd increases rapidly. Then, it slows
down until adsorption equilibrium is reached at 120 min. In contrast, approximately
80% of the Zn ions are bound to Chlorella cells within 45 min, with slight increases in
absorption between 45 min and 60 min, after which it reaches adsorption equilibrium.
Therefore, 60 min is considered the equilibrium time for the adsorption of Zn ions by
Chlorella vulgaris. It is noteworthy that the ability of Chlorella vulgaris to adsorb Cu rapidly
increases within the first 15 min, followed by a slow increase between 15 and 20 min,
until adsorption reaches equilibrium. When heavy metal ions are added into the Chlorella
solution, the adsorption processes of Cd in 90 min, Zn in 45 min, and Cu in 15 min are
most likely to be the surface adsorption of cells. This process is passive and rapid and does
not involve energy and metabolic adsorption. In practical applications, the advantage of
this rapid adsorption is that a small reactor volume can be used. The subsequent gradual
increase in adsorption capacity may be due to the intracellular absorption of heavy metal
ions, which is an active and slow process that eventually reaches adsorption equilibrium.
The aforementioned findings suggest that chemical adsorption is the primary mode of ad-
sorption, with physical adsorption playing a minor role. Similar trends have been observed
in many studies on the removal of heavy metals using biological methods [44—46].
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Figure 4. Langmuir and Freundlich models of the adsorption of Cu(Il) (a), Cd(Il) (b), and
Zn(II) (c) by microalgae under the experimental conditions of pH 7.0, 30 °C, 160 rpm, and
0.5-100 mg/L Cu(ll), 5-55 mg/L Cd(II), and 5-95 mg/L Zn(I).

In general, several variables, such as surface adsorption, internal diffusion, and ex-
ternal diffusion, regulate the adsorption rate. In this scenario, the hindrance caused by
external diffusion resistance can be mitigated through the application of mechanical oscilla-
tions, with internal diffusion and surface adsorption governing the adsorption rate [40].
To elucidate the diffusion mechanisms involved in heavy metal adsorption by Chlorella, a
kinetic intra-particle diffusion model was used (see Figure 2b and Table S2). The outcomes
showed that there are two steps to the adsorption process; Kf; > Kf, suggests that a signifi-
cant amount of Cu(II), Cd(II), and Zn(II) is adsorbed onto microalgae primarily through
external diffusion [47], which is characterized by instantaneous adsorption of the adsorbent
and external surface adsorption. As the adsorption sites are occupied in the first stage,
the adsorption rate will slow down until it reaches equilibrium, which is the second stage
characterized by internal or pore diffusion of the adsorbent particles [48]. Throughout the
adsorption process, the second stage emerges as the rate-limiting step. The intercept of the
fitted equation, not passing through the origin, suggests that internal diffusion does not
solely dictate the rate-limiting step [32,47]. Therefore, Cu(Il), Cd(II), and Zn(II) are subject
to dual control of internal and external diffusion in the adsorption process of microalgae.

3.1.6. Isothermal Adsorption Modeling of Cu(Il), Cd(Il), and Zn(II) Adsorption by
Chlorella vulgaris

Different isotherm models were used to study the metal binding affinity on the surface
of adsorbents, as well as the maximum biosorption capacity of various metal ions and
adsorbents. The Langmuir model postulates that there is monolayer coverage, that the
adsorbate does not migrate on the surface plane, and that each adsorption site has the
same adsorption energy [49]. According to the Freundlich model, adsorption occurs on
heterogeneous surfaces, with the favorability of adsorption reflected in the value of n [32].
The Langmuir and Freundlich models in Figure 4a—c were used to evaluate the biosorp-
tion isotherms of Cu(Il), Cd(Il), and Zn(II). The constants obtained from the biosorption
isotherms are listed in Table S3. A regression analysis of the data shows that LangmuirR;
is greater than FreundlichR,. This demonstrates that the attachment of heavy metals to
microalgae occurs through monolayer diffusion and that the Langmuir fit is more suitable
for the heavy metal adsorption process by microalgae [50]. The Langmuir model calculates
the maximal adsorption capacity, which is highest for Cu at 764.547 + 32.779 mg/g, Zn at
453.193 + 129.291 mg/g, and Cd at 187.972 &+ 65.548 mg/g. Related studies have also
shown that the seaweed Sargassum fusiforme and the microalgae Chlorella vulgaris follow
the Langmuir model, which indicates that adsorption occurs through specific homoge-
neous sites present in the adsorbent structure, and each of these sites can adsorb a row
of molecules. Moreover, it is noteworthy that there is no alteration observed at the initial
adsorption site during the early stages of molecule entry. This suggests that the adsorp-
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tion process unfolds in a monolayer formation, conforming to a uniform arrangement of
adsorbed molecules [51,52].

3.2. Chlorella Morphological Analysis
3.2.1. XRD Analysis of Chlorella vulgaris

To determine the form in which heavy metals exist on cell surfaces after the adsorption
of Cu(ll), Cd(Il), and Zn(II) by microalgae, the surface crystal distribution and composition
of the microalgae were analyzed using XRD before and after the adsorption process. These
findings are displayed in Figure 5a—c. It is evident that NaCl, FeS,, and C24H3208 are
the primary crystal components on the cell surface before the adsorption of heavy metals.
After the adsorption of Cu(II), Cu,S and CuS; are detected by XRD, indicating a reduction
phenomenon on the surface of the microalgae during the adsorption of divalent copper,
resulting in the reduction of the original divalent copper ions to monovalent copper ions.
This is consistent with the results of the high-resolution XPS spectrum of Cu 2p (a-4).
However, Cd(II) and Zn(II) do not undergo a valence state transition during the adsorption
process, and the presence of CdS and ZnSOj is detected. This finding aligns with the
outcomes from the high-resolution XPS analysis of Cd 3d (b-4) and Zn 2p (c-4) spectra.

3.2.2. XPS Analysis of Chlorella vulgaris

At 10 nm in depth, XPS is a practical tool for analyzing the functional and elemen-
tal makeup of the surface of microalgal cells. It offers data on electron binding energy
and surface chemistry, making it possible to determine the chemical state and elemental
makeup of surface constituents [53]. The microalgae were subjected to XPS spectroscopic
examination both before and after adsorbing heavy metal ions to gain additional insight
into their adsorption mechanism. The conclusions are shown in Figure 5. From the figure,
before adsorption, the main elements on the microalgae surface are C, O, and N, and the
S signal is weak. After adsorption, distinct characteristic signals of Cu 2p, Cd 3d, and
Zn 2p are observed on the microalgae cell surface, indicating the successful binding and
adsorption of Cu(Il), Cd(Il), and Zn(Il) to the surface active sites of the algae.

From the high-resolution C 1s spectrum (Figure 5(a-1—c-1,e)), three peaks can be ob-
served in the microcystis. The C-C and C-H bonds (284.8 eV), which make up the carbon
skeleton, are represented by the first peak. The hydroxyl, ether, and amine are respon-
sible for the second peak, which are C-O and C-N bonds (285.42 eV) connected to only
one oxygen or nitrogen. Finally, the third region corresponds to a carboxyl or ester func-
tional group, i.e., O=C-OH or O=C-OR (288.20 eV)) [32,54]. The results indicate that there
is a small deviation in the binding energies of microcystins after adsorbing Cu(II), Cd(II),
and Zn(II), which is consistent with the pre-adsorption state. After adsorbing Cu(Il), the
proportion of C-C and C-H bonds decreases from 35.38% to 33.31%, while the proportion of
O=C-OH increases from 6.78% to 7.99%. After adsorbing Cd(II) and Zn(II), the proportion
of C-C and C-H bonds increases to 37.22% and 35.66%, respectively, while the proportion
of O=C-OH decreases to 6.47% and 4.85%, respectively. In the process of adsorbing Cu(II)
and Zn(II), there is a noticeable increase in the prevalence of C-O and C-N bonds, with their
proportions rising from 57.84% to 58.70% and 59.49%, respectively. while it decreases to
56.31% after adsorbing Cd(II). This indicates the formation of additional C-O, C-N, and
O=C-OH groups in microcystins during Cu(Il) adsorption, and additional C-C, C-H groups
during Cd(II) adsorption. Furthermore, the adsorption of Zn(Il) results in the inclusion of
additional C-C, C-H, C-O, and C-N groups. These newly formed groups play a crucial role
in improving the efficiency of the adsorption process. Additionally, high-resolution spectra
of Cu 2p, Cd 3d, and Zn 2p showed that, upon adsorption, the valence states of Cd(Il) and
Zn(Il) remained unchanged, while Cu(Il) underwent a shift in valence state that resulted in
the production of Cu(I). This implies that carboxyl or ester functional groups on the cell
surface are crucial for Chlorella’s ability to adsorb heavy metals.
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Figure 5. XRD of microalgae before and after adsorption of 2 mg/L Cu(Il) (a), 12.0 mg/L Cd(I) (b),
and 4.0 mg/L Zn(II) (c) under the experimental conditions of adsorption at pH 7.0, 30 °C, and
160 rpm for 24 h; XPS survey spectra after 24 h adsorption of 2 mg/L Cu(Il), 12.0 mg/L Cd(II), and
4.0 mg/L Zn(II) (d); high-resolution XPS spectra of C 1s: (e) before adsorption and (a-1-c-1) after
adsorption of Cu(II), Cd(I), and Zn(Il), respectively; high-resolution XPS spectra of O 1s: (e-1) before
adsorption and (a-2-c-2) after adsorption of Cu(II), Cd(II), and Zn(II), respectively; high-resolution
XPS spectra of N 1s: (e-2) before adsorption and (a-3—c-3) after adsorption of Cu(II), Cd(Il), and Zn(II),
respectively; high-resolution XPS spectra of Cu 2p (a-4), Cd 3d (b-4), and Zn 2p (c-4) for microalgae.

High-resolution O 1s XPS spectra (Figure 5(e,a-2—c-2,e-1)) exhibited three peaks in the
O 1s spectrum in the coexisting system. The first peak corresponds to O-C=0 (531.00 eV),
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the second peak is attributed to C-OH/C-O-C (532.58 eV), and the third peak corresponds to
O-H (535.82 eV) [55]. Similar to the results of C 1s, there is minimal deviation in the binding
energy before and after adsorption, with O-C=0 groups decreasing from 29.60% to 27.35%
and 23.60% after adsorbing Cu(Il) and Cd(Il), respectively. Following Cu(Il) and Cd(II)
adsorption, the percentage of C-OH/C-O-C groups rises from 54.71% to 55.16% and 56.57%,
respectively, while the -OH group increases to 30.45% and the C=0/C-O group decreases
to 46.49% after the adsorption of Zn(Il). Furthermore, after adsorbing these three heavy
metals, the proportion of O-H groups increases to 17.49%, 19.83%, and 23.06%, respectively.
It is evident that the oxygen-containing groups exhibit similar behavior when adsorbing
Cu(Il) and Cd(II) but differ when adsorbing Zn(Il). This may be attributed to the different
functional groups binding the metal ions, leading to different complexation products. XRD
indicated that the products of Cu(ll) and Cd(II) adsorption are sulfides, while the product
of Zn(Il) adsorption is a sulfate compound. Related studies also suggested that oxygen has
a high electronegativity, and some oxygen-containing functional groups (such as COOH,
O-H, etc.) with partial negative charges on the oxygen atoms able to adsorb heavy metals
through ion exchange [56].

From the high-resolution N 1s spectrum (Figure 5(a-3—c-3,e-2)), it can be observed
that before the adsorption of microalgae, the N 1s spectrum has two peaks of pyridinic-N
(397.75 eV) and RC=N (399.82 eV) [57,58]. The binding energy of the -NH and -NH; groups
remains relatively unchanged from the pre-adsorption levels following the adsorption.
Meanwhile, the proportion of RC=N increases from 90.48% to 91.45% after adsorbing
Cu(Il), decreases to 85.16% after adsorbing Cd(Il), and decreases to 62.91% after adsorbing
Zn(II), making a reduction of 27.57%. Furthermore, when microalgae adsorb these three
heavy metal ions, the binding energy at 397.75 eV undergoes significant migration, possibly
because the protonated -NHJ groups on the surface of the microalgae coordinate with
the metal ions, resulting in the changes in relevant bond energies [40], or because the
heavy metal ions bind with the polysaccharides and proteins of the EPS on the cell surface,
causing a shift in binding energy [58]. Specifically, during the adsorption of Cu(ll), the
binding energy migrates from 397.75 eV to 402.13 eV, and the functional group is converted
to -NH; [59], leading to a decrease in its proportion from 9.52% to 8.55%. In the process
of treating Cd(II), the binding energy migrates to 405.27 eV [60], and the functional group
is converted to nitrate, leading to an increase in its proportion to 14.84%. During the
adsorption of Zn(Il), the binding energy migrates to 398.98 eV, and the functional group is
converted to C=N [54], leading to an increase in its proportion to 37.09%.

The study’s XPS data revealed that the surface of the Chlorella cell wall contains a
variety of characteristic groups, such as carboxyl, amino, aldehyde, and ether groups. These
groups were involved in interactions with Cu(Il), Cd(Il), and Zn(Il) during the adsorption
process by Chlorella. The binding of heavy metals by these functional groups contributes
to their removal. Zhao et al. [61] discovered that the fungus Geotrichum sp. dwc-1 had
functional groups like amide and carboxylic acid that are crucial for binding heavy metals in
XPS. Wang et al. [62] discovered through XPS that functional groups in modified microalgae
Chlorella, such as -SH and -OS30-, can also bind to Hg(II) and adsorb toxic mercury ions
under low sulfur conditions in the environment.

3.2.3. FTIR Analysis of Chlorella vulgaris

The FTIR spectra of microalgae with Chlorella vulgaris, both in the presence and absence
of Cu(Il), Cd(II), and Zn(II), are depicted in Figure 6. The broad peaks observed in the range
of 3430-2927 cm ™! correspond to the characteristic functional groups of hydroxyl, phenol,
alcohol, and carboxyl. The peak at 3395 cm~! is due to the presence of -OH. The peaks
within the range of 1656-1542 cm ! are identified as absorption peaks, denoting the amide
I'and II vibrations of the C-N groups associated with the peptides on the cellular surface, as
indicated by the peaks at 1656 and 1542 cm ! [63], and the functional groups in this range
make a significant contribution to the effective removal of metal ions. The absorption peak
at 1451 cm ! is caused by the bending vibrations of the C-H aliphatic group. Furthermore,
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the peak at 1244 cm~! is attributed to the phosphodiester bonds found in phospholipids
and nucleic acids [64]. The asymmetric stretching vibration of C-O-C, which is indicative of
ester bonds in proteins like hemoglobin, is observed at 1157 cm~!. The peak at 1076 cm ™!
represents the stretching vibration of the C-OH bond in carboxyl groups, which are preva-
lent in lipids, proteins, and carbohydrates (refer to Table S4). Additionally, the peak at
931-860 cm ™! corresponds to the region where olefins (=C-H) are present.
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Figure 6. FTIR peaks before and after adsorption of Chlorella at concentrations of 2 mg/L Cu(II),
12 mg/L Cd(Il), and 5 mg/L Zn(II) at pH 7.0 and 30 °C.

Numerous studies have demonstrated that cells” surfaces are adorned with negatively
charged functional groups, including COOH, O-H, and P=O, which can undergo ion
exchange with heavy metal ions, constituting a mechanism for biological adsorption [65].
Bifunctional structures with characteristic groups such as C-N, P=0O, and O-H are also
very effective at chelating heavy metal ions, in addition to negatively charged functional
groups. From the graphs, it can be seen that the peaks before and after adsorption changed
significantly around 1732, 1656, 1542, 1244, 1157, and 1075 cm-1. These changes correspond
to the vibrational frequencies of COOH, C-N, P=0, C-O-C, and C-OH functional groups,
respectively. This finding suggests that Cu(Il), Cd(Il), and Zn(Il) can bind to specific
functional groups on the microalgae’s surface to facilitate adsorption. Consequently, this
validates the involvement of diverse functional groups observed in XPS with heavy metal
ions during the adsorption process.

3.2.4. Morphometric Analysis of Chlorella vulgaris Using SEM-EDS

The morphological characteristics of microbial cells can be examined using SEM.
This technique allows for the analysis of alterations in the surface morphology of cells
following the adsorption of heavy metal ions. The surface properties of algal biosorbents
after adsorbing Cu(Il), Cd(Il), and Zn(II) were characterized using SEM, and the electron
micrographs are shown in Figure 7(a—d,a-1-d-1). It is evident that the microalgae maintain
a spherical shape and have folds on the cell surface, providing a good condition for the
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fixation of heavy metals. Before adsorption, the surface of microalgae cells is smooth,
without any attachment, and the cell structure is intact. After the adsorption of Cu(Il),
the surface texture of the microalgal cells shows increased roughness, similar to a mesh,
and exhibits shrinkage and deformation. In addition, particulate matter is attached to the
cell surface. Following the uptake of Zn(II) and Cd(II) by microalgae, different degrees
of damage and disintegration of microalgal cells can be observed, as shown in Figure 7.
Numerous asymmetric crystal micro-precipitates are seen on the surface of the microalgal
cells. The disintegration of cell structures could be attributed to the lysis of the cell wall
and membrane induced by heavy metal ions, which disrupts the cellular architecture. The
formation of microprecipitates on cell surfaces is a crucial and highly significant mech-
anism for the biosorption-based removal of heavy metals [66]. Furthermore, Chlorella
cell surfaces contain sites for adsorbing heavy metals [67]. The cell wall of microalgae is
mainly composed of EPS consisting of polysaccharides, lipids, and proteins, which provide
various functional groups. Since these substances contain functional groups with negative
charges, they interact with heavy metal cations to form complex compounds, which can
help in the adsorption, fixation, and precipitation of metal ions, thereby reducing the
toxicity of heavy metals [68]. Wang et al. [62] found that after Chlorella adsorbed Hg(II),
the EPS present on the cell surface can form complexes with Hg(II) to produce protrud-
ing particles and create metallic minerals bound by Hg(II). Meanwhile, observations by
S. Li et al. [69] used SEM to demonstrate that Chlamydomonas reinhardtii forms Pb-
containing minerals on its cell surface following the adsorption of Pb(II).

Figure 7. Under the experimental conditions of pH 7.0, 30 °C and 160 rpm adsorption for 24 h,
Chlorella adsorbed 2 mg/L Cu(II) (b), 12.0 mg/L Cd(II) (c), and 4.0 mg/L Zn(II) (d) before (a) and
after SEM at 500 nm magnification. and SEM before (a-1) and after adsorption of Cd(II) (c-1) and
Zn(II) (d-1) at 1 um magnification; SEM after adsorption of Cu(Il) (b-1) at 2 um magnification; EDX
of Chlorella before (a-2) and after adsorption of Cu(II) (b-2), Cd(II) (c-2), and Zn(II) (d-2).

An examination of the distribution of heavy metal elements on the surface of microal-
gae cells was conducted using EDS, which revealed localized signals of copper, cadmium,
and zinc. This observation implies that the algal cell surface has effectively absorbed and
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fixed Cu(Il), Cd(II), and Zn(II). Furthermore, it was observed that the surface concentrations
of Cu, Cd, and Zn on the cells were elevated compared to the intracellular heavy metal
contents, indicating that extracellular adsorption exhibits superior adsorptive capabilities.
In addition, calcium signals appear on the cell surface after adsorbing Cd(II), which may be
due to the formation of secondary minerals containing calcium ions on the surface. There
are no chloride signals before and after the adsorption of the three ions, indicating that no
chlorinated inorganic compounds are produced after adsorption. Morphological changes
in microalgal cells and elemental analysis confirm the bioabsorption of heavy metals on the
cell surface.

3.2.5. Morphometric Analysis of Chlorella vulgaris Using TEM-EDS

Utilizing TEM, the ultrastructural characteristics of the cells were investigated, and
the intracellular distribution of heavy metal ions was determined. The TEM micrographs
of the microalgae after adsorbing Cu(Il), Cd(II), and Zn(II) are displayed in Figure 8a—d.
From the figures, different positions, sizes, and shapes of black spots (indicated by arrows)
appear within the adsorbed microalgal cells, possibly due to the accumulation of heavy
metals inside the cells. Li et al. [58] also observed using TEM the accumulation of zinc in
Chlamydomonas reinhardtii cells to form aggregates after zinc adsorption. Cheng et al. [70]
further demonstrated that uranium can enter Ankistrodsemus sp. cells through normal
metabolic processes and form uranium-containing crystals.

T— Ny,
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Figure 8. TEM images of Chlorella before (a) and after adsorption of 2 mg/L Cu(Il) (b), 12.0 mg/L
Cd(II) (c), and 4.0 mg/L Zn(II) (d) and EDS of Chlorella before (a-1) and after adsorption of Cu(Il) (b-1),
Cd(I) (c-1), and Zn(II) (d-1) under the experimental conditions of pH 7.0, 30 °C, and 160 rpm for 24 h.

EDS was used to investigate the elemental content of these black dot-like particles
in order to further confirm their composition (Figure 8(a-1-d-1)). The figures show that
modest indications of copper, cadmium, and zinc appear following the adsorption of Cu(II),
Cd(II), and Zn(Il) by microalgae, and their relative levels are substantially lower than those
outside the cells, proving that Cu(Il), Cd(Il), and Zn(Il) can penetrate the cell wall and cell
membrane into the interior of the cells.

4. Conclusions

In this investigation, the adsorption characteristics of copper, cadmium, and zinc within
Chlorella vulgaris were examined, elucidating the biomineralization and morphological trans-
formation mechanisms of ions. At pH 7.0, with initial concentrations of 2 mg/L Cu(II),
12 mg/L Cd(l), and 12 mg/L Zn(Il), Chlorella vulgaris exhibited optimal adsorption ef-
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ficiency, reaching 93.63%, 73.45%, and 85.41% for Cu(II), Cd(II), and Zn(Il), respectively,
with adsorption equilibrium time at 20 min, 120 min, 60 min respectively. The adsorp-
tion kinetics of Cu(Il), Cd(Il), and Zn(II) by Chlorella vulgaris were primarily governed
by pseudo-second-order kinetics and the Langmuir isotherm model. This suggests that
the predominant mechanisms are monolayer adsorption and chemisorption. The rate of
adsorption is influenced by both intracellular and extracellular diffusion processes, with
extracellular adsorption identified as the primary mechanism. There is very little heavy
metal ion absorption occurring within the cells. Functional groups had significant roles in
the adsorption process and included amino, carboxyl, aldehyde, and ether. However, CdS
precipitates, Ca-containing crystals, and ZnSOy crystals were found on the cellular exterior.
Meanwhile, throughout the adsorption process, Cu(ll) was reduced to Cu(l), and the gener-
ated products included CuyS and CuS;. In the current study of Chlorella, although it has a
strong adsorption capacity for heavy metals, when the concentration of heavy metals in the
water body exceeds its tolerance level, it may lead to the death of Chlorella. In the future,
Chlorella species with higher tolerance and stronger adsorption capacity for heavy metals
can be cultivated through genetic engineering or breeding techniques.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/w16131906/s1, Figure S1: Standard curve of chlorella dry weight;
Table S1: The compositions of BG11 culture medium; Table S2: The adsorption kinetic model
parameters; Table S3: The adsorption isotherm model parameters; Table S4: Peak wavelengths before
and after chlorella adsorption of heavy metals.
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