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Using Spirulina platensis

as a natural biocoagulant
for polystyrene removal
from aqueous medium:
performance, optimization,
and modeling
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Microplastics (MPs) are newly recognized contaminants that result from the breakdown of plastics
released into aquatic environments. This study focuses on the elimination of polystyrene (PS) using

S. platensis, a natural biocoagulant, from aqueous solutions. The research investigated several crucial
variables, including the initial level of PS ranging from 100 to 900 mg L%, pH levels from 4 to 10, the
contact time of 20-40 min, and doses of S. platensis ranging from 50 to 250 mg L. The analysis of the
data revealed that the quadratic model offered the best fit for the experimental results. In the present
study, we utilized S. platensis as a novel natural biocoagulant to effectively eliminate PS from aqueous
solutions. Process optimization was performed using a Box-Behnken design (BBD). The best-fitting
model for the data was the quadratic model. The results displayed that the highest elimination of PS
(81%) was occurred at a pH of 4, with a contact time of 30 min, a dose of S. platensis at 250 mg L™,
and a PS concentration of 500 mg L. These findings show that S. platensis has a significant effect on
removing PS from the aquatic environment. Algae can serve as a convenient and eco-friendly method,
replacing chemical coagulants, to effectively remove MPs from the aquatic environment.

Plastic contaminant is a worldwide crisis that presents a serious risk to human health and the environment'.
Plastics have the potential to degrade under environmental conditions, leading to the formation of tiny particles
called MPs. The increase of plastic at both macro and micro levels in the environment has caused many concerns?.
MPs, measuring less than 5 mm in size, exist in various forms such as spheres, plates, threads, and polyhedral
shapes in the environment®*. These pollutants are released into the environment in primary and secondary
forms®. Primary MPs are intentionally manufactured in small sizes for specific applications such as cosmetics®,
drug delivery in medicine, and cleaning agents’. Secondary MPs are formed as larger plastics break down into
smaller particles through physical, chemical, and biological processes®. Due to their small size, large surface-to-
volume ratio, and hydrophobic surface properties, microplastics have a greater tendency to absorb pollutants'®!1,
Hydrophobic organic compounds (HOC:s), persistent organic pollutants (POPs), phenanthrene, and antibiot-
ics adsorb onto the surface of MPs and aid in their transportation away from their original sources'?. These
adsorption behavior of MPs can impact crucial biological processes. Some pollutants, such as lead, cadmium!'?,
and tetracycline’® can be adsorbed onto MPs, ingested by aquatic organisms, and therefore have toxic effects
on them. The entrance of these pollutants into the bodies of living organisms may lead to endocrine disorders,
which can then affect mobility, reproduction, growth, and enhance the probability of carcinogenesis'*. Several
studies have presented evidence of the extensive presence of MPs in the world’s oceans'>'®. PS is one of the types
of MPs, which has the same density as natural water!’. This specific microplastic contains styrene and benzene
monomers, both of which are recognized as carcinogenic and can present a significant danger to both aquatic
organisms and humans'®'’. Microplastic removal has traditionally been conducted through a variety of methods,
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including chemical, physical, and biological processes?®*.. In water and wastewater treatment, natural coagulants
offer numerous advantages compared to chemical agents. These advantages include biodegradability, minimal
toxicity, reduced residual sludge production, and economic feasibility. Compared to chemical coagulants, natural
coagulants are a more sustainable and environmentally friendly*?. Natural coagulants are derived from renewable
sources and do not contain harmful chemicals that could have long-term environmental or health effects. Addi-
tionally, the utilization of natural coagulants frequently leads to a decrease in residual sludge, thereby reducing
both waste production and disposal expenses?. Overall, the utilization of natural coagulants can promote a more
sustainable approach to water treatment and contribute to a healthier environment®*. In the recent past, the use
of biological approaches, such as algae, has shown potential in addressing this problem. Removing pollutants
using biological methods minimizes the formation of toxic byproducts. Ultimately, this approach leads to cleaner
ecosystems>’. In some studies such as oak powder'®, Aspergillus sp.”®, and S. cerevisiae*® was used to remove
MPs from aquatic environment. S. platensis is a type of blue-green microalgae that is utilized for the purpose
of eliminating pollutants, including heavy metals, organic compounds, and other contaminants, from aquatic
environments®. Moreover, these algae are abundant in nutrients, minerals, rhamnose sugar, polyunsaturated
fatty acids, omega-6, trace elements, and easily digestible enzymes. Even after being used, algal biomass can be
utilized as fuel, fertilizer, and medicine to prevent secondary pollution®’. Owing to its rich nutritional profile and
eco-friendliness, the use of algae holds great significance for biotechnological applications®™. S. platensis, being a
natural coagulant, assists in the flocculation of MPs and facilitates their effective removal through conventional
water treatment processes®. Esmaeili et al.'? removed polyethylene MPs using C. vulgaris. They found that the
algae had the maximum elimination rate of 84% in the presence of a pH of 10 and a PE level of 250 mg L™'**. Also,
Cunha et al. (2020%?) carried out a research by a biopolymer derived from microalgae to remove nanoplastics and
MPs from wastewater treatment. They found that the extracellular polymers from algae cause the formation of
flocs and effectively remove MPs from the wastewater?’. During flocculation and coagulation, MPs are brought
together by algae, which leads to the formation of larger, denser flocs. This facilitates their effective removal from
the water. Generally, the removal of MPs by microalgae is performed through slow and fast agitation stages of
the reaction mixture. Finally, the formed flocs settle*. In the process of coagulation and flocculation, polysac-
charides derived from algae play an important role in creating larger flocs and removing these pollutants by
bridging between particles®. Biological purification of MPs through algae has attracted scientific attention as a
comprehensive and sustainable environmental strategy®. Given the mentioned advantages of microalgae, it is
important to utilize S. platensis for PS removal. To achieve this aim, the removal of PS by S. platensis was tested
under various conditions, including algae dose, microplastic concentration, and pH.

Materials and methods

Chemicals

The polystyrene utilized in the test was in the form of transparent granules were acquired from Pishgaman
Plastic Company in Iran.

S. platensis preparation
Spirulina platensis (abdf 2224) was sourced from the Iranian National Algae Culture Collection in Tehran, Iran,
and grown in Zarrouk’s culture under consistent conditions of 3000 Ix light intensity and a temperature of 25+ 1
°C. Then, the algae cells were centrifuged at 4000 rpm for 10 min and separated from the growth medium, and
dehydrated at 80 °C for 12 h.

PS preparation

Initially, PS granules were ground using a grinder and sifted to sizes smaller than 425 pm. To avoid interfering
factors and ensure the contact surface of algae with polystyrene, 0.001 M hydrochloric acid (HCI) is used to wash
the raw granules. Then, these materials were dried at 60 °C for 12 h. The resulting MPs were stored in a sealed
container, away from any sources of moisture and light, in a dark environment.

Characteristics and measurements

The properties of S. platensis, PS, and biological flocs were examined using FTIR, FESEM, zeta potential, and
DLS. FT-IR spectroscopy identified the functional groups present on the surfaces of S. platensis, PS, and biologi-
cal flocs. FESEM investigated the surface morphology of the samples. DLS and ZP analyses were employed to
survey the particle size and surface charge of the particles.

Design of experiments

PS elimination tests were conducted, taking into account various interfering parameters, including the initial PS
level (100-900 mg L), pH range (4-10), and the dose of S. platensis (50-250 mg L™"). The PS size in all samples
was below 425 pum.

The removal process was conducted using the jar test method in two phase. In the first phase, the reaction
mixture was prepared according to Table 1 and stirred at 400 rpm for 1 min. In the second stage, the resulting
suspension was mixed at a speed of 100 rpm for 15 min. The suspension was then conveyed to a decanter funnel,
and the resulting flocs were settled for 30 min without any disturbance. After an appropriate settling period,
the liquid above the settled particles was collected, filtered, dehydrated at 55 °C for 12 h, and then weighed. The
elimination rate of PS (R %) was calculated using Eq. (1):
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Value
Factor Code |-1 |0 +1
PS (mg L) A 100 | 500 | 900
S. platensis (mg L") | B 50 | 150 | 250
pH C 4 |7 |10

Table 1. Main factors utilized to eliminate PS.

M; - M,
L2 100% (1)
M;

R(%) =

M1 denotes the original weight of PS before the elimination process, while M2 signifies the weight of PS on
a Whatman filter subsequent to the elimination.

Modeling PS removal

In this work. It was employed the BBD model to improve the efficiency of eliminating PS MPs. The RSM quadratic
model can be expressed as Eq. (2) below:

k k
k
Y =B0+ E::‘:Ugixi + E Biix} + E  Bixixj )
i=1

1<i<j

The Eq. (1) uses various symbols to represent different factors. Y stands for the anticipated outcome, 0 rep-
resents the fixed coefficient, fi represents the coefficient for linear effects, Bii represents the quadratic coefficient,
Bij represents the coefficient for interaction, and xi or xj denote the coded values of the factors®.

Result and discussion

Characterization

Figure 1 indicates FT-IR spectrum of S. platensis, PS, and biological flocs. The analysis confirmed that the formed
flocs contained PS. From Fig. 1a, the adsorption peaks at 6238.51 cm™, 668 cm™, and 697 cm™ show the presence
of alkyl halides. The adsorption bands at 1073-1398 cm™ correspond to the stretching vibration of the CO-H
group in polysaccharides, including uric acid. Nucleic acid spectra were discovered at 1239 cm™. The proteins
exhibited bending in the CH, and CH, groups. The peak of 1398 cm™ was related to the (NCH;); groups®’. The
specific peak observed at 1454 cm™ corresponds to the vibration of the C-N bond, which is specifically found in
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Figure 1. FT-IR spectrum of (a) S. platensis, (b) PS, and (c) biological flocs.
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the quaternary ammonium groups. The peak detected at 2851 cm™ is associated with the C-H stretching vibra-
tion characteristic of fatty acids®. The peak observed at 3300 cm™1 is linked to the stretching vibration of the
O-H bond, which can be attributed to lignocellulose and water molecules. Additionally, the peak at 3300 cm™*
corresponds to the vibration of the N-H bond in the primary amine group, indicating the presence of protein
within the algae’s structure. These proteins have the ability to create connections between PS particles, causing
the formation of relatively large flocs. Consequently, these flocs tend to settle down due to their increased size
and weight*. Based on the information provided in Fig. 1b, the peaks detected at 635.38 cm™ and 694 cm™! can
be attributed to the bending vibration of the C-H groups. Furthermore, the peak observed at 755.44 cm™ may
be associated with the ring-bending vibration of the polystyrene structure. The absorption peaks at 1067.92 cm™
and 1372 cm™ are indicative of the bending vibrations of the C-H bonds. The peaks at 1492.1 cm™ and 1600.30
cm™ correspond to the C=C stretching vibration, which is a characteristic feature of the aromatic ring structure
present in polystyrene. Lastly, the peaks registered at 2918.69 cm™ and 3000.98 cm™ suggest the stretching
vibrations of the C-H bonds within the polymer***!.

Figure 1c provides evidence of the presence of biological flocs, highlighting the connection between the func-
tional groups and PS. Upon the absorption of PS, specific absorption bands associated with N-H, C-H, C=0,
and CO-H functional groups underwent shifts to 3425 cm™, 3313 cm™!, 1864 cm™', and 1064 cm ™, respectively.
These shifts indicate the interaction and linkage between PS and S. platensis. The peak observed at 1661 cm™
corresponds to the stretching vibration of the C=0 bond in carboxyl and carboxylic groups, which play a role
in the adsorption and bridging mechanism between PS particles.

Figure 2a—c displays the FESEM images of S. platensis and PS. As shown in Fig. 2a, S. platensis is found in the
form of spherical particles with heterogeneous and non-uniform pores. This characteristic of microalgae allows
it to attach to PS particles*’. Figure 2b, in contrast, displays crushed PS particles that exhibit irregular cracks on
their surfaces. This characteristic results in an increased contact area with algal particles*. Figure 2c shows the
flocs that contain microalgae and MPs after the elimination process. The entanglement and accumulation of
MPs and algae are clearly visible, indicating the adsorption and bridging of MPs by algae cells*. The interaction
between the pores and gaps found in algae particles and the uneven surface of MPs leads to the formation of
large flocs. Consequently, these flocs settle rapidly due to their increased size and weight*. In conclusion, these
findings confirm that S. platensis induces the coagulation and removal of PS.

The zeta potential (ZP) measures the electrostatic dispersion process and provides an indication of the relative
stability of particles. It is influenced by various parameters, including pH, solution conductivity, and particle
concentration (37). Table 2 presents the ZP values for PS and biological flocs*®. According to Table 2, it is found

Figure 2. FESEM of (a) S. platensis, (b) PS, and (c) the biological flocs of S. platensis and PS.
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Material Zeta potential (mV) | Average diameter (um)
PS -76.3 328.40
Biological floc —46.9 673.7

Table 2. Zeta potential and DLS levels for both PS and biological flocs.

that the initial ZP value for PS particles was — 76.3 mV, which decreased to — 46.9 mV after the formation of
biological flocs composed of PS and algae. This indicates that the addition of algae to the suspension reduces
the repulsive force between particles, thereby promoting the formation of biological flocs. Over time, these flocs
settle due to their increased density, indicating the potential of algae to influence the settling and removal of PS
particles from the environment.

According to Table 2, the results of the DLS analysis indicate significant changes in the particle size of both PS
particles and biological flocs. The data demonstrates that the average diameter (D,,,) of PS increased following
elimination, suggesting the formation of biological flocs that incorporate PS particles. Initially, the D,,, of PS was
measured at 328.4 um. However, after the removal process, the D,,, of the biological flocs containing PS particles
rose to 673.7 um. These observations indicate that coagulation and flocculation mechanisms effectively remove
PS particles from the aqueous medium. Due to the presence of polysaccharides and proteins in their cell walls,
algae can facilitate the formation of biological clots by acting as a bridge between PS particles®.

Response model

The BBD statistical technique is utilized to design, model, and optimize the elimination of PS. BBD employs a
three-level quadratic design, examining variables at the midpoint (+ 1) and center point (0)*. In this study, a
total of 17 experimental trials were conducted using BBD to investigate the effects of four process factors: dos-
age of S. platensis, pH, and initial PS concentration. Table 3 presents the elimination rate of PS through the use
of S. platensis.

Based on Table 3, the PS elimination rates varied between 19.6 and 81%. This study aimed to survey the
impact of various independent factors, such as initial PS level, S. platensis dose, pH, and contact time, on the
rate of PS elimination. The researchers analyzed the experimental results using various models, such as linear,
2F1, quadratic, and cubic models, to identify the most suitable model for accurately representing the findings.
The statistical adequacy assessment of these models is presented in Table 4.

Table 5 illustrates the coefficients of the quadratic model (QM) for the elimination of PS by S. platensis. It also
demonstrates the goodness of fit of QM to the findings.

Equation (3), derived from the information in Table 5, provides a quantitative model for PS elimination by
utilizing the coded factors. The equation can be expressed as follows:

Coded variable Coded variable
RunNo |A B C | Removal (%) |RunNo | A B C Removal (%)
1 100 150 |10 |52 10 500 50 4 39.68
2 500 | 150 7 |63.6 11 500 250 4 81
3 100 50 7 |19.6 12 500 50 10 51.68
4 900 50 7 |53 13 500 150 7 69
5 500 | 150 7 |78 14 500 150 7 70
6 500 | 150 7 |80 15 900 250 7 49.8
7 500 |250 |10 |60.16 16 100 150 4 41.8
8 900 | 150 4 |62 17 900 150 10 55.4
9 100 | 250 7 |54

Table 3. BBD matrix used for the elimination of PS by S. platensis.

Source Sequential p value | Lack of fit p value | Adjusted R> | Predicted R?
Linear 0.1454 0.1113 0.1751 -0.2118

2FI 0.0662 0.2035 0.4607 0.0630
Quadratic 0.0295 0.6916 0.7704 0.4367
Cubic 0.6916 0.7108

Table 4. Statistical adequacy assessment of models.
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Factor Coefficient estimate | df | Standard error | 95% CIlow | 95% CI high | VIF
Intercept 70.92 1 3.53 62.56 79.28

A-Conc 0.4750 1 2.79 -6.13 7.08 1
B-Dose 13.38 1 2.79 6.77 19.98 1
C-pH 0.4700 1 2.79 -6.14 7.08 1
AB —-14.90 1 3.95 —24.24 -5.56 1
AC —7.45 1 3.95 -16.79 1.89 1
BC -9.21 1 3.95 - 18.55 0.1312 1
A? —-10.45 1 3.85 -19.55 - 135 1.01
B? -10.87 1 3.85 -19.97 - 177 1.01
C? -0.9200 1 3.85 -10.02 8.18 1.01

Table 5. Estimated coefficients for the QM of PS elimination by S. platensis.

Elimination % = 70.92 + 0.4750A + 13.38B—0.47C — 14.9AB—7.45AC—9.21BC—10.45A2—10.87B%—0.92C?
©)
The models used in the study consisted of fixed and variable components, considering different laboratory
factors. The predicted elimination rate obtained from the model was 70.92%. The coded variables A, B, and C
had coefficients of 0.4750, 13.38, and 0.47, respectively. Among these factors, the dose of S. platensis (coded as
B) had the most significant impact on the elimination rate, with a coefficient of 13.38. The interaction effect of
AB had the highest coefficient of 14.90, while the squared effect of B> had the highest coefficient of 10.87. The
analysis of variance (ANOVA) for the quantitative model of PS elimination by S. platensis is presented in Table 6.
Figure 3 demonstrates the comparison between the predicted removal and the actual removal of PS. It is
apparent from Fig. 3 that the model accurately predicts the PS removal.

Impact of main variabls on elimination efficiency

Figure 4a,b illustrates the relationship between the elimination of PS and various variable, such as initial PS level,
contact time, pH, and S. platensis dose. The graph illustrates how changes in microalgae dose, pH, PS concentra-
tion, and contact time affect the efficiency of PS elimination.

The findings from Fig. 4a indicate that changes in pH did not have a important effect on the elimination effi-
ciency of PS (P value >0.05). However, it is noteworthy that the maximum elimination efficiency was observed at
a pH of 4. One possible explanation for the increased elimination of MPs at pH 4 is the favorable conditions for
interaction between MPs and microalgae. At a pH of 4, there is a slight prevalence of positively charged groups
in the algal structure compared to the negatively charged groups. This dominance facilitates the adhesion and
connection between algal cells and negatively charged PS particles. Consequently, this improved interaction
facilitates the efficient accumulation of MPs and contributes to an increased rate of elimination®.

Based on the results of Fig. 4a, increasing the microalgae dose from 50 to 250 mg L™ resulted in a 28.57%
increase in PS elimination efficiency (p value <0.05). This is because as the algal dose increases, the probability

Sum of squares | df Mean square Fvalue | pvalue
Model 3741.95 9 415.77 11.64 0.0019
A-Conc 348.48 1 348.48 9.76 0.0168
B-Dose 820.13 1 820.13 22.96 0.0020
C-pH 3.43 1 3.43 0.0961 0.7656
AB 353.44 1 353.44 9.90 0.0162
AC 70.56 1 70.56 1.98 0.2026
BC 269.62 1 269.62 7.55 0.0286
A? 1170.76 1 1170.76 32.78 0.0007
B? 541.93 1 541.93 15.17 0.0059
Cc? 29.46 1 29.46 0.8248 0.3940
Residual 250.00 7 35.71
Lack of fit 66.51 3 22.17 0.4833 0.7117
Pure error 183.49 4 45.87
Cor total 3991.95 16
R? 0.93 Predicted R? 0.66
Adjusted R* | 0.85 Adeq precision | 12.90

Table 6. The ANOVA results for the quantitative model of PS elimination by S. platensi.
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Figure 4. The 3D surface graph and contour plots for PS removal as a function of (a) pH and S. platensis dose;
(b) pH and PS concentration.
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of algal cells being exposed to PS particles also increases. This means that the number of algae binding sites
increases, facilitating the bridging between PS particles and algae. This ultimately results in the dense floc pro-
duction, which can settle quickly over time. This mechanism ultimately leads to the efficient elimination of PS
particles from aqueous solution?’.

Figure 4b clearly depicts the correlation between increasing PS concentration (from 100 to 900 mg L™") and
the corresponding rise in PS elimination efficiency (from 39 to 70%). This increase in elimination efficiency is
statistically significant (P value <0.05). A higher level of PS particles enhances the likelihood of contact between
PS MPs and algal cells during the elimination process, providing more opportunities for interaction and bind-
ing. The attachment of PS particles to algal cells is a critical step in the elimination process and is facilitated by
electrostatic interactions between the positively charged PS molecules and the negatively charged cell surface of
the algae. This interaction leads to the formation of flocs, which can be easily separated from the water, result-
ing in effective elimination of MPs from the aqueous solution®’. According to Yu-Ru et al.”!, the elimination
rate of microplastics (MPs) is directly correlated with their concentration. Yuanyuan et al.>> demonstrated that
microalgae exhibit higher MPs elimination rates when exposed to elevated levels (e.g., 1 g L™!) compared to
lower levels (e.g., 0.01, 0.1 g L™!). In another investigation, bacterial biofilms achieved an 84.5% elimination of
PS MPs at a level of 10 mg L™1%3.

Future prospective

We propose implementing waste-to-energy (WtE) technology, specifically pyrolysis, as a promising method for
disposing of PS. Pyrolysis transforms PS waste into valuable products, such as oils and gases, while minimiz-
ing environmental impacts. By incorporating pyrolysis into the waste management process, we can effectively
address the issue of PS disposal, contributing to a more sustainable approach while simultaneously harnessing
energy from the process. This indicates a promising direction for future research and development in the field
of PS waste management.

Conclusion

In this study, we employed S. platensis as a new natural biocoagulant for the efficient elimination of PS from water
solutions. The quadratic model proved to be the best fit for the data. The findings indicated that the maximum
PS elimination (81%) was attained at a pH of 4, a contact time of 30 min, a S. platensis dose of 250 mg L™, and a
PS level of 500 mg L™". These results demonstrate the significant impact of S. platensis on PS elimination in water
environments. Microalgae present a practical and environmentally friendly alternative to chemical coagulants
for the effective elimination of MPs from aquatic settings.

Data availability
The datasets generated and analyzed during the current study were available from the corresponding author on
reasonable request.

Received: 16 October 2023; Accepted: 29 January 2024
Published online: 30 January 2024

References
1. Shen, M. et al. (Micro) plastic crisis: Un-ignorable contribution to global greenhouse gas emissions and climate change. J. Clean.
Prod. 254, 120138 (2020).
2. Mai, L., Bao, L.-J,, Shi, L., Liu, L.-Y. & Zeng, E. Y. Polycyclic aromatic hydrocarbons associated with microplastics in surface waters
of Bohai and Huanghai Seas, China. Environ. Pollut. 241, 834-840 (2018).
3. Lusher, A., Hollman, P. & Mendoza-Hill, J. Microplastics in Fisheries and Aquaculture: Status of Knowledge on Their Occurrence
and Implications for Aquatic Organisms and Food Safety (FAO, 2017).
4. Barari, F. & Bonyadi, Z. Evaluation of the leaching of microplastics from discarded medical masks in aquatic environments: A case
study of Mashhad city. Appl. Water Sci. 13(12), 229 (2023).
5. Karbalaei, S., Hanachi, P., Walker, T. R. & Cole, M. Occurrence, sources, human health impacts and mitigation of microplastic
pollution. Environ. Sci. Pollut. Res. 25, 36046-36063 (2018).
6. Anbumani, S. & Kakkar, P. Ecotoxicological effects of microplastics on biota: A review. Environ. Sci. Pollut. Res. 25, 14373-14396
(2018).
7. Duis, K. & Coors, A. Microplastics in the aquatic and terrestrial environment: Sources (with a specific focus on personal care
products), fate and effects. Environ. Sci. Eur. 28(1), 1-25 (2016).
8. Sharma, S., Sharma, V. & Chatterjee, S. Microplastics in the Mediterranean Sea: Sources, pollution intensity, sea health, and regula-
tory policies. Front. Mar. Sci. 8, 634934 (2021).
9. Bonyadi, Z., Maghsodian, Z., Zahmatkesh, M., Nasiriara, ]. & Ramavandi, B. Investigation of microplastic pollution in Torghabeh
River sediments, northeast of Iran. J. Contam. Hydrol. 250, 104064 (2022).
10. Enfrin, M. et al. Release of hazardous nanoplastic contaminants due to microplastics fragmentation under shear stress forces. J.
Hazard. Mater. 384, 121393 (2020).
11. Yang, J. et al. Effects of soil environmental factors and UV aging on Cu2+ adsorption on microplastics. Environ. Sci. Pollut. Res.
26, 23027-23036 (2019).
12. Liu, Z. et al. Effects of microplastics on the innate immunity and intestinal microflora of juvenile Eriocheir Sinensis. Sci. Total
Environ. 685, 836-846 (2019).
13. Zahmatkesh Anbarani, M., Najafpoor, A., Barikbin, B. & Bonyadi, Z. Adsorption of tetracycline on polyvinyl chloride microplastics
in aqueous environments. Sci. Rep. 13(1), 17989 (2023).
14. Lithner, D., Nordensvan, I. & Dave, G. Comparative acute toxicity of leachates from plastic products made of polypropylene,
polyethylene, PVC, acrylonitrile-butadiene-styrene, and epoxy to Daphnia magna. Environ. Sci. Pollut. Res. 19, 1763-1772 (2012).
15. Kedzierski, M. et al. Threat of plastic aging in marine environment. Adsorp. Desorp. Micropollut. Mar. Pollut. Bull. 127, 684-694
(2018).
16. Barnes, D. K., Galgani, E, Thompson, R. C. & Barlaz, M. Accumulation and fragmentation of plastic debris in global environments.
Philos. Trans. R. Soc. B. 364(1526), 19851998 (2009).

Scientific Reports |

(2024) 14:2506 | https://doi.org/10.1038/s41598-024-53123-y nature portfolio



www.nature.com/scientificreports/

17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
. Grosshagauer, S., Kraemer, K. & Somoza, V. The true value of Spirulina. J. Agric. Food Chem. 68(14), 4109-4115 (2020).
32.
33.

34.
35.

36.
37.
38.
39.
40.
41.
42.

43.

44.
. Lim, H. S., Fraser, A. & Knights, A. M. Spatial arrangement of biogenic reefs alters boundary layer characteristics to increase risk

46.
47.
48.
49.
50.
51.
52.

53.

Zhou, G. et al. Removal of polystyrene and polyethylene microplastics using PAC and FeCl3 coagulation: Performance and
mechanism. Sci. Total Environ. 752, 141837 (2021).

Marsh, K. & Bugusu, B. Food packaging—roles, materials, and environmental issues. J. Food Sci. 72(3), R39-R55 (2007).
Esmaeili Nasrabadi, A., Zahmatkesh Anbarani, M. & Bonyadi, Z. Investigating the efficiency of oak powder as a new natural
coagulant for eliminating polystyrene microplastics from aqueous solutions. Sci. Rep. 13(1), 20402 (2023).

Enyoh, C. E. et al. An overview of physical, chemical and biological methods for removal of microplastics. In Microplastics Pollu-
tion in Aquatic Media: Occurrence, Detection, and Removal (eds Sillanpai, M. et al.) 273-289 (Singapore, 2022).

Padervand, M., Lichtfouse, E., Robert, D. & Wang, C. Removal of microplastics from the environment. A review. Environ. Chem.
Lett. 18(3), 807-828 (2020).

Cunbha, C. et al. Microalgal-based biopolymer for nano- and microplastic removal: A possible biosolution for wastewater treatment.
Environ. Pollut. 263, 114385 (2020).

Ang, W. L. & Mohammad, A. W. State of the art and sustainability of natural coagulants in water and wastewater treatment. J.
Clean. Prod. 262, 121267 (2020).

Freitas, T. et al. Optimization of coagulation-flocculation process for treatment of industrial textile wastewater using okra (A.
esculentus) mucilage as natural coagulant. Ind. Crops Prod. 76, 538-544 (2015).

Mazloomi, S. et al. Removal of methylene blue by Saccharomyces cerevisiae: Process modeling and optimization. Desal. Water
Treat. 236, 318-325 (2021).

Esmaili, Z. et al. Biosorption of metronidazole using Spirulina platensis microalgae: Process modeling, kinetic, thermodynamic,
and isotherm studies. Appl. Water Sci. 13(2), 63 (2023).

Sadeghi, A. et al. The effect of diazinon on the removal of carmoisine by Saccharomyces cerevisiae. Desalin. Water Treat. 137,
273-278 (2019).

Nasrabadi, A. E., Ramavandi, B. & Bonyadi, Z. Recent progress in biodegradation of microplastics by Aspergillus sp. in aquatic
environments. Colloid Interface Sci. Commun. 57, 100754 (2023).

Zahmatkesh Anbarani, M., Esmaeili Nasrabadi, A. & Bonyadi, Z. Use of Saccharomyces cerevisiae as a new technique to remove
polystyrene from aqueous medium: Modeling, optimization, and performance. Appl. Water Sci. 13(8), 166 (2023).

Rath, B. Microalgal bioremediation: Current practices and perspectives. J. Biochem. Technol. 3(3), 299-304 (2012).

Manzi, H. P., Abou-Shanab, R. A., Jeon, B.-H., Wang, J. & Salama, E.-S. Algae: A frontline photosynthetic organism in the micro-
plastic catastrophe. Trends Plant Sci. 20, 20 (2022).

Nasrabadi, A. E., Eydi, M. & Bonyadi, Z. Utilizing Chlorella vulgaris algae as an eco-friendly coagulant for efficient removal of
polyethylene microplastics from aquatic environments. Heliyon 20, 20 (2023).

Pan, Y. et al. Removing microplastics from aquatic environments: A critical review. Environ. Sci. Ecotechnol. 13, 100222 (2023).
Luo, Y., Gao, B, Yue, Q. & Li, R. Application of enteromorpha polysaccharides as coagulant aid in the simultaneous removal of
CuO nanoparticles and Cu2+: Effect of humic acid concentration. Chemosphere 204, 492-500 (2018).

Nasoudari, E., Ameri, M., Shams, M., Ghavami, V. & Bonyadi, Z. The biosorption of Alizarin Red S by Spirulina platensis; process
modeling, optimization, kinetic and isotherm studies. Int. J. Environ. Anal. Chem. 20, 1-15 (2021).

Choudhary, M., Ray, M. B. & Neogi, S. Evaluation of the potential application of cactus (Opuntia ficus-indica) as a bio-coagulant
for pre-treatment of oil sands process-affected water. Sep. Purif. Technol. 209, 714-724 (2019).

de Diego-Diaz, B., Duran, A., Alvarez-Garcia, M. R. & Ferndndez-Rodriguez, J. New trends in physicochemical characterization
of solid lignocellulosic waste in anaerobic digestion. Fuel 245, 240-246 (2019).

Amor, L. B. et al. Biosynthesis of MgO and ZnO nanoparticles using chitosan extracted from Pimelia Payraudi Latreille for anti-
bacterial applications. World J. Microbiol. Biotechnol. 39(1), 19 (2023).

Fang, J., Xuan, Y. & Li, Q. Preparation of polystyrene spheres in different particle sizes and assembly of the PS colloidal crystals.
Sci. China Technol. Sci. 53, 3088-3093 (2010).

Smith, B. The infrared spectra of polymers III: Hydrocarbon polymers. Spectroscopy 36(11), 22-25 (2021).

Guo, H. Structure, Dynamics, and Therapeutic Potential of ATP Synthase (University of Toronto, 2022).

Kurniawan, T. A. et al. Source, occurrence, distribution, fate, and implications of microplastic pollutants in freshwater on environ-
ment: A critical review and way forward. Chemosphere 20, 138367 (2023).

Adegoke, K. A. et al. Microplastics toxicity, detection, and removal from water/wastewater. Mar. Pollut. Bull. 187, 114546 (2023).

of microplastic bioaccumulation. Environ. Res. Lett. 15(6), 064024 (2020).

Neolaka, Y. A. et al. Efficiency of activated natural zeolite-based magnetic composite (ANZ-Fe;0,) as a novel adsorbent for removal
of Cr (VI) from wastewater. J. Mater. Res. Technol. 18, 2896-2909 (2022).

Alj, I. et al. Interaction of microplastics and nanoplastics with natural organic matter (NOM) and the impact of NOM on the
sorption behavior of anthropogenic contaminants—a critical review. J. Clean. Prod. 20, 134314 (2022).

Wan, Y, Liu, X, Liu, P.,, Zhao, L. & Zou, W. Optimization of adsorption of norfloxacin onto polydopamine microspheres from
aqueous solution: Kinetic, equilibrium and adsorption mechanism studies. Sci. Total Environ. 639, 428-437 (2018).

Fard, M. B., Hamidi, D., Yetilmezsoy, K., Alavi, ]. & Hosseinpour, F. Utilization of Alyssum mucilage as a natural coagulant in
oily-saline wastewater treatment. J. Water Process Eng. 40, 101763 (2021).

Ren, B., Weitzel, K. A., Duan, X., Nadagouda, M. N. & Dionysiou, D. D. A comprehensive review on algae removal and control by
coagulation-based processes: Mechanism, material, and application. Sep. Purif. Technol. 293, 121106 (2022).

Cheng, Y.-R. & Wang, H.-Y. Highly effective removal of microplastics by microalgae Scenedesmus abundans. Chem. Eng. J. 435,
135079 (2022).

Su, Y. et al. Heterogeneous aggregation between microplastics and microalgae: May provide new insights for microplastics removal.
Agquat. Toxicol. 261, 106638 (2023).

Kim, B,, Lee, S.-W,, Jung, E.-M. & Lee, E.-H. Biosorption of sub-micron-sized polystyrene microplastics using bacterial biofilms.
J. Hazar. Mater. 458, 131858 (2023).

Acknowledgements
The authors would like to thank the financial support provided by the Mashhad University of Medical Science
(Iran) through the Grant number of 4010126.

Author contributions
M.E.: methodology, writing—original draft. M.Y.: writing, original draft. Z.B.: investigation, methodology, writ-
ing, review and editing, supervision.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2024) 14:2506 | https://doi.org/10.1038/s41598-024-53123-y nature portfolio



www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to Z.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:2506 | https://doi.org/10.1038/s41598-024-53123-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Using Spirulina platensis as a natural biocoagulant for polystyrene removal from aqueous medium: performance, optimization, and modeling
	Materials and methods
	Chemicals
	S. platensis preparation
	PS preparation
	Characteristics and measurements
	Design of experiments
	Modeling PS removal

	Result and discussion
	Characterization
	Response model
	Impact of main variabls on elimination efficiency

	Future prospective
	Conclusion
	References
	Acknowledgements


