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Abstract  Algae are used intensively in bioremedia-
tion studies due to their cell structure organization, 
doubling their weight in one day, ease of applica-
tion in biotechnological processes, low cost, content 
of many useful substances, ability to remove some 
harmful substances from the environment, and resist-
ance to environmental factors. In this work, Spirogyra 
sp. was isolated from freshwater sources in Ankara, 
and the cultivated algal biomass was entrapped in 
magnetic alginate beads (MA@ALG). The MA@
ALG beads were used for the biosorption and degra-
dation of three different endocrine-disrupting chemi-
cals (EDCs), namely Bisphenol A (BPA), Diclofenac 

(DCF), and Congo red (CR), using free algal biomass 
as a control system. The biosorption capacities of 
the free algal biomass for BPA, CR and DCF  were 
89.4, 163.1, and 68.2 mg/g, respectively. Whereas the 
biosorption capacities of MA@ALG for BPA, DCF, 
and CR were 73.6, 104.4, and 49.5 mg/g, respectively. 
The presence of laccase-like activity of the Spirogyra 
sp. in the cell-free medium was assayed after contact 
with the EDCs. The degradation efficiencies of BPA, 
CR, and DCF were 79.7, 88.2, and 81.7% by the free 
algal biomass, and 68.9, 73.3, and 73.4% for MA@
ALG, respectively, in a batch reactor for 7  days. 
Biosorption of BPA, DCF, and CR on the free algal 
biomass and MA@ALG is described by the Lang-
muir isotherm model and the pseudo-second order 
kinetic model. The toxicities of the tested compounds 
and degradation products were assessed with Daph‑
nia magna, Chlamydomonas reinhardtii, and Triticum 
aestivum L. The degradation products of BPA, DCF, 
and CR had no remarkable toxic effect on the test 
organisms used compared to the parent compounds.

Keywords  Spirogyra sp. · Entrapment · Magnetic 
alginate beads · Laccase · Biodegradation · Endocrine 
disturbing chemicals

1  Introduction

As is known, the primary source of energy used by all 
living things is solar energy, and the food chain begins 
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with the photosynthetic capabilities of eukaryotic and 
prokaryotic microalgae and other plant organisms. 
Algae can survive in many ecosystems ranging from 
sea to fresh water, from desert sands to hot springs, 
and together with fungi, they form lichens, the prod-
uct of symbiotic relationships spread over very wide 
areas in different climatic conditions (Bayramo-
glu & Arica, 2023; Chaturvedi & Jaiswal, 2023a, 
2023b; Otto et  al., 2015; Selvan et  al., 2023; Shing 
et al., 2018). Among algae species, Spirogyra sp. is a 
filamentous green microalga that lives in freshwater 
areas (Shing et al., 2018; Wijaya et al., 2025). These 
algae species are a renewable resource that can also 
eliminate toxic compounds from aqueous media and 
are used in the field of environmental biotechnology. 
The major organic pollutant substances in the aquatic 
environments are phenols, bisphenols, halogenated 
aromatics, polyaromatic hydrocarbons, pharmaceuti-
cals, and dyes, toxic to humans and cause destruction 
of the liver, kidney, heart, and nervous system, and 
also, they are very toxic to aquatic living things (Bay-
ramoglu et al., 2019, 2022; Liang et al., 2024; Raja-
selvam et al., 2024; Tahraoui et al., 2024). Recently, 
their use in wastewater treatment has increased due 
to their easier harvesting route from freshwater com-
pared to microalgae. Furthermore, Spirogyra sp. have 
also been used to remove metal ions from wastewa-
ter (Bayramoglu & Arica, 2011; Shing et al., 2018). 
Thus, these algal species can be used as efficient and 
favorable adsorbents due to their advantageous quali-
ties. The major advantages are their extensive avail-
ability, low price, rapid adaptation to the biosorption 
process, and high reusability without leaving toxic 
substances behind (Al-Tohamy et al., 2022; Tahraoui 
et al., 2024). Moreover, some of them are EDCs that 
can mimic the biological activity of hormones. They 
can interact with the hormone receptors and affect the 
hormonal coordination. Among the EDCs, BPA, CR, 
and DF can be considered to be recalcitrant and per-
sistent in the environment. BPA is extensively utilized 
for crosslinking polycarbonate, and slowly released 
from goods into the solutions. It has been classified as 
a harmful chemical due to its capability to destroy fer-
tility and cause severe eye injury, allergic skin reac-
tions, and respiratory irritation. Furthermore, BPA 
is an endocrine disruptor that can perturb the hor-
mone system. CR is a benzidine-based dye that may 
play a role in disrupting various body functions. It is 
also noted to be involved in the induction of breast, 

testicular, and prostate cancers, as well as adverse 
effects on the endocrine system. The pharmaceuti-
cal "diclofenac" has also been reported to have endo-
crine-disrupting potential. Many studies have shown 
that diclofenac exhibits properties that produce physi-
ological and behavioral effects on aquatic vertebrates, 
even at low concentrations. Several methods have 
reported for removal of these pollutants from aque-
ous solutions such as adsorption (Arica, et al., 2017a, 
2017b; Chaturvedi & Jaiswal, 2023a, 2023b; Kumari 
et al., 2024; González‑López et al., 2024; Saravanan 
et al., 2024; Bayramoglu et al., 2023; Tahraoui et al., 
2024) reverse osmosis (Khazaali et al., 2014) photo-
catalytic degradation (Cai et al., 2024; Li et al., 2024; 
Moja et  al., 2024) and adsorption-biodegradation 
(Bayramoglu et al., 2023; Modi et al., 2025). The lat-
ter method for removing toxic chemicals is resource-
ful, simple, and low-cost. Recently, numerous studies 
have been reported on adsorption-biodegradation, 
and further research is ongoing for novel biodegra-
dation systems utilizing different microorganisms 
and enzymes. Among the microorganisms, algae are 
photosynthetic microorganisms that typically live in 
aquatic environments, soil, and other exposed places. 
Algae-based biodegradation can be a favorable pro-
cess for the environmentally agreeable breakdown of 
many organic waste compounds. During the degra-
dation process, algae can convert organic waste into 
water, carbon dioxide, and new biomass, which can 
be essential to the environment (Mustafa et al., 2021). 
Biodegradation is initiated through the interaction of 
algal enzymes with chemical compounds, resulting in 
the breakdown of chemical bonds within the pollutant 
compound structures. When it happens to biodegra-
dation, the important parameters to contemplate are 
temperature, availability of light, oxygen, and mois-
ture. Therefore, the use of inexpensive and easily 
produced algae for removing inorganic and organic 
pollutants from aqueous media constitutes an impor-
tant alternative to traditional methods, due to several 
advantages, including the avoidance of environmental 
pollution and reduced energy consumption (Mustafa 
et  al., 2021). Furthermore, when algal biomass is 
used in certain adsorption-biodegradation processes, 
some problems can arise that make it difficult to oper-
ate the process, such as difficulty in separating the 
biomass after adsorption and mass loss during regen-
eration. This difficulty can be addressed by entrap-
ping the algal biomass in a loose hydrogel matrix 
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with minimal diffusion restrictions, such as alginate, 
a natural polysaccharide derived from brown algae. It 
was used in several studies for immobilization of dif-
ferent microorganisms (Touliabah et al., 2022; Xiong 
et  al., 2018). The entrapped form of algal biomass 
can be more practical due to its easy separation from 
solutions and its reusability in batch and continuous 
reactor configurations.

Magnetic entrapment system can give notable 
advantages because it enables the easy separation of 
the composite adsorbent from the medium after the 
process. For example, poly(o-phenylenediamine) 
loaded magnetic carboxymethyl cellulose hybrid 
beads were synthesized and used for the removal of 
two model textile dyes (Arica et al., 2022). Agmatine 
and methionine functionalized magnetic alginate or 
magnetic alginate-activated carbon beads were uti-
lized for the removal of various pollutants (Bayra-
moglu & Arica, 2024; Lilhare et al., 2021). Different 
alginate-based biosorbents were prepared and used 
for the removal of organic and inorganic pollutants 
(Bayramoglu & Arica, 2011).

In this study, environmentally friendly materials 
and methods were employed for the adsorption-bio-
degradation process of endocrine disruptors, includ-
ing bisphenol A, Congo Red, and Diclofenac, which 
are among the most harmful pollutants to human 
health and the environment. In this study, Spirogyra 
sp. biomass was entrapped in magnetic alginate beads 
and utilized for the adsorption and biodegradation of 
three different EDCs. The presence of laccase-like 
activity of the Spirogyra sp. was determined in the 
cell-free medium after contact with the tested EDCs. 
ATR-FTIR, VSM, Zeta-sizer, light microscope, and 
UV–vis spectrophotometer were used for character-
izing and analyzing the composite system and its 
biodegradation products. The effects of operational 
parameters on biodegradation, including pH, tem-
perature, contact time, and the initial concentration of 
BPA, CR, and DCF, were also investigated. The tox-
icities of the degradation products formed during the 
biodegradation of three different endocrine-disrupting 
chemicals were also investigated.

2 � Materials and Methods

2.1 � Material

Bisphenol A, Congo red, Diclofenac sodium salt, 
sodium alginate (high-viscosity), and calcium chlo-
ride were obtained from Sigma-Aldrich Chemical 
Co. All the chemicals were of analytical grade and 
obtained from Merck AG (Darmstadt, Germany).

2.2 � Growth Medium

A fresh algal culture of Spirogyra sp. was inocu-
lated in 200  mL of Bold’s basal medium (BBM) 
and incubated for 14 days at 25 °C in a rotary incu-
bator at 100 rpm. It was illuminated 16/8 h of light/
dark period using cool-white fluorescent (24W) and 
light intensity with a photon flux of 300 μmol photon 
m−2 s−1. The BBM was inoculated with 0.2 g of algal 
cells to obtain a stock culture to be used throughout 
the research. The culture medium was oxygenated 
using an aquarium air pump. A light microscope 
photo of the algae was presented in Fig. 1.

2.3 � Determination of the Growth Rate and 
Chlorophyll a + b Content of the Alga

The Spirogyra sp. growth was examined by weigh-
ing fresh alga mass as described previously. A spe-
cific method was applied to detect the fresh weights 
of the algal culture. Briefly, the culture was filtered 
under aseptic conditions, and weighed; the difference 
between the initial and final wet weight was deter-
mined. Chlorophyll a + b was determined as reported 
previously (Bayramoglu et  al., 2019). Briefly, the 

Fig. 1   Light microscope photo of Spirogyra sp. cells
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Algae biomasses were collected by filtration. The 
algal biomass was re-suspended in methyl alcohol 
(4 mL) and sonicated for 5 min (Ultrasonic Cleaner, 
Model WF-UD2, 150 Watt, 50 Hz, Weigthlab Instru-
ments, China), and incubated at 4 °C for 24 h under 
dark conditions, then the mixture was centrifuged 
again for 5 min at 14.000 rpm. The absorbance of the 
sample was measured spectrophotometrically at 652, 
665, and 750  nm. Chlorophyll a + b concentration 
of each sample was calculated as described earlier 
(Porra et al., 1989).

2.4 � Synthesis of Fe3O4 Magnetic Particles

The Fe3O4 particles were prepared as reported ear-
lier (Arica & Bayramoglu, 2016). A FeCl3 solution 
(150 mL, 0.3 mol/L) and an FeSO4 solution (150 mL, 
0.1  mol/L) were transferred to a flask and agitated 
at 25  °C for 1.0  h. After this period, the tempera-
ture was elevated to 70 °C, and NH4OH (15,000 mL, 
0.1 mol/L) was added to the medium, which was then 
refluxed for 3.0 h. Then, the temperature was raised 
to 90 °C further refluxed for 1.0 h. After the reaction 
was completed, the formed particles were separated 
using a magnet, cleaned with deionized water, and 
dried at 45 °C in a vacuum oven.

2.5 � Immobilization of Algal Biomass in Magnetic 
Calcium‑Alginate Beads

An alginate solution was prepared by dissolving 2.0 g 
of sodium alginate in 100 mL of BBM. Then, 1.0 g 
of magnetic particles and 0.5  g of chopped algal 
biomass were added and mixed with an overhead 
mixer for approximately 1.0  h. Then, the mixture 
was dropped into a FeCl3 solution (0.1 mol/L) from 
a nozzle using a peristaltic pump, and the solution 
was stirred for an additional 30  min to stabilize the 
formed beads (∼1.0  mm in size). When the sodium 
alginate, magnetic particle, and algal biomass combi-
nation was dropped into FeCl3 solution, sodium ions 
were replaced with ferric cations to form an ionically 
crosslinked insoluble ferric cation-alginate gel. The 
formed magnetic composite beads (MA@ALG) were 
collected with a magnet and washed with 100 mL of 
BBM. Then, the composite beads containing algal 
biomass were incubated for 3  days to promote algal 
cell growth, as described above.

2.6 � Biosorption Studies of Bisphenol A, Congo Red, 
and Diclofenac from Aqueous Medium

Biosorption can be described as a physicochemi-
cal procedure that takes place naturally on biomass 
preparations, which allows them to passively adsorb 
organic pollutants onto their cellular structure. 
Biosorption of BPA, CR, and DCF on the free algal 
biomass and MA@ALG was realized in a batch sys-
tem. The biosorption rates and capacities of algal 
preparations were investigated. Stock solutions of 
the EDCs were prepared by dissolving BPA, CR, and 
DCF in deionized water (each 200  mg/L). For each 
biosorption study, 50  mg of free algal biomass or 
MA@ALG on a wet basis and 50 mL of EDCs were 
added to a vial and incubated in a rotary incubator 
at 25  °C and 150  rpm for 120  min. The initial and 
residual concentrations of the BPA, CR, and DCF in 
the sorption medium were determined spectrophoto-
metrically at 270, 498, and 345  nm, respectively, in 
a UV–vis spectrophotometer (PG Instrument Ltd., 
Model T80 +; PRC).

The sorption capacities of BPA, CR, and DCF on 
the free algal biomass and MA@ALG preparations 
were determined using the equation:

where, q is the amount of the adsorbed BPA, CR or 
DCF by the free algal biomass and MA@ALG prepa-
rations (mg/g); Co and Ct are the medium concentra-
tions of the tested compound (mg/L) before and after 
biosorption, respectively, V is the volume of medium 
(L) and M is the weight of the biosorbent (g).

2.7 � Determination of Laccase Activity after Contact 
with EDCs in the Algae Biomass

Laccase activity was determined using the Ride 
method, as described earlier (Bayramoglu et  al., 
2018), which involves the detection of a change in 
optical density during syringaldazine oxidation at 
530  nm, utilizing a molar extinction coefficient of 
syringaldazine quinone of 65,000 M−1 cm−1. Laccase 
activity determination was performed using a double-
beam UV–vis spectrophotometer (Model T80 +; PG 
Instruments Ltd., PRC).

(1)q =
[(

Co − Ct

)

V
]

∕M
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2.8 � Biodegradation of the BPA, CR, or DCF in a 
Batch System

Biodegradation is the process by which microorgan-
isms, such as algae, bacteria, and fungi, break down 
organic compounds into their smaller units. Biodeg-
radations of BPA, CR, or DCF were studied using 
free algae and MA@ALG preparations in a batch 
system with at different medium pH, and tempera-
tures. For these experiments, BPA, CR, or DCF solu-
tion (50 mL) and either free algal biomass or MA@
ALG (50  mg) were added to a vial and placed in a 
rotary incubator at 150  rpm and 25  °C for seven 
days. The medium pH was changed between 4.0 and 
9.0. The initial concentration of EDCs in the solu-
tions was 50 mg/L. The degradation efficiency of the 
algal preparations was assessed at four different tem-
peratures (i.e., 15, 25, 35, and 45 °C), with an initial 
concentration of BPA, CR, or DCF of 50 mg/L. The 
initial and residual concentrations of the BPA, CR, or 
DCF in this medium were determined as described 
above.

2.9 � MALDI‑ToF‑ MS Studies

High-resolution mass spectra of BPA, CR, and DCF 
were obtained using a Matrix-Assisted Laser Des-
orption/Ionization Time-of-Flight Mass Spectrom-
etry (MALDI-ToF–MS) system (Bruker, Billerica, 
MA, USA). The MALDI matrix, cyano-4-hydrox-
ycinnamic acid solution (10  mg/mL), was prepared 
in a mixture of acetonitrile/water/trifluoroacetic acid 
(1:1:0.001, v/v/v). Sample solutions were mixed 
with matrices at a 1:10 v/v ratio by gentle stirring 
using a vortex. Then, 1.0 µL of the sample mixture 
was deposited onto the MALDI plates and dried; the 
plates were placed into the MALDI-ToF–MS system. 
MALDI analysis of the sample was performed in pos-
itive ion mode. The MALDI spectra were acquired by 
accumulating 5000 smart beam pulsed laser shots and 
were interpreted using Bruker FlexAnalysis software 
(Arica et al., 2017a, 2017b; Celikbicak et al., 2014).

2.10 � Characterization of Free Algal Biomass and 
MA@ALG Preparations

For the characterization of the free algal biomass 
and MA@ALG preparations, ATR-FTIR spectra 

were obtained using a Nicolet TM ISTM 50 spec-
trometer (Thermo Fisher Scientific, USA). The mor-
phological appearance of the algal preparations was 
obtained using a light microscope. The magnetic 
properties of the magnetic particles and algal bio-
mass-entrapped magnetic beads were obtained with 
a VSM (VSM, 880; ADE Technologies, USA). The 
zeta potential measurements of the free algal bio-
mass, MA@ALG, and bare alginate beads at altered 
pH values were studied using a Zetasizer (Nano ZS, 
Malvern Instruments Ltd). The surface area and aver-
age pore size of the preparations were obtained via 
the Brunauer–Emmett–Teller (BET) analysis. The 
N2 adsorption–desorption experiments were realized 
using ASAP2020 HD88. Analyses were performed 
by taking approximately 0.2 g from each sample. The 
moisture in the samples was removed using a degas-
sing device at 50  °C for 12.0 h under reduced pres-
sure. The measuring principle is based on the adsorp-
tion of nitrogen gas passed over the samples, and the 
calculation of the adsorbed amount of N2 gas from 
the gas pressure.

The leakage of the ferric ions from the MA@
ALG was also studied in the pH range of 5.0–8.0. 
The MA@ALG beads were incubated in solutions 
with different pH values while stirring at 25 ºC for 
12  h, and the released Fe ions were determined in 
the supernatants using atomic adsorption spectropho-
tometry. The absorbance of the standard Fe ions and 
sample solutions was determined at a wavelength of 
248.3  nm using a flame atomic adsorption spectro-
photometry (AAS; Shimadzu AA 6800, Japan) with 
an air–acetylene flame. The slit width of the mono-
chromator was 0.2  nm, and the absorbance reading 
was zeroed with pure water. Under these experimental 
conditions, any Fe ions released were not observed.

2.11 � Toxicity of the Degradation Products of BPA, 
CR, or DCF

An acute immobilization study of D. magna was 
carried out according to the OECD report. Two dif-
ferent amounts of EDCs solutions were prepared, 
and daphnids were exposed to each EDC for 24 and 
48 h, and the EC50 values ​​were determined. Briefly, 
the toxicity studies were achieved by exposing the 
daphnids to two concentrations of BPA, CR, and 
DCF for 24 and 48  h. Ten daphnids were placed in 
20  mL of each endocrine-disturbing solution with 
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two replicates. The surviving numbers of D. magna 
in each test were counted at 24 and 48 h time inter-
vals (O.E.C.D, 2004). The survival rate was 100% in 
the control group. The EC50 values were designed as 
reported earlier (Alexander et al., 1988; Bayramoglu 
et al., 2019), and the EC50 value was calculated using 
the following formula:

Green algae growth inhibition test: Bold Basal 
Media (BBM) medium was used for the algae 
growth inhibition test according to the O.E.C.D., 
2011 (O.E.C.D., 2011). Algae growth was realized 
at 25 ± 2  °C under 16:8  h of the light–dark cycle at 
25 μmol m2 s−1. The algae cells were inoculated with 
two different BPA, CR, and DCF concentrations (i.e., 
5 and 50  mg/L) in BBM medium, and the control 
groups did not contain EDCs. A standard phytotox-
icity test was performed using Turkish winter wheat 
(Triticum aestivum L.) to assess seed germination and 
root elongation, as described earlier (25).

2.12 � UV/Vis Spectrometry

The degradation of BPA, CR, and DCF was assessed 
by UV/vis spectrophotometer at 270, 498, and 
345 nm for BPA, CR, and DCF, respectively. The per-
centages of endocrine-disrupting compounds degra-
dation were calculated by absorbance obtained from 
the above-mentioned wavelengths before and after 
treatment of the chemicals with entrapped algal bio-
mass. The formula used to calculate the percentage 
efficiency of EDCs is:

where C0 is the initial concentration of the pollutant 
at time 0; Ct is the residual concentration of the pol-
lutant at time t.

(2)
EC50 = X1 +

[(

50% − Y1
)

∕
(

Y2 − Y1
)

×
(

X2 − X1

)]

(3)DegradationRate =
[(

Co − Ct

)

∕Co

]

× 100

3 � Results and Discussion

3.1 � Characterization Studies

The use of cheap and easy-to-produce algae and 
entrapment in magnetic alginate for the removal 
of inorganic and organic pollutants from aqueous 
media constitutes an important alternative compared 
to traditional methods due to some advantages, such 
as not causing environmental pollution and being 
economically feasible. In this context, Spirogyra sp. 
biomass was entrapped in magnetic alginate beads 
as environmentally friendly materials and was used 
for the removal of endocrine disruptors such as bis-
phenol A, Congo red, and diclofenac via biosorption 
and biodegradation routes, which are the pollutants 
that are extremely harmful to human health and the 
environment.

The surface area and porosity of the free and 
MA@ALG beads were studied by nitrogen adsorp-
tion/desorption. The BET surface areas of the free 
and MA@ALG beads were found to be 11.3 m2/g 
and 6.8 m2/g, respectively. A large surface area was 
observed for the free algal biomass that provided high 
quantity of adsorption capacity for the pollutants. The 
average pore diameters for the free algal biomass and 
MA@ALG were found to be 54.2 nm and 71.6 nm, 
respectively. Thus, N2 gas adsorption–desorption 
revealed the specific surface area and pore volume 
of the free algal biomass and MA@ALG beads. The 
surface area of the free algal biomass was 11.3 m2/g, 
which was 1.7 times higher in comparison to MA@
ALG.

The information about the chemical structure 
of the magnetic alginate (MA) and algal biomass 
entrapped beads (MA@ALG) was achieved using an 
FTIR spectrometer in the range of 400–4000  cm−1 
(Fig. 2). The FTIR spectra of the MA are presented 
in Fig.  2A. The peak for the -OH group stretching 
vibration was detected at 3260  cm−1, and the peak 
related to the -CH2 group was observed at 2358 cm−1. 
The peak at 1590  cm−1 was detected for the car-
boxyl group of alginate. The bands at 878  cm−1 and 
1027  cm−1 could be related to the mannuronic acid 
and uronic acid functional groups of alginic acid. 
The peak at 639  cm−1 was attributed to the Fe3O4 
particles in alginate beads. The broad band for the 
native Spirogyra sp. biomass at 3282  cm−1 could be 
recognized by the overlapping of the –OH and –NH 

Fig. 2   FTIR spectra: Magnetic alginate beads A, Spirogyra 
sp. cells B, Spirogyra sp. cells entrapped in magnetic alginate 
beads C 

◂
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stretching vibration bands. The bands at 2921  cm−1, 
1646  cm−1, 1538  cm−1, 1367  cm−1, 1030  cm−1, and 
596 cm−1 were seen in the spectrum of the native Spi‑
rogyra sp. biomass (Fig. 2B). The peaks at 1030 cm−1 
and 1153  cm−1 exhibited characteristic correlations 
of C–O stretching vibrations in alcohol and amine 
groups on the algal biomass surface. Similar bands 
were observed in the spectra of MA@ALG beads as 
given in Fig. 2C.

The light microscope images were attained under 
a wet stage to evaluate the morphological properties 
of the bare alginate beads, MA and MA@ALG beads 
(Fig. 3, parts A, B, and C, respectively). All the prep-
arations were more uniform and spherical in shape, 
approximately 1.0  mm in diameter. The MA@ALG 
beads displayed an irregular morphological structure 
compared to bare alginate and MA@ALG beads. 
Whereas algal biomass was observed uniformly dis-
tributed in the beads.

VSM data was used to display the magnetic prop-
erties of the Fe3O4, MA, and MA@ALG beads. 
S-shaped curves were obtained for Fe3O4, MA, and 
MA@ALG over the complicated magnetic field, 
demonstrating that the used samples had magnetic 
properties (Fig. 4). The magnetic performance of the 
Fe3O4, MA, and MA@ALG was found to be 42.4, 
28.6, and 21.3  emu/g, respectively. The magnetic 
performance of the MA@ALG was slightly reduced 
due to the presence of algal biomass. The surface 
areas of the magnetic alginate beads, free algal bio-
mass, and MA@ALG were determined with the 
N2-adsorption–desorption isotherm, and their sur-
face areas were found to be 12.7, 8.7, and 11.3  g/
m2, respectively. After entrapment of algal biomass 
in MA beads, the specific surface area of the MA@
ALG was significantly increased. This could be due 
to the combination of the algal cells and the alginate 
polymer. The specific surface areas of all the samples 
were in the same order of magnitude.

The surfaces of algal cells have many differ-
ent functional groups, such as –NH2, = NH, -OH, 
-COOH, -SO3, and -PO4. The ionization states of 
these groups are altered on the algal cell surfaces 
according to the medium pH. In a study examining 
the biosorption of organic pollutants using biosorb-
ent materials, it is crucial to determine both the pH 
value of the medium and the pHpzc of the biosorb-
ent used. Therefore, determining the pHpzc value 
of the biosorbent is very important since the pH of 

Fig. 3   Light microscope images: Bare alginate beads A, Mag-
netic alginate beads B; Spirogyra sp. cells entrapped magnetic 
alginate beads C 

Fig. 4   The VSM analysis: Magnetic alginate beads A; Spiro‑
gyra sp. cells entrapped magnetic alginate beads B 
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the medium affects the surface charge properties 
of the biosorbent. The medium pH vs zeta poten-
tial values for the algal biomass and MA@ALG are 
shown in Fig.  5. Moreover, when the pH value of 
the medium exceeds the pHpzc of the biosorbent, its 
surface acquires a negative charge. Consequently, 
repelling or attracting organic pollutants, in general, 
with their cationic or anionic functional groups. The 
zeta potential values of the tested biosorbents stead-
ily decreased with increasing pH, resulting in more 
net negative surface charge at elevated pH. The zeta 
potential plots for the magnetic alginate beads, free 
algal biomass, and MA@ALG displayed acidic sur-
face properties as reported in earlier work (Bayra-
moglu et al., 2022). The zeta potential values of the 
magnetic alginate beads, free algal biomass, and 
MA@ALG decreased as the medium pH increased. 
As seen from the figure, the negative charge den-
sity of the MA@ALG was larger compared to the 
free algal biomass. The charge densities in the 
worked pH values were determined between 12.2 
and −28.6  mV for the free algal biomass and 5.7 
and −26.8 mV for MA@ALG. At pH between 2.0 
and 4.0, the surface potentials of both samples were 
positive. The observed high negative zeta potential 
value for MA@ALG could be due to the carboxyl 
groups of alginate.

3.2 � Biosorption Studies of BPA, CR, and DCF from 
Aqueous Solutions

The surfaces of Spirogyra sp. cells contain many 
functional groups, allowing them to interact with pol-
lutants in solution. The algal biomass can be used in 
both free and entrapped forms in loose hydrogels, and 
both forms can be involved in removing inorganic and 
organic pollutants from aqueous media (Bayramo-
glu et al., 2022; Gode et al., 2024; Rajaselvam et al., 
2024). Here, the free and entrapped Spirogyra sp. 
biomass preparations were utilized for the biosorp-
tion of BPA, CR, and DCF from aqueous solutions. 
The effective parameters, such as biosorbent dose, 
pH, and the initial concentrations of the EDCs in the 
aqueous solution, were evaluated as the significant 
variables affecting the adsorption efficiency of the 
tested EDCs.

3.2.1 � Effect of Biosorbent Dosage on BPA, CR, 
and DCF Biosorption

The effects of biosorbent dose in the range of 
0.10–2.0  g/L on BPA, CR, and DCF biosorption 
by the free algal biomass and MA@ALG in an ini-
tial concentration of each compound of 100  mg/L, 
temperature of 25  °C, and at pH 6.0 were studied 
in a batch system. As seen in Fig.  6, increasing the 
biosorbent dosages for free algal biomass and MA@
ALG beads from 0.1 to 2.0 g/L results in a substan-
tial increase in the removal of all tested EDCs. Fig-
ure  6A and B show the effect of biosorbent dosage 
on the biosorption performance of the free algal bio-
mass and MA@ALG that an increase in the percent 
removal of BPA, CR and DCF with the increase in 
the biosorbent amounts from and linearly increased 
from 0.1 to 1.0  g/L and the amounts of adsorbed 
BPA, CR and DCF were not significantly changed 
above the 1.0  g/L biosorbent dosage. In Fig.  6A, 
the amount of adsorbed BPA increased from 18.2 to 
78.0%, CR from 25.5 to 96.4%, and DCF from 14.7 
to 59.1% with an increase in the free algal biomass 
dosage from 0.1 to 1.0  g/L, respectively. Whereas 
the adsorbed amounts of BPA, CR, and DCF on the 
MA@ALG beads increased from 32.9 to 72.5%, from 
40.6 to 78.4%, and from 21.8 to 47.1%, respectively 
(Fig.  6B). The enhancement in percent removal of 
BPA, CR, or DCF could be due to an increase in the 
number of accessible binding sites with the increasing 

Fig. 5   Zeta potential of MA beads, free algae, and MA@ALG 
beads
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biosorbent amount in the medium. On the other hand, 
the amount of adsorbed BPA, CR, or DCF per unit 
mass of the tested biosorbents decreased consist-
ently with the increase in biomass amounts. This 
observation could be due to the binding sites of the 
tested biosorbent preparations not being completely 
employed by the tested EDCs. Hence, 1.0 g/L of free 
algal biomass or MA@ALG beads was utilized in the 
remaining endocrine-disrupting removal studies.

3.2.2 � Effect of Medium pH on Biosorption Efficiency 
of BPA, CR, and DCF

The medium pH influences the ionization state of the 
functional groups on the biosorbent surface, such as 
-COOH, -PO4, -NH2, and = NH groups, as well as 
the solubility of the pollutant compounds. Gener-
ally, the surfaces of living algae cells are composed 
of negatively charged functional groups. The effect of 
pH on the biosorption efficiencies of BPA, CR, and 
DCF by the free algal biomass and MA@ALG beads 

was studied in the pH range 3.0–10.0. The results are 
shown in Fig.  7. As shown in the figure, the varia-
tion in medium pH resulted in an increase or decrease 
in the biosorption efficiencies of the free algal bio-
mass and MA@ALG beads. The maximum biosorp-
tion capacity of the biosorbent was detected at 6.0 for 
all the tested EDCs. The amount of adsorbed BPA, 
CR, and DCF on the free algal biomass and MA@
ALG beads progressively amplified with increas-
ing medium pH from 3.0 to 6.0 (Fig.  7). As shown 
in the figure, the adsorption of BPA, CR, and DCF 
by the free algal biomass and MA@ALG beads was 
pH-dependent. The pKa value of BPA is 9.78. Con-
sequently, if the medium pH is less than the pKa 
values of the compounds, then these compounds 
are protonated. Here, BPA molecules are unproto-
nated state under the studied pH values. Therefore, 
the sorption of BPA on the tested biosorbents could 
result from the involvement of the hydrophobic, 
π–π electron donor–acceptor interrelationship and 
H-bond formations at the studied pH values. The 

Fig. 6   Effect of biosorb-
ent dosage on BPA, CR, 
and DCF sorption of the 
free algal biomass A and 
MA@ALG beads B (Initial 
concentration of ECDs 
compounds, 100 mg/L; 
temperature, 25 °C; contact 
time, 120 min; stirring rate 
150 rpm)

Fig. 7   Effect of pH 
on BPA, CR, and DCF 
biosorption of the free algal 
biomass A and MA@ALG 
beads B (Initial concentra-
tion of ECDs compounds, 
200 mg/L; biosorbent dos-
age, 1.0 g/L; temperature, 
25 °C; contact time, 120 
min; stirring rate, 150 rpm)
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adsorption capacities of the free algal biomass and 
MA@ALG beads for BPA increased from 27.4 to 
89.2 mg/g and from 36.8 to 73.6 mg/g, respectively, 
up to a pH of 6.0. Thereafter, the adsorbed amounts 
of BPA decreased as the medium pH increased from 
6.0 to 10.0 for both the free algal biomass (from 89.2 
to 48.4  mg/g) and the MA@ALG beads (from 73.6 
to 38.9  mg/g), respectively. BPA molecules con-
tain π-electrons that can interact with the unsatu-
rated π-electrons on the aromatic benzene rings of 
the biosorbents, as well as the functional hydroxyl 
groups. Moreover, the π–π stacking interactions could 
be generated between the benzene ring of BPA and 
the aromatic moieties of the biosorbents.

CR is a benzidine-based dye and has two sulfates 
and two primary amino groups (Table  1). The pKa 
values of the sulfone and the amine groups of the dye 
are 1.87 and 8.52, respectively. Congo red dye is an 
amphoteric molecule, and at the studied pH values, 

both sulfone and amine groups are in the ionization 
state, and the hydronium ions compete with dye mol-
ecules to interact with the amine groups of the dye 
molecule. As shown in Fig. 7, the biosorption capaci-
ties of the algal biomass preparations for CR dye 
decreased at pH values above and below 6.0 for both 
the free algal biomass and MA@ALG beads. Maxi-
mum adsorption capacities of the free algal biomass 
and MA@ALG beads at pH 6.0 were found as.

163.1 and 104.4 mg/g, respectively. The amount of 
adsorbed CR dye increased with increasing medium 
pH from 3.0 to 6.0, and then progressively decreased 
above a pH value of 6.0, demonstrating that the 
amount of adsorbed CR dye was severely influenced 
by the medium pH.

The medium pH affected both the relative spread 
of the functional groups of the dye molecules and the 
adsorbent surface properties, and thus, the amount of 
adsorbed CR dye was determined. Furthermore, the 

Table 1   Some properties of Bisphenol A, Congo red, and Diclofenac

Bisphenol A Congo Red Diclofenac

H-bond donors 2 2 2

H-bond acceptors 2 12 3

EC number 201-245-8 209–358–4 239-346-4

Chemical formula C15H16O2 C32H22N6Na2O6S2 C14H10Cl2NNa

O2

Molar mass (g/mol) 228.3 696.7 318.1

λmax (nm) 270 498 345

Chemical structure
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amount of adsorbed CR dye on the biosorbent prepa-
rations could be affected by the electrostatic interac-
tions between the deprotonated sulfone groups and 
the zwitterion form of dye and the tested biosorbents. 
DCF sorption by the free algal biomass and MA@
ALG beads was also studied as a function of medium 
pH. DCF is a weak acid with a pKa value of 4.0 and 
has a limited solubility in water.

As given in Fig. 7, the adsorption capacities of the 
free algal biomass and MA@ALG beads for DCF 
were not changed significantly at pH between 3.0 
and 4.0; the amount of DCF biosorption was found 
to be 68.2 and 48.6 mg/g at pH 6.0, respectively. At 
pH < 4.0, the carboxyl groups of DCF molecules are 
not deprotonated, and their solubility is decreased in 
the medium. Whereas above pH 4.0, the DCF mol-
ecule has a negative charge. The pHpzc values of 
native and entrapped algal biomasses were 8.7 and 
9.4, respectively. Thus, the biosorbent and the acidic 
characteristics of DCF indicate that DCF biosorp-
tion could be assured for pH below the biosorbent’s 
pHpzc. In this work, the biosorption efficacy was 
maximum at pH 6.0 for both tested biosorbents. As 
is well known, medium pH is a critical parameter that 
not only affects the surface charge distribution of the 
adsorbate but also changes the surface charge of the 
biosorbent due to functional group dissociation. The 
surface charge of the algal cells has been reported to 
be negative. The reduction in the biosorption amount 
of DCF can be attributed to its presence in the proto-
nated form at low pH values (pKa = 4.0). Conversely, 
at pH values higher than its pKa value, it has a nega-
tive charge. In addition, DCF could interact with the 
algal cells’ surface and act as a good host for DCF 

through noncovalent interactions with its carboxyl 
groups, resulting in higher adsorption.

3.3 � Influence of the Initial Concentration of BPA, 
CR, and DCF on the Biosorption Capacities and 
Isotherm Studies

Figure  8 shows the effect of the initial BPA, CR, 
and DCF concentrations on the biosorption perfor-
mance of the free algal biomass and MA@ALG 
beads from aqueous solutions. As observed from 
this figure, an increase in the initial concentration 
of BPA, CR, and/or DCF from 5.0 to 200 mg/L 
leads to significant changes in the biosorption per-
formance of the biosorbents. Generally, a high con-
centration of adsorbate in solution intensifies the 
contact of the solute molecules with the binding 
sites of the biosorbent. Thus, this event can supply 
a greater removal performance with a high adsorp-
tion capacity. Thus, the adsorption capacities of the 
free algal biomass and MA@ALG beads gradually 
amplified until the initial concentration of the tested 
pollutants reached 200 mg/L. This could result from 
the presence of appropriate binding sites for the 
adsorbate molecules on the biosorbent surfaces at a 
lower concentration of the solute. For free algal bio-
mass, the biosorption capacity increased from 3.5 to 
89.4 mg/g for BPA, from 4.9 to 163.1 mg/g for CR, 
and from 3.9 to 68.2 mg/g for DCF, respectively. 
Whereas the biosorption capacities of entrapped 
algal biomass were amplified for BPA from 4.8 
to 73.6 mg/g, for CR from 4.2 to 104.4 mg/g, and 
for DCF from 2.7 to 49.5 mg/g. The MA@ALG 
beads significantly improved the removal perfor-
mance of the tested pollutant compounds. The high 

Fig. 8   Effect of initial 
concentrations of BPA, CR, 
and DCF on biosorption 
of the free algal biomass 
A and MA@ALG beads 
B (Biosorbent dosage, 1.0 
g/L; temperature, 25 °C; 
contact time, 120 min; stir-
ring rate, 150 rpm)
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biosorption capacity of the free algal biomass for 
BPA, CR, and DCF was attributed to its high sur-
face area, which is greater than that of MA@ALG 
beads. The BET surface area of the free algal bio-
mass was 1.7 times greater than that of the MA@
ALG beads. The experimental biosorption capaci-
ties of the free algal biomass were observed to be 
greater than 1.21%, 1.56% and 1.37% for BPA, 
CR, and DCF, respectively, compared to MA@
ALG beads. From these results, the surface area of 
biosorbents was observed to be an important factor 
for affecting the biosorption capacity.

The biosorption of BPA, CR, and DCF on the 
free algal biomass and MA@ALG beads was char-
acterized by applying two isotherm models to des-
ignate the experimental data. Equilibrium data, usu-
ally known as biosorption isotherms.

The equation for the Langmuir and the Freun-
dlich biosorption isotherm model:

The Langmiur plots were obtained for the 
free algal biomass and MA@ALG beads and the 
R2 values were in the range of 0.957–0.997 and 
0.979–0.998, respectively (Table 2). From the table, 
the theoretical values of qm for the free algal bio-
mass and MA@ALG beads were very close to the 
experimentally achieved biosorption capacities 
(qexp). Therefore, the biosorption of BPA, CR and 
DCF molecules on both biosorbents can be well 
elucidated by the Langmuir model. Experimental 

(4)qe = qmCe∕
(

Kd + Ce

)

(5)qe = KF

(

Ce

)1∕n

data attained for the biosorption of BPA, CR, and 
DCF molecules on the free algal biomass and MA@
ALG beads were designed according to the Freun-
dlich isotherm model, and the Freundlich isotherm 
parameters, such as n and KF, and the correlation 
coefficients (R2) were calculated (Table  2). The 
obtained theoretical values did not fit the Freun-
dlich isotherm for both tested biosorbents. Here, the 
obtained KF values do not reflect the total biosorp-
tion capacity, but are reflected as a comparative 
amount of biosorption under certain conditions.

3.4 � Biosorption Time of BPA, CR, and DCF on 
Biosorbents and Kinetic Studies

The adsorption equilibrium time of BPA, CR, and 
DCF on the free algal biomass and MA@ALG beads 
was obtained approximately at 120 min with an ini-
tial concentration of each compound of 200  mg/L 
(Fig.  9). As shown in this figure, the data displayed 
that a two-stage biosorption kinetic route took place 
for the free algal biomass and MA@ALG beads. 
In the early stage, a very fast adsorption rate was 
detected within 20  min, then, followed by a moder-
ate adsorption period till 120 min. In the early stage, 
for the free algal biomass and MA@ALG beads, 
approximately 79.0  and 62.7% of BPA, 153.3  and 
98.1% CR, and 61.3 and 48.4% DCF were adsorbed 
within 20 min, respectively. At the initial stage of the 
biosorption process, the available binding sites for 
the pollutant compounds are progressively employed, 
after which the pollutant biosorption rate is reduced 
and reaches biosorption equilibrium. Similar find-
ings in the biosorption rate have also been reported 
previously for different biomasses in the removal of 

Table 2   Langmuir and the Freundlich isotherm model constants and correlation coefficients were determined in the biosorption pro-
cess of EDCs to the free algal biomass and MA@ALG beads

Biosorbent Langmuir constant Freundlich constant

EDCs qe, exp
(mg/g)

qm
(mg/g)

Kdx10−2

(mg/L)
R2 χ2 RMSE n KF R2 χ2 RMSE

Free algal biomass BPA 89.4 112.7 0.229 0.957 4.73 12.6 1.49 5.91 0.930 28.5 38.7
CR 163.1 170.7 0.017 0.997 0.298 4.03 2.67 48.1 0.616 61.9 78.6
DCF 68.2 87.2 0.317 0.982 4.21 9.79 1.58 3.94 0.985 6.74 11.5

MA@ALG beads BPA 73.6 77.3 0.050 0.998 0.184 2.17 2.30 12.6 0.903 13.1 21.9
CR 104.4 116.8 0.108 0.990 1.26 6.85 2.44 11.5 0.920 9.92 7.03
DCF 49.5 61.6 0.295 0.979 2.38 6.08 1.51 2.67 0.939 10.4 14.1
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multipart phenolic compounds (Bayramoglu et  al., 
2023; Semwal et  al., 2024; Wlizło et  al., 2024). In 
the literature, a varied range of biosorption times 
has been stated for the removal of BPA, CR, and 
DCF with diverse biosorbents (Bayramoglu & Arica, 
2023). In the presented study, a rapid biosorption rate 
was observed for both biosorbents, with an equilib-
rium biosorption time of approximately 120 min.

The pseudo-first- and second-order kinetic models 
were established to evaluate the biosorption process 
of the free algal biomass and MA@ALG beads.

The first-order kinetic model equation:

The linear form of the second-order equation:

(6)dqt∕dt = k1
(

qe − qt
)

(7)log
(

qe − qt
)

= logqe −
(

k1.t
)

∕2.303

The calculated parameters of the pseudo-first- 
and second-order kinetic models are presented in 
Table  3. The calculated R2 values of the second-
order equation were in the range of 0.997–0.998 
for the tested biosorbents, while the R2 values of 
the first-order kinetic model were found to be in 
the range of 0.903–0.956. Moreover, the calculated 
biosorption capacity (qe) realized from the second-
order kinetic equation for BPA, CR, and DCF on the 
free algal biomass and MA@ALG beads was very 
close to the experimental findings (qexp). Thus, the 
biosorption of BPA, CR, and DCF on the free algal 
biomass and MA@ALG beads was better described 
by the second-order kinetic model compared to the 
first-order kinetic model. These results are in agree-
ment with earlier studies of BPA, CR, and DCF 
biosorption using various microbial biomasses 
(Bayramoglu et al., 2022; Daniel et al., 2025).

(8)t∕qt = 1∕
(

k2qe
2
)

t + 1∕qe

Fig. 9   Effect of time 
on BPA, CR, and DCF 
biosorption of the free algal 
biomass A and MA@ALG 
beads B (Initial concentra-
tion of ECDs compounds, 
100 mg/L; biosorbent dos-
age, 1.0 g/L; temperature, 
25 °C; stirring rate 150 rpm)

Table 3   First and second order kinetic parameters for the adsorption of EDCs to the free algal biomass, and MA@ALG beads

Biosorbent First-order Second-order

EDCs qe, exp
(mg/g)

qeq
(mg/g)

k1 × 102

(min−1)
RMSE χ2 R2 qeq

(mg/g)
k2 × 103 
(g/mg/
min)

RMSE χ2 R2

Free algal biomass BPA 89.4 127.9 7.411 22.6 11.9 0.903 94.8 1.63 3.51 0.33 0.998
CR 163.1 50.1 6.75 64.2 253 0.956 169.9 1.46 3.62 0.21 0.999
DCF 68.2 109.8 13.3 23.9 15.1 0.907 72.1 3.49 2.14 0.19 0.999

MA@ALG beads BPA 73.6 128.2 9.69 31.5 23.7 0.929 80.3 1.38 3.75 0.58 0.999
CR 104.4 70.6 8.39 19.8 16.8 0.912 108.8 2.14 2.38 0.20 0.998
DCF 49.5 120.4 12. 5 41.7 41.3 0.918 53.6 2.50 2.06 0.29 0.997
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Two statistical error functions were selected to 
validate the best biosorption models for both iso-
therm studies and kinetic (Ghibate et  al., 2025).
Both the free algal biomass and MA@ALG beads’ 
predictive efficiencies regarding EDCs biosorption 
were statistically assessed by calculating the chi-
square test statistic (χ2) and RMSE to establish a 
ranking of their performance.

The chi-square test statistic (χ2) is essentially the 
sum of the squares of the differences between the 
experimental data referred to as the observed values 
(qexp,i) obtained by calculating from models called 
the predicted values (qm,i), with each squared dif-
ference divided by the corresponding data obtained 
from models (Eq. 9).

where N is the number of experimental data points.
The root-mean-square error (RMSE), as a cor-

responding error function equation, is presented in 
Eq. (10).

The determination coefficient (R2), root mean 
square error (RMSE), and the Chi-square test statis-
tic (χ2) for both isotherm and kinetics models used 
to describe the EDCs biosorption at a temperature 
of 298 K are presented in Tables 2 and 3. As shown 
in Table  2, the Langmuir model, compared to the 
Freundlich model, is considered the best model for 
describing EDCs biosorption, as it yields the high-
est R2 value, the lowest RMSE, and a significant 
chi-square test result. A similar evaluation also 
remained valid for the evaluation of first- and sec-
ond-order kinetic equations (Table  3). To evaluate 
the fitting of the isotherm models with experimen-
tal equilibrium data in isotherm and kinetic studies, 
error functions were used. The outcomes of differ-
ent error functions, including χ2 and RMSE, were 
computed to determine the most suitable error func-
tion for the system. The data presented in Table  2 
provide key insights into the performance of the 
Langmuir and Freundlich adsorption isotherms. The 
high correlation coefficient for the Langmuir model 
(R2 = 0.957–0.982 for the free algal biomass, and 
R2 = 0.979–0.998 for the MA@ALG beads), which 

(9)�2 =
∑

(i=1→N)

[

(

qexp,i − qm,i
)2
∕qm

]

(10)RMSE =
[

(1∕N)
∑

i=1→N

(

qexp,i − qm,i
)2
]1∕2

is significantly higher than that of the Freundlich 
model (R2 = 0.616–0.985 for the free algal biomass, 
and R2 = 0.903–0.939 for the MA@ALG beads), 
suggests that the Langmuir isotherm offers an excel-
lent fit to the experimental data. Additionally, as 
shown in Table 2, the calculation of the error value 
indicates that the Langmuir model provides a better 
fit to the experimental data. The Langmuir model 
shows lower error values (RMSE = 4.03–12.6 for 
the free algal biomass, and RMSE = 2.17–6.85 for 
the MA@ALG beads; χ2 = 0.298–4.73 for the free 
algal biomass, and χ 2 = 0.184–2.38 for the MA@
ALG beads) compared to the Freundlich model 
(RMSE = 11.5–78.6 for the free algal biomass, 
and RMSE = 7.03–21.9 for the MA@ALG beads; 
χ 2 = 6.74–28.5 for the free algal biomass, and χ 
2 = 9.92–13.1 for the MA@ALG beads). The agree-
ment between the equilibrium experimental data 
and the linear Langmuir model equation analyses 
during the biosorption process supports the conclu-
sion that the Langmuir model better represents the 
adsorption of EDCs onto free algal biomass and 
MA@ALG beads. The fit between the experimen-
tal and theoretical data was assessed by compar-
ing the regression coefficients (R2) and the calcu-
lated adsorption capacities with the experimental 
values. Furthermore, statistical error analysis was 
performed, incorporating error functions such as 
the root-mean-square error (RMSE) and the chi-
square test (χ2) to evaluate the equilibrium models 
with maximum precision. The findings in Table  3 
indicate that the biosorption of EDCs onto the free 
algal biomass and MA@ALG beads follows the 
second-order kinetics, as the R2, χ2, and RMSE 
values obtained are better than those for the first-
order kinetics, thus suggesting the heterogeneity 
of the biosorbents’ sorption sites. These findings, 
supported by the equilibrium experimental data in 
Figs.  8 (partly A and B) and 9 (partly A and B), 
confirm that the Langmuir and second-order kinetic 
models, respectively, more accurately describe the 
biosorption behavior observed in this study.

3.5 � Biosorption Mechanisms of BPA, CR, and DCF 
on Biosorbents

Algal biomasses essentially consist of polysaccha-
rides (namely, polycolloids, alginates, and carrageen-
ans) and proteins, which play a major role in binding 
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pollutants to the cell surface (Shtein et  al., 2018). 
Accordingly, the proposed biosorption mechanism 
for BPA, CR, and DCF on the algal biomass prepara-
tions (Spirogyra sp.) involves the interaction between 
the amine, hydroxyl, carbonyl, carboxyl, phosphate, 
and sulfate groups of green algae and the functional 
groups of tested EDCs (Bayramoglu & Arica, 2023; 
Wlizło et al., 2024). Hence, the biosorption of BPA, 
CR, and DCF can occur through H-bonding, elec-
trostatic interactions, ion-exchange, and π-π interac-
tions. As shown in the FTIR spectra, the hydroxyl and 
amine functional groups were detected for algal bio-
masses at 3267 cm−1, and they could be responsible 
for the hydrogen bonding interactions and affect the 
biosorption capacities of the free algal biomass and 
MA@ALG beads to BPA, CR, and DCF. Moreover, 
the bands at 1646 and 1538 cm−1 could be attrib-
uted to π–π interactions. The BPA molecule has two 
H-bond donors and two pendant hydroxyl groups, 
the CR molecule has two H-bonds, twelve H-bond 
acceptors, two primary amine groups and two sulfone 
groups, and the DCF molecule has two hydrogen bond 
donors, three hydrogen bond acceptors, a secondary 
amine and a carboxyl group. They also have several 
hydrophobic entities. Conversely, the free algal bio-
mass and MA@ALG beads have many acidic, basic 
functional groups and hydrophobic entities. Hence, 
BPA CR and DCF molecules can be adsorbed onto 
algal biomass preparations through H-bonding, ion-
exchange, and π–π interactions. The aromatic rings of 
BPA, CR, and DCF may form π–π interactions with 
the π bonds on the biosorbents, thereby enhancing the 
biosorption capacities of the biosorbents. Moreover, 
the aromatic structures of the tested EDCs not only 
exhibited a strong π–π interaction but also showed a 
high van der Waals interaction with the biosorbents, 
thereby increasing the adsorption capacity of the 
adsorbents (Bayramoglu et  al., 2022; Liang et  al., 
2024). The aromatic rings of BPA, CR, and DCF gen-
erate π–π interactions with the π bonds on the algal 
cell wall compounds, which can enhance the biosorp-
tion capacities of the algal biomass preparations. 
Moreover, the aromatic structures of the tested EDCs 
can not only interact with a strong π–π interaction but 
also form a high van der Waals interaction with the 
tested biosorbents, thereby enhancing the biosorp-
tion performance of the biosorbents (Bayramoglu 
et al., 2022; Liang et al., 2024). Furthermore, CR and 
DCF have two negatively charged sulfone groups, two 

positively charged amine groups, and a negatively 
charged carboxyl group, respectively. Consequently, 
these functional groups on CR and DCF interact with 
algal biomass preparations via ion-exchange inter-
actions, which play a crucial role in increasing the 
biosorption capacity of algal biomass preparations. 
Thus, the respective functional groups of BPA, CR, 
and/or DCF molecules (i.e., hydroxyl, amine, car-
boxyl, sulfone, and hydrophobic groups) interact with 
algal biomass preparations, resulting in high biosorp-
tion capacity for these preparations. Consequently, 
the presence of hydrogen acceptors (–C = O at 1030 
cm−1) and hydrogen donor groups (–NH2 at 1646 
cm−1) on the surface of the fungal biomass prepara-
tions can form hydrogen bonds with targeted EDCs, 
thus reinforcing the biosorption interactions. Further-
more, the high number of functional groups on the 
tested biosorbents provides more active sites for inter-
action with the target EDCs, resulting in a substantial 
enhancement in biosorption performance.

3.6 � Reusability of the Free Algal Biomass and MA@
ALG Beads for Biosorption of ECDs

The reusability of the free algal biomass and MA@
ALG beads is a crucial parameter that needs to be 
investigated for the cost-effectiveness of BPA, CR, 
and/or DCF biosorption from aqueous media. For this 
reason, five consecutive biosorption/desorption cycles 
of the free algal biomass and MA@ALG beads were 
performed to remove the tested EDCs from the aque-
ous media. Ethanol (10%) and a low-concentration 
HNO3 solution (20 mmol/L) were used for desorption 
of BPA, CR, or DCF from the surface of the biosorb-
ents (data not shown). After five cycles, the biosorp-
tion capacities were found to be 71.5% and 77.8% for 
BPA, 76.7% and 86.4% for CR, and 77.3% and 84.2% 
for DCF with the free algal biomass and MA@ALG 
beads, respectively. These results were rational and 
appropriate; the reusability performance shows that 
the algal biomass preparations can be recycled for the 
treatment of polluted water.

3.7 � Laccase Enzyme Activity

The laccase-like activity of the cell-free extract from 
Spirogyra sp. was determined using syringaldazine as 
a substrate, as previously reported (Bayramoglu et al., 
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2019). A notable laccase-like activity was detected in 
BPA, CR, and DCF-treated free algal biomass com-
pared to the control algal biomass cell-free extract. 
The medium containing Congo red dye, a maximum 
laccase activity, was determined compared to BPA 
and DCF. The maximum laccase activity was 403 U/
mL with Congo red, followed by 324 U/mL and 205 
U/mL with BPA and DCF, respectively. The order of 
the detected laccase activity was CR > BPA > DCF. 
Any laccase-like activity was not determined in the 
cell-free extract of the algae growing in pure medium. 
These results showed that the detected laccase-like 
enzyme played an important role in the degradation 
of the three EDCs. Laccase-like activity has also been 
reported in the cell-free extracts of other algal species 
during the biodegradation of aromatic pollutants in 
the literature (Otto et al., 2015; Selvan et al., 2023).

3.8 � Effect of BPA, CR, and DCF on the Chlorophyll 
a + b Content of Spirogyra sp

Chlorophylls play a major role in the photosynthe-
sis process, and the chlorophyll molecule contains 
a porphyrin ring, a magnesium atom at the center, 
and a hydrocarbon phytol chain. Three types of pig-
ments are present in the algae, namely, chlorophylls, 
carotenoids, and phycobilin proteins. Chlorophyll a is 
the light-harvesting pigment, whereas Chlorophyll b 
helps Chlorophyll a. The amounts of chlorophyll a + b 
were determined in algae cultures after incubation for 
seven days with two different concentrations of BPA, 
CR, and DCF, using pristine algal culture as a control. 
Control algal culture displayed an increase in chlo-
rophyll a + b content during the exponential growth 
phase, up to seven days, and gradually decreased until 
fourteen days. The decrease in the chlorophyll a + b 
content of the algal culture could be due to nutrient 
deficiency. As given in Table 4, there was no signifi-
cant change in the amount of chlorophyll a + b content 
in the culture containing 5.0 mg/L of BPA, CR, and 
DCP compared to control groups, and these results 
showed that the existence of these endocrine disturb-
ing at low concentration did not produce any negative 
effect on chlorophyll a production during the growth 
phase of Spirogyra sp. Similar observations have 
been stated in the literature. For example, Wilt et al. 
studied the effect of diclofenac on the chlorophyll a 
content of Chlorella sorokiniana and reported that 
the presence of a pollutant mixture at concentrations 

between ~ 100 and 350 μg/L did not alter the chloro-
phyll a content (de Wilt et  al., 2016). On the other 
hand, the algal culture showed a decrease in the chlo-
rophyll a + b content at 50  mg/L of BPA, CR, and 
DCF concentration compared to the control algal 
culture (Table  4). The total amounts of chlorophyll 
a + b content were found to be 33.9%, 39.4%, and 
47.2% for BPA, CR, and DCP, respectively, at their 
initial concentrations of 50 mg/L. Thus, Spirogyra sp. 
were exposed to different EDCs for seven days, and a 
strong reduction in the total chlorophyll a + b content 
was observed (Table 4), demonstrating a decrease in 
total chlorophyll synthesis. A lower amount of chloro-
phyll a + b was observed in Spirogyra sp. for BPA at 
50 mg/L, when compared to the other two endocrine-
disrupting compounds. As observed in this table, 
chlorophyll a + b content is dependent on the mass of 
the algal cell in the medium and the concentration of 
EDCs. The amounts of harvested biomass of Spiro‑
gyra sp. at two different BPA, CR, and DCP concen-
trations are presented in Table 4. The lower amount 
of biomass was harvested with BPA in 50  mg/L by 
Spirogyra sp. (0.316 ± 0.044 mg/L), compared to the 
two other EDCs.

3.9 � Biodegradation Studies

3.9.1 � The Effect of pH, and Temperature 
on Biodegradation Performance of BPA, CR, 
and DCP with MA@ALG

Biodegradation is considered as an important process 
to pull out the pollutant compounds from wastewaters 
using microorganisms. Green algae have the potential 

Table 4   Biomass and total chlorophyll (a + b) content of Spi‑
rogyra sp. grown with two different initial concentrations of 
BPA, CR, and DCP (i.e., 5 and 50 mg/L)

EDCs Initial concentration 
of chemicals (mg/L)

Biomass dry 
weight (mg/L)

Chlorophyll 
(a + b)
Content (%)

Control 0 0.674 ± 0.028 79.3
BPA 5 0.686 ± 0.032 81.6

50 0.316 ± 0.044 33.9
CR 5 0.633 ± 0.013 74.1

50 0.323 ± 0.036 39.4
DCP 5 0.679 ± 0.021 78.8

50 0.386 ± 0.032 47.2
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to break down organic pollutants into small molecules 
(Mustafa et  al., 2021). The influence of pH on the 
biodegradation performance of BPA, CR, and DCP 
with the free and MA@ALG beads was analyzed in 
a batch system (Fig.  10A and B). The degradation 
study was conducted by taking absorbance readings 
at the λmax of the respective compounds every day for 
7 days using a UV–vis spectrophotometer. The degra-
dation performance of the algal preparations initially 
increased from pH 4.0 to 7.0 and then decreased from 
pH 6.0 to 9.0 (Fig. 10). The degradation rates of BPA, 
CR, and DCF with the free algal biomass were found 
to be 79.7%, 88.2%, and 81.7%, respectively (Fig. 10 
A). As can be seen from this figure, the MA@ALG 
beads had a maximum degradation performance at 
pH 7.0 on all the tested EDCs. At pH 7.0, the deg-
radation efficiencies of the MA@ALG were found 
to be 68.9%, 73.3%, and 73.4% for BPA, CR, and 
DCP, respectively, after a 7-day duration period at 
daily intervals (Fig.  10B). As can be seen from the 
figure, a low degradation performance was observed 
for all the tested EDCs compounds at alkaline pH 
9.0. In this case, the oxidative enzymes of Spirogyra 
sp. were unable to function efficiently in an alkaline 
medium. It should be noted that the medium pH can 
influence the structure of the algal enzymes and the 
basis of their active conformational structure. Thus, 
for the enzyme to function properly, pH is a crucial 
factor. Algae can be a suitable candidate for removing 
and degrading phenolic compounds, playing a crucial 
role in the biodegradation of various toxic aromatic 
compounds. Generally, microorganism-based mecha-
nisms may involve biosorption, accumulation, and 
degradation. The easy availability, low-cost produc-
tion, favorable enzyme efficiency, and facile biomass 

production make algae a suitable choice for biore-
mediation studies involving wastewater containing 
organic chemicals (Otto et  al., 2015; Selvan et  al., 
2023; Shing et  al., 2018). Algal cells’ surface has 
many different functional groups with environmen-
tally favorable characters; thus, algae can be utilized 
as effective biosorbents and have a substantial role 
in eliminating pollutant compounds from aqueous 
medium through the biosorption method (Bayramo-
glu et al., 2018; Tahraoui et al., 2024).

The BPA, CR, and DCP-containing medium 
was incubated with the MA@ALG at four differ-
ent temperatures, namely 15, 25, 35, and 45 °C, for 
a 7-day duration as described above. Data showed 
that MA@ALG was capable of biodegrading all 
the tested EDCs. The optimum growth temperature 
for Spirogyra sp. was 25  °C. Phenolic compounds 
degradative enzymes (laccase-like enzymes, mono-
oxygenase, and azoreductase) are found to be more 
active between temperatures 25 °C and 35 °C (Ara-
gaw, 2024). The maximum degradation of BPA, 
CR, and DCP was observed at 25 °C, and the MA@
ALG exhibited 68.9%, 73.3%, and 73.4% degrada-
tion at 25 °C, followed by 52.2%, 66.3%, and 61.5% 
degradation at 45 °C, respectively. The data showed 
that temperatures of 15  °C and 35  °C were very 
close to 25 °C, and there was no significant differ-
ence (Fig.  11). Organic pollutant degradation by 
algae encompasses a range of enzymatic and non-
enzymatic processes. Algae cells produce oxidative-
specific enzymes that break down complex phe-
nolic compounds into smaller and less toxic forms 
(Gerin & Remacle, 2024; Otto et  al., 2015). Since 
algal degradative enzymes, such as laccase, peroxi-
dase, monooxygenase, dioxygenase, hydroxylase, 

Fig. 10   Effect of pH on 
the degradation rate of 
BPA, CR, and DCP with 
the free algal biomass (A) 
and MA@ALG beads (B). 
(Initial concentration 
of ECDs compounds, 
50 mg/L; pH, 4.0–9.0; 
temperature, 25 °C; stirring 
rate, 150 rpm)
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carboxylase, and decarboxylase, are important for 
the degradation of phenolic organic pollutants (El-
Fakharany et  al., 2024; Muhammad et  al., 2024). 
It was detected that Spirogyra sp. was produced in 
the presence of the EDCs in the medium. It should 
be noted that laccase-like enzyme activity was not 
determined in the EDC-free medium and in the 
boiled cell-free medium, as expected for the biolog-
ically active macromolecules. Laccase enzymes are 
specifically oxidase syringaldazine or 2,6-dimeth-
oxyphenol, and the presence of laccase-like activ-
ity was previously reported in Chlamydomonas 
pitschmannii, Scenedesmus vacuolatus, and Scened‑
esmus ovalternus (Gerin & Remacle, 2024; Otto 
& Schlosser, 2014; Otto et al., 2015). The free and 
entrapped Spirogyra sp. cells’ free extract superna-
tants exhibited laccase activity in response to con-
tact with EDCs. Laccase, when released into the 
environment, can potentially attack a broad range of 
phenolic compounds and break down into less toxic 
small molecules. This study demonstrated that Spi-
rogyra sp. possesses laccase-like enzyme activity 
and may contribute to the breakdown of EDCs. A 
similar result was reported in an earlier work, and 
the substrate spectrum of green algae laccase was 
studied to further investigate its possible normal 
functions and probable significance for bioremedia-
tion (Otto et al., 2010; Pollio et al., 2005).

3.9.2 � Biodegradation Study of BPA, CR, and DCF 
with MALDI‑ToF MS

The spectra of the BPA, CR dye, and DCF achieved 
at the zero-point, and positive ion MALDI mass spec-
trum of BPA, CR, and DCF at different time inter-
vals after treatment with MA@ALC beads are pre-
sented in Fig.  12 (partly A, B, and C, respectively). 
Figure  12A shows the mass spectrum of BPA in 
the medium, displaying two monoisotopic peaks at 
251.1 m/z and 252.1. After treatment with MA@ALG 
beads, a marked reduction in the intensity of the BPA 
peaks was observed as the contact period increased 
with the MA@ALG preparation. In Fig.  12B, well-
resolved signals of Congo red radical cation [M∙]+ 
were observed in the MALDI mass spectra, with three 
monoisotopic peaks at 653.1  m/z. After treatment 
with the material, a marked reduction in the intensity 
of the CR signals was noted, indicating dye degra-
dation after 4 and 7 days of exposure. Similarly, the 
highly resolved monoisotopic [M−2Na+3H]+ signal 
of, observed at 653.1 m/z, 654.1 m/z and 655.1 m/z 
in the MALDI mass spectra (Fig. 12B), also showed 
clear signs of degradation of CR after the expo-
sure periods with MA@ALG preparation, and the 
observed peaks could be attributed to enzymatic deg-
radation products, such as the diazo side chain and 
–NH-bonding. Figure  12C, well-resolution signals 
of DCF were observed in MALDI mass spectra with 
three monoisotopic peaks at 296.03 m/z, 297.02, and 
298.02. After treatment of DCF with the MA@ALG 
at different time intervals, a marked reduction in the 
intensity of the diclofenac peaks was observed. These 
results provide valuable insight into the proper deg-
radation of BPA, CR, and DCF through MA@ALG 
preparation, suggesting a potential approach for envi-
ronmental remediation applications.

3.9.3 � Reusability of the MA@ALG Beads 
in the Degradation of EDCs

The MA@ALG beads, after biodegradation of the 
pollutant compounds, can be reused or disposed 
of as waste materials. For the repeated use of the 
MA@ALG beads for degradation of BPA, CR, and/
or DCF, the same preparation was used five times in 
a batch system. The results of the five cycles’ degra-
dation performance of BPA, CR, and/or DCF using 
MA@ALG beads are presented in Fig.  13. As can 

Fig. 11   Effect of temperature on the degradation rate of BPA, 
CR, and DCP with MA@ALG beads. (Initial concentration of 
each ECD compound, 50 mg/L; pH, 7.0; temperature, 15–45 
°C; stirring rate, 150 rpm)
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be seen from this figure, the degradation efficiency 
of BPA, CR, and DCF using the MA@ALG beads 
was reduced by about 36.3%, 26.1%, and 23.8%, 
respectively, after five reuse in a batch system com-
pared to their initial degradation performance. After 
each repeated run, the MA@ALG beads were sepa-
rated from the batch system and washed with sterile 
saline solution (0.85%). The MA@ALG beads were 
incubated in BBG medium for 24  h, and then the 
same regenerated MA@ALG beads were operated 
in the next degradation cycle for seven days.

3.10 � Toxicity Studies

3.10.1 � Daphnia Magna Death Rate

The toxic contaminants in water can be evaluated 
using different living test organisms, which serve as 
a natural toxicity meter. Among them, the assessment 
of Daphnia magna death rates is frequently used for 
determining the toxicity of chemicals (Bayramoglu 
et  al., 2019). The toxic effects of the degradation 
products of BPA, CR, and/or DCF, obtained using the 
MA@ALG preparations, were studied in the fresh-
water crustacean D. magna over 48  h contact time 

Fig. 12   (partly A, B, and C). High resolution MALDI mass 
spectra representing intensity fading of monoisotopic signal 
of BPA [M + Na]+at the beginning of (1) at the beginning, (2) 
after 4  days and (3) after 7  days contact period with MA@
ALG A. High resolution MALDI mass spectra representing 
intensity fading of monoisotopic signal of CR [M-2Na + 3H]+ 
(1) at the beginning of the treatment, (2) after 4 days and (3) 

after 7  days contact period with MA@ALG preparation B, 
High resolution MALDI mass spectra representing intensity 
fading of monoisotopic signal of DCF [M +]+(1) at the begin-
ning of the treatment, (2) after 4  days and (3) after 7  days 
contact period with MA@ALG preparation  C. Experimen-
tal conditions: Initial concentration of each ECD compound: 
25 mg/L; pH: 7.0; temperature: 25 °C; stirring rate: 150 rpm

Fig. 13   Repeated use of the MA@ALG beads for biodegrada-
tion of BPA, CR, and DCP in a batch system. (Initial concen-
tration of ECDs compounds, 50 mg/L; pH, 7.0; temperature, 
25 °C; stirring rate, 150 rpm)
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periods, with respective pure compounds used as 
controls. D. magna mortality test is very sensitive to 
many toxic compounds, and the result can be rapidly 
obtained. The influences of BPA, CR, and DCF con-
centrations on D. magna mortality rates were studied 
over 48  h exposure periods to each test compound, 
and the toxicities of BPA, CR, and DCF for D. magna 
were determined to be 11.9, 15.3, and 32.5  mg/L, 
respectively. The EC50 concentration values for BPA, 
CR, and DCF after 48 h were calculated to be 6.84, 
7.07, and 18.9 mg/L, respectively. After treatment of 
the medium containing BPA, CR, and DCF with the 
MA@ALG preparation, in the remaining medium, 
no toxic effects were observed on D. magna due to 
the biodegradation of all the tested chemicals by the 
MA@ALG.

3.10.2 � Microalgae Growth Inhibition Test

Chlamydomonas reinhardtii is a unicellular green 
algae, and it is very sensitive to phenolic pollutants 
(Bayramoglu et  al., 2019). The toxicities of BPA, 
CR, DCF, and their degradation products were evalu-
ated on the viability of C. reinhardtii by varying the 
concentrations of each tested pollutant between 5 
and 50  mg/L. The results are presented in Table  4. 
The decrease in the growth efficiency of C. rein‑
hardtii was more pronounced as the concentration 
of the pollutants increased. After a 10-day incuba-
tion with BPA, CR, and DCF, the amount of bio-
mass of C. reinhardtii was significantly reduced for 
all the tested phenolic pollutants, and the amount of 
biomass of C. reinhardtii incubated with 50  mg/L 
of individual solutions of BPA, CR, and DCF was 
found to be 0.187, 0.293, and 0.562 g/L, respectively. 
The amount of C. reinhardtii biomass in the con-
trol culture after ten-day cultivation was found to be 
1.128 g/L dry weight. The amounts of algal biomass 
were reduced by approximately 6.03, 3.85, and 2.01-
fold after 10-day incubation with BPA, CR, and DCF, 
respectively, compared to the control alga culture. 
The order of the effect of pollutants on the reduction 
of algal biomass was BPA > CR > DCF. As shown 
in this table, BPA, CR, and DCF degradation prod-
ucts exhibited no toxic properties, and the amounts 
of algal biomass obtained were very similar to those 
of the control group. These results may provide help-
ful information to determine the risk of toxicity of 
phenolic pollutants on the growth performance of 

the algal species, and also offer valuable insights for 
future studies.

3.10.3 � Phytotoxicity Studies with Tested Phenolic 
Pollutants

The phytotoxicity of the EDCs (i.e., BPA, CR, and 
DCF) before and after contact with MA@ALG in a 
batch system was assessed and determined using the 
germination index (GI) with Turkish winter wheat 
(Triticum aestivum L.) seeds. The control freshwater 
medium had no toxic effects on the growing Turkish 
winter wheat seeds. The germination rate of Turkish 
winter wheat seeds decreased after contact with each 
tested pollutant (i.e., BPA, CR, and DCF at 50 mg/L 
concentrations), and the germination rate in fresh 
water was assumed as 100% and decreased after con-
tact of the seeds with each pollutant approximately 
69, 47, and 38%, respectively. For root lengths of the 
seeds less than 5 mm, it was observed that they did not 
germinate; however, the germination index improved 
after ten days. When the Turkish winter wheat seed 
was incubated after treatment of BPA, CR, and DCF 
solutions with the MA@ALG, the plant’s growth was 
not affected by the degradation products of the tested 
pollutants, as compared to the growth of the control 
seeds. These examinations correlated the detoxifica-
tion of BPA, CR, and DCF pollutants with the MA@
ALG. It was observed that after treatment with algal 
biomass, no toxic elements remained in the solutions, 
and the germination of the wheat seeds was the same 
in each treated pollutant as in the freshwater controls. 
Similar observations for azo dyes have been reported, 
such as the damaging properties of textile discharge 
having azo dyes on seed germination, which were 
studied using groundnut seed (Zhoua & Xiang, 2013; 
de Almeida et  al., 2021), and after treatment of the 
effluent with fungal consortium KCMN-13 the germi-
nation rate was the same with treated textile effluent 
as control top water.

4 � Conclusions

In this study, the biosorption and biodegradation 
abilities of MA@ALG were investigated using 
free algal biomass as a control system. In this 
work, the algae “Spirogyra sp.” was selected and 
used because of it could be easily isolated from a 
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freshwater supply, and also degraded many organic 
chemicals from aqueous solution under favorable 
conditions. The MA@ALG was well character-
ized by FT-IR, SEM, and analytical methods. The 
MA@ALG exhibited high biosorption capacity for 
BPA, CR, and DCP, and also effectively degraded 
these compounds. The entrapped Spirogyra cells in 
the alginate gel remained alive during the biosorp-
tion and biodegradation studies. The biosorption 
capacities of the algal biomass preparations were 
influenced by various experimental conditions, 
including the biosorbent dosage, medium pH, and 
temperature. The maximum biosorption capac-
ity of the MA@ALG was found to be 73.6, 104.4, 
and 49.5  mg/g for BPA, CR  and DCF, respec-
tively. Whereas the biosorption capacity of the free 
algal biomass at pH 7.0 for BPA, and CR, DCF 
was 89.4, 163.1, and 68.2  mg/g, respectively. The 
biosorption of BPA, CR, and DCP on both algal 
preparations was well described by the Langmuir 
isotherm model, and the biosorption kinetics fol-
lowed the pseudo-first-order model. As reported 
earlier, phenolic compounds such as EDCs can be 
enzymatically broken down by laccases present in 
most green algae. The algae laccase enzymes are 
generally active at a neutral pH, similar to plant 
laccase, for the oxidation of phenolic compounds. 
In this work, laccase-like enzyme activity was 
detected in Spirogyra cells and should be involved 
in the degradation of the tested endocrine-disturb-
ing compounds. The MA@ALG beads were oper-
ated in consecutive five cycles in a batch system 
for the degradation of BPA, CR, and DCP, and the 
degradation efficiency decreased to 63.7%, 73.9%, 
and 76.2% for BPA, CR, and DCP, respectively. 
Furthermore, the degradation efficiency of the 
MA@ALG beads was also reduced when the con-
centrations of BPA, CR, and DCP were increased 
from 5 mg/L to 50 mg/L in the medium. The poten-
tial toxicity of pure BPA, CR, and DCP and their 
biodegradation products on D. magna and Turkish 
winter wheat Triticum aestivum L. was studied, 
and it was found that pure BPA, CR, and DCP had 
toxic effects on the test organism, while their deg-
radation products did not show any toxic effects on 
the test organisms. Thus, the biodegradation prod-
ucts of BPA, CR, and DCP allowed for an under-
standing of the toxicity of EDCs before and after 
degradation by MA@ALG. As observed from 

algae growth tests, at high concentrations of EDCs, 
the growth of the algae was suppressed compared 
to the control groups due to the toxicity of these 
chemicals. From these observations, algal-based 
systems can be used to degrade harmful chemicals 
into a non-toxic form, providing a cost-effective 
solution, and the treated wastewater can be reused 
or released into the environment.
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