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Abstract The research studied the bacterial synthesis of magnetic iron oxide nanoparticles

(FeNPs), their biological activity, and the biodegradation efficiency of Acid Red 88. An iron-

resistant bacterial strain S2 was isolated from Choghart iron mine soil and selected to synthesize

FeNPs. The phylogenetic analysis depended on 16S rDNA sequence comparison resolution and

showed that strain S2 was 99.68% similar to Bacillus zhangzhouensis. FeNPs were identified by

UV–Vis, FTIR, and XRD spectroscopy. SEM-EDX conclusions corroborated the size of FeNPs

in the range of 20–70 nm in the rhombus form. The finding indicated that FeNPs had antimicrobial

activity on tested bacteria. According to the brine shrimp lethality (BSL) test, FeNPs showed great

anticancer activity with LC50 value of 0.5 lg/ml. The biodegradation of Acid Red 88 was investi-

gated separately by FeNPs/Ca-Alg beads and FeNPs powder. FeNPs/Ca-Alg beads decolorized

Acid Red 88 with 100% efficiency after 24 h, while FeNPs powder decolorized Acid Red 88 with

100% efficiency after 72 h. Moreover, Ca-Alg beads were applied as control and could not decol-

orize the dye. Decolorization of Acid Red 88 using FeNPs/Ca-Alg beads was investigated by GC/

MS analysis. In this analysis, no mass was found related to the initial mass of Acid Red 88. Accord-

ing to these conclusions, it can be inferred that the dye is completely decomposed. The toxicity of

Acid Red 88 dye, and the decolorization products, was assessed using BSL and phytotoxicity test.

The conclusions determined that Acid Red 88 dye had toxicity effect. Further, the decolorization

products could not kill half of the shrimp due to their low toxicity and did not inhibit the germi-

nation of radish seeds.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Dyes are combinations often utilized in the textile industry (Akar et al.,

2009). Extensive production of these dyes leads to environmental pol-

lution. Therefore, these dyes must be removed from the environment.

Among dye removal methods from the textile industry, we can men-

tion chemical, physical, and biological processes. Chemical and phys-

ical procedures have high limitations for dye removal owing to their

great cost and low performance. However, biological methods are

effective for removing dye from colored effluents due to their cost-

effectiveness and environmental friendliness (Rajeshwari et al., 2011;

Rajendra et al., 2012; Marimuthu et al., 2013). Biological treatment

of wastewater containing textile dyes, especially azo dyes, is compli-

cated in aerobic conditions. However, in anaerobic conditions, the

decolorization of textile dyes is better. The azo bond (AN‚NA),

the chromophore group in the chemical conformation of azo dyes,

can be easily degraded in anaerobic conditions (Shahvali et al., 2000;

Meehan et al., 2000; Guadie et al., 2018; Chandra et al., 2018). Among

different microorganisms, bacteria can decompose dyes, especially azo

dyes, due to faster growth, cheaper culture, and higher efficiency (Saba

et al., 2013; Najme et al., 2015; Pan et al., 2017; Sharma et al., 2016).

Iron-based nanoparticles have many applications in medicine. How-

ever, procedures of synthesis of FeNPs strongly affect their properties

and limit their application. Recently, biological pathways for synthe-

sizing iron nanoparticles have received more attention because the par-

ticles have suitable structural properties for biomedical disciplines. The

mechanism of iron-based nanoparticle synthesis by microorganisms

and its current limitations is studied (Arakha et al., 2015). FeNPs

are used effectively in the purification of polluted waters (Zhang

et al., 2011). Physical and chemical assays are effective methods for

synthesizing iron nanoparticles (Kuhn et al., 2002; Karlsson et al.,

2005). However, these methods are costly, poisonous, corrosive, and

flammable chemicals (Shahwan et al., 2011). The size and form of

nanoparticles are important in decolorization and can be controlled

using different physical and chemical pathways (Naoki et al., 2008)

(Sakulchaicharoen et al., 2010). Between the different technologies,

nanotechnology has proven an unbelievable potential for remediation

of wastewater and other environmental problems (Zare et al., 2013;

Gupta et al., 2015). Environmentally friendly and low-cost nanomate-

rials with unique features have been produced for wastewater treat-

ment, possible disinfection of industrial effluents, surface water,

groundwater, and drinking water. Nanotechnology has been men-

tioned in various literature as one of the most developed sewage purifi-

cation processes (Brumfiel, 2003; Theron et al., 2008). Fe2O3 is a cheap

material for absorbing harmful metals due to its simple synthesis pro-

cess. This material is environmentally friendly and can be utilized in a

polluted environment with less risk of secondary pollution. The

adsorption of various weighty metals on Fe2O nanoparticles relies

on pH, temperature, and incubation time (Li et al., 2003). Iron

nanoparticles are applied as antimicrobial agents and sewage treat-

ment tools with low toxicity and increased irremediability. Research

shows that iron oxide nanoparticles can damage nerve tissue by affect-

ing glutathione levels and significantly increasing oxidation due to

their high levels. Also, magnetic FeNPs can be utilized as a drug deliv-

ery medium (Prescott et al., 2002; Arunachalam et al., 2013) (Nazari

and Jookar Kashi, 2020). It has recently been studied that stabilized

nanoparticles have excellence over free nanoparticles. Calcium alginate

seeds are current routine trapping cells that are cheap, non-toxic, and

bioremediate. Also, trapped nanoparticles have high resistance com-

pared to free particles. They are safe against toxins and can be used

continuously (Bezbaruah et al., 2009) (Pantidos and Horsfall, 2014;

Cho et al., 2015). This study aimed to isolate iron-producing bacteria

from the Choghart mine, stabilize them in a sodium alginate bead and

use them as catalysts. In this study, iron nanoparticles were produced

for the first time from the novel bacterial strain S2. Also, the antibac-

terial activity and toxicity of iron nanoparticles were studied. Besides,

stabilized FeNPs were utilized for dye elimination consumption.
2. Materials and methods

2.1. Dye and medium

The cultural media and materials utilized in this research were
bought from Merck, Germany. Acid Red 88 dye was taken

from Alvan Sabet Corporation, Iran.

2.2. Sample collection

All samples were prepared from a textile factory in Kashan,
Iran, and the Choghart iron mine in Yazd, Iran, in November
2020. All samples were sent to the microbiology laboratory.

2.3. Microorganism isolation and identification

In this research, the bacterial strains were taken from the soil
sample of the Choghart iron mine. The samples were diluted

and cultured on nutrient agar with FeSO4 (20 and 50 mg/
ml). Then, the plates were incubated at 30 oC for 24 h. We have
subcultured colonies and, strain S2 was selected for further

investigation. According to standard procedure, cell morphol-
ogy, Gram-staining, oxidase, catalase, and KOH tests were
carried for phenotypic characterization of strain S2 (Prescott

et al., 2002). Marmur method was used to extract strain S2
chromosomal DNA (Marmur, 1961). Amplification of 16S
rDNA genes was performed using general primers 27F and
1492R (Stackebrandt and Goodfellow, 1991; Turner et al.,

1999). After purification and sequencing of PCR products,
the sequences were sorted using Chromas Pro software from
the official website https://www.technelysium.com.au. Then,

the closest strains were identified on the Ezbiocloud website
with a sequence of 16S rDNA similar to strain S2 (Yoon
et al., 2017). Mega software was used to draw the strain S2

phylogeny tree with strains close to it (Milikli and
Ramachandra Rao, 2012; Kumar et al., 2018). After finding
the 16S rDNA sequence of close strains on the Ezbiocloud
website, the phylogeny tree was plotted to align and calculate

evolutionary distances with Bioedit software and the
Neighbor-Joining, Maximum likelihood, and Maximum parsi-
mony algorithms. The validity of tree branches was evaluated

using the Bootstrap analysis algorithm with 1000 sampling
times (Kimura, 1980; Tajima and Nei, 1984).

2.4. Bacterial synthesis of FeNPs

First, strain S2 was inoculated in 50 ml sterile nutrient broth.
After 24 h incubation, the supernatant and biomass were sep-

arated using a centrifuge at 7,000 rpm for 15 min. Then, active
supernatant and biomass were utilized to indicate synthesis of
nanoparticles is biological. After that, the supernatant (1 ml)
was dumped into 50 ml of Fe2(SO4)3 solution (2 mM) and

was placed under a light bulb. The synthesis of FeNPs was
evaluated using color change and UV–visible spectrophotom-
etry (UV–Vis) analysis (300–800 nm). After 5 h, Fe2(SO4)3
solutions were centrifuged at 7000 rpm for 15 min. Then,
nanoparticles were dried in an oven (UNB500, Memmert, Ger-
many) for one day at 40–50 �C. After that, nanoparticles were

placed in furnace at 450 �C for 4 h. FeNPs were identified by
infrared spectroscopy (FTIR) (Magana 550, Nicolet, Ger-

https://www.technelysium.com.au
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many), X-ray diffraction (XRD) (X Pert Pro, Philips, Nether-
lands), electron microscopy, and X-ray energy diffraction
(SEM-EDX) (Mira3, Tescan Company, Czech). The iron

oxide nanoparticle size was recorded using the formula 1
(Nautiyal and Shukla, 2018):

s ¼ 1=03k=bcosh ð1Þ
s: The average size of crystallite (nm).

k: The X-ray wavelength (nm).
b: Peak width at half the maximum height.

h: Diffraction angle (�C).

2.5. Antibacterial effect

The antibacterial effect of FeNPs was evaluated by the agar
diffusion assay on Escherichia coli (ATCC10536), Staphylococ-
cus aureus (ATCC29737), Shigella dysentery (PTCC1188), Sal-

monella paratyphi-A serotype (ATCC5702), and Candida
albicans (ATCC10231) according to clinical and laboratory
standards institute (CLSI). The set of bacteria was prepared

using the Iranian research organization for science and tech-
nology (IROST). The bacterial suspensions adjusted to 0.5
McFarland were inoculated on Mueller Hinton agar. Then,

20 ml of the FeNPs (40 mg/ml), Acid Red 88 dye (30 mg/ml),
and decolorization product were loaded into 6 mm diameter
wells. The Petri dishes were incubated overnight at 30 �C.
The conclusions were indicated using examining the inhibition
zone diameter.

2.6. Growth curve

The growth curve of strain S2 was drawn with UV–Vis using
the following data:

First, strain S2 was inoculated in 5 ml of sterile nutrient

broth and placed in a shaker incubator at 160 rpm at 30 �C
for 24 h. Then 1 ml of the bacterial suspension was added into
100 ml of sterile broth nutrient medium and incubated at

30 �C. Thus, the absorption was read every 2 h at 600 nm.

2.7. Anticancer activity

The toxicity method was evaluated using the saltwater shrimp
lethality test. A first, 0.1 g of Artemia salina eggs were exposed
to light in an aquarium filled with salt water for 48 h by an aer-
ation pump at room temperature. Then shrimp hatched and

turned into larvae. Also, the saltwater pH inside the aquarium
was set to 9 and all tests were performed in glass tubes consist
of saltwater. Then, ten live larvae of saltwater shrimp were

expanded with different concentrations (25, 250, 750, 1250,
1750, 2500 mg/ml) for FeNPs, Acid Red 88 dye decolorization
product for 24 h. All tubes were prepared with 5 ml saline

water and placed in a water bath under light at 30 �C. After
24 h, the amount of live and dead larvae any each tube was cal-
culated. The evaluation was repeated three times to ensure the
results. In this experiment, the control for each sample con-

tained only 10 live larvae and 5 ml of saline water. The LC50

and mortality amount were calculated for various concentra-
tions of FeNPs, Acid Red 88 dye, and decolorization product.

Further, the results were compared with the control and indi-
cated in the graphs. The mortality amount was assessed by for-
mula 2 (Dashtizadeh and Jookar Kashi et al., 2021):

Percentage of dead larvae after 24h

¼ ½ðm�MÞ=S� � 100 ð2Þ
m: The average amount of dead larvae in the samples.

M: Mean amount of dead control larvae.

S: The average amount of live control larvae.
2.8. FeNPs/Ca-Alg beads

First, 20 mg/ml of FeNPs were mixed with 30 ml of sterile dis-
tilled water and was incubated in a shaker incubator for 20 min

until wholly dispersed. Then, sterile distilled water with dis-
persed iron oxide nanoparticles was belended with 30 ml of
3% sodium alginate solution. After that, the solved solution

was dropped dropwise to 40 ml of 3% CaCl2, producing beads
in which FeNPs were trapped. FeNPs/Ca-Alg beads were uti-
lized for Acid Red 88 dye decolorization.

2.9. Decolorization using FeNPs/Ca-Alg beads

First, 2 g of FeNPs/Ca-Alg beads were added into 20 ml of

peptone-yeast medium with 50 g/l glucose and 25 g/l Acid
Red 88 dye and incubated for 72 h at 30 �C. Then, 1 ml of
the sample was centrifuged at 7000 rpm for 15 min at three
intervals 24, 48, and 72 h. However, the discoloration was

examined using UV–Vis. After each color change, FeNPs/
Ca-Alg beads were washed and utilized again for decoloriza-
tion. The test was repeated five times. Then, FeNPs/Ca-Alg

beads were analyzed using SEM-EDX. The percentage of
decolorization efficiency was evaluated using Formula 3
(Nazari and Jookar Kashi, 2020). Also, the metabolites after

decolorization were prepared by ethyl acetate and evaluated
using gas chromatography coupled with mass spectrometry.
Finally, the dried powder of the sample was dissolved in ethyl
acetate and injected into the device (6890, Agilent, USA).

Decolorization efficiency ð%Þ

¼ Initial absorbance� Final absorbance

Initial absorbance
� 100 ð3Þ
2.10. Phytotoxicity test

The phytotoxicity of Acid Red 88 dye, the degraded dye
metabolite were evaluated on the seed of Raphanus sativus L.
First, the filter paper was placed inside plates, and sterilized

in an autoclave (Abzar Teb Mahan, Iran). After that, the seed
of R. sativus L. was sterilized with 70% alcohol and exposed to
UV (Laminar Flow II (120RS, Jal tab, Iran) for half an hour.

The seeds were sterilized in a plate with 70% alcohol for 1 min,
distilled water for 10 min, and bleach 20% for 4 to 5 s. The
seeds were placed in plates containing filter paper. 5 ml of
the sample was added to the plates to determine toxicity. Con-

trol was performed with distilled water. The plates were placed
at room temperature under sunlight. After 7 to 8 days, the dif-
ference is, the growth of seeds, the number of leaves, roots, and

stems were measured. In this experiment, the conclusions were
investigated using determining the relative root growth
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(RRG), relative seed germination (RSG), and germination
index (GI) (Kebrom et al., 2019) as follows:

RRG ¼ Radicle length of germinated seeds in aqueous extracts

Radicle length of germinated seeds in deionized water ðcontrolÞ
� 100% ð4Þ

RSG ¼ Number of germinated seeds in aqueous extract

Number of germinated seeds in deionized water ðcontrolÞ � 100%

GI ¼ RSG�RRG� 100%
2.11. Resistance of strain S2 to extreme temperatures

For this test, strain S2, was inoculated into an Erlenmeyer
flask including 50 ml of NB medium, and incubated in a shaker
incubator (SI500, Stuart, UK). After 24 h, the supernatant and
biomass were separated using a centrifuge (5810R, Eppendorf,

Germany) at 4 oC and 7,000 rpm for 15 min. Then, bacterial
cells and supernatant were autoclaved separately at 121 �C
and 1.2 atmospheres for 15 min to investigate whether extra-

cellular enzymes and the cell itself were resistant to high tem-
peratures. Then the supernatant and biomass were used to
produce iron nanoparticles separately.

3. Results and discussion

3.1. Investigation of iron tolerant bacteria

The soil samples were taken of the Choghart iron mine.

Between the bacterial isolates obtained from the soil, an
Table 1 Biochemical tests for identification of strain S2

comparing to B. zhangzhouensis DW5-4T (Yang Liu et al.,

2016).

Biochemical tests Strain S2 B. zhangzhouensis DW5-4 T

Catalase + +

Oxidase + +

KOH + ND

+ positive control, ND (not determined).

Fig. 1 The phylogenetic tree shows the relationship between the s

database.
iron-tolerant strain S2 was picked to synthesize FeNPs. Also,
this strain was resistant to high temperatures. Macroscopic
(colony color), microscopic (morphological), and gram-

staining were performed to identify bacterial strain S2. The
strain was gram-positive with the white colony and coccobacil-
lus morphology. Biochemical experiments performed to

describe bacterial strain S2 are indicated in Table 1. Catalase,
Oxidase, and KOH expriments were positive. Nucleotide level
of strain S2 was utilized to investigate the phylogenetic connec-

tion between strain S2 and another isolate in the GenBank
database (Fig. 1). The results showed that strain S2 relates
to Bacillus genus belonging to JOTP01000061. Strain S2 was
99.68% similar to Bacillus zhangzhouensis DW5-4 (T), taken

from the aquaculture water of a shrimp farm in Zhangzhous,
China (Yang Liu et al., 2016). Further, the 16S rDNA gene
sequence is linked to the gene bank (https://www.ncbi.nlm.

nih.gov), and the accession number of strain S2 was obtained
MZ668417.

3.2. Synthesis of FeNPs

The synthesis of FeNPs was evaluated with supernatant and
biomass of strain S2. The supernatant and biomass were able

to produce FeNPs separately. The ferrous sulfate solution
changed from colorless to yellow, which confirmed the synthe-
sis of FeNPs (Fig. 2. A-b). Fig. 2.A-a show UV–Vis spectra
with the addition of the supernatant within 3 h. Also, strain

S2 produced nanoparticles in high volumes (400 ml) (Fig. S1.
B).

3.3. Charactrization of FeNPs

Extracellular production of FeNPs was seen with discoloration
to yellow. The color change of the FeSO4 solution to yellow

was due to the reduction of iron ions and the production of
nanoparticles, indicating the formation of iron nanoparticles.
Also, the production of FeNPs was approved using UV–Vis

at 300–800 nm. The most adsorption rate at 330 nm approved
the make of nanoparticles (Fig. 2.A). Ultraviolet spectroscopy
shows the production of FeNPs. Fadian Behbahani and
train S2 and other known homologous strains in the GenBank

https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
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Buazar (2019) synthesized magnetic iron oxide nanoparticles
using marine Sargassum ilicifolium Seaweed. Their results indi-
cated the color change of the Ferro ammonium sulfate solu-

tion from green to brown due to the reduction of iron ions
and the production of iron nanoparticles.
Fig. 2 Spectrophotometric analysis (A), FTIR spectra (B), X-ray diff

Energy dispersive X-ray spectrum (E) of FeNPs synthesized by strain
The conclusions of the FTIR analysis are shown in Fig. 2.
B. The adsorption band at 3418 cm�1 corresponds to the
hydroxyl groups. The adsorption peak at 1629 cm�1 belonged

to C‚O. FTIR spectra showed that the carbonyl group
belongs to amino acids and proteins, which have a great ability
raction pattern (C), scanning electron microscopic images (D), and

S2.
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to bind to metal particles. The proteins play an impress in
forming nanoparticles, preventing them from binding and sta-
bilizing them in the environment. Generally, the FTIR results

confirmed the presence of a protein layer with carbohydrates
around the nanoparticles, which leads to the stability of the
nanoparticles. The adsorption band at 1386 cm�1 shows the

traction of CAH (Thakkar et al., 2010; Gurunathan et al.,
2013; Mahdavi et al., 2013; Braihi, 2014; Gurunathan, 2019).

The XRD result was utilized to evaluate the structure of

FeNPs. The three extreme peaks of the value of 2h are 33,
35, and 63, corresponding to 100, 75, 40, respectively (Fig. 2.
C). These results indicate the crystal structure of FeNPs. The
average nanoparticle size calculated by the Scherer equation

was 53.95 nm.
The SEM images proved the production of nanoparticles.

The conclusions indicated that iron nanoparticles synthesized

have a rhombus shape size of 20–70 nm (Fig. 2.D). FeNPs
were deliberated using Digimizer software. FeNPs produced
using supernatant were grouped depending on particles size

scattering that minimum value was 10–20 nm and the maxi-
mum value was 30–40 nm (Fig. S2). Also, the EDX analysis
of these particles indicates a peak in the iron region, which

indicates the formation of FeNPs (Fig. 2.E). The reason for
Fig. 3 Antibacterial effect of FeNPs against standard strains (A), Bio

concentrations of FeNPs (B), Acid Red 88 (C) and Acid Red 88 prod
the intensification of the plasmon surface, an optical peak
was observed in the 6/370KeV region, which corresponds to
the adsorption of metal nanoparticles. Other peaks are carbon,

oxygen, and nitrogen, which decide biomaterials on the
nanoparticles. Also, the SEM images show the production of
FeNPs. Moreover, the EDX spectrum proved the existence

of a peak in the metal nanoparticles region.

3.4. Antimicrobial effect of FeNPs

The antibacterial activity of FeNPs was evaluated using the
agar diffusion procedure against the tested strains. The
FeNPs inhibited bacterial growth around wells as an inhibi-

tion zone. Fig. 3.A indicated that FeNPs have an antibacte-
rial effect against tested bacterial strains. However,
immobilized nanoparticles can be reused, so FeNPs/Ca-Alg
bead effectively kills pathogenic bacteria. In a study,

Torabian et al., 2019 perused the antibacterial effect of iron
oxide nanoparticles synthesized by cytoplasmic extract of
Lactobacillus casei. The inhibition zones of S. aureus at 100

and 1000 lg/ml concentrations were 12.03 ± 0.32 and
16 ± 0.5, respectively. In comparison, the nanoparticles are
ineffective against E. coli.
toxicity assessment using A. salina after 24 h exposure to different

uct (D).
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3.5. Toxicity activity of FeNPs

3.5.1. Brine shrimp lethality test

In this research, the mortality assay of saltwater shrimp was

utilized to assess the toxicity of FeNPs on living microorgan-
isms. The conclusions showed notable mortality at 24 h
(Fig. 3.B). More than 50% of the saltwater shrimp population
was killed using FeNPs) 0.5 lg/ml(, which showed the high

biotoxicity of the nanoparticles. Our results are similar to
Negin Nazari et al. they applied the saltwater shrimp mortality
assay to assess the toxicity of AgNPs on A. salina. Their results

indicated that more than 50% of the A.salina was dead by
Fig. 4 SEM images of outer and inner surface of FeNPs/Ca-Alg bead

FeNPs/Ca-Alg beads which confirms the presence of FeNPs (I), UV

FeNPs/Ca-Alg beads (J).
1 mg/ml AgNPs, which showed the toxicity of nanoparticles.
In other studies, the toxicity of three nanoparticles, including
chemical silver nanoparticles and biosynthetic silver nanopar-

ticles prepared from aqueous extract of brown algae and green
algae, were evaluated using brine shrimp lethality assay (BST)
(Mashjoor et al. 2018). The nanoparticles at similar concentra-

tions showed that chemical silver nanoparticles were up to 10
times more toxic than biosynthetic nanoparticles. Further, this
study evaluated the toxicity of Acid Red 88 dye (Fig. 3.C) and

its decolorization product (Fig. 3.D) by BST. The results indi-
cated that the Acid Red 88 dye had very high toxicity, and the
decolorization product had a very low toxicity. The decoloriza-
tion product could not kill half of the shrimp. In a similar
s (A to G), Image of FeNPs/Ca-Alg beads (D, H), EDX spectra of

–Vis absorption spectra of decolorization of Acid Red 88 using
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study, Satish Babu et al. used BST to measure Congo Red tox-
icity. Their results showed that the dye was very toxic, and the
decolorization product by the new marine strain DTS26 was so

few toxic (Satheesh Babua et al., 2015).

3.5.2. Germination seed for toxicity assay

In this study, radish seeds were also used to investigate the tox-

icity of FeNPs, Acid Red 88 dye, and its decolorization prod-
uct. According to the data and formulas of section 2–10, the
percentages of RRG and RSG for FeNPs were (0.18%,

18%), for Acid Red 88 dye were (0.16%, 16%), and for the
product obtained from Acid Red 88 dye decolorization were
(0.83%, 80%), respectively (Figure S3. A). Moreover, the GI

for FeNPs, Acid Red 88 dye, decolorization product, and
the test control (water) were 2.58%, 2.56%, 66.4%, and
100%, respectively (Fig. S3. B). The results show that the

decolorization product of Acid Red 88 dye is very low toxicity,
so it caused the growth of most seeds. In contrast, Acid Red 88
dye, and FeNPs due to their high toxicity, caused very low seed
growth. In the control test, all seeds grew (100%). The size

(length) of radish seeds was also measured using a ruler. The
length of roots for control (H2O), FeNPs, Acid Red 88 dye,
and decolorization products of Acid Red 88 were (3 cm,

0.5 cm, 0.5 cm, 2.5 cm), respectively (Fig. S3. C). Hashemi
et al. 2018. reported the toxicity of zinc oxide nanoparticles
upon the growth of Borago officinalis. According to their

results, zinc oxide nanoparticles raised the root and stem
length of plants. The reason for the grown root and stem of
plants was the low toxicity of zinc oxide nanoparticles. More-

over, Chukowry et al. 2017 examined the cytotoxicity of azo
dyes and their decolorization products by seed germination
Fig. 5 GC/M
experiments. They concluded that the decolorization products
of azo dyes were not toxic and did not inhibit germination.

3.6. Acid Red 88 dye decolorization using FeNPs/Ca-Alg beads

After the FeNPs/Ca-Alg beads were prepared, the beads were
evaluated by SEM-EDX. The results indicated that FeNPs

were carefully packaged on the inner surfaces of the alginate
beads (Fig. 4.A to H). Also, these images show the porosity
of the bead surface. The EDX spectrum indicates FeNPs/Ca-

Alg beads, and the existence of FeNPs has been proved
(Fig. 4.I). Also, the results show that the iron oxide nanopar-
ticles are gotten stuck in Ca-Alg beads. These beads were uti-

lized to decolorize Acid Red 88 dye in the next step. The
conclusions indicated that Ca-Alg beads containing FeNPs
decolorized and decomposed Acid Red 88 in 8 h with 100 %
efficiency (Fig. 4.J). The reuse of FeNPs/Ca-Alg beads was

investigated in five cycles. FeNPs/Ca-Alg beads were durable
after any cycle. FeNPs/Ca-Alg beads could reuse to remove
Acid Red 88 in five cycles with a 100% effect. However, the

metabolites of decolorization were also evaluated using GC/
MS analysis (Fig. 5). In the results obtained from this analysis,
no mass was found related to the initial mass of the Acid Red

88 dye structure. This dye has a molecular weight of
400.38 g/mol, but the results do not show the presence of this
dye after decolorization. Therefore, it can be concluded that
this dye has decomposed and completely disappeared. The

pathway of Acid Red 88 decomposition was proposed in
Fig. 6. In 2015, Harshad Lade et al. used GC/MS analysis to
recognize metabolites formed in Reactive Blue 172 dye decol-

orization using the bacterial strain HSL1. Their gas chro-
S analysis.



Fig. 6 Acid Red 88 dye decomposition pathway.
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matography results indicated the presence of two peaks 4-
(ethenylsulfonyl) aniline and 1-amino-1(4-aminophenyl)
propane-2-one (Lade et al. 2015). Also, other researchers used
GC/MS analysis to identify degraded metabolites during

decolorization Procion Red-3B dye by Pseudomonas stutzeri
SPM-1. Their results indicated that the presence of degraded
dye metabolites (Bera and Tank 2021).

3.7. Strain S2 growth curve

The growth curve of bacteria shows their growth pattern in

four stages: delayed phase, logarithmic phase, standstill, and
death phase. The bacteria cells multiply at the end of the active
phase and the beginning of the stagnation phase of the growth

curve. The bacterial growth curve was investigated using spec-
troscopy (Fig. S4). The bacteria reached the end of the loga-
rithmic phase after 10 h. In other research, the growth curve
of strain N23 isolated from urine samples was plotted. Their

results showed that the bacterial strain reached the end of
the logarithmic phase after 8 h)Fakher and Kashi, 2021).

3.8. Hyperthermophile strain S2

Bacterial strain S2 remained active after autoclaving at 121 �C
and 1.2 atmospheres for 15 min. The results showed that strain

S2 is resistant to high temperatures. This test showed that the
extracellular enzymes were not damaged by autoclave because
the autoclaved supernatant produced iron nanoparticles. Also,

autoclaved bacterial cells were cultured in NA medium and
incubated. After 24 h, strain S2 had grown and produced iron
nanoparticles. Thus, strain S2 is hyperthermophile. In a similar
report, Brock (1997) isolated strain 121 hyperthermophiles
from a hot spring. Strain 121 was extremely resistant to high
temperatures in an autoclave at 121 �C. It was able to double
its population in 24 h. Also, the results indicated that strain
121 survived for 2 h at 130 �C but could not replicate until it

was transported to a new growth culture at 103 �C.

4. Conclusion

A hyperthermophile B. zhangzhouensis strain S2 from the Ghoghart

iron mine showed the capable synthesis of magnetic iron nanoparticles

for the first time. The FeNPs was determined by UV–Vis spectroscopy,

FTIR, XRD, SEM, and EDX analysis. FeNPs/Ca-Alg beads were uti-

lized to decolorize Acid Red 88 dye for the first time. The GC/MS

analysis confirmed that FeNPs /Ca-Alg beads could decolorize Acid

Red 88 and completely decompose. Moreover, according to data from

the antibacterial test, these nanoparticles have antibacterial properties.

The phytotoxic test and BST showed that the dye toxicity decreased

after decolorization. The results suggest that biologically synthesized

iron nanoparticles can be used for wastewater.
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