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Abstract
Azo compounds have long posed a serious threat to publish health and the aquatic environment. Therefore, the adverse effects 
of azo compounds on public health have inspired the need to develop efficient and reliable treatment methods. Although vari-
ous physicochemical treatment methods have been developed, bio-inspired environmentally friendly treatment method have 
not yet been reported. Here, we report the development of a novel azo compound treatment method using biogenic nanopar-
ticles immobilized microorganism. Firstly, biogenic bimetallic iron–molybdenum nanoparticles immobilized Deinococcus 
radiodurans R1 (DR-FeMoNPs) were constructed. Next, physicochemical properties of FeMoNPs including specific surface 
area (53.627  m2  g−1), pore volume (0.3561  cm3  g−1), and average pore diameter (19.205 nm) were thoroughly addressed. 
The resulting FeMoNPs-immobilized D. radiodurans R1 exhibited an 87.2% removal efficiency for Congo Red, with a 
maximum capacity of 172.4 mg/g. Additionally, the rapid degradation of residual  H2O2, triggering Fenton-like reaction via 
biological scavenging mechanism, was confirmed. DR-FeMoNPs also demonstrated highly efficient removal of other types 
of azo compounds, such as Acid Orange 7 (99.4%) and Evans Blue (81.1%).
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Introduction

Azo dyes, which are organic compounds containing colored 
azo functional groups (N = N-), are widely used in the dye-
ing industry but exhibit carcinogenic and mutagenic activ-
ity when exposed to the human body [1, 2]. Thus, over the 
past decades, particular attention has been focused on the 
development of efficient and stable methods for treating 
dye wastewater through physicochemical methods, such as 
adsorption, ion exchange, chemical oxidation, and mem-
brane processes [3–5].

The Fenton reaction, an advanced oxidation process, is 
widely used to treat toxic azo dyes using iron-based nano-
particles in contaminated water [1]. For example, 200 mg/g 
of maximum removal capacity and 95.6% of degradation 
efficiency of Direct Red 23 were successfully achieved using 
a Co-Fe hydrotalcite-mediated Fenton reaction [6]. A modi-
fied Fenton-like reaction method using magnetic iron (II, 
III) oxide-manganese (IV) oxide  (Fe3O4-MnO2) core–shell 
nanoplates which was also developed to treat Acid Orange 7 
contaminated water [7]. Although these methods have dem-
onstrated remarkable performance in processing azo dyes, 
several drawbacks still need to be addressed. As the Fen-
ton reaction is highly pH dependent reaction, the pH value 
must be maintained in acidic pH condition (pH 3.5 ~ pH 5.5) 
where the iron is existed in a ferrous form  (Fe2+) [8]. In 
addition, the Fenton reaction not only requires high energy 
to maintain the necessary reaction conditions, such as tem-
perature and pH, but also raises potential safety issues due to 
the use of high concentration of  H2O2 [9, 10]. These draw-
backs have commonly occurred in various physicochemical 
methods for the treatment of toxic pollutants.

To address the shortcomings encountered in conven-
tional physicochemical treatment methods, green synthesis 
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technology, which involves the bio-based synthesis of nano-
particles, has emerged as a promising method to compen-
sate for the limitations of traditional approaches. Recently, a 
novel bioremediation method for the treatment of radioactive 
iodine (> 99%) was developed using biogenic gold nanopar-
ticles containing extremophilic microorganism, Deinococcus 
radiodurans R1 strain [11]. Another study also reported a 
highly efficient and stable method for removing toxic arse-
nic was also developed using magnetic iron nanoparticles 
immobilized D. radiodurans R1 strain [12]. These methods 
improve the removal efficiency of various toxic pollutants 
through the immobilization of nanoparticles synthesized 
by microorganisms. It has the potential not only for envi-
ronmentally friendly biosynthesis of nanoparticles but also 
for overcome the limitations of existing physicochemical 
process.

These observations compelled us to develop a highly 
efficient treatment method for the removal of toxic azo 
compounds through the combination of the toughest micro-
organism and the green synthesis of nanomaterials. This 
method was successfully achieved using D. radiodurans R1 
immobilized with biogenic bimetallic iron–molybdenum 
nanoparticles (DR-FeMoNPs). The DR-FeMoNPs showed 
remarkable efficiency in the treatment of Congo Red (up 
to 87.2%), Acid Orange 7 (up to 99.4%), and Evans Blue 
(up to 81.1%). Furthermore, the  H2O2 remaining after the 
Fenton reaction was rapidly removed through a biological 
scavenging process.

Materials and Methods

Preparation of Biogenic D. radiodurans Iron–
Molybdenum Nanoparticles

The D. radiodurans R1 (ATCC13939) cells were used for 
the FeMoNP biosynthesis and the control (without biosyn-
thesis) in all tests. The cells were routinely cultivated in a 
TGY (0.5% tryptone, 0.1% glucose, and 0.3% yeast extract) 
medium at 30 °C with agitation. Moreover, D. radiodurans 
R1 was cultured in 50 mL of liquid TGY medium until 
 OD600 = 1 and was used to synthesize the FeMoNPs. Next, 
9.389 mM of  Na2MoO4∙2H2O (Duksan, Korea) and 6.5 mM 
of  FeCl3∙6H2O (Samchun, Korea) were added to the cell 
cultures, which were further incubated for 24 h at 30 °C. The 
mixtures were centrifuged at 15,982 × g for 5 min, and the 
resulting pellets were rinsed twice with deionized water to 
remove the partly immobilized FeMoNPs on the cell surface.

Cell Viability Test

The cell viability of D. radiodurans R1 after completing 
the nanoparticle fabrication or Fenton-like reaction was 

evaluated via plating assays. The samples were rinsed twice 
with deionized water to remove residual metal ions or  H2O2 
from the cells. Afterward, the samples were resuspended 
in 1 mL of liquid TGY medium, and the suspensions were 
serially diluted and spotted onto TGY agar plates.

Characterization of the Biogenic Iron–Molybdenum 
Nanoparticles

The morphology and elemental composition of the FeM-
oNPs were determined via scanning electron microscopy 
(SEM) energy-dispersive X-ray spectrometry (EDX; 
SU8010, Hitachi, Japan), as previously described [12]. 
Briefly, D. radiodurans iron–molybdenum nanoparticles 
(DR-FeMoNPs) were fixed in 2.5% glutaraldehyde solution 
and dehydrated in a series with ethanol (30%, 50%, 60%, 
70%, 80%, 90%, and 99%). The size distribution of the FeM-
oNPs was determined using dynamic light scattering (DLS) 
analysis with a Zetasizer Nano ZS (Malvern Instruments, 
UK). For this purpose, the FeMoNPs were separated from 
the D. radiodurans R1 cells by beating (4,032 × g, 3 min) 
using a FastPrep-24 instrument (MP Biomedicals, Korea). 
The separated FeMoNPs were rinsed twice with deionized 
water and used in further tests.

The crystallographic structure was determined via 
X-ray diffraction (XRD, SmartLab, Rigaku, Japan) with 2θ 
angles from 5° to 70° and a sweep speed of 4°min−1. The 
surface composition of the purified FeMoNPs was deter-
mined using X-ray photoelectron spectroscopy (XPS) with 
a K-Alpha plus X-ray photoelectron spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) equipped 
with monochromatic Al Kα (hv = 1486.7 eV) radiation. 
The specific surface areas and pore sizes of the FeMo-
NPs were measured using a BELSORP-mini X (Soletek, 
Korea) with the Brunauer–Emmett–Teller (BET) and Bar-
rett–Joyner–Halenda (BJH) methods, respectively.

Treatment of Azo Dyes Using D. radiodurans Iron–
Molybdenum Nanoparticles

The degradation of Congo Red in an aqueous solution by the 
DR-FeMoNPs was performed in a batch and carried out in 
the dark at room temperature. The concentration of Congo 
Red was determined by measuring the absorbance at a wave-
length of 498 nm, using an Epoch microplate ultraviolet–vis-
ible (UV–Vis) spectrophotometer (BioTek, Winooski, VT, 
USA). The sample (1 mg) was placed in 1 mL of Congo 
Red solution with an initial concentration of 200 mg/L. The 
 H2O2 solution (0.2 M) was immediately added to initiate 
a Fenton-like reaction. The Congo Red concentration after 
 H2O2 treatment was measured during 3 h. Different concen-
trations of Congo Red, ranging from 50 to 300 mg/L, were 
tested to determine the optimal conditions for Congo Red 
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degradation by DR-FeMoNPs. Moreover, different concen-
trations of  H2O2 ranging from 0.001 to 3 M were added to 
the DR-FeMoNP and Congo red mixtures. At the end of 
the reaction, the mixtures were centrifuged at 15,982 × g for 
5 min. The degradation efficiency (%) and capacity (mg/g) 
were calculated according to the following equations:

where Ct and C0 are the dye concentrations initially and 
at time t (min), respectively, and X is the biomass amount 
(mg/L) used to test the dye degradation. The degradation 
efficiency of Acid Orange 7 and Evans Blue (100 mg/L of 
initial concentration) was also evaluated by measuring the 
absorbance at wavelengths of 484 nm and 608 nm, respec-
tively. The  H2O2 concentration was measured by the colori-
metric quantification method, using 1% titanium sulfate as 
previously described [13]. The maximum adsorption peaks 
were measured at 400 nm using a UV–Vis spectrophotom-
eter (Epoch, USA).

Metal Leaching

The final concentration of 0.2 M  H2O2 was added to 50 mL 
of the reaction mixture containing 1 g/L DR-FeMoNPs 
and 100 mg/L Congo red for 3 h at room temperature. The 
supernatants were separated by centrifugation at 10,000 × g 
for 20 min and filtered through a 0.45 μm cellulose acetate 
filter. The leached metal ions (iron and molybdenum) were 
measured using inductively coupled plasma optical emission 
spectroscopy (ICP-OES, iCAP 7000 series, Thermo Scien-
tific, USA). All experiments were performed in triplicate, 
and the mean values were calculated.

(1)Degradation efficiency (%) =
C0 − C

t

C0

× 100

(2)Degradation capacity (mg/g) =
C0 − C

t

X

Results and Discussion

Biosynthesis of Iron–Molybdenum Bimetallic 
Nanoparticles

In this study, Deinococcus radiodurans was chosen as a 
host strain for the green synthesis of iron-based nanopar-
ticles because it could efficiently mineralize metal ions 
into nanoparticles through various metabolites including 
carotenoids, pyrroloquinoline quinone, and  Mn2+-complex 
molecules [14]. Moreover, this bacterium has remarkable 
resistance and scavenging ability to strong oxidant, hydro-
gen peroxide  (H2O2), which is a trigger molecule to initiate 
the Fenton reaction [15]. Molybdenum is recognized as an 
effective co-catalyst in the Fenton reaction due to its abil-
ity to enhance the generation of hydroxyl radicals (•OH), 
which are the crucial species responsible for oxidation of 
contaminants [16, 17]. Therefore, molybdenum (Mo) was 
also selected as a component of biogenic bimetallic nano-
particles along with iron (Fe). First, the bimetallic FeMo-
NPs were synthesized in vivo using the Deinococcus radio-
durans R1 strain cultured with TGY medium supplemented 
with  Na2MoO4∙2H2O and  FeCl3∙6H2O (a volume ratio of 
13:9) for 24 h. During cultivation, the color of cell cultures 
gradually changed from yellowish to dark brown over time, 
indicating that the nanoparticles were synthesized in vivo 
(Fig. 1, top). It was also found that the formation of nano-
particles was gradually accelerated during 9 h incubation 
period, almost reaching maturation within 24 h (Fig. 1, 
bottom).

An SEM–EDX analysis was performed to determine 
the morphology and elemental composition of biogenic 
FeMoNPs. The biogenic FeMoNPs were not only spheri-
cal and had an irregular shape but also contained Fe (0.7 
and 6.43 keV) and Mo (2.3 keV) (Fig. 2a–c). These results 
demonstrated that bimetallic FeMoNPs were successfully 

Fig. 1  The formation of iron–molybdenum nanoparticles (FeMo-
NPs) mediated by D. radiodurans R1 strain during 24 h incubation. 
Top and bottom panels indicate D. radiodurans cultures treated with 

9.389  mM  Na2MoO4∙2H2O and 6.5  mM  FeCl3∙6H2O at each time-
point before and after centrifugation, respectively. C control sample 
before treatment of metal substrates
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synthesized in vivo and immobilized onto the D. radio-
durans R1 strain. Furthermore, in contrast to prior studies 
that reported the cytotoxicity of nanoparticles, no growth 
retardation was observed during the synthesis of FeMo-
NPs (Fig. 2d). Interestingly, during the EDX analysis, the 
peaks corresponding to elements C, O, N, and P were also 
analyzed. This is possibly due to the presence of biomol-
ecules, such as proteins and exopolysaccharides, constitut-
ing the cell membrane of live D. radiodurans R1 [18, 19]. 
These surface biomolecules are associated with adsorption 
and maturation of nanoparticles. There have been several 
previous studies reporting the crucial biological factors 
for green synthesis of nanoparticles in D. radiodurans. Li 
et al. reported that some functional groups such as hydroxyl, 
amine, and phosphate on the D. radiodurans cell surface 
played an important role in the reduction and stabilization 
of gold nanoparticles (AuNPs) [19]. Notably, the membrane-
associated deinoxanthin played as a reducing molecule in the 
biotransformation process of gold ions [Au(III)] into AuNPs 
[20, 21]. The immobilization of nanoparticles onto the cell 
surface is also mainly due to the presence of S-layer proteins 
located in surface area of D. radiodurans [22].

Analysis of Biogenic Iron–Molybdenum 
Nanoparticles

The physicochemical properties of nanomaterials are dic-
tated by their dimensions, including size and surface area. 
To investigate the surface chemistry of in vivo-synthesized 
FeMoNPs, Dynamic Light Scattering (DLS), X-ray diffrac-
tion (XRD), and X-ray photoelectron spectroscopy (XPS) 
analyses were performed [23]. As observed in Fig. 3a, b, the 
size distribution of biological FeMoNPs primarily ranged 

from 58.7 nm to 68.0 nm. Additionally, broad shoulder 
peaks indicative of organic matter-related biotransformation 
were identified in the range of 20° to 30° 2θ [19, 24, 25]. 
These results indicated that FeMoNPs synthesized by live 
D. radiodurans R1 strain have an amorphous structure like 
other biologically synthesized nanoparticles. A similar pat-
tern in the biogenic nanoparticle is also observed in a previ-
ous study reporting the development of an arsenic treatment 
method using live-cell fabricated iron nanoparticles [12].

In the XPS analysis, all binding energy (eV) peaks 
calibrated to the adventitious C 1 s peak at 284.8 eV were 
observed as 1 s, N 1 s, P 1 s, O 1 s, Fe 2p, and Mo 3d 
(Fig. 3c). The core-level spectra of C 1 s, N 1 s, and P 
1 s identified the functional groups of D. radiodurans R1 
involved in forming the nanoparticles [18]. The peaks at 
724.9 eV and 711.1 eV for  Fe3+ were assigned to Fe  2p1/2 
and Fe  2p3/2, respectively. The Mo  3d3/2 and  Mo3d5/2 peaks 
for  Mo6+ appeared at 235.4 eV and 232.2 eV, and the O 1 s 
peak at 531.2 eV indicated oxygen from the metal oxides. 
These results correlate with a previous study reporting the 
characterization of ferrimolybdite nanowires [13].

Next, the Brunauer–Emmett–Teller (BET) and Bar-
rett–Joyner–Halenda (BJH) analyses were also performed 
to investigate the specific surface area and porosity of FeM-
oNPs. According to the International Union of Pure and 
Applied Chemistry classification system, the FeMoNPs 
exhibited type IV isotherms with type H3 hysteresis loop 
characteristics with a mesoporous system (Fig. 4a). An H3 
hysteresis loop indicated that the pores were interconnected 
and randomly distributed [26]. Moreover, a thin hysteresis 
loop formed between a relative pressure (P/P0) of 0.85 and 
0.95 indicated that FeMoNPs have both meso- and macropo-
res [27]. As illustrated in Fig. 4b, the FeMoNPs exhibited 

Fig. 2  Scanning electron 
microscopy images of a wild-
type D. radiodurans (DR) 
R1 and b iron–molybdenum 
nanoparticles (FeMoNPs) 
immobilized D. radiodurans 
R1 strain (DR-FeMoNPs) at 
X 50 k magnification (scale 
bar = 2 μm). c Energy-dispersive 
X-ray spectrometry spectrum 
on the surface of DR-FeMoNPs 
(inset image indicates EDX 
scanning area). d Cell viability 
of D. radiodurans R1 after 
biosynthesis of FeMoNPs
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two pore-size distributions in the mesoporous and macropo-
rous regions: one with a relatively narrow pore-size distribu-
tion in the range of 1 to 9.96 nm and the other with a broad 
size distribution centered at 57.48 nm. The specific surface 
area, pore volume, and average pore diameter of FeMoNPs 
obtained by the BET and BJH analyses were 53.627  m2  g−1, 
0.3561  cm3  g−1, and 19.205 nm, respectively.

Based on these results, the biogenic FeMoNPs developed 
here exhibited a larger surface area compared to chemically 
synthesized nanoparticles, such as Al-doped zinc oxide 
(34.3  m2  g−1), porous ZnO nanosheets (12.5  m2  g−1), and 
3D nanoporous Cu (6.0  m2  g−1) [27, 28]. Therefore, FeMo-
NPs synthesized in vivo can be expected to be functional 

and effective compared to nanoparticles used in conventional 
processing methods.

Treatment of Congo Red Using DR‑FeMoNPs

Next, to investigate the removal capability of FeMoNPs-
immobilized D. radiodurans R1 strain (DR-FeMoNPs) on 
azo compounds, the treatment of aqueous media contami-
nated with Congo Red was conducted. To establish the 
optimal  H2O2 concentration, an analysis of the decom-
position efficiency of Congo Red based on varying  H2O2 
concentrations was conducted. As shown in Fig. 5a, the 
removal efficiency exhibited a rapid increase up to an  H2O2 

Fig. 3  Characterization of the biogenic iron–molybdenum nanoparticles (FeMoNPs). a Size distribution, b X-ray diffraction patterns, and c 
X-ray photoelectron spectroscopy (XPS) spectra. Each XPS spectrum for Fe 2p, O 1 s, and Mo 3d shows enlarged images in the right panels

Fig. 4  Brunauer–Emmett–Teller (BET) and Barret–Joyner–Halenda (BJH) analyses of iron–molybdenum nanoparticles (FeMoNPs). a Nitrogen 
adsorption–desorption isotherms and b the corresponding pore-size distribution curve of FeMoNPs
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concentration of 0.2 M and then tended to remain constant 
thereafter. Therefore, a concentration of 0.2 M  H2O2 was 
selected as the optimal condition for treating water con-
taminated with azo dye. As depicted in Fig. 5b, DR-FeM-
oNPs exhibit rapid Congo Red degradation kinetics at an 
early stage. More than 50% of the Congo red was rapidly 
removed by DR-FeMoNPs within 30 min. Although the 
removal efficiency somewhat gradually decreased as the 
reaction proceeded to equilibrium status, DR-FeMoNPs 
showed 87.2% degradation efficiency at the end of the 
reaction (180 min). Besides, the maximum degradation 
efficiency (99.5%) and the maximum degradation capacity 
(172.4 mg/g) of the DR-FeMoNPs were also observed at 
50 mg/L and 250 mg/L of initial Congo red concentrations, 
respectively (Fig. 5c). The mechanism of Congo red deg-
radation through Fenton-like system can be described by 
Eqs. (3)-(6). In this reaction,  Fe3+ and  MoO4

2− primarily 
reacted with  H2O2 to form  Fe2+,  MoO4

3−, and  HO2˙ radi-
cal [Eq. (3)] [29, 30]. The reduced  Fe2+ and  MoO4

3− ions 
can also react with  H2O2 to generate  Fe3+,  MoO4

2−,  OH−, 
and ˙OH radical [Eq. (4)] [31]. The  HO2˙ can be further 
converted into its conjugation base,  O2

−˙ [Eq. (5)] [32]. 
Both ˙OH and  O2

−˙ radicals generated from Fenton-like 
reaction are capable of degrading Congo red into non-toxic 
oxidized products [Eq. (6)].

It was interesting to note that  H2O2 decomposed rapidly 
for up to 20 min, and the residual  H2O2 was completely 
decomposed within 360 min (Fig. 5d). The additional 
decomposition of  H2O2 is presumed to be attributed to 
the D. radiodurans strain used in this study. This bacte-
rium could immediately respond to external  H2O2 stress 
by inducing strong antioxidant enzymes such as cata-
lases, peroxidases, and superoxide dismutases. This is the 
notable advance of this study with the aid of its excellent 
scavenging activity against reactive oxygen species (ROS) 
[33]. Thus, the DR-FeMoNPs-mediated microbial Fenton-
like reaction developed here has great potential not only 
for the treatment of azo compounds contaminated aqueous 

(3)
Fe3+ +MoO2−

4
+ H2O2 → Fe2+ +MoO3−

4
+ 2HO⋅

2
+ 2H+

(4)
Fe2+ +MoO3−

4
+ H2O2 → Fe2+ +MoO3−

4
+ 2⋅OH + 2OH−

(5)HO⋅

2
↔ H+ + O−⋅

2

(6)⋅OH + O−⋅
2
+ CongoRed → oxidized products

Fig. 5  Degradation of Congo red via the Fenton-like reaction using 
DR-FeMoNPs and the optimization process. a Effect of  H2O2 con-
centration on the degradation efficiency for Congo red (200  mg/L) 
on 1 g/L of DR-FeMoNPs for 3 h. b Effect of reaction time on the 
degradation efficiency for Congo red (200  mg/L) by DR-FeMoNPs 
(1 g/L) and  H2O2 (0.2 M). D. radiodurans (DR) cells were used as 

the control. c Congo red degradation efficiency and capacity of DR-
FeMoNPs at different initial Congo red concentrations (1 g/L of DR-
FeMoNPs, 0.2 M  H2O2, and incubation for 3 h). d Time-course anal-
ysis of  H2O2 decomposition during microbial Fenton-like reaction. 
Experiments were carried out in triplicate, and the error bars indicate 
the standard deviation
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media, but also to solve critical problems for secondary 
contamination caused by excessive residual  H2O2.

Stability and Reusability of the DR‑FeMoNPs

When utilizing nanoparticles for the purpose of environ-
mental treatment, the investigation of their metal leaching 
properties is essential to ensure the effectiveness of the 
remediation process and prevent the generation of second-
ary contaminants. As can be seen in Fig. 6a, only 6.1 mg/L 
of Fe and 44.7 mg/L of Mo ions were released during the 
reaction. This is relatively lower than those reported in 
previous studies reporting the metal leaching properties 
of chemically synthesized nanoparticles. In a prior study, 
approximately 21.5 mg/L of Fe and 78.8 mg/L of Mo were 
released from 1 g/L of chemically synthesized ferrimolyb-
dite nanowires used in the treatment of Congo Red [13]. 
Another study also reported that approximately 5.1% of 
total Fe (12.2 mg/L) was released from heterogeneous fer-
rite nanoparticles applied for the treatment of Rhodamine B 
[34]. Additionally, the developed DR-FeMoNPs exhibited 
a treatment efficiency of approximately 80% for up to two 
reuses; however, when reused more than three times, the 
treatment efficiency for azo compounds decreased by more 
than 38% (Fig. 6b). The decrease in Congo red removal effi-
ciency during repeated reaction process might be caused by 
the leached metal ions from the FeMoNPs, agglomeration 
of nanoparticles, and accumulation of by-products, which 
could inhibit the active sites on the catalysts [35–37]. This 
outcome represents a notable advantage of DR-FeMoNPs, 
indicating that the method developed in this study has prom-
ise as a sustainability and eco-friendly treatment approach 
compared to the currently used conventional physicochemi-
cal treatment methods.

Application of DR‑FeMoNPs on Treatment 
of Other Azo Dyes

Additionally, to see if the microbial Fenton-like reaction 
using DR-FeMoNPs is also effective in the treatment of 
other azo dyes, removal efficiency of Acid orange 7 and 
Evans blue was investigated. As can be seen in Fig. 7, the 
DR-FeMoNPs showed more than 81.1% (removed from 
100.63 mg/L to 18.93 mg/L) and 99.4% (removed from 
99.36 mg/L to 0.63 mg/L) of removal efficiency in the treat-
ment of Acid orange 7 and Evans blue, respectively.

Over the past few decades, numerous studies have inves-
tigated on environmental treatment of toxic pollutants using 
chemically synthesized nanoparticles, which offer several 
advantages such as high reactivity and efficiency [7, 8]. 
However, there are still drawbacks and challenges, including 

Fig. 6  a Iron (Fe) and molybdenum (Mo) leaching after Fenton-
like reaction. b The changes of Congo red removal efficiency dur-
ing repeated use. Experimental conditions: 1  g/L of DR-FeMoNPs, 

100 mg/L of Congo solution, 0.2 M  H2O2 and 3 h of reaction time. 
Experiments were carried out in triplicate and error bars indicate the 
standard deviation of the mean

Fig. 7  Degradation of Acid Orange 7 and Evans Blue using DR-FeM-
oNPs. Experimental conditions: 1 g/L of DR-FeMoNPs, 100 mg/L of 
dye solutions, 0.2 M  H2O2, and 3 h reaction time. Experiments were 
carried out in triplicate and the error bars indicate the standard devia-
tion
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cost, scalability, and energy consumption. For example, 
mass production of target-specific nanoparticles can be 
expensive, making their versatility and scale-up difficult. 
Additionally, the synthesis of nanoparticles often requires 
energy-intensive and environmentally harmful processes. 
Considering these concerns, an eco-friendly sustainable nan-
oparticle synthesis method employing living cells emerges 
as a promising solution to address the existing methods cur-
rently used in terms of cost-effectiveness, energy saving, 
and environmental friendliness. Furthermore, the utilization 
of living microorganisms in nanoparticle synthesis, coupled 
with their direct application in environmental treatment, 
offers the advantage of concurrent biological decomposition 
alongside nanoparticle-mediated degradation. From the per-
spective of bioremediation technology, extremophiles also 
provide numerous advantages. They can adapt to and thrive 
in extreme environmental conditions beyond the range toler-
able by humans, such as high acidity, high temperature, dry-
ness, and cold. This adaptability makes them highly advanta-
geous for the removal of pollutants in extreme environments.

Conclusions

In this study, we successfully developed a highly efficient 
and reliable azo compounds treatment method by using 
microorganism immobilized with biogenic nanoparticles. 
To achieve this, bimetallic iron–molybdenum nanoparticles 
(FeMoNPs) was successfully synthesized using a live Deino-
coccus radiodurans R1 strain and confirmed the immobi-
lization onto the surface area of the cell (DR-FeMoNPs). 
The resulting DR-FeMoNPs mediated Fenton-like reaction 
exhibited 87.2% Congo Red degradation efficiency and 
172.4 mg/g of maximum degradation capacity. In addition, 
the remaining  H2O2 after the reaction was rapidly decom-
posed due to the strong ROS scavenging activity of D. radio-
durans microorganisms. DR-FeMoNPs also showed highly 
efficient removal efficiency on the treatment of Acid Orange 
7 (81.1%) and Evans Blue (99.4%). Furthermore, DR- FeM-
oNPs exhibited significantly lower metal leaching proper-
ties than those of chemically synthesized nanoparticles. All 
things taken together, the DR-FeMoNPs developed here is 
promising and superior to the currently employed treatment 
method in terms of sustainability, eco-friendly, and expand-
ability through the biosynthesis of various nanoparticles. 
If desired, the treatment efficiency and maximum capacity 
resulting from the biogenic nanomaterials could be upgraded 
through synthetic biology and bioengineering approaches.
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