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Abstract
Silver nanoparticles (Ag NPs) were reduced on the surface of magnetic sporopollenin  (Fe3O4@SP) modified with poly-
dopamine to enhance the degradation capability for Rhodamine B (RhB). The polydopamine-coated  Fe3O4@SP (PDA@ 
 Fe3O4@SP) acts as a self-reducing agent for  Ag+ ions to  Ag0. The structural properties of the synthesized nanocomposite 
were determined using Fourier transform infrared spectrometry (FTIR), scanning electron microscopy (SEM), X-ray pho-
toelectron spectroscopy (XPS), X-ray powder diffraction (XRD), inductively coupled plasma mass spectrometry (ICP-MS), 
and vibrating sample magnetometer (VSM). The systematic study of the degradation process was performed using Response 
Surface Methodology (RSM) to determine the relationship between the four process variables, namely, initial RhB concen-
tration,  NaBH4 amount, catalyst amount, and time. Optimum points were determined for these four parameters using both 
matrix and numerical optimization methods. Under optimum conditions, RhB was decolorized with a yield of 98.11%. The 
apparent activation energy (Ea) and rate constant (k) for the degradation were 24.13 kJ/mol and 0.77  min−1, respectively. 
The reusability studies of the Ag@PDA@Fe3O4@SP exhibited more than 85% degradation ability of the dye even after 
five cycles. As a result, Ag@PDA@Fe3O4@SP possessed high catalytic activity, fast reduction rate, good reusability, easy 
separation, and simple preparation, endowing this catalyst to be used as a promising catalyst for the decolorization of dyes 
in aqueous solutions.

Keywords Ag nanoparticles · Decolorization · Fe3O4 nanoparticles · Sporopollenin · Rhodamine B · Response Surface 
Methodology

Introduction

The elimination of organic contaminants in wastewater 
is a significant subject for environmental and ecological 
protection. Among organic pollutants, dyestuffs and other 

commercial colorants stand out as a focus of environmen-
tal improvement efforts (Chirra et al. 2021). Organic dyes 
used in industries such as paint, textile, plastic, printing, and 
tanneries have very complex structures. Currently, millions 
of tons of dyes with different colors are produced world-
wide. About 15% of the dyes used in industrial activities 
are discharged into wastewater as they are not completely 
fixed (Sen et al. 2011). Most dyes have a complex struc-
ture and high chemical stability, making them resistant to 
photo-degradation, discoloration, and decolorization. The 
carcinogenic nature of chemically active dyes in industrial 
wastewater is a major concern. Such dyes cause low photo-
synthetic activity in water bodies, as they block sunlight and 
reduce the dissolution of oxygen (Salama et al. 2018). It is 
possible to remove these pollutants from wastewater chemi-
cally, physically, or biologically. Conventional techniques 
(adsorption, ultrafiltration, coagulation, reverse osmosis, ion 
exchange, etc.) are used to remove these pollutants (Yılmaz 
et al. 2019). The dyes in industrial wastewater cause serious 
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environmental pollution because of their high stability and 
complex structure (Ecer et al. 2021a). Considering all these, 
the elimination of dye molecules has attracted great inter-
est recently. It is important to search for treatment methods 
with unique specialties such as no secondary pollution, low 
cost, high removal efficiency, and easy applicability. The 
degradation technique, which is one of the removal methods, 
transforms harmful organic contaminants into lesser detri-
mental products but does not convert from the water phase 
to the solid phase, which makes it an efficient technique in 
preventing and controlling water pollution (Su et al. 2013).

Recently, applications of metal nanoparticles in the field 
of catalysis are frequently reported. Different materials such 
as clays, silica gel, biological materials, and activated carbon 
were used in the degradation process. The support mate-
rial plays an effective role in providing chemical, thermal, 
and mechanical stability. As one of these materials, sporo-
pollenin (SP) is very suitable for the modification process 
due to its high functional group content. SP obtained from 
Lycopodium clavatum is a natural biopolymer containing 
hydrogen, oxygen, and carbon and has a constant chemi-
cal structure. SP has decent stability even after extended 
exposure to organic and inorganic chemicals (Gubbuk 2011). 
However, it is difficult to separate biopolymers from water 
in practical application. To avoid this, researchers recently 
achieved high recovery by blending them with magnetic 
materials (Chen et al. 2020). Among diverse materials, iron 
oxides were extensively examined because they can easily 
be produced and recovered. Nanoparticles with magnetic 
properties are promising functional materials for the decol-
orization and degradation process.  Fe3O4, with high stability, 
superparamagnetic property, and easy recovery, stands out 
as an important support material (Ecer et al. 2021a; Wang 
et al. 2018). To enhance the interactions between the active 
species and the solid support, the support surface can be 
coated with organic materials or functional polymeric com-
pounds such as polydopamine (PDA) (Ain et al. 2020). The 
unique wet self-adhesive PDA acts as a binder between sup-
port materials and nanocatalysts (Wang et al. 2018). PDA 
layers have catechol groups in the polymer backbone that 
can be used for adsorption of metal ions and polymer graft-
ing for in situ nanoparticle synthesis. The surface proper-
ties of PDA-coated support materials are becoming popular 
recently due to their high potential for modification via elec-
trostatic interactions, hydrogen bonding, covalent bonding, 
and chelation with metal ions (Kumar et al. 2020).

A variety of metal nanoparticles (palladium, platinum, 
gold, silver, cobalt) can be synthesized for use in the deg-
radation process as catalyst (Li et al. 2017; Mondal et al. 
2015). Silver nanoparticles (AgNPs) show promise in having 
antibacterial and antifouling properties. They are frequently 
used for catalytic degradation (Deng et al. 2019; Khan et al. 
2020; Kumar et al. 2020). PDA can reduce  Ag+ to  Ag0 

without the use of any reductants. Most significantly, it was 
stated that PDA can stick to nearly all material surfaces (Lu 
et al. 2015). Hence, PDA can be used as a very promising 
material to coat the surface to allow in situ growth of metal 
nanoparticles. As far as we know there is no report on PDA-
coated magnetic biological material and its implementation 
for the preparation of Ag NPs.

Traditionally optimization is difficult as it requires a lot of 
experiments and time. To deal with this, Response Surface 
Methodology (RSM) has come to the fore as a frequently 
used optimization method (Ecer et al. 2021a; Şahan and 
Öztürk 2014). The intended goal is to minimize the num-
ber of experiments and to develop a mathematical model to 
predict response. Optimization with the RSM approach can 
be described in six phases: (i) choice of independent factors 
and responses, (ii) choice of design strategy, (iii) application 
of experiments and acquiring results, (iv) fitting the obtained 
model equation to experimental data, (v) verification of the 
model and obtaining response graphs, and (vi) determination 
of optimum conditions.

In this study, Rhodamine B (RhB), a cationic dye, was 
selected as the target contaminant. The catalytic decoloriza-
tion of RhB in the presence of  NaBH4 was chosen to study 
the catalytic activity of Ag@PDA@Fe3O4@SP. Various 
spectroscopic and microscopic analyses were carried out to 
elucidate the surface properties of the catalyst. Central com-
posite design (CCD) was applied to determine the optimum 
RhB degradation performance, and also to clarify the rela-
tionships between RhB degradation and four related param-
eters, namely, initial RhB concentration,  NaBH4 amount, 
catalyst amount, and time.

Materials and method

Material and instruments

Materials and instrument details are given in the Supporting 
Materials.

Synthesis of magnetic sporopollenin  (Fe3O4@SP) 
composite

Fe3O4@SP was synthesized in a similar manner to the pre-
viously published procedure (Chen et al. 2017). The mag-
netic SP was prepared by an in situ growth method, in which 
 Fe3O4 nanoparticles were nucleated on the SP surface by co-
precipitating ferrous  (Fe+2) and ferric  (Fe+3) ion solutions. 
Firstly, a solution of  FeCl3.6H2O (0.305 g) and  FeCl2.4H2O 
(0.112 g) in 10 mL deionized water was prepared. Then, 
0.5 mL of  NH4OH was added to this solution and then 0.1 g 
of SP was quickly added to the mixture and the temperature 
was brought to 90°. After half an hour, it was collected with 
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the help of a magnet and washing was continued until the pH 
value was neutral. It was then dried at 60° for 24 h.

Synthesis of PDA@Fe3O4@SP composite

To polymerize the surface of the  Fe3O4@SP with PDA, 
0.1 g  Fe3O4@SP was mixed in 50 mL of Tris buffer (10 mM, 
pH 8.5) containing 1 mg/mL dopamine hydrochloride at 
750 rpm on a mechanical stirrer for 18 h. The obtained pol-
ymeric particles were collected with a magnet and washed 
and then dried at 60 °C for 24 h to obtain PDA@Fe3O4@SP.

Synthesis of Ag@PDA@Fe3O4@SP composite

Then, silver nanoparticles were deposited on PDA@Fe3O4@
SP. For this purpose, PDA-coated  Fe3O4@SP samples were 
mixed in  AgNO3 aqueous solution in a shaker at 25 °C for 
24 h. After washing, the samples were dried at 60 °C for 
12 h. The final product was named Ag@PDA@Fe3O4@SP. 
The overall synthetic procedure is schematically given in 
Fig. 1.

Determination of catalytic activity

The catalytic activity of Ag@PDA@Fe3O4@SP was 
appraised for the degradation of RhB. All experiments were 
performed considering the parameters with ranges and 
levels that are given in Table 1. The concentration of RhB 
before and after the experimental procedure was detected 
via UV–Vis spectroscopy at λmax = 553 nm. The following 
equation was used to obtain % degradation.

where Co is the initial and Ce is the equilibrium concentra-
tion of dye, respectively.

For the stability and reusability of the synthesized cata-
lyst, the decolorization process was completed at optimum 
conditions. After each cycle, the catalyst was washed with 
ethyl alcohol and filtered with the help of magnet, and then 
dried at 60 °C for use in the next cycle. This process was 
continued until five cycles were completed.

(1)Degradation% =

(
Co − Ce

)
Co

× 100

Fig. 1  Schematic representa-
tion of Ag@PDA@Fe3O4@SP 
synthesis
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Experimental design and optimization

The effects of different parameters affecting degradation 
were investigated using an experimental design approach. 
For this, RSM with a central composite design (CCD) 
was performed. The levels and ranges of these parameters 
are given in Table 1. RSM suggested 30 experiments that 
should be performed for four independent parameters. A 
second-order polynomial equation was used to evaluate 
the obtained experimental results. This equation can be 

obtained as quadratic or linear equation. The correlation 
between response and independent parameters is given in 
Eq. (2).

where yp represents the results to be optimized; xi indicates 
the studied variable; β0, βi, and βij are the regression coeffi-
cients; and finally, the number of parameters is denoted by k.

(2)yp = �o +

k∑
i=1

�ixi +

k∑
i=1

�iix
2
i
+

k∑
i=1

k∑
j=i+1

�ijxixj

Table 1  Independent variable 
factors and levels, CCD 
experiments, and obtained 
responses

Parameters Units Parameter code Level and range (coded)
 − 1 0 1

Initial dye concentration mg/L X1 10 30 50
NaBH4 amount M X2 0.05 0.275 0.5
Catalyst amount mg/mL X3 0.1 0.55 1
Contact time min X4 0.5 1.75 3
Run X1 X2 X3 X4 Degradation %
1 50 0.05 1 3 75.04
2 50 0.5 1 0.5 85.50
3 10 0.5 0.1 3 83.50
4 30 0.275 0.55 3 97.60
5 10 0.05 1 3 76.00
6 30 0.05 0.55 1.75 85.90
7 30 0.5 0.55 1.75 92.50
8 50 0.5 1 3 84.70
9 30 0.275 1 1.75 92.53
10 50 0.5 0.1 3 82.38
11 10 0.05 0.1 3 84.20
12 30 0.275 0.55 1.75 97.67
13 30 0.275 0.1 1.75 92.90
14 50 0.05 0.1 0.5 77.50
15 10 0.275 0.55 1.75 89.50
16 10 0.5 1 0.5 79.90
17 50 0.05 0.1 3 85.70
18 10 0.5 1 3 83.90
19 10 0.05 0.1 0.5 70.50
20 50 0.5 0.1 0.5 80.84
21 30 0.275 0.55 1.75 97.67
22 30 0.275 0.55 1.75 97.92
23 30 0.275 0.55 1.75 98.05
24 30 0.275 0.55 1.75 97.88
25 50 0.275 0.55 1.75 90.98
26 30 0.275 0.55 1.75 98.00
27 10 0.05 1 0.5 68.50
28 50 0.05 1 0.5 72.10
29 30 0.275 0.55 0.5 89.50
30 10 0.5 0.1 0,5 74.60
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Results and discussion

Characterization of particles

ATR-FTIR spectroscopy was carried out to reveal the 
functional groups within the structure of SP,  Fe3O4@SP, 
PDA@Fe3O4@SP, and Ag@PDA@Fe3O4@SP (Fig. 2a). 
For SP, the peak at 3400  cm−1 was attributed to the OH 
stretching frequency of the surface and also to adsorbed 
water molecules (Baran et al. 2017). The peaks at 2922 and 
2847  cm−1 were due to C–H symmetric stretching (Ahmad 
et al. 2017; Gubbuk 2011). The peak seen at 1448  cm−1 
was due to the C = C stretching vibration of aromatic rings 
and the C = O stretching vibration of a carboxylic group 
was present at 1711  cm−1 (Ahmad et al. 2017). The char-
acteristic absorption bands at 1033  cm−1 and 1010  cm−1 
were C–N stretching vibrations and C–O stretching vibra-
tions in polysaccharides or polysaccharide-like substances, 
respectively (Dyab et al. 2016). For  Fe3O4@SP, the intense 
peak observed at 610  cm−1 was attributed to the stretching 
vibration mode related to the metal–oxygen Fe–O bonds 
in the crystalline lattice of  Fe3O4. They are characteristi-
cally evident for all spinel structures and particularly fer-
rites. The broad peak centered at 3435  cm−1 and a peak at 

1629  cm−1 were due to the presence of − OH groups and to 
OH stretching and OH bending, respectively (Nalbandian 
et al. 2016). After polymerization, a new absorbance peak 
at 1290  cm−1 emerged, which was attributed to the phe-
nolic C–OH stretching vibration of PDA (Touqeer et al. 
2020). Finally, absorption peaks at 1734 and 1374  cm−1 
indicated the presence of  Ag0 nanoparticles (Jyoti et al. 
2016).

The crystal structure of each magnetic sample was inves-
tigated by XRD. Compared with pristine  Fe3O4 nanopar-
ticles (Fig. 2b), magnetic nanoparticles loaded with SP 
showed the same diffraction lines recorded at 2θ = 30.13°, 
35.36°, 43.05°, 53.20°, 56.95°, and 62.55°, corresponding 
to (220), (311), (400), (422), (511), and (440), respectively 
(JCPDS Card: 19–0629) (Uzuriaga-Sánchez et al. 2016), 
implying the spinel structure of magnetic nanoparticles. In 
addition, the crystalline structure was preserved after coat-
ing the PDA layer onto  Fe3O4@SP (Fig. 2b), indicating 
that the coating by PDA was non-destructive. Apart from 
the diffraction lines of magnetic nanoparticles, different 
diffraction lines appeared at 2θ = 38.05°, 44.17°, 64.33°, 
and 77.32°, which were indexed as (111), (200), (220), and 
(311), respectively. The new diffraction lines matched the 
face-centered cubic crystallographic structure of silver nano-
particles (JCDPS Card: 84–0713) (Vanaja and Annadurai 

Fig. 2  (a) ATR-FTIR, (b) XRD, 
and (c) VSM loops of synthe-
sized particles
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2013). The particle size of the deposited  Fe3O4 and Ag NPs 
on SP was calculated to be 17.94 nm and 31.06 nm, respec-
tively, using Debye–Scherrer equation (Das et al. 2018). 
The results clearly show successful deposition of the silver 
nanoparticles.

Magnetization behavior and saturation magnetization 
(Ms) values of each magnetic sample were examined by 
VSM. Figure 2c presents the magnetic hysteresis loops of 
the samples at room temperature which passed through the 
origin indicating the superparamagnetic characteristics of 
the samples. The Ms  Fe3O4@SP, PDA@Fe3O4@SP, and 
Ag@PDA@Fe3O4@SP were 65.3, 46.3, and 21.4 emu/g, 
respectively. The Ms value of Ag@PDA@Fe3O4@SP 
seemed sufficient for fast magnetic separation applications 
(Ecer et al. 2021b; Hassan et al. 2020).

The surface morphology of each sample was investigated 
by SEM and corresponding low- and high-magnification 
SEM photomicrographs are shown in Fig. 3. Raw SP had 
nearly smooth spherical morphology with interconnected 
and uniform pore structures, as shown in Fig. 3a. After dep-
osition of  Fe3O4 nanoparticles, the surface of SP became 
more porous and  Fe3O4 nanoparticles were predominantly 
located on pore walls of SP, as shown in the high-magni-
fication SEM photomicrograph (Fig. 3b). After coating of 
PDA on  Fe3O4@SP, the morphology is almost unchanged, 
most probably due to the grafting of a very thin layer of PDA 
(Ball 2018; Kohri et al. 2013). However, the morphology 
of PDA@Fe3O4@SP changed dramatically and the rough-
ness of the surface increased as a result of loading of Ag 
nanoparticles.

Fig. 3  SEM images of (a) SP, (b)  Fe3O4@SP, (c) PDA@Fe3O4@SP, and (d) Ag@PDA@Fe3O4@SP

Fig. 4  EDX spectrum and elemental analysis of Ag@ PDA@Fe3O4@SP
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Moreover, the deposition of Ag nanoparticles onto PDA@
Fe3O4@SP was also investigated by SEM–EDX and elemen-
tal mapping. As presented in Fig. 4, the EDX spectrum of 
Ag@PDA@Fe3O4@SP showed Ag peaks apart from C, O, 
N, and Fe. Elemental mapping of the sample also revealed 
that Ag nanoparticles were homogeneously distributed on 
the PDA@Fe3O4@SP.

To further verify the deposition of Ag nanoparticles, XPS 
analysis was carried out and the corresponding survey and 
core-level XPS spectra for Ag@ PDA@Fe3O4@SP are given 
in Fig. 5. As shown in the XPS survey scan (Fig. 5a), apart 
from Fe, O, N, and C elemental peaks, Ag elemental peaks 
were also recorded which matched the SEM–EDX spectrum 
well, indicating the successful deposition of Ag nanoparti-
cles onto PDA@Fe3O4@SP. Moreover, the core-level XPS 
spectra of Ag 3d (Fig. 5b) can be divided into two peaks 
recorded at 372.9 eV and 366.9 eV attributed to Ag  3d3/2 
and Ag  3d5/2, respectively. In addition, the spin orbit splitting 
energy of the Ag 3d doublet was 6.0 eV, indicating that the 
deposited silver nanoparticles were zero-valent (Kong and 
Jang 2008). The calculated relative atomic concentration of 
Ag based on Ag 3d was 2.4%.

Optimization for degradation of RhB

Experimental conditions for the catalytic reduction of RhB 
using catalyst Ag@PDA@Fe3O4@SP in the presence of 
 NaBH4 as a reduction agent were optimized using RSM. As 
shown in Table 1, a three-level CCD was used to optimize 
the effect of parameters on the response variant using RSM. 
The quadratic model equation obtained after the experiments 
is given in Eq. (3). Considering all possible combinations, 
RSM proposed a total of 30 experiments for the four vari-
ables for optimization of the data. The significance of all the 
parameters for the response were approximated using the 
analysis of variance (ANOVA) approach.

The significance of the model obtained for RhB degrada-
tion yield was completely checked by performing ANOVA. 
The obtained quadratic model statistics and ANOVA con-
clusions are given in Table S1. It is obvious that with high 
F-value (108.64) and low p-value (< 0.0001), the suggested 
quadratic model is significant and had good fit. Also, the 
high correlation coefficient (R2 = 0.99) indicates a model 
with good fit (Bose et al. 2021).

The graphs in Fig. S1 give the relationship between the 
residual values and the actual value. The results obtained 
from the proposed quadratic equation (predicted) and 
the experimental results (actual) are in high agreement 
(Fig. S1a). Additionally, the residuals were compared 
with the predicted results to analyze the error distribu-
tion. The plot of predicted values against externally stu-
dentized residuals in Fig. S1b shows that all points have 
random spread and are located within the limits in the 
range between ± 4. Therefore, it is clearly seen that the 
model suggested by RSM is a suitable tool for estimating 
the degradation process (Bose et al. 2021).

The 3D graphs produced by RSM were evaluated to 
observe the effects of the studied independent factors for 
the degradation of RhB (Fig. 6). To examine the effect 
of the initial RhB concentration, the range from 10 to 
50 mg/L was studied. In Fig. 6a, the degradation yield of 
RhB initially increases with increasing Co. The presumed 
cause is that when the Co of RhB rises, sufficient active 
sites are available on the Ag@PDA@Fe3O4@SP surface. 
After a certain increase, it is observed that the degradation 
yield decreases. Since the amount of  NaBH4 and catalyst 

(3)

Degradation% = 52.07749 + 1.031814(X1) + 79.79836(X2)

+13.64116(X3) + 11.65701(X4)

+ 0.005278(X1X2) − 0.03181(X1X3)

−0.05555(X1X4) + 24.03704(X2X3) − 4.15556(X2X4)

−2.07778(X3X4) − 0.01419(X2
1
) − 132.675(X2

2
)

−15.8026(X2
3
) − 1.51469(X2

4
)

Fig. 5  X-ray photoelectron 
spectroscopy (XPS) analysis 
of Ag@PDA@Fe3O4@SP: (a) 
survey spectrum and (b) core 
level of Ag 3d spectrum
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in the solution are constant, the maximum amount of dye 
that can be degraded is limited. Therefore, it is usual for 
increased RhB concentration to decrease the degradation 
yield (Li et al. 2019).

Also in Fig. 6a, the effect of the  NaBH4 amount on the 
degradation efficiency can also be examined. Increasing 
 NaBH4 amount at the beginning increases the degradation 
efficiency. As a hydrogen source,  NaBH4 is catalytically 
decomposed by Ag NPs to release hydrogen atoms. The 
hydrogens obtained as a result of decomposition react with 
RhB molecules and result in their decomposition into  CO2, 
 H2O, and other small molecules (Li et al. 2019). During the 
degradation process, firstly dye molecules and  BH4

− dif-
fuse from the aqueous solution to the Ag@PDA@Fe3O4@
SP surface. Ag NPs on the catalyst surface act as the elec-
tron relay system to accelerate electron transfer from the 
 BH4

− to the RhB (Mishra et al. 2016). The  NaBH4 amount 
reached maximum efficiency at about 0.3 M. When the 
 NaBH4 amount increased more than 0.3 M, a decrease in 
the degradation efficiency was observed (Fig. 6a). The pos-
sible reason for this is that with the increasing amount of 
 NaBH4, more hydrogen was produced and adhered to the 
catalyst surface. It caused a decrease in the degradation 
rate of RhB due to the lower amount of dye molecules 
compared to hydrogen adsorbed on the catalyst surface 
(Naseem et al. 2019).

The effect of Ag@PDA@Fe3O4@SP catalyst amount on 
the decolorization was investigated and given in Fig. 6b. 
Degradation yield increased with an increase in catalyst 
amount up to approximately 0.45 mg/mL. Further incre-
ments in catalyst dosage led to a decrease in decolorization 
yield. The initial increase in yield can be interpreted as an 
increase in the number of active sites on the Ag@PDA@
Fe3O4@SP surface as a result of increased dosage. The sub-
sequently observed decrease in degradation efficiency can 
be explained by the fact that the suspended particles increase 
further as the catalyst dosage increases beyond the optimum 

(Aisien et al. 2013). Therefore, the catalyst surface area is 
reduced, which leads to a reduction in the active sites, and 
as a result, the efficiency decreases.

Finally, experiments were carried out in the range of 
0.5–3 min to determine the effect of reaction time. The degra-
dation yield of RhB increased with reaction time and achieved 
maximum yield after approximately 2.5 min (Fig. 6b). The 
high catalytic activity, short reduction time, recycling, and 
easy separation were significant benefits of Ag@PDA@
Fe3O4@SP for use as an effective and recyclable catalyst for 
the degradation of RhB in wastewater.

Process optimization and confirmation of the model

The main reason for performing optimization is to define the 
optimal points of the factors affecting the response. In order to 
define the optimum values of the parameters, optimum condi-
tions can be obtained with the matrix method by using the 
model equation (Eq. (3)) suggested by the model (Şahan and 
Öztürk 2014). A general solution can be acquired from Eq. (4). 
If the second-order model is written in matrix notation,

where

where b and B are the matrices obtained from the coeffi-
cients in Eq. (3). The constant points (Xs) are obtained from 
the solution of Eq. (5).

The optimum points to maximize the % degradation were 
evaluated by application of Eq. (4).

(4)y = �o + x�b + x�Bxs

xs =

⎡
⎢⎢⎣

X1

X2

Xk

⎤
⎥⎥⎦
, b =

⎡
⎢⎢⎣

�1
�2
�k

⎤
⎥⎥⎦
and B =

⎡
⎢⎢⎣

�11 �12∕2 �1k∕2

sym �22 �2k∕2

sym sym �kk

⎤⎥⎥⎦

(5)xs = −
1

2
B−1b

Fig. 6  The 3-dimensional 
surface plots of the effect of (a) 
 NaBH4 amount and initial RhB 
concentration and (b) catalyst 
amount and contact time
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When these matrices are solved according to Eq. (5), the 
following matrix is obtained.

The optimum values for RhB degradation from the 
solution of the above matrices are 30.9 mg/L for Co, 
0.304  M for the amount of  NaBH4, 0.46  mg/mL for 
amount of catalyst, and 2.54 for time. The same val-
ues were obtained by using the numerical optimization 
method in RSM. Under these optimum values, the degra-
dation value was obtained as 98.11%. These results were 
confirmed by experiments.

The degradation of different dyes, Malachite green (MG), 
Reactive orange (RO), Methyl orange (MO), Coomassie 
brilliant blue (CBB), and Methyl red (MR), was investi-
gated under optimum conditions obtained for RhB. The 
degradation yields for RO, CBB, MG, MR, and MO dyes 
were obtained as 58.4%, 59.6%, 80.1%, 71.7%, and 86.7%, 
respectively (Fig. S2). These results show that Ag@PDA@
Fe3O4@SP catalyst has high catalytic effect for different 
dyes as well as for degradation of RhB dye (98.11%). In line 

xs =

⎡⎢⎢⎢⎣

Co

NaBH4amount

Catalyst amount

Time

⎤⎥⎥⎥⎦
, b =

⎡⎢⎢⎢⎣

1.031814

79.79836

13.64116

11.65701

⎤⎥⎥⎥⎦
, and

B =

⎡
⎢⎢⎢⎣

−0.01419 0.005278∕2 −0.03181∕2 −0.0555∕2

syn −132.675 24.037∕2 −4.155∕2

syn syn −15.8026 −2.077∕2

−syn syn syn −1.51469

⎤
⎥⎥⎥⎦

xs =

⎡
⎢⎢⎢⎢⎣

30.90

0.304

0.460

2.540

⎤
⎥⎥⎥⎥⎦

with these results, it can be said that Ag@PDA@Fe3O4@SP 
is an efficient catalyst for the degradation process.

Additionally, SP,  Fe3O4@SP, and PDA@Fe3O4@SP 
materials were used as catalysts in degradation of RhB to 
better understand the importance of Ag@PDA@Fe3O4@SP. 
The UV–Vis spectra obtained initially and at the end of the 
RhB degradation using these materials are given in Fig. 7a. 
The % decolorization obtained using SP,  Fe3O4@SP, and 
PDA@Fe3O4@SP under optimum conditions were obtained 
as 5.6, 18.9, and 62.4, respectively (Fig. 7b). The degra-
dation efficiency obtained using Ag@PDA@Fe3O4@SP 
(98.3%) is higher than the yield obtained for these materials. 
Consequently, it can be said that Ag@PDA@Fe3O4@SP is 
an effective catalyst due to having higher efficiency than SP, 
 Fe3O4@SP, and PDA@Fe3O4@SP and being easily degrada-
ble, environmentally friendly, and easy to synthesize.

A comparison table was added to compare the catalytic 
performance of the synthesized Ag@PDA@Fe3O4@SP 
catalyst with materials previously used for RhB degrada-
tion (Table 2). Ag@PDA@Fe3O4@SP was observed to show 
unique or similar catalytic activity compared to the materials 
given in the table. The synthesized catalyst is an effective 
catalyst due to benefits such as being easy to synthesize, 
efficient, and easy to separate.

Kinetic and thermodynamic analyses 
for degradation of RhB

Experimental data were applied to pseudo-first-order (PFO) 
kinetic equations under the obtained optimum conditions to 
better understand the control mechanism throughout the deg-
radation process. The degradation efficiency increased with 
elongated reaction time. The reaction was in good agreement 
with the PFO model. The correlation between ln Ct/Co and 

Fig. 7  RhB degradation with 
SP,  Fe3O4@SP, PDA@Fe3O4@
SP, and Ag@PDA@Fe3O4@SP 
under the optimum conditions: 
(a) UV–Vis spectra and (b) 
decolorization %
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the reaction time was linear. The PFO kinetic equation can 
be given as follows:

where Ct and Co are the RhB concentration at time t and 
initially, respectively. k  (min−1) is the PFO rate constant and 
t is the reaction time. The variation of RhB concentration 
with time at 553 nm and the linear plot of ln (Ct/Co) versus t 
are given in Fig. S3. The rate constant (k) for the degradation 
process of RhB by Ag@PDA@Fe3O4@SP was obtained as 
0.774  min−1.

In addition, the effect of temperature on RhB degradation 
was investigated under the optimum conditions. Increasing 
temperature had a positive effect on the RhB degradation 
efficiency. According to the kinetic rate constant (k) at differ-
ent temperatures (25–60 °C), the apparent activation energy 
for RhB degradation by Ag@PDA@Fe3O4@SP was com-
puted using the Arrhenius equation:

(6)ln
(
Ct
/
Co

)
= −kt

(7)ln k = −
Ea

RT
+ lnA

where A is the pre-exponential factor, Ea (J/mol) is the 
apparent activation energy, R (8.314 J/mol·K) is the ideal 
gas constant, and T (K) is the absolute temperature. The 
linear plot of ln (k) versus 1/T is given in Fig. S4. Ea was 
obtained as 24.13 kJ/mol.

Recyclability of catalyst

The reusability and stability of the synthesized nanomaterial 
were examined for up to five cycles for RhB decolorization 
in the presence of  NaBH4. After each cycle, Ag@PDA@
Fe3O4@SP was separated from the reaction mixture with 
a magnet, washed with ethyl alcohol, and used in the next 
cycle. It was observed that the %degradation of RhB by the 
regenerated catalyst was not significantly reduced compared 
to the fresh catalyst after five cycles (Fig. S5). Furthermore, 
XRD and VSM analyses of Ag@PDA@Fe3O4@SP after five 
cycles of the decolorization process are presented in Fig. 8. 
It could be clearly seen that the XRD pattern of the reused 
Ag@PDA@Fe3O4@SP (Fig. 8a) was similar to that of the 
fresh sample (see Fig. 2b), suggesting that Ag@PDA@
Fe3O4@SP possessed high structural stability. Moreover, 
the magnetic properties of Ag@PDA@Fe3O4@SP have 
not changed significantly even after five cycles. The Ms of 

Table 2  Comparison of Ag@PDA@Fe3O4@SP as nanocatalyst with those reported in the literature for RhB degradation

Catalyst Co (mg/L) Catalyst amount 
(mg/mL)

NaBH4 amount k  (min−1) Ref

CoFe2O4–P4VP@Ag NPs 20 0.2 10 mM 0.26 Li et al. (2020a)
ZIF-8 5 1 8 mM - Chirra et al. (2021)
Porous Cu microspheres 70 0.012 6.25 mM 0.81 Zhang et al. (2014)
Pt/Ag nanoparticles 4 0.216 2 mM 0.49 Kim et al. (2011)
AgNPs@PAN/GO-SH 10 0.4 0.1 M 0.26 Li et al. (2020b)
Cu-Ni 20 2.85 0.07 M 0.38 Ismail et al. (2018)
Ni/CPM 15 0.285 10 mM 0.47 Veerakumar et al. (2015)
Ag-Fe3O4 composite 20 0.74 50 mM 0.42 Ai et al. (2011)
Ag@PDA@Fe3O4@SP 30.9 0.46 0.304 M 0.77 This study

Fig. 8  (a) XRD pattern of Ag@
PDA@Fe3O4@SP after decol-
orization and (b) VSM curve 
of Ag@PDA@Fe3O4@SP after 
decolorization
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Ag@PDA@Fe3O4@SP was obtained as 25.77 emu/g after 
the decolorization process (Fig. 8b). The Ms value of Ag@
PDA@Fe3O4@SP before decolorization was 21.4 emu/g 
(see Fig. 2c). Moreover, Ag content of the catalyst was 
determined by ICP-MS. The obtained results showed that 
it decreased from 11.79 to 9.16% after five cycles. The fact 
that non-magnetic Ag NPs passed from the catalyst to the 
solution confirms the increased of Ms value. Also, the small 
decrease in efficiency can be attributed to the loss of active 
Ag nanoparticles on the catalyst surface during the washing 
process.

Possible degradation mechanism

The possible decolorization mechanism for RhB degradation 
using Ag@PDA@Fe3O4@SP as a novel polymeric catalyst 
is given schematically in Fig. 9. The catalyst activity relies 
directly on the electron agreement capability of the dye mol-
ecule and the electron donation capability of  NaBH4. For the 
catalytic reduction of RhB, Ag NPs on the catalyst surface 
(Ag@PDA@Fe3O4@SP) act as an electron relay system 
(Jeyapragasam and Kannan 2016). Initially, dye molecules 
and  NaBH4 are absorbed onto the Ag@PDA@Fe3O4@SP 
surface. Next, the dye molecule behaves like an electrophilic 

agent, and  NaBH4 as a nucleophilic agent. Ag@PDA@
Fe3O4@SP behaves as a relay system and helps in transfer-
ring the electron required for the dye degradation process 
from  NaBH4 to the dye molecule (Gola et al. 2021). The 
uptake of electrons readily led to the decolorization of RhB 
by an oxidation–reduction reaction. Thus, it results in the 
degradation of the RhB chromophore structure to a colorless 
product (Leuco RhB) (He et al. 2019; Kurtan et al. 2016).

Conclusion

As a result, Ag@PDA@Fe3O4@SP, a highly effective 
magnetic hybrid catalyst, was synthesized using an easy 
and economical synthesis protocol and provided great dye 
decolorization ability in the presence of  NaBH4. Ag@
PDA@Fe3O4@SP was characterized by FT-IR, SEM, 
XRD, XPS, ICP-MS, and VSM techniques. RSM was 
applied to optimize variables for the degradation of RhB 
using Ag@PDA@Fe3O4@SP nanoparticles in the pres-
ence of  NaBH4. A quadratic model revealed the functional 
relationship between %degradation and four independent 
variables. Under the optimized conditions, the degrada-
tion efficiency of RhB was 98.11%. A high R2 value of 

Fig. 9  Possible decolorization 
mechanism
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0.9902 was found indicating sufficient agreement between 
the experimental and predicted results. The apparent acti-
vation energy (Ea) and reaction rate constant (k) were 
24.13 kJ/mol and 0.77   min−1, respectively. Reusability 
studies showed high activity of Ag@PDA@Fe3O4@SP in 
the decolorization of RhB even after five cycles. Conse-
quently, it can be said that Ag@PDA@Fe3O4@SP is a 
good choice as a nanocatalyst for the degradation of toxic 
dyes in aqueous media.
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