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Abstract
In this study, ethylene diamine-coated reduced graphene oxide-supported silver composite (Ag/rGO-ED) was synthesized 
and used as an efficient catalyst for the decolorization of methylene blue (MB) in the presence of  NaBH4. The morphology 
of the obtained material was elucidated using field emission scanning electron microscopy (FE-SEM), Fourier-transform 
infrared spectroscopy (FTIR), energy-dispersive X-ray analysis (EDX), transmission electron microscopy (TEM), and X-ray 
diffraction (XRD) techniques. The influences of four parameters (MB concentration (mg/L),  NaBH4 amount (mM), catalyst 
amount (g/L), and contact time (s)) on the decolorization process were appraised and optimized via response surface meth-
odology (RSM). For the decolorization of MB, the optimum solutions were obtained as  Co of 32.49 mg/L,  NaBH4 amount 
of 152.89 mM, catalyst amount of 0.83 g/L, and 101.39 s contact time with MB decolorization efficiency of 97.73%. MB, a 
pollutant in wastewater, was decolorized rapidly by Ag/rGO-ED with an efficiency of approximately 97%. The exploration 
of kinetics and thermodynamics was another major emphasis of the work. The activation energy  (Ea) and rate constant (k) 
for the decolorization of MB were obtained as 37.9 kJ/mol and 0.0135  s−1, respectively. The obtained results show that the 
catalyst, a new composite material in the literature, is promising for decolorization of wastewater.
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Introduction

In the last century, soil, air, and water have been significantly 
polluted by the growing population. Therefore, it is impor-
tant extremely that water resources are clean and wastewater 
should be reused. Wastewater containing pollutants (dyes, 

heavy metals, etc.) from textile, paper, chemical, food, and 
cosmetics industries cause environmental pollution (Ahmad-
ipour et al. 2020). Dye molecules are undesirable in waste-
water, even in small amounts, because they color the water, 
give it an unesthetic appearance, and disrupt aquatic life 
processes. Most dyes are not biodegradable and block light 
from entering the water and photosynthesis. Some dyes are 
toxic to living organisms and sometimes even carcinogenic 
and mutagenic, so they must be carefully removed (Huang 
et al. 2019). Methylene blue (MB) is a cationic dye, used 
widely for dying wool, cotton, and silk. The presence of 
MB in wastewater poses risks to human life, such as nausea, 
diarrhea, and vomiting (El-Sharkawy et al. 2007). In order 
to eliminate this problem, it is important to treat wastewater 
containing dyes by providing more and better alternatives, 
and many studies are being carried out in this regard (Ali 
2010; Antony et al. 2023, Ecer and Yılmaz 2024). Extensive 
approaches such as ion exchange (Joseph et al. 2020), mem-
brane filtration (Rashidi et al. 2015), flocculation/coagula-
tion (Sadri Moghaddam et al. 2010), adsorption (Ecer et al. 
2021), reverse osmosis (Al-Bastaki 2004), and degradation/
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decolorization (Ecer and Yılmaz 2024) are used for the 
remediation of dye-contaminated wastewater.

The decolorization procedure with NaBH4 present is a 
useful method for removing dyestuff. A reducing substance, 
 NaBH4, can be applied to dyes to catalytically decolorize 
them, especially if metal nanoparticles are present. The sur-
faces of the catalyst play a significant role in the transfer of 
 H2 from  NaBH4 to pollutant molecules by electron transfer. 
Processes for decolorization of pollutants using metallic 
catalysts are comparable to other processes in terms of activ-
ity and efficiency as they have similar application methods. 
Catalyst/NaBH4 processes provide advantages such as not 
creating waste sludge compared to other removal techniques. 
Catalysts can be reused and can be utilized in a higher pH 
range (Ecer and Yılmaz 2024, Naz et al. 2021).

Recently, the application of metal nanoparticles has been 
examined in the field of catalysis. Interesting catalytic activ-
ity was shown for some areas such as organic reactions and 
dye decolorization. Noble metal nanoparticles (silver, palla-
dium, platinum, gold, etc.) have attracted great attention due 
to their unique physical, chemical, and biological properties 
in many fields for chemical, catalytic, and environmental 
applications (Antony et al. 2023, Kora and Rastogi 2016, 
Wadhwani et al. 2018). When it comes to metal nanoparti-
cles, support materials are essential, especially for catalysis 
and other industrial uses. Support materials play a crucial 
role in stabilizing, dispersing, and augmenting the cata-
lytic characteristics of metal nanoparticles, rendering them 
more robust and efficient for a range of applications such 
as sensing, nanotechnology, and catalysis. With advances 
in materials science, new carbon-based nanoparticles such 
as CNTs, graphene oxide, and graphene are being devel-
oped (Pyrzynska 2011; Yang et al. 2011). Some advantages 
that come with the nano-sized structures are high adsorp-
tion capacity, quick equilibrium rates, and efficacy across a 
broad pH range (Mauter and Elimelech 2008). Among the 
nanostructures reported in the literature, graphene’s planar 
structure and enormous surface area (2630  m2/g for single-
layer graphene) are thought to make it an effective adsor-
bent. The removal of organic contaminants and dyes from 
industrial wastes has attracted a lot of interest to graphene 
oxide (GO) recently, including graphene nanocomposites, 
chemically functionalized graphene, and reduced graphene 
oxide (rGO) (Chowdhury and Balasubramanian 2014, Yusuf 
et al. 2015). According to research, GO and its biopolymer 
composites work well as adsorbents to remove organic dyes 
(Fan et al. 2013; Liu et al. 2012; Ramesha et al. 2011).

Effective optimization techniques can be applied to further 
enhance the decolorization process. The traditional method 
of studying decolorization depends on varying one param-
eter while maintaining the same values for the other param-
eters. Consequently, the traditional approach necessitates 
time, effort, and chemical use to examine every parameter. 

Response surface methodology (RSM), an optimization tech-
nique, is a collection of statistical and mathematical meth-
odologies used to create an experimental methodology for 
creating and refining the modeling of processes. RSM makes 
it possible to see how a set of controlled variables that have 
an impact on the independent variable relate to it (Ecer and 
Yılmaz 2024, Hai et al. 2023, Weremfo et al. 2023).

Several composite materials have been employed in the 
literature to reduce or eliminate dye pollution from aque-
ous media. Nevertheless, there is not much research about 
the synthesis, characterization, design, and use of materi-
als as a catalyst for the decolorization/degradation of dye 
molecules. In this study, to decolorize methylene blue dye, 
a new catalyst including Ag NPs was synthesized supported 
on ethylene diamine-coated reduced graphene oxide (Ag/
rGO-ED). By employing the synthesized composite mate-
rial, the current work seeks to close a research gap and fur-
ther understanding of the decolorization of dyes like MB. 
The synthesized catalyst was thoroughly examined utilizing 
a variety of characterization methods. The effect of several 
parameters was investigated by applying RSM for opti-
mization of the decolorization process. In conclusion, the 
optimization method offers a fresh approach to wastewater 
treatment for both the efficient utilization of catalysts and 
the catalytic reduction of dyes. Considering all these, it is 
estimated that the study will make a significant contribution 
to the literature and can be a reference for future studies.

Materials and methods

Material and instrumentations

Graphite, thionyl chloride  (SOCl2), dimethylformamide 
(DMF), potassium permanganate  (KMnO4), anhydrous tet-
rahydrofuran (THF), hydrazine hydrate  (NH2NH2), ethyl-
enediamine, sodium nitrate, sodium borohydride  (NaBH4), 
sulfuric acid  (H2SO4), silver nitrate  (AgNO3), hydrogen per-
oxide  (H2O2), and methylene blue  (C16H18ClN3S·3H2O) were 
all analytical quality reagents received from Sigma-Aldrich 
(Germany). Dye concentrations before and after decoloriza-
tion were determined by UV–Vis spectrophotometer (Thermo 
Scientific, Genesys 10S, USA). The prepared nanoparticles 
were characterized using different techniques. The surface 
structure and morphology of each sample were characterized 
by Field emission scanning electron microscopy (FE-SEM) 
(Zeiss ZEISS GeminiSEM 500 and Hitachi Regulus 8230 
FE-SEM instrument with X1000 magnification and 10 kV 
voltage). To ascertain morphological alterations, the Hitachi 
HT7800 type transmission electron microscopy (TEM) appa-
ratus was employed. Imaging was done with a voltage of 
100 kV and a magnification of 70000X. Fourier transform 
infrared (FTIR) spectra was recorded by using Nicolet S10 
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spectrometric analyzer in the 500–4000  cm−1 region (Thermo 
Scientific, USA). The X-ray diffraction (XRD) pattern of the 
nanoparticles was obtained employing a Panalytical EMPY-
REAN diffractometer between 2ϴ = 10–80°.

Catalyst synthesis

Synthesis of GO

Marcano and colleagues presented a straightforward modifica-
tion to the Hummers method for synthesizing GO, which was 
obtained from graphite powder (Köktürk et al. 2022; Marcano 
et al. 2010; Yardım et al. 2017). In a nutshell, concentrated 
 H2SO4 (115 mL) was combined with 5.0 g of graphite flakes 
and 2.5 g of  NaNO3 in a 2000-mL glass conical flask, and the 
mixture was chilled to 0 °C. Next,  KMnO4 (15.0 g) was gradu-
ally added to the medium, while the mixture was vigorously 
stirred in the magnetic stirrer. After heating the mixture to 35 °C, 
it was stirred for 40–45 min. Then, in order to prevent a sig-
nificant exothermic reaction up to 98 °C, 230 mL of water was 
gradually added to the mixture. To fully oxidize the graphite, 
the suspension was maintained at this temperature for 15 min at 
a different temperature. Following a 10-min cooling period in a 
water bath, 600 mL of water was added to dilute the suspension, 
and 5 mL of 30%  H2O2 was added as well. The resultant suspen-
sion was filtered, cleaned with 5% HCl and water, and then dried 
to produce graphite oxide once it cooled to room temperature.

Synthesis of rGO nanoparticles

The Hummers method was used to prepare GO. rGO was 
prepared by sonicating 100 mg of GO in 50 mL of pure 
water within a 500-mL conical flask for a predetermined 
amount of time. Following some mixing, 17 mL of  NH2NH2 
and 200 mL of DMF were added to the reaction media. To 
ensure that the graphite oxide formed r-GO, it was agitated 
at 90 °C for 24 h before being cooled to room temperature 
(Imer et al. 2020; Marcano et al. 2010; Safari et al. 2016).

Synthesis of rGO‑ED nanoparticles

In this step, the synthesis of the particles was done in three 
steps. The first stage involved adding 10 mL  SOCl2 and 
1 mL DMF to a 50-mL glass flask containing 100 mg rGO. 
The flask was then spun in a magnetic stirrer at low tem-
perature for a full day. After a full day, the resultant mix-
ture was removed and cleaned using THF filtration. After 
that, it was dried at low temperature in an oven. The second 
phase involved adding 3 mL of ethylene diamine to a 25-mL 
glass flask containing the 100 mg of rGO-Cl that had been 
obtained in the previous step. The combination was then 
agitated at 116 °C for a whole day. Following filtration, THF 
was used to wash the resultant mixture. After that, it was 
dried at low temperature in an oven (Köktürk et al. 2022) 
(Fig. 1).
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Fig. 1  Schematic illustration of synthesis Ag/rGO-ED nanoparticles
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Synthesis of Ag/rGO‑ED nanoparticles

The  NaBH4 reduction procedure was used to synthesize the 
Ag(0)-doped catalyst. Ag(0) loading was planned to be 10% 
w/t based on the support material. First, a certain quantity 
of rGO-ED was dissolved in purified water to create the Ag/
rGO-ED. The required quantity of  AgNO3 was then added, 
and the mixture was agitated for a whole day. After that, the 
solution was vigorously stirred, while the necessary quan-
tity of  NaBH4 was added to convert Ag(I) to Ag(0). It was 
centrifuged and dried at 60 °C for 2 h.

Decolorization of MB and optimization

The decolorization of MB was investigated using Ag/rGO-
ED in the presence of  NaBH4. All the catalytic tests were 
carried out in a flask in which the volume of the solution 
was 5 mL. Decolorization efficiency (%) was obtained under 
varied conditions including MB concentration (Co, mg/L), 
 NaBH4 amount (mM), catalyst amount (g/L), and contact 
time (s). The experimental conditions for the decolorization 
process are given in Table 1. The of MB concentration was 
determined at 664 nm using UV–Vis spectroscopy (Fig. 2). 
The decolorization (%) is calculated from Eq. 1:

Table 1  RSM-CCD matrix for 
decolorization of MB Parameters Code Level and range (coded)

-1 0 1
Initial conc. (mg/L) X1 10 30 50
NaBH4 amount (mM) X2 50 150 250
Catalyst amount (g/L) X3 0.1 0.55 1
Contact time (sec.) X4 10 80 150
Run X1 X2 X3 X4 % Decolorization
1 30.00 50.00 0.55 80.00 85.07
2 50.00 250.00 0.10 10.00 76.48
3 30.00 150.00 0.55 10.00 87.50
4 10.00 50.00 1.00 150.00 85.30
5 30.00 150.00 0.55 80.00 97.63
6 30.00 150.00 0.55 80.00 98.54
7 50.00 50.00 0.10 150.00 83.29
8 10.00 50.00 0.10 10.00 62.81
9 30.00 150.00 0.55 80.00 97.88
10 50.00 50.00 1.00 10.00 85.04
11 50.00 250.00 1.00 10.00 84.60
12 30.00 150.00 0.55 80.00 98.80
13 30.00 150.00 1.00 80.00 95.83
14 10.00 250.00 0.10 150.00 82.20
15 50.00 150.00 0.55 80.00 91.54
16 30.00 250.00 0.55 80.00 87.91
17 10.00 50.00 0.10 150.00 81.50
18 50.00 250.00 0.10 150.00 83.24
19 50.00 250.00 1.00 150.00 84.21
20 30.00 150.00 0.55 80.00 98.86
21 10.00 250.00 0.10 10.00 74.50
22 10.00 250.00 1.00 10.00 83.21
23 50.00 50.00 0.10 10.00 71.32
24 30.00 150.00 0.55 150.00 93.83
25 50.00 50.00 1.00 150.00 84.90
26 30.00 150.00 0.10 80.00 87.50
27 10.00 50.00 1.00 10.00 75.60
28 30.00 150.00 0.55 80.00 97.96
29 10.00 150.00 0.55 80.00 88.80
30 10.00 250.00 1.00 150.00 84.80
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where  Co and  Ce are initial and equilibrium MB concentra-
tions, respectively.

Decolorization was investigated using three-level central 
composite design (CCD) with four parameters. The pro-
cess parameters of  X1,  Co;  X2,  NaBH4 amount;  X3, catalyst 
amount; and  X4, contact time were examined to optimize the 
decolorization process (Table 1). The interaction of inde-
pendent variables and response can be represented math-
ematically as given below (Eq. 2):

where  yp is the response,  xi and  xj are the independent 
variables and β0 is constant, βi is linear, βii is square, and 
βij is interaction effect of the model. Analysis of variance 
(ANOVA) was used to verify the statistical significance and 
applicability of the proposed model. The correlation coef-
ficient (R2), Fisher value (F value), and probability value (p 
value) were examined to explain the substantial contribution 
of each parameter and fit of the proposed model.

Results and discussion

Catalyst characterizations

The morphology of rGO-ED and Ag/rGO-ED nanoparticles 
were observed by FE-SEM, and the images are shown in Fig. 3. 
For imaging morphological changes that happen on the sur-
face, a FE-SEM instrument is recommended. Layers that are 
irregular in surface shape, randomly folded, and folded over 
one another are notable in the images of rGO-ED (a) (Al-Qadri 
et al. 2022; Tawade et al. 2020). The mass percentages of C, 
N, and O in the study using FESEM-EDX (a) were found to be 
63.37, 19.92, and 16.71%, respectively. A ZEISS GeminiSEM 
500 type FE-SEM instrument was used for characterizations, 
with X10000 magnification and 2 kV voltage. The FE-SEM 
(b) images of silver modification on rGO-ED show that the 
transparent Ag (silver) surface has been altered. In addition, the 
examination of rGO-ED-Ag with the FESEM-EDX (b) detector 
revealed 15.6% Ag (Moazami et al. 2016) (Fig. 3).
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The morphology and size of rGO-ED nanoparticles were 
studied using TEM. Particle morphological, structural, 
and dimensional analysis is possible with TEM equip-
ment. The imaging process yielded average particle size 
of 7.3835 ± 1.7773 (min–max, 5.142–11.058) nm for rGO-
ED. Furthermore, the histograms of particle size for roughly 
15 randomly chosen particles are provided below (Fig. 4) 
(Aygün et al. 2020; Yigit et al. 2021).

FTIR analysis of rGO-Cl and rGO-ED given in Fig. 5. Based 
on the obtained spectrum, the vibration bands identified as -OH 
and NH groups were found between 3000 and 3500  cm−1, C-H 
groups were found between 2500 and 3000  cm−1, C = O' groups 
were found between 1500 and 2000  cm−1, and C = C groups 
were matched with C-H groups at 1000–1500  cm−1. Addition-
ally, the C-N and N–H groups matched the 1000–1500  cm−1 
vibration bands (Vijina et al. 2023, Irani et al. 2018) (Fig. 5).

The crystal structures of the materials were obtained by 
XRD for rGO, rGO-CI, and rGO-ED (Fig. 6). The ideal tool 
for determining the size, orientation, and crystallographic struc-
ture of solid materials is the XRD instrument. GO is respon-
sible for the diffraction peaks in the spectrum at 2θ = 10.81° 
and 2θ = 43.28°, while rGO is responsible for the peak at 
2θ = 26.02°. Nonetheless, it may be claimed that in experimen-
tal investigations, acylation (rGO-Cl) caused the peak to some-
what enlarge. The diffraction peak at 2θ = 18.52°, and the peaks 
at 2θ = 19.00° and 2θ = 21.06° (rGO-ED) can be matched after 
amine group alteration (Fig. 6). This was reported by Samadaei 
et al. (2015), Sadhukhan et al. (2016), Maharana et al. (2017), 
Vinodh et al. (2019), and Köktürk et al. (2022).

CCD model analysis

Experimental conditions for the decolorization of MB by Ag/
rGO-ED were optimized using CCD-RSM. Four factors (ini-
tial concentration,  NaBH4 amount, catalyst amount, and con-
tact time) with important effects on the decolorization perfor-
mance of Ag/rGO-ED were selected as factors for CCD design 
based on the conclusions of the experiments. Table 1 lists the 
tests that were performed and the outcomes that were attained.

The main purpose was to provide a trustworthy regression 
model that simulated the decolorization of MB in wastewater 
by varying parameters. After the investigation, the following 
quadratic polynomial regression equation was obtained for 
the decolorization efficiency of MB concerning the inde-
pendent variables:

(3)

%Decolarization = +40.22778 + 0.76869[Initial Conc.] + 0.27440[NaBH
4
amount]

+27.54844
[

Catalyst amount
]

+ 0.24756 [Time] − 0.000485[Initial Conc.][NaBH
4
amount]

−0.024167[Initial Conc.][Catalyst amount] − 0.000869643[Initial Conc.][Time]

−0.016056[NaBH
4
amount][Catalyst amount] − 0.000219643[NaBH

4
amount][Time]

−0.068254[Catalyst amount][Time] − 0.000901893[Initial Conc.]2 − 0.00072922[NaBH
4
amount]2

−10.42430[Catalyst amount]2 − 0.000634882[Time]2
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To evaluate the correctness of the resulting model, analy-
sis of variance (ANOVA) was utilized to generate all statisti-
cal controls (adjusted R2, R2, F value, p value, and lack of 

fit). The conclusions are given in Table 2. The significance 
of the model is suggested by its F value of 25.24. A large 
“Model F-value” like this is 0.01% likely to be the result 
of noise. “Prob > F” values less than 0.0500 suggest the 
significance of the model terms (Malla et al. 2023; Sadri 
Moghaddam et al. 2010). Important model terms in this case 
are A, B, C, D, BD, CD,  A2, and  B2. When the values exceed 
0.1000, it means that the model terms are not significant. 
The R2 and Adj R2 of the model were obtained as 0.9593 
and 0.9213, indicating that the data fit very well with the 
selected model.

A diagnostic plot of the predicted and actual values 
is shown in Fig. 7a. The outcome demonstrates that the 
predicted and actual values agree. This suggests that the 
obtained model is accurate and that there was only minor 
model violation. Furthermore, all of the points that corre-
spond to yield are randomly distributed and located within 
boundaries close to the zero axis in the range between ± 3.0, 
as seen from the plot of the internally studentized residuals 
against the predicted values in Fig. 7b. Because the residuals 
and actual values are so close to one another, the model does 

Fig. 2  UV–vis spectrum for MB

Fig. 3  FE-SEM images of a rGO-ED and b Ag/rGO-ED nanoparticles
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a good job of capturing the relationship between yield and 
process parameters (Elganidi et al. 2022; Kumar et al. 2018).

3D plots produced by CCD-RSM were used to reveal the 
effects of the independent parameters and to determine the 
optimal conditions for maximum response. To shed light on 
the role of  NaBH4 in the decolorization of MB, the effect of 
the  NaBH4 was examined. The obtained findings are shown 
in Fig. 8a. An increase in  NaBH4 concentration initially 
caused greater decolorization. This increases the amount of 
hydrogen and electrons produced, which may help transfer 
them to MB molecules through Ag NPs and accelerate the 
catalytic reduction of MB. During the catalytic reduction, 
MB molecules and  BH4

− firstly diffuse from the aqueous 
solution to the catalyst surface. Then, to speed up electron 
transfer from  BH4

− to MB, Ag NPs on the surface function 
as an electron relay system (Ecer and Yılmaz 2024). One 
could say that the concentration of  NaBH4 reaches peak 
effectiveness at roughly 150 mM. Nevertheless, a nega-
tive impact on the catalytic reduction of MB was observed 
when the fixed amount of Ag/rGO-ED resulted in increased 
 NaBH4. This is because there is more  NaBH4 present and 
more hydrogen is adsorbed onto the catalyst surface as a 
result. The decrease in the decolorization of MB is under-
stood when one considers that both the amount of catalyst 
and Ag are constant (Li et al. 2019). To examine the impact 
of reaction time on the decolorization process, experiments 
were conducted within the time interval of 10–150 s. Over 
time, the efficiency of MB decolorization increased and 
seemed to peak at around 100 s (Fig. 8a).

The initial MB concentration range of 10–50 mg/L was 
investigated to examine the impact of the Ag-doped catalyst. 
Firstly, the decolorization of MB rises with increasing con-
centration as seen in Fig. 8b. A significant portion of MB 
is reduced quickly due to the decolorization process being 
initially rapid. The Ag/rGO-ED surface has enough active 
sites to sufficiently the cope with the rise in concentration, 
which might be the cause of this increase. The decoloriza-
tion efficiency appears to decrease after a certain point. The 
amount of MB that can be reduced is constrained because 

Fig. 4  TEM images and 
histogram distribution plot of 
rGO-ED nanoparticles

Fig. 5  FT-IR spectra for the rGO-Cl and rGO-ED

Fig. 6  XRD patterns of rGO, rGO-Cl, and rGO-ED nanoparticles
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there is a constant quantity of catalyst and  NaBH4 in the 
solution. For this reason, it is natural for decolorization to 
decrease as the concentration of MB increases (Ecer and 
Yılmaz 2024, Li et al. 2019). Also, Fig. 8b shows the results 

of the decolorization process regarding the Ag/rGO-ED 
amount. The efficiency of decolorization rose as the cata-
lyst concentration rose to approximately 0.55 g/L. Efficiency 
increases in tandem with this because there are more active 

Table 2  ANOVA of quadratic 
model for the decolorization 
(%) of MB

R2 = 0.9593, Adj R2 = 0.9213

Source Sum of squares df Mean square F value p Value Prob > F

Model 2167,639 14 154.8314 25.24443  < 0.0001 significant
Initial conc. (mg/L),  X1 37.26722 1 37.26722 6.076223 0.0263
NaBH4 amount (mM),  X2 38.4661 1 38.4661 6.271693 0.0243
Catalyst amount (g/L),  X3 204.379 1 204.379 33.32292  < 0.0001
Contact time (sec.),  X4 215.3041 1 215.3041 35.10419  < 0.0001
X1  X2 15.0544 1 15.0544 2.45454 0.1380
X1  X3 0.7569 1 0.7569 0.123409 0.7303
X1  X4 23.7169 1 23.7169 3.866915 0.0680
X2  X3 8.3521 1 8.3521 1.361766 0.2614
X2  X4 37.8225 1 37.8225 6.166758 0.0253
X3  X4 73.96 1 73.96 12.05878 0.0034
X1

2 33.71955 1 33.71955 5.497793 0.0332
X2

2 137.851 1 137.851 22.47587 0.0003
X3

2 11.54505 1 11.54505 1.882359 0.1902
X4

2 25.07436 1 25.07436 4.088242 0.0614

Fig. 7  Diagnostic plots for 
decolorization efficiency, a pre-
dicted versus actual values and 
b studentized residuals versus 
predicted values

Fig. 8  3D graphs for the decol-
orization of MB as a function 
of a time-NaBH4 and b initial 
concentration-catalyst amount
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sites due to the increased amount of catalyst. The increase 
in Ag/rGO-ED led to the creation of more catalytic active 
sites and reactive surfaces for MB molecules, which acceler-
ated the transport of electrons and reactive hydrogens to the 
target pollutant. Further increasing the amount of catalyst 
resulted in decreasing efficiency. Later, the decrease in yield 
can be explained by the fact that suspended particles rise 
more when the Ag/rGO-ED amount increases (Daneshvar 
et al. 2003). As a result, there were fewer active sites, which 
in turn caused the yield to drop.

The essential objective of this study was to figure out the 
optimal conditions for maximum decolorization efficiency 
by Ag/rGO-ED. The optimal values for process variables 
and response were selected following the experimental and 
numerical optimization. The optimal response was defined by 
a quadratic model including the process variables. Four pro-
cess parameters of initial concentration,  NaBH4 amount, cat-
alyst amount, and time were investigated to achieve the maxi-
mum decolorization %. The optimal solutions selected for the 
decolorization % are based on an initial MB concentration of 

32.49 mg/L,  NaBH4 amount of 152.89 mM, catalyst amount 
of 0.83 g/L, and 101.39 s of contact time. Under these condi-
tions, the efficiency was determined as 97.73%. The deter-
mined ranges and optimum values of decolorization results 
are given in Fig. 9. In the verification experiments carried out 
under these conditions, the result was confirmed to be 98%, 
compatible with the numerical optimization result.

Table  3 compares the catalytic activity of the Ag/
rGO-ED catalyst, which was utilized for the decoloriza-
tion of MB, with other catalysts found in the literature. 
Compared to different catalyst systems reported in the 
literature for MB decolorization, the catalyst produced 
seems to exhibit higher or comparable catalytic activity. 
Furthermore, the optimization procedure for the efficient 
use of catalysts as well as the catalytic reduction of dyes 
in the current work presents a novel viewpoint on waste-
water treatment. Taking all of these into account, it is 
projected that the study will significantly add to the body 
of literature and serve as a resource for further research.

Thermodynamic and kinetic analyses 
for decolorization of MB

Under the determined optimum conditions, the effect of tem-
perature on the decolorization of MB was investigated. The 
effectiveness of MB decolorization was positively impacted 
by temperature increases. The Arrhenius equation (Eq. 4) 
was used to determine the apparent activation energy  (Ea) for 
decolorization of MB by Ag/rGO-ED based on the kinetic 
rate constant (k) at various temperatures (25–50 °C).

where  Ea (J/mol) is the apparent activation energy; A is the 
pre-exponential factor; T (K) is the absolute temperature; 
and R (8.314 J/ mol K) is the ideal gas constant. The plot 
of ln k versus 1/T is given in Fig. 10a.  Ea was calculated as 
37.9 kJ/mol.

Furthermore, at the optimal conditions identified, the pseudo-
first-order (PFO) kinetic equation derived from experimental 

(4)lnk = −
Ea

RT
+ lnA

Fig. 9  Desirability ramps for optimization criteria

Table 3  Comparison of several catalysts for MB decolorization

Catalyst Reaction conditions Decolorization efficiency Ref

Ag/rGO-ED 32.49 mg/L MB, 152.89 mM  NaBH4, 0.83 g/L catalyst 97.7% for 101.39 s This study
NiO NPs 50 mM  NaBH4, 50 ppm MB, 10 mg catalyst 98% for 13 min (Baytar et al. 2023)
Ag-PDA-MS 40 mg/L MB, 0.1 M  NaBH4 99.4% for 1 min (Tan 2024)
ZBD@Ag 35.7 mM  NaBH4, 0.05 mM MB, 0.2 mg/mL catalyst 99% for 6 min (Lajevardi et al. 2019)
Au@TA-GH 10 mg/L MB, 2 mg catalyst ⁓ 100% for 9 min (Luo et al. 2015)
Cotton@Ag NPs 50 mg catalyst, 50 mg/L MB, 0.02 M  NaBH4  > 99% for 8 min (Qi et al. 2020)
CuNPs-templated CS 

nanocatalyst
0.31 mM MB, 1.2 g/L catalyst, 0.5 M  NaBH4  > 98% for 7 min (Godiya et al. 2023)
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data was employed to enhance comprehension of the mecha-
nism involved in the decolorization process. The decolorization 
efficiency increased with longer contact time. The PFO model 
and the obtained response agreed rather well. The relationship 
between the response time and ln  Ct/Co was linear.

where  Co and  Ct are at the initial and at time t concentration 
(mg/L), k  (min−1) is the rate constant, and t is the contact 
time (min.). The linear plot of ln  (Co/Ct) versus t is given in 
Fig. 10b. k was obtained as 0.0135  s−1 for the decolorization 
process of MB by Ag/rGO-ED.

Possible decolorization mechanism of MB

The possible decolorization mechanism of MB with NaBH4 
in the presence of Ag/rGO-ED is described in Fig. 11. The 
catalytic reduction of MB by Ag/rGO-ED composites can be 
explained by the electron transfer effect. Ag NPs can transport 

(5)ln
(

Ct∕Co

)

= − kt

electrons between donors and receptors and are strong con-
ductors. Consequently, Ag NPs mediate this catalytic activity 
via the redox mechanism, allowing electrons to move from the 
donor  (BH4

−) to the acceptor (MB) (Baytar et al. 2023; Patel 
et al. 2022). Here, firstly, MB and  NaBH4 adsorb on the cata-
lyst surface. Electrons can then be transferred from  BH4

− to 
MB with the help of the Ag-doped catalyst, resulting in the 
decolorization of MB to leuco-methylene blue (Abay et al. 
2017). Finally, leuco-methylene blue spontaneously desorbs 
from the Ag/rGO-ED surface and diffuses into the solution 
due to the weaker electrostatic effect between the catalyst and 
leuco-methylene blue. As a result, MB, which has harmful 
effects on the environment, turns into leuco-methylene blue, 
a colorless and non-peaking form (Sankaran et al. 2021).

Conclusion

Consequently, a highly efficient hybrid catalyst, Ag/rGO-
ED, was produced with a cheap and simple synthetic tech-
nique and had excellent dye decolorization capabilities in the 

Fig. 10  a lnk versus 1/T and 
b ln(Co/Ct) versus t plots for 
decolorization of MB
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presence of  NaBH4. The morphology and structure of the 
catalyst were characterized using different techniques. Ag/
rGO-ED nanoparticles were used to decolorize MB in the 
presence of NaBH4, and CCD-RSM was utilized to optimize 
the variables. The generated model was effective in predict-
ing the decolorization of MB dye, as demonstrated by the 
statistical significance of the p value, F value, and R2 for the 
proposed model, according to the ANOVA findings. Another 
key focus of the work was the investigation of thermodynam-
ics and kinetics. The maximum decolorization efficiency was 
achieved at 97.73% under optimum Co 32.49 mg/L,  NaBH4 
amount 152.89 mM, catalyst amount 0.83 g/L, and 101.39 s 
contact time. The degradation of MB by Ag/rGO-ED yielded 
an apparent activation energy (Ea) of 37.9 kJ/mol and a rate 
constant (k) of 0.0135  s−1. Additionally, the catalytic activity 
of Ag/rGO-ED was compared with various catalysts in the 
literature. It is believed that the efficient decolorization of 
MB by Ag/rGO-ED will pave the way for more research on 
the decolorization/degradation of other dyes.
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