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1 Introduction

Metal-catalyzed cross-coupling reactions have become one 
of the most powerful reactions in the organic synthesis 
[1–3]. In particular, Pd-catalyzed cross-coupling has been 
efficiently used in numerous procedures for the construc-
tions of C–C and C–N bonds [4–9]. Suzuki–Miyaura (SM) 
cross-coupling introduces one of the most developed meth-
ods which have been reported for the synthesis of biaryls 
[10]. These compounds are important for the preparations 
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of biologically active molecules [11] and also were widely 
used and applied to numerous areas such as pharmaceuti-
cals, agrochemical [12] and herbicides [13] industry.

Homogeneous metal catalysts are frequently used in the 
laboratory to perform experimental coupling reactions, 
[14] but they do not have industrial applications due to 
the difficulty in separating and recycling the catalyst. In 
addition, recyclability of homogeneous metal catalysts 
is considered as a major objective in relation to green 
chemistry [15]. In order to solve these problems, new 
strategies should be developed [16–19] that involve the 
immobilization of homogeneous metal catalysts onto solid 
supports. Recently the solid materials, such as activated 
carbon [20–22], zeolites [23–25] and nanoparticles [26, 
27] have been used as solid supports for the homogeneous 
catalysts. Nowadays, the chemically modified graphene or 
graphene oxide have been applied in the preparation of 
organic compounds as a solid support. A few papers are 
found which used graphite (G) or graphene oxide (GO) 
as a solid support for palladium ions and/or palladium 
nanoparticles catalyst in the C–C cross-coupling reactions 
[28–30]. Graphene oxide (GO) can be easily exfoliated 
in aqueous media to yield stable dispersions of mostly 
single-layer sheets of GOs, which is the most versatile 
and effective method. It contains reactive oxygen func-
tional groups such as epoxy and hydroxyl groups on basal 
planes and carboxylic acid groups at its edges to obtain 
novel multi-functional nanomaterials [31, 32]. Since GO 
has strong hydrophilicity property therefore it can be eas-
ily dispersed in water and forms strong interlayer hydrogen 
bonds between mentioned oxygen functional groups [33, 
34]. This problem can be solved by the functionalization 
of GO nanosheets with organic moieties; subsequently 
further stabilizing can be achieved by the growth of 
ligand chains. On the other hand, the catalytic activity of 
 Pd2+-modified graphene oxide decreased gradually when 
the catalyst was used repeatedly because the interaction 
between palladium and the support material will be weak 
[27, 28].

Therefore, to improve the stability and catalytic activ-
ity of this catalyst, Immobilized  Pd2+ on the surface is 
reduced to Pd nanoparticles, which several methods have 
been used for the syntheses of palladium nanoparticles, 
these methods suffer some drawbacks such as use of high 
temperature and pressure along with producing of hazard-
ous by-product [35]. The plant extracts for the synthesis of 
Pd nanoparticles have been proposed as a valuable alter-
native to chemical methods to avoid from cited disadvan-
tages. There are a few available reports for the synthesis 
of palladium nanoparticles (Pd-NPs) that effectively used 
from planets such as: Soybean (Glycine max) leaf extract 
[36], Cinnamomum zeylanicumbark [37], C. camphora 
leaf [38], Curcuma longa tuber [39], Pistacia atlantica, 

Kurdica Gum [40], Pectin [41] and Stachys lavandulifol 
[42].

In this research group, the synthesis of Pd nanoparticles 
was used Origanum vulgare leaf extract which is belongs to 
Lamiaceae family (Fig. 1). It is an indigenous in Cyprus and 
southern Turkey, and was known to the Greeks and Romans 
as a symbol of happiness grows well in Central Asia, Iran, 
India, Turkey, Afghanistan, Pakistan and in many parts of 
the world. In this plant, over 60 different compounds have 
been identified. On the other hand, insertion of magnetic 
 Fe3O4 nanoparticles in to Pd NPs grafted GO, which cause 
easier separation and recovery of the Pd magnetic nano-
particles in comparison to nanocatalyst without magnetic 
property.

In this research, Pd NPs were complexed with grafted 
imine to GO as a schiff base ligand that was modified on 
graphene oxide. The schiff base complexes are suitable 
choices for the preparation of nanoparticle, which have 
unique chemical, and optical properties. The catalytic activ-
ity of the prepared catalyst was investigated by employing 
Suzuki–Miyaura coupling reaction, reduction of 4-nitro-
phenol and dyes such as MO, MB as model reactions. The 
results show that the reactivity of new prepared heteroge-
neous catalyst is similar to a homogeneous catalyst. This 
catalyst was easily separated from reaction mixture without 
significant decrease in catalytic activity.

2  Experimental

2.1  Materials and Chemical Instruments

Graphite, potassium permanganate  (KMnO4), sodium 
nitrate  (NaNO3), hydrochloric acid (HCl), sulfuric acid 
 (H2SO4), peroxide hydrogen  (H2O2), thionyl chloride 

Fig. 1  Images of Origanum vulgare 
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 (SOCl2), 1,4-phenylene diamine (1,4-PDA), 2-pyri-
dine carboxaldehyde, palladium chloride  (PdCl2), fer-
ric chloride hexahydrate  (FeCl3·6H2O), ferrous chloride 
tetrahydrate  (FeCl2·4H2O), phenylboronic acid, various 
aryl halide, 4-nitro phenol (4-NP), methylene blue (MB), 
methyl orange (MO), ammonia  (NH3), potassium carbon-
ate  (K2CO3), triethylamine (TEA) and solvents were pur-
chased from Merck and Aldrich chemical companies and 
used without further purification, O. vulgare plant was 
obtained from Dalfard area, (City of Jiroft, Province of 
Kerman, Iran).

Infrared (IR) spectra were recorded with KBr pellet 
on a Bruker tensor 27 Fourier transform infrared (FT-IR) 
spectrometer with RT-DLATGS detector, in the range of 
400–4000 cm−1 with a spectral resolution of 4 cm−1 in trans-
mittance mode. The powder X-ray diffraction (XRD) pat-
terns were examined on a model X’PertPro diffractometer 
(Panalytical, Almelo, the Netherlands) using Cu Kα radia-
tion (wavelength = 1.54 Å). The data were collected over 
a range of 10–80° 2θ with a step size of 0.01°, nominal 
time per step of 2 s and slit width 5 nm. Ultraviolet–vis-
ible (UV–Vis) spectroscopy was performed in the range of 
200–900 nm on a Cary 50 single detector double beam in 
time spectrophotometer (Varian, Australia). The morpholo-
gies and sizes of the prepared samples were characterized 
by A LEO 912AB transmission electron microscopy (TEM), 
(Carl Zeiss Inc., Jena, Germany) and was used with an accel-
erating voltage of 100 kV. Scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDS) 
were carried out using SIGMA VP from Carl Zeiss Inc., 
Jena, Germany.

2.2  Synthesis

2.2.1  Preparation of Leaf Extract

Freshly collected O. vulgare leaves were collected in July 
2016 in Dalfard region of Kerman province in Iran. 5.0 g 
of the dry powdered samples with 100 mL ethanol as a sol-
vent well mixed and then boiled for 30 min, and thereafter 
filtrated, ethanol solvent was evaporated by rotary evapora-
tor and yielded dark greenish powder. Then the extract was 
kept in sterile bottles and put in refrigerator at 3–5 °C until 
further use.

2.2.2  Preparation of the  Fe3O4 Magnetic Nanoparticles 
(MNPs)

The magnetic nanoparticles were synthesized at the required 
stoichiometric ratios of  Fe3+/Fe2+ (3:2) by chemical co-pre-
cipitation method [43].

2.2.3  Preparation of Graphene Oxide (GO)

Graphene oxide was synthesized from commercially 
obtained graphite by Hummers method for preparation of 
modified GO [44, 45].

2.2.4  Preparation of Amine Functionalized Graphene 
Oxide (GO–NH2)

In a typical procedure, initially GO (500 mg) and  SOCl2 
(50 mL) were added to a round bottom flask. The mixture 
was refluxed at 70 °C for 48 h under nitrogen atmosphere, 
in order to generate GO–Cl. The excess amount of  SOCl2 
was removed by distillation under reduced pressure and 
the remaining solid washed with dry dimethylformamide 
(DMF) several times. Then, the obtained solid was dispersed 
in anhydrous DMF and further reacted with 5 mmol of 1,4-
PDA and 5 mmol of triethylamine (TEA) under nitrogen 
atmosphere for 12 h. The resulting mixture was subsequently 
separated by centrifugation and washed with anhydrous 
dimethylformamider, and dried at vacuum oven at 40 °C to 
yield amine-terminated GO which titled as GO–NH2.

2.2.5  Preparation of Imine Grafted Modified Graphene 
Oxide (GO–NH=C)

The obtained (GO–NH2) in previous section were treated 
with 2-pyridine carboxaldehyde (5  mmol) in methanol 
(20 mL), in order to introduce imine groups to the modified 
graphene oxide surface, the reaction mixture were refluxed 
for 8 h, the (GO–NH=C) were separated successively with 
centrifuge and dried under vacuum.

2.2.6  Preparation of Pd Nanoparticles Grafted Modified 
GO (GO–NH=C)–Pd NPs

For the preparation of (GO–NH=C)–Pd NPs, 500  mg 
powder of (GO–NH=C) was dispersed in acetonitrile and 
heated to 45 °C with mechanical stirring. The  PdCl2 solu-
tion (10 mg  PdCl2 was pre-dissolved in 50 mL acetonitrile) 
was added to the above mixture and stirred at 45 °C for 12 h, 
then leaf extract of O. vulgare (2.5% w/v) (8 mL) was added 
to the stirring reaction mixture and stirring was continued 
for an additional 6 h in order to prepare Pd nanoparticles. 
The residual precipitates were centrifuged and washed three 
times with acetonitrile and dried under vacuum.

2.2.7  Preparation of Magnetic Nanocomposite (GO/Fe3O4/
Pd Nanocomposite)

Prepared  Fe3O4 NPs (200 mg) was dispersed in 20 mL 
of acetonitrile by ultrasonication. The dispersed 
(GO–NH=C)–Pd NPs (100 mg) in acetonitrile (20 mL) was 
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added to the prepared suspension of  Fe3O4 NPs and stirred 
at 50 °C for 7 h. The reaction mixture was cooled down to 
an ambient temperature. The prepared catalyst was collected 
using an external magnet and washed with distilled water.

2.3  General Producer for Reduction of Dyes by (GO/
Fe3O4/Pd Nanocomposite)

2.3.1  Catalytic Reduction of 4‑Nitrophenol (4‑NP)

The reduction of 4-NP in the presence of an excess amount 
of  NaBH4 was studied in a standard quartz cell and moni-
tored by a UV–Vis spectroscopy in the range of 250–600 nm. 
The analysis procedure is described as following: 2 mL of 
distilled water, 1 mL of freshly prepared aqueous  NaBH4 
solution (0.2 mol/L) and 0.1 mL of 4-NP (5 mmol/L) were 
added into a quartz cell and the solution was turned to yel-
low color. Afterward, 1 mg of GO/Fe3O4/Pd nanocomposite 
(3.9 × 10−5 mg Pd) quickly was transferred into the cell and 
absorbance evolution was recorded after different intervals 
time, until the absorbance became constant. In order to study 
the reusability of catalyst, it was separated from the solution 
by an external magnet after completed reduction process, 
The recycled used catalyst was then washed several times 
with distilled water and used for ten times.

2.3.2  Catalytic Reduction of MB and MO

In a typical experiment to 4 mL stirring aqueous solution 
of MB (1.6 × 10−6 M) or MO (2.4 × 10−5 M), 1 mg cata-
lyst GO/Fe3O4/Pd nanocomposite (3.9 × 10−5 mg Pd) was 
added, following by addition of 2 mL prepared aqueous 
solution  NaBH4 (0.2 M) at room temperature. The progress 
of the reaction was monitored by the change of the absorp-
tion intensity in UV–Vis spectrophotometer in the range of 
400–750 nm. After completion of the reaction, the catalyst 
was separated from the reaction mixture by an external mag-
net and washed successively with distilled water and ethanol 
then dried for the next run. In order to the reusability of the 
recycled catalyst, it was used for 10 times and no extensive 
change was observed.

2.3.3  General Procedure for Suzuki–Miyaura Cross 
Coupling of Aryl Halides with Phenylboronic Acid 
in the Presence of (GO/Fe3O4/Pd Nanocomposite)

In a typical reaction, the catalyst of GO/Fe3O4/Pd nanocom-
posite (0.5 mol%) was placed in a 10 mL schlenk tube and 
a solution of Water/EtOH (4 mL) was added to the reaction 
mixture which involve aryl halides (1 mmol), phenylboronic 
acid (1.1 mmol) and  K2CO3 (2 mmol). The reaction mixture 
was stirred for the desired time at 80 °C and monitored using 
TLC. The reaction mixture was cooled to room temperature 

after completion and the catalyst was separated by external 
magnet then extracted with ethyl acetate (3 × 10 mL). The 
obtained organic solution was dried over anhydrous sodium 
sulfate and evaporated in a rotary evaporator under reduced 
pressure. The crude product was purified by column chro-
matography (silica gel particle size 0.2–0.5 mm—35–70 
mesh ASTM, n-hexane) and the turnover number (TON 
(= mol of product/mol of catalyst)) and turnover frequency 
[TOF (= TON/time (h))] were calculated on the basis of the 
amount of biaryl product formed.

3  Result and Discussions

3.1  Synthesis

The main goal of this study was to design a new magnetic 
Pd NPs grafted to modified GO. The GO exhibits enormous 
active edges and oxygen functional groups on its basal 
plane, moreover, these functional groups provide reactive 
sites for producing Pd NPs and also make it easily dispers-
ible in aqueous solution. The fabrication of GO/Fe3O4/Pd 
nanocomposite essentially includes six steps, as illustrated 
in Fig. 2. Initially, GO was produced from natural flake 
graphite (400 nm) by a modified Hummers method [46], 
in which contains mixture of single-layer and a few-layer 
GO in solution [47]. The carboxylic acid groups of GO was 
acylated in the presence of excess  SOCl2 in order to react 
with 1,4-phenylenediamine. In this work, to graft Pd on 
modified GO, we need to add functional groups which can 
be coordinated with Pd. For this purpose 1,4-diamine deriva-
tives were selected, which in first, to form amide group, one 
of the amino groups of 1,4-diamine derivatives reacted with 
acylchloride on GO and other amine group reacting with 
2-pyridine carboxaldehyde to yield imine group. The  Pd2+ 
ion was coordinated with imine groups and reduced by leaf 
extract of O. vulgare to form Pd NPs. Since the separation 
and recovery of (GO–NH=C)–Pd NPs were difficult due 
to high suspensibility GO, this catalyst was magnetized by 
 Fe3O4 NPs.

3.2  Characterization

The FT-IR spectrum of GO in Fig.  3a shows a strong 
absorption band at 1716 cm−1 due to C=O stretching of the 
–COOH group and the stretching vibrations of C–O group 
of the epoxy, and carboxylic acid at 1220 and 1042 cm−1 
were appeared respectively. It also exhibits a band around 
1617 cm−1 attributable to the vibrations of C=C in the GO 
[48]. After the functionalization process and formation of 
amine groups on modified GO (GO–NH2) in Fig. 3b shows 
the presence of the new bands at 1656 and 1536 cm−1 cor-
responding to carbonyl group of amide and –C–N stretching 
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[49, 50]. After doing imination reaction of GO–NH2 with 
2-pyridine carboxaldehyde, two new peaks around 1642 and 
1549 cm−1 appeared, which were attributed to the vibrations 
of C=N groups (formed imine and pyridine ring) shown in 
Fig. 3c. These results indicated that the 1,4-phenylenedi-
amine was bonded to the surface of GO through amidation 
reaction. The IR scanning patterns of (GO–N=C)–Pd NPs 
and (GO–N=C) samples were almost similar indicating that 
the structure of imine bonded to modified GO preserved 
the process of coordination and reduction shown in Fig. 3d. 
After magnetization of catalyst a band at 569 cm−1 appeared 
which is related to stretching mode of Fe–O in  Fe3O4 nano-
particles in (GO/Fe3O4/Pd nanocomposite) shown in Fig. 3e.

The formation of (GO/Fe3O4/Pd nanocomposite) and the 
crystallinity of the nanocomposite were further confirmed 
by XRD analysis. For this purpose, XRD patterns of (GO/

Fe3O4/Pd nanocomposite) were measured (Fig.  4) and 
showed several peaks at 2θ = 10, 30.2, 35.5, 40.02, 43.1, 
44.5, 46.49, 53.4, 57.1, 62.8, 68.05 and 81.74 that the peak 
centered at 2θ = 10.1 corresponding to the (001) crystal 
planes are almost the same as that of pure GO [51]. The 
peaks at 2θ = 30.2, 35.5, 43.1, 44.5, 53.4, 57.1 and 62.8, are 
related to (111), (2 2 0), (311), (4 0 0), (4 2 2), (511) and (4 4 
0) crystallographic faces were observed in the case of  Fe3O4 
NPs [52]. So the obvious diffraction peaks at 2θ = 40.02, 
46.49, 68.05, 80.74 and 85.5 can be attributed to the reflec-
tions of the 111, 200, 220, 311 and 222 crystalline planes of 
cubic Pd, respectively [53].

The typical morphologies of the resulting GO/Fe3O4/Pd 
nanocomposite were observed by FE-SEM and TEM, as 
exhibited in Fig. 5. The FE-SEM image of the GO/Fe3O4/Pd 
nanocomposite shown in Fig. 5b, exhibits the layer-by-layer 

Fig. 2  Formation process of (GO/Fe3O4/Pd nanocomposite)
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structure of GO in stacking with a size micrometers and the 
nanosheet morphologies that is similar to the SEM image 
of the pure GO shown in Fig. 5a indicates the presence of 
the Pd and  Fe3O4 NPs has verified by appearing as some 
bright spots in the surface of modified GO, which indicat-
ing that this composite has been successfully synthesized. 
A typically TEM shows that iron oxide and Pd nanoparticles 

were successfully coated on the surface of the GO to form a 
GO/Fe3O4/Pd nanocomposite and the size of nanoparticles 
ranged from 10 to 40 nm (Fig. 5c, d). EDS analysis (Fig. 5e) 
clearly shows the presence of Pd and Fe in the GO/Fe3O4/
Pd nanocomposite catalyst as well as the presence of carbon 
with an insignificant amount of oxygen probably due to the 
oxygen functional groups have been shown.

The magnetic properties of the catalyst were character-
ized using a SQUID magnetometer measured at room tem-
perature (298 K) as shown in Fig. 6. The amount of magneti-
zation saturation (Ms) value in this catalyst is 27.8 emu/g in 
compared with bare  Fe3O4 NPs (69.9 emu/g). It should be 
noted that the catalyst shows strong magnetization which is 
suitable for magnetic separation and recovery.

3.3  Catalytic Studies

3.3.1  Catalytic Activity of GO/Fe3O4/Pd Nanocomposite 
in the Suzuki–Miyaura (SM) Cross Coupling

To investigate catalytic efficacy of the prepared GO/Fe3O4/
Pd nanocomposite, we have studied the Suzuki–Miyaura 
cross-coupling reaction of aryl halides with phenylboronic 
acid in  H2O/EtOH as a green solvent. In this work, the cross-
coupling of iodobenzene with phenylboronic acid was cho-
sen as the model reaction (Scheme 1).

To optimize reaction condition, the model reaction 
was treated under different conditions such as various sol-
vents, bases, temperatures and the amount of nanocatalysts 
(Table 1). The used solvents such as acetonitrile, DMF, 
THF,  H2O, EtOH were inefficient for this reaction while 
the  H2O/EtOH solvent was found as the most effective 
and greener solvent. And so in the presence of  K2CO3, the 
yield of these reactions were high in compared to organic 
base such as  Et3N. During our optimization studies, the 
effect of temperature was examined and it was found that 
this reaction was done at 80 °C with high yield and short 

Fig. 3  FT-IR spectra of (a) GO, (b) GO–NH2, (c) (GO–N=C), (d) 
(GO–N = C)–Pd, (e) (GO/Fe3O4/Pd nanocomposite)

Fig. 4  XRD patterns of (GO/
Fe3O4/Pd nanocomposite)
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reaction times. Finally the model reaction was carried out 
in presence of different amounts of catalyst. Variation of 
amounts catalyst had an effective influence on the product 
yield. The optimum amount of GO/Fe3O4/Pd nanocompos-
ite was found 0.5% mol Pd.

Having optimized the reaction conditions, a variety of 
aryl halide with different functional groups were chosen as 
the substrates in this Suzuki–Miyaura cross-coupling reac-
tion, which were performed well for all the examined sub-
strates and the corresponding products were obtained in high 

Fig. 5  a FE-SEM of GO, b FE-SEM of GO/Fe3O4/Pd nanocomposite, c, d TEM of GO/Fe3O4/Pd nanocomposite and e EDS of GO/Fe3O4/Pd 
nanocomposite
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yields.Several representative coupling reactions involving 
a variety of aryl halides (I, Br and Cl) and phenylboronic 
acid in optimized condition (0.5 mol% catalyst,  K2CO3, 
 H2O/EtOH, 80 °C) were investigated. The results are sum-
marized in Table 2. It shows aryl iodides bearing electron-
withdrawing and electron-donating groups couple efficiently 
with phenylboronic acid, and generate the corresponding 
products in good to excellent yields with short reaction 
times (Table 2, entries 1, 2, 3, 4, 5). The coupling reaction 
of chlorobenzene with phenylboronic acid requires extended 
reaction time compared to aryl iodides and bromides, pro-
ducing the desired product in moderate yield (Table 2, entry 

10). The reactions of sterically hindered ortho-position hal-
ides and bulky 1-bromonaphthalene and 4-bromo-2-fluoro-
biphenyl with phenylboronic acid also provide good yields 
of the desired biaryls under the optimized reaction condi-
tions (Table 2, entries 4, 7, 9).

We compared our results with those of the Pd based cata-
lysts reported in the past years for Suzuki–Miyaura coupling 
reaction, taking the reactions of iodobenzene with phenylbo-
ronic acid as an example (Table 3) [54–60]. The reported 
results have been shown that the catalyst had highest TOF 
in compare to other catalysts and this reaction was done with 
high yield in the short reaction time.

3.4  Catalytic Stability and Reusability

To investigate reusability of the GO/Fe3O4/Pd nanocompos-
ite in the Suzuki–Miyaura cross-coupling reaction of iodo-
benzene with phenylboronic acid in the presence of potas-
sium carbonate  (K2CO3) was chosen as a model reaction 
(Table 2). Upon completion of the initial reaction, the nano-
catalyst was recovered by an external magnet and washed 
sequentially with ethanol and acetone to remove any impu-
rities, then dried (under vacuum) and reused in the same 
reaction. The results of these experiments revealed that the 
activity of GO/Fe3O4/Pd nanocomposite retained in the six 
reaction cycles, without any significant loss in its catalytic 
activity, According to ICP–AEM, the content of palladium 
in the sample was confirmed. The weight percentage of 
palladium in fresh catalyst was 3.9 wt% (0.36 mmol g−1), 
although it is more than the amount found in the some previ-
ous studies [61, 62], but in this study we report GO/Fe3O4/
Pd nanocomposite as an efficient catalyst with short reaction 
times and high yields in comparison with previously reports. 
Also, the weight percentage of palladium for recovered cata-
lyst (after six times) was 3.4 wt% (0.31 mmol g−1). Based on 
these results, we can conclude that there is little difference 
in weight percentage of palladium in recovered and fresh 
catalyst that was used the first time in the reaction, and this 

Fig. 6  Magnetization curves of  Fe3O4 nanospheres and (GO/Fe3O4/
Pd nanocomposite)

Scheme 1  Suzuki–Miyaura cross-couplings of aryl halides with phe-
nylboronic acid

Table 1  Suzuki–Miyaura cross-
coupling reaction phenylboronic 
acid and iodobenzene with (GO/
Fe3O4/Pd nanocomposite)

Entry Solvent Base Temperature 
(°C)

Amount of cata-
lyst (mol%)

Time (min) Yield (%)

1 Acetonitrile K2CO3 80 0.5 10 30
2 THF K2CO3 80 0.5 10 30
3 DMF K2CO3 80 0.5 10 95
4 EtOH K2CO3 80 0.5 10 85
5 H2O K2CO3 80 0.5 10 85
6 H2O/EtOH K2CO3 80 0.5 10 95
7 H2O/EtOH Et3N 80 0.5 10 70
8 H2O/EtOH K2CO3 r.t. 0.5 10 50
9 H2O/EtOH K2CO3 80 0.36 10 80
10 H2O/EtOH K2CO3 80 0.72 10 95
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small difference does not affect the reaction yield after six 
times (see Fig. 7). Moreover, this evidence showed that Pd 
was linked with imine group and nitrogen of pyridine ring 
with high stable linkages.

3.4.1  Catalytic Activity of GO/Fe3O4/Pd Nanocomposite 
in the Reduction of 4‑Nitrophenol, MO, MB

In order to investigate the catalytic activity of GO/Fe3O4/Pd 
nanocomposite, the reduction of 4-nitrophenol, methylene 
blue and methyl orange were chosen as a model reaction in 
presence of  NaBH4. The reaction can be monitored easily 
by measuring the change in UV–Vis absorbance at 400 and 
300 nm. To compare the catalytic activity of this catalyst, 
first, the reduction of 4-NP was checked in the presence of 
 NaBH4 and in absence of catalyst. No reduction reaction 
occurring in 2 h. In contrast, when the small amount of 
GO/Fe3O4/Pd nanocomposite was introduced into the reac-
tion solution, the absorption peak at around 400 nm sig-
nificantly decreased along with increasing a new absorption 
peak at ~ 300 nm immediately, as shown in Fig. 8a. Since, 
in this reaction, the amount of  NaBH4 is very high com-
pare to 4-NP, (CNaBH4

∕C4−NP = 40), the reaction rate can be 

expected to be independent of the concentrations of boro-
hydride and the reduction can be considered as a pseudo 
first order reaction with respect to the concentration of 4-NP 

Table 2  Synthesis of biphenyl 
derivatives in the presence of 
(GO/Fe3O4/Pd nanocomposite)

Reaction condition: phenylboronic acid (1.5  mmol), arylhalide (1  mmol),  K2CO3 (2  mmol), catalyst 
(0.5 mol% Pd), calculation of TONs and TOFs were cited in the “Experimental” section

Entry Compound 
noun

Arx X Time (min) Yield (%) TON TOF

1 3a C6H5 I 10 95 190 1140
2 3b 4-CH3–C6H5 I 15 90 180 720
3 3c 4-OCH3–C6H5 I 15 95 190 760
4 3d 2-OCH3–C6H4 I 20 93 186 558
5 3e 4-NO2–C6H4 I 20 85 170 510
6 3f 4-OCH3–C6H5 Br 30 85 170 340
7 3g 1-Naphty Br 40 85 170 255
8 3h 4-CH3CO–C6H6 Br 20 85 170 510
9 3i 4-2F-Biphenyl Br 20 80 160 480
10 3j C6H5 Cl 60 70 140 140

Table 3  Comparison of activity for different catalytic systems in C–C cross-coupling Suzuki–Miyaura reaction

Entry Catalyst Solvent Base Temp (°C) Time (h) Yield (%) TON TOF Refs.

1 Pd/MCM 41% H2O K3PO4 78 5 93 930 186 56
2 LDH–DS–Pd DMF/H2O (5:1) K2CO3 80 0.5 90 18 36 57
3 Pd–IP–IL H2O Na2CO3 100 6 90 90 15 58
4 Hollow Pd sphere ETOH K3PO4 80 3 99 33 11 59
5 Pd NPs ETOH/H2O (1:1) K2CO3 80 2 95 325 162.5 60
6 Pd–rGO ETOH/H2O (1:1) NaOH 60 3 92 460 153.3 61
7 Pd–Ni/RGO EtOH:H2O (1:1) K2CO3 30 5 98.7 5477 1095 62
8 GO/Fe3O4/Pd nanocomposite ETOH/H2O (1:1) K2CO3 80 0.15 (10 min) 95 190 1140 This work

Fig. 7  Recyclability of (GO/Fe3O4/Pd nanocomposite) for the 
Suzuki–Miyaura coupling reaction of phenylboronic acid (1.1 mmol), 
iodobenzene (1  mmol),  K2CO3 (2  mmol) and GO/Fe3O4/Pd nano-
composite (15  mg), EtOH/H2O (4  mL), 80  °C, isolated yield after 
recrystallization
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[63]. As the absorbance of 4-NP is proportional to its con-
centration, thus ln(Ct/C0) versus time can be obtained based 
on the absorbance as the function of time  (At/A0 α  Ct/C0). 
The kinetic reaction rate constant (K) was calculated from 
the linear correlation between Ln  (At/A0) and time as shown 
in Fig. 8b.

We summarized some of the results which were reported 
in the literature for the reduction of 4-NP in the presence Pd 
catalysts. As shown, This catalyst acted with high efficiency 
compare to other reported catalysts (Table 4).

In the case of methylene blue and methyl orange 
changes in the color of the dye solution can be conveni-
ently monitored by UV–Vis absorption spectroscopy. 
These investigations showed that partial reduction of 
MO and MB occurred for a long time (2 h) in presence 
of  NaBH4 alone. In contrast, upon addition of GO/Fe3O4/
Pd nanocomposite (in the presence of  NaBH4), complete 
reduction was achieved within 10 and 20 s of reaction for 
MO and MB as can be seen in Figs. 9a, 10a respectively.

The kinetic data obtained for reduction of MO, MB 
were fitted to first-order rate equations. Herein the cata-
lytic efficiency of (GO/Fe3O4/Pd nanocomposite) toward 
the degradation of the MO and MB studied and the cal-
culated rate constants for reduction of these compounds 
were − 0.087 and − 0.575, which shown in Figs. 9b, 10b 
respectively.

Finally, in order to show the merit of this catalytic 
method, we compared our obtained results with other 
reported methods (Table 5), and found that the GO/Fe3O4/
Pd nanocomposite is an equally or more efficient catalyst 
with respect to the reaction time and conversion than pre-
viously reported ones.

Fig. 8  Time dependent UV–Vis absorption spectra of 4-NP for the reduction of 4-NP. a In presence of (GO/Fe3O4/Pd nanocomposite) and 
 NaBH4. b Rate constant versus time in the presence of (GO/Fe3O4/Pd nanocomposite) and  NaBH4

Table 4  Comparison of literature results obtained with PdNP cata-
lysts for the reduction of 4-nitrophenol in water

Entry Catalyst Kapp  (s−1) Time (min) Refs.

1 CNT/PiHP/Pd 5 × 10−3 60 [64]
2 Ag@Pd/Fe3O4 3.3 × 10−2 2 [65]
3 Pd–PEDOT 6.6 × 10−2 1 [66]
4 SPB 4.41 × 10−3 20 [67]
5 PPy/TiO2/Pd 1.22 × 10−2 7 [68]
6 SBA/Pd 1.2 × 10−2 1 [69]
7 Mesoporous @Pd/CeO2 8 × 10−3 10 [70]
8 GO/Fe3O4/Pd nano-

composite
8 × 10−2 0.5 This work

Fig. 9  Time dependent UV–Vis absorption spectra for the reduction of MB. a In presence of (GO/Fe3O4/Pd nanocomposite) and  NaBH4. b Rate 
constant versus time in presence of (GO/Fe3O4/Pd nanocomposite)
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3.4.2  Recyclability of (GO/Fe3O4/Pd Nanocomposite) 
in Reduction of 4‑NP, MO and MB

The recyclability of catalyst (GO/Fe3O4/Pd nanocomposite) 
in reducing reaction of 4-NP, MO and MB in presence of 
 NaBH4 were investigated. The used catalyst can be recov-
ered from the reaction mixture by using an external mag-
net, then washed and dried for the next cycle of catalysis. 
For reduction of these compounds, the catalyst exhibited 
similar catalytic performance without significantly reduction 
activity even after running ten cycles, as shown in Fig. 11. 
The amount of Pd loading in the 1 mg of used catalyst is 
36 × 10−8 mol that was calculated by the ICP–AES analysis.

4  Conclusions

In summary, a simple, convenient and green process for 
the synthesis of GO/Fe3O4/Pd nanocomposite has been 
presented. Fabrication of this catalyst essentially includes 
several steps, firstly, the surface of synthesized GO was 
modified with several organic reagents such as:  SOCl2, 
1,4-phenylenediamine, 2-pyridine carboxaldehyde. In the 

next steps,  Pd2+ ion was coordinated with functionalized 
GO and reduced by leaf extract of O. vulgare to form Pd 
NPs. Finally this catalyst was magnetized by  Fe3O4 NPs. 
The synthesized nanocatalyst is characterized by simple 
methods and demonstrates excellent catalytic activity for 
the carbon–carbon Suzuki–Miyaura cross-coupling reac-
tion in an environmentally friendly solvent system. This 
catalyst present some advantages such as thermal stability 
of the catalyst, easy separation with external magnetic field, 
reusability of the catalyst for six times with minimal loss of 
activity, This catalyst also shown a broad range of utility for 
reduction of 4-NP, MO, MB by using  NaBH4 as a reducing 
agent at room temperature in aqueous media and retains its 
high activity for the degradation even after ten cycles.
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