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catalyst could be recovered and recycled four times without 
any significant loss in activity.
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Abstract Herein we described the synthesis of a novel 
Schiff base-MWCNTs-Pd nanocatalyst by covalent graft-
ing of naphto-Schiff base onto carbon nanotubes and sub-
sequent deposition of Pd nanoparticles. The synthetic 
process of preparation of mentioned nanocatalyst (Schiff 
base-MWCNTs-Pd) has been described. The formation of 
nanocatalyst was analyzed by FTIR, Raman spectroscopy, 
powder XRD, energy dispersive spectroscopy (EDS), ther-
mogravimetric (TGA) analysis, wavelength-dispersive 
X-ray spectroscopy (WDX) and CHN analysis. The mor-
phologies of the nanocatalyst were characterized using 
scanning and transmission electron microscopes (SEM 
and TEM). Additionally, the (Schiff base-MWCNTs-Pd) 
nanocatalyst was successfully employed in Suzuki cross 
coupling reactions with wide variety of functionalized 
substrates. Design of experiments indicates that the use 
of 0.2 mol% of Pd,  K2CO3 as the base, and aqueous etha-
nol are the best reaction conditions. The reactions of aryl 
iodides and aryl bromides take place at room temperature, 
and aryl chlorides react at 80 °C. Interestingly, the novel 
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1 Introduction

Carbon nanotubes including single-walled (SWCNT) and 
multi-walled (MWCNT) nanotubes have attracted consider-
able interests due to their remarkable thermal conductivity 
[1–3], mechanical [4–6], and electrical properties [6, 7]. In 
addition, their excellent chemical and mechanical stability 
and large surface area make them an ideal and potentially 
useful choice for applications in optics [7, 8], electronics 
[9], catalysis [10, 11], polymer composites [12], and many 
others [13]. In this context, the deposition of the metal nan-
oparticles on carbon nanotubes (also referred to as “deco-
ration”) has provided further promising utilities for these 
materials in a wide range of applications from hydrogen 
storage, solar cells, sensor devices, energy storage, as well 
as catalysis [14, 15]. As such, one of the potential areas 
in which carbon nanotubes may be utilized as an effective 
solid support is in cross coupling reactions [16–20].

Palladium-catalyzed cross-coupling reactions have 
been of strategic importance in organic synthesis since 
their discovery in the 1970s [7–11]. These reactions 
have evolved into a general technique in preparing bio-
logically active functionalized biphenyls which are 
important intermediates or products in drug discovery, 
pharmaceuticals and agricultural compounds [21–27]. 
Due to their broad applicability for C-C bond formation, 
enormous interest continues in this area with more focus 
directed toward developing more efficient and recycla-
ble catalysts that allow for industrial applications within 
environmentally benign processes. Cross-coupling reac-
tions have typically been performed under homogeneous 
conditions employing a ligand to enhance the catalytic 
activity and selectivity for specific reactions [23–27]. 
However, the issues associated with homogeneous catal-
ysis remain a challenge to pharmaceutical applications of 
these synthetic tools due to the lack of recyclability and 
potential contamination from residual metals in the reac-
tion product [28, 29]. One promising solution to address 
this issue is to employ solid-supported metal nanocata-
lysts capable of not only efficiently catalyzing the reac-
tions, but also providing a unique opportunity to lever-
age the reactivity and stability of these materials along 
with the ease of separation and reusability in subsequent 
reactions. Thus, numerous efforts have been undertaken 
in recent years to develop novel metal nanocatalysts for 
cross coupling reactions in which the metal is fixed on 
a variety of solid supports such as activated carbon [24, 
28], zeolites [32, 33], polymers [34, 35], mesoporous sil-
ica [36, 37], inorganic oxides [38, 39], or nanoparticles 
[40–44]. Among these support systems, carbon nano-
tubes [16–20] have attracted significant attention due 
to the high specific surface area, thermal stability, and 
remarkable structural and electronic features capable of 

stabilizing the metal nanoparticles. Although heteroge-
neous supports allow efficient recycling, a decrease in 
the activity of the immobilized catalysts is frequently 
observed [45, 46]. Therefore, the development of het-
erogeneous Pd nanocatalysts that combine high activity, 
stability, and recyclability is an important goal of nano-
material research that is likely to have a considerable 
impact on the chemical and pharmaceutical industries in 
the future.

Because of these reasons and also as a part of our ongo-
ing research program on the application of catalysts for 
the development of useful new synthetic methodologies 
[47–55], herein, we report the synthesis of a heterogeneous 
palladium nanocatalyst supported on Schiff base-grafted-
MWCNTs and its efficiency in the promotion of the Suzuki 
coupling reactions. The outcomes specified that the steadi-
ness of the catalyst was significantly improved and Schiff 
base-MWCNTs-Pd was an effective and recyclable catalyst 
for the Suzuki–Miyaura cross-coupling reactions. Without 
major losses of catalytic activity, the catalyst can be eas-
ily recovered and the suggested procedure has the poten-
tial to be a substitute approach for the synthesis of biphenyl 
compounds.

2  Experimental

2.1  Materials

All the reagents were purchased from Aldrich and Merck 
and were used without any purification. The pure MWC-
NTs without functional groups were purchased from Petrol 
Co. (Tehran, Iran). HCl,  H2SO4,  HNO3, deionized water, 
NaH (80%), ethylenediamine, acetonitrile,  PdCl2, and 
N,N-dicyclohexylcarbodiimide (DCC) were obtained from 
Sigma Aldrich and Merck. The dialdehyde of 2-[2-(2-for-
mylnaphthoxy)ethoxy]-naphthaldehyde was synthesized 
according our procedure [56].

2.2  Covalent Grafting of Schiff Base to MWCNTs

First MWCNTs were added to 50  mL HCl (10%) then, 
after sonication for 15  min, the solution was stirred for 
24  h to purification of MWCNTs by remove the metal 
ions and other impurities adsorbed on it. Then the puri-
fied MWCNTs were precipitated and separated using 
9000  rpm centrifuging. Then 1000 mg of purified MWC-
NTs was suspended in 400  mL of concentrated  HNO3 
and refluxed for 12  h with vigorous stirring. The product 
(MWCNTs–COOH) was separated by 9000  rpm centri-
fuging and washed with deionized water to neutral and 
dried under vacuum at 80 °C for 12  h. In the next step a 
1000  mg amount of MWCNTs–COOH was added to 50 
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mL of ethylenediamine (EDA). After heating and stirring 
for 5 min, the DCC was added to the solution and refluxed 
for 48 h. Then the prepared MWCNTS-EDA was separated 
by centrifuge, washed with ethanol and dried in an oven at 
80 °C for 8 h. For the synthesis of Schiff base-MWCNTs, 
the prepared MWCNTs-EDA was suspended in 25  mL 
ethanol, and 4 mmol of 2-[2-(2-formylnaphthoxy)ethoxy]-
naphthaldehyde was added to the solution. After 12 h stir-
ring at 70 °C, the pure product was separated by centrifuga-
tion and washed with ethanol (3 × 10 mL).

2.3  Preparation of the Schiff Base-MWCNTs-Pd

The Schiff base-MWCNTs (500  mg) were dispersed in 
 CH3CN (30  mL) by ultrasonic bath for 30  min. Subse-
quently, a yellow solution of  PdCl2 (20 mg) in 30 mL ace-
tonitrile was added to dispersion of Schiff base-MWCNTs 
and the mixture was stirred for 10  h at 25 °C. Then, the 
Schiff base-MWCNTs-Pd(II) was separated by centrifuge 
and washed by  CH3CN,  H2O and acetone respectively to 
remove the unattached substrates. The reduction of Schiff 
base-MWCNTs-Pd(II) by hydrazine hydrate was performed 
as follows: 50 mg of Schiff base-MWCNTs-Pd(II) was dis-
persed in 60  mL of water, and then 100  μL of hydrazine 
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hydrate (80%) was added. The pH of the mixture was 
adjusted to 10 with 25% ammonium hydroxide and the 
reaction was carried out at 95 °C for 2 h. The final product 

Schiff base-MWCNTs-Pd(0) was washed with water and 
dried in vacuum at 40 °C. Scheme 1 depicted the synthetic 
procedure of Schiff base-MWCNTs-Pd.

2.4  General Procedure for the Suzuki–Miyaura 
Reaction

Aryl halide (1  mmol), phenylboronic acid (1.1  mmol), 
 K2CO3 (2 mmol), catalyst (14 mg that contained 0.2 mol% 
Pd) and water/ethanol (1:1, 2 mL) were added to a 5 mL 
flask, and the mixture was stirred mechanically at RT or 
80 °C (depending on the aryl halide). The progresses of the 
reactions were monitored by TLC. After completion of the 
reaction, the catalyst was separated from the reaction mix-
ture by centrifugation and the crude product was extracted 
using ethyl acetate. The pure products were obtained by 
column chromatography on silica using the hexane and 
ethyl acetate as eluent.

Fig. 1  TGA of Schiff base-MWCNTs-Pd

Fig. 2  FTIR spectra of (a) 
MWCNTs–NH2, b Schiff 
base-MWCNTs and c Schiff 
base-MWCNTs-Pd
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3  Results and Discussion

3.1  Characterization of the Schiff Base-MWCNTs-Pd 
Nanocatalyst

The preparation of the catalyst follows the steps described 
in Scheme 1. Prior to grafting of Schiff base, CNTs were 
oxidized with a mixture of  HNO3/H2SO4 and succes-
sively activated with DCC for amination reaction. Next, 
aminated-MWCNTs were modified by treatment with the 
2-[2-(2-formylnaphthoxy)ethoxy]-naphthaldehyde to afford 
the Schiff base functionalized onto the carbon surface. 
Next, palladium nanoparticles were deposited onto the sur-
face of the Schiff base-MWCNTs. The loading of Pd in the 
obtained material was determined by inductively coupled 
plasma (ICP) analysis to be 0.15 mmol/g. The thermogravi-
metric analysis (TGA) in inert atmosphere  (N2) was used 
for the quantification of the Schiff base groups on the sur-
face (Fig. 1). The results showed that solvent loss such as 
water start at 80–100 °C and carbon tubes and amorphous 
carbon decompose start at ∼800 °C. The curve shows that 
several weight losses were observed for Schiff base-MWC-
NTs-Pd. The first mass loss occurs at temperature range 
of 80–100 °C that is related to the loss of solvent trap in 
complex. The second mass loss occurs at temperature range 
of 240–600 °C that is related to the loss of ligand (Schiff 
base) in complex and third mass losses occur at ∼700 °C 
and that related to the decomposition of CNT. The actual 
weight loss corresponding to the combustion of supported 
Schiff base was determined 30% by thermogravimetry 
as the weight loss between 240 and 600 °C at curve. The 
analysis indicated the stability of catalyst up to a range of 
0–10 °C and hence is safe to be used in carrying out the 
reaction under chosen conditions (room temperature, and 
80 °C).

The surface structure of the materials was confirmed 
using Fourier transform infrared (FTIR) spectroscopy. Fig-
ure 2 shows the FT-IR spectra obtained for (a) MWCNTs-
NH2, (b) Schiff base-MWCNTs and (c) Schiff base-MWC-
NTs-Pd. As it is seen in the curve 2a, the absorption band 
at 1670 cm−1 is attributed to the carbonyl stretching of the 
amide groups (–CONH–). Also, the bands observed around 
2950 cm−1 were assigned to the bending vibration of  CH2. 
The prominent IR bands at ∼3400 and 1579  cm−1 were 
ascribed to the  NH2 stretching vibrations. These results 
indicated that the ethylenediamine was bonded to the sur-
face of MWCNTs through amidation reaction. In curve 
2b the appearance peak at 1650  cm−1 can be assigned to 
the imine (C=NH) bond of the attached 1,2-bis(2-formyl 
naphthoxy)-1,2-ethane. These results indicate that the 
Schiff base reaction is formed on the surface of MWCNTs. 
Vibrations in the range of ∼1400–1600 cm−1 are attributed 
to the aromatic rings. The IR scanning patterns of Schiff 

base-MWCNTs and Schiff base-MWCNTs-Pd samples 
were almost similar indicated that the structure of Schiff 
base bonded to MWCNTs was preserved in the process 
of coordination and reduction. The shift peak observed at 
curve 2c (C=NH region) from 1650  cm−1 to a lower fre-
quency at 1638 cm−1 displayed the successful formation of 
a metal–ligand bond.

Another method for assessment of functionalization 
reaction is Raman spectroscopy [57]. Figure  3 shows the 
Raman spectra of the samples. Two main peaks in the 
Raman spectra were appeared in the samples at 1348 and 
1581  cm−1 which are known as D and G bonds, respec-
tively. D band is related to disordered carbon atoms of 

Fig. 3  Raman spectra of the (a) MWCNTs, and b Schiff base-MWC-
NTs

Fig. 4  TEM image of Schiff base-MWCNTs-Pd, and particle size 
distribution (inside)
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MWCNTs corresponding to  sp3 hybridized and G band 
shows the  sp2-hybridized of carbon atoms in the graphene 
sheets. Area ratio of the D to G bands  (ID/IG) can be used 
to assess the amount of defects in nano particles struc-
ture.  ID/IG ratio was increased for Schiff base-MWCNTs 
 (ID/IG = 1.20) which approves the successful conversion 
of MWCNTs to Schiff base-MWCNTs. In the absence of 
amorphous carbon, the increase of  ID is related to increase 
of carbon containing  sp3 hybridized and implies to success-
ful functionalization reaction.

Figure 4 shows transmission electron microscopy (TEM) 
image of the Schiff base-MWCNTs-Pd nanohybrid. As 
shown in Fig. 4, TEM confirms that the Schiff base-MWC-
NTs are decorated successfully with many well-dispersed 
Pd nanoparticles. Notably, no nanoparticle aggregation is 
clearly observed on the nanotube surface. The results indi-
cated that Schiff base play an important role to improve the 
dispersibility of Pd. The particle sizes histogram clearly 

shows that the average hydrodynamic size of the Pd NPs is 
in the range of 3–7 nm (Fig. 4, inside).

The morphology of the MWCNTs and Schiff base-
MWCNTs-Pd were characterized by field emission scan-
ning electron microscopy (FE-SEM) in Fig. 5. The image 
of pristine MWCNTs shows that the tube surfaces are 
clear and smooth (Fig.  5a). However, under the same 
magnification, the surface of Schiff base-MWCNTs-Pd 
(Fig. 5b) is distinctly different from the untreated MWC-
NTs (Fig.  5a). It is observed that in the Schiff base-
MWCNTs-Pd, the surface of CNTs uniformly coated, 
thus clearly indicative of Schiff base units attached to 
MWCNTs.

EDX analysis confirmed the elemental composition of 
the synthesized nanocomposite (Fig. 6). The strong peak at 
∼3 keV indicated the presence of the elemental Pd nano-
particles as evident from previous observations. Other 
existing elements revealed by the EDX analysis included 
carbon, oxygen, and nitrogen which confirmed that the 

Fig. 5  SEM images of (a) MWCNTs; and b Schiff base-MWCNTs-Pd

Fig. 6  EDX of Schiff base-
MWCNTs-Pd
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Schiff base present on the surface were responsible for cap-
ping and stabilization of the Pd nanoparticles.

The wavelength-dispersive X-ray spectroscopy 
(WDX)-coupled quantified FESEM mapping of the sam-
ple was also investigated (Fig. 7). The wavelength-disper-
sive X-ray spectroscopy (WDX) can provide qualitative 
information about the distribution of different chemical 
elements in the catalyst matrix. Looking at the composi-
tional maps C and Pd, the presence of Pd NPs with good 
dispersion is clearly distinguished in the composite.

The phase structure of the nanocatalyst was revealed 
through powder XRD. The XRD pattern acquired for 
Schiff base-MWCNTs-Pd nanocatalyst is shown in Fig. 8. 
The diffraction peaks at 26.2° and 42.5° are attributed 
to (0 0 2) and (1 0 0) planes of hexagonal graphite and 
appearance of these peaks after functionalization, signi-
fies that functionalization of MWCNTs with Schiff base 
did not destroy or alter the original structure of MWC-
NTs. The well-defined peaks around  39°,  47° and  67° can 
be assigned to (111), (200) and (220) crystallographic 
planes of face-centered cubic (fcc) palladium [14]. Thus 
the XRD results indicate efficient immobilization of fcc 
structured Pd nanoparticles on Schiff base-MWCNTs.

Fig. 7  FESEM image of Schiff 
base-MWCNTs-Pd and elemen-
tal maps of C and Pd atoms, 
scale bar is 1 μm

Fig. 8  XRD pattern of Schiff base-MWCNTs-Pd
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3.2  Evaluation of the Catalytic Activity of Schiff 
Base-MWCNTs-Pd Through the Suzuki Coupling 
Reaction

The prepared Schiff base-MWCNTs-Pd heterogeneous 
nanocatalyst was then evaluated in the C–C bond forma-
tion reaction of aryl halides with phenyl boronic acid by 
Suzuki–Miyaura cross coupling reaction. For initial assess-
ment of the reaction, the Suzuki coupling reaction of 4-bro-
motoluene with phenyl boronic acid was chosen as a model 
for optimizing reaction parameters such as the solvent, base 
and the amount of the catalyst at room temperature. Opti-
mization conditions studies are summarized in Table 1. As 
expected, no target product could be detected in the absence 
of the catalyst (Table 1, entry 11). However, addition of the 
catalyst to the mixture has rapidly increased the synthesis 
of product in high yields. The reactions were conducted 
using  H2O/EtOH (1:1) as the best solvent. Among the bases 
evaluated,  K2CO3 was found to be the most effective. The 
effect of catalyst loading was investigated employing sev-
eral quantities of the catalyst ranging from 0.1 to 0.3 mol% 
(Table 1, entries 7, 8 and 9). The best yield was obtained 
with 0.014  g (0.2  mol%) of the catalyst (Table  1, entry 
8). The higher content of Pd (0.3  mol% in compare with 
0.2  mol%) in the reaction mixture provides low yield of 
homo-coupling product as by-product.

Under the optimized reaction conditions, the reac-
tions of structurally different aryl iodides, bromides and 

chlorides with phenylboronic acid were studied in the pres-
ence of the catalyst (Table 2). The results indicate that aryl 
iodides and aryl bromides that contain electron-donating 
and electron-withdrawing groups with phenylboronic acid 
proceeded satisfactorily, and the corresponding coupling 
products were obtained in high to excellent yields (Table 1, 
entries 4, 5, 7, 8, 10–15). Moreover, reactions of unsubsti-
tuted iodobenzene and bromobenzene proceed efficiently 
and afford the corresponding products (Table 1, entries 1, 
2). The reaction of 2-iodothiophene and 2-bromothiophene 
as heterocyclic aryl halides with phenylboronic acid gave 
the coupling product in 96% and 90% yields, respectively 
(Table 2, entries 16 and 17). Substituted aryl chlorides are 
less expensive than aryl iodides and bromides, and more 
accessible for Pd-catalyzed cross-coupling reactions. How-
ever, the reactions of aryl chlorides under the optimized 
reaction conditions at room temperature were sluggish; 
therefore, the reaction temperature was increased to 80 °C. 
Under these reaction conditions, the Suzuki–Miyaura reac-
tion was efficient, and the desired cross-coupling products 
were obtained in high to excellent yields (Table 1, entries 
3, 6, 9).

It was found that the catalyst Schiff base-MWCNTs-
Pd could be separated conveniently by centrifugation and 
reused at least 4 times with the yield of 96, 96, 96, 90 and 
82% for the Suzuki coupling reaction between phenylbo-
ronic acid and 4-bromotoluene in the presence of  K2CO3 
(Fig.  9). After completion of the reaction, catalyst was 

Table 1  The optimization of reaction parameters for the Suzuki reaction of 4-bromotoluene with phenyl boronic acid 

H3C B(OH)2
+

various conditionsBr
CH3

Reaction conditions: 4-bromotoluene (1.0 mmol), phenylboronic acid (1.0 mmol), catalyst, base (2 mmol) and solvent (3 mL) at room tempera-
ture
a Isolated yield
b 3 mL (1:1)

Entry Pd (mol%) Solvent Base Time (h) Yield (%)a

1 0.2 DMF K2CO3 2 60
2 0.2 Toluene K2CO3 2 65
3 0.2 EtOH K2CO3 2 70
4 0.2 H2O K2CO3 5 55
5 0.2 EtOH/H2Ob NaOAc 2 70
6 0.2 EtOH/H2Ob Et3N 4 65
7 0.1 EtOH/H2Ob K2CO3 2 75
8 0.2 EtOH/H2Ob K2CO3 1 96
9 0.3 EtOH/H2Oc K2CO3 1 94
10 0.2 EtOH/H2Ob No base 12 Trace
11 0.0 EtOH/H2Ob K2CO3 12 0.0
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separated by centrifugation from the reaction mixture 
and washed several times with deionized water and etha-
nol. Then, it was dried in an oven at 50 °C and the recy-
cled catalyst was saved for the next reaction. To investi-
gate the leaching of Pd nanoparticles, the samples of the 

filtrate plus washings obtained from the above standard 
reactions were subjected to ICP analysis that showed 
the concentrations of Pd were less than 3.0 ppm in each 
measurement. In addition, the standard reaction was con-
ducted with the recovered filtrate, but no product could 
be isolated. The results suggested that the supported Pd 

Table 2  Scope of the Suzuki–Miyaura reaction 

R RB(OH)2
+

Schiff base-MWCNTs-Pd (14 mg)X

H2O-EtOH, K2CO3, r.t. or 80 C
o

Reactions were carried out under aerobic conditions in 3 mL of  H2O/EtOH (1:1), 1.0 mmol arylhalide,1.0 mmol phenylboronic acid and 2 mmol 
 K2CO3 in the presence of catalyst (0.014 g, 0.2 mol% Pd) at room temperature
a Isolated yield
b At 80 °C

Entry RC6H4X X Time (h) Yield (%)a

1 H I 0.5 98
2 H Br 1.0 98
3 H Cl 24 75b

4 4-CH3 I 0.5 96
5 4-CH3 Br 2.0 96
6 4-CH3 Cl 24 65b

7 4-COCH3 I 1.0 98
8 4-COCH3 Br 2.0 96
9 4-COCH3 Cl 24 70b

10 4-CH3O I 1.0 98
11 4-CH3O Br 2.5 92
12 4-NH2 I 1.0 90
13 4-NH2 Br 2.0 80
14 4-OH I 3.0 96
15 4-OH Br 5.0 90
16 2-Thienyl I 3.0 96
17 2-Thienyl Br 6.0 90

Fig. 9  Recyclability of catalyst in the Suzuki–Miyaura reaction

Ar1 X

Oxidative addition
Reductive elimination

Ar2 B(OH)2

Ar1 Ar2

XB(OH)2

Transmetalation

Suzuki Reaction

K2CO3K2CO3

Ar1
X Ar1 XAr1

Ar2 Ar1 Ar2

MWCNTs

Scheme  2  Possible mechanism of Suzuki reaction catalyzed by 
Schiff base-MWCNTs-Pd
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catalysts, rather than the leached Pd catalysts, provide the 
high catalytic performance. Based on these evidences, 
a reaction mechanism for Suzuki coupling with the pre-
pared nanocatalyst was proposed (Scheme 2).

To show the importance of the Schiff base in the activa-
tion and stabilization of Pd NPs, a similar catalyst without 
ligand was synthesized. Pd absorbed physically on the sur-
face of MWCNTs was tested in the model reaction under 
the optimized reaction conditions. However, the results 
showed that reaction achieved only 70% yield in 24 h and 
the catalyst loosed its catalytic activity in next run. This 
result confirms the key role of Schiff base for the stabiliza-
tion of Pd NPs in the catalyst structure. In addition, SEM 
and TEM (Fig. 10) images of the catalyst after the fourth 
run showed that the nanostructure of the catalyst was pre-
served and the Pd nanoparticles were not aggregated.

A comparison of the activity of various Pd catalysts with 
Schiff base-MWCNTs-Pd in the Suzuki coupling reaction 

published in the literature is listed in Table 3. From Table 3, 
it can be seen that present catalyst exhibited higher conver-
sions and yields compared to the other reported system.

4  Conclusions

In conclusion, a novel and recyclable palladium catalyst 
supported on Schiff base modified multi walled carbon 
nanotubes (MWCNTs) was fabricated for the first time. 
The synthesized catalyst was confirmed by XRD, FT-IR, 
TEM, TGA, FESEM, WDX, ICP and EDX techniques. The 
results indicated that the stability of the catalyst was much 
improved and Schiff base-MWCNTs-Pd was an efficient 
and recyclable catalyst for the Suzuki–Miyaura cross-cou-
pling reactions. The catalyst can be readily recovered and 
reused without significant loss of its catalytic activity. The 

Fig. 10  a TEM and b SEM images of the catalyst after the fourth run

Table 3  Catalytic performance of different catalysts in the coupling reaction of iodobenzene and bromobenzene with phenylbronic acid

Entry Catalyst (mol%) Conditions X Time (h) Yield (%) Refs.

1 Bis(oxamato)palladate(II) complex (5) Et3N, n-Bu4NBr, 120 °C I, Br 2.0 78, 65 [58]
2 NHC-Pd(II) complex (0.2) K3PO4.3H2O,  H2O, TBAB, 40 °C I, Br 5.0, 6.0 98, 90 [59]
3 SiO2-pA-Cyan-Cys-Pd (0.5) K2CO3,  H2O, 100 °C I, Br 5.0, 5.5 95, 88 [60]
4 Pd3(dba) (1) K3PO4, THF, 80 °C Br 24 77.7 [61]
5 Pd–BOX (2) K2CO3, DMF, 70 °C I 6.0 100 [62]
6 γ-Fe2O3-acetamidine-Pd (0.12) Et3N, DMF, 100 °C I, Br 0.5, 0.5 96, 96 [63]
7 Pd-isatin Schiff base-γ-Fe2O3 (0.5, 1.5) Et3N, Solvent-free, 100 °C I, Br 0.5, 0.7 95, 90 [64]
8 SWCNT-DETA/Pd+2 K2CO3,  H2O/EtOH, 60 °C I, Br 0.35, 0.7 98, 98 [19]
9 Schiff base-MWCNTs-Pd (0.2) K2CO3,  H2O/EtOH, r.t I, Br 0.5, 1.0 98, 98 This work
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proposed method can be a promising alternative approach 
for the preparation of biphenyl compounds.
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