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Abstract
In this work, the synthesis of silver and copper nanoparticles and bimetallic silver–platinum and copper–platinum nano-
particles, in previously functionalized multi-walled carbon nanotubes (MWCNT), was carried out using the intermatrix 
synthesis for the charge of the first metal, and a galvanic replacement for the deposition of a second metal to form the 
bimetallic NPs. Well-controlled small size NPs were obtained as demonstrated by TEM, with a homogeneous distribution 
and mean particle diameters of ca. 2.9 nm. The hybrid MNPs/MWCNTs catalysts were characterized by FTIR, TEM and XPS. 
The metal content was determined by TGA and validated via FAAS. Thereupon, the metal–MWCNTs hybrid catalysts were 
incorporated into a polymeric membrane (PM) and characterized by SEM. The effects of the hybrid catalyst–polymeric 
support interactions and the role of the MNPs/MWCNTs/PM materials as heterogeneous catalysts were evaluated from the 
catalytic performance on the reduction of 4-nitrophenol as a model reaction. An apparent rate constant normalized by 
the metal content of 1706.7 s−1 mol−1 was achieved for the best system (Ag–PtNPs/MWCNTs/PMR) along with a decrease 
in the percentage of conversion from 95% (first cycle) to 80% (third cycle). Results indicated that the catalytic activity 
depends mainly on the MNPs size and the metal content in the catalyst. The catalytic activity of the MNPs/MWCNTs was 
only 3 times higher than for the MNPs/MWCNTs/PMs catalysts, with the former presenting the advantage of being easily 
recovered from the reaction medium, thus, demonstrating the capability to perform an efficient and sustainable process.

Keywords  Multi-walled carbon nanotubes · Mono and bimetallic nanoparticles · Polymeric membranes · Hybrid 
catalyst · Heterogeneous catalysis · 4-Nitrophenol reduction

1  Introduction

The unique properties that metal and metal oxide nano- 
particles (MNPs, MONPs) exhibit regarding chemical reac-
tivity and magnetic activity combined with the specific 
properties of carbon materials have led to enormous 
attention towards these hybrid materials and contributed 
to them arousing interest in many applications, particu-
larly in energy storage, electronics and heterogeneous 
catalysis [1]. Aggregation into larger particles or particle 
arrays is known to be one of the most common features 

of MNPs leading to a loss of catalytic activity and stability. 
Therefore, protective ligands, surfactants and polymers 
are frequently used as stabilizers or supports to avoid 
aggregation.

In catalysis, clear examples of polymers [2] used as 
supports are carbon materials as well as diverse carbon 
nanostructures such as nanocoils [3, 4], nanofibers [3, 5] 
and nanotubes [3, 6–8]. Some of their main advantages 
are as follows: their chemical, mechanical and thermal 
resistance; the possibility of controlling their porosity and 
surface chemistry to a certain degree; and their electronic 
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properties. Particularly, for the study of liquid-phase reac-
tions, multi-walled carbon nanotubes (MWCNTs) are the 
most promising due to their high external surface area and 
mesoporosity [1]. Furthermore, it has been demonstrated 
that the catalytic process improves as the size of the cata-
lyst decreases, with the optimum surface areas being 
those obtained with particle sizes between 1 and 10 nm. 
Independent of the various methods that have been 
reported for MNP production, the most widely used metals 
in catalysis are noble metals, and although the amount of 
metal used in a catalytic reaction has diminished, the high 
costs still represent a major limitation for industrial appli-
cations. Nowadays, interesting advantages are reported 
to be obtained with the development of bimetallic NPs, 
where the use of less expensive metals, such as copper, 
titanium, iron, nickel and cobalt [9–13], allow the enhance-
ment of the electrocatalytic activity as well as several other 
reactivities (optical, electronic, magnetic).

Concerning the preparation of MNP/carbon nanotube 
(CNT)-supported catalysts, several methods such as incipi-
ent wetness impregnation, ion-exchange, organometal-
lic grafting, electron beam evaporation and deposition/
precipitation have been used [14–16]. To increase the 
potential applications of CNTs, several strategies have 
been implemented such as pretreatment procedures to 
achieve optimal interaction between the support and the 
catalyst precursor as well as their incorporation into poly-
meric membranes with or without pretreatment. In this 
manner, with regards to the first approach, oxidative treat-
ments with HNO3 and HNO3–H2SO4 have been applied to 
introduce oxygenated functionalities, mainly carboxylic, 
nitro and sulfonic groups, in the walls of the CNTs [17–19]. 
With respect to the second approach, the incorporation of 
CNTs into several polymers has been reported [8, 20–23].

In spite of the many advantages presented in the heter-
ogeneous catalysis with the NPs–CNTs, an important chal-
lenge is the recovery of the supported catalyst from liquid 
reaction media to reduce the environmental impact and 
to increase its reuse without a loss in reactivity. To over-
come these issues, in this work, first MWCNTs were oxi-
dized using HNO3 and a HNO3 + H2SO4 mixture, and sub-
sequently, silver, and copper MNPs were incorporated into 
the oxidized MWCNTs using the intermatrix synthesis (IMS) 
technique reported by Bastos-Arrieta et al. [24]. Briefly, 
this technique includes two steps: (1) loading the func-
tional groups with the MNP precursor via ion exchange, 
for example, a metal salt or metal complex ions, and (2) 
formation of MNPs by chemical reduction of the metal pre-
cursor. Additionally, due to the dramatic decrease of the 
redox potential on the nanometer scale for several metals, 
it has been possible to oxidize some superficial atoms of 
the MNPs by another metal such as gold or platinum by 
a procedure known as galvanic displacement [10, 25, 26]. 

Using this procedure and controlling the amount of dis-
placed metal, it was feasible to form bimetallic NPs (Cu–Pt 
and Ag–Pt). Once the MNPs/MWCNTs were obtained, they 
were loaded into a polymeric membrane (PM) containing 
cellulose triacetate as a polymeric support and 2-nitrophe-
nyloctyl ether as plasticizer. MWCNTs (pristine, functional-
ized and loaded with MNPs) were characterized by FTIR, 
TGA, TEM, elemental analysis, and acid base titration as 
well as XPS for select samples. PMs were characterized by 
SEM. The catalytic activity of the loaded PMs was tested in 
a model reaction, namely, the reduction of 4-nitrophenol 
to 4-aminophenol with NaBH4 in aqueous medium.

2 � Experimental

2.1 � Materials

All chemicals were of the highest grade available and 
used as received without further purification. Raw MWC-
NTs were provided by SES Research (carbon purity > 95%, 
OD 10–30 nm; length 5–15 µm). Metal nanoparticles were 
synthesized using the inorganic salts Pt(NH3)4Cl2 (Sigma 
Aldrich, 98%), AuCl3 (Sigma Aldrich, > 99%), CuSO4·5H2O (J.T. 
Baker, > 99.97%) and AgNO3 (Baker and Adamson > 99.98%). 
Other reagents such as NaOH (Sigma Aldrich, > 97%), HNO3 
(J.T. Baker, 63%), HCl (Sigma Aldrich, 37%), H2O2 (J.T. Baker, 
30%) and H2SO4 (J.T. Baker, 96%) were used. For the prepa-
ration of the polymeric support, cellulose triacetate (CTA, 
Sigma Aldrich), 2-nitrophenyloctyl ether (NPOE, Sigma 
Aldrich, 99%) and dichloromethane (CH2Cl2, J.T. Baker, 99%) 
were employed. Dissolutions were prepared using deion-
ized from a Milli-Q system (resistivity 18.2 MΩ cm).

2.2 � Functionalization of MWCNTs with HNO3 
(oxidation 1)

MWCNTs (100 mg) were weighed with precision, intro-
duced into an Erlenmeyer flask together with 50 mL of 
concentrated HNO3 and sonicated for 2 h. The suspension 
was then centrifuged at 3500 rpm for 5 min. The MWCNTs 
were separated and washed thoroughly with deionized 
water until a neutral pH was achieved [24]. Finally, MWC-
NTs were dried in a vacuum drying chamber (Binder mod 
VDL23) at 60 °C for 48 h and characterized by FTIR, elemen-
tal analysis and acid–base titration.

2.3 � Functionalization of MWCNTs with a mixture 
of HNO3 and H2SO4 (oxidation 2)

The procedure reported by Wang et  al. [19] was used 
with modifications. Approximately 1.00  g of MWCNTs 
was weighed and transferred to a volumetric flask, where 
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60 mL of a mixture of H2SO4 and HNO3 in a 10:9 volume 
ratio was added very slowly while kept under sonication. 
At the end of the addition, the acidic mixture was heated 
at 60 °C for 90 min under constant magnetic agitation. 
Then, 1200 mL of deionized water was added to stop the 
reaction, and the resulting suspension was filtered using a 
Whatman® cellulose filter paper grade 5 (2.5 µm pore size). 
The solid was washed with deionized water until neutral 
pH was achieved, dried under vacuum at 60 °C for 24 h and 
characterized by FTIR, elemental analysis and acid–base 
titration.

2.4 � Synthesis of MNPs in MWCNTs

Functionalized MWCNTs (100 mg) were immersed in a solu-
tion of the respective metal salt and ultrasonicated for 2 h. 
For Ag and Cu, 20 mL of 10 mmol L−1 AgNO3 and CuSO4 
were used, respectively, and for Pt, 10 mL of 5 mmol L−1 
Pt(NH3)4Cl2 was used. Four cycles of washing/centrifuga-
tion with deionized water were performed to eliminate the 
excess metal salt. To reduce the metal fixed in the MWCNTs, 
50 mL of a 0.05 mol L−1 solution of sodium borohydride was 
added to 100 mg and agitated with a magnetic stirrer for 
2 h; the excess borohydride was allowed to be consumed 
overnight. Then, several cycles of washing/centrifugation 
with deionized water were carried out until a neutral pH 
was achieved. Finally, MNPs–MWCNTs were dried at 60 °C 
for 48 h and characterized by TEM, TGA and XPS.

2.5 � Synthesis of bimetallic nanoparticles (BNPs) 
in MWCNTs

MWCNTs (50 mg) loaded with Ag or Cu NPs were added to 
10 mL of deionized water and ultrasonicated for 1 h, after 
which 5 mL of a 5 mmol L−1 solution of Pt(II) was added 
dropwise, ultrasonicated for 2 h, and subjected to 4 cycles 
of washing/centrifugation with deionized water to elimi-
nate the excess of metal. Finally, BNPs/MWCNTs were dried 
at 60 °C for 48 h and characterized by TEM as well as XPS 
for select samples.

2.6 � Preparation of membranes loaded with MNPs/
MWCNTs

Membranes were prepared by the wet phase inversion 
method with 70 ± 1% CTA as the base polymer, 28 ± 0.5% 
w/w NPOE as the plasticizer and different amounts (1, 3 
and 5 mg) of functionalized MWCNTs or MWCNTs loaded 
with MNPs (Cu, Ag, Pt, Cu-Pt or Ag-Pt). The components 
were dissolved in 10 mL of dichloromethane at room tem-
perature until complete dissolution of CTA by magnetic 
stirring for approximately 2 h. After this time-period, the 
mixture was placed in a Petri glass dish (5 cm diameter), 

and the solvent was evaporated overnight. The mem-
branes were simply peeled off the Petri dish.

2.7 � Nitrophenol reduction

Membranes were introduced into 10 mL of a 0.05 mmol L−1 
4-nitrophenol solution, and 1 mL of 0.22 M sodium boro-
hydride was added. The sample was mechanically agitated 
in a shaker (Burell mod 75) throughout the entire time of 
the experiment. At certain time intervals, aliquots were 
taken. After measuring the absorbance, the samples were 
returned to the original solution to keep the volume con-
stant. At the end of the experiment, the membranes were 
recovered from the reaction vessel, washed with deion-
ized water, and dried. The catalytic cycles were repeated 
3 times.

2.8 � Material characterization

2.8.1 � MWCNTs

Pristine and functionalized MWCNTs were characterized 
by FTIR, elemental analyses and acid–base titration. Infra-
red spectra of samples were obtained with a Perkin-Elmer 
Spectrum GX FTIR spectrometer, for which MWCNTs were 
mixed with KBr to form a pellet with a mechanic press. The 
spectrum was acquired in the transmission mode with 128 
scans. A Perkin Elmer 2400 elemental analyzer was used 
to obtain the carbon/nitrogen molar ratio in MWCNT 
samples. The analyses were based on the Pregl–Dumas 
technique [27] using a furnace combustion temperature 
of 1100 °C and thermal conductivity detection. Further-
more, to indirectly determine the amount of carboxylic 
acid groups present on the surface of the MWCNTs, the ion 
exchange capacity was obtained. Approximately 0.04 g of 
the MWCNTs (pristine, after oxidations 1 and 2) were intro-
duced into 10 mL of deionized water, previously boiled, 
and sonicated for 30 min to eliminate the CO2 adsorbed 
in the MWCNTs, after which nitrogen was bubbled into 
the suspension for 10 min. A 10 mmol L−1 NaOH aque-
ous solution (10 mL, previously standardized) was added 
and sonicated for 2 h. The suspension was filtered, and the 
filtrate was titrated with a 10 mmol L−1 HCl solution (previ-
ously standardized). All the analyses were performed on 
a duplicate basis.

2.8.2 � MNPs/MWCNTs

First, the amount of metal fixed on the functionalized 
MWCNTs was determined by two analytical methods, 
FAAS and TG. For the former, 10 mg was introduced into 
10 mL of concentrated nitric acid or aqua regia for samples 
containing Pt. The suspension was agitated and heated 
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at 80 °C until dryness, and then, 2 mL of H2O2 was added 
for the complete oxidation of the metals. The suspension 
was again agitated and heated until approximately 90% of 
the original volume was eliminated. Deionized water was 
added, and the suspension was filtered in hot water. After 
several washings of the filter paper, the solution was made 
up to a volume of 25 mL with 2% (v/v) HNO3. A Perkin 
Elmer 3100 FAA spectrometer was used for the determina-
tion of the metal content in the MWCNTs according to the 
conditions established by the manufacturer, using a stand-
ard addition method. Thermogravimetric analyses were 
performed on a TA Instruments Q50 instrument. Samples 
consisting of 10 mg of MNPs/MWCNTs were heated from 
20 to 800 °C at a heating rate of 10 °C/min and analyzed 
under an air flow. The total metal content was obtained 
from the residue at 800 °C.

Additionally, characterization of the material was car-
ried out using TEM and XPS. TEM images were obtained 
with a JEOL JEM-2010 microscope at an acceleration volt-
age of 200 kV. For sample preparation, approximately 1 mg 
was dispersed in 5 mL of acetone in an ultrasonic bath for 
10 min, and one drop of the dispersion was placed on the 
grid and allowed to dry before TEM analysis. XPS experi-
ments were performed with a JEOL JPS-9200 spectrometer 
by using monochromatic Mg Kα radiation with an energy 
of 1253.6 eV at 200 W. Dried samples were mounted on 
carbon tape over paper. Core-level binding energies were 
determined by using the C 1s peak at 284.8 eV as the 
charge [28]. Deconvolution and literature were used to 
assign the peaks.

2.8.3 � MNPs/MWCNTs/PMs

SEM images of membranes loaded with MNPs/MWCNTs 
were obtained on a Zeiss Merlin FE-SEM instrument at an 
acceleration voltage of 1.0 kV. To obtain cross-sectional 
images, the membranes (pristine, with MWCNTs and with 
MNPs/MWCNTs) were frozen with liquid nitrogen and cut, 
after which the samples were placed over carbon tape and 
introduced into the microscope.

3 � Results and discussion

3.1 � MWCNTs

In Fig. 1, the IR spectra of the pristine (MWCNTp) and oxi-
dized (MWCNT_ox1 and MWCNT_ox2) carbon nanotubes 
are shown. The peak at approximately 3440 cm−1 is attrib-
uted to the elongation of the O–H present in the carbox-
ylic groups as well as in water; at 1532 cm−1, the torsion 
band of the O–H bond is observed. The signal at 1641 cm−1 
corresponds to the elongation of the C=C double bond. 

The bands that appear at approximately 2832–2905 cm−1, 
1721 cm−1 and 1164 cm−1 are due to the elongation of 
the aliphatic C–H groups, carboxylic C=O groups and C–O 
groups, respectively [29–33]. The intense signal observed 
at approximately 2340 cm−1 is commonly related to CO2 
that may be adsorbed in the material. This group of signals 
confirms the presence of oxygenated groups in the MWC-
NTs. Additionally, signals corresponding to the symmetric 
and asymmetric elongations of the nitro (−NO2) groups are 
observed at 1384 and 1531 cm−1; respectively. However, 
both signals only appear together in the MWCNT_ox1 and 
MWCNT_ox2 spectra, thus, corroborating that the MWCNTp 
sample does not contain nitro groups. A small signal at 
approximately 1747 cm−1 in the MWCNTp is observed, 
which slightly increases its intensity for the MWCNT_ox1; 
while for the MWCNT_ox2, the signal is much more intense. 
This signal corresponds to carbonyl groups, as in carbox-
ylic acids, which can be used for the cationic ion exchange 
with metals and their subsequent reduction and formation 
of MNPs in the MWCNTs.

Elemental analyses were carried out on the same sam-
ples to determine the nitrogen content, which could 
originate from amines, amides and nitro groups, with the 
latter being the only group possible to identify in the IR 
spectra. For MWCNTp, MWCNT_ox1 and MWCNT_ox2, C/N 
molar ratios of 259.3 ± 42.5, 214.1 ± 29.9 and 119.2 ± 33.7, 
respectively, were found. These analyses were carried out 
on a quadruplicate basis. As the ratio of carbon/nitrogen 
diminishes, the amount of nitrogen found in the MWCNTs 
increases. Thus, the amount of nitrogen in the MWCNTs 
follows the order MWCNT_ox2 > MWCNT_ox1 > MWCNTp, 
and the same trend is observed in the IR spectra.

With respect to the ion exchange capacity of the three 
samples of MWCNTs, the results are shown in Table 1. 

Fig. 1   IR spectra of MWCNTp (a), MWCNT_ox1 (b), and MWCNT_ox2 
(c)
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These values indicate that as the strength of the oxida-
tive procedure increases, higher ion exchange capacity 
values are obtained. This observation correlates well with 
the results obtained by FTIR, where a higher content of 
carbonyl groups was observed in the MWCNT_ox2 sample.

The characterization of the MWCNTs by TEM indicated 
the morphological changes that occur as a consequence of 
the functionalization procedure used. It is well known that 
oxidation of MWCNTs not only permits their functionaliza-
tion, but also aids in their purification and surface clean-
ing. In the images of pristine MWCNTs shown in Fig. 2a, b, 
deposits of graphite (regions indicated with black arrows) 
were observed, probably originating from the synthetic 
method of the MWCNTs. In Fig. 2c, d, these layers of graph-
ite are not observed; however, the oxidative treatments 
degraded the outer walls of the MWCNTs (sites indicated 
by the red arrows). It has been reported that oxidants, such 
as nitric acid, react with the defects found in the MWCNTs 
originating the degradation of the walls or opening the 

edges of fullerenes [34]. Consequently, when functional-
izing the MWCNTs, a balance between increasing the func-
tionalization and conserving the integrity of the NTs must 
be taken into account.

3.2 � Synthesis of bimetallic nanoparticles

According to Plieth [26] and Aherne et al. [35], for the 
formation of Cu and Ag bimetallic nanoparticles in the 
presence of Pt, a galvanic displacement takes place. On 
a nanometer scale, the reduction potentials of Ag and Cu 
diminish in such a way that platinum salt is capable of 
oxidizing these metals. At the expense of the superficial 
atoms, Ag or Cu, it is possible to form bimetallic NPs or 
even to displace all of the original metal, forming only NPs 
of the noble metal used.

The synthesis of Cu–Pt and Ag–Pt bimetallic particles 
was realized on the previously obtained functionalized 
MWCNTs using the procedure described above. As an 
example, the galvanic displacement is represented in reac-
tion (1) for the Pt–Ag NPs.

TEM images of the MWCNTs show the formation of 
MNPs on the surface. In Fig. 3, images for select samples 

(1)

2[CNT−COO−
]Na+Ag0 + xPt

(

NH3

)2+

4

→

(

[CNT−COO−
]Na+

)

2
Pt0

x
− Ag0

1−2x

+ 2xAg+ + 4xNH3

Table 1   Ion exchange capacity 
values for the MWCNTp, 
MWCNT_ox1 and MWCNT_ox2 
samples

Nanotube Ion exchange 
capacity 
(meq g−1)

MWCNTp 0.201 ± 0.012
MWCNT_ox1 1.073 ± 0.035
MWCNT_ox2 21.15 ± 0.29

Fig. 2   TEM images for MWCNTp (a, b), MWCNT_ox1 (c), and 
MWCNT_ox2 (d)

Fig. 3   HR-TEM images of AgNPs/MWCNTs_ox2 (a, b); Ag–Pt NPs/
MWCNTs_ox2 (c, d)
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are presented. It is possible to observe MWCNTs with and 
without MNPs on the surface (Fig. 1d) as a consequence of 
the mild oxidation conditions for MWCNTs compared with 
those used in other works [19]. The mean diameter for all 
the nanoparticles obtained is given in Table 2. The size of 
the Ag–Pt NPs is slightly larger than for the AgNPs (Fig. 4). 
The same trend was observed in the case of the Cu-PtNPs 
and CuNPs, but the difference is more significative. These 
results may be explained on the basis of the atomic radii 
of Ag and Cu and the stoichiometry of the displacement 
reactions by platinum. However, it has been reported that 
galvanic displacement tends to produce hollow, porous, 
or multicrystalline structures when a Pt(II) salt is used as 
a metallic precursor [36–39]. To clarify these observations 
further studies must be carried out. It is also important to 
note the difference between the MNPs obtained by the 
intermatrix synthesis and the MNPs inherently present in 
the MWCNTs due to the traces of the metal catalyst used 
in their fabrication, which usually appear inside the NTs 
(Fig. 2c).

Table 3 shows the results of the metal contents deter-
mined in the selected samples of MWCNTs containing NPs 
and BNPs by TGA and FAAS after acid digestion. Similar 
results were obtained with both techniques which cor-
roborate the accuracy of these values. As can be seen the 
metal content in the samples prepared by the oxidation 2 
procedure is always higher than the corresponding sam-
ples obtained by oxidation 1.

In the XPS spectrum of the Ag–Pt NPs/MWCNTs_ox2 
sample (Fig. 5), only the signal corresponding to Pt0 is 
observed; the maximum of the 4f7/2 band is localized 
at 71.4 eV. Deconvolution of the signal was performed 
assuming a 3.3 eV separation, which is characteristic for 
Pt, and an area ratio of 3:4 between the 4f5/2 and 4f7/2 lev-
els. The positive displacement in the binding energy is 
due to a decrease of the electronic density of the Pt atoms 
because of their interaction with a more electronegative 
species. Wisniewska and Ziolek described the interaction 
between Pt and Ag in metal alloys of these elements and 
reported a displacement of the spectral band of the 4f7/2 

level to 71.6 eV [40], which is very close to the experimen-
tal value obtained for the Ag–Pt NPs/MWCNTs_ox2 sample. 
Thus, it is concluded that the signal is due to Pt0–Ag0 alloy, 
indicating the displacement of Ag atoms by Pt and the 
formation of the bimetallic NPs in the MWCNTs.

3.3 � MNPs/MWCNTs/PMs

The amounts used for the preparation of the polymeric 
membranes with CTA are given in the experimental sec-
tion. Although three different amounts of MNPs/MWCNTs 
were used to study the effect of concentration on the load-
ing into the CTA polymer, the best results were obtained 
for the 5 mg catalyst loading.

To indicate the morphological changes of MNPs/
MWCNTs/PMs, both the flat face and cross-section of the 
membranes were analyzed by SEM. The blank membranes 
present a smooth and defect-free structure in the cross-
section and the flat face on the Petri dish side. However, 
microvoids appear in the cavities and are probably formed 
as consequence of the method used to prepare the mem-
branes, wet phase inversion, since the formation of bub-
bles during the solvent evaporation is possible. After the 
incorporation of the MWCNTs into the membrane, the 
cross-section and the air contact face exhibit a highly 
porous structure with a very thin compact porous matrix, 
with a mean pore size of 208 ± 73 nm in the cross section, 
as measured by SEM. The same morphology was observed 
for all membranes with MNPs/MWCNTs. Figure 6 shows 
comparative images of several membranes. In heterogene-
ous catalysis, porosity is important to facilitate the access 
of the reactants to the MNP surface. Furthermore, these 
observations agree with previous studies, where it has 
been reported that the incorporation of AgNPs promoted 
an increase of the porosity and roughness of the materials 
obtained by ion exchange [41].

3.4 � Application: catalytic activity in the reduction 
of 4‑nitrophenol

The catalytic activities of the obtained materials were 
determined using the reduction of 4-nitrophenol to 4-ami-
nophenol with an aqueous NaBH4 solution as a model 
reaction. This reaction serves as an almost ideal model to 
test the catalytic activity of the materials since it does not 
take place in the absence of a catalyst. It is well-known that 
under conditions of an excess of NaBH4, to maintain its 
concentration practically constant throughout the experi-
ment, the reaction follows pseudo-first order kinetics. The 
most frequently used catalysts are based on gold or plati-
num [2, 8, 42–46].

Table 2   Mean particle size for MNPs/MWCNTs catalyst

Sample Size (nm)

AgNPs/MWCNTs_ox1 2.2 ± 1.3
Ag–Pt NPs/MWCNTs_ox1 2.9 ± 1.5
CuNPs/MWCNTs_ox1 2.9 ± 1.1
Cu–Pt NPs/MWCNTs_ox1 5.2 ± 2.9
AgNPs/MWCNTs_ox2 2.3 ± 1.1
Ag–Pt NPs/MWCNTs_ox2 2.7 ± 1.2
CuNPs/MWCNTs_ox2 2.1 ± 1.2
Cu–Pt NPs/MWCNTs_ox2 3.3 ± 2.2



Vol.:(0123456789)

SN Applied Sciences (2019) 1:347 | https://doi.org/10.1007/s42452-019-0357-z	 Research Article

Fig. 4   Particle size distribution for MNPs/MWCNTs with a oxidation 1, and b oxidation 2
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It was observed that neither the blank membrane 
nor the membrane containing the MWCNTs catalyze the 
reduction of 4-nitrophenol. Thus, it can be concluded that 
the catalytic activity is due to the presence of the MNPs.

The catalytic tests were carried out as indicated in the 
experimental section. The progress of the reaction was 
monitored by UV–Vis spectroscopy. The aqueous solu-
tion of 4-nitrophenol presents a light-yellow color in 

Table 3   Metal contents in mono and bimetallic NPs/MWCNTs. Results are expressed in mg of metal/g of material obtained

Sample TGA​ FAAS

CAg (mg g−1) CCu (mg g−1) CPt (mg g−1) CAg (mg g−1) CCu (mg g−1) CPt (mg g−1)

AgNPs/MWCNTs_ox1 12.1 N.D. N.D. 10.6 N.D. N.D.
Ag–Pt NPs/MWCNTs_ox1 5.2 N.D. 6.4 6.7 N.D. 7.9
CuNPs/MWCNTs_ox1 N.D. 10.2 N.D. N.D. 9.4 N.D.
Cu–Pt NPs/MWCNTs_ox1 N.D. 7.3 5.0 N.D. 6.8 4.1
AgNPs/MWCNTs_ox2 40.8 N.D. N.D. 37.9 N.D. N.D.
Ag–Pt NPs/MWCNTs_ox2 27.3 N.D. 21.1 26.6 N.D. 22.2
CuNPs/MWCNTs_ox2 N.D. 10.3 N.D. N.D. 9.3 N.D.
Cu–Pt NPs/MWCNTs_ox2 N.D. 13.7 7.5 N.D. 16.5 9.9

Fig. 5   Photoelectronic spectrum of the Pt region for the Ag–Pt 
NPs/MWCNTs_ox2 sample showing the signals of the Pt–Ag interac-
tion at 71.4 and 74.7  eV for the 4f7/2 and 4f5/2 levels, respectively. 
The circles represent the experimental data, and the continuous 
lines represent the adjustment to the theoretical model

Fig. 6   SEM images of the a cross section of blank membrane; b cross section of the membrane loaded with MWCNTs; c air contact face of 
Ag–Pt/MWCNTs/PM

Fig. 7   Catalytic reduction of 10  mL of 5  mmol  L−1 4-nitrophenol 
with 0.02 mol L−1 NaBH4 using 5 mg of Ag–Pt NPs/MWCNTs_ox2
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acidic media (pKa = 7.15) [47]. At higher pH values, the 
4-nitrophenolate ion exhibits a strong yellow color with 
an absorption band at 400 nm, while 4-aminophenol is 
colorless and presents an absorption band at 305 nm [44].

In Fig. 7, the results of the catalytic evaluation of the 
Ag–Pt NPs/MWCNTs_ox2 system are shown. The catalytic 
activity of the MNPs/MWCNTs was only approximately 3 
times higher than for the MNPs/MWCNTs/PMs catalysts 
(Table 4) indicating that it is not substantially affected after 
the inclusion into the membrane. Overall results indicate 
that the catalytic activity of the studied systems depends 
mainly on the MNPs size and the metal content. While the 
size of the NPs is determined by the intermatrix synthesis 

technique, the metal content is mainly controlled by the 
functionalization procedure of MWCNTs.

When several cycles were performed, in most cases, a 
decrease in the reaction rate was observed as the num-
ber of cycles increased (Fig. 8). After 2 h of reaction, 
the percentage of conversion decreases from 95 to 80% 
from the first to the third cycle in the case of the Ag–Pt 
NPs/MWCNTs_ox2/PM and from 91 to 44% for the Cu–Pt 
NPs/MWCNTs_ox2/PM. The recovery procedure for the 
NPs/MWCNTs/PMs is not only faster and easier but 
also no traces of the metals were found in the reaction 
media, as indicated by the results obtained after acid 
digestion and ICP–OES determination. Consequently, 
this decrease may be due to the adsorption of chemical 
species present in the reaction medium on the catalyst 

Table 4   Apparent rate constants normalized by the amount of 
metal for the MNPs/MWCNTs/PMs and MNPs/MWCNTs catalysts in 
the polymeric membranes

MNPs/MWCNTs/PMs Normalized rate constant 
(s−1 mol−1)

AgNPs/MWCNTs_ox1 228.2 ± 5.4
Ag–Pt NPs/MWCNTs_ox1 1232.5 ± 16.6
CuNPs/MWCNTs_ox1 113.4 ± 18.7
Cu–Pt NPs/MWCNTs_ox1 939.3 ± 8.4
AgNPs/MWCNTs_ox2 617.2 ± 12.3
Ag–Pt NPs/MWCNTs_ox2 1706.7 ± 21.4
CuNPs/MWCNTs_ox2 342.1 ± 4.8
Cu–Pt NPs/MWCNTs_ox2 1148.4 ± 25.8

MNPs/MWCNTs Normalized rate constant 
(s−1 mol−1)

Ag–Pt NPs/MWCNTs_ox2 6021.8 ± 25.8
Cu–Pt NPs/MWCNTs_ox2 3734.5 ± 19.8

Fig. 8   Catalytic cycles for the reduction of 4-nitrophenol using PMs loaded with a Ag–Pt NPs/MWCNTs_ox2, and b Cu–Pt NPs/MWCNTs_ox2 
as catalysts

Table 5   Comparative literature data of the rate constants for the 
reduction of 4-nitrophenol

SPES-C sulphonated polyethersulphone with Cardo group, CNF car-
bon nanofibers, PZS poly(cyclotriphosphazene-co-4,40-sulfonyldi-
phenol), S. L., Stachys lavandulifolia extract, CMC–PVA carboxym-
ethyl cellulose–polyvinyl alcohol

Catalyst system Rate constant (s−1) References

PdNPs/SPES-C 0.0132 [42]
CNFs/AgNPs 0.0062 [48]
Au@PZS@CNTs 0.0018 [8]
AgNPs/MWCNTs@S. L 0.0192 [49]
CMC-PVA hydrogel/Au@MWCNTs 0.0049 [50]
Cu2O–MWCNTs 0.0096 [51]
Ag–Pt NPs/MWCNTs_ox2/PM 0.0031 ± 0.0001 This work
Ag–Pt NPs/MWCNTs_ox2 0.0108 ± 0.0001 This work
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surface. The catalysts prepared in this study show prom-
ising results when compared with the reported catalysts 
in the literature as presented in Table 5.

4 � Conclusions

In summary, the synthesis of MNPs and BNPs supported 
on functionalized MWCNTs and their incorporation 
into a polymeric membrane was successfully achieved 
through a simple, efficient and reproducible procedure. 
Well-controlled small size NPs were obtained, as shown 
by TEM characterization, using the intermatrix synthesis 
technique no matter the procedure used for the func-
tionalization of the MWCNTs. Nevertheless, TGA and FAAS 
results proved that the oxidation procedure with a mixture 
of nitric–sulfuric acids allows to load more metallic phase 
in the MWCNTs. The highest rate constant was obtained 
for the bimetallic system Ag–Pt NPs/MWCNT_ox2. XPS 
characterization of this catalyst proved the interaction 
between both metals and the coating of Ag by Pt, which 
may explain the high stability of the BNPs. Likewise, the 
catalysts when loaded into a polymeric membrane proved 
to have comparable catalytic performance as other sup-
ported catalysts previously reported. Nevertheless, they 
present the important advantages of easy recovery and 
reuse. These catalysts could be used for environmental 
applications such as the reduction of nitroaromatic com-
pounds and water treatment.
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