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HBPEI-grafted carbon nanotubes for the effective
retention of Pd2+ and Pt2+ through complexation†
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Hyperbranched poly(ethyleneimine) (HBPEI) molecules in solution present high capacity to form stable

complexes with transition metal ions due to the large number of amino groups ready to form chelates.

We grafted HBPEI molecules to a multi-walled carbon nanotube (MWCNT) surface through covalent

bonding, preparing solid hybrids which retain the chemical properties of the free poly-alkylamine mole-

cules. In this way, we are able to transfer the complexation capacity of such molecules to a solid material

adequate to act as a high-capacity sorbent for metal transition ions. We tested the HBPEI/MWCNT

hybrids for the retention of Pd2+ and Pt2+ and the retention values obtained are much larger than those

previously reported with fast retention kinetics. The kinetics and the XPS analysis of the metal ion/HBPEI/

MWCNT ensemble indicate that the retention takes place through the formation of chelates with two or

three nitrogen atoms and with Cl− anions as co-ligands. Moreover, the results allow us to tune the metal

loading on the hybrids by controlling the solution conditions. This is important because the XPS valence

band analysis demonstrates that metal complexation directly modifies the electronic behaviour of the

carbon nanotubes, which supports the stable covalent bond between HBPEI molecules and MWCNT and

opens the possibility for tuning the electronic properties of the tubes.

Introduction

The synergy produced between carbon nanomaterials and
chemical functions grafted on their surface can substantially
modify their properties and widen the range for potential
applications.1–10 The attachment of the guest function merges
the properties of carbon nanotubes with the intrinsic charac-
teristics of the function. The link through a covalent bond
adds stability to the hybrid materials due to the strength of the
union formed. Such stability is a key factor for many
applications.2,6,11,12

Among the chemical functions that can add chemical versa-
tility to carbon nanomaterials, the grafting of amine groups is
interesting as they can modify the solubility in different media

and change the acid–base character of the materials.7,11,13

Moreover, the good complexing behaviour of the amino groups
and their affinity towards certain metal ions can be an
additional advantage of decorating carbon nanomaterials with
these nitrogen functions, as they can behave as poly-
chelatogens.14–17

Polymeric amines offer an interesting approach for such
functionalization as a large number of amine functions can be
grafted through a single chemical bond. Hyper-branched poly-
ethyleneimines (HBPEIs) are a clear example as they are water
soluble homopolymers with a large proportion of primary
(terminal) amines. In that respect, the HBPEIs are more inter-
esting than linear polyethyleneimines (LPEIs), which have only
two terminal amino groups. The presence of multiple primary-
amine groups can be ideal for the covalent grafting to carbon
materials. The polyamine molecule can be linked to the
carbon surface through several bonds providing more stable
HBPEIs/hybrid materials.14

Several procedures have been proposed for the functionali-
zation of carbon materials with amine functions.11,15,18,19

Many of them are based on the reaction with electrophilic
groups introduced on the surface of the material through a
primary functionalization (with a strong oxidant to increase
the concentration of oxygen containing groups, for example).
This several-step approach involving a primary functionali-
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zation is necessary in order to increase the reactivity of the
carbon surface towards the amine compounds. Other strat-
egies are based on the intrinsic reactivity of the amines
towards 5-carbon-atom rings, which are present as common
defects in bent areas of graphene-based structures. In these
cases, amine functionalization is therefore usually restricted to
dangling atoms at the end of the structures, defects on the
walls and closed ends of carbon nanotubes. Our research
group successfully addressed the functionalization of MWCNT
and other carbon materials with HBPEIs following different
strategies: (i) a methodology based on the oxidation, esterifica-
tion and reaction with HBPEIs;14 (ii) non-catalyzed direct reac-
tion20 and (iii) CuI catalyzed reaction with HBPEIs.20

All of them give high degrees of functionalization, but the
metal-catalyzed amination of MWCNT is able to fix large
amounts of nitrogen in a single-step process using mild con-
ditions. This novel strategy allows also for a functionalization
that is independent of the amount of defects, as the reaction
takes place in the sp2 carbon atoms of the graphenic
domains.20 The main goal pursued with all the previously
mentioned functionalization methodologies is to effectively
transfer the chemical properties of the polyamines to the solid
material (especially those related to their behaviour as poly-
chelatogens) obtaining stable MWCNT/HBPEI hybrids with
enhanced properties. The fact that the complexing capacities
of HBPEIs can be successfully transferred to the solid carbon
nanomaterials opens up new possibilities to design selective
scavengers for the removal of certain metal ions from solution.
We reported14 some preliminary results of the retention of
Ni2+ ions by the prepared hybrids as a proof of concept of the
possibilities of our materials. In this work, we present an
exhaustive analysis of the capabilities of the HBPEI/MWCNT
hybrids for the retention of precious metal ions such as Pd2+

and Pt2+ (Fig. 1). The recovery of such ions is very important in
many industrial applications due to the added value of these
metals. The results show that the retention capacities towards

both metal ions are well above the highest reported to
date.16,21,22 A detailed description of the retention process,
and the factors that influence the formation of the complexes,
is presented. The results clearly show that the complexing pro-
perties of the polyamines can successfully be transferred to
carbon nanomaterials opening new possibilities for the dec-
oration of such materials with metals.

Experimental

Commercial CVD multi-walled carbon nanotubes (NC-3100)
from Nanocyl and a hyperbranched polyethyleneimine
(HBPEI) from Sigma-Aldrich were used to prepare these hybrid
materials. The MWCNT have an average external diameter of
9.5 nm and a mean length of 1.5 μm, and the HBPEI has an
average molecular weight (Mn) of 1800 g mol−1. The MWCNT/
HBPEI hybrid materials were prepared by three different pro-
cedures, as described in former studies.14,20 The first one con-
sists in the direct reaction of the HBPEI with the pristine
MWCNT. The sample so obtained is mentioned in the second
column of Table 1 as (1). The second procedure consists in the
reaction of the amine functions of the HBPEIs with carbonyls
and carboxylic anhydrides fixed to the MWCNT surface by pre-
vious oxidation (samples marked as (2) in Table 1). The third
method implies the CuI catalyzed reaction of pristine MWCNT
with the HBPEI (samples marked as (3) in Table 1).

The names of the hybrids obtained by these procedures are
mentioned in the first column of Table 1. In the label of the
MWCNT/HBPEI hybrids, HBPEI is replaced by the percentage
of polyamine in the hybrid. For example, the MWCNT/11.9
label denotes a hybrid having 11.9% (wt/wt) of HBPEI. Table 1
also contains the amount of HBPEI (third column) and the
nitrogen content of the hybrids. The amounts of nitrogen of
these hybrids are really large although smaller than those
reported for the covalent attachment of a 25 000 Da HBPEI on
nanocarbons.23

We analyzed the chemical behavior of the MWCNT/HBPEI
hybrids in aqueous solution to compare with that of the free
HBPEI. The aim is to check if the chemical characteristics of
the HBPEI are transferred to the MWCNT/HBPEI hybrids. This
is a cornerstone of this work, as the hybrids must retain the

Fig. 1 Methodology to obtain MWCNT/HBPEI hybrids, and the capture
of Pd2+ and Pt2+ by complexation.

Table 1 Hybrid materials

MWCNT/HBPEI
hybrid

Synthesis
approach

HBPEIa (%)
(wt/wt)

Na (%)
(wt/wt)

Nb

(at %)

MWCNT/8.1 (1) 8.1 2.6 3.3
MWCNT/11.9 (2) 11.9 3.9 5.4
MWCNT/8.3 (2) 8.3 2.7 4.2
MWCNT/8.6 (3) 8.6 2.8 3.3
MWCNT/11.7 (3) 11.7 3.8 5.6
MWCNT/18.2 (3) 18.2 5.9 7.7
MWCNT/22.9 (3) 22.9 7.5 8.3
MWCNT/31.0 (3) 31.0 10.1 11.0

aMeasured by CNHS-elemental analysis. b From XPS spectra.
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acid–base and complexing abilities of the HBPEI in order to
capture the metal ions. The set-up to determine the acid–base
characteristics consists of an automatic device equipped with
a METHROM glass-calomel electrode (titration electrode), a
METHROM 765 Dosimat autoburette (0.001 ml dose accuracy),
a METHROM 713 pH-meter control unit and a SELECTA
Frigiterm 6000382 thermostatic bath. The titrations of the
HBPEI/H+ solutions and of MWCNT/HBPEI/H+ were carried
out under a nitrogen atmosphere at a molar concentration of
6 × 10−3 M. N(CH3)4Cl was used as the electrolyte to fix the
ionic strength to 0.1 M in chlorides. The starting pH was set at
2.5 and the titrating agent was N(CH3)4OH. The coordination
capacity of the HBPEI and of the MWCNT/HBPEI hybrids with
Pd2+ and Pt2+ was studied in the same experimental set-up
used for the acid–base titrations.24

As mentioned, the aim of this work is to use the MWCNT/
HBPEI hybrids to capture the largest possible amounts of Pd2+

and Pt2+ by complexation (cf. Fig. 1). For this purpose, the
complexation kinetics for the retention of both ions by the
MWCNT/HBPEI hybrids was obtained. Typically, 25 mg of the
MWCNT/HBPEI hybrid material were added to a 2 × 10–3 M
aqueous solution of K2PdCl4 (Alpha Aesar) and 1 × 10–3 M of
K2PtCl4 (Alpha Aesar). The ionic strengths of the solutions
were kept at 0.1 M of KCl and KNO3 for palladium and plati-
num, respectively. The initial pH was set to 5 and 6 for Pd2+

and Pt2+ solutions and the temperature was set to 25 °C. The
amounts of both ions captured by the hybrids were deter-
mined by analyzing the initial and final concentrations of the
solutions. UV-Vis equipment (Lambda 25 from PerkinElmer)
and ICP-MS apparatus (Series 7500 from Agilent) were used for
palladium and platinum respectively. The experimental data
were fitted to a pseudo-second order kinetic model:

dqt=dt ¼ kðqe � qtÞ2 ð1Þ

t
qt

¼ 1
kqe2

þ t
qe

ð2Þ

In these equations, k is the rate constant, qe the amount of
captured metal at equilibrium and qt the amount of metal
retained after a time t.

The results of the kinetics allowed us to obtain the adsorp-
tion isotherms (by complexation) of both metal ions in a con-
centration ranging from 0.05 × 10−3 to 3.3 × 10−3 M. The rest
of the experimental conditions to obtain the adsorption iso-
therms were the same as the kinetics, and the equilibrium
times were set to 48 h.

The characterization of the metal loaded hybrids was
carried out by XPS and electron microscopy. The XPS spectra
were acquired in a Kratos Axis Ultra DLD spectrometer. A
monochromatic AlKα radiation in constant analyser energy
mode with pass energies of 160 and 20 eV (for the survey and
high resolution spectra, respectively) was used. The C 1s tran-
sition at 284.6 eV was used as the reference to obtain the
binding energies of heteroatoms. A HAADF FEI TITAN
G2 microscope with resolutions of 8 Å in TEM mode and 1.4 Å
in STEM mode was used for imaging the hybrid materials as

well as for the EDX microanalysis and mappings. The micro-
scope was operated with a working tension of 300 kV. Besides,
images, EDX microanalysis and mappings were also obtained
using a SEM microscope Zeiss SUPRA40VP.

Results and discussion

Experimental data on the characteristics of the MWCNT/
HBPEI hybrids (i.e. thermograms, thermal desorption profiles,
and X-ray photoelectron spectroscopy (XPS) spectra) are sup-
plied in the ESI, 1–3.† These data together with others already
reported support the fact that the HBPEI is covalently bonded
to the MWCNT14 and homogeneously distributed on the
surface of the nanotubes, as clearly shown by the STEM nitro-
gen map in Fig. 2.

Table 2 shows the values of the acid–base equilibrium con-
stants of the free polyamine in aqueous solution and those of
a selected hybrid (L in the compounds of Table 2 stands for
HBPEI). Both HBPEI and MWCNT/11.9 have the same type of
acid–base equilibrium. The general decrease of the constants
in the hybrids is due to the decrease of the number of proton-
able amino groups as a consequence of the covalent bond
between the HBPEI and the MWCNT.

The fact that the acid–base behavior of both the free HBPEI
and the hybrids is very similar suggests that the hybrids must
keep not only the acid–base characteristics but also their com-
plexing properties. This is a key factor considering the aim of
this work, i.e. to obtain solids able to capture large amounts of
Pd2+ and Pt2+.

Thus, the complexation behaviour of the hybrids towards
metal ions is expected to be very close to that of the free poly-

Fig. 2 STEM image (left) and nitrogen map (right) of sample MWCNT/
31.0.

Table 2 Acid–base equilibria and values of the constants

Acid–base equilibrium

log K

HBPEI MWCNT/11.9

H+ + L2 ↔ [HL2]
+ 12.06 ± 0.02 11.05 ± 0.07

H+ + L ↔ [HL]+ 9.58 ± 0.05 8.11 ± 0.03
H+ + 2[HL]+ ↔ [H3L2]

3+ 10.54 ± 0.06 8.93 ± 0.07
H+ + HL+ ↔ [H2L]

2+ 6.67 ± 0.06 5.63 ± 0.03
H+ + 2[H2L]

3+ ↔ [H5L2]
5+ 4.33 ± 0.02 5.89 ± 0.05

Research Article Inorganic Chemistry Frontiers
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amine in solution. The reactivity plot of a Pd2+ aqueous solu-
tion with the free HBPEI is shown in the ESI† and the species
distribution obtained from this plot is shown in Fig. 3.

The most abundant species are complexes with a partially
protonated or deprotonated polyamine as they represent more
than 90% of the species. Moreover, it is evident that the com-
plexes are mono-nuclear with a stoichiometry of L/Pd2+ = 1/1.
Thus, if the preference of Pd2+ for square-planar geometries is
considered, the coordination of the HBPEI must take place as
a mono-, bi- or tridentate ligand in the complexes
[Pd(Clx)H2L]

+ where x = 1–3.
If the complexation interaction of the HBPEI with the metal

ions mentioned above is retained after the grafting to the
MWCNT surface, MWCNT/HBPEI hybrids must present a
similar capacity to capture such metal ions by coordination.

The kinetics and retention isotherms of Pd2+ and Pt2+ by
the HBPEI/MWCNT hybrids and by the pristine MWCNT were
compared to get an insight into the process. Fig. 4a shows the
kinetics of the pristine nanotubes and those of a selected

hybrid (MWCNT/11.9) for 1 × 10−3 M solutions of PdCl4
2− and

PtCl4
2−. It is evident that the hybrid captures much larger

amounts of Pd2+ (red line) and Pt2+ (black line) than the orig-
inal nanotubes (green and yellow lines, respectively), while the
oxidized MWCNT retain almost the same amount of metal
ions than the pristine tubes (see S7 in the ESI†). Therefore, the
metal retention is due to the coordination of the HBPEI with
the metal ions.

The experimental kinetic values fit a pseudo-second order
equation (Fig. 4b and eqn (2), cf. Experimental section), thus
indicating that the capture of the metal ions is caused by a
chemical process, i.e. by coordination at the external surface of
the hybrid, being a purely surface phenomenon. Moreover, a
faster and larger retention for Pd2+ than for Pt2+ is observed.
The isotherms are shown in Fig. 4c, which indeed also show
the same trend as in Fig. 4a. The larger retention values for
Pd2+ are in agreement with the values of the stability constants
of the amine complexes of these ions, larger for Pd2+ than for
Pt2+, as reported in the literature.25 Fitting the isotherm data
to the Langmuir equation (Fig. 4d) allows us to obtain the
maximum retention amount of ions by the hybrids: 1.16 and
0.97 mmol g−1 for Pd2+ and Pt2+, respectively.

Fig. 5 shows the survey XPS spectra of the nanotubes before
the covalent attachment of the HBPEI (black), of a hybrid
(green) and after the capture of Pd2+ and Pt2+. The presence of
both metals is evident in the hybrids, as well as nitrogen and
chlorine. This suggests that, in addition to the metal coordi-
nation by the HBPEI, chlorine also acts as a ligand in the
coordination compound formed by both metals. It is necessary
to remark that PdCl4

2− and PtCl4
2− salts were used to prepare

the solutions of the metal ions.
The hyperbranched nature of the amine groups able to

coordinate the metal ions in the HBPEI must provide a homo-
geneous distribution of Pd and Pt on the surface of the solid
material. The images of the EDX maps in Fig. 6, obtained by
electron microscopy, clearly support this statement. Moreover,
the homogeneous distribution of chlorine also supports the
above comment about the role of chlorine as a ligand.

The plots in Fig. 7 show the relationships between the
content of nitrogen and the maximum amount of metal cap-
tured by the hybrids for different amounts of HPBEI. The
excellent fittings found in these plots are clear evidence sup-
porting the finding that the retention of the metal ions by the

Fig. 3 Species distribution obtained from the reactivity plot of Pd2+

aqueous solution and the free HBPEI (L stands for HBPEI).

Fig. 4 (a) Retention kinetics, (b) fitting the kinetic values to a pseudo-
second order equation, (c) retention isotherms and (d) fitting the reten-
tion data to the Langmuir equation, of Pd2+ and Pt2+. Green and yellow
marks belong to pristine MWCNT for Pd2+ and Pt2+, respectively. Red
and black marks belong to the MWCNT/11.9 hybrid for Pd2+ and Pt2+,
respectively.

Fig. 5 XPS survey spectra showing the presence of Pd (a) and Pt (b)
after the capture of both metals by the hybrids.
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MWCNT/HBPEI hybrids is produced through complexations
with the amine groups of the HBPEI.

The analysis of the high resolution XPS spectra (between
347 and 333 eV for the Pd 3d region and between 68 and 80 eV
for the Pt 4f) of the MWCNT/HBPEI/M (M = Pd2+ or Pt2+)
materials (cf. ESI†) points out that the vast majority of both
metals are in the form of divalent ions after the retention.

To establish how both metal ions appear in the hybrids it is
necessary to consider that Pd2+ and Pt2+ have a preference for
coordination compounds with a square planar stoichiometry.
Moreover, the species distribution plots (Fig. 3) point out that
the species are mono-nuclear (L/Pd2+ = 1/1). Thus L has to
behave as a mono-, bi- or tridentate ligand depending on its
degree of protonation. Furthermore, the structure of the
HBPEI is polymeric and consists of ethylenediamine frag-
ments (cf. Fig. 1), in which every two consecutive nitrogen
atoms are always in 1,4 relative position, bound through flex-
ible ethylene fragments.

These fragments are ideal for the formation of five-mem-
bered chelates (involving two consecutive nitrogen atoms) or
even double five-membered chelates involving three consecu-
tive nitrogen atoms bonded to a single metal ion.26,27 This
implies a nitrogen/metal (N/M, M = Pd2+ or Pt2+) atom relation-
ship ≥2 for the MWCNT/HBPEI/Pd hybrids if two or three
nitrogen atoms form the chelate (the other positions being
occupied by chloride).

The experimental average N/M ratios obtained from the
slopes of Fig. 7 are 2.7 and 3.1 for Pd2+ and Pt2+ respectively,
which suggests that between two and three nitrogen atoms are
coordinated to the metal. In addition, the XPS analysis of the
Cl content of a set of Pd-containing hybrids reveals an excel-
lent linear correlation between the amount of Cl, as chloride,
and the amount of Pd2+ in the hybrid (Fig. 8).

The value of the slope of that linear correlation, 1.99, indi-
cates a round value of 2 chloride ligands for each Pd2+ ion,
which not only accounts for the electroneutrality of the Pd2+

complexes, but also provides key information to ultimately
propose a rational model for the complexation of the Pd2+ ions
by the HBPEI of the hybrids (Fig. 9). Thus, at least two chloride
ions of the coordination sphere of the initial (PdCl4)

2− were
replaced with two HBPEI nitrogen atoms forming chelate
complexes.

The participation of hydroxide ions as ligands in the Pd2+

complexes is practically discarded taking into account the
potentiometric titration data of the Pd2+–HBPEI complexes in
aqueous solution (cf. ESI†). These data point out that hydrox-
ide complex species only start forming at pH values over 10,
really far from the acidic conditions that we used to prepare
the Pd-contaning hybrid materials.

For the hybrids containing Pt2+, the plot of the nitrogen
content versus the retention capacity of Pt2+ (Fig. 7b) shows a
linear trend with a N/Pt relationship of 3.1. Nevertheless, no

Fig. 6 SEM image and EDX maps of MWCNT/11.7 after the capture of
Pd2+.

Fig. 7 Relationship between the nitrogen content of the hybrid and the
amount of metal ions captured: (a) Pd2+ and (b) Pt2+.

Fig. 8 Amount of chloride versus Pd2+ for MWCNT/HBPEI hybrids.

Fig. 9 The coordination of Pd2+ by the HBPEI on the surface of the
carbon nanotubes.
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good relationship between the chloride and Pt2+ contents is
found, though there is a general tendency of an increasing
chloride content as the Pt2+ content rises (cf. ESI†). Then, a
clear complex model cannot be proposed on the basis of the
experimental data in this case, although a similar behavior to
that observed for Pd2+ is expected owing to the parallel com-
plexing abilities of these two metal ions.28

The fit of the isotherm data to the Langmuir equation
(Fig. 4d) also allows us to determine the initial concentration
of ions needed to prepare MWCNT/HBPEI hybrids containing
the desired amount of ions. In other words, we can prepare
MWCNT/HBPEI hybrids loaded with any selected amount of
ions below the maximum retention capacity of the hybrid by
tuning the initial ion concentration. Thus, we used this pro-
cedure to obtain hybrids containing amounts of Pd2+ and Pt2+

in a wide range up to values as large as 2.60 and 1.61 mmol g−1

respectively. These values represent 22.3 and 31.5% (wt/wt) of
Pd2+ and Pt2+ in the hybrids and are much larger than those pre-
viously reported, and even larger than those for the commercial
sorbents used to recover these metals.21,22 We have also reported16

hybrid materials based on active carbon and a polyamine with
high capacity to capture Pd2+ but the amounts are smaller than
these obtained with the hybrids presented in this work. Thus,
these carbon nanotube based hybrids can be envisaged as excel-
lent materials to recover both Pd2+ and Pt2+ from solution.

Moreover the XPS spectra in the valence band region of the
hybrids (after capturing the metal ions) show interesting fea-
tures. Fig. 10 shows that the spectrum of the parent nanotubes
presents meaningful photoelectron emission only at binding
energies larger than 6 eV. This points to a non-conducting
material. The covalent attachment of the HBPEI to the nano-
tubes results in a small photoemission in the range between 2
and 6 eV. Nevertheless, after the metal capture there is a drastic
increase of photoemission close to 2 eV which matches a semi-
conducting behavior. Thus the capture of the metal ions by
coordination alters the electronic behaviour of the hybrid.

Conclusions

The similar measured constants of the acid–base equilibria
and species distribution of both the free and grafted HBPEI

molecules demonstrate that the complexing capabilities of the
poly-alkylamines can be effectively transferred to the hybrid
materials. These properties can therefore be exploited to selec-
tively capture metal ions from solutions.

The kinetics and retention isotherms of Pd2+ and Pt2+ by
the HBPEI/MWCNT hybrids show a much higher retention
capacity for both ions than the pristine MWCNT. The pseudo-
second order kinetics indicates that the retention is produced
through coordination at the external surface of the hybrids,
not limited by diffusion phenomena. The relative amounts
retained can also be related to the stability constants of the
amine complexes of the ions.

XPS studies of nitrogen and chlorine in the form of chloride
contents lead to the conclusion that chlorine also forms a part
of the complexes as a co-ligand, with both metals staying as
divalent ions. Therefore, the retention must take place through
a coordination forming square-planar complexes by substitut-
ing at least two chlorine atoms of the initial [PtCl4]

2− and
[PdCl4]

2− ions.
Finally, it is remarkable that this methodology allows

loading the hybrids with a previously desired amount of metal
ions. We used this procedure to obtain hybrids containing
amounts of Pd2+ and Pt2+ much larger than those previously
reported, even larger than those of the commercial sorbents
used to recover these metals. Moreover, this aspect is interest-
ing since the complexation of the metal ions clearly modifies
the electronic behavior of the nanotubes, opening a path to
tune the electronic behavior of the tubes.
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