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ABSTRACT: Generation 6.0 polyamidoamine (G6 PAMAM)
dendrimer-grafted cellulose nanocrystals (CNCs) (CNC−
PAMAM) were synthesized and employed as supports for
gold nanoparticles. The successful grafting of PAMAM
dendrimers was confirmed by conductometric−potentiometric
titration and pH-dependent ζ-potential analyses. Gold nano-
particles with diameters of approximately 2 to 4 nm were
synthesized with the PAMAM dendrimers playing the role of
nanoreactors and NaBH4 as the reducing agent. More
importantly, gold nanoparticles were successfully prepared at
pH 3.3 with the PAMAM dendrimers playing the functional
role of reducing agent. Temperature and the concentration of
CNC−PAMAM had an impact on the resulting size of gold
nanoparticles. The gold nanoparticles immobilized on CNC−
PAMAM displayed superior catalytic properties toward the reduction of 4-nitrophenol to 4-aminophenol. The enhanced catalytic
behavior may be attributed to the improved dispersity and accessibility of gold nanoparticles within the PAMAM dendrimer
domain. This work has demonstrated the versatility of CNC−PAMAM, both as an effective nanoreactor and a reducing agent.
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■ INTRODUCTION

Gold nanoparticles have been employed in a myriad of
applications, including bioimaging, biomedicine, chemical
sensing and drug delivery.1,2 They have also been explored as
green catalysts for a variety of chemical reactions, including the
oxidation of CO to CO2, aerobic oxidation of alcohols, C−C
coupling reactions and reduction reactions via transfer hydro-
genation.3 As was observed with other nanoparticle catalysts,
gold nanoparticles have a propensity to aggregate in solution,
which hinders their performance and ultimately limits their
application. In an effort to stabilize gold nanoparticles in solution,
complexation with a range of compounds including, but not
limited to, thiols, carboxylate ligands, surfactants and polyelec-
trolytes have been investigated.4 However, many of these
stabilizers are hampered by their low stability, potential toxicity,
poor biocompatibility or limited biodegradability.5 Another
method in preventing aggregation is the homogeneous
deposition of gold nanoparticles onto a template material, such
as graphene sheets,6 carbon nanotubes,7 TiO2

8 and SiO2

spheres.9 However, most of the template materials explored
thus far lack sufficient functional groups with a metal affinity,
such as −NH2, −SiH and −SH, to effectively stabilize and
disperse gold nanoparticles.10

Recently, cellulose nanocrystals have been explored as
renewable biotemplates due to their shape, stability in aqueous
solution, good mechanical strength, high specific surface area,
biocompatibility and biodegradability.11 These attractive features
make cellulose nanocrystals (CNCs) promising supports for
inorganic nanoparticles, such as Au,12,13 Ag,14 Ag−Au alloy,15

Pd,16,17 Pt,18 Se19 and Fe3O4.
20,21 However, generating

uniformly dispersed nanoparticle-containing CNCs with well-
controlled size and structure remains a challenge. Moreover, the
electrostatic attraction that exists between metal ions in solution
and sulfate ester moieties present on the surface of CNCs can
induce severe irreversible aggregation and phase separation.15

Since aggregation makes the catalyst surface less accessible to
reactants, it reduces the performance of the catalystic system. To
circumvent these undesirable characteristics, it is necessary to
modify the CNC surface with metal-affinity groups and develop
new strategies to minimize particle aggregation.
In this study, poly(amidoamine) (PAMAM) dendrimers were

covalently grafted onto the surface of oxidized CNCs (CNC−
COOH) via amide bonds. PAMAM dendrimers have a well-
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defined three-dimensional hyper-branched structure, with
primary and tertiary amine groups present at the dendrimer
surface and core, respectively. The dissociation properties of
these two types of amine groups impart attractive pH-responsive
structural changes to the dendrimer.22,23 Under acidic conditions
in aqueous media, the cavities within the PAMAM dendrimers
are ideal nanoreactors for producing and hosting inorganic
nanoparticles, such as Au,24,25 Ag,26 Pt27 and Pd.28 The well-
defined structure and size of the cavities yield a narrow size
distribution for loaded nanoparticles and the electrostatic and
steric repulsions minimize aggregation of the nanoparticles. In
contrast to capping agents, each inorganic nanoparticle is
stabilized by one dendrimer, imparting high structural stability.
The surface of these inorganic nanoparticles is often
unpassivated and fully accessible during the catalytic process,29

which enhances the catalytic performance.30

Compounds with abundant amino groups have been applied
as metal binding groups,31 stabilizers32 and reducing agents33 for
the preparation of inorganic nanoparticles. Their ability to reduce
metal ions facilitates the synthesis of inorganic nanoparticles via a
simple and green synthetic process. In this work, a CNC−
PAMAM hybrid, with abundant metal-binding NH2 groups, was
used as a support and reducing agent for gold nanoparticles. Gold
nanoparticles were prepared using sodium borohydride and
PAMAM dendrimers as reducing agents. The effects of CNC−
PAMAM concentration and temperature on the size of the
resulting gold nanoparticles were studied. All CNC−PAMAM−
Au systems were stable and dispersible in acidic solution. The
catalytic activity of the two systems was evaluated by the
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP).
An added benefit of complexing gold nanoparticles with CNC−
PAMAM is that it allowed for direct observation of the complex
under transmission electron microscopy (TEM), which can also
be used to confirm the successful grafting of the PAMAM
dendrimer on the CNC surface. Finally, the pH-responsive
property of CNC−PAMAMmay simplify the separation process
and the recycling of the catalysts.

■ EXPERIMENTAL SECTION
Materials. Generation 6.0 poly(amidoamine) dendrimers (G6

PAMAM, 5% w/w solution in methanol), sodium hypochlorite
(NaClO, 10−15% available chlorine), N-hydroxysuccinimide (NHS,
98%), sodium bromide (NaBr, ≥99.0%), gold(III) chloride trihydrate
(HAuCl4, ≥99.9%), 2-(N-morpholino)ethanesulfonic acid hydrate
(MES buffer, ≥99.5%), N-(3-(dimethylamino)propyl)-N′-ethylcarbo-
diimide hydrochloride (EDC, ≥98.0% AT), sodium borohydride
(NaBH4, ≥98.0%) and 4-nitrophenol (4-NP, ≥99.5%) were purchased
from Sigma-Aldrich and used without further modification. CNCs were
supplied by CelluForce, Inc. Purified water was obtained from a
MilliporeMilli-Q water purification system and was used in preparing all
sample solutions.
Methods. TEMPO Mediated Oxidation of CNCs. Oxidized CNCs

(CNC−COOH) were prepared according to the method described in a
previous report.34 Typically, 5 g of CNCs was dispersed in 375 mL of
water under sonication. A 10 mL aqueous solution containing 0.0125 g
of TEMPO and 0.125 g of NaBr was then added, followed by the
addition of 50 mL of NaClO (10−15% w/w). Upon the introduction of
NaClO, the dispersion became cloudy, and light yellowish. Sodium
hydroxide (0.1 M) was used to maintain a pH value of 10.5 throughout
the reaction. After the solution had reacted for 4 h, 5 mL of ethanol was
added to terminate the oxidation and hydrochloride acid (0.1 M) was
used to adjust the pH to 7. The reaction product was purified by dialysis
and freeze-dried.
G6 PAMAM Grafting onto CNCs. The carbodiimide-mediated

amidation reaction35 was used for grafting. CNC−PAMAM was

prepared using a previous published procedure.36 50 mg of CNC−
COOH was dispersed into MES buffer (pH 6.5, 25 mM) with
sonication. Then, 100 mg of EDC and 100 mg of NHS were introduced
into the dispersion, and the mixture was sonicated for 10 min, followed
by stirring for 2 h. Next, the mixture was added dropwise to a flask
containing 500 μL of 5% w/w G6 PAMAM dendrimer in 10 mL of
water. The reaction was stirred for 24 h, and the CNC−PAMAM
product was purified by dialysis and ultrafiltration.

Synthesis of CNC−PAMAM−Au-1 (Scheme 1). The pH of a 10 mL
0.008% w/w CNC−PAMAM solution was adjusted to 3.3, and the
solution was stirred for 30 min. 100 μL of 5 mM HAuCl4 was then
added, and the mixture was stirred for 1 h to allow for the adsorption of
AuCl4

− onto CNC−PAMAM. 100 μL of 0.05 M NaBH4 was added
under vigorous stirring, and the initially colorless solution immediately
became light brown. The reaction was continued for another 20min and
purified by dialysis.

Synthesis of CNC−PAMAM−Au Using CNC−PAMAM as Reducing
Agents (Scheme 1). 100 μL of 5 mM HAuCl4 was added to 10 mL
CNC−PAMAM aqueous solutions of varying concentrations. The
mixtures were stirred for a designated period of time at a given
temperature. By the end of the reactions, the initially colorless solutions
had turned red. Details on the synthesis of CNC−PAMAM−Au
nanohybrids are summarized in Table 1.

Evaluation of Catalytic Performance. A 2.5 mL solution containing
0.10 mM4-NP and 40mMNaBH4 was prepared. Then 50 μL of 0.009%
w/w CNC−PAMAM−Au (Au content: 2.5 nmol) was added to the
mixture. The reaction was carried out at room temperature in a quartz
cuvette and monitored via UV−vis spectrophotometry.

Characterization. The morphologies of CNCs, CNC−COOH,
CNC−PAMAM and CNC−PAMAM−Au were evaluated using a Philip
CM 10 transmission electron microscope under an accelerating voltage
of 60 kV. TEM samples were prepared by spraying 10 μL of a 0.01%w/w
dispersion onto a carbon-coated copper grid and dried. The
concentrations of functional groups were determined through
conductometric-potentiometric titration using aMetrohm 809 Titrando
autotitrator. The ζ-potential and size distribution of CNCs, CNC−
COOH and the CNC−PAMAM systemweremeasured using aMalvern
Nano-ZS90 Zetasizer. The pH values of the solutions were adjusted
using the autotitrator. Titrant solutions (0.1 M HCl or 0.1 M NaOH)
were introduced at a flow rate of 0.1 mL/min. Successive UV−vis
absorption spectra were obtained using a Shimadzu U-3000
spectrophotometer with a specified scanning interval of 1 min.

Scheme 1. Schematic Illustration of the CNC−PAMAM−Au
Synthetic Processa

aThe blue spheres represent PAMAM dendrimers, whereas the yellow
and purple spheres signify small and large gold nanoparticles,
respectively.
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■ RESULTS AND DISCUSSION

Conductometric−potentiometric titration has been widely
applied to determine the amount of weak acid in cellulose-
based systems.37,38 In a typical procedure, a 0.03% w/w sample
dispersion was prepared and the pH was adjusted to ∼3 by
adding 0.1MHCl, followed by titration using 0.01MNaOH and
simultaneous measurements of solution conductivity and pH.
The concentrations of specific functional groups were
determined from the quantity of NaOH required to reach the
equivalence points. The titration curve of CNCs is shown in
Figure 1A. One equivalence point (EP), attributed to the
neutralization of excess H+ from HCl, was observed. In Figure
1B, the titration curve of CNC−COOH exhibits two EPs, with
the first indicating the neutralization of free H+ and the second
signifying the complete dissociation of carboxyl groups. The
three regions from left to right correspond to strong acid
neutralization, weak acid neutralization and the addition of
excess base. From the amounts of NaOH titrated in the second
stage, the carboxylate content on CNC−COOH was calculated
to be approximately 1.05 mmol/g. Figure 1C,D display the three
EPs observed for CNC−PAMAM. The second and third EPs
indicate the complete dissociation of carboxyl and amino groups,
respectively. The carboxyl and amino content were evaluated to
be approximately 0.85 and 1.20 mmol/g, respectively. The
titration details are summarized in Table 2.

The ζ-potential is commonly used to measure the electrostatic
potential of nanoparticles at the electrical double layer. Because
both CNC−COOHs and PAMAM dendrimers possess pH-
dependent functional groups, it is important to analyze and
understand the effect of pH on the surface charge of CNC−
PAMAM. The pH-dependent ζ-potential of CNC−PAMAM is
shown in Figure 2A. At pH 3, the surface of CNC−PAMAMwas
highly cationic, with a ζ-potential value of +52 mV. The observed
positive charge is a result of the protonation of amine groups on
the surface grafted PAMAM dendrimers. Increasing the pH
resulted in a reduction in the ζ-potential of CNC−PAMAM due
to the deprotonation of carboxyl groups present on the CNC
surface. The highly positive ζ-potential values observed for pH≤
7 suggest a high PAMAMgrafting density. Further increase in the
pH resulted in the complete deprotonation of amino groups, as
illustrated by the corresponding reduction in ζ-potential. This
resulted in particle instability and formation of precipitates, as
depicted in Figure 2B. As the pH approached 10, the ζ-potential

Table 1. Summary of Synthetic Conditions for Preparing CNC−PAMAM−Au System

nanohybrids CNC−PAMAM (w/w %) HAuCl4 (5 mM) (μL) reducing agent T (°C) time (h)

CNC−PAMAM−Au-1 0.008 100 NaBH4 25 2
CNC−PAMAM−Au-2 0.040 100 CNC−PAMAM 25 24
CNC−PAMAM−Au-3 0.020 100 CNC−PAMAM 25 24
CNC−PAMAM−Au-4 0.008 100 CNC−PAMAM 25 24
CNC−PAMAM−Au-5 0.008 100 CNC−PAMAM 50 1
CNC−PAMAM−Au-6 0.008 100 CNC−PAMAM 75 0.5

Figure 1. Simultaneous conductometric−potentiometric titration curves of 0.03% w/w CNCs (A), CNC−COOH (B), CNC−PAMAM (C and D).

Table 2. Calculated Concentrations of Carboxyl and Amine
Groups on CNCs, CNC−COOH and CNC−PAMAM

sample carboxyl groups (mmol/g) amino groups (mmol/g)

CNCs 0 0
CNC−COOH 1.05 0
CNC−PAMAM 0.85 1.20
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of CNC−PAMAM decreased to −30 mV due to the exposure of
unreacted carboxylate and sulfate ester groups on the CNC
surface. The pH dependent behavior of CNC−PAMAM offers
chemical and physical properties that may be valuable for
applications ranging from pharmaceutical delivery to Pickering
emulsification.
Dynamic light scattering (DLS) was used to measure the size

distributions of CNCs, CNC−COOH and CNC−PAMAM
(Figure S1 of the Supporting Information). CNC−COOH was
slightly smaller than the unmodified CNC, which may be
attributed to the improved dispersity of CNC−COOH and the
slight degradation of CNC during the alkaline oxidation process.
PAMAM grafting on the surface of CNC−COOH, however,
yielded particles 2 times the size of unmodified CNC, as well as a
small number of aggregates with a size of 1 to 2 μm. The presence
of micron-sized particles suggested the existence of CNC cross-
linking via the amine groups present on the PAMAM
dendrimers. To further investigate the presence of cross-linking
and the overall morphology of the particles, TEM images were
taken for both CNC−COOH (Figure S2A of the Supporting
Information) and CNC−PAMAM (Figure S2B of the
Supporting Information). Figure S2A of the Supporting
Information shows well-dispersed CNC−COOH particles,

with lengths ranging from 200 to 400 nm. Meanwhile, nanorod
bundles are observed in Figure S2B of the Supporting
Information, confirming the hypothesis that some cross-linking
exists between CNC−PAMAM particles. Although cross-linking
could not be completely avoided during the synthesis process,
the PAMAM grafting reaction was still well controlled, and stable
dispersions of CNC−PAMAM in water were achievable under
acidic and alkaline conditions (Figure 2B).
Due to their small size, it is often difficult to observe

dendrimers under TEM. One way to facilitate the direct
observation is to encapsulate metal particles within the
dendrimer network.39 In this study, gold nanoparticles were
not only used to provide additional functionality to CNC−
PAMAM, but also to confirm the successful grafting of PAMAM
on CNC. CNC−PAMAM−Au-1 was prepared using NaBH4 as
the reducing agent (Table 1). Figure 3A shows the well-dispersed
gold nanoparticles on the order of 2 to 4 nm on CNC−PAMAM,
which confirmed the successful grafting of PAMAM dendrimers
on CNC.
In a recent study, it was suggested that polymers rich in amine

functionality may serve as effective reducing agents for the
synthesis of gold nanoparticles.33 To investigate the efficacy of
CNC−PAMAM as both a nanoreactor and reducing agent, gold

Figure 2. pH-dependent ζ-potential (A) and corresponding optical photographs (B) of 0.08% w/w CNC−PAMAM solutions.

Figure 3. TEM images of CNC−PAMAM−Au-1 (A), CNC−PAMAM−Au-2 (B), CNC−PAMAM−Au-3 (C), CNC−PAMAM−Au-4 (D), CNC−
PAMAM−Au-5 (E, and CNC−PAMAM−Au-6 (F).
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nanoparticles were prepared on the surface of CNC−PAMAM in
the absence of NaBH4 over a range of pH values. Figure 4 shows

the successful reduction of AuCl4
− by CNC−PAMAM (0.008%

w/w) under mild acidic conditions (pH 3.3 and 4.6). The
production of gold nanoparticles caused the solution to turn into
a red dispersion. No color change was observed under neutral
and basic conditions (pH ≥ 6.2), indicating that the protonated
amine groups played an important role in the reduction of
AuCl4

− to Au0. Large CNC−PAMAM aggregates were observed
for pH ≥ 4.6 due to electrostatic attraction between protonated
amine groups and AuCl4

−. However, the sufficiently high positive
surface charge of CNC−PAMAM at pH 3.3 allowed for the
solution to remain stable. Therefore, all subsequent synthetic
reactions were maintained at pH 3.3.
To study the effect of CNC−PAMAM concentration on the

size of the resulting gold nanoparticles, three concentrations
(0.040%, 0.020% and 0.008% w/w) were used for the reduction
of HAuCl4 at 25 °C. TEM images were obtained to elucidate the
morphologies of the resulting CNC−PAMAM hybrids (CNC−
PAMAM−Au-2, CNC−PAMAM−Au-3 and CNC−PAMAM−
Au-4, respectively). The TEM image of CNC−PAMAM−Au-2
showed gold nanoparticles with diameters in the range of
approximately 10 to 50 nm (Figure 3B). Meanwhile, the TEM
images of CNC−PAMAM−Au-3 (Figure 3C) and CNC−
PAMAM−Au-4 (Figure 3D) displayed gold nanoparticles with
diameters of less than 20 nm. Further, the particle size
distributions became more uniform when the concentration of
CNC−PAMAMwas reduced. These results indicated that a high
concentration of CNC−PAMAM resulted in a rapid HAuCl4
reduction and nanoparticle growth, yielding a broad size
distribution of gold nanoparticles bound to CNC−PAMAM.
Therefore, better control of the gold nanoparticle size and
distribution could be achieved using a lower CNC−PAMAM
concentration.
To evaluate the effect of temperature on the size of gold

nanoparticles, CNC−PAMAM (0.008% w/w) was also used to
reduce HAuCl4 at 50 °C for 1 h (CNC−PAMAM−Au-5) and 75
°C for 0.5 h (CNC−PAMAM−Au-6). The reaction time was
significantly shortened due to the increased reaction rate at
higher temperatures. Using a low CNC−PAMAM concentration
(0.008% w/w), no large gold nanoparticles were observed.
However, minor aggregation of the particles was evident, which
broadened the overall particle size distributions. Upon
comparing CNC−PAMAM−Au-5 (Figure 3E) with CNC−
PAMAM−Au-6 (Figure 3F), we observed the latter displayed a

slight increase in the size of the particles, whichmay have resulted
from the rapid reduction and particle growth rate at the elevated
temperature.
The effects of concentration and temperature on gold

nanoparticle size were further confirmed by TEM images of
CNC−PAMAM−Au nanohybrids synthesized with different
concentrations of CNC−PAMAM at 75 °C. The TEM images
revealed the presence of larger aggregates and increased size of
gold nanoparticles with 0.040% and 0.020% CNC−PAMAM
(Figure S3 of the Supporting Information). Therefore, good
dispersion and narrow size distribution of gold nanoparticles are
more likely to be achieved at moderate temperature in low
concentration of CNC−PAMAM, with PAMAM serving as the
reducing agent. However, particle-size distributions are much
narrower for products obtained using NaBH4 as the reducing
agent. Generally, no large CNC−PAMAM aggregates were
observed for all products, and the attachment of gold
nanoparticles on the CNC surfaces were evident, confirming
the successful grafting of G6 PAMAM dendrimers on CNCs.
With the abundant positive surface charges at pH 3.3, all CNC−
PAMAM−Au hybrid systems were very stable, with no
observable precipitates forming within a 1 month period.
UV−vis absorption spectra of CNC−PAMAM−Au nano-

hybrids were measured from 300 to 700 nm (Figure 5). These

absorption peaks result from localized surface plasmon
oscillation and are characteristics of small gold nanoparticles.40

CNC−PAMAM−Au-1 possessed a light pinkish color and a
weak, broad absorption peak centered at approximately 510 nm.
The CNC−PAMAM−Au nanohybrids produced in the absence
of NaBH4, on the other hand, exhibited a rich red wine color and
a strong absorption peak at approximately 525 nm. Compared
with CNC−PAMAM−Au-1, the observed red shift suggests an
increase in the size of the gold nanoparticles, which agrees with
the TEM micrographs.
To evaluate the catalytic activity of gold nanoparticles loaded

on CNC−PAMAM, the reduction of 4-NP to 4-AP in the
presence of excess NaBH4 and CNC−PAMAM−Au was tested.
The corresponding rates of reaction were calculated using the
pseudo-first-order kinetic model, where the reduction process
was monitored by UV−vis spectrophotometry. Figure S4 of the
Supporting Information shows that, in the absence of a catalyst,
no reduction of 4-NP occurred. However, when CNC−
PAMAM−Au was introduced to the system, the absorbance
peak ascribed to 4-NP at 400 nm decreased as a function of time,

Figure 4. Optical photograph of CNC−COOH and CNC−PAMAM
solutions after the introduction of AuCl4

−.

Figure 5. UV−vis absorption spectra of CNC−PAMAM−Au nano-
hybrids.
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while a new peak assigned to 4-AP at 290 nm appeared. The
catalytic reduction was complete within 270 s for CNC−
PAMAM−Au-1 (Figure 6A) and 510 s for CNC−PAMAM−Au-
4 (Figure 6C). Linear correlations between ln(At/A0) (At and A0
represent the absorbance values of 4-NP at 400 nm at designated
time t and t = 0, respectively) and the kinetic parameters were
obtained (Figure 6B,D). The pseudo-first-order rate constant k
was 1.5× 10−2 and 7.2× 10−3 s−1 for CNC−PAMAM−Au-1 and
CNC−PAMAM−Au-4, respectively. These results indicated that
the smaller gold nanoparticles present on the surface of CNC−
PAMAM−Au-1 displayed a more efficient catalytic performance.
The improved efficiency is attributed to their larger specific
surface area, which provided more accessible area for the
reduction reaction to occur.41 The activity factor κ, which is a
ratio of the rate constant k over the total catalyst mass, was
calculated in order to compare the present results with those of
previously reported studies. κwas estimated to be 3333 and 1600
s−1 g−1 for CNC−PAMAM−Au-1 and CNC−PAMAM−Au-4,
respectively. In comparison with a recently reported Au/
graphene catalyst (κ = 31.7 s−1 g−1),42 the environmentally
friendly and sustainable catalysts described here offer 2 orders of
magnitude improvement. The turnover frequency (TOF), which
represents the number of moles of 4-NP reacted per mole Au per

hour, was evaluated for each system and found to be 5400 and
2590 h−1.
The catalytic performances of various CNC−PAMAM−Au

nanohybrids were evaluated under similar conditions, and the
results are summarized in Table 3. The successive UV−vis
absorption spectra and the corresponding logarithm of the
absorbance at 400 nm as a function of time are shown in Figure
S5 of the Supporting Information for CNC−PAMAM−Au-2 and
CNC−PAMAM−Au-3 (effect of CNC−PAMAM concentra-
tion) and Figure S6 of the Supporting Information for CNC−
PAMAM−Au-5 and CNC−PAMAM−Au-6 (effect of temper-
ature). The results show that CNC−PAMAM−Au-2 exhibited
the lowest catalytic activity, likely a result of the larger gold
nanoparticles. Other products using CNC−PAMAM den-
drimers as the reducing agent for gold nanoparticles displayed
good catalytic behavior. No significant trends were observed in
their catalytic performance. In general, these results confirmed
the relatively high catalytic efficiency of the CNC−PAMAM−Au
systems, which may be attributed to accessible, well-dispersed,
and unpassivated gold nanoparticles present on CNC−PAMAM.
It is often valuable to recover and reuse noble metal

nanoparticle catalysts. By taking advantage of the pH-responsive
characteristics of these new nanostructure systems, the catalysts

Figure 6. Successive UV−vis absorption spectra of the reduction of 4-NP by NaBH4 in the presence of CNC−PAMAM−Au-1 (A) and CNC−
PAMAM−Au-4 (C); corresponding logarithm of the absorbance at 400 nm as a function of time (B and D).

Table 3. Catalytic Performance of Six CNC−PAMAM−Au Systems

sample Au nanoparticle diameter (nm) pseudo-first-order rate constant k (s−1) activity factor κ (s−1 g−1) turnover frequency TOF (h−1)

CNC−PAMAM−Au-1 2−4 0.015 3333 5400
CNC−PAMAM−Au-2 10−50 2.2 × 10−3 489 792
CNC−PAMAM−Au-3 10−20 4.5 × 10−3 1000 1620
CNC−PAMAM−Au-4 10−20 7.2 × 10−3 1600 2590
CNC−PAMAM−Au-5 10−25 6.7 × 10−3 1489 2410
CNC−PAMAM−Au-6 10−25 5.1 × 10−3 1133 1840
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could be readily recovered by adjusting the pH to neutral,
inducing particle aggregation. The aggregated nanocatalysts
could then be recovered via filtration, washed and recycled for at
least three cycles (Figure 7). This recyclability of the CNC−
PAMAM−Au is particularly relevant its application in large-scale
operations.

■ CONCLUSIONS
PAMAM dendrimers were successfully grafted onto oxidized
CNCs using carbodiimide-mediated amidation reaction. Fourier
transform infrared (FTIR) and pH-dependent ζ-potential values
confirmed the presence of PAMAM dendrimers on the CNC
surface. The size of the CNC−PAMAMhybrid, as determined by
DLS, was greater than that of CNC and CNC−COOH. The
TEM image of CNC−PAMAM showed that the characteristic
rod-like CNC structure was preserved, confirming that the
grafting reaction was well controlled. Gold nanoparticles of
different sizes were formed on the CNC−PAMAM hybrid using
NaBH4 or PAMAM dendrimers as reducing agents. The use of
NaBH4 resulted in homogeneously dispersed gold nanoparticles
(CNC−PAMAM−Au-1) with sizes in the range of 2−4 nm in
diameter. The size distributions of gold nanoparticles were much
broader for products obtained using PAMAM dendrimers as the
reducing agents. The effects of CNC−PAMAM concentration
and temperature on gold nanoparticle size were investigated. No
significant difference was observed for their catalytic activities,
with the exception of CNC−PAMAM−Au-2, which exhibited
the lowest catalytic activity due to the large size and low specific
surface area of the bound gold nanoparticles. CNC−PAMAM−
Au-1 and CNC−PAMAM−Au-4 systems displayed good
catalytic properties toward reducing 4-NP to 4-AP, with rate
constants of 1.5 × 10−2 and 7.2 × 10−3 s−1, respectively. In
addition, simple separation and recovery was achieved by
adjusting the pH of the system, causing the catalyst particles to
phase separate from the solution. Based on the well-studied
encapsulation of inorganic nanoparticles within PAMAM
dendrimers, other functional inorganic nanoparticle complexes
can be further explored.
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