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In this paper, for the first time, chemically modified dendrimer-ZnO nanocomposite was prepared and
used for the photodegradation of an azo dye naphthol blue black (NBB) under UV light. Initially, ZnO was
prepared by simple physical grinding of zinc acetate with sodium hydroxide under solvent free condition.
The chemical modification of ZnO was carried out by binding poly(amido amine) (PAMAM) dendrimer
through glycidoxypropyltrimethoxy silane as a binding agent. The formation of rod like dendrimer-ZnO
nanocomposite was confirmed by different characterization techniques. The photocatalytic activity was
highly influenced by initial pH of dye solutions. This catalyst was reusable.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor photocatalysis is one of the potential methods
for environmental purification and converting photon energy into
chemical energy [1-4]. A main drawback to achieve high photo-
catalytic efficiency is the rapid recombination of photo-generated
electron-hole pairs. Therefore, to enhance the photocatalysis
efficiency, itis essential to retard the recombination of the electron-
hole pairs. Many works have been devoted to achieve the high
photocatalytic efficiency by coupling the photocatalysts with other
materials, such as noble metals [5,6], semiconductors [3,7], carbon
dot [8], etc.

Dendrimers are synthetic macromolecules with a dendritic
structure. Especially, poly(amido amine) (PAMAM) dendrimer of
the fourth generation (G4) with an ethylenediamine core can be
used as convenient dendritic nanocarriers for carrying molecules
including biological drugs and genes [9,10] on account of its size
(diameter: 4.5-5nm)[11,12],spherical shape[13]and the presence
of functional groups analogous to those occurring in biomolecules
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[14] (thatis, 124 amide groups, 62 tertiary amine groups, 64 appar-
ent primary amine groups) [15]. PAMAM dendrimer had also been
used as biosensors combined with platinum nanoparticles and car-
bon nanotubes [16], and TiO, protected by dendrimer was used
for the degradation of 2,4-dichlorophenoxyacetic acid [2]. In the
present study, we have chosen ZnO as a base material.

ZnO is known to be one of the important photocatalysts because
of its many advantages, such as low price, large initial rates of activ-
ities, many active sites with high surface reactivity, high absorption
efficacy of light radiations, and environmental safety. The energy
levels for the conduction and valence bands, the chemical proper-
ties and the electron affinity of ZnO are similar to those of TiO,
making ZnO a likely candidate as a semiconductor material for
photocatalysis. Itis also anticipated that ZnO can become a versatile
alternative to TiO, [17-19], since some researchers have mentioned
that ZnO is much more efficient than TiO,, particularly, on photo-
catalytic degradations of azo dyes [18-20]. ZnO is one of the most
important n-type semiconductor materials with a 3.37 eV band gap
at room temperature and a 60 meV excitation banding energy [21]
that is in the UV region and makes this nanoparticle an efficient UV
absorber [22].

However, ZnO also has several drawbacks, including the fast
recombination of the photogenerating electron-hole pair and a low
quantum yield in the photocatalytic reactions in aqueous solutions,
which obstruct the commercialization of ZnO for photocatalytic
degradation. In order to improve photocatalytic activity of ZnO,
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several methods have been developed [3,5,23-25]. For this reason,
reactive silane coupling agents have often been used as they can
form stable chemical bonds between both inorganic (metal oxide)
and organic materials. To date, literatures related to surface func-
tionalization of metal oxides have largely been focused on silica
particles [26,27], and some molecular treatments of ZnO particles
have been investigated [28,29].

Therefore, in the present investigation, for the first time, the sur-
face of ZnO prepared by simple physical grinding was chemically
modified by PAMAM dendrimer using glycidoxypropyltrimethoxy
silane (GPTMS) as a binding agent. The chemical modification of
particle (ZnO) surface, which can be classified as surface graft-
ing, is the most promising method because of the strong covalent
bond between particle surface and PAMAM dendrimer. The surface
modification reduces its surface energy and hence the agglomera-
tion, resulting in the dispersibility of ZnO particles. To the best of
our knowledge, this is the first report on the synthesis of chem-
ically modified dendrimer-ZnO nanocomposite and its use in the
degradation of naphthol blue black (NBB) dye under UV light illu-
mination.

2. Experimental
2.1. Materials

Zinc acetate dihydrate (99%) and sodium hydroxide were
obtained from Acros Chemicals. A 10 wt% methanol solution of
fourth generation (G4) amine-terminated PAMAM dendrimer, gly-
cidoxypropyltrimethoxy silane (GPTMS), and azo dye NBB (the
structure of the dye and its absorption maxima are given in Figure
S1, see Supplementary data) were obtained from Aldrich Chemicals
and used as received. The ultra-pure (Milli Q) water was used to
prepare experimental solutions. An aqueous H,SO4 or NaOH solu-
tion was used for adjusting the pH of the solution before irradiation.

2.2. Analytical methods

Fourier transform-infrared (FT-IR) absorption spectra were
recorded on a Thermo Nicolet Nexus 6700 instrument. The crystal
phase analysis was done by a wide-angle X-ray diffraction (XRD)
(Bruker D2 Phaser, USA) at 10 mA current and 30KkV voltage with
a monochromatic CuKa radiation (A =1.5405A) with a 26 step of
0.05° per 1s, and a scan range of 260=20-80°. On an observa-
tion with a JEOL JSM-6500F cold field emission scanning electron
microscope (FE-SEM), the samples were mounted on a gold plat-
form placed in chamber. The transmission electron microscopic
(TEM) observation was carried out on a Hitachi H-7000, Japan,
with an acceleration voltage of 100kV. The specimens were pre-
pared by depositing a drop of the suspension of sample powder,
which was ultrasonically dispersed in acetone for 10 min, on a
carbon-coated copper grid, followed by drying at room tempera-
ture. The ultraviolet-visible absorption spectra were recorded using
aJasco V-670 series UV spectrometer. For the measurement of dif-
fuse reflectance spectra (DRS), the powder sample was dispersed
in acetone and the quartz plate was dipped in the concentrated
dispersion and dried in an air.

2.3. Synthesis of dendrimer-ZnO nanocomposite

Zn0 was prepared by simple physical grinding of zinc acetate
with sodium hydroxide using pestle and mortar (Scheme S1, see
Supplementary data) under solvent free condition. About 5 mmol
(0.9174g) of zinc acetate dihydrate was taken in mortar, and
20 mmol (0.8 g) of sodium hydroxide pellets were added. Then the
mixture was ground in a mortar with pestle at room temperature.
The grinding was continued for 1h with 5min interval for each

10 min. The formed zinc hydroxide was washed several times with
water and ethanol, filtered and dried at room temperature for one
day. The crystals were calcined for 3 hat 200 °Cin the muffle furnace
heated at the rate of 20°C min~1.

About 100 mg of ZnO nano rods were dispersed in 10mL of
ethanol under ultrasonication for 10 min, followed by addition of
100 mg of GPTMS to this solution (Scheme 1). After ultrasonication
for 3 h, the unreacted GPTMS was removed by centrifugation. The
precipitate of GPTMS-modified ZnO was washed three times with
ethanol to complete removal of unreacted GPTMS.

About 100 mg of surface modified ZnO nano rods were dis-
persed in 20 mL of ethanol and 10 pL of G4-PAMAM dendrimer
was added to the dispersion. The mixture was stirred for 6 h at 50°
C (Scheme 1). The chemically modified dendrimer-ZnO nanocom-
posite was collected by centrifugation and dried in air for one day.

2.4. Photodegradation experiments

Photocatalytic activities of the as-obtained photocatalysts were
evaluated by the degradation of NBB azo dye under a HOYA-SCHOTT
Ex 250 photoreactor (UV light source <400 nm). In each experi-
ment, the reaction suspension containing photocatalyst (10 mg) in
a50mL NBB solution (30 ppm) was magnetically stirred in the dark
for 30 min to ensure the adsorption equilibrium between photocat-
alyst powders and NBB. Then the solution was exposed to the UV
light irradiation, and aliquots (4 mL) were sampled at given time
intervals and centrifuged to remove photocatalyst powders. The
filtrates were analyzed by recording the absorbance variations for
an absorption band (320 nm) of NBB.

3. Results and discussion
3.1. Characterization of catalyst

The prepared ZnO nano rods and dendrimer-ZnO nanocompos-
ite were characterized by different characterization techniques.
XRD patterns of ZnO nano rod and dendrimer-ZnO nanocomposite
are shown in Fig. 1. The diffraction peaks of ZnO (Fig. 1a) at 31.66°,
34.35°, 36.13° and 56.47° correspond to (100), (002),(101) and
(110) planes of wurtzite ZnO (JCPDS 89-0511). The diffraction pat-
tern of dendrimer-ZnO nanocomposite has no difference from that
of ZnO nano rods, as shown in Fig. 1b. This reveals that dendrimer-
ZnO nanocomposite has a wurtzite structure as well as ZnO nano
rods without any disturbance by dendrimer. IR studies were per-
formed to investigate the presence of PAMAM dendrimer in ZnO.
The IR spectra of ZnO nano rods and dendrimer-ZnO nanocom-
posite are given in Fig. 2a and b, respectively. Absorption bands
at 3384, 1548 and 1398 cm™! can be attributed to the characteris-
tic bands of surface hydroxyls of ZnO in both cases [1]. There are
three new bands at 3502, 3328 and 1616 cm~! in dendrimer-ZnO
nanocomposite (Fig. 2b), which can be attributed to the charac-
teristic bands of free and hydrogen bonded amino (—NH;) and
amide group (CONH) of G4-PAMAM dendrimer [30]. In addition,
dendrimer-ZnO has a strong absorption band at 1116cm~! due
to antisymmetric stretching vibration of 0—Si—0 framework from
GPTMS coupling agent [31].

The morphology of ZnO nano rods and PAMAM-ZnO was
observed by FE-SEM and TEM and the images are given in Fig. 3.
Both ZnO and PAMAM-ZnO had rod like structure, but the size
of the rods decreased after the chemical modification by PAMAM
dendrimer. It may be due to sonication effect during the sur-
face modification. Under sonication, the elongated rods may be
broken to decrease in length. The length of the nano rods was
from 100 to 300nm and the width of the rods was approxi-
mately 20-40nm, while the size of dendrimer-ZnO composite
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Scheme 1. Surface modification of ZnO by dendrimer using GPTMS.

was slightly shorter (50-150 nm) and thicker (30-50 nm). Further-
more, the rods and nanocomposite had some surface roughness.
These roughnesses are helpful to adsorb the dye on the surface
of the catalyst and it may increase the photocatalytic activ-
ity.

The diffuse reflectance spectra (DRS) of ZnO nano rods and
dendrimer-ZnO nanocomposite are shown in Fig. 4a and b, respec-
tively. The loading of PAMAM dendrimer on ZnO caused a small
red-shift in the absorption edge from 395 to 407 nm. This result
can be interpreted as a possible evidence for favorable interaction
between ZnO and PAMAM dendrimer. The band gap energies of ZnO
nano rods and dendrimer-ZnO were found to be 3.13 and 3.04 eV,
respectively. That is, the dendrimer-loading on ZnO decreases the
band gap energy of ZnO.

3.2. Photodegradability of NBB

3.2.1. Effect of dendrimer-loading

The loading effect of PAMAM dendrimer has been tested toward
NBB azo dye degradation (30 ppm of dye; 10 mg of catalyst and
pH of dye solution=6.5). The degradation was carried out using
ZnO nano rods and dendrimer-ZnO composite, and the results were
plotted concentration of NBB vs time, as shown in Fig. 5. The NBB
degradation was calculated from the decrease of absorbance of an

absorption band at 320 nm. When the experiment with dendrimer-
ZnO was performed in the dark environment without UV light
power, no degradation occurred (curve a). However, in dark envi-
ronment without UV light, the decrease in dye concentration in
bulk occurred for dendrimer-ZnO (19.3%) and bare ZnO (12%). It
may be the adsorption of dye on surface of the catalysts. Neg-
ligible degradation (0.2%) was also observed, when the reaction
without any catalyst was allowed in the presence of UV light
(curve b). From these observations, it can be clearly noted that
both light energy and photocatalysts are needed for the effective
degradation of NBB. About 80% of degradation took place at 75 min
irradiation with dendrimer-ZnO (curve c), whereas ZnO nano rod
gave 70% (curve d) degradation under the same condition. Sim-
ilar higher degradation was observed even 15-60 min irradiation
with dendrimer-ZnO. This indicates that dendrimer-ZnO has higher
efficiency toward NBB degradation than ZnO nano rods under UV
light.

3.2.2. Effect of solution pH

The pH is one of the important parameters which influence the
photocatalytic activity. Therefore, it is better to study the effect of
pH on photodegradation of NBB dye with dendrimer-ZnO under
UV light. The degradation of NBB by dendrimer-ZnO was carried
out at different initial pH of the dye solutions. It was found from
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Fig. 1. XRD Patterns of (a) ZnO nano rods and (b) dendrimer-ZnO nanocomposite.
Fig. 6 that the degradation strongly depended on the solution pH.
The degradation by dendrimer-ZnO at pH 4.0, 6.5 and 10.3 were

54.1,63.9 and 72.0%, respectively, for 60 min irradiation, indicating
that the efficient removal of NBB by dendrimer-ZnO is 8% higher
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Fig. 2. IR spectra of (a) ZnO nano rods and (b) dendrimer-ZnO nanocomposite.

at pH 10.3 than at pH 6.5. Meanwhile, bare ZnO loses its activity in
higher pH [32].

In order to achieve complete degradation at pH 10.3, the irradi-
ation time was varied and the corresponding UV-vis spectra of an
aqueous NBB (30 ppm) solution in the presence of dendrimer-ZnO
are obtained at different irradiation time, as shown in Fig. 7. There
was no significant change in absorption band positions during irra-
diation, but the absorbance of bands at 320 and 615 nm decreased
gradually due to the degradation. It was also found that the degra-
dation was reached 92.2% (12% higher than at pH 6.5) at 75 min
irradiation and the complete degradation was achieved at 90 min
irradiation for pH 10.3. This suggests that the degradation efficiency
of dendrimer-ZnO is higher at high pH (10.3) than at pH 6.5 and
that of bare ZnO. This is strong advantage for dendrimer-ZnO as a

100nm

Fig. 3. FE-SEM images: (a) ZnO nano rods, (b) dendrimer-ZnO nanocomposite; TEM images: (c) ZnO nano rods, (d) dendrimer-ZnO nanocomposite.
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photocatalyst. It was already reported that AgBr-loaded ZnO was
found to be very efficient toward NBB degradation at very high pH
(pH 12)[3],although ZrS,-ZnO had the highest degradation effect at
pH 6.5 [33]. The strong correlation of photocatalytic efficiency with
the doping of guest (analyte) on catalyst surface has been reported
for the system of dendrimer-protected TiO; [2,34]. The less removal
efficiency at high acidic pH range is due to the reaction of charged
ZnO with acids to produce the corresponding salt [3,5].

3.2.3. Stability of catalyst

In heterogeneous catalysis, the main advantage is the reusability
of the catalyst. The catalyst reusability is an important performance
of the photocatalytic process, because a significant cost reduction
on the treatment of dye effluent is indispensable. When the catalyst
was recycled owing to this reason, a drop in efficiency from 100%
(1st run) to 99% (3rd run) was obtained as shown in Fig. 8. These
results indicate that dendrimer-ZnO catalyst remains effective and
reusable under UV light. Earlier, nano-chain ZnO and modified ZnO
have been reported to have preferable antiphotocorrosive nature
[5,35]. Thus, supposed that dendrimer-ZnO is antiphotocorrosive,
this may be the reason for its reusability and photostability.
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Scheme 2. Mechanism of degradation of NBB by dendrimer-ZnO nanocomposite.

3.2.4. Mechanism of photocatalytic degradation

The charge separation and photocatalytic reaction on
dendrimer-ZnO photocatalyst are shown in Scheme 2. When
semiconductor is illuminated by UV irradiation, a valance band
(VB) electron goes to conduction band (CB), leaving a hole in
valance band. The conduction band electrons are reacted with
oxygen to produce superoxide radical anion, while the valance
band holes are reacted with water to produce hydroxyl radical.
Both species are very reactive toward NBB degradation. It was
found that dendrimer-ZnO nanocomposite was more efficient for
NBB degradation than ZnO nano rods. It could be expected that
the hydrophilization by binding of PAMAM dendrimer enhances
the adsorption of dye molecule on the surface of ZnO. More-
over, since PAMAM dendrimer can act as a reservoir of guest
molecules, it may increase the number of NBB dye molecules
close to the surface of ZnO. Similar result has been reported for
dendrimer-protected TiO, toward 2,4-dichlorophenoxyacetic acid
degradation [2]. The CB position of ZnO is more negative than the
standard redox potential E°=(0,/0,"~) (—0.33eV vs NHE) [36],
suggesting that electrons at CB of ZnO can reduce O, to O, .
In the same way, VB of ZnO is more positive than the standard
redox potential E°=(OH~/OH") (1.99 eV vs NHE) [37]. This suggests
that the generated holes in the VB of ZnO can oxidize OH~ or
H,0 to form OH’, then involving the photocatalytic degradation
of NBB.

4. Conclusion

Chemically modified dendrimer-ZnO was prepared for the
first time. Initially, ZnO nano rods were prepared by simple
physical grinding using pestle and mortar under solvent free
condition. Then its surface was modified using a GPTMS bind-
ing agent and chemically bound with G4-PAMAM dendrimer to
produce dendrimer-ZnO nanocomposite. The chemically modi-
fied dendrimer-ZnO nanocomposite was characterized by different
techniques. XRD revealed the formation of wurtzite ZnO. TEM
images revealed the formation of nano rods with surface rough-
ness. It should be noted that dendrimer-ZnO was more efficient
than ZnO nano rods for the degradation of NBB under UV light.
The optimum pH for efficient removal of dye was 10.3. Reusabil-
ity of this catalyst will make the treatment of dye effluent more

cost-effective. A degradation mechanism was proposed for higher
degradation efficiency of dendrimer-ZnO. Eventually, since the pre-
pared dendrimer-ZnO had superior photocatalytic activity toward
the degradation of NBB at high pH, this procedure may be usable to
the large scale treatment of industrial dye effluent which has high
pH.
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