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Abstract Dawson heteropolyacid, H6[P2W18O62], was

chemically anchored to the amine-functionalized nanosili-

ca surface in different loadings. The synthesized nano-

composite was characterized by FT-IR spectroscopy and

N2 adsorption experiments. The preservation of the struc-

ture of the Dawson and dispersion of the cluster on the

support were verified on the basis of the spectroscopic data.

The photocatalytic degradation efficiency of the synthe-

sized nanocomposites was studied using an aqueous solu-

tion of malachite green dye as a model water pollutant. The

mineralization of dye contents was investigated in different

loadings from 10 to 30 % at room temperature. Decolor-

ization was observed in shorter time using 30 % loading.

The photocatalyst was reusable after the filtration and

remained active even after being washed with hot water,

which confirm its attachment firmly to the surface of

amine-functionalized nanosilica.
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Introduction

Removal of toxic chemicals from the waste waters is one of

the most important subjects in pollution control. Many

water treatment techniques including condensation, ultra-

filtration, membrane separation, and adsorption have been

adopted and employed to remove persistent organic com-

pounds and microorganisms from water [1, 2].

Among a wide variety of organic water pollutants,

malachite green (MG) is one of the most hazardous organic

pollutants. It is extensively employed as food coloring

agent, food additive, medical disinfectant, and anthelmin-

tic, dye in the silk, wool, jute, leather, cotton, and paper [3].

Unavoidably, in spite of its genotoxic and carcinogenic

properties [4], it is still inevitably, being extensively used

in the aforementioned industries due to its low cost,

availability, and efficacy [5] and from these ways enter

massively to the underground waters.

Therefore, it is necessary to develop appropriate treat-

ment methods for entire destruction of these pollutants

from the industrial waste water in their sources. Recently, it

has been shown that photocatalytic oxidation of organic

compounds is an option to conventional and biological

methods for the removal of toxic chemicals and other

organic pollutants in waste water [6–10]. In this region,

several attempts have been carried out on the heteroge-

neous photocatalysis as an alternative and superior process

for the waste water treatment.

In recent years, heteropolyacids (HPAs) have attracted

much attention and being used as photocatalysts owing to
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its photophysical and photochemical properties, analogous

to semiconductors [11, 12].

Considering heterogeneous catalysis, HPAs should be

immobilized on a support material and the catalyst should

be, preferentially, chemically attached to this support to

avoid the leaching during catalytic cycles. HPAs, have

been immobilized on solid supports, such as amorphous

silica, hexagonal silica or MCM-41 [13–18].Although

there are many types of supports, the common silica type

is often employed, due to its availability and chemical

stability.

There are two common ways that HPAs could be

supported on the surface of silica. (a) HPAs are intro-

duced onto the silica via incipient wetness method

[19, 20]. For these materials, leaching of HPAs could also

be observed when they were applied to polar solvents.

(b) An indirect method in which the silica surfaces are

initially functionalized with an amine ligand with sub-

sequent treatment with HPAs [21, 22]. The amine ligand

reacted with HPA to obtain salt (NH3�HPA) whose bond

is much stronger than the hydrogen bond between silanol

group and HPA, thus the HPA was held firmly to the

silica surface.

In this paper, in continuation of our interests and

experiences on HPAs [23] and cited references therein [23]

for extending the applications of Dawson HPA, a novel

nanocomposite based on propylamine-functionalized

nanosilica and Dawson polyoxometalate, H6[P2W18O62],

have been prepared in different loadings and their capa-

bility examined for photocatalytic degradation of MG.

Experimental

Chemicals and instruments

All chemicals were purchased from commercial sources

and used as received. FT-IR spectra were recorded using

a Brucker scientific spectrometer (solid sample, KBr

pellets). A double beam UV–Vis spectrophotometer was

used for UV–Vis analysis (OPTIZEN 3220). The specific

surface area (SBET) of supports and catalysts was deter-

mined by nitrogen adsorption/desorption technique (ambi-

ent temperature: 296�K, ambient pressure: 0.88 atm, gas

flow rate: 10 sccm, attenuation: 32, detector temperature:

70 �C).

Preparation of Dawson acid

The Dawson acid, H6[P2W18O62], was prepared from a a/b
K6P2W18O62 mixture. Orthophosphoric acid in a 4:1 acid/

salt ratio was added to a boiling solution of sodium tung-

state, and the mixture was refluxed for 8 h. The salt was

precipitated by adding potassium chloride, then purified by

recrystallization. The product was filtered, washed and then

vacuum dried for 8 h. Purity was checked by comparison

of IR spectra and results showed that obtained Dawson is

pure.

The acid was obtained from an aqueous solution of

salt, and treated with ether and concentrated HCl solu-

tion. The ether was evaporated and the remaining solu-

tion was placed in a vacuum desiccator until being

crystallized.

Preparation of amine-functionalized nanosilica-

supported Dawson

For the preparation of amine-functionalized nanosilica,

nanosilica was suspended in toluene and refluxed for 1 h.

Next, 3-aminopropyltriethoxy silane was added into the

above mixture with further stirring for 48 h. The product

was obtained by filtration, washed with toluene, ethanol

and water, and dried in vacuum for 12 h. Amine-func-

tionalized nanosilica-supported Dawson, was synthesized

by impregnating the obtained powder with an aqueous

solution of the Dawson in different loadings (10–30 %).

After stirring the mixture, the solvent was evaporated to

dryness. The obtained powder was dried in an oven at

80–85 �C.

Photocatalytic test

In a typical reaction, photocatalyst was added to a solution

of MG, sonicated for 10 min and left over for 15 min in a

dark place. The mixture was irradiated under a high-pres-

sure mercury lamp as UV light source at constant tem-

perature of 25 �C. At given irradiation time intervals,

liquid samples were taken from the mixture and the

absorbance of the malachite green solution was measured

using a UV–Vis spectrophotometer.

Results and discussion

Amine-functionalized nanosilica-supported HPA was

obtained via the wet impregnation technique by the addi-

tion of HPA to functionalized nanosilica in water. HPA

molecules can be immobilized onto nanosilica through the

interaction between silica and HPA molecules.

The nanosilica NH2–HPA nanocomposites were resis-

tant to the removal with water due to strong interaction

between the HPA and the support.

Loading of HPAs on silica allows heterogenous HPA

catalysis with many advantages such as easy separation of

the catalyst. This also effectively increases the surface area

of HPAs [24].
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BET calculation based on nitrogen adsorption studies

revealed that the specific surface area increased after the

immobilization of the Dawson HPA on the functionalized

nanosilica support. The BET surface area of HPA, and

supported compounds with 10 and 30 % loadings (HPA

content covered on the nanosilica, W%) were obtained as

0.848, 2.485 and 6.192 m2/g, respectively. Dispersing

HPAs on solid supports is important because the surface

area of unsupported HPAs is usually low [25]. It was found

that the surface area increases as the amount of HPA

loading increases. The increase in surface area upon HPA

loading may be due to the high dispersion of the HPA on

support, providing more surface area and active sites,

compared to the unloaded HPA.

FT-IR spectra of functionalized nanosilica–Dawson

nanocomposites in the 400–1100 cm-1 region showed the

main strong bands due to the silica framework (Fig. 1). For

example intense and broad stretching vibrations character-

istic for silica framework at ca. 1080, 795 and 467 cm-1 due

to tas (Si–O–Si), ts (Si–O–Si) and d (O–Si–O) [15] were

observed in the spectrum. These bands, together with two

shoulders at about 950 and 550 cm-1 for amine-function-

alized nanosilica, obscured partially the characteristic bands

of Dawson of the stretching vibrations of P–O, W=O and W–

O–W bonds in 1090, 962, 914 and 773 cm-1, respectively.

The aforementioned bands were observed vividly by sub-

traction of silica NH2–Dawson spectra with the spectrum of

amine-functionalized nanosilica. In general, these results

indicate that when Dawson is immobilized on the amine

functionalized nanosilica support, no degradation of Daw-

son-type occurs and Dawson interacts with the nanosilica

surface and binds to it strongly and firmly.

The photodegradation of the MG in a designed photo-

reactor was performed to estimate the catalytic activity of

the synthesized nanocomposites in different loadings

(10–30 %). The intensity changes of UV band in malachite

green in a photocatalytic reaction were examined. Figure 2

shows UV–Vis results. It is clear that the photocatalytic

activity depends on the percentage of loadings.

Under the effects of UV light, the catalyst was acti-

vated by incident light energy which was higher than the

energy bands of HPA, leading to the charge transfer from

an O2-ion to a W6? ion. This charge transfer led to the

formation of a pair of hole center (O-) and trapped

electron center (W5?) or a strongly oxidizing excited state

of HPA. The band gap energy refers to the energy dif-

ference between the HOMO and LUMO. The gaps inhibit

the recombination of electrons and holes that are gener-

ated by the irradiation of the surface of the photocatalyst

with the light energy higher than the band gap energy

[26]. Photooxidation of the organic compounds was per-

formed via the reaction of the OH radical or direct

reaction of excited HPA catalyst with the substrate. The

‘‘surface’’ bound OH radicals were produced by the

reaction of the excited catalyst with water. The formation

of the OH radical has been confirmed and well estab-

lished [27]. Finally, reoxidation of the HPA catalyst to its

original oxidation state was easily performed using an

electron acceptor such as dioxygen. The rate-determining

step in the photocatalytic cycle is the reoxidation of the

catalyst. The reoxidized form of POM makes the reaction

to progress.

From Fig. 2, we can conclude, there is an increase in

photocatalytic activity, resulting in 100 % bleaching of

the dye after 40 min in the presence of 30 % loadings.

With 10 and 20 % loadings, the bleaching of the dye is

obtained after 60 and 65 min. There is no difference

between catalytic activity in 10 and 20 % loadings. It is

attributed to the partial degradation of heteropolyacid on

the support in low loadings. The decomposition of

Dawson ions on the SiO2 support at low loadings is due

to the strong interaction with the silanol groups [28]. As

expected when surface area was increased, photocatalytic

activity is increased accordingly.

There are three types of catalysis of solid HPAs; surface

type, bulk type I, and bulk type II catalysis. Surface-type

catalysis is the ordinary heterogeneous catalysis, where the

reactions take place on the two-dimensional surface of

solid catalysts. The reaction rate is proportional to the

surface area in principle. In the bulk-type (I) catalysis, e.g.,

acid-catalyzed reactions of polar molecules over the

hydrogen forms and group A salts at relatively low tem-

peratures, the reactant molecules are absorbed in the

interpolyanion space of the ionic crystal and react there,

and then the products desorbed from the solid. The solid

behaves in a sense like a solution and the reaction field

becomes three dimensional. Therefore, it is called

‘‘pseudoliquid’’ catalysis. The reaction rate is proportional

to the volume of catalyst or, for example, the rate of acid-

catalyzed reaction is governed by the bulk acidity. This

type of catalysis has been observed not only for gas–solid

but also for liquid–solid systems.

In bulk type II, although the principal reaction may

proceed on the surface, the whole solid bulk takes part in

redox catalysis owing to the rapid migration of redox

carriers such as protons and electrons. The rate is propor-

tional to the volume of catalyst in the ideal bulk-type (II)

catalysis.

Because the bleaching time of MG is decreased with

increase in surface area, it is suggested that, the photo-

degradation of malachite green proceeds via a surface type

catalysis. At the end of the reaction, the photocatalyst was

filtered, washed, dried, and reused in another reaction. The

recycled photocatalyst was used in four reactions without

observation of appreciable loss in its catalytic activity. It

means that the catalyst structure is preserved.
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Fig. 1 IR spectra of a Dawson

heteropolyacid, b Amine-

functionalized nanosilica,

c Amine-functionalized

nanosilica-supported Dawson
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Fig. 2 Photodegradation of

MG in different loadings:

a 30 %, b 20 % and c 10 %
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Conclusions

In conclusion, the present study, demonstrates the photo-

catalytic activity of amine-functionalized nanosilica-sup-

ported Dawson HPA for the photodegradation of MG in

heterogeneous conditions. The results showed that the HPA

is strongly bounded to the support surface and loading

percentage is an important factor. The significance of this

study using inexpensive and easily prepared catalysts

fundamentally lies in the fact that their applications would

lead to an alternative technology for the other systems for

removal of toxic chemicals from the waste water, which

are of interest for the environmental scientists, and nano-

technologists, along with the advantages from the envi-

ronmental point of view. In addition, we hope this simple

experimental setup and procedure make this method a

useful addition to the present methodologies and applica-

tions in large-scale chemical activities.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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