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Abstract Surface of mesocellular silica foam (MCF) was

modified by grafting 3-aminopropyltriethoxysilane (AP-

TES) to have the positive charge, and thus, to provide sites

for the immobilization of H3PW12O40 (PW12). This mod-

ified-nanosized mesoporous silica (PW12-APTES@MCF)

was characterized by FTIR, XRD, BET and TEM. The

photoefficiency of this nanosized mesoporous toward

photodegradation of six dye solutions [rhodamine B, mal-

achite green, methylene blue, rose bengal, solophenyl red

(3-BL), yellow direct 50 (CI-50)] was investigated in a

photocatalytic reactor using UV lamp as a light source. The

effect of various experimental parameters on the degrada-

tion performance of the process was evaluated by exam-

ining catalyst dosage, initial dye concentration and pH of

the dye solution in the presence of PW12-APTES@MCF.

The photocatalytic behaviors of the PW12-APTES@MCF

were also compared with two mesoporous silica-supported

PW12-APTES@SBA-15 and PW12-APTES@KIT-6. It

indicated that the PW12-APTES@MCF had the highest

photocatalytic efficiency among three mesoporous silica-

supported PW12-APTES. These photocatalysts can be

reused several times although they get less active.

Keywords Mesocellular silica foam (MCF) �
Heterogeneous photocatalysis � Polyoxotungstate

Introduction

Dye pollutants from the textile industry are an important

source of environmental contamination. It is estimated that

1–15 % of the dye is lost during dyeing processes and is

released in wastewaters [1]. The release of these colored

wastewaters in the eco system is a dramatic source of

esthetic pollution, eutrophication and perturbations in

aquatic life [2]. A variety of physical, chemical and bio-

logical methods are presently available for treatment of

textile wastewater. Biological treatment is a proven tech-

nology and is cost effective. However, it has been reported

that the majority of dyes are only adsorbed on the sludge

and are not degraded [3]. Physical methods such as ion

exchange, adsorption, air stripping, etc., are also ineffec-

tive on pollutants which are not readily adsorbable or

volatile, and have the further disadvantage that they

simply transfer the pollutants to another phase rather than

destroying them. This leads to search for highly effective

method to degrade the dyes into environmentally com-

patible products [4–7].

Ordered mesoporous silicas represent a class of mate-

rials that can be used as adsorbents [8]. The most important

characteristics of the mesoporous silicas are the large sur-

face area, high mesopore volume, and narrow pore size

distribution in the range of mesopores. However, many

applications (such as adsorption, ion exchange, catalysis

and sensing) require these silica-based materials to have

specific attributes such as binding sites, stereochemical

configuration, charge density and acidity [9]. Functionali-

zation of the silica surface with organic groups is very

R. Fazaeli (&) � S. Parishani Foroushani

Department of Chemistry, Shahreza Branch,

Islamic Azad University, 86145-311 Isfahan, Iran

e-mail: fazaelirazieh@yahoo.com; fazaeli@iaush.ac.ir

H. Aliyan

Department of Chemistry, Mobarakeh Branch,

Islamic Azad University, 84815-119 Isfahan, Iran

S. Tangestaninejad

Department of Chemistry, Isfahan University,

81746-73441 Isfahan, Iran

123

J IRAN CHEM SOC (2014) 11:1687–1701

DOI 10.1007/s13738-014-0442-6



important and can be achieved via post synthesis grafting

or direct co-condensation synthesis routes [10, 11].

The photochemical behavior of polyoxometalates

(POMs) has been studied extensively in homogeneous

systems, and it indicates that the photo-oxidation efficiency

of POMs is comparable to that of the semiconductor TiO2

[12–19]. The major drawback to the practical applications

of POM photocatalytic systems is the high water solubility

of POMs, which impedes ready recovery and reuse of the

photocatalysts [20]. Otherwise, the active sites on the

surface of the catalyst are small because of the low-specific

surface areas of solid POMs (ca. 5 m2/g). Therefore, two

main methods for the preparation of insoluble POMs are

considered, i.e., precipitation with a counter cation such as

Cs? to form Cs3PW12O40 colloidal [21], and immobiliza-

tion of POMs into the solid matrix [22]. The latter is more

and more interesting, because the support makes POMs

easily handled and recycled [23–26].

In continuation of our work on the catalytic properties of

heteropoly acids (HPAs) [27–29], herein, we investigate on

the characteristics of the H3PW12O40 catalyst immobilized

on the 3-aminopropyltriethoxysilane (APTES)-modified

mesocellular silica foam MCF (donated as PW12-AP-

TES@MCF, hereafter). The photocatalytic activities of this

nanoporous composite have been evaluated using three

commercial cationic dyes [Rhodamine B (RhB), Malachite

green (MG), Methylene blue (MB)] and three commercial

anionic dyes [Rose Bengal (Roz.B), Solophenyl red (3-BL

or C.I. Direct 80), Yellow direct 50 (CI-50)] as model

pollutants. Choosing these dyes as pollutant molecules is

because of their importance as dyes in textile industry and

other various applications. These dyes are toxic and car-

cinogenic, and hence a number of researchers have made

attempts for the degradation of these dyes [30–32]. The

influences of experimental parameters were studied to

achieve to a better degradation efficiency of dyes. The

color removal of dye solutions without catalyst was studied

in all experiments. The rate constant, k, was calculated

from the slopes of the straight-line portion of the plots of ln

(C/Co) vs. time. To our knowledge, this is first study of

PW12-APTES@KIT-6 toward RhB, MG, MB, Roz.B,

3-BL, CI-50 photodegradations.

Experimental

All chemicals and reagents were purchased from Sigma-

Aldrich. Chemical structures, molecular weight (g/mol)

and kmax (nm) of the six used dyes are shown in Table 1.

Infrared spectra (400–4,000 cm-1) were recorded from

KBr pellets on a PerkinElmer Spectrum 65 spectrometer.

The X-ray powdered diffraction patterns were performed

on a Bruker-D8ADVANCE with automatic control. The

patterns were run with monochromatic Cu Ka (1.5406 Å)

radiation with a scan rate of 2�min-1. Nitrogen adsorption

measurements were performed at -196 �C using an ASAP

2010 M surface analyzer, and the pretreatment temperature

was 180 �C. Transmission electron micrographs (TEM)

were obtained on a Joel JEM 2010 scan-transmission

electron microscope. The sample for the TEM measure-

ment was suspended in ethanol and supported on a carbon-

coated copper grid. The UV light source was a Hg lamp

(75 W). The absorption spectra were registered on a double

beam spectrophotometer (Carry 100 Scan) in suprasil

quartz cells of 1-cm optical path length, and the absorbance

of samples was measured in the wavelength range of

190–900 nm. In order to remove photocatalyst particles

before analysis, the suspensions were centrifuged with

‘‘type-H-11n’’ and 3,500 rpm for 5 min. The influence of

pH on the absorption was studied by adding HCl or NaOH

solutions to the suspensions. Total organic carbon (TOC)

measurements were carried out by TOC analyzer of Shi-

madzu TOC-VCSN (Japan).

Synthesis of mesoporous MCF

The mesoporous MCF support was prepared as described

previously [33] using a the Pluronic P123 triblock

copolymer (EO20PO70EO20) surfactant with 1,3,5-trimeth-

ylbenzene (TMB) as the organic swelling agent. A solution

of P123:TMB:1.6 mol/L HCl:tetraethoxysilane (TEOS) =

2:1.5:75:4.25 (mass ratio) was prepared at 40 �C. After

24 h at 40 �C, the milky reaction mixture was transferred

to an autoclave and crystallized at 100 �C for 48 h. The

solid product was filtered, washed, dried at 90 �C, and

eventually calcined at 600 �C for 5 h in air to remove the

template.

Surface modification of MCF and immobilization

of H3PW12O40

Scheme 1 shows the procedures for the surface modifica-

tion of MCF and the subsequent immobilization of

H3PW12O40 (PW12) on the APTES@MCF. Surface modi-

fication of MCF was done by a grafting method [34].

To a suspension of 10 g of calcined MCF in 50 mL dry

toluene, 2.68 g of 3-aminopropyltriethoxysilane was added

slowly and heated to reflux with continuous stirring for 8 h

under nitrogen atmospheres. The powdery sample con-

taining amino groups was filtered, washed with acetone and

then soxhlet extracted using a solution mixture of diethyl

ether and dichloromethane (1:1) for 24 h and dried under

vacuum. It was finally calcined at 180 �C for 2 h to yield

the APTES@MCF. Immobilization of PW12 on the AP-

TES@MCF was achieved as following. APTES@MCF

(1.0 g) was added into the acetonitrile solution (5 mL)
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containing 0.5 g of PW12 with vigorous stirring at room

temperature, and the resulting solution was maintained at

room temperature for 24 h. The solid product was filtered,

and then it was dried overnight at 80 �C to yield the PW12-

APTES@MCF [34].

Photocatalytic activity

Photodegradation experiments were performed with a pho-

tocatalytic reactor system. The bench-scale system is a

cylindrical Pyrex-glass cell with 1.0-L capacity, 10-cm

inside diameter and 15-cm height. Irradiation experiments

were performed using medium pressure Hg lamp (75 W),

then it was placed in a 5-cm diameter quartz tube with one

end tightly sealed by a Teflon stopper. The inner tube con-

taining the lamp was placed directly into the outer Pyrex tube

so that the solution was between the two tubes and directly

exposed to the UV emanating from the quartz tube. The lamp

and the tube were then immersed in the photoreactor cell

with a light path of 3.0 cm. A magnetic stirrer was used

continuously to guarantee good mixing of the solution.

Generally, HCl (1 M) and NaOH (1 M) were used to adjust

the pH value in the beginning of all experiments including

the effect of pH study. The decolorization of the six com-

mercial dyes [Rhodamine B (RhB), Malachite green (MG),

Methylene blue (MB), Rose bengal (Roz.B), Solophenyl red

(3-BL), Yellow direct 50 (CI-50)] were analyzed by UV–Vis

spectrophotometer (Carry 100 Scan). The decolorization

was determined at the wavelength of maximum absorption

of each dye. In the investigation of pH, due to shift in the kmax

value, new kmax was determined by scanning the samples at a

range of 190–900 nm. Decolorization efficiency was deter-

mined using absorbance of solutions before and after

photodecolorization experiments. To determine the surface

adsorption amount, control experiments in the dark condi-

tion were carried out in parallel in each case in the presence

of catalyst during the decolorization of the mentioned six

dyes. The decolorization efficiency of the dye was deter-

mined by the following equation (Eq. 1):

Decolorization efficiency %ð Þ ¼ C0 � C

C0

� 100 ð1Þ

where C0 is the initial concentration of dye, and C is the

concentration of dye after irradiation in selected time

(EtO)3Si NH2

O
O

Si

O OH

NH3+

O O O

Si

NH3+

O OO

Si

NH3+

O

Si

O O OH

NH2

OH
OH OH

OH

2h

2h, reflux

Toluene

MCF

APTES@ MCF

+ H3PW12O40

24 h, r,t.

PW12
3-

PW12-APTES@ MCF

cell

window

Scheme 1 The procedures for

the surface modification of

MCF and the subsequent

immobilization of PW12 on

APTES@MCF
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interval. In order to obtain maximum decolorization effi-

ciency, the effects of key operating parameters such as

dosage of photocatalyst, initial concentration of dye and

solution pH (3–11) on photodecolorization process, were

studied. To investigate the extent of surface adsorption

during the decolorization of dye, control experiments in

dark condition were performed at the presence of catalysts,

in accordance to each case.

Fig. 1 a FTIR spectra of MCF materials, b TEM images and c XRD patterns (2h = 10�–80�) of PW12-APTES@MCF, (inset: 2h = 0.7–10);

d N2 adsorption–desorption isotherms and pore size distributions (inset) calculated by the BJH method of bare MCF and PW12-APTES@MCF

Table 2 The texture parameters of parent silicas (MCF) and PW12-

APTES@MCF in comparison with the bulk PW12, PW12-AP-

TES@SBA-15 and PW12-APTES@KIT-6

Entry Sample BET, surface

area (m2/g)

Pore

volume

(cm3/g)

Pore

diameter

(nm)

1 MCF, silica 720 1.3 7.1

2 PW12 6.0 – –

3 PW12-APTES@MCF 53 0.88 5.0

4 PW12-APTES@SBA-15 75 0.91 5.1

5 PW12-APTES@ KIT-6 212 0.93 5.9

Table 3 Photolytic and catalytic degradation of dyes after 30 min

Dye Photolytic

yield (%)

Catalytic

yield (%)

Photocatalytic

yield (%)

Roz.B 9.0 5.2 92

MG 7.0 5.0 93

3-BL 4.0 6.2 95

RhB 6.0 3.2 96

CI-50 3.0 2.2 90

MB 5.0 4.2 86

Reaction condition: dye (50 ppm), PW12-APTES@MCF (0.01 g),

V = 20 mL
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Fig. 2 Effect of catalysts dosage on the degradation efficiency. Initial dye concentration, 30 mg L-1; initial pH 7
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Fig. 3 Effect of initial dye concentration on the degradation efficiency of dyes; 30 g L-1 of the catalyst; initial solution pH 7
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Fig. 4 Effect of solution pH on the degradation efficiency of dyes; 30 g L-1 of the catalyst; initial dye concentration, 5 mg L-1
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Results and discussion

Structural characterization

FTIR

Figure 1a presents the FTIR spectra in the skeletal region

of 4,000–400 cm-1 for the MCF. A band at

1,624–1,641 cm-1 observed in all samples can be assigned

to the –OH vibration of physisorbed H2O. In the case of

unmodified MCF, the Si–O–Si bands originated from silica

were observed at around 1,000–1,250, 805–820, and

461–475 cm-1. The amino functionalization followed by

succinylation of the APTES@MCF was analyzed by FTIR

spectroscopy. The broadband at 3,600–3,000 cm-1 for

hydrogen bonded silanol [35, 36] was appreciably reduced

in the modified samples. The organosilane presence was

identified by the absorbance of the band 2,950–2,850 cm-1

for the propyl chain [37] and the deformation bands at

1,455–1,410 cm-1 [36]. The N–H absorption band over-

lapped with O–H bands at 3,300–3,500 cm-1 [26]. The

presence of bands at 1,710 cm-1 (C=O, acid),

1,695–1,650 cm-1 (C=O amide I band), 1,566–1,561 (NH

amide II band) and 1,415–1,419 cm-1 (–C–N amide)

confirmed that succinylation had taken place [38]. The

successful immobilization of the PW12 catalyst on the

aminopropyl-functionalized MCF was confirmed by FTIR

analyses as shown in Fig. 1. The primary structure of

unsupported PW12 can be identified by the four charac-

teristic IR bands appearing at 1,080 cm-1 (P–O band),

990 cm-1 (W=O band), 890 and 810 cm-1 (W–O–W

bands) [39]. The characteristic IR bands of PW12 in the

PW12/APTES@ MCF were different from those of

unsupported PW12. The P–O band in the PW12/APTES@

MCF was not clearly identified due to overlap by the broad

Si–O–Si band. However, W=O and W–O–W bands of

PW12 in the PW12-APTES@ MCF appeared at slightly

shifted positions compared to those of the unsupported

PW12, indicating a strong interaction between PW12 and

APTES@ MCF [34].

TEM

Figure 1b shows the TEM images of PW12-APTES@MCF.

The places with darker contrast could be assigned in the

presence of PW12 particles with different dispersion. The

small dark spots in the images could be ascribed to PW12

particles, probably located into the support channels. The

larger dark areas over the channels most likely correspond

to PW12 agglomerates on the external surface [40, 41].

XRD

Figure 1c shows the XRD patterns of PW12-APTES@MCF

in (2h = 10o–80o). What is interesting is that all samples

showed no characteristic XRD pattern, even though 35 %

wt% PW12 was loaded on the mesoporous silicas. This

indicates that the PW12 species were not in a crystal state

but in an amorphous-like state, demonstrating that Keggin

species are finely and molecularly dispersed on the meso-

porous silicas. Figure 1c (inset) shows the XRD patterns of

the modified MCF within the 2h range of 0.7�–10�. There

was no significant peak observed for PW12/APTES@ MCF

[42].

N2 adsorption–desorption isotherms

Figure 1d shows the N2 adsorption–desorption isotherms

and pore size distributions of unmodified MCF and PW12-

APTES@MCF. All the samples exhibited typical IV type

isotherms and H1 type hysteresis loops at high relative

pressures according to the IUPAC nomenclature [43],

which are the typical characteristics of mesoporous mate-

rials [44–46]. Physical properties of unmodified MCF,

PW12 (bulk) and modified silicas (PW12-APTES@MCF,

PW12-APTES@SBA-15 and PW12-APTES@KIT-6) are

listed in Table 2. PW12-APTES@MCF has the lowest

surface area in these series. As expected, the BET surface

areas and total pore volumes of unmodified MCF are

decreased after the functionalization with PW12. These

changes reflect that part of the mesopore volumes in the

silica matrixes is filled with PW12. In addition, the pore

size distribution of unmodified MCF and PW12-AP-

TES@MCF was calculated using the Barrett–Joyner–Hal-

enda (BJH) model on the adsorption branch of the N2

adsorption/desorption isotherm. Figure 1d (inset) shows

that the pore size distribution of PW12-APTES@MCF is

narrow, in the range of 2–7 nm (centered at 4.4 nm).
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Fig. 5 Comparison of optimum pH of six dyes in photodegradation

reaction in the presence of PW12-APTES@MCF as photocatalyst
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Photocatalytic tests

Blank experiments

To estimate the contribution of direct ‘photolysis’ to the

overall photodegradation of dyes, the photodegradation of

pure dyes was measured. For this purpose, a tank of pure dye

(blank) under similar conditions was put beside every tank

containing suspension. To determine the surface adsorption

amount, controlled experiments in the dark condition were

carried out at the presence of the catalyst. In the absence of

catalyst, direct photolysis of dyes was very slow and no

appreciable photodegradation, about 3–9 % was observed

during 30 min of UV irradiation (Table 3, entry 2), while in

the presence of catalyst, the percent of dye which is degraded

Fig. 6 Change in absorbance spectra of dye with the illumination

time for the PW12-APTES@MCF photocatalyst: a RhB (photocata-

lyst 30 g L-1, dye concentration 5 mg L-1 and pH 9), b MG

(photocatalyst 10 g L-1, dye concentration 5 mg L-1 and pH 9),

c MB (photocatalyst 10 g L-1, dye concentration 5 mg L-1 and pH

11), d Roz.B (photocatalyst 50 g L-1, dye concentration 11 mg L-1

and pH 3), e 3-BL (photocatalyst 20 g L-1, dye concentration

5 mg L-1 and pH 3), and f CI-50 (photocatalyst 40 g L-1, dye

concentration 5 mg L-1 and pH 7)

Table 4 Optimum irradiation time for the photodegradation of dyes

in the presence of PW12-APTES@MCF photocatalyst at the optimum

conditions

Dye RhB MG MB Roz.B 3-

BL

CI-

50

Optimum irradiation time

(min)

15 5 10 3 15 45
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after 30 min ranged from 3–9 % to 86–96 % (Table 3, entry

4). The results also showed that PW12-APTES@MCF cat-

alysts alone did not result in any significant degradation of

the mentioned dyes (Table 3, entry 3).

Effect of photocatalyst dosage

The effect of the amount of PW12-APTES@MCF on the

photodegradation of dye versus time is shown in Fig. 2. It

was observed that the degradation percentage increased

with increasing the mass of photocatalyst and then

decreased. The enhancement of photodegradation effi-

ciency of the dyes with increasing the mass of photocatalyst

may be attributed to the rapid transfer of the photo-gener-

ated electrons resulting in the effective separation of the

electrons and holes [47]. Hole can oxidize the H2O that is

adsorbed on the MCF surface, to form the free radical of

�OH. The radical of �OH combined on MCF surface is a

strong oxidant and oxidizes the adjacent organic compound.

In order to shed some light on the role of hydroxyl radicals

(�OH) as a major active species during the photocatalytic

oxidation reaction, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl

(TEMPO) was used as a scavenger of �OH. Notably, with

the addition of TEMPO to remove the �OH, the photodeg-

radation efficiency of MG has no significant change, indi-

cating that the �OH in the solution bulk is not a major

reactive species.

The reason for this decrease is thought to be the fact that

when the concentration of the catalyst rises, the solid

particles increasingly block the penetration of the photons.

Hence, the overall number of the photons that reach the

catalyst particles and the production of OH radicals

decrease [48]. Another reason may be due to the aggre-

gation of solid particles when a large amount of catalyst is

used [49]. It is clear that at high concentration of catalyst,

the degradation rate decreases due to the reduction of the

photonic flux within the irradiated solution.

Effect of initial dye concentration

The effect of initial dye concentration (Fig. 3) ranging

from 3 to 13 ppm on photodegradation of dyes by photo-

catalyst was investigated under UV irradiation. The

obtained results as a function of the initial dye concentra-

tion on the dye photodegradation efficiency are presented

Table 5 Comparison of kinetics of dyes’ decolorization of PW12-

APTES@MCF with two other PW12-APTES@silica (SBA-15 and

KIT-6) at the maintained optimum conditions for each dye (photo-

catalyst, dye concentration and pH)

Photocatalyst Decolorization

(%)

Rate constant

(k 9 103 min-1)

(a) Rhodamine B (after 15-min irradiation)

PW12-APTES@MCF 96.8 82.0

PW12-APTES@SBA-15 95.6 76.0

PW12-APTES@KIT-6 95.3 74.0

(b) Malachite green (after 5-min irradiation)

PW12-APTES@MCF 96.5 242

PW12-APTES@SBA-15 93.1 196

PW12-APTES@KIT-6 89.0 157

(c) Methylene blue (after 10-min irradiation)

PW12-APTES@MCF 86.2 68.0

PW12-APTES@SBA-15 84.3 62.0

PW12-APTES@KIT-6 79.8 47.0

(d) Rose bengal (after 3-min irradiation)

PW12-APTES@MCF 98.9 500

PW12-APTES@SBA-15 92.8 320

PW12-APTES@KIT-6 87.3 240

(e) Solophenyl red (after 15-min irradiation)

PW12-APTES@MCF 98.1 92.0

PW12-APTES@SBA-15 97.0 84.0

PW12-APTES@KIT-6 86.6 46.0

(d) Yellow direct 50 (after 45-min irradiation)

PW12-APTES@MCF 98.0 30.0

PW12-APTES@SBA-15 89.0 17.0

PW12-APTES@KIT-6 85.0 14.0
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Fig. 7 Decrease in TOC of six dye aqueous solutions in the presence

of PW12-APTES@MCF during illumination

Table 6 Investigation of the feasibility of reusing of PW12-AP-

TES@MCF in the photodegradation of Roz.B dye (as model)

Run Degradation (%) Amount of W leached (%)a

1 95.78 –

2 94.3 –

3 93.9 –

4 88.4 0.02

5 86.3 0.07

a Determined by NAA
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in Fig. 3. It can be seen that the photodegradation effi-

ciency of dye decreased with increasing initial concentra-

tion of dye from optimum values. One possible cause for

such results is the UV radiation-screening effect of the dye

itself. At a high dye concentration, a significant amount of

UV radiation may be absorbed by the dye molecules rather

than the catalyst particles. Consequently, by increasing the

initial dye concentration, the photon flow reaching the

catalyst particles decreased due to the fact that increasing

numbers of photons were absorbed by the dye molecules

present in the solution and/or on the catalyst surface, thus

reducing the efficiency of the catalytic reaction [50].

Another possible cause is the interference from interme-

diates formed upon UV photocatalytic of the parental dye.

These intermediates may include aromatics, aldehydes,

ketones and organic acids as shown by previous studies

with various aromatic compounds [51–53]. They may

compete with the dye molecules for the limited adsorption

and catalytic sites on the catalyst particles, and thus inhibit

decolorization.

Effect of pH

The most important parameter that influences the photo-

catalytic degradation is solution pH. The effect of pH value

was also studied (Figs. 4, 5) by adding incremental

amounts of either concentrated HCl or NaOH to the dye

solution in the presence of UV/PW12-APTES@MCF.

The effect of pH value (Fig. 4) on the degradation

efficiency of dye in the range of 3–11 was further inves-

tigated. Figure 5 shows the % change in degradation of the

dye at five different pH values for 6 dyes. The cationic dyes

(such as RhB, MG and MB) underwent efficient degrada-

tion in the presence of PW12-APTES@MCF under UV–Vis

irradiation in alkaline media. Anionic dyes (such as Roz.B,

3BL and CI-50) exhibited rather slow photoreaction under

the same conditions in alkaline media. These observations

suggest that the charge characteristics of the dye substrates

greatly influence their degradation. The effect of pH on the

degradation of dyes in the presence of SiO2 has been

explained on the basis of point of zero charge (pHpzc) of

SiO2 particles. The pHpzc of SiO2 particles is 5.5 [54].

Thus, SiO2 is positively charged in acidic solution

(pH \ 5.5) and negatively charged in alkaline solution.

According to this explanation and because of electrostatic

interactions, cationic dyes (Rh.B, MG and MB, optimum

pH: 9, 9 and 11, respectively) should be degraded at

alkaline solution, and anionic dyes (Roz.B and 3BL, opti-

mum pH: 3) should be degraded effectively in acidic

solutions (Fig. 5). In alkaline solutions, interaction

between catalyst surface (Si–O-) and dye [specifically the

nitrogen group, such as RhB, MG, MB, (Fig. 1)] favors the

adsorption of the dye on the surface and accordingly the

photocatalytic activity increases [55]. The results showed

that negatively charged dyes are degraded efficiently at

acidic solutions (Figs. 4, 5).

UV–Vis studies

Figure 6 shows photodegradation of dyes under irradiation

time and in the presence of PW12-APTES@MCF photo-

catalyst at the optimum conditions (photocatalyst, dye

concentration and pH). The decrease of samples absor-

bance due to the decrease of dye concentration was

recorded for the measurement of photodegradation rate in

all above-mentioned parameters. Since there were no

additional peaks appearing in the UV–Vis spectra, the dye

was completely degraded. After being irradiated under UV

light for 2 min to Roz.B dye, the degradation efficiency

was 72.34 % and it reached 95.78 % after 3 min. For other

dyes, optimum irradiation time was listed in Table 4.

Maximum irradiation time is 45 min for CI-50.

Fig. 8 a FTIR spectra of the recovered PW12-APTES@MCF in the photodegradation of Roz.B (as model dye)
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Photodegradation rate constants

The photocatalytic activity of three different photocatalysts

including PW12-APTES@MCF, PW12-APTES@SBA-15

and PW12-APTES@KIT-6 with the same mole was com-

pared through the degradation of mentioned dyes under

UV–Vis irradiation (Table 5). From the results shown in

Table 5, it is found that the PW12-APTES@KIT-6 is less

photoactive than the corresponding modified SBA-15, but

the PW12-APTES@MCF is more photoactive than PW12-

APTES@SBA-15. For example, after 3 min UV–Vis irra-

diation, Roz.B is almost completely degraded by the PW12-

APTES@MCF; however, Roz.B remains 7.2 and 12.7 %,

respectively, in the PW12-APTES@SBA-15 and PW12-

APTES@MCF photocatalyzed reaction systems. More-

over, from the observed activity order for degradation, we

see that the photocatalytic activities of the porous com-

posites were independent on their BET surface areas

(Table 2).

In order to calculate photodegradation rate constants,

k values, ln (Co/C) is plotted as a function of the irradiation

time. The rate constant values, k 9 103 (min -1), are cal-

culated from the slopes of the straight-line portion of the

first-order plots as a function of the catalyst mass and are

listed in Table 5.

To confirm of complete degradation of dyes, photo-

degradation of six dyes was evaluated in the presence of

PW12-APTES@MCF by monitoring the reaction of total

organic carbon (TOC) with a TOC analyzer, and the deg-

radation measurement was obtained from the normalized

equation: % TOC = TOCinitial - TOCfinal/TOCfinal 9

100. %TOC reduction of dye solutions is shown in Fig. 7,

which shows that degradation of dyes is almost complete.

In the presence investigation, TOC has a rapid decrease to

91 % within 60 min for Roz.B degradation in the presence

of PW12-APTES@MCF and no considerable change was

observed after it, which indicates the formation of inter-

mediates that are resistant to further degradation. The

results have shown that minimum TOC removal (80 %)

within 60 min for CI-50 degradation in the presence of

PW12-APTES@MCF has the slowest decrease in these

series, clearly indicating that the PW12-APTES@MCF has

the minimum photocatalytic activity for CI-50 degradation.

The results (Fig. 7) also show that, loss of the CI-50 active

groups is hardest rather than other mentioned dyes during

the degradation processes.

Reusability

PW12-APTES@MCF was reused several times to deter-

mine whether the photocatalyst suffered from permanent

deactivation. The wet catalyst was recycled [the nature of

the recovered catalysts has been followed by neutron

activation analysis (NAA), (Table 6) and FTIR spectra

(Fig. 8)], and no appreciable change in activity was noticed

after three cycles (Table 6). The FTIR spectra of the

recovered PW12-APTES@MCF (Fig. 8) are as same as the

fresh catalyst.

Conclusions

The results of this research demonstrated that PW12-AP-

TES@MCF affects the catalyst during the photodegrada-

tion of RhB, MG, MB, Roz.B, 3-BL and CI-50. The results

of UV–Vis spectra changes and TOC decrease indicate that

photocatalytic process can be used for complete degrada-

tion and mineralization of the six mentioned dye pollutants

in the presence of PW12-APTES@MCF in a photochemical

reactor. PW12-APTES@MCF shows high photocatalytic

activity, and maximum degradation takes place for Roz.B

at optimum conditions.
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