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bstract

Silica nanoparticles (SiO2 NPs) were found to be photocatalytically active for degradation of methyl red dye (MR). The SiO2 NPs and SiO2

Ps doped with silver (and or) gold nanoparticles were prepared. From the transmission electron microscopy (TEM) images the particle size and
article morphology of catalysts were monitored. Moreover, SiO2 NPs doped with silver and gold ions were used as a photocatalyst for degradation

f MR. The rate of photocatalytic degradation of MR was found to be increased in the order of SiO2 NPs, SiO2 NPs coated with gold nanoparticles
Au NPs) and silver nanoparticles (Ag NPs), SiO2 NPs coated with Ag NPs, SiO2 NPs coated with Au NPs, Ag+-doped SiO2 NPs, and Au3+-doped
iO2 NPs. The kinetic and mechanism of photocatalytic reaction were studied and accorded well with experimental results.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Most of the dyes used in dying textile, paper, leather, ceramic,
osmetics, ink, food processing are azo dyes, which are charac-
erized by the presence of one or more azo group (–N N–) in
heir structure [1]. Moreover, 15% of the dyes produced world-
ide are lost during synthesis and processing with wastewater

2]; these dyes were found to have great hazards on the human
ealth and the environment due to their toxicity [3,4]. It is well
nown that methyl red dye has been used in textile dying and
aper printing [5]; however, it causes eye and skin irritation and
igestive tract if inhaled/swallowed. There are several methods
or pollutant treatment which involve chemical, physical, and
iological processes. The chemical methods include chlorina-
ion and ozonation [6]. While, the physical methods depend on
he removal of the pollutant without degradation such as reverse
smosis, flocculation, membrane filtration and adsorption on

ctivated charcoal [7–9]. Finally, the biological methods depend
ainly on biodegradation of the pollutant [10,11], but bacterial

eds degradation is less effective due to the fluctuations of the
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astewater composition [12]. Furthermore, bio-treatment of azo
yes is less adapted [13,14] because of their resistance to aerobic
egradation and by anaerobic degradation carcinogenic aromatic
mines could be formed.

Although silica is basically inert for many reactions, it
hows noticeable activities towards some catalytic [15–17].
ure silica was proven to remote photocatalytic reactions
nder UV irradiation, e.g. photo-oxidation of CO [18], photo-
etathesis of propene [19,20], and photo-epoxidation of

ropene [21]. Silica-based photocatalysts have been used and
xhibit activity under UV irradiation at room temperature, such
s silica–alumina [22,23], silica-supported zirconia [24], and
ilica–alumina–titania [25].

The photoactive sites were formed on the surface of SiO2
repared by sol–gel method [21]; these active sites were
evealed by VUV-UV, IR, ESR, and photoluminescence spec-
roscopy [26]. The IR symmetric stretching vibration of the
i O− non-bridging bond appeared at 950 cm−1. Moreover,
he enhancement of the peak intensity at 950 cm−1 indicates an

ncrease in the amount of the non-bridging oxygen, i.e. a change

n the structural units from SiO2 (three-dimensional network
tructure) to SiO4 (isolated tetrahedron) [27]. The SiO2 NPs can
e photoexcited under UV light below ∼390 nm, which corre-
ponds to a charge transfer (258 nm wavelength) from bonding

mailto:mahmoudchem@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2007.10.020
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tra of MR as function of irradiation time. Transmission electron
microscopy (TEM) (JEOL) was used to determine the particle
size and morphology. TEM photographs were taken by drying
a drop of colloidal photocatalyst on a surface of copper-coated
46 Y. Badr et al. / Journal of Hazar

rbital of Si O to 2p non-bonding orbital of non-bridging oxy-
en [28].

The photoluminescence spectra of silica are resolved into
our Gaussian peaks at approximately 2.5, 2.8, 3.0, and 3.2 eV.
he luminescence band near 2.5 and 2.8 eV is associated with

he decay in the self-trapped exciton as a pair of a hole localized
n oxygen and an electron on the neighboring silicon in the silica
atrix [29,30]. While, the bands at 3.0 and 3.2 eV are induced

y the electron–hole recombination at the unknown oxygen-
eficient-associated defect centers [31,32].

When the metal ions present with the semiconductor photo-
atalyst, a considerable controversy on the effect of metal ions
as observed; they act as a rate accelerator [33,34], while on
ther cases the rate was found to decrease upon the addition of
etal ions [35,36].
The present work aims to prepare silica nanoparticle and

odify its surface by doping with metal ions or coating with
ther metallic nanoparticles, and finally study the effect of addi-
ives on the kinetic and mechanism of photocatalytic degradation
f MR dye.

. Experimental

.1. Materials and methods

Methyl red (MR), ethanol, and tetraethylorthosilicate
TEOS), purchased from Sigma–Aldrich, were used, while
ilver nitrate (AgNO3), nitric acid (HNO3), hydrogen tetra-
hloroaurate (HAuCl4), and sodium borohydride (NaBH4) were
btained from Fluka.

.1.1. Preparation of silica nanoparticles (SiO2 NPs)
The silica nanoparticles (SiO2 NPs) were prepared from

EOS by HNO3 as an acid catalyst [37]. TEOS and ethanol
ith volumes of 10 mL were mixed together; the resulting mix-

ure was added drop by drop in 60 mL 0.1N HNO3 solution; the
nal mixture was stirred for 8 h at 60 ◦C for complete hydrolysis
f TEOS to SiO2 NPs. The concentration of SiO2 NPs solution
as found to be (30 g/L) after it was completed to 90 mL by dis-

illed water. These particles were centrifuged and washed with
thanol and dried in air. These particles are used without any
urther treatment for coating or catalysis.

.1.2. Preparation of SiO2 doped with Ag+ or Au3+

SiO2 NPs doped with 0.1% Ag+ or Au3+ ion were prepared by
ixing 10−3 M of AgNO3 or HAuCl4 with 0.999 M SiO2 NPs in

00 mL of double distilled water and stirring it thoroughly. The
olution was then allowed to stand for 2 h to allow the ions to
e adsorbed completely [38]. The resulting particles were dried
nder vacuum until complete dryness, and then dried in air.

.1.3. Preparation of Ag NPs (and, or) Au NPs deposited
n the surface of SiO2 NPs
Ag NPs or Au NPs deposited on the surface of SiO2 NPs
ith molecular ratio of 0.1% was prepared by mixing 10−3 M
f AgNO3 or HAuCl4 with 0.999 M SiO2 NPs in 80 mL of
ouble distilled water and stirring vigorously for 5 min. Then
Materials 154 (2008) 245–253

0−3 M NaBH4 was added and the solution was completed to
00 mL by double distilled water [39]. To prepare Au NPs and
g NPs composite deposited on the surface of SiO2 NPs, the
× 10−4 M of AgNO3 was mixed with 0.999 M and the solu-

ion was stirred for 5 min; then 5 × 10−4 mol NaBH4 was added.
hereafter 5 × 10−4 M of HAuCl4 was added followed by stir-

ing and 5 × 10−4 M NaBH4 addition. Following the reduction
he samples were repeatedly centrifuged and washed with water
o remove non-reacted AgNO3 and HAuCl4, and then dried at
0 ◦C.

.1.4. Photocatalytic degradation experiment
The photocatalyst SiO2 NPs, SiO2 NPs doped with Ag+ or

u3+, and Ag NPs (and, or) Au NPs deposited on the surface
f SiO2 NPs was added to MR solution to obtain 100 mL of
00 mg/L photocatalyst and 50 ppm of MR. Then, to establish
he adsorption equilibrium between the MR and the photocat-
lysts, the resulting solution was stirred in dark for 20 min.
hereafter, the zero time reading was taken and the solution
as exposed to the Xenon lamp. Before the measurements of

bsorption, the samples of the examined solutions were cen-
rifuged (20 min at 5000 rpm) to remove the catalysts which were
oagulated.

.2. Instruments

The set-up used for photocatalytic degradation experiment
onsists of a 250 mL beaker and 20 cm above it a Xenon lamp
50 W) (Orial mode 66001) was used as an artificial sunlight
ource. Moreover, the beaker stirred by a magnetic stirrer during
he irradiation as shown in Fig. 1.

Bio-carry 50 UV-Vis spectrophotometer with range of
90–1100 nm was used to measure the UV–vis absorption spec-
Fig. 1. Schematic diagram for the photoreactor set-up.
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on SiO2 NPs as a function of irradiation time. The band cor-
responding to MR absorption was found to be decreased with
time in case of both Ag NPs deposited on SiO2 NPs and Au NPs
deposited on SiO2 NPs, but the rate of decay in case of silver
Fig. 2. Transmission electron microscopy (TEM) photographs of (A) SiO

arbon grid, which has undergone TEM photography. More-
ver, the particle size and distribution were measured as follows:
50 particles were enlarged on the TEM photography and their
izes were measured, then the distribution was obtained from
tatistical calculation.

MR dye has absorption maximum at 522 nm at pH ∼4 and
ts concentration can be determined spectrophotometrically with
he aid of a calibration curve (a relationship between the dye con-
entration and its peak intensity at maximum absorption). The
esults revealed a linear relationship over all the dye concentra-
ions, i.e. Beer’s law is obeyed.

. Results and discussion

.1. Determination of the particle size of silica
hotocatalysts

The catalytic powers of the catalysts are strongly corre-
ated with their particle size and distributions, because the
articles size has a great effect on the energy levels of the nano-
hotocatalyst. Consequently, to obtain good understanding for
he photocatalytic processes, the particle size, morphology, and
ize distribution of the photocatalyst should be studied. Fig. 2
epresents the TEM photography of (a) SiO2 NPs and (b, c)
g NPs or Au NPs deposited on the surface of SiO2 NPs.
he SiO2 NPs showed a spherical shape with large distribu-

ion (15 ± 8 nm), while in case of Ag NPs or Au NPs deposited
n the surface of SiO2 NPs an irregular shape was obtained
ue to the appearance of Ag NPs or Au NPs on the surface of
iO2 NPs and the particles size was approximately (17 ± 5 and
9 ± 6 nm), respectively.

.2. Photocatalytic degradation of MR dye by SiO2 NPs

The absorption band of MR dye was found to be centered
t 522 nm; no change in this absorption peak intensity was
bserved in dark until 10 h (in the presence or absence of SiO2
Ps). Moreover, a very small change in the intensity of maxi-
um absorption was observed in the absence of SiO2 NPs even
fter 120 min irradiation.
Fig. 3 shows the absorption spectra of MR before and after

xposure to Xenon lamp at different timescale in the pres-
nce of SiO2 NPs as a photocatalyst; the intensity of peak

F
S

s and (B, C) Ag NPs and Au NPs deposited on the surface of SiO2 NPs.

as found to decrease by increasing the irradiation time due
o photocatalytic degradation of dye by SiO2 NPs. On the
ther hand, the intensity of a peak at ∼415 nm appeared to
ncrease with time up to 50 min, then decrease again. Further-

ore, the complete decolorization of the solution was obtained
fter 120 min.

.3. Photocatalytic degradation of MR dye by Ag NPs (and,
r) Au NPs deposited on the surface of SiO2 NPs

The Ag and Au nanoparticles have a great effect on the cat-
lytic properties of SiO2 NPs. The photocatalytic degradation
f MR was done in the presence of Ag NPs and/or Au NPs
eposited on the surface of SiO2 NPs. Fig. 4 represents the
pectra of the remaining MR after photocatalytic degradation
y (a) Ag NPs deposited on SiO2 NPs and (b) Au NPs deposited
ig. 3. The absorption spectra of methyl red after photocatalytic degradation by
iO2 NPs after irradiation for different times.
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ig. 4. The absorption spectra of methyl red after photocatalytic degradation
rradiation for different times.

ppeared to be sharper than in case of gold. Both Ag NPs and
u NPs have rate of decay larger than pure SiO2 NPs as shown

n Fig. 3. On the other hand, the rate of decay of MR peak in
ase of double deposition of Au NPs and Ag NPs on SiO2 NPs
atalyst lies in between pure Ag NPs and Au NPs deposited on
he surface of SiO2 NPs (see Fig. 5); consequently, the activ-
ty of SiO2 increases by depositing on it either nanoparticles
ut the silver increases the decay more than gold. The complete
ecolorization takes place after 70, 90, and 75 min for Ag NPs

eposited on SiO2 NPs, Ag NPs deposited on SiO2 NPs, and Au
Ps and Ag NPs deposited on SiO2 NPs catalyst, respectively.
he intermediate products in case of Au NPs were found to be

ig. 5. The absorption spectra of methyl red after photocatalytic degradation by
u NPs and Ag NPs deposited on SiO2 NPs after irradiation for different times.
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) Ag NPs deposited on SiO2 NPs, (b) Au NPs deposited on SiO2 NPs; after

ess than that in case of Ag NPs, but these products decreased
fter 35 min in the two cases.

.4. Photocatalytic degradation of MR dye by SiO2 NPs
oped with Ag+ and Au3+ ions

The photocatalytic degradation of MR by SiO2 NPs was
ound to be enhanced in the presence of Ag+ or Au3+ ions.
ig. 6 shows the spectra of the photocatalytic degradation of
R by SiO2 NPs doped with silver ions (Ag+), and SiO2 NPs

oped with gold ions (Au3+) as a function of exposure time
o the Xenon lamp. The rate of photocatalytic degradation of

R by SiO2 NPs doped with Au3+ was observed to be fast in
omparison with doping with Ag+. Moreover, the rate is faster
han in case of pure SiO2 NPs, although the color of SiO2 NPs
ecomes dark in case of silver and gold ions doping. The amount
f intermediate products was found to be increased with time in
ase of doping with Ag+ and Au3+ till 20 and 5 min, respec-
ively, then decay till complete decolorization in 60 and 13 min,
espectively.

.5. Kinetics study of photocatalytic degradation

Langmuir-Hinshelwood model [40] can be used to describe
he relationship between the rates of the photocatalytic degra-
ation of dye in the presence of SiO2 NPs as a function of
rradiation time. The rate equation is used in the form [41]:

−dC

dt
= kL-HKadC

1 + KadC
(1)

here Kad is the adsorption coefficient of the reactant on SiO2,

L-H is the reaction rate constant, and C is the concentration
t any time t. The values of kL-H and Kad are used to explain
he effect of light intensity on the equilibrium constant for fast
dsorption–desorption processes between surface monolayer at
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ig. 6. The absorption spectra of methyl red after photocatalytic degradation
Au3+); after irradiation for different times.

iO2 and bulk solution. Then, by integration of Eq. (1):

n

(
C0

C

)
= K(C − C0) + kL-HKadt (2)
here C0 is the initial concentration.
For pseudo first-order reaction KadC is very small as com-

ared to 1 in the denominator of Eq. (1) so it simplified and

ig. 7. The logarithm of the ratio between the original concentration of dye
nd the concentration after photocatalytic degradation by SiO2 NPs, SiO2 NPs
oped with Ag+ ions, SiO2 NPs doped with Au3+ions, Ag NPs (and, or) Au
Ps deposited on the surface of SiO2 NPs (ln(C0/C)) vs. the corresponding

rradiation time (min).
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SiO2 NPs doped with silver ions (Ag+), (b) SiO2 NPs doped with gold ions

ntegrated to be:

n

(
C0

C

)
= kL-HKadt = kt (3)

here k = kL–HKad is the pseudo first-order reaction rate con-
tant, and the half-life time t(1/2) can be calculated using the
ollowing expression:

1/2 = 0.693

k
(4)

Plotting the relation between the natural logarithm of the
atio between the original concentration of MR and the con-
entration after photocatalytic degradation (ln(C0/C) versus the
orresponding irradiation time (min) a linear relationship was
btained as shown in Fig. 7. Therefore, the photocatalytic degra-
ation reaction of MR by SiO2 NPs belong to the pseudo
rst-order reaction kinetics. The rate constant (slope in Fig. 7)
nd half-life time (Eq. (4)) were calculated and summarized in

able 1 the photocatalytic degradation of MR by SiO2 NPs, SiO2
Ps doped with Ag+ ions, SiO2 NPs doped with Au3+ions, Ag
Ps (and, or) Au NPs deposited on the surface of SiO2 NPs.

able 1
he rate constant and half-life time of some photocatalytic degradation of methyl

ed

atalyst Rate constant
(min−1)

Half-life time
(min)

u3+ doped SiO2 NPs 0.37 1.9
g+ doped SiO2 NPs 0.050 13.9
g NPs deposited SiO2 NPs 0.046 15.1
u NPs and Ag NPs deposited SiO2 NPs 0.037 18.7
u NPs deposited SiO2 NPs 0.032 21.7
iO2 NPs 0.020 34.6
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ig. 8. The mechanism of photocatalytic effect of (A) SiO2 NPs, (B) SiO2 NPs
iO2 NPs.

.6. The mechanism for photocatalytic degradation of MR
ye

Jiang et al. [42] studied the negative shift in the X-ray
hotoelectron spectra of SiO2 NPs coated with Ag NPs as com-
ared with pure SiO2 NPs and reported that this shift might be
ttributed to the electron transfer between Ag NPs and SiO2 NPs.
oreover, SiO2 NPs was found to be photoexcited under UV

rradiation and showed an absorption band at around 309 nm,
hich is attributed to the charge transfer from bonding orbital
f Si–O to 2p non-bonding orbital of non bridging oxygen
43].

When a photon of UV light strikes the SiO2 surface, an elec-
ron from its valence band (vb) jumps to conduction band (cb)
enerating a positively charged hole in the valence band (hvb

+),
hile the negative charge is increased in the conduction band

ecb
−) and photocatalytic active centers will be formed on the

urface of SiO2 NPs (as proven from the photoluminescence
easurements) [29–32] according to the Eq. (5):

iO2 + hν → ecb
− + hvb

+ (5)

The valence band holes thus formed react with the
hemisorbed H2O molecules to form reactive species such as
OH radicals, which attack dye molecules successively to cause
heir complete degradation.

H2O → H+ + OH−) + h+
vb → H+ + •OH (6)

On the other side, ecb
− and hvb

+ can recombine on the surface
f the particle within few nanoseconds and the resulting energy
issipated as heat. Furthermore the ecb

− and the hvb
+ can be

rapped in surface states where they can react with adsorbed
pecies or close to the surface of the particle. The ecb

− could
eact with acceptor, e.g. dissolved O2, which consequently is
ransformed into super oxide radical anion (O2

•−) leading to
he additional formation of •O2H as given in Eq. (7).

2 + ecb
− → O2

−• + (H+ + −OH) → HO2
• + −OH (7)

On the other hand, hvb
+ could interact with donor, e.g.−OH

nd •O2H forming •OH radical which attack the MR in follow-
ng manner.

O2
• + −OH + hvb

− → •OH (8)
The main factor affecting the efficiency of SiO2 NPs is the
mount of •OH radicals as described above. Consequently any
actor supports the generation of •OH radicals will enhance the
ate of the photocatalytic degradation of MR. When Au3+ or

e
t
N
S

d with Ag+ Au3+ ions, and (C) Ag NPs or Au NPs deposited on the surface of

g+ ions present during the reaction they are absorbed on the
urface of SiO2 NPs then, combined with the electrons in the
onduction band of SiO2 NPs, forming the corresponding metal
Eq. (9)). It reduces the recombination of charges (hvb

+ and
cb

−) and favors the formation of •OH radical [44]. Therefore
t was observed that the catalyst were slightly darkens during
he irradiation. The oxidative pathway leads, in many cases, to
omplete mineralization of an organic substrate to CO2 and H2O.
he enhancing effect of Au3+ and Ag+ may be explained by their
bility to trap electrons and generate holes so they act as electron
cavengers [45].

cb
− + (Au3+, Ag+, or H+) → (Au0, Ag0, or H2 ↑) (9)

The mechanism of photocatalytic degradation of MR by sur-
ace of SiO2 NPs loaded with Ag NPs, Au NPs and Ag NPs,
r Au NPs could be controlled by the deposited nanoparticles
hich affect the electron–hole recombination process [46–49].
he major role of Ag NPs, Au NPs and Ag NPs, or Au NPs
eposited on SiO2 NPs is attributed to the consumption of the
lectrons and its transmission it to the H+ ions or to O2. Therefore
he retardation of the electron–hole recombination will increase
he photocatalytic efficiency of the SiO2 NPs photocatalysts,
nd consequently accelerates hydroxyl radical formation and
nhancing the degradation rate of MR initiated by •OH [50,51]
qs. (10)–(12):

g or Au + ecb
− → Ag(ecb

−)or Au(ecb
−) (10)

g(ecb
−)or Au(ecb

−) + H+ → Ag or Au + H2 (11)

g(ecb
−)or Au(ecb

−) + O2 → Ag or Au + O2
−•

+ (H+ + −OH) → HO2
• + −OH(12)

The mentioned mechanism accorded well with the experi-
ental results; the most efficient catalyst is the SiO2 NPs doped
ith Au3+ ions, and this is attributed to the ability of each Au3+

on to consume three (ecb
−) and generation of three •OH ions

hich are responsible for degradation of dye. The SiO2 NPs
oped with Ag+ ions is less efficient due to the generation of
nly one •OH by each one Ag+ ion as the electronegativity of
old is higher than silver.

Au NPs or Ag NPs deposited on the surface SiO2 NPs act as

lectron–hole separation centers [52,53]. Thermodynamically
he electrons transfer from the SiO2 NPs conduction band to Au
Ps or Ag NPs at the interface is allowed since the Fermi level of
iO2 is higher than that of Au NPs or Ag NPs [54]. Consequently,
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he activity of SiO2 NPs more than Au NPs. The suggested
lectronic mechanism is illustrated in Fig. 8 and described by
ydroxide attack.
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The hydroxide attack might be responsible for the decol-
rization mechanism of the MR dye, as summarized in the
chematic diagram (Fig. 9), including all the proposed steps
he hydroxide radical assumed to interact with MR or interme-
iate photoproducts, as follows: first the •OH attack MR leading
o formation of dehydrogenated radical (intermediate 2), which
ave two possibilities either ring opening or combination with
OH forming hydroxyl product 3. The hydroxyl product cause
he broadening in the absorption spectra of the remaining MR
s noticed in Fig. 3. The intermediate 2 might be also decom-
osed forming a new low molecular weight by-product which
ave absorption blue shifted in comparison with MR monomer
λmax .∼ 415 nm) [55,56]. This peak which might be correspond-
ng to the low molecular weight by-product formation was found
o be increased as the rate of photocatalytic reaction decreased
decreasing the catalytic power of silica as shown in pure silica
rofile). The product 3 assumed to be further attacked by •OH
orming bi-hydroxyl products (4 and 5) or dehydrogenated rad-
cal which undergoes ring opening. The same procedure could
ake place for products (4 and 5) till complete ring opening and
nally mineralization.

.7. Effect of UV irradiation on mineralization

The degradation percent of MR after photocatalytic degrada-
ion by SiO2 NPs, SiO2 NPs doped with Ag+ ions, SiO2 NPs
oped with Au3+ions, Ag NPs (and, or) Au NPs deposited on
he surface of SiO2 NPs catalysts are well known to be directly
roportional to the following factors: (1) the lifetime of the pho-

ocatalyst because the number of active sites decreases due to
ontamination with by-products; (2) the rate of reaction of short
liphatic chin with •OH radicals; (3) the rate of converting the

atoms of the dye into oxidized nitrogen compounds [57]; and

ig. 10. The relationship between the mineralization percent of dye (MR) after
he photocatalytic degradation.
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nally (4) the rate of formation of •OH radicals and consuming
he electrons from the photocatalyst.

Fig. 10 described the relationship between mineralization
ercent of MR and the photocatalytic irradiation time. To
ccount for the amount of mineralized MR dye; the chemical
xygen demand (COD) of the remaining dye in the solution was
easured. The dye was found to have mineralized to the extent

f (95, 83, 85, 69, 70, 90 %) for (SiO2 NPs doped with Au3+ions,
iO2 NPs doped with Ag+ ions, Ag NPs deposited on SiO2 NPs,
u NPs and Ag NPs deposited on SiO2 NPs, Au NPs deposited
n SiO2 NPs, and SiO2 NPs) after (10, 35, 35, 35, 40, 70 min),
espectively.
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