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ABSTRACT

4-Chlorophenol (4-CP), widely used in the production of dyes, drugs, and fungicides is a
water pollutant. It can be found in surface water, soil, ecosystems, and the human body.
4-CP is a non-degradable pollutant when subjected to traditional water treatment tech-
niques. The development of advanced oxidation processes provided alternative methods
that could potentially be applied to the decomposition of non-degradable compounds; 4-CP
could then be removed from water supplies by processes such as photocatalytic degrada-
tion. However, the anatase TiO, typically used in such procedures has a large band gap of
3.2 eV which is only activated by ultraviolet (UV) radiation. In this study, a Ag/TiO,/Fe;0,
composite was synthesized from Ag, TiO,, and Fe;O, owing to the enhanced photocatalytic
activity and catalyst recoverability conferred by Ag and Fe;O,, respectively. The catalyst
was characterized by X-ray diffraction, X-ray fluorescence, UV-visible spectrophotometry,
scanning electron microscopy, transmission electron microscopy, diffuse reflectance spec-
troscopy, and energy dispersive spectroscopy. The catalyst surface appeared to be com-
posed of small, spherical or ovoid particles with dimensions smaller than 50 nm. The
synthesized catalyst showed much higher activity for the photodegradation of 4-CP than
Degussa P25 TiO, and Ag/TiO, under UV-A irradiation. The Langmuir-Hinshelwood kinetic
mechanism was used to compare the photocatalytic activities of Degussa P25 TiO,,
Ag/TiO,, and Ag/TiO,/Fe;0;.
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1. Introduction

Chlorophenols (CPs) have been reported as toxic
chlorinated pollutants by the US Environmental Pro-
tection Agency [1]. Most derivatives are difficult to
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degrade, toxic, and are bio-refractory in the natural
environment. They have been widely used as paint,
pesticide, and leather preservatives [2], Wagner and
Nicell [3], and as a result of such processes, CPs are
found in soil, groundwater, and surface water [1].

The degradation of phenolic compounds in waste-
water is performed by techniques including biological
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methods and chlorination. However, biological meth-
ods usually require lengthy treatment times, and toxic
substances can harm the activity of the bacteria. The
use of chlorination methods generates undesirable car-
cinogenic by-products [4].

Advanced oxidation processes (AOPs) are alterna-
tive methods to those described above for the decom-
position of phenolic compounds (and other organics)
in water [5]. Photocatalysis mediated by pure TiO, has
allowed the development of AOPs, which can be con-
veniently applied to phenolic compounds in water [6].
However, pure TiO,, which possesses a band gap of
3.0-3.2eV, is inactivated by irradiation under visible
light [7]. To mitigate this problem, pure TiO, has been
modified by the incorporation of noble metals such as
platinum, palladium, and silver (Fujishima and Honda
[8], thus decreasing the band gap of TiO,, and increas-
ing the visible light absorption, owing to the presence
of noble metals [9].

Chengzhu et al. [10] have reported the preparation
of Ag/AgBr plasmonic photocatalysts through ion
exchange and photoreduction methods, and the reac-
tion showed highly efficient photocatalytic activity via
irradiation with visible light. Wang et al. [11] have
prepared Agl/TiO, by a deposition—precipitation
method, which showed high efficiency for the degra-
dation of non-biodegradable azo dyes under visible
light irradiation. TiO,@ZnIn,S,; composites promote
the degradation of methylene blue under visible light
irradiation [12]. Shi et al. [13] recently investigated
the photocatalytic activity of P-doped TiO,, which
extended the spectrum of TiO, into the visible-light
range.

Magnetic separation exhibits excellent ability of
catalyst removal with many practical advantages
including low cost, low toxicity, and ease of operation
(Yavuz et al. [14]; synthetic TiO,-magnetic composites
could be an alternative method to facilitate the reuse
of a catalyst [15]. Song and Gao [16] recently reported
TiO,/SiO,/Fe;04 magnetic spheres as easily recovered
photocatalysts for the degradation of methylene blue
[16,17]. Liu et al. [18] have reported the preparation of
Fe;0,4/CdS nanocomposites via a sonochemical route
in an aqueous solution, which showed high photocata-
lytic activity toward the photodegradation of methyl
orange [18,19].

The objective of this study was to improve the
photocatalytic activity of Ag/TiO,/Fe;O, composite
material. The photocatalyst was activated under UV-A
irradiation. Using an external magnetic field, the cata-
lyst could then be easily recycled without significant
decrease in the photocatalytic activity. The Langmuir—
Hinshelwood kinetic mechanism was used to compare
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the photocatalytic activity of Degussa P25 TiO, with
Ag/TiO, and Ag/TiO,/Fe;0, respectively.

2. Experimental methods
2.1. Chemicals and materials

All chemicals used were of the highest purity. TiO,
powder with an average particle size of 30 nm and
surface area of 50 m?g ' was purchased from Degussa
AG Company (P25 grade). Silver nitrate (AgNOs),
D-glucose, sodium dodecyl sulfate (SDS), hexadecylt-
rimethylammonium bromide (CTAB, C;6H33 N(CHj3);
Br, >99.0% purity), 1-pentanol, ferric chloride (FeCls),
and 4-CP (>99% purity) were purchased from
Sigma-Aldrich. Ferrous sulfate (FeSO,-7H,0), sodium
hydroxide (NaOH), ammonia (28-30%, w/w, aqueous
solution), ethyl alcohol (94.5%), and nitric acid
(68-70%) were obtained from Samchun Pure Chemical
Reagent Co. Ltd. Hexane (95%) was purchased from
J.T. Baker. Deionized water was used for all synthetic
procedures.

2.1.1. Synthesis of Ag nanoparticles

Silver nitrate (5.1g) was dissolved in distilled
water (500 mL). Aqueous ammonia (1.0 M) was added
dropwise to the AgNOj; solution with vigorous stir-
ring until a colorless solution was obtained. This was
followed by the addition of glucose (100 mL of a 0.1 M
solution), SDS (50mL of a 0.2M solution), and dis-
tilled water (75mL). Sodium hydroxide solution was
added to adjust the pH to 11.5. The reaction was
allowed to proceed for 10min. The Ag nanoparticles
were used for subsequent experiments without any
additional purification.

2.1.2. Synthesis of Ag/TiO, nanoparticles

The Ag nanoparticles (0.1 g) prepared above were
rinsed three times with ethanol, and then resuspended
in ethanol (20mL) under sonication for 2h. The Ag
nanoparticles were then resuspended in distilled water
(100 mL), and the mixture was acidified with HCI
(0.5M, 1.10mL). The Ag/TiO, nanoparticles were pre-
pared from Ag nanoparticles in w/o micro-emulsions
consisting of CTAB as the surfactant, 1-pentanol as the
co-surfactant, and hexane as the oil phase. In a typical
experimental procedure, the micro-emulsion solution
was prepared by dissolving CTAB (1.0g) in hexane
(15mL) and 1-pentanol (1mL), which were stirred
vigorously for 30min until it became clear and
transparent. TiO, (5g) was then added to the above
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micro-emulsion solution and sonicated for 30 min. The
reaction was allowed to magnetically stir for 10 h. The
resulting precipitated Ag/TiO, nanoparticles were
separated by centrifugation, dried in air at 100°C for
24 h, and further calcined in air at 300°C for 2 h.

2.1.3. Synthesis of Ag/TiO,/Fe30, composite

Fe;0, nanoparticles (synthesized by the reaction
between FeSO,7H,O (9.34g, 14mmol) and FeCl;
(7.8 g, 28 mmol) in the presence of ammonium hydrox-
ide (100mL, 5molL™Y) were added to the above
micro-emulsion solution and sonicated for 30min.
Aqueous HNO; solution (2.0molL™") was then added
to adjust the pH of the micro-emulsion solution until
the pH was ca. 5-6, whereupon the Ag/TiO, nanopar-
ticles (5g) were added to the above micro-emulsion
solution and sonicated for 30 min. The reaction was
left to stir for 10h. The resulting precipitated
Ag/TiO,/Fe;04 nanoparticles were separated by cen-
trifugation, dried in air at 100°C for 24 h, and further
calcined in air at 300°C for 2 h.

2.2. Characterization of the Ag/TiO,/Fe;Oy catalyst

Morphology observations were carried out using a
SUPRA 55VP field emission scanning electron micro-
scope (SEM, Carl Zeiss, Germany) and a JEM 2100F
transmission electron microscope (TEM, JEOL, USA).
The energy dispersive X-ray spectrometry technique
was used to determine the elemental composition in the
samples. X-ray diffraction (XRD) patterns, obtained on
a D8 Advance instrument (Bruker, Germany) using
Cu-Kol radiation at a scan rate (26) of 0.02° were used
to determine the identity of any phases present. The
X-ray fluorescence (XRF) experiments were performed
using an S4 PIONEER instrument (Bruker, Germany).
The light absorption properties of TiO,, Ag/TiO,, and
Ag/TiO,/Fe;04 were studied by diffuse reflectance
spectroscopy (DRS). DRS spectra were recorded on a
DRA-2500 spectrometer (VARIAN, Germany) equipped
with an integrating sphere. The spectra were recorded
in diffuse reflectance mode and transformed to a mag-
nitude F(R1), proportional to the extinction coefficient
(k) via the Kubelka-Munk theory. Band-gap energy
values were estimated from the plots of the modified
Kubelka-Munk function vs. the energy of the excitation
light, assuming anatase TiO, catalysts as indirect
semiconductors: ([F(Ro0)E]1/2).

2.3. Procedure of photocatalytic experiments

The photocatalytic activity of the prepared cata-
lysts under UV-C and UV-A light was estimated by
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measuring the degradation rate of 4-CP in aqueous
phase. The concentration of 4-CP was determined by
an UV-visible spectrophotometer (DR5000, HACH,
USA) according to its absorbance at 283 nm.

2.4. Effects of various parameters (dose, initial
concentration, intensity)

Experiments were carried out using a stirred
quartz reactor and a 6, 18, and 30 W UV lamp with
UV irradiation peaks of 254 and 365 nm at an ambient
temperature of about 20°C; 0.3, 0.5, and 0.7 g of the
photocatalysts were added with stirring into 1,000 mL
of aqueous 4-CP, of which the initial concentrations
were 10, 20, and 30mgL™", respectively. Samples of
the suspension were withdrawn after a defined time
interval and filtered through a 0.20 um syringe filter.
The filtered samples were analyzed for residual 4-CP
concentration using a UV-visible spectrophotometer.
The photocatalytic activity of the TiO,, Ag/TiO,, and
Ag/TiO,/Fe;04 powders were also evaluated for com-
parative purposes. The cyclic experiments were car-
ried out to determine the durability of 4-CP
degradation by the Ag/TiO,/Fe;0, composite. Each
sample was used repeatedly and each cycle lasted for
150 min. Before the beginning of the next cycle, the
remaining solution was replaced with 20mgL™" of
fresh 4-CP solution.

2.5. Kinetic studies

The photodegradation kinetics of 4-CP can be
described by a modified Langmuir—Hinshelwood model,
according to Eq. (1) [20].

de

_de _ k+Ke
a0

1+ Kc

= kre (1)

where k, is the reaction rate constant, 6 is the frac-
tion of the surface covered by 4-CP, K is the adsorp-
tion coefficient of 4-CP, and c¢ is the concentration of
the solute. For very low concentrations of 4-CP (Kc1),
we can neglect Kc in the denominator. Integration of
Eq. (1) yields Eq. (2) with k as an apparent first-
order rate constant.

lnCC—O:kH—a @

3. Results and discussion
3.1. Characterization of the Ag/TiO,/Fes04 composite

The structural characterization of the Ag/TiO,/
Fe;0, composite was confirmed by XRD analysis
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(Fig. 1). It was found that all the major diffraction
peaks were perfectly indexed with the anatase phase
of TiO,. The generation of Fe,O3; must be avoided dur-
ing the synthesis of Fe;O,, as Fe,O; tends to interfere
with the target experiment. The FeTiO; which is usu-
ally formed during the plasma-sprayed TiO,/Fe;O4
coating at high temperature, was observed in this
study. The use of sonication, instead of a motor-driven
blade for stirring during Ag/TiO,/Fe;O, composite
synthesis may be the reason.

The peaks assigned to Ag in non-calcined powder
at 20=38.1° and 20=64.4", suggest successful reduc-
tion of Ag metal at TiO, surfaces. The results demon-
strate the coexistence of silver, anatase TiO, and
magnetic phases in the final products, and are in close
agreement with other reported results.

XRF spectroscopy analysis of Ag/TiO, and Ag/
TiO,/Fe;0,4 are presented in Fig. 2, from which the
contained quantity of Ag/TiO, and Ag/TiO,/Fe;O,
was calculated. The TiO, was calculated as ~97.6% in
Ag/TiO,, which therefore also contained about 2.4%
of Ag. The proportion of Fe;O, was calculated as
about 50.6%, which therefore also contained 48.2% of
TiO; and 1.2% Ag.

The diffuse reflectance spectra (DRS) of the catalyst
samples Ag/TiO, and Ag/TiO,/Fe;O4 are shown in
Fig. 3. A plot of the modified Kubelka-Munk function
vs. the energy of exciting light affords band-gap ener-
gies of 1.12eV, 2.88eV, and 3.12eV for Degussa P25
TiO,, Ag/TiO,, and Ag/TiO,/Fe;0,, respectively.

To explore the photocatalytic activities of the Ag/
TiO,/Fe;0, (calcined at 300°C for 1h), the degradation
efficiencies of 4-CP (155.57 ymol L") under UV-C and
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Fig. 1. XRD spectra of Ag/TiO,/Fe;O, particles.
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Fig. 2. Contained quantity of Ag/TiO, and Ag/TiO,/
Fe;0, samples as determined by XRF analysis of photocat-
alytic degradation of 4-CP.

UV-A light irradiation sources were studied. Fig. 4
shows the degradation rate of 4-CP as UV-C (254 nm)
and UV-A (365nm). Using the Degussa P25 TiO, and
Ag/TiO,/Fe30, catalysts the concentration of 4-CP (as
measured by the chemical oxygen demand) decreased
by 69.4 and 82.13%, respectively (UV-C) and by 75.2
and 83.12%, respectively (UV-A).

The UV-A conditions exhibited a much higher
degradation concentration of 4-CP than UV-C, due to
the intense absorption of the lower band-gap energy
of the Ag/TiO,/Fe;O4 composite, which is illustrated
in Fig. 3.

The effects of catalyst dose, initial concentration,
and irradiation intensity were investigated to compare
the 4-CP degradation. The first factor studied was
an initial 4-CP concentration of 77.8, 155.6, and
233.4 umol L', respectively. The second factor was a
dosage of Ag/TiO,/Fe;O4 of 0.3, 0.5, and 0.7gL”",
respectively. The third factor was an irradiation inten-
sity of UV-A by 6, 18, and 30WL™, respectively.
When the Ag/TiO,/Fe;0, loading was varied for each
value of the initial 4-CP concentration, all other experi-
mental conditions were kept constant. Fig. 5(a) shows
the initial 4-CP concentration effects that an increased
concentration lead to a decrease of the degradation
rate. Fig. 5(b) shows that a dosage of 0.7 gL ™" is worse
than one of 0.5gL""; a reduction in reaction rate was
generally observed at photocatalyst overdose, due to
the opacity caused by excess photocatalyst clusters.
Fig. 5(c) shows that when the intensity is at its stron-
gest, there is enhancement in 4-CP degradation. It can
be concluded that the optimum amount of photocata-
lyst is dependent on the concentration of the substrate.
The optimal condition for 4-CP decomposition would
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Fig. 4. Photocatalytic activity of Ag/TiO,/Fe;O4 for 4-CP
degradation under UV-C and UV-A irradiation.

therefore correspond to O.SgL_1 of Ag/TiO,/Fe;04,
778 umol L™ of 4-CP, and 30 W of UV-A since the
highest removal rate was obtained at these values.
The slope of Fig. 5(d) shows the apparent first-order
rate that Degussa P25 TiO,, Ag/TiO,, and Ag/TiO,/
Fe;0, each promotes, and are 2.1x 107>, 2.8 x 107>, and
5.1x10°min "', respectively (Table 1). It can be seen
from the values that the kinetic rate constant for the
Ag/TiO,/Fe;04 is six times as high as that for
Degussa P25 TiO, and Ag/TiO..

The rate of the photocatalytic degradation of 4-CP
is a function of the initial concentration of 4-CP. This
rate can be evaluated with the adsorption reaction
rate constant (Kigsorption), Photocatalytic reaction rate
constant  (Kphotocatalytic), and —adsorption  coefficient
(Kadsorption+photocatalytic) initial concentration of 4-CP by
the inverse of Langmuir—Hinshelwood equation:

—dt/d[4 — CP] = l/kadsorption
+ 1/ {kadsorption kphotocatalysis [4 - CP}}

—dt/d[4 - CP] = 1/kad50[pti0n
+ 1/ {kadsorption kphotocatalysis [4 - CP}}

A plot of the inverse of the initial rate of 4-CP pho-
todegradation obtained as a function of the recipro-
cal initial 4-CP concentration is shown in Fig. 6. The
values of Kkagsorption and Kpnotocatalysis can be derived
from the intercept and the slope of these straight
lines. The adsorption of 4-CP on a semiconductor
catalyst is a crucial factor in the kinetics of heteroge-
neous photodegradation. The photocatalysis of 4-CP
on the Ag/TiO,/Fe;O, composite was obtained
as kphotocatalytic =2.86x 103/ kadsorption =0.5x 1074 by
optimal conditions (Table 2).

3.2. Test of cyclic usage of Ag/TiO,/Fe30,

In order to determine whether the cyclic usage
was possible for the Ag/TiO,/Fe;0, photocatalyst, the
photocatalytic degradation experiments of 4-CP were
repeated for four cycles. The change in residual con-
centrations of 4-CP under cycling conditions is shown
in Fig. 7. It was observed that 4-CP was degraded rap-
idly by the present photocatalyst under UV irradia-
tion. The photocatalytic activity of the present
photocatalyst was slightly reduced in stirred aqueous
solution, and the photocatalytic activity of Ag/TiO,/
Fe;O4 remained at about 83% of its activity as pre-
pared after being used four times; the degradation
percentage of 4-CP can reach 70% when the irradia-
tion time is 5h. Thus the findings suggested that the
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Fig. 5. Photocatalytic activity of Ag/TiO,/Fe;O, for: (a) initial concentration of 4-CP; (b) dosage of Ag/TiO,/Fe;Oy;
(¢) irradiation intensity; (d) first-order plots of 155.5uM 4-CP degradation by different catalysts (TiO,, Ag/TiO,, and

Ag/TlOZ/Fe3O4)

Table 1
First-order plots of 4-CP degradation with different cata-
lysts

Catalysts K R?

Degussa P25 TiO, 0.0023 0.9913
Ag/TiO, 0.0031 0.9949
Ag/TiO,/Fe;04 0.0066 0.9644

deposited anatase TiO, was firmly attached to the
Fe;O, surface, and cannot be easily exfoliated from
Fe;0,4 in mechanically stirred solutions for long peri-
ods. Simultaneously, it also proves that the final
removal of 4-CP from solution is caused by the photo-
catalytic degradation other than the adsorption pro-
cess that will lead to saturated adsorption of 4-CP on
the photocatalyst. These results indicate that cyclic
usage of the Ag/TiO,/Fe;Os composite is possible,
and its potential stability in treating polluted water is

200
_’-‘\
© 4
£ 250
£
i
d 200
=
2%
:“'_IJ 150
&
L.J 100
S,
= a4 & .
-7 ® AgTiOFe,0,
= m P25

0 : : . . .
0 5 10 15 20 25 30

[4-CP]'@ mmol™)

Fig. 6. Langmuir-Hinshelwood kinetics for the photocatalytic
degradation of 4-CP using Degussa P25 TiO, and Ag/
TiO,/Fe;04. (0.5gL™" of Ag/TiO,/Fe;O4, 77.8 umol L™ of
4-CP, and 30 W of UV-A).

satisfactory; it can therefore be potentially employed
in continuous photocatalytic degradation processes.
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Table 2

Apparent reaction rate constant and adsorption constant

CatalYStS kadsorption+photocatalytic kadsorption kphotocatalytic R2
Degussa P25 TiO, 0.10 0.6x107* 1.73x10° 0.9913
Ag/TiO,/Fe;04 0.14 05x107* 2.86x10° 0.9902

Time(min)

Fig. 7. The cyclic performance of Ag/TiO,/Fe;O,.

4. Conclusion

In this study, a composite Ag/TiO,/Fe;0, catalyst
was successfully synthesized. The photocatalytic activ-
ities of Degussa P25TiO,, Ag/TiO,, and Ag/TiO,/
Fe;O,4 towards 4-CP degradation under UV-A irradia-
tion were compared. From the results obtained, we
can conclude that the photocatalytic activity under
UV irradiation of Ag/TiO,/Fe;0, was higher than
that of both Degussa P25 TiO, and Ag/TiO,; the 4-CP
was degraded 82, 51, and 64% by Ag/TiO,/Fe;0,,
Degussa P25 TiO,, and Ag/TiO,, respectively. The
effect of Ag/TiO,/Fe;04 loading on three on decom-
position rate factors was studied. The photocatalytic
degradation rate of 4-CP was affected by initial con-
centration, dose, and irradiation intensity. The proper
conditions were identified as 77.8 umolL™", 0.5gL7",
and 30 W, respectively.

The first-order rate constants for the synthesized
Degussa P25 TiO,, Ag/TiO,, and Ag/TiO,/Fe;O, are
21x107 2.8x107%, and 5.1 x 10> min"', respectively.
The reaction rate of Ag/TiO,/Fe;0, was faster than
both Degussa P25 TiO, and Ag/TiO,.

The photocatalysis of 4-CP on the Ag/TiO,/Fe;O4
was obtained as kpnotocatalytic = 2.86 * 10%, Kadsorption = 0.5 %
10 as 77.8 umol L ™", 0.5 g L', and 30 W, respectively.

The photocatalytic activity of Ag/TiO,/Fe;O4
remains at about 83% of its activity as prepared after
being used four times, and the degradation percentage
of 4-CP can reach 70% when irradiation time is 5h.
The photocatalytic activity of Ag/TiO,/Fe;O, was
enhanced compared to Degussa P25 TiO, and
Ag/TiO, extension of wavelength.

The cyclic usage of Ag/TiO,/Fe;04 composite was
determined as satisfactory for its application in the
treatment of water pollution. The recovery of Ag/
TiO,/Fe;04 was demonstrated to be possible.
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