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ABSTRACT

p-naphthol is a highly toxic compound and up to now, various approaches were proposed
to remove it. However, these methods indicate low removal efficiencies since these materi-
als are difficult to degrad. Hence, this research aims to synthesize TiO, nanoparticles with
maximum photocatalytic properties suitable for application in the f-naphthol wastewater
treatment. For this purpose, firstly, two types of titanium nanoparticles in the crystalline
forms of anatase and rutile were synthesized. Here, anatase crystals indicated superior pho-
tocatalytic properties, as compared to the rutile crystals. The hypothesis behind this work is
that using a biphasic mixture of the rutile and the anatase may enhance the photocatalytic
properties of the anatase. Then these synthesized nanoparticles were stabilized on activated
carbon (AC) using the microwave thermal stabilization. Next, characterization of these
nanoparticles was performed using the X-ray diffraction and scanning electron microscopy
techniques. The results indicated when having the ratio of 4:1 anatase to rutile, this nano-
TiO, stabilized on AC indicate the maximum catalytic activity in f-naphthol degradation. In
addition, at pH 11, catalyst content of 8 g/L, and aeration of 0.36 m>/h, the maximum
p-naphthol removal was observed. The complete removal of f-naphthol from the initial
solution occurred in a duration shorter than 90 min using the initial concentration of
Co=3x10"* mol/L.

Keywords: Photocatalyst; Nano-TiO,; Photocatalytic degradation; Beta-naphthol; Activated
carbon

1. Introduction benzene cycles [1]. The carcinogenic and mutative
effects and the high toxicity of these substances have
highlighted the necessity for their recycling from the
industrial wastes [2]. The conventional water and
wastewater treatment methods indicate low efficiency
*Corresponding author. in their removal, since these materials are difficult to

Polycyclic aromatic hydrocarbons (PAHs) are a
group of organic compounds with two or several
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degrad [3]. Hence, in the recent years, many research-
ers have concentrated their efforts on the application
of advanced oxidation process techniques for the
removal of aromatic compounds [3-5]. Among the
various approaches of this technique, photocatalytic
oxidation using the nano photocatalytics is a very
effective technology [6] which is performed using the
UV radiation on the surface of a semi-conductive
material such as TiO, [7-10] and ZnO [11-14]. This
method is based on irradiation of UV light to the TiO,
surface, which leads to electron excitation from their
valance layer to the conductance layer. Therefore, an
electron-hole pair is created. Some of these pairs are
removed by their recombination on the surface of the
bulk crystal and the remaining pairs diffuse into the
crystalline surface. Then, an electro-philic species such
as oxygen adsorbs the electrons on the catalyst surface
and results in the creation of super-oxide radicals.
Besides, the remaining hole also takes an electron
from OH existing in the environment and produces a
hydroxyl radical, as a result. This hydroxyl radical is
highly active and causes destruction of the hardly
degradable structures such as benzene cycles
through hydrogen absorbing from organic compounds
[7,15-19].

As a member of PAHs family, p-naphthol,
C,0H7OH, has a plenty of applications in the chemical
dyes industry, pharmaceutical industry, pesticides,
and plastic production. A large amount of f-naphthol
annually enters to the aquatic ecosystems through the
industrial wastes. The maximum allowable amount of
this compound in the effluent of the factories is
3 ppm.

Recently, several researchers [2,20-24] have studied
the photocatalytic degradation of f-naphthol by nano-
TiO, [24,25] and reported that the contaminant mole-
cule’s absorbance on a catalyst surface enhances its
catalytic performance by absorbing the precursor of
photo-degradation reaction. Since the majority of the
commercial nano-TiO, has the specific surface area
below 50 m*/g, they have less adsorption potential as
compared to the compounds with weak polarity such
as aromatics and phenols. This implies that the
removal efficiency is controlled by these nanoparticles
[26-28]. One method for dealing with shortcomings is
to absorb more contaminants around the catalyst
through stabilization of nano-TiO, on activated carbon
(AQ), as it involves a very high absorption potential.
This results in an increase in the removal effi-
ciency, particularly for drinking water treatment,
because of the low concentration of the contaminants
[29]. Moreover, the intermediate substances pro-
duced from photocatalytic degradation are quickly
absorbed by the AC. Consequently, the next steps of
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photo-degradation are performed on them, whereby,
they are degraded to CO, and H,O [30]. Hence, the
secondary pollutant induced by the side products is
minimized. Through this method, recycling the
AC-containing nano-TiO, from the solution as deposi-
tion problem induced by the fine size of these nano-
particles no longer exists. In the past few years, a
large number of studies have been performed using
various stabilization techniques of nano-TiO, on AC
for contamination removal [30]. Fig. 1 depicts a sche-
matic illustration of TiO, stabilized on AC and the
way the contaminant is adsorbed on it.

Titanium dioxide is found in the amorphous form
and there exist three crystalline phases which are ana-
tase, rutile, and brookite. Each of them has its own
unique properties. Rutile is stable at the ambient
temperature. However, Anatase and brookite are
semi-stable and could convert to rutile at appropriate
temperature conditions. Existing sulfate ion causes the
ratio of rutile to anatase to vary. Although anatase
nanoparticles show stronger photocatalytic activity as
compared to rutile nanoparticles, anatase and rutile
phases being together may improve the photocatalytic
properties of anatase, as it confines a larger number of
electrons in its structure compared to rutile. It is
expected that by adding the rutile phase to anatase,
electron transfer from anatase to rutile occurs in an
easier fashion and a larger number of hydroxyl groups
discharge from plains (101) and (001) of anatase
[16,29,31,32].

In this study, firstly, the relatively cheap and
accurately controlled hydrolysis of TiCl, is applied to
synthesize rutile and anatase crystals with various
ratios. Next, these nanoparticles were stabilized on AC

g “

=1 porous Ti02
=]
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Fig. 1. Schematic illustration of nanoparticles coating on
surface of AC and the process of adsorption of the contam-
inant by activated carbon.
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using microwave energy. Finally, the performance of
the produced catalyst was examined on p-naphthol
removal. To achieve the best photo-degradation effi-
ciency, determination of the optimum ratio of anatase
phase to rutile phase is essential. Moreover, the effects
of various parameters such as catalyst content, aera-
tion, solution acidity, and concentration of f-naphthol
were studied. In addition, a comparison was made
between the adsorption, photocatalytic degradation,
and photo-degradation processes and their synergic
effect on f-naphthol degradation.

2. Materials and methods
2.1. Materials

All chemicals used in this research were selected
from among those with high purity level. Titanium
tetrachloride, ammonium hydroxide, ammonium sul-
fate, sodium hydroxide, and p-naphthol were supplied
all by Merck Inc., Germany (purity 299%). The gra-
nola AC was purchased with grain size of 0.1-0.3 mm
from Iran Sanat Carbon Inc.,, and then washed with
distilled water for initial preparation. Then, it was
dried for 8 h at 110°C.

2.2. Preparation

Titanium nanoparticles introduced in this work
were synthesized in crystalline forms of anatase, rutile,
and biphasic mix of anatase with rutile through the
controlled hydrolysis of titanium tetrachloride [33-35].
To simultaneously synthesize rutile and anatase
phases, a small amount of ammonium sulfate was
added to the titanium tetrachloride solution. To stabi-
lize these nanoparticles on AC, 4g of TiO, was
dispersed in 100 mL ethanol and then the solution pH
was adjusted to 3 using the diluted nitric acid. Next,
for complete dispersion of the crystals, the obtained
mix was placed in the ultrasonic apparatus for 15 min.
After that, during 2 h, 10 g AC was added to the mix
and it was gradually agitated using the magnet agita-
tor. For thermal stabilization, the obtained solution
was put in the microwave with power 180 W and tem-
perature 250°C at vacuum conditions. For complete
deposition of the nanoparticles on the surface of the
AC, the process was repeated twice more.

2.3. Photo-reactor

The photo-reactor used in this work contains a
cylindrical reactor equipped with a radiation and aera-
tion system. Fig. 2 presents a schematic view of this
photo-reactor. The height and diameter of the reactor
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Fig. 2. Schematic drawing of the photo-reactor.

are 35 and 20 cm, respectively. A UV-C light with
power 20 W, manufactured by Philips Inc., is used in
this reactor.

3. Methodology and analysis

To evaluate the anatase phase to the rutile phase
ratio in TiO, nanoparticles, X-ray diffraction (XRD)
analysis was carried out using a device fabricated by
X'pert 1480, Philips Inc., The Netherlands. It was also
possible to estimate the anatase to rutile ratio in the
samples using the Spurr Meyers equation:

Xa(%) =100/(1 4 1.265 - Iz /I,) M
X (%) = 100/(1 + 0.8 - I /Iy) @)

where I, is the anatase phase intensity at 26 =25.24, Ix
is the intensity of rutile peak at 260=27.83, Xz and X,
are the weight percentage of anatase and rutile in the
samples, respectively. To study the shape and mor-
phology of the nanoparticles, scanning electron
microscopy (SEM), model: XL30, Philips Inc., was
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used. To determine the concentration of the organic
volatile complex compounds, gas chromatography
(GC) was used. To inject the samples to the GC
device, the analyzed material was transferred from the
aqueous phase to the organic phase. To do so, first,
10 mL of the sample was mixed with 2 mL of dichlo-
romethane and agitated for 1.5 h. Once the agitation
process is stopped, dichloromethane is deposited and
segregated since it is heavier. The process was
repeated twice more. Then, 6 mL of dichloromethane
containing p-naphthol was heated at a mild tempera-
ture and the mix volume was reduced to 1 mL.
Finally, 1 puL of the mix was injected to the GC device.
Thermal adjustment was performed in the following
manner, where the oven temperature was kept at 65°C
for 1 min and then it was increased to 210°C with gra-
dient of 15°C/min and kept at this temperature for
3 min. The injector and detector temperatures were
adjusted in split less state at 200 and 210°C,
respectively.

4. Results and discussion
4.1. Effect of crystal type

To determine the photocatalytic properties among
different forms of TiO,, firstly, different crystalline
forms of anatase, rutile, and biphasic mix of anatase
with rutile (with various anatase to rutile ratios of 1,
2, and 4) were synthesized. Then, these nanoparticles
were separately stabilized on AC. Next, their effect
was examined on f-naphthol removal. Fig. 3 illustrates
degradability of f-naphthol by the studied catalysts.

The figure shows that the phase ratio of anatase to
rutile of four (A/R=4) could result in complete
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removal of f-naphthol in 150 min. On the other hand,
anatase, A/R=2 and 1, and rutile indicated maximum
removal of 96.5, 63.5, 50, and 31%, respectively. As a
result, the phase ratio of anatase to rutile of four
(A/R=4) is suggested as the optimum ratio. There-
fore, AC coated by the nano-TiO; is introduced as the
best catalyst. This phenomenon can be attributed to
the fact that although photocatalytic property of ana-
tase is higher than that of rutile, a slight amount of
rutile added to anatase minimizes the probability of
electron-hole recombination and, consequently, leads
to an increase in photocatalytic properties of this com-
pound. The optimum ratio of anatase/rutile was used
in the following experiments.

4.2. Characteristics of the nano-TiO, stabilized on AC

Fig. 4 presents XRD pattern of optimum biphasic
mix of anatase with rutile. Based on the calculations
performed on the XRD spectrum of the phase mix, it
was found that crystalline particles contain 80 and
20% of the anatase and rutile phases, respectively.

As mentioned previously, to study the morphology
of the synthesized catalysts, SEM device was used.
Fig. 5 depicts the surface of the AC before and after
stabilization of A/R =4 in various magnifications. The
figure demonstrates that stabilization of the nano-TiO,
on all surfaces was done completely and uniformly.

For the elemental analysis of the nanophotocata-
lyst, the synthesized samples were analyzed by
Energy dispersive X-ray spectrometry (EDX). These
EDX spectra of nano TiO,-AC composites and nano
TiO, particles are shown in Fig. 6. These spectra
illustrate the existence of C, O, and also strong Ti
peaks. In the case of both of the samples, titanium
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Fig. 3. The role of various anatase to rutile (A/R) ratios stabilized on AC on the photocatalytic degradation of

J-naphthol.
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Fig. 4. XRD patterns of the optimum biphasic mix of anatase with rutile.

Fig. 5. SEM micrographs of (a) AC and (b)-(d) nano-TiO, coated on AC in various magnifications.
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Fig. 6. EDX analysis of TiO, nanoparticles (a) and AC-TiO, composite (b).

element was introduced as nearly the main element in
the samples.

4.3. Optimum content of the catalyst

In this work, the effect of various contents of the
best catalyst (AC coated by optimum anatase to rutile
ratio) was examined in photocatalytic degradation of a
solution containing 5x10"*mol/L of p-naphthol
(Fig. 7). As shown in Fig. 7, an increase in the best cat-
alyst from 3 to 7 g/L leads to an increased removal
efficiency and then a slight decrease in removal effi-
ciency is observed. This trend can be explained as:
Once the best catalyst content rises, the number of free
OH radicals and the amount of absorbed contaminants
on the best catalysts increase and lead to the increased
removal efficiency. However, after particular catalyst
content, the created opacity in the solution reduces the
UV penetration depth; therefore, the number of radi-
cals is decreased and a slight decrease in the removal

efficiency is observed. In general, the optimum content
of the best catalyst is 7 g/L, which results in 98%
removal of f-naphthol during 90 min.

4.4. Acidity effect

Fig. 8 illustrates the effect of photocatalytic degra-
dation on f-naphthol by the best catalyst at various pH
levels. The graph shows that the maximum removal
occurs at pH 11 while the minimum removal takes
place at acidic pH. This phenomenon can be attributed
to the fact that although the maximum p-naphthol
absorption on a catalyst occurs in neutral pH and then
acidic pH because of the positive charges on the cata-
lyst surface (pHp,. 6.7), in the main reactions of
hydroxide radical generation (reactions 3 and 4), an
increase in pH leads to generation of a larger number
of hydroxide ions. Thus, at pH 11, wherein f-naphthol
is in ionic form (pK,=9.51), the maximum pf-naphthol
removal is observed. Moreover, from pH 11 to 14,
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Fig. 7. Effect of the catalyst amount on the photocatalytic degradation of f-naphthol.
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p-naphthol removal decreases because of the competi-
tive absorption among OH ™~ and p-naphthol ions.

h* +2H,0 — OH + H;0" ©)]

h* + OH — OH 4

4.5. Oxygen aeration effect

Fig. 9 presents oxygen aeration effect on p-naph-
thol degradation. As shown in the figure an increase
in the aeration rate from 0.24 to 0.36 m>/h leads to -
naphthol removal increase from 64.5 to 82%, and then
this value drops. Hence, aeration rate of 0.36 m3/h
was selected as the optimum value in this work.

100
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An increase in oxygen aeration rate from 0.24 to
0.36 m>/h not only results in a better mixing in photo-
reactor but also leads to the generation of more OH,
and O, (e +0;,—0;,+ and O, +H" — HO)).
Therefore, f-naphthol is degraded more easily. How-
ever, once this rate exceeds 0.48 m®/h, the environ-
ment turbulence is severely increased and the
generated bubbles prevent the complete transfer of
UV in the reactor. As a result, the produced currents
prevent the complete contact between catalyst and UV
and it reduces the removal efficiency.

4.6. Effect of B-naphthol concentration

In this paper, various concentrations (1, 3, 5, and
7x107° mol/L) of p-naphthol were used to calculate
the concentration effect. As shown in Fig. 10, once
p-naphthol concentration rises from 1 to 7 x 1073 mol/L,
p-naphthol removal efficiency drops from 100 to 64%.
This phenomenon can be attributed to the formation of
multilayer f-naphthol around the catalyst at high con-
centrations. This multilayer is compacted and causes
interruption in OH radical release through occupying
the active spots on the catalyst surface. Besides, the
high concentration of the contaminants reduces the
photon penetration depth in the solution and, in turn,
lowers the generation rate of OH radicals. Finally, the
increased concentration of f-naphthol also decreases its
removal efficiency.

4.7. Reaction kinetics

In this work, three processes are responsible for
p-naphthol degradation: Photolysis, absorption, and

Degradation of Beta-naphthol (%)
I3
S

=o— 0.36m3/h
0.24m3/h

== 0.3m3/h

== 0.48m3/h

0 10 20 30 40

50 60 70 80 90

Irradiation time (min)

Fig. 9. Effect of aeration rate on the photocatalytic degradation of f-naphthol.
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Fig. 10. Effect of the initial concentration of f-naphthol on its photocatalytic degradation.
hotocatalyst. Fig. 11 illustrates these three processes
p ys. 18 P R =k0 = dC/dt =k - k,C/1 + K,C )

separately and their synergic effect on f-naphthol deg-
radation. As shown in the figure, TiO,-AC absorption
process by itself leads to the minimum pS-naphthol
removal of 26%. AC absorption and photolysis process
had contribution of 47 and 29%, respectively. Such a
reduction can be attributed to the decreased surface
area of AC since it is coated by nano-TiO,. The
p-naphthol degradation rates were 52 and 82%,
respectively, during the UV/AC and UV/TiO,-AC
processes. The results indicated that the maximum
p-naphthol removal took place when integrating the
absorption and the catalytic oxidation agents.

Due to the low concentration of the initial
p-naphthol in this study, reaction kinetics are
explained by  pseudo-first-order = Hinshelwood-

Langmuir equation [36]:

== UV/Ti02-AC
AC

== Ti02-AC

=== UV/AC

uv

Degradation of Beta-naphthol (%)
(4]
o

0 10 20 30 40 50 60 70 80 90
Irradiation time (min)

Fig. 11. A comparison among different photolysis, absorp-
tion, and photocatalytic processes during p-naphthol
removal.

where: k, is the actual rate of reaction which involves
parameters such as catalyst amount, intensity of pho-
tons, amount of dissolved oxygen, acidity, etc.; k, is
the absorption constant. Once the initial concentration
is low, k,C term is removed from denomination and
Hinshelwood-Langmuir equation is transformed into a
simpler form:

R = k0 =dC/dt = kikyt = Kypt 6)

where K, is the apparent rate of the contaminant.
The pseudo-first-order Hinshelwood-Langmuir
equation is finally expressed as:

Ln(c/co) = —Kpt @)

Kyp is calculated using the data from Fig. 11. Table 1
indicates the pg-naphthol removal percentage, K
values, and the regression coefficient for various pro-
cesses of this study. Here, the maximum rate is for

Table 1
Apparent first-order rate constant (K,,) for different
processes

Process Removal percent Kapp R?
UV/TiO,-AC 82 0.018 0.9725
UV/AC 56 0.0089 0.92
AC 47 0.007 0.8972
TiO,-AC 29 0.0037 0.9
uv 26 0.003 0.77
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Table 2
Main reaction intermediate products identified by GC-MS
No Structure Name Retension time (min)
i @\ Benzonic acid 16.6
COOH

ii 1,2-Naphthoquinone 19.2

ii ©:i'!“ Trans-2-carboxybenzalpyravic acid 20.3
=~ TCOOH

iv O 1,2-Dihydroxynaphthalene 20.8

v @zcoon Formylbenzoic acid 21.1
CHO

vi @:Cm“ O-phthalic acid 22.7
COOH

UV/TiO,-AC process with K,,=0.018. Besides, photol-
ysis process or TiO,-AC had the minimum particle

rate constant (regression).
The synergic effect of the process is shown by R Substituting the apparent rate constant of absorption

which is calculated using the following equation: on TiO,-AC and synergism photolysis of these two

R = KUV /TiO; — AC/KpTiO, — AC ®

OH

e

> o >

se

= “COOH

COOH

:> O:Z::“ I:L> QCOO“ ‘::> ©\coon

|:"L> CH3;COOH, HCOOH, CH;CHO :> CO,, H;0

Fig. 12. Possible pathways for the formation of intermediates of the f-naphthol degradation.
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processes, the value of 2.68 is obtained, which implies
a strong synergism effect between the two photolysis
and absorption processes.

4.8. Reaction trend

To identify p-naphthol degradation and the
produced intermediate products during the reaction,
GC-MS analysis was used. Table 2 indicates the
obtained main peaks and the molecular structures.
Considering the obtained products, the photocatalytic
pathway of p-naphthol degradation is proposed as
schematic illustration (Fig. 12).

As previously mentioned, by UV irradiation on
surface of nano-TiO,, electron and whole sites are cre-
ated (reaction 5). These sites generate hydroxide and
superoxide radicals through absorbing H,O and oxy-
gen (reactions 6 and 7). The radicals are highly active
and lead to the oxidation of the contaminants. Syner-
gism effect is rather weak on TiO,-free surface of AC
in the free radical and the OH radicals are generated
with difficulty. However, after nano-TiO, stabilization
on AC, UV irradiation results in the generation of a
large number of OH radicals, which quickly oxidize
the contaminant. The controlling mechanism of photo-
catalytic degradation in p-naphthol is based on the
reactions (9-15):

TiOp “h* + e ©
h* +2H,O — OH' + H;0 (10
h* +OH — OH 11)
et +0, - 05 (12)
e” + 0, +H,0 - OH (13)
H,C, 1% 20H (14)
OH - +p-naohtol — byproducts — CO, + H,O (15)

By invasion of OH ™ radicals to f-naphthol, its structure
was degraded and changed to 1,2-dihydroxy naphtha-
lene and 1,2-dyhydro naphthalene. Then, it was
converted to 2-hydroxycinmic acid and 2-ethanoxy
benzoate compounds. By continuing the photocatalytic
degradation process, the benzene cycle is broken and
1, 3-boutadine and, in the final stages, linear acetalde-
hyde, formic acid, and acetic acid are produced.
Finally, f-naphthol is converted to HO and CO,.
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5. Conclusion

The results of this work indicated that TiO, nano-
particles with A/R =4 have photocatalytic properties
markedly more desirable than that of crystalline
forms of anatase and other A/R ratios. In other
words, AC containing nano-TiO, with A/R =4 indi-
cated higher removal efficiency, as compared to
A/R=2 and 1 and rutile crystals. Here, f-naphthol
removal was performed in 90 min with removal effi-
ciency of 100, 90, 68, 59, and 45, respectively. The
reasonable increase in the catalyst content and the
aeration rate resulted in enhanced p-naphthol
removal; however, the further increase in these fac-
tors led to environment turbulence and a drop in the
removal efficiency. Hence, the optimum catalyst con-
tent and aeration rate were determined as 8 g/L and
0.36 m>/h, respectively. The low concentration of the
p-naphthol dramatically increased its removal effi-
ciency, which is performed completely at concentra-
tion of 0.1 mM during less than 45 min. Both the
hydrolysis synthesis of TiCl, for nanoparticle genera-
tion and thermal stabilization of TiO, on AC using
the microwaves indicated high preparation speed
and low prices and are appropriate approaches for
synthesis of TiO, nanocatalysts with high photocata-
lytic properties. Using the nano-TiO, nanocatalysts
stabilized on AC allows producing drinking water
free from any chemical contaminants in a short time
frame.
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