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ABSTRACT

Complex photocatalysts were prepared by coating TiO, nanoparticles with tourmaline and
used in the photocatalytic degradation of simulated methyl blue wastewater. The photocat-
alytic activities and crystalline form were affected by the synthetic conditions, with the opti-
mum catalyst preparation of using 1% in weight, of HCI treated tourmaline passed by the
3,000 mesh sieve, and finally calcination at 450°C for 5 h. The addition of SOi’ or lowering
of solution pH decelerated photocatalytic degradation, while cations like Ca®*, Zn>*, and
Mg** accelerated the reaction. Results of our study indicate that tourmaline due to its
broadening utilization potential is a helpful carrier to enhance the effect of the TiO,
photocatalytic method in the processing of dye wastewater.
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1. Introduction

Dye production occupies an important part in
industries worldwide. It was estimated that the global
output of dyes can be as large as about 1,280,000 tons
in the year of 2012 [1], among which 1-2% during
manufacturing and 1-10% during usage are released
directly into the environment [2]. Thus, the potential
hazards of various dyes, as common organic pollu-
tants, have become a focus of environmental research-
ers [3,4]. Besides, wastewater from the dye industry is
highly visible and complex in composition, thus repre-
senting a source of pollution in need of special
attention [5]. Till now, treatment of dye wastewater
can be divided into physical, biological, and chemical
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methods. The physical treatment, represented by
adsorption, coagulation, and filtration, usually removes
only pollutants from one phase to another without
entirely decomposing them, and thus the secondary
source of pollution still needs to be treated. On the
other hand, complex aromatic structures commonly
existing in dye chemicals often lead to their stability, to
be resistant to biodegradation [6]. Therefore, chemical
processes like heterogeneous photocatalysis, Fenton
oxidation, ozone treatment, and ultrasonic decomposi-
tion are usually considered as effective ways in the
entirety of removal with reduced hazards to environ-
ment. Photocatalysis is a novel method which attracts
vast interest in the last few years [7]. Research of the
photocatalytic method, represented by TiO, photo-
catalysis, especially draws a lot of interest due to its
innocuity, reusability of catalyst as well as the vast
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applicability towards a wide variety of pollutants. The
degradation mechanism is wusually explained as
follows: the n-type semiconductor of TiO, absorbs pho-
ton-holding energy equaling to or more than its band
gap and the electron transits from the valence band to
the conduction band leaving the electron and the hole
separated. Holes can either oxidize the organic pollu-
tants directly or react with H,O molecules to form ‘OH
radicals, which can nearly degrade any organic chemi-
cals in solutions unselectively due to their strong oxi-
dizability. The photogenerated electrons may also react
with water-dissolved oxygen and H" to form H,O,,
which can further be decomposed by light to *OH radi-
cals. Till now, the low-quantum yield arisen by the
easy recombination of photogenerated holes and elec-
trons still limits the further widening of practical uti-
lization of photocatalytic techniques.

Tourmaline is a common natural mineral widely
distributed in China. Since the discovery of its sponta-
neous electric field, this mineral has been utilized in
fields like medical treatment, improvement of water
quality, and purification of air. The investigation for its
photochemical usage was once carried out by some
researchers to employ it as an iron source of Fenton
reagent [8,9] and it could also be used as photocatalyst
alone, according to our previous study [10]. The exis-
tence of electric field can help separate holes and elec-
trons. Thus, the mineral may be able to coat TiO,
nanoparticles to result in a better isolation of photogen-
erated holes and electrons, and thus to better enhance
the quantum yield compared to traditional carriers.
The enhancement of TiO, photocatalytic activity by
tourmaline was reported by some previous researchers
[11,12]. This study is designed to prepare tourmaline—
TiO, composite photocatalyst using the sol-gel method
to explore the optimum synthetic condition and to
investigate the effects of common environmental fac-
tors of wastewater on the final removal rate.

2. Experimental
2.1. Materials

Methyl blue (MB) was bought from Sigma. The
mobile phase of HPLC was of chromatographic grade,
while other chemicals were of analytical grade and
were used without further purification. Fe-tourmaline
was purchased from Chuanshi mineral processing fac-
tory, Hebei, China.

2.2. Instrument

The photoreactor was designed according to the
following description. A hollow column tube was
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used as the reaction container with two open gaps in
opposite directions in its upper part: one for the input
of air and the other for the injection of samples. A
straight internal tube was inserted to hold the
ultraviolet lamp (254 nm, 13 W), which was purchased
from the Xujiang Electromechanical Plant, Nanjing,
China. Water for cooling the lamp was continuously
flowing through the closed area of the internal pipe
during the whole process of the reaction.

The HPLC system used in this study was an Agi-
lent 1200 series HPLC system, which consisted of a
G1322 A degasser, a G1311 A Quat Pump, a G1329 A
thermostatted autosampler, a G1316A column oven,
and a G1314A DAD detector. The column used for the
separation was Agilent Eclipse XDB-C18 (5 pum,
4.6 x 250 mm). The X-ray diffractometer used was
from X'TRA with CuKo irradiation.

2.3. Pretreatment of tourmaline powder

The crude tourmaline powder was firstly passed
through a 3,000-mesh sieve. After that, it was dispersed
in double-stilled water with ultrasonic for 1 h. Then, the
filtered powder was immersed for 24 h in solutions,
whose pH was adjusted to 1.00 by acids or to 12.00 by
bases. After that, it was washed repeatedly with double-
distilled water till the supernatant turned neutral.
Finally, the powder was separated out and dried at 80°C.

2.4. Synthesis of tourmaline-coated TiO,

9 mL of tetrabutyl titanate (TBOT) was mixed with
90 mL of ethanol and a certain weight of treated tour-
maline was added by stirring for 20 min. After that, a
mixture containing 10 mL of ultrapure water, 5 mL of
HCI, and 20 mL of ethanol was dripped carefully into
the system till the pH turned to 0.8. The stirring was
kept for 24 h at room temperature. 1 mol Lt NH;-H,O
was then dripped in till the gel was formed. After
being aged for 3 h, the gel was dried at 110°C and cal-
cined at certain temperatures in a muffle oven.

2.5. Photocatalytic degradation of MB

About 11 mgL™" MB solution was prepared by
dissolving 5.5 mg of MB into 500 mL of ultrapure
water, which was then transferred into the reaction
container. The liquid depth in the reactor reached
approximately 7.1 cm. After that, chemicals for investi-
gation into the effects of factors were introduced in
and 260 mg L™ photocatalyst was added. The first
sample was taken by injection after 1h of magnetic
stirring of the suspension. The 13-W, 254-nm



19294

ultraviolet lamp in the central hollow part of the inter-
nal tube was then turned on, and photocatalytic
degradation started. All experimental processes were
accompanied by vigorous stirring and air pumping
into the system at 1 mL s~'. Samples were all extracted
by a 10-mL injector, centrifuged (10,000g, 8 min), and
the supernatants were separated to be stored at —20°C.
All experiments were performed at least in duplicate.

2.6. HPLC analysis and characterization of photocatalyst

The mobile phase used for the analysis of MB was
acetonitrile:water = 30:70 (v:v) isocratically running at
a rate of 1 mL min~". Determination of MB was per-
formed selecting 614 nm as the detection wavelength.
The XRD characterization of tourmaline and TiO,
complex photocatalysts was done under the following
conditions: the tube voltage and current were 40 kV
and 40 mA, respectively. 20 was measured from 10 to
75° for tourmaline and from 20 to 80° for TiO, photo-
catalysts, respectively, with a step size of 0.02°.

3. Results and discussion
3.1. The XRD characterization of tourmaline

The XRD result of Fe-tourmaline used in this study
is shown in Fig. 1. 26 values of 13.88°, 20.96°, 22.20°,
30.14°, and 34.66° are in accord with those from Meng
et al. [12], demonstrating the characteristic peaks of
Fe-tourmaline.

3.2. Effect of tourmaline treatment

Generally speaking, natural minerals are formed
over very long periods of time and are complex in
composition. To be suitable as carriers for catalysts,
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they were often pretreated before use. For instance, the
pretreatment of wollastonite varied its surface coordi-
nation structure, raised the concentration of hydroxyls,
diminished phase interface, and therefore enhanced
the combination between the carrier and the photocata-
lyst [13]. The photocatalytic degradation curves by
complex catalysts under different conditions are shown
in Fig. 2. The photocatalytic degradation rates for MB
can be approximated as pseudo-first-order kinetics,
according to the Langmuir-Hinshelwood model. In
this case, the photocatalytic degradation reaction rate
equation could be reasonably described by a pseudo-
first-order kinetics equation, —dC/dt = kC, where k is
the pseudo-first-order reaction rate constant.

It can be learned from Fig. 2(a) that except TiO,
loaded on NaOH-treated tourmaline, the photocat-
alytic activity of which was lower than pure TiO,, four
other treatments all resulted in different extents of
enhancement of TiO, photocatalytic activity. The
possible mechanism might be [12]: (i) the carrier helps
increase the active sites of photocatalyst; (ii) the
spontaneous electric field of tourmaline decelerates
the recombination of photo-generated holes and
electrons, which enhances the quantum yield; (iii) the
far-infrared radiation and electric field effect of tour-
maline may help to diminish the clustering of water
molecules and thus enhance the concentration of OH™
in the system, which may also increase ‘OH radicals
in the system.

All five complex photocatalysts showed the charac-
ter of anatase crystal (Fig. 3), while the peak of
20 =30.78" in the spectra of tourmaline treated by
NaOH and H,SO, corresponds to the brookite feature.
Besides, peaks of both samples appear blunt compared
to those of others, indicating worse crystallinity. The
diameter of these particles can be estimated according
to the Scherrer formula [14]: D = K4/fcos6, in which D
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Fig. 1. XRD spectrum of tourmaline used in this study.
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Fig. 2. Photodegradation of 11 mg L™! MB in ultrapure water under UV 254 nm (13 W) as air was pumped in at 1 mL g1
catalyzed by tourmaline-TiO, complex photocatalyst with different treatments: (a) effect of tourmaline processing, (b)
effect of tourmaline content, (c) addition of untreated tourmaline, (d) effect of tourmaline size, (e) effect of calcination

temperature, and (f) effect of calcination time.

is the diameter (nm); K is the Scherrer constant and
often valued as 0.9; 1 is the wavelength of X-ray,
0.1541 nm in this study; g is the width at the half
peak; and @ is the Bragg diffraction angle. The peak
top at 20 ~ 253 was used for this calculation. The
calculated D values were in the range of 10-20 nm.
TiO, coated by base-treated tourmaline showed a

lower photocatalytic activity than those coated by
acid-treated tourmaline (Fig. 2(a)), which might
suggest that the impurities in tourmaline surface tend
to be more dissolved and removed by acid. Among
the three acids, HCl treatment exhibited the best
carrier effect, which entirely decolored the MB solu-
tion in 30 min™' (k=0.149 min~', R®>=0.91) under
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Fig. 3. XRD spectra of TiO, coated on tourmaline with dif-
ferent treatments, in the order downward from the top:
NaOH, KOH, HNO;, H,SO,, and HCl.

UV irradiation, thus was selected as the basis for
further study.

3.3. Effect of tourmaline content

The optimum tourmaline usage was investigated
by varying the weight of treated tourmaline powder
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added. A trend of peak broadening was observed in
the XRD spectra (Fig. 4), suggesting the existence of
tourmaline which helps to diminish the size of TiO,
nanoparticles. It can be seen from Fig. 2(b) that in the
ratio range of 0.1-10% of tourmaline weight, all of the
complex photocatalysts showed a stronger activity
than pure TiO,. The photocatalysts containing 0.1-
0.7% tourmaline were slightly more active than pure
TiO,, while the 1% tourmaline content exhibited the
best removal effect (k = 0.149 min~!, R? = 0.91). Further
enhancement of the tourmaline amount to ratios of 5
and 10% only led to a decreasing trend in photoactiv-
ity (k=0.121 min"', R*=0.99, and k=0.122 min"’,
R?=0.97, respectively). This might be explained as
that the excessive tourmaline shadowed the irradiation
of UV light to inhibit the contact of TiO, with photons.
Besides, the amount of photocatalyst added remained
constant, which meant that the increased amount of
tourmaline led to the decrease in TiO, amount.

For comparison, the crude tourmaline powder was
used to synthesize the complex photocatalyst using
the same procedure. It can be learned from Fig. 2(c)
that none of the addition levels resulted in the
enhanced activity of TiO, photocatalyst, but in turn
decreased the removal rate, the extent of which was
turning larger as the content of tourmaline increased.
Clearly, the untreated tourmaline within only masked
the UV irradiation and reduced the effective TiO,
amount. Therefore, the catalytic effects of the complex
photocatalyst were decreased.

3.4. Effect of tourmaline diameter

For comparison, tourmaline powder filtered by a
1,250-mesh sieve was used to synthesize the complex
photocatalyst using the same procedure. Fig. 2(d)
shows that the tourmaline particle size can, to some
extent, affect the carrier effect, while TiO, coated with
3,000-mesh-sieved tourmaline exhibited slightly higher
activity (k=0.149 min~!, R*=0.91) than that sieved
with 1,250 mesh (k = 0.13 min~ !, R? = 0.96). This might
indicate that tourmaline with a smaller size can be
exposed more to TiO, nanoparticles, which enhances
its carrier effect. The complex catalyst containing 1%
1,250-mesh tourmaline also showed a much higher
activity than that of 0.1%, suggesting the tourmaline
content is the key factor determining photocatalytic
activity.

3.5. Effect of calcination temperature and time

It can be learned from Fig. 2(e) that photocatalytic
activity decreased in the order of 450-650-850°C.
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Compared to pure TiO,, the tourmaline-coated
samples calcined at 450 and 850°C showed a higher
photoactivity, but at 650°C, it is reversed. It is demon-
strated that the formation and activity of photocatalyst
are influenced by various factors in a complicated
manner. Only when these factors, like spontaneous
electric field and far-infrared radiation of tourmaline,
are coordinated with the preparation conditions like
the thermal effect, can the photocatalytic activity be
enhanced by coating.

The complex photocatalysts were calcined at the
set temperature of 450°C for 2, 5, and 7 h, respectively.
Obviously, 5h of calcination resulted in the highest
activity of complex photocatalyst (Fig. 2(f)). Sufficient
calcination time is necessary for the optimal formation
of crystalline, but excess heating also leads to the
skeletal collapse of TiO, crystalline [15] as well as the
unnecessary exhaustion of energy. Therefore, 5 h was
selected as the calcination time for all other synthetic
samples.

3.6. Adsorption and effect of environmental conditions of
photocatalysis

The adsorption experiment was performed under
the same conditions with photocatalysis but without
UV irradiation. The adsorption ratio was 30 percent
in 1h by pure TiO,, which was greatly enhanced
when the catalyst contained 1 and 10% tourmaline
with adsorption rates of 100 and 70% in half an
hour, respectively. The catalyst containing 0.1%

Percentage of remaining

246

0 10 20 30 40 50
t (min)

Fig. 5. Adsorption curves of 11 mgL™' MB in ultrapure
water by TiO, coated on different contents of tourmaline.
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tourmaline showed a performance similar to that of
pure TiO,, with a slightly slower process in the
beginning (Fig. 5). The mechanism of photocatalytic
reaction in solutions is still not defined, and focused
on whether the key reactants are photo-generated
holes or hydroxyl radicals. Du et al. considered that
the hydroxyl radicals may not play an important role
once the decoloration rate is positively proportional
to the adsorption rate [16], but Turchi and Ollis
argued that after being formed, the hydroxyl radicals
may be adsorbed on the catalyst surface and attack
the organic molecule either adsorbed or distributed
in solution; or diffuse to the solution and react with
dissolved organic molecules [17]. *OH may be spread
as far as only 1 pm even if the solute concentration is
as low as 107°mol L™!, meaning that the hydroxyl
radical reaction may also occur in solution near the

(a)

© no addition

0.6 1 A 0.05 mL

0.5 A
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catalyst surface [17]. Therefore, this phenomenon
alone does not mean the assertion of any mechanism.
The ethanol, commonly accepted as a hydroxyl
scavenger, was thus added into the photocatalytic
system, and inhibited the reaction to some extent
(Fig. 6(a)). Therefore, *OH plays an important role in
this reaction.

The removal slowed down when the solution pH
was adjusted to 3.54 by HCI. The acidic condition may
decelerate the ionization of water molecule and fewer
"OH exist near the active sites of catalyst, thus
decreasing the hydroxyl radicals derived from ~OH
oxidation by holes [18]. The replacement of formic
acid as the acidifier did not result in an even higher
decelerating effect. Formic acid acts as the hole scav-
enger in a photolytic system [19]. If holes also played
a key role in this system, the existence of formic acid
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pH value, and (c) effect of ions.



X. Bian and R. Ji | Desalination and Water Treatment 57 (2016) 19292-19300

would have enhanced the inhibition effect. Therefore,
it can be concluded that the reaction is mainly medi-
ated by ‘OH.

The addition of SO~ decelerated the reaction as
shown in Fig. 6(c). SO} in a photocatalytic system
can be adsorbed on the surface of the photocatalyst
and decrease its reactive sites [20].

The cations, like Ca?*, Zn?**, and Mg2+, usually
enhanced the photocatalytic removal rates according
to some authors [21-23], most probably due to their
absorption of photoelectrons. In our study, except the
insignificant effect of 5 mg L™ Mg** (k = 0.155 min"’,
R? =0.93), other added metallic cations all accelerated
the photocatalytic reaction to lead to the complete
disappearance of MB in the solution within 20 min.
Therefore, a little hardness may be beneficial to
dye removal in wastewater by the photocatalytic
method.

4. Conclusions

Tourmaline-coated anatase TiO, nanoparticles were
prepared and investigated into photocatalytic activity
using MB as the target removal pollutant. The opti-
mum sol-gel synthetic reaction condition uses one
percent weight HCl-treated tourmaline passed through
the 3,000-mesh sieve and finally calcined at 450°C for
5h. Photocatalysis took the main mechanism of
hydroxyl mediation, and the enlargement of catalyst
surface area, electric field as well as the far-infrared
effect of tourmaline could be the main reason for the
enhancement of photocatalytic activity. Existence of
SO3~ or the acidified solution was not beneficial to the
dye degradation, while cations like Ca**, Zn**, and
Mg”* enhanced the removal effect. The results of this
study demonstrated that tourmaline can act as a help-
ful carrier to enhance the processing efficiency of dye
wastewater using TiO, photocatalysis.
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