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Abstract

In this paper, cyanide degradation (at pH12) using S, N-TiOz photo-catalyst, synthesized by sol-gel method, stabilized on glass
microbeads and scoria stones were investigated. The main raw materials were thiourea (Tu) as a source of S and N and tetra
butyl orthotitanate (TBOT). The effects of S and N amount, visible and sun light, irradiation time and different initial cyanide
concentrations (50, 100, 200 and 300 mg/L) on destruction of cyanide were studied. The S, N-TiO: film with 0.25 g thiourea
showed the best cyanide destruction in visible light. The results showed that cyanide (50 mg/L) was destructed up to 94% in
visible light and approximately 100% in sun light by S, N-TiO>/glass microbead. The results also indicated 85% and 94%
destruction in visible and sun light respectively by S, N-TiOz/scoria stone within 4 h. Finally, the S, N-TiO: stabilized on glass
microbeads can be effectively implemented as a new method for treatment of wastewater containing free cyanide under sun
light.
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Introduction

Global water shortage and population growth, on the one hand, and surface and groundwater contamination
resulting from toxic wastewaters discharge, on the other hand, gives the priority to wastewater treatment methods
and the possibility of reusing it in environmental studies.

Cyanide (CN) is one of the most toxic pollutants in industrial wastewaters. This compound exists in wastewater of
electroplating, metal finishing, automobile parts manufacture, plating, pharmaceuticals, coal gasification, plastics,
production of chemicals such as pesticides, nitrile, nylon and acrylic and extraction of gold and silver [1-4].
According to US-health service, permissible limit and guideline of CN- in effluent are 0.2 mg/L and 0.01mg/L
respectively [5, 6]. In view of the negative effects of cyanide on health, processes have been developed for the
removal of cyanide, such as use of azotobacter and other microorganisms in activated sludge system, dilution,
electrochemical processes, hydrolysis and distillation, adsorption by activated carbon, resins and membranes,
acidification/evaporation, increasing metals, flotation and solvent extraction, alkaline chlorination, sulfur dioxide,
etc. [7-12]. Implementation of some processes may face barriers like the high cost of treatment, need for additional
treatment, low efficiency, sludge disposal, usability for limited range of concentrations, and generation of toxic
byproducts [13]. Advanced oxidation processes (AOPs) such as oxidation with hydrogen peroxide (H20z), ozone
(Os), ultrasound, fenton, and photo-catalysts such as TiO: and ZnO have been put forward in recent years as the
new methods of treating wastewater containing CN-. TiO:z can be used over and over without any decrease in its
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photo-catalytic activity as a non-toxic catalyst. Nano-size TiOz, due to its high surface to volume ratio, increases the
density of active sites and reduces recombination bulk [2, 14-17]. Exposure to the light containing energy equal to
or more than TiO2 corresponding band gap leads to the electron excitation from the valence band to the conduction
band. This mechanism generates electron/hole pairs [18]. According to the studies conducted so far, there are two
mechanisms for photo-catalytic oxidation of CN- by TiOz heterogeneous charge transfer by the reaction of
adsorbed CN- with holes and the homogeneous pathway by adsorbed OH- or defused OH: [19]. According to the
equations 1 to 4, the result of CN- photo-catalytic oxidation is the formation of less toxic cyanate (CNO-) which is
tinally converted into Carbon dioxide (CO2) and Nitrate (NOs’) [20-22].

CN~ - CN )

2CN- — (CN), )
(CN),+20H™ - CN~ + CNO™ + H,0 3)
CNO~ + 80H™ +8h* - NO; +C0, + 4H,0 (4)

In spite of all the effective photo-catalytic results with TiO: powder during the past 30 years, some practical
problems associated with the usage of powder, such as stirring constantly working solution, post separation costs
tor TiO: particles recovering, filtration of solution after each run and shadowing effect, focused the efforts to work
on stabilization of TiO: particles on substrates like glass beads, glass fiber, silica, zeolites, activated carbon and
nanotubes [23-27]. Solar light (40% visible, 3% ultraviolet and 57% infrared) is an economically efficient source of
energy. However, due to the poor activity of TiO2 polymorphs (anatase and rutile) in visible light resulting from
their wide band gap, their usage is limited in solar light utilization [28]. Non-metal doping of TiO2 (N, C, S, and F)
has been quite effective in improving the TiOz photo-catalytic activity in solar light [29-31].

In this study, we used an innovative method for CN- destruction by stabilized S, N-TiO:z on two substrates. At first,
the sol-gel dip-coating technique was used for S, N-TiO: stabilization on glass microbeads and scoria stones. Then,
the photo-catalytic destruction of CN- was investigated under visible and sun light irradiation in four different CN-
concentrations ranging from (50 to 300 mg/L).

Materials and Methods

Preparation of Photo-catalysts

All the chemicals were provided by Merck Company and used without any further puritication. Deionized (DI)
water was prepared by single water stills, GFL, Germany.

According to the method used by Behpour et al, TiO2 and S, N-TiO: nanoparticles were synthesized by sol-gel
method [32]. The TiO:z sol was prepared by hydrolyzing tetrabutylorthotitanate (TBOT) in acidic solution. In this
method, 2.5 mL TBOT, 10 mL ethanol and 2.5 mL acetylacetone (Acac) were mixed. Acac was used for controlling
hydrolysis reaction rate. After 30 min of stirring, the clear and yellow solution was obtained. Then, 2.0 mL DI water
was added to it and the solution was stirred for 10 min. In order to adjust the pH of sol at about 1.8, the
concentrated HCl was added. Thiourea (Tu) was used as a source of nitrogen and sulfur, and three different
quantities of Tu including 0.10, 0.25 and 0.40 g were added to prepared sol. The presence of Tu in the synthetic sol
causes the TiO2 photo-catalytic activity to transfer to visible light. After stirring for 2 h, the stable sol was achieved.
This solution was prepared to stabilize on substrates. The used substrates were glass microbeads (diameters 450-
550 um) and scoria stones. The glass microbeads were washed by detergent and immersed in diluted HCl solution
for 8 h and were subsequently rinsed out with DI water and dried in the oven at 105 °C for 2 h. In order to remove
the Fe in scoria stones, the stones were digested in concentrated HCI for 72 hours afterward, were carefully washed
out with DI water and finally, were placed in theoven for 24 h to dry at 105 °C. The as-dip-coated films were put in
the oven at 60 °C for four hours. These samples were calcinated at 500 °C for 1 h.

Characterization

The band gap of the samples was estimated by diffuse reflectance UV-Vis spectroscopy (UV/Vis-DRS) using a
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Shimadzu UV-1800 spectrophotometer and applying equation 5:

1239.8
E, = — ®)

Where Eg is the band gap (eV) and A is the wavelength (nm) of the absorption edges in the spectrum [2].

X-ray diffraction (XRD) analysis was applied for determining the crystalline size and structure of the prepared thin
films with Philips X"pert Pro MPD using Cu ka radiation as the X-ray source in the 20 range of 10-80°. The average
crystallite size of anatase phase was estimated by equation 6 (Schererr equation).
. Kl
B Beosd ©)

Where S is the mean crystalline dimension, K the crystalline shape constant (0.89), 0 the diffraction angle at the
maximum peak, A The X-ray wavelength (Cu ka), and {3 is the full width at half maximum of the peak in radians
[12].

The surface morphology of the TiO: films was observed on scanning electron microscopy (SEM) (Zeiss EVO"15)
equipped with an energy dispersive X-ray (EDX) for elemental analysis.

Photo-catalysis Experiments

Destruction of CN- by synthesized photo-catalysts was investigated under visible and sun light. The experiments
were carried out using 5 glass tubes (height 200 mm and diameter 8 mm) filled with 50 g TiO2 and S, N-TiO: on
glass microbeads and scoria stones in separate sets of tests. The glass tubes were fixed over a mirror standing on a
board. Fig. 1 shows the reactor used in photo-catalytic experiments in sun light.

FIG. 1 SCHEMATIC REPRESENTATION OF THE PHOTO-REACTOR: (1) SOLAR BOARD, (2) GLASS TUBES AND MIRROR, (3)

PERISTALTIC PUMP, (4) THERMOSTATIC WATER BATH, (5) CN- VESSEL, (6) AIR, (7) HCN SCRUBBER
1000 mL of CN- solution was pumped with a flow rate of 200 mL/min. the photo-catalysts were reused for several
times with new stock solutions. The filled glass tubes were irradiated by visible light (lamp) with intensity 400
W/m? and sun light (under the clear sky in June). The distance between the glass tubes and the lamp was 20 cm.
The experiments were carried out isothermally at 30 ‘C. The air was bubbled into the CN- solution throughout the
experiments to make sure there are sufficient electron scavengers present to trap the excited conduction band
electron in order to prevent the e/h* recombination, stabilization of radical intermediates and stirring the CN-
solution [18, 33].

Photo-catalytic experiments were performed with different initial CN- concentrations including 50, 100, 200 and
300 mg/L at 4 h contact time. The pH of all solutions was adjusted at 12 by diluted NaOH and HCI to prevent the
HCN gas production [34]. The HCN gas produced during the experiments was trapped by the 1 M NaOH solution.
The CN- concentration was estimated by volumetric titration with AgNOs, using p-dimthylaminobenzalrhodanine
to determine the end point of titration [35]. The CN-photo-catalytic destruction was calculated using equation 7,
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(Co — C]

CN ™ photocatalytic destruction (%) = C— % 100 ?)
0

Where Co is the initial concentration of CN-, and C is the concentration of remaining CN- in the solution.

The calculation of sample size in this study was conducted, using the full factor method. Each series of experiments
was repeated twice in order to evaluate the repeatability of the method and cyanide measurement tests were done
by titration three times. Considering the number of variables and repeated tests, 384 tests were performed
altogether. In order to compare the action of variables on cyanide destruction, the research data was evaluated by
independent T-test using SPSS software.

Results and Discussion

Morphological, Compositional and Structural Characterizations

The XRD patterns of pure TiO2, S, N-TiO: film on glass microbead and S, N-TiO:film on scoria stone are shown in
Fig. 2. It can be seen most of the sharp peaks in this figure are the diffractions of TiO:anatase phase according to
the joint committee on powder diffraction standards No. 04-0477 [36]. No peak for Nitrogen and Sulfur was
observed in Fig. 2 (b) and (c) because of low concentrations and good dispersion of their on anatase phase.

The average crystal sizes of TiOz and S, N-TiO: films on glass microbead and scoria stone that were calculated
according to equation 2 using the 101 peak, obtained 8-10, 11-19 and 11-17 nm, respectively.
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FIG. 2 XRD PATTERNS OF THE FILM OF (A) TIOz, (B) S, N-TIO2ON GLASS MICROBEAD AND (C) S, N-TIO2ON SCORIA STONE

The SEM images of synthesized TiOz and S, N-TiO: films on glass microbead and scoria stone has been shown in
Fig. 3. The nanometric particle size of TiO2 and S, N-TiO: films is clearly seen in Fig. 3.

In general, the nano-size photo-catalyst particles tend to aggregate due to van der Waals attraction existing
between the particle surfaces [23]. Moreover, according to the work of Wang et al, the increase of Tu results in
agglomeration of nanometric particles in some areas [37], which can be seen in Fig. 3 (b) and (d).

Furthermore, the photo-catalysts film on glass microbead compared to the film on scoria stone was more uniform
due to the smoother surface.
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FIG. 3 SEM IMAGES OF FILMS OF (a) TiO2 ON GLASS MICROBEAD, (b) S, N-TiO2 ON GLASS MICROBEAD, (c) TiO2 ON SCORIA STONE
AND (d) S, N-TiO2 ON SCORIA STONE
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FIG. 4 EDX ANALYSIS OF FILM OF (a) S, N-TiO2 ON GLASS MICROBEAD AND (b) S, N-TiO2 ON SCORIA STONE
The EDX analysis of S, N-TiOz film on glass microbead and scoria stones is shown in Fig. 4 (a) and (b), respectively.

This pattern has confirmed the presence of nitrogen and sulfur due to the existence of Tu in S, N-TiO: film.

In Fig. 4 (b), in addition to Ti, O, N and S peaks, the Cu, Si and Ca peaks were also visible due to some surficial
cracks extended in scoria stone.
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Optical Characterization

The DRS spectra of different quantities of Tu added to TiO: are presented in Fig. 5. The absorption threshold of the
TiO: film (0.00 g Tu) was 380 nm, which according to equation 1 is corresponding to a band gap of 3.26 eV. The
absorptions obtained from three different quantities of Tu (0.10, 0.25 and 0.40 g), added to TiO:, and whose
calculated band gap energies are equal to 3.18, 3.15 and 3.08 eV are 390, 394 and 402 nm, respectively.

According to studies done by Baeissa, Behpour et al, Qin et al, the band gap narrowing have been resulted from the
mixture of nonmetal p and TiO: O 2p orbitals [2, 28, 37, 38]. In fact, Tu has been led to the red shift of TiO:
absorption edge toward the visible region.

—e—TiO2
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FIG. 5 DRS SPECTRA OF S, N-TiO: WITH DIFFERENT QUANTITIES OF Tu

CN- Removal by Synthesized Photo-catalysts
1) Effect of Tu Amount

Destruction using four different quantities of Tu including 0.00, 0.10, 0.25 and 0.40 g added to TiO:stabilized on
glass microbead was investigated. The experiments were performed with 300 mg/L CN- for 4 h, under visible
light. The findings are displayed in Fig. 6. It is clearly seen that adding Tu to TiO, has enhanced the CN-
destruction. According to Fig. 6, adding 0.25 g of Tu to TiO: slightly has increased the CN- destruction
compared to 0.10 g; however, the CN-destruction significantly has reduced when the Tu amount has increased
to 0.40 g. According to other studies related to nonmetal doped TiO2, the mentioned decrease results from the
agglomeration of nanoparticles and the creation of obstacle in the path of light [2, 28, 34]. Hereinafter, the
photo-catalyst used in experiments refers to Tu (0.25g)-TiOx.
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FIG. 6 CN-PHOTO-DESTRUCTION PERCENT WITH DIFFERENT QUANTITIES OF Tu UNDER VISIBLE LIGHT
2) Effect of Initial CN- Concentration

The effect of initial CN- concentration on its destruction by S, N-TiO: stabilized on glass microbeads under
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visible and sun light are shown in fig. 7 (a) and (b) respectively.

Fig. 8 (a) and (b) have illustrated the effect of initial CN- concentration on its destruction under the same
conditions using S, N-TiO: stabilized on scoria stone.

The reactions were carried out at four initial CN- concentrations including 50, 100, 200 and 300 mg/L in both
figures during 4 hours at pH12.

The maximum CN-destruction rates obtained in fig. 7 (a) and (b) were 94.23% in visible and 99.65% in sun light
and in fig. 8 (a) and (b) were 85.32% in visible and 94.20% in sun light after 4 h in lowest initial CN-
concentration.

According to Fig. 7 and Fig. 8, as initial CN- concentration has increased, its destruction rate has significantly
decreased and vice versa. Previous findings from related studies confirm this inverse relationship as well. The
reason for this was that active sites of photo-catalyst are closed by CN-, hence visible or sun light irradiations
would not be able to penetrate into the photo-catalyst surface [39, 40].
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FIG. 7 CN-PHOTO-DESTRUCTION PERCENT WITH DIFFERENT INITIAL CN- CONCENTRATIONS IN PRESENCE OF S, N-
TiO2/GLASS MICROBEADS UNDER (a) VISIBLE LIGHT AND (b) SUN LIGHT

3) Effect of Light Type

Fig. 7 and Fig. 8 have demonstrated that the cyanide destruction rate using the photo-catalyst stabilized on
glass microbeads in sun light, during four hours and in average, 4.42% is higher than the rate achieved in
visible light. Also, the influence of sun light in the presence of photo-catalyst stabilized on scoria stone 8.88%
was higher than it in visible light. The sun light was more influential compared to visible light maybe due to the
presence of 3% ultraviolet spectrum, more comprehensiveness and intensity (1100-1120 W/m?). Moreover, in the
evaluation of independent T-test to compare the effect of sun and visible light on cyanide destruction by
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stabilized photo-catalysts, the P-Values obtained for visible and sun light were 0.015 and 0.009 respectively. The
results also show that there was a significant statistical difference in cyanide destruction under visible and sun
light.
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FIG. 8 CN-PHOTO-DESTRUCTION PERCENT WITH DIFFERENT INITIAL CN- CONCENTRATIONS IN PRESENCE OF S, N-
TIO2/SCORIA STONES UNDER (A) VISIBLE LIGHT AND (B) SUN LIGHT

4) Effect of Substrate Type

In Fig. 7 and Fig. 8, the comparison of substrate types (glass microbeads and scoria stones) indicated that the
cyanide destruction rate by the photo-catalyst stabilized on glass microbeads and in average, during four hours
in visible light about 8.91% and under sun light about 4.42% was higher than cyanide destruction rate by photo-
catalyst stabilized on scoria stone. This might be related to higher transparency of glass microbeads than that of
scoria stones. Probably, in scoria stone, despite its higher porosity and larger contact surface than glass
microbead, due to its dark surface, the light could not pass through completely; hence the cyanide destruction
rate is decreased. Also, considering the P-values 0.002 and 0.010 obtained for photo-catalysts stabilized on glass
microbeads and scoria stone, it is clear that there was a significant statistical difference between cyanide
destruction rates using these two substrates.

Conclusions

In this study, S, N-TiO:z photocatalyst stabilized on glass microbead and scoria stones were synthesized by sol-gel
method. Then, the CN- photodestruction via synthetic catalyst stabilized on mentioned supporters was
investigated separately.

The results were as follows:
- 0.25 g was the efficient quantity of thiourea as a source of N and S for the default value of TiO-.

- The EDX proved the presence of S and N in photocatalysts.
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- The DRS showed that thiourea leads to the red shift of TiO2 absorption edge toward the visible region.

- The XRD results revealed that only the anatase TiO: formed in films and the particles size were in nanometric
range.

- The SEM images confirmed the nanoparticle size of photocatalysts.
- The 50 ppm of cyanide concentration had the maximum photodestruction rate compared to higher concentrations.

- The type of light and substrate influenced the cyanide photodestruction rate; hence sun light and glass microbead
had the best results.

Therefore, cyanide destruction via S, N-TiO: photo-catalyst stabilized on glass microbeads can be applied as an
economically and environmentally acceptable method due to use of sunlight and nontoxic byproducts in industrial
wastewater treatment.
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