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Abstract

In this research, initially, the sol-gel method was employed to produce y-alumina and TiO, catalysts
with core-shell structure. Iron (I11) was used as a dopant. The newlyproduced core-shells were
Fe/TiO,/l Fel y-Al,O3 (FTFA). Sulfonated cobalt phthalocyanine was used as a dye pollutant in
Merox process. By doping Fe in TiO, catalyst, the efficiency of photocatalytic activity in
photodegradation of sulfonated cobalt phthalocyanine was increased. Photocatalytic activity of
Fe/TiO,// Fel y-Al,O3 in UV irradiation was investigated and complete degradation of sulfonated
cobalt phthalocyanine was confirmed via UV-Vis spectrophotometry and Total Organic Carbon
analysis. Structure, morphology, and specification of new core-shell composites of FTFA were
studied using several spectroscopic techniques. The efficiency of the FTFA catalyst is very good in
alkaline media and close to the TiO, catalyst performance in acidic media. The complete
destruction process was investigated with TOC and the synthesized catalyst degraded 5 ppm of
solution polluted by SCP in a maximum of 30 min.
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Titanium dioxide catalyst is a powerful photocatalyst in the advanced oxidation process.The doped
metal ions at the time of formation of the crystalline lattice of titanium dioxide, create structural
defects in the anatase lattice.The doping process reduces the band gap between the valence and the
conductive band and caused significant improvement in photocatalysts properties[1-13].In a recent
study, the use of organic dyes such as fluorescein and the organometallic dyes such as cobalt
phthalocyanine caused arapid increase in photocatalyst property of TiO, [14-25].The mode of
operation and the mechanism of the dyestuffs were studied by increasing the photocatalytic
properties according toSokmen et al. [26].The excitement and rapid transference of electrons from
the dye to the catalyst increased the speed of thephotodegradation process speed.In the oil and gas
industry, to remove pollutants from mercaptans, sulfonated cobalt phthalocyanine (SCP) is used.
This process is calledMerox [15, 17, 21, 24, 27-30].However, dyes with these valuable properties,
may highly contaminate industrial wastewater during production and after purification.

In this study, at first, the preparation of alumina nanoparticles was done by asol-gel core.
g-Alumina nano particles into the sol-gel containing titanium tetra isopropoxy in the core by a layer
of coated titanium dioxide. Byembedding the metal ions of iron in the core and shell structure, the
properties of photocatalysts were improved.The purpose of the study is to use the core-shell
catalysts activated with iron (111) as a dopant to degrade cobalt phthalocyanine dye structure under
ultraviolet irradiation. The second purpose is to use the activated montmorillonite clay to remove
cobalt ions from the bleached effluent.Composite structures produced by different methods at each

stage were characterized.

Experimental

Chemicals

Chemicals reagents including: Titanium tetra-isopropoxide (TTiP) 95%, Aluminum nitrate 9H,0
99.5%, Iron(llnitrate nonahydrate  99%,  Ammonium  Bicarbonate  99%, 1-
Hexadecanaminium, N,N,N-tri methyl bromide 99%, Absolute Ethanol, Nitric Acid 65%, Ferric
Cobalt 99%, PhthalicAnhydride, Cobalt(Il) Chloridehexahydrate, Ammonium
Molibdate99%,Sulfuric acid 96%,Ammonia solution, Ethanol 96%, Hydroxypropyl Cellulose
(HPC) 99% from Merck Co., (Germany) and Polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-
phenyl ether(TRITON X100) were purchased from Sigma-Aldrich Co., (Germany). Calcium

montmorillonite 94% was obtained from Saraianbentonite mine in Iran.
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Instruments

X-Ray diffraction (XRD) pattern was measured via a “SEIFERT- 3003 PTS”, by Cu Ka radiation at
40 kV and 30 mA. “Zeiss —Sigma VP-500 with Oxford Instrument” field emission scanning
electron microscopy (FE-SEM), energy dispersive X-ray spectroscopes (EDAX),Fourier transform
infrared (FT-IR) spectra (Thermo Nicolet spectrometer), and UV-Vis spectrophotometery ( Cary-
100-UV-Vis spectrophotometer, Varian ) were used. The specific surface area was determined via
Brunauer, Emmett, Teller (BET) porosity analyzerJW-BK122W (Beijing JWGB Sci. & Tech.Co.,
Ltd) according to a single-pointtechnique (p/po=0.2).

Preparation of Nanocomposites

Aluminum nanoparticle, titanium dioxide, and their derivatives were prepared by sol-gel method.

Preparation of y-Al;03 (A)

0.0003 mole of 1-Hexadecanaminium, N,N,N-tri methyl bromide was added to 20 mL solution
containing 0.06 mole of Al (NOz3)3,9H,0O and homogenized via stirring. An aqueous solution of
NH;NO;3; (10%) was added drop wise to this solution while being stirred at room temperature, then
this sol was aged for 24 h to form a gel. The gel was dried in an oven at
80'C for 5 h, and calcined at 300°C afterwards. Lastly, the solid resulted material was pulverized

[5].

Preparation of the nanocatalyst, TiO, sample (T)

Nitric acid and TTiP were prepared alone in ethanol and thereafter, they were slowly mixed
together. The mixture was stirred until the homogenized sol was formed. The solution was kept for
48 h at room temperature for the preparation of gel, next it was dried for 3 h at 120°C and calcined
in a furnace at 500 °C for 5 h [5].

Preparationofy-Al;O3//TiO, (TA)

They-alumina powder obtained from the above y-Al,O3 procedures was added to the prepared sol of
TTiP / nitric acid in ethanol and was homogenized for 1 h at 24,000 rpm. Then the mixture was
kept and aged for 48 h at room temperature until the gel wasproduced; thereafter, it was dried for 4
h in an oven at 120°C and calcined for 5 h [5].

Preparation of Fe y- Al,Os(FA)
A 2.5 mL solution Fe(NO3)s, 9H,0 (0.001 molL™) was added to 50 mL of thesol precursor

aluminaand homogenized via stirring. An aqueous solution of NH;NOj3 (10%) was added drop wise
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to this solution while beingstirred at room temperature.Then the sol was aged for 24 h to find a gel.
The gel was dried in an oven at 120°'C for 5 h, and calcined at 500'C afterwards. Lastly, the resulting

solid material was pulverized.

Preparation of Fe/TiOJ//Fe/y-Al,03 (FTFA)

A 2.5 mL from the Fe (NOs)s, 9H,0 (0.001 molL™) solution was added to 50 mL of TTiP sol which
has been prepared according to the method described above and stirred for 30 min. The comminuted
Fe /y-Al,O3 powder was slowly added slowly to the Fe/TTiP sol and homogenized with a powerful
homogenizer at 24000 rpm for 1h.It was dried for 4 h in an oven at 120°C and calcined for 5 h at
550°C.

Preparation of SulfonatedCobalt Phthalocyanine (SCP)

Synthesis of SCP was performed according to Chaudhari with slight modifications [27].

18 g of phthalic anhydride, 17 g of urea, 1 g of ammonium molybdate and 7g of cobalt chloride
hexahydrate were used during preparation. Firstly,the mixture was heated up using a burner while
being vigorouslystirred for 1 hour. Its physical appearance was blue dark solid. Then it was cooled
and rinsed with 250 mLhot solution of hydrochloric acid 0.1M and was stirrer and the product was

filtered.Finally, it was dried for 4 h in an oven at 120°C.

Preparation of montmorillonite clay (MC)

MC was washed using distilled water and was separated from sand and SiO, using sieves
(800mesh). MC was completely dispersed in concentrated sulfuric acid solution by stirring
vigorously for 72 h. Then, it was rinsed with diluted ammonia and deionized water foradjusting pH
to 7. The suspension was centrifuged and the upper solution was decanted off, and the residue was
calcined at 900°C for 2 h and at 400°C for 4 h. The sample was then pulverized and sieved to a very

uniform powder.

Activation of theMC with TRITON X-100 (Activated Clay, AC)

MC was added to two solutions containing 4 and 8% w/w of polyethylene glycol p-(1,1,3,3-
tetramethylbutyl)-phenyl ether(TRITON X100)as nonionic surfactants, separately, and were
vigorously stirred at 70°C for 24 h. TRITON X100 supported montmorillonite was prepared using a
conventional ion exchange reaction of the montmorillonite and an aqueous solution of TRITON
X100. To remove excess surfactant, the samples were washed with a solution of double distilled

water and alcohol (ratio 1:1 v/v). The resulting solids were separated by centrifugation and were
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washed using deionized water several times, and dried at 50°C for 3 days. To prepare a uniform

absorbent, the sample was then sieved to 10 um sieves. In total, 2 adsorbents were prepared.

Photocatalytic degradation monitoring

To study the activity of photocatalysts, degradation of SCP solution under ultraviolet radiation (two
8W, UVc Osram lamp) was investigated.VVarious parameters such as weight of catalyst, pH
andconcentration of the SCP solution were studied in order to confirm and evaluate the photo

catalyst activity; then efficient conditions were obtained for each catalyst.

The effect of catalyst weight on the degradation of SCP

Initially, 50 mL of the solution containing a concentration of 5 ppm SCP with a pH~7 was prepared
and the amounts of 0.02, 0.06, and 0.08 g of each prepared catalysts (T, TA, FTA and FTFA) were
added to the reaction media, separately. At specific times, the concentration of the SCP was
measured by the UV-Vis spectrophotometer and the most effective weight of the catalyst was
selected at this level.According to the results, the most suitable weight for the catalyst is 0.06 g and

the best concentration for the SCP, which can be considered in the acceptable time interval, is 5

ppm.

The effect of pH on photo catalytic activity

A 0.06 g of each catalystwas added to 50 mL of 5 ppm ofSCP solution in five containers with the
pH of 2, 4, 7, 9, and 12, separately. The change in the concentration of SCP versus time was
determined via the UV-Vis spectrophotometer. In that way, each catalyst showed its own unique

performance at various pH levels.

Adsorption of cobalt ion after photo degradation of SCP by MC and AC

In a study of cobalt adsorption, the ability of adsorption of the modifiedmontmorillonites (MC, AC)
was evaluated via measuring the adsorption of the cobalt solution.The decolorized solution of SCP
was neutralized to pH 7 and concentrated bleached wastewater was used to achieve a concentration
of cobalt ion solution of 5 ppm. Then, different amounts of MC and AC (0.4, 0.8, and 1.2g) were
mixed with 25 mL of these solutions.The suspensions were ready at room temperature with
continuous stirring at150 rpm for 1-60 min. The cobalt concentration in the aqueous phase was
determined by atomic absorptionspectrophotometery. All samples were used for several times and
washed by alkaline and acidic solutions and then adjusted to pH 7 by leaching, and dried at 50°C

for 3 days this process was also applied for montmorillonite processed in acidic and alkaline
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conditions. The method of determination of cobalt adsorption was followed to compare these
sorbents. All experiments were carried out at least in triplicate at pH ~7 and 25° C. The results were

the mean of three independent measurements.

Results and discussion

X-ray diffraction (XRD) analysis

The XRD results were carried out to identify the samples at room temperature. The results included
phase analysis, crystallite size, and the major peaks were analyzed and presented in Table 1. The
XRD patterns are shown in Figure 1. TiO, and the other nanophotocatalysts were prepared with
high-quality and were clearly detected. Dominant phase in all photocatalystshas been approved as
TiO,anatase. [31].

In TA, FTA, and FTFA,g-alumina and Fe metal ion are present asa dopant; the presence of these
elements in the composite structure is clearly evident.Miller indices (hkl) lattice planes of the
reflective orthogonal planes were compared to standard structure of TiO, and their derivatives,
presented in Table 1.The sample sizes of the prepared crystals are calculated in accordance with

Scherrer equation and presented inTable 1.
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Figure 1. XRD patterns of the T, TA, FTA, and FTFA samples.
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Tablel. Shows the results obtained by instrumental techniques of T, TA, FTA and FTFA.

Analysis Results T TA FTA FTFA
Crystal phase TiO, (anatase) TiO, (anatase) TiO, TiO, (anatase)+
+ AL, TiOs (anatase)+Fe, TizOqg Alg11TigaFegq
FE-SEM 35 43 49 58
Average particle size
(nm)
*XRD TiO,: TiO,: TiO,: TiO;,:
Major peaks (20 25.81 (101)25.8 25.42 (110) 25.28 (101) 25.28 (101)
25.43 25.3 25.3
AlzTiO5: FezTi30g: AloAllTiOAFeO.g;
33.71 (203)33.7 54.32 (102) 39.56 (111)39.6
54.33
Fez25Tio7504:
61.625(404)61.6
Crystal size 32.73 34.7 36.38 40
Sherrer equation (nm)
BET 185 168 180 175
Specific surface area
(m’/g)
Band gap (E4(eV)) 3.02 2.96 2.94 2.82
A (nm) (410.59) (418.91) (421.28) (440)
EDAX (W %) 0(25.76), 0(46.6), 0(50.16) 0(49.44)
Ti(74.24) Ti(47.9) Al(33.9) Al(2.25)
Al(5.5) Ti(14.69) Ti(47.54)
Fe(1.05) Fe(0.79)

Energy-dispersive X-ray spectroscopy (EDAX)
Table 1 shows the quantitative analysis of Al, Ti, O, and Fe as elements on these composites.

These results are highly consistent with the results of X-ray diffraction which confirms the presence
of the aluminum composite structure, and shows lamination of a layer of TiO, on the g-alumina.

Dopping process of iron ions into the crystalline lattice of TiO, is confirmed.

Field Emission Scanning Electron Microscopy (FE-SEM)
Morphology and particle size of the synthesized nanophotocatalyst were determined with FE-SEM.
The results are shown in Figure 2 and Tablel. Particle size was increased through overlaying the

thin layer of TiO, on theg- alumina core without any change in the unique spherical form. Particle

size by FE-SEM is obtained in Tablel.
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Figure2.FE-SEM images of the T, TA, FTA, and FTFAsamples.

FT-IR spectroscopy

FT-IR spectra of the photo catalysts (T, FTA, and FTFA) are shown in Figure 3. Bending and
stretching vibrations associated with the connections in the composite are presented in Figure3. The
penetration of aluminum and iron in the TiO,lattice causes slight changes in the appearance of these

spectra.
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Figure 3.FT-IR spectra of the samples of T, FTA, and FTFA.

51



Sh. Moradi Dehaghi et al., J. Appl. Chem. Res., 14, 1, 44-56 (2020)

Photocatalytic degradation of nano composites

Photocatalytic degradation of the T, TA, FTA, and FTFA nano photocatalystswerecarried out for
degradation of SCP solution (10 ppm) under UV irradiation. The concentration of SCP solutions
was measured at 673 nm by a UV-Vis spectrophotometer. The degradation times of all
catalystswere investigated in five pH values (2, 4, 7, 9 and 12). The degradation of SCP was carried
out in two-steps, decolorization process which was measured byusing UV-Visspectrophotometer
and the complete degradation was determined by TOC analyzer(See Figure 4).

The weight of the catalyst was evaluated from 0.1 to 1g.The increase in the catalyst weight upto 0.4
g cause an increase in the degradation rates. Increasing the SCP concentration also prolongs the
degradation time. In order to achieve optimal conditions, the amount of 0.4 g of catalyst and SCP
with the concentration of 10 ppm, was chosen as the optimum conditions. Catalyst samples were
added to 100 mL of SCP solutions in optimum condition, separately. Then, the processes of
decolorizationand degradation were investigated under UV irradiation. The results of the

decolorization process and final degradation are presented in Figure4.
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Figure4.Represents the results obtained for the decolorization time (DC) by the UV -Vis spectrophotometer and
degradation time (DG) by TOC analyzer for all photo catalysts.
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The results of cobalt ions absorbed by MC and AC absorbents are provided in Figure 5. The MC
adsorbent performance was initially slow. Cobalt ion adsorption rate increased with increasing the
adsorbent weight. Finally, after an hour of adsorption, 85% of cobalt ions were removed from the
solution.Using 1.2 g of the AC adsorbent in 10 min, 90% of cobalt ions were absorbed. After 20
min, the remaining cobalt ions in the solution were less than 3%.The results show that the effect of
non-ionic surfactants and stabilizers in accelerating the absorption of metal ions on the adsorbent is
important.In this way, in addition to increasing the speed, the amount of the absorption capacity can

be increased by 30% per gram of adsorbent.
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Figure 5.Adsorption percentage of cobalt ions on three weights of MC and AC adsorbent.
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Conclusion

In the present research, we first produced strong catalysts for various media conditions. One of the
weak points of the TiO; as a catalyst is its reduced activity in alkaline media, in which, its surface is
inactivated by the hydroxide ion. Our results showed that using iron as dopant increased the
strength and stability of TiO; in the alkaline media. Considering high resistance of the g- alumina
and its very strong bonding with TiO,, it was used as the central core in this study. The presence of
the central core reduces the used catalyst mass per surface area after deposition of TiO, on the core.
This keeps wasting a lot of catalysts in the center of the nanoparticle.

Catalytic degradation of SCP was performed on the industrial wastewater samples of a factory
owning alkaline pH.In the next step, the introduction of iron as dopant decreased the band gap of
the photocatalyst. According to the results, the efficiency of catalyst in alkaline conditions was
higher than TiO, to degradation the wastewater as it degraded and decolorized the samples in the
shortest time.

Based on the studiesdone by Sokmen, the nonbonding electrons in a chromatic structure such as
cobalt phthalocyanine can be easily transferred to the =" orbital. During the degradation process,
this electron can be transferred to the conductive band of the photocatalyst. These electrons can
increase the photocatalytic rate in the catalytic degradation processes. The reduction in the band gap
reduced the difference between catalyst energy and electron excitation energy of the chromophore.
In this study, the mentioned reduction increased photocatalytic activity. In fact, the aid of SCP to
the catalyst resulted in its own degradation. Based on the results, the efficiency of the FTFA catalyst
is very good in alkaline media and close to the TiO, catalyst performance in acidic media. The final
issue after degradation the dye was the presence of the remaining cobalt ions in solution. In this
regard, by modifying the montmorillonite with the help of non-ionic surfactants, we increased the

removal efficiency of cobalt ion.
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