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Mn, Mo, La/TiO /activated carbon (AC) photocatalysts were synthesized by sol-gel
method. The prepared samples were characterized by XRD, FT-IR, BET, DRS, and FE-
SEM techniques. The findings revealed that the synthesized catalysts were anatase type
and nano-sized particles. The catalysts exhibited high adsorption ability in the visible
light region with a red shift in the adsorption edge. The formation of Mn, Mo, La/TiO,/
AC crystallites in the activated carbon was confirmed by FE-SEM. The effects of initial
dye concentration, catalyst dosage, reaction time, and solution pH were investigated for
removal of Reactive Red 198. According to the obtained results, the maximum removal
efficiency of 91 % was obtained at initial dye concentration of 20 mg L', pH of 3, and
catalyst concentration of 2 g L™'. Synthesized nano-photocatalyst showed reasonable
photo degradation efficiency of 84 % for initial COD concentration of 4700 mg L' in
treatment of a real textile wastewater sample. GC/MS analysis of raw and treated waste-
water confirmed degradation and producing of simple intermediates during the photocat-
alytic process.
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Introduction

Dyes are the most important existing pollutants
in textile wastewaters. These compounds are often
toxic, carcinogenic, and mutagenic to living organ-
isms, chemically and photo-chemically stable, and
non-biodegradable'?. Based on the literature, a large
number of dye molecules has been categorized as
carcinogenic substances. Reactive red 198 is one of
the azo dyes that is currently used in textile indus-
tries’. As conventional processes are not efficient
for degradation of recalcitrant compounds in water
and wastewater, nowadays, advanced oxidation pro-
cesses (AOPs) are utilized for degradation and min-
eralization of emerging pollutants, and are based on
generation of free radicals with high reactivity*>*.
Among AOPs, noticeable attention has been paid to
photocatalytic degradation of organic compounds
by semiconductors. In recent years, significant
progress in scientific technologies has made acutely
high demands on semiconductor materials’. A set of
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semiconductors, including oxides, sulfides, etc., has
been increasingly used as photocatalysts®. Among
these semiconductors, nano-sized TiO, has received
much attention, because of its wide applications in
semiconductors, sensors, antibacterial and hygienic
materials, photocatalysts, and solar cells’. TiO, ex-
hibits high photocatalytic activities, high turnover,
long-term photostability, cost-effectiveness, and
non-toxic nature'®'3. Therefore, it has been exten-
sively used in various photocatalytic fields, such as
water and gas streams purification and degradation
of organic pollutants. Photocatalytic degradation of-
fers great potential as an advanced technology to
detoxify pollutants'®!>16,

Usually, titanium dioxide can exist as three
crystalline polymorphs, namely, anatase (tetrago-
nal), brookite (orthorhombic), and rutile (tetrago-
nal)!7'81 However, they have shown various pho-
tocatalytic activities, due to variations in their
physical and crystallographic properties**?!. Anatase
is the most photoactive phase of TiO,, due to its
particular crystallographic structure, which increas-
es electron-hole recombination times?*?,
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An important drawback of photocatalytic activ-
ities of TiO, is a wide band gap (3.2 €V for anatase)
that requires UV light during the photocatalytic re-
action, or, in other words, only a small fraction of
solar energy, about 4-5 %, is adsorbed, which leads
to inefficient photocatalytic reaction when using
sunlight**?". The problem of the high recombination
rate of electron-hole pairs is charging the carriers
separation, leading to their inability to be useful?.
Consequently, researchers have studied the modifi-
cation of the structure/composition for effective uti-
lization of the solar spectrum, the visible light region
and the photocatalytic performance®. Therefore, in
recent years, many methods have been applied to
improve the energy band gap and increase the light
adsorption by TiO,. The modification approaches,
such as reduction in particle size, increasing the sur-
face area, doping and loading, all aimed to replace
the adsorption of UV by visible light and increase
the life-time of electron-hole pairs®. Previous stud-
ies have shown that doping with metals improved
the photocatalytic efficiency of TiO, and could be
considered as a promising strategy”. The verified
metal dopants, including Mn***!, Cu, Co*?, Ag¥,
La*, Sn*, and so on, not only reduced the rate of
recombination of electron/hole, but also increased
the adsorption in the visible light region®. Exten-
sive studies have been carried out in terms of mono
doping TiO, with transition metals, such as La, Ag,
Mn, Co, Cu, Mo, Au, Pt, etc*. It has been reported
that TiO, doped with two or three elements signifi-
cantly improved the adsorption of light in the visi-
ble light range and increased the photocatalytic ac-
tivities*. For instance, Li et al? reported that
Mo-Sb-S tridoped TiO, nanoparticles exhibited out-
standingly enhanced visible light driven for degra-
dation of methylene blue. Elsellami et al.** used sol-
gel method to manufacture visible active Li-Cd-La
tridoped TiO, photocatalyst. Hua et al.® confirmed
that W-La codoped TiO, nanomaterials improved
the photocatalytic activities more than a sin-
gle-doped W/TiO, system, providing an obvious de-
crease in band gap energy. Quan et al’*® prepared
Mn-N codoped TiO, photocatalyst with improved
halogen lamp which induced photocatalytic activity.
Akbarzadeh and Javadpour®” synthesized W/Mo co-
doped TiO, photocatalyst for enhancement of Meth-
ylene Blue removal under sunlight. Liu et al.*® re-
ported that Mo-N/TiO, photocatalyst, which was
synthesized by sol-gel method, had higher activity
than undoped and Mo- or N-doped TiO, catalyst.

Separation and recovery of nanoparticles from
reaction solution is difficult during application of
TiO, nanoparticles”. To tackle this problem, load-
ing TiO, nanoparticles on some supporting materi-
als has been proposed®. Among the various sup-
porting materials, activated carbon is an attractive

candidate, due to its porous structure, significant
adsorption capability, hydrophobic and hydrophilic
properties, eco-friendly nature, structural stability,
mechanical resistance, high surface area, and
cost-effectiveness*!. This was the first time that Mn,
Mo, La/TiO, nanoparticles supported on activated
carbon were used for degradation of Reactive Red
198 (RR 198) under visible light irradiation, and
also the first time that the decolorization and degra-
dation performance was evaluated for real textile
wastewater; moreover, the intermediate compounds
that had formed during the photocatalytic process
were identified.

Materials and methods

Materials

Reactive Red 198 (RR 198) used to determine
the performance of the catalyst was bought from
Alvan Sabet Co. Hamadan, Iran. Chemical and
physical properties are shown in Table 1. Ethanol
(C,H,0), sulfuric acid (95-97 %), nitric acid (65
%), hydrochloric acid (98 %), titanium tetraiso-
propoxide (C,,H,,O,Ti), lanthanum nitrate hexahy-
drate (La(NO,),"6H,0), ammonium heptamolybdate
tetrahydrate (NH,),Mo,O,,-4H,0), and manganese
(IT) sulfate monohydrate (MnSO,-H,0), sodium hy-
droxide (NaOH), 2-propanol (C,H,O) were all ana-
lytical grade and obtained from Merck Co., Germany.
Deionized water was used for preparation of all
solutions/suspensions.

Table 1 — Properties of RR 198 dye

Parameter Characteristics
Chemical formula C,,H CIN.Na,O S,
Class Azo
C.I. number 18221
Molecular weight (g mol™) 967.5
A, (nm) 518

Na* Na*
= Va W\ 0~

‘\r/N\]rNH OH N
Molecular structure N N O\ o}
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Preparation of photocatalysts

Mn, Mo, La/TiO,/AC was prepared by sol-gel
method using titanium tetraisopropoxide (TTIP),
lanthanum nitrate hexahydrate (La(NO,),-6H,0),
ammonium heptamolybdate tetrahydrate
(NH)Mo.0,,-4H,0), and manganese(Il) sulfate
monohydrate (MnSO,-H,0) as titanium, lanthanum,
molybdenum, and manganese sources, respective-
ly®42, A homogeneous solution of TTPP (0.5 M) in
2-propanol (85 mL) was prepared under vigorous
stirring during 1 h. Nitric acid was used to adjust
the solution pH and for suppressing the hydrolysis
process of the solution. The solution was vigorously
stirred for 1 h in order to form sols, and subsequently
sonicated for 15 min (solution A).

Doping of TiO, with Mo, Mn, and La was car-
ried out by adding solution containing known con-
centrations of 0.25 to 0.5 % (w/v) of ammonium
heptamolybdate tetrahydrate, manganese (II) sulfate
monohydrate, and lanthanum nitrate hexahydrate,
respectively, (in 1:1 (v/v) of water and 2-propanol)
dropwise with stirring to solution A (solution B).

After stirring solution B for 15 h, the formed
gelatinous material (tridoped TiO,) was sonicated
for 15 min, centrifuged (for 15 min, 3000 rpm), and
washed with deionized water. A certain amount of
activated carbon was added to solution B, followed
by sonication in an oven at 100 °C for 3 h to per-
form aging phase. The obtained powder was manu-
ally ground and calcinated at 450 °C for 4 h. In this
study, based on various percentages of elements,
eight nano-photocatalysts were prepared, and the
concentrations of elements in each sample are
shown in Table 2.

Preparation of activated carbon

Firstly, 5 g of granulated activated carbon was
mixed with 50 mL of deionized water, followed by
boiling for 15 min at 100 °C. Thereafter, the sus-
pension was cooled down to room temperature, fil-
tered, and dried for 3 h at 105 °C.

Table 2 — Dye removal efficiency in eight different synthe-
sized nanocomposites with different proportions of Mo, Mn and
La, RR 198 60 mg L, irradiation time: 60 min, pH: 7, photo-
catalyst: 2 g L'

Sample code

Elements
1|2|3|4|5|6|7|8
Mn (%) 0.50 0.25 0.50 0.50 0.25 0.25 0.50 0.25
La (%) 0.50 0.25 0.50 0.50 0.50 0.25 0.25 0.50
Mo (%) 0.50 0.25 0.25 0.50 0.25 0.50 0.25 0.50
Activated 550 6 125 0.208 0.208 0.165 0.165 0.165 0.208
carbon (g)

Removal (%) 28.56 26.45 82.04 16.45 84.17 6.50 44.38 51.73

Characterization techniques

X-ray diffraction (XRD) patterns of all samples
were characterized in the range of 10-80° (260) us-
ing an X-ray diffractometer (Philips, PW, 1840;
Netherlands) with Cu Ka radiation (A = 0.15418
nm). The accelerating voltage and the applied cur-
rent were 40 kV and 30 mA, respectively. The aver-
age crystallite size was calculated by Debye Scherer
formula (Eq. (1)):

K4
pcosd

(1)

where, D is crystallite size (nm), K is share factor
(0.89), 4 is wavelength (0.15418 nm), 6 is diffrac-
tion angle, and f is full width at half maximum
(FWHM)'.

Specific surface areas were determined using
BET analysis (Nano SORD 92, Iran). Fourier-trans-
form infrared spectra (FTIR) of the samples were
prepared (Bruker, Model: VERTEX70, Germany)
between the frequency ranges of 400-4000 cm™!
with KBr as a diluent’. The diffuse reflectance
spectra (DRS) were obtained using a UV-visible
spectrophotometer (JASCO, V-670- Japan)®. The
surface characteristics and morphological features
of nanocomposite and also elemental composition
were studied using a field emission scanning elec-
tron microscope (FE-SEM, TESCAN microscope
equipped with energy dispersive X-ray (EDX) mi-
croanalysis, Mira3, Kohoutovice, Czech Repub-
lic)*.

Photocatalytic degradation

Photocatalytic degradation of RR 198 was
studied through calculation of RR 198 removal in
aqueous solution. A glass reactor was used and a
visible light Xenon lamp (50 W, 110 Lux) was ap-
plied for performing irradiation. The distance be-
tween Xenon lamp and RR 198 solution container
was 10 cm. The reactor was filled with 200 mL of
dye solution of defined concentration, and 2 g L ™! of
a selected photocatalyst. Afterwards, solution was
stirred for 15 min in the dark to establish the ad-
sorption equilibrium. Samples were collected at
specific times during irradiation, followed by cen-
trifuging prior to use. The residual concentration of
RR 198 was measured using a UV-Vis spectropho-
tometer (DR-5000) at A of 518 nm, and the deg-
radation efficiency was calculated by Eq. (2)

(CO_Ct)
C

0

Degradation efficiency (%) = -100 (2)

where, C and C, are the initial and the residual RR
198 concentrations (mg L), respectively.
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The maximum decoloration rate at the same
conditions was considered as a best criterion for se-
lecting the desired photocatalyst among the differ-
ent samples investigated. RR 198 degradation ex-
periments were carried at defined conditions (initial
dye concentration: 60 mg L™, catalyst dosage: 2 g L',
pH: 7+ 0.3, contact time: 1 h, and irradiation: visi-
ble light). Using the selected photocatalyst, the ef-
fect of operating parameters was studied and the
photo-degradation experiments on a real textile
wastewater were performed.

Real textile wastewater degradation

A set of experiments was conducted on a real
textile wastewater, obtained from a local industry,
based on optimum conditions found in previous
stages. Qualitative analysis of raw and treated
wastewater was carried out by gas chromatogra-
phy—mass spectrometry (GC-MS) analysis (Model:
Agilent 7890, USA) with HP-5MS capillary column
(30 m x 0.25 mm x 0.25 pm film thickness, 5 %
phenyl — 95 % methyl siloxane phase). The carrier
gas (Helium) was fed into the system at a | mL min™!
stable flow rate. Firstly, the oven temperature rate
was adjusted to 40 °C for 1 min, followed by an
increase to 300 °C at 5 °C min™!, which was kept
constant for around 3 min. Ultimately, the sample
was injected into the instrument at a splitting ratio
of 10:1.
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Results and discussion

Selection of photocatalyst

Following the fabrication of eight nanocom-
posite samples, photo-degradation process was per-
formed to select the best proportion of metals in
synthesized nanocomposites. As shown in Table 2,
sample No. 5 with removal efficiency of 84.17 %
showed the best performance in dye removal, and
this sample was selected for the remaining experi-
ment and characterization.

Characterization of Mn, Mo, La/TiO,/AC
nanocomposite

Fig. 1 shows XRD patterns of the prepared Mn,
Mo, La/TiO,/AC nanocomposite. The main domi-
nant peaks of pure TiO, were found at 26 of 25.5,
38, 48, 53, and 55°, which are in good agreement
with the standard Joint Committee on Powder Dif-
fraction Standards (JCPDS) card No: 21 — 1272,
and are often taken as the characteristic peaks of
anatase phase. There was no rutile diffraction peak
in XRD pattern of Mn, Mo, La/TiO,/AC nanocom-
posite. The peaks appearing at 260 of 26, 37, 41.8,
49.8, 60.3, 63, 66, 69, 72, and 79° belonged to Mo
(JCPDS: 01-0615). Similar results are reported in
the literature®. The average crystallite size of Mn,
Mo, La/TiO,/AC nanocomposite was found to be
about 8.15 nm, according to Scherer’s equation.
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Fig. 1 — XRD pattern of Mn, Mo, La/TiO JAC catalyst
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Fig. 2 — FT-IR spectrum of Mn, Mo, La/TiO/AC nanocomposite

BET analysis showed that the specific surface
area of nanocomposite was 97.525 m? g!, while the
specific surface area of activated carbon before
loading with doped TiO, was 973.65 m* g'. This
confirmed that TiO, and doped elements had occu-
pied a large surface area of activated carbon.

FT-IR spectrum of Mn, Mo, La /TiO,/AC nano-
composite was prepared in the range of 500 to 4000
cm™!, and is shown in Fig. 2. The catalyst spectrum
showed four peaks at 486.58, 1442.38, 1608.48, and
3434.43 cm™. The absorption bands of 3100-3700
cm! and 1600-1640 cm!' were assigned to the
stretching vibration and bending vibration, respec-
tively, of the hydroxyl groups present on the surface
of TiO, catalyst®. Peaks in the regions of 3434.43
cm! and 1608.48 cm™! were respectively related to
the bond stretching and bending —OH groups caused
by the adsorbed water molecules and hydroxyl
groups. These groups are critical in the photocata-
lytic degradation of dye molecules. The peak ap-
pearing at 1442.38 cm™' was related to —CH and
carboxyl group, due to adsorption of carbon diox-
ide. The wide peak in the region of 486.58 cm™ was
related to the bend vibration of Ti-O-Ti and Ti-O
bonds*. Additionally, the absorption band around
2924.71 cm™' was assigned to the stretching vibra-
tion of C-H . FT-IR spectra of the sample showed
no band characteristic of metal oxides. It could be
due to low metal concentrations, and thus low in-
tensity of bands, as well as overlapping of bands
associated with flexural vibrations of Ti-O bond*
flexural vibrations (in the area 500-1000 cm™) and
characteristic La-O, Mn-O, Mo-O bands.

UV-Vis diffuse reflectance spectra (DRS) of
Mn, Mo, La/TiO/AC, Mn, Mo, La/TiO,, Mn, La/
TiO,, La/TiO,, Mn, La/TiO,, Mo, La/TiO, and pure
TiO, catalysts were analyzed (Fig. 3). It is obvious
that pure TiO, showed absorption band in the UV
area, while the other samples had shifted to the vis-
ible light spectra (400 — 510 nm)*. This shift in the
adsorption edge reduced the direct band gap of
doped activated carbon catalysts, compared to pure
TiO,, due to incorporating Mn, Mo, and La into the
TiO, network and stabilizing doped TiO, on activat-
ed carbon®. The band gap energy can be approxi-
mately calculated using Eq. (3):

g-le

> )
where, / is Planck constant (4.135 — 107° eV), E is
band gap energy (eV), ¢ is speed of light (3-10®
m s™'), and 1 is wavelength (nm). In Table 3, the
band gap energy of studied samples was calculated*.
According to Fig. 3 and the reported energy band
gap in the Table 3, the red shift in the DRS spec-
trum increases and band gap energy shows a de-
crease with an increase in the content of doped ele-
ments in TiO, network, which improves light
adsorption and optical activity of TiO, catalysts*.

The morphology and size distribution of Mn,
Mo, La/TiO,/AC nanocomposite were investigated
by FE-SEM (Fig. 4a). According to the microscopic
structure of catalyst, particle size was in the range
of 7-11 nm. Black holes in the image were proba-
bly related to activated carbon particles, which were
found to be non-uniformly distributed within the
catalyst network.
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Fig. 3 — UV-vis diffusion reflectance spectra of pure TiO, and fabricated catalysts
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Fig. 4 — FE-SEM (a) and EDS (b) of Mn, Mo, La/TiO /AC nanocomposite
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Table 3 — Wavelength and band gap energy of fabricated
TiO, catalysts

Catalyst Wa\(/flilelr)lgth Band %2{)/ )energy
TiO, 399 3.10
La/TiO, 416 2.98
Mn, La/TiO, 425 291
Mo, La/TiO, 523 2.37
Mn, Mo, La/TiO, 545 2.27
Mn, Mo, La/TiO,/AC 552 2.24

Qualitative elemental analysis, using EDS tech-
nique (Fig. 4b), confirmed the presence of Mn, Mo,
La, and AC'™. Based on the EDS analysis, synthe-
sized nanocomposite contained 0.25 % Mo, 0.5 %
La, 0.25 % Mn, and 0.165 % carbon. Results con-
firmed the desired purity of synthesized nanocom-
posite.

Photocatalytic degradation of Reactive Red 198
Effect of pH

Any changes in pH of aqueous solution simul-
taneously alter the surface features of adsorbent and
structure of the adsorbate molecules. Hence, the
study of photocatalytic removal of a typical con-
taminant affected by solution pH is of great impor-
tance. Effect of solution pH on photocatalytic per-
formance was evaluated in the range of 2-9. The
photocatalytic degradation of pollutant was signifi-
cantly influenced by solution pH where the highest
removal was obtained at lower pH values. Results
showed that the degradation performance enhanced
from 36.9 to 78.7 % along with decreasing solution
pH from 9 to 2 during 60 min reaction. The initial
pH value of 3 with corresponding removal of 78.3
% was selected as an optimum point for photo-deg-
radation reaction. Alkaline pH value of 9 adversely
affected the photocatalytic degradation and the re-
moval declined to 36.9 % (Fig. 5). Regarding the
lack of a significant difference between dye remov-
al efficiencies at pH 2 and 3, and also the ease of
operation, initial pH 3 was selected as an optimum
solution pH for the following experiments.

The pH, of nanocomposite was determined to
be 6.3. Therefore, it is obvious that, at pH values of
6.3 and above, the surface charge of synthesized
composite is positive. Considering the pH, . of
nanocomposite, higher tendency of RR 198 adsorp-
tion onto the surface of nanocomposite was ob-
served at pH values less than 6.3. Therefore, a sig-
nificant improvement would occur in photocatalytic
removal of dye molecules. By increasing pH of
aqueous solution, an enhancement was observed in

Removal efficiency (%)

Removal efficiency (%)

the number of attachment sites with negative
charges. This phenomenon leads to decreasing the
adsorptive removal of dye molecules by the nano-
composite, because of the role of electrostatic re-
pulsive forces. Furthermore, another factor that
leads to decreasing dye removal efficiency at higher
pH values is the excessive number of hydroxyl ions
competing with dye molecules to occupy the sur-
face reactive sites of adsorbent.

Effect of nanocomposite dosage

The influence of Mn, Mo, La/TiO,/AC nano-
composite dosage (1-6 g L!) on the photocatalytic
degradation of Azo dye RR 198 was studied at pH
3, dye concentration of 60 mg L' and during 60
min contact time. Based on the findings, by increas-
ing the amount of catalyst to 5 g L', an improve-
ment was seen in RR 198 removal. However, fur-
ther increase in the quantity of catalyst had not
significantly changed the removal rate of RR 198.
The removal efficiencies for photocatalyst dosages
of 1,2, 3,4,and 5 g L' were 55.29, 78.73, 80.3,
82.27, and 83.3 %, respectively (Fig. 6). Increasing

80 1

70 A
60 -
50 o
40
30 A
20 A
10
o -
2 3 5 6 7 9

pH

Fig. 5 — Effect of pH on Azo dye degradation by Mn, Mo, La/
TiO /AC nanocomposite under visible light irradiation (catalyst
dosage 2 g L', RR 198: 60 mg L™, irradiation: visible light)
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Fig. 6 — Effect of Mn, Mo, La/TiOZ/AC nanocomposite dos-
age on RR 198 photo-degradation (pH: 3, RR 198: 60 mg L,
irradiation: visible light)
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Fig. 7 — Effect of RR 198 concentration on photo-degrada-
tion reaction (pH = 3, catalyst dosage = 2 g L™, irradiation:
visible light)

the removal rate of dye with an enhancement in the
quantity of catalyst can be attributed to increasing
the amount of surface area that creates a higher
number of reactive sites for the photocatalytic reac-
tion and adsorption of visible light by photocatalyst.
This increase in surface area provides higher
amounts of OH" that act in favor of photocatalytic
removal of contaminant molecules.

However, as shown in Fig. 6, the removal rate
of dye molecules had no significant improvement
over 5 g L' photocatalyst dosages and remained
relatively constant at 6 g L' dosage. Further in-
crease in the amount of photocatalyst above the op-
timum level caused the agglomeration of photocata-
lyst particles in aqueous media, which weakened
the performance of surface reactive sites responsi-
ble for generating OH". Since the lower catalyst us-
age is an advantage and there was no significant
difference in removal efficiencies between photo-
catalyst dosages of 2 and 3 g L', the photocatalyst
dosage of 2 g L' was selected for the remaining
experiments.

Effect of initial RR 198 concentration

Effect of varying initial RR 198 concentrations
in the range of 10-100 mg L' on photocatalytic
degradation process was studied at pH 3 (Fig. 7),
photocatalyst dosage of 2 g L' and visible light ir-
radiation. Results indicated that the photo-degrada-
tion efficiency was reduced with increasing initial
dye concentration, which is consistent with previ-
ous studies***. Increased dye concentration ad-
versely affects the efficiency of photo-degradation
reaction through reduction of visible light penetra-
tion, occupation of nanocomposite active sites, as
well as reduction in the interplay of photons with
active sites®.

Mineralization of RR 198

Mineralization of RR 198 through photo-degra-
dation reaction was calculated using Eq. (4) and
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Fig. 8 — Mineralization of RR 198 azo dye using Mn, Mo, La/
TiO/AC under visible irradiation (pH: 3, photocatalyst dos-
age: 2 g L7, initial RR 198 concentration: 60 mg L™)

COD analysis for the initial dye concentration of 60
mg L', pH 3, photocatalyst dosage of 2 g L' and
reaction time of 240 min. After 120 min reaction,
all dye molecules were decolorized. However, the
high COD removal of 85 % (COD: 420 mg L)
was only achieved after 240 min (Fig. 8). The lon-
ger time required for COD removal, compared to
decolorization, could be attributed to decomposition
of RR 198 into intermediate metabolites, such as
acetamide, methoxy-phenyl benzoic acid, and do-
decanoic acid.

COD, —COD

Mineralization (%) = oD ~-100 (4)
0

where, COD and COD, are COD concentrations at
beginning of the reaction and at time ¢.

Reusability test

Recovery of synthesized photocatalyst was in-
vestigated in five consecutive experimental runs at
the same operating conditions (initial RR 198 con-
centration = 6 mg L', photocatalyst dosage =2 g L,
solution pH = 3, and reaction time = 60 min).
Chemical regeneration of applied photocatalyst was
carried out after each experimental run using 0.1 M
H,SO, solution within 45 min. Results indicated the
acceptable stability and regeneration potential of
synthesized photocatalyst. The degradation rates
(%) of dye molecules from the first to the fourth run
of experiments were as follows: 78.57, 72.4, 66.32,
and 52.78 %, respectively (Fig. 9). The decrease in
RR 198 removal efficiency after four consecutive
runs was 25.79 %. Protonation of the photocatalyst
surface during chemical regeneration, which leads
to a decrease in dye adsorption rate, is probably the
main reason for decreasing photocatalyst perfor-
mance. Furthermore, consecutive regeneration
would lead to the loss of photocatalyst from the ac-
tivated carbon support, as well as the fouling of the
photocatalyst surface by the intermediates of azo
dye degradation.
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Photo-degradation of a real textile wastewater

In order to investigate the capability of pho-
to-degradation process using Mn, Mo, La/TiO,/AC
as a photocatalyst under visible irradiation, a set of
experiments was conducted on a real textile waste-
water containing various recalcitrant organics and
color compounds. The average concentrations of
COD and BOD, of raw textile wastewater were
4700 and 510 mg L', respectively (Table 4). This
wastewater was characterized as a recalcitrant
wastewater, due to low BOD,/COD ratio of 0.1, in-
dicating the presence of non-biodegradable com-
pounds and the necessity for applying advanced ox-
idation options. The qualitative investigation of raw
wastewater contents was performed via GC/MS
analysis (Table 5), which showed that the principal
identified organics of raw wastewater included
quinolone, fluoroacetamide, dimethylquinoline,
methylquinoline, methylisoquinoline, linoleic acid,
tri-butyl phosphate and palmitic acid.

The average COD concentration of raw textile
wastewater was 4700 mg L' which decreased to
740 mg L™ in the effluent of photocatalytic process
using Mn, Mo, La/TiO,/AC nanocomposite after 6
h, corresponding to COD and TOC removal rates of
84 and 81 %, respectively (Table 6).

Advanced oxidation processes are character-
ized by rapid partial oxidation and long-term miner-
alization. The experimental conditions were set as
determined for synthetic wastewater with RR 198
azo dye (solution pH = 3, catalyst dosage =2 g L,
reaction time = 300 min). The residual COD con-
centration of raw textile wastewater was 740 mg L!
after 300 min, corresponding to COD removal of 84
%. The possible reasons for the low removal rate in
comparison with synthetic wastewater would be the
insufficient light energy and photocatalyst for deg-
radation of recalcitrant organic molecules, as well
as the lack of UV capability of penetration in aque-

Table 4 — Characteristics of raw wastewater

Value
Parameter
Range Average
COD (mg L") 3720-5815 4700
BOD, (mg L) 465-570 510
BOD./COD - 0.1
TOC (mg L) 2580-3490 2940
TDS (mg L) 12040-14600 13280
pH 7.2-8.1 7.8
Turbidity (NTU) 15-30 24

ous media, due to high turbidity. According to Table
7, the intermediate metabolites of treated textile
wastewater were as follows: acetamide, dimethyl
propane, isoindole, bromoform, methoxy phenyl
benzoic acid, cycloheptatriene, benzaldehyde, ace-
tate esters, benzoxazine, benzothieno quinoline and
phthalic acid. More oxygen-containing compounds
in treated wastewater, in comparison with raw
wastewater, point to the partial degradation of par-
ent compounds into more stable compounds by ring
cleavage, oxidation and hydroxylation of aromatic
ring structures. Since reactive radicals produced in
this process are non-selective, a wide range of inter-
mediates is reasonable and further oxidation of in-
termediates need relatively longer reaction times.

Conclusions

The synthesized Mn, Mo, La/TiO,/AC nano-
composite showed high nano-photocatalytic activity
in dye degradation. The influence of various operat-
ing conditions like pH, nanocomposite dosage, and
dye concentration on dye degradation was evaluat-
ed. The results show the maximum removal effi-
ciency of 91 % at initial dye concentration of 20
mg L', pH of 3, and catalyst dosage of 2 g L.

Also, high COD removal efficiency (84 %) in
the treatment of textile wastewater at optimum op-
erating conditions (pH = 3, catalyst dosage =2 g L,
reaction time = 300 min), show the photocatalytic
ability of the synthesized nanocomposite. Further
research is required in order to reduce the nanocom-
posite consumption for field applications in future.
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Table 5 — Main constituents of raw textile wastewater

Substance Structural formula Chemical formula
N
o ~=
Quinoline | C,HN
P
[
Fluoroacetamide )j\/ C,H,FNO
HaM

Dimethylquinoline C H N

Methylquinoline

AN
a
==
Z

Linoleic acid 181322

3

. CH3
NN C,H,0,P

Tri-butyl phosphate

=\

N
7N

b\/\/g
/\/\O

o

H
HsC

Palmitic acid J\/\/\/\/\/\/\/\ CH. C,H,,0,
HO :

Table 6 — COD and TOC removal of raw textile wastewater using Mn, Mo, La/TiO /AC nano-photocatalytic degradation

COD (mg L)
Parameter Raw wastewater
30min | 60 min | 120 min | 180 min | 240 min | 300 min | 360 min
Total COD (mg L) 4700 4120 3652 2076 1438 1076 830 740

TOC (mg L") 3580 3190 2589 1328 1095 892 730 655
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Table 7 — Main organic compounds identified in treated tex-
tile wastewater

Substance Structural formula Chemical
formula
Acetamide HQ\Nf\I:H; C,H,NO
H=C
Dimethyl propane CHa CH,
CH;
Isoindole &‘: CHN
H=N
o Br
Bromoform 7‘/ CHBr,
Er
I
Methoxy phenyl fe)
benzoic acid O)\ C.H,0,
Cycloheptatriene CH,
@]
Benzaldehyde @) CHO
H —
M 0
Benzoxazine j/ CHNO,
Benzothieno O
quinoline O | ~ C\sHNS
=
o]
Succinic acid H D)k/\“/OH CHO,
O

Phthalic acid )J\/\/\/\/ CH,,0,
HO
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