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ABSTRACT

Natural gas has wide range of acid gas concentrations such as CO; and H>S. Alkanolamines
dissolved in aqueous solutions are commonly employed to scrub CO; and H,S from natural gas.
As a result, the high level of this polutant is emitted through the waste water during cleaningIn
this study a novel photocatalyst, TiO2@WO3/ZnO, has been designed and fabricated. To
prepare the catalyst with the highest performance, the optimized weight fraction of WO3+Zno
(with 1:4 weight ratio) has been alloyed with TiO,. The results from BET and BJH indicated

that the synthesized catalyst had relatively high specific surface area (10.3 m? g') and meso-
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pore structure with cavities diameter of 10.9 nm. The as-synthesized photocatalyst has been
employed in the alkanolamine contaminant degradation of wastewater obtained from an
industrial gas refinery plant in the presence of LED light. In this regard, the degradation of
alkanolamine during time was monitored using UV-Vis and fluorescence spectroscopies. The
obtained results confirmed high performance of the designed catalyst in the rapid treatment of
the wastewater of gas refinery effluent at very low catalyst loading of only 0.5 wt.%, thereby
making it a good candidate for the catalytic purposes. Finally, a possible mechanism for
catalytic degradation of alkanolamine over TiIO>@WO3/ZnO was suggested.

Keywords: synthesis; degradation; gas refinery effluent; TiO2@WO3/ZnO photocatalyst;

alkanolamine.

Introduction

Natural gas is one of the major energy resources in the world and its production is exceeding. It
has a wide range of acid gas concentrations such as CO> and H>S. Due to the corrosiveness of
these polutants in the presence of water, the toxicity of H»S and the ineffectiveness of CO; in
heating process, natural gas needs to be sweetened [1]. Alkanolamines dissolved in aqueous
solutions are commonly employed to scrub CO> from natural gas. As a result of aforementioned
mechanism, the high level of this polutant is emitted through the waste water during cleaning,
maintenance and even shutdown of the absorption and desorption columns. This polutant is toxic
and dengorous to the environment and the poluted wastewater cannot be refined in the typical
wastewater refineries [2, 3]. In fact, the release of alkanolamines in the industrial waste water
from gas refinery effluents has raised many concerns and motivated many researchers to find the
proper solutions for the efficient removal of these hazardous pollutants [4].In this regard, many
approaches such as the use of adsorbents, photodegradation, oxidative and membrane processes
have been suggested [5-8]. Briefly, extensive research has been conducted on Photocatalysis:
Fundamental Processes and Applications [9]: in the fields of Electronic structure: From basic
principles to photocatalysis [10], Photodegradation processes [11], Using dyes to evaluate the
photocatalytic activity [12], Advanced oxidation [13], The kinetic models in electron transfer

processes [14], Fundamental developments in the zeolite process [15], Design of active
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photocatalysts and visible light photocatalysis [16], New materials and equipment for
photocatalytic degradation processes [17], Photocatalytic treatment of pollutants in aqueous
media [18], and Photocatalytic reduction of CO> in hydrocarbon: A greener approach for energy
production [19]. Among the proposed approaches, photocatalysis is extensively employed for the
waste water treatment from gas refinery effluents. It is a catalytic degradation process mostly
promoted by metallic catalysts such as Ti, W and Zn in an oxidizing environment [20, 21].
Owing to the significance of photocatalysis, extensive research has been conducted on this issue.
Photocatalysis process in the presence of light to activate a substance and accordingly, the
photocatalysts without any permanent chemical alteration happening to them, enhanced the
chemical reactions velocity. These reactions can occur using homogeneous or heterogeneous
photocatalysts. The later has been extensively attracted attentions because of its potential use in
various fields from environmental applications to energy demand [22]. In this line, WOs
semiconductor with an energy band gap of 2.7 eV has been deliberated as an effective
nanoparticle together with some photocatalysts due to its excellent physiochemical stability and
strong visible light response [23, 24]. To form heterojunction, WO3 with ZnO nanoparticles
might be an effective strategy to improve the photocatalytic performance. Indeed, WOs3
deposition improved the performance of WO3/ZnO photocatalyst by elimination of defects in the
ZnO particles surface [25]. This composite has also been used to reduce and oxidize gases in the
sensor and the treatment of gaseous phase pollutants [26, 27]. Although TiO; nanocomposites
have wide applications in the Survival Viability of Cervical Cancer Cells [28] and brilliant blue
dye degradation using visible light [29], particular attention has been placed on sedimentation
techniques for photocatalytic decomposition in wastewater treatment applications. Furthermore,
TiO2 nanoparticles in combination with WO3/ZnO nanocomposite (i.e. TiO@WOs3/ZnO
photocatalyst) has been practiced to progress the photocatalytic activity [30]. It seems that the
concentration of tungsten and zinc oxide as well as TiO> can influence the catalytic performnce
of the final photocatalyst. Chemical oxygen demand (COD) often is used as a measurement of
pollutants in wastewater. Other related analytical values are biochemical oxygen demand (BOD).
In many cases, it is possible to correlate two or more of these values for a given sample. BOD is
a measure of oxygen consumed by microorganisms under specific conditions. Some samples

with very low COD or with highly heterogeneous solids content may need to be analyzed.
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Results are further enhanced by reacting a maximum quantity of bichromate, provided that some
residual bichromate remains. BOD testing is used to determine the relative oxygen requirements
of wastewaters, polluted waters and effluents; its widest application is in measuring waste
loadings to treatment plants and in evaluating the plants’ BOD removal efficiency [31].
Degradation of alkanolamine as: Methyldiethanolamine (MDEA) pollutants of waste water of
gas refinery by photocatalyst has not been studied and in this study,by reason of the
environmental concern of poluted waste water, obtained from gas refinery effluents, and in the
pursuit of our research on the design of novel heterogenous catalysts [32-34], here we report the
synthesis of an heteregenous photocatalyst employed in the removal of toxic alkanolamine
pollutants. In this regard, we focused more on the W:Zn:T1 ratio by changing weight fraction of
the related ingredients to acquire efficient TiO>@WO3/ZnO photocatalyst suitable in the

degradation of alkanolamine polutants of waste water.

Experimental

Materials

In this study sodium tungsten (NapOsW), titanium tetrachloride (TiCls), zinc sulfate
(ZnSO4-7H>0), ammonia (NH3), hydrochloric acid (HCI), ammonium carbonate ((NH4)>CO3)
and polyethylene glycol (C2aHan+20n+1, with My=1000 g/mol) were used for the synthesis of
Ti02@WO3/ZnO photocatalyst. Mercury(Il) sulfate (HgSO4), potassium bichromate (K2Cr207),
silver sulfat (Ag>SOs), ferrous sulfate (Fe(SO4)2.6H>0, manganese(Il) sulfate (MnSOs), 10dine
(I), sodiume thiosulfate (NaS203) and strach (n(C¢H100s5)), were used for the COD and BOD
measurements. All the aforesaid chemicals and solvents, were of analytical grade, provided from
Sigma-Aldrich, and used without any further purification. Distilled water was used in all the

experiments.

Synthesis of TiO: nanoparticles
For the synthesis of TiO2 nanoparticles a two necked round bottom flask was placed in an ice
bath to supply the temperature of 0 °C. 10 mL of TiCls was homogeneously dispersed in 20 mL

deionized water and then, 20 mL of 25% ammonia was introduced to the aforementioned
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solution in dropwise manner. The agitation was lasted for 1 h at 0 °C until the color changed to
white color. Subsequently, the obtained TiO> nanoparticles were separated using a centrifuge,

washed with distilled water repeatedly and dried in an oven at 100 ° C for 3 hours.

Synthesis of WO; nanoparticles

To this end, 2.5 g sodium tungstate was homogeneously dispersed in 25 mL deionized water.
Appropriate amount of HCl (with the concentration of 3 M) was added dropwise into the
aforementioned solution to reach pH = 1. The mixing process was lasted for 1 h till a yellow

color solution was achieved. The prepared WOs3 particles were separated using a centrifuge,

dried at 100 ° C for 3 h and, subsequently, calcined at 500 ° C for 1 h.

Synthesis of ZnO nanoparticles

5 g of zinc sulfate was dissolved in 50 mL of deionized water and stirred until a completely
homogeneous solution was achieved. Ammonia was gently dropped to the prepared solution till a
white (milky) solution was achieved. The synthesized ZnO nanoparticles were separated using a
cenfrifuge, washed several times with distilled water, dried in an oven at 100 °C for 3 h and,

subsequently, calcined at 500 °C for 1 h.

Synthesis of WO3 /ZnO photocatalyst

WO3/ZnO photocatalyst was prepared according to the previously reported procedure [28, 35-
37]. To this end, appropriate amount of hydrochloric acid (3 M) was added dropwise into a
solution containing 1 g tungstate sulfate and 10 mL distilled water, to reach pH = 1. Afterward, a
white (milky) solution containing 0.25 g of zinc sulfate, 10 mL distilled water and appropriate
amount of ammonia was introduced into the aforementioned solution dropwise. Then, 0.3 g of
ammonium carbonate in 10 mL of distilled water was also introduced into the reactor. The
stirring was continued for 1 h, after which the formed WO3/ZnO particles were separated using a
cenfrifuge, washed repeatedly with distilled water, dried in an oven at 100 °C for 3 h and,
subsequently, calcined at 600 °C for 1 h.
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Optimization of WO3/ZnO photocatalyst

To reach a photocatalyst with an optimized weight percentage of W to Zn, five catalysts with
different WO3/ZnO mass ratios (2:1, 1:1, 1:2, 1:4 and 1:6) were prepared. The absorption
property of the synthesized photocatalysts was recorded by UV-Vis spectroscopy. In the
achieved spectra, the WO3/ZnO photocatalyst with 4:1 mass ratio that demonstrated related Amax

at higher wavelength, was selected as the best catalyst among the series [38, 39].

Synthesis of TiO@WO3/ZnO photocatalyst

A mixture containing 1:3 weight ratio of TiO2 to WO3/ZnO (in 1:4 mass ratio of WO3 to ZnO)
was suspended in 30 mL of deionized water. 0.11 g of polyethylene glycol was homogenously
dispersed in 22 mL of deionized water and added dropwise to the aforementioned solution. After
2 h stirring, the synthesized TiO,@WO3/ZnO photocatalyst was separated using a centrifuge,
dried in an oven at 100 °C for 3 h and, subsequently, calcined at 600 °C for 1 h.

Optimization of TiO@WOs3/ZnO photocatalyst

To reach a photocatalyst with an optimized weight percentage of Ti to W and Zn, four catalysts
with different TiO2@WO3/ZnO mass ratios (3:1, 10:1, 1:10, and 1:3) were synthesized. The as-
prepared photocatalyst with 1:3 mass ratio in which the Amax had the highest value, was selected

as the optimized photocatalyst among the studied samples.

Checking seed effectiveness and analytical technique by using procedures in

5220B to make COD measurements

In the first stage, a composition comprising 0.4 mg of HgSO4, 10 mL of K>Cr20O7, 30 mL of
H>SO4 and Ag>SO4 solution. 2 ml of unknown sample to volume up to 20 ml with distilled water
so as not to cause it to turn green. They were added to a jouge balloon. Four boiling stones were
thrown into a volumetric balloon and 30 mL of H>SO4 and Ag>SO4 solution was added to the
solution. This step was slowly done with shaking and under a cold tap. The solution was placed
on a Soxhlet oven and note the time after boiling. After 2 h, the solution was cooled and 3 drops

of Freon Detector was added to it and the titration was continued with Fe(SO4)2.6H>0 solution
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until its color changed from orange to light brown. The above steps were simultaneously
performed for the control (instead of the distilled water sample). Using the following formula,

the amount of COD in the samples was obtained.

(A—B)x8000 xN

COD ((mg/L) Oy) = -

Where, A was control ferrosulfate (mL), B: sample ferrosulfate (mL), N: normality, C: the
amount of undiluted prototype (mg /L). Finally, the following formula was used to obtain the
percentage of COD removal.

_ co-¢

COD removal % = = X 100

Here CO is the initial concentration of COD and C is the final concentration of COD [31]

Checking seed effectiveness and analytical technique by using procedures in

5210B. 5-Day to make BOD measurement

In the first step, we considered 3 bottles (300 mL) with lids and measureed the approximate
concentration of BOD using COD. First, 2/3 of the bottle was filled with diluting water, and then
the desired amount of sample was poured into it. After complete miing, the bottled were filled
completely with diluting water and sealed. They were placed in the incubator at 5 © C for 5 days.
1 ml of MnSO4 was added to the sample and after mixing 1 mL alkaline iodide (I) was
mtroduced as well. In the presence of dissolved oxygen, the color of the solution turns into
brown. When 2/3 of the floccants was settled, 1 mL of concentrated H>SO4 was added on the
surface of the sample and mixed until the floccants dissolved. 201 mL of the prepared sample
was introduced into the Erlenmeyer flask and titrated with NaS,03; (0.025 M) until the color
changed to yellow. A few drops of n(CsH100s5) glue was added, until the solution turned into
blue. The solution was titrated again untill white solor appeared. The amount of dissolved

oxygen in the sample is equal to the amount of titration used.

(D1-D2)-(S)vs
P

BOD ((mg/l) O;) =

Here are, Di: diluted oxygen of the diluted sample immediately after preparation (mg / L), D»:
diluted oxygen of the diluted sample after 5 days of incubation at 20 ° C (mg / L), P: percentage
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of sample added, V: Sample volume in sample test bottle (mL), S: sample volume added to bottle
300 (mL). Finally, the following formula was used to obtain the percentage of BOD removal.

BOD removal % = % X 100

Here CO is the initial concentration of BOD and C is the final concentration of BOD [31].

Instruments

In order to characterize the intermediates and catalysts, the following instruments were
employed: Philips CM30300Kv instrument (for recording Transmission electron microscopy
(TEM) images), Siemens, model D5000 diffractometer using Cu-Ko radiation as the X-ray
source (for recording X-ray diffraction (XRD) patterns), PERKIN-ELMER-Spectrum 65
spectrometer, with KBr pellets (for conducting Fourier transform infrared (FT-IR) spectroscopy),
the field emission scanning electron microscope (SIGMA VP model, ZEISS, Germany), and
EDS and Mapping Detector Specifications (Oxford Instrument Company UK).

Result and discussion

Characterization of TiO2@WO3/ZnO photocatalyst

To 1llustrate TiI02@WOs3/ZnO photocatalyst, FT-IR spectrum of the as-prepared catalyst was
recorded. As shown in Figure 1, the absorbance bands can be observed at 3382-3525 cm™ (-
OH), 2888 cm ' (-CHy), 1195 cm™! (etheric CO). Moreover, the peaks in the fingerprint area at
837, 663, and 517 cm™ corresponded to the TiO2, WOs, and ZnO nanoparticles [40].
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Figure 1. FT-IR spectrum of as-synthesized Ti0,@WO3/ZnO photocatalyst.
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The synthesized TiO>@WO3/ZnO photocatalyst was analyzed by means of BET. In fact, this
method by measuring the amount of N> gas adsorbed and desorbed by the analyte surface
identified the surface area of cavities at a constant temperature. By comparing the BET curve of
Ti02@WO3/ZnO photocatalyst with standard diagram(Figure 2a). Evidently, between relative
pressures of 0.05 to 0.3 the plot was closely linear. Furthermore, according to the International
Union of Pure and Applied Chemistry (IUPAC) classification, N> adsorption—desorption
1sotherms of the synthesized phorocatalyst were of type III isotherms with H3 hysteresis loops,
Figure 2b and this photocatalyst belongs to the group of mesopore materials [41, 42]. Moreover,
the BET surface area for TiO,@WO3/ZnO photocatalyst was significant (11.56 m? g!). The high
surface area of photocatalyst was promising for the degradation of alkanolamine since it ensures
sufficient adsorption of contaminant molecules on the active sites which enhances catalytic

efficiency [29, 43].
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Figure 2. a) Standard diagram and b) adsorption-desorption isotherm of T102@WO3/ZnO
photocatalyst.
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To get more information about the pore structure of the synthesized TiO@WO3/ZnO
photocatalyst, the BJH method was employed, Figure 3. The results revealed that specific surface
area, volume and diameter of the cavities were 10.3 m? g‘l, 0.094 cm? g‘land 10.9 nm,
respectively. In fact, the pores diameter was mainly in the range of 6-30 nm, which further

confirmed the existence of mesopores.
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Figure 3. BJH pore size distribution of the synthesized Ti02@WOs3/ZnO photocatalyst.

In the following, it was studied whether T10; and WO3/ZnO crystal structures were influenced in
the catalyst synthesis step, Figure 4a. In the XRD pattern of TiO2, some peaks observed at 26=
25.281, 37.801, 48.050, 53.891, 55.062 and 62.690 ° which represent the tetragonal structure
(JCPDS, NO. 021-1272, Figure 4b). Moreover, in the XRD pattern of WO3/ZnO different peaks
were detected at 26= 15.479, 18.907, 23.836, 24.572, 30.474, 30.721, 31.261, 36.313, 36.435,
38.337, 41.325, 44.233, 44.623, 45.450, 45.839, 48.763, 50.286, 51.721, 53.635, 54.264, 55.263,
56.156, 58.446, 61.767, 62.246, 65.054, 65.516 and 68.243 ° which represent the monoclinic
structure of the substance (JCPDS, No. 015-0774, Figure 4b). Finally, in the XRD pattern of the
synthesized catalyst, nearly almost all peaks related to the TiO2 and WO3/ZnO ingredients could
be detected which confirmed the successful synthesis of the designed photocatalyst [44].
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Figure 4. XRD pattern of WO3/ZnO, T10>, and Ti02@WOs/ZnO photocatalyst nanoparticles.

FE-SEM 1mages of as-synthesized WO3/ZnO and TiO>@WO3/ZnO were divulged in Figure 5.
As 1llustrated, both samples demonstrate flake-like morphology. In the EDS curve of the
WO3/ZnO (Figure 5a right), the elements of W, O and Zn can be detected. Characterization of
T10,@WO3/ZnO via EDS analysis, Figure 5b right, indicated the presence of Ti, O, W, and Zn
atoms 1in the structure of the as-prepared photocatalyst. The elemental mapping analysis of W, O,

T1 and Zn elements, Figure 6, revealed homogenious dispersion of studied elements which can

enhance catalytic efficiency.
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Figure 5. Left: FE-SEM images of: a) WO3 /ZnO photocatalyst b) TiO>@WOs3/ZnO
photocatalyst and Right: EDS of: a) WO3 /ZnO photocatalyst b) TiO2@WOs3/ZnO photocatalyst.
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More detailed morphological information was acieved from the TEM pattern of synthesized
Ti0,@WOs3/ZnO photocatalyst, Figure 7. As illustrated, spherical and cubic morphologies of the
catalyst particles with an average particle length of 900 nm and a width of 300 nm can be
detected. In fact, it is observed that the aggregatioins of spherical and cubic structures that can be

originated from the presence of ZnO and TiO; nanoparticles as detected in FE-SEM and EDS.

150 nm Mag=35970 KX  DayPetronic Company ﬂ 40 nm Mag =77.500 KX  DayPetronic Company w
— 2 4 e—

Figure 7. TEM image of TiO2@WOs3/ZnO photocatalyst at 40 and 150 nm scale.

Photocatalyst optimization

In order to better rationalize the photocatalytic activity of the synthesized catalyst, it is crucial
crucial to analyze its band gap using a spectrophotometer. By the way, the method of penetration
reflection spectroscopy was employed which relies on the reflection of light in the ultraviolet
(11-421 nm), visible (421-711 nm) and infrared (711-2511 nm) areas. In this method, the

achieved spectra were interpreted according to Kubelka-Monk theory as equation 1:

(1-Rea)®

FRw)= S22 =2 ()

In which, the expression F(R™) was a function of Kubelka Monk, a and S were the absorption
coefficient and the scattering constant, respectively, and R™ was the diffusion reflection
coefficient, that was calculated according to the equation 2.

1{oo — RRsam*gZe (2)
standard
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where, Rsample and Rstandara stand for the reflection coefficient of the sample and standard material,

respectively. To get the tape distance, the Taoist rule (equation 3) was employed:
(ah9)2=A(h ¥ -Ey) 3)

In this formula, a, ¥, E; and A were the absorption coefficient, the frequency of the incident

light, the band distance and the equation constant, respectively. Using equations 1-3, the
Kubelka-Monk function was derived from the data of diffusion-reflectance spectrum according
to formula 4.

[F®R)h 8]"% = A(h & -Ey) “
By plotting (F(R)h #)"? versus hv, the band gap (E;) was obtained from the extending of the

linear section of the curve onto the horizontal axis. Lowering of Eg level by proper selection of
the photocatalyst ingredients and optimizing their amounts are crucial factors in designing highly
active photocatalysts. In this regard, WO3/ZnO and TiO>@WOs3/ZnO with different weight
fractions were synthesized and their spectrophotometric property in terms of E; value was
analzyed. Figure 8 demonstrates the curves taken from the spectrophotometric analysis of the
T102, WO3, WO3/ZnO and Ti02@WO3/ZnO photocatalyst. As aforementioned previously, these
energies were obtained from the extrapolation of the (ahv)!? - hv curves to the (chv)'?=0. In the
obtained spectra from spectrophotometer, the activity of the synthezided photocatalyst was
indicated by advent of absorption edge in the visible light region. This was related to the energy
gap via previously mentioned equations. Among ZnO, TiO> and WOs the later exhibited the
lowest bond gap energy of 2.8 ev (Figure 8a). In the WO3/ZnO alloy with optimized weight ratio
of 1:4, E; decreased to 2.6 ev (Figure 8b). In the case of synthesized Ti02@WO3/ZnO
photocatalyst with optimized TiO2/WO3+ZnO weight ratio of 1:3, the E, reached its minimum
value of 2.1 ev. The low E; amount facilitates the mechanism of electron-hole generation and

improves the photocatalytic activity/efficiency in visible light region [38, 39].

275



.International Journal of New Chemistry, 9(4), pp. 262-284

Absorbance (%)

Absorbance (%)

Absorbance (%)

08 T T T T T . T L
a_l — O3
074 —Ti02 ]
200 0 40 500 60 700 800
Wavelength (nm)
0.91b-1 WO /ZnO(6:1)
0.8 WO./ZnO(4:1)
0.7 WO,/ZnO(2:1)
0.64
05
0.4
0.3
0.2
0.1
300 400 500 600 700
Wavelength (nm)
12 - - T
C_1 —TiO,@WO,/Zn0(3:1)
i —TiO,@WO,/Zn0(10:1
. —— TiO,@WO,/ZnO(1:3) T
= TiO,@WO,/Zn0(1:10
0.8 1
0.6 g
0.4 8
0.2 E
] 1 1 T
200 300 400 500 600 700
Wavelength (nm)

25 T T T T T
a2
21 |—Wwo, (Eg=2.8 ev) l
- = 7Zn0 (Eg=3.2 ev)
g 15 —TiO, (Eg=3.3 ev) -
>
2
g 10
s
sl
L
54
04
164 b_2 l'—\INO:")/Zr:O(Z'ﬂ)(iEg:'Z.Qelv) "
14 — WO3/ZnO(4:1)(E,=2.6ev) i
~——— WO3/ZnO(6:1)(E, =2.75ev)
o 12 i
5 10 -
>
& 18 .
=i
& 61 i
44 "
24 4
0+ . .
15 20 25 30 35 40 45
hv(nm)
16 C 2 T o T = I N 1 - T
14 —Ti0,@WO,/Zn0 (3:1)(E =2.4ev)
——Ti0,@WO,/Zn0 (10:1)(E =2.25ev)
12 = TiO,@WO,/Zn0 (1:3)(E -21ev) -
= —Ti0,@WO,/ZnO (1:10)(E =2.35ev)
E 10 4
g
o
- 8- §
o
Z 6 -
Wl
4 i
2 g
01 T T T T
1.5 2.0 25 3.0 3.5 4.0 45
hv(nm)

Figure 8. Left: spectrophotometric analysis and Right: (ah ) -hv curves and Eg values of a)

WO3, ZnO and TiO; , b) WO3/ZnO (with 6:1, 4:1 and 2:1 weight ratios) and ¢) T
(with 3:1, 10:1, 1:3 and 1:10 weight ratios)

Ti0@WO3/ZnO

P. Taghizadeh-Lendeh et al

276



.International Journal of New Chemistry, 9(4), pp. 262-284 P. Taghizadeh-Lendeh et al

Along with the obtained results from this section, TiO>@WO3/ZnO with 3:1 weight ratio of TiO»
to WO3+ZnO was selected as the catalyst of choice since it contained optimized ingredients

weight fraction. In the following, photocatalytic activity of this catalyst was studied in detail.

Photocatalytic activity and spectral characteristics

To evaluate the catalytic efficiency of the TiO2@WO3/ZnO photocatalyst, the oxidation reaction
of alkanolamine contaminant from waste water of gas refinery effluent was performed in the
presence of LED light and the progress of reaction was monitored using UV-visible
spectroscopy. In this regard, the effect of the LED exposure time on the degradation of
alkanolamine was evaluated (Figure 9). The decrease of the absorbance at Amax= 296 nm
demonstrated efficient degradation of contaminants so that 68 % of the contaminants were
decomposed in a short reaction time of only 40 min. It approved good efficiency of the
synthesized TiO2@WO3/ZnO photocatalyst. Indeed, in the designed photocatalyst, with
optimized structure, because of the effective charge separation and long lifetime of the electron—
hole pairs generated in the photocatalyst, the gas refinery effluent photo-degradation by this
heterojunction was efficient. In other words, the separated charge carriers could transfer to the
surface of the photocatalyst and thus participate in the degradation reaction. This facilitated the

photo-degradation of alkanolamine of waste water from gas refinery effluent.

08 T X T 2 T 2 T 2
—— Gas refinery effluent
= 10min

~—— 20min

—— 30min

40min

0.7 4
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Absorbance (%)

300 l 4|00 I 560 . 6(')0 ) 700
Wavelength (nm)
Figure 9. Time-dependent UV—Visible spectra for the catalytic degradation of alkanolamine of

waste water from gas refinery effluent in the presence of LED light using as-synthesized

Ti02@WO3/ZnO photocatalyst (catalyst dosage: 0.5 %).
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Fluorescence Spectra

Fluorescence emission and excitation spectra of alkanolamine of waste water from gas refinery
effluent were illustrated in Figure 10. It was found that alkanolamine had intrinsic fluorescence
in aqueous solution. Inded, the maximum excitation wavelength of gas refinery effluent occured
at 285 nm, which corresponded to absorption peak of alkanolamine. Another peak was observed
at 324 nm, correlated to the characteristic emission peak of alkanolamine. Therefore, the
excitation and emission peaks were set at 285 and 324 nm, respectively. In the presence of
Ti02@WO3/ZnO photocatalyst, the fluorescence intensity of alkanolamine decreased
dramatically during 30 min LED light exposure, although, no substantial decrease in the the

fluorescence intensi ty was detected during 10 min light exposure (Figure 10).
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Figure 10. Fluorescence excitation and emission spectra of primary alkanolamine of waste water
from a gas refinery effluent and it in the presence of the synthesized TiO2@WO3/ZnO
photocatalyst after 10 and 30 min exposure to LED light (catalyst dosage: 0.5 %).

Effect of LED irradiation time on COD and BOD removal
The composition (COD and BOD) of typical gas refinery effluent is shown in Table 1.

Concentrated gas refinery effluent wastewater represents cases with low water consumption
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whereas dilute wastewater represents high water consumption. Figure 11 shows the effect of
LED 1rradiation time on the removal of organic compounds from the gas refinery effluent. LED
uradiation time varied between 10 and 40 minutes. According to the laboratory results, the
percentage of COD and BOD removal increased through enhancing LED irradiation time. It was

as expected that radiation time has a great effect on the removal of organic compounds.

Table 1. COD and BOD parameters in gas refinery effluent.
Time (mine) COoD BOD
(mg/L)  (mg/L)

0 125 72
10 68.75 37.44
20 62.75 33.12
30 47.5 28.08
40 41.25 20.1
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Figure 11. Effect of time on COD and BOD removal percentage (photocatalyst mass 0.15 g,
effluent volume 30 mL, pH = 8.5)
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The mechanism of photocatalytic reaction

The suggested mechanism for the degradation of alkanolamine contaminant in the presence of
TiO2@WO3/ZnO photocatalyst was featured out in (Figure 12). In the as-synthesized
photocatalyst, since the TiO3 (3.3 eV) band gap was larger than the ZnO (3.2 eV) and WO3 (2.8
eV), it had higher performance [45]. Since, ZnO, WO3, and TiO> were in contact, electrons
migrated from WO3 to ZnO and finally to the TiO2 conduction band to balance their Fermi
surface. Thus at the TiO> level electrons accumulated while WO3 had an additional positive
charge. When the photocatalyst was exposed to visible light, electrons were transferred from the
Ti0; capacitance band to the conduction band, simultaneously creating a hole in the number of
T10, capacitance band electrons. As a result, excited electrons could be rapidly transferred from
T102 to ZnO and eventually to WO3, which reduced the composition of the electron hole [40].
Electrons collected on the surface of TiO» conduction band may be transferred to the surface,
where the oxygen absorbed on the surface was reduced to H202 by the electrons.
Correspondingly, pores due to visible radiation absorption, as a result of their high oxidation
potential [46], sould react with surface-bound H>O or *OH and hydroxyl *OH free radicals. On
the other hand, free radicals as a strong oxidizer, hydroxyl could react with organic pollutants to
make them safer compounds. The photocatalytic reactions performed are as the follows.

TiO,+ hd - e” +h¥
h* +0H™ - OH®
h* + H,0 - OH® + H*
e” + Wo3* - wo3
2e” + 0, + 2H,0 — H,0, + 20H"

Alkanolamine + OH® (or h*) = CO, + Another product

280



.International Journal of New Chemistry, 9(4), pp. 262-284 P. Taghizadeh-Lendeh et al

— WO;-NPs
-2 TiOx-NPs Zn0-NPs o
’ ]
l_5 hv Roi ¢
. b -.:‘5 .01_
ke /
T a5 Alkanoamin
al /
g0
g Degradation Products

S

N Alkanoamin
A
oy

OH

Figure 12. Suggested mechanism for the photocatalytic degradation of alkanolamine contaminant

over the TiO2@WO3/ZnO photocatalysts.

Conclusions

By the proper selection of T10; to WO3+ZnO and WOs3 to ZnO weight ratios a new heteregonous
photocatalyst, TiO2@WO3/ZnO, was furnished. The resulting photocatalyst was characterized
and applied in the degradation of alkanolamine contaminant to treat waste water from an
industrial gas refinery complex. The outcomes indicated that the desined catalyst in the
optimized weight ratio of ingredienct had remarkable efficiency. In this respect, TiO>
nanoparticles after adding to WO3/ZnO to furnish Ti02@WO3/ZnO, increased the photocatalytic
activity by reducing the band gap of the photocatalyst (from 2.6 to 2.1 ev). The designed
photocatalyst presented a very good efficiency of 68 % in the decomposition of alkanolamine of
waste water after exposure to LED light for 40 min using very low catalyst loading of only 0.5
wt. %. Holistically, this catalyst is an environmentally friendly sample that can be easily
precipitated for the sake of its heteregonous nature.
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