Environmental Health Engineering and Management Journal 2020, 7(4), 245-256 .1 0.34172/EHEM.2020.29

http://ehemj.com
- Environmental Health
- Engineering and

Management Journal

‘Environmental Health
Engineering and Management

@ CrossMark
&click for updat

Original Article

OFER
The performance of TiO,/NaY-zeolite nanocomposite in
photocatalytic degradation of Microcystin-LR from aqueous

solutions: Optimization by response surface methodology
(RSM)

Afshin Ebrahimi' =, Negar Jafari'"~, Karim Ebrahimpour' ~, Ali Nikoonahad?™, Amir Mohammadi®* ~, Farzad
Fanaei* ~, Ali Abdolahnejad*®

'Department of Environmental Health Engineering, School of Health, Isfahan University of Medical Sciences, Isfahan, Iran
*Department of Environmental Health Engineering, Faculty of Health, Ilam University of Medical Sciences, Ilam, Iran
*Department of Public Health, Maragheh University of Medical Sciences, Maragheh, Iran

‘Department of Environmental Health Engineering, Faculty of Health, Iran University of Medical Sciences, Tehran, Iran

Abstract

Background: Microcystin (MC) is a hepatotoxic and carcinogenic toxin that is generated by cyanotoxins
which can have adverse effects on the human health. Therefore, it is very important to remove it from
the environment. This study was performed to investigate the efficiency of titanium dioxide (TiO,)/
NaY-zeolite (T/N-Z) nanocomposite for removal of MC-LR under ultraviolet light.

Methods: In the present study, T/N-Z nanocomposite was synthesized using the hydrothermal method.
Specification of the photocatalysts was determined by the field emission scanning electron microscopy
(FESEM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR) spectra. The
response surface methodology (RSM) was used to survey the effects of operating variables such as pH,
contact time, and catalyst dose on the removal of MC-LR. The MC-LR concentration was measured by
high-performance liquid chromatography (HPLC).

Results: It was revealed that the increase of contact time and catalyst dose had a positive effect on
enhancing the removal efficiency of MC-LR, but pH had a negative effect. Finally, the maximum MC-
LR removal efficiency was 97.63%, which occurred at pH = 5, contact time = 120 min, and catalyst dose
=1.2g/L.

Conclusion: In general, T/N-Z composite in aqueous solutions under the UV light can easily decompose
MC-LR and it can also be proposed as an efficient composite for removal of MC-LR from contaminated
water.
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Introduction

Various chemical toxins are produced by cyanobacteria
(blue-green algae) which can be hazardous to the human
health and the environment (1). Ecological disruptions
associated with rising urbanization, agricultural activities,
and climate changes have increased the intensity,
frequency, and geographic distribution of cyanobacteria
(2). One of the most important cyanotoxins produced
with a widespread distribution is microcystin (MC)
that is a class of biologically active cyclic heptapeptide
compounds, with over 100 known variants, and in most

studies related to water treatment, is considered as an
indicator (3). Toxins produced by cyanobacteria include
hepatotoxins, neurotoxins, cytotoxins, dermatotoxins,
and gastrointestinal toxins that threaten the human public
health and the environment (4,5). MCs are the most
well-known family of cyanotoxin that are found in rivers
and lakes and water reservoirs (6). MC is water-soluble,
heat-resistant, and has a strong toxicity that cannot be
removed by boiling at a high temperature (7). After being
absorbed by flora and fauna, this toxin is transferred to the
human body via the food chain and is widely distributed
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in water, and thus, endangers the ocean ecology (8). MC-
LR is a hepatotoxic cyanotoxin that acute and chronic
exposure to this toxin in addition to liver cancer in human
beings can have harmful effects on the kidney, heart, and
the gastrointestinal tract (9). Therefore, it is the most
important threat to drinking water (10). Because of the
potent toxicity, the International Agency for Research
on Cancer (IARC) has categorized MC-LR as possibly
carcinogenic to humans (Group 2B). And the guideline
value set by the World Health Organization (WHO) for
MC-LR in drinking water is 1 pg/L (11). So, the removal
of MC-LR from drinking water resources is very necessary
for human health and environmental safety (12). Various
techniques have been suggested for the cyanobacteria cells
and MCs control in drinking water, such as coagulation,
flocculation, filtration, activated carbon, membrane
filtration, oxidation processes etc (13). However, the
traditional water treatment systems can remove only
cyanobacterial cells while having limited capability to
remove cyanotoxins and is associated with different
practical, economic or environmental disadvantages
(14,15). On the other hand, the traditional treatment
processes may cause the release of cyanotoxins into the
water by ripping the cyanobacterial cells, and potentially
increase the risk of secondary pollution (16). Removal
of extracellular MC by microfiltration and ultrafiltration
techniques is not an effective method because it requires
costly pumping of water (17). The nanofiltration and
reverse osmosis membranes reduced MC-LR more than
95% but they require a high cost. Recently, advanced
oxidation processes (AOPs) such as the photocatalytic
oxidation process due to its efficiency in decomposition
and mineralization of resistant compounds such as
cyanotoxins have received significant attention (18).
Numerous studies have confirmed the removal of MC-
LR by the AOPs (19). In the studies of Pelaez et al and
Zhang et al, the photocatalytic degradation of MC-LR
by N-F-codoped titanium dioxide (TiO,) and S-N-C co-
doped TiO, processes, respectively, was investigated. They
found that these photocatalysts were highly efficient in the
removal of MC-LR (12,20). Also, the study of Yang et al
showed that the rate of MC-LR degradation using TiO,
(0.05 g L) in 15 minutes reached 99.9% (21). Advanced
oxidation methods such as TiO, photocatalysis have well
confirmed the removal of MCs (22). TiO, catalyst by
absorbing photons, transfers photoexcited electrons (e”)
from the valence band (VB) to conduction band (CB),
and subsequently, creates holes in the VB (h*) that lead
to the formation of e”/h* pairs. Next, the photogenerated
electrons in the CB react with O, for the generation of ‘O,
radicals and photogenerated holes in the VB react with
H,O molecules for the generation of *OH radicals (23,24).
Finally, the active radicals attack the C,-C, and C-C,
unsaturated double bonds (active sites for reaction) in the
Adda side-chain, resulting in the hydroxylation of MC-LR
and formation of aldehyde and ketone derivatives (9,25).

Among the AOPs, TiO, as a semiconductor material is
able to effectively decompose water contaminations due to
its favorable properties such as high chemical and thermal
stabilities, nontoxicity, commercial availability, and low
cost (26).

In last years, many studies have been performed to
modify the TiO, structure with metallic or non-metallic
compounds to increase the stability and efficiency of
TiO, (27-29). For example, numerous studies have been
performed on the use of the combination of TiO, with
Bi-based semiconductors such as Bi-TiO, (30) and
bismuth oxyhalides (BiOXs, X = Cl, Br, I) (31) or the
combination of TiO, with metallic compounds such as
Ag/AgCl/TiO, (23), or graphene-TiO2 (9) and CdS/B-
TiO, (29) for photocatalytic degradation of MC-LR. Also,
the combination of TiO, with zeolite has been used for
removal of various pollutants such as VOCs, ibuprofen,
sulfadiazine, and benzene, which has shown favorable
results (28,32,33). However, no study has been conducted
to investigate the effect of the combination of TiO,/zeolite
on removal of MC-LR. Therefore, the present study was
performed to synthesize a composite with coating of TiO,
on the zeolite surface as a low-cost material to increase
the removal efficiency of MC-LR. Response surface
methodology (RSM) is a statistical and experimental
strategy to get the optimum conditions for a multivariable
system and it has been successfully applied to different
photocatalytic processes for achieving its optimization
using experimental designs. RSM is a suitable strategy
which can improve a system and enhance the efficiency
of the process without increasing the cost (34,35). So, in
this study, in order to determine the optimum conditions
for MC-LR removal by the TiO, /NaY-zeolite (T/N-Z)
nanocomposite under UV light, RSM based on the central
composite design (CCD) was used.

Materials and Methods

Materials

The standard solution of MC-LR (10 ug/mL) and standard
powder (100 pg) was purchased from Sigma-Aldrich
Company (Germany ). Also, titanium dioxide (TiO,
anatase with purity of 99.9%, particle size of 20 nm, and BET
>200 m?/g) was purchased from Sigma-Aldrich Company
(Germany). The standard solutions were prepared by
dissolving 100 pg standard powder of MC-LR in 1 mL of
methanol (100%), then, diluted with distilled water with
purity of 99% (Merck Co., Germany) and experiment
solutions were prepared. All solutions were stored at -20 C
until use. NaY-zeolite was purchased from Pioneers Clean
Environment Company (Iran). Other chemical materials
such as methanol, acetonitrile, trifluoroacetic acid (TFA)
(HPLC-grade), sodium hydroxide, and hydrochloric
acid were purchased from Merck Company (Germany).
Properties of MC-LR are presented in Table 1.
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Table 1. Properties of MC-LR (MC-LR)

MC-LR
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HNZ “NH,
Formula C,HN, 0.,
Weight 995.2 g/mol

Synthesis of TiO2/NaY-zeolite nanocomposite

The T/N-Z nanocomposite was synthesized using the
hydrothermal method. For this purpose, first 0.5 g of
TiO, and 1.2 g of NaY-zeolite were dissolved in 50 mL of
ethanol, then, the white solution created was placed in an
ultrasonic bath for 0.5 hours. In the next step, in order to
evaporate and remove the ethanol, the solution was stirred
and the remaining sample at the bottom of the container
was collected using a filter paper and washed with distilled
water several times and dried at 110°C for 8 hours. In the
final step, for calcining the nanocomposite, the sample
was transferred into a furnace at 500°C for 6 hours (36).
Finally, the prepared nanocomposite was used for the
experiments.

Characterization study

To investigate the structure and surface morphology of
TiO, nanoparticles, the field emission scanning electron
microscopy (FESEM) (FEI Quanta 200, USA) and X-ray
diffractometer (Bruker D8 ADVANCE, Germany) were
used. Also, the FTIR spectrum of TiO,/NaY-zeolite was
studied by an IR spectrometer (Jasco 6300, Japan).

Photocatalytic study

All of the experiments were conducted using a catalyst
mixture and 10 mL of aquatic solutions was mixed with
500 pg/L MC-LR in 25 mL Pyrex beakers, which was
inside a container containing ice (Figure 1). For adjusting
the samples pH, NaOH (0.01 M) and HCI were used. To
eliminate the aggregates, the samples were placed in an
ultrasonic bath (10 minutes). A 100 W mercury lamps
(wavelength of 254 nm) were placed 10 cm above Pyrex
beakers. Before illumination, the samples were stirred for
30 min in darkness to reach the equilibrium of adsorption
and desorption between the photocatalyst and MC-LR.
Then, UV lamps were turned on, and the samples were
located under magnetic stirring to keep the uniformity of
the suspension. At the end of the contact time, UV lamps
were turned off and the samples were derived. Before
injecting the samples into HPLC for measurement of the
MC-LR residual concentration, catalyst particles were
separated from the samples using syringe filters (0.22 um).

2-Power button
4- Container containing ice

1-Magnetic Stirrer
3-Speed adjustment button
5-Beaker 25 ml containing MC-LR  6-Magnet  7-UV lamp
$-Aluminum protective box

Figure 1. Schematic diagram of the experimental setup for the
MC-LR degradation.

Design of experiments and optimization
In this study, RSM was used to optimize the number of
experiments and to assess the interactive effects of the
significant operating parameters in the degradation of
MC-LR by T/N-Z nanocomposite using the Design-Expert
software version 10 (37,38). According to the CCD, three
variables including pH (A), contact time (B), and catalyst
dose (C) were selected as model variables (Table 2).

Eventually, 20 different experimental runs were
designed that along with the actual and predicted values
of MC-LR removal are shown in Table 3. The coded values
of independent variables were calculated using Eq. (1):
Xi = (Xi-X0) (1)

AX

Where Xi is the coded value of the independent variable,
X, is the center point value, and AX is the change value
(39). To survey the interaction between the independent
and dependent variables in the number of the runs, the
regression model was used as Eq. (2):

Y=B,+IpX+ I XH+LPXX (2)

Where Y is the predicted value of MC-LR removal,
BB, is the model constant, f, is the linear coefficient, f3, is
the coefficient of quadratic factor, and the 8, is the cross
product coefticient.

Analytical methods
The residual concentration of MC-LR was measured
using HPLC (Jasco PU-2080, Tokyo, Japan) equipped with

Table 2. Actual and coded values of independent variables using central
composite design (CCD)

Actual values of the coded values

Variables Unit  Symbols

=2 -1 0 +1 +2
pH (A) - A 4 5 7 9 10
Contact time (B) min B 6 30 75 120 144
Catalyst dose (C)  g/L C 044 06 09 12 135
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Table 3. Experimental design conditions and responses of various experimental runs

Variables MC-LR removal (%)
Run No. A: pH
B: Contact time (min) C: Catalyst dose (g/L) Actual Predicted

1 7 75 0.9 89.53 88.39
2 7 143.60 0.9 91.8 90.10
3 7 75 0.9 87.95 88.39
4 10 75 0.9 80.44 79.82
5 7 75 0.9 89.12 88.39
6 7 75 0.44 82.4 82.07
7 5 120 1.2 97.63 97.97
8 5 30 1.2 93.36 92.36
9 9 120 1.2 85.27 86.00
10 9 30 0.6 774 77.09
11 7 75 1.36 92.16 92.45
12 5 30 0.6 84.96 84.26
13 9 120 0.6 79.47 80.49
14 9 30 1.2 84.22 83.73
15 7 6.39 0.9 81.59 83.24
16 4 75 0.9 93.83 94.40
17 7 75 0.9 87.89 88.39
18 7 75 0.9 87.58 88.39
19 5 120 0.6 90.47 90.99
20 7 75 0.9 88.23 88.39

a quaternary mixing pump, an in-line vacuum degasser,
a UV-Vis detector (UV-2075 plus), and an auto-injector
(AS-2055 Plus). Samples were separated by the C,, column
(150 x 4.6 mm, 5 pm particles). The combination of
acetonitrile and Milli-Q water with a volume ratio of 50:50
with 0.1% Trifluoroacetic acid (TFA) was used as a mobile
phase with a flow rate of 1 mL/min. Due to the typical
absorption spectra of MC-LR, the wavelength of the UV
detector was set at 238 nm. The injection volume was 100
uL with a flow rate of 1 mL/min and the total run time was
15 minutes. Borwin chromatography software (version
1.50) was used for data acquisition and processing HPLC.
The degradation rate of MC-LR was determined by Eq.
(3):

Degradation rate (%) = C, - C/C, *100 (3)

Where C and Caretheinitialand residual concentrations
of MCLR, respectively.

To determine the point of zero charge of T/N-Z
nanocomposite, 0.2 g nanocomposite was added to 50 mL
of NaCl solution (0.1 M). HCI or NaOH solutions were
used for pH adjustment. The solution was then mixed
on a shaker at 150 rpm at room temperature for 48 h.
Eventually, the final pH of the solution was measured by a
pH meter (EUTECH 310) (40).

Analytical method validation
To validate the analytical method of MC-LR by HPLC,
relative recovery, limit of detection (LOD), and limit of

quantification (LOQ) were calculated according to the
recommendations of the International Conference on
Harmonization (Table 4).

Results

Characterization study

FE-SEM analysis

The FESEM images of NaY-zeolite, and TiO,
semiconductors, and T/N-Z nanocomposite are presented
in Figure 2a-c. Figure 2a shows that NaY-zeolite was in the
form of cubic and polyhedral crystals and the size of these
particles was about 100 to 600 nm. Figure 2b represents
the FESEM image of the TiO, nanoparticles. According
to this figure, the size of TiO, nanoparticles which have
spherical and dense shapes, was about 20 nm. The FESEM
image of T/N-Z nanocomposite in Figure 2c shows that
TiO, and NaY-zeolite nanoparticles overlapped well and
formed a homogeneous nanocomposite.

XRD analysis

The crystalline phase of and XRD patterns of NaY-zeolite,
TiO,, and T/N-Z nanocomposite are shown in Figure 3.
As shown in this figure, all the recognized peaks of NaY-

Table 4. Analytical method validation parameters for determination of MC-
LR by HPLC

Parameter Recovery (%) LOQ (pg/L)

102 £9.5 4.04 12.24

LOD (ug/L)

MC-LR

248 | Environmental Health Engineering and Management Journal 2020, 7(4), 245-256



Ebrahimi et al

Figure 2. The FE-SEM images of NaY-zeolite (a), TiO, (b), T/N-Z
nanocomposite (c).
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Figure 3. The XRD patterns of NaY-zeolite, TiO,, and T/N-Z
nanocomposite.

zeolite (Na Al Si, O_,. 18H,O formula) showed distinct
diffraction peaks at 20 of 6.22, 10.16’, 15.68’, 23.66’, and
31.42°, which was corresponded to the crystal phase of
NaY-zeolite (JCPDS PDF No. 43-0168) (28,41). The XRD
patterns of the TiO, (anatase) sample are shown in Figure
3. Six strong diffraction peaks of TiO, were observed at
20 values of 25.55, 38.1°, 47.95°, 54.15", 55.65’, and 62.52’,
which were consistent with (101), (004), (200), (211),
and (204) crystallographic plane of TiO, anatase phases
(JCPDS No. 21-1272) (42). The XRD pattern of the
synthesized T/N-Z nanocomposite shows obvious peaks
at 20 of 6.22°, 15.55, 23.5, 27.23", and 30.5", which were
corresponded to the NaY-zeolite phase. Also, the peaks of
TiO, appeared at 20 of 25.5°, and 38.2", 39.5, 47.3", and
54.1°, which were related to anatase phases of TiO,. This
confirms that high coating and well dispersion of TiO,
occurred on the surface of NaY-zeolite (42,43).

FT-IR analysis
The Fourier transform infrared spectroscopy (FT-IR)

spectra of the single NaY-zeolite, and TiO,, and T/N-Z
nanocomposite are presented in Figure 4a-c. According to
Figure 4a, the FT-IR spectra of NaY-zeolite, the absorption
peaks at wavenumbers of 435.62 and 1014.62 cm™* confirm
the presence of the Si-O group in the nanocomposite
structure. Also, the absorption peaks at wavenumbers of
540.10 cm™ was related to the Si-O-Al band. In Figure
4b, the absorption peaks at wavenumbers of 600 to 1000
cm™ was related to Ti-O-Ti bands (40,44). Also, a peak
appeared at wavenumbers of 1600 and 3500 cm™ was
related to the OH stretching of water (H,0) or hydroxyl
groups on the surface of TiO,, which has a very important
role in the photocatalytic reaction (32,45,46). In Figure 4c,
the FTIR spectra of T/N-Z nanocomposite indicated that
the absorption vibration peaks at wavenumbers of 438
and 1038 cm™ was related to the Si-O group. The FTIR
spectrum at 900 cm™ to 960 cm™ is the characteristic peak
of Ti-O-Si or Ti-O-Al vibration (47,48). Finally, the results
demonstrated that the heterogeneous structure of the
T/N-Z nanocomposite was formed after the hydrothermal
process.

Analysis of variance and model fitting

The effects of variables pH, contact time, and catalyst dose
on the MC-LR removal are presented in Table 5. As shown
in this table, the F-value of the quadratic model was 80.78,
indicating that the model was significant. Also, if the value
of “Prob>F” for each parameter is less than 0.05, the effect
of this parameter on the MC-LR removal is significant.
Therefore, the single parameters A, B, C have significant
effects on the MC-LR removal. According to Table 4,
the interactions of AB, AC, and BC, A2, B2, and C2 is
no significant interaction effect on the MC-LR removal
(P>0.05). So, the effect of other quadratic forms was not
significant and could be removed from the final equation.
The F-value associated with the lack of fit in this model
was 3.48, indicating that the lack of fit was not significant.
This means that the model fitted well (P>0.05) with the
experimental data and errors of the experiments are low.

o / J
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Figure 4. View of T/N-Z nanocomposite: SEM (a), FTIR (b), and
XRD (c).
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Table 5 . Experimental design conditions and responses of various experimental runs

Source Sum of squares df Mean square F-value P value Prob > F
Model 518.79 9 518.79 43.51 <0.0001
A: pH 289.13 1 289.13 218.21 <0.0001
B: Contact time 64.06 1 64.06 48.35 <0.0001
C: Catalyst dose 146.59 1 146.59 110.63 <0.0001
AB 5.54 1 5.54 4.18 0.0680
AC 1.08 1 1.08 0.82 0.3878
BC 0.64 1 0.64 0.48 0.5034
A? 3.27 1 3.27 247 0.1473
B2 5.91 1 5.91 4.46 0.0609
C? 2.57 1 2.57 1.94 0.1936
Residual 13.25 10 1.32

Lack of Fit 10.29 5 2.06 3.48 0.0987*
Pure Error 2.96 5 0.59

Cor. Total 532.04 19

Standard deviation: 1.15; Mean: 87.27; CV (%): 1.32; PRESS: 81.82; R% 0.9751; Adjusted R% 0.9527; Predicted R?: 0.8462;

Adequate Precision: 25.643. *Not significant.

The values of R? and adjusted R? were obtained to be
0.9751 and 0.9527, respectively, indicating that the results
of the model were fitted with experimental data. Finally,
these relationships show that this model was significant.
To survey the composed effect of the variables, all of the
experiments were carried out with various combinations of
the variables, which were statistically designed according
to the CCD. To access a final model with significant
predictors, the variables that had no significant (P>0.05)
interaction were eliminated from the model. Thus, other
significant variables were retained in the final regression
model. So, the following equation as the final equation
was derived using the coefficient of the coded variables
for removal of MC-LR (Eq. 4):

Removal of MC-LR (%) = 88.39 - 4.78 A +
225B+3.40C s (4)

Predicted vs. Actual

(a) [

100

o0

Predicted

83

B0 -

3 80 83 S0 83 100

The correlation between actual, predicted, and normal
graphs of the residual related to the experimental data
in removal of MC-LR is presented in Figures 5a and b.
In these figures, data distribution was as a straight line,
indicating that the experimental data were correlated by
the predicted values of the response.

Discussion

Effect of variables on removal of MC-LR

Effect of single factors

Analysis of variance (ANOVA) for removal of MC-LR
is presented in Table 4. Among pH, contact time, and
catalyst dose as single variables, each factor with a high
mean square and high F-value has the highest effect on the
photodegradation of MC-LR by T/N-Z nanocomposite.
So that, the effect of variables on the degradation of MC-

Normal Plot of Residuals

(b)

Warmal % Probability
L
=]
-]

I T I T T T
-3.00 -2.00 -1.00 .00 1.00 2.00 3.00

Internally Studentized Rasidvals

Figure 5. Model evaluation plots for removal of MC-LR by TiO,: The experimental data vs. the predicted value plot (a); the normalized

residual plot (b).
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LR is as follows:
pH > Catalyst dose > Contact time

So, pH with mean square and F-value of 289.13 and
218.21, respectively, was the most important parameters
in the MC-LR removal. These results were confirmed by
the Pareto chart (Figure 6).

Effect of pH
The effect of various ranges of pH on the photocatalytic

degradation of MC-LR is presented in Figure 7a.
According to this figure, pH had a negative effect on the
MC-LR removal, which was confirmed by the Pareto chart
(Figure 6). So the rate of MC-LR degradation increased
with the reduction of pH. Therefore, the MC-LR removal
increased in the acidic pH range. According to the results
of studies, in photocatalytic systems, the acidic pH range
due to the strong electrostatic adsorption between the
positive charge of catalyst and negative charge of the toxin
was determined as the optimal pH in the photocatalytic
degradation of toxins. So, the attractive forces between the
catalyst and MC-LR molecules enhance the rate of MC-
LR photodegradation (27). The pH__ of the synthesized
nanocomposite in the present study was obtained to be
5.5. So, at pH values lower than pH . the surface charge
of the catalyst would be positive and tended to absorb the
negative charge of MC-LR. The study of Ebrahimi et al
showed that the rate of MC-LR degradation increased
to 93% at a pH of 5 (49). Liao et al reported that the
photocatalytic degradation of MC-LR with Ag/AgCl/
TiO, composite was increased by decreasing the initial
pH, because of the effect of the attractive forces between
the catalyst particles and toxin molecules (23). Also, the
other similar study showed that the removal efficiency of
Direct Red 16 was decreased at alkaline pH. Because, at
acidic pH, with the occurrences of the electrostatic force
interactions between dye molecules and the surface of the
catalyst, photocatalytic activity was improved (46).

Standardized Pareto Chart for Remowal efficiency

]

A:pH

B:Time

BE282R8 8

al N

3 & 9 12 15
Standardized effect

Figure 6. The standardized Pareto chart showing the effect of all
factors on the MC-LR removal.
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Figure 7. Effect of pH (a), catalyst dose (b), and contact time (c)
on the MC-LR degradation (%).

Effect of catalyst dose

The effect of the T/N-Z nanocomposite dose on the MC-
LR removal efficiency is presented in Figure 7b. As shown
in this figure, the rate of MC-LR degradation is increasing
with increasing the T/N-Z nanocomposite dose. The
reason can be relevant to the enhancement of active sites
on the surface of catalysts to capture more photons, which
in turn leads to the generation of more hydroxyl and
superoxide radicals, and finally, absorbance of more MC-
LR molecules. Zhang et al reported that the rate of MC-LR
degradation was enhanced with an increase in the catalyst
dose due to the enhancement of surface area of the catalyst
(50). Also, Arabzadeh et al and Koh et al reported that the
photodegradation rate of tartrazine and Methylene Blue,
respectively, enhanced by increasing the catalyst dose.
Because the increase of catalyst dose can enhance the
photocatalytic active sites to absorb more photons, and
subsequently, lead to the generation of more hydroxyl and
superoxide radicals, and finally, the degradation of more
pollutant molecules (51,52).

Effect of contact time

Figure 7c shows the effect of contact time on the removal
efficiency of MC-LR using T/N-Z nanocomposite. The
results demonstrated that there is a positive relationship
between contact time and MC-LR degradation. So that,
by increasing the contact time, the MC-LR removal
efficiency also increased because by increasing the contact
time, the reaction time was enhanced, and subsequently,
the probability of the interaction among MC-LR and the
electron-hole pair increased. Rahimi et al showed that the
rate of Acid Orange 10 dye degradation increased when
the contact time increased, so that, with increasing the
contact time from the beginning of the process to 150
minutes, the removal efficiency was increased from 0%
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to 94% (39). Nawaz et al reported that the photocatalytic
degradation of MC-LR using graphene-TiO,/sodium
alginate aerogels composite was increased with increasing
the irradiation time (9). Similar studies by Massoudinejad
et al and Arabzadeh et al showed that with enhancing
the contact time, the removal efficiency of Direct Blue
71 and tartrazine, respectively, was increased because by
increasing the contact time, photocatalytic activities on
the catalyst surface increased (51,53).

Interaction relationship between studied variables

The effects of interactions between different variables on
the MC-LR degradation (%) by the three-dimensional
(3-D) response surface plots obtained from the quadratic
model are indicated in Figure 8a. This figure presents
the 3-D response surface plot of the MC-LR removal
efficiency in various contact times vs. pH. According to
this figure, with reducing pH and increasing contact time,
the MC-LR removal efficiency was increased. The effect of
pH on the MC-LR removal efficiency shown in this figure
is more evident than that of contact time. However, the
ANOVA results showed that the P value of the interaction
effect of the coefficients of the contact time vs. pH was
not significant (P=0.0680). The interaction effect between
catalyst dose and pH on the MC-LR degradation (%)
is illustrated in Figure 8b. As shown in this figure, the
increase of catalyst dose and reduction of pH increased
the MC-LR removal efficiency. But, the ANOVA results
indicated that the interaction effect of the coefficients of
catalyst dose vs. pH was not significant (P=0.3878) and did
not display any interaction effects. Figure 8c shows 3-D
response surface plot of the catalyst dose and contact time
in the MC-LR removal efficiency. According to this figure,
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Figure 8. Interaction between different variables: (a) Contact time
vs. initial pH; (b) catalyst dosage vs. initial pH; (c) catalyst dosage
vs. contact time in the MC-LR degradation (%).

the catalyst dose and contact time had a positive effect on
the removal efficiency of MC-LR. This means that the
catalyst dose and contact time did not show interaction
effects on the MC-LR removal. The ANOVA results
approved that the interaction effect of the coefficients of
these two parameters was not significant (P=0.5034).

Optimization of various process parameters

The optimum amounts of various variables including pH,
contact time, and catalyst dose in the removal of MC-
LR were optimized by the RSM model. The desirable
goal in the RSM model was set on the maximum
removal percentage of MC-LR. So, the optimum
operating conditions of the synthesized TiO,/NaY-zeolite
nanocomposite in the removal of MC-LR are presented
in Table 6. Finally, in order to estimate the validity of
optimal conditions in the removal of MC-LR, three series
of experiments were repeated with optimal conditions
(97.35 + 3.13). According to the results, there was a good
agreement between these results and the predictions by
Design Expert.

Possible photocatalytic mechanism and degradation
pathway of MC-LR

Figure 9 illustrates the schematic diagram of MC-LR
degradation mechanism by T/N-Z nanocomposite. As
shown in this figure, the photodegradation reactions
are occurring under ultraviolet (UV) light source as the
following steps: Firstly, by irradiating UV light, a photon
that has energy greater than or equal to the bandgap energy
is absorbed by the photocatalyst, which excites an e~ to
the CB of the catalyst, resulting in the generation of ‘OH
by the oxidation of water molecules with photogenerated
holes and oxygenated species attacking the MC-LR
molecules. In the next step, the e~ generated by photon
absorption, reacts with oxygen absorbed on the catalyst
surface and produces O, radicals (39,40,46). According
to the results of similar studies, the possible pathways of
MC-LR degradation have been reported as follows: The
hydroxyl radicals attack the C,-C, and C_-C, unsaturated
double bonds in the Adda side-chain and diene bonds in
the Adda chain or aromatic ring and result in the MC-LR
hydroxylation (9,25). So that, the cleavage of double bonds
in C,-C, and C-C, resulted in the formation of aldehyde
and ketone derivatives, respectively (25,54,55). Also, the
cleavage of diene bonds in the Adda chain or aromatic ring

Table 6. Optimum conditions for removal of MC-LR

Factors Units Optimum values
pH - 5
Contact time min 120
Catalyst dose g/L 1.2
Predicted removal efficiency (%) 97.97
Actual removal efficiency (%) 97.63
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Figure 9. Schematic diagram of the MC-LR degradation
mechanism.

can result in the production of intermediate products that
were further oxidized and converted to aldehyde product
(25,54). The main active radical in the oxidative process of
MC-LR by TiO, (under UV light) is the “OH radical that
has the ability to attack multiple positions on the MC-LR
molecule. So that, the effect of *O," radical on the removal
of MC-LR is less than that of *OH radical (25). The role
of zeolite as a facilitator in the degradation process, can
bring MC-LR molecules closer to the catalyst surface and
enhance the reaction rate of produced radicals with MC-
LR, and even, in the combination with TiO, can prevent
the recombination of e’/h* pairs (39). Finally, the probable
photochemical reactions in the MC-LR degradation by
T/N-Z nanocomposite are presented as follows:

TiO, + hv>h* + e

TiO, (h*) + H,O > "OH

TiO, (e7) + 0,0,

‘'0,” +H,0>"OH

MC-LR + *OH (and/or) *O,” > degradation product

Evaluation of photocatalyst reusability

To investigate the reusability and stability of the T/N-Z
nanocomposite, five recycling runs were performed
for the MC-LR photocatalytic degradation (Figure
10). Because, the stability of the photocatalysts is one
of the main advantages of their practical applications.
According to Figure 10, the photocatalytic degradation
of MC-LR was slightly decreased during five runs. So
that, the removal efficiency of MC-LR from 96.88% in
run 1 reached 89.64% in run 5. Therefore, in the trend of
MC-LR photodegradation in the five runs, no significant
change was observed in the photocatalytic activity of
T/N-Z nanocomposite. So, the T/N-Z nanocomposite
photocatalyst had a good stability during the photocatalytic
degradation of MC-LR.

Conclusion

MC 1is a hepatotoxic and carcinogenic toxin that is
generated by cyanotoxins, which can have adverse effects
on the human health. Therefore, it is very important to
remove it from the environment. In this study, T/N-Z
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Figure 10. The reusability and stability of the T/N-Z nanocomposite
inthe MC-LR photocatalytic degradation.

nanocomposite was synthesized and optimized. Therefore,
the effect of various variables including pH, contact time,
and catalyst dose on the photocatalytic degradation of
MC-LR was investigated using RSM methods based on
the CCD design. The highest removal efficiency of MC-
LR was observed at pH = 5. The results also showed that
by increasing contact time and catalyst dose, the MC-
LR removal efficiency also increased. The maximum
removal efficiency of MC-LR (97.63%) was observed
under optimal conditions (pH = 5, contact time = 120
minutes, and catalyst dosage = 1.2 g/L). Comparison of
the variables showed that the effect of variables on the
degradation of MC-LR is as follows: pH > catalyst dose
> contact time. So, pH with mean square and F-value of
289.13 and 218.21, respectively, was the most important
variable in the removal of MC-LR. In general, T/N-Z
nanocomposite in aqueous solutions under the UV light
can easily degrade MC-LR and it can also be proposed as
an effective composite for the photocatalytic degradation
of MC-LR.
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