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Abstract

Microcystin-Leucine Arginine (MC-LR) is one of the most studied cyanotoxins due to its toxicity and abundant that cause health
hazards for humans through of the drinking water. In this study, BiVO,/TiO, nanocomposite was synthesized by hydrothermal
method and employed for the removal of MC-LR. The characteristics of the catalysts were determined by FESEM, XRD and
FTIR spectra. Response surface methodology (RSM) was applied to assess the effects of operating variables (pH, contact time,
and catalyst dose) on the MC-LR removal. The coefficient of determination (R?) was calculated 98.7% for the response. The
residual concentration of MC-LR was measured by high-performance liquid chromatography (HPLC). The results show that the
highest removal efficiency of MC-LR was 98% under the optimum conditions (pH =5, contact time =90 min, and catalyst
dose=0.5 g/l). MC-LR decomposition efficiency by BiVO,/TiO, nanocomposite was enhanced by pH reduction and increasing
of contact time and catalyst dose. The prepared BiVO,4/TiO, nanocomposite with technological potential can be used directly in

environmental preservation, specifically in the decontamination of MC-LR from aqueous solutions.
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Introduction

Microcystins (MCs) are potent hepatotoxins produced by
cyanobacteria which can cause a significant health hazard in
drinking water [1-3]. Among the various MCs, Microcystin-
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leucine-arginine (MC-LR) is the most common of the
microcystins due to its toxicity and abundant in environment
[3, 4]. Moreover, the World Health Organization (WHO) is
recommended a limit of 1 pg/L for total MC-LR for water for
human consumptions [5]. When MCs ingest orally absorb to
hepatocytes and prohibit protein phosphatase, subsequently
resulted in cell structures disruption, intrahepatic hemorrhage,
and death [6, 7]. In 1996 MC-LR was responsible for the death
of 52 Brazilian kidney dialysis patients [8]. Various tech-
niques have suggested for the cyanobacteria cells and MCs
control in drinking water, such as coagulation, flocculation,
filtration, activated carbon, membrane filtration, oxidation
processes and etc. [9, 10]. For example, use of the enhanced
coagulation-sediment-filtration to simultaneously remove al-
gal cells and their metabolites is economical [11]. But conven-
tional water treatment, only can be effective for the removal of
microcystin intracellular while extra cellular toxin remained
after flocculation and filtration [12]. PAC effectively removes
MCs from water up to 99% but PAC is effectively adsorbed
extracellular MCs and not removed the intracellular MCs [13,
14]. MF and UF techniques are not expected to remove extra-
cellular MC and require costly pumping of water as well as
face fouling and cell lysis problems. MC-LR was reduced
more than 95% by NF and RO membranes but they require
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a high cost and high technique level of maintenance to prevent
membrane fouling by NOM and cyanobacterial cells [13].
Ozone is the most effective agent for the destruction of intra-
cellular and extracellular cyanotoxin but its ability for MCs
removal depends on pH, so that about neutral pH, oxidation of
MCs will be may not achieve desired removal
[15—17].Recently, in order to remove these toxins in raw wa-
ters, more studies have focused on the application of advanced
oxidation processes (AOPs) such as UV/H,0, [18], Fenton
regents [19, 20], and photocatalysis [21]. In advanced oxida-
tion processes are generated *OH, *O, and *HO, species that
considerably promised for the decomposition of MCs
[22—24]. Photocatalysts have been examined for the organic
and inorganic pollutants degradation [25]. Among them, semi-
conductor nanostructures with superior optical and physico-
chemical characteristics are used for environmental applica-
tions. TiO, is one of the semiconductor photocatalysts that
because of its chemical stability, chemical inertness, non-tox-
icity, low cost, and strong oxidizing ability is most interested
[26-29], but despite of its desirable properties, because to
having of large band gap (~3.2 eV) activates only in the UV
light region [30, 31]. Therefore, the formation of
heterojunction structures between TiO, and a narrow band
gap semiconductor such as Bismuth vanadate (BiVO,) can
efficiently extend the photosensitivity of TiO, into the visible
region [32]. BiVO, is a low-cost semiconductor that has
attracted special great attention for the organic pollutants deg-
radation [33, 34]. TiO, coupled by BiVO; is alternated as a
way for enhancement of photocatalytic performance [35].
Absorption of a photon by semiconductors excites an electron
from the valence band (VB) to the conduction band (CB), if
the photon energy [36] equals or exceeds from the
semiconductor/photocatalyst band gap [20]. Simultaneously,
a positive charge called a hole (h*) is also generated in the VB
and resulted inthe formation of electron-hole pairs (Eq. (1))
[25]. Then these pairs (¢ —h* pair) move to the photocatalyst
surface and in redox reactions with the adsorbed pollutants on
the photocatalyst recombines, producing thermal energy or
participate. The lifetime of an € —h™ pair is very low [37] but
is still enough for the promotion of redox reactions in the
solution or gas phase in the semiconductor surface [25].
Then the photo-excited electrons react with molecular oxygen
(O,) to the production of superoxide radical anions (*O, ) [38]
(Eqg. (2)), and the photo generated holes react with water to
produce hydroxyl radicals (*OH) (Eq. (3)). Therefore, nano-
composites are enabled to have a powerful and durable photo-
oxidation capability through generation of these strong radi-
cals [39].As these radicals are the main active species in the
photo-oxidation process under visible light [40], they play
crucial roles in the decomposition of the toxic and persistent
organic pollutants (R) present at the surface of the
photocatalyst and convert them into harmless species. The
products due to the photodegradation are reduced to mineral
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compounds and finally CO, and H,O are released (Eq. (4))
[41].

Photocatalyst—""¢” + h* (1)
e + 0,0, (2)
h" + OH —<OH (3)
*0, +*OH + (R)—CO, + H,0 (4)

This study was performed with the aim to degradation of
microcystin-LR by BiVO,/TiO, nanocomposite by Response
Surface Methodology (RSM) based on Central Composite
Design (CCD) to optimize the performance of nanocompos-
ites with consideration of effective variables on process effi-
ciency. This prepared nanocomposites already was used for
some organic pollutants removal but up to date there was not
seen a study that uses this nanocomposite for MC-LR
removal.

Experimental
Materials

MC-LR standard solution (10 pg/mL) was purchased from
Sigma-Aldrich Co. (USA). In addition, MC-LR standard
powder (100 png) also was purchased from Enzo Life
Sciences, Inc., USA. Then the solutions were prepared by
dissolving the standard powder in 100% methanol (1 mL)
before diluting to working solutions using high-purity water
(Merck, Germany). All standards and the working solutions
were stored at —20 °C until use. The MC-LR physicochemical
properties such as molecular structure and weight (g/mol),
chemical formula and solubility in water and density are dem-
onstrated in Table 1 Bi(NO3);.5H,0O (bismuth nitrate),
NH4VO; (ammonium metavanadate) and TiO, (anatase, pu-
rity: 99.9 wt%, particle size: 20 nm, and BET>200 m?/g) were
purchased from Sigma-Aldrich Co. (USA). High-
performance liquid chromatography (HPLC)-grade methanol,
acetonitrile, and trifluoroacetic acid (TFA) were provided by
Merck (Germany).

Preparation of BiV0O,/TiO, nanocomposite

BiVO4/TiO, nanocomposite was synthesized by hydrother-
mal method. Briefly, 0.02 mol of Bi(NOj3);.5H,0 and
0.02 mol of NH4VO; were dissolved in 20 mL of 4 M
HNO; and 2 M NaOH aqueous solutions, respectively, to
form two transparent solutions. These solutions were mixed
together with Bi:V molar ratio of 1:1. The orange slurry was
obtained by adjusting pH to 7 with 4 M NaOH. Then an
appropriate amount of TiO, powder was subsequently added
to the pre-prepared BiVO, solution (50:50 W/W ratio) and
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Table 1 Physicochemical properties of MC-LR [42]

Physicochemical properties

Molecular structure

Molecular weight (g/mol)
Chemical formula

Solubility in water (g/1)
Density (g/cm’)

995

CaoH74N14012
>1

1.299

was stirred for 2 h under ambient air. After this time, the
suspension was transferred into a Teflon-lined stainless steel
autoclave with a capacity of 100 mL and the hydrothermal
reaction was carried out at 180 °C for 24 h, and then cooled
down to room temperature. The final product was filtered and
washed with deionized water several times and then was dried
at 80 °C for several hours. Finally, the resultant sample was
calcined at 500 °C for 6 h. Furthermore, the pure BiVO, was
prepared without the addition of TiO, powder and was used to
the next experiments [43].

Characterization of nanocomposite

Field emission scanning electron microscope (FESEM) (FEI
Quanta 200, USA) was used to investigate the BiVO, and
TiO;nanoparticles and BiVO,/TiO,nanocomposite structure
and surface morphology. The crystalline nature was also re-
vealed by X-ray diffractometer (XRD, Bruker D8 Advance,
Germany).FTIR spectrum of BiVO4/TiO, was recorded using
an IR spectrometer (Jasco 6300, Japan).

Photocatalytic setup

All of the experiments were performed in 25 mL Pyrex beakers
involving 10 mL of aquatic solutions with 500 pg/L MC-LR
concentration and catalyst mixture. The pH of the samples was
adjusted by 0.01 M NaOH and HCI. Then, the samples were put
in an ultrasonic bath for 10 min to eliminate aggregates. Photo-
catalyst suspensions were illuminated with 15 W LED lamps
(white light). These lamps were located in 10 cm above beakers.
Firstly, the samples were stirred for 30 min to reach equilibrium
in darkness. Then, lamps were turned on and samples were
placed under magnetic stirring to maintaining agitation during
the reaction to keep suspension uniformity. At the end of contact

time, lamps were turned off and samples were taken and filtrated
through 0.22 um syringe filters to separate the catalyst particles
before measuring the residual MC-LR content by HPLC.

Design of Experiment: RSM approach

Response surface methodology (RSM) was used for the ex-
perimental design by Design Expert software 10 by using
central composite design (CCD) as a most widely used meth-
od to evaluate the interactive effects of the significant operat-
ing parameters and to optimize the MC-LR degradation by
BiVO,/TiO, photocatalytic nanocomposite [44]. The three
main parameters pH (A), contact time (B), and catalyst dose
(C) were chosen as model variables to study their interaction
effects on the ability of BiVO,4/TiO, nanocomposite for MC-
LR removal. Also, the each of BiVO, and TiO, nanoparticles
only were tested under specified terms by Design Expert soft-
ware 10. In general, a central composite design (CCD) in
RSM software consists of 2* points that form the base design,
2 k axial points (star points) and several center points, where k
is the number of variables [45].Each independent actual pa-
rameter was varied over three coded values (—1, 0, +1), which
composed the batch experimental design matrix derived from
the CCD summarized in Table 2.

Table2  Actual and coded values of independent variables for the CCD
used in this study
Variables (unit) Symbol Coded level

-1 0 +1
pH A 5 7 9
Contact time (min) B 30 60 90
Catalyst dose (g/1) C 0.2 0.35 0.5
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Overall 20 different experimental runs (including six repli-
cates of the center point for error evaluation and 8 full factorial
(the base design) were designed, along with the predicted and
actual MC-LR removal values are shown in Table 3.

The coded values of independent variables were calculated
based on Eq. (5):

where Xi is a coded value of the independent variable, X0 is
the center point value and AX is the change value [36]. These
numbers of runs were employed to investigate the interaction
between the independent and the dependent variables through
following regression model (Eq. (6)):

Y = By + XBX: + LB X7 + YBXiX; (6)

Where Y is the predicted response of MC-LR removal (re-
sponse), (3, is the model constant, Giis the linear coefficient,
Gii is the quadratic coefficient and the fijis the cross product
coefficient.

Table 3

MC-LR quantification

The concentration of MC-LR in the samples was deter-
mined by an HPLC system (Jasco PU-2080, Tokyo,
Japan) which was equipped with a quaternary mixing
pump, an inline vacuum degasser, automatic injector
(AS-2055 Plus), a Cg column (150 x 4.6 mm, Germany),
packed with 5 um particles for the separation, and an UV-
Vis detector (UV-2075 plus). The used mobile phase was a
gradient of Mili-Q water and acetonitrile (50:50, v/v), both
with 0.1% of TFA. Wavelength was set at 238 nm to the
typical absorption spectra of MC-LR. The injection vol-
ume was 100 pl with a flow rate of 1 mL/min. Total run
time was 15 min. Data acquisition and processing were
done using BORWIN Chromatography software (Version
1.50). The degradation rate of MC-LR was calculated by
the (Eq. (7)):

Co—C
0

Degradation (%) = x 100 (7)

Where C, and C are the initial and the residual concentra-
tions of MC-LR.

Experimental conditions & results of central composite design (CCD)

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

1 9 90 0.5 88.23 88.64
2 7 60 0.35 71.29 72.35
3 7 60 0.12 80.21 82.39
4 7 60 0.35 72.59 72.35
5 9 90 0.2 83.76 82.54
6 5 30 0.5 91.86 92.34
7 9 30 0.5 75.37 74.94
8 7 14.3 0.35 71.41 72.55
9 7 60 0.35 73.98 72.35
10 4 60 0.35 83.54 83.58
11 5 90 0.5 97.97 98.39
12 7 60 0.35 74.01 72.35
13 7 60 0.35 70.89 72.35
14 9 30 0.2 69.45 68.29
15 5 30 0.2 81.93 80.78
16 5 90 0.2 87.7 87.39
17 7 105.7 0.35 87.9 88.03
18 7 60 0.35 72.19 72.35
19 7 60 0.58 96.76 95.85
20 10 60 0.35 65.39 66.62
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Validation of the method

The validation of the analytical method was done according to
International Conference on Harmonization (ICH) recommen-
dations for relative standard deviation (RSD), relative recov-
ery, limit of detection (LOD), and limit of quantification
(LOQ), (Table 4).

Results and discussions
Catalysts characterization

Field emission scanning electron microscope (FESEM)
graphs of the studied photocatalysts are presented in Fig. 1.
It can be shown that symmetric spherical nanoparticles of
BiVO, (Fig. 1a), and angled asymmetric TiO, nanoparticles
(Fig. 1b) were synthesized to form BiVO,/TiO, nanocompos-
ite (Fig. 1¢). Therefore, the obtained nanocomposite has very
different structure and more porous surface than its
ingredients.

For each of pristine BiVO,, and TiO, nanoparticles; and
BiVO,/TiO, nanocomposite, separately, X-ray diffraction
(XRD) patterns were measured using an X-ray diffractometer
at 40 kV and 40 mA with Ni-filtered Cu K« radiation (A=
0.15406 nm) at a scan rate of 1°/min in 20 ranging from 5° to
80° (Fig. 2). The crystallite size was estimated using the
Debye-Scherrer formula (Eq. (8)):

D = K\/(Bcos 0) (8)

where D is the crystallite size, A is the wavelength of the X-ray
radiation, K is a constant taken as 0.89, {3 is the full width at
half maximum corresponding to the Bragg’s angle 0.
Therefore, based on XRD, the average crystal sizes of
BiVO, and TiO, in synthesized nanocomposite were 35 and
20 nm, respectively.

As can be seen, the crystal phase of anatase TiO, nanopar-
ticles is included in the diffraction peaks at about 260 =25.33°,
37.8°, 48.1°, 53.9° and 55.1° (PDF number 21-1272,
JCPDS). Also, all of the peaks match well to the monoclinic
scheelite BiVO, with the diffraction peaks at about 20 =
18.99°, 28.95°, 30.57°, 39.87°, and 53.22° (PDF number
14-0688, JCPDS). Moreover, there is no any other phase or
impurity peak in the resulted XRD pattern (Fig. 2), which

confirms that the synthesized BiVO4/TiO, nanocomposite
sample by the hydrothermal method has high purity and is
only composed of monoclinic BiVO,4 and TiO, nanoparticles.

Figure 3 shows the FTIR spectra of BiVO, and TiO, nano-
particles; and BiVO4/TiO, nanocomposite. According to this
Figure, in the FTIR spectra of BiVO,, the wavelength of
730 cm !, was associated with the V-O-V band that indicating
the asymmetric stretching vibration. The region of 480—
410 cm ' was assigned to symmetry bending, namely oxygen
bonds with bismuth (Bi-O) and vanadium metals (V-O). In the
FTIR spectra of TiO,, index peaks of 3408 cm ' and
1632 cm™', refers to stretching vibrations of hydroxyl groups
(O-H bonds). and bending vibrations of adsorbed water mol-
ecules on its surface, respectively. The broad intense bond
between 1000 and 400 cm™ ' has been related to Ti-O-Ti vi-
bration [44, 46].

Finally, in the FTIR spectra of BiVO,/TiO, nanocompos-
ite, the band at 3432 cm-1was attributed to O-H stretching
vibration on composite. The adsorption band at 1624 cm 'also
was related to Ti-O-H bending mode on the surface of the
synthesized sample. The region of 730-470 cm ™' was due to
the chemical or structural effects of the Bi** or VOx ion in
BiVO,/TiO, nanocomposite lattice, demonstrating an inter-
connection between BiVO, and TiO,

Statistical analysis

The analysis of variance (ANOVA) was carried out based on
the suggested model to show the interaction among three var-
iables (pH, contact time, and catalyst dose) and MC-LR deg-
radation as the response parameters. In addition, the coeffi-
cient of determination (R?), adjusted R? (Rzadj), p value, and
F-value which show the goodness of fit of the obtained regres-
sion model are summarized in Table 5.

According to this Table, the model F-value of 85.58 im-
plies that the model is significant. In addition, the values of
“Prob>F" less than 0.05 indicate model terms are significant.
On the other hand, A, B, C, AB, AC, A%, B, and C> symbols
are significant model terms. However, the values greater than
0.05 indicate the model terms are not significant. For example,
the BC symbol is not significant. The Lack of Fit F-value =
1.57 implies the lack of fit is not significant relative to the pure
error. The non-significant lack of fit value for the fitting model
(p value>0.05) suggests that the quadratic model is valid for

Table 4 Method validation parameters for determination of MC-LR by HPLC

Parameter RSD (%) (n=5) Recovery (%) LOD (ug/L) LOQ (ng/L)
Within days Between days
MC-LR 5.19 422 102 £ 9.5 4.04 12.24
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this process and errors of experiments are low. This relation
shows that the model is significant.

Model fitting

To study the combined effect of all the variables, experiments
were performed with different combinations of the variables,
which were statistically designed by using CCD. The follow-
ing equation represents the first model that was developed
with all linear, two-way, and quadratic interaction of predic-
tors:

Y =7235-556A+507B+441C
+1.91 AB-1.23 AC—0.14 BC + 1.18 A?

+3.42B% +7.22C? (9)

The predicted R* of this preliminary model was 0.9341. To
achieve a final model with significant predictors, the only not

(b)

Fig. 1 FESEM images of a) BiVO,;b) TiO,nanoparticles;and ¢) BiVO,/TiO, nanocomposite

significant interaction, BC: (p value = 0.8), was removed from
this model. Thus, all of the other variables were significant
and retained in the final regression model. Table 6 shows the
final regression model variables for MC-LR removal.

The final equation was derived using the coefficient of the
coded variables for MC-LR degradation as follow (Eq. 10):

MC-LR degradation (%) = 72.35-5.56 A + 5.07 B
+441C
+1.91 AB-1.23 AC
+ 1.18 A +3.42B?
+7.22 C? (10)

This equation has relatively higher fitness (the lack of fit F-
value = 1.32) and confirms a proper fit of this model. Also, the
other coefficients and factors were improved in order to the
model fitness. The correlation between the actual and

¢) BiVO,/TiO,

b) TiO,

Fig. 2 XRD patterns of a)
BiVOy;b) TiO,nanoparticles;and
¢) BiVO,/TiO, nanocomposite
3
®
—
7]
s
(] ™.
-l
£
5 15
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Fig. 3 FTIR spectra of BiVOy; 400
TiO, nanoparticles; and BiVO,y/ | —BiVO4 —Ti02 ——BiV04/TiO2
TiO, nanocomposite 350
300 ——~_— —_~
200
= M N
NS
°7 150
100 ~—— —_—
0 T T T T T T T
3800 3300 2800 2300 1800 1300 800 300

predicted MC-LR removal efficiencies and the normal plot of
residual related to experimental data are shown in Fig. 4a and
b, respectively.

According to these figures, the data points were well dis-
tributed close to a straight line, which indicated an excellent
relationship between the experimental and predicted values of
the response for BiVO,4/TiO, nanocomposite. These results
also demonstrated that the chosen model was appropriate in
assuming the response variables for the experimental data.

Wave number (cm!)

Effect of variables on photocatalytic degradation
of MC-LR

Single variables

According to Table 5, between the single variables (pH, con-
tact time, and catalyst dose), each factor that poses the highest
mean square and F-value has the most effect in the degrada-
tion of MC-LR. Therefore, pH was the most important

Table 5 ANOVA results for response surface quadratic model

Source Sum of Squares df Mean Square F Value p value Prob>F
Model 1708.39 9 189.82 85.58 <0.0001
A-pH 390.96 1 390.96 176.25 <0.0001
B-Contact time 325.76 1 325.76 146.86 <0.0001
C-Catalyst dose 246.36 1 246.36 111.06 <0.0001
AB 29.22 1 29.22 13.17 0.0046
AC 12.03 1 12.03 5.42 0.0421
BC 0.15 1 0.15 0.069 0.7975"
A? 15.15 1 15.15 6.83 0.0259
B’ 126.16 1 126.16 56.87 <0.0001
C? 562.61 1 562.61 253.64 <0.0001
Residual 22.18 10 2.22

Lack of Fit 13.55 5 271 1.57 0.3163"
Pure Error 8.63 5 1.73

Cor. Total 1730.57 19

Std. Dev.: 1.49; Mean: 79.82; C.V. %: 1.87; PRESS: 113.97; R?: 0.9872; Adj R?: 0.9756; Pred R?: 0.9341;

Adeq. Precision: 30.161.

*not significant
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Table 6 Final regression model variables for MC-LR removal

Factor Coefficient Estimate df Standard Error 95% CI

Low High
Intercept 72.35 1 0.57 71.09 73.61
A-pH -5.56 1 0.40 —6.44 —4.68
B-Contact time 5.07 1 0.40 4.19 5.96
C-Catalyst dose 441 1 0.40 3.53 5.30
AB 191 1 0.50 0.80 3.02
AC -1.23 1 0.50 —2.34 —-0.12
A? 1.18 1 0.43 0.23 2.14
B? 3.42 1 0.43 2.46 437
c? 7.22 1 0.43 6.26 8.17

Std. Dev.: 1.42; Mean: 79.82; C.V. %: 1.79; PRESS: 87.09; R?:0.9871; Adj. R?: 0.9777;

Pred. R?: 0.9497; Adeq. Precision: 33.374.

parameter (mean square and F-value were equal 390.96 and
176.25, respectively). Also, pH parameter has a negative ef-
fect on MC-LR removal (negative sign in (Eq. (10)). The
contact time and catalyst dose parameters have lower impor-
tance than pH. Of course, both have a positive effect on MC-
LR removal (positive sign in (Eq. (10)).

Effect of pH

As mentioned earlier, the pH variable has a negative effect in
MC-LR removal. Namely, the removal efficiency of MC-LR
is increased with decreasing pH in the range of 5 to 9
(Fig. 5A).

The pH is an important factor in the organic pollutants pho-
tocatalytic removal from aqueous solutions [47]. This parameter
may affect on the photocatalyst surface charge and also the state

100 —
./
7
/.
7/
90 —
el
= u]
3 80—
@
o
5]
70 —
60 —
[ [ | [ [
60 70 80 90 100
Actual (a)

of ionization of the substrate [48] and hence its photo-degrada-
tion. In photocatalytic systems, the optimal pH was determined
in the acidic range, which strong electrostatic adsorption could
happen between the positively charged catalyst and the nega-
tively charged toxin [49]. In the photocatalytic degradation of
Acid Blue 113 and Acid Red 88 textile dyes, increasing pH
decreased efficiency. Because acidic pH could affect the speci-
ation of dye molecules and consequently, the electrostatic force
between catalysts particles and dye molecules [50]. Similar re-
sults reported by Rahimi et al., that the acid orange 10 dye
degradation efficiency was increased in the acidic pH [51].

The main reasons for the better MC-LR removal in acidic
pH are:

1) The tendency of MC-LR molecule to wrapping and re-
ducing molecular dimensions and hydrogen bonds

Normal % Probability
o
o
-
s

[ [ I I [ [ I
400 -3.00 -200 -1.00 000 100 200

(b)

Externally Studentized Residuals

Fig. 4 (a) Correlation of actual versus predicted MC-LR removal efficiencies; (b) Normal plot of residual related to experimental data
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Fig. 5 Effect of pH (A), contact time (B) and catalyst dose (C) on MC-LR degradation (%)

2)

3)

forming between these molecules and photocatalysts sur-
face [52].

Hydrophobic characteristic of the MC-LR due to being a
large molecule (MW =995 g/mol) and having the com-
plex of amino acids [52]. So that, Lawton et al. reported
that hydrophobicity was the most important factor con-
trolling the adsorption of MCs on the surface of TiO,
catalysts [53]. Also, Chen et al. observed that the hydro-
phobic property of the Adda group in MCs helps its sorp-
tion on the surface of Bi,WOg4 nanoparticles [54].

The increasing of MC-LR solubility in water that leads to
the reaction of between the MC-LR and catalysts through
the ion pairing effect [55].

4) The formation of *H radicals. According to Liu et al.
study, solution pH has an important effect on MC-LR
removal, so that when pH was in the acidic conditions,
a better removal rate by-*H radicals was found, due to the
main path of MC-LR degradation and Adda strain remov-
al [56].

Effect of contact time
The contact time has a positive effect on MC-LR removal. On

the other word, the removal efficiency of MC-LR was en-
hanced with increasing contact time in the range of 30 to
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90 min (Fig. 5B). Because of increasing contact time enhances
the reaction time between the MC-LR and photocatalysts and
then its effective removal [57]. Zhang et al. showed that the
removal efficiency of the MC-LR increased over the time
[55]. In Nasseri et al. study, Malathion adsorption and photo-
catalytic removal were increased with enhancing of contact
time [47]. Similar results reported by Mortazavian et al., that
increasing reaction time improved removal percentages for
dyes [50].

Effect of catalyst dose

Figure 5C shows the effect of catalyst dose on MC-LR deg-
radation. The removal efficiency of MC-LR is increased with
increasing catalyst dose in the range of 0.2 to 0.5 g/l. Zhang
et al. reported that the removal efficiency of MC-LR was
improved with an increase in catalyst dosage because of the
surface area of the catalysts increased with increasing dosage.
Therefore, the selection of the optimum catalyst dose was
important with consideration of its cost and effects [55].
Also, Mortazavian et al. reported that the increasing catalyst
dose, enhanced photocatalytic degradation efficiencies of tex-
tile dyes [50].

Interaction between variables

Figure 6a shows the interaction between pH and contact time
as a 2-dimensional graph. According to this figure, the MC-
LR removal efficiency was increased by increasing of contact
time and decreasing of pH. Of course, the coefficient of this
term in Eq. 10 is less than the coefficient of each variable.
Figure 6b illustrates the interaction between pH and cata-
lyst dosage. In this Figure, it can be seen by pH reduction and
increasing of catalyst dose, the MC-LR removal efficiency

75

60

Contact time (min)

45

30

(a)

Fig. 6 2-dimensional graph of interaction between variable of pH with contact time (a) and catalyst dose (b) in the MC-LR removal (%)

pH
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Catalyst dose (g/1)

was increased. However, the model coefficient of this term
in Eq. 10 is lower than each of the variables only.

Optimization the process and model verification

The aim of this study was to determine the optimum amount
of parameters with the RSM model which lead to the highest
MC-LR removal efficiency. In this regard, the optimization of
influencing variables was necessary. The desirable goal in
MC-LR degradation was set on the maximum value. The syn-
thesized BiVO, nanoparticles had highest MC-LR removal
efficiency about 93% at these conditions: pH =5, contact
time = 180 min and catalyst dose = 0.5 g/l. While, purchased
TiO, nanoparticles in the best conditions (pH =5, contact
time = 30 min and catalyst dose = 1 g/1) had about 95% MC-
LR removal efficiency. The prepared nanocomposite BiVO.,/
TiO, showed extremely enhanced photocatalysis characteris-
tics compared to the individual BiVO, and TiO, [58]. So that,
the highest MC-LR removal efficiency (about 98%) by the
BiVO,4/TiO, nanocomposite was obtained at the optimum
conditions: pH =5, contact time = 90 min and catalyst dose =
0.5 g/l. Therefore, synergetic effect of the porous nanostruc-
tures can enhance the photocatalytic activity of nanocompos-
ite photocatalysts [59]. Ultimately, in order to estimate the
validity of these optimal conditions, a series of MC-LR re-
moval experiments were implemented which their results
were in good accordance with Design Expert predictions.

Conclusions
Microcystins cause poisoning for livestock and wildlife and

also pose a health hazard for humans through of the drinking
water. The removal of these pollutants from water sources is

0.5

0.425

0.275

0.2
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done by various techniques, each one with its own advantages
and disadvantages. Photocatalytic degradation is one of the
methods for water purification developed in recent years.
According to the results, use of BiVO4/TiO, nanocomposite
can greatly improve removal efficiency of these compounds.
In the present study; the effect of important parameters such as
pH, contact time, and catalyst dose on MC-LR removal were
evaluated using RSM technique based on CCD design. The
results showed that the optimum conditions for MC-LR re-
moval by the BiVO,4/TiO, nanocomposite were pH =5, con-
tact time =90 min, and catalyst dose=0.5 g/l. Under these
circumstances, MC-LR removal efficiency was about 98%.
Based on the analysis results of FESEM, XRD, and FTIR; it
was found that the materials used in the photocatalytic process
had been correctly identified. Therefore, In this study BiVO,/
TiO, nanocomposite was approved as a promising nano-
photocatalyst for MC-LR removal. Experimental design is
an effective method for reducing experiments and costs that
can help in better understanding of the effect of independent
variables on response.
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