RESEARCH ARTICLE

+ Arch Hyg Sci 2018;7(2): 71-80
«Journal Homepage: http://jhygiene.mug.ac.ir

Photocatalytic Degradation of Azo Dye Acid Red
14 from Aqueous Solutions Using MWCNTSs

Nanocatalyst

Reza Moradi®", Kazem Mahanpoor®

%Y oung Researchers and Elite Club, Arak Branch, Islamic Azad University, Arak, Iran.
bDepartment of Chemistry, Arak Branch, Islamic Azad University, Arak, Iran.

*Correspondence should be addressed to Dr. Reza Moradi, Email: reza.moradi_bi@yahoo.com

A-R-T-1-C-L-EI-N-F-O
Article Notes:

Received: Nov 28, 2017
Received in revised form:
Apr 18, 2018

Accepted: Apr 28, 2018
Available Online: May 1,
2018

Keywords:

Dye,

Acid Red 14,

Experimental design,
Photocatalytic Degradation,
Carbon nanotubes,

Iran.

A-B-S-T-R-A-C-T

Background & Aims of the Study: Azo Dyes are the most hazardous materials in different
industries. Dyes and pigments used in industries for applications such as textiles, leathers, papers,
foodstuffs, additives, etc. Application amounts of azo dyes in industries which can cause severe
health problems in human and environmental pollutant problems. So, color wastewaters
decomposition plan are necessary. The purpose of this study is the application statistical
experimental design in photocatalytic decomposition of azo dye Acid Red 14 (AR14) from
aqueous solutions using multi walled carbon nanotubes (MWCNTS) particles which was used
UV/H,0, process in photoreactor.

Materials & Methods: MWCNTSs particles as a catalyst used for the degradation of dye in
aqueous solution. MWCNTSs particles have been characterized by scanning electron microscopy
(SEM), Transmission Electron Microscopy (TEM) and Fourier transform infrared (FT-IR).
Design of experimental (DOE) based design matrix was exerted for measure the effect of these
three factors such as: A) pH, B) catalyst amount and C) H,0O, concentration at two levels. The
full factorial experimental design was utilized in this process. The significant effects of each
factor and interactions determined using analysis of variance (ANOVA) method. The
decomposition kinetic of dye was studied.

Results: The maximum photocatalytic degradation efficiency of dye obtained in this study was
found 90.65%, corresponding to the optimal conditions of 3, 30 mg L™ and 20 ppm respectively,
for the pH, catalyst amount and H,O, concentration. The most effective factor in the
photocatalytic degradation efficiency was H,O, concentration. The interaction between
pHxH,0, concentrations was the most effective interaction. A pseudo first order reaction with a
rate constant (k=0.0696 min ™) was observed for the photocatalytic degradation of dye.
Conclusions: The results showed that photodegradation process can be suitable alternative to
degradation dyes in aqueous solutions.

Please cite this article as: Moradi R, Mahanpoor K. Photocatalytic Degradation of Azo Dye Acid Red 14 from
Aqueous Solutions Using MWCNTSs Nanocatalyst. Arch Hyg Sci 2018;7(2):71-80.

Background

The color is a reflection of the interaction

are organic acids (2). Dyes and pigments used
in industries for applications such as textiles,
leathers, papers, foodstuffs, additives, etc (3, 4).
Azo dyes are toxic and dangerous because they

between visible light and matter. There are
three criteria for color assessment such as:
shades, brightness and depth (1). Azo dye Acid
Red 14 is type’s of acidic dyes. This group of
dyes are solutions in water, and when dissolve
in water, they are negatively charged, and salts

have aromatic ring in their structure. The
advanced oxidation processes (AOPs) methods
for degradation of dyes in aqueous solution
were studied by many investigators (5-8). The
mixed use of CNTs and H,0, to a certain extent
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yielded a significant improvement of dye
photooxidation compared to that of the H,O,
oxidation alone. H,O, can be activated on the
CNTs surface to generate hydroxyl free
radicals. The CNTs is an electron-transfer
catalyst. The catalytic decomposition of H,0,
by CNTs involves the exchange of a surface
hydroxyl group on CNTs surface with a
hydrogen peroxide anion (HO,) to on the
surface, which then decomposes another
generate peroxide H,O, molecule producing
oxygen and regenerating the CNTs active site
(9-11). Recently, CNTs have attracted great
interest as a new type of catalyst for removing
environmental pollutants (12,13). The statistical
methods are invaluable not only in the analysis
of experimental data, but also in designing and
optimizing experiments. The experimental
design is usually used to describe the stages of
(14):

1. Identifying the factors which may affect the
result of an experiment.

2. Designing the experiment so that the effects
of uncontrolled factors are minimized.

3. Using statistical analysis to separate and
evaluate the effects of the different factors
involved.

Aims of the study:

«Photocatalytic Degradation of Azo Dye Acid Red 14...

In this study, MWCNTs particles were
characterized by SEM, TEM and FT-IR. The
reaction kinetic was studied. The effects of
operational factor such as pH, catalyst amount
and H,0, concentration were studied using a 2°
full factorial design with two levels (low and
high) and three factors in order to examine the
main effects and the interactions between
operational factors in the photocatalytic
degradation of AR14.

Materials & Methods

Materials

The mono azo dye, AR14 was obtained from
Alvan Sabet Company (lran) and was used
without further purification. The structure and
characteristics of AR14 is shown in Table 1.
The pH values were adjusted at desired level
using dilute NaOH and H;SO,;. MWCNTSs
(appearance: black powder, length: 5-15 pum,
outer diameter: 15-40 nm, purity (carbon):
>92%, density: 0.03-0.16 g cm™, and specific
surface area (BET, Nj): 127 m® g) was
received from Research Institute of Petroleum
Industry (Iran). Other chemicals used in the
paper were purchased from the Merck
Company (Germany). Double distilled water
was used for preparation of requisite solutions.

Table 1) The structure and characteristics of dye.

Dye Structure C.l. ();] ”;?I’S (g'\r/1|1\c/)\ll'1)
OH
NaOS O N=N OO
AR14 14700 | 514 | 502.423
SOgNa
15W (UV-C) was used. UV/Vis
Apparatus Spectrophotometer, Jenway  (6505) was
Fig.1 shows the schematic diagram of employed to measure the absorbance using

photoreactor which was used for photocatalytic
decomposition of AR14. In this equipment,
capacity 0.5 L with a mercury lamp Philips

glass cells of path length 1 Cm. The
morphologies of the catalyst were taken by
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SEM model MIRA3 TESCAN and TEM model
EM10C—Zeiss. The FT-IR spectroscopy was
measured on PerkinElmer  Spectrometric
Analyzer using KBr pellets.

Figure 1) Schematic diagram of photoreactor
1) tank (Pyrex), 2) pump, 3) temperature controller,
4) condenser, 5) UV lamp, 6) reaction flask

Full factorial experimental design

The photodegradation efficiency of AR14 by
MWCNTSs particles were investigated using full
experimental design. The experiments were
designed considering three variables (Factors)
including pH, catalyst amount and H,0;
concentration at two levels (low (-) and high
(+)). Factorial designs are usually discussed in
terms of coded factor spaces. Variables and
levels used in 2° full factorial experimental
design are shown in Table 2. The experiments
were carried out by varying the pH 3 to 5,
catalyst amount 20 to 30 mg L™ and H,0,
concentration 15 to 20 ppm. In this study,
classical calculations method was used for the
design of experiments and analyzes the results
in the process.

Table 2) Factors and levels used in the 2° factorial

design.
Range and levels
Variables (Factors) Coding  Low (=) High(+)
A) pH X1 3 5
B) Catalyst amount (mg L™) X, 20 30
C)H,0, concentration X3 15 20

(ppm)

L Moradi R, et al. | Arch Hyg Sci 2018;7(2): 71-80

Procedures

For the photodegradation of AR14, a solution
containing specific concentration of (40 ppm)
and catalyst was prepared. The suspension pH
values were adjusted at the desired level using
dilute NaOH 0.1N and H,SO,; 0.1N (the pH
values were measured with Horiba M12 pH
meter) and then were allowed to equilibrate for
30 min in darkness. In order to carry out each
experiment (according to Table 3), 0.5 L AR14
solution was made as specified concentration
and was transferred to reaction flask (Pyrex).
The degradation reaction took place under the
radiation of a mercury lamp. The concentration
of the samples was determined (at 5 min
intervals and centrifuged with centrifuge 4232
ALC) wusing a spectrophotometer (UV-Vis
spectrophotometer, Jenway (6505) at ima=514
nm. The photodegradation efficiency (Y) as a
function of time is given by (Eq.1):

Y = MxlOO, (1)

0
where Cy and C are the concentration of dye
(ppm) at t=0 and t (min), respectively.

Results

The characterization of MWCNTS particles
Fig. 2 shows the SEM image of MWCNTSs
particles. Regarding to the specified scale in the
Fig. 2 size of the particles is nanometer. The
size and morphology of MWCNTSs powder
were characterized.

/
2o
L3 =18.81 nm

-
T2 =15.40 nm

A1 =2279 nm
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Fig. 3 shows the TEM image of MWCNTSs
powder. The TEM was used due to its ability to
measure nanotubes diameter. From the TEM
image it is possible to determine directly the
diameter of one nanotubes and bundle diameter.
Due to this information, a number of nanotubes
in the bundle can be found.

Fig. 4 shows the FT-IR spectrum of MWCNTSs
particles in the wave number range from 400 of
4000 cm™. The bands at 3462 and 1703 cm™
are due to O-H stretching and O-H bending,
respectively. The bands at 2929 and 2873 cm™
correspond to asymmetric and symmetric
aliphatic C-H stretching, respectively. Bands at
1300-1000 cm™ correspond to C-O and C-C
stretching (15).

252
1

3000 wo s 1000 500 4000

Figure 4) FT-IR spectrum of MWCNTSs

The UV-Vis spectra
The absorbance of AR14 solutions during the
process at initial and after 50 min irradiation

J «Photocatalytic Degradation of Azo Dye Acid Red 14...

time versus wavelength (1) are shown in Fig. 5.
The spectrum of AR14 in the visible region
exhibits a main band with a maximum at 514
nm. The decrease of absorption peaks of AR14
at Amax=514 nm in this figure indicates a rapid
degradation of the azo dye. Complete
discoloration of dye was observed after 50 min
under optimal conditions.

14 - )
12 t=0min
5
11 10
. 08
0.6 -
0.4 -
0_ -
0 T T T T T T T 1

300 350 400 450 500 550 600 650 700
Wavelenght(nm)

Figure 5) UV-Vis spectra of AR14 on
photodegradation (dye concentration= 40 ppm,
catalyst amount= 30 mg L, H,O, concentration= 20
ppm, pH= 3, T=25 'C, irradiation time= 50 min)

The classical mathematical treatment of a
full factorial design

In this study, the experimental design used is a
two level and three factors (A, B and C). The
design is called a 2° factorial design, which has
8 experiments. Using the (— and +) notation to
represent the low and high levels of the factors;
listed the eight experiments in the 2% design as
in Table 3. This is called the design matrix. The
first column of Table 3 lists the experiment
numbers (1-8). The next three columns list the
abbreviated coded factor levels (— and +) for
factors A, B and C. Table 4 gives a contrast
constants for the 2% design. The first column of
Table 4 gives a notation often used to describe
the treatment combinations (TC), where the
presence of the appropriate lower-case letter
indicates that the factor is at the high level and
its absence that the factor is at the low level.
The number 1 is used to indicate that all factors
are at the low level. The next seven columns list
the three factors and four interaction of the
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model: the three two-factor interactions (AB,
AC and BC), the one three-factor interactions
(ABC). Finally, the last column of Table 4 lists

[ Moradi R, et al. | Arch Hyg Sci 2018;7(2): 71-80

the average responses (photodegradation
efficiency (Y)) of the each experiment.

Table 3) Experimental design matrix, experimental results photodegradation efficiency for AR14 (%).

Run Factors Treatment Response (Y)
Number Combination (TC)
A B C
1 - - - (1) 66.35
2 + - a 84.57
3 - 4+ - b 69.42
4 + o+ - ab 78.19
5 - - + c 83.90
6 + - + ac 73.87
7 - 4 + bc 90.65
8 + 4 + abc 81.44

Table 4) Contrast constants for the (2°) design.

TC Factors and their interactions Response (Y)
A B AB C AC__ BC ABC

1) - - + - + + - 66.35

a + - - - - + + 84.57

b - + - - + + 69.42

ab + + + — — — 78.19

c - - + + - - + 83.90

ac + - - + + - - 73.87

bc - + - + - + - 90.65

abc + + + + + + + 81.44
In the classical factorial design literature, a (7.8325). It can be seen that H,O, concentration
factor effect is defined as the difference in

average responses between the experiments
carried out at the high level of the factor and the
experiments carried out at the low level of the
factor. Thus, in a 2° full factorial design, the
main effect of A would be calculated by (Eq.2):
A= (Average responses at high level of A) —

(Average responses at low level of A). 2
Average responses at high level of A=

1/4 x (84.57+78.19+73.87+81.44)=79.5175.
Average responses at low level of A=

1/4 x (66.35+69.42+83.90+90.65)=77.58.

The main effect of A= 79.5175-77.58=1.9375.
The interactions effect can be calculated
similarly. Therefore, the effect of each
factor/interaction is listed in Table 5. The effect
of each factor on response was found to be in
the following the order: pH (1.9375), catalyst
amount (2.7525) and H,0O, concentration

has the main effect on response. The least effect
factor on the response is pH. The interaction
between pHxcatalyst amount and pHxcatalyst
amountxH,0, concentration have a little effect
on response. The interaction between pHxH,0,
concentration and catalyst amountxH,0,
concentration have a great effect on response.
Thus the most effect interaction is that between
pHxH,0, concentration (AC).

Table 5) Effect of each factor/interaction on response.

Factors/interactions Effect
A 1.9375
B 2.7525
AB -2.1575
C 7.8325
AC -11.5575
BC 4.4075
ABC 2.5675

The Yates’ algorithm
There is a quick way to calculate the effects of
factorial design presented by Yates’. The
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Yates’ algorithm describe here, and illustrate its
use for the 22 full factorial design discussed. To
apply the Yates’ algorithm, the results should
be placed in a standard order. The results are
the numerical values of the estimated factor
effects. As shown in Table 6, the Yates
calculations start by evaluating as many
auxiliary columns as factors being considered,
in our example three columns E1, E2 and E3
for a 2° design. The first four elements in
column E1 are obtained by adding the pairs

together (66.35+84.57=150.92,
69.42+78.19=147.61, etc). The last four
elements in column E1 are obtained by

«Photocatalytic Degradation of Azo Dye Acid Red 14...

subtracting the top response from the bottom
response of each pair, thus 84.57— 66.35=18.22,
78.19 — 69.42=8.77, and so on. In just the same
way that column E1 is obtained from the
"Response” column, column E2 is obtained
from column E1 and column E3 is obtained
from column E2. Finally, obtain the "Effect"
column have only to divide these values by the
appropriate divisor, as before, which is 8 (the
number of runs) for the first element and 4 (half
of the runs) for the others. Calculations can be
made sure that the first value in column E3
(628.39) is the sum of all the responses.

Table 6) Yates’s algorithm for the 23 factorial design.

Run TC Response El E2 E3 Divisor Effect
Number

1 None 66.35 150.92 298.53 628.39 8 78.5487
2 a 84.57 147.61 329.86 7.75 4 1.9375
3 b 69.42 157.77 26.99 11.01 4 2.7525
4 ab 78.19 172.09 -19.24 -8.63 4 -2.1575
5 c 83.90 18.22 -3.31 31.33 4 7.8325
6 ac 73.87 8.77 14.32 -46.23 4 -11.5575
7 bc 90.65 -10.03 -9.45 17.63 4 4.4075
8 abc 81.44 -9.21 0.82 10.27 4 2.5675

The statistical analysis

The statistically significant variables were
tested using analysis of variance (ANOVA). It
can be shown that in a two-level experiment,
like this one, the sum of squares (SS) for the 2°
full factorial design is given by (Eq.3):

SS (factorfinteractiony= N/4 (the estimate effect of
factor/interaction) ?, (3)
where N is the total number of measurements,
including replicates. In this case N is 16 since
two replicate measurements were made for each
combination of factor levels. For example SSa
is:

SSa= 16/4 (1.9375)°=15.0156

It can be shown that each sum of squares has
one degree of freedom (DOF). Since the mean
square (MS) is given by (Eq.4):

MS= SS/DOF (4)

Each MS is simply the corresponding SS. For
example MSa is:
MSa=15.0156/1=15.0156
To test for the significance of an effect, the MS
is compared with the error mean square (EMS)
or residual mean square (RMS). RMS values
are listed in Table 7.

Table 7) RMS values for the 2° factorial design.

Run TC (1) 2 ®3)
Number
1 None 65.35 67.35 132.7
2 a 83.57 85.57 169.14
3 b 68.42 70.42 138.84
4 ab 77.19 79.19 156.38
5 c 82.90 84.90 167.8
6 ac 72.87 74.87 147.74
7 bc 89.65 91.65 181.3
8 abc 80.44 82.44 162.88

In Table 7, columns (1) and (2) are the values
of each experiment that are repeated. Column
(3) is the sum of the values of columns (1) and
(2). RMS value is given by (Eq.5):
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RMS= ((65.35)°+ (83.57)? +...+ (80.44)° + (67.35)°
+(85.57)%+ ... + (82.44)*— 1/2 (132.7)* + (169.14)°
+ ... +(162.88)%)= 16. (5)

In order to test whether the difference between
MS and RMS is significant, the calculated
statistic F is given by (Eq.6):
Fealculatea=MS/RMS. (6)

The critical value is F1g=5.318 (P=0.05). If be

Fealculated™Feritical, then the effect is significant.
For example F (a) caiculated 1S:

F (A) calculated= MSA/RMS=15.0156/16= 0.9384.

The results of ANOVA are listed in Table 8.

Table 8 shows that the main factor such as:
H,O, concentration is significant. Also
interaction between pHxH,O, concentrations is
significant. Thus the factor of Hy0,
concentration and interaction  between

[ Moradi R, et al. | Arch Hyg Sci 2018;7(2): 71-80

regression coefficient and b3 is interaction
coefficient. The coded variable X3 is represent
H,0, concentration. The X;X3 term is the
interaction between pHxH,O, concentration.
The coded variable X;, X; take on values
between —1 and +1. The Y at run (1) is:
Y = 78.5487 + (7.8325/2)(-1) — (11.5575/2)
(-1)(-1)= 68.8538.
Residuals can be obtained as the difference
between experimental and predicted etches rate
deviations. The residual is given by (Eq.8):
e=Y-Y. (8)
The values of Y, Y and e are listed in Table 9.
Table 9 shows that H,O, concentration and
interaction between pHxH,0O, concentrations
are the significant effects and that the
underlying assumptions of the analysis are
satisfied.

Table 9) Values of Y ,Y and e for the 2° factorial

pHxH,0, concentrations are significant. design.
Run TC Y v e_y_v
Table 8) ANOVA table for the 2° factorial design. Number - >
Factor/ SS  DOF _ Ms F Result ; (a) ggg? gg'iii’g p '15508388
interaction : : ‘
A 150156 1 150156 09384 _ nosig. : oy S e St
B 303050 1 303050  1.8940  nosig. . ; 6300 880435 42436
AB 186192 1 186192 11637  nosig. 4 o 1387 76688 2818
c 2453922 1 2453922 153370  significant : e o0ss 88243 > 4064
AC 5343032 1 5343032 333939 significant 8 be  gias 766860 4 7538
BC 777042 1 777042 48565  nosig. : : '
ABC 263682 1 263682 16480  nosig.
_Ergt'glr 185 The kinetic of photocatalytic degradation of

The regression model

In a 2 factorial design, it is easy to express the
results of the experiment in terms of a
regression model. Because the 2% is just a
factorial design, can be also use either an
effects or a means model. A first order
regression model is given by (Eq.7):

Y = bg + bsXa+h13X: Xs, @)
where Y is the predicted photodegradation
efficiency, by the average response, bs the

dye

Photocatalytic degradation reaction kinetic of
dye completely correspond the kinetic of
pseudo first order reaction model (16, 17). In
the kinetic equation of first order relationship
between [dye] and time (t) is in (EQ.9):

dye —— product

% = k[dye]

The integral Eq.9 is in Eq.10:
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[dye]
—dldye] _ ldye] dldye] _ | d[dye]
dt [dye] i, [0Ye]

t [dye]
—k| dt = In[dye] - In[dye], = —kt=In 0 —kt.
! i [dye]
(10)

In which k is the apparent first order rate
constant (that is affected by [dye]) and t is the
reaction time.

dye]
condition of photocatalytic degradation of dye
is shown in Fig. 6. The linear plot suggests that
the photodegradation reaction approximately
follows the pseudo first order kinetic with a rate
constant k= 0.0696 min™.

A plot of |n£[([jy_e]0j versus t for optimum

4 -
3.5
3 -
. ¢
225 1
T 2
= . v=10.0696x
%’L:- 5y
e R?=0.9808
0.5 -
0

20 25 30 35 40 45 50

th

5 10 15

o

time(mix)

Figure 6) Kinetics of photocatalytic degradation of
AR14 (dye concentration= 40 ppm, catalyst amount=
30 mg L?, H,0, concentration= 20 ppm, pH= 3,
T=25'C, irradiation time= 50 min)

The half-life time (ty2) for the first order
reaction is given by (Eq.11):

0.693
by, = Tk (1)
So, a first order reaction with half-life time
(t= 9.956 min') was observed for the
photocatalytic degradation reaction.

Discussion

«Photocatalytic Degradation of Azo Dye Acid Red 14...

In this study, for degradation of dye as
dangerous pollutants used a photoreactor with
capacity 0.5 L that shows the schematic
diagram in Fig.1. The photodegradation process
using full factorial experimental design was
studied by many investigators (18-20). The
maximum photodegradation efficiency of AR14
obtained in this study was found to be 90.65%,
corresponding to the operating conditions of 3,
30 mg L and 20 ppm respectively, for the pH,
catalyst amount and H,O, concentration. The
positive signs (run number: 7, Table 3) are
related to factors such as: catalyst amount and
H,0, concentration. The increase in catalyst
amount increases the surface area available by
more photocatalyst particles. So, the number of
active sites on the photocatalyst surface
increases that leads to the increase of the
photocatalytic degradation efficiency (21). The
effect of H,O, concentration on the
photodegradation efficiency of dye was
performed at a range 15 ppm or 20 ppm. The
photodegradation efficiency increases with
increase of H,O, concentration. This can be
explained by the effect of the additionally
produced hydroxyl radicals (22,23).

The negative sign (run number: 7, Table 3) is
related to factor pH. The photodegradation
efficiency of AR14 at pH with levels 3 and 5,
which the best results obtained in acidic
solution, (pH= 3, X= 90.65%). The charge of
catalyst and its surface is presumably positively
charged in acidic solution and negatively
charged in alkaline solution. For the above
reasons, dye that has a sulfunic groups (SO3")
in its structure, which is negatively charged, the
acidic solution favors adsorption of dye onto
the  photocatalyst  surface, thus the
photodegradation efficiency increases. This
effect is in agreement with the results of Sato,
Yoneyama and Nikazar (24-26). In a
experiments  result indicated that the
degradation rate of dye in this process fitted by
the first order kinetic model (16,17).
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Conclusion

Azo dyes have been widely are used in different
industries.  Wastewater  industries  cause
environmental  pollutant  problems.  So,
industries wastewater treatment plan are
necessary. MWOCNTs particles have been
characterized by SEM, TEM and FT-IR. The
full factorial experimental design based design
matrix and Yates’ algorithm were used in this
process. As observed, the most effective factors
in the photocatalytic degradation efficiency
were H,O, concentration. pH was the least
effect factor on the response. The interaction
between pHxH,0, concentration was the most
influencing interaction. The results of ANOVA
shows that the main factor such as: H,0O;
concentration is significant. Also interaction
between pHxH,O,  concentration  are
significant. Thus the factor of Hy0,
concentration  and  interaction  between
pHxH,0, concentration are highly significant.
The regression model was studied. Kinetics of
photocatalytic decomposition reaction was
determined. Pseudo first order model reaction
corresponds to the experiment data of
photocatalytic degradation of dye was
observed.
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