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Ferrate (VI) oxidation process and UV radiation can be used for the removal of dye from wastewater. The
aims of this study are 1) investigation of optimal conditions for removal of 1,9-dimethyl-methylene blue
zinc chloride double salt from wastewater using ferrate (VI) oxidation process and UV radiation and 2)
Study on kinetics coefficient of removal of this compound from wastewater by both ferrate (VI) oxidation
and UV radiation. For determination of the optimum conditions for removal of the 1,9-dimethyl-
methylene blue zinc chloride double salt, response surface methodology was used. The parameters were
pH, temperature, hydraulic retention time (HRT) and initial dye concentration. The results showed that
the optimum conditions for the removal of dye by ferrate (VI) oxidation process were at pH of 1.4, tem-
perature of 50 °C, HRT in 50 min and initial dye concentration of 70 mg/L. Also, the optimum conditions
for dye removal by UV radiation were at pH 13.5, temperature at 45 °C, HRT in 43 min and initial dye con-
centration of 66 mg/L. In addition, it is confirmed that the removal of dye from wastewater by both fer-
rate (VI) oxidation process and UV radiation were first order kinetics.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

to remove by biological processes (Bahadori et al., 2017; Soltani
et al., 2016). 1,9-Dimethyl-methylene blue zinc chloride double

Dyes are toxic and harmful for human’ body and the removal of
dye from wastewater is essential (Soltani et al., 2013). Meanwhile,
releasing of wastewater contaminated with dye into the revers or
lakes can decrease light penetration (Vinayagam et al., 2017). Then,
lower amount of light penetration means lower self-purification
capacity of rivers and lakes (Khataee et al., 2015). The majority of
dyes are categorized as recalcitrant compounds which are difficult
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salt is an organic dye with empirical formula of C;gH;,CIN3-
S-0.5ZnCl, and molecular weight of 416.05 (Zheng and Levenston,
2015). This dye is widely used in textile industries and easily can
be found in textile wastewater.

Nowadays, oxidation processes are considered as a reliable
method for treatment of recalcitrant compounds (Tichonovas
et al,, 2017). Ozone (0Os3), chlorine (Cl), chlorine dioxide (ClO,)
and hydrogen peroxide (H,0,) are well-known oxidants which
are usually used for toxic wastewater treatment (Glaze et al.,
1987; Lee and Von Gunten, 2010). Chlorine is an inexpensive oxi-
dant which formed as trihalomethanes by-products during
wastewater treatment (Postigo et al., 2017). In addition, tri-
halomethanes have carcinogenic effects and can be considering
as a serious environmental pollutants (Lodhi et al., 2017). There-
fore, using chlorine as an oxidant can remove a wide range of pol-
lutants from wastewater and generate other dangerous pollutants
such as trihalomethanes (Kumari and Gupta, 2017). In the other
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hand, ozone and chlorine dioxide are very expensive and don’t
have any by-products (Lopez-Galvez et al., 2017; Papageorgiou
et al., 2017; Spiliotopoulou et al., 2017).

Hydrogen peroxide is an cheap and unstable compound and
cannot be easily produced in situ (Martin et al., 2017). Recent stud-
ies introduced new oxidants that can be used in wastewater treat-
ment (Talaiekhozani et al., 2016a; Talaiekhozani et al., 2017a; Zhou
et al., 2017). Ferrate (VI) is a multipurpose chemical that can be
used as a safe, cheap and effective oxidant which gradually can
be converted to Fe (III) that is a well-known coagulant. As ferrate
(VI) is able to destruct microorganisms, it can be considered as a
disinfectors. In addition, three processes occurred once ferrate
(VI) is applied as oxidant for wastewater treatment including oxi-
dation, coagulation and disinfection. Several reports showed that
ferrate (VI) is an effective compound for degradation of organic
and inorganic compounds (Aslani et al., 2017; Talaiekhozani
et al.,, 2016b). Although, ferrate (VI) produces less sludge with high
pollutants removal during wastewater treatment that making the
process more economically (Malik et al., 2017).

Photo-degradation is defined as alternative chemical method
that using visible and invisible light radiation (Sun et al., 2017).
Ultraviolet (UV) is a powerful radiation which can be applied for
wastewater treatment (Paredes et al., 2018). Some studies showed
that UV radiation can enhance the removal rate of pollutants by
oxidants (Garcia and Hodaifa, 2017; Talaiekhozani et al., 2016b;
Talaiekhozani et al., 2017b; Talaiekhozani et al., 2016c). Besides,
simultaneous usage of hydrogen peroxide and UV radiation have
a higher removal rate of pollutants in comparison with UV or
hydrogen peroxide solely (Im et al., 2015). High removal rate is
due to generation of hydroxide ion (OH™) under UV radiation
(Chakma and Moholkar, 2015). UV is able to increase oxidation
power of ferrate (VI) (Talaiekhozani et al., 2016a). lovino et al.
(2016) studied the removal of Ibuprofen from synthetic wastewa-
ter by changing hydraulic retention time (HRT), pH and UV light
intensities on Ibuprofen degradation by UV radiation. They found
that increasing of HRT had a positive effect on Ibuprofen removal
by UV radiation while lower wastewater heights during UV radia-
tion is more suitable to remove Ibuprofen. (Iovino et al., 2016)
revealed that as theincreasing of light intensity from 100 to 400
mJ/m?, decreased Ibuprofen concentration. Capocelli et al.
(2014a) studied the removal rate of p-nitrophenol by cavitation
as an advanced oxidation process. The first-order kinetic constant
values showed the existence of an optimal configuration: k=
1.13 x 1072 min~'at 0.45MPa with a value for the electrical
energy per order Ego = 66.7 kWh m~3. In another study, (Capocelli
et al., 2014b) evaluated the removal of p-nitrophenol in a lab scale
Venturi reactor. They used a numerical simulations model to esti-
mate the optimum configuration. Using the empirical experiments
numerical simulations model could be validated and considered as
a theoretical tool to identify the best configuration of hydrody-
namic cavitation operating parameters (Capocelli et al., 2014a).

Although, the removal of different pollutants from wastewater
using ferrate (VI) and UV radiation has been investigated, kinetics
of their reactions has not been studied yet. Therefore, the aim of this
study are (1) to investigate kinetic of 1,9-dimethyl-methylene blue
zinc chloride double salt removal from synthetic contaminated
wastewater by UV radiation and ferrate (VI) oxidation and (2) to
evaluate the optimum condition of removal of this compound from
wastewater using UV radiation and ferrate (VI) oxidation.

2. Materials and methods
2.1. Optimization of pollutants removal

In this study, several symbols have been used which are
introduced in Table 1.

Table 1
The list of symbols.
Symbol Definition
ko Frequency factor of reaction
Ea Activation energy
T Temperature
R Universal gas constant
k> The reaction rate constant of second order kinetic
kq Reaction rate constant
Cao Initial concentration of pollutants
Ca Pollutant concentration
A Reaction rate
t Time
HRT Hydraulic retention time
pH Initial pH of the environment
Co Initial concentration of dye
C Concentration of dye after treatment
R? Correlation coefficient square
Fe Concentration of Ferrate (VI)
Dyeo Initial concentration of dye

The optimum condition was defined as the best dye removal
efficiency which can be obtained under specific conditions. In this
study, the optimum value of some parameters specifically pH, tem-
perature, HRT and initial dye concentration were investigated. The
response surface methodology (RSM) was used to optimize the
removal of dye using ferrate (VI) and UV and Mini Tab software
was used to design experiments. The input data for the experimen-
tal design are shown in Table 2.

2.2. Kinetics investigation

Kinetics investigation of a reaction leads to a better understand-
ing of the reaction and provides the necessary information for the
industrial applications. In this study, a first-order kinetic equation
(Eq. (1)) and a second-order kinetic equation (Eq. (4)) was used to
investigate the kinetics. Kinetic experiments were carried out
under the optimized conditions. The reaction rate constant (k) is
the most important parameter that should be determined in this
study.

rA:dCA/dt:leA (1)

where, 1, is reaction rate (mg/L.min), C4 is concentration of pol-
lutants (mg/L), t is time (min) and k; is the reaction rate constant
(1/min). Eq. (1) can be rewritten as Eq. (2). Eq. (3) is obtained by
integrating Eq. (2).

dCa/Cp = —kydt 2)

lnCA/CAO = —’(1[’ (3)

Eq. (3) is similar of y = ax equation. Therefore, k; coefficient can
be calculated by plotting In(Cas/Cap) versus t. Eq. (4) was used to
investigate second order Kinetic.

Table 2
The input data for the experimental design.
Min Max
Ferrate (VI) Co (mg/l) 10.0 70.0
Ferrate (mg/l) 1.0 30.0
pH 1.4 13.5
Temperature (°C) 23.0 50.0
Time (min) 1.0 60.0
UV radiation Co (mg/l) 10.0 70.0
pH 14 13.5
Temperature (°C) 23.0 50.0
Time (min) 1.0 60.0
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—ra = —dCa/dt = kG5 (4)

where, 1,4 is reaction rate (mg/L.min), C, is the pollutant concen-
tration (mg/L), t is time (min) and k is the reaction rate constant of
second order kinetic (L/mg.min). Eq. (5) can be obtained after inte-
gration of Eq. (4). Then Eq. (5) can be rearranged in the form of Eq.
(6).

1/CA—1/CAO:k2t (5)

1/Ca = kyt +1/Cao (6)

where, Cyp is initial concentration of pollutants in mg/L, C, is
pollutant concentration in time of t in mg/L. k, can be calculated
by plotting of 1/C4 versus t.

2.3. Determination of activation energy

The correlation between temperature and reaction rate is differ-
ent in various temperatures. Arrhenius was a chemist who has sug-
gested an equation to show relation between temperature and
reaction rate (Eq. (7)) (Cui et al., 2017).

k = koe & (7)

where, ky is frequency factor of reaction, Ea is activation energy
in kJ/mol, T is temperature in kelvin and R is universal gas constant
in kJ/K.mol. Ea are almost independent from temperature (Dyre
et al., 2006). Eq. (7) can be rewritten as Eq. (8).

Ink = (—Ea/R x (1/T) + Inko (8)

With regression of Ink versus 1/T a liner equation is obtained
that —Ea/R is the slope of the equation and Ink, is its intercept.

2.4. Analytical methods

All the experiments in this section of study were carried out in
the laboratory scale. All the chemicals were purchased from Merck
Company. The pH was measured using AZ digital pH meter model
AZ-86502 made in Taiwan. Dye concentration was measured by
Unico spectrophotometer model S 2100 SUV wavelength of
631 nm (made in US). A lamp emitting monochromatic UV light
at a fixed wavelength (254 nm) was used to UV radiation in the
experiments. UV power was measured by a Digital Light Meter

(made in Taiwan). The temperature was measured using digital
ZH-08 thermometer (made in China).

2.5. Production of ferrate (VI)

Two rectangular iron with dimension of 60 x 24 mm and thick-
ness of 0.63 mm were employed as anode and cathode electrodes,
respectively. The DC voltage used within the range of 1-24 V. An
electrolysis system was assembled to produce ferrate (VI) as
demonstrated in Fig. 1. In this study, 56 g of sodium hydroxide
was dissolved in 100 ml of distilled water to prepare a 14 M solu-
tion. Next, the electrolysis container was filled with 100 ml of 14 M
sodium hydroxide (Fig. 1). Subsequently, electrodes were charged
using DC current with voltage of 9 V and amperage of 1 A for 30
min. Since, ferrate (VI) is converted to ferric (III) as time goes by,
the prepared ferrate (VI) solution must be used in the shortest
time.

3. Results and discussion
3.1 Optimization of UV radiation

Initially, the optimum conditions for dye removal using UV
radiation were determined (Table 3). The results showed that the
dye removal was highest in initial dye concentration of 66 mg/L
using UV radiation. Hence, it was very close to the optimal initial
concentration of 70 mg/L for dye removal using ferrate (VI) oxida-
tion process.

The optimum pH was ranged from 9.8 to 13.5 for the dye
removal using UV radiation. The results showed that the rate of
pollutants removal increased by increasing in pH using UV radia-
tion which was in contrast with oxidation by ferrate (VI). Then,
dyes may disappear due to reaction with hydroxide ion (Du
et al., 2013). Therefore, increasing dye removal under alkaline con-
ditions was not only related to UV radiation.

HRT is another important factor that should be considered for
designing of wastewater treatment reactors (Talaiekhozani et al.,
2016a). The results showed that the optimum HRT was 43 min
for dye removal using UV radiation. Malik and Sanyal (2004)
reported that dye molecules are attacked by UV photons; therefore
longer UV radiation leads to higher rate of wastewater decoloniza-
tion. As reported by Takahashi (1990), for complete removal of

Current generator

Container

+ | | | | | [ -
c- [T
c-
= Iron electrode Iron electrode
anode cathode
Sodium hydroxide
solution

/
/
Electrodes /

Fig. 1. Schematic of the electrochemical cell for ferrate (VI) synthesis.

Table 3

The optimum condition of dye removal by using ferrate (VI) oxidation process and UV radiation.

Removal Pollutants pH Time (min) Temperature UV intensity (mW/cm?) Initial dye concentration Dye removal in optimum conditions (%)
Method (°C)

Ferrate (VI) Dye 14 50 50 - 70.0 95

UV radiation Dye 135 43 45 17 66.5 95
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Fig. 2. The contour plot of dye removal by using UV radiation.

organic compounds from wastewater under optimal conditions
using UV, 2 h HRT is required. The increasing UV radiation inten-
sity has a positive effect on the pollutants removal from wastewa-
ter (Tan et al., 2013). Therefore, increasing UV radiation intensity
may be used instead of increasing HRT in wastewater treatment
by UV radiation alone.

Temperature is another effective parameter on the removal of
organic compounds by both ferrate (VI) and UV radiation
(Talaiekhozani et al., 2016a). The optimum temperature was as
high as 45 °C for dye removal. Eq. (9) is a multidimensional regres-
sion equation which is obtained by RSM. Minitab software which is
a famous and standard software for statistical tests was used to
design and analysis of the data. In statistics, RSM explores the rela-
tionships between several explanatory variables and one or more
response variables. The main idea of RSM is to use a sequence of
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designed experiments to obtain an optimal response. Asadi and
Zilouei (2017) suggest using a second-degree polynomial model
to do this. They acknowledge that this model is only an approxima-
tion, but they use it because such a model is easy to estimate and
apply, even when little is known about the process. RSM can be
employed to maximize the production or removal of a special sub-
stance by optimization of operational factors. In contrast to con-
ventional methods, the interaction among process variables can
be determined by statistical techniques (Asadi and Zilouei, 2017).

Ca=1.17 + (1.264 x Cg) + (1.11 x HRT) + (0.1 x T) + (2.09
x pH) — (0.01891 x Cao x HRT) + (0.0037 x Cgo x T)
— (0.0148 x Cap x pH) — (0.001 x HRT x T) — (0.0819
« pH) — (0.0571 x T x pH) 9)
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where, Cy is initial concentration of dye (mg/L), C4 is concentra-
tion of dye after treatment by UV radiation (mg/L), HRT is hydraulic
retention time (min), T is temperature (°C) and pH is initial pH of
the environment.

Fig. 2(a) shows the relation between HRT and Temperature. It
showed that in higher temperature and HRT, high amount of dye
was removed using UV radiation. Meanwhile, higher pH and HRT
had a better condition for dye removal using UV radiation Fig. 2
(b). In addition, in higher HRT and lower dye concentration, the
dye removal efficiency increased using UV radiation. In addition,
in pHs from 2 to 5, temperature was not an effective parameters
for dye removal using UV radiation while in it was effective in
pH more than 5 (Fig. 2d). lovino et al. (2016) found high removal
of Ibuprofen in alkaline conditions using UV radiation. As pH rises
from 2.25 to 6.6 and 8.25, the Ibuprofen concentration, after an
hour of treatment, decreases to 45, 34 and 27% respectively. As
reported by Gupta et al. (2011), the pollutants removal was
increased in pH 11 in a photocatalytic process under UV radiation.
As a result, these studies showed that the pollutants removal from
water using UV radiation could be enhanced under alkaline
condition.

As shown in Fig. 2(c), in concentration of dye less than 20 mg|/L,
HRT was not an effective factor using UV radiation. In this condi-
tion, dye can be completely removed from wastewater in 10 min.
HRT was an effective factor once the initial concentration of dye
increased to more than 50 mg/L. The results showed that the most
important factor for dye removal using UV radiation was the initial
concentration of dye while temperature does not have a significant
effect (Fig. 2(e)). Almost all the dye can be removed using UV radi-
ation in pH more than 12 and initial dye concentration up to 20
mg/l (Fig. 2(f)). In this study, the removal of dye from water using
UV radiation in optimum condition was 95%.

Several by-products such as organic aldehydes halides, inor-
ganic acids, metals and organic acids can be formed during the
removal of dyes by photocatalytic reactions (Yang et al., 1998).
The amount of by-products depends on the amount of impurities
in water. Some advantages were reported for using UV to remove
dye from water such as no sludge is produced and foul odors are
greatly reduced (Robinson et al., 2001).

Table 4 illustrates the ANOVA analysis for dye removal using UV
radiation. The model P value was lower than 0.0001, which indi-
cates that the model terms were significant. It should be noted that
a P value lower than 0.05 shows the significant factors of the
model. Initial dye concentration, HRT and pH parameters were
the most significant parameters of the proposed correlation based

on Eq. (1). The results showed the P value was 0.709 which showed
2-way interaction between C49 and pH and there was no significant
effect on the dye removal using UV radiation. Also, the P value for
2-way interaction between HRT and T, HRT and pH and T and pH
were calculated that they do not had significant effects on the
dye removal.

3.2. Optimization of ferrate (VI) oxidation process

The ferrate (VI) oxidation process was done in laboratory scale
and into the Erlenmeyer flasks. The optimum conditions for dye
removal from wastewater using ferrate (VI) are shown in Table 3.
The results showed that initial concentration of 66 mg/L was the
best value for dye removal using ferrate (VI) oxidation. It was close
to best value of initial concentration for dye removal using UV radi-
ation. In addition, the optimum pH was 1.4 for dye removal using
ferrate (VI). Talaiekhozani et al. (2017a) reported that decreasing of
pH has a positive effect on removal of organic compounds by fer-
rate (VI). Li et al. (2009) reported that ferrate (VI) solution is an
unstable compound and very strong oxidant especially in pH below
6. They also found that ferrate (VI) is not an effective oxidant when
pH is higher than 9. In another study, Aslani et al. (2017) reported
that the pH 3 is the optimum pH for the removal of trichloroacetic
using ferrate (VI). It is reported that pH 7 is the best pH for degra-
dation of Benzene and Toluene while pH 9 is a suitable pH for the
removal of Ethyl benzene and Xylenes from wastewater using fer-
rate (VI) (Minetti et al., 2017).

In this study, the optimum concentration of ferrate (VI) for dye
removal was 17 mg/L. Aslani et al. (2017) found that the optimum
concentration for removal of trichloroacetic was 4.26 mg/L of fer-
rate (VI). Malik et al. (2017) showed that ferrate (VI) alone is not
able to remove considerable amount of COD, dye and toxicity from
textile wastewater. Meanwhile, in combination with ferrous sul-
fate it can remove 40 mg/L of the pollutants in the optimal ferrate
(VI). Minetti et al. (2017) also reported that methyl tert-butyl ether
could not be easily removed by ferrate (VI); therefore, MTBE was
categorized as a recalcitrant compound which is difficult for degra-
dation by ferrate (VI).

The results showed that the optimum HRT was at 50 min for
dye removal using ferrate (VI) oxidation. As reported by Aslani
et al. (2017), HRT did not have any significant effect on pollutants
removal using ferrate (VI). This is due to the quick reaction
between ferrate (VI) and dye; therefore HRT does not contribute
for removal of dye as the mixing speed is the limiting factor. The
results of this study showed that ferrate (VI) oxidation process

Table 4

The ANOVA analysis for dye removal using UV radiation.
Source DF Adj SS Adj MS F-Value P-Value
Model 11 5932.15 539.29 10.71 0.000
Blocks 1 69.45 69.45 1.38 0.256
Linear 4 5337.62 1334.40 26.50 0.000
Cao 1 2747.97 2747.97 54.57 0.000
HRT 1 451.79 451.79 8.97 0.008
T 1 46.62 46.62 0.93 0.349
pH 1 2091.23 2091.23 41.53 0.000
2-Way Interaction 6 525.09 87.51 1.74 0.169
Cao xT 1 280.14 280.14 5.56 0.030
Caox T 1 2.29 229 0.05 0.834
Cao x pH 1 7.22 7.22 0.14 0.709
HRT x T 1 0.17 0.17 0.00 0.954
HRT x pH 1 213.53 213.53 4.24 0.054
T x pH 1 21.74 21.74 0.43 0.519
Error 18 906.46 50.36
Lack-of-Fit 14 876.44 62.60 8.34 0.027
Pure Error 4 30.02 7.51
Total 29 6838.60
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Fig. 3. The contour plot of dye removal by using ferrate (VI) oxidation process.

needs a very low HRT compared by other oxidants. Low HRT means

that smaller wastewater treatment plants can be designed with
lower construction cost.

Based on the results, the optimum temperature was at 50 °C
for dye removal using ferrate (VI) oxidation. Eskandari (2016)
and Talaiekhozani et al. (2016a) reported that by increasing
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temperature to more than 50 °C, the conversion rate of ferrate (VI)
to Fe (Il) increased while the pollutants removal is decreased.
Eq. (10) was developed based on the RSM experiments to predict
concentration of dye after ferrate (VI) oxidation process.

Ca=11.1+ (0.205Fe) + (0.051 x Cyo) + (0.082 x HRT)
— (425 x pH) + (0.573 x T) — (0.02028 x Fe x Cs)
—(0.001 x Fe x HRT) + (0.1704 x Fe x pH) — (0.0268
x Fe x T) — (0.00081 x Cyo x HRT) + (0.1347 x Cyo
x pH) — (0.00033 x Cgo x T) + (0.0054 x HRT x pH)
—(0.002 x HRT x T) — (0.023 x pH x T) (10)

where, Cy is initial concentration of dye (mg/L), C, is concentra-
tion of dye after treatment by UV radiation (mg/L), HRT (min), T is
temperature (°C), Fe is concentration of Ferrate (VI) (mg/L) and ini-
tial pH.

Fig. 3(a) shows interaction between dye concentration and fer-
rate concentration. As can be seen, initial dye concentration had a
great effect on dye removal using ferrate (VI) oxidation process. In
higher concentrations of dye, higher amount of ferrate (VI) is
needed, therefore ferrate (VI) concentration was considered as a
limiting factor. In contrast, in dye removal by UV radiation temper-
ature was an important factor in ferrate (VI) oxidation process
(Fig. 3b). The results revealed that in higher temperatures, lower
HRT was required for dye removal from wastewater using ferrate
(VI) oxidation process. Average of annual temperature can be used
to design a ferrate (VI) oxidation process.

It was reported that for removal of organic pollutants by ferrate
(VI) oxidation process no by-products are formed (Talaiekhozani
et al.,, 2016b). Therefore, using ferrate (VI) oxidation process is bet-
ter than using other common oxidant such as chlorine as they can
produce several dangerous by-products.

The ANOVA analysis for dye removal by ferrate (VI) oxidation
process is shown in Table 5. The model P value was lower than
0.0001, which indicates that the model terms are important.
According to the ANOVA analysis, the proposed correlation is valid
(Eq. (10)). Cao, pH, Fe x Cag, Fe x pH and C4oxpH parameters were
the most significant terms of the proposed correlation.

3.3. Kinetics

3.3.1. Kinetics of pollutants removal by ferrate (VI)

Fig. 4 shows the variations of In(C4/Cap) versus t and also, vari-
ation of 1/C4 versus t to calculate kinetic coefficients (k; and ky)
when ferrate (VI) oxidation process was used. In Fig. 4, C4o means
initial concentration of dye in each experiment which was calcu-
lated at different temperatures. Also, first and second order kinetic
coefficients of removal of dye by ferrate (VI) are shown in Table 6.
The results showed that kinetic coefficients for both first and sec-
ond order reactions increased with increasing in temperature
(Fig. 4a and b). It shows that dye removal depends on the temper-
ature as the higher amount of dye removed in the higher
temperatures.

3.3.2. Kinetics of pollutants removal by UV radiation

Kinetics, also known as reaction Kinetics, is the study of rates of
chemical processes. Kinetics includes investigations of how differ-
ent effective parameters such as temperature can influence the
speed of a chemical reaction. In this section of study, kinetics of
pollutants removal by UV radiation were investigated. The varia-
tions of 1/C, versus of t for different temperatures using UV radia-
tion are shown in Fig. 5. The slope of regression equation was the
kinetic coefficient (k;). Also, kinetics reaction coefficients of dye
removal by UV radiation are shown in Table 7. Results showed that
k- is equal of 0.00005 L.mg/min for all tested temperatures. Also, k;
is between 0.0033 and 0.0035 L/min.

3.4. Activation energy

Activation energy is defined as the energy that must be accessi-
ble in a chemical process to result in a chemical reaction. Activa-
tion energy can also be defined as the minimum energy required
to start a chemical reaction. The rate controlling step can be partly
characterized by the observed activation energy for a process, and
studying the effect of temperature on rate yields information relat-
ing to optimum operations conditions and also permits evaluation
of the activation energy, thus leading to a means for determining
the nature of the rate limiting reactions (Fell et al., 2017).

Table 5

The ANOVA results of dye removal by ferrate (VI) oxidation process.
Source DF Adj SS Adj MS F-Value P-Value
Model 16 7381.90 461.37 33.77 0.000
Blocks 1 90.69 90.69 6.64 0.014
Linear 5 6339.86 1267.97 92.81 0.000
Ferrate (VI) 1 188.08 188.08 13.77 0.001
Co 1 3473.21 3473.21 254.23 0.000
HRT 1 0.00 0.00 0.00 0.992
pH 1 2669.59 2669.59 195.40 0.000
Temperature 1 8.98 8.98 0.66 0.423
2-Way Interaction 10 951.35 95.13 6.96 0.000
Fe x Cao 1 79.44 79.44 5.81 0.021
Fe x HRT 1 0.12 0.12 0.01 0.926
Fe x pH 1 228.23 228.23 16.71 0.000
Fe x T 1 28.20 28.20 2.06 0.159
Cao x HRT 1 0.36 0.36 0.03 0.872
Cao x pH 1 610.23 610.23 44.67 0.000
Caox T 1 0.02 0.02 0.00 0.971
HRT x pH 1 0.66 0.66 0.05 0.827
HRT x T 1 0.47 0.47 0.03 0.855
pH x T 1 3.62 3.62 0.26 0.610
Error 37 505.49 13.66
Lack-of-Fit 27 497.79 18.44 23.96 0.000
Pure Error 10 7.70 0.77

Total 53 7887.38
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Fig. 4. (A) variations of In(Ca/Cap) versus t and (B) variation of 1/C, versus t when ferrate (VI) oxidation process was used (t was varied from 1 to 40 min).

Table 6
Kinetics reaction coefficients for dye removal from wastewater by using ferrate (VI) oxidation process.
No. Temperature (°C) Second order kinetics First order kinetics
K, (mg/L.min) R? K; (1/min) R?
1 20 0.000006 1 0.0004 1
2 25 0.000003 1 0.0002 1
3 30 0.0000003 1 0.00002 1
4 35 0.000003 1 0.0002 1
5 40 0.000005 1 0.0004 1
7 45 0.000008 1 0.0007 1
7 50 0.00001 0.99 0.0005 1
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Fig. 5. (A) Variations of 1/C4 versus of t and (B) variations of In(Ca/Cap) versus t when UV radiation was used (t was vitiated from 1 to 40 min).
Table 7
The first and second order kinetics reaction coefficients for dye removal from wastewater by using UV radiation.
No. Temperature (°C) Second order kinetics First order kinetics
k; (L/mg.min) R? k; (L/min) R?
1 20 0.00005 0.99 0.0033 0.99
2 25 0.00005 0.99 0.0033 0.99
3 30 0.00005 0.99 0.0034 0.99
4 35 0.00005 0.99 0.0035 0.99
5 40 0.00005 0.99 0.0036 0.99
7 45 0.00005 0.99 0.0037 0.99
7 50 0.00005 0.99 0.0038 0.99
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Table 8
Calculated activation energy for both ferrate (VI) oxidation process and UV radiation.
Removal Method Reaction order Activation energy (kJ/mol) ko R?
Ferrate (VI) Oxidation process First order 33.400 0.008 1.00
Second order 34.089 2.13 1.00
UV radiation First order 3.974 60.2 0.97
Second order 0.082 1 0.99

Lin and Leu (1999) reported that the activation energy for
removal of anionic alkylbenzene sulfonate and linear alkylbenzene
sulfonate by Fenton process is 10.620 and 8.081 kJ/mol, respec-
tively. Mckay et al. (1980) found activation energy of 13.2 + 0.6
KkJ/kg for removal of dye from wastewater. Calculated activation
energy for both ferrate (VI) oxidation process and UV radiation
are shown in Table 8. Also, (Gleston et al., 1941) reported that
the activation energy of the dye removal by adsorbents should
be within the range of values of 8-22 kj/kg.

4. Conclusion

Both UV radiation and ferrate (VI) oxidation process were able
to remove 1,9-dimethyl-methylene blue zinc chloride double salt.
The optimum conditions for the removal of dye using ferrate (VI)
oxidation process were pH of 1.4, temperature of 50 °C, HRT at
50 min and initial dye concentration of 70 mg/L. Also, the optimum
conditions for the dye removal using UV radiation were pH of 13.5,
temperature of 45 °C, HRT at 43 min and initial dye concentration
of 66 mg/L. It was found that removal of dye from wastewater by
both ferrate (VI) oxidation process and UV radiation followed first
order kinetics. In addition, the activation energy for the dye
removal by ferrate (VI) oxidation process in first order kinetics
was 33.4 kJ/mol. As the mechanism of dye removal by ferrate
(VI) is not clear; therefore, further studies are needed to under-
stand exact mechanisms of dye removal using UV radiation. Since
several studies reported that ferrate (VI) is a cheap and powerful
oxidant, it can be a good option for the removal of recalcitrant
compounds from wastewater.
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