& Desalination and Water Treatment 57 (2016) 19344-19356

¢ www.deswater.com September
(
Taylor & Francis
doi: 10.1080/19443994.2015.1098573 Taylor & Francis Group

Decolorization kinetics of Acid Blue 161 by solid peroxides catalyzed by iron
in aqueous solution

Alam G. Trové?, Pavels Senivs®, Ular Palmiste®, Mika Sillanpaa“, Walter Z. Tangb’*

“Instituto de Quimica, Universidade Federal de Uberlindia, Uberlindia—MG 38400-902, Brasil, email: alamtrovo@iqufu.ufu.br
"Department of Civil and Environmental Engineering, Florida International University, Miami, FL 33174, USA,

emails: pavels.senivs@gmail.com (P. Senivs), ylar.palmiste@gmail.com (U. Palmiste), Tel. +1 305 348 3046; Fax: +1 305 348 2802;
email: tangz@fiu.edu (W.Z. Tang)

Faculty of Technology, Department of ChemTech, Lappeenranta University of Technology, 53850 Lappeenranta, Finland,

email: mika.sillanpaa@lut fi

Received 24 June 2015; Accepted 16 September 2015

ABSTRACT

Decolorization of Acid Blue 161 (AB161) by solid peroxides such as CaO, and Na,O, catalyzed
by iron in aqueous solution was investigated. The effect of initial pH, concentration of H,O,,
Fe*, and AB161 on the decolorization kinetics was investigated and compared with the results
by liquid H,O,. The experimental results show that decolorization of AB161 follows the sec-
ond-order kinetic. The second decolorization rate constants and oxidation efficiency at different
initial pH, Fe?*, H,O,, and AB161 concentration were correlated with dimensionless ratios such
as H,O,/Fe** or H,O,/AB161. About two dozens of correlation equations are developed in this
paper to quantify the effect of the variables on the decolorization rate constants of AB161.
Among solid peroxides such as CaO, and Na,O, and liquid H,O,, the optimal pH and [Fe?*]
are 2.5 and 5.0 x 10 mol L™}, while the concentration of CaO,, Na,O,, and H,O, is 0.30,
0.25g L™ and 3.1 x 107> mol L™, respectively. Our experimental results show that decoloriza-
tion kinetics of AB161 using liquid H,Os is faster than that using CaO, and Na,O, catalyzed by
Fe?*, while decolorization rate of AB161 by CaO, is slightly faster than that by Na,O, due to
the fact that the CaO; is a fine powder of an average diameter of 0.74 mm and NayO; is a parti-
cle with an average diameter of 1 mm. Regardless of the solid or liquid peroxide forms, e.g.
Ca0,, NayO,, or liquid H,O,, the optimal molar ratio H,O,/ Fe?* of 12 obtained experimentally
agreed reasonably with the theoretical predicted value of 11. In addition, the decolorization
efficiency, #, is also not affected by the form of peroxides and decreases with the H,O,/AB161
when H,O,, Fe**, and pH were fixed at 3.1 x 103,50 x 10 * mol L', and 2.5, respectively.
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1. Introduction vivid color [1,2]. These dyes are highly recalcitrant
compounds and resistant to natural decomposition in
the ecosystem. In addition to the esthetic problems
related to the color of these dyes, they strongly absorb
sunlight, thus hinder the photosynthetic activity of
*Corresponding author. aquatic organisms and plants [3]. Some of the azo

Azo dyes are a widespread synthetic commercial
dyes which are characterized by azo bond (-N=N-) of
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dyes are mutagenic, carcinogenic, or toxic in nature.
Therefore, they may pose significant environmental
damage if they were discharged into water bodies
without adequate treatment [4-6].

Several conventional techniques to remove azo
dyes are chemical coagulation, sedimentation, or
adsorption by activated carbon [7-9]. However, these
processes are phase transferring technologies without
actual degradation of dyes. Advanced oxidation pro-
cesses (AOPs), on the other hand, have attracted a lot
of attention due to their ability to destroy azo bonds
of these commercial dyes [10]. The key species of
oxidants in AOPs is hydroxyl radical (HO") which is
highly reactive and is able to oxidize the most recalci-
trant pollutants such as azo dyes. Thermodynamically,
hydroxyl radical has a high oxidation potential
(E = +2.80 V) which is lower only than that of fluorine
(E=+3.03V). Kinetically, it reacts with organic
pollutants such as azo dyes with diffusion controlled
rates [11,12].

Among AOPs reported, Fenton process is one of
the simple, effective, fast, and efficient oxidation
processes [1,2]. Traditionally, liquid hydrogen perox-
ide was used with ferrous iron to generate HO-, while
ferrous iron is oxidized to ferric iron (Eq. (1)) [13,14].
Ferric iron produced through Eq. (1) is also able to
react with H,O, to regenerate ferrous iron while
producing peroxide radical as shown in Eq. (2).
However, the reaction is three to four magnitude
slower than the reaction rate of ferrous iron with
H,O, (Eq. (2)) [15,16]. Therefore, it contributes to
much slower oxidation kinetics during the Fenton
oxidation of azo dyes. As a result, two stages of oxida-
tion kinetics are typical during Fenton oxidation of
organic pollutants.

Fe’* + H,0, — Fe*t + HO" + HO™

1
ki =76mol ' Ls™' @
Fe’™ + H,0, — Fe*" + HO; + H' )
kp =10 —102mol ' Ls™
Fenton process wusually is affected by several

parameters such as concentration of iron, hydrogen
peroxide, target compound, and pH. When liquid
H,O, is utilized, scavenging effect of hydroxyl
radical by liquid H,O, and iron as shown in Egs. (3)
and (4) requires the optimal molar ratio of H,O,/Fe**
to be 11 [17].

HO + H,O, — H02 + H,0O

ks =2.7x10" mol ' Ls! ©)
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ks =3x10° mol ' Ls!
4)

Fe?* + HO" — Fet + HO™

When solid peroxide such as CaO, and NayO, is
used, H,O, has to be released from solid peroxide
before Fenton reaction takes place. Since there is a
time delay during the H,O, releasing process, an
immediate question is whether the optimal molar ratio
11 between H,O, and Fe®" also holds true when solid
peroxide such as CaO, and Nay,O, is used as the
source of H,O,. In other words, whether the releasing
kinetics of H,O, from solid peroxide into solution
could shift the optimal ratio of H,O,/ Fe** required for
the most efficient oxidation of azo dye such as AB161
remains unanswered. In the past, CaO, was only
applied to soil remediation. For example, it was
reported that degradation efficiency of petroleum
hydrocarbons [18] and polycyclic aromatic hydrocar-
bon [19] in soil by CaO,/Fe** was better than that by
liquid H,O,/ Fe?*, because in situ generation of H,O,
from solid peroxide is slow and tends to minimize
inefficient parallel reactions, i.e. the scavenging of
hydroxyl radicals by liquid H,O, (Eq. (3)).

To our knowledge, only a few papers investigated
H,0; releasing kinetics of CaO, in aqueous solution.
For example, Northup and Cassidy [20] reported grad-
ual release of hydrogen peroxide from CaO; at various
pH levels. According to their data, the releasing rate
of hydrogen peroxide from CaO, was much faster at
low pH than that at higher pH. However, no data
have ever been reported on H,O, releasing kinetics
from sodium peroxide, as well as their implication as
a source of H,O, during the degradation of the azo
dye, Acid Blue 161 (AB161), in aqueous solution.
Therefore, the objectives of the current study are to
investigate the influence of different solid peroxide
such as CaO, and NayO, at different initial pH,
dosage of Fe?*, and AB161 concentration on the decol-
orization kinetics of AB161 and to compare the decol-
orization kinetics by solid peroxides with that by
using liquid H,O,.

2. Experiment
2.1. Reagents

All solutions were prepared by using deionized
water. The AB161 standard (Aldrich) was used as
received. H,O, (50% w/w) and FeSO,-7H,O (Fischer
Scientific), CaO, (75% w/w; 200 mesh particle size),
NaySO; and NaOH (Sigma-Aldrich), and NayO, (96%
w/w; 1mm average diameter) (Acros Organics)
were used as received. Solution of ammonium
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metavanadate (MP Biomedicals) was prepared at a
concentration of 0.062 molL™! in 0.58 mol L™} H,50,
(J.T. Baker) and used for H,O, quantification.

2.2. Yield of H,O, from CaO, and Na,O, dissolution

H,0, releasing kinetics from CaO, and NayO, dis-
solution was investigated at pH of 3 and 8, and differ-
ent concentrations of the solid peroxides ranging from
0.6 to 48 g L', respectively. Considering the purity of
the solid peroxides and the hydrolysis reactions of
Egs. (5) and (6), the theoretical concentrations of H,O,
to be released from CaO, and Na,O, solid should
range from 6.2 x 107 to 5.0 x 107" mol L™" and from
74 x107% to 5.9 x 107! mol L™, respectively.

CaOx(s) + 2Hr0q) — HoOsag) + Caqu) +2HO,, (5)

Nazoz(s) + ZHzo(aq) — HzOz(aq) +2Na/

(aq) T ZHO(qq)

(6)

The dissolution of CaO, and Na,O, increases the
solution pH due to continuously releasing HO™ (Egs.
(5) and (6)). Therefore, the pH was adjusted to the ini-
tial desired value by using either H,SO4 or NaOH
with concentrations of 9, 3 or 1 mol L}, respectively.
H,SO,4 of the same concentration was also used to
maintain constant pH of the solution, while the H,O,
concentration in the aqueous phase was measured.

The dissolution experiments were carried out using
200 mL of deionized water (in the presence of differ-
ent concentrations of the solid peroxides at different
pH) in a beaker with magnetic mixing at 150 rpm.
Sample aliquots (1.5 mL) were taken between 0.5 and
5 min. The samples were left at rest to separate the
remaining solid peroxide powder from 0.5 to 1.0 min
before ammonium metavanadate was added. Finally,
a sample was taken from the supernatant to determine
H,0; released in the aqueous phase.

2.3. Fenton experimental procedure

Fenton experiments were carried out using 200 mL
of AB161 solutions in a beaker with magnetic mixing
of 150 rpm. First, the effect of pH from 2.0 to 4.0 on
the decolorization kinetics of 1.0 x 10™* mol L™! AB161
was investigated with different H,O, sources such as
CaO,, NayO,, or liquid H,O,, respectively. 0.60 or
050 g L' of the commercial powders of CaO, and
Na,O, and 3.0 x 10> mol L™! Fe?** were used. The
amount of CaO, and Na,0O, was selected to release an
initial theoretical amount of H,O, of 6.2 x 10> mol L™*
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(Egs. (5) and (6)). Experiments using this same amount
of liquid H,O, were also carried out to compare
the degradation efficiency from different H,O,
sources. Each experiment was started by adding the
desired volume of a stock solution of FeSO,-7H,O
(0.25 mol L™") in a beaker containing a known amount
of AB161. Since pH increases significantly during the
dissolution of CaO, and Na,O, due to the hydrolysis
reaction of solid peroxide, the pH was adjusted using
either H,SO, or NaOH with concentration of 9, 3 or
1mol L™". The H,SO, or NaOH solutions were also
used to keep the pH at the desired value during the
Fenton experiments (Eqs. (5) and (6)). The desired
amount of H>O, (solid or liquid source) was added in
a single step. To monitor the AB161 decolorization
rate, 3 mL sample aliquots were taken between 15s
and 10 min. This sampling procedure was used for all
the other experiments.

Second, under the optimal pH of 2.5 which was
determined in the first step, initial concentrations of
the solid peroxides of either CaO, or Na,O, were used
so that the theoretical amount of 6.2 x 107> mol L™"
H,O, could be produced. Fenton experiments
were carried out to investigate the effects of various
Fe>* concentrations ranging from 25x107° to
50x10"*mol L™' on the decolorization kinetics of
1.0 x 10* mol L™ AB161 solution.

Third, at the optimal pH of 2.5 and Fe**concentra-
tion of 5.0x10*mol L™, Fenton experiments were
carried out to investigate the effects of the initial con-
centration of CaO, (ranging from 0.037 to 0.88 gL ™"
and Na,O, (ranging from 0.031 to 0.75gL™") on the
decolorization kinetics of 1.0 x 107*mol L™" AB161.
The theoretical amount of H>O, produced is expected
to vary from 3.8 x 107* to 9.2 x 10> mol L™". The same
experiments were carried out using liquid H,O, to
compare the results with the decolorization kinetics of
ABL161 by either CaO, or Na,O,, respectively.

Fourth, under the optimal experimental conditions:
pH (2.5), Fe** (5.0 x 10*mol L™"), CaO, (0.30 g L™,
Na,O, (0.25 g L™, or liquid H,O, (3.1 x 1072 mol L™,
Fenton experiments were conducted to investigate the
effect of the initial AB161 concentration ranging from
1.0x107* to 1.8 x10*mol L™" on the decolorization
kinetics of AB161.

For all the experiments, an excess of NaySOj
solution (1 mol L") was added to a sample before its
analysis. The addition of overdosed Na,SO3 terminates
the Fenton reaction by removing the residual H,O,
from the sample. The sample was left at rest to
separate solid peroxide from the sample from 0.5 to
1.0 min before absorbance of the sample was
measured.
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2.4. Analytical methods

ABI161 concentration during Fenton experiments
was determined through the maximum absorbance
measured at the wavelength (Amax = 600 nm) by a pre-
established calibration curve. Hydrogen peroxide was
quantified spectrophotometrically as described by
Nogueira et al. [21].

3. Results and discussion

3.1. H,0; releasing kinetics during CaO, and Na,O,
dissolution

Fig. 1 shows that the H,O, releasing kinetics
during dissolution of different concentration of CaO,
and Na,O, at different initial pH.

Three major conclusions can be reached from
Fig. 1. First, the dissolution rate of CaO, and Na,O,
highly depends upon initial pH. Acidic solution at pH
3 will have faster initial dissolution kinetics than basic
solution at pH 8. Second, it took about two minutes to
completely release H,O, for both CaO, and NayO,.
And third, the H;O, releasing kinetics from CaQ, is
faster than that from NayO, during the first two
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minutes. Since NayO, has a higher purity than CaO,,
it was assumed that Na,O, would release H,0O, faster
than CaO,. However, when Fig. 1(a) was compared
with Fig. 1(c) at 0.6, 1.2, and 6 g L7, the H,O, releas-
ing rate from CaO, is slightly faster than that from
NayO, during the first two minutes due to different
particle sizes of CaO, and Na,O,. In our experiments,
Ca0, is a fine powder with average particle size of
0.074 mm (200 mesh), which favors its dissolution due
to its higher specific surface area. On the other hand,
NaO, is in the form of small ball with an average
diameter of about 1 mm. As a result, the specific area
of CaO, is significantly higher than that of NayO,.
Therefore, the H,O, releasing rate from CaO, is signif-
icantly faster than that from Na,O, when Fig. 1(b)
Ca0O, is compared with Fig. 1(d) NayO, during the
first two minutes, although the same amount of H,O,
was observed at the end of five minutes.

H,0, concentration reached a constant level after
two minutes due to complete dissolution of the solid
peroxide. The theoretical amount of H,O, expected at
pH 3 for both CaO, and Na,O, was confirmed by
measuring the H,O, concentration in the aqueous
solution. However, the same behavior was not
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Fig. 1. H,O, releasing kinetics of from CaO, (a and b) and NayO, (c and d) dissolution at different concentrations of the
peroxide salts, at pH 3 (solid symbols) and pH 8 (open symbols).
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Table 1

Second-order decolorization rate constants (k) and correlation coefficients (R?) for each pH using different H,O, sources
CaOz H202 N a202

pH k (mol ' L min™ ") R? k (mol ' L min") R? k (mol ' L min™?) R?

2.0 3472 0.90 3,230 0.82 3,405 0.94

2.5 4,878 0.99 12,865 0.99 4,155 0.99

3.0 2,936 0.98 4,592 0.99 1,362 0.95

3.5 199 0.96 2,588 0.96 203 0.98

4.0 91 0.99 532 0.67 76 0.74

Notes: Experimental conditions: 3.0 x 103 mol L™! Fe?*, 0.60 gL_1 of the commercial powder of CaO, (6.2 x 103 mol L™! H,0,) or
050g L™ of NayO, (62x10°molL™ H,0,), and/or 62x10°molL™" of liquid H,0, during Fenton decolorization of

1.0 x 10~* mol L™! AB161.

observed at higher concentrations of the solid perox-
ide at pH 8, because of the low stability of hydrogen
peroxide in basic medium, where solid peroxides tend
to decompose into water and oxygen [22]. Indeed,
oxygen bubbles were observed during the dissolution
experiments in basic solution. In addition, temperature
increased significantly to 30°C due to the exothermic
dissolution of CaO, and Na,O, at the higher concen-
trations of solid peroxide powder. The high tempera-
ture further increases decomposition of hydrogen
peroxide into oxygen and water [22].

The results obtained in the present study are
inconsistent with previous work reported by Northup
and Cassidy [20], who reported 4h to 6d to com-
pletely dissolve CaO, at pH from 6 to 9, respectively.
The major reason for this discrepancy lies in the fact
that buffered solution such as NaH,PO4H,O or
Na,HPO,7H,0 was used in their study to keep con-
stant pH. In our study, the buffer solution significantly
decreased H,0, released from CaO, as tested. In addi-
tion, no noticeable decolorization of AB161 by Fenton
process in the presence of buffered solutions was
observed. Therefore, the present work did not use the
buffer solution during decolorization of AB161 by
CaO, or NayO, Dbecause iron precipitates by
phosphate [23] and prevents its reaction with H,O, to
produce hydroxyl radicals. For these reasons, pH was
controlled by addition of either H,SO, or NaOH
solution.

3.2. Influence of pH

Before the effect of pH on the decolorization of
ABI161 is systematically assessed, kinetic models were
used to quantify the effect. In the literature [24-26], dif-
ferent decolorization kinetic orders of dyes by Fenton
process were reported. Some researchers applied the
first-order kinetic model [24,25] while others used the

second-order kinetic model [26]. To determine which
kinetic model could best fit our experimental data,
zero-, first-, and second-order kinetic models were
used. The best kinetic model for all the experiments in
this study is the second-order kinetics. Table 1 shows
that the correlation coefficient (R?) of the second-order
kinetic model ranged from 0.90 to 0.99 at pH of 2, 2.5,
3.0, and 3.5. It also presents that correlation coeffi-
cients, R? for the second-order kinetic constants of
Ca0O,, NayO,, and H,O, at pH 4 decreased to 0.99,
0.74, and 0.67, respectively. Therefore, as pH increases,
the degradation mechanism may have changed.
Indeed, degradation kinetics of azo dye by Fenton pro-
cess can be quite complex due to a great number of
steps taking place simultaneously during the Fenton
process [27]. For example, in the first step, ferrous ions
react quickly with H,O, to produce hydroxyl radical
and ferric ions during the Fenton reaction, (Eq. (1)). In
the second step, ferric ions can also react with H,O, to
generate hydroperoxide radicals (Eq. (2)), and re-pro-
duce ferrous ions, which cause the second stage degra-
dation of the azo dye. The two-stage reactions have
been confirmed by our experimental data.

Once the second-order kinetic model is selected,
the effect of initial pH (ranging from 2.0 to 4.0) on the
decolorization rate of AB161 by Fenton process from
different sources of H,O, is shown in Fig. 2. Clearly,
the optimal pH is 2.5 for both the solid or liquid
H,0,. The decolorization rates follow the order of lig-
uid HyO, > CaO, > NayO,. When pH increased above
2.5, the decolorization rate decreases due to decreased
iron solubility and less amount of H,O, released from
Ca0O, and NayO,. On the other hand, AB161 decol-
orization rates decreased with the decrease in pH
when the pH is below 2.5 because excessive H" scav-
enges hydroxyl radicals and form a stable oxonium
ion (H;05) with H,O,, which prevents H,O, to react
with iron and to generate hydroxyl radicals [17,28].
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Fig. 2. Influence of pH and source of H,O, on the decol-
orization rates of AB161 by Fenton process. Initial condi-
tions: [AB161]1=1.0 x 10 *mol L™}, [CaO,] and [Na,O,]
=0.60 and 0.50 g L™', respectively, of the commercial pow-
ders; [HyO,] = 6.2 x 1072 mol L ™! of liquid H,0s.

Apparently, fast reaction between Fe’* and liquid
H,0,, in the first few seconds/minutes, is favored in
the homogeneous solution such as liquid H,O,/ Fe**.
In heterogeneous systems containing either CaO, or
NayO,, HyO; has to be produced in situ by dissolution
of the peroxide solids. Since CaO, has a higher
specific surface area than NayO,, the observed decol-
orization rate, therefore, follows an order: liquid
HzOg > CaOz > Na202.

3.3. Influence of Fe** concentration

The influence of Fe®" concentration was evaluated
by fixing the initial H,O, concentration at
3.0x 10 mol L™" and pH at 2.5. Table 2 shows that
decolorization kinetics of AB161 also followed the sec-
ond-order at all the Fe** concentration evaluated. The
correlation between the AB161 decolorization second-
order rate constants and different initial Fe** concen-
trations are presented in Fig. 3.

Fig. 3(a) shows that the AB161 decolorization rate
constants by CaO, and NayO, as H;O, sources
increase linearly with Fe?* concentration. The slopes
are 1.6 x 107 and 1.3 x 10” for CaO, and Na,O, with
the same correlation coefficient R” of 0.99, respectively,
as follows:

k =1.60 x 107 x [Fe**] + 382 )
k=1.33 x 107 x [Fe*"] + 278 ®)

On the other hand, AB161 decolorization rate con-
stants increased exponentially with Fe** concentration
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when liquid H,O, was used as shown in Fig. 3(b). The
regression equation (Eq. (9)) with a correlation coeffi-
cient R* of 0.97 is expressed as follows in Fig. 3(b):

In k = 7871 x [Fe**]| + 7.06 ©

As an experimental control, no AB161 decolorization
was observed in the presence of 6.2 x 107> mol L™"
H,0, without Fe**, which confirmed the catalytic role
of Fe** in the Fenton process.

3.4. Influence of H,O, concentration

The influence of H>,O, concentration from different
sources of H,O, was evaluated by fixing the initial
Fe®" concentration at 5.0 x 107 mol L™" and pH at 2.5.
Fig. 4 suggests that the second-order kinetic is the best
model for all the H,O, concentration evaluated. Table 3
presents the statistics of the correlations between the
AB161 decolorization second-order rate constants and
different initial concentrations of CaO,, NayO,, or lig-
uid H,O,, where H,O, concentration ranged from
38x107*t09.2x 102 mol L™".

From Fig. 4(a) and (b), three correlation equations
(Egs. (10)—(12)) between the decolorization rate con-
stants and H,O, concentration with a correlation coef-
ficient, R, greater than 0.98 are obtained as follows:

k =2.05 x 10° x [Hy0,] + 277 (10)
k=126 x 10° x [HyOs] 4 225 (11)
k =8.31 x 10° x [HyO,] — 3085 (12)

Table 3 shows that the AB161 decolorization rate
constants increase linearly with concentration of solid
peroxide up to 0.30 and 025gL™' of CaO, and
NayO,, respectively. The theoretical amount of
3.1 x10° mol L' H,O, was confirmed in the experi-
ment. When the concentration of the commercial pow-
ders of CaO, and Na,O, was doubled to 0.60 and
050 g L™", respectively, theoretical amount of
6.2 x 107 mol L™ H,O, released were also experimen-
tally confirmed. The decolorization rate constant
increased but was not doubled. Fig. 4(a) shows that
when concentration of CaO, and Na,O, increased fur-
ther to 0.89 and 0.75 g L' with theoretical amount of
9.2 x 10 mol L' H,0,, the decolorization rate con-
stants of AB161 were unchanged or even decreased. On
the contrary, Fig. 4(b) suggests that decolorization rate
constants increase linearly with liquid H,O, concentra-
tion. During the first a few minutes, Fe®* reacts with
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Table 2
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Second-order decolorization rate constants (k) and correlation coefficients (R?) for each Fe** concentration evaluated using

different H,O, sources

CaOz HzOz Nazoz
H,O.

Fe®" (mol L) [[F;Z*Z]] k (mol ' L min™Y) R? k (mol ' L min™Y) R? k (mol ™' L min™?) R?

0 0 163 0.96 9% 0.93 97 0.93
25x%x107° 2.5 x 102 600 0.99 960 0.97 407 0.99
50x107° 1.2 x 107 1,349 0.91 1,807 0.99 978 0.99
1.0x107* 62 2,253 0.99 3,346 0.99 1,782 0.99
2.0x107* 31 3,583 0.99 6,692 0.99 2,998 0.99
30x107* 21 4878 0.99 12,865 0.99 4,155 0.99
40x107* 16 6,386 0.90 27,851 0.93 5,728 0.99
5.0x 107 12 8,807 0.98 51,604 0.94 6,827 0.98

Note: Experimental conditions: 0.60 g L' of the commercial powder of CaO, (6.2 x 10 mol L' H,O,) or 0.50 g L™ of Na,O,
(6.2 %102 mol L™ HyO,), and/or 6.2 x 10 > mol L ™! of liquid H,O,, during Fenton decolorization of 1.0 x 10"* mol L™! AB161 at initial

pH 25.
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. 7 24 2
m Ca0,: k=382 + 1.60x10’ [Fe™"] (R’=0.99) .
A k= 7 2+. 2
8000 Na,0,: k=278 + 1.33x10 [Fe”"] (R’=0.99)
—~
£
g 6000 -
|
S 4000 -
g
NG
%3
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0 : : : : :
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(b) 12 -
® Liquid H)O,: In k=7.06 + 7871 [Fe”"] (R’=0.97)
11 .
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e
g 94
()
84 [ )
71 e
0.0 1.0x10*  2.0x10*  3.0x10° 4.0x10* 5.0x10"

Fe™ (mol L)

Fig. 3. (a) Linear and (b) natural logarithm correlations between the decolorization rate constants vs. Fe?* concentration
used, obtained during AB161 degradation by Fenton process for the different H,O, sources. Initial conditions: [AB161]
=1.0x10* mol L% [CaO,] and [Na,O,]=0.60 and 0.50 g LY respectively, of the commercial powders; [H;O,]

=62 x 107> mol L™" of liquid H,O,; pH 2.5.

H,0; and leads to the rapid generation of HO", which
rapidly oxidizes and decolorizes the azo dye. The
higher the concentration of H,O, is, the higher
concentration of hydroxyl radicals will be produced,
resulting a faster decolorization of AB161. For CaO,
and NayO,, it took approximately two minutes to
completely release the theoretical amount of H,O, as
shown in Fig. 1. As a result, the concentration of
31x10 % mol L' H,O, was chosen as the optimal
condition and was used to evaluate the effects of AB161
concentration on its decolorization rates by Fenton
processes.

3.5. Influence of H,0,/Feé** molar ratio

In Fenton process, HyO, is catalyzed by ferrous
iron to produce hydroxyl radical, HO". However, too

little iron will result in under-utilized H,O,, while
excessive Fe* would also scavenge HO' [26]. There-
fore, it is important to keep the optimal ratio between
H,O, and Fe?* to achieve the best decolorization effi-
ciency of AB161. Theoretically, for organic compounds
containing unsaturated azo bond, a transition complex
similar to that hydroxylation of trichloroethylene
could be assumed [17]. Since the transition state com-
plex has the similar structure which suggests a similar
reaction mechanisms and kinetic model, the optimal
H,0,/ Fe?* molar ratio in theory should be 11. This
ratio equals the ratio between the two second-order
rate constants between H,0, and Fe** with hydroxyl
radical as shown in Eqgs. (3) and (4), respectively. It
simply reflects a fact that the optimal H,0,/Fe**
molar ratio occurs when the scavenging effect by
H,0, equal to that by Fe** (Eq. (13)):



A.G. Trovd et al. | Desalination and Water Treatment 57 (2016) 19344-19356

(a) 10000
k=277+2.05x10° [H,0,] R’=0.98) g -
8000 |
—
o N
g 6000 A
=
S 4000 = CaO,
é A NaQO,
= p
2000 1 ————» k=225 +1.26x10° [H,0,] (R’=0.99)
0 : : : : )
0.0 20x10°  4.0x10°  6.0x10°  8.0x10°  1.0x10”

-1
H,0, (mol L)

19351
(b) — . :
80000 1 @ Liquid H,0,: k =-3085 + 8.31x10° [H,0,] (R*=0.99)
70000 °
._A 0
P 60000
£ 50000 - ®
=
=~ 40000 -
[
£ 30000 -
~ o
== 20000 -
10000
(]
0 : : : :
0.0 20x10°  4.0x10°  6.0x10°  8.0x10°  1.0x10”

H,0, (mol L")

Fig. 4. Linear correlations between the decolorization rate constants vs. H,O, concentration used, obtained during AB161
degradation by Fenton process using (a) CaO, and Na,O,, and (b) liquid H,O,. Initial conditions: [AB161]

=1.0x 10" mol L™"; [Fe**] = 5.0 x 10~* mol L™"; pH 2.5.

Table 3

Second-order decolorization rate constants (k) and correlation coefficients (R?) for each H,O, concentration evaluated to

the different H,O, sources

CaOz H202 Na202
[H,0,]

H,0, (mol L™ [Fez*} k (mol ' L min™?) R? k (mol ' L min™) R? k (mol ' L min™?) R?
0 0 0 - 0 - 0 -
38x107* 0.76 767 0.82 813 0.68 808 0.86
7.6 %107 1.5 2,018 0.92 2,252 0.82 1,035 0.85
15x1073 3.0 3,682 0.96 6,743 0.96 2,216 0.98
31x107° 6.2 6,460 0.99 24,727 0.97 4,105 0.98
62 %1073 12 8,807 0.98 51,604 0.94 6,827 0.98
92x107° 18 9,185 0.98 71,067 0.91 5,950 0.99

Note: Experimental conditions: 5.0 x 107 mol L™ Fe** and pH 2.5.

k3 [HzOz] = k4 [F€2+] (13)
This optimal condition, however, only applies to
organic compound containing unsaturated = bond
such as C=C or azo bond (-N=N-) such as ABI161
used in this study. If the condition of Eq. (13) is satis-
fied, neither H,O, nor Fe?** concentration would be
overdosed, and the theoretical optimal H,O,/ Fe?*
molar ratio should be expected to be 11. However, the
literature documents that the optimal molar ratio of
H,0,/Fe?" are different for decolorization of different
Azo dyes. For example, the optimal molar ratio of
H,O,/Fe** was 30:1 and 15:1 at 25°C and pH 3.5 for
Fenton oxidation of 2.9 x 107> mol L™" Acid Orange 8
and Acid Red 44, respectively [29], and, 100:1 at 30°C
and pH 4.0 for 4.7 x 10> mol L ™" for Fenton oxidation
of Direct Blue 15 [30]. To determine the optimal molar
ratio of H,O,/Fe?* during the decolorization of AB161
in this study, first, the concentration of H,O, was kept

constant at 6.2 x 107> mol L™}, the amount of Fe?* was
varied so that the H,O,/Fe?* molar ratio ranged from
12 to 2.5 x 10%, as shown in Table 2. Second, Fe** was
maintained constant at 5.0 x 107* mol L™}, the amount
of H,O, was varied so that the H,O,/Fe?" molar ratio
ranged from 0.76 to 18 as shown in Table 3. The
AB161 decolorization kinetic rate constants at different
H,0,/Fe*" molar ratios tested are shown in Fig. 5(a)
and (b).

Fig. 5(a) and (b) show that the decolorization rate
constant at fixed Fe?" concentration of 5.0 x 10 mol L™
increases with increasing H,O,/ Fe?* molar ratio, while it
decreases with increasing H,O,/Fe** molar ratio when
H,O, concentration was fixed at 6.2 x 107> mol L%, The
two curves intersected at about 12, which reasonably
agrees with the theoretically predicted value of 11.

To confirm the optimal ratio H,O,/ Fe?* for the
system, a linear correlation was established by plotting
the natural logarithm of the decolorization kinetic
values vs. the natural logarithm of the H,O,/ Fe**
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Fig. 5. (a) and (b): direct correlation; and (c) and (d): natural logarithm correlations between the decolorization rate con-
stants vs. H,0,/Fe*" molar ratio used, obtained during AB161 degradation by Fenton process, keeping Fe** constant and
ranging H,O,, and, vice versa. Initial conditions: [AB161] = 1.0 x 10*mol LY [Fe*1=5.0x10 *mol L™; [H,O,]

=62 %10 mol L™! and pH 2.5.

molar ratio (Fig. 5(c) and (d)). Six linear correlation
equations were established (Egs. (14)—(19)). When
Fe?* concentration was fixed at 5.0 x 10 mol L7,
the oxidation rate constant of ABI161 increased
with H,O,/Fe?* molar ratio to CaO, Na,O,, and

liquid H,O,,  respectively, as presented by

Egs. (14)-(16):
H,O

Ink=7.15+0.77 x In # (14)
H,O

Ink=684+072x In # (15)
H,O

Ink =7.16 + 145 x ln# (16)

When H,0, concentration was fixed at

62x10°mol L™, the oxidation rate constant of
AB161 decreases with H,O,/Fe®* molar ratio for
Ca0O,;, NayO,, and liquid H,O,, respectively, as
presented by Egs. (17)—(19):

In k=11.09 — 0.83 x ln% (17)
e

In k=11.12 — 0.90 x ln% (18)
e

In k=13.50 —1.26 x In I;Iz_zof (19)
e

When the two equations for each source of hydrogen
peroxide were set to equal, e.g. Eq. (14) equals Eq.
(17), Eq. (15) equals Eq. (18), Eq. (16) equals Eq. (19),
the solution of the two equations gave analytically
derived optimal H,O,/ Fe®* molar ratios of 11.7, 14.0,
and 104 for CaO,, liquid H,O,, and Nay,O,, respec-
tively. These optimal ratios were obtained from the
intercept of the two straight lines in Fig. 5(c) and (d),
respectively. Again, it reasonably agrees with the theo-
retically predicted value of 11.

Although, the optimal H,O,/Fe®* molar ratio was
between 10.4 and 14.0, H,O,/Fe?*" molar ratio of 6.2
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was used to evaluate the effects of AB161 concentra-
tion on decolorization of AB161 dye by Fenton
process. The major reason is that the decolorization
rate constants of AB161 increased linearly when the
H,O, concentration increased from 3.8x107* to
3.1 x10° mol L™" due to the limitation of the dissolu-
tion of the solid peroxides at concentration higher
than 12 g L™" (Fig. 4(a)).

3.6. Influence of AB161 concentration

Initial concentration of dye is an important param-
eter for practical application. It reflects the effect of
organic loading on the decolorization kinetics by Fen-
ton processes. Therefore, it is important to determine
how much H,0, and Fe*' are needed to achieve a
specific decolorization level. To evaluate this effect,
H,0,/Fe®* molar ratio and pH were kept at 6.2 and
2.5, respectively. Table 4 presents that the second-
order kinetics is the best model at different initial
AB161 concentrations with a regression coefficient, R?,
no less than 0.96.

Fig. 6(b) shows the decolorization rates increases
exponentially with the H,0,/AB161 for CaO,,
NayO,, and liquid H,O,. In other words, decoloriza-
tion rate constants increase as H,O, available per
AB161 molecule increases. The natural logarithm of
the decolorization kinetics rate constants was plotted
against the natural logarithm of H,O,/[AB161],
linear equations from 20 to 22 can be expressed as
follows:
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In addition to assess the decolorization kinetics,
another way to evaluate the Fenton process is how
efficient is the Fenton process according to the avail-
able oxidant such as H,O,. Decolorization efficiency
() of AB161 as another dimensionless parameter is
used to assess reaction efficiency and is defined in Eq.
(23):

y = (MolesABl61rem0ved (mol L—l))

OZ available (1’1’101 Lil)
B (MolesABl61removed (mol L1)>

- (23)
0.5x[H,0,] (mol L)

Fig. 6(a) indicates that decolorization rate constant
increases with H;O,/AB161. However, Fig. 6(c) shows
that the decolorization efficiency () decreases with
H,0,/AB161. It suggests that the higher the dye con-
centration is the more dye molecules are decolorized.
In other words, a higher amount of AB161 is decol-
orized using less H,O, because increasing dye concen-
tration enhances the interaction between the dye and
HO: [31] due to decreased hydroxyl radical scaveng-
ing reactions by both H,O, and Fe** (Egs. (3) and (4)).

Fig. 6(c) quantitatively correlates the decolorization
efficiency, », with H,O,/AB161 molar ratio during
AB161 degradation by Fenton process at H,O,/Fe**
molar ratio 6.2 using different sources of H,O,. The
correlation equations (Eqs. (24)-(26)) have a correla-
tion coefficient, R?, greater than 0.95 for CaO,, H;O,
and NayO,, respectively as follows:

H,O
-3 22
B H,0, n=012-227 x107° x In ABl61 (24)
Ink=1.96 x1In AB161+2'04 (20)
H,O

H,;O, =0.13-281x107 x In —=—> (25)
Ink=414 x1 — 4. ="y : n
nk=414 x N per 428 1) AB161

H,O, H,O
Ink=1.56 x1 3.04 22 = — -3 22
n XIS+ (22) 5 =012-254x10"°xIn AB161 (26)
Table 4
Second-order decolorization rate constants (k) and correlation coefficients (R?) for each AB161 concentration evaluated

CaO, H,0, Na,O,
[H20,]

AB161 (mol L) [AB161] k (mol ' L min ™) R? k (mol ' L min™ ) R? k (mol ' L min™ ") R?
1.0x107* 31 6,460 0.99 24,727 0.97 4,105 0.98
12x107* 26 4,669 0.99 7,860 0.99 3,804 0.99
1.5x107* 21 3,136 0.99 4,122 0.98 2,354 0.96
1.7x107* 18 2,199 0.99 2,390 0.97 1,858 0.97

Notes: Experimental conditions: 5.0 x 10™* mol L™! Fe?*, 3.1 x 10~ mol L™! H,O, and pH 2.5.
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Fig. 6. Correlations between the (a) decolorization rate constants vs. HO,/AB161 M ratio, (b) natural logarithm of decol-
orization rate constants vs. natural logarithm of H,O,/AB161 M ratio, and (c) decolorization efficiency vs. HyO,/
AB161 M ratio, obtained during AB161 degradation by Fenton process at H,O,/ Fe?* molar ratio 6.2 using different
sources of H,O,. Initial conditions: [Fe**] = 5.0 x 107* mol L™}, [CaO,] and [Na,O,] = 0.30 and 0.25 g L respectively, of
the commercial powders; [H,O,] = 3.1 x 10 mol L™! of liquid H,O,; pH 2.5.

Eqgs. (24)-(26) suggest three points: first, decolorization
efficiency follows the same quantitative relationship.
In other words, solid or liquid peroxide will have
the same relationship between the decolorization
efficiency and the H,O,/AB161 ratio; second, the
decolorization efficiency decreases with increasing
H,0,/AB161 ratio; and third, the maximal decoloriza-
tion efficiency is about 12% when H,O,, Fe?*, and pH
were fixed at 3.1x107°, 5.0x 10 *mol L™}; and 2.5,
respectively, regardless solid or liquid peroxide is
used to produce H,O,.

4. Conclusions

It is the first time that the H,O, releasing kinetics
from Na,O, for Fenton decolorization of Acid Blue
161 is investigated. About two dozens of correlation
equations were established between the second-order
decolorization rate constants or efficiency with dimen-
sionless ratios such as H,O,/Fe** or H,O,/AB161. It

concluded that particle size of the solid peroxides of
CaO, and NayO, determines the H,O, releasing rate.
The H,O, amount released decreased when pH
increased from 3 to 8 because the solid peroxides are
strongly alkaline. In addition, hydrogen peroxide has
low stability in basic medium where it has greater ten-
dency to decompose into water and oxygen.

The experimental results show that the decoloriza-
tion kinetics of AB161 followed the second-order
kinetics and was significantly affected by concentra-
tion of Fe?*, H,0,, AB161, and pH. The optimal exper-
imental conditions were obtained as: pH 2.5, [Fe®']
=5.0x10*mol L™!, [CaO,] and [Na;O,] =030 and
0.25 g L™!, respectively, of the peroxide powders;
[H,0,] =3.1x 102 mol L™ of liquid H,O,. The best
form of H,O, was liquid H;O, due to the reagent
costs and implementation simplicity. In addition, the
optimal molar ratio H,O,/Fe** of 12 obtained experi-
mentally agreed reasonably with the theoretical pre-
dicted value of 11, regardless the solid or liquid
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peroxide forms, e.g. CaO,, NayO,, or liquid H;O,. In
addition, the decolorization efficiency, #, is also not
affected by the form of peroxides and decreases with
the H,O,/AB161 when H,O,, Fe?*, and pH were fixed
at3.1x1073,5.0x10*mol L}, and 2.5, respectively.
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