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ABSTRACT

This study investigated the electrogeneration of Ce(IV) and its application on the destruc-
tion of polyvinyl alcohol (PVA) in an undivided electrochemical cell. The effects of electric
current, concentration of nitric acid, and temperature on PVA destruction efficiency were
investigated and the corresponding specific energy consumptions (SEC) were also evalu-
ated. The experimental results indicate that the PVA destruction increased with increasing
the applied current, the concentration of nitric acid, and decreasing the temperature. When
considering the PVA destruction efficiency and the corresponding SEC simultaneously, the
best operating condition was found by 92% at the optimal applied current 0.1 A, concentra-
tion of nitric acid 0.5M, and temperature 323 K, respectively. A pseudo-first-order kinetic
model provided a good fit to the experimental results at various temperatures. The activa-
tion energy was calculated to be 78.27 kJ mol !, based on pseudo-first-order rate constants
from the Arrhenius equation.

Keywords: Mediated electrochemical oxidation (MEO); Polyvinyl alcohol (PVA); Specific

energy consumption (SEC); Activation energy

1. Introduction

Various types of synthetic polymers have been
used in industries including polyvinyl alcohol (PVA),
polyvinyl chloride, and polypropylene (PP) for manu-
facturing products. However, the environmental prob-
lem resulting from the production needs to be solved.
PVA is a water-soluble polymer, commonly used as a
sizing agent in the textile and paper-coating industries

*Corresponding author.

[1], and also used as an ophthalmic lubricant in the
pharmaceutical industry for products such as adhe-
sives, emulsion paints, paper coatings, and detergent-
based materials. However, the release of PVA from
industries causes many ecological problems [2]. The
wastewater containing PVA causes environmental
issues due to its ability to mobilize heavy metals from
sediments in lakes and water streams [3]. However,
conventional biological technologies do not satisfacto-
rily reduce PVA concentration in wastewaters because
the PVA-degrading capacity of most microorganisms
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is extremely restricted and specific [4]. Therefore, an
efficient method must develop for the destruction of
PVA in wastewater. There have been several
researches on the degradation of PVA, including
microorganisms degradation [5-9], photochemically
degradation [10-12], ultrasonic techniques [13], radia-
tion-induced degradation [14], adsorption [15,16],
chemical oxidation [17-19], and electrocoagulation
[20-22]. However, to date, there is little research on
the attempt of using mediated electrochemical oxida-
tion (MEO) technology for the destruction of PVA.

Recently, electrochemical technology has been
applied for treating pollutants from wastewater
[23,24]. MEO is a novel technology for the destruction
of organics. These advantages of the MEO process are
that the oxidation reaction takes place at room temper-
atures and pressures, the oxidation products formed
are usually carbon dioxide and water, and the oxidiz-
ing agent can conveniently be reused, minimizing the
production of secondary wastes [25-29]. In the MEO
process, the mediator ion is a transition metal, for
example, cerium (IV), silver (II), and cobalt (III). These
mediators are basically strong oxidizing agents and are
suitable to destruct organic complexes. Chung et al.
[27] reported their work on Ag (II)/Ag ()-MEO sys-
tem for the destruction of NO and NO, in nitric acid
medium. Balaji et al. [28] studied the MEO process tak-
ing 1M Ce(ll) as the initial mediator in nitric acid
medium for the destruction of phenol. Balazs et al. [29]
reported on the bench scale system destruction of
organics using the silver (II) MEO process through
continuous CO, monitoring. Cerium ion has been
selected as the redox mediator in this study because of
its high redox potential of 1.61 V, fast electrochemical
oxidation of Ce(Ill) to Ce(IV), easy recovering charac-
teristic and negligible water oxidation rate.

In this study, the effects of various parameters
such as the applied current, concentration of nitric
acid, and temperature at a comparatively low Ce con-
centration on the PVA destruction rate were investi-
gated. The specific energy consumptions (SEC) under
different operation conditions was evaluated. In addi-
tion, the kinetic constants for the destruction of PVA
were determined and the activation energy was also
calculated using a pseudo-first-order kinetic model for
the MEO process.

2. Materials and methods
2.1. Materials and reagents

Cerium (III) nitrate hexahydrate was obtained from
Alfa Aesar (Great Britain, USA). PVA (molecular
weight in the range of 13,000-23,000 g mol™') was
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purchased from Sigma-Aldrich (Saint Louis, MO
63103, USA) with a hydrolysis degree ranging from 98
to 99%. An aqueous solution containing PVA was pre-
pared in deionized water at 363 K by stirring. The
concentration of the supporting electrolyte in the
aqueous solutions was adjusted by the addition of
HNO; (Gato Prerez, Spain). Potassium iodide (KI) was
obtained from Union Chemical Work Ltd (Hsin-Chu,
Taiwan) and iodine was purchased from Toyobo Co.
Ltd (Osaka, Japan). Boric acid (H3BOs3) was purchased
from Merck (Darmstadt, Germany). All chemical
reagents were prepared by dilution with deionized
water to the desired concentrations.

2.2. Apparatus

Fig. 1 shows the schematic diagram of the MEO
system in this study. The electrolytic cell was a
1.0 dm?® glass vessel equipped with a water jacket and
a magnetic stirrer. The solution temperature was con-
trolled by continuously circulating water through the
water jacket from a constant temperature circulating
bath (Model BL-720, Taiwan). A magnetic stirrer bar
(Suntex, SH-301, Taiwan) was spun at the center of
the bottom of the cell. The platinum anode (6 cm?)
and platinum cathode (1 cm?) was immersed in the
PVA aqueous solution at a depth of 5.5 cm with the
electrodes approximately 4 cm apart. The assembly
was connected to a direct current power source
(Sourcemeter 2400 Series, Cleveland, OH, USA).

2.3. Experimental methods and analysis

For each run, 0.5 dm® of synthetic wastewater con-
taining PVA was tested. The magnetic stirrer was
turned on and set at 300 rpm. The stirring speed was
high enough to provide good mixing in the electrolytic

Power supply _

= |

PVA solution

Magnetic stirrer

Fig. 1. Schematic diagram of the MEO equipment.
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cell during the treatment process. A fixed amount of
HNO;, between 0.1 and 1M, was added to the syn-
thetic wastewater to increase the solution conductivity.
The direct current power source was operated with a
constant current of 0.05-0.4 A. A constant temperature
of 303-343 K was maintained by circulating water
from the temperature-controlled bath through the
water jacket.

Ce(IV) concentration was quantitatively deter-
mined using ferrous ammonium sulfate dissolved in
0.005 M nitric acid [30]. The amount of Ce(IV) gener-
ated theoretically is dependent on the quantity of
applied electricity. According to Faraday’s laws of
electrolysis, the theoretical production of Ce(IV)
amount (m,) at electrolysis time t can be calculated as
below [31]:

Ml

=—F 1

mi

where M is molecular weight of Ce; I is the applied
current; z is the electrons transferred per Ce(Ill) ion
(z=1 in Ce(Ill) — Ce(IV) +e7); F is Faraday’s con-
stant. The current efficiency is calculated using Eq. (2).

Current efficiency (CE) = % x 100% 2
t

where m, is the Ce(IV) amount obtained experimen-
tally.

Quantitative determination of PVA concentration
was carried out using a UV-vis spectrophotometer
(Hach, DR-2800, USA) after the addition of boric acid
and iodine solutions, according to the procedure
described by Finley [32]. A calibration curve was
obtained by plotting the absorbance value at 680 nm
against PVA concentration. The calculation of the PVA
destruction efficiency after the MEO treatment was
performed using the following formula:

CoVo — GV

DE (%) = o

x 100 3)
where Cj is the initial concentration in mg LY C; is
the concentration value at time t in mg L™, Vy is the
initial volume of the treated wastewater in L, and V;
is the volume of the treated wastewater at time f in L.

3. Results and discussion

3.1. Effects of electric current and electrolysis time on Ce
(III) oxidation

The MEO used electrochemically generated Ce(IV)
from the initial Ce(Ill) to destroy PVA to carbon
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dioxide and water. The following reactions simulta-
neously take place in the electrochemical cell for this
Ce(III) / Ce(IV) system [33].

At anode,
Ce’t — Cett e 4)
2H,0 — O, + 4H*" + 4e™ 5)

At cathode,
Ce*t e — CedF (6)
HNO; 4+ 2H" +2e~ — HNO, + H,O @

In solution,
2HNO, + O, — 2HNO3 (€))

The Ce(IV) is electrooxidized from Ce(Ill) at anode or
electroreduced to Ce(Ill) at cathode (Egs. (4) and (6)).
For the undivided cell, the combination of Ce(III) oxi-
dation at anode (Eq. (4)), and the reduction of Ce(IV)
at cathode produced the net amount of Ce(IV) in the
water. Nitric acid can be simultaneously reduced at
cathode to nitrous acid (Eq. (7)). Nitric acid can be
regenerated in solution by the chemical reaction of
nitrous acid and oxygen (Eq. (8)).

Obviously, the electric current is an important fac-
tor that may influence the oxidation/reduction cycle
for electrogeneration of Ce(IV). Therefore, the effect of
electric current varying from 0.05 to 0.4 A on the Ce
(IV) yield was investigated and the current efficiency
was calculated, according to Eq. (2). Fig. 2 shows the
Ce(IV) yield percentage increased with increasing elec-
trolysis time during 50 min electrolysis. Furthermore,
increasing electric current increased the Ce(IV) yield
percentage. That is, more Ce(IV) was obtained when
using larger electric current and longer electrolysis
time. The Ce(IV) yield percentage reached 53%, the
highest percentage in this study using 0.4 A after
50 min electrolysis. Fig. 2 also shows the current effi-
ciency decreased with increasing electrolysis time and
electric current. After 50 min electrolysis, the CE was
48.3% at 0.05 A, about double that at 0.4 A. If the elec-
tric current increased, the side reaction (Eq. (5)), may
occur more intensively; consequently, the CE
decreased. Besides, the fact that applying higher elec-
tric current caused higher anodic potentials, and thus
favored the formation of platinum oxides that are det-
rimental for the Ce(IV) generation [34] may cause the
lower value of CE.
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Fig. 2. Variations of (a) current efficiency and (b) Ce(IV)
yield  with  time for the Ce(ll) oxidation
(PVA =100 mg L™, t+=50min, T=323K, HNO; =0.5M,
and [Ce(ID]initia1 = 0.01 M).

3.2. Effects of electric current on PVA destruction
efficiency

The PVA in the solution was destructed by the
electrogenerated Ce(IV) as follows:

PVA + Ce(IV) — organic compounds
— C02 + HzO + Ce(IH) (9)

Fig. 3 illustrates the effect of different electric cur-
rent on the destruction efficiency of PVA. As the elec-
tric current increased, PVA destruction -efficiencies
increased. After 50 min of electrolysis, 84, 90, 92, and
93% of the original PVA were destructed at electric
currents of 0.05, 0.1, 0.2, and 0.4 A, respectively. The
reduced Ce(Ill) can be electrooxidized to Ce(IV)
according to Eq. (4). Therefore, the electrogenerated
Ce(IV) can be reused as the oxidant for the continuous
destruction of PVA. However, no significant improve-
ment in the PVA destruction efficiency was observed
while the electric current increased from 0.2 to 0.4 A.
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Fig. 3. Effect of electric current on the SEC and PVA
destruction efficiency (PVA =100 mg L™, t=50 min,
T =323 K, HNO; = 0.5 M, and [Ce(IID)]initia1 = 0.01 M).

In order to obtain the optimum electric current
when concerning the energy efficiency, the SEC [35,36]
for destroying 1 kg PVA at a specified certain electric
current was calculated. Fig. 3 also shows the SEC val-
ues after 50 min of electrolysis at different electric cur-
rents. It can be evidently seen that increasing electric
current had a significant effect on SEC. When the elec-
tric current varied from 0.05 to 0.4 A, we observed a
dramatic increase in the SEC value from 8.35 to
45.7 kWh kg™ for PVA destruction. When the current
density was increased from 0.05 to 0.1 A, the PVA
destruction efficiency increased, appreciably, from 84
to 90%, and the SEC value increased only slightly.
However, as the current density was increased from
0.1 to 04 A, the PVA destruction efficiency was
slightly improved from 90 to 93%, whereas the corre-
sponding SEC increased significantly from 8.71 to
45.7 kWh kg™'. Consequently, while considering the
minimum SEC values for over 90% PVA destruction
efficiency at different currents, an electric current of
0.1 A can provide the best performance for the present
electrochemical oxidation.

3.3. Effects of acid concentration

The selection of the electrolyte plays a very impor-
tant role in MEO processes. The soluble ability of the
metal salts of the acid is critical. Sulfuric acid pos-
sesses low solubility of cerium and therefore leads to
fractional oxidation of organics. In comparison with
sulfuric acid, nitric acid is chosen in the present study
because it has good solubility for cerium salts. Hence,
in the case of cerium-MEO system, a high acid con-
centration of 1-5M was usually used [37]. However,
such a high acid concentration can cause the other
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environmental problems. Therefore, we used compara-
tively low acid concentration in this study. The effects
of various acid concentrations on PVA destruction effi-
ciency were described in Fig. 4. The PVA destruction
efficiency increased with increasing acid concentration
from 0.1 to 1 M. When the acid concentration was 0.1,
0.25, 0.5, and 1M, the destruction efficiency was 44,
87, 92, and 94% after 50 min, respectively. This phe-
nomenon was probably derived from the increasing
formation yield of Ce(IV) while increasing acid con-
centration [38]. However, if the concentration of nitric
acid was higher than 0.5 M, the destruction efficiency
did not increase significantly. Fig. 4 also indicates that
the SEC decreased from 9.67 to 2.09 kWh kg™' when
the concentration of the nitric acid increased from 0.1
to 1 M. Although there was a significant downward
trend for the SEC while the concentration of nitric acid
increased, the SEC was not significantly changed by
increasing acid concentration from 0.5 to 1 M. Conse-
quently, when simultaneously considering the destruc-
tion efficiency and SEC, a 0.5 M concentration of nitric
acid was the optimal concentration with reasonable
destruction efficiency at a relatively low SEC.

3.4. Effects of temperature

In this study, the effects of various solution tem-
peratures on the destruction of 100 mg L™ PVA were
investigated at 303, 313, 323, 333, and 343 K, as shown
in Fig. 5. After 50 min of electrolysis, it was observed
that the maximum PVA destruction was found at
343 K. The PVA destruction reached 43, 63, 92, 94, and
96% for temperatures of 303, 313, 323, 333, and 343 K,
respectively. The electrochemical reaction rate and
chemical reaction rates usually increase with increas-
ing solution temperature. Therefore, the destruction
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Fig. 4. Effect of nitric acid concentrations on the SEC and
PVA destruction efficiency (PVA =100 mg L7, t =50 min,
T =323 K, current = 0.1 A, and [Ce(III)Jinita = 0.01 M).
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Fig. 5. Effect of temperature on the SEC and PVA destruc-
tion efficiency (PVA =100 mg L7, t = 50 min,
HNO; = 0.5 M, current = 0.1 A, and [Ce(IT)l;nitiag = 0.01 M).

efficiency increased with the increasing electrogenera-
tion of Ce(IV). Besides, the temperature rise may cause
effective destruction of the passivation on the anode
surface and reduce the degree of polarization of the
electrode and decrease overpotential, resulting in
inhibiting the generation of oxygen [39]. Therefore, at
higher temperature, the electrogeneration rate of Ce
(IV) in the reaction cell was found well.

Fig. 5 also shows the SEC values calculated on the
PVA destruction efficiency after 50 min of electrolysis
at different temperatures. The SEC values decreased
significantly, by approximately 50%, when the temper-
ature increased from 303 to 313 K. While the tempera-
ture was 313, 323, 333, and 343 K, the SEC value for
PVA destruction was 298, 248, 234, and
2.23 kWh kg, respectively. Consequently, on consid-
eration of the destruction efficiency and SEC values
for PVA destruction, a temperature of 323 K offers the
best performance with reasonable destruction effi-
ciency and a relatively low SEC.

3.5. PVA destruction kinetics of MEO

The PVA destruction kinetics was described by a
pseudo-kinetics model in which the rate constant
depends on the temperature. The pseudo-kinetic rate
equation for representing the destruction rate in PVA
concentration in the aqueous solution was described
by the following mth order reaction kinetics:

dcC

Y~ em
7 kC

(10)

where C represents the PVA concentration, m is the
order of reaction, k is the reaction rate constant, and
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Table 1
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Kinetic rate constants with pseudo-first-order and pseudo-second-order models for PVA destruction at various tempera-

tures

Pseudo-first-order model

Pseudo-second-order model

Temperature (K) ky x 1072 (min ™) R? ky x 1072 (L mol ! min™") R?
303 0.82 0.99 0.01 0.89
313 1.63 0.99 0.03 0.87
323 4.53 0.99 0.22 0.73
333 8.65 0.99 1.16 0.68
343 10.6 0.99 2.62 0.79
is the time. For a pseudo-first-order reaction, the 1
above Eq. (10) becomes:
2 °
G
In <c0> S an .
<
. . g 4 o
The slope of the plot of In C/Cy vs. time gives the
value of the rate constant k;, min~'. Here, C; is the ini- 5
tial concentration in mol L™}, C; is the concentration
value in mol L™" at time t, and t is the time. p " °
For a pseudo-second-order reaction, the above Eq. R"=0.9226
(10) becomes: ,
2.8 2.9 3.0 3.1 3.2 3.3 34
1 1 1
L1 g 12 T (K
G ok (12)
Fig. 6. Pseudo-first-order kinetic rate constant vs.
The slope of the plot of 1/C; vs. time gives the reciprocal  of . temperature  in  absolute  scale
value of the rate constant ky, L mol ' min '. The val- ®PVA=100mgL "', t=50min, HNO;=05M, cur-

ues of k with pseudo-first-order and second-order
models for PVA destruction for various temperatures
are determined graphically and are shown in Table 1,
respectively. The conformity between experimental
data and the model values was evaluated using corre-
lation values (R?). As shown in Table 1, regardless of
the temperature, the R® value for the pseudo-first-
order model was relatively higher than that for the
pseudo-second-order model. Consequently, the first-
order kinetic model fits well with the observed data of
the MEO process for temperature. To understand the
relationship between temperature and the rate of a
reaction, we can assume that the rate constant
depends on the temperature of the reaction. The
pseudo-first-order rate constant is expressed by the
Arrhenius equation.

1r1k:1r1A—ﬁ

RT (13)

where A is the proportionality constant of the reaction,
E, is the activation energy (k] mol™'), R is the gas

rent = 0.1 A, and [Ce(IID)]initia = 0.01 M).

constant (8.314] mol 'K™), and T is the temperature
(K). The Arrhenius equation can be used to determine
the activation energy of a reaction. According to this
equation, a plot of In k vs. 1/T should produce a
straight line with a slope of —E,/R, as shown in Fig. 6.
An activation energy of 78.27 k] mol™' was calculated
using the slope of the fitted equation (least-squares
correlation coefficient = 0.9226).

4. Conclusions

In this study, the MEO for destruction of PVA from
aqueous solution was investigated. The MEO proce-
dure successfully generated Ce(IV) as the mediator to
destroyed PVA in a batch reactor. The effects of various
parameters were evaluated for PVA destruction such as
the electric current, concentrations of nitric acid, and
temperature. The applied electric current of 0.1 A
was regarded as the optimum value, providing reason-
able destruction efficiency and SEC; with the same
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considerations, the nitric acid concentration of 0.5 M
and the solution temperature of 323 K were found to be
the optimum values for the present experiment. The
experimental results revealed that the kinetics of PVA
destruction can be described by the pseudo-first-order
model. Besides, the value of activation energy was cal-
culated to be 78.27 k] mol " based on pseudo-first-order
rate constants from the Arrhenius equation.
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