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Abstract

This paper deals with the theory and kinetics ddlioxacid electrochemical oxidation,
in an acidic solution containing sodium chloridejng a manganese dioxide rotating
cylinder anode. Voltammetric and galvanostatic tetdgsis techniques were used. The
voltametric study shows a higher anodic wave cpoeding to chlorine oxidation on
the MnQ electrode, prevailing oxalic acid indirect oxiaati Galvanostatic electrolysis
studies confirmed that the rate constant is aftette chloride concentration, current
density, agitation and temperature. Electrochemicadation rate was found to be a
pseudo-first order kinetic process. A strongly #ingelationship between the rate
constant and chloride concentration was observddlewolynomial relations, with
respect to current density and temperature, wenedoThe activation energy was found
to be 14.541 kJ/mol, which suggests a diffusiontrabrkinetic step in oxalic acid
degradation. The findings of the present reseaatidlate that oxalic acid incineration
can be successfully carried out on a M@Dode, in NaCl presence.

Keywords: electrochemical incineration; oxalic acid; manganedioxide; sodium
chloride; pseudo-kinetics and activation energy.

Introduction

Oxalic acid (OA) is one of the most toxic organagpounds. OA has several
manufacturing and industrial uses, including: pnigtand dyeing fabrics; straw
hats bleaching; paint removing; varnish; rust d& @tains; and wood cleaning.
After these industrial processes, this compoundligscharged in the water
effluents. OA also is the main and final intermeéelidor the catalytic and
electrochemical oxidation of several other orgatwenpounds [1]. Therefore,
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OA incineration should be done before effluents discharged into the
environment.

Electrochemical technology has shown to be a progisnethod for the
incineration of organic pollutants, such as OA,sérg in wastewater [2]. The
main reagent here are electrons, which are a cesgent; consequently, there is
no need for adding an extra reagent. Also, thetr@etemical process high
selectivity prevents the production of unwantedpbgeucts. The reaction is
usually carried out at room temperature and atrenabpressure [3].

Several anodic materials have been tested, but ohtis¢m presented substantial
disadvantages, such as rapid loss of activity (gtap high cost (Si—boron-
doped diamond (BDD)), release of toxic ions (RPh@mited service life (Sng)
and an incomplete oxidation (Is0[4, 5]. Therefore, a considerable effort is
devoted to investigate cheaper anode materialsasithparable performances, to
be used in the treatment of wastewater containinggroc compounds. Among
these, manganese oxides (MhQnaterials represent an attractive family for
electrodes manufacture, and they have been sualifgssfed in wastewater
treatments and other applications [6-9]. These exidlisplay excellent
electrocatalytic properties, low cost, availabilignvironmental compatibility
and chemical stability [6, 7]. Electrodes basednmemnganese oxide thin films
may be obtained by different methods, such as ablft0], physical vapor
deposition [11], electrostatic spray deposition][l&ectrochemical deposition
[13], and chemical bath deposition [14, 15]. The lkosts of equipment and the
accurate control of the deposited thickness makeethctrodeposition method
very widely used in manganese dioxide synthesif [13

In the electrochemical process, pollutants arerogstl by either a direct or
indirect oxidation process. It has been generalbseoved that the direct
oxidation of organic compounds at the electrodéaseris very difficult, and that
the rate of reaction is too slow [4, 16]. Bonfadti al. [16] showed that OA
electrochemical oxidation could be carried out witgher current efficiency at
Pt, in the presence of suitable amounts of NaChigher chemical oxygen
demand (COD) removal rate was observed when Na(Gl a@ded at a
concentration of 1 g/L in OA electrochemical incig#on, using a rotating MnO
anode [7]. Furthermore, pseudo-first-order reackimetics was reported for the
degradation of various organic compounds, with tio as a supporting
electrolyte [17, 18].

Electrochemical oxidation mechanism

For both direct and indirect carboxylic acids alechemical oxidation on metal
oxide anodes, a generalized degradation mechanesnbleen proposed by
Comminilles [19]. During electrolysis, water moléesidissociate to form an OH
radical with the loss of an electron, and the raldis simultaneously adsorbed
onto the metal oxide.

MO_ + H,0 - MO, (- OH)+ H™ + e~ (1)
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This is termed as physisorbed active oxygen. Insieond step, the adsorbed
hydroxide radicals react with the oxygen alreadgspnt in the metal oxide
anode, causing the transition of oxygen from theodaoked hydroxyl radical to the
lattice of the oxide anode, to form a higher oxide.

MO_(-OH) - MO_,, +H "+ e~ (2)

This is called as chemisorbed active oxygen, whégtts with carboxylic acids
and converts them into GOand other intermediate products. The formed
products undergo further oxidation in a similar wenereby, complete oxidation
takes place. Comminilles [19] also reported thag¢ncisorbed active oxygen
(MOx+1) is involved in the formation of particular oxit@t products. If there is
no oxidizable organic compound present in the nradiactive oxygen on the
oxide anode of both physisorbed and chemisorbed hbiérate dioxygen,
according to equations (3) and (4).

MO, (-0H) = 1/,0,+ H* + &~ + MO, (3)
MO, > MO, + 1{’3 0, (4)
In the same way, an indirect oxidation mechanism® Ib@en proposed for the
oxide anode, with chloride as a supporting elegteofor the removal of organic
pollutants from waste water [20]:
2C1” = Cl, +2e” (anode) (5)

Cl,+ H,0 = HOCI+ €I~ + H™(solution) (6)

MO, +HOC!l - MO,(-0Cl)+ H" + e (physisorbed) (7)

Mo,.(-ocl) - MO,y + Cl™ + e~ (chemisorbed) (8)
MO, (-ocl) = 1/, 0, + MO, +Cl™ +e” (9)
MO,., - M0, +1/,0, (10)

PhysisorbedOCI radicals and chemisorbed active oxygen pasdteipin the
organic compound degradation.

According to equations (9) and (10), in the absesfcany oxidizable organics,
the active oxidative species produce dioxygen ahbbricle ions. In acidic
conditions, chlorine is the main oxidative agent doganic matter oxidation. In
alkaline solutions, OCICIOs and free hydroxyl radicals are efficient oxidative
agents [21]. The direct oxidation of organic compisl and its attack by the
hydroxyl radical are negligible, in comparison withe attack by chlorine
radicals.

Although some works are available for OA electronloal oxidation using
different anodic materials [7, 22], research on KlAetic incineration using a
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MnO: anode is not available. In the present work, aystf OA incineration
kinetics by indirect electrochemical oxidation waiMnQ electrode is reported.

Material and methods

All chemicals used in the experiments were of reageade, and there was no
need for further purification. MNSMH20 (Thomas Baker), $¥$Q: (Riedel-
deHaén), OA (LOBA Chemie), NaCl (Thomas Baker) amtilled water were
used in the preparation of all aqueous solutions.

Manganese dioxide was electroplated on a grapbdeof 1.98 cm diameter and
a 32.3 cm active surface area, by anodic deposition on @lifael sulfate bath
(100 g/L MnSQ- 90 g/L HBSQy). Details of experimental and used apparatus
were described in a previous work [7].

Cyclic voltammetries were performed in a converdiothree-electrode cell
(Pyrex® glass) at room temperature. A manganesgiddiorotating cylinder
electrode, with a submerged area of 12.3 ocmtated at 200 rpm, was used as
working electrode. A platinum plate (0.359mand a saturated calomel electrode
were used as counter and reference electrode, ctesge. Electrochemical
experiments were controlled with a potentiostat P&E30 (Autolab) at a scan
rate of 100 mV/sPotential values referred to a saturated calomettelde
(SCE).

OA bulk oxidation was performed in a single-bodermostated Pyrex glass cell
of 0.75 liter; the anode was a Mpftating cylinder electrode, with a submerged
area of 32.3 cf and the supporting electrolyte was 0.5 M${&; containing 0.1

M OA. The final pH value was 2, adjusted by addand M NaOH or HSOu
solution. The pH was kept constant at this valugnduelectrolysis. The total
volume of the electrolyte was 0.6 liter at each. iutnollow nickel cylinder with
an inside diameter of 8 cm and length of 12 cm used as counter electrode.
The galvanostatic experiments of OA electro-oxmlativere performed using a
DC power supply (UNI-T: UTP3315TF-L). The effect §&Cl concentration in
the range of 1 to 5g/L was investigated at a constarrent density of 30
mA/cn?, while current densities in the range of 10 ton&@/cn? were applied
for studying the effect of current density (I) dretreaction rate constant. The
effect of electrode rotation speed) (was investigated in the range of 0 to 400
rpm using an electrical gearbox stirrer (Heidolpith an electronic tachometer.
Furthermore, temperature effect (T) was investdjatethe range from 25 to 60
°C. During the electrolysis, OA residual contentswdetermined using a
conventional titration method with KMn{22].

Results and discussion

Anode cyclic voltammograms performance

In order to have some preliminary information oa thactivity of active chlorine
with oxalic acid, some cyclic voltammograms wereoreled with and without
NaCl and OA addition at the Mn@node in acidic conditions. As shown in Fig.
1, the addition of NaCl to a water solution prodiee higher anodic wave.
According to literature, such behavior can be laited to the oxidation of CI
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ions to Ct [23]. The same cyclic voltammetry behavior wasaoi#d by
Scialdone et al. [24], when OA, at a concentrabb® mM, was incinerated on
an IrQ-Ta0Os anode; however, the anodic wave in the presenk wass higher,
due to the used OA higher concentration.

Results of the previous work [7] showed that Naditon led to an increase in
COD removal percentage from 26.40 %, in the caskeaf NaCl, to 79.50 %,
with the addition of 1 g/L of NaCl. This increage COD removal is an
indication of the effective role of NaCl during GAdirect oxidation, when the
MnO, anode was used, as a result of chlorine overpatem this electrode,
which enables more chlorine molecules to attack OA.

80
0.5 M Na,SO,+1g/l NaCl + 0.1M OA
——————— 0.5 M Na,SO,+1g/l NaCl

—_————————— 0.5 M Na,SO,+ 0.1M OA
60

40 1

| (mAIcmz)

20 1

T T T T
0.0 0.5 1.0 15 2.0 25 3.0

Figure 1. Cyclic voltammograms performed at Mp@node. Scan rate = 100 mV/s, T =
25 °C andv = 200 rpm.

Indirect electrochemical oxidation kinetics

In indirect electrochemical oxidation, OA removale is proportional to OA
concentration, and also to chlorine/hypochloriteiaamtration, since the latter
mediated indirect oxidation. OA removal rate camwiitten as:

224 = k{oAl[cL,] (11)

Electrochemical treatment involves the applicatbdran electric current to the
effluent, to convert chloride to chlorine and hyplocite. Chlorine and
hypochlorite will oxidize OA, and be reduced to fdocide ion. The process is
then repeated in a cyclic way. Chlorine/hypochéritoncentration during
electrolysis is assumed to be constant, and s@tiequ(11l) can be written as a
pseudo-first order kinetics equation.

204 — k. [0A] (12)
The integration of equation (12) leads to a natlogarithmic relation between

OA concentration and time, as follows,

loal, _
[Gfl]ﬂ - kobst (13)

which could be written as an exponential decaytionc

In
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% = g *obst (14)

By using non-linear least squared fittings (expdiaéndecay) of the
untransformed original equation (Eq.14), the obsérate constantols (min?)
value can be estimated [25].

1.0

1 g/l NaCl
2 g/l NaCl
3 g/l NaCl
5 g/l NaCl
Exponential decay fitting

D400

0.8

0.6 -

[CA)/[OA],

0.4

0.2 1

0.0

Time (min)

Figure 2. Normalized concentration [OAJOA], against time curves, obtained at | = 30
mA/cn?, ® = 200 rpm, T = 25 °C and [OA] = 0.1 M, for differtesodium chloride
concentrations.

Effect of NaCl concentration on OA removal

Fig. 2 illustrates the decrease in normalized OAcentration, [OA]J[OA]o,
plotted against electrolysis time, with their expotial decay fitting, using
different NaCl concentrations. Table 1 and Figh8ve the rate constant against
chloride concentration. The increase in chloridecemtration in the electrolytic
solution leads to a higher reaction rate. A presistudy [26] showed that an
increase in chloride concentration reduced thepmtential required for chloride
anodic oxidation, resulting in a higher productarhypochlorite. It is clear that
there is a strong linearity between the rate comstad chloride concentration.
The rate constant reported in Table 1 increased @091 to 0.011 mity when
NaCl concentration rose from 1 to 5 g/L, the valoB&? varied between 0.9953
and 0.9994 for different chloride concentrationsiallg et al. [27] found the
same linear relationship between the rate constadt chloride concentration
when OA degraded, using a Ti-DAS net anode. OA rahefficiency increased
from 88 to 94 %, as NaCl concentration increasetfd to 5 g/L (Table 1).
However, using a NaCl concentration higher thar/L3ig not recommended,
because the halogenated organic compound can ¢emacae toxic materials
than those of OA [24].

Table 1. Effect of sodium chloride concentrations on theeyked rate constants(X).

OA Rateconstant | Standard Sum of
Parameter | Value | removal Kobs error of R? square Conditions
(%) (min") x103 Kobs x10°
Sodium 1 88 9.09 1.8 *1® | 0.9953| 0.0099 |=3q mA/cn?,
chloride 2 89 9.55 9.65*10% | 0.9988 | 0.0025| =200 rpm,
concentration| 3 91 10.18 6.83*10° | 0.9994 | 0.0013| T=25°C,
(9/L) 5 94 11.12 8.26*10° | 0.9992 | 0.0016 | [OA]=0.1M

33C
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0.0115

K5, =0.0005 [NaCl]+0.0086
R°= 0.9963

0.0110 §

0.0105 §

0.0100

Kops, (miri™)

0.0095 -

0.0090 o

0.0085

0.0080

NaCl concentration (g/L)

Figure 3. Effect of sodium chloride concentration on the ctea rate of OA
electrochemical incineration; 1 = 30 mA/énm = 200 rpm, T = 25 °C and [OA] = 0.1
M.

1.0

0.8 1
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Figure 4. Normalized concentration [OAJOA]. against time curves, obtained at
[NaCl] =1 g/L,® = 200 rpm, T = 25 °C and [OA] = 0.1 M, for differecurrent
densities.

Effect of current density on OA removal

Fig. 4 shows the decrease in normalized OA conatoir, [OA}/[OA]., plotted
against electrolysis time, with their exponentiataly fitting at different current
densities.

The rate constant against the current densityasshn Fig. 5 and Table 2.

In this study, when the current density increases 10 to 60 mA/cr) the rate
constant increases from 0.0033 to 0.0131-mifhe relation between current
density and the rate constant was fitted to belynpmial. The enhancing effect
of current density is attributed to the improvemeftchlorine/hypochlorite
production rate that enhances the indirect oxidagibect during electrolysis.
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0.014 1 R’= 0.9972
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@

0.008 -
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Figure 5. Effect of current density on the rate constant@i electrochemical
incineration; [NaCl] =1 g/Le = 200 rpm, T = 25 °C and [OA] = 0.1 M.

Table 2. Effect of current density on the observed ratestamt (ko).

OA Rate constant | Standard Sum of
Parameter | Value | removal Kobs error of R? square Conditions
(%) (min™) x10° Kobs x10°
10 54 3.34 5.82*10 | 0.9958 2.50 [NaCl] = 1 g/L
gurre_nt 30 88 9.09 1.64*10* | 0.9953| 9.09 ® = 200 rpm,
( meA';‘;'Tt%’) 40 92 10.50 0.000 | 1.0000| 0.00 T=25°C,
60 96 13.10 1.22*10% | 0.9988 | 2.87 [CA]=0.1M

Huang et al. [26] found a linear relationship bedwehe rate constant and the
current density when OA degraded, using a Ti-DAGam@de in NaCl presence.
According to data in Table 2, OA removal percentageeased from 54 to 96 %,
as the current density increased from 10 to 60 mmA/cThis result is an
indication that the current density is the mostanignt factor in OA incineration
in the presence of chloride ions.

10

0.8 1

0.6 1

[OA}/ [OA],

® Stagnat
O 200 rpm
v 300 rpm
A& 400 rpm
0.2 4 Exponential decay fitting

0.4 1

0.0

o 50 100 150 200 250

Time (min)

Figure 6. Normalized concentration [O&JOA], against time curves, obtained at
[NaCl] =1 g/L, | = 30 mA/cri, T = 25 °C and [OA] = 0.1 M, for different rotatio
speeds.

Effect of rotation speed on OA removal

The decrease in normalized OA concentration, ®@A]., plotted against
electrolysis time, with their exponential decayirii at different rotation speed,
is presented in Fig. 6.
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The relation between the rate constant and agitaidepicted in Table 3 and
Fig. 7.

Table 3. Effect of agitation on the observed rate consfiast).

OA Rateconstant | Standard Sum of
Parameter | Value | removal Kobs error of R? square Conditions
(%) (minY) x10° Kobs x10°
. 0 91 9.84 8.77*18 | 0.9989 230 | [NaCll=1glL
ROtat'?jn 200 88 9.09 1.64*10° [ 0.9953 | 9.10 | | =30 mAlcnt,
?r%erﬁ) 300 85 8.62 1.85*10° | 0.9935| 13.30 | T =25 °C, [0A]
400 83 8.19 2.03*10* | 0.9914| 17.71 =0.1M

0.0100

0.0098 ]
Kyps = - 0.0041(c) +9.8676

0.0096 R’= 0.9975

0.0094 ]

0.0092 ]

0.0090

Koo, (MIiN)

° 0.0088 ]
0.0086 ]
0.0084 ]

0.0082 7

0.0080 T T T T T
0 100 200 300 400 500
Rotation speed (rpm)

Figure 7. Effect of agitation on the reaction rate of OAattechemical incineration;
[NaCl] =1 g/L, | = 30 mA/cri, T = 25 °C and [OA] = 0.1 M.

It is interesting to note that the absence of &gitagives higher rate constants,
while increasing rotation speed more than 200 rgadl$ to a drastic drop in the
reaction rate. These behaviors may be interru@sdjigher electrode rotation
velocities would not enable the reaction of chlermith OA, and a part of the
formed chlorine would be liberated to escape oatdite cell; hence, a lower
reaction rate takes place. It is observed thaktisea substantial inverse linearity
between the rate constant and agitation.

Effect of temperature on OA removal and reaction kinetics

The decrease in normalized OA concentration, @], plotted against
electrolysis time, with their exponential decayirfig at different temperatures, is
shown in Fig. 8.

The relation between the rate constant and temper# illustrated in Fig. 9 and
Table 4. A polynomial relationship between the rat@stant and temperature
was observed. The effect of temperature on OA aniodineration was widely
investigated by the group of De Battisti [22], etpresence of several anodes,
Scialdoneet al. [28], for the case of DSA:@nodes, and Canizares et al. [29],
for BDD. According to literature data, the temparateffect on OA degradation
strongly depends on the anodic material nature. hVBDD, a temperature
increase gave rise to a slight change in OA abatef22, 29], while a drastic
increase at Ir9based anodes was observed [22, 28]. In the preysigm, a
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drastic increase in OA abatement was observed én pitesence of NacCl.
Therefore, Mn@ has a catalytic activity towards OA, which incre@swith
higher temperatures.

1.0
0.8 7

0.6 7

0.4 7

25°C
40 °C
50 °C
60 °C
Exponential decay fitting

[OA]/ [OA],

0.2

>4080

0.0 7

T T T
100 150 200 250

Time (min)
Figure 8. Normalized concentration [O&JOA], against time curves, obtained at | = 30
mA/cn?, ® = 200 rpm, [NaCl] = 1 g/L and [OA] = 0.1 M, forftérent temperatures.

0.018
Kqps,=0.0035 (T)*- 0.0696 (T) +8.613
R?=1.0000

0.016

0.014 A

Kype, (min™)

0.012

0.010 -

0.008

Temperature (°C)

Figure 9. Effect of temperature on the reaction rate of @Gg&teochemical incineration;
| = 30 mA/cnt, ® = 200 rpm, [NaCl] = 1 g/L and [OA] = 0.1 M.

Table 4. Effect of temperature on the observed rate cohgkas).

OA Rate constant | Standard Sum of
Parameter | Value | removal Kobs error of R? square Conditions
(%) (minY) x10° Kobs x10°
25 88 9.09 1.63*10 | 0.9954 8.96 [NaCl] = 1 g/L,
Temperature 40 93 11.5 149*104 0.9976 5.72 1=30 mA/C[T?,
(°C) 50 96 14.0 1.44*10* | 0.9985| 3.64 ® =200 rpm,
60 98 17.2 1.74*10* | 0.9986 | 3.82 [OA]=0.1 M

The activation energy was calculated from the stidiye temperature effect on
the rate constant (Arrhenius' law), considering tha activation energy range of
a typical diffusion-controlled process is less ttzhkJ/mol [30]. Fig. 10 shows
the relation between Inal and the reciprocal of temperature (Arrhenius')plot
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The data allowed estimating an activation energyl4f541 kJ/mol, which
confirms that the present system is limited by ntesssfer [31].

-4.0

IN(Kyp, ) = 1.297 - 1749/T

2 _
a1 R = 0.9899

4.2

4.3

-4.4 1

nk,.)

-4.5 1

-4.6 1

-4.7 1 (4

-4.8 T T T T
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034

1T (K™Y
Figure 10. Arrhenius' plot between Infl) and temperature. | = 30 mA/ém =
200 rpm, [NaCl] = 1 g/L and [OA] = 0.1 M.

Conclusion

The present research confirmed that the rate aoinstaDA degradation reaction
is directly proportional to the increase in NaChcentration, current density, and
temperature, while it is inversely proportional tlee increase in the anode
rotation speed. Two important points are worthyattention: firstly, current
density has a significant role on OA incineratiarthe present research, where a
higher reaction rate can be achieved; secondlypé¢eature’s influence shows a
positive behavior, according to Arrhenius’ law, time current work, while an
adverse effect was observed with other organic camgs, such as glucose [32],
or no significant effect, in the case of anodesxsaxBDD [29]This discrepancy
between the present work and previous works magttrdouted to the role of
active chlorine in the electrochemical incineratiand to the catalytic activity of
the MnQ anode. Results of activation energy suggested ttietreaction is
controlled by the species diffusion towards the densurface, and by their
reaction with the active chlorine, while direct Qdidation at the electrode
surface is insignificant.
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