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ABSTRACT

The mineralization of aliphatic acids in aqueous solution by solar mediated iron processes have been explored using
acetic acid, oxalic acid and malonic acid as model compounds. Experiments were performed in batch mode under
natural sunlight at optimum conditions. In solar-Fenton process, almost complete mineralization was observed for
oxalic acid, 88% and 62% for malonic and acetic acid respectively while in solar-Ferric ion process, the
mineralization efficiency was around 99%, 30% and 26% for oxalic acid, malonic acid and acetic acid respectively.
The acids follow pseudo-first-order kinetics for solar-Fenton process and zero-order kinetics for solar-Ferric
process. The kinetic rate constant for dicarboxylic acids like oxalic acid is higher than for monocarboxylic acid,
acetic acid with the same number of carbon atoms. The results of the study provide an insight into the
photochemical red-ox reactions of Fe**/Fe?" ions which plays an important role in mineralizing the acids.
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INTRODUCTION

Aliphatic acids are organic carboxylic acids whiiciclude monocarboxylic acid like formic acid, acetcid,
propanoic acid, dicarboxylic acids like oxalic acimalonic acid and their derivatives. These comgsuare
commonly found in wastewater from various industtike petrochemical, pharmaceutical, pesticidéntgadyes
and pigments in varying concentration. The alighatiids are also present in wastewater treatmextpses apart
from industrial effluents as a byproduct formedidgrthe degradation of macro organic moleculesdoeaus
solution by advanced oxidation process (AOP). Thasds were found to be refractory and tendto lother
mineralization rate of AOPs during the final stagéshe treatment process [1]. The presence oftleesnpounds
restricts the zero discharge limit of AOPs. Tha&sdormed during AOPs are low molecular weight poonds
like acetic acid, formic acid, oxalic acid, maloracid, propanoic acid, maleic acid, fumaric acitl @0 on
[2].Some of the aliphatic acids and their derivasivare proved to be toxic as chloroacetic acidiimagenic and
teratogenic in nature like valproic acid, 2-ethgixanoic acid [3]. It is, therefore, imperative tedt these acids
before its discharge into the waterways.

Treatment methods employed for degradation of doitade photocatalysis using either pifd-5] or immobilized
TiO, [6], UV/H,0, [7] and Fe(llI)/UV[8]. Studies have been conducdtedinderstand the influence of these acids on
the degradation of phenol [9], Rhodamine B[10]. Ma¥ the researchers reported the usage of iron
polycarboxylates in UV-visible region which resulisoxidative degradation of carboxylate ligand-{1Z]. Mailhot

et al [13] have studied the degradation of diehtythalate by Fe(lll)-solar light in aqueous soloioHence, an
attempt has been made to utilize the viability et’fre® ions in the presence of solar light for photo @egtion
studies.

The present study aims at exploiting the behaviggthmtochemical red-ox cycling of F&¢* ions in the removal
of recalcitrant aliphatic compounds by using sdilgint. The possibility of exploiting solar light as substitute for
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UV light is examined which would pave a new wayiastewater treatment processes. The mineralizafitinese
acids is compared for solar-Fenton and solar-Feprioccess in order to assess the predominance iole o
photochemical redox reactions. The kinetics foasohediated process is proposed to understandyttendcs of

the reactions.

EXPERIMENTAL SECTION

Analytical grade reagents, sodium acetate, malaeid and sodium oxalate were purchased from CDH Th
concentration of the acids used during the experialeun was 200mg/L. Ferrous sulphate hepta hgdi@DH]
was used as a source of iron for Fenton and s@ateR processes while anhydrous Ferric chlorideHTB used

as a source for solar-Ferric process. Experimestg wonducted in a shallow glass trough (23.5 chorh) at a
depth of 2.2 cm both at room and solar conditiana batch mode. The initial pH of the experimental solution
was adjusted to pH 3.0 + 0.2 using 0.05K58), or 1M NaOH. The reaction was initiated by addiitber peroxide

or ferrous/ferric ions to the acid solution. Théasemediated processes were conducted at Anna tsifyeampus
building under clear sky conditions. The intengifythe solar radiation was measured using Kipp Zzouen CC20
radiation indicator and was found to be in the eanfj 680-726 Wriduring the experimental run. Samples were
withdrawn from the batch reactor at selected tintervals during the reaction and analyzed for #rmaaval and
mineralization of acids. The acids concentratiors waonitored using ion-chromatographic system DioDeX 20
equipped with lonpac AS-14 column with sodium cadite and sodium bicarbonate as eluent. The peales we
detected at 2.68, 6.83 and 7.85 min for acetic,an@onic acid and oxalic acid respectively. Thaenalization of
acids was determined by decrease in dissolved mrgantent (DOC) in Analytic Jena Model 1997 eqegwith
liquid auto sampler ALSC-104. The removal effigdgmwas calculated by monitoring the parent compaasd

Removal efficiency in % = (&C,/C,) x 100 (1)

where G is the concentration of the acids at time t inutd#s and Cis the initial concentration of the acid. The
mineralization efficiency was computed by measutirgDOC content of the solution as,

Mineralization efficiency in % = (DOEDOCY/DOC,) x 100 (2)

where DOGis the DOC content of the solution at time t imaies and DOgEis the initial DOC of the solution at
time 0 minute.

RESULTS AND DISCUSSION

Degradation studies were conducted for acetic awalonic acid and oxalic acid by maintaining a pH8® + 0.2
and optimum conditions of acid: peroxide at 1:1d &0,/F€" at 20. When peroxide was added to acid solution
containing iron solution, the solution remainedotmless for all the acids studied at room condgioim solar-
mediated process, the reacting solution remainéatless for acetic acid and malonic acid while éxalic acid
solution, the color changed to green during thdainstages of the reaction. As the reaction camt the green
colour changes to colorless at the end of the icract

3.1 Fenton process
When peroxide is added to ferrous ion at acidic lpfdiroxyl (- OH) radicals are generated as shovwaqif

FE€* + HO—————> Eé& -OH + OH (3)

The removal efficiency of acetic acid, oxalic aaitd malonic acid by Fenton process is shown irlFifhese acids
are highly resistant to Fenton oxidation [2] asidgated by meager removal efficiency of around 6%he -OH

radical generated attacks the acetic acidwahydrogen atom through hydrogen abstraction withesy low rate

constant of 7.5x10M*s* [14].

CHsCOOH + -OH HECOO + HO (4)
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Fig. 1.Removal efficiency of acetic acid, oxalic atand malonic acid by Fenton process

Hence, acetic acid was resistant to oxidation #eit removal efficiency is around 3.5% which isaocordance
with the results reported by Sinha et al [15] fowlIconcentration of acetic acid. In dicarboxyliddaclike oxalic
acid and malonic acid, the - OH radical attack eithe carboxylate ion or methylene group as shaweqi.5 and 6
with a low rate constant [16].

COOH-COOH + -OH———>  OG-COOH + HO k=0.8x 10Ms? (5)
COOH-CH-COOH + -:OH———> COOH--CH-COOHH,0 k=30 x 10 M’s* (6)
Moreover, the cleavage of C-C bond by -OH radisalary low contributing for only 6% removal efficiey. In

addition, the ferric ion formed reacts with thedsciresulting in stable complexes which further tieate the
oxidation process [17].
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Fig 2. Removal efficiency of acids by solar-mediatieprocesses. A:solar-Fenton process; B: solar-Fetriprocess

3.2 Solar-assisted process
The removal efficiency of acetic acid, oxalic aeidd malonic acid by solar-mediated processes isepted in
Fig.2. In solar-Ferric process, around 90-99% oadioxylic acid was removed while in monocarboxgad only
65% of acetic acid was removed. Increase in remeffigiency compared to Fenton process may bebated to 1)
photolysis of Fe(lll) hydroxyl complex at pH 2.585which vyield -OH radical,effective for the degmtidn of
organic compounds [18].

Fe(OHY*+hv ——— >  Ee + .OH (7)

The reaction occurs both in sunlight and UV light.the presence of the acids studied, the hydrogyhplex is
highly unstable as seen from their stability contsta The stability constant of Fe(OH) Fe(ac)*, Fe(Ox)>,
Fe(mal}® are -7.1, 18.5, 18.4 and 20.4 respectively wherea and mal represents acetate, oxalate and atalon
ions [19]. Hence the contribution of above equatitmwards removal efficiency is negligible. 2) Photo
decarboxylation of ferric polycarboxylates, thedsciorms outer sphere stable complex with ferricad acidic pH
of 2-4. The ferric complexes are photo-active itura Absorption of photon in the wavelength ranf@50-400
nm by these complexes undergoes a series of chleraartions by transferring its electron from orgaligand to
Fe(lll) by ligand to metal charge transfer (LMCThe photochemical reactions are shown below[20].

Fe(Oxy® + W ——>  Fe(QX) + OX' (8)
Fe(Ox}>® +OX—— > Fe(Ox)" + 2CQ 9)
oxX'+ O,—>  2GO+ O, (10)

The above eq.8 suggests that photo decarboxylatiaction plays an important role for removal of #wds by
solar-Ferric ion process. In solar-Fenton processiost complete removal of acids is observed witah be
assigned to photo decarboxylation of ferric compgas well as photolysis of hydrogen peroxide. &tded
peroxide generates additional oxidants like - OH,H®,0, and F&" ions [21] which contributes to increase in
removal efficiency.

The mineralization efficiency of the acids by sefaediated process is depicted in Fig.3. In solari&@rocess,
73%, 30% and 25% mineralization wasnoted for oxatiti, malonic acid and acetic acid respectively.s@en in
eq.9-10, the carboxylate radical undergoes decgtaiion to form either C@®or react with @ to form oxidized
intermediate compounds. Depending on the natumadifoxylic acid ligand, the mineralization efficagnis varied
which can be explained from the quantum vyield of*Fen from Fe(lll)-polycarboxylate eq.8.The decrease
mineralization efficiency for malonic acid compartm oxalic acid is due to low quantum yield of*Fén for
malonic acid (2.7% ) than oxalicacid [11]. As séeririg.3, the mineralization efficiency of the dsistudied was
increased for solar-Fenton process. Increased alingtion is due to photolysis of peroxide and phot
decarboxylation reaction. The photolysis of perexidntributes to increase in mineralization efficig of 60% and
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35% for malonic and acetic acid respectively. Heitamay be suggested that photo decarboxylatiahpdnotolysis
of hydrogen peroxide plays a significant role imeralizing the acids by solar-Fenton process.
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Fig.3. Mineralization efficiency of acids by solamediated processes. A:solar-Fenton process; B: splaerric process

3.3 Kinetics for aliphatic acid oxidation
The kinetics of aliphatic acid oxidation followdférent order of reaction based on the solar medigtocess.

3.3.1 Solar-Ferric process
The overall mineralization of the process is attidtal to photolysis of Ferric polycarboxylates asvah below

Fe(acid)® + v ———— > GO+ intermediates + Fe (11)
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The kinetics for acid oxidation can be representeébllows,
dCaciddt = Kacig (12)

whereGq is the concentration of acid angkis the zero-order rate constant. When t = 0,46 equal to Gqo the
eg. 12 on integration becomes,

Cacido—Cacid™ Kacidt (13)

During the reaction, the acids were completely resdowith the formation of organic intermediatesughit would
be appropriate to assess the overall rate constiintrespect to DOC rather than the acid. The eqas be
rewritten as,

Cooco—Cooc = kit. (14)
T2) = Coocd2. Ky (15)

Zero-order rate constafit;) can be obtained through a linear least-squar®ifithe acid data to eq.14. The zero-
order kinetic plots for acetic, oxalic and maloaid is shown in Fig 4 with regression greater tB#@8. The rate
constant for acetic acid, oxalic acid and maloniid aare 2.7616 xI8) 3.045 x1C, 1.730 x 16 mM min*
respectively. Half-life {;,;) values for acids was determined by applying tite constant values to eq.15 and was
found to be 602.9, 364.5 and 554.9 min for aceti@lic and malonic acid respectively.
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Fig.4. Zero-order kinetic plot for mineralization of acid by solar-Ferric process
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Fig. 5. Pseudo-First-order kinetic plot for mineralzation of acids by solar-Fenton process

3.3.2 Solar-Fenton process

In solar-Fenton process, photolysis of hydrogeroxide and ferric polycarboxylates play a significaale in
mineralizing the acids studied. The reaction ragpethds directly on the concentration of acid andl r@dical
generated resulting in second-order rate equatidalws,

dCuciddt = KacicCacia C.on (16)

where G.jqand Con are the concentration of acid and hydroxyl radieapectively andt,q is the second-order rate
constant. In the presence of high concentrationGi radical, the eq can be deduced to pseudo-firsier rate
equation,

dCaciddt = KacidCacid 17)
On integrating the above eq.17,

INCacid INCagido = *ot (18)
Tz~ 0.693k; (19)

The above equation can be applied for overall naiimation of acid by incorporating the residual DORseudo-
first order rate constant {kfor acids can be obtained through a linear lsgstre fit of mineralization data to eq.18
and is illustrated in Fig.5 with regression gredtem 0.98. The rate constant for acetic, oxalit emalonic acid is
0.0158, 0.0341 and 0.0071 nlinespectively. Half-life () values for acids can be measured by applyingate
constant to eq.19 and found to be in the rang®ab 28 min.

Rate constant and Half-lives for acids by solar-iated process is presented in Tablel. As seenthemalues, the
rate constant for dicarboxylic acid is higher thhe monocarboxylic acid with the same carbon atehih is
consistent with the results obtained by Chen 22|l The mineralization rate constant for soladiated process
follows the order of oxalic acid > acetic acid >ordt acid. The rate constant for the acids stubdiedolar-Fenton
process is greater than solar-ferric ion procesa factor of 10. The half-lives of acids for sef@nton process are
in the range of 20 to 98 min while 365- 603 min wéserved for solar-Ferric process. From the valitesn be
deduced that the half-lives of acids by solar-éemiocess is reduced by a factor of 5-18 comparesblar-Fenton
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process. Increased mineralization rate and redineg@live for acids by solar-Fenton process wasnessed
compared to solar-ferric process. The acids takgdpotime to degrade by solar-Ferric process.

Table 1. Rate constant and their Half-lives1,;) for mineralization of acids by solar mediated Pocess

Solar-Ferric Solar-Fenton Increased
Acid efficiency
ky x 109 L2 1 ke 12 1 T1/2sal-famicy T12(zal-
mM min-! min min-! min Fntor)
Acetic 2.76 6029 00085 00138 43 86 0.980 13.74
Orzalic 3.045 ied. s 09841 0.0341 20.32 0.986 17.93
Malonic 1.73 3549 009841 0.0071 07.60 0.992 3.68
CONCLUSION

The foregoing study suggests that the acids wemgplmiely removed by solar-mediated processes. ©idsis of
the study, the following implications are obtained:

» Acetic, oxalic and malonic acids were removed megg® to 6% by Fenton process while almost conaplet
removal is achieved in solar-mediated process éximgpacetic acid, accounts for 68% removal in sélarric
process.

» The mineralization efficiency of acetic, oxalic amélonic acid by solar-Fenton process was 62%, 888:38%
respectively while only 25%, 73% and 30% was ob=sgffor solar-Ferric process.

» The acids follows pseudo- first-order kinetic mod@l solar-Fenton process while a zero-order mauss
obeyed for solar-Ferric process. The mineralizatate constant for the acids by both processesocmsfwith the
following sequence: oxalic acid> acetic acid >maiacid.

» The rate constant for dicarboxylic acid, oxalicdaisi higher than for monocarboxylic acid, acetidagith same
carbon atoms.

» Half-live of acids by solar-Fenton process werehi@ range of 20-97.6 min whereas the half-live ol for
solar-ferric process ranges from 365 to 603 min.

» Even though, solar-Fenton offers a promising trestntechnology for complete mineralization of acstisdied,
solar-Ferric process could also be an viable atertechnology for mineralizing the acids at lovgto@vithout the
usage of oxidants like peroxide) for tropical coig# like India, where sunlight is available thrbogt the year.
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