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Abstract: In this work, the degradation and mineralization of Diallyl Phthalate (DAP) in water
by Fenton oxidation was investigated. The effects of different experimental parameters including
the initial pH, the hydrogen peroxide (H,O,) dose, the catalyst (Fe?*) dose, the iron source, and
the DAP concentration on the rate and the yield of DAP degradation by Fenton oxidation were
evaluated. DAP and its intermediates were quantified by high performance liquid chromatography
(HPLC) analysis and the measurement of total organic carbon (TOC) during Fenton oxidation.
The results obtained confirmed that hydroxyl radicals (HO®) generated from Fenton’s reaction
were capable of completely eliminating DAP from water. Fenton oxidation of 100 mg/L DAP
aqueous solution at pH = 3.2 required 1000 mg/L H,O, and 50 mg/L Fe?*. Under these conditions,
more than TOC removal exceeded 95% after 300 min Fenton oxidation. The competition kinetics
method was used to determine an absolute rate constant of 7.26.10° M~! s for the reaction
between DAP and HO® radicals. HPLC analysis showed that phthalic acid, 1,2-dihydroxybenzene,
1,2,4-trihydroxybenzene, maleic acid, formic acid and oxalic acid were the main intermediates formed
during DAP degradation. Accordingly, a simple DAP degradation mechanism by the Fenton reaction
was proposed. These promising results proved the potential of Fenton oxidation as a cost-effective
method for the decontamination of wastewaters containing phthalates.
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1. Introduction

The uses of phthalates as plasticizers are widely spread and growing rapidly in the manufacture of
various PVC products, textiles, toys as well as medicinal products [1-4]. Moreover, they can be applied
in various industries such as insect repellents, propellants and many cosmetics manufacture [3,4].
Due to its low cost production and its versatile chemical properties, phthalates attracted innumerable
industrialists towards plastic-based productions throughout the world [3,5]. Being widely used as
plasticizers and not bounded to polymer mesh, they easily pass from plastic products to surrounding
environments and consequently pollute water, soil, air and last but not least food products [4,6-9].
Rainfall transfers phthalates and phthalate esters in the atmosphere, which lead to their accumulation
in water depending on geographic locations [8]. Discharge of phthalate esters into the atmospheric
and aquatic regions has therefore increased as a reason of urbanization. Using agricultural plastics
has enormously caused contamination to the soil in rural areas [10]. Hence, phthalates are very toxic,
carcinogenic and can cause serious diseases in human beings [9,11,12]. They are considered as toxic
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environmental priority pollutants and endocrine disruptor chemicals [7,10,13,14]. In addition, it has
toxic effects on the liver, kidney, and reproductive organs and act partly as endocrine disrupting
agents [5,12,14,15]. Thus far, a number of phthalates have been reported such as Dibutyl Phthalate
(DBP), Diethyl Phthalate (DEP), Diethyl Hexyl Phthalate (DEHP), Diallyl Phthalate (DAP) and
identified in environmental water samples. DAP selected for evaluation in the current work has
a chemical structure given in Figure 1. This compound can pause environmental and health
problems [16,17]. DAP is largely used as plastilizers in PVC plastic containers, packaging and medical
devices. It can be released during longtime storage in warm conditions and contaminate water
bodies [10-17]. Nevertheless, despite its high toxicity, no valuable information on the decontamination
of wastewaters containing DAP exists.
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Figure 1. Structure of Diallyl Phthalate (DAP).

Advanced oxidation processes (AOPs) are water treatment methods generating powerful oxidants
mainly hydroxyl radicals (HO®). The Fenton process, considered a cost-effective AOP is largely utilized
in industrial wastewater treatment plants [18-20]. In Fenton oxidation, the reaction between hydrogen
peroxide (HyO,) and ferrous ions (Fe%*) promotes the formation of *OH radicals in an acidic medium
(Equation (1)).

Fe?* + H,O, — Fe** + HO® + OH™ (1)

Acidic conditions are necessary to scavenge the hydroxide ions formed in reaction (Equation (1)) to
avoid the precipitation of Fe(OH)3. In addition, the doses of Fe?* and H,O, should be carefully adjusted
to make Fenton oxidation highly effective. Recently, the development of new Fenton and Fenton-like
catalysts for more efficient decomposition of HyO, into HO® radicals would result in the large industrial
application of Fenton oxidation for environmental remediation and water purification [21-23].

This work aims to investigate the degradation of DAP in aqueous solutions by Fenton oxidation.
The effects of different experimental parameters such as pH, H,O, and iron doses, iron source on the
mineralization efficiency and oxidative degradation of DAP aqueous solutions were studied. The
absolute rate constant for the reaction between the DAP and hydroxyl radicals was determined by the
competition kinetic method, using benzoic acid as a reference. Aromatic and aliphatic byproducts of
DAP oxidation by the Fenton process were examined by high performance liquid chromatography
(HPLC) analysis and total organic carbon (TOC) measurement. A simple mechanism of DAP oxidation
by Fenton oxidation was proposed.

2. Materials and Method

2.1. Chemicals

DAP (C14H1404), phthalic acid (CgHgOys), 1,2-dihydroxybenzene (C4H¢Oy), 1,2,4-trihydroxybe
nzene (C4HgO3), oxalic acid, maleic acid, formic acid, and benzoic acid (C7HgO,) were purchased from
Sigma-Aldrich with purities between 97% and 99%. Hydrogen peroxide was a 30% (w/w) solution
(VWR). Other chemicals such as ferrous sulfate, ferric oxide, ferrous fluoride, pyrite, sulfuric acid,
sodium sulfite and sodium hydroxide were supplied from VWR and Sigma-Aldrich. HPLC grade
acetonitrile (Merck, Buchs, Switzerland) and formic acid (Sigma Aldrich Int., Buchs, Switzerland) were
used for HPLC analysis.
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2.2. Analytical Procedures

The Analytik Jena TOC analyzer was used to measure the total organic carbon (TOC). The
quantification of DAP and its intermediates were performed by HPLC-UV (Agilent 1100 series, Santa
Clara, CA, USA) at 25 °C. 20 uL of each sample was injected into a Nucleosil C18 analytical column.
The wavelength of the UV detector was set at 260 nm. A mixture of 25 mM formic acid aqueous
solution (solvent A) and 25 mM of formic acid in acetonitrile (solvent B) was used as eluents. A lineal
gradient elution (0.5 mL/min) was operated starting at 10% of solvent B rising the composition to 100%
of solvent B after 40 min. HPLC using a Supelcogel H column was performed to analyze carboxylic
acids. An aqueous solution of 0.15% phosphoric acid (flow rate: 0.15 mL/min) was the mobile phase.
The wavelength of the UV detector was fixed at 210 nm. Linear calibration curves were obtained for
the standard solutions with correlation values (r2) higher than 0.99. The pH was determined with a
Micronal pH meter (model B474).

2.3. Fenton Experiments

The Fenton processes were carried out in a 1 L Pyrex reactor equipped with a magnetic stirrer, and
a thermometer. Drops of 1 M sulfuric acid or 2 M sodium hydroxide was added to adjust the pH of the
solution. After pH adjustment, a given mass of FeSO4.7H,0O or any other iron source was introduced
to the DAP solution. After the iron salt was dissolved, the Fenton oxidation started when an exact
mass of 30% HyO, was added to the solution. 10 mL samples were withdrawn from the solution at
certain time intervals. To stop the reaction, a small amount of Na;SO3 was added immediately to each
sample. An instantaneous analysis of pH was performed. The samples were filtered through 0.20 um
Nylon filters and analyzed for TOC, target compounds and intermediates.

3. Results and Discussion

3.1. Influence of Initial pH

The solution pH is crucial in determining the efficiency of Fenton oxidation in degrading organic
pollutants. The effect of pH within the range of 3.0 and 7.0 on DAP removal by Fenton oxidation is
shown in Figure 2. This figure indicates that independent of initial pH, the DAP concentration started
to decrease at the beginning of Fenton oxidation. As it can be seen, an increasing pH from 3.2 to 4.0,
5.1, 6.2 and then to 7 decreased the DAP removal from 100 mg/L to 1.1 mg/L, 14.7 mg/L, 24.7 mg/L,
447 mg/L and 63.7 mg/L, respectively. This result indicated that more than 98% of DAP removal was
obtained at pH 3.2, while the percentage of DAP removal was between 36% and 85% for other initial
pH values after 120 min of treatment. Therefore, the degradation of DAP was significantly affected
by the initial pH. The highest DAP degradation yield was obtained at pH 3.2. This can be correlated
to the generation of hydroxyl radicals by Fenton’s reaction. In fact, a greater generation of hydroxyl
radicals at acidic conditions enhances the oxidation of organics. However, at a pH higher than 3.2, the
formation of ferric hydroxide complexes Fe(OH); and the auto-decomposition of H,O, to oxygen and
water reduces the generation of hydroxyl radicals, which decreases the degradation efficiency of DAP.
Additionally, the formation of Fe(IlI)-complexes at high pH values limits the regeneration of ferrous
ion (Fe?") catalyst and then reduces the regeneration of hydroxyl radicals [24,25]. Several studies have
reported that pH can dramatically affect the degradation of organic pollutants such as phenols, dyes,
and petrochemicals by Fenton oxidation. Higher degradation yields were measured at pH values in
the range 3.0-4.0 [20,26-30].
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Figure 2. Influence of the initial pH on the DAP degradation kinetics during the Fenton process
(H,0,/Fe?*). Experimental conditions: [DAP]y = 100 mg/L; [H,0,] = 1000 mg/L; [Fe?*] = 50 mg/L;
pH =3.2-7.

3.2. Effect of Fe’* Dose and Iron Source

Fe?* ions play the role of reactant/catalyst in Fenton’s reaction (Equation (1)) capable of
decomposing H,O, into hydroxyl radicals and forming ferric ions. Firstly, the influence of Fe?*
dose on the degradation of DAP was evaluated for doses between 0 and 100 mg/L during Fenton
oxidation of 100 mg/L DAP using 1000 mg/L of HyO, at pH 3.2. Figure 3 demonstrates the influence
of the Fe?* dose on DAP decay during the Fenton process. This figure shows that the degradation
of DAP was remarkably affected by the Fe?* concentration. In the absence of Fe?*, the percentage
of the DAP degradation yield was less than 5%, while it increased markedly in the presence of Fe?*.
Furthermore, the DAP degradation yield increased with augmenting Fe?* concentration from 0 to
50 mg/L; however, it remained unchanged or decreased with a further increase in Fe2+ higher than
50 mg/L. Indeed, DAP degradation yields (after 180 min) were 69.96%, 84.98%, 100%, 93.19 and
87.18% for Fe?* doses of 10, 25, 50, 75 and 100 mg Fe?* /L, respectively. Maximum DAP degradation
efficiency (100 %) was achieved by 50 mg/L of Fe?*. The DAP degradation yield showed progressive
improvement with the increase in the initial Fe?>* dose within the range 10-50 mg/L and could be due
to the greater generation of hydroxyl radical by reaction (Equation (1)). Moreover, higher Fe>* doses
than 50 mg/L can lead to consumption of the hydroxyl radical *OH by excessive Fe?" ions by reaction
(Equation (2)) inducing the decrease in DAP degradation yield [24,31].

Fe* + *OH — Fe®* + OH ™~ 2)
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Figure 3. Effect of Fe?* content on the DAP degradation kinetics during the Fenton process
(HyO, /Fe?). Experimental conditions: [DAP]y = 100 mg/L; [HO,] = 1000 mg/L; [FeZ*] = 0-100
mg/L; pH=3.2.

Thus, the optimum [H,O,]/ [FeZ*] mass ratio for Fenton oxidation of DAP at pH 3.2 was 20
confirming the need for Fe?" doses, which was much too less than the stoichiometric dose as reported
by several studies [24,31]. To compare the effect of the catalyst source on degradation of DAP by
the Fenton process, a series of experiments were performed using a fixed concentration of DAP of
100 mg/L and a dose of H,O, of 1000 mg/L at pH 3.2, and 50 mg/L Fe?* obtained from different
sources. Four iron sources (ferrous sulfate, ferric oxide, pyrite and FeF;,) were supplied during DAP
degradation by Fenton reaction. The results of these experiments are presented in Figure 4. This
figure shows that the DAP concentration decreased from the beginning of treatment by the Fenton
process for all iron sources. However, in the presence of ferrous sulfate, the DAP degradation yield
was higher than that obtained with the addition of ferric oxide, pyrite or FeF,. The complete DAP
degradation was observed only when ferrous sulfate was used as a source of iron after 180 min.
DAP degradation yields were 100%, 91.49%, 85.98% and 77.17% for ferrous sulfate, pyrite, FeF, and
ferric oxide, respectively. The results confirm that DAP degradation is affected by the iron source.
Consequently, DAP degradation is significantly favored by homogeneous catalysis when Fe?* is
available in a soluble form than heterogeneous catalysis when an insoluble source of iron is used.
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Figure 4. Effect of the iron source on the degradation of DAP kinetics during the Fenton process
(H,0,/Fe?*). Experimental conditions: [DAP]y = 100 mg/L; [H,0,] = 1000 mg/L; [Fe?*] = 50 mg/L;
pH=32.

3.3. Effect of H,O, Dose

Hydrogen peroxide plays a fundamental role as an oxidizing agent in the Fenton oxidation process.
For this reason, the effect of H,O; concentration on DAP degradation was optimized using 100 mg/L
of DAP, a constant [H,O,]/[Fe?*] molar ratio of 20 at pH 3.2 and different HyO, concentrations ranging
from 0 to 3000 mg/L. The results are illustrated in Figure 5. It was noticeably observed that the DAP
degradation yield depended largely on the H,O, dose. The increase in H,O, concentration from
0 to 1000 mg/L increased the DAP degradation yield from 5% to 100% after 120 min of treatment.
This can be due to a greater generation of *OH radical in the solution by catalytic decomposition of
hydrogen peroxide. The highest DAP degradation yield was obtained when 1000 mg/L H,O, was
added to 100 mg/L DAP. A further increase in H,O, concentration beyond 1000 mg/L had no effect
on the degradation yield. This can be explained by the acceleration of competitive reactions between
hydroxyl radicals *OH with pollutants and their scavenging by the excess in H,O, ((Equation (3)) and
(Equation (4))) [26,32]. Additionally, the auto-decomposition of H,O, into O, and H,O (Equation (5))
consumes a significant amount of HyO, for higher H,O, doses than 1000 mg/L. Accordingly, a HyO,
dose of 1000 mg/L is optimal to reach the highest DAP degradation yield by Fenton oxidation, which
corresponds to [Hy,O,]/[DAP] mass ratio equal to 10.

HO® + Organic Pollutant — Products 3)

HO*® + H202 — Hzo + HOZ. (4)
2H,0, — O, + 2H,0 (5)
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Figure 5.
process (H,O,/Fe?*).

[H20,]/[Fe?*] =20; pH =3.2.

3.4. Effect of DAP Concentration

Effect of H,O, concentration on the DAP degradation kinetics during the Fenton
Experimental conditions: [DAP]y = 100 mg/L; [HyO,] = 0-3000 mg/L;

7 of 15

The pollutant concentration is an important parameter in wastewater treatment. To evaluate the
influence of this parameter on the efficiency of the oxidation process the pH was fixed at 3.2 keeping
[H,05]/[Fe?*] and [HyO,]/[DAP] mass ratios equal to 20 and 10, respectively. The effect of DAP
concentration in the range 40-140 mg/L is presented in Figure 6. This figure indicates that the DAP
degradation yield achieved more than 92% after 120 min for all DAP concentrations. The increase
of DAP concentration from 40 to 140 had no significant effect on DAP degradation yield by Fenton
oxidation. The lower the DAP initial concentration, the shorter the reaction time needed to completely
degrade DAP. For example, the DAP degradation yield decreased from 99.7% to 75.9% with an increase
in DAP concentration from 40 to 140 mg/L after 45 min. This decrease in degradation rate may be due
to the competitive reactions between *OH and the intermediates formed during DAP degradation by

Fenton oxidation.
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Figure 6. Effect of initial DAP concentration on the DAP degradation kinetics during the Fenton process
(H,0, /Fe?*). Experimental conditions: [DAP]y = 40-140 mg/L; [H,O,]/[DAP] = 10; [H,0,]/[Fe?*] =
20 pH =3.2.

3.5. Rate Constant for Reactions between the DAP and Hydroxyl Radicals

Benzoic Acid (BA) was used as a model compound to determine the absolute rate constant of the
reaction between DAP and HO® radicals. An absolute rate constant of BA with HO® radicals of 5 10°
M~ 1s 1 was reported in literature [32,33].

Considering second order reaction kinetics for the reactions between BA and DAP with HO®
radicals, the rate of the reactions can be given by the equations (Equations (6)—(7)):

roa = ~ DAL _ kg x [HO'| x [BA] = Ky, x [BA ©®)

d[DAP .
"DAP = —% = kpap X [HO®] x [DAP] = kpp x [DAP] (7)

Assuming pseudo-first order for BA and DAP (Equations (8) and (9)):

BAL _
L”{[BAff}‘ Ba X! ®
(25}t

LSolving the equations for kp4p gives (Equations (10) and (11)):

[DAP],
Ln{ DAP h} _ Kpap _ kpar _ g p3ng (10)
— CDAP _ =1
Ln [BA kBA kBA
(BAJ,
kpap = 1.2308 x kga = 7.26 x 10°M 1571 (11)

The plot of Ln([DAP]y/[DAP];) vs Ln([BA]y/[BA];) during Fenton oxidation of 100 mg/L DAP
and 100 mg/L BA (using 1000 mg/L H,O, and 50 mg FeZ* /L at pH 3.2) is given in Figure 7. This



Appl. Sci. 2019, 9, 23 9 of 15

plot is linear with a correlation coefficient (R?) higher than 0.99. After least-square regression analysis,
a slope of 1.2308 was measured. Based on the competitive kinetic model reported in literature by
several studies [32,33], the absolute rate constant of the reaction between DAP and HO® hydroxyl
radicals was calculated to be 7.26 10° M~! s 1. This value DAP was in the same range as other aromatic
compounds and phenols mentioned by Benitez et al. [33].

5
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4 R? = 0.996
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0.5

T
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Figure 7. Competitive kinetic model for the determination of the absolute rate constant of the reaction
of DAP and HO® hydroxyl using benzoic acid as a reference compound. Experimental conditions:
[DAP]y = 100 mg/L; [BA]p = 100 mg/L, [HO,] = 1000 mg/L; [FeZ*] = 50 mg/L; pH=32.

3.6. DAP Mineralization and Identification of Oxidation Intermediates

The TOC removal is necessary for the complete destruction of the starting molecule and its
transformation into CO; and HyO. For this reason, the mineralization of DAP was followed by
measuring the TOC changes during DAP degradation by Fenton oxidation of 100 mg/L DAP aqueous
solution using 1000 mg/L H,O, and 50 mg/L Fe?* at pH = 3.2. Figure 8 presents the changes in the
concentrations of DAP, TOC and the intermediates (in mg C/L) with time during the treatment. As it
can be seen, the concentration of DAP and TOC were satisfactorily reduced. DAP was rapidly and
completely removed by the Fenton oxidation after a reaction time of 120 min. However, a slower
exponential decrease of TOC rather than DAP was observed. TOC removal reached about 95% after
360 min treatment. This indicates that the degradation of organic compounds is more rapid than their
complete mineralization. In the first step of Fenton oxidation, DAP is degraded into intermediates
without carbon dioxide formation. This is confirmed by the changes of the intermediates concentration
(determined by the mass difference between TOC and DAP (mg C/L) showing a rapid increase in the
intermediates concentration to reach a maximum at 60 min and then parallel decay than TOC.
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Figure 8. Changes in concentrations (mg C/L) of DAP, intermediates and TOC during Fenton oxidation
of 100 mg/L DAP. Experimental conditions: [H,O,] = 1000 mg/L; [FeZ*] =50 mg/L; pH=3.2.

On the basis of the results above, the oxidative degradation of DAP by the Fenton process was
accompanied by the formation of aromatic and aliphatic intermediate products. For this reason,
it is very important to identify the main intermediates. Their identification was carried out by
HPLC analyses. Figure 9 presents the evolution of the concentration of the aromatic and aliphatic
intermediates with time during the treatment of aqueous solution containing 100 mg/L DAP by the
Fenton process using 1000 mg/L H,O, and 50 mg Fe?* /L and at pH 3.2. This figure shows that phthalic
acid (PA), 1,2-dihydroxybenzene (DHB) and 1,2,4-trihydroxybenzene (THB) were the main aromatic
intermediates identified during the oxidation of DAP by the Fenton process. These three intermediates
(PA, DHB and THB) are clearly formed from the beginning of the treatment of DAP (about 5 min).
A maximum concentration of 4.3 ppm phthalic acid (PA), 1.3 ppm 1,2,4-trihydroxybenzene (THB)
and 10.6 ppm 1,2-dihydroxybenzene (DHB) were found, and then completely removed in 45, 60 and
120 min of treatment, respectively. This result indicated the opening of the aromatic ring and the
generation of aliphatic intermediates. Maleic, formic and oxalic acids are the detectable aliphatic
intermediates of DAP oxidation by the Fenton process (see Figure 8). The formation of maleic acid
appeared after 30 min of treatment, attaining a plateau concentration of about 11 mg/L after around
45 min of treatment and then decreasing to very low values (2 mg/L) after 120 min treatment. Formic
acid starts its formation at the beginning of treatment, reaches its maximum concentration of 10 mg/L
and then completely disappears after 45 min. On the other hand, oxalic acid was, as expected, the
major and most persistent carboxylic acid generated. The concentration of oxalic acid increased rapidly
at the starting of treatment. The highest concentration of oxalic acid was quantified as 38 mg/L at
60 min of the treatment. After that time, the amount of oxalic acid gradually decreased to a value of
14 mg/L at the end of the treatment. Consequently, these six intermediates were more or less quickly
oxidized into CO, and H;O, and quasi-completely mineralized after about 180 min of treatment.
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Figure 9. Evolution of the concentration of aromatic and aliphatic intermediates detected during
the Fenton degradation of aqueous solution containing 100 ppm DAP. Experimental conditions:
[DAP] = 100 mg/L; [H,0,] = 1000 mg/L; [Fe**] = 50 mg/L; pH = 3.2.

3.7. Proposed Reaction Pathway for DAP Mineralization

The reaction pathway of Figure 10 is proposed for the mineralization of DAP under optimal
conditions. The reaction is initiated by the attack of hydroxyl radicals *OH on the carbonyl group of
the benzene ring of DAP (1) leading to the formation of phthalic acid (3) and allyl alcohol group (4),
which is spontaneously transformed into carboxylic acid. Phthalic acid could be easily transformed
into phthalic acid derivatives (5) and (6) by hydroxylation. These compounds are very unstable and
hence its absence in the detected products of Fenton oxidation of DAP. Moreover, subsequent oxidation
with decarboxylation of phthalic acid derivatives leads to the formation of 1,2-dihydroxybenzene
(7) for (6) and 1,2,4-trihydroxybenzene (8) for (5). 1,2-dihydroxybenzene is quickly oxidized to
1,2,4-trihydroxybenzene by the attack of the hydroxyl radical. 1,2,4-trihydroxybenzene then undergoes
rapid ring opening to produce muconic acid (9), which is rapidly transformed into maleic acid (10),
oxalic acid (11) and formic acid (12). Oxalic and formic acids end up being slowly mineralized into
CO; and H,0. Oxalic acid (11) accumulated to a much larger extent than the other acids, being the
most persistent of all of them.
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The Fenton process generates hydroxyl radical, which accounts for substrate removal. However,
some other radicals, like the superoxide radical O can also be produced. The addition of
ethanol (as HO® radicals scavenger) after 30 min from the starting of the reaction showed that DAP
concentration remained constant (data not showed here). This confirms that DAP degradation occurs
via direct oxidation with hydroxyl radicals rather than other radicals, which is in agreement with other

studies reported in the literature [34,35].

4. Conclusions

It can be concluded that:

e  The Fenton process is an effective technology for the removal of total organic content of DAP from
aqueous solutions within 120 min and 95% of TOC removal during 360 min under the following
optimized conditions: 100 mg/L DAP, [H,O,] = 1000 mg/L, [Fe?*] =50 mg/L (ferrous sulfate

catalyst), and at pH = 3.2.

e The ferrous sulfate can be used effectively as a heterogeneous source of Fe?* ion and as a catalyst

in the Fenton treatment of DAP from water.



Appl. Sci. 2019, 9,23 130f 15

A rate constant of 7.26.10° M~! s~ was determined for the reaction between DAP and hydroxyl
radicals *OH through a competition kinetic method using BA as a reference compound.

HPLC analyses and TOC measurement indicated that numerous successive steps are involved
in the degradation of DAP by Fenton oxidation including (i) oxidation via hydroxyl radicals
generated from water by catalytic decomposition of H,O, in an acidic medium, (ii) oxidative
opening of benzene rings into aliphatic intermediates, and (iii) fragmentation of aliphatic
compounds into small carboxylic acids and then to carbon dioxide and water.

Oxalic acid was detected as the most persistent product, being the predominant species present in
the solution.

It can be summarized that the Fenton oxidation process could be the best method for the total
destruction of DAP from water.
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