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Abstract:

In this work, we proposed to combine oxalic acid and ferric ions in very low concentrations to create new,
economic, and effective homogeneous photo-Fenton catalytic systems for the degradation of methylene blue.
The effects of ferric concentration, H,C,O, concentration, pH, and tert-butanol on the catalytic activity were
also investigated. According to the experimental results, Fe*" ions exhibited impressive catalytic performances
in the presence of H,C,0, at concentrations below type B (5.0 mg.l"") from the Vietnam National Technical
Regulation on Industrial Wastewater. Specifically, a ferric concentration of 3.0 mg.I"', H,C,O, concentration
of 10~ mol.l"', and pH value of 3 were found to be the best conditions for MB degradation under UVA light.
Furthermore, owing to a very low concentration of ferric ions, iron sludge formation can be avoided after

wastewater treatment, which makes the photo-Fenton process suitable for practical applications.
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Introduction

Despite its contribution to the economic development
of many countries over the last few decades, the rapidly
growing global textile industry has raised a wide range of
environmental problems via the discharge of high amounts
of toxic and non-biodegradable dye molecules into the
wastewater. This kind of wastewater represents a severe
threat to surrounding ecosystems and thus has stimulated
the need for effective wastewater treatment technologies.
Since the 1990s, homogeneous Fenton reagents that
rely on Fe**/Fe*" ions and hydrogen peroxide have been
proposed as a powerful method to completely mineralize
dye molecules owing to the generation of highly reactive
oxygen radicals such as hydroxyl and superoxide
anion radicals [1, 2]. Moreover, it has been universally
acknowledged that the combination of Fenton’s reagents
and UV-visible light illumination greatly improves the
efficiency of organic compound decomposition [2, 3]. In
fact, UV-visible irradiation accelerates the regeneration
of Fe*" ions via the photoreduction of Fe** ions, which
ameliorates the production of reactive oxygen species.
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Nevertheless, the practical application of the classical
homogeneous Fenton technique is still restricted mainly
by the enormous quantity of ferric sludge produced during
the post-neutralisation process [4]. It is almost impossible
to retain these homogeneous catalysts in a continuous
system of wastewater treatment since Fe*"/Fe*" ions are
completely dissolved in the solution. Therefore, large
amounts of iron salts must be continuously added to
the solution to maintain Fenton reactions that not only
increases the content of catalysts, but causes the rise
of treatment cost and the formation of ferric sludge as
a secondary pollution source [5]. Due to its hazardous
features, this solid waste sludge also requires further
treatment and thus is considered as a major obstacle
blocking the application of Fenton processes on an
industrial scale.

To overcome this drawback, numerous efforts have
been made to impregnate iron ions into clay [6, 7], porous
zeolite [8], and activated carbon [9, 10] or to develop other
Fenton-like heterogeneous catalysts such as ion oxides
[11, 12] and zero-valent iron [13]. Unfortunately, these
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heterogeneous catalytic systems show lower activity
than classical homogeneous Fe’'/Fe’" ions. Moreover,
most of heterogeneous Fenton-like or photo-Fenton-like
catalysts were found to be well dispersed in water due
to their nanoscale particle size, which makes the catalyst
recovery strenuous in real applications. On the other
hand, H,O,, which is traditionally used as the oxidant in
photo-Fenton reactions, is found to be unstable and thus
able to be decomposed during storage before use.

Therefore, in this work, we proposed to develop
a new homogeneous photo-Fenton catalytic system
based on the combination of ferric ions in very low
concentration and H,C,0O, as a radical producing source.
Specifically, ferric ions were provided into a solution
with concentration below type B (5.0 mg.I'") from the
Vietnam National Technical Regulation on Industrial
Wastewater (QCVN 40:2011/BTNMT). Thanks to the
very low concentration of Fe*" ions, treatment costs can
be reduced and ferric sludge is nearly impossible to form.
In addition, according to some previous reports [14, 15],
the presence of ferrioxalate complexes produced from
the reaction of iron ions and oxalate species can enhance
the light absorption and consequently ameliorate catalyst
performance. Thus, the replacement of H,O, by H,C,O,
in our work may allow us to not only improve the photo-
Fenton catalytic activity of ferric ions but also easily store
chemicals in the long term due to the high stability of
oxalic acid. The influences of ferric concentration, H,C O,
concentration, and pH of solution on the performance of

the catalytic system were also investigated.

Experimental
Preliminary tests
H,O

The starting  materials  FeCl,.6H,0, ,0,,
H,C,0,.2H,0 (>98%, ACS reagent), and methylene blue
(MB) as the model pollutant were purchased from Sigma
Aldrich (USA). In addition, H,SO,, NaOH and tert-
butanol (>99.5%) were obtained from Merck.

To ensure that our hypothesis of the combination of
ferric ions in very low concentration and H,C,O, can
work as reagents, photo-Fenton tests for MB degradation
under ultraviolet A (UVA) light were carried out with
two ferric concentrations in the presence of H,O, or
H,C,0,: a high concentration, 0.1 mol.l"", and a very low
concentration, 9.0x107° mol.I"" corresponding to the type
B (5.0 mg.l") of QCVN 40:2011/BTNMT. In a typical

run for the high concentration of ferric ions, an amount
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of FeCl,.6H,0 was dissolved in water acidified with a
diluted sulphuric acid solution. This ferric solution was
poured into a stock solution containing both MB and
H,0, or H,C,0,. Deionized water was quickly added
to obtain a final solution with the volume of 250 ml.
The concentrations of Fe’*, MB, and H /O, /H,C,O, are,
respectively, 0.1, 3x107, and 103 mol.I"". Then, the final
solution was constantly stirred by a mechanic agitator
and irradiated by a 9-W Radium 78 light lamp (UVA
light), which was hung above the solution. The distance
between the UVA light lamp and the solution surface was
about 10 cm. During the reaction, the solution temperature
was kept at 29-31°C using a water circulation system. At
regular time intervals, 5-ml aliquots of dye solution were
taken out and their MB concentration was analysed by
an Optima UV/VIS SP-300 spectrophotometer (Optima,
Japan) at 664 nm. For the low concentration of ferric
ions, the test was carried out in the same procedure but
using ferric solution with the concentration of 5 mg.1"!
instead of 0.1 mol.1"-.

To preliminarily investigate the mechanism of our
catalytic system, three blank tests were effectuated: (i)
a test for the photo-degradation of MB in the presence
of H,C,O, without ferric ions, (ii) a test for the photo-
degradation of MB in the presence of ferric ions without
H,C,0,, and (iii) a test for the catalytic degradation

of MB in the presence of both H,C,O, and ferric ions
without light illumination. Moreover, as a scavenger
of hydroxyl radicals, tert-butanol was added into the
solution containing MB, H,C,0,, and ferric ions (5 mg.1")
to study the role of hydroxyl radicals.

Investigation of factors affecting the photo-Fenton

process

The influences of ferric concentration, H,CO,
concentration, and pH on the photo-Fenton performance
of our homogeneous catalytic system were studied via
the same MB degradation procedure with different
ferric concentrations (0.3, 0.5, 1.0, 3.0, 5.0, 10.0 mg.1""),
H,C,0, concentrations (10, 5x10*, 10° mol.I""), and pH
values (1,3, 5,7, 9, 11), respectively. H,SO, (1.0 mol.I"")
and NaOH (1.0 mol.I"") solutions were used to adjust pH.

Results and discussion
Preliminary tests

As mentioned above, preliminary tests were carried
out to verify whether the combination of ferric ions in very
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low concentration and H,C,0O, can effectively degrade
MB under UVA light. Fig. 1 compares the Ln(C/C)
versus time plots of MB degradation (C, and C are the
MB concentrations (mol.I"!) at the beginning and at time
t, respectively) under 3 different experimental conditions:
(i) H,0, (10° mol.I"), Fe** ions (0.1 mol.I''); (ii) H,C,O,
(107 mol.I'"), Fe’" ions (0.1 mol.l"), and (iii) H,C,O,
(102 mol.I'") and Fe** ions (5.0 mg.1"). All the plots are
quasi-perfectly linear, which proves that MB degradation
over all our catalytic systems fits to a pseudo-first-order
kinetic model. Hence, the photo-Fenton activity of the
three different catalytic systems can be evaluated through
an apparent rate constant (k, Table 1). At high ferric
concentration (0.1 mol.I'"), the combination of H,O, and
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Fig. 1. Kinetic plot of UVA-induced MB degradation in
different catalytic solutions.

Fe** ions (k=3.35 h') had a much higher performance
than that of H,C,0, and Fe*" ions (k=0.18 h™) proving
that H,O, is the better radical producing source than
H,C,0, in the photo-Fenton process. However, in
practical applications, the recovery of ferric ions at high
concentration is very difficult. Furthermore, using a large
amount of Fe*" ions may cause ferric sludge as a secondary
pollution source. Interestingly, in the presence of H,C O,
when the ferric concentration was decreased to type B of
QCVN 40:2011/BTNMT (5 mg.I"!, which is about 1120
times lower than a ferric concentration of 0.1 mol.l"),
the MB rate constant was enhanced by a factor of 20.6
(k=3.68 h!) in comparison with the rate constant for a
ferric concentration of 0.1 mol.I"! (k=0.18 h'). This result
demonstrates that a very low amount of ferric ions can
effectively play as a photo-Fenton catalyst. Especially,
since the ferric concentration is equal to type B of QCVN
40: 2011/BTNMT, the solution after reactions does not

require any post-treatment and does not cause sludge.

Table 2 presents the results of the 3 blank tests used
to preliminarily investigate the catalytic nature of Fe**
ions in low concentration in the presence of H,C,0O,.
Without Fe** ions or H,C,O, or light illumination, the
MB concentration remained unchanged after 1 h. This
confirms that the ferric ions, H,C,O,, and UVA light must
be involved in a catalytic mechanism for a methylene
blue decomposition reaction. According to some
previous reports [16-20], when ferrioxalate complexes
are dispersed in a solution, UVA light can transform these
complexes into many radicals like hydroxyl radicals
through the following reactions (Egs. 1-5):

Table 1. Rate constants (k) of UVA-induced MB degradation in different catalytic solutions.

Ferric concentration 0.1 mol.I"!

0.1 mol.I"!

9.0x10° molL.l" (5.0 mg.I"")

Radical producing source [H,0,] = 10~ mol.I

[H,C,0,] = 10° mol.I"

[H,C,0,] = 10* mol.I"

27274

k (b)) 3.35 0.18 3.68
Table 2. Evolution of MB concentration versus time in three blank tests.
Experimental conditions Time (h) 0 0.25 0.5 0.75 1.0
Blank test 1 [H,C,0,] =107 mol.I'"; UVA without Fe*" ions ~ [MB] (moL.I) ~ 2.62x10°  2.68x10°  2.65x10°  2.67x10° 2.67x10°
Blank test2  [Fe*] = 5.0 mg.I'; UVA without H,C,0, [MB] (mol.I'")  2.41x10°  2.54x10°  2.24x10° 2.25x10° 2.13x10°
s LA =1 mulR IR =l [MB] (moLl)  2.70x10°  2.74x10°  2.83x10° 2.67x10°  2.69x10°

without UVA light

£ Vietnam Journal of Science,

#Technology and Engineering

SEPTEMBER 2021 ¢ VOLUME 63 NUMBER 3



[Fe(C,0,)] + hv — [F'(C0,)] + C0,."
€0, +0,-0,"+2C0,

k= 144x10° ' [16] (1
k=8.6x10°M" h'[18] (2
0, +H - HO; k=63x10° M [19] (3
HO,' + HO,' - H0, + 0, k = 83x10° M [20] (4

)
)
)
)
[Fe'(C,0,)]+H,0,—[Fe"(C,0,)] +OH +*OH k=1.1x10°M"h"'[18] (5)

Then, the generated hydroxyl radicals as highly
oxidative reagents cause the complete mineralization of
MB molecules. From the suggested mechanism, it was
observed that the MB decomposition only takes place
in the presence of all three agents, namely, the Fe(IlI)
component, the oxalate species, and UV light, which is
consistent with the results of our three blank tests. In our
work, although we did not use ferrioxalate complexes,
the addition of ferric ions (in very low concentration)
into the solution containing H,C,O, is likely to form
these complexes and then promote the above reactions
to occur.

Moreover, when we added tert-butanol with the
increasing concentration into the reaction mixture,
we noticed that the performance of our photo-Fenton
catalytic system gradually reduced (Fig. 2 and Table 3).
Generally, tert-butanol has been widely acknowledged as
a OH® scavenger [21, 22], thus the decline in catalytic
activity of MB degradation after adding tert-butanol
proves that the hydroxyl radicals are the main agent for
the degradation of organic molecules.
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Fig. 2. Kinetic plot of UVA-induced MB degradation in the
presence of Fe* ions (5.0 mg.I"), H,C,0, (10° mol.I") and
tert-butanol with different concentrations.
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Table 3. Rate constants (k) of UVA-induced MB degradation
in the presence of Fe** ions (5.0 mg.I"), H,C,O, (10 mol.l")
and tert-butanol with different concentrations.

[tert-butanol] (mol.I"") 0.0 10+ 103 102

k (h) 3.68 3.02 1.57 0.32

Investigation of factors affecting the photo-Fenton
process

To better understand the possibility of using ferric ions
in low concentrations as a homogeneous photo-Fenton
catalyst, we sequentially investigated the influence of
ferric concentration, H,C O, concentration, and pH on
the catalytic performance of MB degradation.

Influence of ferric concentration

Figure 3 and Table 4 show the MB degradation
profiles over our catalytic systems with different ferric
concentrations (0.3, 0.5, 1.0, 3.0, 5.0, 10.0 mg.I") in
the presence of H,C,0, (10° molLl"). At the lowest
concentration, the ferric ions exhibited the lowest photo-
Fenton catalytic activity for MB degradation (k=0.87
h'). This can be explained by the fact that when the
concentration of Fe** ions is only 0.3 mg.l', these ions
hardly react with H,C,O,. As aresult, very few ferrioxalate
complexes were formed, which leads to a small number
of hydroxyl radicals generated by illumination with UVA
light. In contrast, when the ferric concentration was up
to 3.0 mg.l"", the rate constant quickly increased to 3.87
h! due to the facile formation of ferrioxalate complexes.
However, for ferric concentrations ranging from 5.0 to
10.0 mg.I"!, the catalytic performance slightly declined.
It should be reminded that the catalytic performance was
dramatically reduced to 0.18 h'! at a ferric concentration
of 0.1 mol.I''. The decrease in photo-Fenton catalytic
activity may be related to the self-scavenging of OH®*
radicals by Fe?*. In fact, it was reported that radicals
such as COO*, O,*, and HO,*" can act as both oxidants
and reductants [23]. At the high ferric concentration (0.1
mol.I'"), after the formation of ferrioxalate complexes,
Fe* ions were still abundant and able to react with many
radicals such as COO*, O,*, HO,*", and even H,O, to form
Fe?" ions (Egs. 6-7) [23, 24]. Then, according to several
works [25, 26], these ferrous ions can consume hydroxyl
radicals (Eq. 8), which leads to the slow decrease in MB
concentration.
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Fig. 3. Kinetic plot of UVA-induced MB degradation with
different ferric concentrations in the presence of H,C,0,
(102 mol.I").

Table 4. Rate constants (k) of UVA-induced MB degradation
with different ferric concentrations in the presence of
H,C,0, (102 mol.I"").

[Fe*'] (mgl") 0.3 0.5 1.0 3.0 5.0
k (h) 0.87  1.40 2.19 387 3.68

10.0
3.58

Influence of H,C,0, concentration

Besides the ferric concentration, the concentration of
H,C,0, is also a factor affecting the photo-Fenton activity
of our homogeneous catalytic systems. Therefore,
we also investigated MB degradation in a solution
containing Fe** ions (3.0 mg.1"") and H,C, O, with different
concentrations (104, 5x104, 103, 5x10° mol.I'") (Fig. 4
and Table 5). The pH values of these solutions are also
shown in Table 5. The rate constant of MB degradation
strongly rose when the H,C,O, concentration varied from
10 mol.I"! to 5x10* mol.I"! but slightly increased at a
H,C,0, concentration of 10° mol.I" and then decreased
when the H,C O, concentration was upped to 5x107
mol.I"". This evolution can be partly explained by the
dependence of the formation of ferrioxalate complexes on
H.C.O, concentration. At a concentration of 10* mol.1"!,

thze 2quzmtity of H,C,0, molecules is not sufficient to
produce a significant amount of ferrioxalate complexes,
resulting in a very low photo-Fenton activity. When the
H,C,0, concentration increased to 510~ mol.I"" and 10~

mol.I"", more Fe*" ions were transformed into ferrioxalate
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complexes, which effectively enhanced the catalytic
performance. However, at a higher H,C,O, concentration
(5x10° mol.I''), H,C,0, molecules may compete with
MB molecules for the consumption of OH®* — radicals
leading to the decrease in MB degradation rate. It should
be noted that oxalate species may be related to kidney
stone formation [27]. Therefore, in all our experiments,
H,C,0, was always used in low concentration (from
5x10* to 5x10° mol.I'"). Besides, according to Egs.
1-5, the oxalate species will be consumed during the
photo-Fenton reactions, which lowers the risk of oxalate
pollution. However, any remaining oxalate species
must still be controlled and the post-treatment of the
solution after the photo-Fenton reactions also needs to be
investigated in the near future.

;;2 1 * [HC,0]=10"moll

60] » MH,C0]=510"mol.I
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Fig. 4. Kinetic plot of UVA-induced MB degradation with
Fe* ions (3.0 mg.I") and H,C,0, at different concentrations.

Table 5. Rate constants (k) of UVA-induced MB degradation
with Fe** ions (3.0 mg.l") and H,C,0, at different
concentrations.

[H,C,0,] (mol.1)  10*  5x10* 10° 5%10°

pH 3.9 3.6 32 2.6

k (h) 0.74 3.13 3.87 3.32
Influence of pH

Figure 5 and Table 6 display the MB degradation
profiles at various pH (1, 3, 5, 7, 9, 11) in the presence
of Fe’* ions (3.0 mg.1") and H,C,0, (10° mol.I""). In the
literature, it was reported that the optimal pH for classical
Fenton reactions with H,O, as an oxidant is about 2.8-
3.0 [12, 28]. Our study exhibited the same results with
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the highest efficiency (k=3.70 h') at pH 3. According to
the proposed photo-Fenton mechanism of ferrioxalate
complexes (Egs. 1-5), H" ions are necessary to promote
the formation of hydroxyl radicals, which is the main
reagent for the oxidation of MB molecules. Thus, at
pH values greater than 3, catalytic activity was quickly
suppressed. However, at pH below 3, the catalytic
performance of our system also reduced. This may be
attributed to the stability of oxonium ions produced from
the reaction between H,O, and H" ions (Eq. 9) [29].
In fact, H,O, can be generated by the interactions of
ferrioxalate complexes, oxygen molecules, and H" ions
under UVA light. If the pH is too low, a large amount
of H" ions can easily react with H,O, to form stable
oxonium ions (H,0,), which makes the conversion of
H,0, to hydroxyl radicals more difficult.

HO,+H'— H302+ [28] )
654 @ pH=1
60] ® pH=3
1 ® pH=5
557 A pH=7
504 & pH=9
454 » pH=11
5 404
1 =
Q 3.5—_ -
3.0
3 254
2.04
1.5
1.0 =
0.5
0.0 —— = .
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Time (h)
Fig. 5. Kinetic plot of UVA-induced MB degradation in the

presence of Fe* ions (3.0 mg.I") and H,C,0, (10 mol.I"") at
different pH values.

Table 6. Rate constants (k) of UVA-induced MB degradation
in the presence of Fe* ions (3.0 mg.l") and H,C,0, (10°
mol.l") at different pH values.

pH 1 3 5 7 9 11
k (h™) 1.68 371 249  0.12 0.05 0.03
Conclusions

In summary, we successfully developed a new and
effective homogeneous photo-Fenton catalytic system for
the degradation of dye molecules based on a mixture of
H,C,0, and ferric ions in very low concentration (below
the type B (5.0 mg.1"!) of QCVN 40:2011/BTNMT). The
very low concentration of ferric ions allows us to reduce

SEPTEMBER 2021 « VOLUME 63 NUMBER 3

PHYSICAL SCIENCES | CHEMISTRY m

the cost of treatment and nearly avoid the formation of
sludge as a secondary pollution source. Moreover, using
H,C,0, instead of classical H,O, permits long-time
storage of chemicals owing to the stability of H,C O,. The
influences of ferric concentration, H,C,0O, concentration,
and pH on the photo-Fenton performance of our
catalytic system were also investigated. Among different
experimental conditions, the ferric concentration of 3.0
mg.l", the H,C,O, concentration of 10~ mol.I"", and pH 3
were found to be the best conditions for efficient catalytic

MB degradation.
COMPETING INTERESTS

The authors declare that there is no conflict of interest
regarding the publication of this article.

REFERENCES

[1] H.J.H. Fenton (1894), “Oxidation of tartaric acid in
presence of iron”, J. Chem. Soc., 65, pp.8§99-910.

[2] M. Neamtu, A. Yediler, 1. Siminiceanu, A. Kettrup (2003),
“Oxidation of commercial reactive azo dye aqueous solutions
by the photo-Fenton and Fenton-like processes”, J. Photochem.
Photobio. A, 161, pp.87-93.

[3] R.G. Zepp, B.C. Faust, J. Hoigne (1992), “Hydroxyl
radical formation in aqueous reactions (pH 3-8) of iron (II) with
hydrogen peroxide: the photo-Fenton reaction”, J. Environ. Sci.
Technol., 26, pp.313-319.

[4] P. Bautista, A.F. Mohedano, J.A. Casas, J.A. Zazo, J.J.
Rodriguez (2008), “An overview of the application of Fenton
oxidation to industrial wastewaters treatment”, J. Chem. Technol.
Biotechnol., 83, pp.1323-1338.

[51Y. Chen, G. Li, F. Yang, S-M. Zhang (2011), “Mn/ZSM-5
participation in the degradation of cellulose under phosphoric acid
media”, Polym. Degrad. Stab., 96, pp.863-869.

[6] S. Navalon, M. Alvaro, H. Garcia (2010), “Heterogeneous
Fenton catalysts based on clays, silicas and zeolites”, Appl. Catal.
B: Environ., 99, pp.1-26.

[71 G.K. Zhang, Y.Y. Gao, Y.L. Zhang, Y.D. Guo (2010),
“Fe,0O,-pillared rectorite as an efficient and stable Fenton-
like heterogeneous catalyst for photodegradation of organic
contaminants”, Environ. Sci. Technol., 44, pp.6384-6389.

[8] R. Gonzalez-Olmos, M.J. Martin, A. Georgi, F.D. Kopinke,
I. Oller, S. Malato (2012), “Fe—zeolites as heterogeneous catalysts
in solar Fenton-like reactions at neutral pH”, Appl. Catal. B:
Environ., 125, pp.51-58.

[9] J.H. Ramirez, F.J. Maldonado-Hodar, A.F. Perez-Cadenas
(2007), “Azo-dye orange 11 degradation by heterogeneous Fenton-
like reaction using carbon—Fe catalysts”, Appl. Catal. B: Environ.,
75, pp.312-323.

[10] M.A. Fontecha-Camara, M.A. Alvarez-Merino, F.
Carrasco-Marin, M.V. Lopez-Ramoén, C. Moreno-Castilla (2011),

£ Vietnam Journal of Science,

i Technology and Engineering




m PHYSICAL SCIENCES | CHEMISTRY

“Heterogeneous and homogeneous Fenton processes using
activated carbon for the removal of the herbicide amitrole from
water”, Appl. Catal. B: Environ., 101, pp.425-430.

[11] M.M. Cheng, W.H. Ma, J. Li, Y. Huang, J. Zhao, Y. Wen,
Y. Xu (2004), “Visible-light-assisted degradation of dye pollutants
over Fe(lll)-loaded resin in the presence of H,O, at neutral pH
values”, Environ. Sci. Technol., 38, pp.1569-1575.

[12] H. Zhang, H.J. Choi, C.P. Huang (2005), “Optimization of
Fenton process for the treatment of landfill leachate”, J. Hazard.
Mater., 125, pp.166-174.

[13] N. Dulova, M. Trapido, A. Dulov (2011), “Catalytic
degradation of picric acid by heterogeneous Fenton-based
processes”, Environ. Technol., 32, pp.439-446.

[14] Y. Zuo, J. Hoigné (1992), “Formation of hydrogen
peroxide and depletion of oxalic acid in atmospheric water by
photolysis of iron (I1I)-oxalato complexes”, Environ. Sci. Technol.,
26, pp.1014-1022.

[15] H. Kusic, N. Koprivanac, A.L. Bozic (2011), “Treatment
of chlorophenols in water matrix by UV/ferri-oxalate system:
Part II. Degradation mechanisms and ecological parameters
evaluation”, Desalination, 280, pp.208-216.

[16] C.K. Duesterberg, W.J. Cooper, T.D. Waite (2005),
“Fenton-mediated oxidation in the presence and absence of
oxygen”, Environ. Sci. Technol., 39, pp.5052-5058.

[17] C.G. Hatchard, C.A. Parker (1956), “A new sensitive
chemical actinometer. II. Potassium ferrioxalate as a standard
chemical acainometer”, Proc. R. Soc. Lond. A4, 235, pp.518-536.

[18] Q.G. Mulazzani, M. D’Angelantonio, M. Venturi, M.Z.
Hoffman, M.A.J. Rodgers (1986), “Interaction of formate and
oxalate ions with radiation-generated radicals in aqueous solution.
Methylviologen as a mechanistic probe”, J. Phys. Chem., 90,
pp-5347-5352.

[19] C. Walling (1975), “Fenton’s reagent revisited”, Acc.
Chem. Res., 8, pp.125-131.

[20] D.L. Sedlak, J. Hoigné (1993), “The role of copper and

£ Vietnam Journal of Science,

#Technology and Engineering

oxalate in the redox cycling of iron in atmospheric waters”, Atmos.
Environ., 27, pp.2173-2185.

[21] A.L. Cederbaum, A. Qureshi, G. Cohen (1983),
“Production of formaldehyde and acetone by hydroxyl-radical
generating systems during the metabolism of tertiary butyl
alcohol”, Biochem. Pharmacol., 32, pp.3517-3524.

[22] Y. Liu, J. Jiang, J. Ma, Y. Yang, C. Luo, X. Huangfu, Z.
Guo (2015), “Role of the propagation reactions on the hydroxyl
radical formation in ozonation and peroxone (ozone/hydrogen
peroxide) processes”, Water Res., 68, pp.750-758.

[23] S. Liu, L. Feng, N. Xu, Z. Chen, X. Wang (2012),
“Magnetic nickel ferrite as a heterogeneous photo-Fenton catalyst
for the degradation of rhodamine B in the presence of oxalic acid”,
Chem. Eng. J., 203, pp.432-439.

[24] J. Jeong, J. Yoon (2005), “pH effect on OH radical
production in photo/ferrioxalate system”, Water Res., 39, pp.2893-
2900.

[25] R. Chen, J.J. Pignatello (1997), “Role of quinone
intermediates as electron shuttles in Fenton and photoassisted
Fenton oxidations of aromatic compounds”, Environ. Sci.
Technol., 31, pp.2399-2406.

[26] J.M. Joseph, H. Destaillats, H.M. Hung, M.R. Hoffmann
(2000), “The sonochemical degradation of azobenzene and related
azo dyes: rate enhancements via Fenton’s reactions”, J. Phys.
Chem. 4, 104, pp.301-307.

[27] T. Mitchell, P. Kumar, T. Reddy, K.D. Wood, J. Knight,
D.G. Assimos, R.P. Holmes (2019), “Dietary oxalate and
kidney stone formation”, Am. J. Physiol. Renal. Physiol., 316,
pp-F409-F413.

[28] H. Zhang, D. Zhang, J. Zhou (2006), “Removal of COD
from landfill leachate by electro-fenton method”, J. Hazard.
Mater:, 135, pp.106-111.

[29] B.G. Kwon, D.S. Lee, N. Kang, J. Yoon (1999),
“Characteristics of p-chlorophenol oxidation by Fenton’s reagent”,
Water Res., 33, pp.2110-2118.

SEPTEMBER 2021 ¢ VOLUME 63 NUMBER 3





