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a b s t r a c t

A UVC photo-Fenton advanced oxidation process (AOP) was studied to develop a process for the
decomposition of oxalic acid waste generated in the chemical decontamination of nuclear power plants.
The oxalate decomposition behavior was investigated by using a UVC photo-Fenton reactor system with
a recirculation tank. The effects of the three operational variablesdUVC irradiation, H2O2 and Fenton
reagentdon the oxalate decomposition behavior were experimentally studied, and the behavior of the
decomposition product, CO2, was observed. UVC irradiation of oxalate resulted in vigorous CO2 bubbling,
and the irradiation dose was thought to be a rate-determining variable. Based on the above results, the
oxalate decomposition kinetics were investigated from the viewpoint of radical formation, propagation,
and termination reactions. The proposed UVC irradiation density model, expressed by the first-order
reaction of oxalate with the same amount of H2O2 consumption, satisfactorily predicted the oxalate
decomposition behavior, irrespective of the circulate rate in the reactor system within the experimental
range.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Advanced oxidation processes (AOPs) based on the UV-photo
Fenton reaction are commonly used for decomposition of low
concentration organic waste, less than several ppm. Typical
example is to decompose persistent trace organic contaminants as
part of wastewater treatment processes aimed at reusing water or
discharging it to the environment [1e5]. However, there are very
few studies on high concentrations of organic waste of several
thousand ppm. Past studies on UV photo-Fenton AOPs have focused
on the kinetics of hydroxyl radical production and termination, as
well as the reaction of the low concentration target organics with
hydroxyl radicals [6e8].

Previous comparative study on the decomposition of oxalic acid
(Ox) at relatively high concentrations (0.032 mol/L ¼ 2880 ppm) by
using UV/H2O2/TiO2, UV/H2O2/Fe, and UV/H2O2/Fe/TiO2 systems
by Elsevier Korea LLC. This is an
has focused on the effect of the process variables, i.e., H2O2: Ox: Fe
molar ratio and TiO2 addition [9]. 15 W UVA irradiation with a
wavelength of 350e410 nm was used.

In addition, the study paid little attention to the most important
variable, the UV irradiation dose. They concluded that 1) H2O2, Fe,
and TiO2 are the important variables for the UVA-AOP; 2) H2O2 is
the most important oxidant; and 3) the UVA/H2O2/Fe AOP involves
homogeneous photolysis and is better than the UVA/H2O2/TiO2
AOP.

In general, as shown in Fig. 2, UVA energy (350e410 nm) pen-
etrates well in oxalic acid solution of several thousand ppm, but the
UVC energy (254 nm) used in this study can hardly penetrate the
oxalic acid solution and the UVC energy is mostly absorbed in the
oxalic acid solution near the lamp surface.

Oxalic acid is widely used as an organic reducing agent for
chemical decontamination because it has very high acidity
(pKa1 ¼1.2) and is easily decomposed to CO2. Oxalic acid wastes are
generated in large quantities of around several hundred tons from
the chemical decontamination of nuclear power plants (NPP) [10].
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Fig. 1. Schematic of photoreactor used for photo-Fenton treatment.
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In this study, we investigated the decomposition behavior of
concentrated oxalic acid waste including ferrous ions that was
generated from the chemical decontamination of an NPP. The
important differences between our study and the previous study
[9] are the use of UVC energy (254 nm) and consideration of the
effect of UVC energy irradiation on the oxalate decomposition
behavior. The UVC energy (254 nm) generated by a low-pressure
amalgam lamp is absorbed almost 100% in the concentrated oxa-
late medium and it influences in the radical generation reaction
with H2O2 and Fenton reagent.

The classical Fenton mechanism [11e14] is shown below, which
involves slow radical regeneration reaction of Fenton reagent, Fe2þ

in equation (2):

Fe2þ þ H2O2 þ Hþ / Fe3þ þ ∙OH þ H2O (1)

Fe3þ þ H2O2 / Fe2þ þ ∙O2H þ Hþ (2)

RH þ ∙OH / R∙ þ H2O (3)

A UV photo-Fenton AOP was developed with the aim of accel-
erating ∙OH production in the classical Fenton process by using the
high UV oxidation potential. The important radical formation steps
including radical termination in the UV photo-Fenton AOP were
known as follows [15]:

H2O2 þ hv / 2 ∙OH (4)

Fe3þ þ H2O þ hv / Fe2þ þ ∙OH þ Hþ (5)

Fe(OH)2þ þ H2O þ hv / Fe2þ þ ∙OH þ Hþ (6)

OH þ ∙OH / H2O2 (7)

Fe3þ þ ∙OH þ Hþ / Fe2þ þ H2O (8)

The radical propagation reaction proceeds until it meets
termination reactions, so that scavenger chemicals are often used to
prevent them.

The ferric ions are known to be reconverted into Fe2þ as in
equation (5) at pH < 2 and in equation (6) at pH > 3 [16]. In
particular, in the oxalic acid medium, the ferric ions are in the form
of the ferric anions Fe(C2O4)2- , which are very stable and difficult to
decompose, while the ferrous ions above a certain concentration
are precipitated in the form of FeC2O4 [17].

Unlike the low concentration organic waste decomposition, in
the case of high concentration organic waste decomposition of
several thousand ppm, the acidity change greatly depending on the
organic decomposition reaction. For example, when the concen-
tration of oxalic acid changes from 3000 ppm to 3 ppm by
decomposition, the pH rises from 1.6 to 4.5 by dissociation of oxalic
acid. In this study, acidity and temperature were determined by
oxalic acid decomposition without external control.

Therefore, the following process parameters are mainly
considered for developing a UVC photo-Fenton AOP for oxalic acid
decomposition and to find the rate-determining variables in the
oxalic acid decomposition system:

1) UVC irradiation dose, H2O2 concentration, and Fe2þ concentra-
tion to distinguish their order of influence

2) Optimum H2O2 concentration depending on the initial oxalate
concentration

3) Oxalic acid decomposition kinetics
4) Recirculation flow rate and the degree of turbulence in the UVC

reactor, including the agitation by CO2 generation
5) UVC irradiation dose depending on the oxalic acid concentration
and volume, and its penetration depth depending on the con-
centrations of oxalic acid and H2O2.
2. Materials and methods

2.1. Chemicals

In this study, ferrous chloride, oxalic acid, and H2O2 were used in
the photo-Fenton treatment of oxalic acid. All the chemicals were of
analytical grade and used without further purification. Iron (II)
chloride tetrahydrate (FeCl2$4H2O, extra-pure grade), oxalic acid
dehydrate (H2C2O4$2H2O, extra-pure grade) and hydrogen
peroxide (H2O2, �28.0%) were obtained from Duksan Chemical Co.
(Republic of Korea). Deionized (DI) water was used to prepare
simulated oxalic acid waste.

2.2. Photoreactor and UV light source

A schematic of the cylindrical apparatus is shown in Fig. 1. The
reactor was made of polished SUS material, and continuous circu-
lation of the solution was achieved by means of a peristaltic pump.
A 120 W amalgam lamp, which emits 254 nm light, was set at the
center of the reactor. The solution was sampled through a valve
installed at the bottom of the reactor for total organic carbon (TOC)
measurements.

2.3. Methods

Simulated organic waste of the desired concentration in each
experiment was placed in the photoreactor. The oxalic acid waste
was appropriately circulated using the peristaltic pump, and
decompositionwas initiated by operating the UV lamp. The volume
of the organic waste to be filled in the reactor (VR) was set at 3 L. To
vary the overall waste volume (VW ¼ VR þ VT), the mixing tank was
connected to the reactor, as shown in Fig. 1. In the mixing tank, the
stirring was maintained at 300 rpm using the agitator. For TOC
measurements, 10 mL of the sample was withdrawn from the
reactor at predetermined time intervals. In the preliminary exper-
iments, increase in temperature up to 95 �C showed no decompo-
sition performance improvement, so that temperature variation



Fig. 2. UV transmittance (l) depending on the H2O2 and oxalate concentrations.
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was not considered in the study. All experiments were carried out
at room temperature without external cooling or heating control.

To investigate the decomposition behavior of oxalic acid by
photo-Fenton treatment, TOC was measured using a TOC analyzer
(TOC-V CPH, SHIMADZU, Japan).

3. Results and discussion

3.1. Brief comparison of photo-Fenton variables to evaluate rate-
determining effect

A low-pressure UVC lamp is often used in UVC photo-Fenton
AOPs, and it provides UVC radiation with a typical wavelength of
254 nm. However, UVC is strongly absorbed by organic media, and
hence, it cannot penetrate a highly concentrated organic medium.
UV transmittance is important factor in designing the UV reactor
and the UVC energy transmittance depending on the depth of the
medium can be expressed by BeereLambert’s law in the case of a
uniform attenuation medium:

TðxÞ¼ exp
�
� 0:693x

Lh

�
; where Lh ¼ �0:693

lnðTx¼1cmÞ
(9)

where T(x) is a transmission fraction at the distance, x [cm] from
the surface of the lamp; Lh is a half transmission length at which the
transmission percentage is 50%. As an example, the transmission
percentage, T (x ¼ 1 cm), of 254 nm UVC radiation is about 2.9% in
30 mmol/L oxalate medium and 11.5% in 30 mmol/L H2O2 medium,
as shown in Fig. 2. Thus, the half-transmittance distance from the
lamp surface, (Lh) in the 30 mmol/L oxalic acid and H2O2 medium
are 0.196 cm and 0.32 cm, respectively. This indicates that the UVC
irradiation of 30 mmol/L oxalic acid at a distance of 1 cm (j 5 Lh)
from the UVC lamp is reduced to 1/32 (¼ 1/25) of the UVC irradi-
ation at the lamp surface. Therefore, it is considered that high
concentration oxalic acid is mainly decomposed near the surface of
UVC lamp, so strong turbulent mixing is required.

During the oxalate decomposition, vigorous bubbling was
observed, as depicted in Fig. 3. This phenomenon is attributed to
the uniform UVC irradiation to oxalic acid medium by turbulent
mixing. Therefore, oxalate decomposition is supposed to proceed
mainly via OH radical decomposition:

H2C2O4 þ 2∙OH / 2CO2 þ 2H2O (10)

We experimentally confirmed that the decomposition product, CO2,
plays an important role of inducing turbulent mixing inside the
reactor.

For comparison with the previous result [9], we compared the
photo-Fenton AOP behavior observed when using UVA and UVC
with similar oxalate concentrations (30mmol/L). UVC radiation had
much higher oxalate oxidation power than did UVA radiation, as
shown in Fig. 4.

For a preliminary estimation of the parameters associated with
the UVC photo-Fenton AOP for oxalate waste decomposition, the
effect of the presence of each parameter was compared. The con-
ditions for each experiment are shown in Table 1, and the decom-
position percentage of the initial oxalate concentration (30 mmol/
L) for an hour is shown in Fig. 5. In case of Exp. A, where all the three
variables (UVC, H2O2 and Fenton reagent), 100% decomposition
occurred. In Exp. B, where only UVC and H2O2 were used, about 50%
decomposition was seen. The other cases showed less than 10%
decomposition; in particular, almost no decomposition was seen in
Exp. C, where UVC was not employed. These observations
confirmed that both UVC irradiation and H2O2 play an important
role in the decomposition of oxalic acid.
3.2. Effect of H2O2 concentration depending on the oxalic acid
concentration

During the application of the photo-Fenton treatment, it is
important to find the optimal H2O2 dosage depending on the
organic waste concentration [18]. Therefore, we attempted to select
the proper range of H2O2 doses in the UVC/H2O2/Fe2þ treatment for
the decomposition of high concentrations of oxalic acid. The vol-
ume of the oxalic waste and circulation flow ratewere set at 3 L and
200 mL/min, respectively. The ferrous ion concentration was fixed
as 2 mmol/L, which is reasonable concentration, considering the
ferrous oxalate precipitation at a higher ferrous concentration.
Thus, a large amount of Fe ions are included in the oxalate waste
from the chemical decontamination of an NPP. Figs. 6e8 show the
decomposition behavior for four different H2O2 initial concentra-
tions, depending on the initial H2C2O4 concentration. Experimental
results showed that most of the oxalic acid was decomposed by
UVC/H2O2/Fe2þ treatment within 90 minwhen the amount of H2O2
was equal to or greater than the oxalate concentration. Excess
concentrations of H2O2, however, did not lead to any significant
increase in the decomposition rate, implying that the surplus H2O2
would be self-decomposed, as indicated in equations (7) and (8).
When the H2O2 concentration was lower than the oxalate con-
centration, a remarkable decrease in the decomposition rate was
observed in all the experiments because of the H2O2 deficiency, and



Fig. 3. Image of the vigorous mixing by CO2 bubbling inside the UVC reactor.

Fig. 4. Comparison of the oxalate decomposition behavior by UVA and UVC AOPs
(initial concentrations of oxalic acid, H2O2, and ferrous ions: 30, 15, and 2 mmol/L,
respectively).

Table 1
Conditions used in each experiment for comparing the effect of photo-Fenton
parameters.

Experiment Conditions

Fe2þ [mmol/L] H2O2 [mmol/L] UVC operation

Exp. A 2 30 ON
Exp. B 0 30 ON
Exp. C 2 30 OFF
Exp. D 2 0 ON

Fig. 5. Comparison of the decomposition fraction of oxalic acid depending on the
process parameters.

Fig. 6. Decomposition behavior of oxalic acid depending on the concentration ratio of
hydrogen peroxide to oxalic acid (initial concentration of oxalic acid: 30 mmol/L).

Fig. 7. Decomposition behavior of oxalic acid depending on the concentration ratio of
hydrogen peroxide to oxalic acid (initial concentration of oxalic acid: 15 mmol/L).
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Fig. 8. Decomposition behavior of oxalic acid depending on the concentration ratio of
hydrogen peroxide to oxalic acid (initial concentration of oxalic acid: 7.5 mmol/L).
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the decomposition almost ceased when H2O2 was completely
consumed. Therefore, the optimal amount of H2O2 was considered
to be the same as the initial oxalate concentration.

The above results confirmed that the oxalate radical decompo-
sition reaction followed equation (10) and that the OH radicals
were mainly generated by UVC irradiation of H2O2, as shown in
equation (4).

3.3. Decomposition behavior depending on the initial oxalate
concentration

H2O2 was injected at a concentration equal to that of oxalic acid,
and the decomposition behavior was compared for different initial
oxalic acid concentrations (30, 15, and 7.5 mmol/L). In order to
confirm the decomposition behavior at each initial concentration of
oxalic acid, the residual fraction of oxalic acid was fittedwith a first-
order reaction model. The residual fraction of oxalic acid can be
described by

X¼ C
C0

� 100 ½%� (11)

where X is the residual fraction of oxalic acid in the photo-Fenton
process; C and C0 are the residual and initial concentrations of
oxalic acid, respectively. The residual fraction X depending on the
decomposition time can be expressed as a first-order reaction
model, as shown in the following equations:

dX
dt

¼ � kX (12)

IC ;Xð0Þ¼X0 ¼ 100 ½%� (13)

XðtÞ¼X0e
�kt ¼ 100e�kt (14)

where X0 and k are the initial residual oxalic acid fraction and re-
action rate constant, respectively. In this study, k, which is the
parameter in equation (14), was derived from the experimental
results by using the least-squares estimation, and the validity of the
parameter value was judged by confirming whether R2 was 0.9 or
more.

Fig. 9 shows the selected decomposition behavior of oxalic acid
for the same amount of H2O2 and oxalate depending on the initial
concentration of oxalic acid from Figs. 6e8. The UVC photo-Fenton
decomposition behavior predicted by the above reaction model
fitted the experimental results well, with R2 � 0.93, regardless of
the initial concentration of oxalic acid.

3.4. Effect of UVC irradiation density on the decomposition behavior

3.4.1. Decomposition behavior in the once-through flow system
The decomposition behavior of oxalic acid as a function of

the UVC irradiation time in the once-through reactor was
investigated by varying the reactor residence time. The resi-
dence time corresponds to the UVC irradiation time of the oxalic
acid waste, depending on the reactor flow rate. The UVC irra-
diation time for the once-through flow reactor, t, can be calcu-
lated as follows:

t ¼ VW / Q (15)

where Vw [L] and Q [mL/min] are the volume of the reactor filled
with oxalic acid and the flow rate in the once-through flow reactor,
respectively.

The reactor volume was 3 L, and the flow rates were 50, 100,
200, 600, and 1200 mL/min. The decomposition fraction after one
passage of the flow through the reactor was investigated by using
two initial concentrations of 30 mmol/L and 15 mmol/L. Fig. 10
shows that the decomposition behavior followed the first-order
reaction model in equation (14). There were no differences be-
tween the decomposition results obtained at the two initial
concentrations of oxalic acid within the experimental error
range.

The rate constant k for a waste volume (VW) of 3 L and R2 were
0.074 min�1 and 0.958, respectively. The first-order reaction rate
constant can be expressed by a half-decay constant, th, as per the
following relation:

th ¼ ln2
k

¼ 9:37 min (16)

3.4.2. Decomposition behavior in the circulation flow system
Experiments to monitor the decomposition behavior were car-

ried out in a continuous circulation flow system, as shown in Fig. 1.
The circulation flow rate of the waste was 200, 600, and 1200 mL/
min; the waste volume was 6 L, where VR is 3 L and VT is 3 L.

Fig. 11 shows that the decomposition behavior followed the
first-order reaction model in equation (14), and there were no
significant differences with variations in the circulation rate in the
reactor. From the experimental results and Fig. 3, which illustrates
CO2 bubbling in the reactor, the turbulent mixing induced by
bubbling of CO2 (product of oxalic acid decomposition in the UVC
reactor) was thought to be sufficient to overcome the short pene-
tration depth of the UVC energy in the concentrated oxalic acid and
H2O2 medium in Fig. 2.

The reaction rate constant k for VW of 6 L was 0.0375 min�1, and
the half-decay rate constant th was 18.5 min.

th ¼ ln2
k

¼ 18:5 min (17)

3.4.3. Dependence of decomposition behavior on UVC irradiation
energy density

Comparison of the results for the two reactor flow systems,
where VWwas 3 L and 6 L, respectively, revealed that the half-decay
rate constant was approximately proportional to the waste volume



Fig. 9. Prediction of oxalic acid decomposition behavior with VW of 3 L depending on oxalic acid concentration by a first-order reaction model (initial concentration ratio of oxalic
acid to hydrogen peroxide ¼ 1:1).

Fig. 10. Prediction by a first-order reaction model for oxalic acid decomposition
behavior in the once-through flow system. Time ¼ VW/Q, where VW ¼ 3 L and Q ¼ 50,
100, 200, 600, and 1200 mL/min.

Fig. 11. Prediction of oxalic acid decomposition behavior in the circulation flow system
with VW of 6 L by a first-order reaction model.
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subject to decomposition by UVC irradiation, which determines the
reactor residence time of the waste flow:

18:5 ½mim�
9:37½min� ¼1:97 and

6½L�
3½L� ¼ 2 (18)

The results described in Sections 3.1e3.4.2, including the radical
formation and termination reactions, indicate that the important
variable influencing the UVC photo-Fenton decomposition is the
UVC irradiation dose applied to the oxalic acid waste. We propose
that the oxalate decomposition behavior can be expressed by a
first-order kinetic model with respect to the UVC irradiation energy
density (kJ/L) when the initial concentrations of oxalic acid and
H2O2 are the same. Modification of equation (14) gives the
following first-order reaction equations in terms of the UVC irra-
diation density for oxalate:
rUVC ¼ PUVC � t
VW

(19)

kt¼k
VW

PUVC
� rUVC ¼ kUVC � rUVC (20)

X½%� ¼ 100e�kUVC�rUVC (21)

where t [min], rUVC [kJ/L], PUVC [kW], and VW (¼VR þ VT) [L] are the
reaction time, UVC energy density, UVC lamp power, and total
waste volume, respectively.

In order to verify the above hypothesis, we recalculated the
previous experimental results in Figs. 10 and 11, by using the UVC
irradiation energy density. The data are collated in Table 2.



Table 2
Experimental conditions for determination of oxalic acid decomposition behavior depending on UVC energy irradiation methods and flow system.

Experiment (flow conditions) H2C2O4 [mmol/L] H2C2O4 waste volume, [L] Circulation flow rate, Q [mL/min] UVC [kW]

VR VT VW

Once-through flow system 15 (*) 3 0 3 Q ¼ 50, 100, 200, 600, 1200 and t ¼ VW/Q min 0.12
30 (þ) 3 0 3

Circulation flow system 30 3 3 6 200 (9)
600 (8)
1200 (B)

Fig. 12. Prediction of decomposition behavior using UVC irradiation energy density
based on experimental results obtained with once-through and circulation flow
systems.
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Fig. 12 shows that the proposed UVC photo-Fenton decompo-
sition model satisfactorily predicts the experimental results within
the error range, with R2 ¼ 0.97.

4. Conclusions

The UVC photo-Fenton decomposition of oxalic acid waste ob-
tained from the chemical decontamination of an NPP was investi-
gated. By carrying out experiments on the effects of UVC energy,
H2O2 concentration, circulation rate, oxalic acid concentration, and
waste volume, the following conclusions were obtained within the
experimental range.

1. The rate-determining radical reactions are ∙OH formation by
UVC irradiation of H2O2 and oxalic acid decomposition by ∙OH
radicals to produce CO2 and H2O, as follows:

H2O2 þ hv / 2 ∙OH

H2C2O4 þ 2∙OH / 2CO2 þ 2H2O

2. The oxalic acid decomposition rate can be expressed as a first-
order reaction based on the oxalic acid concentration, and the
UVC photo-Fenton decomposition behavior of oxalic acid can be
expressed in terms of the UVC energy irradiation density,
regardless of the circulation rate and reactor volume:

X ¼ 100e�0:0375�rUVC ½%�
where rUVC ¼ PUVC�t
VW

[kJ/L]; t [min], rUVC [kJ/L], PUVC [kW], and VW
[L] are the reaction time, UVC energy density, UVC lamp power, and
total waste volume, respectively.

3. The optimal initial H2O2 concentration is about the same as the
initial oxalic acid concentration in the UVC photo-Fenton
decomposition of oxalate waste.
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