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Abstract

The conditions for photocatalytic degradation of ethylenediaminetetraacetic acid (EDTA) in aqueous
solution with Fe-doped titanium dioxide (TiO:) were optimized. The degradation efficiencies with
Fe-doped TiO; were better, compared with those obtained with bare TiO, and Pt-doped TiO2. The
effect of various experimental factors, such as photocatalytic dosage, temperature, solution pH
and light intensity on the photocatalytic degradation of EDTA by Fe-doped TiO; was investigated.
The photocatalytic degradation treatment for the wastewater containing EDTA is simple, easy han-
dling and low cost.
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1. Introduction

The treatment of radioactive liquid waste from radiochemical plants and nuclear power plants become one of
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urgent problems for the environmental safety. Ethylenediaminetetraacetic acid (EDTA; CyoH16N,Og, CAS #60-
00-4) has been widely used as a decontaminating agent in radiochemical and nuclear power plants. The addition
of EDTA into the radioactive liquid waste can give the complexation of some of the precipitant cations, which
results in the interference in their removal by the conventional treatment process such as chemical precipitation
and ion exchange [1]-[9].

Since EDTA is stable, has low biodegradability, is rarely degradable by chlorine, is hardly retained by acti-
vated carbon fibers and is resistant to ozone treatment, it is a crucial step to perform a pretreatment step for the
removal of EDTA for a better treatment of the liquid waste [1]-[9].

Recently, advanced oxidation method based on the photocatalysis has been employed successfully for the de-
gradation of organic pollutants. For instance, the liquid waste containing bisphenol [10], phthalate [11] and
agricultural chemicals (thiram [12]) has been treated with the photocatalytic degradation techniques. Recently,
Nitoi et al. [9] have investigated the photocatalytic degradation of nitrobenzene in the aqueous solution with
un-doped TiO, and Fe, Co and Ni-doped TiO, powders. In the studies, Fe-doped TiO, was very effective for the
photocatalytic degradation of nitrobenzene.

Thus far, several studies have been reported for the photocatalytic degradation of EDTA with titanium dio-
xide (TiO,) semiconductors [3] [7]. However, very few works related to the use of Fe-doped TiO, in the photo-
catalytic degradation of EDTA in the aqueous solution have been reported.

In the present work, the photocatalytic degradation of EDTA in the aqueous solution with Fe-doped TiO, has
been investigated. Moreover, the treatment conditions such as the photocatalytic dosage, temperature, solution
pH and light intensity have been optimized.

2. Experimental
2.1. Materials

Ethylenediaminetetraacetic acid disodium salts dihydrate used in the present study was purchased from Nacalai
Tesque Inc., Kyoto, Japan (Grade > 99.5%). Three types of photocatalysts were obtained from Ishiraha Sangyo
Kaisha, Ltd. 1) Bare TiO, (ST-01); particle size 7 nm, specific surface area 300 m?/g, 2) Pt-doped TiO, (MPT-
623); particle size 18 nm, specific surface area 60 m?/g and 3) Fe-doped TiO, (MPT-625); particle size 15 nm,
specific surface area 70 m?/g. Laboratory pure water was obtained from an ultrapure water system (Advantec
MFS Inc., Tokyo, Japan) resulting in a resistivity >18 MQ-cm.

2.2. Photocatalytic Procedures

EDTA aqueous solutions were prepared with ultrapure water. Then, a 10 mL aqueous solution containing 0.1
mg/mL (0.268 uM) EDTA was put into a Pyrex glass reaction vessel (30 mL capacity). The photocatalyst
powder was added into the solution to produce a given concentration of suspension. The experimental condi-
tions for the optimization of treatment were shown in Table 1. The A 15 W black light (Toshiba Lighting &
Technology Corp) with a maximum emission of 352 nm was applied as light source, which was positioned on
the side of photoreactor. The light intensity was measured by a UV radiometer with a sensor of 320 - 410 nm
wavelengths (UVR-400, luchi Co., Osaka, Japan), and the value was 1.0 mW/cm? The photocatalysts were con-
tinuously dispersed in the aqueous solution by a magnetic stirrer during the irradiation.

After the illumination, the photocatalyst was separated through the 0.45 um Advantec membrane filter. The
photocatalyst powders could be almost removed by the filtration. The amount of EDTA in the aqueous solution

Table 1. Degradation conditions.

EDTA 0.1 mg/mL, 10 mL
Photocatalyst TiO,, PUTIO,, Fe/TiO,
Photocatalyst dosage 0-20 mg/10 mL
Temperature 10°C-50°C
Solution pH 3-8
Light intensity 0 - 4.5 mW/cm?
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was determined titrimetrically against standard Mg?* using Erichrome Black T as indicator. The removal effi-
ciency was calculated by applying the following equation:
Co _Ct

DE (%) = (1)

0

where Cy is the original EDTA concentration and C, the EDTA concentration after the treatment.

3. Results and Discussion
3.1. Effect of Doping Metal

In order to study the effect of doping metals on the photocatalytic degradation of EDTA in aqueous solution
with TiO,, Pt and Fe-deposited photocatalysts were evaluated for the improvement of degradation efficiency.
The results are shown in Table 2. The illumination time was 60 min. The degradation efficiency with iron-
doped TiO, was better compared with those obtained with bare and Pt-doped TiO,. Other researchers [9] [13]
have described the improvement of photocatalytic activity of 0.5 wt% Fe-doped TiO,, which showed drastically
the increases of charge-carrier lifetime to minutes and even hours beside undoped TiO, (average lifetime an
electron/hole pair is approximately 30 ns). According to the estimation, Fe-doping may improve the photocata-
lytic degradation of EDTA in aqueous solution with TiO, semiconductors. Therefore, all subsequent experi-
ments were performed with Fe-doped TiO..

3.2. Effect of Photocatalyst Dosage

To optimize the Fe/TiO, suspension concentration, the effect of photocatalyst dosages on the EDTA degradation
in aqueous solution was investigated. The results are illustrated in Figure 1. With increasing the amounts up to
10 mg (1 mg/mL), the degradation efficiency increased. After the value, the efficiency became nearly flat. The
increase in the efficiency appears to be owing to the increase in the total surface area, namely the number of ac-
tive sites, available for the photocatalytic reaction as the dosage of photocatalyst increased. However, the
Fe/TiO, photocatalyst was overdosed, the number of active sites on the Fe/TiO, surface may become nearly

Table 2. Effect of doping metal on the photocatalytic degradation of EDTA
in aqueous solution.

Photocatalyst Degradation efficiency (%)
TiO, 68
PUTIO, 73
Fe/TiO, 91

TiO, concentration (mg/mL)
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Figure 1. Effect of Fe/TiO, dosage on the photocatalytic degradation of EDTA
in water. EDTA; 0.1 mg/mL, irradiation time; 60 min, temperature; 25°C,

light; black light 2.0 mW/cm?.
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constant due to the decreased light penetration, the increased light scattering and the loss in surface area occa-
sioned by agglomeration (particle-particles interactions) at high solid concentration [14]. Therefore, 1.0 mg/mL

(10 mg) of TiO, suspension concentration was adopted as the optimal amounts of photocatalyst for the sequen-
tial experiment.

3.3. Effect of Temperature

Little information dealing with the temperature effect on the photocatalytic degradation of pollutants in water by
Fe/TiO, has been presented. Therefore, the effect of temperature on the photocatalytic degradation of EDTA in
aqueous solution using TiO, was investigated in the range of 10°C - 50°C. The results are shown in Figure 2.
The degradation efficiency of EDTA increased as the temperature increased up to 25°C. Above the temperature,
the efficiency curve was almost flat. In the photocatalytic degradation of imazaquin in the TiO, suspension [15],
the effect of temperature was studied in the range 20°C - 40°C, and the rate constants increased with increasing
temperature. Ishiki et al. [16] have evaluated the photocatalytic degradation of imazethapyr herbicide at
TiO,/H,0 interface. The temperature effect was investigated using a suspension between 20°C and 40°C, and the
herbicide was more easily degraded at lower temperatures in the TiO, suspension, due to the decrease in the
physisorption between the TiO, surface and the imazethapyr molecules. Therefore, various tendencies of the
temperature effect seem to be observed for different target pollutants. All subsequent irradiations were per-
formed at 25°C because of the operating cost for the photodegradation system.

3.4. Effect of pH

The amphoteric behavior of most semiconductor oxides affects the surface charge of the photocatalyst. There-
fore, the role of initial pH on the degradation efficiency for EDTA was investigated in the pH range 3 - 8, as il-
lustrated in Figure 3. Although the degradation efficiency tended to increase with increase in pH up to around 6,
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Figure 2. Effect of temperature on the photocatalytic degradation of EDTA in

water with Fe/TiO,. Fe/TiO,; 1 mg/mL, EDTA; 0.1 mg/mL, irradiation time;
60 min, light; black light 2.0 mW/cm?
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Figure 3. Effect of pH on the photocatalytic degradation of EDTA in water
with Fe/TiO,. Fe/TiO,; 1 mg/mL, EDTA; 0.1 mg/mL, irradiation time; 60
min, temperature; 25°C, light; black light 2.0 mW/cm?.
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the efficiency was roughly constant (approximately 80%). Above pH 6, the efficiency gradually decreased with
pH. The pH value of zero point charge (zpc) pH,,. of TiO, particles is equal to around six as Tin-OH [17]. This
means that the TiO, surface becomes positively charged, Tiy- OH;, when the pH is lower than this value and
becomes predominatly negative, Tiy-O", for a pH value above about six. Generally, the pH changes can have a
non-insignificant result not only on the mode of adsorption of the EDTA substrate on TiO, surface, but also on
the selectivity of the photodegradative reaction occurring on the particle surface since redox reactions are very
sensitive to changes in the surface potential. In the pH range of 3 to 8, the EDTA chemical species and their
metal complex species are anion in the solution. Therefore, the photocatalytic degradation of EDTA may be ac-
celerated in an acid medium. Similar reaction has been suggested by a number of researchers. Consequently, 5.7
was selected for the optimal experimental conditions because of the unnecessary of chemical remediation in-
cluding neutralization process.

3.5. Effect of Light Intensity

The effect of light intensity on the photocatalytic destruction of EDTA in water with Fe/TiO, was investigated.
The results are illustrated in Figure 4. The degradation efficiency increased rapidly with increase in the light in-
tensity up to 0.5 mW/cm?, and then the efficiency increased gradually. Since the catalyst Fe/TiO, powders are
suspended in a stirred solution, the light intensity will affect the degree of absorption of light by the catalyst
surface. Ollis [18] reviewed the effect of light intensity on the kinetics of photocatalysis and stated that 1) at low
light intensities, the rate would increase linearly with increasing light intensity; 2) at intermediate light intensi-
ties, the rate would depend on the square root of the light intensity; and 3) at high light intensities, the rate is in-
dependent of light intensity. Therefore, the results obtained in the photocatalytic degradation of EDTA in
aqueous TiO, suspension were reasonable.

3.6. Reaction Mechanism

In the semiconductor Fe/TiO, material with a band gap (Eg), upon the illumination with radiation having an
energy greater relative or equal to Eg, the promotion of an electron (e”) from the valance band (VB) to the con-
duction band (CB) takes place. Concomitantly, the formation of a positive hole (h*) in the VB occurs. Photoge-
nerated electrons and holes can either undergo undesired recombination or migrate to the surface of the system,
where they can initiate reactions with adsorbed species. Whereas holes in the VB are powerful oxidizing species
that can produce hydroxyl radicals (*OH) from the reaction with H,O, photogenerated electrons in the CB are
involved in the formation of «OOH. These oxidizing species may attack the pollutant EDTA in the aqueous so-
lution. The presence of the Schottky barrier can decrease the recombination of photogenerated electron-hole
pairs consequently prolong their lifetime, and greatly enhance the photocatalytic activity of TiO,. Iron loading
can result in stronger Schottky barrier effect, and therefore shows better photocatalytic activity of TiO,, as illu-
strated in Figure 5 [19].

4. Conclusion

The optimization of photocatalytic degradation conditions of EDTA in water using Fe-doped TiO, was investi-
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Figure 4. Effect of light intensity on the photocatalytic degradation of EDTA
in water with Fe/TiO,. Fe/TiO,; 1 mg/mL, EDTA; 0.1 mg/mL, irradiation
time; 60 min, temperature; 25°C, light; black light.
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Figure 5. Schematic representation of the mechanism proposed
for the photocatalytic degradation of EDTA over Fe/TiO..

gated. Fe-doped TiO, was very effective for the photocatalytic degradation of EDTA in aqueous solution, com-
pared with bare TiO, and Pt-doped TiO,. Since iron is one of cheap and convenient metals, the photocatalyic
degradation technology developed may be applied into the treatment of radioactive liquid waste containing
EDTA complexing agent.

Acknowledgements

The present research was partly supported by Grant-in-Aid for Scientific Research (C) 24510096 from the Min-
istry of Education, Culture, Sports, Science, and Technology of Japan. All experiments were conducted at Mie
University. Any opinions, findings, conclusions, or recommendations expressed in this paper are those of the
authors and do not necessarily reflect the view of the supporting organizations.

References

[1] Kunz, A., Peralta-Zamora, P. and Duran, N. (2002) Hydrogen Peroxide Assisted Photochemical Degradation of Ethy-
lenediaminetetraacetic Acid. Advances in Environmental Research, 7, 197-202.
http://dx.doi.org/10.1016/S1093-0191(01)00126-5

[2] Noradoun, C.E. and Cheng, I.F. (2005) EDTA Degradation Induced by Oxygen Activation in a Zerovalent Iron/Air/
Water System. Environmental Science & Technology, 39, 7158-7163. http://dx.doi.org/10.1021/es050137v

[3] Mansilla, H.D., Bravo, C., Ferreyra, R., Litter, M.1., Jardim, W.F., Lizama, C., Freer, J. and Fernandez, J. (2006) Pho-
tocatalytic EDTA Degradation on Suspended and Immobilized TiO,. Journal of Photochemistry and Photobiology A:
Chemistry, 181, 188-194. http://dx.doi.org/10.1016/j.jphotochem.2005.11.023

[4] Pirkanniemi, K., Metsdrinne, S. and Sillanpad, M. (2007) Degradation of EDTA and Novel Complexing Agents in Pulp
and Paper Mill Process and Waste Waters by Fenton’s Reagent. Journal of Hazardous Materials, 147, 556-561.
http://dx.doi.org/10.1016/j.jhazmat.2007.01.050

[5] Seliverstov, A.F., Ershov, B.G., Lagunova, Yu.O., Morozov, P.A., Kamrukov, A.S. and Shashkovskii, S.G. (2008)
Oxidative Degradation of EDTA in Aqueous Solutions under UV Irradiation. Radiochemistry, 50, 70-74.
http://dx.doi.org/10.1134/S1066362208010116

[6] Emara, M.M., Tourky, A.S.M. and EI-Moselhy, M.M. (2009) Structural Modification of Mordenite Zeolite with Fe for
the Photo-degradation of EDTA. Journal of Hazardous Materials, 166, 514-522.
http://dx.doi.org/10.1016/j.jhazmat.2008.11.044

[7]1 Seshadri, H., Chitra, S., Paramasivan, K. and Sinha, P.K. (2008) Photocatalytic Degradation of Liquid Waste Contain-
ing EDTA. Desalination, 232, 139-144. http://dx.doi.org/10.1016/j.desal.2007.12.013

[8] Wang, J., Wang, X., Li, G., Guo, P. and Luo, Z. (2010) Degradation of EDTA in Aqueous Solution by Using Ozonoly-
sis and Ozonolysis Combined with Sonolysis. Journal of Hazardous Materials, 176, 333-338.
http://dx.doi.org/10.1016/j.jhazmat.2009.11.032

[9] Nitoi, I., Oancea, P., Raileanu, M., Crisan, M. and Constantin, L. UV-VIS Photocatalytic Degradation of Nitrobenzene
from Water using Heavy Metal Doped Titania. Journal of Industrial and Engineering Chemistry, in press.
http://dx.doi.org/10.1016/j.jiec.2014.03.036

[10] Kaneco, S., Rahman, M.A., Suzuki, T., Katsumata, H. and Ohta, K. (2004) Optimization of Solar Photocatalytic De-
gradation Conditions of Bisphenol A in Water Using Titanium Dioxide. Journal of Photochemistry and Photobiology

O,



http://dx.doi.org/10.1016/S1093-0191(01)00126-5
http://dx.doi.org/10.1021/es050137v
http://dx.doi.org/10.1016/j.jphotochem.2005.11.023
http://dx.doi.org/10.1016/j.jhazmat.2007.01.050
http://dx.doi.org/10.1134/S1066362208010116
http://dx.doi.org/10.1016/j.jhazmat.2008.11.044
http://dx.doi.org/10.1016/j.desal.2007.12.013
http://dx.doi.org/10.1016/j.jhazmat.2009.11.032
http://dx.doi.org/10.1016/j.jiec.2014.03.036

T. Sugiyama et al.

[11]

[12]

[13]
[14]

[15]

[16]

[17]

(18]

[19]

A: Chemistry, 163, 419-424. http://dx.doi.org/10.1016/j.jphotochem.2004.01.012

Kaneco, S., Katsumata, H., Suzuki, T. and Ohta, K. (2006) Titanium Dioxide Mediated Photocatalytic Degradation of
Dibutyl Phthalate in Aqueous Solution—Kinetics, Mineralization and Reaction Mechanism. Chemical Engineering
Journal, 125, 59-66. http://dx.doi.org/10.1016/j.cej.2006.08.004

Kaneco, S., Li, N., Itoh, K., Katsumata, H., Suzuki, T. and Ohta, K. (2009) Titanium Dioxide Mediated Solar Photoca-
talytic Degradation of Thiram in Aqueous Solution: Kinetics and Mineralization. Chemical Engineering Journal, 148,
50-56. http://dx.doi.org/10.1016/j.cej.2008.07.029

Gennari, F.C. and Pasquevich, D.M. (1998) Kinetics of the Anatase-Rutile Transformation in TiO, in the Presence of
Fe, 0. Journal of Materials Science, 33, 1571-1578. http://dx.doi.org/10.1023/A:1017515804370

Wong, C.C. and Chu, W. (2003) The Direct Photolysis and Photocatalytic Degradation of Alachlor at Different TiO,
and UV Sources. Chemosphere, 50, 981-987. http://dx.doi.org/10.1016/S0045-6535(02)00640-9

Garcia, J.C. and Takashima, K. (2003) Photocatalytic Degradation of Imazaquin in an Aqueous Suspension of Tita-
nium Dioxide. Journal of Photochemistry and Photobiology A: Chemistry, 155, 215-222.
http://dx.doi.org/10.1016/S1010-6030(02)00370-2

Ishiki, R.R., Ishiki, H.M. and Takashima, K. (2005) Photocatalytic Degradation of Imazethapyr Herbicide at TiO,/H,0O
interface. Chemosphere, 58, 1461-1469. http://dx.doi.org/10.1016/j.chemosphere.2004.09.094

Kahn, S.D., Pau, C.F., Overman, L.E. and Hehre, W.J. (1986) Modeling Chemical Reactivity. 1. Regioselectivity of
Diels-Alder Cycloadditions of Electron-rich Dienes with Electron-Deficient Dienophiles. Journal of American Chemi-
cal Society, 108, 7381-7396. http://dx.doi.org/10.1021/ja00283a038

Ollis, D.F. (1991) Solar-Assisted Photocatalysis for Water Purification: Issues, Data, Questions. In: Pelizzetti, E. and
Schiavello, M., Eds., Photochemical Conversion and Storage of Solar Energy, Kluwer Academic Publishers, The Ne-
therlands, 593-622. http://dx.doi.org/10.1007/978-94-011-3396-8 30

Fu, X., Long, J., Wang, X., Leung, D.Y.C., Ding, Z., Wu, L., Zhang, Z., Li, Z. and Fu, X. (2008) Photocatalytic Re-
forming of Biomass: A Systematic Study of Hydrogen Evolution from Glucose Solution. International Journal of Hy-
drogen Energy, 33, 6484-6491. http://dx.doi.org/10.1016/j.ijhydene.2008.07.068



http://dx.doi.org/10.1016/j.jphotochem.2004.01.012
http://dx.doi.org/10.1016/j.cej.2006.08.004
http://dx.doi.org/10.1016/j.cej.2008.07.029
http://dx.doi.org/10.1023/A:1017515804370
http://dx.doi.org/10.1016/S0045-6535(02)00640-9
http://dx.doi.org/10.1016/S1010-6030(02)00370-2
http://dx.doi.org/10.1016/j.chemosphere.2004.09.094
http://dx.doi.org/10.1021/ja00283a038
http://dx.doi.org/10.1007/978-94-011-3396-8_30
http://dx.doi.org/10.1016/j.ijhydene.2008.07.068

Scientific Research Publishing (SCIRP) is one of the largest Open Access journal publishers. It is
currently publishing more than 200 open access, online, peer-reviewed journals covering a wide
range of academic disciplines. SCIRP serves the worldwide academic communities and contributes
to the progress and application of science with its publication.

Other selected journals from SCIRP are listed as below. Submit your manuscript to us via either
submit@scirp.org or Online Submission Portal.

tson srefone vt s nsaons ‘:.::( soanune P —— ‘m
’w\ﬁl\ . Advances in A .rlcqn Journal of
ingcfcnme and Biotechnology Ci Creative Education
I P ;{T
}’\f-_\'j N i sas ey ~ _ Inwestment of SO Captals
le |
> | -
=i |
e L 3 :
S ‘T!n"(

il LI B

AL £

Journal of

Modern Physics

{1

R ==

Journal of

Agricultural Sciences

Environmental Protection

Psychology

N

LI

LI e

o s o s O TRl - o
Natural lournallof Cancer Terapy, A Il\merical;dcouhmaluf
i B nalytical Chemistry
Science

I e 1] LT N (m



mailto:submit@scirp.org
http://papersubmission.scirp.org/paper/showAddPaper?journalID=478&utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ABB?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AM?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJPS?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/CE?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ENG?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/Health?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCC?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JMP?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JEP?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AS?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/FNS?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/PSYCH?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/NS?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ME?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCT?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJAC?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper

	Optimization of Conditions for the Photocatalytic Degradation of EDTA in Aqueous Solution with Fe-Doped Titanium Dioxide
	Abstract
	Keywords
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Photocatalytic Procedures

	3. Results and Discussion
	3.1. Effect of Doping Metal
	3.2. Effect of Photocatalyst Dosage
	3.3. Effect of Temperature
	3.4. Effect of pH
	3.5. Effect of Light Intensity
	3.6. Reaction Mechanism

	4. Conclusion
	Acknowledgements
	References

