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Abstract This study was conducted to investigate the effect of a photocatalysis/
oxidant system for the treatment of humic acid and hazardous heavy metals in
aqueous solutions. Hydrogen peroxide, ozone, and potassium peroxodisulfate were
tested as oxidants. The effect of oxidant concentration was conducted with a pH of 7,
a UV intensity of 64 W, and a TiO, dosage of 0.3 g L™"'. The oxidant addition in the
UV/TiO, system enhanced the degradation efficiency of humic acid and hazardous
heavy metals compared to no addition of an oxidant. The addition of oxidants over
the amounts of H,0, 50 mg L', 05 20 g m >, and K,S,0g 50 mg L ™" inhibits the
system efficiency. The negative effect of higher oxidant concentrations likely results
from OH radical quenching caused by the excess oxidant. Therefore, the optimal
dosages of oxidants such as a hydrogen peroxide, ozone, and potassium peroxodi-
sulfate were found to be 50 mg L™', 20 ¢ m—>, and 50 mg L™, respectively. The
degradation efficiency of UV/TiO,/oxidant systems for the removal of humic acid
and hazardous heavy metals was much greater in the UV/TiO,/H,0, system using
H,0O, as an oxidant.
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Introduction

TiO, photocatalytic degradation is an emerging technology which is able to
effectively degrade various organic contaminants. Recently, further efforts have
been made to study the TiO,-mediated photodegradation of humic acid, which is
one of a group of disinfection by-products (DBPs), including the trihalomethanes
(THM), which may result due to the reaction of chlorine. In addition, it is well
known that humic substances possess a significant capacity to dissolve complex
species such as metal ions and to interact with mineral surfaces [1, 2].

Photocatalysis using UV along with a suspended TiO, catalyst is believed to have
the advantage of better control in terms of producing hydroxyl radicals while
avoiding or minimizing the formation of potentially toxic DBPs [3-5]. However, the
UV/TiO, process suffers from a relatively low apparent quantum yield due to the
rapid recombination of photogenerated electrons and holes. In order to match
the criteria for eventual applications in environmental decontamination, improve-
ments in the system efficiency are essential. In irradiated TiO, suspensions, oxygen
on the TiO, surface provides a natural sink for the photogenerated electrons. OH
radicals form via the oxidation of TiO, surface-sorbed H>O or hydroxyl ions by the
surviving holes. The introduction of a more effective electron acceptor than oxygen
may be beneficial. The addition of inorganic oxidants, such as BrO3, O3, H;O,,
104, and SZO§7, in TiO, photocatalysis has been explored [6].

Many researchers reported similar rate-enhancing effects for added inorganic
oxidants, i.e., H,O,, 105, and S,03 . Other studies have claimed that hydrogen
peroxide is able to significantly improve the initial reaction rates of photocatalysis
of a variety of organic compounds [7-9]. Meanwhile, negative effects on the TiO,
photocatalysis at a high H,O, concentration were also reported [10].

The objective of this study is to investigate the effects of a photocatalysis/oxidant
system for the treatment of humic acid and hazardous heavy metals in aqueous
solutions.

Materials and methods

A schematic of the experimental system for the photo-redox is shown in Fig. 1. The
working volume of the photocatalytic reactor was 3.1 L. I[llumination was generally
provided by a 16-W x 4 germicidal lamp with a maximum light intensity output of
254 nm.

The TiO, powder P-25 Degussa (80% anatase and 20% rutile) was used in the
experiments. Hydrogen peroxide (30%, reagent grade, Japan) was obtained from
Showa Chemical Co. Potassium peroxodisulfate (K,S,0g, extra pure reagent grade,
Japan) was used as provided by the Kanto Chemical Co. Humic acid was provided by
Aldrich (USA). Stock humic acid solution (1,000 mg L™") was prepared according
to a previously outlined procedure [11]. The initial concentration of humic acid was
chosen to be 20 mg L™". The humic acid content, expressed in terms of COD¢, and
the color, was measured with the models HS 3100 (Humas Co., Ltd., Korea) and DR
2010 (Hach Company, USA), respectively. A mixed solution of hazardous heavy
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Fig. 1 A schematic of the photocatalysis/oxidant system

metals containing Cu and Cr was prepared using analytical grade CuSO,4-5H,0
(Showa Chemical Co., Ltd., Japan) and K,Cr,O; (Deajung Chemicals and Metals
Co., Ltd., Korea), respectively. Concentrations of Cu and Cr of 20 mg L~ " were used
in all experiments. The Cu and Cr concentrations were analyzed with an AA Analyst
100 atomic absorption spectrophotometer (PerkinElmer Inc., USA), and were 324.8
and 357.9 nm, respectively. The ozone produced from the ozone generator was
directed into the photocatalytic reactor with a concentration of 10-30 g m—>. The
ozone output was obtained by adjusting the voltage of the ozone generator (Model
Lab-1, Ozone Tech, Korea).

Results and discussion
Effect of hydrogen peroxide

Experiments were conducted to evaluate the effect of HO, on the removal of humic
acid and hazardous heavy metals in UV/TiO,. The effect of H,O, concentration on
the removal of humic acid and hazardous heavy metals is shown in Fig. 2. In
Fig. 2a, the removal efficiency for humic acid and hazardous heavy metals increases
rapidly with an increase in the H,O, concentration up to 50 mg L™'. However, the
addition of H,O, over 50 mg L™ inhibits the system efficiency. The negative effect
of higher concentrations of H,O, is thought to result from OH radical quenching by
the excess H,O,. Figure 2b shows the removal of humic acid and hazardous heavy
metals in each of unit process. The illumination of UV to the TiO, resulted in a
faster degradation compared to that of TiO, by itself; it was, however, slower than
that of UV/TiO, with a concentration of 50 mg 17! of H,0,.
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Fig. 2a, b Comparison of the removal efficiency of: a hydrogen peroxide concentration and b each unit
process. Conditions: contact time 100 min, TiO, dosage 0.3 g L™, pH 7, temperature 20°C, humic acid
20 mg L', heavy metals 20 mg L™", UV intensity 64 W

Effect of ozone

Figure 3 shows the effect of ozone addition on the removal efficiency of humic acid
and hazardous heavy metals. The removal efficiency of humic acid and hazardous
heavy metals increased with ozone concentrations ranging from 10 to 30 g m™>, as
shown Fig. 3a. However, the removal efficiency of humic acid and hazardous heavy
metals with a concentration of ozone over 20 g m > was reduced. This may be
ascribed to scavenge by OH radicals caused by excessive ozone or by the
attenuation of UV irradiation available to the photocatalyst. Thus, at higher ozone
dosages, reactants such as humic acid are not sufficient for reactions with OH
radicals, and the entire reaction efficiency is reduced. The removal efficiency of the
UV/TiO, system is much smaller than that of the UV/Ti0,/O; system (see Fig. 3b).
Accordingly, the addition of ozone as an oxidant increases the removal efficiency of
humic acid and hazardous heavy metals due to the production of OH radicals.
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Fig. 3a, b Comparison of the removal efficiency of: a ozone concentration and b each unit process.
Conditions: contact time 100 min, TiO, dosage 0.3 g L™!, pH 7, temperature 20°C, humic acid
20 mg L', heavy metals 20 mg L™", UV intensity 64 W
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Fig. 4a, b Comparison of the removal efficiency of: a potassium peroxodisulfate concentration and b
each unit process. Conditions: contact time 100 min, TiO, dosage 0.3 g L™, pH 7, temperature 20°C,
humic acid 20 mg L', heavy metals 20 mg L™", UV intensity 64 W

Effect of potassium peroxodisulfate

The effect of potassium peroxodisulfate (K,S,0g) addition on the TiO, photoca-
talysis of humic acid and hazardous heavy metals is illustrated in Fig. 4. After a
reaction time of 100 min, the removal efficiency of humic acid and hazardous heavy
metals increases with the increase of K,S,0Og concentration from 10 to 50 mg L.
However, K,S,0g concentration over 50 mg L~! reduces the removal efficiency of
humic acid and hazardous heavy metals, as shown Fig. 4a. In Fig. 4b, the addition
of K,S,04 to the UV/TiO; system resulted in much higher degradation compared to
that of degradation without the addition of K,S,0g. The potassium peroxodisulfate
can generate a SOy radical both thermally and photolytically in aqueous solutions.
The SOj radical then reacts with H,O for OH radicals. SO; and OH radicals
produced are responsible for the rapid photodegradation of humic acid and
hazardous heavy metals. In addition, the SO, radical is a stronger electron
scavenger than oxygen and is expected to improve the TiO, photocatalysis
efficiency.

Comparison of the removal efficiency of each oxidant

Figure 5 compares the degradation efficiency of humic acid and hazardous heavy
metals in the optimal conditions of the UV/TiO, and UV/TiO,/oxidant systems.
The oxidant concentration on the optimal conditions was H,O, 50 mg LY O3
20 g m >, and K,S,05 50 mg L', respectively. The addition of oxidant into the
UV/TiO, system resulted in a much higher degradation efficiency of humic acid and
hazardous heavy metals compared to the degradation without the addition of an
oxidant. As these oxidants increase the effect of UV/TiO, in the degradation of
organic substrates by capturing the electrons ejected from TiO,, the probability of
recombination of electrons and holes will decrease. The degradation efficiency
of UV/TiO,/oxidant processes for the removal of humic acid and hazardous heavy
metals was much greater in the case of the UV/TiO,/H,0, system using H,O, as an
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oxidant. This may be ascribed to the production of a greater amount of OH radicals
in the UV/TiO,/H,0O, system compared to the production in other systems.

Conclusions

This study investigated the degradation of humic acid and hazardous heavy metals
on UV/TiO,/oxidant systems. The addition of oxidants such as a hydrogen peroxide,
ozone, and potassium peroxodisulfate in the UV/TiO, system was shown to increase
the degradation efficiency for the removal of humic acid and hazardous heavy
metals. The optimal concentration of oxidants was H,0, 50 mg L™", 05 20 g m,
and K,S,05 50 mg L™, respectively. The degradation efficiency of UV/TiO,/
oxidant systems was much greater in the case of an UV/TiO,/H,0, system due to
the production of a greater amount of OH radicals. Therefore, the UV/Ti0,/H,0,
system using hydrogen peroxide as an oxidant is recommended by us as the most
promising process for the removal of humic acid and hazardous heavy metals.

Acknowledgment This research was supported by the Regional Technology Innovation Program (grant
no. RTI05-01-02) of the Ministry of Commerce, Industry and Energy (MOCIE).

References

. S.A. Senseman, T.L. Lavy, J.D. Mattice, E.E. Gbur, Environ. Sci. Technol. 33, 456467 (1999)

. C.S. Uyguner, M. Bekbolet, Appl. Catal. B: Environ. 49, 267-275 (2004)

. Photocat Operation Manual, in Statements of Qualifications (Purifics, London, Ontario, Canada,
1998)

4. M.A. El-Rehaili Jr, JW. Weber, Water. Res. 21, 573-582 (1987)

5. B. Eikebrokk, Water. Sci. Technol. 40, 55-62 (1999)

6. S.T. Martin, A.T. Lee, M.R. Hoffmann, Environ. Sci. Technol. 29, 2567-2573 (1995)

7. E. Pelizzetti, V. Carlin, C. Minero, N. J. Chem. 15, 351-359 (1990)

8

9

0

1

[SSIN )

. K. Tanaka, T. Hisanaga, K. Harada, J. Photochem. Photobiol A: Chem. 54, 113-118 (1990)
. Y.B. Wang, C.S. Hong, Water Res. 33, 2031-2036 (1999)

. C. Maillard, C. Guillard, P. Pichat, Chemosphere 24, 1085-1094 (1992)

. K. Urano, H. Wada, T. Takemasa, Water Res. 17, 1797 (1983)

@ Springer



	Effect of various oxidants in a photocatalysis/filtration system for the treatment of contaminants
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Effect of hydrogen peroxide
	Effect of ozone
	Effect of potassium peroxodisulfate
	Comparison of the removal efficiency of each oxidant

	Conclusions
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


