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INTRODUCTION

Organic complexing agents are used in a variety of industrial applications that involve dissolved metals in
aqueous systems. These chemicals are generally added to increase the metal ion solubility at a wide range of
solution conditions. Metal plating industries often incorporate organic acids, such as tartaric acid, oxalic acid, and
ethylene diamine tetraacetic acid (EDT A) into electroless plating baths so that the metals will chemically reduce
onto the parts in a controlled manner (1). The processes that involve the decontamination of nuclear power
reactors also incorporate these agents into the cleaning solutions to enhance the removal of radioactive metais from
the contaminated surfaces (2). Recent studies in the environmentat literature have also used solutions of organic
complexing agents for the removal of toxic metals from contaminated soils. However, a result of this complexation
of the metal ions is their increased chemical inertness, and the subsequent inability of many common treatment
technologies to remove these metals from the waste water streams. Reference 3 studies the inhibitory effects of
complexing agents on sulfide precipitation processes for metals removal (3). These effects are especially
pronounced for the metal complexes of EDTA, which are stable over broad pH ranges for many metals. EDTA isa
multi-dentate complexing agent which forms 1:1 complexes with almost all metals, and poses a particular problem
for many metals-removal treatment processes. Specialized treatment processes can be employed for metal-EDTA
complexes, but are generally only applicable to certain complexes in certain situations. Breaking the complex at
very low pH’s followed by cation-exchange is one method for removing the metal, but will not work for metals
such as Cr(IID), Fe(1Il), and Co(IIl) which have very high stability constants with EDTA. The EDTA can be
displaced in some metal-complexes by adding thiocarbamate, which is then easier to treat. Electrolytic recovery
can effectively treat strongly complexed metals, but suffers from mass transfer limitations when treating dilute
solutions (4). However, no single current technology seems able to treat the metal complexes of EDTA. Studies
employing other advanced oxidation technologies for treatment of metal-EDT A complexes have been performed,
and include ozonation (5) and hydrogen peroxide accompanied by ultraviolet (UV) illumination (6).

The treatment of contaminated air and water using TiO, photocatalysis has been demonstrated in
numerous studies involving many different contaminants and reactor configurations. Figure 1 belowis a
simplified schematic of the chemistry that occurs at the surface of illuminated TiO,. Because it is a semiconductor,
TiO, produces electron (e-) -hole (h+) pairs when it is illuminated with UV radiation at wavelengths of 390 nm or
less. The holes at the TiO, valence band, having a potential of +2.7 V vs normal hydrogen electrode (NHE) at
pH=7, can migrate to the catalyst surface and either 1) oxidize an adsorbed species directly by direct hole
oxidation, 2) oxidize water or hydroxide to produce hydroxyl radicals, which then proceed to oxidize other species.
or 3) oxidize other species in solution, such as Pb®* (7,8). The electrons also formed can migrate to the surface to
take part in reduction reactions. Having a potential of -0.5 V NHE at pH=7, the electrons an reduce species in
solutions. These species include oxygen, which can form superoxide or perhydroxyl radicals, or certain aqueous
metals that can be reduced to their metallic form onto the catalyst (9). Several studies have shown that the rates of
the electron reduction reaction and the hole oxidation reaction are intrinsically interrelated (9,10). A desired
oxidation reaction must facilitate a simultaneous reduction reaction and vice versa in order to achieve practical
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rates. This is due to the fact that buildup of electrons or holes within the TiO, particle will drive their
recombination, and severely limit the numbers able to migrate to the surface. Because complexing agents involve
the bonding of a metal to the organic ligand, both the oxidant (metal, if reducible) and the reductant (organic
ligand) should be available to complete both reactions at the catalyst surface.
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Figure 1 - Schematic of the reactions at the surface of illuminated TiO,

As alluded to above, only certain metals can be reduced even when a subsequent oxidation reaction is
facilitated. This was shown to be related to the standard reduction potential for each metal (9,11). Metals with
more positive reduction potentials (> +0.8 V NHE) such as Ag(I), Hg(II), and Pt(IV) can be reduced onto TiO,
under aerobic conditions. Metals with less positive reduction potentials (< +0.3 V NHE) such as Ni, Cd, and Co
are very difficult or impossible to reduce even under anaerobic conditions (9). Metals with intermediate reduction
potentials, such as Cu(Il) (+0.34 V NHE) can be reduced under certain anaerobic conditions but will tend to re-
oxidize if then exposed to O, (12). Exceptions exist to many of the above statements, which often relate to the
nature of the simultaneous oxidation reaction.

This study demonstrates the applicability of TiO, photocatalysis for the treatment of certain metal-EDTA
complexes and EDTA alone. Some of the conditions for the oxidation of the EDTA alone in solution were
investigated. The metal-EDTA complexes were studied with the focus on the metals removal. The metals chosen
for this study were Pb, Cu, Ni, and Cd. These metal complexes should exhibit some ranges of treatability, as the
reaction of these free metals with illuminated TiO, have been shown to be different in past studies. Ni and Cd are
metals that are difficult or impossible to reduce by photocatalysis (redox potentials -0.25 and -.40 V NHE,
respectively), Cu(Il) is reducible by photocatalysis under certain conditions, and Pb has been shown to be oxidized
by photocatalysis. In addition, all of these metals are toxic and regulated, and all form EDTA complexes over the
pH ranges investigated in this study.

EXPERIMENTAL
All of the photocatalysis experiments were carried out in an annular recirculating photoreactor provided

by the National Renewable Energy Laboratory (NREL) as depicted in Figure 2 below. Conditions that were
common to every reaction conducted are as follows:

e 1300 ml solution volume

e 0.8 mM solution of the metal complexed with an equimolar amount of EDTA (these concentrations correspond
to around 50 to 150 mg/l metal solutions)

e 0.1 wt% Degussa P-25 TiO, added to the solution, or 0.1 wt% of Au-Pt on Aldrich TiO, provided by NREL
when specified




e 45 min period of no illumination prior to he reaction to allow for any complex adsorption onto the TiO,

¢ Experiments conducted either open to air, purged with air, or purged with N, ; the mixing with the ambient
gas took place in the mixing vessel where good entrainment of the gas in the liquid could be observed

+ pH was controlled throughout the experiments in the mixing vessel using HNO; or NaOH 7

¢ 10 m! samples were taken from the mixing vessel at specified times and were filtered through Gelman 0.2
micron Teflon syringe filters prior to analysis

The pump flow rate ensures turbulent flow in the annular reactor, and thus efficient introduction of the solution
and catalyst into the illuminated region (which is around 1 mm into the solution from the inner annulus). The
inner annulus was kept free of TiQO» powder deposits by the use of an in-line scrubber that would clear the surface
every 10 min. Prior to the installation of the scrubber, it was noticed that the different complexes resulted in
different degrees of TiO, deposition onto the surface. Although this TiO, could be considered to be illuminated,
the illumination and mass transfer characteristics of a thin-film are different than that of a slurry, and different
degrees of deposition could interfere with the ability to distinguish other kinetic phenomena. The inner tube was
examined at the end of each run to ensure that only negligible film buildup had occurred, and 10 min scrubbing
initervals were found to be adequate.

Annular Photoreactor

15 W Lamp

Figure 2 - Schematic of the NREL annular photoreactor

A crude schematic of the analytical strategy for this study is outlined in Figure 3. The schematic shows
the metal (M)-EDT A complex being broken down by successive reactions at the surface of the TiO; particle. Ion
chromatography, using a Dionex ISP 2000 Ion Chromatograph, was used to measure the concentration of the
metal-EDTA complex. At some point in the oxidation, the EDTA is broken down to a subordinate product that
allows removal of the metal by photodeposmon (for Pb?* and Cu®"). Atomic absorption was therefore used to
measure the concentration of the metal ion in solution, which would be the initial quantity added less the amount
that was removed by photodeposition. The oxidation of the EDTA products will continue until full mineralization
to inorganic carbon compounds is attained. Total Organic Carbon (TOC) analysis, usmg a thmadzu TOC 5000
Analyzer, was used to measure the total quantity of organic species in solution.
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Figure 3 - Schematic of the analytical strategy

Because of the large experimental matrix that is possible with these experiments (type of metal-EDTA
complex, pH range, oxygen content, use of enhanced catalyst), it was not considered practical at this stage to try to
address all these issues in detail. Rather, extreme conditions for the different metal-EDTA complexes were used
that would hopefully best reflect general trends, and indicate most significant process variables involved. In
keeping then with the goals of the study outlined in the Introduction, the specific sets of experiments that were
performed to address these objectives are as follows:

Effects of solution pH on the oxidation of EDTA alone using P-25 in open-to air expenments
Effects of employing the NREL metallized catalyst in the EDT A oxidation

Effects of pH and the presence/absence of oxygen in the treatability of Pbo-EDTA

Effects of the presence/absence of oxygen in the treatability of Cu-EDTA

Treatability of the Cd- and Ni-EDTA complexes (metals do not photodeposit), including hydroxide
precipitation following photocatalysis as a measure of the degree to which the metal is then treatable

*

RESULTS & DISCUSSION

Conditions for the Treatment of EDTA

Figure 4 below illustrates the treatability of EDTA alone by photocatalysis as a function of the solution
pH. The degradation rate is enhanced at lower pHs, as is reflected by both the IC data for the EDT A compound
and solution TOC. The effect, however, is more pronounced from pH=8 to pH=6 than from pH=6 to pH=4. The
two data points at =0 are the samples taken before and after the 45 min adsorption period., and show about equal
extents of adsorption of EDTA from the IC data. At optimum conditions, it is seen that the EDTA is totally
oxidized in the 60 min period. The slight yet detectable reduction in the TOC suggests that some extent of full
mineralization is taking place. Explanations for the pH behavior are not straightforward with only this data as
many pH dependent effects are occurring within the system, including the pH dependence of EDTA adsorption
onto other hydrous oxides (reported elsewhere, 13), the pH dependence of the e- and h+ potentials (9,12), and the
pH dependence of radical formations (9). But this data provided the general baseline condition of pH=4 which
was used for most of the other experiments performed, with the assumption then that oxidation of other metal-
organic complexes will correlate with EDTA oxldatlon As will be discussed later, this assumption will not always
hold true.
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Figure 4 - EDTA degradation enhanced at lower pH

Tests for EDTA oxidation were also performed using a metallized catalyst that was provided by the
National Renewable Energy Laboratory. As mentioned before, the catalyst was comprised of 0.5 wt % of Au and
Pt each deposited onto Aldrich TiO,. The deposition of Au or Pt onto TiO2 had shown improvements in certain
photocatalytic processes in separate studies (14), therefore the combination of both metals deposited was
investigated. The use of this Au and Pt catalyst has produced mixed results with respect to photocatalytic oxidation
of different organics. Significant degradation rates over P-25 were seen in the oxidation of dilute aqueous
solutions of ethylene glycol (15). Figure 5 below compares the degradation of the EDTA at pH=4 using both the
P-25 and the NREL catalyst. The NREL catalyst shows inferior degradation of the EDTA both in the final EDTA
concentration and the final TOC.

—
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Figure 5 - NREL catalyst inferior to P-25 for EDTA oxidation

The results of other experiments evaluating the NREL catalyst vs. P-25 for treatability of certain metal-
EDTA compounds should be discussed here. Reactions under identical condition using both these catalysts for
treating Ni-EDTA, PbEDTA, and Cu-EDTA were performed in an illuminated batch reactor system. The results
indicated that treatment of the Ni-EDT A compound was slightly enhanced using the NREL catalyst vs P-25 as
more Ni was freed from complexation as indicated by pH precipitation on treated samples. Treatment of Po-EDTA
with either catalyst with respect to both complex oxidation and Pb oxide deposition showed very similar results.
However, treatment of the Cu-EDTA complex using the NREL catalyst was detrimental vs. the use of P-25 with




respect to both the complex oxidation and Cu reduction (16). Thus metal-EDTA complexes are sufficiently
different in their reactive natures to require individual evaluations for various treatment measures that are
employed. This conclusion is supported in other studies (5).

Conditions for the Treatment of Pb-EDTA

Several experiments were performed to elucidate the behavior of the Pb-EDTA system with respect to pH
and the presence/absence of oxygen. When the experiment is conducted at pH=4 in air, steady oxidation of the Pb-
EDTA complex is observed with the complex being completely degraded, but only minimal deposition of the Pb is
observed. When the experiment is conducted at pH=4 purging with nitrogen, slow degradation of the complex is
observed with a corresponding slower deposition of Pb onto the catalyst. When the pH was raised to 6 with the
other variables held constant, however, Pb deposition occurs steadily with essentially none left in solution at the
end of 50 min. The results of this best case are shown in Figure 6 below. The degradation of the Pb-EDTA
complex and the TOC reduction for both experiments is comparable, as was the case for EDTA alone evaluated at
pH=4 and pH=6. In both cases, the Pb-EDTA degradation was zero-order until only < 0.1 mM of complex
remained. Also, all experiments where Pb deposition was observed showed that the Po-EDTA complex must be
degraded first. That suggests both that the EDTA complex with Pb must first be degraded in order to allow Pb
deposition, and that the expected weaker chelating agents that are EDTA oxidation products (5, 17) are sufficiently
weak to allow the Pb to deposit.

The Pb removal at higher pH’s can be explained as the formation of the oxide, which then deposits on the
catalyst.. The oxide formation has been proposed in former studies to liberate protons as follows (7):

Pb™ + 2H,0 + 2 holet —-m- > PbO, + 4H'

Thus at a higher pH, this reaction would be expected to proceed farther to the right. However, other studies have
explained Pb removal in photocatalytic experiments by different mechanisms, such as adsorption (18) or possibly
Pb reduction. Also, Pb precipitation as the hydroxide is possible at higher pHs, although at pH=6 all Pb should
still be in solution at the 0.8 mM concentration (19). Due to the fact that oxygen is present in these experiments,
and that dense particles were observed on the catalyst using high-resolution transmission electron microscopy, the
reduction and adsoprtion mechanisms for Pb removal from solution were respectively deemed to be unlikely with
respect to the oxide formation. A complication to this explanation is the fact that metallized catalysts were
required in two different studies to achieve practical rates of Pb oxide deposition (7,8).
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Figure 6 - Favorable Conditions for the Treatment of Pb-EDTA




Conditions for the Treatment of Cu-EDTA

For the Cu-EDTA system, the presence/absence of oxygen was identified as a major process variable that
affecting both the treatment of the complex and the removal from the solution by reduction. Figure 7 below
illustrates the effects of the absence/presence of oxygen at experiments conducted at pH=4. In the nitrogen purged
case (on the left) it is seen that the removal of the Cu®* from solution follows the degradation of the complex. This
also suggests that some complex removal must take place prior to the reduction of Cu as well. It further suggests
that the reduction of freed Cu is facilitating the oxidation of the CuEDTA complex and complex oxidation
products. This is also supported by the fact that the TOC reduction progresses at a noticeably slower rate after all
of the Cu has been reduced, indicating that further oxidation of the complex oxidation products is hindered by the
lack of an electron acceptor. This behavior is consistent with another study that investigated the effects of the
organic hole scavenger on the reducibility of Cu by photocatalysis in anaerobic environments (12). In contrast, the
graph on the right of Figure 7 shows the treatment of the CuEDT A complex in the presence of oxygen in an air
purge. The oxygen is a much more efficient electron acceptor, as is indicated by the very fast removal of the
CuEDTA complex and no reduction of the Cu throughout the experiment. This experiment also shows that the
TOC reduction in this experiment is greater than any other aerobic experiment performed involving EDTA alone
or other metal-EDTA complexes. A possible explanation includes the generation of less refractory or more
adsorbing oxidation products in the degradation of the CuEDTA complex.
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Figure 7 - Cu-EDTA Treatment - Cu Reducible in Absence of Oxygen

Conditions for the Treatment of Ni-EDTA & Cd-EDTA

As stated earlier, Ni and Cd represent heavy metals where no reduction is expected to occur (9), and
therefore no experiments were performed in the absence of oxygen. Only baseline experiments for both
compounds were performed at pH=4 in air-purged setups. Because the oxidation products of these compounds are
most likely weaker chelating agents where the metal is still bound to some extent, it was desired to investigate the
quantity of metal that would be amenable to precipitation as the metal-hydroxide at higher pH’s. The fraction of
metal that could be precipitated would then correspond to the fraction of metal that was bound to subordinate
chelating agents whose affinity for the metal is weaker than that of the hydroxide precipitate. This was performed
by simply taking samples of the solution before and after photocatalytic treatment, raising the pH to the minimum
solubility for the metal (ca 10.2 and 11.2 for Ni and Cd, respectively (19)), filtering the solution, and measuring
the filtrate for the remaining metal concentration. The data for both systems is summarized below. The
degradation behavior of both systems is very similar, with complex disappearing as a slow zero-order process. As
expected, no removal of metal from the solution was observed. The degradation of the Cd-EDTA appears
somewhat slower here, but the lower final TOC in the solution suggests that different kinetic pathways are
occurring in the two systems. The table below shows the effectiveness of the hydroxide precipitation and filtration
on the solutions before and after treatment by photocatalysis. It shows that both metal-complexes are oxidized to




an extent to allow partial metal removal by hydroxide precipitation. It also shows that significantly more Cd was
available for removal, which is consistent with the lower final TOC data This is also consistent with the fact that
Cd has a lower stability constant with EDTA than Ni (log K = 16.5 and 18.6 for Cd and Ni, respectively (20)),
which may indicate lower stability constants with the subordinate chelating oxidation products.
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Figure 8 - Photocatalytic Treatment of Ni-EDTA and Cd-EDTA Similar, and Enhances
Subsequent Metals Removal by Hydroxide Preciptation Followed by Filtration

Preliminary Economic Comparison Between Photocatalysis and Ozone Treatment of EDTA

The data generated in this study will be used to make a crude economic comparison between
photocatalysis and ozone treatments for EDTA degradation. This is possible because of research conducted where
the treatability of EDT A using ozone was evaluated (5). This study also evaluated the effects of different metal
ions present and pH on the degradation of EDTA, as well as identifying the major by-products throughout the
course of the reaction This comparison is not intended to be complete in an engineering economic sense; rather it
will serve as a basis for discussion for the decision for employing one technology over the other. Because of the
ambiguity surrounding the final system configurations for each, no capital costs will be estimated; only relevant
operating costs will be compared.

The characteristics of the two studies that are relevant to the operating economic analysis will be given for
each:

Photocatalysis

- 1.2 L of 0.8 mM EDTA solution treated

- 0.1 wt % TiO2 added as a slurry to the solution

- illuminated with a 15 W blacklight

- 60 min required for complete EDT A degradation at pH=4

Ozone Treatment

- 1.0L of 1.0 mM EDTA solution treated
- 10 mg ozone/min-L addition rate




- 40 min required for complete EDTA degradation at pH=7

Relevant cost assumptions:

- scaled ozone degradation time to 0.8 mM linearly due to approximate zero order kinetics (0.8 * 40min = 32 min)
- 1000 L of solution to treat; direct scale-up of cost to treat study volume to 1600 L

- catalyst cost - $1.50 for 1000 L (based on analysis in (21)) for photocatalysis

- $0.1/kWh

- 20 Wh/ g ozone for ozone treatment (22)

- no power consumption included for pumps or other flow equipment for either case; it is assumed that these will
be similar in both situations as good mass transfer characteristics for both systems should be maintained

- no equipment replacement, such as the lamps for photocatalysis or ozonator patts, are included

Based on the above assumptions, the basic operating costs are as follows:

Photocatalysis : $1.50 catalyst + $1.25 lamp power = § 2.75 per 1000 L treated
Ozone Treatment : $0.64 ozone generation costs

Given only the degradation of a dilute EDT A solution then, it seems that ozone treatment would be clearly
favorable over photocatalysis. Of course, in situations where simultaneous metals removal is desired (Cu-EDTA
and Pb-EDTA as shown above) photocatalysis offers a clear advantage in being able to facilitate the complex
degradation and photodeposition simultaneously under the prescribed conditions. As shown above, however; this
is only possible when the metal is able to photodeposit by some mechanism. And, as also discussed above, because
each complex may behave differently under different treatments, the treatability of EDT A alone cannot be extended
to say that photocatalysis will necessarily be inferior to ozone treatment in all cases of interest.

CONCLUSIONS

This study has demonstrated the feasibility of TiO, photocatalysis to treat EDT A and several metal-EDTA
complexes that can be found in industrial wastewaters. For the EDTA complexes of metals capable of
photodeposition, such as Cu and Pb, certain reaction conditions were shown to facilitate the simultaneous complex
degradation and photodeposition of these metals onto the catalyst. With metals that do not easily photodeposit,
such as Ni and Cd, it is shown that the complex degradation is still facilitated, and can enhance other metals

-removal processes after photocatalytic treatment. Because the treatment of these metal-EDTA complexes typically
requires special measures, there may exist situations where TiO» photocatalysis could actually be the preferred
method of treatment. However, its use should be compared economically to other more established advanced
oxidation technologies. This necessity is demonstrated in the economic comparison to ozone treatment for EDTA
degradation alone, where ozone treatment appears to be the clear choice in this application.

ACKNOWLEDGEMENTS

The work at the University of New Mexico (UNM) is funded by Sandia National Laboratories under
contract RFQ #AN-2964. Tge work at Sandia National Laboratories is supported by the US Department of Energy
under contract ~DE-AC04—94-§‘5000. Partial funding was also received from a grant by the WERC and also by the
National Science Foundation HRD 93-53208. The Transmission Electron Microscopy analysis was performed by
Min Huang at the UNM Department of Earth & Planetary Sciences. Atomic Absorption analysis was also
performed the the UNM Department of Earth & Planetary Sciences with special thanks to John Husler. The
photoreactor was provided courtesy of the National Renewable Energy Laboratory (NREL), and the metallized
catalyst was prepared and provided by Kim Magrini at NREL. :

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

! mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

e T e




REFERENCES

1. Cherry, K.F. Plating Waste Treatment, Ann Arbor Science Publishers, 1982.

2. Ayres, J.A. Decontamination of Nuclear Reactors and Equipment, US Atomic Energy Commission, Ronald
Press Co. New York, 1970.

3. Bhattacharyya, D. and Ku, Y. “Sulfide Precipitation of Heavy Metals: Effect of Complexing Agents” EPA-
600/S2-84-023, March 1984.

4. IT Corp. “Recovery of Metals from Sludges and Wastewaters” EPA-600/52-91-041, September 1991.

5. Gilbert, E. and Hoffmann-Glewe, S. “Ozonation of Ethylenediaminetetraacetic Acid (EDTA) in Aqueous
Solution, Influence of pH Value and Metal Ions” Water Research, V 24, No 1, pp 39-44.

6. Diel, B.N. “Destruction of Complexed/Chelated Metals in Hazardous Waste: Limitations of Chemical
Oxidation and Potential Applicability of UV/H,O, Photo-Deposition™ Abstract from Advanced Oxidation
Techinologies for Water and Air Remediation, London Ontario Canada June 25-30 1994, pp366-67.

7. Tanaka, K., Harada K., and Murata, S. “Photocatalytic Deposition of Metal lons onto TiO, Powder” Solar
Energy, V 36, No 2, 1986, pp 159-161.

8. Serpone, N., Bogarello, E., and Plizetti, E. “Photoreduction and Photodegradation of Inorganic Pollutants II:
Selective Reduction and Recovery of Au, Pt, Pd, Rh, Hg, and Pb.” from Photocatalysis and Environment, M.
Schiavello (ed), pp 527-65.

9. Prairie, M.R., Evans, L.R,, Stange, B.M., and Martinez, S.L. “An Investigation of TiO2 Photocatalysis for the
Treatment of Water Contaminated with Metals and Organic Chemicals” Environ. Sci. Technol. 1993, 27, pp 1776-
1782.

10. Mills, A. and Williams, G. “Methyl Orange as a Probe of the Semiconductor-Electrolyte Interfaces in CdS
Suspensions” J. Chem. Soc. Faraday Trans. 1 1987, 83(8), pp 2647-2661.

11. Prairie, M.R. and Stange, B.M. “Photocatalysis for the Treatment of Waste Water: Applications Involving the
Removal of Metals” Proceedings from the 1993 Annual AIChE Heat Transfer Conference - Atlanta GA August 8-
11 1993.

12 Foster, N.S., Koval, C.A. and Noble, R.D. “Reversible Photoreductive Depositon and Oxidative Dissolution of
Copper lons in Titanium Dioxide Suspensions” Environ. Sci. Technol. 1993, 27, pp 350-356.

”

13. Bowers, A.P. and Huang, C.P. “Adsorption Characteristics of Metal-EDTA Complexes onto Hydrous Oxi
Journal of Colloid and Interface Science, V 110, No 2, April 1986, pp 575-590.

14. Magrini, K. “Test Plan for Ethylene Glycol Treatability” National Renewable Energy Laboratory Report, Oct.
1994.

15. Prairie, ML.R., Stange, B.M., and Showalter, S.K. “Destruction of Trace Orgamcs in Otherwise Ultra Pure
Water” US DOE Report SAND94—3 170.

16. Madden, T.H., Datye, A.K_, Prairie, M.R. and Stange, B.M. “Aqueous TiO, Photocatalysis of Metal-EDTA
Complexes” Presentation given at the WERC Conference, Las Cruces NM, Mar 1995.




17. Van Antwerp, W.P., Steinmetz, M.G., and Goudy, P.R. “Photodegradation of Metal Chelate Complexes™ US
Patent 4,943,357, Jul 24 1990,

18. Davis, A.P., Ayres, D.M., and Vohra, M.S. “Photocatalytic Oxidation of Co(Il)/(III)- and Pb-EDTA
Complexes™ Presentation given at the WERC Conference, Las Cruces NM, Mar 1995.

19. Kragten, J. Atlas of Metal-Ligand Equilibria in Aqueous Solution, John Wiley & Sons, 1978.

20. Harris, D.C. Quantitative Chemical Analysis 3rd Ed., W.H. Freeman & Co., New York, 1991.

21. Matthews, R.W. “Photocatalysis in Water Purification : Possibilities, Problems, and Prospects™ from
Photocatalytic Purification and Treatment of Water and Air, Ollis, D.F. and Al-Ekabi, H. (eds), 1993 Elsevier

Science Publishers B.V.

22. Freeman, H. Standard Hanbook of Hazardous Waste Treatment and Disposal McGraw-Hill, New York, 1989.




