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RÉSUMÉ

On peut détruire les contaminants organiques dissous dans la plupart des flux d'effluents de procédé, y
compris ceux qui proviennent du secteur de l'énergie nucléaire, en utilisant des méthodes d'oxydation
photochimique. Des évaporateurs peuvent être utilisés pour séparer les contaminants organiques de la
phase aqueuse si ces derniers sont non volatils, mais ce procédé entraîne la production d'un volume
important de déchets secondaires (concentrés), et la technique utilisée est capitalistique.

Le présent résumé décrit deux techniques différentes d'oxydation photochimique qui servent à détruire
les substances organiques à l'état de trace dans les effluents qui contiennent des huiles et des graisses.
Les résultats expérimentaux indiquent que tous les contaminants EPA 624/625 (substances organiques
volatiles/extractibles) présents sont effectivement éliminés. Le premier appareil d'oxydation
photochimique évalué utilisait l'effet combiné de l'ozone et d'un rayon ultraviolet (UV) d'une longueur
d'onde de 254 nm. L'effluent renfermait une certaine quantité d'acides organiques, que le procédé
semble difficilement convertir en dioxyde de carbone. La présence d'ions carbonates influant sur le
procédé [1,2] à des concentrations supérieures à 1 000 mg/L a conduit à l'utilisation de l'appareil avec
de l'eau à un pH compris entre 6 et 8.

L'autre réacteur d'oxydation photochimique mis à l'étude était un système en trois phases utilisant un
catalyseur TiO2 (avec oxydant gazeux ou liquide) et un rayon ultraviolet, aussi d'une longueur d'onde
de 254 nm. Les solutions de déchets liquides renfermant des huiles et des graisses dans des
concentrations pouvant atteindre 150 mg/L ont été effectivement traitées, et il n'y a eu aucune
augmentation de la chute de pression dans le réacteur. Deux oxydants chimiques ont été étudiés (en
plus de l'oxygène dissous dans l'eau), notamment le peroxyde d'hydrogène et l'air comprimé. On a dû
utiliser le peroxyde d'hydrogène comme oxydant afin d'obtenir les niveaux de détection nécessaires
avec l'équipement d'analyse. Le réacteur catalytique s'est révélé le plus efficace en ce qui concerne la
conversion du carbone organique dissous en CO2.
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ABSTRACT

Photochemical oxidation methods can be used for the destruction of dissolved organic contaminants in
most process effluent streams, including those originating from the nuclear power sector. Evaporators
can be used to separate organic contaminants from the aqueous phase if they are nonvolatile, but a
large volume of secondary waste (concentrate) is produced, and the technology is capital-intensive.

This paper describes two different types of photochemical oxidation technologies used to destroy trace
organics in wastewater containing oil and grease. The experimental results show that all of the EP>v
624/625 (volatile/extractable organic) contaminants present are effectively removed. The first
photochemical oxidation unit evaluated used a combination of ozone gas and ultraviolet (LTV) light at
the 254 nm wavelength. The effluent contained some organic acids, which are apparently not easily
converted to carbon dioxide by the process. The presence of interfering carbonate ions [1,2] at
concentrations of up to 1000 mg/L favoured operating the unit with water adjusted to a pH of between
6 to 8.

The other photochemical oxidation reactor investigated was a three-phase system employing a TiO2

catalyst (with gaseous or liquid oxidant) and ultraviolet light, also at a wavelength of 254 nm. Liquid
w?.;i£ solutions containing oil and grease in concentrations of up to 150 mg/L were effectively treated,
and there was no increase in pressure drop across the reactor. Two chemical oxidants were
investigated (in addition to the dissolved oxygen in the water), including hydrogen peroxide and
compressed air. It was necessary to employ hydrogen peroxide as an oxidant to achieve the method
detection levels of the analytical equipment. The catalytic reactor was the more efficient based upon
conversion of dissolved organic carbon to CO2.
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INTRODUCTION

Liquid waste streams at nuclear generating stations can become contaminated from a variety of
different sources which include: organics released from lubricated pump seals, from hydraulic hose
breaks, and organic-based liquids that get discharged into the sumps from hydraulicaUy-operated
valves and pistons. Heavy water can often become contaminated with various organic compounds,
including oil and grease, and would be appropriate for treatment with the technologies described in
this paper.

About 2500 m3 per year (0.66 million US gallons) of Chalk River Laboratories (CRL) waste, are volume
reduced by a combination of continuous crossflow microfiltration, spiral wound reverse osmosis, and
tubular reverse osmosis membrane technologies [3]. The concentrate produced from the membrane
systems is evaporated while simultaneously adding a bitumen emulsion in a thin-film evaporator to
immobilize the radioactivity (Figure 1). The distillate produced carries trace amounts of organics,
including a variety of aromatics such as phenolics, naphthalenes, and substituted benzene derivatives.

CHEMICAL OXIDATION

Chemical oxidation is a process during which electrons are removed from a substance to increase its
oxidation state. Because oxidation processes tend to be energy intensive and therefore costly, their
breadth of application is limited. This is particularly the case for wastewater treatment. Because
oxidation processes are fundamentally stoichiometric, proportionally greater amounts of oxidant are
required for high levels of organic concentration [5].

Although the effluent quality from the evaporator meets all discharge criteria for radioactivity, there
is some carryover of organics in the distillate. The source of these organics is primarily the distillation
of lighter components in the emulsified bitumen from the evaporator used for immobilization of the
aqueous waste concentrate (TFE-1). Chemical analyses conducted at CRL have shown that about 95%
of the organics present in the condensate stream are volatilized from the bitumen, while the other 5%
originating in the evaporator feed are entrained as liquid droplets with the vapour [4].

Comprehensive analyses of the distillate samples taken during the operation of the thin-film
evaporator identified organics in the two phases which included an insoluble lighter phase and a
dissolved soluble heavier phase [4]. The insoluble phase represents the bulk of the organic present in
the effluent stream. It contains greater than 96% of the total organic compounds found in the samples.
The insoluble layer is composed mainly of aliphatic compounds (69%) with carbon chains ranging
from 9 to 17 carbons. The remainder of the organics are aromatics.

A qualitative guide to the reactivity of selected organic compounds to oxidation is as follows [5]:
High reactivity: phenols, aldehydes and aromatic amines;
Medium reactivity: alcohols, alkyl substituted aromatics, aliphatic ketones;
Low reactivity: halogenated hydrocarbons, saturated aliphatic compounds, and benzene.

EVALUATION OF TECHNOLOGIES

Previous efforts showed that charcoal absorption is effective for organic removal from the distillate.
However, this technology generates a relatively large amount of secondary waste, which makes the
process non-attractive from a materials handling and disposal perspective.

More recent work showed that pretreatment of the distillate stream with an oil coalescer removed
greater than 96% of the oil and grease and saturated aliphatic compounds. Dissolved organics were



extracted into the oil-rich lighter phase, which was periodically ejected from the coalescer using the
principle of conductivity difference between the phases.

Two photochemical technologies that were investigated for organic removal downstream of the oil
coalescer included: a UV-ozone reactor to oxidize soluble organics (primarily aromatics), and a
titanium dioxide catalytic reactor. The UV/ozone batch reactor system was compared with the
catalytic continuous reactor system, based upon the removal efficiency of trace organics (EPA 624/625
series), and percent conversion of organic carbon to carbon dioxide. Comparison between different
processing conditions was mads somewhat difficult due to the variability of the feed stock itself.

TITANIUM DIOXIDE CATALYTIC REACTOR

Each vessel of the reactor is comprised of an outer stainless-steel jacket, with an internal photocatalytic
matrix, and a lamp that emits low-intensity ultra-violet (UV) light (at 254 run wavelength), mounted
coaxially within the jacket. Around the lamp is a sleeve of fibreglass mesh coated with TiO2 to form
the catalyst matrix. The vessels of the catalytic reactor are 1.6 m in length and 0.05 m in diameter.
The reactor was set-up so that the four sets of three vessels (comprising one module-row) were in
series with each other. Sample ports are located at the effluent point after each set of three vessels.
The discharge pressure from the pump is set at about 585 kPa, to overcome the pressure drop across
the unit. The unit occupies 1.65 m x 0.50 m x 0.80 m.

Low to intermediate-level radioactively-contaminated wastewater was passed through the reactor
without any buildup of radiation field on the vessels. Based on this observation it is thought that the
reactor could be used to treat organically-contaminated upgrader feed water.

The process was operated in both the single-pass and recycle modes to evaluate the effect of contact
time on organics destruction efficiency. A variety of different experimental conditions were
investigated including: the type and concentration of oxidant injected with the feed, pH of the feed,
and the contact time. Oxidants that were tested included dissolved oxygen (already present in the
water), hydrogen peroxide (at three different concentrations), compressed oxygen (at 550 kPa), and
compressed air (at 550 kPa). The experiments were conducted at different pH conditions to determine
if alkalinity had any significant impact on the oxidation rate.

UV/OZONE OXIDATION REACTOR

The UV/ozone reactor required distillate to be mixed with ozone in the presence of UV light (at 254
run) in a reaction chamber. The dimensions of the reactor are about 0.97 m in height and 0.35 m in
diameter. Ultraviolet lights extend into the reactor to about 0.1 m from the base. The three UV lights
are immersed within the reactor at equidistant intervals along its top. There is a resident volume of
about 45 L inside the reactor at all times.

The ozone generator received clean, dry production air from the air preparation unit and the feed air
compressor system. This system delivered ozone gas to a maximum of 2% by weight (or 10 mg/L by
concentration) in the carrier air stream. The reactor system was operated batchwise for these
experiments. The feed tank was filled with about 100 L of process water, and then adjusted to the
appropriate pH with mineral acid or sodium hydroxide. Water was continuously metered and
removed from the reaction chamber at 22 L/min.

REMOVAL OF ORGANIC CARBON WITH CATALYTIC REACTOR

Since the application envisaged here was for treatment of wastewater produced from a variety of



sources [3], there was considerable variation in the feed concentrations to the reactor. In some cases
contaminants were below method detection limits (MDL) in the feed water. Hence, all figures shown
in this paper have been normalised to reflect conversion efficiencies.

The pH of the wastewater feed was lowered from about 8 down to 4 to remove the carbonate and
bicarbonate ions in the water (as carbon dioxide), which were both known to be present at a
concentration of about 650 mg/L in the feed. The presence of bicarbonate is known to interfere in the
oxidation of the organic contaminants, since there is an oxidation equilibrium with carbonate, and
hence, it acts as a scavenger for the available oxidants [1]. The reaction of hydroxyl ion (the active
oxidant), OH*, with bicarbonate to produce carbonate radical anion, (CO3") *, occurs with a rate
constant of 1.5 x 107 M'V1 (equation 1). This carbonate then reacts with hydrogen peroxide via
equation (2).

OH- + HCO3~ ^ H2O + [COÏ] • (1)

[CO3-] ' + H2O2 - HCOi + [HO2] • (2)

REMOVAL OF VOLATILE ORGANIC CARBON IN CATALYTIC REACTOR

Volatile organic carbon (VOC) refers to those organic contaminants included in the EPA 624 series. In
most cases there do not exist specific discharge guidelines for these contaminants in Canada [6].
However, the Ontario Provincial Water Quality Objectives (PWQOs) were used to evaluate how
efficiently the water had been treated. Where there are no available PWQOs, the MDL of the
analytical equipment was used to evaluate the effectiveness of the reactor.

Figure 2a shows the removal efficiency of the catalytic oxidation reactor for various volatile organics
contaminants at a process pH of 4, and with a 3 minute contact time in the reactor. The first bar
represents the feed concentration, the second bar after one module-row, the third bar after two
module-rows,while the last bar represents the concentration after four module-rows. Toluene can be
effectively reduced from 2 ug/L to 0.1 ug/L (which is within the PWQO), while m-xylene decreases
from 10.7 ug/L to 3.38 ug/L, which is above the PWQO of 1 jig/L.

Figure 2b shows the results for an experiment in which dissolved oxygen was also used in the
presence of the catalyst at a pH of 4. In comparison with the experiment in Figure 2a, the liquid was
passed from a drum into the reactor at a flowrate of 2 L/min for a period of 2 hours. The total
contact rime in the reactor was 18 minutes. The effluent from the reactor was recirculated back to the
reactor. For each contaminant the second bar represents the fraction remaining after seven minutes of
contact time in the reactor. The third bar represents the concentration left after 18 minutes in the
reactor. In Figure 2b the m-xylene can be reduced from an initial feed concentration of 5.9 pg/L to a
final effluent concentration of 1.21 ug/L, representing a removal efficiency of about 80%.

Figure 2c illustrates the results of an experiment conducted with compressed air as an oxidant at a
gauge pressure of 585 kPa. Each bar represents the passage of the liquid through an additional
module-row. The water was continuously passed through the reactor at a flowrate of 2.7 L/min, and
was not recirculated back to the feed drum. These results indicate that compressed air may be an
effective oxidant for the removal of volatile organic contaminants from wastewaters.

Fi£, -e 2d shows the results of an experiment carried out with the hydrogen peroxide used as an



oxidant. The flowrate of hydrogen peroxide into the reactor was maintained at 1 L/h, and its
concentration in the feedwater was 500 mg/L. The flowrate of the waste feedwater was maintained at
3 L/min, and the water was not recirculated through the reactor. Each successive bar represents the
concentration after another module-row. The concentrations of toluene and m-xylene were below the
method detection limits (MDL) of 0.1 ug/L, and hence the effluent quality met the existing PWQOs.
Only o-xylene was above the MDL after once-through treatment with hydrogen peroxide.

Other experiments were conducted at higher hydrogen peroxide concentrations of 1 000 mg/L and
1 500 mg/L. However, these experiments showed that there was no further conversion of the organic
contaminants. Hence, there was no significant advantage of using higher peroxide concentrations for
the contaminant concentrations present in this feed stream. Considering that there may be several
hundred mg/L of dissolved organic carbon in the feedwater, the 500 mg/L of hydrogen peroxide does
not seem excessive.

REMOVAL OF EXTRACTABLE ORGANIC CARBON WITH TITANIUM DIOXIDE REACTOR

A variety of extractable organics (EPA 625 series of contaminants) were present in the distillate
wastewater stream of which the most abundant included: phenol, naphthalene, 1-methyl- naphthalene,
2-methyl- naphthalene, and biphenyl. The concentration of total phenolics must be less than 20 ug/L
to meet Federal Discharge criteria [6]. There are no guidelines for the other contaminants. For phenol
the PWQO is 1 ug/L; the PWQO is 2 ug/L for 1- and 2-methyl naphthalenes, and it is 0.2 ug/L for
biphenyl.

Figure 3a shows the removal of EPA 625 contaminants without the benefit of any additional oxidant
and the water was not recirculated. The contact time in the reactor was about 3 minutes. Each
successive bar in the histogram represents the passage of the fluid after passage through another
module-row. The concentrations of the contaminants are reduced marginally after treatment by the
reactor, but are significantly above the PWQO guidelines. Only in the case of naphthalene is the
concentration reduced to the MDL. About 50% removal of the contaminants is achieved on average in
practice. The conditions employed were too mild for the effective removal of these organics.

Figure 3b shows the removal efficiency with an overall contact time of 18 minutes. For each
contaminant the second bar represents the fraction remaining after seven minutes of contact time,
while the third bar represents the concentration left after 18 minutes in the reactor. Destruction
efficiencies in excess of 90% were observed for all contaminants. For the cases of the methyl-
substituted naphthalene derivatives the final effluent value is at the MDL. For phenol, its
concentration could not be reduced below 13.6 ug/L, indicating that more severe oxidizing conditions
(an increase of contact time or a stronger oxidant) are required to remove this contaminant.

Figure 3c shows the removal of the extractable contaminants with the compressed air oxidant at an
applied pressure of 550 kPa in a single pass through the reactor. For 'bis-phthalate1, (PWQO = 0.6
ug/L), the final effluent concentration of 2.2 ug/L is only marginally above the PWQO. It is apparent
that the catalytic reactor is capable of removing organic contaminants to very low values (usually to
the MDL) in the presence of compressed air, even when challenged by significantly high
concentrations of contaminants in the feedwater.

The removal of extractables with two minutes of contact time and hydrogen peroxide as an oxidant (at
a flowrate of 1 L/h, and a concentration of 500 mg/L), is shown in Figure 3d. The PWQOs for
phenol, the methyl naphthalenes, and biphenyl can all easily be achieved. Greater than 95% of the
feed concentration of the various contaminants are removed. Both naphthalene and biphenyl are
oxidized to other products after the first module-row; for the other contaminants, including the methyl



naphthalene derivatives, there is a gradual reduction of the contaminant across all four stages.

Evans [7] has noted that the end-product of the oxidation of naphthalene is phthalic acid, and it is
improbable that further oxidation to carbon dioxide would take place. Gaul et al. [8] have found that
the products of the oxidation of 1-methyl- and 2-methyl- naphthalene compounds include: 2-
acetylbenzaldehyde, and (E) and (Z)-3-(2-acetylphenyl)-2-butenal, and (Z)-3-(2-acetylphenyl) propenal.

Although it was initially thought that the titanium dioxide catalyst might foul in the presence of large
concentrations of oil and grease present in the feed stream, this was not observed. The catalytic
reactor did not lose any throughput in spite of oil and grease concentrations exceeding 150 mg/L, and
no increase of pressure drop across the reactor was noted. This would suggest that an organics-laden
waste stream containing significant concentrations of oil and grease can be treated. In all cases the oil
and grease in the effluent from the reactor was reduced to less than 3 mg/L after the first module-
row, which is in compliance with Federal regulations [6]. The effluent from the reactor was clear,
which was visual indication that the colour associated with organic material had been removed.

UV/OZONE REACTOR PERFORMANCE FOR ORGANICS REMOVAL

Although theory suggests that ozone in the presence of UV irradiation should be able to oxidize
organic material to final products like carbon dioxide and water, ozone actually oxidizes an organic
impurity until a refractory compound is formed that is stable with respect to ozone [9].

The evidence is overwhelming that the hydroxyl radical (OH*) is the key intermediate when ozone
decomposes in water. Rate constants for the reaction of OH" with organic substances are commonly
in the range of 109 to 1010 molds'1 [1]. In the course of mineralization of any organic contaminant,
oxidation will logically involve a series of intermediates of progressively higher oxygen to carbon
ratios on the way to carbon dioxide. Such intermediates make the conversion process multicomponent
even if a single component exists in the feed. Hence, the total oxygen demand to mineralize the
organics to carbon dioxide is usually in excess of stoichiometric requirements in a multicomponent
system.

A significant concentration of straight chain aliphatic compounds were present in the distillate feed to
the reactor. Typically the removal efficiencies of these species (from open characterization GC-MS
analysis), averaged between 50 to 70% with the UV-ozone reactor. Higher carbon chains were
relatively more difficult to remove from solution. It has been confirmed that the primary end-product
of the batch UV-ozone oxidation are organic acids. These organic acids can be further oxidized to
carbon dioxide if the pH of the liquid is maintained between 6 to 8.

Figure 4a shows that all organic contaminants could effectively be reduced to the MDLs after a five
minute contact time. It was necessary to maintain the pH below 8 to ensure that the organics were
oxidized, and to minimize the scavenging of oxidants by bicarbonate (equation 1). For those organic
contaminants having secondary and tertiary carbon-hydrogen bonds, such as straight and branched-
chain hydrocarbons, the following chemical reactions are possible. Aldehydes are converted to
carboxylic acids, primary and secondary alcohols to carboxylic acids and/or ketones, ethers to alcohols
and esters, and hydrocarbons to alcohols and ketones [7].

REMOVAL OF EXTRACTABLE ORGANIC CONTAMINANTS WITH UV/O2ONE REACTOR

Various extractable organic contaminants (EPA 625) were present in the distillate feed s'.xeam to the
reactor. Figure 4b shows experimental results for which the ozone reactor was challenged with a
highly organically-contaminated feed water, with an ozone inlet concentration of 10 mg/L and an



initial feed pH of 6. All contaminants are reduced by at least 90% after 10 minutes of contact time
with ozone. In spite of oil and grease concentrations approaching a few hundred mg/L in the
feedwater, the effectiveness of the ultraviolet lights within the reactor did not deteriorate with
processing time. No decrease of organic removal efficiency was observed from replicate experiments
with visibly oily wastes.

Figure 4c shows the removal efficiencies of the UV/ozone reactor for various straight chain aliphatic
organics ranging from tridecane (13 C atoms) to dodecane (20 C atoms). The results are presented for
a pH of 6 and an ozone concentration of 10 mg/L. No discharge guidelines exist for these organic
constituents but they can be effectively reduced in 5 minutes of contact time to within 20% of their
initial values. After 10 minutes of contact time, less than 5% of the initial levels of these organics
remain in solution, and the concentrations shown are at the MDLs.

CONCLUSIONS

The UV/ozone batch reactor, while effective in removing most priority contaminants (including
phenolics to below 20 ug/L), was most effective at an operating pH of between 6 to 8. It was not as
effective at removing oil and grease as the titanium catalytic reactor and the primary end-products of
the oxidation were organic acids. The process was operated batchwise, which put it at a disadvantage
with the catalytic reactor, which operated in a continuous fashion.

The titanium dioxide catalytic reactor was capable of reducing both EPA 624 (volatile) and EPA 625
(extractable) priority contaminants to below the method detection limits of the GC/MS analytical
equipment. Phenolics were effectively reduced to well below the Canadian Federal Discharge limit of
20 ug/L, and oil and grease was reduced to well below the 15 mg/L imposed guideline for Federal
Establishments [6]. Other aromatic compounds, including naphthalene and methyl-substituted
naphthalene derivatives, were effectively reduced. Dissolved oxygen was sufficient to remove the
colour associated with organics from the wastewater, even though not all of the organic carbon was
removed. A concentration of 500 mg/L of hydrogen peroxide was found to be sufficient for the
removal of the organics present in the evaporator distillate stream.

The dissolved organic carbon was not all converted to carbon dioxide in the catalytic reactor; some
intermediate oxidation products were formed, which included some organic acids. Visible
concentrations of oil and grease did not foul the catalyst or reduce the throughput of the system.
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