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ABSTRACT

This study investigated the effect of water treatment plant configurations
on the formation and removal of aldehydes in a pilot water treatment plant
located in Windsor, Ontario, Canada. The plant was operated in non-ozonation,
pre-coagulation ozonation, and post-sedimentation ozonation treatment
configurations, and ozone dose and flowrate through the anthracite/sand filters
were studied to determine the effect on formation and removal of aldehydes in
the pilot plant. 1t was found that formaldehyde, acetaldehyde, glyoxal, and
methyl-glyoxal were the main aldehyde species formed as a result of ozonation,
with formaldehyde usually being found to be formed at the highest
concentrations. Aldehyde formation was found to increase as ozone dose was
increased.

For removal of aldehydes, it was found that aldehydes were removed
marginally in anthracite/sand filtration, and an increase in temperature caused
an increase in removal. It was found that low-molecular-mass aldehydes usually
decreased, while high-molecular-mass aldehydes only slightly decreased or
even increased in anthracite/sand filters, showing that glyoxal and methyl-
glyoxal were more difficult to remove in anthracite/sand filtration. Aldehydes

consistently showed complete removal in GAC contactors. Finally, at low




flowrates through the anthracite/sand filters, there appeared to be a minimum

level of aldehydes present in the anthracite/sand filters.
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Chapter |

INTRODUCTION

1.1. Background

In water treatment, the primary objective is to provide a community with
water that is both safe to drink and aesthetically acceptable. in order to provide
safe water in most cases, disinfection of the water source must be carried out.
Disinfection implies the inactivation or the elimination of harmful or objectionable
organisms (pathogens). Since its first continuous use as a primary disinfectant
in Middelkerke, Belgium in 1902 (White, 1972), chlorine has been perhaps the
most popular disinfectant used in water treatment to this date. However, in
addition to reacting with pathogenic microorganisms, chiorine may combine with
other compounds in the water to form chlorinated by-products. These by-
products may or have been proven to produce harmful health effects in humans.
One of the most widely known groups of chiorinated by-products is the
trinalomethanes (THMs). THMs consist of four different compounds: chlioroform
(CHCI3), bromodichloromethane (CHCI.Br), dibromochioromethane (CHCIBr),
and bromoform (CHBrs). In 1974, Rook (1974) and Bellar & Lichtenberg (1974)
reported the possible occurrence of significant amounts of THMs produced in
drinking waters as a result of chiorination. A study in the USA by the United

States Environmental Protection Agency (USEPA) confirmed this report (Symons



et al., 1975), and as a result, in 1979 the USEPA set a maximum contaminant
limit (MCL) for total THMs at 100 pg/L based on treatment capabilities (USEPA,
1979). In 1990, the USEPA classified chloroform, bromodichloromethane, and
dibromochloromethane as probable human carcinogens (Class B2 cancer
group), and classified bromoform as a possible human carcinogen (Class C
cancer group) (Pontius, 1990). It is anticipated that new MCLs for total THMs
will be set between 80 and 40 ug/L (Pontius, 1993). In Canada, the limit for total
THMs in drinking water has been regulated at 350 ug/L (Minister of National
Health and Welfare, 1993). It is proposed to apply a maximum limit of 100 ug/L
for total THMs in the future (CWWA, 1992). Because of the increased
regulation of THMs and other chiorinated by-products such as haloacetic acids
(HAAs), new strategies have come into existence in order to minimize
chlorinated by-products. One of the more promising options is to replace

chiorine with an alternate disinfectant such as ozone.

1.2. Use Of Ozone Iin Water Treatment

Ozone was first used in drinking water treatment in 1893 in Oudshoorn in
the Netherlands. By 1990, there were close to 75 water treatment plants in
Canada and the United States with ozonation facilities, and many more plants
exist worldwide, especially in Western Europe (AWWARF and CGEaux, 1991).
In more recent years, the use of ozonation in drinking water treatment has been

steadily increasing in the United States. The replacement of chiorination with

2



ozonation has the attractive advantage of not producing chlorinated by-products
such as THMs and HAAs, which is a great concern considering the present and
impending strict regulation of these compounds. Ozone is a strong disinfectant,
as well as an effective oxidizing agent capable of destroying several taste-and-
odor-causing compounds (Ferguson et al., 1991). lts disinfecting strength in
comparison to other popular disinfectants is shown in Table 1.1, where the
comparisons are made based on Cet values. Cet values express a dosage value
required to inactivate an organism where ‘C’ represents the disinfectant’s
concentration in the water (usually measured in mg/L) and ‘t' represents the
effective contact time the disinfectant remains in the presence of the organism
(usually measured in minutes).

Water treatment plants are and have been considering the switch from
chlorine to ozone in recent years. However, ozone may also form several
organic and inorganic by-products that are becoming a growing concern, and
investigations must be carried out in order to determine ozonation’s viability as a

safe disinfection or oxidation altemative.

1.3. Ozonation By-Products

Similar to chlorine, ozone reacts with inorganic and organic matter in the
source water that is being disinfected to form unwanted and possibly harmful by-
products. Relative to the chlorinated by-products, there is still much that is

unknown about ozonation by-products with respect to their harmful effects on

3
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humans. The USEPA has cited ozonation by-products as a generic class of
compounds for regulatory consideration because of their suspected potential
health effects (USEPA, 1988). The toxicity of aqueous ozonation by-products on
mammals has not been greatly studied. The first ozonation by-product that will
be regulated as part of the Disinfectant/Disinfection By-Product (D/DBP) Rule in
the United States is bromate; proposed to be regulated at a level of 10 pg/L.

Bromate is a known animal carcinogen (Kurokawa et al., 1986), and is formed as
a result of a series of complex reactions between ozone and bromide ions
present in the water being ozonated (Haag & Hoigne, 1983). In Windsor, where
this research took place, the level of bromide ions in the water is low enough to
not form any significant levels of bromate (Alarcon Herrera, 1994). However,
there are other ozonation by-products that are also of concern; these include
aldehydes, ketoacids (also known as oxoacids), and carboxylic acids. All of
these organic by-products are formed through the reaction of ozone with natural
organic matter (NOM) in some way or another. Since all natural drinking water
supplies have some level of NOM present, these by-products may occur in many
water treatment plants where ozonation is employed. Windsor is such a place
where there is sufficient NOM present in the raw water to form significant
amounts of ozonation by-products. More will be discussed on ozonation by-

products in the following chapter.



1.4. Pilot Plant

There is little or no information available regarding levels of ozonation by-
products formed as a result of ozonation of Windsor's drinking water source -
the Detroit River. Therefore, it was decided that a study of the formation and
removal of these by-products would be useful. Since there is an existing pilot
plant located inside the Windsor Water Treatment Plant (WWTP) in Windsor,
Ontario, Canada (in close proximity to the University of Windsor) there was an
opportunity to study ozonation by-products and their behavior in a water
treatment plant quite easily. The pilot plant, which is being used to evaluate
advanced oxidation processes, such as ozonation, is operated by the Windsor
Utilities Commission (WUC) and is sponsored by the Ontario Ministry of
Environment and Energy (MOEE). The pilot plant will be discussed in greater

detail in Chapter lll - Methodology.

1.5. Research Objectives

The specific objectives of this research were to:

° determine the effect of various ozonation treatment configurations
on the formation and removal of ozonation by-products, specifically
aldehydes, in a pilot plant located in Windsor, Ontario, Canada;

. determine the effect of filtration on the removal of these ozonation

by-products;




determine the effect of ozone dose on the formation and removal of
ozonation by-products;

determine the effect of flowrate through anthracite/sand filters on
the formation and removal of ozonation by-products; and

determine the effect, if any, of pH, temperature, and turbidity on the

formation and removal of ozonation by-products.




Chapter 1

LITERATURE SURVEY

2.1. Ozone

Ozone is a metastable molecule produced from elemental oxygen, and
readily decomposes in most matrices. Because of its rapid decomposition, in
order for ozone to be used in any application it must be generated on site.
Ozone has been used in full-scale drinking water treatment since 1893
(AWWARF and CGEaux, 1991). Since ozone is a powerful oxidant, it has had
many applications in drinking water treatment. These include: disinfection, taste
and odor control, oxidation of iron and manganese, color removal, as a
coagulant aid in particulate removal, oxidation of phenolic compounds and
pesticides, and control of algal growth. Recently, ozone has been found to be
practical for the applications of disinfection by-product control, biological
stabilization (minimization of the microbiological growth potential of the water),
and the control of certain types of organic compounds, mainly synthetic organic
chemicals (SOCs). Ozone has become a very popular disinfection and oxidation
option for use in drinking water. As of 1990, there were close to 75 water
treatment plants in Canada and the United States with ozonation facilities, and
many more plants exist worldwide, especially in Western Europe (AWWARF

and CGEaux, 1991).




2.2. Production of Ozone

The overall reaction representing the formation of ozone is described by
the following endothermic reaction (Masschelein, 1982):

30, - 20; (AH° at 1 atm = +285 kJ/mol)

Ozone cannot be produced by adding thermal energy to oxygen; the
addition of heat only accelerates the decomposition of ozone. Therefore, ozone
must be generated from oxygen by using other forms of energy. These energy
sources can consist of electrons or photon quantum energy. Electrons can be
used from high-voltage sources in a silent corona discharge, from chemonuclear
sources, and from electrolytic processes. Photon quantum energy includes
ultraviolet (UV) light of wavelengths lower than 200 nm and gamma-rays
(AWWARF and CGEaux, 1991).

in water treatment, ozone must be generated on-site because of its fairly
rapid decomposition in a gaseous or liquid matrix. Corona discharge in a dry
process gas is presently the most widely used method of generation of ozone for
water treatment plants. A silent electrical discharge, frequently described as a
corona discharge, is maintained between two electrodes separated by a
dielectric material (glass or ceramic) and an air gap by applying a high voltage
across the electrodes. At the frequency used, this voltage is held at a value
between the threshold at which the oxygen bearing feed gas ionizes, producing
ozone, and the value at which the dielectric material will break down - its

"dielectric strength”. Figure 2.1 shows a typical corona discharge apparatus.
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2.3. Ozone Chemistry

Ozone is a powerful oxidant; that is, it is unstable in water according to:
Osq + 2H" + 26" —> H0 + Oz, €°=+2.076V
or O3 + B6H" + 6e” > 3H,0; e’ =+1.511V
The standard potential (e°) values for these two reactions exceed the one for
oxygen (e° = +1.228 V). Consequently, ozone exhibits great instability and
strong oxidative properties in water. In practice, on-site generation of ozone by
an electrical discharge in air or oxygen produces 1 - 2 percent ozone when air is
used and 3 - 5 percent ozone when pure oxygen is used. Ozone is moderately
soluble in water: 0.494 m*m?® at 0°C. Ozone has a half-life of about 40 minutes
in distilled water at pH 7.6 and 14.6°C. At pH 8.5, the half-life is 10 minutes.
In an aqueous solution, ozone may act on various compounds in the
following two ways (Hoigne and Bader, 1977):
o by direct reaction with molecuiar ozone; and
° by indirect reaction with the radical species that are formed when
ozone decomposes in water.
Figure 2.2 shows these two basic reactions of ozone in water.
The latter reaction pathway, that is the auto-decomposition of ozone in
water, is a very complex combination of a number of phenomena. These may be
(Mallevialle, 1982a):

. the transfer of ozone from the gas to the liquid phase;
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. the relation between the partial pressure of the gaseous ozone and

its solubility in aqueous solution;

° the mass transfer of the ozone dissolved to trace impurities present
in the water;

. the kinetics of the auto-decomposition of ozone in solution; and

° the kinetics of the oxidation by ozone of the impurities in the water.

Several workers studying the mechanisms of the auto-decomposition of
ozone have suggested different intermediate stages in the process. Radical

species most often involved are (Malleviaile, 1982a):

O; + OH - 0O, + HO,

O3 + H0 - HO + OH=2HO,
0; + OH - 0-0:0-0OH

Os + 20H - 0, +20 + H,O
O3 + OH’ - Os + OH

All of these reactions follow various reaction kinetics corresponding to different
ranges of temperature and pH. It should be noted that of all the intermediate
species formed in the decomposition of ozone, the OH radical is the most
significant radical intermediate formed, and therefore plays a substantial role in

reactions with ozonation by-product precursors in water (Hoigne, 1988).

2.4. Ozonation By-Products

Both of ozone's reaction pathways (the direct, molecular ozone pathway,

and the free radical pathway, resulting from the complex decomposition of
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ozone) are likely to play a role in the formation of ozonation by-products in
natural waters. Ozone can form by-products by reacting with both organic and
inorganic contaminants in drinking water. This research work only investigates
one of the most prevalent group of organic ozonation by-products (aldehydes),

and thus inorganic ozonation by-products will not be discussed.

2.4.1. Organic Ozonation By-Products

Molecular ozone can react directly with organic compounds through
reactions that are highly selective, having second-order rate constants ranging
over 12 orders of magnitude. Hoigne and Bader (1983a, 1933b) have
investigated many of these reactions and compiled a list of second-order rate
constants for a variety of organic compounds. In general, in drinking water
treatment, activated aromatic compounds, olefins, and simple amines would be
expected to react quickly with the molecular form of ozone.

Ozone can also react with organic compounds indirectly through
decomposition, producing free radical species which oxidize the organic
contaminants. These indirect radical-type reactions tend to be very fast and
nonselective, with second-order rate constants varying over two to three orders
of magnitude. Organic compounds slow to react with molecular ozone, such as
aliphatic acids, aldehydes, ketones, and less highly activated aromatics, are

more likely to react via this pathway (Singer, 1990).
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In the ozonation of natural waters, it is difficult to determine which of
ozone's two reaction pathways dominates in a particular situation, although it
appears most likely that the radical pathway plays a dominant role in most
oxidation reactions involving ozone in natural waters (Glaze, 1986a).

Many studies have been conducted involving the oxidation of model
organic compounds by ozone (Bailey, 1978, 1982; Eisenhauer, 1968; Hoigne
and Bader, 1983a, 1983b; Yamamoto, 1979). Much of these have been
performed in nonaqueous solvents, so it is difficult to find information on reaction
mechanisms, pathways, and by-product identification in aqueous solutions.
However, some studies have been performed in aqueous solutions with natural
organic matter, which serves as the major precursor material for production of
ozonation by-products in natural waters.

Natural organic matter (NOM) consists mainly of humic substances, which
come from naturally occurring plant and animal decay products or any other
carbon source. Aquatic humic substances are found naturally in all aquatic
environments and consist mainly of humic and fulvic acids, the structures of
which are generally not well defined. The composition and distribution of
aquatic humic substances varies greatly in natural waters and thus
characterization and concentration can only be studied for specific waters.
Because NOM can be found in any source water, is the dominant fraction of total

organic carbon (TOC) in most waters, and will always react with ozone used
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during water treatment, it is important that the reaction of ozone and NOM be
studied.

Several researchers have attempted to identify ozonation by-products of
isolated samples of humic acid and fulvic acid, and some have oxidized the
entire mix of organics in natural waters (Lawrence et al., 1980; Mallevialle et al.,
1978: Shevchenko and Taran, 1966; Sievers et a/., 1977). In a review of these
studies, Glaze (1986a) has indicated that the ozone molecule can directly attack
the humic material at three types of sites: carbon-carbon double bonds,
aromatic rings that are activated with phenolic groups, and sites containing
complexed metals. In addition, humic substances can act as initiators to
generate radical intermediates from ozone that may then participate in
nonselective oxidation reactions. The products from these reactions wouid most
likely be formed from reactions with the hydroxyl radical and would include
hydroxylation reactions of benzene rings that would otherwise be nonreactive to
molecular ozone. These rings would then be more prone to further oxidation,
and the principal end products would be low-molecular-mass acids and
aldehydes, which are relatively unreactive toward ozone (Glaze, 1986a). In
summary, the reaction of ozone with humic substances proceeds through
reactions that involve both the direct and indirect pathways.

In water treatment plants, smaller amounts of ozone are used than would
be necessary to fully mineralize complex humic and fulvic precursor substances.

A typical ozone to carbon ratio is about 1.2 mg Os/mg C (AWWARF and

16




CGEaux, 1991). At this level, complete ozonation of humic and fulvic
substances is not achieved, but a change does occur. Ozonated humic
substances are different than the raw humic substances, in that more lower-
molecular-mass, polar compounds exist than before, and high-molecular-mass
compounds are decreased. This is due to the conversion of high-molecular-
mass compounds to lower-molecular-mass compounds by oxidation with ozone.
Since it has been difficult to quantify and identify these lower-molecular-mass
compounds, the resources for understanding ozonation by-products are

relatively limited.

2.4.2. Health Effects

The USEPA has cited ozonation by-products as a generic class of
compounds for regulatory consideration because of their believed potential
health effects (USEPA, 1988). The toxicity of aqueous ozonation by-products on
mammals has not been greatly studied. In one study of ozonated and
ozonated/chiorinated humic acids toxicity on Sprague-Dawley rats, minor
toxicological effects were observed, including increased serum calcium,
phosphate and glucose levels, as well as changes in liver mass and thyroid
lesions (Daniel et al., 1991). However, it was concluded that no definitive
statement regarding the relative toxicity of ozonated versus chlorinated humics

could be made.
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Researchers have examined the ozonation of humic acids, fulvic acids,
and other organics and reported that mutagenicity was sometimes found and
sometimes not (Kowbel et al., 1982, 1984; Kamei et al., 1985; Somiya and
Yamada, 1987; Yamada and Somiya, 1989). Matsuda et al. (1992) ozonated
the components of humic substances and found that aldehydes such as
formaldehyde, acetaldehyde, glyoxal, and methyl-glyoxal contributed to the
mutagenicity of ozonated humic substances.

Glaze (1986a) has noted that three classes of organic ozonation by-
products are of special interest because of their potential health effects, such as
carcinogenicity or toxicity to certain organs. These are organic peroxides,
unsaturated aldehydes, and epoxides. Organic peroxides can be formed when
ozone reacts with olefins and aromatic species. Unsaturated aldehydes, which
are known to be severe hepatotoxins (toxic to the liver), are expected to be
formed from the cleavage of polyunsaturated alkyl or aromatic compounds by
ozone (Glaze, 1986a). Epoxides, which are potential carcinogens, have been
commonly identified in ozonation reactions with unsaturated organic compounds
in nonaqueous solvents, but few reports of their occurrence in water have been
verified (Glaze, 1986a).

Finally, there have been studies in which low-and-moderate-molecular-
mass carbonyl compounds, primarily formaldehyde, have been detected in
ozonated surface waters (Yamada and Somiya, 1989, Glaze et al., 1989a;

Jacangelo ef al., 1989; and Glaze et al., 1989b). The public health significance
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of these low concentrations of aldehydes is not yet clear, and further study is
recommended (Singer, 1990).

In conclusion, the question of heaith effects of ozonation by-products is a
very serious issue. Knowledge of ozone chemistry and reaction pathways with
various organic species suggest that reaction compounds would include
compounds such as aldehydes, ketones, carboxylic acids, and other aliphatic
and hydroxylated aromatic forms (Singer, 1990). With the exception of the
aldehydes, most of these do not appear to be very detrimental to human heaith
at the concentrations found in ozonated waters. It should also be noted that in
the analysis of many of these ozonation by-products, a preconcentration step is
usually involved that may cause unstable by-products to decompose. This
would result in a lower response and an underestimate of the actual heaith
effect.

There has been much conflict over whether or not ozonation by-products
are more hazardous than chlorinated by-products. THMs are the chlorinated by-
products of greatest concem. In 1990, the USEPA classified chloroform,
bromodichloromethane, and dibromochloromethane as probable human
carcinogens (Class B2 cancer group), and classified bromoform as a possible
human carcinogen (Class C cancer group) (Pontius, 1990). Another group of
chiorinated by-products of concem to human health, the HAAs, are also
suspected of carcinogenic potential. Because of these concemns, both the THMs

and HAAs are becoming subject to increased regulation by the D/DBP Rule in
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the United States (Means lil and Krasner, 1993). The general consensus is that
ozonation by-products are less hazardous than chlorinated by-products such as
THMs. However, it is also agreed that because of the compiexity of ozone's
reactions with compounds present in natural waters, much more research should
be performed in order to determine the health effects of known ozonation by-

products.

2.5. Aldehydes

Ozone has long been known to produce aldehydes as by-products from a
wide variety of unsaturated organic compounds via the Creigee mechanism
(Figure 2.3). In 1982, Mallevialle (1982b) made a summary list of identified
reaction products produced from ozonation, and aldehydes were found to be
produced from many organic compounds. Table 2.1 displays a list of these

precursors to aldehydes which Mallevialle documented.

2.5.1. Formation of Aldehydes

Many studies have been conducted where aldehydes were found to be
produced as a result of ozonation of natural waters. The concentrations of C,
through C; aldehydes have been found to increase upon ozonation of natural
water with many different source waters including: two surface water sources in
California (Los Angeles Aqueduct Water [LAAW] and State Project Water

[SPW]) (Glaze et al., 1989b); a treatment plant in Turin, italy (Gilli et al., 1989);
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STAGE 1: 1-3 dipolar cyclo addition of ozone on unsaturated bonds
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Figure 2.3 - The Criegee mechanism (cyclo addition).
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COMPOUND (C) ALDEHYDE(S) PRODUCED
BY OZONATION OF (C)
Acetone Formaldehyde
Aliphatic alcohols Aldehydes
Alkenes Aldehydes
Alkylbenzene sulfonic acid Formaldehyde, Alky! glyoxal
Benzene Glyoxal
Benzofuran Salicylic aldehyde
4-chloro-o -cresol Methy! glyoxal
o-, m-, p-chlorophenol Glyoxal
Crotonaldehyde Acetaldehyde, Glyoxal
Decylbenzene sulfonic acid Formaldehyde, Nonyl glyoxal
Ethylic alcohol Acetaldehyde
Fulvic acids Benzaldehyde
Humic acids Aldehydes
Linolenic Acetaldehyde, Propionaldehyde
Linoleic acid Hexanaldehyde, Propionaldehyde
Mesitylene Methy! glyoxal
Methyllinoleic acid Maionic aldehyde
Naphthalene Phtalic aldehyde
Naphthalene-2-7-disulfonic acid Glyoxal
Nonylbenzene sulfonic acid Formaldehyde, Nonyl glyoxal
Olefins (unsaturated) Aldehydes

Phenol

Glyoxal, Formaldehyde, Muconaldehyde

Styrene

Benzaldehyde, Formaidehyde

Source: Mallevialle, 1982b

Table 2.1 - Known organic precursors to aldehydes produced by ozonation.
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four utilities in Southern California (Jacangelo et al., 1989; Krasner ef al., 1993;
Weinberg et al., 1993); Ohio River water (Miltner et al., 1992); source waters for
the communities of Hackensack, NJ, Paim Beach County, FL, and Myrtle Beach,
SC (Schechter and Singer, 1995), and the Sacramento River in Northern
California (Najm and Krasner, 1995).

The degree of increase in aldehydes depends on the ozone dose, with
some intermediate dose giving a maximum formation, after which increased
ozone doses bring about a decrease in aldehydes (Glaze et al., 1988). Perhaps,
at higher ozone doses aldehydes are oxidized further to corresponding
carboxylic acids (Miltner et al., 1992). It has also been shown that an increase
in dissolved organic carbon levels in the water being ozonated causes an
increase in aldehyde leveis (Najm and Krasner, 1995). However, Glaze et al.
(1989a, 1989b) found that the nature of the background organic matter and not
just the dissolved organic carbon (DOC) level is critical in determining the
distribution and concentration of aldehydes formed. Andrews and Huck (1994)
found that fulvic acids may be major precursors to aldehydes.

The pH of ozonation has aiso been found to affect aldehyde formation,
with low pH values (e.g. 5.5) tending to produce more aldehydes than higher pH
values (e.g. 8.5) (Andrews and Huck, 1994; Schechter and Singer, 1995).
Changes in bromide ions have been studied to determine their effect on
aldehydes, if any, and have been found to have no effect on aldehyde

production (Schechter and Singer, 1995; Najm and Krasner, 1995). Inorganic
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carbon concentrations also appear to have no effect on aldehyde production
(Schechter and Singer, 1995).

Formaldehyde, acetaldehyde, glyoxal, and methyl-glyoxal are the most
ubiquitous aldehydes reported in most of the studies mentioned eartier.
Formaldehyde is generally reported as having the highest concentration of all
the aldehydes. One study by Glaze et al. (1988b), named heptanal as having

the highest concentration compared to other aldehydes.

2.5.2. Detection of Aldehydes

A brief history of the methods of detecting aldehydes is discussed here.
A detailed description of the method used in this thesis is discussed in Chapter
IV - Experimental Procedures.

In 1978, Schalekamp (1978) used closed loop stripping analysis (CLSA)
and found increases of Cs through Ci; aldehydes in the nanogram-per-liter
range. Glaze et al. (1989b) also used this CLSA to investigate the presence of
aldehydes in ozonated water.

in 1985, Van Hoof et al. (1985) used a derivatization/pentane
extraction/high-performance liquid chromatography (HPLC)YUV method to
examine the formation of C, through C; aldehydes at a detection level of about 1
ug/L. In 1989, Yamada and Somiya (1989) descriped a new method that
employed aqueous derivatization, hexane extraction, and gas chromatography

(GC), allowing for quantitation of simple aldehydes at microgram-per-liter levels.
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This method was later improved in 1989 by Glaze et al. (1989a) and also
modified in 1990 by Sclimenti et al. (1990). The Yamada and Somiya method is
the basis for most of the methods used in aldehyde studies from 1990 to

present.

2.5.3. Risks Associated With Aldehydes

Aldehydes are of concern for three main reasons. First, there is the
concern of adverse health effects, especially potential carcinogenicity.
Toxicological data on some of the aldehydes, including formaldehyde,
acetaldehyde, glyoxal, and methyi-glyoxal, show that they are mutagenic
(producing mutations in animals) or carcinogenic (producing cancer in animals)
(Bull and Kopfler, 1991). Formaldehyde and acetaldehyde, which are relatively
volatile, have produced respiratory tumors in animals (formaldehyde has
produced tumors in humans as well after inhalation exposure) (Alceon Corp.,
1993). In the case of ingestion of formaldehyde, animal cancer bioassays have
produced conflicting data (Alceon Corp., 1993). Glyoxai, however, has been
shown to promote stomach tumors after administration of a known initiator
(Alceon Corp., 1993). There is still uncertainty as to the heaith effects of
ingestion or inhalation (such as during a shower) of aldehydes at levels that are
found after ozonation of drinking water. However, aldehydes may be viewed as
surrogates for a large number of palar organics that are formed at low leveis

when ozone is used in treatment of natural waters. These compounds may
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include as yet unidentified species such as peroxides and epoxides, which have
been discussed earlier and may have more serious health effects than
aldehydes.

Secondly, when aldehydes react with chiorine in a typical treatment plant,
halogenated by-products such as cyanogen chloride and chloral hydrate can
increase (McKnight and Reckhow, 1992). There is concem due to the adverse
health effects of these halogenated aldehydes.

Finally, polar ozonation by-products, especially aldehydes are more
biodegradable than their precursors. If aldehydes were present in distributed
drinking water as assimilable organic carbon (AOC), the potential for increase in
bacterial populations would be great, and consumers would be at higher risk of

diseases caused by microbial regrowth.

2.5.4. Removal of Aldehydes

Due to concerns with aldehydes in distributed drinking waters, studies
have been conducted to investigate ways of reducing aldehyde levels. Van Hoof
et al. (1985) showed that precursor removal resulted in reduced aldehyde
formation. Glaze et al. (1989a) speculated that secondary reactions between
aldehydes and other constituents may lead to the disappearance or
transformation of some of these ozonation by-products.

Glaze et al. (1989b) stated that the treatment steps following ozonation in

the plant in their study (flocculation, filtration, and chlorination) removed a
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substantial number of ozonation by-products. Other studies have been more
specific and found that biologically activated filtration can be an effective way of
removing aldehydes. Since aldehydes are easily biodegradable, biologically
activated filters have been studied as a means of removing them from drinking
water (Miltner et al, 1992; Weinberg et al., 1993; Krasner et al., 1993).

Researchers have found that biotreatment reduces aldehyde concentrations to
less than the concentration in the raw water, even when there is a significant
increase in aldehydes formed by ozonation (Miltner et al., 1992; Weinberg et al.,
1993: Krasner ef al., 1993). Both Krasner et al. (1993) and Weinberg et al.
(1993) found that anthracite filters were not as effective as granular activated
carbon (GAC) filters in reducing aldehydes. Weinberg et al. (1993) concluded
that aldehydes were removed by filters that possessed an active biomass and
that filtration rate and history of the filters might have an effect on removal.

Biomass must be present for effective aldehyde removal. It was found that in
plants where a disinfectant was applied either upstream of or directly on to the
filters, thus removing the biomass, there was minimal removal of aldehydes, and
in some cases there appeared to be additional aldehyde formation on the filter
bed (Weinberg ef al., 1993). This additional aldehyde formation was possibly
due to an ozone residual persisting on the filter or the shedding of previously
adsorbed by-products. Finally, it was also found that the dialdehydes (glyoxal
and methyl-glyoxal) appeared to be more difficult to remove through biological

mediation than either formaldehyde or acetaldehyde.
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Chapter Il

METHODOLOGY

The research presented in this thesis examined the formation and
removal of ozonation by-products, specifically aldehydes, in a pilot plant
operated by the Windsor Utilities Commission (WUC). The source water that
this pilot plant treats is obtained from the Detroit River. This chapter discusses

the pilot plant, the scope of the research, and quality assurance aspects.

3.1. Pilot Plant

The pilot plant used to obtain samples for this research is located inside
the Windsor Water Treatment Plant (WWTP) in Windsor, Ontario, Canada, and
is operated and sponsored by the Ontario Ministry of Environment and Energy
(MOEE) and the WUC. Figure 3.1 shows its location within the City of Windsor,
as well as the raw water intake for the plant. Raw water is obtained from the
Detroit River, which is a connecting channel between Lake St. Clair and Lake
Erie. The pilot plant commenced operation in January of 1993 and is part of the
Environmental Technology Program initiated to stimulate the development of
new environmental technologies in Ontario (Alarcon Herrera, 1994). The
original layout and design of the plant was accomplished by Mr. W.B. Anderson

and Dr. P.M. Huck of the University of Waterloo.

28




'Juejd 10j!d JNM JO UoNedo - °¢ 8nbiy

5

ik

T
1y .\\

o
i

1

29



The pilot plant follows many of the basic units in operation at the full-
scale Windsor Water Treatment Plant. In the main conventional plant, alum and
polyelectrolytes are added at the head of the plant to the raw water in rapid mix
units as part of the coagulation process. After this, the water flows to
flocculation tanks. The water is then sent through a sedimentation process with
incline plate settling tanks. Clarified water from the sedimentation tanks is
filtered through duai-media (anthracite/sand) filter beds. All treatment steps are
the same in the pilot plant. In the conventional treatment plant chiorine is added
after filtration, whereas in the pilot plant no chlorine is added anywhere during
treatment.

The pilot plant is equipped with two separate treatment trains which can
be configured with a number of different treatment options. During this research,
there were three different modes in which the pilot plant was operated. These
consisted of: A) non-ozonation treatment versus pre-coagulation ozonation
treatment with varying ozone dose and constant flowrate, B) non-ozonation
treatment versus pre-coagulation ozonation treatment with constant ozone dose
and varying flowrate, and C) pre-coagulation ozonation treatment versus post-
sedimentation ozonation treatment with constant ozone dose and varying
flowrate. Changes in flowrate referred to throughout this research refer to
change in flowrate through the anthracite/sand filters only. Flowrates through all

other components of the plant remained constant throughout the entire research
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period. Figure 3.2 shows the pilot plant configuration for options A and B and
Figure 3.3 shows the pilot plant configuration for option C.

The pilot plant was constructed of stainless steel, glass and inert
fluorocarbons. These materials were also used for sealing purposes and in all
tanks, pumps, piping, mixers, columns and water contacting surfaces of on-line
instrumentation associated with the pilot plant. This was done to eliminate
organic contamination which can be associated with other construction
materials.

For all configurations of the plant, raw water was pumped to a constant
head tank. From the constant head tank, the flow was split between two
identical process trains at a flowrate of 13.0 L/min per side. Each side shared
identical physical characteristics to allow direct comparisons between the two
sides of the plant with a common raw water quality.

While the pilot plant compared one treatment process with another, some
basic treatment units were identical on both sides of the plant. On each side of
the plant, metering pumps injected treatment chemicals (Alum, which is a
coagulant, and Percol, which is a coagulant-aid) into the feed water line. The
water then traveled from the feed water line into a rapid mix tank before entering
the flocculation tank. Flocculated water was passed through an inclined plate
sedimentation tank, which had an automated siudge withdrawal system using a

programmable control valve operating on a timer sequence.
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Figure 3.2 - WUC Pilot Plant configuration: Non-ozonation treatment
versus pre-coagulation ozonation.
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Figure 3.3 - WUC Pilot Plant configuration: Pre-coagulation ozonation
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Settled water was collected in a water storage tank where it was fed to a
dual media filter (anthracite/sand). Filtrate from the dual media filter was then
directed to a granular activated carbon (GAC) contactor, after which it was
considered to have received final treatment. Filtrate from the dual media filter
was collected in a backwash tank with dedicated storage cells. Water for
backwashing was then pumped from the dedicated cell back to the fiiter on the
side of the plant from which it was collected. This was done to avoid
backwashing a unit with water containing a disinfectant which the unit did not
usually use. An air compressor and injection port allowed for air-scour to
enhance filter backwashing.

The pilot plant was equipped with computer-assisted process and
instrumentation control and on- and off-line data collection and storage
capability. The pilot plant computers could be remotely accessed and
controlled.

When ozone was used on either side of the pilot piant, it was generated
using a PCI Ozone & Control Systems, Inc. GL-1 Laboratory Ozone Generator.
Ambient air concentrations were monitored using a PCl LC-12 ozone monitor
while generator output and contactor off-gas ozone levels were measured using
a PCI HC-12 ozone monitor.

Ozone was generated from dry air using a Compressed Air Purifier/Dryer
unit (Peak Scientific Model AP-03). The prepared air dew point was checked

using an Alnor Model 7200 (Alnor Instrument Co., distributed by Cole-Parmer
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Instrument Company). Ozone gas not consumed in the contactor was destroyed

using a PCI OD-2 ozone destruction unit equipped with a preheater.

3.2. Scope

For this research, there were thirteen (13) sets of samples collected and
analyzed for aldehydes. Samples were collected at the following locations in the
Windsor pilot plant: at the raw water distribution well, after the sedimentation
tanks on each side of the plant, after the dual media anthracite/sand filters on
each side of the plant and after the GAC contactors on each side of the plant.
The seven (7) sampling points threughout the pilot plant are shown on Figure
34

Samples were collected throughout the year of 1995 in three batches
corresponding to the three configuration setups in the pilot plant as previously
mentioned. These samples were gathered during March 1995, May/June 1995,
and September/October 1995 respectively for each of the three batches. The
times of the year in which samples were collected were not intentionally set, but
because of seasonal changes in water quality, were expected to have some
effect on the results of the study. Table 3.1 summarizes the sampling dates and
the plant configurations during each sample batch. it should be noted that each
time the ozone dose or flowrate was changed in the pilot plant during this
research, the plant was allowed to stabilize for at least one week before a

sample was collected.
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Figure 3.4 - Name and location of sampling points at
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in addition to analyzing for aldehydes, which was the primary scope of
this research, additional parameters were measured by the WUC at the pilot
plant concurrently with the aldehyde samples. These parameters were: pH,
temperature, turbidity, and filter run time for the anthracite/sand filters. The
significance of these parameters will be discussed in Chapter V - Results and

Discussion.

3.3. Quality Assurance

All samples were collected and analyzed in duplicate, and an average of
the levels found in each of the duplicate samples was reported. With each set of
samples, method blanks and check standards were prepared and analyzed in
duplicate. These blanks were always freshly prepared immediately prior to the
collection of samples. The method blanks consisted of organic-free water
containing only the reagents used for preservation and derivatization in the
method. These blanks were used to determine the background levels of
aldehydes in the method during the entire procedure, and final levels of
aldehydes in the collected samples were adjusted for this background level in
the final calculations. The check standard consisted of organic-free water
spiked with 50 pg/L of mixed aldehyde standard solution, as well as the reagents
used during the method. This check was run to view the recovery of each
different aldehyde in the method. All bianks were analyzed in the exact manner

that all samples were treated throughout the entire experimental procedure.
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Chapter IV

EXPERIMENTAL PROCEDURES

4.1. Introduction

Ozonation by-products that are formed during ozonation are usually
oxygenated and polar in nature, and some are relatively biodegradable.
Analysis of these compounds in the past had proven difficult because of their
chemical nature. The basic method of analysis for aldehydes and carbony!
compounds was first described by Yamada and Somiya (1989), was later
improved by Glaze et al. (1989a) and also modified by Sclimenti et al. (1990).
The method used during this research at the University of Windsor was based
on the same analysis procedure performed at the University of Watertoo, with
slight modifications. Both the University of Waterloo and the University of
Windsor procedures were primarily based on Sclimenti et al’s modified
procedure for analyzing aldehydes. A flowchart of the complete procedure used
at the University of Windsor is shown in Figure 4.1.

The basic method of analysis of aldehydes uses O - (2, 3, 4, 5, 6 -
pentafluorobenzyl) - hydroxylamine hydrochloride [PFBHA-HCI] as a derivatizing
agent. The specific aldehydes that can be quantitatively recovered by this
method of analysis are low-molecular-mass, mono-aliphatic C, to C1o aldehydes

(formaldehyde, acetaldehyde, propanal, butanai, pentanal, hexanal, heptanal,
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40-mL vial containing:
32.5-mg HgCl,
32.5-mg NH,CI

2-mL of 6-mg/mL PFBHA-HCI
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100-ug/L 1,2-dibromopropane
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for phase separation
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Discard Wash with 10-mL 0.1 M H,SO,
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for phase separation

Aqueous layer: Organic layer:
Discard Transfer to 2-mL GC Vial

containing 20-mg Na,SO,

v
<GC/ECD analy@

Figure 4.1 - Method used for analysis of aldehydes
at the University of Windsor.
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octanal, nonanal, and decanal), dialdehydes (glyoxal and methyl-glyoxal), and
an aromatic aldehyde (benzaldehyde). The analysis technique employed a
direct aqueous derivatization with PFBHA-HCI, which reacted with the aqueous
aldehydes to form  corresponding oximes  (where PFBO is
pentafluorobenzyloxime) (Sclimenti et al., 1990). Figure 4.2 shows a diagram of
this derivatization reaction. With most of the aldehydes, two geometric isomers
were formed (E-PFBO and Z-PFBO), except for formaldehyde, which is
symmetrical. Methyl-glyoxal also produced only one prominent isomer, which
may be due to some steric hindrance constraint.

After derivitization reached completion, the derivatives were extracted into
hexane where they were separated by gas chromatography and detected with
an electron capture detector. The aldehyde isomers that were able to be
detected by the method of analysis utilized by the University of Windsor and
their approximate GC retention times are listed in Table 4.1. A detailed

description of the experimental procedures is given below.

4.2. General

All glassware used for this research was cleaned according to Method
No. 1070 in Standard Methods (APHA-AWWA-WPCF, 1989) prior to use in the
laboratory. Reagents were purchased from Aldrich Chemical Company, Inc.,
Milwaukee, WI, USA except for mercuric chioride, ammonium chioride, and

sodium sulfate, which were obtained from Chemical Stores at the University of
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ALDEHYDE NAME APPROXIMATE GC

RETENTION TIME (min.)
Formaldehyde 11.36
E-Acetaldehyde 13.28
Z-Acetaldehyde 13.46
E-Propanal 14.82
__Z-Propanal 14.95
E-Butanal 16.29
__Z-Butanal 16.39
_E-Pentanal 17.72
_Z-Pentanal 17.81
E-Hexanal 19.11
Z-Hexanal 19.17
Heptanal 20.43
Octanal 21.69
Benzaldehyde 21.94
Nonanal 22.90
E-Glyoxal 24.82
_ Z-Glyoxal 24.98
Methyl-glyoxal 25.39

Table 4.1 - Aldehyde isomers detected at the University of Windsor
and their GC retention times.
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Windsor. The hexane and methanol used were both of HPLC-grade and all
reagents were reagent-grade chemicals.

Organic-free water was required for preparing all aqueous solutions and
for the method blank. This water was generated using a Milli-Q Plus water
purification system (Miliipore Corp., Bedford, MA, USA). The water was

generated as needed and used immediately, so storage was not required.

4.3. Analysis

The analysis of aldehydes at the University of Windsor consisted of three

main parts:
o sample preparation and acquisition,
° sample derivitization and extraction, and
o sample quantification by gas chromatography.

The following section describes the steps taken during each of these

stages of analysis.

4.3.1. Sample Preparation and Acquisition

Samples were collected from the pilot plant in clean 40 mL glass vials
sealed with polypropylene caps with PTFE-faced silicone septa
(Chromatographic Specialties Inc.). Approximately two to three hours prior to
sample collection, the sampling vials were prepared at the University of
Windsor's laboratory by adding preservatives and the PFBHA-HCI derivatizing
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agent. Samples were preserved with mercuric chloride [HgCl.] to prevent any
formation of additional aldehydes after collection, and ammonium chioride
[NH4CI] to prevent any biodegradation of aldehydes present during collection.
Approximately 32.5 mg of each preservative was added to each sampling vial.
Approximately 40 mL of a 6 mg/mL solution of PFBHA-HCI in organic-free water
was freshly prepared for each set of samples, and each sampling vial in the set
was dosed with 2 mL of the PFBHA-HCI solution using an automatic
micropipette (Eppendorf).

Samples were then collected at the pilot piant. Each sampling line was
allowed to flush for a sufficient volume before sampling. It was also ensured
that there was no headspace in each sample vial by inverting the vial and
visually inspecting it for the presence of air bubbles. After sampling, the vials
were immediately returned to the University of Windsor and stored at 4°C for at
least 24 hours to allow the derivatization reaction to reach completion. No
special refrigeration was used during transport from the pilot plant to the

University of Windsor since the approximate travel time was 10 - 15 minutes.

4.3.2. Sample Derivatization and Extraction

After the 24 hour storage period, a 20 mL aliquot was taken from each
sample vial. The sample was acidified with 4 drops of concentrated sulfuric acid
[H.SO4], and 4 mL of hexane containing 100 pg/L of 1,2-dibromopropane internal

standard was added using an autodispenser. The sample was then shaken in a
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mechanical wrist action shaker (Burrell Scientific, Pittsburgh, PA., USA) for 10
minutes, and allowed to stand for 15 minutes for phase separation. Where
separation of the hexane layer took longer than 15 minutes, the hexane layer
was dried by passing an appropriate amount of sodium sulfate [Na;SQ,] through
it. The hexane layer in each vial was then transferred by clean micropipette to a
corresponding clean 40 mL vial containing 10 mL of 0.1 M sulfuric acid. This
was done in order to wash the hexane extract. The sample was shaken again in
the mechanical shaker for 10 minutes and then allowed to settle for 15 minutes
for phase separation. The hexane layer was then transferred by clean
micropipette to a 2 mL LoVial GC vial with silicone septa (Kimble - Division of
Owens-lllinois) containing approximately 20 mg of sodium sulfate. The sodium
sulfate was used as a moisture trap to ensure that no traces of moisture entered

the gas chromatograph.

4.3.3. Sample Quantification By Gas Chromatography

For quantification analysis, each sample was injected in duplicate into a
gas chromatograph (GC), using a Hewlett Packard 7673A automatic injector.
After every sample injection, the syringe was rinsed six times with GC-grade
ethanol to prevent contamination between samples. The GC system consisted
of a Hewlett Packard 5890 gas chromatograph with a Phase DB-1 capillary
column (J & W Scientific, 30 m X 0.25 mm .D., Film Thickness 0.25 ym), and an

electron capture detector (ECD) for compound detection. The signal from the
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detector was integrated on a Hewlett Packard 3396A integrator and the entire
system was controlled by a Hewlett Packard 7673A controller. The carrier gas
was argon containing 5 percent methane with a flowrate of 1 mL/min (50°C).
The injector temperature was 300°C and the detector temperature was 300°C.
The GC oven was temperature programmed from 50°C (held for 5 minutes) to
295°C at 10°C/min and held at the maximum temperature (295°C) for 5 minutes.
The sample injection volume for each sample was 2 uL, split 1 : 5. To ensure
constant optimal operation of the GC, the injection port septa was changed and
the injection port liner was cleaned and the glass wool insert changed
approximately every 100 injections.

The HP-3396A integrator was used for peak integration and displaying
area counts. A sample chromatogram from the integrator is shown in Figure 4.3
and the corresponding area counts for each peak are shown in Figure 4.4.

The integrated peaks and area counts were transiated to aldehyde levels
by using external calibration curves. Calibration curves were produced by
analyzing calibration standards prepared by spiking standard aidehyde solutions
into organic-free water using the exact method by which all samples were
analyzed. The standard aldehyde solutions were prepared gravimetrically in
methanol from pure aldehyde compounds as needed. Calibration was
performed by plotting an 8 point standard calibration curve from 0.1 to 200 ug/L

for each aldehyde studied. The calibration curve was plotted as a
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concentration-versus-area counts plot using a best fit polynomial. Standard
calibration curves for each aldehyde are found in Appendix A.

Method detection limits (MDLs) were also calculated for each aldehyde
according to Method No. 1030E in Standard Methods (APHA-AWWA-WPCF,
1989). A set of seven aldehyde standard solutions at a level of approximately
1.0 ug/L of each aldehyde were prepared and analyzed in the same way as all
other samples, and the standard deviation of the seven replicate measurements
was calculated for each aldehyde. Along with these standards, organic-free
water blanks were analyzed. The MDL for each aldehyde was determined using

the following formula:

MDL=t(s)+b

where: t= 3143 (student t - value for 6 degrees of freedom
and 99 percent confidence level)

s = standard deviation of seven replicate analyses

b = mean value of organic - free water blanks

The MDLs for each aldehyde are listed in Table 4.2.
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ALDEHYDE NAME METHOD DETECTION
LIMIT (microgram/L)
Formaldehyde 2.0
Acetaldehyde 1.9
Propanal 1.6
Butanal 1.2
Pentanal 3.4
Hexanal 0.7
Heptanal 0.6
Octanal 1.2
Benzaldehyde 0.3
Nonanal 3.1
Glyoxal 0.3
Methyi-glyoxal 1.6

Table 4.2 - Aldehyde method detection limits (MDLs) calculated at
the University of Windsor.
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Chapter V

RESULTS AND DISCUSSION

5.1. General

Aldehydes were analyzed and quantified as ozonation by-products at the
WUC pilot plant located in Windsor, Ontario, Canada. All aldehyde samples
were collected and analyzed according to the experimental procedures
described in Chapter IV. As previously stated in Chapter Iif, samples were
collected throughout the year of 1995 in three different phases to allow different
plant configuration comparisons. The results will thus be discussed in terms of

these three phases.

5.2. Phase One Results

Phase one consisted of comparing non-ozonation treatment (side one of
the pilot plant) with pre-coagulation ozonation treatment (side two of the pilot
plant). In this phase, the ozone dose was increased from a level of 0.27 mg/L of
ozone transferred to a level of 2.0 mg/L of ozone transferred. The flowrate
through the anthracite/sand filters was kept constant at 3.25 L/min on each side
of the plant. Five sets of samples were collected throughout the month of

March, 1995.
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Figure 5.1 shows the level of total aldehydes detected on the non-
ozonation treatment side of the plant (side 1) and Figure 5.2 shows the level of
total aldehydes detected on the pre-coagulation ozonation treatment side of the
plant (side 2) during phase one. No aldehydes were detected on the non-
ozonation treatment side of the plant. On the pre-coagulation ozonated side,
there was a general linear increase in total aldehydes seen in the sedimentation
tank (S2) as the ozone dose was increased from 0.27 to 2.0 mg/L. It is reported
in the literature that aldehyde levels increase as the ozone dose is increased,
with some intermediate dose giving a maximum formation, after which increased
ozone doses bring about a decrease in aldehydes (Glaze et al, 1988). A
suggested reason for this is that at higher ozone doses aldehydes are oxidized
further to corresponding carboxylic acids (Miltner et al., 1992). In this research,
total aldehyde levels increased up to the maximum dose of 2.0 mg/L as shown in
Figure 5.2. Since no decrease in aldehydes was seen, it can be concluded that
the ozone dose required for peak aldehyde formation is higher than 2.0 mg/L. It
should be noted also at this time that even at the highest ozone dose used in
this research (2.0 mg/L), the maximum total level of aldehydes produced was
less than 40 ug/L.

Figure 5.3 shows the percentage removals of total aldehydes in the
anthracite/sand filters and the GAC contactors on side two of the plant for phase
one. In general, it can be seen that aldehydes were removed slightly, if at all, in

the anthracite/sand filters (F2) and aldehydes were removed completely in the
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Sampling Date
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Figure 5.2 - Total aldehyde levels detected during pre-coagulation ozonation treatment - Phase 1.
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GAC contactors (C2-3). Krasner et al. (1993) and Weinberg et al. (1993), had
observed similar results. [t was also noted that the low-molecular-mass
aldehydes (formaldehyde, acetaldehyde and propanal) decreased in the
anthracite/sand filters, while the high-molecular-mass dialdehydes (glyoxal and
methyl-glyoxal) actually increased in the anthracite/sand filters. From the
literature, it is known that glyoxals are more difficult to remove than other
aldehydes (Weinberg et al., 1993). Also, where there is no biomass present on
the filters, there appears to be additional aldehyde formation on the filter bed
(Weinberg et al., 1993). This has been attributed possibly to the shedding of
previously adsorbed by-products. Although it is unknown why the increase in
dialdehydes occurred in this research, it may be speculated that since the
samples were taken in March, a biomass was not present to aid in removing the
dialdehydes due to low temperatures. This combined with the reasons cited in
the literature earlier may explain why the dialdehydes increased. The increase
in dialdehydes can be seen in Table 5.1.

Table 5.1 shows the individual levels of aldehydes throughout the pilot
plant for only the raw water (RAW), the settied water (S2) and the
anthracite/sand filtered water (F2) on side two of the plant. At all other sample
locations, aldehydes were either below method detection limits or not detected.
A complete comprehensive report of aldehydes detected on each date of
sampling as well as check standards for the entire duration of this research is

shown in Appendix B. As can be seen from Table 5.1, the major aldehydes
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consistently detected were: formaldehyde, acetaldehyde, glyoxal, and methyl-
glyoxal. Formaldehyde was noted as the aldehyde that was present at the
highest concentration throughout this phase. These findings are consistent with
many other researchers’ findings with completely different sources of water.
(Miltner et al.,1992; Krasner et al., 1993; Weinberg et al., 1993; Schechter and

Singer, 1994; and Najm and Krasner, 1995).

5.3. Phase Two Resulits

Phase two consisted of comparing non-ozonation treatment (side one of
the pilot plant) with pre-coagulation ozonation treatment (side two of the pilot
plant). In this phase, the ozone dose was kept constant at a transferred dose of
0.75 mg/L, while the flowrate through the anthracite/sand filters was increased
from 3.25 L/min to 4.2 L/min on both sides of the plant. This increase in flowrate
was made in order to determine if increased hydraulic loading of the filters would
have an effect on aldehyde removals. Three sets of samples were coliected
throughout the months of May and June, 1995.

Figure 5.4 shows the levels of total aldehydes detected on the non-
ozonation treatment side of the plant (side 1) and Figure 5.5 shows the levels of
total aldehydes detected on the pre-coagulation ozonation treatment side of the
plant (side 2) during phase two. As was found in phase one, no aldehydes were
detected on the non-ozonation treatment side of the plant. On the pre-

coagulation ozonated side, total aldehydes seen in the sedimentation tank (S2)
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varied from slightly above 10 ug/L to slightly above 20 ug/L, even though the
ozone dose remained constant at 0.75 mg/L of transferred ozone. This variation
is most likely due to slight changes in raw water quality and other minor
variations.

Figure 5.6 shows the percentage removals of total aldehydes in the
anthracite/sand filters and the GAC contactors on side two of the plant for phase
two. It was noted that at the plant’s lowest flow (3.25 L/min), the amount of total
aldehydes found after the anthracite/sand filters (F2) was about 50 percent
higher than the total aldehydes entering the fiters. However, at the following
higher flows, aldehydes were found to be slightly removed through
anthracite/sand filtration. This observation could also be seen in the previous
phase of sampling. In examining Figure 5.2 from phase one of sampling once
more, which maintained a constant flowrate of 3.25 L/min, it can be seen that the
total aldehydes found after the anthracite/sand filters for the first set of samples
(March 1, 1995), were also slightly higher than the aldehydes formed. In
examining Figure 5.5, it can be seen that the level of total aldehydes found just
after the anthracite/sand filters remains fairly constant throughout the phase. It
can be speculated that there was perhaps a certain base level of aldehydes
present in the anthracite/sand filters, causing a constant minimum level to be
detected after the filters at lower flowrates. Thus, where it was seen in Figure
5.6 that aldehyde levels increased by 50 percent in the anthracite/sand filters it

can be concluded that the amount of aldehydes initially formed was small in
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comparison to the base level of aldehydes aiready present on the filters,
showing an increase in levels. Again, the GAC contactors (C2-3) were found to
remove 100 percent of the aldehydes all of the time.

Also noted in this phase was the fact that the low-molecular-mass
aldehydes (formaldehyde, acetaldehyde and propanal) actually increased some
times instead of decreasing in the anthracite/sand filters, while the high-
molecular-mass dialdehydes (glyoxal and methyi-giyoxal) both increased and
decreased in the anthracite/sand filters. Again, according to the literature, when
there is little or no biomass present on the filters, there appears to be additional
aldehyde formation on the filter bed (Weinberg et al, 1993). This has been
attributed to the shedding of previously adsorbed by-products. This reason is a
possible explanation for the findings in this research. However, it is unknown
why this change from phase one was found in phase two. The changes in
aldehyde/dialdehyde levels can be seen in Table 52

Table 5.2 shows the individual levels of aldehydes throughout the pilot
plant for only the raw water (RAW), the settled water (S2) and the
anthracite/sand filtered water (F2) on side two of the plant. At all other sample
locations, aldehydes were either below method detection limits or not detected.
As can be seen from Table 5.2, the major aldehydes consistently detected were:
formaldehyde, acetaldehyde, glyoxal, and methyl-glyoxal. This is consistent with
the findings in phase one. Also consistent with the findings in phase one was

the fact that formaldehyde was present at the highest concentration throughout
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phase two. Again, these findings are consistent with many other researchers’
findings with completely different sources of water. (Miltner et al.,1992; Krasner
et al., 1993; Weinberg et al., 1993; Schechter and Singer, 1 994; and Najm and

Krasner, 1995).

5.4. Phase Three Results

Phase three consisted of comparing pre-coagulation ozonation treatment
(side one of the pilot plant) with post-sedimentation ozonation treatment (side
two of the pilot plant). In this phase, the ozone dose was kept constant for both
sides at a transferred dose of 1.2 mg/l. The flowrate through the
anthracite/sand filters was varied from 3.0 L/min to 4.8 L/min on both sides of the
plant. Five sets of samples were collected throughout the months of September
and October, 1995.

Figure 5.7 shows the level of total aldehydes detected on the pre-
coagulation ozonation treatment side of the plant (side 1) and Figure 5.8 shows
the level of total aldehydes detected on the post-sedimentation ozonation
treatment side of the plant (side 2) during phase three. On the pre-coagulation
ozonated side, total aldehydes seen in the sedimentation tank (S1) maintained a
fairly constant formation level of about 22 ug/L. This was to be expected since
the ozone dose remained constant throughout the phase. [t was not possible to

know aldehyde formation levels for the post-sedimentation ozonated side, since
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Phase 3, Side 1: Pre-Coagulation Ozonation Treatment

Sampling Date
Ozone Dose (mg/L)
Flowrate (L/min)

10/6/956
1.2
4.2

9/15/956 9/22/95 9/29/95

1.2
3.0

9/8/95
Figure 5.7 - Total aldehyde levels detected during pre-coagulation ozonation treatment - Phase 3.
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the sampling point in the pilot plant was before ozone was added to the settled
water.

Examining aldehyde removals in Figure 5.7, pre-coagulation ozonation
treatment, it can be seen that levels in the anthracite/sand filters remained at
about 10 or 11 ug/L for all flowrates excepting the flowrate of 42 Umin. ltis
seen that there is a much higher removal rate at this flowrate. Perhaps at the
higher flowrate (4.8 L/min) there is some residence time effect so that, if the
filters are biologically active, there is not enough time for the organisms to
degrade the aldehydes, and at the lower flowrate (3.0 L/min), there is actually
some adsorption effect that keeps a constant level of aldehydes on the
anthracite/sand filters. In one study (Weinberg et al., 1993), it was found that
low flowrates increased aldehyde removals. However, these conclusions were
drawn from many different plants operating at different flowrates, not one plant
altering the flowrate. It is difficult to compare this study with the research in this
thesis, since different flowrates were not compared at one plant. Regardless,
there seems to be some improvement of removal of aldehydes in pre-
coagulation ozonation at a flowrate of 4.2 L/min in this research. On the post-
sedimentation ozonation treatment side, it is difficult to draw any conclusions
since it is not known how much of the aldehydes produced were removed.
However, it can be seen that the levels found after the anthracite/sand filters on
this side are approximately the same or slightly higher than those found on side

one, except for one sample on September 15, 1995. It seems that there is not a
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very significant difference between the two plant configurations in this respect in
terms of aldehyde levels present after the anthracite/sand filters.

Figure 5.9 shows the percentage removals of total aldehydes in the
anthracite/sand filters and the GAC contactors on side one of the plant for phase
three. It can be seen that at the flowrates of 3.0 and 4.8 L/min, there is a removal
of between 40 to 50 percent of total aldehydes after the anthracite/sand filters
(F2). At the flowrate of 4.2 L/min, however, the removal rate is between 80 and
85 percent. The flowrate of 4.2 L/min significantly improves aldehyde removals
and has been discussed in the preceding paragraph. There is a noticeably
higher removal rate in the anthracite/sand filters in this phase than in the
previous two phases. The most likely cause of this is that since the water
temperature had risen significantly since the other two phases, as can be seen
in Table 5.3, the filters had developed significantly more biological activity and
were subsequently able to remove more aldehydes. Finally, as with the rest of
this research, the GAC contactors on both sides of the plant (C1-3 and C2-3)
removed 100 percent of the aldehydes at all times. For side two, since the only
removal that could be quantified was the GAC contactor, the removals are not
shown here. The removals are again 100 percent in the GAC contactors.

It is also noted that the low-molecular-mass aldehydes (formaldehyde,
acetaldehyde and butanal) decreased consistently in the anthracite/sand filters,

while the high-molecular-mass dialdehydes (glyoxal and methyl-glyoxal) also
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decreased consistently in the anthracite/sand filters but to a lesser extent. Once
more, it appears that the dialdehydes are more difficult to remove than the
aldehydes, and this is consistent with other researcher's findings (Weinberg et
al., 1993). The changes in aldehyde/dialdehyde levels can be seen in Table 5.4
and Table 5.5.

Table 5.4 shows the levels of various types of aldehydes throughout the
pilot plant for only the raw water (RAW), the settled water (S1) and the
anthracite/sand filtered water (F1) on side one of the plant. Table 5.5 shows
these individual levels of aldehydes in the pilot plant for only the raw water
(RAW) and the anthracite/sand filtered water (F2) on side two of the plant. At all
other sample locations, aldehydes were either below method detection limits or
not detected. As can be seen from Tables 5.4 and 5.5, the major species of
aldehydes consistently detected were: formaldehyde, acetaldehyde, glyoxal, and
methyl-glyoxal. This is consistent with the findings in both phase one and phase
two. Formaldehyde was the aldehyde that was present at the highest
concentration for most of the samples in phases one and two. However, in this
phase acetaldehyde was sometimes the aldehyde that was present at the
highest concentration for some of the samples, instead of formaldehyde. This
may be due to the differences in raw water quality because of seasonal
variations. Unfortunately, no TOC or DOC values were measured during this

research to correlate with these observations.
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5.5. Other Characteristics

Throughout the three phases involved in this research, certain raw water
characteristics were measured to determine if they would have any effect on
aldehyde formation or removal. These characteristics were: pH, temperature,
and turbidity. Table 5.6 outlines the measurements of these characteristics
taken throughout the entire research.

It can be seen that pH varied between 8.17 and 8.74 throughout the
research. Although it has been found in the literature that aldehyde levels
increased when the pH levels are relatively lower (Andrews and Huck, 1994;
Schechter and Singer, 1995), a drop of 0.6 pH units does not constitute a
significant enough change to increase aldehyde levels noticeably. In the
literature, the relative difference between high and low pH was 2 or 3 pH units.

The temperature of the raw water increased during the time of this
research and slowly decreased after September 8, 1995. This change in
temperature can be a factor in increasing the biological activity of the
anthracite/sand filters and the subsequent greater removal of aldehydes in these
filters during warmer months.

Finally, it can be seen that the turbidity levels fluctuated from as low as
1.5 NTU to as high as 59.4 NTU as the research progressed. Since the turbidity
levels varied so greatly while other known factors were kept constant with
consistent results, it can be assumed that there is no correlation between

turbidity levels and the formation and removal of aldehydes.
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6.1.

Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The following conclusions may be drawn from this research:

° conventional water treatment processes do not produce
aldehydes;

° aldehyde production is increased as transferred ozone dose is
increased,;

. major aldehyde species consistently formed as a result of

ozonation of Detroit River water are: formaldehyde, acetaldehyde,
glyoxal, and methyl-glyoxal, with formaldehyde usually being found
at the highest concentration;

. aldehydes are removed marginally, if at all, in anthracite/sand
filtration and an increase in temperature causes an increase in

removal, most likely due to the increased biological activity in the

filters;
° aldehydes are consistently removed completely in GAC contactors;
. low-molecular-mass aldehydes usually decrease, while high-

molecular-mass aldehydes only slightly decrease or even increase

in anthracite/sand filters, showing that glyoxal and methyl-glyoxal
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are more difficuit to remove in anthracite/sand filtration;

° at low flowrates, there appears to be a minimum level of aldehydes
present in the anthracite/sand filters;

) at a flowrate of 4.2 L/min through the anthracite/sand filters, there
is a much higher removal of aldehydes than at lower or higher
flowrates; perhaps due to a residence time effect at higher
flowrates and an adsorption effect at lower flowrates which keeps
a constant level of aldehydes on the anthracite/sand filters;

° pH variations in the raw water are not significant enough to affect
aldehyde levels, and turbidity levels appear to have no effect on

the formation or removal of aldehydes.

6.2. Recommendations

The determination of the maximum level of aldehydes should be
performed by increasing the ozone dose to the highest required dose, and
further study should be made into the effects of biological activated fiitration on
the removal of specific species of aldehydes. The bioactivity of the filters should
be measured while aldehyde samples are being measured. The background
organic matter content and composition should be more closely studied by
measuring TOC and DOC while aldehydes are measured.

Also, other ozonation by-products such as oxoacids and carboxylic acids

should be studied and the determination of the negative health effects of
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ozonation by-products at the levels found in drinking water treatment should be
more closely examined.

Finally, where GAC contactors are used to remove aldehydes produced
during ozonation, breakthrough curves should be determined to ensure safe

operation.
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Appendix A

STANDARD CALIBRATION CURVES

87



‘apAusp|ewo - SAINY uolielqle) pJepuels - "Ly aInbiy

ZvX01L-3G6°2 + Xb-IP9Z + 19€- =4

SLNNOD VYUY 39 viva o
mo—.m mop.mv mop.v mo—.mm mo—.m mc—.mm moF.N mo_..m l mor.e vow.m 0
1 T 1 1 T | | | | o bt
(4
[~ ° -
- o _

0S

001

0sl

002

(/6ri)

ooZowzZrFEgL+-—-02

88




‘apAysp|e1eoy - aAINT Uohe.qije) pJepuels - 2y ainbiy

ZvX6-396'G + Xp-ILY € + LLE- =A

SLNNOD YV 29 viva o
G019t Obevh 04Tl GOt-b ,018 ,01:9 GO L0142 0
_ _ T T _ _ P
°
= ° .
— ° g
° | | | | | | _ 9600

0S

oot

oGl

V114

(o)

Vo0ZOVWZRELELE—02

89



'leuedoud - @AY UoleIGIED PiepuBlS - £y aInbig

2vX6-I8L'S + Xp-IEZ'L + b Y- =A
SLNNOD V3YY 09 vivad o

T

nor.vu,:r.n.— moF.N,— mor.we mor.— 4,046 ,0t8 044 09 vo”.m vo?v yO € y0-C vc”.f 0

1 | 1 B | | 1 T o Ml

(o]

9600

0S

oot

0s1

ooz

(1/67i)

ooZLowWwZEFLFELS-~-02Z2

90



|eUBING - SAINY UoleIqlie) PJEPUE]S - b Y 91nbi4

ZvX6-318'G + Xp-J9p'p + 22€- = A

SLNNOD YAV 2O viva o
oL-91 OL-v'L oLzt 0Lt ,0L-8 ,01-9 L0 ¥ p0 2 0
T T T T ¥ T T 7
[
. 6 A
o ° ]
9600

05

00l

0st

002

(/61)

ooZOWZFELF-F—02Z2

91



‘|EUBUSY - SAINY UoHRIQIED PIEPUEIS - "Gy aInbiy

ZuX6-ILE'G + Xp-JLEG + GOE- =4

SLNNOD YIHVY 29 viva o
QOB cO0L.9l URA Q0T Ot-t ,048 ;049 oY 012 0 0
T T T T T T T Mo \Y
[~ - os
°
B - 001
°
~ {051
B —{ ooz
° 9600
| 1 ] | | 1 | ! 062

(/67)

Vo0oZO0W2FEL=—02

92




QOLE LT

|BUBXSH - ®AIND UoNRIqIED pJepuels - '9'Y anbiy

ZvX6-32y'6 + Xp-A8P'9 + L'C- =4

T

SINNOD VIV 29O viva o
QObebl GObl 016,018 0L 019 L0LS 0y 0L p0kZ  G0lh 0
_ T T T _ T _ T _ T To
©
— os
o
- oot
[+

— 05t

— 00z

960°0
_ | ! _ ! _ _ ! _ _ _ 052

(1/67)

ooZowz+-xExgrr—02

93




vo— 6

‘|leueyde - 8AIND UOKEIqIE) PJEepue)S - “L'Y ainbid4

ZvX6-3¥6'6 + Xp-38P'9 + LT 1- =K

SLNNOD VIV 09 viva o
;018 L0t -L y04+9 p01+S L0t +¥ L0l € p01 2 ot.l 0 0
T T T T 7 T T o
[
- —0s
(o)

B ~ oot

- —ost
9600

] ] ] ] ] ] | l 00Z

(ub)

OooZouwuzrrEgLSr—02

94




‘|BUBIOQ - BAIND UOHEIqIIeD PJEpUE)S - "8’y 9Inbi4

ZvX8-30b'L + XL00'0 + LT =A

SINNOD VYAV 29 viva o
4046 qo*.m co”& qo”.o eo".m, vo"e qo”.n co“.m .‘ﬂ; ¢<o o
[¢]
©
(-1/61)
(]

— H4os N
(o)
|
1

° \'

- oo ¥
1
N
3
0]
N

- o5t o
0

o
i I 1 1 \ | _ I 9600 002

95



‘apAysplezueg - 8AINY uoleiqlie) PJEpuB)S - “6°'Y ainbid

ZvX0L-3pZZ + Xp-AGLY + 6¥'T- = A

SLINNOD VYAIV 29 viva o
OLYTOLTT 01T 018l 019 GOLevh  0bZL DLl ,O0L8 ;049 ,Ob ¥ ,04 2 oo
| T T T T T T T T T ™o %
(]

° (1/6%)
[~ Jos N
° 0
)
1
Y
[~ - oot Y
1
o N
3
9
N

B - ost
0o
J

| | | | 1 | ! i { [ | So.ooom




04 -8

ot

'|JEUBUON - 8AINY uoleIqlie) pJepuels - "0L'y ainbiy

;049

2vX8-3p€'Z + XL000 + €2°2- =K
SLNNOD YV 0O viva o

wo”.m vo”.v vo”.m vo__‘.m vo”._‘ 0 05

— ool

— 0Si

— 002

9600

| 1 1 i | 052

(/67

VOoOZ0WZFREL—02

97



ot +L-01-59 g0+9

mop.m.m

'|EXO0AID) - 8AIND uoleIqIie) piepuels - L'y ainbiy

ZvXL1-3EG'G + Xp-308°L + €0'4- = A

SLNNOD VIAVY 2O

no—.m mow.m# mof.v mor.m.m mop.m mop.mAN mo—.N mor.m.—

mop._,

1 I

I

I | ] ] 1 T | Ll

viva o
vo“.m h 0
o
[+
(/61)
H4os N
0
|
1
v
— 00t o
1
N
3
)
N
— o5t o
9
9600
l 002

98




|exoA|B-|Aule N - 8AIND uoneiqge) pJepuelsS - 2Ly ainbiy

ZuX0L-3L1) + X-328'C + 66°0- = A

SINNOD VY3¥VY 39 viva o
COLL0L.GD 09 LSS (OIS (OLSh Obb OLGE COLE 1ST Ob OLGL 0Lk 0§ 0
T _ T T _ T T T T T T T T
Bl
. Lo ()
[
[+
N
0
B — 0§ [
[
1
v
- — ool Y
1
° N
3
B - ost 3
N
0
- o0z o
° l | | | | ! | _ | _ ! L 9009 ez

99



Appendix B

ALDEHYDE REPORT SHEETS
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