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PREFACE:

The Northern River Basins Study was initiated through the "Canada-Alberta-Northwest Territories Agreement
Respecting the Peace-Athabasca-Slave River Basin Study, Phase Il - Technical Studies" which was signed
September 27, 1991. The purpose of the Study is to understand and characterize the cumulative effects of
development on the water and aquatic environment of the Study Area by coordinating with existing programs
and undertaking appropriate new technical studies.

This publication reports the method and findings of particular work conducted as part of the Northern River
Basins Study. As such, the work was governed by a specific terms of reference and is expected to contribute
information about the Study Area within the context of the overall study as described by the Study Final
Report. This report has been reviewed by the Study Science Advisory Committee in regards to scientific
content and has been approved by the Study Board of Directors for public release.

It is explicit in the objectives of the Study to report the results of technical work regularly to the public. This
objective is served by distributing project reports to an extensive network of libraries, agencies, organizations
and interested individuals and by granting universal permission to reproduce the material.
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A REVIEW OF LITERATURE ON THE REMOVAL OF ORGANIC
CONTAMINANTS FROM DRINKING WATER

STUDY PERSPECTIVE

Water is essential to life and it can be an important
vector for conveying contaminants into humans. To
assist the Northern River Basins Study (NRBS)

Related Study Questions

Board in making recommendations about the safety 2) What is the current state of water
of drinking water supplies, the Drinking Water quality in the Peace, Athabasca and
component designed a five-step program of Slave River basins, including the Peace-
studies. The steps included: Athabasca Delta?
1 synthesis of existing data on water use and 8) Recognizing that people drink water and
water quality; eat fish from these river systems, what
2. investigation of odour in water and tainting is the current concentration of
in fish; contaminants in water and edible fish
3. review of health records for water borne tissue and how are these levels changing
diseases: through time and by location?
4. assessment of conventionally treated and
non-conventional water; and
5. preparation of a synthesis report.

This report deals with step four and provides a literature review of the current state of knowledge in the area
of inorganic chemical removal from drinking water. The review considered inorganic contaminant parameters
that include arsenic, barium, boron, cadmium, chloride, chromium, copper, cyanide, fluoride, iron, lead,
manganese, mercury, nitrate, selenium, sodium, sulphide, total dissolved solids, uranium and zinc. Sources
of inorganic chemicals include industrial and municipal effluent, agricultural runoff, and natural sources. The
effects of high concentrations of inorganic chemicals range from aesthetic problems to toxic effects. Some
inorganic chemicals are required for good health although in high doses they can be toxic. Also they can exist
in a relatively safe form that is not toxic and then change into a toxic form due to a chemical reaction that may
be natural or due to industrial processes or other human intervention. The review revealed that conventional
water treatment processes such as coagulation/flocculation, water softening and filtration, can effectively
remove many of the inorganic contaminants. Advanced processes such as ion exchange and membrane
exchange processes were found to be very effective at removing inorganics" but are also very expensive to

apply.

A previous report “Independent Assessment of Drinking Water Quality in the Northern River Basins” (NRBS
Report Number 115) determined that, in general, the raw water sources of drinking water in the Northern River
Basins had low concentrations of inorganic chemicals and that microbiological contamination was more of a
concern. In general, the main effect that inorganic chemicals have is related to the aesthetics of the drinking
water.

The information from this report and its companions surveys, “A Review of Literature on the removal of
Organic Chemicals from Drinking Water", and "A Review of Literature on the Removal of Microbial
Contaminants from Drinking” (NRBS Report Numbers 87 and 132) provide an overview of the current state
of knowledge in drinking water treatment. These and other drinking water projects will form the basis for the
Drinking Water Synthesis report. This report will also support a companion study, "Human Health Monitoring
Program" that will be examining human health issues in Northern Alberta.






REPORT SUMMARY

This report provides a review of the literature concerning the current state of k_nowled%e for
removing organic chemicals from drinking water. Sources of organic chemicals include humic
substances ((‘%roducts.form the natural degradation of plant and animal matter), municipal and
industrial effluent, agricultural runoff gpestlmd.es, fertilizer and manure), contaminated leachate from
landfill sites and lagoons, and accidental and illegal dumping. Humic substances are the products
of natural processes and are the most significant class of organics in terms of volume. Because the
humic substances are natural, little can be done to prevent them from entering the water, as opposed
to other sources that are a result of human activity. Although treatment processes can, 3|?n| icantly
improve water quah}y, the cleaner the raw water supply, the simpler and more economical the water
treatment is. The effect of organic chemicals on drinking water quality ranges from aesthetic (taste,
odour, colour) to threats to human health (carcinogens).

Virtually all organic chemicals can be reduced in concentration by the appropriate water treatment
processes. The amount of reduction is a function of the parameters of the chemical of interest, the
water treatment process used and the other materials present in the raw water. Coagulation and
flocculation, softening, sedimentation, filtration, chlorine, activated carbon (GAC and PAC), resin
adsorPtlo_n, air stripping, reverse osmosis, chlorine dioxide, ozone and UV radiation were evaluated
as to their effectiveness in removing organic chemicals from water.

As may be expected, no one process is capable oftreating the whole range of organic chemicals. The
effectiveness of a treatment process is a function of the characteristics of the organic chemical in
(uestion. For ex_amﬁle, physical processes such as coagulation and flocculation can be effective in
removing organic chemicals that associate with the organic material in the water.

When designing a water treatment facility extensive testing may be necessary to determine the
appropriate processes for treating the raw water. Bench top and pilot plant testing will likely be
necessary to estimate the effectiveness of the design treatment processes on treating the water.
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1. Foreword

~ Due to ever-increasing numbers and quantities of organic chemicals in our
environment, and public concern as to the adverse health effects ofthese compounds, the
treatment of water to remove organic contaminants has become important for the
protection of public health. This literature review was compiled with the intent that it be
used as a quide, outllnlng processes that might be implemented and the removal
efficiencies that may be observed during water treatment for the removal of organic
compounds. These unit processes are generally not intended to be used on their own, but
rather as single elements in a series ofprocesses. This concept is commonly known as the
multiple barrier treatment approach, and is necessary to obtain high quality water.

|t must be emphasized that while treatment processes can significantly improve
water quality, there is no substitute for source water purity. The task of removing
contaminants from a clean supply is far simpler and economical than for a heavily
contaminated source. Thus, every effort should be made to draw water from as unpolluted
a source as possible. Very few sources, however, will provide clean enough water that no
treatment is necessary, and therefore, it is in every community's interests to mvesﬂ?ate the
characteristics of their water supplies and the_technologles that are available to help
remediate any problems encountered. This review should therefore provide a starting
point, after which testing must be done to determine how individually selected processes
and combinations will function to treat the water at a specific location.

This review is part of a series of studies by the Drinking Water Component of the
Northern River Basin Study (NRBS), whose overall task is to assess the quality of
drmkm? water in the NRBS area. Analysis of existing water quality has found that
generally raw water sources in the NRBS area have low concentrations of health related
organic_contaminants based on comparisons to the Guidelines for Canadian Drinking
Water Quality (Prince et al 1994). The only health related organic contaminant which was
found to exceed guideline values at some sites was trihalomethanes gTH_M). THMs are
%er]erally produced in the treatment process by the reaction of chloring, used as a
lisinfectant, and certain organic material from the water. Concentrations of THMs in the
finished water can generally be lowered to acceptable levels by ensuring effective removal
of organic material from the water prior to the addition of chlorine,

The goal of water treatment is to reduce possible risk associated with dr!nkmg
water to an acceptable level, Risk to public health may be posed by various organic an
mor%amc chemicals, m|crob|olo%|cal contaminants and radiological contaminants. In
addition, the aesthetic quallty.of he water can be verY importantto the consumer. This
report makes up one ofthree literature reviews completed as part ofthe NRBS. The other
two review removal of inorganic and .m|crob_|olog|cal_contammants. Although this report
only considers organic contaminants, in makmgﬂ ecisions on treatment requirements it is
important to consider all tYpes of contaminants as trying to minimize concentrations of
onet type tof contaminant’ may actually negatively impact the removal of other
contaminants,



2. Introduction

2.1 Significance of Organic Chemicals in Drinking Water

Public awareness of or%amc chemicals in our environment, both synthetic and
natural, and their possible effects on organisms which contact them have increased. The
avenues by which we, as humans, come into contact with these substances are numerous,
but one route of particular importance is via our drinking water. Canadian adults, on
average, ingest 1.5 litres per day (Curry et al 1991), and hence the potential for exposure
to contaminants is great.

~ Perhaps the compounds that cause the most concern are those which fall into the
carcmo?en or suspected carcinogen category. These would include such compounds as
some of the halogenated hydrocarbons, carbamates, nitrosamines, azocompounds, and
many aromatic compounds (Rodricks 1993). In fact, it was relatively recentlr discovered
that the chloring used to disinfect water can actually react with manY naturally occurring
organics to produce trinalomethanes iTHMs), whichi are now known to be carcinogenic in
|laboratory animals. Compounds that are believed to initiate cancer are %wen special
treatment in regulations, because there is thought to be no dose below which there exists
no risk to an exposed individual.

In addition to health effects, many organic compounds produce disagreeable tastes
or odours in our drinking water, often af extremely low concentrations. For example, 14-
dichlorobenzene has an odour threshold as low as 0.0003 mg/L S_Pontlus 19905). While
taste and odour merely constitute aesthetic ﬁroblem_s their detection does indicate the
presence of contaminants and hence possible health risks, and thus they are often used as
Indicators of treatment efficiency. In addition, consumers often judge the quality of a
drinking water hased on its aesthetic characteristics.

In regions where agricultural practices dictate that pesticides be used, the risk of
contamination with these compounds is high. While health effects are certainly the most
important fear, frequent watering of gardens and lawns with water containing high
concentrations of pesticides has been shown to damage plants (Aly & Faust 1965).

~ Conventional water treatment, consisting of screening, coagulation, flocculation,
sedimentation, filtration and disinfection, has been demonstrated to be ineffective at
removing some organic chemicals, Hence, acdvanced treatment processes such as air
stripping; activated”carbon adsorption, and membrane processes may be required, The
interrelated nature of unit processes must also be accounted for when designing a
treatment scheme, as changes to one process can significantly affect other processes.
Extensive testing is therefore reguwed, on a case-y-case basis, in order to determine
which p_rtocesses are needed and can be afforded at the necessary scale by a given
community.



2.2 Classification of Organic Chemicals in Drinking Water

_ Rather than attempting to provide removal efficiencies for every organic chemical
in common use, this review will instead classify chemicals into categories based on a
number of properties. Trends will be noted and differences pointed out, so that a user ma
form a broad understanding of how groups of chemicals are removed. Specific chemicals
can then be fitted into categories to obtain some estimate ofhow a process may perform

Molecular weight is a frequently used means of classifyin? orgzanic materials. It is
usually used as a _surroggate measure of molecular size. Typically, the useful range of
molecular weights in water treatment extends from very low values in the vicinity of 16
H/mql (g. methane), right uﬁ) to tens of thousands of grams per mole (naturally occuring

umic substances). Molecular size becomes important in processes such as reverse
osmosis and activated carbon adsorption, where whether a molecule is larger or smaller
than a certain pore size will determine whether it may be removed or not.

Another  frequently used classification
system is molecular polarity. PoIantY is a function
ofhow different atoms attract the electron density
between them (bonds). Bonds in which the
electrons are equally shared will have polarities of
zero. This is usually only found between atoms of
the same type (eg. a bond between two carbon
atoms). However, in the case of bonds hetween
different atoms (eg. a bond between a carbon and
a chlorine atom), the two atoms will have different

Figure 1. Bond and molecular dipoles of  affinities for the_electrons, and the charge density
awater molecule. between them will be more concentrated at one end
~ofthe bond. The result ofthis is a small net charge
at each end of the bond - negative (5‘2 at the end with the higher electron density and
positive (St) at the other. The vector that describes the magnitude and direction of this
polarity is called a dipole moment, and the sum of all the dipole moments in a molecule
yields ‘a net molecular dipole. The magnitude and direction of this molecular dipole
dictates how the molecule will interact with other molecules, especially water which has a
very large molecular dipole. Molecules with Iarﬂe dipoles will often attract one another,
whlereals a highly polar molecule will generally not interact closely with non-polar
molecules.

~The degree of halogenation,
esPe(naIIy chlorination, of a compound is
often used to differentiate classes. The
degree of halogenation refers to the
number of halogen atoms present in the
molecular structure of the compound, with
more halogens giving a higher degree of Increasing Degree of Chiorination
halogenation. Halogenation Is important in
Figure 2. Degree of halogenation.
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water treatment, as certain processes do not remove hi?hly hangenated compounds
effectively. An example of this would be biological degradation, in which the more highly
chlorinated a compound is, the harder it is to degrade in general (Manahan 1991).

Acidity or basicity is another
means of classifying compounds. This
refers to their ability to donate or accept
protons ('oosnn_/eh{ charged ET* |on53,
respectively. Highly acidic compounds

_ _ _ will undergo deprotonation under a very

Figure 3. A deprotonation reaction example. W|de range 0]‘ conditions, while Weak|y

_ N _ ~acidic ones will only lose protons under

more strict conditions, usually at high pH. Highly basic compounds are those which will

accept protons under most conditions, while weakly basic ones will only do so under a
narrower range, usually at low pH.

~ The final characteristic that will often be used to groulo chemicals is solubility.
This refers to the amount of a compound that can dissolve in solution. While the solution
is usually water, it is not limited to water alone, as substances can dissolve in other
liquids, Such as liquid organics, or even in other phases, such as the membranes used in
[RVerse 0Smosis.

2.3 Common Sources of Organic Chemicals in Water

There are many_sources of organic compounds that affect our water supplies.
Perhaps the most sn{mflcant class of organics, in'terms of volume, is humic substances.
These are ?enerally he result of the degradation of natural materials such as plant and
animal matter. There is thus very little that can be done to prevent these substances from
accumulating in our water sources, and so instead, there must be a heavy reliance on
treatment processes to reduce their concentrations.

Another major source of pollution in our rivers and lakes is municipal effluent,
Storm sewers can transport a large number of organics from our streets to their recewgnp
waters, while treated sanitary sewage still contains large h51uant|t|es of organic material;
including refractory organics, detergents, greases and oils (Manahan 1991).

~Agricultural land use leads to the input of a
wide range of organic pollutants into water systems.
Runoffs ~contain™ fertilizers and pesticides that
eventually find their V\_/a?/ into drinking water supplies
downstream, and aerial spraying can lead to direct
input of chemicals into water bodies. Due to the

heavily. chlorinated nature of many pesticide re
Figure 4. Structure of DDT.  OTteN f¥|ghy persistent n t%e en\Xanment. ?)[Bhfyfaor
example, was banned in the United States in 1972, but



it can still be found in some water sources (Manahan 1991).

~Several industrial processes are known to be

significant contributors to organic loads. Pulp mills are

known to discharge dioxins due to the chlorinated

bleaching processes used. In fact, one dioxin, 2,3,7,8-

tetrachlorodibenzo-p-dioxin, is one of the most toxic

_ ~_ Synthetic substances known I(Manahan 1991), and its

2,31 8-tetrachlorodibenzo-p-dioxin  tendency to concentrate in fatty tissues can lead to
higher concentrations in fish than are found in the water.

Illegal and accidental dumping can lnlay a significant role in increasing the or%anlcs
concentration of a source water, especially over a short time period, after which levels
may drop back to their original values. However, these shock inputs can be extremely
hazardous, as treatments maY not be able to accommodate unexpected peaks. Frequert
testing of source and product water, and/or large safety factors are therefore required to
attempt to identify shock loadings.

~ Finally, contaminated groundwater can be a source of organic pollutants,
especially volatile organic compounds ?VOC'S). Groundwater haseflow comprises a
significant portion of the water content of lakes and rivers, Facilities such as landfills and
lagoons can provide leachate which percolates down to the water table and eventually
travels via aquifers to point source springs or seepage zones, where the water emerges t0
run oﬁ;) a(ljong the surface, thus transporting contaminants to potential drinking water
source bodies.



3. Overview of Water Treatment
3.1 Conventional Processes

~ Conventional water treatment is Fqenerally_ defined as coagulation, flocculation,
sedimentation, filtration and disinfection. Figure 6'is a representation of the normal order
ofthese processes.

While these processes do
remove significant amounts of debris
and dissolved chemical matter, in the
cases of many organic chemicals,
these conventional processes may
not be adequate to remove sufficient
quantities of the contaminant if high
concentrations are present in the raw
water source. However, as first
stages in the removal scheme they do
serve to make the job of removing
the remammF contaminants easier by
either  par |aII¥ _removing  the
compounds of interest or by
removing other material that could
interfere with the removal by another

POCESS. Figure 6. Treatment Sequence
3.2 Advanced Treatment Processes

For the many organic chemicals that are not removed satisfactorily by conventional
treatment processes alone, there are numerous advanced processes that can be employed
to improve the overall removal. These processes include: activated carbon adsorption, air
stripping, reverse osmosis, chiorine dioxide oxidation, ozonation, and ultra-violet fight
treatment. Each of these have been shown to be effepnve at removing at least one
category of chemicals, whether that be volatile organic compounds (VOC's), highly
chlorindted organics, or some other class.

~ The processes which are needed at any one given site will be a function of the
organics present in the water supply, the water demand of the community, and the
financial viability ofbuying, operating and maintaining such a system

3.3 Multiple Barrier Treatment Approach

~While individual unit processes may be seen as removing adequate amounts of
organic material, performance consistency, safety, and financial considerations make it
important that a multiple barrier treatment scheme be implemented. Some conventional
processes may be able to remove large quantities of material, but then a finishing step
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required in order to reduce the contaminant level to acceptable levels. This approach often
makes it possible to reduce the costs associated with an advanced process by utilizing a
conventional, less expensive process to perform the bulk removals and hence reduce the
|oads placed on the advanced process.

Also, due to the specificity of some unit processes for certain classes of organic
compounds, it is unlikely that oné process will be able to remove all of the compounds
Present in a water supply. Therefore, in order to include a margin of safety in the
reatment sKstem, multiple processes should be included. This becomes especially

en the water sup?Iy is vulnerable to accidental spills or shock loadings, and
ormed infrequently.

important w [
monitoring ofthe supply is per



4. Mechanisms of Organics Removal
4.1 Adsorption

Simply put, adsorption is a process in which a contaminant in solution changes
from the solution phase to the solid phase by attaching to the surface of another particle
which can then be removed from the system, thus removing the |mgurlty from solution.
The attachment can either occur at the outer surface of the adsorbent particle, or the
impurity may penetrate the adsorbent and attach to an inner surface by means of travelling
through the pore spaces found in the adsorbent particle.

In general, the smaller a contaminant is, the deeper it will be able to penetrate into
the adsorbent by means ofthe pore system This is referred to_as molecular screening, with
large molecules being limited to the surface due to their minimal Pore enetration, and
smaller molecules being more evenly distributed across the total surface area of the
adsorbent, both on the outer surface and within the pores.

~ Adsorption can be described thermodynamically, and the most convenient method
ofdom? S0 is via adsori)tlon isotherm equations. Isotherm equations relate the equilibrium

conceniration in the solution to the amount adsorbed per weight of adsorbent. The two
most frequently used relationships describing adsorption equilibria are the Langmuir and
Fruendlich equations: q _KCln
Freundlich Equation Equation 1
log ge =log K +—log Ce
Linearized Freundlich 9 ! N Y Equation 2
fimaxC,
Langmuir Equation Ge " 1+bCe Equation 3
11 I
Linearized Langmuir ge  QmaxoCe  qmx Equation 4

where ge is the mass of compound adsorbed per unit adsorbent, Ce is the equilibrium
concentration of compound in solution, gmaY is the maximum value of ge that can be
obtained by increasing Ce, and K, n, and'b are constants (Pontius 1990).

4.2 Precipitation

Precipitation is the mechanism whereb comﬁpunds in solution are reacted with
another chemical to produce an insoluble product which can then be removed either by
sedimentation or filtration. The most common scenario is that of a charged particle in
solution which is reacted with a chemical species of opposite charge to form an insoluble
complex, or precipitate. Figure 7 represents a generic precipitation reaction.



Positively charged
ion A (soluble)

Insoluble Complex AB.

Attraction due
REACTION -
to opposite Very strong ionic

charge polarity. bonding.

Negatively charged
ion B.(soluble)

Figure 7. Generic Precipitation Reaction.

__The degree to which any complex will be soluble can be determined by its
solubility product constant, Kgp (see Equations 5 and 6)

a o8 m <-nAat+mBh Equation5

k,-[a-*]" [o"]" Equation 6

The value of the solubility product constant cannot he exceeded without precipitation
occuring to compensate and return the product to the constant value.

4.3 Gas Transfer

Gas transfer involves the
transfer of a gas between the aqueous Interface
and gaseous phases. BY bringing air
into " contact with the aqueous
solution, dissolved gases may be
permitted to transfer o the air phase
and hence bubble out. However, a
concentration gradient must exist
between the air and the water,
meaning that the concentration of the
gas in question must be lower in the
air than in the water, otherwise no net
transfer out of solution can occur. If  Figure8. Gasstripping concentration gradient
the I|q|U|d concentration is lower than ~ (Pontius 1990), .
the related _?as concentration, transfer into the solution will occur. A gas stanmE
situation is illustrated in Figure 8, where the concentration gradient between the oul
liquid and_air phases is represented. It can be shown that the rate of change of
concentration ot gas in the bulk water phase |s.apﬁrOX|mated by Equation 7, in which ¢ Is
the concentration in the bulk water Fhase, K1 is the overall transfer coefficient in a liquid
film controlled situation, A is the interfacial area, V is the volume of liquid containing the
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interfacial area, G is the concentration in the liquid bulk phase at time t, and cs is the
concentration in equilibrium with gas at time .

dc_ W, A s o
E'ktV(Cf ‘l Equation 7

4.4 Filtration

_ Filtration is the mechanism whereby molecules and particles are excluded from
passing throuqh a given medium This exclusion can be a result of molecular or particle
size, or polarity or solubility incompatibilities between the molecules and the fiber. This
would apply to operations such as sand filtration and membrane filtration. Water, being a
relatively small molecule, can generally fit through small pores, while larger organic
molecules often cannot, thus removing them from the filtrate.

4.5 Biodegradation

~ Biodegradation is an important aspect of water treatment and must be controlled
rigidly in orcer to avoid contamination of the water suBPIy. Microorganisms consume
certain organic materials and degrade them in order to obtain energ% which can then be
used for Iife processes. Often, specialized enzymes are needed for the degradation, and
thus degradation works, best with common™ compounds to which the bacteria are
acclimated. If an unfamiliar organic chemical is encountered, enzymes may be developed
eventually by the bacterial population to allow them to degrade it.

46 Oxidation

Oxidation reactions involve the loss of electrons by the compound belngi oxidized
by the oxidizing agent (which gains the electrons). Oxygen'itselfis not needed, although in
most water treatment oxidation reactions, oxygen in some form is present. The ability of a
compound to oxidize another is expressed as its standard potential, E°, in vofts.” This
merely determines whether or not the oxidation reaction can proceed. The initiation of the
reaction may require a threshold energy input. The rate of reaction is not related to the
standard potential, and in the case of most oxidation reactions, the rate is slow enough to
make the reaction ofvery little use in water treatment. Hence, under some conditions the
complete oxidation of or_%amc_compounds to carbon dioxide is not_PossmIe. Often, only
partial oxidation is possible via chemical reaction in the time available, Ieadlngi to the
production of organic by-products, some of which ma}/ be removed more eas% han the
original compound by other treatment processes, while others may be more difficult to
remove, and still others are possibly more toxic. In the examPIe below, oxalic acid is fully
oxidized to carbon dioxide, with the formal oxidation state of the carbon atoms increasing
from +3 inthe oxalic acid to +4 in the carbon dioxide (Glaze 1987).

H2C20 4---3Xg§m29"_>2(302 t2H ++2e~ Equation 8 (Glaze 1987)
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5. Coagulation and Flocculation
5.1 Unit Process Description
5.1.1 Physical Characteristics

Colloidal particles in water su?plles are often the result of electrostatic repulsive
forces due to positive or negative surface char?es hydrophilic interactions due to bound
water on the particles' surface, and steric effects due to adsorbed macromolecules which
prevent the colloidal particles from contacting one another. Coagulation and flocculation
are the processes hy which these particles are destabilized, and brought into contact so
that they might form larger aggregates which can be more easily removed. The
coagulation process is generally performed in a rapid-mix tank, where a coagulant such as
alum (aluminum sulphate) (A 25804)3*14(H20§)) or iron (ferric) chloride (FeCls) and
often a coagulant aid (usually a pplymerl) are added and dispersed. Particles can e
removed either by charge neutralization followed by flocculation, or by the formation of a
sweep floe consisting QfAI(OI_-I)s(s%, which is formed via the simplified Equation 9, and
enmeshes colloidal particles as it settles.

A12(S04)3-14H20+3Ca(HC03)2<»2AI(0H)3s)+3CaC04+6C02+14H20 Equation 9

In the process of alum coagulation, the limited case of charge neutralization is believed to
be caused bx positively charged aluminum species which are intermediates in Equation 9.
Therefore, the stePs involved in the actual coa?ulatmn phase are the addition and reaction
of coagulant, and the rapid mixing which facilitates colloid stabilization.

~The second phase, flocculation, is performed in a large, slowly mixed tank. It is
during this process that the destabilized particles are brouPht together in collisions,
causing them to aggregate and form larger particles known as floe which can then settle.

5.1.2 Factors Affecting Efficiency

There are numerous factors which affect how well the coagulation and flocculation
processes occur. First, the coagulant dose is very important. Underdosing may lead to
much of the colloidal material maintaining its stability, whereas overdosing may lead to
restabilization due to an excess of positive charge.

Second, the degree of mixing will affect the efficiency of both coa?ulation and
flocculation. The mean velocit gradient, G, is a commonly used method of quantifying
mixing, and is calculated as in Equation 10:

G= Equation 10
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where: G = velocity gradient (s'1)
P = power Input (V\_/attsg‘
= dynamic viscosity (Ns/m*)
= mixing tank volume (m*)

Coagulation is usually performed at G values of up to 1000s"1, while flocculation i
generally done with velocity gradwnts ofhetween 20 and 70s"l. Flocculation is performed
at these low G values in order to avoid shearing the floe particles apart once collisions
have taken Place, hi addition to the power applied, the temﬁerature ofthe water can have
a significant effect on the efficiency of mixing, because of the temperature dependence of
d%namlc viscosity. The viscosity of water decreases by a factor of 6.4 between 0 and
100°C (Weast 1985).

5.2 Mechanisms of Organics Removal

_ There are three mechanisms by which organic chemicals are removed from water
during the coagulation and flocculation processes. First, some orgamc matter may be
removed by direct precipitation (Edzwald 1993, Rebhun & Lurie 1993, Amirtharajah et al
1993, AWWA 1979). The precipitation reaction of natural humic acids (HA) with alum
can be represented by (Rebhun & Lurie 1993):

HA +Monomeric Al [HA *Monomeric Al] § Equation 11
or
HA + Polymeric Al —»[HA sPolymeric Al](§ Equation 12

where bracketed species represent complexes. Second, some organic material may be
removed by adsorption onto metal hydroxide precipitates (Edzwald 1993, Rebhun & Lurie
1993, Amlrthara&ah et al 1993), which may then be separated from the water. Third, if
sweep floe blankets are Produced durmc}; Ccoagulation, then some orgiianlp material may
become enmeshed within the blanket's mafrix and settle out (Rebhun & Lurie 1993).

5.3 Organics Removals Efficiency

It has been found that coagulation can be instrumental in removin \?\i/gnificant
amounts of certain classes of organic chemicals (Amirtharajah et al 1993, AWWA 1979,
Reckhow & Singer 1984). Edzwald's results are summarized below (Edzwald 1993).



Table 1. Organics removal effectiveness of coagulation.

SUVA* %
Removal
m'l/mg/L uv DOC TTHMFP
45 90 70 not measured
46 80 70 12
2.5 56 23 not measured
2.1 30-60 22 45

*Note: SUVA = Specific UV Absorbance = a measure of
the amount 0of DOC that is humic material (4-5
IS largely humic, <3 is predominantly non-humic)

Similarly, Babcock and Sinﬂer found that total chloroform (THM) formation potential
decreased by 70% when humic acid samples were coa?ulated before chlorination
(rBabcock & Singer 197%), indicating a decrease in the amount of natural orPa_nm material.

he AWWA Research Committee on C%Iatlon found that alum coagulation removes
most THM precursors to some extent QA A 1979). As most trihalomethane precursors
are humic materials and thus have relatively high molecular weights, these findings agree
with those of Amirtharajah et al (19932 who found that dissolved organic carbon can be
removed by coagulation to a degree that is proportional to the molecular weight and
inversely proportional to the solubility ofthe material.

A large amount ofwork has been done on the removals of pesticides from drinking
water. Robeck et al (1965) determined that less soluble materials, such as DDT, are
removed much more easily by coagulation than are more soluble materials, such as lindane
and Sparathlon. The results indicating that DDT can be removed very well agree with those
of Sigworth 81965), and with the AWWA Research Committee on Coagulation who
found that 97% removals of DDT could be obtained with coagulation and sedimentation
(hAWWA 1979). However, the solubility argument failed when Cohen et al (1960) found
that alum coagulation was completely ineffective for the removal of rotenone and
toxaﬁhene, two pesticides that are practlcalli/ insoluble in water. This was confirmed by
the AWWA Research Committee on Coagulation who determined that alum is ineffective
at removing cyclodiene-hased pesticides such as aldrin, endrin, dieldrin and toxaphene, as
well as lindane, parathion, malathion, 2,4-D and rotenone. It was postulated that the
removal of pesticides relies heavily on_their degree of association with natural organic
material found in the water (AWWA 1979).

~Love and Eilers (1982) studied the removals of several volatile organic solvents.
Their conclusions were that coagulation was an ineffective means of their removal, except
for the small amounts lost due to incidental evaporation. No reasons were given for their
poor removals.
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5.4 Recommended Design and Operating Parameters for Organics Removal

Much ofthe literature indicates that pH and coa?ula_nt dosage are the two primary
factors in determining how much of the organic matfer in water can be removed by
coagulation and flocculation. The AWWA Committee Report states that coagulant dose
and pH are extremely important parameters in trihalomethane precursor removal, and that
a stoichiometric relationship exists between raw water colour and optimum coa[qulant
dosagie (AWWA 1979&. The optimum pH for coagulatlon_ of organic matter is reported by
Amirtharajah et al (1993) as being 5 for alum, and 4 for |ron£1 1) salts. This is supported
by the work of Babcock and mger (1979), who found that' colour and humic acid
rémovals are high at loH 5.0 and withi an alum dose of 50 mg/L. Edzwald's (1993) research
showed that for highly coloured waters, ideal coagulant dosages were 0.5 mg of aluminum
per mg of dissolved organic carbon (DOC) at pH™5.5, and 1.0 mg aluminum per mg DOC
at pH 7.0. Also, it has been shown that the conditions at which colour removal is
optimized are almost identical to those at which trihalomethane formation potential
removals are best (Amirtharajah et al 1993).
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6. Softening
6.1 Unit Process Description
6.1.1 Physical Characteristics

The lime softening process consists of chemical addition, rapid mix, flocculation
and sedimentation. Chemicals are dispersed rapidly into the flow stream, with the correct
dosages of lime and soda ash (for non-carbonate hardness). The rapid mix process then
violently agiltates the solution to provide adequate contact between the chemicals for all
the water. 1f the lime is added as a powder then care must be taken in the d_e5|(_1n ofthe
rapid mix basin to allow sufficient time in the rapid mix for all ofthe lime to dissolve, as it
does so relatively slowly (Pontius 1990).

The flocculation step lorowdes the retention time and contact opportunities needed
for the precipitate to grow large enough that it can be separated relatively quickly by
gravity settling. The flocculation basin is mixed, but with much lower force than the rapid
mix tank, in order to promote collisions but not be Tpowerftd enough to shear floe particles
apart. Current designs tend to provide a series of flocculation basins, each with a slightly
lower velocity gradient (G) than the previous one (Pontius 1990).

Clarification consists of providing an unmixed basin, in which the rempltated and
flocculated particles are able to settle out of suspension to the hottom of the tank where
the%/ are removed by scrapers. The softened water is then removed from the basin for
further treatment (Pontius 1990).

~Settling velocities are a function of particle size and density, and can [proceed by
discrete gEquatlon 13), flocculant, hindered (or zone), or compression settling. These
differ inthe amount ofinteraction between particles (Pontius 19905).

V. g(pS~A)d2
Stokes'Equation Equation 13 (Pontius 1990)

Ut = settling velocity (cm/s)

g =gravity (cm/s2) ~

ps= density ofthe particle (g/cm3)

= d.ensn?/ ofthe liquid (g/cm3)

d = diameter ofthe Spherical particle (cmf
p = dynamic viscosity of liquid (g-em "-s-J)

6.1.2 Factors Affecting Efficiency

~The_temperature will play and important role in determining the efficiency of
softening. First, it will affect the dissolution of the chemicals in the water, probably
increasing the rate with increasing temperature. Second, in the mixing phases (rapid mix
and flocculation) the amount of energy input required to obtain the same velocity gradient
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will be lowered with increasing temperature, due to the decrease in viscosity of the water.
Flnally as can be seen in Stokes' Law gEquatlon 13), the viscosity will also"affect the rate
% 9sg)tlmg of the particles, with a higher temperature leading to faster settling (Pontius

Other factors affecting efficiency include the pH, the hardness and the alkalinity of
the water, along with the concentrations and types of organics present,

6.2 Mechanisms of Organics Removal

Softening produces crystals of CaC03 and Mgi(_OH)Z. As these solids are formed,
they may trap fractions of the organic material Presen in the water within their structure.
This is Known as coprecipitation (Liao & Randtke 19852. The calcium ions present in the
water can also bind with neganvely charged fulvic acids to cause the direct precipitation of
calcium fulvate SLlao & Randtke 1985). Adsorption of humic substances by calcium
carbonate can also occur, as can coagulation and flocculation of very Iar%e humic
molecules, which can act like colloidal particles (Liao & Randtke 1985)." Of these four
mechanisms, Liao and Randtke observed that coprecipitation appeared to be the most
effective mechanism, at least for the removal ofhumic substances.

6.3 Organics Removal Efficiency

~_The removal of pesticides by lime softening has been consistently found to be
|n3|?n|f|cant. Robeck et al ?11965) stated that no removals were obtained, while Miltner et
al (1989) found that all ofthe pesticides they studied passed through the softening process
relatively untouched. The reason suggested for this is the hydrophilic, highly soluble
nature ofthese compounds.

| tLove & Eilers (1982) found that lime does not remove trichloroethylene or related
solvents.

McCart% et al (1979), however, found that lime is an effective treatment for the
removal of both suspended and dissolved organic compounds from water. Much of the
work has been based on the

reduction of total organic carbon

TOC) concentrations. Semmens

Staples (1986) found that lime

and recarbonation reduced the

TOC content of M|33|35|p5)| River

water by 33%. Weber & Jodellah

(1985) ‘studied the effectiveness

of lime in_removing TOC from

Hudson River water, and found

that the maximum removal

obtainable  was af)prommatel

50% of the original 55 to 6.

Figure 9. TOC Remainingvs. Lime Dosage
(Weber & Jodellah 1985).
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mg/L (see Figure 9). Liao & Randtke %1985) found that lime softeninél removed, on
average, 40% ofthe ftdvic acid content of a surface water, and that pH adjustment could
significantly improve the TOC removal without hindering softening (Table 25

Table2. PH influence on TOC removal by lime softening.
pH TOC % Renmoval
9 23
1 H

12 44
Note: Initial TOC = 3 mg/L fulvic acid

Johnson & Randtke (1983) published the results found in Table 3 on the removals of TOC
and non-purgeable organic chlorine (NPOCY) using lime and post-chlorination,

Table 3. Lime and postchlorination reductions of TOC and NPOCL (Johnson & Randtke 1983).
Treatment Calcium Magnesium Lime T0C T0C NPOC1 NPOC1L

Hardness Hardness Dose Final Removal Final Removal
mg CaCO-jlL  mgCaCO-j/lL mgCaCO"L mg/L % pg/L %
None 0 0 0 3.00 0 696.0 0
lime 100 0 100 1.61 46 388.5 45
and 200 0 200 0.46 85 127.2 82
posterior. 200 100 300 0.23 92 69.6 90

6.4 Recommended Design and Operating Parameters for Organics Removal

~According to Liao and Randtke (1985), the ideal water conditions consist of a high
pH, high hardness, and low alkalinity. Weber and Jodellah (1985) recommend a lime
dosa%e of 150to 160 mg_CaO/L, but this is based on the results presented in Figure 9, and
theretore will probably differ, depending on the water used. Johnson and Ranatke $_1983_)
demonstrated a significant reduction in-organics removal efficiency if pre-chlorination i
used, but recommend only the use of post-chlorination to reduce the formation of
halogenated organics.

In terms of the physical dimensions and configuration used, Pontius provides
recommended specifications. The use of three flocculation basins with velocity gradle_nts
decreasm? from 50 sainthe first to 1s.ainthe third, with a combined hydraulic detention
time of af least 30 minutes should be used. Also, for the sedimentation basin, 15 to 3
hours settling time are generally required, and thus the basin should be sized accordingly,
based on the design flow (Pontius 1990).
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1. Sedimentation
1.1 Unit Process Description
1.1.1 Physical Characteristics

Sedimentation is the unit process designed to remove particulate matter in order to
lessen the IoadlnF on filter beds. This is the sta?e where solids formed during
coagulation/flocculation and softening are removed. In all cases, water flows into a
sedimentation basin, remains there for a certain period oftime during which lparncles settle
out of suspension, and then flows out for further treatment. Often inclined plates or_anFIed
tubes are used to improve particulate removals, and flow geometries available include
cocurrent, countercurrent, and crossflow. Removals will generally improve as the flow
t(fe)routgh ti]gegg)asm approaches plug flow, as this reduces turbulence and short-circuiting

ontius 1990).

Tank designs include rectangular and cylindrical forms, as well as more
unconventional sha?es, such as large hoppers with cone shaped bottoms. In all cases,
however, there must be some mechanism for the removal of sludge from the bottom ofthe
basin. Commonly, this will take the form of a scraper that moves sludge to a removal
hopper (Pontius 1990).

1.1.2 Factors Affecting Efficiency

~ The factors which affect the removal of solids in sedimentation include the surface
loading rate, the residence time, the size and shape of the tank, the inlet distribution, and
the water quality. Also, the size and density ofthe particles present in the water will play a
significant role in determining the efficiency.

1.2 Mechanisms of Organics Removal

_ Organics may be removed indirectly during sedimentation. If they have been
incorporated into the particles formed during coagulation/flocculation and softening,
through adsorption, Prempnatlon or co-precipitation, then sedimentation is the process
where they will actually be removed fromthe system

Particles settle under the influence of gravity by one or a combination of settling
types. Theset%/pes are; _ o _ N
« Type L low concentration ofparticles, interparticle effects are negligible
* Type 2; low concentration ofparticles, particles flocculate during sedimentation,
increasing their rate of settling _ _ _
* Type 3: hindered (zone) settling, rates ofsettlln? depend on particle concentration
o Type 4: compression settling, layers of sediment above compress those underneath
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1.3 Organics Removal Efficiency

Robeck et al (1965) studied the removals of pesticides in various treatment
processes. They determined that less soluble materials, such as DDT, may be removed
more easng during coagulation and sedimentation than more soluble materials such as
lindane and parathion.

Buhler et al (1973)studied the removals of hexachlorophene and
pentachlorophenol during water treatment. They found that sedimentation removed none
ofthe hexachlorophene remaining after flocculation, and 31% ofthe pentachlorophenol.

1.4 Recommended Design and Operating Parameters for Organics Removal

To optimize the sedimentation process, settling column tests must be performed to
determine the necessary tank size for the given flow rate and solids loading T(_Pont_|us
1990). 1t should also bé noted that coagulation, flocculation, sedimentation, and filtration
all depend on each other for optimum turbidity and organics removal. For example, an
insufficient coa(r;.ulant dose can lead to excessive particle carryover from the sedimentation
basin and poor Tilter performance (McGuire et al 1978).
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8. Filtration
8.1 Unit Process Description
8.1.1 Physical Characteristics

~ Filter beds are_composed of porous, granular material called media. Common
media t{pes include silica sand, anthracite coal, garnet and ilmenite. Water is usually
applied o the top ofthe bed éalt.hough upflow configurations can be used), from where it
moves down through the bed either due to gravity or applied Bress_ure, and is removed
from the filter through the underdrains at the bottom ofthe bed (Pontius 1990).

~ Filters can be classified based on the driving force (pressure or ravit%),the rate of
filtration (rapid or slow), whether degth or cake filtration'is used, and on the number of
media types present in layers (1, 2 or J).

_Filters can onlﬁ perform for a limited length of time before the accumulated
material either clogs the pores, Ieadm_? to excessive head-loss, or the effluent quality
begins to deteriorate. At thistime, the filter must be cleaned by backwashing. This consists
of or_cm? water hack up through the fiber bed, expandm%t e bed and causing attached
material t0 be dislodged. The backwash water is collected and usually sent to waste. A
number of different backwash procedures are in use, including water-on!y, water with air
scour_in which bubbles of air are also used to help shear off attached material, and a
combination ofwater, air and mechanical agitation.

8.1.2 Factors Affecting Efficiency

‘Several characteristics of the media will heIP determine the efficiency of filtration.
These include size, shape, density and porosﬂY. Other factors that will affect particulate
removals will be the filter rate, the influent water quality, and whether a filter aid polymer
IS used to strengthen the attachment ofparticles to the media.

8.2 Mechanisms of Organics Removal

~As in sedimentation, there is very little direct removal of organic compounds
during filtration. However, some organic material will be removed as particulate material.
Precipitated or colloidal humic materials may be removed, or%an_lcs trapped in coagulation
aqtd so{telnmg precipitates can be removed, as can organic material adsorbed onto clay and
silt particles.

~ One mechanism operating in filtration is physical straining 0f larger particles in the
interstices of the media grains. For smaller particles, a transport mechanism is needed to
bring the material near the media. These transport mechanisms can include gravity settling,
diffusion and interception. Once the particles are close to the media, if they have been
destabilized by coagulation, collisions may occur, resulting in attachment via van der
Waals forces (Pontius 1990).
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Filtered material will %radually Penetr_ate_deeper and deeper into the bed until
eventually a deterioration in the effluent quality is observed. This rapid deterioration is
known as breakthrough (Pontius 1990).

8.3 Organics Removal Efficiency

Miltner et al §r1989) studied the removal of pesticides durmg drinking water
treatment processes. Their research showed that none of the pesticides studied were
reduced durm? filtration. Robeck et al (1965) also studied pesticide removals, and found
that less soluble compounds such as DDT may be removed more easily during filtration.

Buhler et al (1973) studied the removals of hexachlorophene and
pentachlorophenol during conventional treatment. They found that filtration removed 50%
ofdt_he hte>t<_achlorophene and none of the pentachlorophenol remaining in solution after
sedimentation.

8.4 Recommended Design and Operating Parameters for Organics Removal

Typical sand filtration rates are from 5to 25 m/hr, while the normal run Ienlgth 1S
between 12 and 96 hours %betvveen backwashings). 1f improved organics removals are
desired, some portion of the filter bed may be replaced with GAC media, allowing
adsorption ofmany compounds during the filtration process (Pontius 1990).

The degree of interaction between coagulation, sedimentation and filtration must
be remembered in the_operation of filters. Particle carryover due to poor coagulation can
greatly affect the efficiencies and run-lengths offilters.
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9. Chlorine
9.1 Unit Process Description
9.1.1 Physical Characteristics

Chlorine treatment of drinking water supplies can be performed in a number of
ways. Chlorine itselfis available in a number of different forms. It may be purchased as a
ﬁas or a liquid in pressurized metal tanks, as a concentrated solution of sodium
ypochlorite, or as solid calcium hypochlorite. 1f liquid chlorine is used, it is usually
administered by first e_vaf)oratm_g the Tiquid to a gas, and then metering it into water to
form a solution, and finally addmg the solution to the untreated water at the determined
point of addition. Gas may also be dissolved directly in the main treatment stream, or,
more_commonly, into a sidestream which then.rejfoms the main flow. Sodium hypochlorite
solution |s_8eneraII?/ added directly to the main flow. Its use is more common in smaller
Blant_s. Soli ?ranu es of calcium hypochlorite are either added directly to the solution, or
lggfd)mt dissolving them into a concentrated solution that can thenbe added (Pontius

9.1.2 Factors Affecting Efficiency

The effectiveness of chlorine oxidation of organic material is affected by
temperature, total chlorine concentration, pH, and the types and concentrations of organic
materials found in the water. The pH is a significant factor, in that it determines which
forms of chlorine are present, as shown below in Figure 10.

rigure 10. Chlorine species fractions with pH (Pontius 1990).
9.2 Mechanisms of Organics Removal

_ The only mechanism oforganics removal diming chlorination is oxidation. On the
addition of chlorine to the water, the following reactions take place.

Cl2+H20 <>HOCL+H++CI" Equation 14
HOCI<-»H++0OCr Equation 15
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Chloring, hypochlorite ion and hﬁ)ochlorous acid are all powerful oxidizing agents
aIthouEh due to the limited pH range of molecular chlorine, hypachlorite” and
hypochlorous acid will be dominant. Which species predominates at the given conditions
0fpH can be determined from Figure 10.

While complete oxidation _of

organics s desired,  substitution " "
reactions are also common when c=¢-c cl-c-er
chlorine is used. These are the ci Br
reac“ons Wh|Ch produce Chlormated Chloroform Dibromochloromethane
organics, a large class of compounds

that includes  trihalomethanes (see " "
Figure 11) which are pre_sentIY of cl-C-8r Broe B
concern due to their possibly toxic cl Br
effects on humans (Glaze 1987). Bromodichioromethane Bromoform

Figure 11. Trihalomethane structures.

Glaze reports that the earliest discovery that chlorine can substitute for hydrogen
atoms in organic molecules was with the chlorination of phenols to produce
chlorophenols. This reaction is still relevant to modem treatment, as 2,6-dichlorophenol
81%'8' 7c)onsntutes one ofthe more common taste-causing compounds in treated water (Glaze

Figure 12. Chlorine substitution in phenol.

9.3 Organics Removal Efficiency

Much of the literature encountered that dealt with chlorine oxidation of organic
compounds was focussed on pesticides. Sigworth (1965) found that chlorination of
pesticides gave very poor removals. This fmdmﬂ was corroborated by Robeck et al
(1965), whose studﬁ of pesticide chlorination led them to state that chlorine is ineffective
against chlorinated hydrocarbon pesticides, and that in the case of parathion, chlorination
oXidized it to paraoxan, which is far more toxic than the original compound. El-Dib & Alg
(1977) studied the oxidation of phenylamide pesticides with chlorine, and found that 1
mlnutesI contact time at the doses given in Table 4 was sufficient to acheive the maximum
removals.,
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Table 4. Phenylamide pesticide removals by chlorination (EI-Dib & Aly 1977).

Compound % Renmoval % Renmoval

S0 ng/LCl, O ngw/LCl,
IPC 0.0 5.0
CIPC 10.0 21.0
Manouron 5.0 15.0
Diuron 8.0 20.0
Linuron 10.0 30.0
Neburon 11.0 22.0
Stam 0.0 8.6
Karsil 10.0 20.0
Diciyl 0.0 5.0
Vitavax 10.0 20.0

Miltner et al (1989) studied the removals of pesticides via conventional treatment and
found that all of the pesticides studied passed through clarification, filtration, softening
and recarbonation relatively untouched. Only metribuzin was removed by chlorination,
where it was reduced below the detection limit in typical detention times,

Kuhn et al (1978) studied the chlorination of surface waters and found that the
Process led to the formation of several specific chlorinated organic compounds, including
etrachloroethylene, chloroform, chlorobenzenes, dichlorobenzenes and chlorotoluengs.
Also, chloringtion was found to form bromoorganics, due to the common contamination
of chlorine with bromine.

Glaze (1987) states that prechlorination can enhance the coagulation-flocculation
process. This statement is agreed with by Pontius ﬁ990). However, prechlorination is
often avoided to to an increased potential to form THMs.

Pontius (1990) states that chlorine can remove colour-, taste-, and odour-causmg
compounds from drinking water. Glaze et al (1990) studied the oxidation of taste- an

odour-causing compounds by chlorine, and found the following removals of compounds,
using a reaction time of 120 minutes, and a chlorine dose of'3 mg/L. Their conclusion
stated that the data demonstrated that chlorine could not be used to remove taste and
odour caused by geosmin and methylisobomeol (MIB).

Table . Taste and odour compound chlorine removals (Glaze et al 1990).

Cormpound % Removal
1-hexanal 5
. 1-he‘)tanal _ -79
dimethyltrisulfide >99
2 4-decadienal 54
MIB 10

Geosmin 16
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9.4 Recommended Design and Operating Parameters for Organics Removal

~Due to the potential for the formation of chlorinated organic compounds,
especially trinalomethanes, the use of chlorine as a preoxidant is not recommended,
especially in waters with hl(_}h humic material content. However, if chloring oxidation is
used, EI-Dib and Alg 1977) found that a pH of 7.0 was the optimum for pesticides
removal. Pontius (1990), however, Pomts out the hyﬁochlorous acid is the species with
the Iar?est redox potential, and thus the pH should bé kept low to maximize its proportion
ofthe total chlorine concentration.

~_Chlorine is still useful as a disinfectant, as it does provide a lasting residual. Some
oxidation processes (such as ozonation) tend to convert non-biodegradable compounds
into hiodegradable ones, and therefore a disinfection residual, such as that provided by
postchlorination, is necessary in order to prevent mmrqorPamsm growth within the
distribution system (Kuhn et al 1978). As long as the chemical chlorine demand has been
Ia_rgge_ly satisfied by previous treatment processes, chlorinated organics formation in the
distribution s¥stem should not be of great concern. This would require some degree of
monitoring of the trihalomethane formation _potential to determine whether preceeding
unit processes are removing enough organic material to keep IHM formation to a
minimum
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10. Granular Activated Carbon
10.1 Unit Process Description
10.1.1 Physical Characteristics

Granular activated carbon (GAC) treatment of drinking water involves the passing
of water through a column or columns containing GAC. The d_esqn of the process can
take ang of a number of forms, as there are many options available. The system can be
driven Dy pressure or gravity, upflow or downflow configurations can be” used, single
columns or multiple columns in series or parallel are effective (Figure 13?, and the bed can
either comprise part of the fllterlrgjg fTprocess or it can follow the filter. All of these
configurations have their place in different treatment plants. The decision as to which
configuration to use will depend on any of a number of factors, including capital and
maintenance costs, the amount of water rieeded, which other unit processes are inuse, and
the types of organic compounds present in the water sup

MU 11

Single Columnsin Columns in
Column Series Parallel

Figure 13. GAC column arrangements.

The three configurations shown in Fl?ure 13 are all in common use. Single column
contactors are generally used in smaller plants. Sets of columns in series or in parallel are
usually used in larger plants. The benefits of these two arrangements are that when one
columin is exhausted, treatment can continue while it is replaced or regenerated, and that
there is no wasting of carbon. Wasting occurs in a single column because the mass transfer
Z0ne graduaII% moves down the column, with all the carbon above the zone being
exhausted. When the zone reaches the hottom of the column, breakthrough will be
obrs]erv?dd before the carbon at the very bottom of the column has been completely
exhausted.

Whatever the conf[?uranon of the GAC system, there must be some means of
removing the carbon once it has been exhausted so'that it can be replaced or reactivated.
Depending on the organics present and the purpose for which the Process IS used, the
GAC may need replacement often (eg. once per month) or very infrequently (eg. once
every five years).

One factor limiting the placement of GAC in the treatment process is its ability to
remove all free chlorine.” Therefore, in order to maintain a disinfectant residual in"the
distribution 57ystem, chlorination must be performed on the carbon effluent (Wood &
DeMarco 1979).



21

10.1.2 Factors Affecting Efficiency

The primary factors which influence the effectiveness of GAC adsorption are:
molecular weight, polarity, polarizability, concentration and solubility of the compounds,
the pore size distribution, surface area, particle sizes and degree of activation of the
carbon, and the temperature and pH ofthe water (Weber & van Vliet 1981). Also, factors
such as the polarity of the surface of the carbon particles can affect adsorption. For
instance, if the carbon's surface becomes oxidized (by chloring, ozone, Perman(}]anate, or
oxygen) then it becomes polarized, and once the surface contains polarized functional
groups, water molecules may hydrogen bond to the surface, decreasing the capacity ofthe
carbon for organic material g cGuire & Suffet 1978, McGuire et al 1.9782. The particle
size distribution has been shown to affect the rate of adsorption, with the rate being
inversely proportional to the square of the particle's diameter (McGuire & Suffet 1978)
The pH'is an important factor as it will determine whether the organic comFound_s are In
their neutral or charged form, and as adsorption works best with neutral species, the
charged forms are disadvantageous. It has been shown that, due to the exothermic nature
of the adsorption process, an increase in temperature will decrease the capacity of a
carbon bed (McGuire & Suffet 1978).

10.2 Mechanisms of Organics Removal

There are three main mechanisms involved in the removal of organic material in a
H}ranular activated carbon bed: adsorption, filtration, and blodeqﬁadatlon. In adsorption,
e bonding ofthe adsorhate to the adsorbent parilcfes IS due to hydrogen bonds, dipole-
dipole interactions, or van der Waals forces (Pontius 1990). Adsorption takes place either
on the carbon surface or within the pore structure of carbon particles, the pore size
determining which organic molecules can penetrate and hence have an Increased
adsorption capacity over those compounds which cannot penetrate, due to the larger
number of adsorption sites available.

~The degree to which filtration plays a role in organics removal will vary
considerably, dependm% on the configuration used. 1fthe GAC 1s placed in the sand filter,
the expectation will be or the GAC to perform a considerable amount ofthe filtration. LI
however, the GAC is in a post-filter position on its own, the sand filter should be expected
to perform the majority of filtration. This conﬁguratgon is likely superior, as it decreases
the frequency of hackwashing of the GAC bed that is required and should lead to lower
organic loading, hence increasing the life ofthe carbon.

~ Biodegradation may or may not play a significant role in GAC treatment at any
given facility. There is alwafs a risk of increased _m[croor%lamsm levels in the effluent
water (Wood & DeMarco 1979). Thus, some facilities will choose to chlorinate their
backwash water asa disinfection measure, and sw_nply rely on the filtration and adsorption
mechanisms. On the other hand, if adequate chlorination is performed after GAC contact,
then this may not be of concern, hi this case, biodegradation can account for up to 40% of
the total organics removal (Pontius 1990?. The amount of removal due to biodegradation
has been found to be extremely susceptible to temperature, however, with greatly reduced
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levels of biological activity taking place at colder temperatures. Biodegradation can be
greatly enhanced with the Correct pre-treatment as well. For example, ozonation has been
shown to break down humics into smaller, more biodegradable organic acids (McCreary &
Snoeyink 1977), and with the associated increase |n_b|olog|cal activity, bed life can be
extended from weeks to months in some cases (McGuire & Suffet 1978, Kuhn et al 1978).

10.3 Organics Removal Efficiency

Granular activated carbon is an extremelg effective means of removing orgamc
compounds from water supplies (Kuhn et al 1978; Suffet 1980). Research has shown
extensive removal capabilities for hydrocarbons, polycyclic aromatic hydrocarbons _(IPAHs)
and chlorinated aromatic compounds (McCreary & ‘Snoeyink 1977), pesticides (8M| tner et
al 1989), and for many taste and odour causing compounds (Crittenden et al 1987). Some
ofthe experimental results have been summarized in Table e, below.

Table 6. Reported organics removals using GAC.

Compound Class Influent Effluent Renmoval Reference
N Core. (Ug/l) Core. (Ug/L) % _
Pesticides 43 0.05 98.8  McCreary & Snoeyink 1977
039t06.39  notgiven 47t 72 Miltner et al 1989
~ PAHs not given not given 99 McCreary & Snoeyink 1977
High mol. wt. not given not given >90 Pontius 1990
THMs not 8glven notgiven  36t0 78 Pontius 1990
2 not given 21 McCarty et al 1979
THMFP not given not given 9to 54 Pontius 1990
Chlorinated Aromatics 0210 .07 not given >90 McCarty et al 1979
Chlorinated Hydrocarbons ~ 825t0 1367  <0.1t0 2.8 >99 Love & Eilers 1982

_ One aspect that these data do not take into account, however, is the expected bed-
life of GAC processes removing these substances. For instance, Wood and DeMarco
(1973/? determined that chlorinated pesticides exhibited an earl breakthrou[qh tendency,
and McCreary and Snoeyink (1977) found that in severely industrially polluted waters,
GAC heds may be exhausted in periods as short as one month, Ieadln_? to high replacement
and regeneration costs. Just because a bed has been exhausted of its capacity to adsorb
one compound, however, does not mean that it is useless. Miltner et al P198 )su%%ested
that even a shallow GAC bed could reduce Pestlude concentrations by over 50% for
several years. GAC beds tend to last significantly longer for taste and odour removal than
they do for total organic matter reduction. This, of course, also means that odour
threshold numbers cannot be relied upon for bed life monitoring purposes (McCreary &
Snoeyink 1977).

Competetive adsorption can cause problems when dealing with GAC beds. This
refers to the preference ot the carbon adsorption sites for one compound over another,
and can often lead to poor adsorption of some compounds, while others are removed very
well. Also, if the influent composition is variable, new organics can displace previously
adsorbed material, causin h|8her effluent concentrations of a compound than were ever
found in the influent (Suffet 1980).
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It is possible that while the capacity of a carbon bed has not been exhausted for
one compound, it is not removed. This may be the case when, for example, a Pestmde
adsorbs to a humic molecule, the carbon's caBacny for which has been exhausted. The
%est|C|dek Tg%ghen travel through the carbon bed without being adsorbed (McCreary &

noeyin .

One measure of eﬁiciencg of a unit process is how it can handle shock loads of
contaminants. Robeck et al (1965) determined that GAC maintains good performance

standards, even when abnormally high COD loads are encountered.

With regulations, regarding trihalomethanes currently becoming more stringent,
there will likely be an increased interest in processes capable of removing significant
quantities of halogenated org\amc compounds. One trend that has been ohserved with
regard to THM removal in GAC beds is the improved removals with increasing deh%rees of
bromination ?le. bromoform removal is better than dibromochloromethane, etc.) (McCarty
et al 1979). It was hypothesized that this may be due to increasing hydrophobicity.

10.4 Recommended Design and Operating Parameters for Organics Removal

In order to obtain the best organics removal efficiencies, testing will need to be
performed for each individual situation. However, the following tables (7 & s) present
Egmrtr]on 5%% §s for parameters based on whether biodegradation is being practiced or not

ontius 1990).

Table 7. Common parameter ranges for activated carbon adsorption with biological activity

Parameter Range

Ozone Dosage 0.510 I.O%O()/gDOC

Biological Degradation ~100gDOC/m3/day

0 7Demand _ ~200( 0, / ma/ day

Empty Bed Contact Time ~ 15- 30 min

Table 8. Parameter ranges for GAC contactors. _

Parameter o Median Typical
Empty Bed Contact Time (min) 10 5to 24
Be e(pth (m) 10 05t0 4
Hydraulic Loading (m/hr) 6 26t0 17
Influent Concentration (as mg/L TOC) 35 210 6

The empty bed contact time (EBCT) may be defined as the average residence time of
influent water if there were no media in the contactor, and can be calculated from

Equation 16, EBCT="
Qf Equation 16

where QFis the volumetric flow rate in cubic metres per minute, and VRIs the total bed
volume, including the void spaces, in cubic metres (Pontius 1990).
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As mentioned previously, the best performance and lowest operational costs will
be obtained if previous treatment steps are optimized for organics removal, thus lowering
the organics loading rate on the carbon and leaving the GAC bed to remove compounds
which evade other processes and polish others. Thepresence of other organics will almost
invariably reduce the capac!tr of carbon for a [)artlcular organic of interest. If softening is
performed prior to carhon filtration, however, the softened water must be stabilized before
contacting the carbon, otherwise precipitates may be deposited on the carbon surface,
greatly reducing efficiency (McCreary & Snoeyink 1977).

_ In general, it has been shown that lower filter rates and smaller GAC particles will
improve efficiency, while temperature and pH ranges that can be accommodated may be
narrow. The pH may be very important in determining the extent of competition between
species, especially where humic materials are involved (McCreary & Snoeyink 1977).

_ The choice ofwhich carbon type to use will depend on the organics ofinterest in a
particular water surply. Tests to determine the iodine number, methylene blue number,
modified phenol value, and tannin value are tJust a few ofthe tools available to help make
this decision. These tests are indicators of a carbon's ability to adsorb high molecular
weight compounds, polar compounds, etc., and the results are generally available from the
carbon manufacturer (Troxler et al 1939).

A design process has been formulated by Crittenden et al (1987), which takes into
account the isotherms of individually targeted organic compounds and their desired
removals. The process determines how much water can be treated by a bed before
replacement or regeneration is required, emRty bed contact times, mass transfer zone
heights, and the configuration ofbeds that might be used.

It is highly recommended that a monitoring program he maintained on the bed
effluent. Parameters such as COD, TOC and UV absorbance are generally of use when
determining bed performance.
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11. Powdered Activated Carbon
111 Unit Process Description
11.1.1 Physical Characteristics

The process of adding powdered activated carbon (PAC) to drinking water during
treatment is commonI?/ practiced as a means of removing organic compounds. However,
rather than removing these compounds for the purpose of meeting effluent concentration
requirements, PAC is more often used as a means of improving the aesthetic guallty ofthe
product, namely the taste and odour. There are cases where PAC can be used as a means
of adhering to imposed standards.

The process involves the addition and mixing of Bowdered_ carbon in the water,
and then allowing the carbon to adsorb organic material before being removed hy some
other unit process, such as sedimentation or filtration. Capital investment oftén only
requires the purchase of powder addition equipment or a slurry contactor. Ifthe carbon is
added in its powdered form, there are a number of sites where it may be introduced, each
of which will have its own advantages and_dwadvant_ag*es. Common points of addition
include the plant intake, rapid mix, flocculation basin intluent and filter influent (Pontius
1990). The selection of which site to use should be based on the contact time needed, the
ability to thoroughly mix the PAC with the water, the potential for interference due to
other treatment chemicals and the potential for finished water quality reduction due to
carbon fines which may elude subsequent unit processes (Pontius 1990%. The benefits and
disadvantages ofusing each addition point are summarized in Table 9.

Table 9. Advantages and disadvantages of different PAC addition points (Pontius 1990).

Point of Addition Advantages Disadlvantages
Intake Long contact time, good Some substances may adsorb that otherwise
mixing would he removed by coagulation, thus
o . _ . increasing the activated carbon usage rate.
Rapid Mix Good mixing during rapid Possible reduction in rate of adsorption
mix and  flocculation; because of interference by coagulants.
reasonable contact time Contact time may be too short for

equilibrium to be reached for some
contaminants.

Some competition may occur from
molecules that otherwise would be removed

. N by cqa?ulatlon.
Filter Inlet Efficient use of PAC Possible loss of PAC to the clear well and
distribution system.
. Increased rate offilter headloss.
Slurry Contactor Excellent mixing for the A new basin and mixer may have to be
Preceding Rapid Mix design contact time, no installed.

interference by coagulants, Some competition may occur from
additional  contact time molecules that otherwise would be removed
possible during flocculation by coagulants.

and sedimentation
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11.1.2 Factors Affecting Efficiency

The factors which affect the removal efficiency of PAC are similar to those which
affect GAC. These include the carbon's surface aréa, pore structure, surface polarity,
particle size, and hardness, the water's temperature, pH and other chemical loads, and the
chemicals' molecular weight, poIantr golanzabnn ,concentration, and solubility
(McGuire et al 1978, Weber & van Vhet 1981). Other factors that will affect the efficiency
are thle ctontact time and the possibility of interference due to other chemicals such as
coagulants.

A number of studies have found that PAC can be incorporated into floe particles if
added before the flocculation basin. This leads to lower organic removal rates and
capacities as the chemicals must penetrate the floe particle before adsorption can occur
Pontius 1990, Najm et al 1990). Also, the Presence ofhumic materials can greatly affect
the efficiency of PAC adsorption. Humics tend not to be able to penetrate the pores of
carbon particles due to their large size, and hence adsorb to the surface, blockm% pores
and preventing smaller organics from penetr_atm?. In general, the presence of other
organics. will ‘usually lead to_lower capacities for the orgamcs of interest due to
Ig()rgpetltjvleg 8azgsorptlon on available sites (McGuire et al 1978, Suffet 1980, Weber &
irbazari 1982).

Care must be taken not to oxidize the surface of the carbon Farﬂcles. This can
occur through contact with chlorine, ozone or permanganate and leads to hydrogen
bonding of water molecules on the surface and a decreased capacity for organics
(McGuire et al 1978).

~With PAC there is no need to attempt to keep the water temperature up to
maintain organic growth as in GAC. Therefore, lower temperatures are better due to the
exothermic nature of the adsorption reaction and thus the increased capacity at lower
temperature (McGuire et al 1978).

In locations where the quality ofinfluent water can change significantly, PAC may
be amore favourable choice of procéss over GAC. GAC can concentrate large amounts of
contaminants over a period oftime. 1fthe influent water then changes, new organics may
quickly displace large quantities of prewousl_Y adsorbed compounds due to preferential
adsorption ofthe new compounds (Love & Eilers 1982). As PAC is generally added for a
relatively short contact time (h_our_? before it is removed from the system, there is
relatively little chance of such an incident occuring on the same scale.

11.2 Mechanisms of Organics Removal

~Unlike the granular activated carbon process, there is only oné mechanism 0f
organics removal at work in powdered activated carbon addition. There isno opportunity
for bacterial degradation to occur due to the relatively short period for which any given
carbon sample is in contact with the water. Thus, adsorption is the only mechanism acting
to remove organic material. The adsorption reaction honds organics to the carbon
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particles via van der Waals or dispersion forces, thus removing the impurity from the
sl;és%gm entirely, instead of simply changing its nature as some processes do {Hyndshaw

It has been found that indirect adsorption may also play a significant role in
organics removal. For instance, Weber and Pirbazari (1982) state that while direct PCB
adsorbance capacities were reduced bK the presence of humic substances, humics may
adsorb PCBs, thus removing PCBs by the adsorption ofhumic material.

11.3 Organics Removal Efficiency

Powdered activated carbon has been shown to be very effective at removingi_many
%)es of organic |mEur|t|es from water supplies (Suffet 1980, Kuhn et al 1978, Licsko
93, Sigworth 1965). A large volume of work has heen published on the ability of PAC
to remove pesticides. Sigworth (1965? performed much of the earlly WOrk on pesticice
removal and found that PAC was effective on man)(] pesticides, although the required
doses for removals varied widely. Overall, however, he did conclude that 10 ppm PAC
could reduce most extensively used pesticides from their likely concentrations by 90%.
Work by Robeck et al (1965) demonstrated that some pesticides do not “exhibit
competition for PAC adsorption sites, but instead have adsorption capacities that are
independent of each other. Najm et al (1990) concluded from their studies that activated
carbon is in fact necessary for pesticide removal, and that e mg/L PAC can lead to a 50%
reduction in most pesticide concentrations. Miltner et al (1989) studied a wide range of
pesticides, and found that all were adsorbed on PAC, and develo,oed the following
generalized data on PAC requirements, based on their observed removals of atrazine:

Table 10. PAC estimates for pesticide control (Miltner et al 1989),

Influent Concentration  Effluent Concentration Removal PAC Requirement
Po/L % mg/L
1 80 21
10 1 90 46
10 5 50 6
20 1 95 97
20 5 15 18
20 10 50 6
50 1 9 251
50 10 80 26
50 25 50 7

Hyndshaw (19722 demonstrated that using PAC can help to reduce the chlorine
dertnand necessary to obfain a free chlorine residual by reducing the organic load of the
water,
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Table 11. Example chlorine demand reduction due to PAC (Hyndshaw 1972).

PAC Dose Cl2 Required to Observe Free Residual
(oo (s o2
o 15
4 1
8 <0.5

Hyndshaw also determined that PAC ?enerally{ has a higher attraction for high molecular
weight, non-polar molecules than for Tow molecular went;ht, polar molecules, as long as
the molecules are small enough to genetrate the pore structure of the carbon particles
(Hyndshaw 1972, McGuire et al 1978).

~ The chemical pngen demand (COD) of a water supply can be reduced by the
application of PAC. Licsko (1993) states that the following removals were obtained in full
scale testing, although no dosages are given.

Table 12. COD removals by PAC (Licsko 1993),

Raw Water COD PAC Treated Water COD
nmg/L no/L
5.0 23
35 25
120 3.2
12 3.0

Najm et al (1990) state that the removals of synthetic organic chemicals can be very good,
as they found that chlorobenzene and polycyclic aromatic hydrocarbons SPAHS) were
reduced by up to 90% by administering PAC doses ofhbetween 10 and 15 mg/L.

Not everything is removed well by PAC treatment. Love and Eilers (1982) state
that PAC is poor at removing chlorinated solvents, and McGuire et al (1978) found that
hl%hly polar, highly soluble organics are removed very poorly, if at all, by PAC. Also, the

following removals are given as examples of compounds poorly adsorbed.
Table 13. Removals of compounds by PAC (McGuire et al 1978),
Compound Renoval % After 5 hours @
50 n/LLPAC

Nitromethane 3
Methyl Ethyl Ketone 3
n-Butanol 4
1,4-Dioxane 0

Najm et al 51990)f0und that removal of volatile organics with PAC is not efficient. The
found that 70 pg/L of CO4 was only reduced by 20% by 30 mg/L PAC, and that 60 pg/
CHCls was only reduced by 50% at'a PAC doseé of over 100 mg/L.

|t has been demonstrated that PAC does not remove materials contributing to the
THMFP well, either. One study showed that the addition of up to 40 mg/L PAC had no
effect on the formation potential (Pontius 1990).



3

114 Recommended Design and Operating Parameters for Organics Removal

The advantages and disadvanta?es of each addition P_omt should be considered
before a decision is made regarding the location of PAC injection. Adequate contact time
must be allowed for in order for the system to come to equilibrium, although if equilibrium
cannot be achieved, an increase in carbon dose ma){ be able to compensate. It has been
found that adding the PAC in two stages dramatically reduces the total dose required in
order to obtain the same removal ﬁRobe_ck et al 1965). For example, PAC might be added
in the rapid mix, where most would be incorporated into the floe and removed, and then
again adding it just before filtration. By cutting down on the dose required at this point,
the filter headloss rate would not be as'great a problem, and if correctly selected polymers
are added as well, the amount of carbon that might evade the filter and contaminate the
clearwell could be minimized. The major benefit of adding PAC before filtration is the
greater time that the carbon will be in contact with the water, thus increasing efficiency.

~Licsko (1993) determined that the most efficient location to add carbon was 3t0 5
minutes prior to the addition of coa%ulant. This period allows the PAC to begin some
adsorption, and also to become part ofthe suspended particulate content ofthe water.

In addition to the point of addition, the type of carbon used is of great importance.
Troxler et al (1989) devised a carbon selection protocol for the task of determining which
carbon type will perform best on a specific source water.

Even in facilities where GAC adsorption is currently practiced, Suffet (1990)
recommends that PAC be kept on hand in case of spills. If added to the water before the
GAC bed, the PAC can reduce the loading on the GAC bed, allowing it to perform better.

In summary, small-scale tests need to be performed at each site in order to
determine the needed dose of PAC, and the optimum addition point. Raw water quality
varies to such a degree that no one configuration can possibly be adequate at all sites.
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12, Resin Adsorption
12.1 Unit Process Description
12.1.1 Physical Characteristics

~ The adsorption of or%anlc compounds usm% synthetic resins has received mixed
reviews in the literature on whether it is a viable treatment option. Resins consist ofhighly
cross-linked copolymers that form rigid, spherical, opague beads (McGuire & Suffet
1978). SOME common Matrices are pictured in Figure 14.

Figure 14. Common resin matrices (Pontius 1990, Chudyk et al 1979).

In order to give the resin specifical[z desired characteristics, different fimctional groups
can be added to the surface (Cook & Hartz 1983). Some of the commonly used groups
are shown in Figure 15,

Anion Exchange Functional Groups

CHo CHo I I

ch2 ch2
- ch2- n+ ch3oh* - ch2- n+ ch3ci- -ill -ill H+Cl
ch3 ch3 H H
Hydroxide Form Chloride Form Free Base  Acid Cloride
Form Form
Strong-Base Weak-Base
Quaternaiy Ammonium Group Secondary Amine Group

Cation Exchange Functional Groups

-so3h+ -COOH
Strong-Acid Weak-Acid
Sulfonate Group Carboxyl Gourp
Hydrogen lon Form Hydrogen lon Form

Figure 15. Common functional groups (Pontius 1990, Chudyk et al 1979).
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Beads of adsorbent are usually placed in a contactor, similar to those used in
granular activated carbon treatment, such that water may be passed through the vessel and
contact made with the resin. One benefit ofusing resins for organics adsorption is that the
reqeneraﬂon process is easﬂg carried out on-site with the appropriate basic, acidic or salt
solution (Cook & Hartz 1983).

12.1.2 Factors Affecting Efficiency

As in the case of carbon adsorption, resin adsorption is also affected by the
molecular weights of the compounds In solution, their sizes, polant%, polarizability,
concentration, Solubility, the pore size distribution and surface area of the resin, and the
temperature and pH of the water (Weber & van Vhet 1981). One major benefit of using
resins is the ability to control the pore sizes. This is accomplished b?]/ controlling the
de%ree of cross-lmkmg} between molecules in the matrix structure of the resin (Pontius
1990, Chudyk et al 1979).

In general, the colder the water, the higher the cag)acng/ of the resin due to the
exoth_e_rmlth of the adsorption reaction (McGuire & Suffet 1978). Also, the lower the
solubility ofthe compounds present in the water, the more easily they may be removed b
resin adsorption. Trends.qffectm%other controlling factors cannot be as easily generalized,
as they are more specific to the actual _comﬁounds in question. For instance, most
compounds will have an optimum ﬁH at which they are adsorbed most effectively, but this
may be completely different from the pH necessary for another compound.

12.2 Mechanisms of Organics Removal

~ There are two primary mechanisms by which resin contactors remove organic
material. One is by filtration. Some organic molecules may be removed in this manner i
they have adsorbed to larger particles that are filtered out during the passage through the
resin bed. The major mechanism, however, is adsorption. Polymeric adsorbents function
primarily by hydroPhobm bonding and dispersion force interactions (weber & van Vhet
1981). However, if appropriate functional groups are present on the surface of the resin
beads, many organics may be removed by ion exchange (Pontius 1990).

12.3 Organics Removal Efficiency

S%/nthetic resing can be used to remove certain organic_ compounds in_ water
treatmenf (Cook & Hartz 1983). However, most studies seem to indicate that resins are
highly selective in which classes of compounds they can remove.

Cook and Hartz (1983) comFared the abilities of several resin tyﬁes (?olyethylene
neoprene, polyvinyl chloride and polyurethane) with GAC to remove chloroform, methrl
chloride and carhan tetrachloride. It was determined that the GAC had a higher capacity
than the synthetic resins in every case, and that the solubilities and concentrations of the
contaminants were significant in‘determining adsorption efficiency.
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_On the other hand, Boening et al (1980) compared carbons and resins for their
ahilities to remove humic substances. They found that a styrene-divinylbenzene strong-
base resin had an excellent humics capacity that did not var \_/v|deIIyW| pH. In fact, the
resin had a better humics capacity than any carbon tested. This stafement is in agreement
with Pontius (1990), who states that strong-base resins and GAC have comparable
capacities for humics.

Suffet (1980) states that it is possible to reduce the THM formation potential by
the use of an anion exchange resin, and that in general, 3ynthet|c carbonaceous polymers
tend to selectively adsorb low molecular weight compounds.

Love and Eilers (1982) determined that an Ambersorb® resin exhibited a lower
slope on a hreakthrough curve for volatile organic compounds than GAC. Also, they
determined that the caFacny ofthe resin may be up to three times that of the. Their data
are summarized in Table 14;

Table 14. Removal of VOCs by Ambersorb® resin (Love & Eilers 1982),

Timein Cumulative Bed Volumes Influent Average Effluent Average
Operation Concentration Concentration
(weeks) (m3 water/m3 adsorbent) (pg/L) (pg/lL)

4 4700 1%67 <8.1

8 9400 1984 0.1

12 14100 1950 <0.1

16 18800 906 0.2

20 23500 825 0.4

In Pontius' (1990? study of strong-base styrene-divinyloenzene (SDVB) resins, it
was determined that while good TOC removals are possible, they are not as efficient as
GAC, and they were eventually discarded due to very low caPaQ|t|es. However, the SDVB
resin without any functional groups was found to adsorb chlorinated pesticides very well,
and it also adsorbed phenols. Pontius also states that a phenol-formaldehyde weak-hase
resin removed colour very well.

124 Recommended Design and Operating Parameters for Organics Removal

_Resins are generally not applicable as general adsorbents in water treatment due to
their highly selective nature. Activated carbon adsorbent tends to adsorb a much wider
ran?e of organic material (Pontius 1990, Chudyk et al 1979). However, resins may be
useful in situations where specific compounds need removal (Pontius 1990).

Acid resins have been found to be of little use in organics removal. This is
presumably to the neutral or negative charge carried by most organics in water (Pontius
1990, Chudyk et al 1979). Acid resins, upon deprotonation, would carry a negative charge
and hence would repel negatively charged organics electrostatically.

One major problem with using resins for adsorption is the disposal of used
regenerant, as these solutions tend to carry very high concentrations of contaminants
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(Boening et al 1980). In general, therefore, it is beneficial to produce as little spent
regienerant_ as possible. Pontius describes a study which used a SDVB resin which regmred
only 1 unit of regenerant for every 25,000 units of water treated (Pontius 1990). Of
couirse, this will very depending on the concentrations and tyBes of contaminants present
in the water. It may be recommended that weak-hase resins be used, if possible, as they
tend to be regenerated more easily than those with strong-base functional groups (Pontius
1990, Chudyk et al 1979),
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13. Air Stripping
13.1 Unit Process Description
13.1.1 Physical Characteristics

Alr stripping involves the intimate contact between air and water, so that volatile
contaminants present in the water may volatilize and be removed in the gas phase. There
are a number of different configurations that are used to achieve this. Packed towers are
Probably the most extensively studied method. Water is distributed at the top of a tower
hat is packed with some r_e%ularly or randomly packed media, and is allowed to trickle
down, while air is pumped into the bottom ofthe tower and out the top. The media allows
for a thin film of water, maximizing the surface area between the liquid and gas phases
and hence maximizing gas transfer (Pontius 1990, Environmental Science and
Engineering, Inc. 1986, McCarty 1987).

Diffused aeration consists of fine bubbles of air, pumped into the hottom of a
chamber filled with water. The diffusers distribute the air uniformly through the chamber
cross-section, and are deagned to produce bubbles of the desiréd size {Pontius 1990,
Environmental Science and Engineering, Inc. 1986, McCarty 1987).

In spray aeration, water is sprayed into the air by nozzles. It divides into smail
droplets, thus mcreasmg its surface area, and providing the opportunity for gas exchangze
t1098o73cur (Pontius 1990, Environmental Science and Engineering, Inc. 1986, McCarty

~ Fleming S19891 itemizes the advantages and disadvantages of each of these
configurations in the following tables.

Table 15. Diffused aeration advantages and disadvantages (Fleming 1989).
Disadvantages

high Fote.ntial Iiguid throughput +  surfactants in water limit flow rate
high liquid turndown ratio . S|_n%le stage device, low removal percentage
wide range of air:water ratios * high gas pressure drop, high pump power

low Fote_ntlal for fouling

low liquid pressure drop

simple device, low maintenance

adaptability to field situations

short setup time .
adaptable to available tankage and equipment

Table 16. Spray aeration advantages and disadvantages (Fleming 1989).
Disadvartages

* low pressure drop for gas * high pressure drop for Ii%uid .

*  simple operation _ . J ?as.flowllmltedb liquid entrainment

* low fouling and channeling potential o [imited number of stages, low removal %
* short setup time *  number of stages not proportional to height

design adaptable to available equipment

unless nozzles changed)

Possibilit offouling In nozzles
OW turndown ratio
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Table 17. Packed column aeration advantages and disadvantages (Fleming 1989).

+ excellent removal efficiency (multistage *  potential for fouling (depends on column
device) design

* high rate mass flow « difficult to set up

* high turndown potential J S|_?n_|f|cantgas pressure drop

« large rar]ge of air:water ratios » difficult to adapt to available equipment

* low liquid pressure drop

Mechanical aeration is also used in some cases. It involves the beatm? of the
surface with some mechanical device, causing water to form into droplets as they are
Bropelled into the air, and forming air bubbles In the water vessel. Gas transfer can occur
y both processes (McCarty 1987?.

In all of these design configurations, the contaminated air is generallg vented out
through the top of the vessel into the atmosphere (Environmental Science and
Engineering, Inc. 1986). The volume of air used and the amount of material stripped from
the water will determine whether or not some form of emissions control must he
performed on the off-gas.

13.1.2 Factors Affecting Efficiency

“The primary factor which affects how well a compound may be stnﬁped from
water is the compound's Henry's Law constant. This value is an expression of how easily
separable from water a compound is. A h|Fher constant indicates more effective stnpglng
E\Envwonmental Science and Engineering, Inc. 1986, McCarty 1987, Love & Eilers 1982,

my et al 19872. Also, as the Henry's Law constant increases with increasing temeera_ture,
an increase in temperature will lead to more effective removals (Environmental Science
and Engineering, Inc. 1986).

_ In all designs, the ainwater ratio will play a role. The more uncontaminated air is
introduced to the system, the better the removals will be (Environmental Science and
Enﬁmeermg,_ Inc. 1986, McCarty 1987). Also, the diffusivity of the compounds in water
will play an important role. Compounds can only be volatilized from the surface film, and
hence the rate at which they can diffuse through the water will dictate the rate at which the
compound can volatilize (Environmental Science and Engineering, Inc. 1986).

_ Due to differences between configurations, there exist factors that are specific to a
Ra_rncula_r configurations. In packed tower aeration, the packing media, and the_ tower
eight will influence the organics removals (AmY et al 1987). For diffused air stripping,
removals will be influenced by the diffuser type, the bubble size, the water depth, and the
detention time (]Envwonmental_ Science and Engineering, Inc. _1986% In spray aeration, the
size ofthe droplets and the height ofthe spray (which determines the contact time) will be
important (Environmental Science and Enginéering, Inc. 1986).
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13.2 Mechanisms of Organics Removal

~Gas transfer is the major mechanism of organics removal in the process of air
stripping. However, the possibility does exist for some degree of oxidation to take place as
well, due to the large quantities ot air involved.

13.3 Organics Removal Efficiency

Air stripping is an effective treatment method for the control of volatile organic
compounds. Amy et al performed experiments investigating the removals of carbon
tetrachloride and 1,1,2-trichloroethene with different depths of gackmg material in a
packed column. The data are summarized in Table 18 (Amy et al 1987).

Table 18. Removals vs. bed depth. (Amy et al 1987)

Bxperiment Loading Air:Water Conmpound Percent Rermoval Using
Indicated Bed Depth
L /n2/s vol:vd om 12m 244 365in 45/m
1 138 30:1 CT 0 59 913 983 996
TCE 0 452 859 96 982
2 138 60:1 CT 0 40 925 915 998
TCE 0 708 899 956 989
3 138 100:1 CT 0 763 944 993 999
TCE 0 745 932 982 993
4 20.7 30:1 CT 0 688 925 976 993
TCE 0 639 884 925 9.3
5 20.7 60:1 CT 0 686 91 996 999
TCE 0 657 914 982 989
6 28.0 35:1 CT 0 707 %6 992 998
TCE 0 65.7 903 973 983

Using an air:water ratio of 22:1, McCartY studied the removals of trihalomethanes
by packed tower aeration. The results are presented below, in Table 19.

Table 19. Trihalomethane removals by packed tower aeration (McCarty 1987).

Trinalomethane Influent Concertration Average % Rernmoval
ng/n
chloroform 104 19
bromodichloromethane 41 8
dibromochloromethane 17 [l

~ Using a full-scale packed column aeration system with a 200;1 air:water ratio,
McKinnon & Dyksen 1(1984%_stud|ed the removals ofthree compounds found in the water
supply of Rockaway Township, New Jersey. The system was found to remove 99.9% of
diisopropyl ether, greater than 95% of methyltertiary butyl ether, and virtually all
trichloroethylene.
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~ Love & Eilers (1982) studied the effects of diffused air aeration with an air:water
ratio of 4:1 (voIrvoI% and awater depth of 0.8 m on a solvent-contaminated groundwater,
and presented the following data:

Table 20. Effects of diffused air aeration on contaminated groundwater (Love & Eilers 1982)

Corttarminant Average Concerttration Renmoval % Henry's Law
. Before (ng/L) After (nmog/L) Constant

1,1-Dichloroethylene 122 4 97 6.3
1,1,1-Trichloroethane 237 23 90 1.2
Tetrachloroeth?/lene 94 9 90 11

_ Trichloroethylene 3 0.4 87 0.5
cis-1,2-Dichloroethylene 0.5 <0.1 >80 031
1,1-Dichloroethane 6 1 83 0.24
1,2-Dichloroethane 14 0.8 42 0.05

Using different air.water ratios, Environmental Science and Engineering, Inc.
(1986) demonstrated that VOC removals of greater than 99% can be obtained.

Table21. Pilot study packed tower VOC removals
(Environmental Science and Engineering, Inc. 1986),
Compound Temp. Average%ReducStri]on at Air: Water Ratio
own

°C 80 45 25 15 8 5
trichloroethylene 10-16 997 99.3 972 914 75 55
trichloroethylene 20 >99.99 >9999 993 99.7 91.0 86
tetrachloroethylene ~ 11-16 998 99.5 98.3 9.1 86 12

1,2-dichloroethane 16 : 98.5 93.0 87 17 85

1,1-dichloroethylene  12-24  99.99  99.7 99.3 98.8 9.4  90.6
benzene 20 99.98 998 986 948 82 ,

1,1 l-trichloroethylene  11-14 9992 994 982  95.7 86 1

p-dichlorobenzéne 26 99.9* 908 98.5 85 - 57

* Air:Water = 100:1
13.4 Recommended Design and Operating Parameters for Organics Removal

_Alr Smpp”ﬂ? has heen demonstrated to be very effective at removing volatile
organics in water. However, its use is limited to comﬁoundswnh high Henry's Law values,
Therefore, in most cases, its use will be coupled with other processes. For instance, Amy
et al %19872. state that stripping may be good to use as a pretreatment step for adsorption,
as sunstantial reductions in carbon requirements can be obtained. McKinnon & Dyksen
(1984) agree with this, as theyr found that preaeration can reduce the frequency of the
costly process of GAC hed replacement by decreasing the volatile organics loading to the
adsorption steg. By adding preaeration, their carbon usage rates dropped from 0.12 to
0.24 kg of carbon per cubic metre treated, to less than 0.01 kg / cubic metre. Of course,
this decrease is heavily dependent upon the compounds present in the water.

A current concern with aeration techniques is the emission ofvolatile organics into
the atmosphere (McCarty 1987, Love & Eilers 1982). In addition to air quality concems,
this can be a safety concern too, due to the risk of explosion. Currently,”the U. S.
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Environmental Protection Agency standards require that flammable VOCs be kept at
concentrations below 25% 0ftheir lower flammabitity [IMits in the air emissions (Fleming
1989).
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14, Reverse Osmosis
14,1 Unit Process Description
14.1.1 Physical Characteristics

The reverse osmosis unit process consists of a selectively permeable membrane,
through which water is pumped, removing some of the organic impurities. The process is
calledreverse osmosis because the osmotic pressure would cause water to flow from the
i)ure side to the contaminated side of the membrane, but the applied pressure, which is
arger than the osmotic pressure, is applied in the opposite direction. The formula used to
calculate the osmotic pressure is given below.

M~ L12(T+273)/M mi Equation 17 (Pontius 1990)

Where: 4 = osmotic pressure, psi
T = temperature, °C N . o _ _ _
Zm? = summation ofmolalities of all ionic and nonionic constituents in solution

The passage of water and contaminants through the membrane can be approximated using
Equations 18 and 19, respectively:

Fw=A(Ap-An) Equation 18 (Pontius 1990)

Equation 19 (Pontius 1990)

where: Fw = water flux, %/_c_m2/s
A = water permegbility constant, g/cmzs/atm
Ap = pressure differential applied across membrane, atm
Alt = osmotic pressure differential across membrane, atm
Fs = salt flux, g/cm2s
B = salt permeabllltYI constant, cm/s
Cx- C2= concentration gradient across membrane, g/cms

The membranes are generallg/ made of synthetic polymers such as cellulose acetate
and polyamide ‘Web_er & Smith 1986). Reverse osmosis is"a higher pressure process than
the similar ultrafiltration (Weber & Smith 1986), and uses a membrane with a smatler pore
size (expressed as a molecular cutoffweight).

_ Different configurations of membranes are available. The four most common
configurations are spiral wound, hollow fibre, tubular and plate and frame (Weber &
Smith 1986). Each configuration has advantages and disadvantages.
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14.1.2 Factors Affecting Efficiency

The effectiveness of reverse osmosis de|oends on the chemical characteristics ofthe
membrane and the contaminants (Alsaygh et al 1993). The level of rejection of any given
compound will be a function of its concentration, molecular shape, flexibility, size, tonic
charge, and solubility, along with the type of membrane used and the concentrations and
types of other compounds present in the water (Weber & Smith 1986).

The quality and quantltY of the product water are vulnerable to water pressure
changes, temperature changes, fotal dissolved solids concentration changes and pre-filter
clogging. Increases in temperature will generally lead to an increase in product ¥|eld due
to a decrease in the viscosity of the water, and hence an increase In the rate of passage
across the membrane (Darcy's Law) (Bader & Jennings 1992).

The product yield will decrease very, very slightly due to an increase in feed
concentration. This occurs due to a small increase in osmotic pressure (relative to the
applied feed pressure) as seen in Equation 20

Qu=(AP-A*)KnAR? Equation 20 (Bader & Jennings 1992)

where: Qw = product flow rate, cmds
AP = applied pressure difference across membrane, atm
An: = osmotic pressure difference across membrane, atm
Kw = membrane permeability constant for water, cmaatm/s
A = membrane area, cm2
g = membrane thickness, cm

Increasing the feed concentration will also lead to a decrease in organics rejection
percentage (Bader & Jennings 1992).

_The organics' molecular structures influence permeability in a number of_vvars.
Firstly, rejection ?enerally increases with an increasing number of carbon atoms in the
structure. " Second g the ‘more highly branched a structure is, the greater its rejection
(Alsaygh et al 1993)

14.2 Mechanisms of Organics Removal

_Ihe mechanisms which affect the removals of organic contaminants during reverse
0Smosis are selective sieving, selective solubilities, and adsorption., The sieving mechanism
functions to _phy3|call¥ exClude molecules larger than a certain size, known as the
molecular weight cutoff. Some molecules, however, can dissolve in the membrane and
diffuse through it before emerging in the effluent. This is due to the selective solubility of
the membrane for some compounds (Weber & Smith 1986).

~Adsorption of compounds onto the surface ofthe membrane can account for some
organics removals. However, as more material accumulates on the membrane's surface,
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the number of sites available for adsorption decreases, reducing the effectiveness of this
mechanism. Also, pores can be blocked by adsorbed molecules, making the membrane less
permeable to water and hence reducing thie product yield (Weber & Smith 1986).

Another way in which the effectiveness of the rejection can be reduced is b}/ a
mechanism known as concentration polarization. As more organics are rejected at the
surface of the membrane, their concentrations there increase above those of the bulk
solution. As can be deduced from Equation 19, this leads to an increase in the
concentration gradient across the membrane, and hence an increase in the flux of organic
components, and a decrease in the rejection percentages of the compounds (Bader &
Jennings 1992).

143 Efficiency of Organics Removal

‘McCarty et al (1979) state that reverse osmosis is a very effective means of
removing high molecular we(ljght organics. Reinhard et al (1986) su?gested_ that reverse
osmosis, along with activated carbon and air stripping, are the most effective means of
reducing the concentrations of organic compounds in drinking water.

Reinhard et al (1986?1 studied a full scale reverse osmosis operation using a
cellulose acetate membrane. They found that reverse osmosis removed 83% ofthe organic
material from the effluent of an activated carbon column. When operated on its own, the
membrane managed to remove 89% of the TOC and from 50 to 90% of the
trlhalomethanes_Present, while recover_ln% 84% of the water (ie. 16% of the water was
sent to waste with the concentrated rejected compounds). T_heY_ postulated that the good
removals of TOC were due to steric hindrance and charge rejection, asthe TOC consisted
mainly of h|?hly complex, negatively charged molecules. Charge was found to play an
important role in the rejection of oré;amcs, as benzoic acid, a relatively small molecule,
was reduced by 73%. In non-charged molecules, however, they found that one- and two-
carbon chlorinated solvents and one ring aromatics were poorly removed.

Clark et al (1988% found that reverse osmosis removes volatile and s(ynthenc
or%anlc compounds, and that it reduced the THM formation potential by over 75%, from
400 to less than 100 pg/L. They also demonstrated that reverse osmosis can be used to
effectively remove alkanes and pesticides. Chlorinated pesticide removals were also
investigated by Weber & Smith (1986), who found that many are rejected at levels of up
to 98%. In hench-scale tests, Edwards and Schubert (1974? found rejections of 2,4-D to
be between 52 and 65%, although _theY quote reported values of up'to 99%. They also
state that low to intermediate weight organic compounds are not always effectivel
remove by reverse osmosis, but that nearly all high molecular weight compounds (>2ooo>§
are removed very well.

In order to demonstrate the effect of structure on membrane rejections, Alsaygh et
al (1993) tested 5 similar compounds. The results are summarized in Table 22,
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Table 22. % renpvals of different structres (Alsaygh et al 1993).

Cormpound % Removal
1-4orgpandl 43.77 - 44.90
1-butadl 72.65-74.62
2-outanol 75.38- 81.54
2-1rethyl-1-propand 83.80- 8.76
21rethyl-2-prgpandl >00.0

Bader & Jennings (1992) tested a low pressure membrane, and found that higih
molecular weight, low solubility, highly branched structures have the highest rejections. In
general, they “also found that higher polarity yields lower rejection due to hetter
Incorporation in the water matrix. They also presented the following data to demonstrate
the effect of changing the feed pressure on the removals of compounds of different types.

Table 23. Compound rgjection differenoss with varying feed pressure (Bader & Jennings 1920).

Pressure % Average Rejectionof

Pa) TDS Berzene Chloroform PCP
551.6 <B4 871 839 Al
6395 B4 78.6 0.5 A3
7.4 B4 76.4 51.3 A5
9563 xRB5 76.2 495 A5
11032 xRB5 771 532 xRB5
12411 B4 776 504 5.0
134.5 <B4 835

~ DBaier et al (1987) studied different membranes and their abilities to remove 1,2-
dichloropropane, a compound considered to be of a relatively low molecular weight
5112.99 amu). It was found that the thin-film composite membrane consistently removed

1% ofthe compound, while the polyamide membrane removed 61%. A cellulose acetate
membrane was determined to be Ineffective at removing the compound. Weber & Smith
(1986) also found that reverse osmosis can remove some low molecular weight
compounds, and that membranes are excellent for the removal ofhumics and fulvics.

144 Recommended Design and Operating Parameters for Organics Removal

It has been stated that reverse osmosis membranes are applicable to the reduction
of organic contaminants in large volumes of drinking water, ﬂ einzer et al 1975). They
have also been found to require minimal maintenance, consisting of a periodic cleaning
V\{Itf} %‘g% 7(3)I'[rIC acid and two daily water rinse cycles to remove growth and sediment (Baier
et a .

~ Bader & Jennings (1992) stated that the feed pressure over the membrane is the
major oPeratmnaI arameter that can affect performance. A pressure somewhere in the
range ot 690 to 1380 kPa will likely be optimal, but specific testm? would be required.
AIsa¥gh et al (1993) found that the rejection of organics was best at approximately 1100
kPa for most ofthe compounds studied. This will vary depending on the organics present,
the type of membrane used and the configuration.
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The correct pre-treatment processes are essential to maximize membrane life and
reduce the cost of operation. Weber & Smith, &1986) found that conventional treatment,
consisting of coagulation, sedimentation, and filtration is usually enough to remove excess
turbidity and suspended solids that can clog membrane pores. This'is corroborated hy
Baier ¢t al (1987% GAC may be required to remove some or?amcs that can otherwise
degrade the membrane, and it has been found that a low level of chlorination can help
prevent the buildup of a biofilm on the membrane surface (Weber & Smith 1986).

~ One final factor that must be accounted for is the disposal of the concentrate. This
solution can contain very high concentrations of toxic compounds, and thus may be
difficult and expensive to dispose of.
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15. Chlorine Dioxide
15.1 Unit Process Description
15.1.1 Physical Characteristics

Chlorine dioxide has been demonstrated to be an effective oxidizing agent in water
treatment. It is always made on site due to its explosive nature, but'is stable once
dissolved in water. ItS production can be extremely etficient, with percent efficiencies as
high as 95% reported (Walker et al 1986). The two different processes for the production
0fClOz are given below in Equations 21 and 22,

5NaC102+ 4HC1 -» 4C102 + 5NaCl + 2H20  Equation 2\ (Glaze 1987, Pontius 1990)
2NaC102+Cl2->2C102+2NaCl Equation 22 (Glaze 1987, Pontius 1990)

~Due to the lack of a sustainable effective residual concentration of chlorine
dioxide, it is gieneraIIK used as a preoxidant. Walker et al (1986) found that the optimum
addition points_for the chemical were at the plant headworks, and after the softening
process, preceding filtration.

15.1.2 Factors Affecting Efficiency

One benefit of chlorine dioxide over chlorine for oxidation, is that its reactivity is
not as dependent upon ‘pH due to the lack of reaction with the water itself (Rav-Acha ét al
1983). While the pH otthe water does not d|rectl¥ affect the reaction of chlorine dioxide
with organic compounds, it does have an effect on the stability of the oxidant. The
disproportionation reaction is given in Equation 23,

2Cl02+20H -» ClO2+ClOs +H20 Equation 23 (Pontius 1990)

The types of organics present in the water supply will be the major determinant of
how effective the process is. Highly oxidizable compounds such as phenols, aldehydes
and aromatic amines are removed very well, while waters high in halogenat_ed
hydrocarbons, saturated aliphatic comOPounds,_ and benzene may not see the same quality
improvement. Compounds of intermediate oxidizability include alcohols, alkyl substituted
aromatics, nitro substituted aromatics, unsaturated alkyl groups, carbohydrates, aliphatic
ketones, acids, esters and amines (Weber & Smith 19863/.

15.2 Mechanisms of Organics Removal

~The removal of organic material during the application of chlorine dioxide is via
oxidation only (Pontius 1990, Weber & Smith 1986, Aieta & Berg 1986). A major benefit
of chlorine dioxide over chlorine oxidation is that chlorine dioxide produces almost no
trihalomethanes %Gla_ze 1987, Pontius 1990, Malley et al 1988). This is because in addition
to oxidation, chlorine also reacts with natural organic materials by electrophilic
substitution, yielding chlorinated products (Aieta & Berg 1986). Generally, the oxidation
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products when chlorine dioxide is used are aIdehgdes, ketones, quinones and low
molecular weight carboxylic acids (Rav-Acha et al 1983).

Figure 16. C102 oxidation of phenol (Glaze 1987).
15.3 Organics Removal Efficiency

~A number of studies have found that chlorine dioxide is an excellent means of
removing colour, taste and odour c_ausm% compounds from drlnklngi water (Walker et al
1986, Pontius 1990, Weber & Smith 1986, Aieta & Berg 1986, Glaze et al 1990), and
unlike chlorine treatment, the oxidation of phenolic material does not lead to the
Broduchon ofthe unpleasant chIoroPhenoI taste and odour (Rav-Acha et al 1983, Aieta &
erg 1986). A study by Walker et al (1986) demonstrated, through the use of public
complaints, that chloring dioxide as a é)reomdant at doses ranging between 0.15 and 1.20
mg/L eliminated tastes and odours in Edmonton city water supplies due to natural or([Janlc
material, although some synthetics were still a problem Glaze et al (1990) evaluated a
number of oxidants for their abilities to remove taste and odour causing compounds and
found that while chlorine dioxide is effective for most compounds, it cannot remove tastes
and odours due to the compounds methylisobomeol and geosmin.

Chlorine dioxide is listed by the U.S. EPA as one ofthe most effective methods for
contrqllln? THMs. Walker et al {1986) found that once C102 replaced chlorine as the
preoxidant used, trihalomethane concentrations in the finished water were observed to
decrease. Similar decreases in THM formation have been found in many studies (Rav-
Acha et al 1983, Aleta & Berg 1986, MaIIeY et al 1988, Lykins & Griese 1986). This
decrease in THM formation is due to two factors. First, the reaction of C102 with natural
organics has been shown not to 8roduce trihalomethanes (Glaze 1987, Pontius 1990
Aieta & Berg 1986, Mall_%y et al 1988), and second, the C102 oxidizes some of the THM
precursors. Precursor oxidation was demonstrated by Malley et al (1988) who found that
pretreatment with chlorine dioxide reduced the THM formation potential by up to 30%,
and by Aieta & Berg 8986), who found that pretreatment reduced the THMFP by as
much as 50%. Lykins & Griese %19_862.found precursor reductions of 32% with chlorine
dioxide oxidation, and that b¥ substituting chlorine dioxide for chlorine as a pretreatment
step, total THM reductions 0T 60% were attainable.
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~ The oxidation_of pesticides is generally not very effective due to their highly
chlorinated natures. Miltner et al (1986) found that while some degree of oxidation was
%ctylevgg)wnh many pesticides using chlorine dioxide, it did not react with others (see
able 24).

Table 24. Cl0, removals of selected pesticides.

Pesticide ~ Concentration CIO, -mg/L Time  Percent Removal
PglL Dose Residual ~ hours %
alachlor 61.0 3.0 1.9 2.5 9
metolachlor 324 2.0 14 533 -4
atrazine 65.8 6.0 3.6 6.25 10
simazine 43.0 15 1.0 6 7.
linuron 518 6.0 3.6 6.25 16
carbofuran 50.0 15 10 6 -3
metribuzin 4.4 2.0 04 2.6 6
metribuzin 60.1 59 3.8 6 100

One final benefit of chlorine dioxide oxidation is its effect on later treatment
Processes, espeual!}/ activated carbon adsorption. First, the partial oxidation of many
compounds can lead to improved adsorbability (Malley et al 1988), and second, oxidation
can Improve the biodegradability of many compounds, as they are broken into smaller
fractions (Weber & Smith 1986).

154 Recommended Design and Operating Parameters for Organics Removal

When setting up a chlorine dioxide oxidation/disinfection system, there are a
number of factors to he aware of. Possml}/ the most important is & knowledge of the
chemical composition ofthe water to be treated. Partial oxidation of some compounds can
lead to products which are more toxic than their parent compounds (Weber & Smith
1986). Gas chromato raphr can be used to hegP identify such compounds, as was done by
Lykins & Griese (1986), although in their study, no hazardous organic by-products were
found. Also of importance is the pH ofthe water to be treated. As shown'in E_guatlon 23,
highly basic solutions will be unstable environments for chlorine dioxide due to
disproportionation. The chlorite and chlorate ions that result from this reaction are very
strong oxidants, and thus concerns exist regarding their presence in drinking water,
although evidence does exist that there are no acute or chronic health risks with exposure
(Aleta” & Berg 1986). The U.S. EPA recommends that the combined residual
concentrations of C102, C102', and C103 be less than 1.0 mg/L (Pontius 1990, Aieta &
Berg 1986). Therefore, basic solutions should be avoided.

. Itisrecommended that chlorine dioxide be used as a preoxidant and as the primary
disinfectant, but that chlorine should still be added to provide the residual disinfection
Power. D|fﬁcu_ltY has been encountered in maintaining a chlorine dioxide residual, possibly
eavm% the distribution system vulnerable to microbial contamination, and therefore
enough postchlorination “is recommended to provide adequate Protectlon. This
combination has been tested and has proven effective for the reduction of THMs and other



53

orgGan_ic comgounds, as well as providing residual disinfection (Aieta & Berg 1986, Lykins
& Griese 1936).
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16. Ozone
16.1 Unit Process Description
16.1.1 Physical Characteristics
Ozone can be added to drinking water as an oxidant to help remove organic

material. A common point of addition 1 d]USt prior to filtration, as It can help in the
biodegradation process, as will be discussed later.

The ozone unit process is expensive when compared to chlorination (Pontius
1990). Due to the hl?hly unstable nature of ozone gas_, it must be generated on-site. The
loss of ozone is due to its reactivity with compounds in the water, and its decomposition
(Pontius 1990). The instability ofthe gas leads to a lack of a residual ozone concentration,
and thus the ozone application cannot be relied upon for maintaining the disinfected
condition in the distribution system A small chlorine dose is usually added as a final
treatment step to provide some degree ofresidual disinfection.

Water may be treated either in a co-current bubble contactor or a countercurrent
contactor. If the contactor is made of metal, 304 stainless steel is the recommended
material, otherwise concrete may be used if the joints are caulked with an inert material
(Pontius 1990).

The design ofthe contactor must be such that mused ozone in the off-gas can be
collected. This is due to the hazardous nature of ozone (Pontius 1990).

16.1.2 Factors Affecting Efficiency

Factors which affect the efficiency of ozone oxidation are the concentrations and
types of organic materials present, the temperature and pH of the water, and the dose and
contact time ofthe ozone.

- Trussell and _UmP_hres (1978) determined that the time between ozonation and
chlorination may be significant in determining THM reduction,

16.2 Mechanisms of Organics Removal

Ozone is aver?/ powerful oxidant, with an oxidation potential 0f2.07V (Rice et al
1981, Weast 1985). [t is, however, very unstable in aqueous solution, due to its high
reactivity and tendency to spontaneouslg degrade in the presence of hasic solutions, as

shown in Equations 24'to 29 (Pontius 1990).
ho +03>h02+02 Equation 24
ho2<->h+to02 Equation 25
-2 10: -»0, 10, Equation 26

o3tht-*hos Equation 27
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HO03 02+HO Equation 28
HO* +03->H02+02 Equation 29

It can be seen from these equations that the decomposition mechanism is initiated by
hydroxide, and hence is more pronounced in waters with high pH. This decomposition is
not without benefit, however. The HO radical intermediate species is one of the most
Bowerful oxidizing agents known, and therefore, the rate of oxidation of some species will

e seen to increase at pH values above s (Pontius 19903.. The chain reaction leading to
decomposition may be halted by the bicarbonate ion found in waters with high bicarbonate
alkalinity, as shown in Equation 30 (Pontius 1990).

HO*+HCO” OH‘+HCO3 Equation 30

Colour in water is generally caused b% unsaturated humics known as
chromophores. Ozone is very reactive with the double bonds found in these molecules.
Rice etal(1981) have stated'that via oxidation, ozone cleaves these humics into ketones,
aldehydes and acids. This is corroborated by the work of Edwards et al (199_3%\/_vho state
thaé.tozone reacts with natural organic material to yield smaller molecules with increased
acidity.

~ Edwards et al (1993) also determined that stripping is a mechanism of action
during ozonation. In fact, stripping removed more organics than oxidation in their study.

16.3 Organics Removal Efficiency

Ozone has been shown to be effective at removing various types of organics to
different degrees. In addition to actually oxmllzm% some organics to water and carbon
dioxide, ozone can, alter some organics making them easier (or more difficult in some
cases) to remove with other unit processes.

~ Ozone has been shown to he very effective at removing taste- and odour-causing
chemicals nge et al 19812. In fact, studies have shown ozone to be more effective at
destroying taste and odour than any other oxidant (Pontius 1990).

_Humic materials are very reactive with ozone, hence reducing the THM formation
potential of some waters. Trussed and Umphres S1978) stated that ozonation prior to
chlorination can reduce the E)roductlon of trihalomethanes, while another study found that
2.5 mg/L ozone removed 10 to 15% of the THMFP on its own, and ozonation helps
further b%_m.creasmg GAC biodegradation reductions in THMFP (Pontius 1990, Rice et al
1981). This is accomplished by breaklng%humlgs into aldehydes and carboxylic acids which
are more readily degraded (Pontius 1990, Tobiason et al 1993).

Some synthetic or?amc compounds are oxidized well by ozone. These include
benzopyrenes, benzene, toluene, xylenes, styrene, chIoroRheno_I and the pesticide aldrin.
Other sk/nthencs, however, are not oxidized at all. These include the more heavily
chlorinated compounds such as DDT, heptachlorepoxide, dieldrin, chlordane and lindane.
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Trihalomethanes also tend to be quite resistant to ozone oxidation (Rice et al 1981). This
same study found that pesticides vary in their reactivity with ozone, and therefore it is
essential that the pesticides present be identified. Also, this is important as the products of
oxidation of some pesticides can be more toxic than the original compounds (Rice et al
1981). Robeck et al (1965) studied the removal of pesticides and found that 0zone was
only slightly better than chlorine oxidation.

~ Tobiason et al (19933 found that 1.5 mg/L of ozone reduced the UV absorbance
reading at 254nmby 30 to 40% on its own. The¥ also studied the effects of pre-ozonation
on filter performance. Firstly, they determined that the pre-ozonation does not hurt the
filter performance, based oneffluént turbidity and rate ofheadloss. It was found that pre-
ozonation increases the assimilable organic carbon content (a measure of the
biodegradable organic matter) bx a factor of 15 to 4. Therefore, better removals are
obtained by filters that do not chlorinate their backwash due to the increased biological
degradation. In fact, a reduction in the THMFP of the filter effluent of 15 to 40% was
observed, and on some occasions the filter run Iength was increased due to later organic
breakthroughs. These results were corroborated by McGuire and Suffet (1978), who
found that 0zone can extend the life of a GAC hed via increased biodegradability.

Two studies investigated the effect of pre-ozonation on coagulation Proce_ss_es.
Reckhow and Singer (1984) found that ozone could improve the coagulation of turbidity,
while Edwards et al (1993) found that ozone had no impact on turbidity after coagulation.
Edwards et al (1993) also determined that pre-ozonation may cause an increase in the
coagulant metal residual concentration. Thisis of concern due to the toxicity of aluminum

~ Three studies were encountered that mvesn&;ated the combination of ozone and
UV light for organics removal. Gurol and Vatistas ( 9872 investigated the claim that UV
fight can increase the effectiveness of ozone, but found that the cumulative effect of the
two processes was nothing more than an additive relationship. Two other studies
examined ozone/UV systems and found substantial organics removals. Their results are
summarized below in Table 25.

Table 25. 0zone/UV process data (Anonymous 1987, Anonymous 1989).

Cormpounds Influent Concentrattion Effluent Concentration
i e
TCE, PCE 70,1 helow detection
TCE 5,000 <2
benzene, toluene, xylene, ethyl 10,750 (total) 4
benzene mixture
TCE, CCk, PCE 16, 9.6, 1.2 0.2, 3, below detection

On the downside of ozone treatment, ozone ma%_decrease the adsorbabifity of
some organics (Suffet 1980), and due to the increased biodegradabifity of its effluent,
extra care must be taken to ensure that disinfection is adequate (Kuhn et al 1978). Also,
ozonation can result in increased concentrations of low molecular weight chlorinated
organic compounds due to the cleaving of larger ones (Kuhn et al 1978). It ozone is used
as a carbon filter pretreatment process, McGuire and Suffet (1978) found that pretreating
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with_ozone can lead to oxidation of the carbon's surface, increasing the polarity and
causing a decrease in organics capacity.

16.4 Recommended Design and Operating Parameters for Organics Removal

Inview ofthe weight ofthe evidence gresented here, ozone is recommended as a
pre-treatment process for filtration, preferably with granular activated carbon. The
combined effect of direct oxidation of some organics and the increased biological
degradation of others makes this a good treatment option. Optimum doses would need to
b_et determined for each site individually, due to the differences in water quality between
Sites.
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17. Ultraviolet Radiation
17.1 Unit Process Description
17.1.1 Physical Description

Although more commonly used as a disinfectant, ultraviolet radiation has been
shown to have some effect at removing organic materials through oxidation. It can be
F_roduced effectively through the use of mercury vapour or antimony vapour lamps The
ghts can either be Immersed in the main stream if protected by a sheath, or the water can
be passed through UV-transparent tubes near an ultraviolet Source (Pontius 1990). For
disinfection purposes, contact times are generally low (under one minute) but for’ good
organics removals, considerably longer contact times may be required gupto 100 Minutes)
(Glér0| & Vatistas 1987), although by increasing the light intensity, shorter times may be
used.

UV radiation on its own is not a common treatment practice for organics removal.
However, more common is the use of so-called "advanced oxidation Process_es", in which
UV light acts as a catalyst to the improve oxidation properties of another oxidant, such as

chlorine, ozone or hydrogen peroxide.
17.1.2 Factors Affecting Efficiency

~ One major parameter affecting the efficiency of processes utilizing uv IS the
bicarbonate alkalinity. Bicarbonate ions can reduce the efficiency of reaction by stopping
radical chain reactions,

17.2 Mechanisms of Organics Removal

UV radiation can be absorbed directly by some compounds, causing them to
und_ergo photolysis (Johnson & Gurol 1990). More common, however, is the interaction
of light with water or other oxidants present to form highly reactive radicals, primarily
hydroxyl radicals. These radicals react rapidly and non-sélectively with organic (and
morgianl%)?matenals present in the water, oxidizing them (Johnson & Gurol 1990, EI-Dib
& Aly 1977), Ozone and UV light react to form hydrogen peroxide, which then degrades
and reacts with ozone to give hydroxyl radicals faster than they are produced by just UV
or ozone alone via the mechanism shown below (Johnson & Gurol 1990).

03+H0 +UV->H202+02

Equation 31

h202->ho2th+ Equation 32
H02+03—>H02+03 Equation 33
03+h+->ho3 Equation 34

H03->02+HO* Equation 35
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_The problem with alkalinity in processes that utilize radicals, is due to the
Eoég%\symg reaction by which hydroxyl radicals are removed from the environment (Pontius

HO* +HCO3- -+0 H - +HCO3 Equation 36

17.3 Organics Removal Efficiency

EI-Dib & Aly (1977) compared the efficiency of phenylamide pesticide removals
due to UV with and without chlorine. Their results are summarized in Table 26.

Table 26. Phenylamide pesticide removals with UV and UV + CI, (EI-Dib & Aly 1977).

Compound % Removal with UV % Removal with UV + Cl,
IPC 5 20
Stam 3 50
Neburon 3 47
Vitavax 32 50

Their study also demonstrated that these removals max take up to 30 minutes to achieve.
Gurol & Vatistas (1987) found that ultraviolet light, on its own, could reduce the
concentration in a mixture of phenols by 30% in 100 minutes Glaze (1987) presented the
following data on the removals ofthree ‘organic compounds by UV oxidation:

Table 27. UV removals of 3 4-benzopyrene, chloroform, and bromodichloromethane (Glaze 1987),

Period of UV radiation % Removal of % Removal of % Removal of
(moln) 3,4-benzoopyrene chIorcO)form bromodlchlgromethane
60 : 8 9
120 29 58 25

V\t/J?e_n tgsted in conjunction with 35 mg/L hydrogen peroxide, the following results were
obtained:

Table 28. Removals of 3,4-benzopyrene, chloroform and bromodichloromethane with UV and Hj Oj

(Glaze 1987),
Period of UV Radiation % Removal of % Removal of % Removal of
(moln) 3,4-benzoopyrene chIorgform bromodlchlgromethane
30 . 25 42
60 12 3 56

120 91 o1 o1
240 98 - -

Johnson & Gurol (1990 Investigated the rates and mechanisms in the uv-
catalyzed destruction of pentachlorophenol and toluene by ozone. They determined that
the combination ofthe two processes oxidized the compounds faster than either one alone,
and that compounds that were otherwise resistant to ozone oxidation were degradable.
Two other studies on the use of ozone and uv light found that the combination can
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drastically reduce the concentrations of volatile organics. The first took an influent water
containing 16 pg/L TCE, 9.6 ﬁg/L CCla and 1.2 8/L PCE, treated it with ozone and UV,
and produced an effluent with concentrations of 0.2 pa/L BRg/L, and a concentration
below the detection limit, respectively (Anonymous 1 87). The second study used the
same system on a number of other compounds and mixtures, and produced thé following

results:
Table29. Ozone + UV removals of VOCs (Anonymous 1989),

Influent Effluent
170 mg/L TCE, 16 mg/L PCE both below detection limit
200 mg/L TCE <5mg/L
benzene, toluene, xXlene, ethyl benzene: total 4 mg/L
concentration 10750 mg/L
5000 mg/L TCE <2mglL

Both of these two studies found that economically, this system is chea%er than air
stripping or %ranular activated carbon filtration (Anonymous 1987 and 1989). Pontius
(19902 states that the combination of UV and ozone does show promise in the removal of
refractory taste- and odour-causing compounds such as geosmin and methylisobomeol.

Gurol & Vatistas (1987), however, found that the efficiency of ozone and UV in
combination was no greater than an additive effect ofthe two individual efficiencies.

17.4 Recommended Design and Operating Parameters for Organics Removal

While factors such as fight mtens_ﬂr, contact time, turbidity, pH and temperature
may affect the removal of organic materials by processes utilizing ultraviolet fight, bench
and pilot-scale experiments are needed to determine the optimum conditions for any given
water supply. In the case of alkalinity, due to the quenching action of bicarbonate, lower
alkalinities will generally lead to moré efficient removals.
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18. Summary

Below is a Iistin? of the processes that ma¥ be used for organics reduction in
domestic water treatment. A range and expected performance value is provided based on
the literature that has been cited.

Process Parameters Range of Likely Comments
Reduction Performance
Coagulation & coagulant dose 0to 97% 20 to 70% good removals of
Flocculation mixing intensity humic material
Softening temperature 010 92% 30t0 50% poor pesticide
pH reductions
hardness
. . alkalinity
Sedimentation loading rate 0 to 40% less soluble
residence time materials removed
o particle geometry more easily
Filtration media type 0to 50% less soluble
filter rate materials removed
. filter aids used more easily
Chlorine temperature 0 to 30% Very poor
pH pesticide removals
CI, concentration
GAC compound chemistry 9 to >99% 20t0 0% very good
media type chlorinated
pretreatment organics removals
PAC point of addition 01098 % 50 to 90% very good
carbon type pesticide removals
. water chemistry o . _
Resin water chemistry similar tocarbon highly selective
Adsorption resin chemistry
S temperature & pH
Air Stripping Henry's Law 50 to 99% 0% very good for
alr:water ratio volatile organics
process
configuration
Reverse membrane type 40 to 98% 10%
Osmosis water chemistry
Chlorine water chemistry 0 to 100% 30 to 60% excellent for
Dioxide colour, taste &
_ odour
Ozone water chemistry 1510 40% excellent for taste
0zone dose & odour
o ozone contact time
UV Radiation water chemistry 0 to 60% 51030% better when
combined with 03

Table30. Summary of Organics Removal by Water Treatment Processes

orH .0,
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19. Conclusions

The information presented shows that virtually all organic compounds can be
reduced in concentration by selected water treatment processes. The degree of reduction
is a function of the compound of interest and the other materials in the water being
treated. There is not a universal method for predicting the performance of a process in
removing a particular organic compound, and therefore bench and pilot plant testing is
hﬁhly_ recommended where there is concern about the removal of an organic chemical.
Effective Processes must be matched with the chemical species present, and then
optimized for the specific water to be treated.
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NORTHERN RIVER BASINS STUDY
APPENDIX A - TERMS OF REFERENCE

Project 4402-Do:  Literature Reviews on Treatment Efficiencies
| BACKGROUND AND OBJECTIVES

The quality of drinking water is based both on the (%uallty of the source water and the treatment
processes Used. The methods used and proposed for the treatment of drinking water are many and
varied. A great deal of information is available in the literature on the performance, advantages and
disadvantages of the various processes. A detailed critical review of this information will be
?erformed In this proposed project. The reviews will concentrate on processes that are appropriate
or use and contaminants that are of special concern in the study area. This information will be used
for a general assessment on drinking water quality in the basins. This will be completed by assessing
the raw water quality and treatment systems that various communities use (Project 4422-Do). In
addition the reviews will be valuable information for communities in the study area for selection and
assessment of treatment processes that are in use or are proposed.

Objectives
1L Review and assess existing water quality data for raw and treated water in the study area.

2. Critically review the available literature on the performance, advantages, disadvantages and
appropriateness of drinking water treatment processes for organic and inorganic chemical
and hacterial contaminant removal applicable to the study area.

[l REQUIREMENTS

The completion of three literature reviews on the efficiency of drinking water treatment Processes
is proposed for 1994/95. The reviews will include: asséssment of inorganic chemical removal
efficiencies; assessment of organic chemical removal efficiencies; and assessment of microbial
contaminants removal efficiencies. Each review will involve:

L Assessment of existing water quality data for the study area_(inorganic, organic and
microbial). Most of this information will be obtained from provincial, federal and NRBS
studies (4401-Cl, 4421-Cl).

2. Thorough review of pertinent literature. Extensive use will be made of the University of
Alberta Library that is the second largest library in Canada. Information obtained from
various suppliers, past unpublished research projects, and personal contacts will also be
incorporated in the review. The f(_)||0WIn_?_V_VI|| be completed as part of the review:

0 A literature search carried out using facilities at the U of A Library,
0 Review of literature found.
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0 Review of information from suppliers, personal contacts and other unpublished research
reports. - .
0 Summarizing available information in a concise form.

Evaluation of process alternatives. Treatment methods found in (11.2) will be evaluated for
use in the study area. Evaluation will include factors such as;

0 Effectiveness of the treatment process _

0 The degree of control, skill and supervision needed to achieve good performance,
o Technical support required for operation - special skills needed for maintenance and repair,
0 Safety and handling precautions required,

0 Process reliabilit

0 Climatic effects {water temperatures) N

0 Effect of different water quantities and qualities,

0 Level of development of current technology,

0 Public acceptance,

0 Economic considerations.

Write three reports outlining the results of the investigation of 1I.1-3 for organic and
inorganic chemicals, and microbial contaminants.

DELIVERABLES

Critical Review of Organic Treatment Efficiencies - 10 copies due March 31, 1995
Critical Review of Inorganic Treatment Efficiencies - 10 copies  due March 31,1995
Critical Review of Bacterial Treatment Efficiencies - 10 copies due March 31, 1995
Prepare 35 mm slides for use in presentations. These would include photographs of relevant
items such as field work (if appropriate) and a summary of the main flndln%s of your
investigation. due March 31,1995
REPORTING REQUIREMENTS

The Contractor is to provide draft and final reports in the style and format outlined in the
NRBS Style Manual. A copy ofthe Style Manual entitled "A Guide for the Preparation of
Reports" will be supplied to'the contractor by the NRBS.

Ten copies of the Draft Report along with an electronic disk copy are to be submitted to the
Project Liaison Officer by March 31, 199%.

Three weeks after the receipt of review comments on the draft report, the Contractor is to

Brovide the Proiect Liaison Officer with two unbound, camera ready copies and ten cerlox
ound copies of the final report along with an electronic version.
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The final report is to include the following: an acknowledgement section that indicates any
local involvement in the project, Project Summary, Table of Contents, List of Tables, List
of Figures and an Appendix with the Terms of Reference for this project.

Text for the report should be set up in the following format;

a)  Times Roman 12 point (Pro) or Times New Roman (WPWINGO) font.

b Margins; are 1" at'top and bottom. 7/8" on left and right, _

c Headings: in the report body are [abelled with hierarchical decimal Arabic numbers.

d)  Text; ispresented with full justification; that is, the text aligns on both left and right
margins.

) Pageg numbers; are Arabic numerals for the body ofthe report, centred at the bottom
of each page and hold.

If%hothq%raphs are to be included in the report text they should be high contrast black
and white.

All tables and figures in the report should be clearly reproducible by a black and
white photocopier. _ o o
Along with copies of the final report, the Contractor is io supply an electronic version
ofthe report in Word Perfect 5.1 or Word Perfect for Windows Version 6.0 format.
Electronic coRles of tables, figures and data appendices in the report are also to be
submitted to the Project Liaison Officer along with the final report. These should be
submitted in a spreadsheet (Quattro Pro preferred, but also Excel or Lotus) or
database (dBase IV) format.  Where appropriate, data in tables, figures and
appendices should be geo-referenced (latitude and longitude).

Al figiures and maps are to be delivered in both hard COR)/ &paper) and diqital formats,
Acceptable formats include: DXF, uncompressed E00, VEC/VER, Atlas and ISIF. All digital
maps must be properly geo-referenced (latitude and longitude).

All sampling locations presented in report and electronic format should be geo-referenced.
This is to Include decimal latitudes and longitudes (to six decimal places) and UTM
coordinates. The first field for decimal latitudes / longitudes should be latitudes (10 spaces
wide). The second field should be longitude (11 spaces wide).

CONTRACT ADMINISTRATION
The Project Liaison Officer (Component Coordinator) for this project is:

James Choles _

Office ofthe Science Director

Northern River Basins Study

690 Standard Life Centre Home Phone; %103) 455-4812
10405 Jasper Avenue Bus. Phone: 54 33 427-1742
Edmonton, Alberta  T5J 3N4 Fax: (403) 422-3055

Page 3 of 3



00108 €675

1510









