
} 2. Cr

Evaluation of Actlvated Carbon Processes for Removing Trihalomethane Precursors from a
Surface Water Impoundment

bv
Steven Robert Lavinder

)

. Thesis submitted to the Faculty of the

Virginia Polytechnic Institute and State University

in partial fullillment of the requirements for the degree of
l

Master ofScienceEnvironmental

Engineering

APPROVED:

äobert C. Hoehni Chairman _

. , John T. N akeernongzT ./

June,1987
Blacksburg, Virginia



Evaluation of Actlvated Carbon Processes for Removing Trihalomethane Precursors from a

Surface Water Impoundment

ä, "’ W
Steven Robert Lavinder

Robert C. Hoehn, Chairman

Environmental Engineering

(ABSTRACT)

A pilot plant study was conducted in Newport News, Virginia to investigate the effectiveness

of powdered activated carbon [PAC] and granular activated carbon [GAC], with and without

preoxidation, for reducing trihalomethane [THM] precursor concentrations in Harwood's Mill

Reservoir water. Preoxidation with ozone followed by GAC is referred to as the "biological

activated carbon” [BAC] process. This study showed that the GAC and BAC processes

obtained the same level of organic removal; however, BAC would provide longer bed life and

_ require less carbon than the GAC process. PAC treatment of alum coagulated water provided

significantly higher TOC and THMFP removals than alum coagulation alone. The use of a

preoxidant (ozone) with PAC slightly improved the organic removal efticiency. While
° treatment by PAC increased THMFP removals, it was not as efficient as the GAC and BAC

processes. UV absorbance measured at 254 nm and TOC were found to be good surrogates

for THMFP in the GAC column, but not in the BAC column.
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Chapter 1

INTRODUCTION

ln 1984 the City of Newport News decided to proceed with plans to build a 25 million gallon

per day (MGD) water treatment plant to meet present and future water consumptlon demands.

The plant ls to be constructed at the Harwood's Mill reservoir located in Newport News,

Virginia. The conceptual design proposed by the consulting firm CH2M Hill Engineers included

a year long pilot study to investigate various organic control options that could be employed

at the new plant. These options were explored in anticipation of the Environmental Protection

Agency (EPA) lowering the current maximum contaminant level (MCL) of 0.10 milligrams per

llter (mg/L) for trihalomethanes (THM's) in the near future.

Harwood's Mill Reservoir is considered a "terminal reservoir" because it is the last of three
reservoirs that receive water pumped from the Chickahominy River. The headwaters of the

Chickahominy include a large area of swampy wetlands, an ideal source of humic substances,

particularly fulvic acids, which constitute the majority of the trihalomethane precursors

present in the reservoir. The Newport News Waterworks spent considerable time and money

during 1981-1987 evaluating treatment alternatives to meet the current speciüed MCL.



Two of the organic·control options aimed at reducing THM precursors to be studied in the pilot
plant program were powdered and granular activated carbon. The powdered activated carbon
(PAC) was added in slurry form to the clarifier after coagulation while the granular activated
carbon (GAC) was placed in columns immediately following the mixed media filters. Two sets
of GAC columns were used to treat the filter effluent, one receiving ozonated water, the other

receiving non·ozonated water. The application of ozone is reported to promote microbial
activity and increase adsorption on the GAC, thus providing additional organic removal. This
type of column ls often referred to as biological activated carbon (BAC) columns. Both the

GAC and BAC columns were monitored for their performance in removing organics,

specifically THM precursors.

The prlnciple investigation of this study was to compare the capabilities of the powdered,

biological, and granular activated carbon to remove organics, specifically THM precursors.
The specific objectives of this research were:

1. To determine the breakthrough of the BAC and GAC for THM precursors. (
° 2. To compare the BAC and GAC processes for removal of organic material, especially THM

precursors.
3.. To compare the performance of PAC to BAC and GAC in removing THM precursors.
4. To determine lf PAC used in conjunction with alum coagulation was more effective at

removing THM precursors than alum coagulation alone.
5. To determine if absorbance of ultraviolet light at 254 nm (UV254) or total organic carbon

(TOC) could be used as accurate surrogate parameters for THM precursors.
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Chapter 2

In the mld·1970's,. it became known that one of the trihalomethanes (THM’s), chloroform, is a
potential carcinogen. Rook (1, 2) and Bellar et al. (3) presented evidence that THM’s form

alter the chlorinatlon of natural waters. On the basis of these studies and evidence that
chloroform (a THM) is a potential carcinogen (4), the U.S. Environmental Protection Agency

implemented regulations to restrict the amount of various organics in drinklng water. A
maximum contamlnant level (MCL) of 0.10 (mg/l) was established for total THM’s (5) in
drinklng water. This action initiated numerous research projects to develop new methods of

reducing THM levels in water distribution systems.

”
Only four of the many possible THM’s are included in the MCL. These include chloroform

(CHCl,), bromodichloromethane (CHBrCl,), dibromochloromethane (CHClBr,), and bromoform
(CHBr,). In most waters in the United States, the vast majority of the THM’s are of the

3



chlorinated species. The most common precursor material for THM’s is humic substances (6,
7), though other substances such as algae or their associated byproducts (8-12) may also
contribute.

Humic Substances 7

Aquatic humic substances; consistlng of humic, fulvic, and hymatomelanic acids; are the most
common precursors for THM’s and are present in almost every surface water source and
some groundwaters. Upon reaction with chlorine, they form THM’s and other halogenated
organics (2, 6) . Humic and fulvic acids constitue the bulk of natural organic material present
in surface waters (6). They may account for 85 to 90 percent of the total organic carbon, with
fulvic acids usually representing the largest fraction (7). Humic substances are in especially

high concentrations in surface waters which consist of wetlands and bogs, while much lower
concentrations are generally found in groundwater sources.

Humic substances are derived from soil and decaying plant matter. They enter water supplies
by leaching of plant organic material into water, leaching of soil fulvic and humic acids, lysis
of algal remains, bacterlal action on phytoplankton, or oxidation of organic material in the
microlayer of surface water (7). Humic concentrations may vary widely on a seasonal basis.
Heavy rains and the associated runoff will increase soil and sediment input, and vegetative
growth and death will also contribute to changes in concentration.

Structure

The structure of fulvic and humic acids is similar. They are derived from essentially the same
sources and each consist of carboxyl, hydroxyl, carbonyl, and phenolic hydroxyl functional

“



groups. Their molecular weight ranges from 500 to greater than 100,000 (6). Humic acids have
fewer carboxyi groups and are larger in size than fulvic acid, thus making them less soluble.
To lsolate one from the other, humic acid is the fraction that precipitates below pH of 2.0, while
fulvic acid is the fraction that remains in solution below pH of 2.0 (7).

Many research efforts have been aimed at trying to determine which fraction of humic
substances forms the highest concentration of THM’s. Treatment methods could then be
aimed at removing that particular weight fraction. McCreary and Snoeyink (13) found that
various molecular weight fractions of soil fulvic acid yielded approximately the same
chloroform concentration; however, there were appreciable differences in chloroform

production from soil humic acids and soil and Ieaf fulvic acids. Joyce et al. (14) found that the
larger molecular weight fraction of fulvic acids ( > 10,000), produced more chloroform than
the smaller molecular weight fractions; however they found the reactivity to be dependent on

the source of the humic substances. They also suggested that removing the higher molecular
weight fulvics, which contain more carbon, would result in less THM production. ln contrast,

„ another study by Collins et al. (15) found that THM precursor reactivity increased with
increasing molecular weight only up to 10,000. Above a molecular weight of 10,000 no

signlflcant increase in THM formation was observed. These contradictions indicate that the
formation potential of humic materials is related to the source of the humics and not

necessarily their size. .

Algae and Extracellular Products

Algae and chlorophyll have also been found to be precursors for THM formation (10, 11, 12,

16). Although the amount of THM’s that are formed from algae are not quite as large as that
l

from humic substances. the amounts can be signlflcant (12). Hoehn et al. (10) ürst reported

that algal ECP could also be a THM precursor. They found that extracellular products of four

s



different algal species produced chloroform upon chlorination and the maximum yield was
also provided during the exponential growth phase. Briley et al. (9) found that the genus

Anabaena provided maximal levels of THM’s during their exponential growth phase. The
amounts produced were comparable to amounts generated from humic substances. Hoehn
et al. (8) also found that high populations of heterotrophic organisms and algae that appear

diurnally yleld high amounts of THM’s alter treatment.

THM Formation

The haloform reaction has been proposed as one possible mechanism involved in the

formation of THM’s ln drinking water (2). The haloform reaction is a base·catalyzed series of
halogenating and hydrolysis reactions. It usually involves a methyl ketone group or
compounds oxidizable to that structure (16). Free chlorine or bromine reacts with a terminal
methyl group to successively replace the hydrogen atoms with halogen atoms. The

trisubstituted methyl group is cleaved so that the resulting products are a haloform and a

carboxylate ion. (17). Rook (18) has proposed a pathway for the degradation of fulvic acid to

THM’s based on this reaction.

Because chlorine oxidizes inorganic bromide lons to bromine, the halogenated methyl group
may contain a mixture of chlorine and bromine atoms. The effect of other halogens
(specifically bromine) in water and how it affects the formation of THM’s has been reviewed

by several investlgators (19-21). Bromine is more effective than chlorine as a halogenating
agent. The reaction rate between bromine and humic material is much faster than that
between chlorine and humic material, even at low temperatures. The bromide ion in water

is oxidized to hypobromous acid in water, a reaction that can explain the appearance of

bromlnated methanes. The degree of bromine substitution on the methyl group will be a

function of the amount of bromide ion in the water. Brominated THM’s are quite prevalent in
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Europe and in many places in the United States, especially in locations near the ocean, where
groundwater contains high concentrations of bromide.

‘
Trihalomethane formation is dependent upon several conditions, most notably the amount of

humic substances present in raw water and the point of chlorine application in the water

treatment process can make tremendous lmpacts. When raw water is chlorinated, 50 to 70
percent of the THMFP will have developed before the water exits the settling tanks (22).

Postponlng chlorination until after coagulation and clarification may still result in a substantial
THM concentration.

Other factors may strongly influence the THM·formation rate. The chlorine dose, temperature,

and pH are three important ones. increased doses of chlorine will increase the THM
concentration formed in the distribution system (6, 23). Elevated temperatures can increase

n
the rate of THM formation. Most utilities experience their highest concentration of THM’s

I
during the summer months, and in contrast, THM formation is much less pronounced during

l the winter (24). The formation rate of THM’s also increases with increasing pH (6, 25). As _

mentioned earlier, the haloform reaction is base catalyzed, therefore, higher pH’s will result

in higher THM concentrations. The reason is that halogenated intermediates that form during
chlorination are cleaved from the parent molecule at a faster rate if the pH is increased (16).

Treatment systems that employ lime softening often experience large THM concentrations
» because of the high pH.

ToxicologicalEffectsThe

THM that causes the most concern for health ofticials is chloroform, which generally

constitutes the largest fraction of THM’s in the majority of the United States (21). A study by

the United States National Cancer Institute (4) found that chloroform was directly related to
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tumor formation and this study provided the impetus for the 100 pg/L MCL for THM’s imposed
by the EPA in 1979. The other brominated THM’s are generally not in sufticient quantities to

raise serious alarms over health in the United States, however in Europe there is considerable

concem because of higher brominated THM concentrations (19).

Lappenbusch (26) reported that a chloroform concentration of 25 pg/L in drinking water will
result In a Ilfetime population risk of developing cancer of one in 5,000. He suggested a

concentration in the water of less than 30 pg/L. The National Academy of Sciences specified

a cancer risk estimate of 170 cancers lnduced by chloroform per 1,000,000 people per pg/L

over a lifetime (26).

The degree of carcinogenicity of chloroform to humans is still questioned by some scientists
and dlsputes over the methods used to obtain results in the National Cancer Institute study

have prompted other studies in recent years. Reitz, et al. (27) and Pereira, et al. (28) found

that chloroform is most likely atumor promoter and not a tumor initiator. Another study (29)

found that chloroform actually lnhibits the formation of tumors, though the researchers

believed these results were different from the National Academy of Sciences report because

the methods employed were different. The exact link chloroform provides in cancer·promoting

activity ls still not known.

GRANULAR ACTIVATED CARBON

Actlvated carbon is a porous material containing a tremendously large surface area for its

size. Tiny pores, created during its “activation", honeycomb throughout its structure. lt is

within these pores that carbon adsorbs the majority of the organics found in water and



wastewater. Two forms are used in the water treatment industry: granular activated carbon
(GAC) and powdered activated carbon (PAC).

Carbon has been noted for its special adsorptive properties since the late 18th and early 19th

century when European scientists discovered that charcoal would decolorize solutions (30).

Based on this ability, charcoal was immediately used in the sugar refining industry, and it’s
growth for the next 100 years was limited to that. lt was not until the turn of the 20th centuryI
that modern commercial activated carbon was developed. lts publlcity as an adsorbent of

chlorine gas in World War I sparked continued development. For the next 60 years, its use in
the United States’ water and wastewater treatment industry was generally limited to taste- and

odor·control and for decolorization of water (31). Powdered activated carbon was xmost
common because it could be employed on a temporary basis and, therefore, was more

. economical. Granular activated carbon was not Iooked upon as a viable treatment technique

for removlng organics in the drinking water industry until the 1970’s.

Adsorption

° Adsorption ls the mechanism by which activated carbon removes organics from water. A

I thorough review of the subject has been provided by Montgomery (32). The process of

* adsorption can be best described as a surface phenomenon that occurs at the interface of the

solid and liquid surfaces. The attractive forces of a fluid molecule (adsorbate) and a solid
‘

surface (adsorbent) interact such that the fluid molecule attaches to the solid surface. These

forces may include physical, chemical, and/or electrical attractions, with the most common

_ being physical or chemical attractions (32). Chemical adsorption, or chemisorption, is less ‘

common and involves chemical reactions between the adsorbate and the adsorbent such that

strong covalent bonds, which are difficult to break are formed.

9



Physical adsorption usually involves an adsorbate of low solubility being attracted to the
carbon’s surface by electrostatic forces. The electrostatic force consists of dipole-dipole

interactions, van der Waals forces and hydrogen bonding (32). Typically, organic molecules
are nonpolar and thus are less stabilized by hydrogen bonding and dipole-dipole interactions
in solution. The more nonpolar the molecule the less soluble it is in an aqueous solution. The

» nonpolar adsorbent (activated carbon) and the nonpolar molecule are attracted to each other
by their van der Waals forces (32).

These attractlve forces may be broken if an adsorbate that exhibits a stronger attraction to the

' adsorbent appears. The adsorbate that is more strongly attracted will remove the weakly held
adsorbate. This phenomenon is known as 'competitive adsorption or desorption”. Various
researchers (33-36) have found that desorption of halogenated compounds, specitically THM's,
can occur alter a period of time. Desorption of chloroform may occur when the influent
concentration is suddenly decreased or when a competitive species appears in the influent.

Thacker et al. (33) found that CHBrCl, could be competitive with CHCI,. Another study (34)
demonstrated that the CHCI, concentration in the eftluent can exceed that in the influent when

low influent levels follow high levels (reequilibration). The authors suggested that the chlorine

changed the GAC adsorptive properties, specitically decreasing the adsorption capacity, and
allowing deeper penetration of the bed depth by the lower concentration of organics.

Ozone has been found in some cases to promote competitive adsorption between the
background organic matrix and the organohalides in solution (35). Likewise, Summers and

Roberts (36) observed the desorption of chloroform from GAC columns when preozonation

was practiced (36).

Adsorption of humics onto carbon ls dependent upon many factors including pH, initial

concentration of humic material, carbon dosage, and particle size of carbon (37). The pH of

water entering the GAC was found to influence the adsorption characteristics signilicantly.

Semmens et al. (38) demonstrated that as the pH of the influent water decreases to pH 5.0, the

10



Semmens et al. (38) demonstrated that as the pH of the inlluent water decreases to pH 5.0, the

adsorption capacity of GAC for total organic carbon (TOC) and THM precursors increased.

As the pH increased to 7.0, the organic removal deteriorated rapidly. Similarly, soil fulvic acid

adsorption onto GAC increased with decreasing solution pH (13).

The adsorptive capacity of activated carbon to remove different molecular weight substances
ls dependent in part upon the pore volume associated with the different carbon pore sizes (39).

Lee et al. (39) reported that the adsorption capacity and rate of uptake for a given humic

substance increases as the molecular weight decreases. Thus, the smaller weight fractions
of THM precursors can more easily enter the micropores of the activated carbon and be
adsorbed. Similar results have been found by other investigators (13, 40). The lower

molecular weight fractions of a given humic or fulvic acid are the most adsorbable while high
molecular weight substances (> 40,000) are the least adsorbable.

Other types of adsorbents have been studied as possible alternatives to GAC including

carbonaceous resins and polymeric adsorbents. However, for removal of THM precursors or
'

halogenated organics, GAC is superior (41, 42).

Properties of Activated Carbon I

The source material used for generating activated carbon is important in determining the

resulting adsorptive capacity and many studies have been conducted to determine the I
suitability of various materials. The most commonly used materials are bituminous coal,

lignite, coconut shells, wood, and pulp mill residues (43).

Important properties in selecting a an activated carbon include: capacity, hardness,

permeability, and solubility of the adsorbate (43). Capacity is important in that it determines
the amount of adsorbate that can be adsorbed from solution. Activated carbon has a large i
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surface area (600 - 1800 m'/g) which can be attributed to its porous structure. By changing

the activating conditions, the distribution of macropores and internal micropores will be

affected. Macropores (> 100 angstroms) provide access to micropores (< 100 angstroms)

which are of molecular dimensions (31). The majority of the surface area is provided by the
C

micropores, and it is here that most of the adsorption occurs. The capacity of the carbon is

important ln determining the time available between regenerations. Carbon hardness is

important ln keeping losses accrued during regeneration and transportation of the carbon to

a minimum. Carbon permeability is important when considering the build-up of head loss

during operation and bed expansion in backwash. The solubility of the adsorbate is also

important in selecting a carbon. The effectlvness of carbons to remove adsorbates from

solution is dependent on the solubility of the adsorbate. As mentioned earlier, less soluble

organics are more easily removed. Thus, it is essential to choose a carbon that will efticiently

remove the desired organic at its solubility point.

Activation and Regeneration of Carbon

The process of "activating’° carbon results in an increase in the adsorptive capacity by

providing a high degree of porosityand surface area. The "regeneration" process restores

carbon, which has had its adsorption sites depleted, to its original state of high porosity and

surface area. The activation or regeneration process can be accomplished one of two ways.

The most popular method employs the use of a furnace to heat the carbon to very high

temperatures. lt is basically a three step process: drying, carbonization, and activation (31,
l

43). The alternate method employs chemical oxidation which involves the use of chemicals

to dehydrate and oxidize the carbon.

12



Heat Regeneration

The regeneration of activated carbon is the process of removing all adsorbed materials so that

the carbon is restored approximatelty to its virgin state. The steps involved in regenerating

carbon are·essentialIy the same as in activating carbon. lnitially, the carbon is dryed at 300°F

to remove water. The temperature is then raised between 900°F and 1400°F where 75 to 90

percent of the organic adsorbates are volatilized. The remaining adsorbates are left as a char

on the carbon. To remove these, selective oxidation using steam heat at 1500°F to 1800°F is

used. At this point the regenerated carbon is essentially restored to its original state (31).

GAC losses of six percent per cycle can be assumed for post·lilter adsorbers (44); however,

losses as high as 16 to 19 percent have been experienced (45).

Four basic types of furnaces are employed to thermally regenerate carbon. These include the

multiple hearth furnace, rotary kilns, fluidized bed furnace, and the infrared furnace. The

multiple hearth furnace is most commonly applied while the fluidized bed furnace is quickly

gaining acceptance (43, 46).

Chemical Regeneration

The chemlcal regeneration of activated carbon ls far less common and involves the use of

chemicals to remove organic material from the carbon. Various chemicals used in the

treatment of spent activated carbon include phosphoric acid, potassium hydroxide, and zinc

chlorlde (32).

13



BIOLOGICAL ACTIVATED CARBON

The Biological Activated Carbon (BAC) process is frequently misinterpreted. lt does not refer
to a carbon that ls biological in nature. lt refers to the degradation of organics that occur due
to a biological population on the granular activated carbon. The actual BAC process is
defined as a simultaneous combination of GAC adsorption and aerobic biological oxidation

of organic materials (43). The major difference between the BAC and GAC processes is that
ozone ls applied immediately before the GAC columns in the BAC process.. The oxidant
makes organic compounds more biodegradable and it may improve adsorption onto the
carbon even if microbial degradation is not signilicant. Glaze and Wallace (47) proposed two
mechanisms to account for the removal of organic materials in BAC columns: 1) physical

adsorption, which dominates the early stages of adsorption and decreases as the adsorption

sites are filled, and 2) microbial degradation, which becomes more dominant as time
progresses and the column reaches long·term, quasi steady·state performance (47).

Europeans have much more experience in using ozone with GAC, and they have had relatively
good results with it (48). One of the more famous European treatment processes using ozone

and GAC is the Mulheim process. lt lncorporates ozone-GAC followed by a slow·sand filter.
The process removes 60-80 percent of the organochlorine compounds present (49). ·

n

Microbial populations on activated carbon can be quite active in oxidizing organics; however,
growth is slow and little biomass is produced (50). Bacterial growth may remove as much as

24 percent of TOC in a BAC column over a period of 200 days (51). Microbial populations on
GAC, once established, are very similar until environmental changes cause fiuctuations of

steady state. Most biological isolates found on the GAC and its effluent can be placed into two

broad groups: gram negative rods unable to ferment glucose and spore forming gram positive

rods. These include members of the genera Pseudomonas, Acinetobacter, Achromobacter,

14



Chromobacterium, Micrococcus, and Bacillus (52). To determine the activity of biological
populations on activated carbon, oxygen uptake (50) or inorganic carbon evolution (47)

measurements have been used, even though thelras predictors of bioactivity is questioned

(53).

Enhancement of GAC with Ozone

Mlcroblological activity has most often been cited as the main mechanism for the long-term

steady-state performance of BAC columns; however, another mechanism has been proposed

by Peel and Benedek (54). They propose a dual·rate, kinetic model that contributes the

long-term quasi steady-state removal of TOC to both slow adsorption kinetics and microbial

degradation. They maintain that alter the early stages of adsorption, 50 to 80 percent of the

carbon’s capacity is exhausted and that the remaining adsorptive capacity is exhibited slowly
A

over a long period of time. lt is believed that the initial adsorption phase occurs in the

macropores where diffusion rates are relatively unhindered, while the slow adsorption occurs

ln the micropores where diffusion rates are considerably more restricted.

Ozone may enhance slow adsorption by improving the kinetics of dissolved organic carbon

adsorption. lt breaks down large precursor molecules to smaller ones, thus improving the

adsorption kinetics in the micropores (55). An ozone dose of 1.0 mg ozone/mg carbon before

the activated carbon was found to be optimum for increasing the adsorption of humics from

solution (56). However, ozone ls not always necessary for this phenomenon to occur. Miller

et al. (45) found that after the initial GAC adsorption sites were saturated, TOC removals

stabilized at 40 percent and remained at this quasi steady-state for many months} lt was

thought that slow adsorption or biodegradation was occurring, although no ozone was applied

before the GAC.

15



The amount of THM precursor or organic removal that slow adsorption or microbial
degradation may account for is subject to much discussion. Maloney et al. (57) found that slow
adsorption accounted for 20 percent of the TOC removed while biological degradation

° accounted for 9 to 16 percent. lt appears therefore that the benefits derived from BAC is a
combination of increased adsorption and microbial degradation.

Ozone has been known to effectively remove taste and odors for many years (58).
Researchers have found that at sufficiently high doses, ozone may serve as a powerful oxidant
and di_sinfectant but the ozone residual in water is short-Iived and does not provide continuous
disinfection as does chlorine. For ozone to be an effective oxidant, sufficient concentrations
and contact times must be provided. in the BAC process, ozone is added at a dose that
partially oxidizes organics but does not disinfect.

Ozone provides two direct benefits as a preoxidant in the BAC process: 1) It partially oxidizes
many of the large, non-biodegradable organics into products that are biodegradable and 2) it
aerates the water and provides a source of oxygen for the biological population (35, 36, 59,
60). Preozonation has been found to enhance biological growth on activated carbon in

U

addition to improving organic removal (61).

A general consensus of researchers is that ozone significantly reduces the amount of
UV-absorbing materials present in the water (56, 59, 62, 63). The actual effect ozone will have
on destroying THM precursors, which absorb UV quite well, is dependent upon the nature of

A

the humlc substances and characteristics of the water when ozone is applied (62). Ozone
has been shown to remove from 5-15 percent of the THM precursor material entering the GAC
column (47). Kaastrup and Brattebo (56) showed that ozone before GAC can improve the TOC
removal by an additional 10 percent over that achieved by absorption alone.

Other reports do not proclaim ozone as being as efficient at removing THM precursors. Glaze
et al. (64) found that ozonation in conjunction with GAC provided longer bed service times;
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however, ozone alone did not produce noticeable benefits. Argaman et al. (65) found that

ozone removed color quite effectively at a dose of 5 mg/L, however, little or no reduction in

THM precursors was seen. Also, Malley et al. (55) found that ozone at low doses (2 mg/L) did

not signlficantly improve total organic halogen precursor removal in BAC processes.

A possible detriment to the use of ozone are the organic byproducts of ozonation. Toxic

species, which are not removed by GAC or destroyed by post chlorination may form (66). Low

ozone doses with short contact times produced some cytotoxic compounds that were not

present before ozonation. Stronger doses with longer contact times did not produce these

compounds. A

Granular activated carbon is used primarily as a teritiary treatment method to lower the level

of THM's below an already reduced value. In many instances, the life of the carbon filter can

be lengthened considerably if it is preceeded by effective primary treatment lf coagulation is

effective, GAC or BAC may not be needed in many cases. If THM levels are above the MCL

of 0.10 mg/L only at certain times of the year, then temporary applications of PAC may be

adequate.
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Alum Coagulation

Clarification is important In removing large amounts of humic particulate matter. Alum

coagulation with tiltration is effective In achieving high levels of turbidity removal while
simultaneously removing large fractions of the THM precursors (8, 15). To achieve optimum

THM removal with alum coagulation, it may be necessary to adjust the pH. Various

investlgators report that the optimum pH for removing THM precursors was between pH 5.0
and 6.0 (25, 40, 63, 67). At increasing pH’s the removal efficiency markedly worsened (68).

lf GAC treatment is required, various studies indicate that prior alum treatment will markedly
extend the carbon bed life (69, 70). This is due. to an Interaction between the aluminum

specles and the organic molecules (71). lt is believed that the THM precursor is adsorbed

onto alum floc after neutralization of lt’s negative charges (39).

Preozonation before coagulation may improve the removal of organics and turbidity. Ozone

has been found to enhance coagulatlon by increasing the number of large particles at the

expense of smaller ones. lt is believed that this is due to the reduction of negative charges

on the organic molecules. Ozone has been found to be most effective at acidic pH’s (72). An

optimum ozone dose may even allow a reduction in the amount of coagulant used. (73). Amy

et al. (74) found that preozonation before coagulation reduced levels of THM precursors from

as little as one percent to as high as 68 percent. The large variation was due to the source

of the water which dictated the efficiency of THM precursorremoval.Not

all investlgators advocate the use of ozone before alum coagulation. Reckhow and Singer

(75) found that ozone can aid In the coagulation of turbidity yet It hindered the removal of THM

precursors by alum coagulation. Although ozone did destroy some THM precursors, It

lowered the efficiency of alum coagulation to remove the remaining ones.
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Powdered ActivatedCarbonPAC

was first employed to treat tastes and odors at the Hackensack Water Company in New
Milford, New Jersey (24). This successful application led to its use at other plants and made

it a cost·effective treatment for tastes and odors. Recently, it has also been used to remove
organic materials. PAC will effectively remove THM precursors; however, it may require

continuous addition at high doses, which in turn produces large amounts of sludge. The

combination of these two factors would most likely make PAC cost-prohibitive as a year round
treatment option.

PAC would be more cost effective if it were used only intermlttently. Because high THM
precursor concentrations often are seasonally dependent, it would be more economical to
employ PAC only when the finished water THM concentration is greater than the MCL (24).

PAC ls very fine with a sieve mesh size usually less than 325. Different grades of PAC have
different THM precursor removal efficiencies (76). The two important physical properties of
PAC are filterability and bulk density (32). PAC must be filterable by sand ülters. Bulk density

. ls important also because the mass of the carbon is proportional to its adsorptive capacity;

therefore, a higher bulk density will give higher removal of adsorbate per volume of

adsorbent.

For PAC to be most effective it should be used in combination with coagulation. Alum is more

effective in removing THM precursors than PAC alone (23), but PAC in conjunction with

polyelectrolyte coagulation was found to remove THM precursors by 50 percent while still

being successful at removing tastes and odors (76). Of course, one disadvantage of using
PAC with alum is that the PAC becomes enmeshed in the fioc and loses efficiency.
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Surrogate Parameters

The literature available on the prediction of THM levels by analysis of surrogate water quality
characteristics ls conflicting. There are many claims that TOC and UV absorbance are good
predlctors. To illustrate, a few references are discussed in the following paragraph.

Hentz et al. (23) found that UV absorbed at 254 nm (UV254) and TOC did not correlate well
with the observed THM formation after PAC treatment. Reckhow and Singer (75) found that
when ozone was employed, neither TOC nor UV254 were good indicators of THM precursors

alter preozonation and alum coagulation, yet without ozone addition, TOC and UV254 were

reasonably good surrogates. Amy and Chadik (74) found that UV254 and TOC were good
predlctors of THM precursors alter preozonation, with the UV254°TOC multiplicative product

having the best surrogate relationship to THM precursors for both untreated and ozonated
waters. Edzwald et al. (77) found UV254 to be an excellent surrogate for estimating raw water

. TOC and THM precursors in two separate waters with different characteristics.

lt appears from the literature review that the successful use of a surrogate parameter to

predict THM’s is dependent on the particular raw water characteristics or the treatment

process employed, P

Harwood’s Mill Reservoir

Harwood's Mill Reservoir is situated on the border of York County and Newport News,

Vlrglnia. lt ls a man·made reservoir that receives its water through a pumplng network from
the Chickahominy River and through runoff from its own watershed.
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Previous studies (78, 79) conducted at the reservoir have provided valuable information for
this study. Alum cogulation with 60 mg/L at a pH of 5.9 was optimum for removing maximum
THM precursors (78). Sinsabaugh (79) found that the dominant precursors at Harwood’s Mill
Reservoir were fulvic acids and nonpolar neutral compounds. The nonpolar neutral

‘

compounds were harder to remove by coagulation, but they reacted more slowly withchlorineand
produced less organohalides than fulvic acids.

Because fulvic acids are so prevalent ln Harwood’s Mill Reservoir, it can be assumed that if
a the current THM MCL is Iowered, additional organic treatment options will be required.
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Chapter 3

ln this chapter, the construction and operation of the activated carbon columns and the
associated pilot plant facility will be described. Detailed descriptions of the sampling program
and the analytica! methods used to assess the GAC, BAC, and PAC performance will be
included.

GAC CONTACTORS

The carbon contactors were designed to operate in the downflow mode on the basis of a

30-minute (min) empty bed contact time (EBCT) such that breakthrough would not occur for
several months. The columns were constructed of 4-in (10.2 cm) inside diameter (l.D.) acrylic

pipe. Polyvinyl chloride piping and 0.5-in (1.3 cm) rubber hose. The GAC bed depth was 11-ft

(3.4 m) in columns 18-tt (5.5 m) long. However columns of this height could easily fall, thus it
was decided to construct the GAC and BAC columns as two-stage contactors in series (Figure
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1). Figure 2 illustrates the entire process train leading to the GAC and BAC contactors. Each
column was 9-11 (2.7 m) high with a carbon bed depth of approximately 5.5-ft (1.7 m). The total
bed depth in the GAC and BAC contactors after operation had begun was 128-in (3.25 m) and
132-in (3.4 m) respectlvely. Three inches (7.6 cm) of coarse garnet served as the support
media for the carbon bed. Two sets of this two-stage arrangement were constructed so that
parallel trains could be monitored (BAC vs. GAC). Sampling ports were installed at
approximately 12-in (30.5 cm) intervals along the column so that the organic wavefront could
be monitored as it passed through the carbon bed. Sampling locations also included the
columns’ inlluent and effluent. -

A diffuser was placed at the base of the column to serve as an air backwash, which was
incorporated into the design to prevent mudball formation. An air/water backwash was
thought to be more effective than a water backwash alone for allevlating this problem when
it occured. The freeboard available during backwashing was 3.5-ft (1.1 m).

The carbon bed consisted of 11-11 (3.35 m) of Calgon's (Pittsburgh, Pennsylvania) FILTRASORB
400 (12 x 40 mesh). Table 1 provides properties and characteristics of the FILTRASORB 400
(80). GAC selection was based on the results of isotherm tests performed immediately
preceeding the study. -

Water was supplied to the carbon columns by a 1/3 horsepower (hp) centrifugal pump and flow
was controlled by rotameters and globe valves. The rotameters were calibrated periodically
by timing the delivery of a fixed volume. A hydraulic loading of 2.7 gpm/11* (110 L/min/m') to
the columns provided 30-min EBCT. The volume of water passing through the carbon beds
was monitored by totallzers placed ln the effluent stream from each column. The GAC was
operated from August 5 through November 26, 1986 when all operations ceased. The BAC
column operation also began on August 5, but was discontinued on November 8 because the

ozone generating unit was returned to lntilco Degremont. There were a few minor

interruptions during this period. Both the BAC and GAC columns were shutdown from August
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Table 1. Specifications and Properties ol FILTRASORB 400 Granular Activated Carbon (80).

Characteristlc VALUE

Total Surface Area
(Nitrogen BET Method, m’/g) 1050 - 1200

Bulk Density (lb/IF) 27
Particle Density Wetted in Water (g/mL) 1.3 - 1.4
Pore Volume (mL/g) 0.94
Effective Size (mm) 0.55 - 0.75
Uniformity Coeflicient 1.9 max
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8 until August 10 after a flange at the base of the stage 2 BAC column failed. Supports were
then placed under each stage of both column trains. From August 12 through August 20, the
BAC train was operated with only one stage while a leak was repaired in the other. This
resulted in an EBCT of only 15 minutes. During this time the GAC column continued operation
with both stages. On August 21 the second stage of the BAC column was placed back into
operation. There were no further interruptions in theoperation.Both

the GAC and BAC columns were backwashed on several occasions early in the program
because head losses were greater than 10-lt (3.0 m). The BAC columns were backwashed
more frequently than the GAC columns until September 25, 1986, when backwashing was no
longer required for either column.

Ozone Addition

The ozone added to the mixed media filter effluent before it entered the BAC column was
supplied from an ozone generator which had been leased to the City by lnfilco·Degremont lnc.
(Richmond, Virginia). Prior to September 21, the ozone was added immediately before the
mixed media filter but because the ozone addition caused soluble manganese to precipltate
as manganese dioxide, the ozone application point changed to after the mixed media ülter and
immediately before the BAC column.

The ozone was added to the BAC influent through a diffuser at the base of a polyvinyl chloride
(PVC) contact chamber which was 11-ft (3.35 m) long and 3.0-in (7.6 cm) I.D. (Figure 3). The
ozone contact time was approximately 14-min at a set flow rate of 0.3 gpm (1.1 L/min). After

leaving the contact chamber, the water flowed into a 40·gallon (151 L) tank to allow

degasificatlon. Degasification was necessary to prevent flow interference by air pockets that
formed in the mixed media filter and BAC column.
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The ozone dose to the BAC inlluent was based on the TOC concentration. For partial oxidatlon
of organics before entering the BAC column, an ozone dose of 0.5 to 1.0 mg ozone/mg TOC
was desired (55, 56, 81, 82). The rate of ozone addition into the contactor was adjusted daily
to obtain the dose within this range. .

POWDERED ACTIVATED CARBON

The PAC was added to the clariüer immediately alter the rapid-mix basin so that it could be
incorporated directly into the floc. Westvaco’s (Covlngton, Virginia) AQUA NUCHAR was used
during June and July and NUCHAR SA was used during October. Characteristics of each
carbon are presented in Table 2 (83, 84). Ozone was intermittently added to the raw water
during both studies. The ozone contactor preceeding the rapid-mix basin consisted of a 12-in
(30.5 cm) l.D. stainless steel column 15-ft (4.6 m) in height. lt provided a contact time of
approximately 3.75·min. The ozone dose varied from 0.05 to 0.2 mg ozone/mg TOC, which is
in the range mentioned in the literature (73, 82) as optimal for encouraging mlcrollocculation.

Superpulsatoro Operation

Innovative technology was employed for the clarilication process. The Superpulsator® (lnfilco
Degremont lnc., Richmond, Virginia) was chosen over several other alternatives as the most
cost effective and technically viable clarifier. The Superpulsator® is a unique, up-t1ow floc
blanket clarifier. Its uniqueness lies in the facts that 1) it has no internal moving parts and 2)
the sludge blanket is self·Ieveling. lts name is derived from the fact that water is pulsed at
regular intervals into the clarlfier, causing the floc blanket to expand and contract (pulse).

29
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Table 2. Specifications and Properties of AQUA NUCHAR and NUCHAR SA Powdered Activated
Carbon (83, 84).

Carbon Characteristlcs AQUA NUCHAR NUCHAR SA

lodlne Number (mg/g) 800 1 900 1Molasses Decolorizing Index 9 1 14 1Moisture, as packed (%) 5 1 10 1Apparent Density (kg/m°) 641 1 337 · 369
(lb/ft°) 40 1 21 - 23

Sieve Analysis (mm)
Thru 100 mesh (%) 99 1 95 · 100
Thru 200 mesh (%) 97 1 85 · 95
Thru 300 mesh (%) 90 1 ‘ 65 - 85

Total Surface Area
(Nitrogen BET method, m'/g) -—- 1400 · 1800

Total Pore Volume (cm'/g) —··· 2.2 — 2.5

1 Minimum value
1 Maximum value
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Hamann et al. (85) provides a detailed description of its operation and a brief overview of the
NSuperpuIsator® follows.

Coagulated water (alum and polymer) exited the rapid mix basin and entered a vertical
column where a vacuum pump raised the water level approximately 15 inches. When a
solenoid valve released, the column of water pulsed downward into the clarifier unit that
contained the sludge blanket. The pulse cycle was 60 seconds and served three functions:
1) lt allowed a low intensity mixing zone in the distribution duct, 2) it ensured proper mixing,
and 3) it created a swirling action at the distribution pipe outlet orifices, an action that mixed
the blanket uniformly, thus preventing short circuiting.

The coagulated water, upon enterlng the clarifier, immediately flocculated in the presence of
t

other flocs and continued to do so as the water flowed upward. The floc blanket impinged on
a series of plates near the surface at an angle of 60 degrees to the horizontal. The plate
region acts as the liquid/solid separation zone. The clarified water flowed through this zone
to the clarifier effluent weir and on to the mixed media ülters. At a flow rate of 24 gpm (91
L/min), the detention time within the sludge blanket was approximately 48-min and 75-min for
the entire Superpulsator® unit.

A sludge hopper was located approximately 5-11 (1.5 m) below the clarifier effluent weir and

at the upper level of the sludge blanket. With each pulsation the sludge blanket was raisedN
a few lnches and before it settled, excess sludge spilled over a sludge weir into a hopper.
By this action, the sludge level remained constant. The sludge in the hopper was wasted on

a 45-min cycle. The addition of PAC added considerably to the sludge production. ‘

Approxlmately six pounds (lb) (2.7 kg) per day of additional sludge was wasted at a raw water

flow rate of 24 gpm (91 L/min) and a PAC dose of 21 mg/L. Without PAC addition, the amount
of sludge wasted per day was approximately 7.5 lb (3.4 kg).
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Alum and occasionally acid were added to the influent of the rapid mix basin while polymer
and PAC were added to the effluent. The PAC particles adhered to the floc formed from the
alum addition and thus became part of the sludge blanket. The PAC detention time within the
pulsator was approximately one day.

Alum was the chosen coagulant because it ls used at the existing Harwood’s Mill Water
Treatment Plant. Previous studies conducted by Johnson (78) at Harwood’s Mill showed that
an alum dose of 80 mg/L was very effective for removing a high percentage of the THM
precursors. Polymer was required because the floc in the sludge blanket is constantly
subjected to shear stresses from the continuous pulsing of water entering the clarifier.

CHEMICAL FEEDS

All of the chemlcal feeds were by batch means. A diaphragm metering pump was used to
pump all of the chemicals except acid. Acid was added by the use of a peristaltic pump. See
Table 3 for complete equipment specifications.

PAC. The PAC was fed into the Superpulsator® from slurry batches prepared every other day.
A drum was lilled with 40-gal (151 L) of tap water into which 12 lbs (5.45 kg) of PAC was added.
The contents were thoroughly mixed and then the diaphragm metering pump was activated.
A special feature of this pump was an attached flushing system that purged the tubing and foot
valve with a 5 second pulse of tap water every 60 seconds. AQUA NUCHAR was added to the
Superpulsator® at a dose of 25 mg/L. lt was the intention to add NUCHAR SA at this dose

also; however, operational problems with the PAC feed pump resulted in an average dose of
16 mg/L to the Superpulsator® for a portionof the study and 21 mg/L for the remainder.

Alum. Alum was fed at the head of the rapid mix basin. Alum feed batches consisted of 40
gal (151 L) of standard industrial grade alum (Al,(SO«)¤)·14.3H,O) with a concentration of
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Table 3. Various Equipment Specilicatlons lor Pilot Plant Operations.

Unlt Equipment Specifications

Pump to Sand Filter Peerless Centrigugal Pump, 1/3 hp., Series PE·B.
and GAC Columns Model # SKC37FN65X

Polymer and Alum Feed Liquid Metronics, Inc., Diaphragm Metering Pump,
Pump Series 5-7, Model #5711-915

PAC Feed Pump Liquid Metronics, Inc., Diaphragm Metering Pump with
Auto·tlush, Series B22, Model # b221 - 89

Acid Feed Pump Cole Palmer, Masterllex Variable Speed Drive Peristaltic
Pump, 1-100 rpm., Model # 7553-30,
Pump Head # 7015, 7016, 7017, 7018

Chemical Batch Mixers Liquid Metronics, Inc., Model 10590

pH Meter Beckman Model 9605 Continuous Monitoring pH Meter
Turbidimeter Hach Ratio Turbidimeter, Model 18900

Head Loss DP Cells Validyne Model DP21542
Alr Compressor Sanborn, 3/4 hp., Series 44575

Personal Computer Compaq, Two disk drive, 256K memory
I

Programmable Controller Westinghouse, Numalogic, Model PC1100-1011

4
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' approximately 480 g/L added to water in a 1:1 dilution. A dose of 60 mg/L was provided by a
diaphragm metering pump. This dose was occasionally varied in response to changing raw

water conditions.

Polymer. Polymer was fed to the effluent of the rapid mix basin. The feed batches consisted
of 206-g (0.454 lb) of Betz (Trevose, Pennsylvannia) 1160 polymer dissolved in 40-gal (151 L)

of tap water. On occasion, the Betz 1165L polymer was also used. 0.2 L of 1165L polymer
was mixed with 40-gal (151 L) of water. lt differs from the other in that it is liquid and is slightly

more reslstant to degradation from preoxidants. The Betz 1165L was used during the June
and July study involving PAC, while the 1160 was used during the October study. The polymer

was added with a diaphragm metering pump to achieve a dose from 0.3 to 0.5 mg/I with the

actual dose being dependent upon raw water conditions. No attempt was made to evaluate
Superpulsato•® performance as a function of polymer type. The use of one or the other was
dictated totally by the treatment conditions (i.e. oxidant or no oxidant).

Acld. Sulfuric Acid was added at the head of the rapid mix to depress the pH of the raw water

during the coagulation process to pH 5.8-6.0 to improve organic removal. Occasionally it was

not necessary to add acid to reach this pH range and no acid was added. The acid batch was

made by combining 1.0 L of 36 N sulfuric acid (H,SO,) to 40 gal (151 L) of tap water. lt was

added by a peristaltic pump rather than a diaphragm metering pump because of its potential

g corrosivity to the diaphragm pump head.

P
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GAC Studies

Samples were collected from the column influent and effluent and from five ports along the
BAC and GAC columns so that the progress of the organic wavefront could be monitored.
Early ln the program the first five ports of the BAC and GAC columns were sampled and as
the wavefront progressed, the ports lower in the carbon bed were sampled. Three
measurements were employed to monitor the activated carbon columns: THMFP, TOC, and

‘
UV254. The influent and effluent TOC and UV254 analyses were conducted six days each week
but only three days a week at the column ports. lnfluent and effluent THMFP was determined
three days each week and at the column ports twice a week.

lnfluent and effluent streams were also analyzed for iron and manganese three times a week
and a sample was taken for bacterial analysis by the standard plate count twice a week. Also,
once each week 500 mL of the influent and effluent streams were tiltered through a 0.45 um
filter to visually demonstrate the presence or absence of particulate matter or PAC in the
water.

Powdered Actlvated Carbon

Measurements to evaluate the effectlveness of PAC within the sludge blanket in the

Superpulsator® included the same as those used in monitoring the BAC and GAC columns.

u Raw water, clarifier effluent, and filter effluent streams were analyzed. Analyses of TOC and
UV254 were conducted six days each week. Samples for THMFP analysis were taken three
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days a week during the study conducted in June and July and five days a week during the
October study. Iron and manganese measurements were made twice weekly during June and

I July and three times per week during October. A bacteriological sample was taken each week
for standard plate count determinations. Also, samples tiltered through a 0.45 um filter were
taken once a week to show the presence of particulate matter or PAC.

Total suspended solids (TSS) of the sludge blanket were determined three times each week
during June and July and six times each week in October. Three of the eight ports situated
at 18-ln lntervals were sampled to approximate the sludge TSS at the top, middle, and bottom
of the blanket.

Additional Measurements

Additional sampling points included the raw water, clarifier effiuent, the mixed media filter
effluent, and the BAC and GAC effluent. Daily measurements were made of flowrate, pH,
alkalinlty, turbidity, temperature, and dissolved oxygen (DO) concentration. ln addition,
fiowrate, totallzer readings, and chemical doses were recorded. Continuous monitoring of the
influent and effiuent turbidity and head loss of the carbon columns enabled precise
determination of the time when head loss exceeded the allowable 10-ft (3.0 m) or when
turbidity breakthrough (0.3 ntu) occurred.

Samples were collected in 120 (mL) screw cap glass bottles. UV254 samples were collected
in 30 mL screw cap glass vlals, while THMFP samples were collected in 40 mL glass vials with
Tefion lined screw caps. Iron and manganese samples were collected in 100 mL plastic
bottles and acidified to a pH less than 2 with HNO,. The bacteriological sample was collected

and stored in a sterilized serum bottle according to Standard Methods for the Examination of (

Water and Wastewater (86). Total suspended solids were collected in 100 mL plastic bottles.
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i All of the glassware was washed with Alconox soap and rinsed with distilled water except
where specilically described otherwise. The distilled water was provided by a MiIli·RO4 and
a Mllll·Q water purilication system (Millipore Corporation, Bedford, Massachusetts).

GENERAL PHYSICAL, CHEMICAL, AND BIOLOGICAL

ANALYSES

Analysis requiring sophisticated lnstrumentation, and a few selected others, were performed
by personnel in the Newport News Waterworks Laboratory. These analyses included iron,
manganese, TOC, UV254, THMFP, TSS, and Standard Plate Counts. Samples requiring these
analyses were collected by pilot plant personnel. Other routine analyses were performed at
the pilot plant site. Descriptions of all analyses follow.

Iron and Manganese

Iron and manganese were analyzed by atomic absorption spectrophotometry. Specilically, a
Perkln·Elmer (Norwalk, Connecticut) HGA-400 Programmer and Graphite Furnace were used

in addition to the Perkln—Elmer 4000 Atomic Absorption Spectrophotometer. A Perkin-Eimer
AS-40 autosampler was employed so that a large number of samples could be analyzed „

without continuous manual monitoring. Argon was used as the purge gas to provide an inert
atmosphere for combustion.

In the graphite furnace, a sample is dispensed into a graphite tube which is heated in a
stepwise fashion. The three steps toward complete atomization; which include the process
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of drying, thermal decompostion of the matrix, and thermal dissociation into free atoms can
be separated to provide better efticiencies. The furnace was used instead of conventional
flame atomic absorption spectroscopy because the sensitivities and detection limits of most
metals are from 100 to 1000 times lower than those obtained by flame analysis because the
furnace allows a more complete combustion (atomization) of a sample and the atoms remain
longer in the analyzing light beam (87). ~

Callbratlons were made with a zero standard and with a standard containing the expected
concentratlon ln the sample. Each of the calibration standards contained 0.5 percent (v/v)
nitric acid (HNO,). ln addition, an EPA Quality Control sample was analyzed to verify the
spectrophotometefs readings. The instrument was recalibrated alter every seven anlyses.

The 100 mL plastic sample bottles were acid washed and rinsed with distilled water. Alter a
sample had been collected, approximately 0.5 mL of HNO, (conc.) was added to preserve the

· sample.

Iron. lron concentrations were determined according to method 236.2 of EPA’s Methods for
Chemical Analysis for Water and Wastewater (88). Absorbance was measured at 248.3
nanometers (nm) with an atomizing time and temperature of 10 seconds and 2700°C,
respectively after the sample had been dryed for 30 seconds at 125°C and thermally
decomposed for 30 seconds at 1000°C. Sample volume was a 20 microliter (uL) sample.
Larger or smaller volume samples would require different times and temperatures for the
various stages of analysis. Each sample was analyzed in tripllcate and the average was
reported.

Manganese. Manganese was analyzed according to method 243.2 of„EPA’s Methods for

Chemical Analysis for Water and Wastewater (88). Analyzing 20 uL samples for manganese
was completed using the same heating times and temperatures as were used for the iron l38 Ä



analysis. The absorbance wavelength for manganese was 279.5 nm. Each sample was
analyzed in duplicate with the average being reported.

Total Organic Carbon

Samples were analyzed for TOC with Sybron’s (Boston, Massachusetts) PHOTOchem Organic
Chemical Analyzer Model E3500 and the E3800 autosampler. This anlyzer is different than
other models ln that it uses ultraviolet (UV) oxidation and conductivity to measure TOC
ranging from 0.02 to 20,000 mg/L. lt measures the change in resistivity of ultrapure distilled
water caused by the ionization of carbonic acid. This is formed though the solvation of carbon
dloxlde produced by the photochemical oxidation of organics. It differentiates between
inorganic and organic carbon in two separate analytical stages that occur during two different
cycles called the dark cycle and the light cycle. The UV light remains off during the dark cycle
and no oxidation of organic matter occurs. At the end of this cycle the ultraviolet Iamp
automatically illuminates causing the organic material to be oxidized. The difference in
resistivity alter the dark cycle and the light cycle is then translated into a TOC concentration 4

for that sample (89).

Calibrations were made with a 10 mg/L standard and a blank provided by Sybron. A 4
percent (w/v) potassium persulfate (K,S,O,) solution is injected into the analyzer with each
sample. The samples were analyzed in duplicate and the average reported. The analyzer
was recalibrated after each 10 analyses.

All glassware was washed and rinsed with distilled water then allowed to dry. Alter a sample
had been collected in the 120 mL glass bottle, approximately 0.5 mL of concentrated

phosphoric acid (H,PO.) was added for pH adjustment to less than 4.0. This was to ensure
all alkalinity from the sample was removed and to prevent bacterial activity.
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UV Absorbance

Sample absorbance was measured in a 10-cm cuvette at a wavelength of 254 nm against a
dlstllled water blank. The instrument was an IBM (Danbury, Connecticut) 9410 UV·VisibIe
Spectrophotometer. The larger pathlength permitted greater analytica! sensitivity to a
sample. lt ls important to note that al! of the UV absorbance values reported in this thesis are
per 10 cm and not as absorbance per cm or m as commonly reported in other literature
sources.

THM and THMFP

_ THM Analysis

Trihalomethane concentrations were analyzed by the Purge and Trap Method, Method 501.1,
outlined by EPA (90). The purge and trap method is applicable in determining four
trihalomethanes: chloroform, bromodichloromethane, dibromochloromethane, and
bromoform. Chloroform represents the largest fraction (80%) of THM’s in Harwood’s Mill
Reservoir, with bromodichloromethane being the next highest (19%), and the other two THM’s
accounting for the remaining 1 percent of THM's. Concentrations of all four THM’s were
summed to obtain the THMFP. These percentages were comparable with concentrations
found elsewhere (21).

A Tracor (Austin, Texas) Model 565 Gas Chromatograph (GC) equipped with a Tracor 700A
4

Hall Electrolytic Conductivity Detector and a Tracor LSC·2 sample concentrator, were used to

analyze the samples. A Tekmar (Cincinnati, Ohio) ALS Automatic Sampler was used for
increased sampling efüciency and a Spectral Physics (Piscataway, New Jersey) SP4270
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Integratorwas used for plotting the chromatogram and determining the individual THM
concentratlons. The GC column was an 8-ft x_0.125·in (2.44 m x 3.2 mm) O.D. glass column
with a packing consisting of 1 percent SP-1000 on Carbopack-B (60/80) mesh. The carrier gas
was helium and hydrogen was used as the inert gas. The temperature program sequence for
each sample is as followsz 45°C for 3 min, then incrementally increase temperature 8°C per
mln to 220°C and hold for 15 min or until all components have eluted. All samples were
analyzed once though an occasional sample analysis was duplicated. The error between
repllcates was never greater than 3 percent. Calibrations were made daily (approximately
every ten samples). The gas chromatograph was standardized with a blank and with an EPA
quality control sample.

THMFP Analysis

The THMFP ls the amount of THM’s that form in seven days after the sample has been
_ chlorinated. At present there is no standard method for detemining the THMFP. Analytical

procedures used by different investigators may vary in the amount of chlorine added, pH, or
incubatlon time. The chlorine dose added to samples in this study was based on a 3:1 ratio
of chlorine to TOC concentratlon. At this ratio, a chlorine residual was consistently present
after seven days incubatlon. The chlorine solution was made up from a commercial grade of
bleach which contained 5.25 percent by weight sodium hypochlorite (NaOCl). The samples

l

were refrigerated until they were lnnoculated with the appropriate amount of chlorine and a
phosphate buffer to stabilize the pH at 7.0, after which they were incubated in the dark at
ambient room temperature for seven days. The THM formation reaction was terminated by
adding a few grains of sodium thiosulfate to reduce any residual chlorine. This step followed A

a check of the chlorine residual with a Hach Chlorine Residual Kit that employed the
colorimetric DPD method. The samples were then either analyzed immediately for THM’s or
were refrigerated until analysis could be performed.

A
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The samples were collected in 40-mL screw cap glass vials with Tefion·coated Iiners. The
vials were washed with Alconox soap, rinsed with distilled water, and heated in an oven for
one hour at 103°C. Afterwards, the bottles were allowed to cool for one hour in an
environment free of organics and then capped.

Total Suspended Solids

The total suspended sollds (TSS) were determined by the procedure outlined in Method 160.2
of EPA’s Methods for Chemical Analysis of Water and Wastewater (88). A 10-mL sample was
filtered through a 3.2-cm diameter Whatman (Clifton, New Jersey) 934-AH glass fiber filter.
The fllter was dryed in a Precision Scientific Model 18 drying oven at 10s°c for 1 hour and then
placed in a dessicator to cool for one hour before being weighed. A Mettler (Highstown, New
Jersey) AE-163 balance was used to obtain the tare weight and final weight of the filter.

Standard Plate Count

The procedure for standard plate counts was performed as outlined in Method 907 of Standard
Methods for the Examination of Water and Wastewater (86). Sample bottles were sterilized
by_ autoclave prior to sampling.

Visible Suspended Solids

Visual suspended sollds were collected for inspection by filtering approximately 500 mL of a

sample through a 47-mm diameter Millipore (Bedford, Massachusetts) disc with a 0.45 um
pore size. The filters were then dried at room temperature. The amount of suspended
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materlal collected by the filter provided visual evidence of any suspended solids in the water,
particularly PAC particles.

pH

The pH was determined with a Beckman (Cedar Grove, New Jersey) 960B pH meter with a
combination electrode that contained the glass and reference electrodes in a single unit. The
instrument could be used for continuous monitoring of various sample streams or for
individual analyses of grab samples from various points within the process train. The
procedure for pH analysis is described in Method 423 of Standard Methods for the Examination
of Water and Wastewater (86).

Turbldity

The turbidity of various process streams was measured with three Hach (Loveland, Colorado)
Model 18900 Continuous Flow Ratio Turbidimeters. These turbidimeters provided continuous
monitoring of the clarifier effluent, rapid sand filter effluent, and the activated carbon columns’
effluents. _ The turbidity measurement was based on the nephelometric method as described
in Method 214.A of Standard Methods for the Examination of Water and Wastewater (86).

Ozone Concentration

The concentration of ozone being fed into the process train was determined by modilications

of the procedure outlined in Method 422 of Standard Methods for the Examination of Water and
Wastewater (86). Ozone was fed at 0.5 to 1.0 L/min into two 500 mL traps connected in series,
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each containing 400 mL of 5 percent (w/v) potassium iodide (Kl) solution. As ozone was fed,
the solution in the first trap turned a dark yellow to brown. The Kl solution in the second trap

remained clear indicating that all of the ozone had reacted with KI in the first trap. A Precision
‘

Scientiüc Wet Test Meter was used to determine the total amount of air·ozone that was passed
though the 500 mL diffusers. After three liters of gas had passed through, the ozone flow was

shut off. Then, 100 mL of the Kl solution from the first trap was placed in a 250 mL Erlenmeyer

beaker and 5 mL of 1 N H,SO., was added to lower the pH below 2.0. The sample was then
titrated with 0.00564 N phenylarsine oxide (PAO) until the color of the sample became pale

yellow. A few drops of starch were then added (blue color results) as an indicator, and
titration was continued until the sample became clear. The amount of titrant used was
recorded. The concentration of ozone being fed can be calculated by the following equation:

.. aßcogi >< 24

O,= Ozone, mg/L ·
a = Normality of PAO titrant
ß = Kl solution in diffuser, L
co =\ Volume of titrant added, L
xy = Rate ozone is added to water, L/min
7 = Kl solution sample to be titrated, L
0 = Volume of air/ozone passed through Kl solution, L
o' = Flowrate of water, L/min

Dissolved Oxygen

The dissolved oxygen levels at selected points in the process train were measured by a

polarographic membrane electrode as outlined in Method 421.f in Standard Methods for the

Examination of Water and Wastewater (86). The instrument used for in the analysis was a
Yellow Springs Instrument (Yellow Springs, Ohio) Model 57.
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Alkalinity

Samples from various points in the process train were analyzed for alkalinity by the procedure
outllned in method 310.1 in EPA’s Methods for Chemical Analysis of Water and Wastewater
(88).

Color

The visual comparison method with platinum cobalt standards was employed for color
analysis. This method ls outllned in Method 204.A of Standard Methods for the Examination

T

ol Water and Wastewater (86). Samples were not filtered or centrifuged before analysis;
therfore the analyses are for "apparent color" rather than "true color". A Hellige (Long Island
City, New York) disc colorimeter was employed for analysis. °
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Chapter 4

RESULTS

l
The pilot plant operation was halted after five months when suflicient data had been collected

to satisfy the objectives of the study. Complete breakthrough in the GAC and BAC beds had

not occurred, but enough data had been collected from ports in the upper regions of the
carbon bed that the time to actual breakthrough could be predicted. ln addition to the
treatment methods described in the Materials and Methods chapter, several other treatment

options influenced the performance of the pilot plant. Potassium permanganate (KMnO,) was

added as a preoxidant for a three week period in September and two different polymers were

added at various times through the study, depending on whether a preoxidant was being used

or not. The specific times that these processes were being used can be found in Tables 18-21

of Appendix A. A compilation of all of the sampling results at various points in the process

train can be found in Tables 18-33 of Appendix A.
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RAW WATER CHARACTERISTICS

The characteristics of Ham/ood’s Mill Reservoir water are compiled in Table 4. The wide

range of values for all of the measured parameters is indicative of the variability of the raw
water quality at Harwood’s Mill Reservoir.

Trihalomethane Precursors

Trihalomethane formation potential (THMFP) measurements were used as indicators of THM

precursor concentratlons ln water. This was considered practical because a large percentage

of the THM·precursor material formed THM's during the seven days of chlorine contact period.
Results obtained at the existing Harwood’s Mill Treatment Plant indicated that actual THM
concentratlons alter seven to elght days in the distribution system were approximately 1/2 of "

the THMFP value (Table 5). Hoehn (91) reported a ratio of Harwood’s Mill system THM to

Superpulsator® eltluent THMFP ranging from 0.40 to 0.82 (av. 0.62) when the furthest point in

the system was considered. A conservative THM/THMFP ratio of 2/3 was used because 1) as

the Chickahominy River becomes a larger water source for Harwood’s Mill reservoir, the raw
water THMFP and TOC concentratlons will increase an_d 2) the 0.5 and 0.62 ratlos were
obtained from data collected in the winter, spring, and fall of 1986 and not during the summer
months when the THM formation rate is highest. Thus, a conservative THM/THMFP value was
chosen to portray worst case situations. Some of the activated carbon analyses will also use

the 0.5 THM/THMFP ratio to put the less conservative measure into perspective.
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Table 4. Raw Water Characterlstics for Harwood's Mill Reservoir (June 8, 1986 through November26, 1986).

1
Characterlstlc MEAN RANGE

Trihalomethane Formation Potential (pg/L) 362 184 - 651Total Organic Carbon (mg/L) 6.38 4.40 - 7.76UV absorbance at 254 nm (O.D./10 cm) 1.770 1.440 - 2.750Iron (mg/L) 0.400 0.113 · 0.834Manganese (mg/L) 0.121 0.057 - 0.604Turbidity (ntu) 6.2 2.8 · 24.0pH 7.0 6.5 — 7.6Alkalinity (mg/L as CaCO,) 54.6 42 - 86Temperature (°C) 23 10 · 30Dissolved Oxygen (mg/L); 7.4 3.0 - 9.9Color (color units) 48 20 · 110

t Mea·sured from August 5 through November 26, 1986 only.
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Table 5. Determination ol THMITHMFP Ratlo for Harwood's Mill Reservoir Distribution System(September 10, 1986 through December 15, 1986).

THMFP of Filter Elfluent THM After Approximately
Before Leaving Harwood’s Seven Days ln the THMITHMFPMlll Treatment Plant Distribution System(us/L) (ug/L)

200 , 158 0.79240 139 0.56238 177 0.74246 116 0.47235 71 0.30
209 98 0.47
212 109 0.51242 91 0.38198 93 0.47240 77 0.32

AVERAGE = 0.50
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CARBON COLUMN OPERATIONS

The GAC and BAC columns were constructed identlcally and differed in operation in that

ozone was added before the BAC column. An important fact to remember while analyzing the
data is that until September 20, 1986, one and a half months into the study, the influent to the

BAC and GAC columns were from two separate mixed media filters. When the BAC
ozone·contact chamber was moved on September 20, so that it followed the mixed media

filter, the lnfiuent to the BAC and GAC originated from the same mixed media filter.

The GAC column operation was discontinued on November 26, 1986 after 113 days (107 days

with an EBCT of 30 min) of operation. The BAC column was operated for 95 days (83 days
with an EBCT of 30 min), terminating on November 8, 1986 eight days after ozone addition was

stopped. The discrepancy between the actual days of operation and the days of operation
. with an EBCT of 30 min is because the GAC and BAC columns were shut down for five days

early in the program and the BAC column operated with an EBCT of only 15 minutes for 9
days. Approximately 5,100 bed volumes of water passed through the GAC columns and 4,000

through the BAC columns. lt was expected that the organic wavefront would not have
progressed as far in the BAC columns as it had in the GAC column because the applied
organic loading to the BAC columns was lower. .

The GAC and BAC performance data are expressed in terms of bed volumes rather than
operating times because time of operation is a function of flow rate and does not provide an
adequate interpretation of the bed life when flows vary. However for purposes of general
comparison with the expected operations of the new Harwood’s Mill Water Treatment Plant,
48 bed volumes correspond to 1 day of operation with an EBCT of 30·min.

A
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Variability of Organics in the lnfluent

THMFP. Figures 4 and 5 show the infiuent and effluent THMFP concentrations of the GAC and
BAC columns respectively, The lnfluent THMFP was signiticantly lower during the month of
October than at any other time in the study. This can be attributed to the use of PAC in the
Superpulsator® which reduced the THMFP concentration in the claritier effluent. lf this period
ls excluded, the mean GAC and BAC lnfluent THMFP concentration were 153 and 145 ug/L
respectively, The intiuent values during the period of PAC addition were not taken into
account since in actual practice PAC and GAC would not be used simultaneously.

TOC. The TOC varied similarly in the GAC and BAC influent as did the THMFP (Figures 6 and
7). The average TOC concentration for the GAC and BAC lnfluent excluding the period of PAC
use was 3.46 and 3.31 mg/L, respectively.

GAC and BAC Effluent Quality

The water quality exiting the two sets of columns was excellent. The turbidity never was
greater than 0.1 NTU, and the concentrations of THMFP and TOC in the effluent never
lncreased signiticantly. Figures 4 and 5 show that the GAC and BAC effluent were
continuously below 20 and 25 ug/L THMFP respectively, indicating that the wavefront did not _

break through the 11-ft (132-in) (3.4 m) of carbon during the 16 week study period. During this
time, the GAC and BAC columns removed greater than 80 percent of the THM precursors
present ln the lnfluent.

Figures 6 and 7 show the effluent TOC for the GAC and BAC was below 1.0 mg/L throughout
the study. Both columns consistently removed greater than 70 percent of the TOC. A

' complete listing of the GAC and BAC effluent qualities can be found in Table 6. ‘
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I

Table 6. Summary of the GAC and BAC Eflluent Characteristics with an EBCT of 30 min and 2.7gpmlft' Loading (August 5, 1986 through November 26, 1986).

GAC BAC
Mean Range Mean Range

THMFP (pg/L) 8 1 - 22 10 1 - 44TOC (mg/L) 0.54 0.01 · 1.54 0.45 0.01 · 1.20UV Absorbance (254 nm)1 0.016 0.001 - 0.134 0.037 0.001 · 0.319Dissolved Oxygen (mg/L) 6.6 2.7 - 9.8 5.8 2.9 - 8.7Turbidity (ntu) 0.09 0.04 · 0.40 0.18 0.05 · 2.0Iron (mg/L) 0.017 0.000 - 0.116 0.068 0.000 - 0.491 -Manganese (mg/L) 0.063 0.003 - 0.163 0.039 0.002 - 0.114pH l
5.9 5.1 - 6.7 6.0 5.5 · 6.8Alkalinity (mg/L as CaCO,) 17 2 · 48 15 3 - 27

Temperature (°C) 21 8 - 30 22 15 ~ 30Standard Plate Ccunt (#/mL) 1420 200 - 10,000 3560 100 · 30,000

1 UV absorbance reported as per 10 cm.
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THMFP and TOC Breakthrough Within The Carbon Bed

A wavefront can be better defined when considering only pure substances that pass an
adsorbent. In this study, TOC, being widely varied in chemical nature, passes as a "front"
rather than as a "band” of TOC. The wavefront is not a narrow band as it moves through the
carbon bed. Due to the different adsorption activities of the various TOC components the TOC
concentration ls dispersed throughout the bed and does not uniformly progress through the
carbon bed. The THM precursors move through the bed similarly; however, their movement
ls not as dispersed as the TOC. ”

Figures 8 and 9 describe the THM precursor concentration at varying bed depths of the GAC
and BAC beds during the study. The ratio, Ce/Co, is representative of the fraction of THMFP
passing through the bed (l.e. ratio of the column effluent concentration to the mean inlluent
concentration). Different times are represented by the number of bed volumes of water that
has passed through the entire column. Figure 8 shows that after 1100 bed volumes (period
of 25 days) of water had passed through the GAC column little THMFP had penetrated the GAC
bed. However, by the time 5,000 bed volumes (104 days) had passed, the THMFP had

penetrated to a greater depth (e.g. only about 30 percent THMFP removal at the 60~in depth).
In contrast, Figure 9 shows that the THMFP had not penetrated very deep into the BAC bed
(e.g. 80 percent THMFP removal at the 60-in depth) even after 4,000 bed volumes (83 days) had
passed through the bed.

Figures 10 and 11 represent breakthrough curves for the GAC columns from varying depths
within the carbon bed. THMFP concentrations, reported as Ce/Co (fraction passing), at depths
of 20, 44, 64, and 84-in (51, 112, 163, 213 cm) (ports 2, 4, 6, and 8) are shown as they vary with

increasing bed volumes. The ratio Ce/Co normalizes the variations of the influent
concentration that occurred during this study. lt is apparent that the wavefront passed the
ports located deeper in the carbon bed at higher bed volumes as would be expected.
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Corresponding breakthrough curves for the BAC column can be found in Figures 12 and 13.
These plots describe the wavefront breakthrough for ports 2, 4, and 6 which corresponds to
carbon bed depths of 20, 44, and 64-in (51, 112, and 163 cm) respectively. Port 8 of the BAC
column was not included because the wavefront had not progressed to that depth. lt is
apparent that the wavefront proceeded more slowly through the BAC bed than through the
GAC bed.

Predicted THMFP Breakthrough for the GAC and BAC Effluent

System THM goals of 25 pg/L, 50 pg/L, and 75 pg/L were chosen as the basis for analysis of
the carbon columns. Using the THM/THMFP ratio of 2/3 discussed earlier, these values
correspond to THMFP values of 37.5 pg/L, 75 pg/L, and 112.5 pg/L respectively. Using thef
THM/THMFP ratio of 0.5, the THM values correspond to 50 pg/L, 100 pg/L, and 150 pg/L
THMFP. Table 7 shows the corresponding Ce/Co value for each specified THM goal.2
Calculations used to arrive at these values can be found in Appendix H.

Predictions can be made as to when the THM precursor concentration will exceed the
specified treatment goals in the effluent stream by sampling at the ports within the 11 feet of
carbon bed. Assuming the entire carbon bed will adsorb THM precursors uniformly, then the
number of bed volumes required for breakthrough to occur at a given port can be used to
extrapolate the approximate total number of bed volumes that will pass through the entire
column before the THM treatment goals are exceeded in the effluent. This number is
important in sizing the columns and performing a cost analysis.

Figure 14 shows the breakthrough curves at ports 2 and 4 (bed depths of 20 and 44-in) of the

GAC column. This figure is similar to Figure 10 except that the x·axis has been altered.
instead of showing the actual number of bed volumes that has passed through the entire
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Table 7. THMFP and CeICo Ratio lor Each Specified THM Treatment Goal Using 0.66 and 0.5THMITHMFP Ratlos.

THM Treatment THMFP Treatment Goal BAC GACGoal (pg/L) C„= 146 pg/L C„= 153 pg/L(pg/L) 0.66 0.50 0.66 0.5 0.66 0.5

25 37.5 50 0.26 0.35 0.25 0.33
50 75 100 0.52 0.70 0.49 0.65
75 112.5 150 0.79 1.05 0.74 0.98
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carbon bed (as does Figure 10), the x-axis of Figure 14 shows the number of bed volumes that
has passed through ports 2 and 4 respectively. Notice that the range of the x·axis is different
for each plot. Because the term bed volume is inversely based on the volume of carbon, more
bed volumes will pass port 2 than port 4 because the volume of carbon is less above port 2.
Drawing a horizontal line at the Ce/Co value (0.25 found in Table 7) that corresponds to a
system THM concentration of 25 pg/L and a THM/THMFP ratio of 0.66 (Table 7) results in the
intersection of the breakthrough curve and the Ce/Co line. Drawing a vertical line at this
intersection to the x·axis produces the number of bed volumes that this column could operate
lf the remaining carbon adsorbed identically to the carbon above port 2 or 4. This is the

4 predicted bed life of the carbon bed. Ports 2 and 4 have a predicted bed life of 8,250 and 6,000V
for the 25 pg/L THM treatment goal.

Repeating this procedure at each port for each THM treatment goal in the GAC and BAC
column results in relatively accurate predictions of bed life. Tables 8 and 9 summarize the
number of bed volumes that the GAC and BAC column could operate before the carbon bed
was exhausted for each THM/THMFP ratio (0.5 and 0.66). These values were obtained from
Figures 30 - 35 and 36 - 41 in Appendices B and C.

_ Assuming the THM/THMFP ratio of 0.66, Table 8 shows that the THMFP wavefront had
progressed through port 8 (84 inches) for the treatment goals of 25 ug/L and 50 ug/L. For the
treatment goal of 75 pg/L, the wavefront had progressed only to port 4.

Tables 8 and 9 show that assuming a THM/THMFP ratio of 0.5 the number of bed volumes
passlng through the carbon bed is greater than when assuming a ratio of 0.66. Thus, a longer
bed life is expected when assuming the smaller ratio. lt is doubtful that the 75 pg/L THM
treatment limit will ever be reached using the 0.5 ratio because the column effluent THMFP
would have to reach 150 pg/L which is the same as the intluent concentration. Tables 8 and
9 indicate that a THM/THMFP ratio of 0.65 would enable the GAC column to meet the 25 pg/L
THM treatment option for 6,875 bed volumes (143 days). In addition, it can meet the 50 pg/L
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Table 8. Bed Volumes Passed through the GAC Bed as Predlcted by THMFP Collected at VariousPorts Within the Carbon Bed Using 0.66 and 0.5 as THMITHMFP Ratlos (EBCT of 30 minand 2.7 gpmIft‘ Loading).

Predlcted Bed Volume Throughput ol the GAC Bed
For Each THM Treatment Goal

Depth THMITHMFP = 0.66 THM/'I'HMFP = 0.5
(in) 25 pg/L 50 ug/L 75 ug/L 25 pg/L 50 pg/L 75 pg/L

2 20 8,250 11,500 14,500 9,000 13,000 ··-·
4 44 6,000 7,500 13,000 6.500 10,750 —-··
6 64 5,750 7,500 -··- 6.250 10,500 ···-·-
8 84 7,500 8,200 —-— 8,000 ······ ··-—

10 108 ·—-— -—-· -—·—
··—·— ···- -·—··

Average 6,875 8,675 13,750 7,450 11,400 ····-

—·· THMFP concentration had not reached specitied limit at these ports.
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Table 9. Bed Volumes Passed through the BAC Bed as Predlcted by THMFP Collected at VariousPorts Within the Carbon Bed Using 0.66 and 0.5 as THMITHMFP Ratlos (EBCT of 30 minand 2.7 gpmlft' Loading).

Predlcted Bed Volume Throughput of the BAC BedFor Each THM Treatment Goal _

Depth THMITHMFP = 0.66 THMITHMFP = 0.5
(in) 25 pg/L 50 pg/L 75 pg/L 25 pg/L 50 pg/L 75 pg/L

2 20 8,000 12.000 19,000 9,500 16.000 -···—
4 44 7,800 10,500 -·—— 8,800 12,000 ··—··
6 64 6,800 -—- ——- 7,250 ···-· ·-··
8 84 —— ——

···— ·—·—
···—· ·—·—

10 108 -···— ·—— ·-- ·—-—· -··- ···—-

Average 7,500 11,250 —·- 8,500 14,000 -—--

-·- THMFP concenlration had not reached specified limit at these ports.

69



and 75 pg/L THM option for 8,675 and 13,750 bed volumes (188 and 270 days) respectively.
Assuming a THM/THMFP ratio of 0.5, the GAC column can meet the 25 pg/L and 50 pg/L THM
treatment options for 7,450 and 11,400 bed volumes (155 and 237 days) respectively.

The predicted breakthrough of THM precursors in the BAC efiiuent can be found from Figures
36 · 41 of Appendix C. These show that the THMFP wavefront had passed port 6 for the THM
treatment goal of 25 pg/L and port 4 for the treatment goal of 50 pg/L. However for the THM
treatment goal of 75 ug/L, the wavefront had only passed port 2.

Assuming a THM/THMFP ratio of 0.66, the BAC column can meet the THM treatment goals of
25 pg/L and 50 pg/L for approximately 7,500 and 11,250 bed volumes (156 and 234 days)
respectively. Column operation was suspended before breakthough of 75 pg/L occurred.
Analyzlng the BAC column assuming a THM/THMFP ratio of 0.5, the expected carbon bed life
at THM treatment goals of 25 and 50 pg/L was 8,500 and 14,000 bed volumes (177 and 292
days) respectively. Unless the influent THMFP concentration increased, the 75 pg/L THM
treatment limit will probably not be reached.

GAC Requirements For Meeting Different Treatment Goals

Determlning the GAC requirements to meet a specified THM treatment goal required
additional analysis which involved calculating the specific THMFP removal of the carbon.
Figure 15 shows the specific THMFP removal as a function of the number of bed volumes
required to surpass a specified THM treatment goal. The specific THMFP removal for a
particular port is found by finding the intersection of the curve in Figure 15 and a vertical line
from the x·axis. The vertical line corresponds to the predicted number of bed volumes that
would surpass a specified treatment goal. These predicted bed volumes are obtained from
Tables 8 and 9. For example, data from GAC port 2 predicted a total carbon bed life of 8,250
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bed volumes to meet the 25 pg/L THM treatment goal using a THM/THMFP ratio of 0.66 (Table
8). A vertical line drawn at 8,250 bed volumes on Figure 15 intersects the curve at a specific
removal of 2.2 mg THMFP/g GAC. THMFP data from GAC ports 4, 6, and 8 (Table 8) predicted
a carbon bed life of 6000, 5750, and 7500 bed volumes to meet the 25 pg/L THM treatment goal.
Referring to Figures 16, 17, and 18 (GAC ports 2, 4, and 6) the specific THMFP removals for
each of the respective predicted bed volumes are 1.3, 1.8, and 2.0 mg THMFP/gram GAC.
Averaging all four specific removals results in an average specific removal of 1.8 mg THMFP/g
GAC. Assuming the average THMFP concentration in the influent is 150 pg/L, the amount of
GAC that would be required to meet the 25 pg/L THM treatment goal would be 83 mg GAC/L
of water treated (0.70 Ib GAC/1000 gal). Sample calculations for determining the GAC
requlrement for the GAC and BAC processes can be found in Appendix l.

Slmilarly, the GAC requirements for the BAC column can be found from Figures 19, 20, and
21 which represent BAC ports 2, 4, and 6. Also, the amount of carbon needed to meet the
other THM treatment goals at THM/THMFP ratlos of 0.66 and 0.5 can be found by applying this
method. Tables 10 and 11 summarizes all of the GAC requirements for meeting each THM
treatment goal. As noted in these tables, the amount of carbon to meet the 25 pg/L THM
treatment goal is considerably higher than that needed to meet the 50 pg/L and the 75 pg/L
treatment goal. The BAC requires less carbon to achieve the same level of treatment and a
longer bed life. This method shows again that the‘BAC column ls superior to the GAC column
ln terms of THM precursor removal.

TOC Breakthrough Curves for the GAC and BAC Columns

The TOC breakthrough curves for both the GAC and BAC columns can be found in Appendix
D. These plots are included to give the reader an idea of how well the GAC and BAC also
adsorb TOC. By comparing the TOC and the THMFP breakthrough curves taken from each
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respective port, one notices that the fractlon of TOC adsorbed onto the carbon is less than that
of the THMFP.

THM Precursor Adsorption Onto Carbon

It ls apparent that the fractlon of TOC that is passlng through the carbon bed is higher than
that of the THMFP. Thus a larger fraction of the TOC is composed of nonadsorbable
components. To evaluate the selectivity of the carbon for THM precursors and the
effectiveness of TOC as a predictor of THMFP breakthrough, plots were made of the ratio
THMFP/TOC versus time. Variations in the THMFP/TOC ratio indicate whether the THM
precursors vary in their adsorption characteristics. Low column effluent THMFP/TOC values
would indicate that the majority of the THM precursors were part of the adsorbable TOC
fractlon. Larger values of the ratio would indicate that THM precursors comprise a greater
percentage of the non·adsorbable fraction of TOC. Figure 22 shows the THMFP/TOC ratio of
the raw water over the study period. As can be seen, the values ranged between 40 and 70.

Figures 23 and 24 show the THMFP/TOC ratio in the GAC influent, GAC effluent, and GAC port
6 and Figure 25 shows the ratio in the BAC influent and effluent. Figures 23 and 25 show that
there is a large amount of lluctuatlon for the ratio in the GAC and BAC effluent. However, the
majority of the data is below 25 pg/mg which indlcates that a relatively large portion of the
THM precursors are adsorbable. Figures 23 and 25 show that the GAC and BAC influent ratio
fluctuated early in the study but remained fairly constant afterwards at approximately 40
pg/mg. Thus, the BAC and GAC columns reduced the THMFP/TOC ratio by one·half. The
THMFP/TOC ratio at port 6 (Figure 24) of the GAC column steadily increased over time from
10 pg/mg to 35 pg/mg. This increase is very similar to the breakthrough curve shown in the
analysis of the activated carbon columns. A similar increase was not observed in the BAC
column at port 6.
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Biological Growth in the Activated Carbon Columns

Tables 22 · 24 in Appendix A show that the standard plate count (SPC) indicated signiticant
growth was present on the BAC columns in late August and September, 1986. The SPC
decreased dramatically from roughly 6000 colonies/mL to 1000 colonies/mL approximately the
same time PAC was started in the pulsator. These lower values continued until the end of

the testing period. Generally the BAC effluent had higher SPC values than the GAC effluent.

Figure 26 provides indirect evidence that biological growth in the BAC columns was slightly
greater than in the GAC columns. The cumulative dissolved oxygen uptake in the BAC column
was somewhat greater than in the GAC columns, thus indicating indirectly that a higher

degree of biological growth was present in the BAC.

lnorganic Removal by Activated Carbon

Although activated carbon is designed primarily to remove organic material, Tables 22- 24 in

Appendix A indicate that manganese and iron were also removed in the BAC and GAC
‘ process trains with the BAC generally achieving greater removal than the GAC. Manganese

and iron concentrations in the effluent were many times reduced to negligible levels.
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Two types of PAC were used in this study. AQUA NUCHAR (PAC1) carbon was used during
the months of June and July and NUCHAR SA (PAC2) was used in the month of October with
the latter being regarded as the superior carbon.

Variation in Raw Water THMFP and TOC Values

Figure 27 depicts the variations in the raw water and claritier effluent THMFP concentrations
during the study. As can be seen, the day to day variation was often extreme with large
lncreases usually occurring alter heavy precipitation. The clariüer effluent THMFP
concentration remained fairly constant except during parts of July and October when it was
considerably lower (approximately 100 pg/L rather than 150 pg/L). This corresponded to
periods of PAC addition to the Superpulsator®. immediately alter PAC addition was halted
(July 28 and November 8, 1986), the claritier effluent levels increased.

During early portions of the NUCHAR SA study in October, the PAC feed unit was not working
properly resulting in a lower dose (16 mg/L) than desired. Alter thisunit was repaired, a

F

NUCHAR SA dose of 21 mg/L was provided to the Superpulsator®. Even though the dose was
increased by 40 percent, the THMFP removal did not increase signilicantly.

Figure 28 indicates that the raw water and clariüer effluent TOC concentrations did not vary

quite as much as the THMFP. The raw water concentration varied between 5 and 7 mg/L.
The clarifler effluent TOC concentration was similar to the THMFP concentration in that lower
concentrations occurred when PAC was added to the Superpulsator®.
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THMFP and TOC Removal by OzonelPAC and PAC Alone

C
Ozone was used as a preoxidant for both PAC studies. lt was discontinued for a brief period
each time PAC was added so that the performance of PAC alone could be evaluated. Tables
12 and 13 summarize the Superpulsator® performance when PAC and ozone were used singly
and ln combination. Figure 27 shows the percentage THMFP removal during the period. The
peak percentage removals ln July and October correspond to the time both ozone and PAC
were being added to the process train. The NUCHAR SA carbon consistently removed a
higher percentage of THMFP than the AQUA NUCHAR, even though both carbons consistently
reduced THMFP concentrations below 100 pg/L. The NUCHAR SA achieved greater than 80
percent removal on several occasions. Similarly, Figure 28 indicates the use of NUCHAR SA
carbon consistently resulted in higher TOC removals than when AQUA NUCHAR was used.
Once ozone addition was stopped, the THMFP and TOC removals began to decrease (Figures
27 and 28) regardless of the carbon being used; however, the increase was more dramatic

. with AQUA NUCHAR than with NUCHAR SA.
t

Tables 12 and 13 indicate that treatment with NUCHAR SA and AQUA NUCHAR in combination
with ozone produced approximately the same quality of water. However NUCHAR SA
treatment provided a higher removal efticiency of THMFP and TOC at a lower dosethan
treatment wlth AQUA NUCHAR. Treatment with both carbons in conjunction with ozone
removed slgnificantly more THMFP than when PAC was not added to the Superpulsator®.
Treatment with NUCHAR SA and AQUA NUCHAR and ozone increased the THMFP removal
by 21 and 14 percent, respectively, over coagulation alone, but treatment with these two
carbons ln the absence of ozone increased the removals by only 15 and 3 percent,
respectlvely. This suggests that ozone with PAC provides slightly better organic removals
than PAC alone, especially when AQUA NUCHAR was used. The Duncan’s Multiple Range
Test (95 percent contidence level) was used to determine if there were statistical differences
ln the removal efticiency of PAC alone and PAC with ozone. The test showed that there was
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‘ Table 12. Tl-IMFP Removal Across Pulsator and Concentration In the Clarifier Effluent.

Number of Average RemovalProcess Descrlptlon Samples Mean Range Across Pulsator(uu/L) um/L) — (%)

Coagulation (No PAC) 37 156 71 · 244 55(8/3/86 · 10/2/86)
(11/9/86 - 11/26/86)

AQUA NUCHAR (PAC1) 25 mg/L 13 97 71 · 142 69With Ozone
(6/21/86 · 7/18/86)

AQUA NUCHAR (PAC1) 25 mg/L 13 141 97 - 175 58Without Ozone
(6/10/86 · 6/20/86)
(7/19/86 · 7/31/86)

NUCHAR SA (PAC2) 16 mg/L 9 102 74 - 138 74With Ozone ’
(10/3/86 - 10/15/86)

NUCHAR SA (PAC2) 21 mg/L 11 98 61 - 125 76With Ozone
(10/16/86 · 10/31/86)

NUCHAR SA (PAC2) 21 mg/L 7 89 58 · 111 70Without Ozone
(11/1/86 · 11/8/86)
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Table 13. TOC Removal Across Pulsator and Concentration in the Clarifier Elfluent.

Number of Average RemovalProcess Description Samples Mean Range Across Pulsator
(mg/L) (mg/L) (%)

Coagulation (No PAC) 60 3.71 2.24 · 4.58 42(8/3/86 · 10/2/86)
(11/9/86 · 11/26/86)

AQUA NUCHAR (PAC1) 25 mg/L 21 2.64 2.18 · 3.96 55With Ozone ·
(6/21/86 - 7/18/86)

AQUA NUCHAR (PAC1) 25 mg/L 19 3.00 2.58 · 3.85 49Without Ozone
(6/10/86 - 6/20/86)
(7/19/86 - 7/31/86)

NUCHAR SA (PAC2) 16 mg/L 11 2.87 2.56 — 3.36 60With Ozone
(10/3/86 · 10/15/86)

NUCHAR SA (PAC2) 21 mg/L 14 2.59 2.10 · 3.00 63With Ozone
(10/16/86 · 10/31/86)

NUCHAR SA (PAC2) 21 mg/L 7 2.90 2.63 - 3.43 58Without Ozone
(11/1/86 · 11/8/86) _
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no statistical difference in the THMFP removal efüciency between PAC alone and PAC with
ozone.

Although NUCHAR SA without ozone produced a lower mean THM precursor concentration in
the clarilier effluent than PAC with ozone, one should not consider this to be the superior
process. Referring to the THMFP percent removal in Table 12, it is evident that NUCHAR SA
without ozone is somewhat less effective at removal than when it is added with ozone.
Improved raw water conditions contributed to the lower THMFP concentratlons in the clarifier
effluent during NUCHAR SA additions without ozone.

TSS Correlation With TOC and THMFP Removal

There was some belief that a correlation existed between the TSS of the sludge blanket and
THMFP removal. Therefore, the sludge blanket solids were increased as much as_ possible
by increasing polymer dose and optimizing the sludge wastage rate. Figure 29 relates TSS
with THMFP and TOC percent removal. As can be seen there is no definitive correlation

‘ between these parameters.

SURROGATE PARAMETERS

The measurement for THMFP ls a time consuming process. Therefore, the relationships
between THMFP and two other water quality parameters (TOC and UV254) were examined to
determine if any relationship existed. ln addition to testing the surrogates relationship with
THMFP in the carbon columns, samples were taken from the raw water and clariüer effiuent
to determine if UV254 and TOC could be surrogates for THMFP around the Superpulsator® '
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While this effort did not constitute a major part of the study, the results are summarized here
and presented in Appendix G. Figures 55 and 56 show that neither UV254 nor the

_ multipllcative factor UV'TOC had very high correlation coefticients when compared with
THMFP. Figure 54 showed that TOC correlated slightly better with THMFP, and thus, TOC may
be used to obtain very general predictions of THMFP in the clarilier eftluent.

TOC and UV254 as Surrogates for THMFP in the GAC and BAC Columns

TOC. In contrast to the raw water and clarifier eflluent data, the correlations between THMFP
and TOC in the activated carbon Icolumns were much better. Table 14 shows that the .
oorrelations between THMFP and TOC concentrations in water treated by the GAC beds were
quite good with the minimum correlation coefticient being 0.75. ln contrast, the correlations
between THMFP and TOC in water treated by the BAC process were not as good especially
deeper in the bed. The TOC and THMFP relationships can be found in Appendix F (Figures
50 · 53).

UV Absorbance. UV absorbance measured at 254 nm predicted THMFP extremely well in the
GAC column. As shown in Table 15, it had stronger correlations as a predictor of THMFP from
various ports within the carbon bed than the TOC. The minimum correlation coefticient was

0.80, and this was in port 8.

In contrast, the UV absorbance was not an accurate predictor of the THMFP concentration in
the BAC column. No reliable correlation could be made in any of the ports measured. The

UV254 and THMFP relationships can be found in Appendix E (Figures 46 · 49).
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Table 14. Llnear Relatlonshlps Between THMFP and TOC Measured at Various Ports ln the GACand BAC Bed.

PORT NUMBER
2 4 6 8

GAC
slope (m) 36.4 37.9 43.5 29.5y-Intercept (b) -2.7 -11.1 -21.2 1.1correlation

coefflcient (r*) 0.90 0.77 0.92 0.75

BAC
slope (m) 31.0 24.2 ( 3.9 -—
y·intercept (b) 4.3 -0.2 14.8 -··correlatlon

coetlicient (r‘) 0.83 0.58 0.12 ——

(
(
(

(

' 97 ¥
W (

._ .(



Table 15. Linear Relationships Between THMFP and UV2541· Measured at Various Ports ln theGAC and BAC Bed.

PORT NUMBER
2 4 6 8

GAC
slope (m) 278 253 309 384y·intercept (b) 15.2 15.8 8.2 2.0correlation

coefiicient (r') 0.94 0.84 0.93 0.80

BAC
slope (m) 213 15.0 37.3 ····y-lntercept (b) 25.0 26.9 16.4 —-
correlation

coefücient (r') 0.67 0.09 0.19 ·-—

1 UV absorbance reported as per 10 cm.
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Chapter 5 g
DISCUSSION

Preliminary Remarks

lt is important to remember that inherent to this study were many limitations which hampered
the analysis of the GAC and BAC column performance. The study of these processes was only
part of the overall testing program employed at Harvvood’s Mill. Other tests involving various
preoxidants, polymers, and PAC were conducted simultaneously with the GAC columns
because commitments were made to test several treatment options within a specified time
frame. Changing these processes made analysis of the data from the carbon columns difficult
at times.

The best example of these dilficultles is the addition of PAC to the Superpulsator® during
October 1986. Normally, PAC would not be used in conjunction with GAC except in extreme
cases. The use of PAC resulted in a significant reduction of the THM precursor loading onto
the BAC and GAC contactors. Thus, the data projections predict a slightly longer bed life for
the GAC than if PAC were not used. Because PAC was added for a relatively short period, its
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effect on the results were probably minimal; nevertheless, the predictions of carbon bed life
stated in this study are greater because PAC was added at least a portion of the time. To
partlally account for this, the analysis of the carbon beds was based on some conservative
factors which will be mentioned later.

Because the analyses of the activated carbon beds were based in large part on graphical
Q

techniques, some discrepancies may be found if comparing this study to others. Great care
was taken to accurately determine the predicted time (water throughput) that the column
effluent would exceed the specified THM Limit; however, small variations in these values can
change the GAC requirements for each carbon process. Thus, it should be remembered that
the values reported in the results and discussion are approximate values and could be subject

Q

to small variations depending on the interpretation of data.

Variations in Raw Water Quality _

Large variations seen in Table 4 that describe raw water quality can be explained by several
factors. During the first three months of this study, a severe drought plagued the area. As a
result, the water quality in the reservoir improved because there was less runoff into its
trlbutaries and the Chichahominy River. However, frequent algal blooms in the reservoir
during the late summer months caused wide tluctuations in the raw water quality. Copper
sulfate was frequently applied to the reservoir to control the algae growth. ln addition, rainfall
during the final three months of the study was above normal which resulted in poorer water

quality.

Another cause for variations in the raw water quality was that the reservoir level was reduced
by ten feet while a raw water pump station for the new treatment plant was being installed.
During this time the raw water quality was highly intluenced by a tributary entering the
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reservolr adjacent to the pilot plant intake. Runoff from upstream commerical business areas
during heavy rains resulted in the creek being heavily polluted at times.

Variations in the Clarifier

ElfluentVariationsln THMFP levels in the clarifier effluent during the pilot plant study can be attributed
to a number of factors, including alterations in alum and polymer dose, changes in the process
operations of the Superpulsator®, the use of different preoxidants, and the addition of PAC.

System THM Precursors

The projections of GAC bed life in this thesis were based on the assumption that the THM level
in the Harwood’s Mill distribution system would be approximately two-thirds of the measured

- THMFP of the activated carbon effluent. This fraction, more than likely, is conservative
· because. the actual average ratio between the THMFP of the treated Harwood’s Mill Reservoir

water (at the existing water treatment plant) and the THM level measured at a distant point in
the distribution system (Haywood Forest) was 0.5 during September through November, 1986

· (Table 5). That ratio, however, was developed from data collected during the fall rather than
the summer when the water temperature would be higher and, likely, the system THM level
would also be greater. The two-thirds ratio was chosen simply because it was more
conservative, and could account for factors (e.g. PAC use during column analysis and good
raw water quality) that could provide an overly optimistic analysis of the carbon columns. One
should remember that while analyzing the data that the actual GAC column bed life may be

7 longer than estimated. Some comparative data using the THM/THMFP ratio of 0.5 are given
in Tables 8, 9, 11, and 17 to put the less conservative ratio into perspective.
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GRANULAR ACTIVATED CARBON

The placement of the ozone contactor before the BAC columns came under considerable
discussion a month into the operation. This placement was causing considerable operational

problems. The mixed media filter·run times were lower than expected with turbidity breaking
through the ülter after only 10 to 15 hours. This was especially a problem when potassium
permanganate (KMnO,), a preoxidant, was added to the pulsator. The pH was low (5.9 - 6.1)

while KMnO., was being added and low pH generally does not favor rapid oxidation of

manganese and iron. Ozone oxidized the manganese and produced solid manganese dioxide
which was trapped by the filters, resulting in even lower mixed media filter run times and

lncreasing the rate of head loss bulldup on the BAC carbon.

After the ozone contact chamber was moved to a position between the mixed media filter and
the activated carbon columns, the mixed media filter run times increased, and fewerturbidity
problems were experienced for the remainder of the study. This was due in part to the

· potassium permanganate addition being dlscontinued and the mixed media filter removing

additional particulate and organic material before the water entered the ozone contactor.

The ozone contactor was originally placed before the mixed media filter because of ozone’s
ability to oxidlze many materials and cause subsequent precipitation. Rice (43) recommended

that a filter be placed after the ozone contactor to prevent high loading of precipitated solids

onto the carbon. This would reduce the rate of head loss on the carbon bed and the number
of backwashings required. However, in full·scaIe operations, the ozone contactor is usually

placed between the GAC and the mixed media filter (48, 64, 92). From the experiences gained
at the pilot plant, a full scale operation should be designed such that the mixed media filter

preceeds the ozone contactor.
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Analysis of the Wavefront Progression in the BAC and GAC Columns.

To reduce the large amount of data collected on the carbon columns, only ports 2, 4, 6, and
8 (20, 44, 64, and 84-in depths) were used in the analyses. These were representative of the

data collected in the other ports of the carbon columns.

THMFP. Appendices B and C contain plots that show the predicted THM precursor
breal<through for the GAC and BAC columns. Total bed life estimates based on the analyses
of water collected at ports in the upper reaches of the carbon beds were larger than estimates
based on water quality at the lower ports. This occurs because initially the THMFP wavefront
was quite broad, with the majority of the THM precursors being adsorbed. The ports located
in the upper regions of the bed predicted a longer bed life, since the majority of the THMFP

is being adsorbed there. As time passed, the wavefront dispersed with the less adsorbable
THMFP extending deeper into the bed before being adsorbed. At ports located deeper in the

carbon bed, the predictions generally decrease but do not follow a uniform pattern (Tables 8

and 9). The predicted bed life was based on the average of the predictions made from data
taken at each port. The bed life of the BAC and GAC column predicted from data taken at port
4 (44·in) (112 cm) and below were fairly uniform.

Although the total water throughput was less through the BAC columns, enough had passed

through so that accurate predictions of bed life could be made. A summary of the predicted

water throughput and time of operation to meet a specified THM treatment goal for the BAC
and GAC columns is given in Table 16. This shows that the BAC’s bed life is 10 to 15 percent

longer than the GAC in meeting the 25 pg/L THM treatment limit and 24 percent longer in
meeting the 50 ug/L limit. If the 0.5 THM/THMFP ratio is valid, then an increase in bed life of „

9 to 24 percent could be expected for the carbon columns.
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_ Table 16. Predlcted Bed Life for the GAC and BAC Beds For Speclfled Treatment Goals Assumlnga THMITHMFP Ratlo of 0.5 and 0.66. —

Tl-IMITHMFP = 0.66 Tl-IMITHMFP = 0.5

THM Treatment GAC BAC GAC BACGoal Bed Bed Bed Bed Bed Bed Bed BedVolumes Life Volumes Life Volumes Life Volumes Life(uu/L) (Days) (Days) (Days) (Days)

25 6.875 143 7,500 156 7.450 155 8,500 177
50 8,675 188 11,250 234 11,400 237 14,000 29275 13,750 270 —— ——- ——- ·-— -·-··
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ln a full-scale facility, a number of GAC contactors are usually employed and their effluent
streams are blended ln—a clear well. Thus, it is possible that one column can operate beyond

_ its THM treatment limit concentration as long as the average THM concentration from all of
the effluents is below that limit. By blending the effluents, the bed life of the carbon column
can be extended significantly.

TOC. The fraction of TOC passing through the carbon bed was much higher than that of
THMFP because the TOC contains more poorly adsorbing organics than THMFP. As a result,
the TOC concentration in the column effluent is high, approximately one-third of the intiuent
value. The TOC that passes through composes the nonadsorbable fraction.

GAC Requirements for Meeting Different Treatment Goals

To more accurately define the carbon requirements for the BAC and GAC, calculations were
made to determine the total amount of THM precursors (THMFP) adsorbed onto the carbon.
Plotting the specific THMFP removal per gram of GAC as a function of the predicted number
of bed volumes (bed life) provides a method of determining the amount of carbon that will be
needed to meet a specified treatment goal. Tables 10 and 11 summarized the amount of
carbon that will be needed to meet each specified THM treatment goal.

As seen in Tables 10 and 11, the GAC requirements varied in both the BAC and GAC columns.
Each THM treatment goal required a different amount of GAC to treat a unit amount of water.
The lowest THM treatment goal (pg/L) required the largest amount of GAC. Meeting the 25
pg/L limit would require 20 to 40 percent more carbon for either column than if the limit were
50 pg/L. Using the 0.5 THM/THMFP ratio rather than 0.66 for column analysis resulted in
savings of 9 to 26 percent in the amount of GAC required. Thus, accurately knowing the actual
THM/THMFP ratio for the Harwood’s Mill distribution system is crucial in determining the
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amount of GAC that would be required to meet a treatment goal. In addition, if the 0.5 ratio
ls accurate, then no further treatment beyond alum coagulation, flocculatlon, and filtration will
be required to meet the 75 pg/L goal because the mixed media filter effiuent during the study
was approximately 150 pg/L THMFP.

The BAC process would require 10 to 15 percent less carbon than the GAC for meeting each
treatment goal. The BAC column removed significantly more THMFP per gram of carbon than
the GAC at each port examined and for each THM treatment goal. This was expected since
more THM precursors were being removed in the BAC column than in the GAC column.
These results are important because it underscores two important advantages that the BAC
process has over GAC: 1) BAC has increased bed life and 2) BAC requires less carbon to
meet a specified THM treatment goal. A detailed economic study will be required to
determine if the savings in the carbon requirements would offset the increased costs of ozone
addition.

Adsorption Characteristics of THM Precursors

The THMFP/TOC ratio can be an extremely effective indicator of whether the GAC is selective
in adsorbing the THM precursor fraction of the TOC. lt can also indicate whether the THM
precursors are part of the adsorbable fraction or the nonadsorbable fraction of the TOC.
Figures 23 - 25 showed that the average value for the ratio in the BAC and GAC lnfiuent was
approximately 40 pg/mg. Alter GAC and BAC treatment, the values of the ratio were
conslstently below the 25 to 30 pg/mg range, lndicating that the THM precursors are indeed
readlly adsorbable by FILTRASORB 400 (Figures 23 and 25). lt is interesting to note that the
THMFP/TOC ratlos in the GAC effiuent were conslstently lower and had less variation than the
ratlos in the BAC effiuent. A Iikely explanation is that the ozone associated with the operation
of the BAC column was converting part of the nonadsorbable fraction of TOC into an ‘
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adsorbable fraction; therefore, a larger amount of TOC was adsorbed in the BAC than the GAC
and, as a result, the THMFP/TOC ratio in the BAC effluent would be larger than in the GAC
effluent. It appears that the ozone enables the BAC process to be more efficient in the
adsorption of both TOC and the THM precursor fraction of the TOC.

Benefits Provided by BAC

In thls study, BAC was established as the superior organic removal process. This linding is
in agreement with what is generally reported in the literature (47, 57, 59, 61, 63, 64). The
difference between BAC and GAC, as mentioned earlier, is that ozone is added ahead of the
activated carbon column. Theory holds that ozone oxidizes the large THM precursor
molecules, thus making them more susceptible to biological degradation or adsorption onto
the carbon. There is considerable debate as to which of the two processes the increased
organic removal can be attributed to.

ln this study, changes in dissolved oxygen concentration across both the GAC and the BAC
columns were measured. Figure 26 showed that the dissolved oxygen uptake in the BAC
column was greater than in the GAC column, thus providing indirect evidence that microbial
growth was occurring on the carbon. lt does not indicate whether the biota were actively
degrading the precursors or were respiring endogenously. The standard plate counts of the
BAC and GAC effluents were lnconclusive because results varied widely.

Ozone can produce small molecular weight THM-precursor molecules from larger ones. Lee
(39) found that the adsorption capacity of and rate of uptake by activated carbon increased
as the molecular weight of the organic matter decreased. Because these smaller molecules
can penetrate further into the carbon’s microporous structure, the adsorption kinetics are
improved; therefore, a higher percentage of the carbon would be utilized for adsorption and

l
107



would provide a longer bed life. Peel and Benedek (54) have proposed a theory that suggests
adsorption continues over a long period with small organic molecules penetrating deep into
the microporous structure (slow adsorption kinetics). This increased adsorption would
improve the GAC bed life. Whether biological degradation or slow adsorption kinetics
predominates is a matter for speculation because none of the available data strongly supports
either theory. A safe assumption would be that a combination of slow adsorption kinetics and
biological degradation contributed to the higher THM precursor removal in the BAC.

lnorganic Removal by Activated Carbon

Iron and manganese removals occurred in both the GAC and BAC columns. This result can
be attributed to the filterability of activated carbon and not adsorption. Manganese removals
were greater on the BAC because ozone tended to oxidize soluble manganese (Mn ll) to
manganese dioxide. This precipitate was then removed by the carbon filter. In both columns,
especially the BAC, dark brown deposits could be seen in the top two inches of the carbon.
The deposits were lndicative of insoluble manganese and were especially prevalent when
potasslum permanganate was added in the Superpulsator®. Iron removal was also slightly
better in the BAC column. At various times the manganese concentration was higher in the
column eflluents than in the lnlluent, most likely because particulate Mn (IV) was passing
through the bed.

POWDERED ACTIVATED CARBON

As was noted in the Results chapter, both types of PAC provided signilicantly higher organic
removals when added with ozone than alum coagulation alone. Activated carbons that have
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a large surface area are capable of more efficient adsorption (31, 32). NUCHAR SA has more
surface area than AQUA NUCHAR and, as expected, the NUCHAR SA carbon was superior in
organic removal. Although the AQUA NUCHAR was added at a higher dosage than the
NUCHAR SA, the NUCHAR SA consistently removed a higher percentage of THM precursors
than the AQUA NUCHAR. Both carbons increased THMFP removal by 14 to 21 percent and
TOC removal by 13 to 19 percent (Tables 12 and 13) when a preoxidant (ozone) was used.
PAC alone increased THMFP removal by 3 to 15 percent and TOC removal by 7 to 16 percent.
AQUA NUCHAR represents the lower range of the THMFP and TOC percent removals and

_ NUCHAR SA represents the higher removals.

Ozone Enhancement of PAC

Ozoneaddltion in conjunction with PAC decreased the THMFP and TOC concentrations in the
clarlüer effluent for both carbons. AQUA NUCHAR produced the most signilicant improvement

”

when ozone was added by decreasing the average THMFP level in the clarilier effluent from
141 to 97 pg/L. ln contrast, the effluent THM precursor concentrations were greater when
ozone and NUCHAR SA were added than when ozone was added alone, even though the
combined treatment produced a higher percentage of THM pecursor removal. This was most
likely the result of lower THM precursor concentrations in the raw water and not because of
some action by ozone itself. Both types of PAC provided better THM precursor and TOC
removals than alum coagulation alone.

Table 12 showed that an increase ln dose of NUCHAR SA did not proportionally increase the
THM precursor removal. A slight improvement was noticed in the average concentration and
the average eftlciency of removal, but it was small. A statistical analysis using the Duncan
Multiple Range Test (95 percent contidence level) showed there was no signiücant difference
between the removal efliciencies of either process. This may be attributed in part to the fact
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that the raw water THMFP was decreasing at the same time the PAC dose was being
I

increased. The data also suggest that increasing the NUCHAR SA dose beyond 15 to 20 mg/L
may not be economically feasible because it may not provide comparable reductions in the
effluent THMFP concentration.

Estimates of the THM's in the Harwood’s Mill distribution system based on the THM/THMFP
ratio can be made from the mean clarifier effluent concentrations for each PAC process (Table
12). Table 17 summarizes these estimates and show that PAC with or without ozone can
provlde THM levels at Haywood Forest (seven days in distribution system) between 44 and 93
pg/L depending on which process is employed and which THM/THMFP ratio is used. When
reviewlng Table 17, remember that these effluent levels are not representative of the efficiency
of the process, therefore processes with the lowest clarifier effluent levels may not be the
most efficient (see Table 12). . .

Early ln the study, there was some hope that the THMFP and TOC removal efficiencies were
related to the total suspended solids (TSS) in the Superpulsator®. lt was believed that a
denser sludge blanket would contain more PAC and, therefore, be more effective at removing
organlc matter from the flocculating water. However as seen in Figure 29, no relationship was
evident. This phenomenon was not fully explored, however, because the sludge·wasting rate
was not carefully regulated during the entire study, and no studies were conducted to
determine if increasing the PAC feed rate would increase the TSS of the sludge blanket. More
work on this aspect of the problem is required.
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Table 17. Predicted Tl·lM’s in the Harwood Mill Distribution System at Haywood Forest after PACTreatment Using 0.66 and 0.5 as the THMITHMFP Ratio.

Predlcted THM's at Haywood Forest (pglL)
. THMITHMFP RATIOProcess Description

0.66 0.5

Coagulation (No PAC) 103 78(8/3/86 · 10/2/86)
(11/9/86 · 1_1/26/86)
AQUA NUCHAR (25 mg/I) with Ozone 64 49(6/21/86. - 7/18/86)
sk. °·

AQUA NUCHAR (25 mg/I) without Ozone 93 71(6/10/86 · 6/20/86)
(7/19/86 · 7/31/86)

NUCHAR SA (16 mg/I) with Ozone 67 51(10/3/86 · 10/15/86)

NUCHAR SA (21 mg/I) with Ozone 65 49(10/16/86 · 10/31/86)

NUCHAR SA (21 mg/I) without Ozone 59 45(11/1/86 · 11/8/86)

111



SURROGATE PARAMETERS

Raw Water and Clarifier Effluent

One objectlve of this study was to determine if TOC or UV absorbance could serve as
surrogate parameters for the THM precursor (THMFP) concentration in the carbon columns.
As outlined in the results, the TOC and UV absorbance do not appear to be a good. predictor
for THMFP when considering the raw water and claritier effluent values together. Alinearregression

analysis performed on the data showed that only TOC had a high enough
correlation for it to qualify as a surrogate for THMFP. This correlation was not high (0.68);
however, and TOC should only be used to make general predictions of THMFP in the claritier
effluent.

GAC and BAC Columns

· Tables 14, 15 and Appendices E and F show THMFP asta function of UV254 and TOC in each
carbon column and these lndicate that the surrogate parameters could predict THMFP much
more accurately ln the GAC column than in the raw water or claritier effluent. There was a
strong correlation between TOC and THMFP in the GAC column. Table 14 showed that the
minimum correlation coeflicient between THMFP and TOC in the GAC column was 0.75. ln
addition, the THMFP/TOC data representing conditions in the effluent of port 6 in the GAC
column (Figure 24) resembled a typical breakthrough curve with the values approaching the
influent values over time. This would lndicate that the adsorbability of THMFP and TOC are
proportional with time, and TOC would be a fairly accurate surrogate for predicting THMFP.
UV absorbance exhibited an even stronger relationship with THMFP at all ports measured in
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the GAC column. Table 15 showed the minimum correlation coeflicient between THMFP andUV254 was 0.80. h
In contrast, the TOC was a poor indicator of THMFP in the BAC columns. Only sampling ports
located in the BAC carbon bed where the wavefront had completely passed was the
correlation between TOC and THMFP fairly good. At ports deeper in the carbon bed this was
not true. This may have been due in part to lower THMFP values since the THMFP wavefront
had not progressed as deep into the carbon bed as it had in the GAC column. UV254 was a
poorer surrogate than TOC for THMFP. lt was poor at almost every port sampled.

The poor predictlons of THMFP by UV254 in the BAC column eflluent may have been caused
by ozone addition. Ozone has been shown to affect the ability of UV absorbance to predict
THMFP (59, 62, 73, 75) by destroylng UV absorbing substances while not effectively reducing
the THM precursor concentrations. lt appears that the value of UV absorbance as an indicator
of THMFP is dependent upon the natural raw water source and the THM precursors lt contains.

ln summary, UV absorbance measured at 254 nm and TOC were excellent predictors of
THMFP in the GAC column. TOC possibly could be used in the BAC as an indicator for
THMFP but it could not be totally relied upon. UV absorbance should not be used as a
surrogate because of interferences created by ozonation.
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Chapter 6
» SUMMARY AND CONCLUSIONS

T
The primary objectives of this study were focused on organic control options that would
siniflcantly reduce the amount of THM’s that are found in the Harwood’s Mill waterC
distribution system. Four processes involving activated carbon were employed: GAC, _
ozone·GAC (BAC), PAC, and ozone-PAC. A comparison of the four processes was performed
to determine each carbon’s ability to remove THM·precursors. Two GAC contactors, one
incorporating ozone in the lnfluent (BAC) and the other as a control, were run in parallel with
an EBCT of 30 minutes and a loading rate of 2.7 gpm/ft' to determine the eftlciency of GAC to
remove THMFP. Two types of PAC (NUCHAR SA and AQUA NUCHAR) were added to
coagulated water entering the Superpulsator®

and.
their efticiency at removing THMFP and

TOC were measured. During PAC addition, ozone was used as a preoxidant intermittently to
determine if it helped improve organic removal.

Both the GAC and BAC processes remove organics equally well; however, the BAC would be
more efticient. lt was found that the BAC column could operate for 156 to 177 days while
providing THM levels under 25 pg/L at the most distant point in the Harwood’s Mill distribution

Y

System. It could operate for 234 to 292 days while providing THM levels under 50 pg/L. The
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GAC column could operate for 143 to 155 days while meeting the 25 pg/L limit and for 188 to
237 days while meeting the 50 ug/L. The BAC process would require approximately 10 to 15
percent less carbon than the GAC process and would have a longer bed life. lt should be
remembered that these results were based on the performance of a single contactor. Typical
carbon column designs incorporate multiple contactors and their effluents are blended.

Blending the column effluents will usually significantly increase the bed life.

Both PAC’s, with or without ozone, improved THM precursor and TOC removals over alum
coagulation alone. NUCHAR SA could provide as high as 76 percent THMFP removal in the

·Superpulsator®. Either PAC could provide between 58 and 76 percent THMFP removal and

49 to 63 percent TOC removal. This confirms previous findings that THM-precursors are

preferentlally removed from the TOC pool by activated carbon and coagulation. NUCHAR SA
provided the lowest THM·precursor concentrations in the clarilier effluent ranging between 89

and 102 pg/L THMFP (45 to 68 pg/L THM at Haywood Forest); however, the level of treatment

attained by either PAC is not as high as that for the GAC processes.

The significant conclusions that may be drawn from this research are:

1. The BAC process provided longer bed life and required less carbon to achieve a desired
THM treatment level than the GAC process.

2. The BAC and GAC columns consistently produced water with a THMFP and TOC
concentratlon under 25 pg/L and 1.0 mg/L respectively throughout the study. There appeared
to be no difference between the GAC and BAC processes when considering the level of
treatment obtained.

3. The granular activated carbon processes, as expected, were far superior to PAC for

organics removal.
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4. The addition of 16 to 25 mg/L of PAC to the Superpulsator® improved the TOC and THMFP
removal over what could be achieved by aium coagulation alone. The PAC was readily
retained by the sludge blanket.

5. The effects of 0.05 to 0.2 mg ozone/mg TOC on organic removal by PAC were variable.
Significant improvement upon ozone addition was evident on one occasion when raw·water
conditions were highly variable, but later studies showed little improvement when raw water
conditions were stable.

6. TOC and UV254 proved to be very good surrogate parameters for THMFP in the GAC2
process but not in the BAC process.

116



1. Rook, J.J., "Formatlon of Haloforms During Chlorination of Natural Waters." WaterTreatment and Examination, 23, 234-243 (1974).

2. Rook, J.J., “Haloforms ln Drinking Water." Journal of American Water WorksAssociation, 68, 168-172 (1976).

3. Bellar, T.A. Lichtenberg, J.J., and Kroner, R.C., "The Occurrence of Organohalidesin Chlorinate Drinking Waters." EPA-670/4-74-008, USEPA, Cincinnati, Ohio (1974).
4. National Cancer Institute, “Report on Carcinogenesis Bioassay of Chloroform."National Technical Information Form, Service No. PB264018/AS, Washington, D.C.(1976).

5. Environmental Protection Agency, "National Interim Primary Drinking WaterRegulations; Control of Trihalomethanes in Drinking Water; Final Rule." FederalRegister, 44:(231), 68624·68707 (1979).

6. Trussell, R.R. and Umphres, M.D., “The Formation of Trihalomethanes.‘° Journal ofAmerican Water Works Association, 70, 604-612 (1978).

7. Thurman, E.M., Organic Geochemistry of Natural Waters. Kluwer AcademicPublishers, Hingham, Massachusetts, pp. 273-362 (1985).

8. Hoehn, R.C., Dixon, K.L., Malone, J.K., Novak, J.T., and Randall, C.W., "Biologically '
Induced Variations in the Nature and Removability of THM precursors by AlumTreatment.” Journal of American Water Works Association, 76(4), 134-141 (1984).

9. Briley, K.F., Williams, R.F., Longley, K.E., and Sorber, C.E., "TrihalomethaneProduction from Algal Precursors." in Water Chlorination: Environmental Impact andHealth Effects, Vol. 3, R.L. Jolley, W.A. Brungs, and R.B. Cumming, eds., Ann ArborScience, Ann Arbor, Michigan, pp. 117-130 (1980).
10. Hoehn, R.C., Barnes, D.B., Thompson, B.C., Randall, C.W., Grizzard, T.J., andShaffer, P.T.B., "Algae as Sources of Trihalomethane Precursors." Proceedings of

6
117



- the Annual AWWA Conference, San Francisco, California, June 24-29, 1979, pp.481-488 (1979).

11. Hoehn, R.C., Goode, R.P., Randall, C.W., and Shaffer, P.T.B., "Chlorination and WaterTreatment for Minimizing Trihalomethanes in Drinking Water." in Water Chlorination:Environmental Impact and Health Effects, Vol. 2, R.L. Jolley, H. Gorchev, and D.H.Hamilton, eds., Ann Arbor Science, Ann Arbor, Michigan, pp. 519-536 (1978).
12. Scully, F.E., Kravitz, R., Howell, G.D., Speed, M.A., and Arber, R.P., "Contribution ofProteins to Formation of Trihalomethanes on Chlorination on of Natural Waters." inWater Chlorination: Chemistry, Environmental lmpacts and Health Effects, Vol. 5, R.L.Jolley, R.J. Bull, W.P. Davis, S. Katz, M.H. Roberts, and V.A. Jacobs, eds., LewisPublishers, Chelsea, Michigan, pp. 807-820

(1985).

13. McCreary, J.J., and Snoeyink, V.L., "Characterization and Activated CarbonAdsorption of Several Humic Substances." Water Research, 14, 151-160 (1980).
14. Joyce, W.S., DiGiano, F.A., and. Uden, P.C., "THM Precursors in the Environment."Journal of American Water Works Association, 76(6), 102-106 (1984).
15. Collins, M.R., Amy, G.L., and King, P.H., "RemovaI of Organic Matter in WaterTreatment. " Journal of Environmental Engineering, 111, 850-864 (1985).

A
16. Morris, J.C. and Baum, B., "Precursors and Mechanisms of Haloform Formation in‘ the Chlorination of Water Supplies." in Water Chlorination: Environmental Impactand Health Effects, Vol. 2, R.L Jolley, H. Gorchev, and D.H. Hamilton, eds., Ann ArborScience, Ann Arbor, Michigan, pp. 29-48 (1978).

17. Solomons, T.W.G., Organic Chemistry, 2nd ED., John Wiley & Sons, New York, New ._ York, (1980).

18. Rook, J.J., "Chlorlnation Reactions of Fulvic Acids in Natural Waters." EnvironmentalScience and Technology, 11, 478-482 (1977).

19. Gravelund, A., Kruithof, J.C., and Nuhn, P.A.N.M., "Production of VolatileHalogenated Compounds by Chlorination alter Carbon Filtration." Presented at 181 stNational Meeting of the American Chemical Society, April 31, 1981, Atlanta, Georgia(1981).

20. Oliver, B.G., “Effect of Temperature, pH, and Bromide Concentration on theTrihalomethane Reaction of Chlorine with Aquatic Humic MateriaI." in WaterChlorination: Environmental Impact and Health Effects, Vol. 3., R.L. Jolley, W.A.Brungs, and R.B. Cumming, eds., Ann Arbor Science, Ann Arbor, Michigan, pp.141-150 (1980).

21. Minear, R.A. and Bird, J.C., "Trihalomethanes: Impact of Bromide lon Concentrationon Yield Species Distribution, Rate of Formation, and Other Variables." in WaterChlorination: Environmental Impact and Health Effects, Vol. 3, R.L. Jolley, W.A.‘ Brungs, and R.B. Cumming, eds., Ann Arbor Science, Ann Arbor, Michigan, pp.151-160 (1980).

22. Singer, P.C., Barry, J.J., Palen, G.M., and Scrivner, A.E., "Trihalomethane Formationin North Carolina Drinking Waters." Journal of American Water Works Association,73, 392-401 (1981).

118·



23. Hentz, L.H., Hoehn, R.C., and Randall, C.W., "Haloform Formation in Water From PeatDerived Humic Substances and the Reducing Effects of Powdered Activated Carbonand Alum." Proceedings of the Annual AWWA Conference, Atlanta, Georgia, June15-20, 1980. PP. 633-652 (1980).

24. Culp, G., Trihalomethane Reduction in Drinking Water., Noyes Publications, ParkRidge, New Jersey (1984).
25. Hatcher, E. and Taylor, J.S., “Treatment Process Variations to Reduce TTHMResiduals." Proceedings of the Annual AWWA Conference, Atlanta, Georgia, June15-20, 1980, pp. 653-662 (1980)

26. Lappenbusch, W.L., Contaminated Drinking Water and Your Health, LappenbuschlEnvironmental Health, Inc., Alexandria, Virginia, (1986).

27. Reitz, R.H., Fox, T.R., and Quast, J.F., "Mechanistic Considerations for CarcinogenicRisk Estimation: Chloroform." Environmental Health Perspectives, 46, 163-168 (1982).
28. Pereira, M.A., Lin, L.C., Lippitt, J.M., and Herren, S.L., "TrihaIomethanes as Initiatorsand Promoters of Carcinogenesis.” Environmental Health Perspectives, 46., 151-156(1982).

29. Pereira, M.A., Daniel, F.B., and Lin, L.C., "Relationship Between Metabolism ofHaloacetonitriles and Chloroform and their Carcinogenic Activity." in WaterChlorination: Chemistry, Environmental Impact and Health Effects, Vol. 5, R.L. Jolley,R.J. Bull, W.P. Davis, S. Kate, M.H. Roberts, and V.A. Jacobs, eds., Lewis Publishers, ·Chelsea, Michigan, pp. 229-236 (1985).

30. Hassler, J.W., Activated Carbon: Industrial, Commercial, and Environmental,
{ Chemical Publlshlng, New York, New York, (1974).

31. Kornegay, B.H., "Control of Synthetic Organic Chemicals By Activated Carbon:Theory, Application, and Regeneration AIternatives." Chemical Division, WestvacoCorporation, Covington, Virginia, (1979).

32. Montgomery, J.M., Water Treatment Principles and Design. John Wiley & Sons, NewYork, New York, (1985).

33. Thacker, W.E., Snoeyink, V.L., and Crittendon, J.C., "Desorption of CompoundsDuring Operation of GAC Adsorption Systems." Journal of American Water WorksAssociation, 75, 144-149 (1983).

34. Yohe, T.L., Suffet, l.H., and Cairo, P.R., "Specilic Organic Removals by GranulatedActivated Carbon Pilot Contactors.” Journal of American Water Works Association,73,402-410 (1981).

35. Maloney, S.W., Suffet, l.H., Bancrolt, K., and Neukrug, H.M., "Ozone-GAC Following. Conventional U.S. Drinking Water Treatment." Journal of American Water WorksAssociation, 77(8), 66-73 (1985).

36. Summers, R.S. and Roberts, P.V., “Dynamlc Behavior of Organics in Full·Scale4 Granular Activated Carbon Columns.” in Treatment of Water by Granular Activated· Carbon, M.J. McGuire and l.H. Suffet, eds., American Chemical Society, Washington,D.C.. Pp- 503-523 (1983).

119



37. Weber, W.G., Voice, T.C., and Jodellah, A., "Adsorption of Humic Substances: Theeffects of Heterogeneity and System Characteristics." Journal of American WaterWorks Association, 75, 612-619 (1983).
38. ~ Semmens, M.J., Norgaard, G.E., Hohenstein, G., and Staples, A.B., "lnfluence of pHon the Removal of Organics by Granular Activated Carbon." Journal of AmericanWater Works Association, 78(5), 89-93 (1986).
39. Lee, M.C., Snoeyink, V.L., and Crittendon, J.C., "Activated Carbon Adsorption ofHumic Substances." Journal of American Water Works Association, 73, 440-446(1981).
40. El-Rehaili, A.M., Weber, W.J., °‘The Effects of Humic Acid Speciation on Adsorptionand Trlhalomethane Formation Potential.°' Proceedings of the Annual AWWAConference, Denver, Colorado, June 22-26, 1986, pp. 1467-1495 (1986).
41. Weber, W.J. and Vliet, B.M., “Synthetic Adsorbents and Activated Carbons for Water ‘

Treatment: Overview and Experimental Comparisons." Journal of American WaterWorks Association, 73, 420-426 (1981).

42. Chrostowski, P.C., Dietrich, A.M., Suffet, l.H., and Chrobak, R.S., "A Comparison ofGranular Activated Carbon and a Carbonaceous Resin for Removal of VolatileHalogenated Organics from a Groundwater." in Treatment of Water By GranularActivated Carbon, M.J. Mcguire, and l.H. Suffet, eds., American Chemical Society,Washington D.C., pp. 481-502 (1983).
43. Rice, R.G. and Robson, C.M., Biological Activated Carbon: Enhanced AerobicBiological Acitivity in GAC Systems. Ann Arbor Science, Ann Arbor, Michigan (1982).
44. Clark, R.M. and Dorsey, P., “The Costs of Compliance: An EPA Estimate for OrganicsControl." Journal of American Water Works Association, 72, 450-457 (1980).
45. Miller, R., Hartman, D., and DeMarco, J., "Cincinnati Full-Scale Research Projectwith Granular Activated Carbon." Proceedings of the Annual AWWA Conference St.Louis, Missouri, June 7-11, 1981, pp. 1061-1100 (1981).
46. Westerhoff, G.P., and Miller, R., “Design of the GAC Treatment Facility atCinclnnati.” Journal of American Water Works Association, 78(4), 146-155 (1986).
47. Glaze, W.H. and Wallace, J.L., "Control of Trlhalomethane Precursors in DrlnkingWater: Granular Activated Carbon With and Without Preozonation." Journal ofAmerican Water Works Association, 76,(2), 68-75 (1984).
48, Committee Report, "An Assessment of Microbial Activity On GAC." Journal ofAmerican Water Works Association, 73, 447-454 (1981).
49. Heilker, E., "The Mulheim Process For Treating Ruhr River Water." Journal ofAmerican Water Works Association, 71, 623-627 (1979).
50. Den. Blanken, J.G., "Microbial Activity in Activated Carbon Filters." Journal ofEnvironmental Engineering, 108, 405-425 (1982).
51. Bancroft, K., Maloney, S.W., McElhaney, J., Suffet, l.H., and Pipes, W.O.,"Assessment of Bacterial Growth and Total Organic Carbon Removal on GranularActivated Carbon Contactors." Applied and Environmental Microbiology, 46, 683-688(1983).

120



52. Donlan, R.M., and Yohe, T.L., "Mlcrobial Population Dynamics on Granular ActivatedCarbon Used For Treating Surface Impounded Groundwater." in Treatment of Waterby Granular Activated Carbon, M.J. McGuire and l.H. Suffet, eds., American ChemicalSociety, Washington, D.C., pp. 337-354 (1983).
53. Maloney, S.W., Bancroft, K., Suffet, I.H., and Cairo, P.R., "Comparison of Adsorptiveand Biological Total Organic Carbon Removal by Granular Activated Carbon inPotable Water Treatment." in Treatment of Water by Granular Activated Carbon, M.J.McGuire and I.H. Suffet, eds., American Chemical Society, Washington, D.C., pp.279-302 (1983).
54. Peel, R.G., and Benedek, A., “DuaI Rate Kinetic Model of Fixed Bed Adsorber."Journal of Environmental Engineering, 106, 797-813 (1980).
55. Malley, J.P., Edzwald, J.K., and Ram, N.M., "Preoxidant Effects on Organic HalideFormation and Granular Activated Carbon Adsorption of Organic HalidePrecursors.” Proceedings of the Annual AWWA Conference, Denver, Colorado, June

22-26, 1986, PP. 627-647 (1986).

56. Kaastrup, E. and Brattebo, H., "Activated Carbon Adsorption of Humic Substancesand the influence of Preozonation on Such." Proceedings of the Annual AWWA ·Conference, Denver, Colorado, June 22-26, 1986, pp. 607-625 (1986).
57. Maloney, S.W., Bancrofl, K., Pipes, W.O., and Suffet, I.H., "Bacterial TOC Removalon Sand and GAC.”

Journal of Environmental Engineering, 110, 519-533 (1984).
58. Lalezary, S., Pirbazari, M., and McGuire, M.J., "Oxidation of Five Earthy·Musty Tasteand Odor Compounds.” Journal of American Water Works Association, 78(3), 62-68(1986).

59. Hyde, R.A. and Rodman, D.J., “The Application of Ozone-GAC to the Treatment ofLowland River Waters for Potable Use." in Roles of Ozone in Water and WastewaterTreatment, R. Perry and A.E. Mclntyre, eds., Selper Ltd., London, England, (1985).
60. Hascoet, M., Servais, P., and Billen, G., "Use of Biological Analytical Methods toOptimize Ozonation and GAC Filtration in Surface Water Treatment.” Proceedingsof the Annual AWWA Conference, Denver, Colorado, June 22-26, 1986, pp. 205-222(1986).
61. Bilozor, S., "Ozone in Biological Activated Carbon Process: lts Effect onBiodegradatlon and Nitrification.” in Roles of Ozone in Water and WastewaterTreatment, R. Perry and A.E. Mclntyre, eds., Selper Ltd., London, England, (1985).
62. Legube, B., Croue, J., Reckhow, D.A., and Dore, M., "Ozonation of OrganicPrecursors: Effects of Blcarbonate and Bromide." in Roles of Ozone in Water andWastewater Treatment R. Perry and A.E. Mclntyre, eds., Selper Ltd., London,England, (1985).

‘63. McCreary, J.J. and Snoeyink, V.L., "Granular Activated Carbon in WaterTreatment.” Journal of American Water Works Association, 69, 437-444 (1977).
64. Glaze, W.H., Wallace, J.L., Wilcox, D., Johansson, K.R., Dickson, K.L., Scalf, B.,Noack, R., and Busch, A.W., "Pilot Scale Evaluation of Ozone·GranuIar ActivatedCarbon Combinatlons for Trihalomethane Precursor RemovaI." in Treatment ofWater by Granular Activated Carbon, M.J. McGuire and l.H. Suffet, eds., AmericanChemical Society, Washington, D.C., pp. 303-318 (1983). 121 Ä



65. Argaman, Y., Shelby, S.E., Davis, J.S., Betts, S.C., and Hufft, R.J., "Preventing ·Haloform Formation in Treated Surface Water: A Case Study." Journal of AmericanWater Works Association, 76(4), 172-176 (1984).
66. Fauris, C., Danglot, C., Montiel, A., and Vilagines, R., "Water Toxicity andOzonation." in Roles of Ozone in Water and Wastewater Treatment, R. Perry and A.E. Mclntyre, eds., Selper Ltd., London, England, (1985). ·
67. Kavanaugh, M.C., “Modiüed Coagulation for Improved Removal of TrihalomethanePrecursors." Journal ofAmerican Water Works Association, 70, 613-619 (1978).
68. Chadik, P.A., and Amy, G.L., "Removing Trihalomethane Precursors from VariousNatural Waters by Metal Coagulants." Journal of American Water Works Association,75, 532-536 (1983).
69. Randtke, S.J., Jepsen, C.P., and Yamaya, C.N., "Chemical Pretreatment for ActivatedCarbon Adsorption." Proceedings of the Annual American AWWA Conference,Atlanta, Georgia, June 15-20, 1980, pp. 297-318 (1980). ’

70. Weber, W.J. and Jodellah, A.M., "Removing Humic Substances by ChemicalTreatment and Adsorption." Journal of American Water Works Association, 77(4),132-137 (1985).

71. Randtke, S.J., and Jepsen, C.P., "Chemical Pretreatment for Activated CarbonAdsorption.” Journal of American Water Works Association, 73, 411-419 (1981).
72. Riley, T.L., Mancy, K.H., and Boettner, E.A., "The Effect of Preozonation onChloroform Production in the Chlorine Disinfection Process." in Water Chlorination:Environmental Impact and Health Effects, Vol. 2, R.L. Jolley, H. Gorchev, and D.H.‘

Hamilton, eds., Ann Arbor Science, Ann Arbor, Michigan, pp. 593-604 (1978).
73. Saunier, B.M., Selleck, R.E., and Trussell, R.R., "Preozonation as a Coagulant Aid inDrinking Water Treatment.” Journal of American Water Works Association, 75,239-246 (1983).

74. Amy, G.L., Chadik, P.A., and Sierka, R.A., "Ozonation of Aquatic Matter and HumicSubstances: An analysis of Surrogate Parameters for Predicting Effects onTrihalomethane Formation Potential." Environmental Technology Letters, 7(2), 99-108(1986).

75. Reckhow, D.A., and Singer, P.C., “The Removal of Organic Halide Precursors byPreozonation and Alum Coagulation." Journal of American Water Works Association,76(4), 151-157 (1984).
76. Anderson, M.C., Butler, R.C., Holdren, F.J., and Kornegay, B.H., "ControllingTrihalomethanes with Powdered Activated Carbon." Journal of American WaterWorks Association, 73, 432-439 (1981).

77. Edzwaid, J.K., Becker, W.C., and Wattier, K.L., "Surrogate Parameters for MonitoringOrganic Matter and THM Precursors." Journal of American Water Works Association,77(4), 122-132 (1985). 1
78. Johnson, P.E., "Optimization of Treatment for the Removal of TrihalomethanePrecursors from the Newport News Water Supply." M.S. Thesis, Virginia Tech,Blacksburg, Virginia, (1984).

. 122



79. Sinsabaugh, R.L., "Removal of Dissolved Organic Matter from Surface Waters byCoagulation with Trivalent lron.” Ph.D. Dissertation, Virginia Tech, Blacksburg,Virginia (1985).

80. Calgon Corporation, "FlLTRASORB 300 and 400, Granular Activated Carbons forPotable Water Treatment." Activated Carbon Product Bulletin 20-68b, Pittsburgh,_ Pennsylvannia (1986).
81. Environmental Protection Agency, "An Assessment of Ozone and Chlorine DioxldeTechniques for Treatment of Municipal Water Supplies." EPA-600/2-78-147, USEPA,MERL, Cincinnati, Ohio (1978).

82. Sontheimer, H., "Applying Oxidation and Adsorption Techniques: A Summary ofProgress." Journal of American Water Works Association, 71, 612-617 (1979).
83. Westvaco, "AQUA NUCHAR Powdered Activated Carbon." Product Data BulletinP-100, Covington, Virginia (1984).

84. Westvaco, "NUCHAR SA Powdered Activated Carbon." Product Data Bulletin P-102,Covington, Virginia (1984).

85. Hamann, C., Hoehn, R.C., Hoffman, E.R., and Snyder, E.G., "Evaluation of OrganicRemoval Options at Newport News, Virginia." Presented at 2nd Annual Conferenceon Drinking Water Treatment For Organic Contaminants, Edmonton, Alberta, April7-8, 1986.

86. Standard Methods for the Examination of Water and Wastewater, 16th edition,( American Public Health Association, Washington, D.C., (1985).
87. “Analytical Methods for Furnace Atomic Adsorption Spectrophotoscopy." No.332·a2·m315/2.8, Perkin-Elmer Corp., Norwalk, Connecticut (1980).

° 88. Environmental Protection Agency, "Methods for Chemical Analysis of Water and
l

Wastewater.” EPA·600/4-79-020, USEPA, Cincinnati, Ohio (1983).
89. "lnstruction Manual for PHOTOCHEM Organic Carbon Analyzer." Part No. 235A001,Sybron Analytical Products Division, Boston, Massachusetts (1983).
90. Environmental Protection Agency, "The Analysis of Trlhalomethane’s in FinishedWaters by the Purge and Trap Method, Method 501.1." USEPA, Cincinnati, Ohio(1979).

91. Hoehn, R.C., “Relationships Between Treatment Attained in Pilot Plant andHarvvood’s Mill Water Treatment Plant, 1985·1986.” Technical Memorandum #10,Newport News, Virginia, May 8, 1986.

92. Schulhof, P., "An Evolutionary Approach to Activated Carbon Treatment. " Journal ofAmerican Water Works Association, 71, 648-659 (1979).

5
123 E



Appendix A
Data Summary of All Sample Points in the

Process Train

124



‘

'

Q
k

·



‘·
“-

Z=„—-
;•

I

—-‘--§-ZZ- §=2—
-—§- s

*
*3* '

I

P

•¤
.2

I-]



S

2*-

s

é'

S

~·-S··

2*

Ss-

:_

{-.„

'

{=

i,S

!·S“

,L

S"

N-

*:

S

'482Ä=

Ä

SS

ä-

‘

*;*1*:3*

ésl:•

g•

é

S

—*sS=-„§fZZ?ET,2ä§-

_

SSg

gg

$§

S

..

Q

SS
S

äg

jéE

S”

Säéfjä;Ü

•—S“

8a

9

;:

S

SESZQ

¤‘

°°-gg:Läiééäéäg

¤— ,4

g-

„‘

,_-

4

„°°‘;

„;

.„

_·

I

é”

2,T,

§S

Ä

§S

Z··

**

s

f,

8*

I

I

L

Z

S

a

S

::*;;,:29

·

Q8¤

·

*,4

S

_.

S

S

S

.,.5-2
gg



Q
reI

2*
=

•„
I

£°-g3I-
Q

I·

In-

..

.=I

I

=-6

2;

**2*:

2S

J

I

J_{I:

I

ee
'

•,,

'

I,

QSI

S

6;

'

I—I-'

“”3

E"

I

*-*-62

‘ 2

S

=g

I-

•

•°~

dg-

a

-_

I

'«"-63

·

~

n„

68-

Q2

•$-

'=„—•

SI

N

_•

{._

|•

_§Ia

••I

”•

-2

g_2

;:

,3

E3
•“

{

—-•

I

Q
-

I

—IaIg

,;

=-

J

I

•

-

'

•°•

„'_

I

B3',

éffgä

§_

I"

e;

63-

3

•;-

I

—,I

Q-

gg

E-

I

=;

=E

~_

g~°

g

I

L

{‘

eg

N

63-

•„

:

I

I

gg4

°:

'·I

66

2

•
6

62-

“'

c

I

S:

gé

QI

2

I
vg4IE„’

S

z:

26:

S

62-

I

2

I:

I

I

,·i

·

'-'

-*-6.;

-·

J-

S

~_

-s'.-.

S

'2·

IN
I

I

$3

N;

6;

3:

'I

g•

.2}*pq

I

—%=I~

,6

,6

°•-33

—,6;—6=

I

z

'

°ä°

-

~

=—°,•

Q•·g

?Qa{—s

—Q*„=§

2-

6~?

Q
CQ

__

•
N

Q

Sue;

Q!I

S

L

IQ

—3

“=

*::6-

”~„=

“-6*

=

E6!

g-

—=

6;-

S

sÄ;I

•

I

'-6-

'•-

__

3,:6,

-;-8

3-6

5

I

Igfä-6;-

„,

£3f

Z—2*

JI

I
,

EE

Ia:fé„6J-

7,

$3

6

E32

_
"I

2

I

°“

6

j"

•“

”

I

’

I
El

I

·

•
_I

Iw

§,·

5g•

,-3

·

3

I

I*I§e

°6
pgI-

°

'~

nä

—

„6'w

,—3I

3

„

E

g-gg

~

—=

*::6-

'·—*

—

•

'

“‘s'2

3

-6

—

—

-6-,

6$’

2

IE

é'

'

„„

—EN

-:8

'

II

C.

I

368

8;

:—

„

Z:

:—6:

I

:3,,

{“

·

•°-

_

5;,*:

I

6;

*

“2

*

6I

I"

«•

cg

••

E
I

I'.:

S2'

-6

**

•:

*
I

3

I-{$‘I•-«;:

$63

°°

·•

'-g_

=*gI

ß

I

!“

“~6“

:62

“

—

—

=’

·

-

:

•4_;«

3,3

-

_

_

I

'

g
QI

I

'

•
SQ

*6.,*

e

"

'·•

'

I

•
8.

etdäx

•·

••

-·-‘.

V

I

*

-6

,

'„

•'

6,

-'

••

6

“:

·_

••

-

Isn-.2

-~'

6„e

'~„•°

6

•2_N

g:88*6

°•6

v

°—'-I

=§§

”‘··

°“~

*‘“

6é°§

”

:..*'a$·

-;

***6,,6

-•

wegg

•6N

363

I:

an

I

'

ueue:-8*

-2

Ql

""

°¤Q

:8,,

—-.

6
.1

g§?5·a

E'3

I



S:
_;-

—
~

='-

E
E

·-=
~

"~

E
Z

5

§—”
5

”

-‘

5

Z

ä“

I°

‘
ä

·
S

I

E

1

I

I

I

5-
F



IIIIn I



PI2
I"<

"’
I';

·-

la

*2

nä
{

2-
{är-
|

I

•

I

I
-

|

I

-

tI}.:
_·

•-

·»
lg

:2:

·-

3
{
2"'{

§'·

g;g'\•-I

•

~

{•-·~E

•

-

'

5E Fg
E*—{

2*

ui

'
=

·

“-

ig:
§

-

I
I

x__

2

2

-

'-

J
{

•-

•

§

§

•-
«

•

I,

•

-2

-•

2-

gg

••
_-

8

§

•

-
:

:§

Q'-

•

•..

g_•

·-•-•

;:

-_ §
§

-

{

•_:

_ ··

8

•

·

-=;=
2

2

§“

2
2

'

{
.-I

{8°·
3

3

§°·

-·

6

E

•¤•

°•

•

••

.•

Is
'•

ä

§

{

•g{

{zi
3

·-•§;-
g

•g

'•-

§{

•

J-

•••

FG';

-•·

§

°,

:

4

nz

E

§-_

{

•

_

N

N

-

,

°
°

°
°"*

9

°°
g

8

R'-

§'
E

•
nn:

•

•_

_-N

ps:

•_
gl

•

¥•

l

6

mg

No-

'

gägzz-_

•§•

nnl

6

Q•_

•~•§

-__
§

§

••

Q

,·I

{

•••

Ö E

°·-ä

••*··
{

.•
I

•g

2
·-

g

§••8-3--

§·

'
'

I

an

°•"

"'•

•n
'-

_•
•

I.-

l

_·

•

··

fe

-·

sl

•

g

•

ég

-,

Ä!

6
E

—E3%6

26

6

•·

'

·

_-

E

I§T2

g2§
g

B

63

E
2

2-265;

6
6

62

—.§2

ä

I

ééé

§

—·
··

2'•{

I
gl

l

•·

•·=
l

•

I

•

;

{°'°.iI={

6

§-°!6

6
3

°

°*E•°:':I

z

I

„«I

Ö

I

c

{

Z=

2

2--
6

6

2=

'
'

‘ §
§

‘

°

°

{

{-I

,

2

2g

2
{62

2

6
2

§

2

Z
I

6

6

$_E
Z

2
ää

3
E

:‘i
2 2

5
2

2
2

22

,6

•
•..

:

2

.2

·

_
;

2

:_-~
6 E

g

2

2
sr

I

•¤

g

{

{

{•<
'6

§
5

6

6

·-
Q

JI

—

'

{

{

In

•'-6

•_

2-6

{

•
*

*
'

·<·~·—
2

§
2

...

2

·,
2-

°

state

-

,2

-

-·•

Q

2

§•,;:

Q

{

,:,,*6:;-

g

6

‘_
•-{

äl

*

{§26{_{

,•¢•

2.;-,;

6
§

§

§{;-_.•,_-;

•-•
E

‘°

~6•6**
·<

·
5

2

67:w

&

I-

{2Iö

,~6•·•°°;:{-

';°•6

~

{EE

:*_::•

_;„•<•
,3

•*::_
-3

3

:_g_„-

2-{•Z

6

2
2

2
2

EEE;

Z-2g_6

6J;
S

6
5

E36

N

•
u

• '

•_·n

Q:

'•é

-„

l

E”„§
EZ

:322*;

2
:6

6
6

gig;

;

2

E

23*2

262*

2J?
§

Q3

E

—E6

2-6·‘:

6ä—2
2

gäs
23

p

2'6

2·‘“

‘*‘
ä

*2
ä

:*8

5•

6

-<•«·-

•-e-••

{,:3

N•Zx

•_

gi

••
:3

,

{g‘8§6-°:°’

•l~•

•:
I-:•

3:

gs}:

6

'6:

'=••

·-·~Q\

§°‘

2°:°

•¢··•'·'
:

U

22-22

6*-2§2

=§§§;„~

2-2:

{geg;

·

-3533:*2

2.-

__

:_,=
g

-·}g\'!‘•

22

·&__;3

“=§§§$ZZ2

‘2«

{“g‘ä

•=

-T-'gääi--

°,;:•:•~

I•ä°'*..g

dx

2

=S22"-·—2‘:

2

-°I
•

gg;
I

liä
“;§§ZE:·

ZQI

nä.
~·2

-2

'¤



E
__

:-u5°

<

5
°

s

{

{°-

5

5„

;§

äär
::_S—

gßS
5

{

·

55ää

“

{

5

{

'-

{

•

-

•
{

5E!

E

2;

5

5ä5

6;

{
5

5

6:

I:5

5
55

5

3

Ä

I

I

'-

1

5;;

6g

.6
„

5

5

Q

'

5

Sä5

I

Q-

!
5

5

Q

63-

5

{gn

Q

Q;

5
5

I3

I;-1

=5§§

3-

5

:—5

6;_

5

éé

¤52@=“

3
2

I

ééz

5__5

•

°-

$6

"

Q

'
·-

g

:..5

S

··

_,_

6

°

6,1

g

·
·

:

--·

·

Q

66

Q

5

SQ:

é68

éa

g

{

QS

°:;

Q

_

6;

¤

{-5

'
»;

5;52

5

535

Ä"-

6
3

=

3

6
6

‘

-

2-

Q

5
E

5

s

6

Q
8

g

I

dg-

Q

:
1

S

6Q

·-_

6

6-

6

5
=

1

6

6
~

6

—

2

:
555

6

5:3
"

·

3*

2

5
5

5

5

IZ:
E

=

6

f"

•-

5

5,.,5

°
•-N

—'=
:2

·~

•=‘

°—

2

5

525

z-'

‘
6

‘

ä—

8

5

{QS

6éQ

S

5g:•_

6

6

:1

I

I

I

I

I

:
:

5
·_

6

g

6;.,;

°

Q

:

2

E

égö

6

6

6

6:

Q

=

6

_

é

•

•

{

_

68

N

•°_

6

__

5

5__

6

sg

N

52

6

5

I

:

·_:„

-

6

6

6;.

,,

1

•

5„5¤5•

—“‘

‘

I

2

6“

°

ö

5

g

I

__

5

P

„
_ IJ

6

—•

I

I

§5:

E:

Ä;

“Ä

s

6é'

Ä

Ä

5

I

5“=

“
J

6

6

6 -
5

5

IEEE}:

QJÄ

Ä
6

Ä

‘

Ä

é"

Ä
Ä

5
'

|

e

5

§5f§“s~

6

~;

‘

§;_

6
6

E

8gä626g

Q

6

z

Q
Q

Q

6-

3

E

O4

,8

°•

F,

—

cd

I

*2é-

3

:66

_:
‘

‘

J

3:6

5

'g

2

•n

5

,6,

·$_{

6-

__

gd-

Q

·

6

•n

—
°°

-

"

I

I
5

*2é·=“=

66~

Ä?

‘
6

E

5

°„
E

6

I

:

5

°_

";

ve

5

Ä-

2

Z

5

•”

Q

~
Q

s

5

6

5

E

5
=

5ää

·

::;=6635“=

"

J
5

5—6

a:;«J6J3J

“

6
:

5ä·

nn

5;

;

~:·6

”=

°
~

'
igES22 Fgää;

Saäfgääé

6

-5Sßäfää

,3

::-6

5;:66

:'5

=¤6:6

I

ESS;

QEÄ

Iäägä

äsä

365

52:2:

;6;

6:;

éäzsä

5
S

2

Sgé

5=

25

:s;5z2=6

§:5

E2—s5=;=*56Z*ä

.
{é—·



¥

"

2**
-E*

mg

E-•gé

I;-

g?

?_{

·-

Ä2ä ••

EE

E

E

?

*ä*

=•

:
§

E

‘Q,

S

nä?

*6..

6

6;

é
I

I

IE

E
z

5

N-

I
I

§

E

‘„

EE_§

Z

S

E

*2*

E
S

*;

E
z

N„

é
E

E
-

Q

2
2

'E;

°

.-

g

**§*

E

Ä

Ü

Ä

Z;

‘

E

s;a

N
;

;

S-

*

6I,*

;

;
2

2

*2

·

z

:*

·

N

'

_

6'-

Ä

N

*%’:*-·

*
2 =•

{___|ä2

_¤N

E8?

I

6-N

N

__

N

N

N-

2

g

s—s;I

S

2
Q

;

;
S

*5,

S

I

§_§

*5

E

,

°

2;

E

*;*

2* Ié

—
Ä

2~

„

I
E

;

2

2;

Q

2
S

EI
I

2;

j

·
_

‘—

—

ä

*

*=*

E

E-

Ä
Ä

Ä

6

Si

S

E

E2?

2

Q

E
E

S

*é—

z

:

Sg!

N

°__=
Ni

_

N

;•

E

Eg?

Q
6

2

_

6Q

E
Q

*é;

S

E

§-5

6

za

:2

6:

-¤

3

_.

_·

Q

8

Ä

N

__

Q

-

2

Z'

5

N

2

¤

Q

E

Eäi

N

E

Q

S

‘Q_‘

N

‘

6

Q

2:

yqN

«

*·

'*

·

‘

-

2

Q

6;

N

E

S

N

-•

2

·

„

°

*

*:*

*8

2

*6***

S

.é

si

§6N

·°
N

E

~

N

':

'

6

2

6—

.2*-

EQS

N

E„6

'-

'

6
az

6

E-

6
2

*‘

'S

‘é

—
=

2

=*

Ä

N,

NN

_·

,

-

°

'Q

_gN:

E

_

6
E

N

6E

6

_
N

Q,

äE=Z

E!

'

f

°
Z

6—$

B

E

I
6

*é,

I

I\

••

I

Q-

*§*

*§:

"
é

2

E
~

2
-

2

Ié

EE:

$6;:

6
E

N

6
E

Z;

6

I

-~

-4

Ä

I
E

-

I2
,

2·‘

-*2

—

2

Z

ISI

6

6

**

(Ä

°~

e
2

'

6;

;
E

I

E

Säésäj

E

'-

6
2

2:

Q

E

E

?

QEIQ;

Q2

*

I
Z

,·
R

E

äéf

I2:

'—

¤

E

2*

E

Z

Z

2*

S~*'°—6°¤

'

6

!

°

•

3

„‘¤

°6 QÄ

äQ

asc"

°

6

Q
6

°2~

5

3

**

°g;

•*•

··

3

Ä

*$

6

6:E

E

E

*5

S

N

36

6

2

E

S

'
-

~

'=

Q

6

2*

Ä
Ä

=

5

I"
*

E

I?

§é*Ä

$6

•'

6
=

6

·

Q

E

,•

gu

Q

N_

Q

6§2

2§

Q

N

_;
ä

°-5

;

5

*ä

2
2

Z

E

_:

•·

2

US

•g

‘“

__:

6

J?

-*

ät

3**

·

-

S

E

.=

-3

2
2

NE_g

2

Q*2§

ä2·“Q=~

*~

°‘22

2S*S

~Q

*5

2*2

*2*:

6*28:2

2g*IE56=~

*6

·~

3

*22*;:22

EE

E;

2

2



¥
··
¤?‘

I-

z-

52

gi

§—

_5

Sm-

S:

5a;

5=

5

é-

1

121

22-

°

5g?

dä-

=

1„é

"§

{

§g5

6;

1
5Q5

2

6

2-

51

1

Q,

·é_

5

äää

2
2

2

°'2

S

g

2

2

.

2

{
555

“

Q

2;

ig?

2

4

6«

?5Q5

2
2

5

‘—

:
E

(

6

z

g

Q_

_;

at

,.3-
2

6

2-

125§§°°;

2

‘
;

2
2

°2Q

2

5*525

*2;

2

“
2

Z

Q

2;-

j

5

1

¢Q

d

2

j

6

2

IN

ab

"'

g

Q

1

1„%

22-

2
Q

=

2a

1?__s

6

.2

4

·¤Q

£

5

‘s‘

‘

8

2
-·

S-!

8

'_

8

__

__

2

°5

I2

1

*2*

2

·

Q
2

2

‘
=

2

11

=

2

2

—
Q

2

Q1

Q

•-Q
·.

••

5

-3

°,8

5

=={„

‘
:

·-

5

2a

I

??„?¤„

=

·

é?

.

1:5:

-j

„

'

-

S

61

s1„1_

2-Q

„

2

Ea

zi

5·5..5Q

”‘2I68

-

=Q5

Qzdin

$4:

4

nä

Q!

.2

°__1Q

-Qe

sr2

2—~2

—

-25

af

_d„

—

-Ä

5g-Qäääz

”

-5

5

#„

5

“äéä

=¤

“

5

*22

*2E

“

5

5

·-äéäéä

__

.

22:

222

‘-

5222

äägää

··

äläqä=2222;=

·122é=21

22—

:•':z=

...1;

,_

1

ggg

1g;.ä

*5

ä•

O

124



; I„S

=„

::
I

I“_'

•

gap

I
:

S-

I

EZ!

-_

;E

gää

„

_E

S3!

-

Q;

Eäi

‘-

_

I

1

•

ä
I

·-

I

II
I

ä

;

Ü

'

-•

S
53,

-

II
I

;

I
S

«

I
I

»

5

Iäz

-

I
I

·

I
I

"

I

1

{

•

•

L-

IBI

,

_—

Ü

{

nn,

I
=

·

I

I

'

-·

I

5I

:

I
•„:

—

I

=

|

~

I

ISI.

—

_;

'

,_,~-

'

I

I

'

¤g=;=

—

Q

;-

'~¤-'

„

-

I•_•°I
ISIQI

“

„

I

I2?

I

“

"

_

“

—'-

I

Iäi

“
Q

Q-

=

!'I

g

-

J-

”

{

E

I§§

-:

~

·

g
I

IZ;

I--

S-

-

E

Iää

‘„

-

°«

ä

I

Iää

”“

_

°

2

I

gg!

·•

—

I
·

I

-

5

II§I

“ -

Z

g

¤
aäz

—*

_

“

I

I

•

°•

{

.

I".

°

°

I

&•·

•¤O

Q

_-

¤_
'

I

•

..

°-

3

Ü

•-·

N

—_

é

I

=

—'

Q-,

•
S•!

·

-

2'
I

'§’

Z
Ä

Ä

*‘

{•:

9

°°'

-'

I

s

II;}

*

-

=

I

;

I

2=;„

=«

_
~

s_

¤

I

•=Ü

_•

=

—•°

N

:

I
II--

—

..

:

'

I

·-

·

1

99

Y1

I

I2!

„

—

;

'

g

I

:

,~

‘_·'

E

I

:

Q

II
I

-

—

-

“—

„

Ä

E

9_

_-2

E

_·:

'
—

=·

S
·

_¤
g

J_

E

·,

N

‘_

S

g

Q

••

-

Ü
I

•é

*•°°

..

•·

_·

I

N

ee-

:

Iggy;

§—

··

°-

Q-

v;
R

..

er

I

•

-2

«

Q

E

~

°•·

_

~-

9

{

2

‘
I

°§ä““ä

•

“

—
Q

‘-

s

‘

‘

~

gg;

g

g

—

N

°-
Q

E-

äää-5

'

—“
‘

Ä

°“?

:'

EE'

·

:

2%;

2
2

-...3

°:°—:

:*2

vs

:

’§%;
=

E

"

-5*3

g
„

E

“

Q

I

R

Ä

•,

Ü

§g;~

5
5

‘-

S

S

~

_

-'

=

2

•'

Ü

Egg„

“

—

~

3

I

•
I

Sa:

§

x

§

~

·

I

Eää-

“

’g
°—

I
=

*

Egg-;

5

:“

-—

IE?

•¤'
hl

sag
*

”
"

·

’*

3

:25

§

_

“_

IE;

Qi--

=

'

P,82552

R
2

;

u'

Q

éääää

ää

ee

¤

I

in-

Säggä

,
Ägg;

“
*

°—

*5g*g

EE;
S

2

Ä-

:'$&

ES;-

”
-

°-Iäzäé

ggg

g

=

‘*ggg=

Egg?

5

Sgägg

ä'

eq

·‘—

ggg;-

S
.-I

Iägää

~:—·

"'

·—·

:Z.·ä$

$2:-8
$

:62zg

5QQ*

“

S•g„;

Egg-

Iäzägggg-

Sggg:

säg

::m
3

S§é::§;:
gä:‘:2-

":

n.

s

gI;.22

IIQ

§

—'

—



"’ I
8

••°-

NI

v‘_

I

I-

!
I

I
·,

I

It!.-

LI

I

I

II I

I

·

I

Inn!

Q-

'
I"!

·-

I
I3;

_-

I'^
I

I"°I

O°·•

3;

:3:

«

I
I

N•

• I

-°·

5
äs

a
5

:„

I

•

I
•

”‘ E
Ö3;

··-_

I

I

I

=°-

I
I

°-

Ö
Ö

E

;-

IÖQÖ

‘„

Ö
I

I
.„

"'·

I

" Q
‘

;I·~_

I :
E

sz:

”•·

•ä{

6'-

I
{

Ü

_

'-_

I
I

3

N

Ü

•-

*

I

-

•

• Iää
Q

;„

2sÖ =

“

Ö

I

_;

•

g

_·~·

•

'_

g

Ä

Ü

2*-

I'-I•

•

°-

I

1•·

=

--

I

•

-

I

UQ-

'-

I

I__;-=:__

_

3

S

'-_

*=5**

—-

=
=

=—

Ö}:
§

«

Q

l.

2

5

-

•

I

I!
§;

2'·-_

_

E

I

I2:

:__

8

3

B

__I

.

I
I

,·

In

{

.

°
{NI

•'-

{

s
2

Q

;

I

I

ä

I
{gg

2•·__

I

In

••—•

nn

•~

I

,6
I

I
8

-_ S
3

3
IQ

I-I

E

_
•

§

~•••

'

.

E

I-E
·

—

”

Ö

,

’§=
¤

:„

5

I
I

Q

-
Q

8

_

:

.

egQ

I

{

I'};

6

'

r-II

Z

I

gg

:·

I

I

{

°
I

Ix

...

-

·~·

g

zig:

g

'E

I

¤·

I-}

!

•

"-
a

=

=

•
©

3

·_.
:

S

•
2

zu

~E

I

I

'

•

•_•

'-

___

2

2

"--
Q•··

zi
I

'·__

,

•'·-
E

5
Ii

Ö
—

’

=

J— Ö
I

—,

I

•«I

__

•*•
-I

-

I

Ö$Ö2

—

*

;
u

JÖ

'

•·

IE-:
s

··

z.

E

Q

•

•_•

•¤•

•_

I

¤
°

I--II':

··

‘

g

,·•-•

8

an

E

I

|

Ä

—-

I

II'j~3Ö
2

sz

··

‘

an

Ö

I

IX

_•

••

I

I

,•

I

pg I
2

$..3
E

2
"

°'__
g

=

3

3

S

...

E

un

I

•

¢

_

'-

‘

ä

N

II
I!

ä„•·

I-

Z2

$3

I
5

g

;sEgäQ„
g

5
* Q

*„
Q

*
Q

=

§-ä

Saäää-

z
••

••

1saw!

an
s

‘·

•

'·'

N
I-I

-3

·-
Ä

·•
S

8
Sg

E3'

1%%

·_•·’- -

'

§ä5a*

Q
*s

“E

g-

'—
2

2

Ö¢EE:

Q-

•Q

•-••

6ll*

Eägég

$5

gk

2'-

,„

-

¤

-'-

N
I

8--

-,
3

Ing:

at.

•-•

*-

'

II.

—;gQ:—

E

=»

In

:*

·

V

-•=·_§=,-

R-

g

§•_

•g,I;

3::

3

6

ga

äsgäg

°
>-•

“§E§§”'§

Sg2a=äg«
=

E.§;-Sgigäsg

•-

°-

°
I2

__

'-*'•';—,.2
Eääär

Ö-:=·=——2·

—a:;°'·3

"I

-•;8I

ug
=

5

:3

IHII

-•

Tl



E
äQ„

Q-
2?

?—

Y

·—

5?

?5T?§5?«

äääé

u

gg

?

-

Ifäi

N

gää?

-

??ä?

°—

E

Ä

E?

E

-

2:

1

-

?

?ä?

;

I

|

-??§?

=

~

Eis?

2

-

??5?

5

‘

-

*

“

3

--3

ä

?

°_

"‘

z

j

Q

°-?

‘

2

N

“

°‘

•_

-

Qi

:

·-

Q

;

{

ggg:

N

__

2

-

sg-?

,

8

·

•

{

·

Z-E

'_

N

_

5

.

—

¢

E

g

Z

·-

--

43

?“?—°

'

°

=

4

_¤

EQ

Q

-

·

2

...

ß

•«

-

·-Ära

Q

“--,

,1;

S.-;n-

°_—S;;:
·‘

·“

“

“?

Sg.-;-‘

--“_

“_§
é?

:'

__

•

'

*?

“Si==

°_

°?

°5§iä

°·

?

?5;

=§-__

·

E

—

-—

—

*5

S;

I?S;SS

2

”?ES2§

S;-?=;5g

z??é2-s

s;?-:=5

ääääéä

tl

137



2

E_22{“
z

{·E;

I

Ia

.6:

:•

|

I

;{

{Sg--

*

52

2323-

bei2
{

{

·

E

{gi

'

2

232

_

-

E

Fg!

E

—

:

I

=

°

a

2

:32

I;

22

2
Q

2*

2

sg?

3

;

=

?„2

g

Qg_

{

{

•

2

2_?

6

*3-

Q

3

3

I

I

gg

2
2

2
-

‘3„

6

Ia!

°°

nä

Q

g

Ü?

{

‘8:

·3°

Sees

gg

{S°

2

2=?

-°-

-33-

°3„

-3-

I"’

·°

•n

{Z

2¤_

{

En!

-§

:„

6

.3

•

g

2*§‘

62QQ

6

ggg;

g-

Q

{

{_?

6ggg

gg

2

°2

6g-

E

{232

*33
E

3*

*3

‘§

*3·

'·o

fä6“

333

°§-

3

S3

{3*

‘3*3

33

”*s dä

g"

2

‘

‘-·

¥
Q

6

ö

-

'
—

„

Eääi

g,g

dä

_

-3

Q

5

°—

3

{{g{

662

äjgä

Q?

”8

gg-

8

{

{'{

gz:

ggg;

36§

Ö

gv;

2

6

Q

2-

g

22—2-§

6
aéäjg

6

2

6g-

Q

cg

s

E

2-2

··

g

2·¤_QQ

5

g

Q

°2-

g

22-2gg-

ggää

ggggä

gg

QQ

2

6‘-

2-2Q:Q_-

°·

63

_;-Q

Q

'6
3

Qä

-

|-I

==

{’

‘QQ

·

266

Z

'26

§-

6**:

¤Q

¤$

ö

ce:

•

"Q

—

Qé

6

Q

'8*

°2—

g

=JQ

3

6:

3

Q

Q

Q

6

2

sg-26

3625;

gg

2

6;

2

{

gä-g

*§:*-

2-

-2

g

:6
6ä

g-

ä

6ä

’

25

§-°

6

QQ

'=

‘
·

-6

Q

Q

°=

‘

g-6

Q

J

Q2

¤

6

Q

62

d;QQ

=

{

g3_j;Q

2»§
56

2-5;

E

§Z•

Q;“

Egg?

{

äéäéää

E"

ggg

éä

ä

{ZZ

6éQf

3

{

:2gg%

Q

“366

2

6g

Q

{S-

QQ8

-2

{

Sägfä

Z

6éä

?Z

3

{Q-

d

·{Ef

3ZQ

g;

°2

q-

·Lg

lä

Q

Q36

Q:

Q2

°
62

'

2Qä

2

6ä

6

6;

QI

“d§

{

Q-

N

'

Pac

•_

___

dg

'

§ä'

ZZ§

éäjäi

6

{ZI

§;?

{

33

QEQ

¤4gQQ

;

g

Q

'2·

6Qg

2

2;“„Q;

63QQs

¤

2

Q'

'ga

2

gääég

ggjfj

gi

dä

g
dg

'

—
ag

E

·°

g_g

{

33;
géääé-

ääélf

ev;

{

_3_Q

QQ

*;,3QQg

z

‘2-2

=g;=:g:

‘3g;:3:- 353

-‘2

~6QQQ

J

*2--3

36

‘

zi

'~

c

{

Egjgg

g;

3

2

.

,

Q_Qg

-

Q6

_6

Q-

·

3;-

$2-

-6

ig-

3

=

536

g2QQ

;§

32Qé

g

{

§ä—

Qféäg-*

:32-

{

gaggägéää

6332

3

2

33

{

Eéréwöé

6

SQ

6-g

{

_;

Ü?6

{

25

S6';

{

S8

äé
lä

Q2-

Qéa

{

;:

5-6;

Q:QJ

,3Q

2

2

333

Sigi;

3:;

2

EQ

Qé

S32;:22;

°·'ä
*

333

3363

SES

2-

Q 63

‘=

géi

23

gig

2;

Eéä

2;-2-

=,

:23

äääé

{2

{;

uu;

sg;

{3

2:
g3{E

Q2-

2{Q

ätä

={3

ää_
{J2Q'

2
2

2
2



•-
Q-
I

'_

en:

{Q.

I

I
-

I

I

_

„E

‘§§—

z
E

:
«

äz
::=

g—

ng

•r.~••

'•

•

é

§'

Ü

Öa:

•'

^'

'a·

6G;-

„=
=

=

‘:§—-

•
•

¤

ä

8:
ss:

6 éu

,.,
Ü

:5:

é

-_

'

I

I

an

00*

Z

6

6

§·_

Isz

:

6

6
g"

::3:

6
“

::5:

6
g"

ä
2

‘

§°·

I

läl

Q

E
§

e
6

3

éäé-,

•

•~•
2

·-•
é

_I=

Ö

Ö

¤°,

°
°

°

6
va

¤

•~

Q

66

—

{

-•
S

Q

'_

:
{

¤

'
S:-

Eiäi
E

6
6—•

°

°

°

E56!
=

:
;

s

Q

Q

dä

'-_

•

Ö

•**

°
—•’

?‘ä*
§

‘
~

‘ 6
2 E -

äé—-

§
§_;

„ E
Z

6
6

6

S
;_

i

!:!

§“6

§

6

6

;Q„

2

22:

6

°·_

6
2

3

8

ä

3

68.-g.-,

E§,S

5*-

;··‘

‘§6

Z

"6§°‘

’°§‘

‘äé—

‘ =
E

6

6
ä

6ä;

6-g"

6

“
6

Ü
2

6

„

63:

Ü
°

5

6-•a•

6

S

°I

z
§§g

6-Qu
S

6
6

6
§

°E

.

~°

z

I

|

I

°

’_

gg

I

‘
•

'

e

•

•·«'é

an

•¤•

a

«

I

|§|

8

p,=a=

=
6

é§·-

é
2

g

6

6
2

:

~

I

l"

•

•

•

.—

•

I

„

*§*‘E

g

6§g—

6
;

;

2

g

:

é

ääää

2

*:2:-

¤
6

—
é

g

E

2

·§"

66‘·
=

—
6

6 =
§

=

•

•

•
N

6

Q

Q

6 IN

an

•

¤·
E

§§§

6

g_‘—é

6

6

8

6

,5

·

3

*"*

_

-

6äé-

2

g
f

5
f!

=

Ä
{gg!

=

§

__
6

i-

vs
•-•

Q

'l

•
•

•

-

..,
,..

Q

6

6
6

•

Ü-
E

3;}
6

6

6

8

6

_§—-_
2,

6

„
§

6

6

:

Q

•
2

2
§

6

6

•

5;-6

3,
G;

:

—

g
I

I;}

6
se,

g
g

6:
:_

6

2

„

%‘§%
*

‘ =
—

•
=

*:;:6

6

—
=

é
6%

·

Q

iigä
§

Z
Ä

2

6

é8§—

„
E

E
;

EE

g

3
2..%

6
8

3
6

•¤

6°
°~

2
6

6
6

2%

Z

g

‘§=
-·

6

•*
6

R

"‘
8

§—°
2

'-E
6

·,¥

'

E

=

i°•:

Q

'S

6

6
§

é§§:_

6P

=
•

·'-

3

-•
6

S.

,8
-,

„-ä

•

::§:·_
§

„
6

6

¤
6

=°
Ä

S
::

·

• -

nö
I

:
I

_;__
6

Q

6

3__;_....
6l

—

"~’
“ ä

~

2
2

S-6

I

{
I"!

°‘ °

6
•~

•·•
9

3

6
Zn

{

°

5

Q!-}

Q

•__

8
6

;

•§
_

6

§

=‘:§'-:

.

Q

„
:5.

_

__·
6

..

6
g

2

ä:

•
• ·

6

-

6

—

6

6
.

s

2
I

I
...

S5

·-

°

6
6

6:

E

$$25
f

j_g$

“-
g

j
g

E

ä

“% a

xaäzäg

”§

g
„ 2

6
E

ä';

ä

—

•

_.

'

‘
E:

':·:

'•

6

Q

g
6

§

{

sl;

6§§°•_

S6

E6

ge

'·_

6

6
6

6

E

a
5

-6

•;

-

8

3
6

g

·

G

ä;

ai:-LSS6

6

.,

6
...

6

E

_¤

Q

$'•i

•r•g6••~•

°•

Q

Q

...'

_,

g

gg

§6
3

,2

_..
6

6
6

6

'6

6

goéuc

*6

eaqéa

··

2
m

E

—
—

3
*

¤‘

Q
o

•

-·§__

~—
'E

·é~g6

6

6
6

6
—=

—
z

3:•-xa:

'·-Ä:•é

•
nur

'-

é'

__„,__;_·'

2\‘8°•-28663

686

—

Q

S
°

:

&·—-Q

9-ä‘8'·63•—6

6626

°·
2

°
6

$:
····Y-·‘

QSQ

•
en

·
rs

ux

'

Q

6

6

6

4:-

=¢.·•

—6

„
6

6-

:6:

°-
§

:3,

2ä§*"6

gö

séß

~6
6

3*

::6

QQ‘8·

666

6
Q
Q

é¤

-;:2

—;2\'§

•6
3

~g

“

·

-5

"*%•¤48

éehl

°•

$
Ä

u.•

oQ\

$’s"'$;é

...

'
Q

5:

cg

*6:6gä

é~s¢~

“_
:6
:;

**3

'·!„..

6..:6

*¤=äs=

aé

2

¤'“3
¤·

6:6

•-·•&•¤•:

°6;

-·~é

Flöhe.

—|¢J

¤us

"

•

•~

·<

¤<>

?•Q>8°·-Z8•·•6«.„!E

'

Q

*..1

·

2äää§**E‘§*ä

äää

Q

Q

·..Z

gäääääääéä

äää

¤~x3'-

:m
<

'¥

442

¤•-•'v>

I
¢

=·:
*0':

6**2

<

§ 1
3



2

:00 Ü0 00 10 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 |
_ I I Inß 0 tu-1•0I•*2I 0 (MP500 P! 040 gg {2 2625 $55552 55222S 555552 5252

2 IÜ20 000000 000000 606666 6662
Qi 552 5I IälI I I °mu I I ' .I *0I 0 0:I I I5: :§: 5 5 55ß} 2 2 0 0 02

I I I Ä.I IItl:§2 . . 5565 5 5 6 ° ° °21* -• N 0 0 0I15 555 5 5 5 5 5 2 5 2 22
SI 232 0 0 0 0 0 6 6 6 6:

I:2 3 g $2* 3 S '22 g *.22Q2 2§2 2 1 2 1 1 1 1 2 1:
I I I IN P! 0 0 0 O I• 555 5 5 5 5 5 5 5 52
I I I 0 0 0 0 Q gg2 232 5 5 5 5 5 6 6 ä E ¤=2 2 2 0 0 0 0 0 0 0 6 6 62
I I I In Pl In •-•I2 232 5 5 5 5 5 a=
2 2 2 0 0 0 0 0 02
I I I PI 0 -•II I I I2 2§2 5 . 1 5 522 „ „ ¤ ¤ 0 0 02
I I I I6 0 0 {I I I 02 2§2 1 5 5 55
5 512 5 E 55I Iäl • I ..2I I If 0 '2 2625 555555 5I I0I0 000000 I2 2..2 22 2§2 •
5 5-5 55 525 5 w2 222 2 5I • I '2 2 2 2 5I I§II22,2 · 562 2 2 „ 5 5-2 2§2 = = -2
2 2••2 d 2 "‘2 .
·

I 0 I—2§5ä5 5 5 5 2 E5;2 2 2 : · · = =éE
I

0“. 2 2;: 6 · 2 5:6•·• 2 2 2 6 ' t 12 :': 6 · 5 557
- 2 :2: 2 5 5 · -5Q I In ILI I I 2 2 „ I I- I;•·°

2 2 2 g g2QI •

= 5 5äE 2 2 = **12 2 2 · 1*52 :„: 2 5 :26Q I ISI -2 I -002 5-2 2 5 §;2
I I I 0~ U1 I -0I I I q . Ez 2 252 5 5 52 EE2 212 ° ° '“·‘ ***3t 2 2 2 6 26 - 2IIOIQI ISI I0 I-• I-¤ 2 262 6 6 ·-

—~
IO <<$. . . _ II)

2 2:: 52 5Ig
; 2 2:2g 563362 65225: 252222 :2222 56:
0 2 EI2620 000000 000606 606066 6662; Jä-

(QS 2 =6„g 2 2 :3 -Z °„ ÄZSQSZ °Z°°°° °°°51 5:5I II6 2 §ä21 .12..2 555115 55..12 1512 *6
I 0003 2 60 222 2„.„......„..„.„„:-:6::::::I: 5

MM
0
0



Appendix B
THMFP Breakthrcugh Curves for GAC at Each

THM Treatment Level
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Flgure 30. Tl-IMFP Breakthrough Curves for GAC ports 2 and 4 (20 and 44-In depth) for 25 |.1gILsystem THM Treatment Level.
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Flgure 31. THMFP Breakthrough Curves for GAC ports 6 and 8 (64 and 84-ln depth) for 25 uglLsystem THM Treatment Level.
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Flgure 32. THMFP Breakthrough Curves for GAC ports 2 and 4 (20 and 44-ln depth) lor 50 uglLsystem THM Treatment Level.
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Flgure 33. THMFP Breakthrough Curves 10r GAC ports 6 and 8 (64 and 84-ln depth) for 50 pglLsystem THM Treatment Level.
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Figure 34. THMFP Breakthrough Curves ler GAC ports 2 and 4 (20 and 44-ln depth) lor 75 (1gILsystem THM Treatment Level. A
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Flgure 35. Tl-IMFP Breakthrough Curves for GAC ports 6 and 8 (64 and 84-ln depth) for 75 |,1glLsystem THM Treatment Level. ·
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Appendix C E
THMFP Breakthrough Curves for BAC at Each

THM Treatment Level
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Flgure 36. THMFP Breakthrough Curves fer BAC ports 2 and 4 (20 and 44-ln depth) for 25 pgILsystem THM Treatment Level.
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Flgure 37. THMFP Breakthrough Curve for BAC port 6 (64-ln depth) for 25 uglL system THM ·Treatment Level.
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Flgure 38. THMFP Breakthrough Curves for BAC ports 2 and 4 (20 and 44-In depth) for 50 pglLsystem THM Treatment Level.
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Flgure 39. THMFP Breakthreugh Curve ler BAC pert 6 (64-ln depth) lor 50 pglL system THMTreatment Level. ·
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Flgure 41. THMFP Breakthrough Curve for BAC port 6 (64-In depth) for 75 pgIL system THMTreatment Level. ‘
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Appendix D
TOC Breakthrough Curves for the GAC and

BAC Cclumns

E
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Flgure 42. TOC Braakthrough Curvas for GAC ports I2 and 4 (20 and 44-In dapth).
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Appendix E
UV254 as a Sunogate for THMFP in the BAC° and GAC Column
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Flgure 40. UV Absorbence (measured at 254 qm using a 10 cm cell) es a Surrogate Parameter forTHMFP in GAC ports 2 and 4.
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Figure 48. UV Absorbance (measured at 254 nm using a 10 cm cell) as a Surrogate Parameter forTHMFP In BAC port 2.
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Appendix F
TOC as a Sunogate for THMFP in the GAC

and BAC Column
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Flgura 50. TOC aa a Surrogata Paramatar for T1-IMFP In GAC ports 2 and 4.
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Flguu 61. TOC an a Surrogau Param•t••· for THMFP In GAC parts 6 and 8.
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Flguu 52. TOC aa a Sunogata Param•t•1· for THNIFP In BAC ports 2 and 4.
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Appendix G
TOC and UV254 as a Sun·¤gate for THMFP in

the Raw Water and Clariüer Effluent

l
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Figure 54. TOC ae a Predlctor for THMFP In the Raw Water and Clarifier Effluent.
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’ Appendix H
Sample Calculations for Fraction Passing

(Ce/Co) Carbon Column for Each THM
j Treatment Level

Calculatlng the value of Ce/Co for each THM treatment level required the meanTHMFP influent concentration for the GAC and BAC column in addition to theTHM/THMFP ratio for the Harwood’s Mill Distribution system. The three THMtreatment levels that the analysis of the carbon columns was based are 25 pg/L, 50pg/L, and 75 pg/L. Two different THM/THMFP ratlos were used, 0.66 and 0.5.
Employlng the 0.66 ratio, a 25 pg/L THM concentration corresponds to:
25 =0.66 37.5 pg/L THMFP
For the GAC column, the mean THMFP inlluent concentration (Co) was 153 pg/L.Therefore, Ce/Co for the 25 ug/L THM treatment level ls:

Ce = 37.5 =Co 153 0'25
For the BAC column, Co = 145 pg/L:

Ce = 37.5 =Co 145 026

Similarly, the Ce/Co ratlos for 50 and 75 pg/L THM treatment level for each
THM/THMFP ratio can be found. At the point the THMFP (Ce/Co) became greaterthan one of these calculated values, breakthrough at that sampling point hadoccurred.
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Appendix I
Sample Calculations for Detennining the

Carbon Usage Rate for the GAC and BAC
ß Processes

Determinlng the amount of carbon that would be required in the GAC and BACcolumns to meet a THM treatment level initially requires a graphical analysis asdescribed in the results. From Table 10, it was found that to maintain the columneffluent below a maximum of 25 pg/L system Tl-lM’s (THM/THMFP ratio of 0.66)
resulted in the BAC and GAC column having average specific removals of 2.0 and
1.8 mg THMFP/gm GAC, respectively. The carbon requirements to treat a unitamount of water with these specific removals are as follows.
Assuming the mean influent THMFP concentration (Co) for BAC and GAC to be 0.15mg/L, the carbon requirements for the BAC column would be:

0.15 mg/L 1000 mg) 7 mg GAC
=2.0mg THMFP/gm GAC 1 gm L water treated

3 mg GAC ( mas 1. 1 Ib
. 7 L 1 gal N 453596 mg)

S lb GAC S Ib GAC0'00062 gal water treated 0'621000 gal treated
Similarly for the GAC column:

0.15 mg/L 1000 mg) 8 mg GAC...—
=1.8mg THMFP/gm GAC 1 gm L water treated

3 ms GAC :1.766 1. 1 lb8 L 1 gal )( 453596 mg)
·

Ib GAC lb GAC= . 0-1-- = .0———00007gal water treated 0 7 1000 gal treated
Repeating these calculations for the other specific removals, the amount of GAC
required to produce water under each THM treatment goal can be found.
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