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The development of an analytical method for the deter-

mination of total organic-bound chlorine (TOCl) produced

during the chlorination of municipal wastewater effluents

is presented. Sewage effluent from the Denton, Texas

municipal treatment plant was chlorinated at high chlorine

doses (1000 - 4000 ppm), as well as typical treatment levels.

Chlororganics present in the wastewater, before and after

chlorination, were concentrated by adsorption on Amberlite

XAD-2 macroreticular resin, followed by elution with diethyl

ether. After concentration, the extracts were analyzed for

TOC1 by microcoulometry.

Analysis of wastewater extracts revealed the production

of substantial amounts of new chlorinated organics when

effluents were treated with chlorine. The method shows

good precision and estimated accuracy is favorable.
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CHAPTER I

INTRODUCTION

Impact of Chlorination on Organics in Water

During the past century, chlorination has become the

overwhelming method of choice for the disinfection of all

types of water. Chlorine has been used in the United States

as a disinfectant for wastewater since 1879 and on a con-

tinual basis since 1903 as a disinfectant for drinking

water. Besides these two major areas of use, it has also

been used very effectively as a control against fouling in

cooling towers and water filters. It has been estimated

that three to four per cent of the total United States

production of chlorine (approximately 350,000 tons) is now

used for water treatment purposes (1). With this continuing

increase in chlorine usage, along with the buildup of or-

ganics in our surface water systems, there is being expressed

a growing concern over the production of chlorinated organics

in the nation's water supplies.

Until recently, however, there was very little infor-

mation concerning the formation or possible buildup of these

compounds in water supplies. With the advancements made in

analytical instrumentation, it has now become apparent

that there is a buildup occurring and a possible health

problem developing. With the very recent findings of

1



2

numerous chlorinated organic compounds in drinking water

derived from the lower Mississippi River (2,3,4), concern

has greatly intensified. It has also been estimated that

from 0.5 - 3.1% of the chlorine used ends up as organic

bound, meaning that several thousand tons of chlororganics

enter the water supplies each year (5). With these findings

and the recent enactment of legislation to establish drinking

water standards and reduce water pollution (6), the research

into water chlorination has become intensified.

It was recognized as early as 1931 that chlorination

of trace amounts of phenols in drinking water supplies pro-

duced noisome waters (7). A number of more recent investi-

gations have shown that the reaction of phenol with aqueous

chlorine produces chlorinated phenols and other products

(8-11). An intensive study by the Manufacturing Chemists

Association in 1972 (12) on the chlorination of fourteen

industrial organic chemicals found that chlorine was incor-

porated into phenol, m-cresol, hydroquinone, aniline and

dimethylamine using typical chlorine dosages. The study also

indicated greater substitution with longer contact times.

This work and others (13,14) point out that chlorinated

phenols are not easily biodegraded and may have a deleterious

effect on receiving waters. Chlorophenols degrade very

slowly and only in the complete absence of normal bacterial

nutrients and in the presence of oxygen (13). Work done

at North Texas State University shows the production of
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numerous chlorinated organics in wastewater effluents (15,

16,17). Many of the compounds identified by gas chroma-

tography/mass spectrometry are aromatic in nature, and

therefore not easily biodegraded. Using high-resolution

liquid chromatography and3Cl-tagged chlorinating agents,

Jolley and coworkers (5,18-21) found that relatively stable

chlorinated organics are formed during chlorination of

sewage effluents and condenser cooling waters. These new

organics were mainly chloro-derivatives of compounds of

biological origin and existed at the jig/liter (ppb) level.

The chlorination yield was approximately constant with

respect to chlorine dosage but increased with increasing

contact time (18). It was determined that approximately

one per cent of the chlorine dosage should be associated

with stable chlorinated organics (20,21). Toxicological

studies (22) revealed that two of the identified chloror-

ganics (5-chlorouracil and 4-chlororesorcinol) significantly

reduced the hatchability of carp eggs when tested at con-

centrations as low as one jig/liter. Using gel permeation

chromatography for the fish cleanup and gas chromatography/

mass spectrometry techniques for the identifications,

Kopperman (23) found chlorophenols (di-, tri-, tetra-, and

penta-), chlorobenzenes, chlorinated pesticides, and other

halogenated organics. From this work it was observed that

nonpolar chlorinated compounds tend to bioaccumulate in the

fat of the fishes studied.
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Another group of chlorinated organics which seem to

originate during the chlorination of sewage effluents are

the polychlorinated biphenyls. It has been suggested that

polychlorinated biphenyls are possibly produced when the

wastewater influent contains biphenyl (24). Filter rocks

at a sewage treatment plant that processed wastewater con-

taining biphenyl were analyzed by gas chromatography, and the

polychlorinated biphenyl concentration was determined to be

eighteen mg/liter. Carlson et al. (10) observed that the

extent of chlorobiphenyl production was dependent on pH and

that substantial amounts of higher chlorinated isomers are

observed at increased chlorine concentrations (1350-3000

ppm). Others (11,16,17) have shown that high chlorine

concentrations produce effluent components that are multi-

chlorinated and would likely be toxic to organisms in

receiving streams.

In many areas the use of surface waters as the source

of drinking water has become necessary, and many incidences

occur where the same surface waters serve as the discharge

basin for effluents from waste treatment plants. Under

these conditions, it becomes apparent that there may be a

buildup of organic constituents in surface water supplies.

In addition to new chlorinated organic compounds, many other

organic compounds from natural, as well as polluting, sources

may be present. Very recently it has been determined that

present methods of treating drinking water do not remove
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all of these organics. It is also becoming more apparent

that chlorination of raw water, even unpolluted sources,

produces new chlorinated organics (25). Of the compounds

that have been identified in the nation's drinking water,

about 34% are halogenate4 and a five city survey revealed

that 50% of the volatiles are halogenated (26). Water

analyzed before and after chlorination has shown a substan-

tial increase in the amount of halogenated compounds present

(27,28,29). An Environmental Protection Agency Staff Report

(30) states that the formation of trihalomethanes is enhanced

by the chlorination of raw surface water and maintaining a

free chlorine residual of greater than 0.4 mg/liter. It

has been postulated that the formation of chloroform is

caused by the oxidation of ethanol to acetaldehyde which

then reacts with free chlorine to form chloral. The chloral

then reacts with water to form chloral hydrate which subse-

quently decomposes to form chloroform (27). The brominated

methanes would be produced in the same manner, except that

bromine impurities in the chlorine or bromide in the raw

water would become the oxidizing agent.

The most extensive study to this date on the possible

precursors of the trihalomethanes is the work by Rook (31).

Chlorine gas was analyzed for possible contaminants and

found to contain only carbon tetrachloride. The most well

known precursor for the haloform reaction, acetone, was

considered and found to exist in the water at levels
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insufficient to account for the yield of chloroform observed.

It was theorized by Rook that the polyhydroxybenzene building

blocks of the natural color molecules (humic substances)

are responsible for the production of the trihalomethanes.

It is of interest to note that up to 50% of the organics

in secondary wastewater effluents are humic substances,

many in the high molecular weight range (32,33). If these

compounds are chlorinated, then the prospect of chlororganics

in the receiving waters downstream of waste treatment plants

is increased. Humic substances in surface waters also are

available for possible chlorination at the drinking water

stage.

A recent Environmental Protection Agency Report (34)

points out just how extensive the chlorinated organic prob-

lem has become. The findings give an overview of chlori-

nated hydrocarbons in a lake ecosystem. The organic chlorine

content of each individual component of the Lake Ontario

ecosystem was measured by concentration of the water, fol-

lowed by electron capture gas chromatography. Relative

chlorinated hydrocarbon concentrations for various segments

were about 1:2500:10,000:150,000:300,000 for water: sediment:

benthos: net plankton: and fish. It was also observed that

in the areas where rivers flowed into the lake system, the

concentrations were considerably higher than in the overall

lake. It, therefore, becomes paramount that extensive

studies are needed to determine just what are the deleterious
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effects of chlorination and of chlorinated organics. To

determine to what extent chlorinated organics exist in today's

water supplies, a method is needed that will measure to the

very low levels that now occur in many water systems. This

method should be as simple and quick as possible and measure

a very significant amount of the organic chlorine that

exists.

Purpose and Scope of Research

At the present time, only limited research has been

done concerning the effects of chlorination on wastewater

effluents. The impact of these effluents on receiving

streams and eventually the drinking water sources of the

majority of the nation's people cannot be accurately

assessed without some measurement of the total extent of

chlorinated organics. Also, the use of reclaimed wastewater

for augmentation of domestic water sources is becoming

increasingly necessary, and the chemical mixture is of un-

known composition (35).

Along with these concerns there is considerable interest

in the use of much larger chlorine doses for the treatment

of wastewaters. In recent years a process based on a 1969

patent (36) has become somewhat popular in the area of

sewage treatment. This method involves the use of pres-

surized chlorine at 1000 to 4000 mg/liters as a means of

oxidative stabilization of wastewater and sludge by-products.
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This process deodorizes and stabilizes the sludge against

putrefaction for up to six months (11). It is possible

that the components produced include chlorinated organic

compounds which are toxic to organisms in receiving stream

ecosystems. It is, therefore, essential that a method be

developed which will permit evaluating the effects of both

standard chlorination and the above described "superchlori-

nation".

The purpose of this experimental research was as fol-

lows:

1) To develop a method for determining total organic-

bound chlorine (carbon-bound) in wastewater effluents under

"superchlorination" conditions.

2) To determine whether there is an increase in organic-

bound chlorine under commonly used chlorinating conditions.

3) To determine the magnitude of these chlorination

effects.

There are two approaches that can be used for assessing

organic-bound chlorine. The approach most widely used is

the identification and quantitation of specific compounds.

This is possible using halogen specific gas chromatography

or gas chromatography/mass spectrometry. The other possible

approach is to measure the total organic chlorine of a sample

by a direct method. This is accomplished in this work

using a combustion technique followed by a chloride measuring

device.
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Assessment of the method for determining total organic-

bound chlorine in wastewater effluents under varying influ-

ent conditions and reaction parameters is proposed for future

work. Also proposed is the assessment of the method for

measuring total organic-bound chlorine in drinking water,

surface water sources, etc. to provide a possible standard

for future considerations in compliance with the new safe

drinking water act (6).

The approach used to develop this method, and thereby

provide a measurement of organic-bound chlorine produced

during the chlorination of wastewater effluents, was as

follows: (1) a macroreticular resin, Amberlite XAD-2, was

used to remove organics from a wastewater sample; (2) the

organics were removed from the resin by elution with an

organic solvent; and (3) a microcoulometric titration sys-

tem in the halogen mode, designed by Dohrmann Envirotech,

was used to measure the amount of organic-bound chlorine

in the eluate. By determining the amount of chlorinated

organics present before and after an effluent had been

chlorinated, an assessment of the formation of organic

chlorine residuals is achieved. When using this system,

however, the term organic-bound chlorine also includes the

other halogens, bromine and iodine. With the majority of

halogenated compounds being chlorinated in nature, the method

has been designed to measure the chlorinated species.
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Methods of Concentrating Organics in Aqueous Systems

Since the majority of the organic constituents of

interest exist at very low levels (less than one part per

million), a concentration step is required to obtain a suffi-

cient amount for analysis. Concentration techniques should

be as simple as possible, not alter the compounds of interest

in any way, and recover the great majority of the materials

existing in the water.

The oldest and probably the most widely used concen-

tration-separation technique is liquid-liquid extraction.

There have been countless investigations done on the use of

immiscible organic solvents to extract organic compounds from

aqueous solutions. Extraction with hexane is the method of

choice for quantitation of chlorinated pesticides in water.

Current practice in the Environmental Protection Agency is

to use chloroform or methylene chloride to extract organics

from water for gas chromatography/mass spectrometric ana-

lysis (37). These solvents seem to remove the majority of

the organics from water because of their low polarity. It

has also been observed that solvent extraction, followed by

gas chromatography/mass spectrometry, gives results in the

ng/liter range (38). Investigators have found numerous

solvents that will successfully extract chlorinated hydro-

carbons from water. Hexadecane extraction, followed by

mass fragmentography gas chromatography/mass spectrometry,
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was shown to be capable of measuring chloroform at the

1 - 4 Pg/liter level with 80 to 95% efficiency (39). Dietz

and Traud (40) extracted low molecular weight chlorohydro-

carbons from water and sediments by using chilled pentane.

They observed concentrations of 0.05 to 80 mg/liter in the

water and sediments of the Ruhr River. Austem and coworkers

(41) used Freon to extract eleven organics they had added to

wastewater to determine levels of detection. They found

they could detect less than one pg/liter with flame ioni-

zation gas chromatography. Extraction with benzene, followed

by esterification with acetic anhydride, has been used to

determine pentachlorophenol in natural waters (42). With

electron capture gas chromatography 10 ng/liter could be

detected. With the development of continuous liquid-liquid

extraction, it is now possible to extract larger volumes of

water and consequently remove larger amounts of organics.

Brodtmann (43) has used petroleum ether, and Ahnoff and

Josefsson (44) have used cyclohexane to continuously extract

pesticides and polychlorinated biphenyls from water. It

has been observed, however, that liquid-liquid extraction

may not quantitatively extract all organic compounds of

interest (45). This is due to the fact that the partition

coefficients between water and various organic solvents

are different for different species. The more complex the

mixture, the less likely one is to recover all the compounds

of interest using liquid-liquid extraction.
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Reverse osmosis, a semi-permeable membrane water puri-

fication technique, has been found to be applicable to the

concentration of trace organic contaminants (46,47,48). The

procedure has been found to concentrate such classes of com-

pounds as hydrocarbons, phthalates, chlorinated compounds,

and long chain fatty acids. Freeze drying, which removes

the water from a frozen sample by applying a vacuum, has

been used for concentrating less volatile organics in

water (45).

At the present time the most widely accepted method

of concentrating organics from water is the activated carbon

adsorption technique. The carbon adsorption method has been

adopted in the Standard Methods for the Examination of Water

and Wastewater for the determination of organic content in

waters (49). This method involves the extracting of a large

volume of water with a bed of activated carbon. The carbon

is then extracted with chloroform in a large Soxhlet extrac-

tor over a two-day period. The chloroform extract is eva-

porated, and the remaining residues weighed. This is

termed the carbon-chloroform extract. The carbon is also

extracted with ethanol using the same procedure. This

extract is termed the carbon-alcohol extract. The carbon-

chloroform extract has been felt by some scientists in the

Environmental Protection Agency to be one of the most impor-

tant water quality parameters (50). The method was evaluated
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recently to determine if the carbon-alcohol extract con-

tributes much to the overall method. Gas chromatography/

mass spectrometry showed that different organics appeared

in the carbon-chloroform and carbon-alcohol extracts. It

should be noted that the carbon-chloroform method is cur-

rently the subject of considerable criticism by various

persons in the environmental field. For example, the proposed

Interim Primary Drinking Water Standards (6) had stated

that the organic content of these extracts must not exceed

set limits, but these limits have been eliminated. The

method does have some disadvantages. Activated carbon appar-

ently does not adsorb all the organics from water, nor do

chloroform and ethanol recover all of the adsorbed organics

(51). It has also been observed that inorganic salts can

contribute to the extracts, especially the alcohol (50,51).

Other researchers (52,53) have found activated carbons to

be good adsorbents for only nonpolar substances and that

desorption is difficult.

Although there has been problems with the carbon

method as discussed above, a number of researchers have used

activated carbon with a great deal of success. Grob (54,

55) is noted for his use of milligram amounts of carbon

eluted with microliter volumes of solvent to give upwards

of 100 compounds in a gas chromatographic separation. The

organics are collected on the carbon by purging the water
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with an inert gas. The carbon is then eluted with a very

small amount of carbon disulfide and the resulting solution

chromatographed using capillary columns. Concentrations are

found at the low ng/liter (ppt) level. Park and Sontheimer

have shown that chlorinated pesticides can be adsorbed by

carbon and eluted with dioxane (56), and that nonpolar

chlorinated organics can be quantitatively desorbed from

activated carbon using dimethylformamide (57). In both

cases the desorption solvent was then extracted with hexane,

which was examined by gas chromatography.

Porous polymers have been used widely as an adsorbent

for the concentration of organics from water. The sample

may be passed directly over the polymer (58), or volatiles

may be purged from a water sample with an inert gas and

adsorbed on a "trap" of the polymer (59). The latter

technique pioneered by Zlatkis (60-64), and commonly referred

to as the Bellar technique, has found wide acceptance as a

concentration method for volatile organics and low boiling

halogenated hydrocarbons. It is also possible to increase

the number of compounds trapped by heating the sample being

purged. Since its use by the Environmental Protection

Agency in the New Orleans Area Water Supply Study (2), a

commercial version of the method has been placed on the

market (65). Others have used different types of polymers

for concentration purposes. Dowty and coworkers (4) studied
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the relationship between halogenated volatiles in drinking

water and blood plasma using a solid phenyl ether polymer.

Ahling and Jensen (66) determined concentrations of poly-

chlorinated biphenyl and chlorinated pesticides in water

at the ng/liter level using an adsorption column of n-undecane

and Carbowax 4000 monostearate on Chromosorb W eluted with

petroleum ether.

A fairly recent technique for concentration organics

from aqueous systems is rapidly becoming the method of choice

for many analyses. The use of macroreticular polymeric

adsorbents is quickly replacing many of the other methods

due to ease of use, physical durability, and negligible

attrition losses during column operations. Whereas activated

carbon can become exhausted with age and is difficult to

regenerate (67), macroreticular adsorbents can be used many

times and regeneration is simple and apparently complete

(68,69,70). The most popular macroreticular resins are

the Amberlite XAD series developed by Rohm and Haas Company.

These resins are highly porous structures in which each

polymer bead consists of many well formed microspheres

cemented together to give varying pore sizes (71). They

are hard, insoluble spheres of 16 - 50 mesh and are available

in a variety of polarities and surface characteristics.

The nonpolar adsorbents (XAD-l, XAD-2, and XAD-4) are styrene-

divinylbenzene copolymers and have surface areas from 100

m2 /gram for XAD-l to 780 m2 /gram for XAD-4. Average pore
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sizes vary from 50 angstroms for XAD-4, 90 angstroms for

XAD-2, and 200 angstroms for XAD-1. These resins are

particularly effective for adsorbing nonpolar solutes from

polar solvents. The intermediate polarity adsorbents (XAD-7

and XAD-8) are the acrylic ester type and are able to exhi-

bit both adsorption of nonpolar solutes from polar solvents,

as well as polar solutes from nonpolar solvents (72). XAD-7

has a surface area of 450 m2/gram and an average pore size

of 90 angstroms, XAD-8 a surface area of 140 m2/gram and

average pore size of 235 angstroms.

The separation of soluble organic compounds from water

using XAD resins is based on Van der Waals' forces which

bind the adsorbate to the resin's solid surface. Inter-

actions such as hydrophobic bonding, dipole-dipole inter-

action, and hydrogen bonding are important (71). Since

no ion-exchange mechanisms are involved, regeneration of the

resin is simple and quite efficient. There is no irrever-

sible binding as with activated carbon; therefore, the

regeneration is quick and makes possible the reuse of both

the resin and the materials eluted from the resin. A pos-

sible limitation to the use of one resin for the adsorption

of many types of organics is the size of the molecules being

adsorbed. As the average pore size of an adsorbent de-

creases, the surface area increases, meaning that for large

molecules a lower surface area adsorbent is required, since

it has larger pores.
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Macroreticular polymeric resins are being applied to

many areas where organic compounds occur in dilute aqueous

solutions. The most widely used resins have been XAD-2

and the chemically similar XAD-d and XAD-4. These low

polarity resins possess the macroreticular characteristics

necessary for high adsorptive capacity (69,71,72,73). They

have been used to concentrate pesticides for the purpose of

quantitative determination (53,69,74-78), and for the ex-

traction of other chlorinated hydrocarbons from water

(15,16,79). XAD polymeric adsorbents also have been used

by several investigators for the determination of miscel-

laneous organic compounds in various aqueous systems (68,

70,80-87). They have been found to be effective for the

removal of phenols from wastewater (88) and for the sepa-

ration of substituted phenols from water (89,90). Similar

results have been reported for the removal of colored com-

plexes (91), adsorption of organic dyes (70), use in general

toxicology (92), blood analysis (93), and surfactant removal

(71,74).

The standard procedure for using macroreticular resins

involves putting the resin in a glass column of suitable

size, running the water through at a moderate rate to

extract the organics and eluting the organics from the resin

with a suitable solvent. The solvents that have been used

are almost as numerous as the studies done on XAD adsorption.
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Moreover, organics also have been removed using Soxhlet

extraction of the resin (78) and blending of the resin with

the chosen solvent (93).

It is of interest to note that if an activated carbon-

chloroform extract is ionically fractionated, the over-

whelming majority of the organics are recovered in the neutral

fraction (94). Amberlite XAD-2 has the ability to extract

all of these non-ionic compounds and with much greater

efficiency in a much shorter period of time. It also has

been observed that XAD-2 will adsorb both nonpolar and polar

compounds at the pH normally associated with fresh water

and wastewaters (52,91). Kennedy (69) has presented the

best comparison between activated carbon and XAD resins as

adsorbents. He observed that XAD-4 is superior to activated

carbon in pesticide leakage and capacity, and that regenera-

tion showed an efficiency of 10% for the carbon in contrast

to 100% efficiency for the XAD-4. The use of macroreticular

resins should greatly expand in the future as more research

and development is done, and due to their ease of use, dura-

bility, efficiency, and regeneration quality, should replace

activated carbon in many areas of analysis.

Methods of Measuring Organic-Bound Chlorine

The determination of chlorine in organic materials has

been accomplished by numerous methods. Most of these

techniques were developed for the primary purpose of
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measuring the amount of chlorine in a pure chlorinated

organic compound. Most are wet chemical methods, and the

sensitivities are limited. In recent years, however, much

more sophisticated methods have been developed making use

of electronics and advanced instrumentation. These advance-

ments have been applied to the analysis of organic-bound

chlorine in complex matrices, including aqueous samples.

They are much more sensitive than the previously mentioned

methods and are applicable to solutions of very low concen-

trations. However, expense of these newer methods is greater,

and it is possible that the older techniques could be used

for the analysis of organic-bound chlorine in waters if

finances are limited, as they are in many smaller water

treatment facilities. As will be seen, several of these

methods could be adapted for the determination of organic

chlorine in aqueous systems at a reasonable expense.

As early as 1908 Bacon (95) published a method for

the quantitative determination of halogens in organic com-

pounds. This method involved taking a weighed amount (at

least 200 mg) of the chlorinated compound and placing it

in a flask containing 156w ml of ethanol (w = weight of

sample in grams). A reflux condenser is affixed to the

flask, and the solution is heated until the compound is

dissolved. Slowly added through the condenser are 19.5 w

grams of sodium metal, extended over a 30 minute period.
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After boiling for an hour, the solution is diluted with water

to destroy the residual sodium. The final solution is aci-

dified, an excess of silver nitrate is added, and the silver

excess is determined by the Volhard method (96).

It became apparent through further investigations (97,

98) that Bacon's procedure was unsatisfactory, so his

colleague, Rosanoff, made some necessary modifications (98).

Through experimentation he found that the amount of sodium

used should be increased by 10%, pure absolute ethanol

should be used, and the Volhard determination should be

carried out with extreme care. With these improvements

approximately 125 Pg of chlorine in carbon tetrachloride

could be easily detected.

Later other investigators used monoethanolamine-dioxane

(99) and secondary alcohols (100) as the solvent; but the

technique was essentially the same, and detection limits

were not substantially changed. A modified method using liquid

ammonia as the solvent greatly improved the reaction time

(101). The halogenated sample (0.1 - 0.14 g) in 50 ml of

liquid ammonia is reacted over a period of up to two minutes

with one gram of fresh metallic sodium. Ammonium nitrate is

added to remove the excess sodium and the liquid ammonia

allowed to evaporate. The remaining solid is treated with

excess silver nitrate, and the resulting silver halide is
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dried and weighed. On a microscale about 8.5 mg of halogen

can be detected.

A method initially used for fluorine determination was

modified by Kimball and Tufts (102) to measure organic

chlorine. The sample (0.1 - 0.35 g) is placed in a gelatin

capsule and decomposed by heating at 500 to 5501C with

metallic potassium in a nickel bomb for two hours. An ali-

quot of the resulting solution is titrated for chloride by

the Volhard method. However, the method does not improve

the determination time or the detection limit. Later work

(103) applied this method to unstable chlorinated organics

by using sodium in place of potassium. Gravimetric analy-

sis gave detection limits of around 5 mg chloride with the

decomposition time period reduced to about ten minutes.

Sisido and Yagi (104) did a survey of existing methods

and found the old sodium fusion method to be the quickest

and easiest. The sample is decomposed with sodium in amyl

or butyl alcohol with the resulting sodium chloride dis-

solved in a small volume of water and titrated to a bromo-

phenol blue endpoint with silver nitrate. The whole

procedure takes less than one hour and requires no special

instrumentation or equipment. It has a detection limit

of a little less than 2 mg of chlorine.

Perhaps the most universally used chemical method for

determining organic chlorine is the Carius method, which
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was adopted by the Association of Official Agricultural

Chemists during the 1950's (105). A weighed sample is placed

in a glass combustion tube with powdered silver nitrate and

fuming nitric acid. The tube is sealed and immediately

placed in a furnace for five hours at 3000 C. The resulting

mixture is washed, dried, and weighed, with the final results

based on blank corrections. The method will determine less

than 1.5 mg of chlorine.

The latest chemical method developed is the oxygen

flask by Scho5niger (106). A 4 - 8 mg sample is ashed in a

piece of ash-free filter paper in a large Erlenmeyer flask

filled with oxygen. After the combustion products are

absorbed by the method of Viebock (107), they are determined

acidimetrically to a methylene blue endpoint. Atomic ab-

sorption spectrometry also has been used to measure the

amount of residual silver after silver chloride precipi-

tation (108). The method is able to detect 0.06 mg/liter.

Ketchum and Pragle-Johnson (109) later used a constant cur-

rent coulometer to titrate the combustion products directly

in the flask. However, for a sample containing approximately

20% chlorine, a 50 mg sample was required.

Coulson and Cavanagh (110) developed the first automatic

chloride titrator which was the precursor to the microcoulo-

metric titration system used today for total organic-bound

chlorine analysis. In this system a small amount of sample
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is placed in a platinum boat and combusted in a stream of

oxygen at 8000C. The pyrolyzed product, hydrogen chloride,

enters a titration cell containing 85% acetic acid and is

automatically titrated with silver ion. The current to the

cell is varied as needed to maintain a constant level of

silver ion in the titration cell during the titration. This

system was able to measure 0.1 - 1000 jig of chloride, and

the analysis time was less than ten minutes.

This type of system was developed for use as a gas

chromatographic detector, and along with the electron capture

detector, was used successfully for pesticide residue ana-

lysis. The system was found to be more simple to operate

than the electron capture detector, and with Florisil cleanup

and approximately 25 }il injection volumes, one jig/liter

could be detected (111). Teasley and Cox (112), using a more

elaborate extraction technique, were able to detect levels of

25 - 50 ng/liter using a one liter sample.

The first comprehensive study of the coulometric system

as developed by Coulson and Cavanagh (110) and manufactured

by Dohrmann Envirotech (113) was reported in 1970 (114),

ten years after the original instrument was developed.

However, previous researchers had applied the system for

chlorine determination in organic compounds (115) and low-

boiling liquids (116) and were able to obtain the limits

found by Coulson and Cavanagh (110). Tests were done by
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Ladrach (114) on the effects of water, inorganic salts, gas

flow rates, and pyrolysis parameters. A 5 - 100 -pl sample

is slowly injected into a heated (4000 C) capillary zone and

vaporized in a stream of helium. The vapors are swept into

a combustion zone (9000 C), where they are mixed with a

stream of oxygen (400 ml/min). The resulting hydrochloric

acid passes through an 80% sulfuric acid scrubber to remove

any water and into a titration cell containing 70% acetic

acid electrolyte. The incoming hydrochloric acid causes a

change in the silver ion concentration of the cell which is

detected by a sensing electrode pair (silver vs. silver ace-

tate). The detected potential difference leads through the

coulometer-amplifier to the generation of titrant ions

(silver ions) at the generator electrode. The current

required is recorded as a peak on a recorder, and the area of

the peak corresponds to the quantity of electricity, i.e.,

coulombs, required for the reaction. In its most sensitive

form the microcoulometer can detect less than one mg/liter

(ppm) with a precision of 0.05 mg/liter of chlorine. Other

investigators (117) adapted the system to both liquid and

solid samples by using disposable vaporization chambers.

However, their sensitivity was not comparable to that ob-

tained by Ladrach (114).

The Dohrmann system was first used by Greve and Haring

(118) for the determination of organic-bound halogen in
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water samples. Raw water and sand-filtered water from the

Rhine River were extracted using petroleum ether. The amount

of organic-bound halogen, mainly chlorine, was found to be

between about 5 to over 30 Pg/liter (ppb) in the raw water,

and approximately 0.3 - 1.2 ppb after being sand-filtered.

They also extracted the river water with methylene chloride,

which was then removed by boiling with acetone. These ex-

tracts contained more organic-bound halogen then the petroleum

ether extracts. Possible methylene chloride interference

was not indicated. This method proved to be much more

sensitive than other tested, with a detectability of approxi-

mately three nanograms of chlorine.

Most of the other work developing microcoulometry as

the method of choice for measuring organic chlorine has been

done by Krijgsman et al. (119,120). They had previously

used an ion-specific electrode to determine the silver

nitrate titration endpoint and found it had a detection limit

of 0.1 mg/liter (121). An inexpensive coulometer was built

to improve the sensitivity and shorten the time of each

determination. The system designed was able to detect approxi-

mately ten nanograms of chloride (120) after combustion of

the sample in a furnace according to Ladrach (114). With

the use of a lead network in the coulometer, the analysis

time was reduced to less than ten seconds with a standard

deviation of approximately 0.4% (122). Ozcimder et al. (123)
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used this coulometer as a gas chromatographic detector for

the analysis of chlorinated pesticides in milk. A newly

designed combustion tube, 140 cm in length and bent seven

times to fit into the furnace, was described. With a nitro-

gen carrier gas flow of 50 - 90 ml/min and an oxygen flow

of 450 ml/min this type of tube allowed for complete pyro-

lysis of the sample in a very short period of time. The

results obtained were in good agreement with electron cap-

ture gas chromatography.

Recently, a number of papers have appeared describing

methods for the determination of organic-bound chlorine using

activated carbon as the adsorbing agent. Park and Sontheimer

(57) determined mean concentrations of nonpolar chlorinated

organics using dimethylformamide extracts of activated car-

bon and gas chromatography. It was found that very good

recoveries could be obtained for most nonpolar chlororganics

with the exception of the more volatile compounds. To alle-

viate the desorption problem, Kuhn and Sontheimer (124)

developed a method whereby activated carbon would be placed

directly into a combustion furnace and pyrohydrolyzed. This

process involved temperature-programmed heating of a carbon

sample in a stream of steam-saturated oxygen. The tempera-

ture would be raised 100 0C every 15 minutes, and a

desorption curve would result, showing what amount of the

organic chlorine was volatile, and what amount was from
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higher-boiling components. An interference problem existed

with inorganic chloride, and it was observed that treating

the carbon with a solution of sodium nitrate would remove the

chloride (125). Mainka et al. (126), using a similar system,

determined total organic-bound chlorine on activated carbon

filters of water treatment plants. After the carbon filters

had been extracted using dimethylformamide and benzene,

samples were subjected to pyrohydrolysis. Results revealed

the presence of more chlorinated organics, on the order of

2 - 4 g of organochlorine per kilogram of activated carbon.

Lunde et al. (127) have recently applied neutron acti-

vation analysis to the determination of total organic-bound

halogen in water. The method involves continuous liquid-

liquid extraction with a nonpolar solvent, concentration to

a few milliliters and subsequent analysis using neutron

activation. The method is able to measure approximately

0.5 ng/liter chlorine. Moreover, it is possible to differ-

entiate between the halogens using neutron activation ana-

lysis. The main drawback to this method, however, is the

expense of neutron activation equipment. With continuing

research and development, this method should find increasing

use in the near future.
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CHAPTER II

EXPERIMENTAL PROCEDURES

Materials and Instrumentation

Test Water

The water used in the XAD resin efficiency studies and

for blank determinations was prepared from the tap by passage

through a Continental deionizer unit (Model 200), a Barnstead

Mixed Bed Deionization Column (No. D0809), a Barnstead Or-

ganic Removal Column (No. D0813), and by distillation in a

Corning Mega-Pure Glass Still. Water treated in this man-

ner was free of organic materials when analyzed by gas

chromatography with the flame ionization detector. Analysis

using the Bellar technique revealed low levels of several

volatile chlorinated organics. However, blank determina-

tions showed that these did not contribute significantly to

the total organic-bound chlorine results.

Solvents

All solvents used were either nanograde or analytical

grade. The analytical grade diethyl ether was further puri-

fied by double distillation on a four foot fractionating

column. The center cut of the final distillation was taken.

Analytical grade methanol was further purified by a single
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distillation on the same column. Analytical grade isooctane

showed no detectable organic chlorine and was not purified

further.

Chlorinated Organic Compounds

The chlorinated organic compounds used to prepare

standard water samples and organic chlorine standards for

microcoulometry were obtained from various suppliers and

taken from available laboratory stocks. If gas chromato-

graphy revealed impurities, the compounds were redistilled

before using.

Other Reagents

The chlorine gas used for the laboratory wastewater

chlorinations was purchased from Dixie Chemical Company,

Houston, Texas, and was claimed by the manufacturer to con-

tain 100% active chlorine. No further analysis was performed

to determine the true purity. Anhydrous sodium sulfite

(analytical reagent grade, Mallinckrodt) was heated in an

80 0 C vacuum desiccator for two hours to remove any organic

impurities. The sodium chloride (analytical reagent grade,

Mallinckrodt) and the ammonium chloride (analytical reagent

grade, Mallinckrodt) were dried in an oven at 1500 C for

three to four hours. The orthotolidine-arsenite (OTA) rea-

gents for the residual chlorine determination were prepared

according to Standard Methods (1).
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XAD-2 Resin

This macroreticular resin was obtained from Rohm and Haas

Company, Philadelphia, Pa., as 20 - 60 mesh beads. The

resin was purified by the method established by Junk (2) with

one major modification. Since it was necessary to purify

large amounts of the resin, there were times when the se-

quential solvent extractions were carried out for 48 hours

per solvent. Using a modified Soxhlet extractor, approxi-

mately 25 g of resin were processed each time.

Gas Chromatography

A dual-column Varian 1800 gas chromatograph equipped

with a linear temperature programmer and a flame ionization

detector (FID) was used to separate and detect the chlorinated

organics used in the recovery studies for determining opti-

mum pH and solvent volumes.

A dual-column Hewlett-Packard 5710A gas chromatograph

equipped with a linear temperature programmer and a Coulson

electrolytic conductivity detector (CECD) was used to deter-

mine the recovery of a chlorinated organic mixture at neutral

pH. All text mixtures and extracts were chromatographed

using 6 ft. x 1/4 in. O.D. glass columns packed with 10%

OV-ll on 100/120 Supelcoport (Supelco, Inc., Bellafonte, Pa.).

A Varian Aerograph Model 485 electronic integrator was

used to quantify and record the areas of the GC peaks.
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Microcoulometry

A Dohrmann Envirotech Microcoulometric Titration Sys-

tem (MCTS-20) in the halogen mode was used to measure the

amounts of organic-bound chlorine in all standards and

extracts. This system consists of a T-300-S titration cell,

a S-300 pyrolysis furnace, a C-300 digital microcoulometer,

and a SBI Single Boat Inlet attachment. This attachment

consists of a platinum boat which is linked to a manual drive

via a slender platinum wire.

Spectrophotometry

A Coleman Model 295 spectrophotometer was used to

measure the color produced in the OTA method for deter-

mining residual chlorine.

Glassware

All glassware was well cleaned using chromic acid

cleaning solution, followed by a tap water rinse, a deionized

water rinse, and a final rinse using redistilled acetone.

The glassware was then placed in an oven at 130 - 1500C for

8 to 10 hours. A glassware annealing oven was used in

place of this washing procedure, if available.



Methods of Analysis

Microcoulometric Analysis of Standard
Compounds in Diethyl Ether

Standard stock solutions of single chlorinated organic

compounds were prepared by dissolving an amount of the com-

pound containing 100 mg of chlorine by weight in 100 ml of

diethyl ether. Since these standards were subject to eva-

poration, and therefore required refrigerated storage,

chlorobenzene in isooctane solutions were also prepared as

calibration standards for everyday use. Standards of lower

concentrations were prepared by diluting these 1000 ng/pl

stock solutions.

Standards were injected into a platinum boat using either

a 25 pl or a 100 il syringe, depending on what type of study

was being carried out. The solution was injected as soon

as the blue integration light on the microcoulometer came

on. The boat was then pushed to the entrance of the pyro-

lysis furnace where it remained until the response on a

strip chart recorder was at its maximum. The boat was then

slowly pushed into the pyrolysis tube as far as possible

and left until the recorder pen had returned to baseline.

The boat was pulled from the furnace and allowed to cool

for 2 - 3 minutes before the next injection was made.

The pyrolysis furnace has three separate zones, all

of which usually are maintained at approximately 8000C.



In some experiments the inlet furnace temperature was lowered

to 2000 C to test the effect of temperature on the volatili-

zation of samples. The heater tape was wrapped around the

capillary inlet tube of the titration cell to prevent con-

densation. The argon carrier gas had a flow of 40 ml/min,

and the oxygen reactant gas a flow of 160 ml/min. The micro-

coulometer was set at a gain of 1800, a cell bias potential

of about 260 millivolts, and an integration time of 300 -

360 seconds.

Analytical Procedure for Recovery
Efficiency Studies of XAD Resin

The analytical procedure herein described is based on

the work done by Junk et al. (2), but numerous changes have

been made, and therefore, the whole procedure will be out-

lined.

The resin columns were prepared using a 12 mm I.D. x

25 cm long glass tube fitted with a PTFE stopcock at the

effluent end and a 24/40T outer joint at the influent end to

accommodate a large separatory funnel. The purified resin

was added as a methanol slurry after a silanized glass

wool plug had been inserted in the end of the tube. Enough

resin was used to obtain a bed that was approximately 8 - 9

cm high (2.5 g of dry resin). The resin bed was washed with

100 ml of redistilled methanol, followed by a washing with

100 ml of test water. The water level was brought to the
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top of the bed, while an aspirator was used to remove

all air from the resin.

The standard samples were prepared by injecting a known

amount of a standard solution of chlorinated organics in ace-

tone into a 100 ml volumetric flasks containing purified

water. The pH adjustment was performed by appropriate addi-

tion of acid (H2 So 4 ) or base (KOH), while the solution was

magnetically stirred. The water was then transferred to a

2-liter separatory funnel which was affixed to the top of

the resin column. The amounts of the organics varied from

25 - 100 yg/liter (ppb).

The separatory funnel was opened slightly, and the

water allowed to pass through the column at a rate of 25 -

35 ml/min (usually by gravity flow, but an aspirator was

sometimes used). When the separatory funnel was completely

empty, it was removed, and the resin bed allowed to drain

completely.

After the water had drained from the resin, three 25

ml portions of diethyl ether were sequentially poured onto

the column and allowed to equilibrate with the resin. After

a ten minute equilibration for each portion, the stopcock

was opened, and the separate ether fractions were collected

in 100-ml Kuderna-Danish concentration flasks. The elutions

were considered complete when the ether ceased to flow.
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The XAD resin column was immediately regenerated by

passing 100 ml of methanol through it, being sure to leave

10 - 15 ml on the resin to prevent dryness. The column was

ready for use without further treatment.

The visible residual water was removed from the ether

eluate by a disposable Pasteur pipette. In later cases

liquid nitrogen was used to freeze the residual water out.

The flask was fitted with a 3-ball Snyder distillation column

and immersed in a hot water bath. The flask was heated so

that the ether was slowly evaporated at a rate of 1.5 - 2.0

ml/min. When the volume of the concentrate was less then

2 ml, the concentration flask was removed from the heat and

immediately sprayed with acetone to cause the ether to con-

dense and wash the sides of the flask. The resulting con-

centrate (c. 1 - 2 ml) was transferred to a calibrated

sample vial (Supelco, Inc.) and reduced to 1.0 ml by air

evaporation. The vial was then sealed and refrigerated until

analysis could be performed.

In order to find the optimum pH for extracting chlori-

nated organics from a water sample, a mixture of o-chloro-

aniline, o-chlorophenol, and m-chlorotoluene was used.

For the gas chromatographic analyses, dodecane was used as

the internal standard. Five pl of the internal standard

was added to each sample vial, as well as to a standard

ether solution containing the amounts of the three compounds
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expected, assuming complete recovery. Using a ten micro-

liter syringe, three microliter injections of the concen-

trated ether eluate were made into the gas chromatograph,

each sample being run in triplicate. The gas chromatographic

conditions utilized were as follows:

Detector Flame ionization

Range 10ol

Attenuation 1

Detector temperature 2500 C

Injector temperature 2000C

Column temperature 117-1190 C isothermal

Carrier gas Helium

Gas flow 60 ml/min

The electronic integrator used for quantifying peak areas

had a wait period of 200 seconds, a slope sensitivity of

0.3 - 0.5, a filtering of 1.5 - 2.0, and an attenuation of

one. The response factors of the chlorinated compounds were

calculated using the method of McNair and Bonelli (3).

For the recovery analyses at standard pH, a chlorinated

organic mixture of five compounds were used. This mixture

contained m-chloroaniline, o-chlorophenol, m-chlorotoluene,

chlorobenzene, and o-chlorobenzaldehyde in acetone, from

which aqueous samples were prepared. For this analysis only

one 30-ml ether washing of the XAD resin was used. The gas

chromatographic conditions utilized were as follows:
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Detector Coulson electrolytic

conductivity

Attenuation 8

Bridge current 30 volts

Block temperature 3000 C

Furnace temperature 840 0 C

Injector temperature 1500C

Column temperature Programmed from 50 to 3000 C
at 6 deg/min after ini-
tial 4 minute hold

Carrier gas Helium

Gas flow 60 ml/min

Reactant gas Hydrogen

Gas flow 80 ml/min

The electronic integrator was used with settings as mentioned

previously. The per cent recovery was based on measurements

of the original standard.

Analytical Procedure for
Wastewater Samples

Based on the results obtained using the above procedure

and results reported by Junk (2), a standardized analytical

procedure has been used for the extraction of organics from

wastewater samples. The procedure is essentially the same

as given previously except for certain appropriate changes.

Wastewater was periodically collected at the Denton,

Texas Sewage Treatment Plant from the effluent of one of

the final clarifiers. Various information on this facility
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has been reported by Glaze (4). Arrangements were also made

to obtain occasional samples from the Dallas, Texas White

Rock Sewage Treatment Plant. Samples were transported from

the treatment plant to the laboratory in one gallon poly-

ethylene bottles, which had been thoroughly rinsed with the

wastewater. The water was filtered through fluted coarse

filter paper to remove the suspended solids and into one-

liter volumetric flasks. Two one-liter portions were needed

for the analysis.

Chlorination of one of the two portions was accomplished

by bubbling chlorine gas into the water (in the volumetric

flask) as it was stirred on a magnetic stirrer. The chlorine

concentration was periodically determined by removing aliquots,

making proper dilutions, and measuring the chlorine residual

using the OTA method (1). When preparing the 25 ppm chlorine

doses, the chlorine gas is bubbled into a one-liter volumetric

flask containing distilled water, an aliquot then being trans-

ferred to the wastewater sample to obtain the desired chlorine

dose. After obtaining the desired concentration, the flask

was stoppered and stirred during a one hour contact period.

Excess sodium sulfite was added to both the chlorinated

and nonchlorinated (control) water samples to quench any

chlorine residual. The solutions then were allowed to flow

through the prepared XAD-2 resin columns without further

treatment.
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After passage of the water through the resin was com-

plete, 30 ml of diethyl ether was poured into the separatory

funnel to wash the sides and then allowed to flow into the

resin column. After the ten minute equilibration period,

the ether was collected, concentrated and placed in a sample

vial to await analysis.

Total organic-bound chlorine analyses were performed

on the MCTS-20 halogen system using the following parameters:

Inlet temperature 8000C

Center temperature 8000C

Outlet temperature 8000 C

Exit tube Packed with 1/2" quartz wool

Reactant gas Oxygen

Gas flow 160 ml/min

Carrier gas Argon

Gas flow 40 ml/min

Bias potential 250-265 millivolts

Gain 1800

Integration time 300 seconds or longer

The organic chlorine content of the extracts was calculated

using the recovery factor obtained for a known standard

(chlorobenzene in isooctane) (5).
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Analytical Procedure for Inorganic
Chlorine Analys'i s

To determine if inorganic chlorides caused erroneous

results in the total organic chlorine determinations, a

series of solutions of sodium chloride and ammonium chloride

at various concentrations were passed through the XAD-2 resin.

The procedure is the same as mentioned above, except the water

was collected after passage through the resin, so that

chloride analysis could be performed. Then, 30 ml of diethyl

ether was passed through the resin, concentrated as mentioned

previously, and chloride content analyzed by direct cell

microcoulometry. Microcoulometric conditions were as mien-

tioned previously with the exception that the direct cell

measurements had an integration time of 180 - 200 seconds

with usually a 5 pl injection volume. A six inch syringe

needle was used for the direct cell injections.

To check the volatilization of inorganic chloride,

solutions of sodium chloride and ammonium chloride were in-

jected into the pyrolysis system at various inlet furnace

temperatures. Microcoulometric conditions were as above

except that longer integration times were required.
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CHAPTER III

RESULTS AND DISCUSSION

In conjunction with a study of the identification of

chlorinated compounds formed during the chlorination of

wastewater effluents from the Denton, Texas Sewage Treatment

Plant (1), a parallel study was initiated to develop a

method for measuring the total organic-bound chlorine (TOCl)*

produced in a chlorinated wastewater effluent. It was

decided that this method should incorporate the procedures

that were being used in the identification studies, so that

a reliable correlation could be made between the two studies.

The measurements of TOC1 would be done by the quickest and

most sensitive means available. The analytical scheme

developed for the TOCl determination is shown in Figure 1.

Due to the success of several investigators (1-6) in

using macroreticular polymeric resins, these were judged

to be best suited for concentrating the organic compounds

in the effluents of interest. Of the three most frequently

used concentration methods, activated carbon, liquid-liquid

extraction, and polymeric adsorbents, the latter is the

*The method described here should be referred to as
total organic-bound halogen or TOX, but the more commonly
used TOCl notation will be used interchangeably in this
thesis.
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Figure L.

SCHEME FOR TOTAL ORGANIC.BOUND CHLORINE ANALYSIS

Sample

Filtration

1 liter

Na2SO3

XAD -2

Et20

Concentration

Microcoulometric
Determination

TOCl

1 liter

Na2SO3

23

XAD- 2

Et20

Cl 2(20-3500 ppm)

Concentration

Microcoulometric
Determination

TOC1

"Af ter"
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easiest to use, requires the least materials, and can be

most easily regenerated. For solvent extraction, the labor

and time required for lage samples is great, the apparatus

is troublesome and usually large volumes of solvents are

required. In the case of activated carbon, problems exist

with the recovery of the organics from the resin and with

the regeneration process required before it can be reused.

It has been reported that the recovery efficiency of acti-

vated carbon is as low as 10% (7). In several studies com-

paring macroreticular resins of the Amberlite XAD series

and activated carbon, it was shown that the capacity of the

resins for organics was much greater than with activated

carbon (7-9). For this work Amberlite XAD-2, a low-polarity

styrene-divinylbenzene copolymer, has been used. This

material has been widely used and has shown much success in

extracting organics from water.

After the organics are adsorbed onto the resin, they

are desorbed using a small volume of an organic solvent.

Diethyl ether was the solvent of choice, due to the success

reported by Junk (3). Diethyl ether was also the solvent

used in the previously mentioned wastewater studies in the

North Texas State University laboratory. The visible water

is removed from the eluate and the remaining undried extract

concentrated in a modified Kuderna-Danish flask. Work by

Webb (10) shows that undried solvent extracts give as good
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or better results than extracts dried using sodium sulfate.

Therefore, the possibility of contamination by sodium sul-

fate is eliminated.

The TOCi of the concentrated extract may be measured

in several ways. The most popular methods are electron

capture gas chromatography or combustion followed by moni-

toring with a chloride ion electrode, an electrolytic con-

ductivity detector, or microcoulometry. Due to its simpli-

city, reproducibility, and sensitivity, microcoulometric

determination of organic-bound chlorine was selected as the

best means of measurement. Greve and Haring (11) used sol-

vent extraction, followed by combustion-microcoulometry,

to determine microgram/liter levels of organic chlorine in

river water. They found this to be a very simple and re-

liable method for measuring organochlorine.

Microcoulometric Analysis of
Standard Compounds

A series of studies were performed to determine the

response of the microcoulometer to various types of chlori-

nated organic compounds. These studies were performed using

standard solutions prepared in diethyl ether. Ether was

used since it was the solvent of choice in the XAD resin

extractions. Due to its insoluble nature in diethyl ether,

polyvinyl chloride standard solutions were prepared in

tetrahydrofuran.
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Three series of response studies were performed. The

first set dealt with microcoulometer response using constant

injection volumes of different amounts of organic chlorine.

The results are shown in Table I. In most cases it is ob-

served that the response of the coulometer is greater to

larger amounts of organic chlorine, no matter what the in-

jection volume was. The lower values for the chloroform

samples may be due to the difficulty in preparing standard

samples of this highly volatile compound. The somewhat

higher values for the tetrachloroxylene samples are likely

due to the evaporation of ether from the samples as they

were being used. It was observed that the lower concentration

standards lost considerable amounts of their solution volume

while injections were being made. From the values obtained

for the polyvinyl chloride standards, it is surmised that

transfer of the sample was not complete for the lower con-

centration.

In general, however, it is seen that the combustion/

coulometer system is sensitive to chlorinated organics with

a wide range of volatilities. The overall efficiencies from

the runs shown in Table I vary from 77% for the polyvinyl

chloride to 111% for the tetrachloroxylene.

The second set of response studies was done to deter-

mine what injection volume was suitable for running samples

of intermediate concentration, i.e., those that might be



MICROCOULOMETER RESPONSE FOR CONSTANT INJECTION
VOLUMES OF ORGANIC CHLORINE STANDARDSa

b Injection Nanograms Nanograms Per Cent
Sample Volume(pl) Injected Detected Recovery

Chlorobenzene 1 10 8.5 0 2e 85
1 100 101.7 1.9 102
1 1000 1030.8 11.9 103

97 8

Chlorobenzene 5 50 45.5 0.4 91
5 100 100.6 0.4 101
5 500 508.5 1.6 102
5 1000 1017.0 9.8 102

99 5

Chloroform 5 10 7.3 0.1 73
5 50 41.1 0.5 82
5 100 90.6 0.9 91
5 500 469.2 1.5 94
5 1000 947.6 1.8 95
5 5000 4783 28 96

89 8

2,3,5,6-Tetra- 10 20 43.6 1.4 218
chloro-p-xylene 10 100 114.5 2.8 115

10 200 244.0 2.2 122
10 1000 990.8 6.1 99
10 2000 2232 12 112
10 10000 10581 35 106

111 8 c

Polyvinyl chloride d 10 20 5.9 1.6 30
10 100 66.4 1.3 66
10 200 153.1 2.5 77
10 1000 929.2 10.2 93
10 2000 1928.3 24.6 96
10 10000 9759 42 98

77 24

Combustion/microcoulometer system conditions as
on page 41, Chapter II.

indicated

bSolvent: diethyl ether except for polyvinyl chloride
(tetrahydrofuran).

c
Twenty nanogram sample omitted in average.

dAll values corrected for tetrahydrofuran blank, 3.7 ng/pl.
eAll standard deviations based on at least 3 infections.

TABLE I 56
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encountered when determining TOCi in a wastewater extract.

These results are listed in Table II. It was found that

injection volumes of 5 - 20 pl were satisfactory for most of

the compounds studied. It is not clear why the polyvinyl

chloride samples showed lower efficiencies at the 10 ng/pl

level. The overall efficiencies from the runs shown in Table

II, regardless of injection volume, range from 72% for the

polyvinyl chloride to 112% for the tetrachloroxylene.

The third set of studies was performed to determine

the effect of injecting a constant weight of chlorine while

varying both the injection volume and the sample concentration.

These results are shown in Table III. With the exception of

the polyvinyl chloride standards, the results are quite

satisfactory and indicate a high efficiency of the Dohrmann

system for the determination of a wide variety of organo-

chlorides. It is difficult to explain the polyvinyl chloride

results except to postulate that during the preparation of

standards the transfer of sample was not complete. The over-

all efficiencies from the runs listed in Table III vary from

66% for the polyvinyl chloride to 113% for the tetrachloro-

xylene.

Due to the necessity of running calibration standards

when determining unknown, a set of chlorobenzene in iso-

octane standards were prepared that could be used on a daily

basis without the problem of excessive evaporation. These

standards were used to check the response of the instrument
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TABLE II

MICROCOULOMETER RESPONSE FOR ORGANIC CHLORINE STANDARDSa

b Injection Nanograms Nanograms Per Cent
San-ple VolumeCtl} Injectedc Detected Recovery

Chlorobenzene 1 10 8.3 0 2e 83
5 50 49.3 1.5 99

10 100 96.2 1.1 96
50 500 376.6 7.14 75

100 1000 630.7 38.5 63
83 13

Chloroform 1 10 7.8 0.4 78
5 50 46.4 0.3 93

10 100 95.2 0.7 95
20 200 186.6 0.8 93
50 500 455.0 4.3 91

100 1000 903.6 4.5 90
90 6

2,3,5,6-Tetra- 1 10 10.7 0.2 107
chloro-p-xylene 5 50 58.7 0.9 117

10 100 114.7 0.7 115
20 -200 229.1 1.1 115
50 500 556.7 7.3 111
80 800 853.7 10.5 107

112 4

Polyvinyl chloride 1d 1 10 4.9 0.6 49
5 50 36.1 0.9 72

10 100 79.9 1.2 80
20 200 148.3 1.4 74
50 500 354.8 3.4 71

100 1000 775.8 12.1 78
72 12

aCombustion/microcoulometer system
cated on page 41, Chapter II.

bSolvent: diethyl ether except for
(tetrahydrofuran).

conditions as indi-

polyvinyl chloride

cStandard concentration was 10 ng/pl in all cases.

dAll values corrected for tetrahydrofuran blank, 3.6
ng/l.

eAll standard deviations based on at least 3 injections.
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TABLE III

MICROCOULOMETER RESPONSE FOR INJECTION OF CONSTANT
WEIGHT OF ORGANIC CHLORINE STANDARDSa

Injection Standard Nanograms Per Cent
Sample Volume(pd) Conc.(ng/pl) Detected Recovery

Chlorobenzene 1 100 1 0 1 *7 1 *9 d 102
5 20 100.6 0.L4 101

10 10 96.2 1.1 96
100i 3

Chloroform 1 100 108.7 0.7 109
5 20 87.1 0.5 87

10 10 83.2 0.7 83
50 2 77.5 1.5 78

89 12

2,3,5,6-Tetra- 1 100 105.9 1.5 106
chloro-p-xylene 5 20 117.6 0.7 118

10 10 115.6 1.2 116
50 2 211.3 1.6 211

113 5b

Polyvinyl chloridec 1 100 77.3 0.6 77
5 20 81.6 2.3 83

10 10 78.0 1.4 78
50 2 25.1 2.7 25

6623

Combustion/microcoulometer system
cated on page 41, Chapter II.

conditions as indi-

bValue obtained with 50 pl injection was omitted
average.

from

C Allvalues corrected for tetrahydrofuran blank, 3.3
ng/yl.

dAll standard deviations based on at least 3 injections.
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when problems arose or were run along with sample extracts

to determine the coulometer response factors. An example

of the recorder response of three injections of an isooctane

standard is shown in Figure 2. The shape and height of the

peaks are due to the boat injection technique and not neces-

sarily to the response of the coulometer. The markers along

the baseline show the period of integration.

XAD Recovery Studies

To determine the optimum pH at which various chlorinated

organics could be recovered with the greatest efficiency, a

series of extractions were performed. Using XAD-2 resin the

organics were extracted from the spiked water samples after

the pH had been adjusted. The resin was eluted sequentially

three times with 25 ml of diethyl ether and the three

separate fractions concentrated and chromatographed using

flame ionization detection. The results from the analyses

of the separate ether fractions at various pH values are

shown in Table IV. It is noted that good recovery efficien-

cies are observed at pH 5 for all three components (Figure

3). At this pH, the per cent recovery is 87 9% for the m-

chlorotoluene (two ether elutions), 117 18% for the o-chloro-

phenol, and 96 4% for the o-chloroaniline. It is noteworthy

that 25 ml of diethyl ether apparently was sufficient to

recover all of the adsorbed organic compounds from the resin

with the exception of m-chlorotoluene at pH 3 and 5.
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966.7 ng

955.7 ng
965.4 ng

6-300 sec4-e

Fig. 2 - Combustion/microcoulometer response of chlorobenzene
in isooctane. Concentration of standard: 100 ng/pl.
Injection volume: 10 jil.
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TABLE IV

RECOVERY EFFICIENCIES OF SELECTED CHLORINATED
ORGANICS IN WATER AT VARIOUS pH USING
XAD-2 RESIN-ETHYL ETHER EXTRACTIONS

62

Per Cent Recoverya
Ether m-chloro- o-chloro- o-chloro-

pH Fractionb -toluene phenol aniline

1 5 0.3 1. jc 18.4 5.4 . . .
1 2 . a . 0.0 * * *0

30S 6 0 09 0 0 0 1*

1 61.8*1.0 83.0 5.1 59.9 0.2
3 2 13.1 2.6 . .

3 13.9 2.5

1 77.3 7.1 117.2 18.1 96.1 3.7
5 2 10.0 1.8 .

3 0 . 0 0 0

1 84.2 8.1 74.8 2.1 74.4 2.1
7 2 3.3 2.9

1 62.9 3.5 19.3 2.3 51.9 1.9
9 2 1.4 1.9

1 93.4 1.5
10 2

3. .

1 57.0 1.2 . . . . 43.2 2.2
11 2 6.2 4 .2 0 0 0 . 0 * 0

1 36.1308
12 2ipiate chromatograms

3

aBased on triplicate chromatograms.

bFractions are 25 ml concentrated to approximately 1 ml.

cAverage deviation.

dNo FID response found for compound of interest (. . .
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The efficiencies shown in Table IV are less than quantita-

tive, presumably due to the fact that the organic compounds

were not adsorbed on the resin. This may be due to ineffi-

cient column packing, or it is possible that some of the

organics were lost by adsorption on the glassware. The

separatory funnels which contained the water were not washed

with ether during the elution process, meaning some of the

material probably remained on the glass surface.

A set of preliminary studies was performed using a

mixture of five chlorinated organics added to water and

extracted at neutral (unaltered) pH to determine if recovery

efficiency was consistent. The XAD-2 resin column was ex-

tracted with approximately 30 ml of ether, the volume used

being based on the previous tests and on results reported

by Junk (3). The ether eluate was concentrated to approxi-

mately one ml using a modified Kuderna-Danish flask. The

concentrations of the five test species in the eluate were

determined by gas chromatography with the Coulson electro-

lytic conductivity detector. The results obtained do not

reveal much consistency from one extraction to another

(Table V). The lack of good results could be due to poor

analytical results, inefficient column packing, or loss of

material to the glassware. More tests need to be done in

this area to see where the problems exist.*

'Subsequent work in this laboratory has shown that much
higher recoveries may be obtained with 75 - 85 mesh XAD
resin and with different column sizes.
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TABLE V

RECOVERY EFFICIENCIES OF SELECTED CHLORINATED
ORGANICS IN WATER AT UNALTERED pH

USING XAD-2 RESIN-ETHYL
ETHER EXTRACTIONS

Per Cent Recovery bc

6-25-75b 7-2-75b

Chlorobenzene 17.97 37.87

m-Chlorotoluene 14.86 38.87

o-Chlorophenol 48.52 50.15

o-Chlorobenzaldehyde 17.95 67.71

m-Chloroaniline 91.64 73.13

aBased on single run.

bDate at which the extraction was performed.

cEfficiencies should not be taken as conclusive
evidence for XAD-2 extraction efficiencies, but only
as an example of how unaltered water samples can give
inconsistent results.
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Inorganic Chlorine Analysis

Ladrach (12) reported, using the Dohrmann Microcoulo-

metric Titration System, that in some cases inorganic chlorides

were completely recovered through the pyrolysis system of

the instrument. He found this to be especially true of the

chlorides which volatilize or decompose at 4000 C. Chloride

measurements have shown that the wastewater of interest in

this work contained upwards of 60 mg/liter (ppm) chloride,

and this amount would be detrimental to the analysis of

organic-bound chlorine. The first test performed was de-

signed to determine if organic salts did, in fact, pass

through the pyrolysis system. With the inlet furnace tempera-

ture at 800 0C, sodium chloride in water was injected into

the furnace. It was found that up to 100% of the chloride

was recovered (Table VI). Other tests showed a memory

effect, that is, if deionized water was injected several

times into the boat after a salt solution had been previously

volatilized, there was a decreasing response which even-

tually approached the usual background level for deionized

water.

To alleviate this problem, the inlet furnace tempera-

ture was lowered to 2001C, and the sodium chloride solution

injected again. This time there was no response. However,

upon injecting a solution of ammonium chloride in water,

the microcoulometer again showed a response. As shown in
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TABLE VI

COMBUSTION/MICROCOULOMETER RESPONSE
OF INORGANIC CHLORIDES

Nanograms Nanograms
Sample Temperature Injected Detected

NH Cl/H20 2000 C 1000 860

2000C 100 104

200 0 C 100 107

NaCl/H20 8000 C 100 119

8000 C 100 92

8000 C 100 84

8000 C 100 93

8000 C 100 87

800 0 C 100 85
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Table VI, ammonium chloride is recovered completely under

these conditions.

These results confirm the fact that TOCi values may not

be obtained by direct injection of water through the unmodi-

fied Dohrmann pyrolysis system. The next study was designed

to determine if inorganic chlorides were retained by the

resin and subsequently eluted by the organic eluate. It had

been previously reported that inorganic chloride in substantial

concentrations were not retained by XAD resins (6,13), but

that above 0.1 M chloride, retention of organic compounds

decreases, due to an alleged salting out effect (14). On

the other hand, it has also been reported that the adsorption

of organic species by XAD resins is enhanced by some salt

backgrounds (8,9). Even at the high chlorine doses employed

in this study, the chloride content does not approach 0.1 M

even after quenching of the residual chlorine.

To determine if sodium chloride was retained by fresh

XAD-2 resin, salt solutions at various concentrations were

passed through separate resin columns, and the chloride con-

tent of the solutions determined after passage. The results

are listed in Table VII. From the results obtained, it was

felt that inorganic chloride was not retained by the resin.

The same experiments were performed with ammonium chloride

solutions, and it was observed that none of the salt was

retained by the resin (Table VII).
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TABLE VII

RETENTION OF INORGANIC CHLORIDE
BY XAD-2 RESIN

Chloride Concentration a
Sample Before Passage After Passage

Through Resin Through Resin
ppm ppm

NaCi 50 50.4 0.8

NaCl 100 98.6 0.4

NaCl 500 504.2 5.7

NaCl 1000 1066.4 6.3

NH Cl 100 99.7 0.7

NH4 C1 500 554.1 11.1

Blankb 0 0.00

a Determined by direct cell injection microcoulometry
of the passed-through water.

bBlank: deionized, "super pure" water.
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After the ammonium chloride solutions had been passed

through the resin columns, diethyl ether was poured onto

the resin and allowed to flow through. The ether eluate

was concentrated and the chloride content determined by

direct injection into the microcoulometric titration cell.

As seen from Table VIII, essentially no inorganic chloride

is found in the ether extracts. With these results showing

no chloride interference, the inlet furnace temperature was

raised again to approximately 8000 C, and wastewater analyses

performed as described below.

Total Organic-Bound Chlorine (TOCl) Analysis
of Chlorinated Wastewater Effluents

After exposure of the wastewater sample for one hour

to active chlorine, the wastewater and control samples were

both treated with sodium sulfite and passed through the

Amberlite XAD-2 resin beds at a rate of approximately 25

ml/min. After elution of the organics from the resin with

diethyl ether, the ether was concentrated by a modified

Kuderna-Danish apparatus to approximately 1 - 5 ml volumes.

Microcoulometric analysis of the various ether concen-

trates showed, regardless of the chlorine dose, there is

a substantial increase in the amount of TOC1 produced during

the chlorination process (Table IX). A typical recorder

response of a chlorinated wastewater sample is shown in

Figure 4. It can be seen by the peak shapes that when the
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TABLE VIII

EFFECT OF XAD-2 RESIN ON NH Cl IN WATER
4 AE

Nanograms NH Cl Nanograms Detected in Et2 0 a % Recovery

(1 liter H20(5 ml Volume)b 2

~20)
Distilled H20 4*9 il.0 x 102

1 x 10 8 (10ppm) 5. 5 0. 5 x 102 5.5 x 104

5 x 108 (500ppm) 1.2 0.05 x 103 2.4 x 10

aDetermined by direct cell injection microcoulometry
of the diethyl ether.

bVolume of diethyl ether eluate.
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TABLE IX

TOTAL ORGANIC-BOUND CHLORINE DENTON, TEXAS
WASTEWATER EFFLUENTS

TOC1 (yg/k)
Pyrolysis a Chlorine Before After
Temp (OC) Dose (mg/Z) Chlorination Chlorination Blank

800 2000 13.4 0.4 1733.6 132.8 4.4 0.2

800 2000 11.0 0.2 906.3 73.6

800 1200 22.4 0.3 608.9 5.3

900 3500 35.4 0.4 163.8 1.9 21.8 0.2

900 1200 36.9 0.8 337.7 20.2

800 1400 23.0 0.2 402.8 1.0

200 2000 13.0 0.1 479.7 6.8 1.7 0.1

200 25 16.2 0.5 18.8 0.1

800b 1600 32.5 1.8 801.0 4.3 14.3 0.4

800 25 15.0 0.2 80.0 0.8

800 25 21.4 0.5 60.4 0.5 10.9 0.2

800 25 15.4 0.6 49.8 0.8

a Inlet furnace temperature.

bDallas wastewater sample.
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boat was pushed completely into the furnace that a second

peak occurs. This presumably is due to the pyrolysis of

higher molecular weight or low volatility species, which

would go undetected if the pyrolysis was carried out too

quickly. It was observed in many cases that this second peak

appeared only during the analysis of the chlorinated samples

and not the control samples, indicating the production of

high molecular weight chlorinated species which were not

present in the control.

To determine the organic chlorine background levels in

the whole procedure, test water blanks were run periodically

along with the wastewater samples. This blank determination

involved the passing of test water (purified water) through

the resin, eluting the resin with diethyl ether and analyzing

the ether along with the wastewater ether extracts. As seen

from Table IX, the TOC1 of the blanks was considerably

lower in most cases than both the control and the chlorinated

samples. It is observed in Figure 5 that the blank is a

minimal part of the TOC1 of a chlorinated wastewater sample.

To maintain low system blank levels, it is suggested that

extreme care be taken that all glassware is ultraclean, the

XAD-2 resin has been carefully refined by the purification

procedure, and that the diethyl ether be of the highest

possible quality.

To determine an integration time that measured at least

95% of the TOC1 in an extract, a study of integration time
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versus coulometer response was performed on a chlorinated

wastewater sample at two different pyrolysis temperatures.

The response curves are shown in Figure 6 and indicate that

it is necessary to pyrolyze a sample for 450 seconds at

8001C in order to obtain a representative measurement of

the TOCi. Depending on the amount of TOCi in a sample, it

is sometimes necessary to do a trial run to determine an ade-

quate integration time. As expected, it is observed that

the pyrolysis proceeded quicker with the inlet furnace set

at a higher temperature.

These results confirm the conclusion of earlier workers

(4,15-18) that chlorination as practiced in most municipal

waste treatment plants produces new chlorinated organic

compounds. It is of significance to note that a substantial

amount of organic chlorine is produced even at reasonably

low chlorine doses. One is struck particularly with the fact

that very large chlorine doses (1000 - 4000 ppm), as pre-

scribed in the Purifax process (19), produces large quanti-

ties of chlorinated organics as measured by this method.

It is not clear, of course, that the levels of organochlorine

compounds produced will endanger aquatic ecosystems in the

streams receiving chlorinated effluents. However, this

TOC1 method, along with toxicological studies, should provide

a means of assessing such effects.
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The method described here is particularly sensitive

and suitable for routine analysis, provided that the initial

outlay for materials and equipment is made. Organic chlorine

in water at levels of less than one microgram/liter can be

measured provided that care is taken to minimize blank

levels. The sensitivity can easily be improved by increasing

the volume of water extracted or by greater concentration of

the solvent eluate. It has also been shown that if the sug-

gested techniques are used, the precision of the microcoulo-

metric analysis is on the order of 3% or less (20). Based

on the reports of other investigators (3,21-23), and the

results obtained in this study, it is estimated that from

60 - 95% of the halogenated organic compounds can be ex-

tracted by the XAD-2 resin and subsequently eluted from the

adsorbent. Junk (3) obtained overall recovery efficiencies

of 71 - 99% for a series of halogenated compounds and 81 -

96% for a series of pesticides (except aldrin, which was only

47% recovered) when using XAD-2 resin. Harvey (21) found

that pesticides (DDT and metabolites) and polychlorobiphenyls

can be nearly quantitatively recovered from seawater.

Osterroht (22) found that with the exception of lindane, the

recovery of chlorinated hydrocarbons from water containing

large amounts of inorganic salts was about 80%. Niederschulte

(23) quantitatively isolated chlorophenoxyacetic acids in the

25 vg/liter range in water using XAD-2 resin. It is difficult,
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however, to predict just how much organic-bound chlorine can

be extracted from such a complex matrix as is found in waste-

water effluents. Nonetheless, it is felt that XAD-2 resin

will sufficiently remove a majority of the chlorinated or-

ganics present in wastewater. Overall accuracy of the

method is estimated to be on the order of 15% based on 90%

recovery by the XAD-2 resin and 95% response of the micro-

coulometer. With sensitivity and precision as noted above,

this method could be applied easily to other samples of

interest such as drinking water, natural waters, and indus-

trial waste streams. The time required for a complete analy-

sis is on the order of two to three hours, making the method

suitable for routine determinations of organic-bound chlorine.

The method does suffer from a few limitations, however.

As noted earlier, the microcoulometric titration system

measures not only chlorine, but also the other halogens,

bromine and iodine. Brominated and iodinated compounds are

measured as if they were chlorinated, so a true measure of

the total "halogenated" content is not possible.* For this

reason the method is designated as the total organic-bound

chlorine method. A possible limitation is the interfering

nature of sulfur and nitrogen. This method is not accurate

if the organic sulfur content of the sample extract is

The microcoulometer gives a readout in nanograms
of chlorine, so a bromine or iodine molecule is treated
as if it was chlorine.
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greater than 100 times or the organic nitrogen content of

the sample extract is greater than 50,000 times the organic

chlorine content (20). The possibility of such large

amounts existing in most water systems is remote. According

to the manufacturer, the microcoulometer response to high

concentrations of chlorine is degraded, and the necessary

dilutions should be made. In the results reported above,

it is seen that very high concentrations are measured with

good precision and accuracy, making dilutions unnecessary

and eliminating a possible source of contamination.

Possible limitations exist with the XAD-2 resin ex-

traction technique also. The amount of chlorinated organics

extracted by the resin is dependent to some extent on the

pH of the water and the nature of the organics. It is also

possible that the solvent being used for the elution will

not recover all of the compounds of interest, or the

elution volume is not suitable. It is suggested that these

important parameters be optimized for each individual study

for which the resin is used. Nonetheless, it is the esti-

mation of this study that XAD-2 resin is much easier to use

and reuse, efficiently extracts chlorinated organics from

water, and is more convenient than the other extraction

techniques now in use.

Based on the results discussed above, this method may

not account for all the organic chlorine content in an
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environmental water sample. However, from the results ob-

tained, it is clear that chlorination of a typical municipal

wastewater effluent produces observable quantities of new

chlorinated organics. It is also clear that the use of

high chlorine doses produces proportionately higher TOC1

values. On the basis of these results, regulatory agencies

are encouraged to carefully evaluate the environmental and

health effects of chlorination practices, particularly the

use of large chlorine doses on organic wastes.
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