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Two adsorption/microcoulometric methods have been inves-

tigated for total organic halogen (TOX) in water. TOX, a

proposed water-quality parameter, is a rapid, surrogate method

to detect halides microcoulometrically and does not require

compound identification before water quality can be judged.

An XAD resin is used to concentrate organic halides that

are eluted by a two-step, two-solvent procedure, followed by

analysis using :chromatography or pyrolysis to convert organic

halides to halide. In the granular activated carbon (GAC)

method, the entire GAC-organic halide sample is pyrolyzed.

TOX measurements of model compounds are comparable by both

methods, but GAC was found to be superior to XAD for adsorp-

tion of chlorinated humics in drinking water and chlorinated

lake water.
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CHAPTER I

INTRODUCTION

Since 1973 'the disinfection of drinking water with chlo-

rine has been under suspicion as a possible health hazard.

Rook (1), and Bellar and Lichtenberg (2), used gas chromato-

graphy to show that chloroform and three other trihalomethanes

(THMs), dibromochloromethane, bromodichloromethane, and bromo-

form, are formed as a result of the disinfection process.

Subsequently, the Environmental Protection Agency conducted

the National Organic Monitoring Survey (NOMS) that included

analyses of drinking water from 113 cities. A summary of the

results of this survey, as reported in the Federal Register (3),

shows that the average water contained about 100 parts-per-

billion (ug/L) of THMs. The amount of THMs ranged from none

to 695 ug/L, and the average relative percentages of the four

THMs were 59% chloroform, 22% bromodichloromethane, 14% chlo-

rodibromomethane, and 5% bromoform. This report also states

that, in some instances, the concentrations of the brominated-

methanes exceed chloroform.

In addition to disinfection by-products such as the THMs,

certain water supplies in the United States and abroad contain

organic compounds of human origin that include halogenated and

non-halogenated compounds at concentrations in the low or

1
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sub-ug/L levels. It is believed that these compounds come

from municipal and industrial discharges into the raw-water

sources; they may be found in municipal water supplies that

use both surface and ground waters.

The compounds found by the NOMS survey are listed in

Table I. It should be noted that two compounds, trichloro-

ethylene and tetrachloroethylene, were found in some water

sources at concentrations as high as eleven ug/L. Grob and

Grob (4) found these compounds in Switzerland at two ug/L in

ground and tap waters. As shown in Table II, other compounds

were also identified, such as those contained in gasoline,

diesel oil, and industrial chemicals.

It is beyond the scope of this study to present a criti-

cal review of the possible adverse health effects of particular

compounds which are found in drinking water at low concentra-

tion levels. The U. S. Government's position, as stated in

the Federal Register (3), is that although the immediate health

risk may be small, there is concern about the potential detri-

mental effects on humans from chronic lifetime exposure. One

USEPA estimate suggests that THMs in drinking water may account

for 200 fatalities per year, nationwide; however, the EPA and

the National Cancer Institute are presently conducting further

epidemiology and toxicology tests on THMs. Chloroform has been

specifically identified as a carcinogen. It is also reported

from preliminary data that brominated compounds may exhibit

more carcinogenic activity than chlorinated analogues (3).
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A summary of these studies is included in a report by the

National Academy of Sciences (6).

Pursuant to the Safe Drinking Water Act (7), regulations

have been proposed that include monitoring and prescribing of

the maximum levels of THMs. As originally proposed, cities

having populations greater than 75,000 will be required to

control total THMs at or below 100 ug/L. In order to assist

water districts in meeting these regulations, the reaction of

chlorine with water must be thoroughly researched so that this

potential health concern can be understood and controlled.

TABLE I

SELECTED COMPOUNDS FOUND IN MANY WATER SUPPLIES
[FROM NOMS STUDY (5)]

Chloroform

1,.2-Dichloroethane

Carbon Tetrachloride

Bromodichloromethane

Trichloroethylene

Dibromochloromethane

Bromoform

Benzene

Vinyl Chloride

Bis (2-chloroethyl) ether

p-Dichlorobenzene

1,2,4-Trichlorobenzene

2',4-Dichlorophenol

Pentachloropheno1

Polychlorinated Biphenyls

Fluoranthene

11,12-Benzofluoranthene

3, 4-Benzofluoranthene

1, 12-Benzoperylene

3,4-Benzopyrene

Indeno (1, 2, 3- -cd)Pyrene
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TABLE II

SELECTED COMPOUNDS IN WATER AROUND ZURICH,
SWITZERLAND, IN OCTOBER, 1973

[FROM GROB AND GROB (4)]

Compound Lakea Springb Groundb Tap
(ug/L)

Benzene .03 .02 .05 .04

Trichloroethylene .05 .01 .08 .11

Tetrachloroethylene .30 .01 1.85 2.10

Gasoline "1.00 .05 .80 ".80

Diesel < .05 <.01 <.05 <.05

Averaged surface value with measurement thirty meters
below surface.

bData given in ng/L but was rounded-off here to ug/L
for this table.

Trihalomethane Precursors

Several reports (8, 9) give the following general equation

for the reaction taking place in water:

Cl2  + H2O = HOC1 + H+ + Cl~

HOC1 + Br = HOBr + Cl
(or I ) (or HOI)

HOX + Organic Precursors = Trihalomethanes

+ Other Halogenated and Non-Halogenated Products

Rook (10), at the Rotterdam Waterworks in the Netherlands,

was the first to suggest the theory that natural organics,

which dissolve in the water from decaying vegetation around

surface supplies, are the "THM precursor" in the third
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equation. This theory is supported by experimentation in

which distilled water that contains peat extract and bromide

ion gives the four THMs upon chlorination. Rook also chlori-

nated a very yellow, Dutch lakewater that gave 200 ug/L of

chloroform. Over a period of years, the less-colored, fin-

ished Rotterdam water from the Rhine River yielded a range of

6-to-54 ug/L of chloroform. Rook also showed that chlorina-

tion of some polyhydroxybenzene compounds (such as 1,3-

dihydroxybenzene, phloroglucinol, hesperidin-, and phlorizin),

which are thought to be among the many building blocks of

humic substances, also yields chloroform. Rook stimulated

many investigations into the composition of THM precursor

material and its role in the formation of THMs. In order to

explain some of the findings in this area, following are some

definitions of terms associated with the properties of natural

organics in ground and surface waters, and with some methods

used to monitor water.

Soil and Aquatic Humic Substances

Much of the earth's carbon is found in the form of woody

tissue of which a major component is lignin. Lignin is a

mixed polymer that appears to have only three structured units,

guaiacyl, syringyl, and p-hydroxyphenylpropane, as follows:

C3  C3  C3

o000
0CH3  CH OCHO

O 33 0 3 OH

guaiacyl syringyl p-hydroxyphenylpropane
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Apparently, these units are incorporated into the lignin poly-

mer by carbon-carbon or carbon-oxygen-carbon linkages with

predominating 0-4'-ether linkages (11). Following is an

example of a-4'-ether linkage between syringyl and p-hydroxy-

phenylpropane units:

CH3
0

HO 13 Q ) C3
H H

CH3

It has also been proposed that most C3 side chains are methyl

ketone, allyl, and secondary alcohol configurations (12).

Although lignin is a relative refractory material to bio-

degradation, certain microorganisms--particularly fungi--are

capable of degrading the lignin polymer. This process, which

is not fully understood, is a part of the so-called humifica-

tion process that results in the deposition of organic

substances (humus) in soil and water. Among the various hypoth-

eses regarding the synthesis of humic substances (13), Martin

and Haider (14) prefer the following: lignin molecules are

degraded into smaller phenolic units that, together with

simple phenolic substances synthesized by microorganisms, plant

and microbial proteins, carbohydrates, and other substances in

the soil, are combined by autoxidative and enzymatic polymeri-

zation to form humus. A portion of this humus is sufficiently

water-soluble so that eventually it is leached into ground and
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surface waters, which providesthe bulk of the carbon content

of these waters.

Historically, humic substances have been separated into

four substances by the scheme shown in Figure 1. Table III

gives the properties of the three soluble factions, as deter-

mined by several different methods. It is clear that the terms

"humic acid," "fulvic acid," and "hymatomelanic acid" do not

refer to monodisperse substances. Rather, these are strictly

operational terms referring to the products obtained by the

scheme shown in Figure 1. The amount and type of each frac-

tion will depend on parameters such as the amount and type of

vegetation contiguous to the origin of the humic substance, and

ambient factors such as temperature, soil or water type, the

presence of soil or aquatic microorganisms, etc.

Soil or Freeze-Dried
Water Sample

Base

Insoluble Fraction Soluble Fraction
(Humin)

Acid

Soluble Fraction Insoluble Fraction
(Fulvic Acid)

Ethanol

Soluble Fraction Insoluble Fraction
(Hymatomelanic Acid) (Humic Acid)

Fig. 1--Scheme for Fractionation of Natural Humic
Material (12).
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TABLE III

PROPERTIES OF COMPOUNDS OF HUMIC SUBSTANCES

Group Name Solubility (15) M.W. RANGE or Average

Fulvic Acid Sol. in NaOH F 200 - 1,000 (15)
Mineral Acid 200 - 300 (16) a.

951 (11) a.
688 (11) a.
668 (11) c.

Hymatomel- Sol. in NaOH E
anic Acid Alcohol; insol.

in Mineral Acid

Humic Acid Sol. in NaOH E up to 200,000 (15)
insol. in 700- 26,000 (16) c.
Mineral Acid 1,300- 13,000 (16)
and Alcohol 30,000- 80,000 (16) d.

t 1,000 (11) e.
1,684 (11) b.
4,500- 26,000 (11) c.

.14,000-200,000 (11) f.
%53,000 (11) g.
%36,000 (11) h.
47,000- 53,800 (11) a.

Osmometry
Freezing Point Depression
Diffusion
Ultracentrifugation
Light Scattering

e.
f.
g.
h.

Isothermal Distillation
Gel Filtration
Sedimentation
Viscosity

The precise chemical composition of humic and fulvic acids

is still largely unknown. (Hymatomelanic acid is often com-

bined with humic acid in this discussion.) Schnitzer and co-

workers (12) have made the largest contribution to the present

knowledge of this area; there remains, however, much doubt

regarding not only the nature of the building blocks which make

up these natural polymers, but also about the secondary and

a.
b.
c.
d.
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and tertiary nature of the polymers themselves (17). Follow-

ing is only a summary of the background that is pertinent to

the discussion of water treatment practices that are affected

by the presence of "humic substances" in water.

Structure of Aquatic Humic Material

A general measure of the amount of aquatic humic sub-

stances is dissolved, organic carbon (DOC) or total organic

carbon (TOC). Some typical TOC values for four types of water--

ground, sea, surface, and wastewaters--are shown in Table IV.

TABLE IV

TOTAL ORGANIC CARBON RANGE FOR SEVERAL WATER TYPES (15)

Water Type TOC (mg. per liter)

Ground . . . . . . . . . . . 0 - 2.0

Sea . . . . . . . . . . . . 0.5- 5.0

Surface (NORS) . . 3.5 (mean/average)

1 -20 (range)

300 (maximum)

Waste . . . .. . . . . . . 10 - 20 (mean/average)

1000 (maximum)

Aquatic organic matter is largely of the "fulvic" type,

i.e., it is soluble in both acid and base (18, 19), and it is

found, ranging from 58-90% in seventeen samples studied by

Christman and coworkers. The elemental composition of aquatic

fulvic acid (FA) is shown in Table V, taken from Christman (11).
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Schnitzer and Kahn propose that aquatic FA contains more

oxygen and less nitrogen than typical soil humus; Table V,

however, shows that, depending on the source water, there is

considerable variation in FA composition.

ELEMENTAL ANALYSES

TABLE V

OF AQUATIC HUMIC FRACTIONS (11)

Fraction % C % H % N % 0

Fulvic Acid 55.61 5.91 2.13 36.35*

Fulvic Acid 54.87 5.56 2.41 37.16*

Fulvic Acid 59.32 6.75 1.22 32.71*

Fulvic Acid 58.42 6.18 1.26 34.14*

Fulvic Acid 57.91 6.11 1.34 34.64*

Fulvic Acid 57.08 6.47 2.17 34.28*

Fulvic Acid 58.39 5.81 0.57 35.23*

Fulvic Acid 41.50 5.72 1.98 50.80

Fulvic Acid 46.20 5.90 2.60 45.30

MEAN/AVERAGE 54.30( 6.2) 6.10( 0.4) 1.70( 0.7) 37.80( 6.0)

* By Difference

Characterization of the chemical content of aquatic ful-

vic acids has been carried out by the two general methods of

(1) chemical degradation, and (2) spectroscopic study, both

of which are reviewed by Christman (11) and Schnitzer and Khan

(12). Separation of aquatic fulvics has been carried beyond

the scheme shown in Figure 1 through the use of various
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chromatographic techniques. Until recently, it was generally

agreed that FA and HA are largely aromatic in carbon type.

This conclusion was based on products obtained by oxidative

and reductive degradations (12). However, recent spectro-

scopic data (20) suggest that the aliphatic content of FA may

be much higher than expected, due, possibly, to the loss of

aliphatic units during the workup of degradation products.

Schnitzer and coworkers (12) have used the hydrogen-

bonded structure, shown in Figure 2, as the principal struc-

tural type in fulvic acid; Christman and Glassemi (21) prefer

the structure shown in Figure 3. The latter structure includes

more non-carboxylic units and unspecified aliphatic components,

and it is a covalently-bonded macromolecule.

OH OH 0 H OH
T/OHOH--O C 0

HO--C OH----0C-~~~-C-C

00 .0 D OH
HO C . C OH........--- O- C C-OH

\OH .1 /II r
HHOH OH -- OH OH

- 0 o
0 

H OH II-..-OH- n-OH
OH HO-C CH00

HO-C
/ OH

0 C 0 OH OH =0 OH O

OH OH

Fig. 2--Structure of Fulvic Acid as Proposed by
Schnitzer (12).
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HO OH

COOH . 0

(C) (C) (C)x x x

10 0
OCH3  OCH3

OH OH

COOH

OH

0

C-

0

OH

OCH

3

OHHHOH

0
0-- (c) (C)

QH

OH 0 H H OH

0

Fig. 3--Structure of "Color Macromolecule" Proposed by
Christman and Ghassemi (21).

n
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Wer-shaw and coworkers (22) discuss a structure for FA in terms

of a hierarchy of elements, the lowest level of which is the

simple phenol, guinoid, and other small molecular units.

These are grouped together by covalent bonds into small poly-

mers that have molecular weights of a few thousand or less.

These groups of small polymers can be linked together into

aggregates by intermolecular forces such as hydrogen bonds.

The degree of aggregation is a function of water pH, the oxi-

dation state of the molecules, etc. Wershaw's model may be

as precise as this structure can be considering the generalized

structure of aquatic humic matter. To be more specific,

identification of the precise origin of the FA, its pH, and

other ambient factors is necessary. Whether a more specific

generalized structure of FA can be written, as preferred by

Christman (21), must await further research.

Reaction of Chlorine with Aquatic
Humic Substances

Several research groups continue to investigate the

reaction of chlorine with carbonaceous substances in water.

From pr posed structures of FA, Rook (10) suggests that the

active ites within FA molecules are 1,3-dihydroxybenzenes.

The mechanism shown in Figure 4 is suggested to account for

THM formation and other non-THM halogenated compounds.
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OH

R

R OH2
R3

R COOH

H
R2
2C H

--- Cl

R-- C10 ICl
1 I I

c CI I

b a

III

HOC1

in H2 0

OH

R -"COOH

C1- 1
R

R Cl

OH
0

0/

C l
R

Cl

R R
2

R3 C1

0

(Br) OH
R -- C1

R C -CC1

/ Clio
1

C

II

I i

1
I a
b a

IV

C1
denotes electrophilic halogen species.

IV a Cleavage yields chloroform (chloro- & bromo-methanes).

III a Cleavage yields dichloromethane.

IV b Cleavage yields choral, di- E trichloroacetic acid.

IV c Cleavage yields tetrachloroacetone, penta- L
hexachloracetate.

Fig. 4--Proposed Reaction Scheme for Chlorination of
Aquatic Fulvic Acid; Rook (10), modified.
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Morris and Baum (23) discuss the classical reaction path-

way for the haloform reaction shown in Figure 5. These scheme

includes several observations about the reaction, such as the

fact that it is base catalyzed, and that bromide and iodide

may react with hypochlorous acid to be incorporated into halo-

genated products. Morris and Baum give six functional atom

group arrangements (Figure 6) that they feel would give halo-

form products, each of which easily forms the carbanion

intermediate. They speculate that many of these groupings are

in the humic substances which are found in water. Major chlo-

roform yields were obtained for twelve model compounds with

the six functional groups, including chlorophyll which contains

the pyrrole groups.

0 OFP 0 0 0 0

R-CCH3r- RC-CH 2-- >RC=CH2 ') RCCH2X

H2O H

HOX H20X

R- CH2X RC-CHX <-->RC- CHX --- )RCCHX2

H2  H

HOX . H2ZOX

0 OH 0 0 0 0

R-CCHCX2 RC--CHX<->RC=CHX]- 2RCX

H22

RCCX3 + H 2 0-RCOH + CHX3 (THMs) -- X = Cl,Br,or I.

Fig. 5--THM Formation from Ketonic Precursors after
Morris and Baum (23).
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H2

(A) CH 3-C-- (B) CH -C-C=O (C) R-C-C -R

0 0 OR 0 0

OH 0 H

C C N

C C-H .:C C-H -C C -H
(D) I I (E) I 2 (F) I |_I

C C OH ---C C=0 -- C C -

C C

Fig. 6--Molecular Structures Responsible for THM
Formation; from Morris and Baum (23).

Hoehn (24) et al., also suggests that the addition of

algae, or more specifically the chlorophyll-a, accounts for

the additional THMs observed during summer months.

Suffet and others (25) isolated a proposed precursor in

the haloform reaction, l,l,l,-trichloroacetone, in drinking

water from two different river-water supplies. XAD-2 and

liquid-liquid extraction techniques were used to concentrate

the compound from the water, and GC/MS was used to confirm

identity.

Trihalomethanes

The trihalomethanes (THMs) are the group of compounds

that has received the most attention with respect to the

chlorination process. Initially, the concern was to find a

simple, accurate method to analyze the THMs in water, then

Bellar and others (2) introduced the purge and trap method

for concentrating the THMs from water. In this method, a
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stream of inert gas purges a small water sample, collecting the

1
THMs on a trap (usually Tenax) . After purging, the gas flow

is reversed and heat is applied to the trap which desorbs the

THMs and sends them into a gas chromatograph for separation

and measurement. This method is probably the most widely used

since commercial apparatus for purge and trap analysis became

available. Other methods have been evaluated for THM analysis

that include headspace analysis, direct aqueous injection, and

liquid-liquid extraction. Headspace analysis is similar to

purge and trap but it is a static version; THMs will concen-

trate in the gaseous region above a water sample, and vapors

from this region may be injected directly into a GC. Since

the THMs are at ppb concentration, it may be difficult to

measure some samples with static headspace due to the poor

concentration factor. Direct aqueous injection (DAI) is the

most straightforward, analytical approach. It is pointed out

by Pfaender and others (26), however, that values measured by

DAI are higher than those obtained using purge and trap; this

is probably due to the formation of additional THMs in the

GC's hot injection port. Liquid-liquid extraction (LLE) is a

simple procedure that is preferred in many laboratories. It

requires the placing of a nonpolar solvent in a sealed con-

tainer with the water sample. Upon mixing, the THMs partition

1 TENAX is a trademark of Enka, N.V., The Netherlands; one
domestic source is Alltech Associates.
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into the nonpolar solvent, a portion of which is injected into

a gas chromatograph. This procedure is fully detailed in pub-

lications by Glaze and others (27, 28, 29), and it is described

with appropriate modifications in Chapter II.

Kleopfer (30) obtained some interesting results by adding

potassium fluoride, bromide, and iodide to Missouri-river

water with calcium hypochlorite. No THMs were found that con-

tained fluoride, but brominated and iodinated THMs were

isolated. The proposed reaction to incorporate the other halo-

gens into the active reagent is given, as follows:

Br + HOC1 = HOBr + Cl

I + HOC1 = HOI + Cl

Apparently the hypobromous and hypoiodous acids act as reac-

tants to the precursor in the same mode as hypochlorous acid.

In some water supplies, it has been observed that the bromi-

nated THMs exceed chloroform (31). These waters must possess

a high, naturally-occurring amount of bromide ion. Glaze and

others (27) are one of the first groups to report the presence

of iodine containing THMs.

Other Halogenated Compounds

Advances in analytical instrumentation have led to the

discovery of many organic contaminants in water. The improve-

ments in gas-chromatography detectors, and the advent of

capillary columns, have enabled workers to find volatile and



19

semi-volatile compounds in water supplies (32). In particu-

lar, the gas chromatograph, when coupled to a mass-spectrometer,

results in the detection of a variety of compounds, some with

molecular weights up to 500 (33).

Presently, the high-pressure, liquid-chromatograph is the

instrument of choice to separate and identify high-molecular-

weight compounds that cannot be identified by gas chromato-

graphy. HPLC may also be capable of identifying heat-sensitive

compounds that are destroyed by a hot, GC-injection port.

Unfortunately, universal detectors for HPLC are not available

that give structural information comparable to the gas chroma-

tograph/mass spectrometer.

As previously stated, complete identification of the

organic precursor has not been accomplished. This is partly

due to the fact that aquatic organics are complex mixtures of

compounds, some of which have polymeric, polydisperse struc-

tures. Thus, structural elucidation of precursors and their

halogenated products h a s proven to be a difficult and possibly

insurmountable problem. It is clear, however, that THMs are

not the only halogenated compounds formed in the chlorination

of natural waters. As the Moye/Rook mechanism implies, non-

THM compounds should be found by substitution and addition

processes which occur in the humic polymer. Investigations by

Jolley (34), Glaze (35), and others, have shown that small,

halogenated molecules are formed that include those listed in

Tables VI and VII. However, the sum of the concentrations of
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these compounds, generally, does not approach th yield of

THMs--not, at least, when "normal" (1-20 mg/L) doses of chlo-

rine are used.

TABLE VI

CHLORINATED PRODUCTS IDENTIFIED IN
CHLORINATED WATER BY JOLLEY (34)

5-Chlorouracil

8-Chlorocaffeine

8-Chloroxanthine

5-Chlorosalicylic acid

2-Chlorophenol

4-Chlorobenzoic acid

3-Chlorobenzoic acid

4-Chlororesorcenol

4-Chloro-3-methylphenol

5-Chlorouridine

6-Chloroguanine

2-Chlorobenzoic acid

4-Chloromandelic acid

4-Chlorophenylacetic acid

4--Chlorophenol

3-Chlorophenol

3-Chloro-4-hydroxybenzoic
acid

Several recent investigations show that non-volatile

compounds that cannot be determined by GC or GC/MS are formed

in abundance by the chlorination process. Kuhn, Southeimer

and coworkers (36, 37) show that non-volatile, activated-

carbon, adsorbable-organohalogen compounds exceed volatile

compounds (in halogen.content) by a factor of two-to-four in

typical chlorinated, European surface-water supplies. Oliver

(38) uses an XAD-resin adsorbent to yield similar results.

As to the occurrence of non-THM products such as those
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TABLE VII

CHLORINATED PRODUCTS PRODUCED BY WATER CHLORINATION,
BY GLAZE ET AL., (35)

Chloroform

Dichlorobutane

Chlorocyclohexane

o-dichlorobenzene

p-dichlorobenzene

Pentachloroacetone

Dichloroethylbenzene

N-methyl-trichloroaniline

Trichlorophenol

Dichloromethoxytoluene

Trichloroethylbenzene

Dichloro -bis (ethoxy) benzene

Trichloro-a-methyl benzyl
alcohol

Trichlorocumene

Dichloroaniline derivative

Dichloroacetate derivative

Tetrachlorophthalate
derivative

Dibromochloromethane

3-chloro-2-methylbut-1-ene

Chloroalkyl acetate

Tetrachloroacetone

Chloroethylbenzene

Hexachloroacetone

Chlorocumene

Dichlorotoluene

Chloro-a-methyl benzyl alcohol

Trichloromethylstyrene

Dichloro-a-methyl benzyl alcohol

Trichloro-N-methylanisole

Tetrachlorophenol

Tetrachloroethylstyrene

Dichloroaromatic derivative

Trichlorophthalate derivative

proposed by Rook (10), indirect evidence comes from results of

the direct aqueous-injection, THM analysis referred to above.

The larger yield of THMs found by this procedure, as compared

to other methods, is taken as evidence of decomposition of

chlorinated THM precursors in the GC injection port (26).
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Thus, while THMs are the major volatile products which arise

by the chlorination process, it is obvious that THMs represent

a minor yield of organic halogen when non-gas-chromatograph-

able material is taken into account.

Surrogate Methods vs. Specific
Compound Identification

While it is desirable to determine the precise composi-

tion of molecular types in public supplies of drinking water,

at least two factors make this an unachievable goal:

(1) Raw and treated waters may contain thousands of

compounds at trace levels;

(2) Many of these compounds cannot be identified and

quantified by available analytical methods [such

as GC/MS] (39).

For these reasons, water quality is often measured by

surrogate or group parameters such as total, or dissolved,

organic carbon (TOC or DOC), total organic nitrogen (TON),

chemical oxygen demand (COD), etc. In view of the toxic

nature of many organohalogen compounds (40), a TOX parameter

seems to be of value in assessing water quality for human

consumption. A TOX parameter is also useful for rapid moni-

toring of raw and treated waters, particularly so if the

technique can be automated.

Three approaches have been proposed for TOX measurement,

each of which involves a preconcentration step, and the sub-

sequent determination of organic halogen in the preconcentrate.
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Since organic halogen may not be determined non-destructively,

the sample preconcentrate is usually pyrolyzed to convert the

halogen to halide ion in aqueous solution. The halide may

then be titrated by potentiometric or coulometric methods

(39), or determined by the use of a halogen sensitive elec-

trode (41). Pyrolysis of organic compounds, in order to free

halogen as halide, may be done reductively or oxidatively; in

either case the product is almost entirely hydrogen chloride

(39) if the pyrolysis temperature is above 800*C.

Preconcentration of the water sample has been carried

out by adsorption of the chlorinated organics on activated

carbon (37, 41), or XAD resins (38, 42), or by extraction

into a nonpolar organic solvent (43). Each method has its

limitations due to the inefficient adsorption or interference

from inorganic halogen or other species. No systematic com-

parisons of the three methods of preconcentration have been

reported.
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EXPERIMENTAL PROCEDURES

Materials and Instruments

Purified Water

The water used to prepare reagents and for TOX and LLE

blanks comes from one of two systems. The first system, which

produces water referred to as "D" water, is described in the

original TOX work of Glaze and others (1). This process begins

with ozonated, high-purity-bottled water supplied by Ahlfingers

Water Corporation. This water is further purified by passage

through a 1.5 cm i.d. glass column that is filled with 50 cm

Filtrasorb F-400 activated carbon (12/40 mesh), followed by

25 cm of XAD-2 (20/50 mesh), and concludes with a Millipore

glass-filter disc. This purified water is analyzed for total

organic carbon (TOC) and is found to contain approximately 200

ppb. The TOX value for this water by the GAC method is 15 to

20 ppb. The LLE blanks exhibit no detectable THMs.

The second water type used for TOX experiments is supplied

via a commercial-water-treatment apparatus from Millipore.

This system produces so-called "Q" water; it consists of a tap-

water feed to a series of cartridges consisting of Rogard

prefilter, reverse osmosis, granular activated carbon, and

two ion-exchange cartridges. Typically, this water gives the
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following measured values: TOC--300-500 ppb; TOX--5-10 ppb;

and no detectible THMs on LLE blanks.

Carbon

Granular activated carbon (GAC) is obtained from the

Dohrmann Company. It is 100 to 200 mesh, and it is manufac-

tured originally by Calgon as "Filtrasorb F-400" (2). The

F-400 carbon is reported to have 1050 to 1200 square meters

of surface-area-per-gram and 34 angstroms average-pore-

diameter. The supplier uses the lot-screening technique to

produce the carbon. Generally, the F-400 carbon is not free

of chlorine, as has been determined by burning in the micro-

coulometer. To date, there is no acceptable method for

cleaning the carbon prior to the TOX application.

Once a quantity of carbon is received from Dohrmann,

many precautions are necessary to prevent the laboratory atmos-

phere from spoiling of stock. Details for the handling of

carbon are given in the GAC/TOX procedure.

XAD Resin

Amberlite XAD Resins (3) are a trademark of the Rohm and

Haas Company. Johns Manville Company prepares the XAD series

for chromatography and markets the series under the Chromosorb

Century label. Chromosorb 102 and 107 correspond to XAD-2 and

XAD-8, respectively.

Chromosorb 102 (XAD-2) is 100 to 120 mesh beads of poly-

styrene divinylbenzene with 300 square meters of surface area
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per-gram, and 90 angstroms average-pore-diameter. Chromo-

sorb 107 (XAD-8) is also 100- to 120-mesh-beads, but the

material is a methacrylate polymer that is more polar than

C-102. C-107 has a surface area of 450 square-meters-per-

gram, and 80 angstroms average-pore-diameter.

The Chromosorb series is preferred for the TOX applica-

tion because the resin has been cleaned and sized into tight,

particle-size ranges. Additional cleaning is necessary, how-

ever, to obtain low TOX blanks. This cleaning is accomplished

by placing about ten grams of resin in a thimble of a Soxhlet

extractor, using pentane as the solvent, for a period of four

to eight hours. The Chromosorb is allowed to dry free of

pentane at room temperature. Until time for usage, the

cleaned resin is placed in a storage bottle of methanol, and

it is sealed with a lid having a Teflon-lined septum.

Gases

High purity gases are used on the instruments associated

with the TOX measurements. Argon, produced by Air Products,

is used to pressurize the water samples through the resins

and carbon columns, and it is also used to purge the water

samples of volatiles after chlorination. Instrument-grade

carbon dioxide and oxygen are supplied by Union Carbide and

are used in the microcoulometer pyrolysis furnace. Union

Carbide also supplies 10%, instrument-grade methane in argon;

it is used on the Hewlett Packard 5840 Gas Chromatograph that
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is equipped with an electron-capture Ni63 detector, which is

used for the detection of organic halides.

Glassware

Glassware is cleaned by the following procedure: (1)

wash with Alconox (laboratory detergent) and rinse with tap

water; (2) soak in chromic acid (H2SO 4 /K2 Cr2 O7 ) for a mini-

mum of one hour; (3) rinse with purified water of either of

the previously-described types; (4) rinse with acetone; and

(5) bake at 130- to 1600 for a minimum of one hour.

Reagent Solutions

Ammonium hydroxide/methanol is made by mixing 4M ammo-

nium hydroxide with an equal volume of methanol. Baker Resi-

Grade is the pentane used for LLE determinations; it is very

low in impurities (as determined by GC with electron-capture

detection). As an internal standard for specific-compound-

recovery studies, 1,2-Dibromoethane is added to the pentane

before extraction.

Several nitric-acid solutions are required for TOX pro-

cedures. A 0.001M nitric-acid solution is used to wash the

XAD resin before extraction. Prior to adsorption on XAD, a

5M solution is used to make the water sample acidic; prior to

GAC adsorption, concentrated nitric acid is also used to

acidify the water sample. A 5,000 ppm potassium-nitrate solu-

tion is used to wash the inorganic chloride from the carbon
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after adsorption and before combustion. All solutions of acids

and salts are prepared in purified water.

An 0.5M phosphate buffer-stock solution is used as a stock

solution. It is prepared by dissolving 22.85 gm Na 2 HP04 , and

46.16 gm KH2PO4 , in one liter of purified water. A pH of 6.5

is realized when this stock solution is added to natural lake

water at a concentration of 0.02M.

Chlorine/water stock solution is made by bubbling chlo-

rine gas through purified water. After several hours of

bubbling, concentrations are obtained in the range of 5,000 to

7,000 ppm. Appropriate quantities of this chlorine/water are

injected into sealed vials of water to obtain TOX formation

potential (TOXFP) and THM formation potential (THMFP). The

concentration of chlorine in the stock solution is measured

by the Orthotolidine method on the Coleman 295 spectrophoto-

meter. The original chlorine solution is diluted 20,000 times

into the operational range of the Orthotolidine method; this

method is accurate to a maximum of 10 ppm (4).

Solvents

All solvents are either Baker Resi-grade or Mallinkrodt

Nanograde. These grades are not always satisfactory as deter-

mined by their high chlorine backgrounds as observed by the

microcoulometer, or their impurity peaks as observed by the

GC; however, poor quality material is screened out by lots.

The screening procedure is preferred to additional purification
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which may be costly, time-consuming, and potentially

hazardous.

Methods of Analysis

Spiking of Model Compounds into Water Samples

Lake-water samples are filtered with Grade 1 Whatman paper.

The water is buffered to pH 6.5 with potassium/phosphate-

potassium/hypophosphate to an 0.02M concentration. The water

sample is poured into clean bottles of different sizes to

accommodate various tests to be performed.

The LLE and GAC/TOX methods require water samples in 25 mL

bottles; the XAD/TOX method requires water samples in 125 mL

bottles. These bottles are filled to the top, so that there

is no headspace, and sealed with Teflon-lined septa. An appro-

priate amount of model-compound-stock solution is injected

through the septum into the water sample. Since it is very

difficult to get good mixing of a spiked-water sample without

headspace, this sample must stand at room temperature for at

least an hour so that the compounds will be uniformly distri-

buted throughout the sample.

The primary-model-stock solutions are made by weighing

methanol (to 0.0001 gm) in a partially-filled, 10 mL volu-

metric flask. The ten mL flask is reweighed after a drop of

model compound is added. Methanol is the solvent of choice

for dissolving organics in water because it has enough polar-

ity to mix well with water, yet it has enough nonpolarity to
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dissolve the organics used in this study. Other model-

compound-stock solutions are prepared by dilution with methanol

of the primary-stock solutions, and, finally, by mixing the

single-compound solutions together in the correct proportions

to obtain the required concentrations. Details of this pro-

cedure are given in the following LLE section.

The nine compounds that are used as model compounds for

this study are shown in Table VIII. They were selected

because they are on the EPA list of priority pollutants (com-

monly found in water and wastewater), and because they exhibit

good responses to the electron-capture detector.

XAD/TOX Method for Resin Adsorbable
Organic Halogen in Water

Purging of the water sample.--The water sample is purged with

an inert gas that is dispersed through a glass frit (Teflon

lines should be used in this purging step). The LLE/THM pro-

cedure is used to evaluate the effectiveness of the particular

purging technique. After purging, a measured volume of water

is acidified with nitric acid to pH 2-3; it is sealed in a

sample bottle with Teflon-lined septum. This step is omitted

if purgeable and non-purgeable (total)-XAD adsorbable/TOX is

desired. A blank sample should be run by using a clean column

with each set of samples.

Preparation of C-102 adsorption columns (Fig. 7).--C-102 is

cleaned with pentane in a Soxhlet extractor from 8 to 16 hours.
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Clean C-102 is stored under methanol in a tightly-sealed bot-

tle until time for use.

To prepare a minicolumn, a dropper i used to transfer

C-102 into a 10-cm-long by 1/4"-o.d. glass tubing (Fig. 7d).

Each column has a plug of glass wool at each end along with

6 cm of C-102 resin. The column should b washed before use

with 10 mL of methanol-ammonium hydroxide and 20 mL of organic-

free water.

Swagelok-style fittings are attached to each end of the

glass column (Fig. 7b). The fittings are reducing unions,

1/4" to 1/16", with Teflon ferrules. A syringe with a 20-

gauge needle that is covered with Teflon tubing is fitted to

one end of the column and inserted into a 1/16" stainless

nut (Fig. 8d). A 10 mL syringe is attach d to the needle, and

wash solutions are forced through the mincolumn by the syringe

plunger.

Adsorption of sample onto resin (Fig. 7) .

fitting is removed from the minicolumn, a:

gauge needle (c) is attached to the 1/16"

umn union (b). The use of Teflon tape or

helpful to insure against leakage around

The sample bottle is inverted and at

by inserting the needle through the septui

clamped to a ring-stand. A 1/4" Teflon 1

a regulated tank of either nitrogen, helm

- -The syringe and

nd a threaded 20-

threads on the col-

an "0" ring is

the threads.

ached to the column

a; the bottle is

ine (a) is run from

im, or argon. A
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Fig. 7--Adsorption of Water Sample onto Resin.
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1/4"to 1/16" reducing union (b) is used to attach a 20-guage,

1"-long, threaded needle (c) to the gas line. The needle of

the gas line is inserted into the septum of the inverted

sample bottle. The gas flow is adjusted so that the water

will drip through the minicolumn at a rate of approximately

5 mL per minute.

Desorption of organic halogen (Fig. 8).--When the last of the

water has flowed through the column, the gas is allowed to

purge the column for approximately one minute. The needle is

removed from the column, and the syringe fitting (d) is

attached. A syringe containing 2 mL of 0.001M nitric acid is

connected; it is flushed through the column in the same direc-

tion through which the water sample flowed. If necessary,

the clamp (b) and the minivalve (c) are used to regulate the

flow of solvent through the column. The syringe fitting (d)

is switched to the other end of the column, and a syringe is

attached that contains several mL of methanol/ammonium-

hydroxide solution. This solution is passed slowly through

the column; about 15 minutes is allowed to collect 1 mL in a

receiving vial. For nonpurgeable TOX, the vial may be open

to the atmosphere since no cooling is required. The receiving

vial contains 5 uL of 5M nitric acid to neutralize the extrac-

tion solution. For quantification of volatile organics, 1 mL

of pentane is eluted into the same vial. A 15-minute elution

period for the pentane insures complete desorption of the

organic compounds.
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Fig. 8---Desorption of Trapped Organics from Resin into
Eluate.
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Measurement of XAD/TOX using the microcoulometer.--The micro-

coulometer is set up per Dohrmann's Instruction Manual (5) to

burn carbon using the quartz-boat sample system (see following

section). With oxygen flowing into the furnace, 20 uL of

methanol/ammonium hydroxide (aqueous) extract is placed into

the quartz boat with a 25 uL syringe. The boat containing the

aqueous extract is-moved slowly into the hot zone of the fur-

nace, and the amount of chloride is recorded.

The single boat inlet (SBI) is disconnected and the sep-

tum inlet is attached to the end of the quartz tube. A 25 uL

syringe is used to inject 20 uL of the pentane eluate slowly

into the oxygen stream inside the furnace tube.

The Dohrmann microcoulometer reports, in nanograms, the

measurable halide as chloride equivalents, and data are reported

in this unit.

Calculation. --

TOX (ug/L) = (C 5 - CBk) + (CAq CBk2) / 2.5

C5  = ng of C1 detected in 20 uL of pentane eluate

CAq = ng of Cl detected in 20 uL of aqueous eluate

CBk = ng of Cl detected in 20 uL of blank pentane
1

eluate through an XAD column

CBk2 = ng of Cl~ detected in 20 uL of blank aqueous

eluate through an XAD column

2.5 is a correction factor for 125 concentration factor

and 20 uL of sample volume.
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Example: C5 = 726 27 ng CBk = 115 5 ng
1

CAq=698 3 ng CBk2 = 57 9 ng

TOX = (726 27) - (115 5) + (698 3) - (57 9) / 2.5

TOX = 500 11 ug/L.

GAC/TOX Method for Carbon Adsorbable Organic

Halogen in Water

Purging of the water sample.--The water sample is purged with

an inert gas dispersed through a glass frit. (Teflon lines

should be used from the gas regulator.) Approximately 40 mL

of gas per mL of water is used in the purging step. The

LLE/THM procedure can be used to evaluate the effectiveness

of the particular purging technique. After purging, a

measured volume of water is acidified with nitric acid to

pH 2-3; the water is then sealed in a sample bottle with a

Teflon-lined septum. This step is omitted if unpurged TOX

is required.

Carbon storage.--Bottles containing 30 gm of Filtrasorb-400

carbon, which has been sieved to 100/200 mesh, are purchased

from Dohrmann Envirotech. These bottles have Teflon-lined

caps and are used as primary-storage bottles. A second bottle

(a 25- or 40-mL vial with Teflon-lined septum), referred to

as a working bottle, receives about 5 gm at-a-time from the

storage bottle. These bottles of carbon are stored in a

desiccator; carbon is used as the desiccant. When a working
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bottle is put into service, it is rinsed out at least once

with clean carbon. Carbon blanks should be measured often

to insure that the laboratory atmosphere has not contaminated

the stock during storage.

Column packing.--Glass columns, 2 mm i.d. by about 3 cm, are

purchased from Dohrmann. The columns are (1) cleaned of

solids by the insertion of a pipe cleaner, (2) washed,

(3) rinsed with carbon-purified water, (4) rinsed with ace-

tone, and (5) dried at 1400 in an oven. A plug of quartz

wool is placed at one end of each clean column. The columns

are packed with carbon taken from the working bottle by the

following procedure: a metal scoop, supplied by the vendor

and designed to deliver about 50 mg, is filled with carbon;

the scoop is leveled with a clean, flat wire to insure repro-

ducible quantities of carbon in each column; a small glass

funnel is used to transfer the level scoop of carbon to the

glass column; the column is lightly tapped with the scoop to

pack the carbon; a plug of quartz wool is put in on top of the

carbon. The working bottle of carbon is kept tightly sealed

when it is not directly in use.

Ten columns are necessary to run four samples on the

TOX-1 Module (see below). Eight columns are used in sets of

two for the four samples, and one set is used for a system

blank. Enough columns are usually packed to run in one day's

time, although packed columns have been stored overnight in the
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carbon desiccator with no bad effects. Extending the storage

time of packed columns for more than a few days is not recom-

mended. If possible, the manipulations described above

should be carried out in a glove box to avoid contamination

of the carbon by laboratory atmosphere.

TOX-1 adsorption module.--Figure 9 is a schematic diagram of

the TOX-1 Module by Dohrmann. The vendor recommends putting

at least 25 mL of sample through the columns. The reservoirs

of the module hold up to 125 mL of the sample. These reser-

voirs are washed three times with carbon-purified water before

a sample is run. Samples with TOX <500 ug/L can be run with-

out dilution. The electronics of the microcoulometer become

saturated at around 13,000 ng so that it is necessary to dilute

samples with TOX >500 ug/L. As an examples 5 mL of chlori-

nated Cross-Lake water, diluted with 20 mL of carbon-purified

water, gave a response of about 5,000 ng. Diluted and un-

diluted water samples are acidified by adding one drop of

nitric acid (concentrated) per 25 mL of sample. Sodium sulfite

quench is added if it has not been previously added. Packed

columns are put into the metal housings so that two columns are

connected, as shown in Figure 9. One set of two columns is

used with nitrate wash only; they are considered system blanks.

Four sets of two columns are mounted on the reservoirs that

contain samples to be measured. The gas pressure is adjusted

on each reservoir so that a drip rate of 2-3 mL per minute is
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obtained. After the sample water has passed through the carbon

columns, the columns, still in the metal housings, are moved

to the nitrate wash reservoir. Two mL of nitrate wash (5000

ng/L of KNO3 ) is passed through the carbon to desorb inorganic

halides.

Microcoulometer.--The microcoulometer is set up per the instruc-

tion manual, and the solid-boat inlet system is attached. A

large quartz boat is attached to the platinum push rod. Car-

bon dioxide and oxygen are the purge and reactant gases, and

they are plumbed per the Dohrmann instruction sheet. The

integration time is set for at least 10 minutes.

Several samples of carbon, straight from the working

bottle, are pyrolyzed to insure that all parameters are set

properly. Integration should be started after a stable base-

line is achieved with both gasses going through the furnace to

the cell. The oxygen is turned off, and the boat of carbon

is inserted into the 800*C zone of the furnace. After the

recorder returns near the baseline, the oxygen is turned on in

order to burn the carbon. Integration is stopped manually

when the. response returns to the baseline. The solid-boat

inlet is opened, and the quartz boat is blown out to remove

ash. The next sample is loaded and the process is repeated.

Nitrate wash blanks are run; if diluted samples are run,

100 mL of the water used for dilution is also run to obtain

a correction for TOX calculations. The carbon samples
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are pushed from the glass columns with a clean metal rod.

If a carbon sample sticks, a clean wire is used to pull the

quartz wool from one end of the column into the quartz boat,

and then the carbon normally can be pushed out with the rod.

Calculations.--

Undiluted:

TOX (ug/L) = (Ct - CtNO3) + (Cb - CbNO 3 / VL

Diluted:

TOX (ug/L) = (Ct
tNO- CtDil) + (Cb bNO3 - CbDil / VmL

C t = ng C l top column

Cb = ng C1 bottom column

C = ng Cl top nitrate blanktNO3

C = ng Cl bottom nitratebNO3  blank

Example:

100 mL Carbon-purified Water

Nitrate Wash Blanks

10 mL Sample + 20 mL
water above

'Ct = ng Cl top
tDil dilution water

CbDil = ng Cl bottom
dilution water

'VmL = Volume of sample
in mL

Top:

Bottom:

Top:

Bottom:

Top:

Bottom:

1635 ng

117 ng

607 ng

404 ng

10158 ng

1631 ng
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Ct =10158 ng CtDil = 1635 - 607 = 1028
/5 = 205

Cb 1631 ng

C = 607 ng CbDil = 117 - 404 = none.

tNO3

CbN03= 
404 ng

TOX = (10158 - 607 - 205) + (1631 - 404) /10

TOX = 1057 ug/L.

LLE Method of Measurement of the Volatile Organic
Halides in Drinking Water (6, 7)

Sample-bottle preparation.--All bottles are washed with deter-

gent, rinsed in tap water, soaked in chromic acid for 15 minutes,

rinsed in Milli-Q water, and rinsed in acetone. The bottles

are dried in a 140-160*C. oven for at least one hour. Septa

and plastic screw lids are rinsed in Milli-Q water and allowed

to dry at room temperature. Thirty mL of 2M sodium sulfite

(quench) can be added to the bottle, but this should not be

done if the bottle is to contain chlorinated water for THMFP.

One-hundred mL of 0.5M buffer is added to each 25 mL bottle

of water to maintain a pH of 6.5.

Sample collection.--Clean bottles, with or without quench and

buffer, are filled with water to overflowing. Lids with Tef-

lon-lined septums are put on to seal the bottles; no headspace

or bubbles are permitted. Blanks of purified water are pre-

pared in the same manner as the samples.
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Preparation of standard solutions of volatile organic com-

pounds.--Ten-milliliter volumetric flasks are used to prepare

concentrated stock solutions in methanol. A flask is filled

with 9.8 mL of methanol; the flask and its glass stopper are

weighted to the nearest 0.1 mg. A 9"' Pasteur pipette is used

to add one-to-two drops of >97%-pure compound. The added

amount is weighted, methanol is added to the mark, and the

actual concentration is calculated. This concentration is

usually about 2000 ng/L.

Preparation of working solution.--Working standards are pre-

pared by diluting the stock solutions, using a 500-uL syringe

and a 10-mL volumetric flask. The concentration of compound

in the working standard is such that when 5-to-10 uL is added

to 25 mL of blank water, the desired ppb level of compound is

obtained.

Preparation of calibration standards.--Blank water standards

are used to make calibration standards by injecting an appro-

priate amount of working standard into 25 mL of water that is

contained in a headspace-free bottle with a Teflon-lined

septum cap. The solution is allowed to stand for at least

one hour to obtain proper mixing.

Extraction of volatile compounds.--The pentane used has been

analyzed by GC and found to be free of interfering impurity

peaks. An internal standard of 1,2 dibromoethane is added to
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the pentane at about 200 ug/L. From a 25-mL sample of water,

either an unknown or a calibration standard, 5 mL of water is

removed with a 10-mL syringe through the septum (Figure 10).

One mL of pentane with internal standard is added to the

bottle through the septum using a 5-mL syringe. The sample

is mixed by shaking or vibrating it for at least one minute.

A long delay may result, however, if too much shaking causes

the pentane layer to emulsify because a long period of time

must pass to allow the sample to separate completely.

Chromatographic analysis of volatile organic halides.--Two

microliters of pentane are injected into a gas chromatograph

that is equipped with a Ni63 electron-capture detector.

Acceptable packed columns for analysis of THMs can be either

(1) 12.5% Squalene on 80/100 mesh Chromosorb W/AW, or (2) 6%

OV-11, 4% SP2100 mixed phase on Supelcoport. These columns

are 9 feet by 2 mm i.d. Chromatographic conditions for the

first column are oven 80*C., injection port 100*C., detector

300*C., and argon-methane (90:10) carrier gas flow at 20 mL

per minute. For the mixed phase column, a temperature pro-

gram is used, as follows: 40*C. for twelve minutes, then

forty minutes until 80*C. is reached, where it is held for

twenty minutes.
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Removal of Water (5 ml)
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Addition of Hydrocarbon (1 ml)

Fig. 10--Liquid-liquid Extraction of Volatile Organics
from Water Sample.
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CHAPTER III

RESULTS AND DISCUSSION

Optimization of the XAD/TOX Procedure

Glaze and coworkers (1, 2) were the first to utilize XAD

resins combined with microcoulometry for the measurement of

combined organic halogen in water samples. In their early

work, several grams of resin were used in the XAD columns,

usually XAD-2 or XAD-4 of the polystyrene/divinylbenzene type.

One liter was the normal sample volume, and ether was the

organic eluate employed. Using this technique, Glaze and

coworkers reported organic-halogen values in both superchlo-

rinated wastewater and digested sludge products (1). Later,

Glaze et al. (2) miniaturized the XAD procedure so that

smaller samples could be utilized (ca. 100 mL), and the pro-

cedure was also modified to avoid losses of volatile-organic

halides in the sorption steps.

The purpose of this study was to optimize the XAD/TOX

procedure, and to compare the values obtained by this method

with values obtained by the GAC procedure which was originally

developed by Kuhn and Sontheimer (3) and modified by Dohr-

mann (4).

Based on published data concerning the nature of chlori-

nated species in drinking water and their precursors, it was

51
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assumed at the outset of this work that the majority of halo-

genated compounds in drinking water would be of two types.

It was assumed that the trihalomethanes (THMs) would be the

major volatile class of organic halides; the major non-

volatile compounds (NVOX) were assumed to be the humic and

fulvic acids that had been partially oxidized and chlorinated

by the disinfection process. It was further assumed that all

other classes of compounds would be minor components in com-

parison to these two primary types.

Modifications were suggested for the XAD/TOX procedure

that would result in efficient adsorption and desorption of

these two classes. Previous work by Glaze et al. (2) suggests

that XAD-2 would be efficiently used for adsorption of the

THMs, and that a non-polar solvent, such as ether or pentane,

should efficiently desorb these compounds. Mantoura and

Riley (5) used XAD-2 for the concentration of humic and fulvic

acids and found that aqueous base or methanol/ammonia were

efficient eluating solvents. The latter appeared to be a

more propitious choice for this work, so an XAD-2/NH4 OH-MeOH/

pentane system was chosen for the initial study. Figure 11 is

a diagram of the XAD and GAC methods used.

Table VIII shows the column-flow characteristics for the

XAD column used in this work as compared to other published

accounts. Most of the work described in this work was done

with XAD-2 resin, with a faster flow rate of 5 mL/min; the

other combinations that were used will be explained.
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Water Sample

NVOX-XAD|

Purge

Acidify

XAD Adsorption

NO3 Rinse

NH OH/MeOH

Pentane

uCoul. Aq.
Eluate

TOX-XAD

Acidify

XAD Adsorption

NO Rinse

NH OH/MeOH

Pentane

uCoul. Both
Eluates

GC/EC Pentane
Only

Water Sample

NVOX-GAC

Purge

(Dilute)

Acidify

GAG Adsorption

NO3 Rinse

uCoul.

TOX-GAG

(Dilute)

Acidify

GAC Adsorption

NO3 Rinse

uCoul,

Fig. 11--Diagram of the XAD and GAC Methods.



54

TABLE VIII

COMPARISON OF FLOW RATES AND COLUMN GEOMETRIES FOR RESIN
AND GAC COLUMNS USED FOR PRECONCENTRATIONS OF

ORGANIC COMPOUNDS IN WATER

Flow Rates Height: Adsorbent

bed Cross Vol.!

Volume Section Sample Mesh
Reference mL/min hour cm : cm2 cm3/L Size Type

Mantoura
(5) 4.7 35 12.5: 1 8 : 1 20- 50 XAD-2

14 : 1*

Glaze (2) 5-0.5 360- 36 48 : 1 6 : 1 100-120 XAD-2

100-120 XAD-8

Thurman
(6) 4 12 47 : 1 20 : 1 20- 50 XAD-2

20- 50 XAD-8

Webb (7) 20 240-160 2 : 1 5 : 1 ** XAD-2

6 : 1 7 : 1 XAD-4

XAD-7

XAD-8

Dohrmann
(4) 3 900 194 : 1 2 : 1 100-200 GAC-

F400

* Stated as ideal.
** None stated.

Table IX shows some TOX measurements that were made in

1979 on chlorinated water from Cross Lake. Cross Lake is the

principal water source for Shreveport, Louisiana, and it is

high in natural, dissolved-organic material, but very low in

man-made chemicals. The water was filtered with Whatman 1

paper filters, buffered with phosphate to pH 6.5, and
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chlorinated to 20 mg/L with chlorine water. After three days

of incubation at 26*C., the reaction was quenched with sodium

sulfite. The water was purged with inert gas for three hours

to remove volatiles, so that only non-volatile organic halo-

gen (NVOX) was determined. Table IX shows that the XAD method

retained about 15% of the NVOX that was detected by the GAC

method. Percolate water from the XAD method that was sub-

jected to the GAC method showed that the missing 85% of the

NVOX remained in the water and was not on the column, failing

to be desorbed.

TABLE IX

NON-PURGEABLE ORGANIC HALOGEN VALUES FOR CHLORINATED
WATER* FROM CROSS LAKE BY THE GAC AND XAD METHODS

Number of Standard
TOX Method NVOX (ug/L)** Determinations Deviation

GAC 973 9 137

XAD 180 2 66

GAC after XAD 835 4 29

* 20 mg/L chlorine dose at pH 6.5, 26*C., for 3 days.

** Values expressed as chlorine.

This result was unexpected since published reports indi-

cated that non-volatile organic halogen compounds in drinking

water are primarily derivatives of humic and fulvic acids (8),

and that these substances are efficiently sorbed using the

XAD/ basic eluate procedure (5).
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To provide more comparative data, drinking water from two

Texas' cities was investigated. Some samples were purged to

remove the volatiles, while other samples were not. Organic

halide content is reported in Table X separately for each

eluate of the XAD method. Under the heading "THM," the amount

of individual THMs is shown as determined by the LLE method (9).

The VOX values shown below the THM values are calculated by

converting the THMs' values to organic chlorine.

The results appear to be the same for the two Texas' cities

as for the chlorinated Cross Lake water: a significant amount

of the chlorinated NVOX is not retained by the XAD. The water

from City 1 had high levels of brominated THMs which may

account for a slight lowering of the VOX of the pentane eluate

in the XAD method. Dohrmann reports in their microcoulometer

literature that brominated compounds do not respond totally to

oxidative pyrolysis in the absence of water. The water of

City 2 had a higher chloroform value, and higher VOX values

were given for the pentane eluate by the XAD method.

Three factors could account for these differences that

were observed between the GAC and XAD methods: the XAD resin

does not efficiently (a) adsorb or (b) desorb the chlorinated

organics under the conditions used, or (c) the GAC method is

subject to interferences from inorganic halogens, while the

XAD method is not affected.

The data included in the last line of Table X show that

desorption (b) is not the cause of the discrepancy. When XAD
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percolate is passed through the GAC procedure, the NVOX

value that is obtained accounts for all of the halogen not

determined by the XAD method.

Dohrmann (4) reports that, provided the nitrate-wash pro-

cedure is utilized, the GAC method is not subject to inorganic

interferences. More tests were conducted in this work to

determine if metals, such as iron or manganese that are known

to be present at significant levels in lake water, have any

role in complexing chloride to create new species which may

have more affinity for carbon over XAD. It is conceivable

that these complexes would not be adsorbed on XAD, and this,

therefore, could account for the high GAC/NVOX levels that

were observed in chlorinated natural waters. To test this

hypothesis, several experiments were conducted that are

summarized in Table XI.

Experiments 1 and 2 confirm the contention of Dohrmann

that the GAC method is not subject to inorganic interferences.

In experiment 3, Cross Lake water was ozonated with about

20 mg/L ozone, simulating the oxidative (but not the chlori-

nating) effect of chlorine. In this way partial oxidation of

the humic matrix occurred, including oxidation of inorganic

species, that might have led to a condition conducive to

complex formation of halide ion. However, the addition of

100 mg/L sodium chloride before ozonation did not cause an

appreciable increase in the GAC/NVOX value as compared to

the control. In experiment 4, massive treatment with ozone

5;:8
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TABLE XI

NVOX VALUES OBTAINED BY THE GAC METHOD

Experiment
Number Experiment Measurements

1 Organic free water with 100 ppm
NaCi added. 2

25 4 (ug/L)

2 Unchlorinated Cross Lake water with
100 ppm NaCi added. Filtered with
0.45 micron-rated Millipore Disc. 2

73 26 (ug/L)

3 Ozonated Cross Lake Water with 100
ppm NaCl added. Filtered with
o.45 micron-rated Millipore Disc. 3

107 34 (ug/L)

4 Ozone/Ultraviolet-treated Cross Lake
water, Cl2, 3 days, 20 ppm.
Quenched with Na2SO31

32 (ug/L)

5 Cl2 Cross Lake water; same conditions

as above. 9

976 137 (ug/L)

and ultraviolet radiation was used to completely oxidize the

organic materials to carbon dioxide, leaving a fully-oxidized

inorganic matrix. Again, subsequent chlorination at 20 mg/L

HOC1 had little effect as measured by the GAC/NVOX procedure.

Experiment 5 merely repeats the values for GAC/TOX determined

on chlorinated Cross Lake water.
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To further examine the possible reasons for the dis-

parity between the two NVOX methods, a filtration test was

planned and conducted. It was proposed that GAC is a better

filter than XAD, and that chlorinated particulates may be

trapped in the carbon pores but not in the XAD pores. Cross

Lake water was selected as the test solution, and two liters

were removed at various steps of a filtering procedure:

first, water by gravity feed was filtered through unrated

paper filters to remove large debris, followed by Whatman-1

paper filters. A two-liter sample was removed after this

step. Next, vacuum assistance was used to pass the water

through a 0.45 micron-rated HA (mixed esters of cellulose)

Millipore disc. A second two-liter sample was collected at

this point. Finally, water was filtered with vacuum assis-

tance through a 0.22 micron-rated GS Millipore disc. The

final two-liters were collected after this step. These

filtered-water samples were divided into equal portions and a

portion was chlorinated by the process previously specified.

After chlorination, the samples were quenched and purged to

remove volatiles in order to determine the NVOX value. The

results shown in Table XII indicate no effect of particulates.

At this point in the study there was some concern

expressed as to the choice of (1) XAD-2 as the resin, and

(2) the NH4 OH-MeOH systems as the eluent for the desorption

of NVOX. To provide more data regarding the XAD/NVOX pro-

cedure, several experiments were planned to evaluate the
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TABLE XII

EFFECT OF FILTRATION ON NVOX VALUES BY THE
GAC AND XAD METHODS*

GAC Method XAD Method
1 4

Unchlorinated Cross Lake

0.2 micron

0.45 micron

Whatman 1

Control (Milli "Q") 0.2 micron

Chlorinated (20 ppm) Purged
Cross Lake

0.2 micron

0.45 micron

Whatman 1

Control (Milli"Q") 0.2 micron

Percolate after XAD

0.2 micron

0.45 micron

Whatman 1

27

50 +

58 +

13 +

1169 +

1124 +

1177 +

46 +

1231 +

820 +

1005

1

1

21

6

184

190

186

1

149

55

78

1

3

1

3

219 8

146 10

173 4

* Duplicates, except for after XAD and XAD-C1 2 , which are
triplicates.

efficiency of the sorption of unchlorinated natural organic

materials on XAD. The most straightforward experiment con-

sisted of the measurement of total-organic-carbon in samples

_
4
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of water, both before and after XAD treatment. Unfortunately,

this experiment was inconclusive because, apparently, of the

elution of organic materials from the resin in the column.

However, a second experiment confirmed, as observed by others,

that XAD-2 will sorb up to 75% of the organic content in

water by typical applications such as those shown in Table

VIII. Unchlorinated water from Cross Lake was passed through

an XAD-2 (C-102) minicolumn. The percolate water was sealed

in 25 mL vials, buffer was added, and chlorine water was

injected to obtain 20-mg/L chlorine concentration. After

three days, the reaction was quenched and the THMs were

analyzed by the LLE.procedure (9) with the results as reported

in Table XIII. Comparison of the yield of THMs with that of

a control not passed through XAD suggests that about 75% of

the non-chlorinated THM precursor is adsorbed onto the resin

of the minicolumn.

Finally, work performed by Dr. F. Saleh (10) in the same

laboratory indicates that approximately 81% of the UV absorb-

ing species in chlorinated water from Cross Lake breaks

through the XAD-2 (C-102) minicolumn using the conditions

specified in Table VIII. On the other hand, only 44% of the

UV-absorbing species, that were present before chlorination,

break through the C-102 minicolumn.

Thus it is clear that XAD-2 is not a suitable adsorbing

resin for an organic halogen method on chlorinated-drinking

water. XAD apparently is grossly inferior to activated carbon
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for this purpose. The reason is not due to the column geom-

etry or the flow conditions used in this work, or to the

effect of interfering substances on the GAC method, or to

the inefficient desorption of organic halogens once adsorbed.

Rather, the deficiency of XAD-2 is due to its poor capacity

to adsorb the polymeric-organic compounds in natural waters

after chlorination, not before. Treatment with chlorine

(hypochlorous acid), even at a concentration of only 20.mg/L

as compared to 10 mg/L of dissolved carbon, is apparently

sufficient to oxidize the organic matter into a more polar,

less XAD-sorbable state. It is not clear what specific chem-

ical transformations occur to cause this dramatic change in

polarity.

Model Compound Sorption Studies

Table XIV lists sixteen compounds that were used in

sorption recovery experiments. Nine of the sixteen compounds

were quantified by gas chromatography after XAD elution. The

other seven compounds exhibit responses on the electron-

capture (Ni63 ).detector that are too low to be quantified.

Unchlorinated water from Cross Lake was spiked with.a

solution of the model compounds dissolved inmethanol. This

spiked water was passed through a C-102 minicolumn and eluted

with NH4 OH/MeOH, followed by pentane that contains an internal

standard for the GC analysis. One-hundred-sixty uL of the

pentane eluate was diluted to one mL with more pentane that
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TABLE XIV

HALOGENATED COMPOUNDS USED IN SORPTION RECOVERY STUDIES

Calculated
Molecular Molecular Halogen*

Compound Formula Weight Factor

1. Chloroform

2. Dichlorobromo-
methane

3. Chlorodibromo-
methane

4. Bromoform

5. Trichloro-
ethylene

6. 2,4,6 ,2',4',6'
Hexachloro-
biphenyl

7. Heptachlor

8. Endrin

9. Hexachloro-
benzene

10. Chlorobenzene

11. p-Dichlorobenzene

12. Cyclohexyl
Chloride

13. Bis (6-chloroethyl)
ether

14. 2,4 Dichloro-
phenol

15. Pentachloro-
phenol

16. 2,4 D

CHC13

*CHC12Br

*CHC1Br2

*CHBr3

C2HC13

C12H C16

C 1 0 H 5 C1 7

C12H8 60

C 6 C1 6

C6H5C1

C 6H4C12

C 6 H 1 1 C1

CH2C1CH 2) 20

C6H3 C1 2 0H

C6C150H

C8H6C1203

* Halogens calculated as chlorine.

119.38

163.83

208.28

252.75

131.39

360.85

373.00

381.00

285.00

112.56

147.00

118.61

143.01

163.00

266.34

221.00

0.891

0.649

0.510

0.421

0,809

0.589

0.665

0.558

0.746

0.315

0.482

0.299

0.496

0.435

0.665

0.321
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TABLE XV

EVALUATION OF XAD SORPTION EFFICIENCIES
FOR INDIVIDUAL COMPOUNDS

Per cent Recoveries

Spiked Measured by CC of
Concentrations Pentane Eliates

Compounds (in ug/L) Duplicate A Duplicate B

CHC13 18.0 88 79

C2 HC13* 21.6 69 55

CHC12Br 20.2 84 70

CHClBr 2  18.6 91 73

CHBr3 19.4 88 72

Hexachloro-
benzene* 18.4 63 63

Heptachlor* 14.4 102 78

2,2', 4 , 4 ', 6,6'
Hexachloro-
biphenyl* 25.4 43 39

Endrin* 19.0 105 75

Microcoulometer Group Recovery (%) 83 69

* Quantified by expernal standard method; others
standard method.

by internal

contains internal standard, and it was analyzed by GC. Table

XV indicates the recoveries of the individual compounds for

the nine GC detectible compounds, and the group recoveries for

two determinations on the microcoulometer. Table XVI shows,

essentially, that all of these compounds are in the pentane
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layer and that added sodium nitrate has little effect on

recoveries.

The GAC method was also evaluated using compounds from

the list on Table XIV. Each of the first nine compounds on

the list were spiked at the three different concentrations

of 10-, 15-, and 25-ug/L. The LLE/GC procedure was used to

measure the effectiveness of the spiking procedure and to

calculate the expected maximum VOX. Two measurements for

each concentration level were determined; most group

recoveries were at or near the total-expected recovery as

shown in Table XVII.

Evaluation of Other Factors Relative
to the XAD Method

Although now it appears that the use of the XAD method

for total organic halogen is not viable, XAD resins are still

of interest for analytical and water treatment purposes. In

this regard, it is instructive to note the rather high

recoveries of non-polar compounds that are reported in the

previous section.

Also of interest are the results of experiments designed

to evaluate other resins for adsorption of halogenated organ-

ics of the "natural" type after chlorination. Table XVIII

shows some NVOX values, using various resins and GAC, for

chlorinated Cross Lake water and Denton tap water. The fol-

lowing observations may be made from these data. First,

XAD-8 and C-107 (sized XAD-8) are not superior to XAD-2 and

C-102 (sized XAD-2) as inferred by Malcohm et al. (6).
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Secondly, XE-340, often claimed by some to be a more-efficient

adsorbant than XAD resins (11), does not show any better

efficiency than C-102. Thirdly, sized XAD-2 (C-102) is more

efficient than unsized XAD-2. Based on the observation made

in the previous section that chlorinated humic and fulvic

acids are highly polarized by oxidation, an expected result

is that the strong anion exchange resin, IR-45 in a mixed bed

with C-102, is the most efficient adsorbent of all the syn-

thetic resins. More work on the use of resins of this type

seems to be in order.

TABLE XVII

EVALUATION OF GAC SORPTION EFFICIENCIES
FOR INDIVIDUAL COMPOUNDS

Spiked .Concentration
"'25 (ug/L) "15 (ug/L) 10 (ug L)

Calculated TOX (1) 139 82 62

GAC-TOX Measurement A 101 90 70

Recovery (%) (2) 73 109 114

GAC-TOX Measurement B 131 83 68

Recovery (%) (2) 94 100 110

Average % Recovery 84 104 112

(1) Calculation based on actual measurements of concentration
of each compound as determined by LLE/GC method.

(2) Ratio of actual-to-calculated responses.
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TABLE XVIII

COMPARISON OF VARIOUS RESINS
FOR TOX MEASUREMENTS

AND GAC

TOX GAC/TOX % Recovery

Water Source Resin (ng/L) (ng/L) by Resin*

Cross Lake (purged) C-102 2761 28.0

It "" XAD-2 931 {973 9.5

i" i "1 XAD-8 361 3.7

Denton Tap (purged) XE-340 351 14.0

IR 45/C-102 1201 {258 47.0

" ? " C-102 391 15.0

Cross Lake (unpurged) C-102 5331 38.0
{1400

" " " C-107 2441 17.0

* As compared to GAC/NVOX value.

Characterization of Cross Lake Water Using

TOX and THM Measurements

Cross Lake is located in northern Louisiana and it has a

higher-than-normal TOC level (7.2 1.4 mg/L) as compared to

other lakes of the Southwestern region. Water from this lake

was chlorinated at 20 ppm, buffered at pH 6.5, and allowed to

react at 26*C. for various periods of time. Samples were

quenched daily with sodium sulfite for five days. The THMs

were measured using the previously-described LLE procedure.

Three THM compounds were produced, with chloroform, generally,



71

at the greatest concentration. Dichlorobromomethane was the

next largest concentrate--about 10% of the chloroform concen-

tration. Dibromochloromethane was also detected at about 1%

of the chloroform concentration. No bromoform was detected.

Table XIX gives the results of the analysis of the

chlorination by-products of Cross Lake water. Column 1 is a

sum of the three THMs that have been converted to an equiva-

lent amount of VOX in ug/L as chlorine. As can be seen, the

total THMs (TTHM) appears to stop increasing after three days.

This method of evaluating the effects of chlorination is

based on work by Stevens and Symons (12). Instantaneous TTHM

is the amount of THMs found in the sample at the source--in

this case, zero. TermTTHM is the concentration of THMs formed

in a specified chlorination regime. TTHMFP is (InstTTHM -

TermTTHM). In this case, TermTTHM equals TTHMFP. Analogous

terms for TOX can be denoted as InstTOX, TermTOX, and TOXFP.

Column 2 is the sum of the three THMs as detected by GC

of the pentane eluate of the XAD column converted to VOX in

ug/L. A comparison of the values in columns 1 and 2 indicates

that the XAD system is comparable to LLE for the recovery of

THMs.

Column 3 is the organic-halogen value of the two eluates

of the XAD method, measured microcoulometrically. Column 4

is VOX plus NVOX as determined by the GAC method, measured

microcoulometrically. As previously shown, XAD organic halo-

gen is less than half of the GAC values, but Columns 1 and 2

indicate that the adsorption problem is not with the THMs.
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Conclus ions

Evaluations have been made for the XAD-resin and the

granular-activated-carbon methods for determination of organic

halogens in water. Good group recoveries for model compounds

were obtained for both methods. Liquid-liquid extractions

(LLE) with pentane and GC/EC were used to measure the amounts

of model compounds (including THMs) in water to confirm their

concentrations in the XAD extracts. LLE was not practical

for evaluation of GAC/TOX group recoveries since all adsorbed

compounds are completely burned in the pyrolysis furnace.

Drinking-water and chlorinated-lake-water samples revealed

a disparity between the two methods. On identical samples,

GAC/TOX gave values three to five times greater than XAD/TOX.

Since model-compound studies illustrate that THMs are recovered

nearly quantitatively from XAD, experiments were designed to

explain the larger values obtained by the GAC procedure. The

results of these experiments show that inorganic interferences

in the GAC method are insignificant; neither is desorption of

organics from XAD-2 a determining factor. Rather, the results

show that these two methods give different results due to the

fact that natural organics in water are adsorbed efficiently

on XAD-2 before, but not after, chlorination. This is appar-

ently due to some change in polarity of the "humic" substances

which is caused by the oxidation/chlorination processes. Tests

also show that particulates above 0.22-micron-size have no

significant effect on NVOX values that are obtained by the

two methods.
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Several resin combinations were evaluated in an attempt

to improve adsorption efficiencies. None were highly success-

ful; however, strong anion-exchange resins offer some promise.

In summary, when chlorinated water containing natural organic

substances is to be evaluated, the GAC/TOX method is preferred

over the XAD/TOX method.
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LIST OF ABBREVIATIONS

Abbreviation Meaning

Cl 
2

COD

C-102

C-107

DAI

DOC

"D" Water

E C

EPA

F A

F-400

GAC/TOX

G C

GC/MS

H A

HPLC

i.d.

Ins tTHM

Chlorination with chlorine water.

Chemical Oxygen Demand.

Chromosorb 102 polystyrene/divinyl-
benzene resin.

Chromosorb 107 polyacryl ester resin.

Direct Aqueous Injection.

Dissolved Organic Carbon.

NTSU laboratory purified water.

Electron Capture Detector.

Environmental Protection Agency.

Fulvic acid.

Granular activated carbon Filtrasorb-400

(Calgon).

Granular Activated Carbon/Total

Organically Bound Halogen.

Gas chromatography.

Gas chromatography/mass spectrometer
detector.

Humic acid.

High Pressure Liquid Chromatography.

Internal diameter.

Ins tanteous trihalomethanes.
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