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ABSTRACT

Chlorination of power plant cooling water is extensively used as a means of
controlling biofouling. This practice presents the potential for formation of
halogenated organic compounds hazardous to man and his environment. Accord-
ingly, the organic composition resulting from the chlorination of natural
waters (northern Dlympic Pennisula sea water and the Columbia River in
Washington State) has been investigated. Nonpolar lipophilic organic halogens
were extracted by passing large volumes of water over columns of XAD-2 macro-
reticular resins. Examination of ether extracts from the resin columns using
capillary gas chromatography revealed the presence of halogenated methanes, as
well as other electron-capturing components, that were not found when unchlor-
inated water was sampled. Examination of the chlorinated water extracts using
gas chromatography/mass spectrometry revealed complex mixtures which generally
were not separable into individual components, even when high efficiency WCOT
capillary columns were used. The samples were separated into fractions of
increasing polarity using a water-deactivated silica gel column. Fractions
were thus obtained which were more amenable to GC/MS investigation. Haloforms
were identified as the major halogenated product from chlorination of the
waters studied. Other halogenated products were found at much lower
concentrations.






SUMMARY

This report describes the result of studies conducted to investigate appro-
priate sampling and analytical strategies for the detection and determination
of halogenated organic compounds formed from the low level chlorination of
natural waters. The work was performed as a part of a larger program to
determine the synthesis, fate, and effects of chlorination products in aguatic
environments. The analytical work reported here are results from the first
year's efforts in a scheduled three-year study.

Emphasis was placed on those halogenatea compounds that might be expected to
be absorbed and biomagnified in the 1ipids of aquatic biota. Thus the non-
polar, presumably lipophylic organchalogens were investigated. The procedures
used to isolate these compounds specifically exclude polar component types
such as halogenated phenols, amines, and nitrogen heterocycles.

Samples of chlorinated natural waters were obtained from a continuous flow
apparatus designed to simulated conditions of current power plant cooling
water treatment practice. Organic components were concentrated by forcing
chlorinated and unchlorinated water through columns of XAD-2 resin using a
positive displacement pump., Ether extracts of the XAD-2 columns were analyzed
for haloforms by gas chromatography. Bromoform was found to be the major
consitituent in all chlorinated sea water sampies. Chloroform was the major
haloform produced from chlorinated Columbia River water.

The procedures used for analysis of XAD-2 extracts for components other than
haloforms involved a number of preliminary separation steps prior to gas
chromatographic analysis. Gel permeation chromatography was first used to
determine the distribution of total halogen according to molecular weight. No
halogen was detected in molecular weight fractions greater than MW 800, thus
the procedure was used to remove material having molecular weight greater than
800 prior to separation according to polarity. Silica gel chromatography
using hexane, then hexane-ether, was used to separate the sample into two
fractions. A first fraction contained nonpolar components (e.g., hydrocarbons
and halocarbons) and a second contained components of intermediate polarity.

Many of the components identified were aromatic hydrocarbons which were found
in all samples studied. Procedural blanks performed by extracting freshly
packed XAD-2 resin columns and subjecting the extracts to all the steps of
analytical procedure did not contain these hydrocarbons. It is 1ikely that
these components were initially present in the XAD-2 polymer matrix in an
unextractable form and are released during sampling, possibly because of frac-
turing of the resin particles as the bed is compacted., Brominated aromatic
components found in samples of XAD-2 extracts of seawater are probably formed
by reaction of bromine with the hydrocarbon impurities in the resin during
sampling.

On the basis of these results, concentrations of nonpolar and presumably lipo-
philic halogenated components generated by low Tevel chlorination of Sequim



Bay and Columbia River waters appear to be very low, in the nanogram per liter
range, with the exception of haloforms, which are orders of magnitude higher.
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1.0 INTRODUYCTION

Concern about the presence of halogenated organic compounds in water has been
growing since Dowty et al. (1975) detected volatile organochlorine compounds
in a New Orleans area municipal water treatment facility. This report was
rapidly followed with evidence adduced by Rook {1974), Glaze and Henderson
(1976), Jolley (1975a) and others that the presence of a wide variety of
organchalogen compounds in drinking waters and wastewater effluents is a
consequence of current chlorination treatment practices. Halogen-containing
organic compounds have been reported to adversely affect aquatic biological
species through direct toxic action {Roesijadi et al., 1976}, as well as
through indirect mechanisms such as interference with reproduction success
(Gehrs et al., 1974), and interference with photosynthesis (Eppley et al.,
1976). Further, a number of halogenated organic compounds have been found to
concentrate in the tissues of aguatic organisms (Zitko and Hutzinger, 1976)
which in the case of food fish, increases the potential hazard of these
compounds to human health.

About 26,000 tons of chlorine are used annually in the U.S. in treatment of
cooling water for electricity generating plants (Hamilton, 1978), many of
which use natural riverine or estuarine waters for "once-through" cooling.

The number of power plants can be expected to grow rapidly as the nation copes
with increasing energy demands, with accompanying increases in chlorine
admitted to the environment through cooling water treatment. Jolley et al.
{1975b) provided evidence that chlorinated organics were present in samples of
chlorinated cooling waters of fresh water origin, and suggested that in estua-
rine waters, organobromine compounds would be formed (Jolley, 1977).

The analytical studies reported here represent initial investigations on the
flexibility of using macroreticular polystyrene-divinyl benzene palymer resins
("XAD-2", Rohm and Haas Company) as adsorbants for concentrating the Tipo-
philic nonpolar haloorganic products resulting from addition of a few parts-
per-million of active chlorine in the form of sodium hypochlorite. The work
was conducted in support of biological studies being conducted by Battelle.
The biological studies were conducted at the Marine Research Laboratory,
Sequim, Washington and at the Freshwater Research Laboratories, Richland,
Washington. Reports of results from the biology studies are given in the
preface to this report. The chemistry studies were also intended to develop
methodology for sampling chlorinated natural waters at a number of locations
across the United States, and eventually for sampling chlorinated cooling
water from nuclear power stations.

The principle objectives of these preliminary investigations were:
~ To determine the suitability of XAD resin for concentrating lipophilic

nonpolar halogenated organic material from natural waters subjected to
chlorination at the few parts-per-million level.



e To investigate capillary gas chromatography as a tool for the characteri-
zation of trace halogenated organics, using electron capture, flame ioni-
zation, and mass spectrometric detection systems.

e To develop, as required, separation and cleanup procedures for the addi-
tional characterization and simplification of complex environmental
samples.

The work described in this report has been published in part (Bean et al.,
1978) and was used as a basis for the selection of the sampling, separation,
and analytical methods used for investigation of the chlorination of ten
natural water resources (Bean et al., 1980)}. The procedures used for this
work would not be expected to detect more polar halogenated components in
water, such as the derivatives of phenols, amines, or nitrogen heterocycles.
Although these more polar types have been reported in chlorinated waters
(Glaze and Henderson, 1976), the procedures used herein would specifically
exclude these from the analysis.



2.0 SAMPLING AND ANALYTICAL PROCEDURES

2.1 Sources of Chiorinated Fresh and Salt Water

Chlorinated and nonchlorinated sea water samples were obtained at the
Battelle-Northwest biological laboratory facilities at Sequim, Washington.
Freshwater samples were obtained at Richland, Washington. Both water systems
are relatively free from organic industrial po]]utants. Chlorination of the
water samples at between one and two mg/1 chlorine as NaQCl was carried out in
continuous-flow apparatus used for biological studies (Hillman et al., 1980;
Anderson and Lusty, 1980). Residence time from chlorine addition to sampling
was about two hours. Nonchlorinated and chlorinated water were sampled at the
same time, using identical sampling methods. For these studies, active chlo-
rine was not destroyed with reducing agent prior to sampling.

2.2 Sampling Procedures

Both chlorinated and unchlorinated natural waters were sampled by pumping
through 1/2" x 9" stainless steel columns filled with 15 to 18 ml of XAD-2
resin. The XAD-2 resin (Supelco chromatographic grade} was cleaned prior to
use with the soxhlet extraction method of Junk et al. (1974). The pump used
was a variable flow, positive displacement device capable of pumping against a
pressure of 100 psi. Pumping rates ranged from 50 to 75 ml/min. Ceramic,
fluorocarbon, and 316 stainless steel were the only materials in contact with
the water. For these initial studies, residual oxidant was not destroyed by
sulfite addition, nor was there any attempt to control pH prior to column
ahsorption. Instrumentation is being developed for accomplishing this on a
coantinuous basis. The volume of water extracted using the XAD-2 adsorption
technigue varied considerably but generally ranged between 200 and 500 liters.
The XAD-2 columns were kept at 4°C after sampling was completed.

2.3 Extraction of XAD Columns

The columns were extracted with 125 ml1 ether preserved with 2% ethanol (J. T.
Baker, "Resi-analyzed") following the procedure of Junk et al. (1974). AN
other solvents used in these studies were Burdick and Jackson "distilled in
glass.” The ether samples were treated with sodium sulfate overnight, the
final volume of ether determined, and subsampled for analysis of haloforms by
capillary gas chromatography.

2.4 Gas Chromatographic Analysis of XAD Extracts for Haloforms

Ether extracts of the XAD-2 columns were dried (sodium sulfate), sub-sampled,
and mixed with an ether solution of 1,3-dibromopropane as internal standard.
The samples were analyzed for haloforms using a Hewlett-Packard 5840A gas
chromatograph equipped with a 30 meter wail-coated open tubular capillary
column containing OV1Ol as 1iquid phase. The sample was injected at a column
as split ratio of 1:10 at a temperature of -20°C and, after seven minutes, the
temperature was raised at 8 C/min to 65°C. Detection was by electron
capture. Figure 1 shows a chromatogram obtained from the analysis of an XAD-2
extract from a chlorinated sea water sample.
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FIGURE 1. Electron capture capillary chromatogram of XAD-2 concentrate
from chlorinated sea water,

CHBr3 was confirmed by GC/MS, there being a strong CBr,* formed at the
identical retention time of an authentic sample of CHBr3. The presence of
CHC1Brp and CHC1,Br in chlorinated sea water has been confirmed by chroma-
tographic peak enhancement technique using authentic samples of these halo-
methanes,

2.5 Fractionation of XAD-2 Ether Extracts

The ether extracts from the XAD-Z columns were evaporated under a stream of
dry nitrogen, and the solvent changed to benzene. Those samples which were
not directly investigated by gas chromatography at this point were subjected
to chromatographic fractionation. A flow diagram summarizing the separation
scheme used for these studies is given in Figure 2.

The benzene solution of the ether extract was evaporated to 100 ul volume and
injected into two 3/8" x 12" u-Styragel columns (Waters Associates) connected
in series. The columns were eluted with benzene at a flow of 1.0 ml/min using
a Waters high pressure liquid chromatograph. The fraction eluting between

13 and 25 ml was collected for further study. Under the same conditions,
polypropylene glycol {MW 800) has a retention volume of 10.8 m] and cholestane
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(MW 386) has a retention volume of 13.6. The fraction collected from 13 to

25 ml is thus designated as the <800 MW fraction. The <800 MW fraction was
evaporated to 100 ul, and was further separated on a 3/8" x 12" deactivated
silica gel column (MCB SX 144-7, 10 water deactivated) using 20 m1 hexane at
2 ml/min to elute a nonpolar fraction (Fraction A), followed by 20 ml of a
mixture of 16 ethanol-free ether in hexane, also at 2 ml/min, to elute a more
polar fraction {Fraction B). The uneluted material was back-flushed from the
column using a 40/60 ether/hexane mixture. Fractions A and B were evaparated
to a volume of ca. 50 ul.

2.6 Capillary Gas Chromataography of XAD-2 Extracts

Gas chromatography of ether extracts and subfractions was carried out using a
Hewlett-Packard Mode! 5840 equipped with cryogenics, flame ionization detector
(FID) and electron capture detector (ECD). The chromatographic column and
splitter assembly were purchased from J& Scientific, Inc. The 30 m column
was found to have 101,000 effective theoretical plates at k = 17.03 and was
one-half of a 60 meter OV10l capillary. The other half of the column was used
to perform the GC/MS analyses.

Chromatographic conditions were: Helium carrier gas flow, 1.30 ml/min at 16
psig; split ratio, 6.7 to 1; program, 4 min at 6§ C followed by 4°C/min to
250°C and 20 min hold; injector temperature, 310°C. The above conditions were
constant regardless of the detector used. When the column was conmnected to
the electron captureadetector (ECD), the following conditions obtained: detec~
tor temperature, 350 C; argon/methane flow to detector, 30 ml/min; detector
attenuation, 8" slope sensitivity, 28. Samples were normally evaporated to a
suitable volume such that the detector attenuation for the €CD was 8. Subse-
quent evaporation of the sample to somewhat less than half that volume per-
mitted analysis of the sample using the following FID conditions: detector
temperature, 310°C; nitrogen make-up to detector, 20 ml/min; detector attenua-
tion, 2; slope sensitivity, 0.2.

Changing the column from ECD to FID takes less than 1Q minutes. The aven is
cooled to 30°C and the column, securing nut, and graphite ferrule moved to the
other detector and locked in place being careful not to touch with fingers the
portion of the column inserted into the detector base. This procedure is fol-
towed by changing the signal, attenuation, and slope sensitivity appropriate
for the detector used.

2.7 Capillary Gas Chromatography/Mass Spectrometry of XAD-2 Extracts

The GC/MS instrument used in this work was a Hewlett-Packard 5982A system
which includes a HP 5710 gas chromatograph. The GC injection port was fitted
with a splitter identical to that used with the EC/FID instrument and was
operated as nearly as possible under identical flow and temperature condi-
tions, The back end of the column was connected directly to the standard
transfer 1ine intended for chemical ionization GC/MS operation, so that
effluent passed directly into the ion source. In (I operation, preheated



reagent gas, usually methane, was added at the column exit, in a manner simi-
lar to the addition of make-up gas in conventional capillary chromatography.’
The 30 m OV101 WCOT column used in this work was matched with the column used
in the EC/FID instrument as described above. GC resolution obtained with this
system was very nearly the same as on the other instrument, with most differ-
ences attributable to the different injection port heaters, geométries, and
pressure differences. Chromatographic conditions were identical to those used
for the EC/FID instrument, using a split ratio of about 6 to 1. Mass spectra
were recorded every 0.9 sec, scanning over a mass range of 40-400 (EI} and
100-460 (CI). The data were stored on disks for off-line data reduction,






3.0 ANALYSIS OF XAD-2 EXTRACTS FOR_HALOFORMS

Ether extracts from XAD-2 columns used to sample both chlorinated and non-
chlorinated sea water were analyzed for haloforms by capillary gas chromato-
graphy. The primary objective of these analyses was to determine the
feasibility of using XAD resins for analysis of chlorinated waters in field
operations, The results of these studies are presented in Table 1. The first
three experiments in Table 1 give results from the analyses of large volume
samples using different quantities of XAD resin. Since the quantity of bromo-
form adsorbed appeared to be a function of the quantity of resin used, it was
apparent that the large sample volumes were overloading the resin with bromo-
form. Table 1 shows the results obtained from a fourth experiment in which two
XAD-2 columns were connected in series and nine liters of chlorinated sea water
sampied. The results indicate that about 30 ug/1 CHBr3 were formed in the
Sequim Bay sea water under the chlorination conditions used. Seventy-nine per-
cent of the bromoform was trapped on the upper column. This would indicate an
adsorption efficiency somewhat lower than that recently reported by Glaze et
al, (87%, 1977), probably because we employed a higher sample-to-resin ratio.

In addition to the sea water samples, we have investigated the presence of
chloroform in chlorinated samples of Columbia River water. Through use of
columns connected in series, we found that XAD-2 resin is not a suitable
absorbent for chloroform at the chlorination concentrations under study.
Chlorinated river water (12.5 liters) was pumped through two 3/8" XAD-2
columns. The top column was found to contain 3.3 ug CHC13 per ml resin, the
bottom column contained 4.3 ug/ml. Other haloforms were not detected. Thus,
while CHC13 was found in chlorinated fresh water, it was not possible to
measure the quantities formed by this technique at this time.

The origin of chloroform in chlorinated drinking waters and wastewaters has
been discussed by Rook (1977), who presented evidence for the formation of
this compound from reaction of chlorine with fulvic acids. An EPA survey
(Symons, 1975) has shown that chloroform is present at the parts-per-billion
level in all water issuing from treatment plants using chlorine, and that the
chloroform concentration positively correlates with the organic content of the
untreated water. '



TABLE 1,

Analysis of sea water-pumped XAD-2 resin for halomethanes

(values reported as pg/liter of sea water pumped through

resind)
Water Volume of Volume of CHC1 Br CHC1Brp CHBr3
Trial No. Chlorinated Pumped (1) Resin (mi) ? _pg/] v/l
1. Yes 238 8.0 <0.,01 0.13 2.11
No 231 9.0 nd¢ nd 0.04
2. Yes 425 15.5 nd 0.44 8.33
No 510 15.6 nd nd 0.01
3. Yes 634 6.3 <0.01 0.13 2.37
No 604 7.6 nd nd 0.01
4, Yes 9.0 8.0 nd 0.14 23.39
(top)P
No 9.0 10.8 nd nd 6.33
(bottom)
TOTAL 29.72
2 Only traces of CHC13 (0.01 to 0.03 ug/1) were found in the samples
Two columns were connected in series and then separately analyzed. See

text.
€ nd - not detected
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TABLE 4., Components ijdentified by GC/MS in Fractions A and
B obtained from XAD-2 extract of sea water 2

1. Bromoform 10, Dimethylnaphthalenes

2. Trimethylbenzene 11. Bromonaphathalene

3. Naphthalene 12. Bromomethylnaphthalenes
4, Bromotrimethylbenzene 13. Bromobiphenyls and

5. 2-Methylnaphthalene Bromodimethylnaphthalenes
6. 1-Methylnaphthalene 14. Phenanthrene

7. Biphenyl 15. Bromotrimethylnaphthaiene
8. Bromotetralin 16. Phthalate Esters

9. Bromotetramethylbenzene 17. Pyrene

18. Bromacetal

2 Hydrocarbons were identified by comparison of spectra and authentic
samples,; identities of brominated components were assigned solely on the
basis of spectral interpretation.
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8.0

CONCLUSIONS AND RECOMMENDATIONS

It is apparent from the results of this study that when natural waters
are chlorinated with sodium hypochlorite at chlorine concentrations
between 1 and 2 mg/1 that the major halogenated products are halomethane
compounds, principaliy CHBr3 in sea water and chloroform in fresh water.

While electron capture chromatograms have indicated the presence of other
higher molecular weight components, our studies to-date suggest that
volatile halogenated components readily adsorbed by XAD-2 resin (and by
inference, presumably readily absorbed by animal tissues) are formed in
concentrations which approximate already existing levels of nonpolar
halogenated components in the environment; e.g., DDT, PCB, etc.

Qur development studies on relatively pure fresh and saline water systems
have been of great advantage during the methodological development stages
of these studies. The Tow levels of halogenated organics produced have
made us acutely aware of the possible sources of contamination and the
levels at which they may be introduced. At the same time, we have used
the samples obtained in the development of the necessary microanalytical
and sample cleanup .technigues required for the next stages of the chemi-
cal characterization phase of the program.

Sampling large volumes of water through XAD-2 resin columns can produce
chlorinated artifacts in the samples if the active chlorine is not des-
troved prior to sampling. While the addition of a reducing agent to the
water to be sampled may alter the chemistry of the sample, it is probably
preferable not to add it. Efforts should be made to reduce the back
pressure on the column resin to avoid fracturing the resin, as this
appears to be a source of the artifacts.

Chlorination of estuarine systems in the heavily industralized Northeast,
or riverine systems such as the Ohio and Mississippi Rivers could result
in the generation of relatively high concentrations of halogenated organ-
ics presenting considerable hazard to people as well as their environment.
Investigation of the potential of the more polluted bodies of water to
form halogenated organic compounds is a logical next step in the program
plan, Should already existing pollutant molecules in water bodies prove
to be major precursors of halogenated organics upon chlorination, then we
might expect to find a different Tist of components at each individua?
sampling location.
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