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SUMMARY 

Series arrangement of polar and non-polar liquid stationary phases (30 cm of 
10% SP-1000 on SO-IOO-mesh Cbromosorb W DMCS, followed by 350 cm of 10% 
OV-1 on the same support) were used for the complete resolution of the trihalometh- 
anes CHCI,, CHBrCl,, CHBr,Cl and CHBr,, formed in drinking water facilities by 
the action of the chlorine used as a disinfectant. Other halocarbons (CC12=CH2, 
CH2C12, CHCl,CH,, CCl,CH,, Ccl,, CHCl=CClz, CClz =CC12) not formed 
during chlorination but coming from polluted water sources, which interfere in the 
analysis of trihalomethanes due to peak overlap, can be separated with the same 
column arrangement, and are eluted in the order listed_ Homogeneously mixed col- 
umns with similar polar-non-polar liquid phase ratios were also tested but showed 
lower resolving powers and required a more complex preparation method. 

A headspace extraction technique and a 63Ni electron-capture detector were 
used for quantitation- With proper temperature programming of the column, gas 
chromatographic analysis could be completed within 30 min, making this technique 
suitable for the rapid screening of large numbers of samples coming different water 
supplies in order to monitor the quality of community drinking water. Lack of inter- 
ferences between the halocarbon peaks and those of commonly used liquid-liquid 
extraction solvents (n-pentane, n-hesane, isooctane) makes the proposed column also 
suitable for liquid exchange based trihalomethane extraction techniques_ 

INTRODUCTION 

Chlorine has been used as a disinfectant for drinking water supplies for several 
decades, and until fairly recently its use has never been questioned_ In 1974 it was 
reported’-’ that chlorine reacts with organic precursors occurring in raw water to 
produce a potential carcinogen, chloroform (CHCl,), together with other trihalometh- 
anes (THMs): CHBrCl,, CHBr,Cl and CHBr336. In addition, the increasing use of 

0021-9673/82/W /SO2_75 Q 1982 Ekvier Scientific Publishing Company 



264 G. CASTELLO, -l-m C. GERBINO, S. KANITZ 

chlorinated hydrocarbons in industrial solvents increased the possibility of pollution 
of rivers, lakes and well waters with halogenated compounds that cannot be easily 
removed during standard purification treatments. 

Many analytical methods have been suggested for the determination of THMs 
in drinking water, and EPA official methods are also available_ Method 501_ 1’ is a 
procedure for the analysis of THMs by the purge and trap technique while method 
501.2’ is based on liquid-liquid extraction. Headspace techniquesWr6 with manual or 
automatic sampling was found to be a useful method for the rapid screening of large 
numbers of water samples from different supplies, in order to monitor the quality of 
community drinking water utilities. The simplicity of the manual headspace extrac- 
tion technique and its easy application by different laboratories was the reason for the 
choice of this method for the wide monitoring of the concentration of THMs in the 
water systems of various Italian towns, sponsored by the Italian Public Health Min- 
istry and the Istituto Supcriore di Sanita, Rome. All of the laboratories involved used 
the technique fully described in refs- 14 and 17 and the results will be published 
officially in the near future. 

Owing to the possibility of halocarbons other than THMs from chlorination 
that could be present in raw waters. and which have identical retention times on a 
particular column, two liquid stationary phases were chosen for use in combination: 
OV-101 (non-polar methyl&cone) and SP-1000 (polar polyethylene g&o1 Car- 
bowax 2OM plus terephthalic acid). Table I shows the McReynolds constants’* of 
these two phases and of similar columns previously used for the separation of chlori- 
nated hydr~arbo~5~‘J~‘7~‘9-~g, which lie near to the opposite extremes of the 
rMcReynolds polarity scale_ 

TABLE I 

IMcREEOLDS CON=_ANTS OF NON-POLAR AND POLAR LIQUID STATZONARY PHASES 
USED FOR GC SJZPAR4TiON OF THMs 

Scationaq McRe~noldrconsmnu R4 
phe 

41 42 42 41 41 
benzene buranol 2-pefuanone nitropropane pyidike 

(1') t-v*) /==I it*,/ (s'l 

G-e 0 0 0 0 0 28 
SE-30 15 53 44 64 41 25 
ov-I 16 55 44 65 42 1723.24 
ov-101 17 57 45 67 43 21.26 
SP-2100 17 57 45 67 43 14,28 
Apiezon L --J 

;; 
22 15 32 42 19 

Di(l-ethylhexyI) sebacate 168 108 180 123 15 
ov-I1 102 I42 145 219 178 28 
ov-17 119 1% 162 243 202 26 
Tricresyl phosphate 176 321 250 374 299 22 
ov-210 146 238 35s 468 310 25 
carbowas 20M 322 536 368 572 510 
Ca?bov8azx1500 

2527.22 
347 605 418 626 589 14 

SF1000 332 355 393 583 546 17JSJ9 
FFAP 340 580 397 602 627 17,25,27 
TCEPE 526 782 677 920 837 20 
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Injection of the sample on koth columns was necessary because the non-poIar 
phase could not separate 1 .%dichloroethane from carbon tetrachloride or trichloro- 
ethyIene from dichlorokromomethane, and the polar phase showed identical reten- 
tiontion times for carbon tetrachloride and I, 1, I-trichloroethane. As a consequence, 
the advantage, in terms of analysis time, due to the rapid injection technique of the 
headspace method was lost owing to the need to repeat the analysis on two columns_ 
When a dual-column instrument with two electron-capture detectors (ECDs) is 
available, simultaneous analyses could be accomplished on the two columns mounted 
in parallel, but this solution is expensive, as two complete analytical lines are neces- 
sary (ECD, amplifier, recorder and data system), and some correction factors have to 
be taken into account because two samples are extracted from two different vials, and 
the standing currents of the ECDs may be different on the two sides of the instrument. 
When a parallel arrangement of the two columns is not available, a complete set of 
analyses has to be repeated on the polar cohrmn, installed in the oven to replace the 
non-polar column, and additional time is lost waiting for ECD stabilization. 

Therefore, a method was developed which. by using a polar and a non-polar 
column mounted in series and connected to a 63Ni ECD, permitted the separation, by 
temperature progamming. of all of the halocarbons that could be present in the 
samples. 

Pre-columns were previously used in the purge and trap methodZs but they 
were filled with a higher concentration of the same phase used in the main column, 
and did not change the order of elution of the compounds. A small amount (0.1%) of 
Carbowas 1500 was also mixed with the 20 7: of the main liquid phase SP-2 100’3, and 
probably had the function of a tail reducer. A mixed phase typically tailored for 
pesticide analysis (6 “/, OV-2 10 i- 4% SE-30) has also been used”. 

EXPERIMENTAL 

The headspace technique described in refs. 14 and 17 was used with some 
modifications_ Screw-capped vials of volume 40 ml with PTFE-faced septa. washed 
with distilled water and methanol and dried overnight at ZOO’C, were used; the caps 
and septa were washed with light petroleum and dried overnight at 80°C; laboratory 
glassware was washed with distilled water and methanol and dried at 3OO’C. 

The addition of sodium chloride to the standards and to the samples that had 
to be analysed immediately was effected by adding 4 ml of 40% sodium chloride 
solution in doubly distilled water to each via: before the final drying at ZIO’C. This 
procedure removed all traces of organic substances and avoided contamination due 
to salt addition during the sample pick-up. This procedure was not followed during 
the preparation of samples that had to be analysed 24 and 72 h after sampling in order 
to study the formation of THMs due to Ion, * contact of precursors with free 
chlorine30 because of the influence of sodium chloride and its impurities on the 
formation‘of bromine derivatives. Sodium thiosulphate solution (ca. 150 mg/l) was 
added to remove residual chlorine immediately after sampIe pick-up (for samples that 
had to bc analysed at time zero) and before analysis (for samples analysed after 24 
and 72 h). The vials were completely filled with the sample, tightly sealed and stored 
in the dark at 15°C. 

Before analysis, 5 ml of water were removed from each vial in order to create 
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the headspace volume, and the samples were thermostated at 30°C for 1 h in a water- 
bath. The injections (200 @) were made by usipg 250-4 Hamilton gas-tight syringes_ 

Stainless-steel columns (3 m x 4 in_ 0-D.) were used at 60°C for the isothermal 
analysis on polar and non-polar stationary phases ( 10 % of SP- 1000 and 10 % of OV-1 
on Chromosorb W DMCS, SO-100 mesh)_ Mixed columns were prepared by homoge- 
neousIy mixing suitable amounts of the packings_ Series arrangements of the two 
phases were accomplished by filling a single column with different Iengths of the two 
coated supports or by using separate columns connected by means of standard 
Swagelock unions (I/8 in- to I/8 in., stainless steel). The resulting small dead volume 
between the two columns couId be reduced by driliing a hole with the same diameter 
as the tubing through the union, and facing the two columns closely end-to-end. The 
effect of this volume reduction on the plate height was negligible for total column 
iengths greater than 1.5 m. 

A Varian 3700 gas chromatograph, equipped with a 63Ni (8 mCi) ECD was 
used for experiments with mixed columns and linear temperature programming. Iso- 
thermal anaIysis with a parallel column arrangement was aIso carried out with a 
Varian 660 dualcolumn, dual-ECD (250 mCi tritium each) gas chromatograph. 
Quantitative analysis was accomplished by manual integration or by using Varian 
CDS-I I IC and Vista 401 data systems. The external standard technique, by injection 
of the headspace volumes from viais with known contents of each halocarbon, was 
used for calibration_ 

RESULTS AND DISCUSSION 

The choice of the optimum ratio between polar and non-polar stationary 
phases in the coIumn was made on the basis of the retention times obtained on 
columns filIed with the two phases (10 y0 each). Table II show3 adjusted retention 
times, f;i, on pure OV-I, pure SP-1000 and I:1 mechanicalIy blended packings_ The 
wideIy accepted hypothesis that this type of mixed-bed packing yields retentions that 
are linear as a function of column composition3’ was confirmed to a reasonable 

ADJUSTED RETENTION TIMES. r; (min). OF HALOGENA-IED COMPOUNDS ON PURE OV-1. 
PURE SF’-1000 AND 1.-l MiXED PHASES 

Tempxatuq 60°C; carrier gas flow-rate. 25 c&/min_ 

CMpOUd ov-I SP-1000 ov-I-SP-mm 
yr:i/ 

MethyIene chloride 
Chloroform 
I.I.l-Trichlorocthanc 
Carbon taraehloti~ 
Trkhioroethykne 
Dich!or&romomethane 
Dibromochlo&mcthane 
TetrachIoroethyIene 
Bromoform 

5.85 
Ii 
4-l 
4-l 
9.0 

28-4 
81.1 
11.1 

Is4 

Al0 
7.6 
4.6 
5.0 
8.3 

18.8 
47.2 
14.7 

loo 
A 
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extent, because the r; values obtained on the mixed column are near to the straight 
lines connecting the tk values given by the pure packings in separate columns. Mech- 
anically mixed columns having different polar-non-polar ratios permitted a more ac- 
curate dependence of the retention on column composition to be calculated, which is 
reported as retention relative to trichloroethylene (r) in Fig. I_ The relative retention 
values are independent of small changes in carrier gas flow-rate and temperature, and 
therefore permit an easier comparison of results obtained with different columns, 
showing that complete separation of the considered compounds is impossible with 
either pure stationary phase, because of overlapping of some peaks, whereas complete 
resolution may be obtained by using a suitable mixture of the two packings. 

10 20 30 40 50 60 70 SO 90 
ml Y. SP -loo0 100% ov-1 

Fig. 1. Relative retention (r) with respect of trichloroethylene as a function of column composition_ Data 
for pure SP-1000. pure OV-1. a I :l mixture and a 1 :I0 mixture were obtained esperimentally. Lines are 
interpolated. 

In order to obtain both complete resolution and short analysis times, mixed 
stationary phases with a large excess of non-polar OV-I were preferred_ In this situa- 
tion, mechanical mixing would ensure a homogeneous distribution of the two phases 
along the column only after prolonged, vigorous shaking. As this could crush the 
packing particles with adverse effects on its mesh size distribution, surface deactiva- 
tion and impregnation, the series arrangement of two separate columns may be used. 

When series-connected columns are used instead of homogeneously mixed pack- 
ings, the effect of the upstream column is increased, because it operates between the 
inlet pressure, Pi, of the system and the pressure at the connection point, PC, which 
differs from the oulet pressure owin, ~1 to the flow resistance of the downstream 
column. It was shown3’ that the contribution of the upstream column to the total 
retention time is equivalent to the values measured when the same coluAm is operated 
alone between Pi and PC_ The results therefore differ, depending on the order of 
installation of the two columns, as shown in Table III, where the values of r obtained 
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with direct and reversed connection of 30 cm of polar and 300 cm of non-polar 
column are given. Resolution values, calculated as R = 2 &iv, + &*a, where d is the 
distance between the tops of two consecutive peaks and 1~~ and ‘w* are their base 
widths, are also reported and show that the best result is obtained when the polar 
section of the column is upstream. 

TABLE 111 

REfENTIONS RELATIVE TO TRICHLOROE’IHYLENE (r) OF HALOGENATED COMPOUNDS 
ON PURE STATIONARY PHASES AND HOMOGENEOUSLY MIXED (12) AND SERIES (103) 
COLUMNS 

Resolutions. R. arc also reported (for series arrangement with non-polar and polar cohmms. respectively, 
upstream) between each peak and the folIowing peak_ Temperature. 60°C 

Compound oy-I SP-IO00 ov-l-SP-looo ov-I-SP-loo0 (10-l) 

0 V-l upstream SP-loo0 upstream 
(1.-l) 

I- I- I- k- R I- R 

Methykne chloride 
cMoroform 
I.l,l-Trichloroctbane 
Carbon tetrachloride 
TricbIoroetbyIcne 
Dichlorobromomethane 
Dibromochloromethane 
TetrscbIoroetbylene 
Bromoform 

0.28 0.65 0.50 0.33 5.0 0.33 
0.49 123 0.91 0.54 1.6 0.54 
0.65 0.45 0.55 0.63 1.1 0.63 
0.77 O-45 0.60 0.74 215 0.74 
1.0 I.0 1.0 1.0 0.72 1.0 
1.0 3.15 226 1.15 5.49 1.23 
20 9.01 X.65 227 0.076 272 
242 123 1.77 2-42 6-4 2.29 
3.49 20-5 12_04 5.16 - 5.45 

325 
0.38 
1.30 
2.27 
1.66 
5.43 
7-4 
1.44 

By taking into account the different effects of the same column working at the 
higher pressure of the upstream section, a small correction to the two lengths of the 
polar and non-poiar stationary phases should be applied, by increasing the non-poiar 
section In order to avoid a time-consuming trial-and-error method, a window dia- 
_$p-am= was drawn by plotting as a function of the columu composition the a values 

for these of the [n!/2(n - 2)!] pairs of solutes that show peak interference. a was 
calculated as 

In Fig- 2, a is everywhere maintained greater than or equal tom unity- by inversion 
where necessary of the iljassigmnent of each pair of solutes_ Several windows (shaded 
regions) formed by intersection of lines of CC indicate the phasecomposition range 
where the separation of a given pair can be achieved. On the basis of these results, a 
column containing 0.7 o/0 of SP-1000 and 9.3 o/0 of OV-I should be the best choice in 
order to obtain complete separation. This polar-non-polar ratio was achieved. by 
co~ecting 30 cm of 10% SP-1OOO.with 350 cmof.lO~O-OV-l-or by fihing a single 
column with a mechanical mixture of -7 parts .of the polar and 93 parts of the non- 
polar phase_ For both columns, the minimum. of the I-IETP values -of - tbe.:Van 
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100% SP-loo0 ov-1 

Fig. 2. z values of solvent pairs that show interference as a function of mised column composition. A. 
Dibromochloromethane-tetrachloroethylene; B, tetrachloroethylene-dichlorobromomethane: C, chlorof- 
orm-carbon retrachloride; D, cubon tetrachioride-l,l,I-trichloroethane; E. cbloroform-trichloroer- 
h$ene; F. chloroform-l,l.l-trichloroethane; G, trichloroethylene-dichlorobromomethane. 

Deemter equation34*“’ was found to lie in the nitrosen flow-rate range 16-20 cm’/ 
min, which agrees with those required for a satisfactory sensitivity of the 63Ni ECD. 

At 6O’C, the resolution was practically the same on both series and mixed 
phases havin_g the same polar-non-polar ratio (Table IV). By increasing the temper- 
ature in order to decrease the time of analysis, the best resolution was obtained for 

the series arrangement at 7b”C. while the CHClz =CHCll and CHBr,Cl peaks over- 
lapped on the homogeneously mixed phase. 

In order to compensate for the prevailin, a influence of the upstream polar 
section in the series system, small variations of the composition of the mixed phase 
were tested (Table IV). Mixed columns containing 9 % of OV-1 and 1 0/0 of SP-1000 
increased the resolution between CHCl,=CHCII and CHBr?Cl, but yielded very 
close retention times for CHCIJ and CCl,CH,, which could not be separated when 
one of the two compounds was in excess with respect to the other. 

Therefore, the series arrangement Gives better results than the theoretically 
equivalent homogeneously mixed columns, as it permits, at any temperature, the 
separation of THMs and other halocarbons (FI,. -(J 3). Also 1,1-dichloroethane and 1, l- 
dichloroethyIene can easily be resolved (r = 0.38 and 0.24, respectively). 

As the aim of this work was mainly the reduction of the analysis time. further 
attempts in this direction were made by temperature programming. Fig. 3 shows the 
chromatogram obtained with the best combination of the initial and final isothermal 
temperature and programming rate, and Table IV shows the tk and r values. Tem- 
perature progr amming could only be used with 63Ni ECD, because the baseline drift 
of this detector with temperature was negligible with respect to the 3H ECD. The rise 
of the baseline during programming was small enough to permit easy quantitation 
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with both manual and electronic (Varian CDS-l 11 C) integration. As the baseline 
deviation is quite reproducible owin g to the thermal stability of the liquid phase 
used. it can easily be stored and substracted by suitable computer programs or by 
using GC-dedicated data systems (Varian Vista 401 equipped with at least one floppy 
disk drive unit); ten samplings per minute of the baseline level permitted nearly 
complete suppression of the baseline deviations in the plotted chromatogram. 

7 

I I 0 

0 5 10 15 20 25 30 min 

Fig- 3. Chromato_grams of THMs and other halogsnated compounds on series coIumns (30 cm of 10 7; SP- 
1000 and 350 cm of 10 “/d OV-1) at various temperatures. Carrier gas flow-rate, 18 crr?jmin. Temperature 
pro_mmc: isothermal at 7S’C for 9 min. then increased at YC/min to 1 IO’C and held at this temperature 
for 16 min. Peak numbers refer to Table IV_ 

Some tests were also carried out to check if the suggested column system could 
also be used for the analysis of THMs and other halocarbons with the liquid-liquid 
extraction technique. The solvents generally used in this technique, n-pentane, iz- 
hesanez5*” and isooctane”, were injected together with a complete standard misture 
of the halocarbons listed in TabIe II. n-Pentane was eluted &fore all of the chlori- 
nated compounds, ,z-hesane between methylene chloride and chloroform and iso- 
octane between carbon tetrachloride and trichloroethylene. 

Owing to the specific response of the ECD, peaks corresponding to the injec- 
tion of 4 fi of hydrocarbons had the same shape and area as those due to the amounts 
of halogenated compounds found in drinking waters, and little interference was 
therefore found. Of course, liquid-liquid extraction requires “ECD pure” solvents, 
and some problems can be caused by the extraction of non-volatile ECD-sensitive 
compounds present in the sample that are not detected with the headspace technique_ 

CONCLUSIONS 

The suggested arrangement of polar and non-polar stationary phases, in con- 
nection with a proper temperature programming, permitted the time needed for com- 
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plete analysis of each headspace sample to be reduced to Iess than 30 min. This 
increases the usefulness of the headspace technique for the rapid and wide screening 
of water supplies in order to monitor the amount of THMs and other volatile halo- 
carbons. The columus and conditions described also permit the analysis of samples 
with the liquid-liquid extraction technique_ 

The series configuration is more efficient than a homogeneously mixed column 
with a similar polar-non-poIar ratio, as *he upstream position 6f the polar phase 
assures that its effect predominates during the initial isothermal stage of temperature 
programming, thus enhancing the resolution of low-boiling compounds. Small ad- 
justments of the retention times of some peaks in complex mixtures can he obtained 
by slightly changing the length of the polar section, whereas a cumbersome trial-and- 
error method must be used for satisfactory modification of the homogeneously mixed 
coh.lmns_ 
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