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Abstract

A method is described for the gas chromatographic—electron-capture detection determination of alkenes via
on-column bromination reactions. Pyridinium bromide perbromide (PBPB) was used as the Br, source, and a
cholesterol-glass beads mixture. treated with methanol, was used to remove excess Br,. The optimum ratio of
cholesterol to glass beads was found to be 1:10. at which 93% of the bromine released from PBPB can be removed,
without removal of the derivitized analytes. The conversion efficiency of alkene to the brominated derivative is
extremely low (less than 2% ) for ethene, whereas for propene and 1-butene it is 41 and 79%, respectively. For
C,-C; alkenes, this method is 200-300 times more sensitive than analysis of the underivitized analytes by using

conventional flame ionization detection.

1. Introduction

Few hydrocarbons (or volatile organic com-
pounds, VOCs) are toxic in their own right at the
concentrations found in the ambient atmosphere.
and their main contribution to air pollution
stems from their role in the atmospheric forma-
tion of ozone. peroxvacetyl nitrate (PAN), hv-
drogen peroxide and other secondary air pollu-
tants [1]. Because of their extremely low ambient
concentrations [volume mixing ratios of <10 '*
ppt (v/v) to 10 7 ppb (v/v)]. detection of hydro-
carbons in the atmosphere requires sensitive
analytical methods. As the more reactive hydro-
carbons (e.g.. alkenes) have a greater reactivity
towards OH radicals (and thus have higher
potential for ozone formation) than the non-
reactive hydrocarbons (e.g.. alkanes). the priori-
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ty in atmospheric monitoring programmes which
focus on photochemical ozone production is the
determination of the reactive VOCs, rather than
of the non-reactive species. Under some circum-
stances it may therefore be advantageous to
utilize a detection system that has enhanced
sensitivity towards alkenes but is relatively in-
sensitive to alkanes and other less reactive VOC
species.

Attempts have been made to develop ana-
lytical methodologies that have enhanced sen-
sitivity towards alkenes relative to the behaviour
of conventional flame ionization detection
(FID). For example, recently, reduction gas
detection (RGD), originally developed for de-
tecting the reducing gases CO and H, [2], has
been used for the detection of acetaldehyde and
acetone [3] and isoprene [4]. The response of
RGD to a variety of reactive hydrocarbons has
been investigated using gas chromatography
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(GC) with packed columns [5]. 1t was shown that
it is considerably more sensitive to alkenes than
is FID, and has much greater sensitivity to
alkenes than alkanes. RGD has also been de-
veloped successfully for the capillary GC de-
termination of hydrocarbons up to C, with high
resolution [6,7].

In this work, electron-capture detection
(ECD) was applied to the detection of alkenes
following a derivitization step. ECD is a very
sensitive and selective GC detection method for
organic compounds containing highly elec-
tronegative elements such as Cl, Br and N. Its
sensitivity towards organic molecules that do not
contain O, N or halogen atoms is very low.
However, if an element of high electronegativity
could be added to the alkene via an on-column
reaction, then it might be expected that alkenes
could be detected by ECD with much higher
sensitivity than by FID.

The GC-ECD detection of alkene compounds
via bromination reactions was investigated. This
required the attachment of bromine atoms to the
alkenes, to render them amenable to ECD, and
removal of excess bromine prior to detection.

2. Experimental
2.1. Principle

To use bromination reactions successfully for
the ECD of alkenes requires that the derivitiza-
tion reactions be very rapid and proceed to
completion within a few seconds, otherwise the
eluting peaks will be small and broad in the
chromatogram. and the sensitivity will be re-
duced. The principle of this work is based on the
reactions of bromine with alkenes to form the
o-dibromoalkane derivatives:

RCH=CHR' + Br,—> RCHBrCHBrR’ (N

This reaction is an electrophilic addition re-
action, and can be affected significantly by the
presence of polar substances. In most cases it can
proceed very quickly and quantitatively at room
temperature in the polar liquid phase, without
light or catalysis.

Although the possible role of bromine com-
pounds in the chemistry of the atmosphere has
promoted the study of the kinetics of the re-
actions of bromine atoms with hydrocarbons [8—
10]. little information is available on the addition
reactions of bromine molecules with alkenes in
the gas or vapour phase. However, it is expected
that, so long as polar conditions can be realized,
these reactions may also proceed very quickly in
the gas phase and thus may be used for this
purpose.

Although the hydrogen atoms in alkanes can
be easily displaced by bromine atoms under
conditions of light, heat or catalysis, alkanes do
not react with bromine in darkness and at room
temperature. It should therefore be possible to
control the conditions of bromination to prevent
the bromination of alkanes while still derivatiz-
ing the more reactive alkenes.

2.2. GC system

GC measurements were made using a Hew-
lett-Packard 5890 Series II gas chromatograph
fitted with an electron-capture detector. The
carrier and the auxiliary gas was helium. The
configuration of the whole GC-ECD-bromina-
tion system is shown in Fig. 1. The GC column
used was an HP-1 (10 m X 0.53 mm 1.D., film
thickness 2.65 pum). Tubes 1 and 2 are glass
tubes (10 cm X 3 mm [.D.). Tube 1 was packed
with either glass beads (80~100 mesh, 0.254-
0.284 cm) or the brominating reagent, and tube 2
was packed with either glass beads or the sub-
stance for removing the excess bromine, depend-
ing on the purpose of the experiment.

2.3. Materials

Pyridinium bromide perbromide (PBPB) and
cholesterol were obtained from Aldrich. A 15
ppm (v/v) standard vapour mixture of C,-C,
l-alkenes (Scotty) was used. This contains equal
concentrations of ethene, propene, 1-butene, 1-
pentene and 1-hexene. Their reaction products
with bromine will thus be 1,2-dibromoethane,
|.2-dibromopropane, 1,2-dibromobutane, 1,2-
dibromopentane and 1,2-dibromohexane, re-
spectively.  1,2-Dibromoethane, 1,2-dibromo-
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Fig. 1. Schematie diagram for the GC--bromination-ECD system.

propane and 1.2-dibromobutanc were obtained
from Aldrich for peak identification by com-
parison of retention times. Their standard va-
pour mixtures were prepared by the static dilu-
tion bottle methods [11.12]. Known amounts of
liquid dibromoalkanes were injected into a 1-I
glass flask which had been purged with nitrogen
for 3 min. Further serial dilutions were made by
withdrawing known amounts of vapour from the
flask and injecting them into other similar flasks.
Flasks and gas-tight syringes were kept at 55 +

5°C in order to prevent vapour condensation of

adsorption.

3. Results and discussion

3.1. Release of Br. from pyridintum bromide
perbromide (PBPB)

PBPB is a red. crystalline salt (C,H.NHBr-
Br,, M, 31984, m.p. 135-136°C). From its
structural formula it is expected that it can
release free bromine molecules. so when substi-
tuted for bromine in any standard bromination
procedure the reaction should proceed in the
normal manner. Because this reagent can be
handled and stored more easily than liquid
bromine, it has been used as a brominating
reagent since the 1940s [13-15]. However. all
such applications of PBPB have been in the
liquid phase in which the free bromine was
released from solutions of PBPB in glacial acetic

acid or methanol. Its use as a source of vapour-
phase Br, molecules for the on-line derivitization
of alkenes was first proposed by Simmonds [16].

In order to check if the perbromide can
release bromine vapour from its solid phase or
not, tube 1 in Fig. 1 was packed with 0.27 g of
PBPB and tube 2 with 0.72 g of glass beads
(80-100 mesh). It was observed that the rate of
release of Br, by the PBPB, as detected by
ECD. increased with increasing carrier gas flow-
ratc passing through it, and especially with
increasing GC oven temperature. The ECD
signals responding to the bromine released from
the PBPB varied from a few thousand mV to the
maximum (i.e.. saturation of the ECD). Even at
a constant carrier gas flow-rate (e.g., 20 ml/min)
and GC oven temperature (e.g., 30°C), the ECD
signal due to the bromine released from the
PBPB still varied significantly, from 2000 to 5000
mV.

3.2, Bromine filter

Following derivatization of the alkenes in an
air sample, excess bromine from the PBPB will
still be present in the gas flow and must be
removed prior to entry into the detector. This is
necessary for at least three reasons: (1) to allow
detection of trace amounts of the brominated
analytes the concentration of free Br, must be
reduced to an absolute minimum; (2) the ECD
sensitivity will be progressively reduced by for-
mation of NiBr, when it is continuously exposed
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to bromine vapour; (3) to avoid damage of the
GC capillary column by bromine due to its
highly oxidizing properties. The bromine filter
should ideally be in the solid phase under normal
conditions, and it should be able to remove
bromine (by adsorption or absorption) efficient-
ly, but it should not have any effect on the
brominated products.

Silver powder was investigated for this pur-
pose, and it was found that it can remove
bromine efficiently at room temperature by
forming AgBr via the following reaction:

2Ag + Br,—2AgBr | (2)

However, the brominated alkenes were also
removed very efficiently by reaction with silver
via the following reaction (taking 1.2-di-
bromoethane as an example):

BrCH,CH,Br + 2Ag— CH,=CH, + 2AgBr |
(3)

Hence silver and other similar metals cannot be
used for this purpose.

Large organic molecules with double bonds
may also be able to remove bromine via bromine
addition reactions, but may have no effect on the
brominated alkenes. Cholesterol (C,,H,,O. M.
386.67, m.p. 146-149°C) is a white, crystalline
solid with a double bond and its use for this
purpose was suggested by Breuer [17]. Its molec-
ular structure is shown in Fig. 2.

In order to check if cholesterol can remove
bromine or not, tube 1 in Fig. 1 was packed with

H3C
HsC

HiC CHs
CHs

HO

Fig. 2. Molecular structure of cholesterol.

0.27 g of PBPB and tube 2 with 0.20 g of
cholesterol. A carrier gas flow-rate of 20 ml/min,
optimized on the basis of peak width and Br,
production rate, and an oven temperature of
30°C, kept as low as possible to minimize the
release rate of Br, from the PBPB and to
minimize the volatilization of cholesterol, which
contains an OH group to which the ECD is
sensitive, were used. Under these conditions, it
was observed that the ECD signal from the
PBPB was not reduced by the cholesterol. This
suggests that cholesterol itself does not react
sufficiently rapidly with bromine. This may be
due to the lack of polar conditions, since the
addition reactions of bromine with alkenes are
electrophilic.

In order to create the optimum polar con-
ditions for the cholesterol-bromine addition
reactions, a series of different mass ratios of
cholesterol-glass bead mixtures, treated with
methanol, were prepared: 1:1, 1:2, 1:4, 1:5, 1:7,
1:9, 1:10, 1:11, 1:12 and 1:15. These mixtures
were prepared by dissolving known amounts of
cholesterol in methanol (20 ml) with gentle
heating. Known amounts of glass beads were
added to the solution and the methanol was
removed by evaporation to dryness. At ratios of
I:1 and 1:2, no reduction in the ECD signal due
to the PBPB was observed. At ratios of 1:4 and
1:5, the ECD signal was reduced to 700-800 mV
tor about 10 min, and then increased rapidly to
above 1000 mV again. At a ratio of 1:7, the ECD
signal from the PBPB was reduced to and
stabilized at about 600 mV, and at ratios of 1:9,
1:10. 1:11 and 1:12 the signal stabilized at about
300 mV. Considering the average ECD signal due
to PBPB alone (3000 mV), the ECD baseline
signal (about 30 mV) and the ECD signal from
cholesterol alone (about 50 mV) under the con-
ditions used, the bromine removal efficiency of
the cholesterol-glass bead mixture at ratios of
1:9, 1:10, 1:11 and 1:12 is about 93%. At a ratio
of 1:15, the ECD signal from the PBPB was
reduced to about 400 mV, but increased rapidly
again to above 1000 mV, suggesting that insuffi-
cient cholesterol was available for complete
continuous reaction with the bromine.
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3.3. Effect of different cholesterol-glass beads
ratios on the bromination of alkenes

It is expected that the methanol-treated
cholesterol-glass bead mixture can provide suit-
able polar conditions, not only for bromine
removal by cholesterol, but also for bromine
addition reactions with the alkenes. As in the
case of bromine removal by cholesterol, the mass
ratios of the cholesterol-glass bead mixture may
also be important for the bromine addition
reactions with alkenes. In order to investigate
this effect, the same amounts of C,-C, 1-alkenes
were injected into the system at cholesterol-to-
glass bead ratios of 1:7, 1:9, 1:10, 1:11 and 1:12.
A typical chromatogram is shown in Fig. 3. On
the basis of retention times relative to those of
the standard dibromoalkanes, it is concluded
that the alkenes were successfully derivitized
under the conditions used and that sufficient
excess Br, has been removed by the bromine
filter to allow their detection by ECD.

The response factors for the brominated com-
pounds (assuming complete derivitization of the
alkenes) were calculated at different cholesterol-

3000
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o o - 0 |
0 O b T Lg h

1:9 1:10 1:11 112

ECD response factor (mVs/ng dibromoalkanes)

3

ratio of cholesterol/glass beads

Fig. 4. Variation of ECD response factors for brominated
compounds with mass ratio of cholesterol to glass beads.
0O = 1.2-Dibromoethane; < = 1,2-dibromopropane; [0 =1,2-
dibromobutane; & = 1,2-dibromopentane.

to-glass bead ratios and the results are shown in
Fig. 4. Because the elution time of 1,2-dib-
romohexene is very long (70 min, see Fig. 3),

S

T —7

0 10 20 30

" 40 50 6o
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Fig. 3. Chromatograms of brominated compounds: 0.2 ml 15 ppm alkenes (C,-C,). GC oven temperature, 30°C; carrier gas
flow-rate, 20 ml/min; column, 10 X .53 wm HP-1; tube 1, PBPB: tube 2, cholesterol-GB (1:10). Peaks: 1 = 1,2-dibromoethane;
2=1,2-dibromopropane: 3 = 1.2-dibromobutane; 4 = 1.2-dibromopentane; 5 = 1,2-dibromohexane.
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only the brominated products of C,-C; alkenes
were investigated further.

It can be seen from Fig. 4 that for each alkene,
the response factor of its corresponding bromi-
nated compound increased when the cholesterol-
to-glass bead ratio increased from 1:7, to a
maximum at 1:10, and then dropped slightly as
the ratio increased to 1:12. The optimum mass
ratio of the cholesterol-glass bead mixture is
therefore in the range 1:10-1:12.

The conversion efficiencies of C,-C, alkenes
to the brominated compounds were calculated at
each mass ratio of cholesterol to glass beads by
comparing the response factors of the bromi-
nated derivitives with those of the standard
brominated compounds. The results are shown
in Table 1. It can be seen that at a constant ratio,
the conversion efficiency increases with increas-
ing carbon number. The conversion efficiency for
ethene was found to be extremely low, but is
adequately high for propene and 1-butene, in-
creasing to 74% for the latter compound at a
mass ratio of 1:12.

3.4. Effect of PBPB and cholesterol-glass
beads on the brominated compounds

There may be two reasons for the extremely
low derivitization efficiency of ethene: (1) its
reaction with bromine molecules is very slow
under the conditions employed or (2) the re-
covery of its brominated product, 1,2-di-
bromoethane, may be much iower than that of
the other brominated products owing to the
adsorption effects of PBPB and the cholesterol-

Table |

glass bead mixture. In order to investigate the
effect of PBPB and the methanol-treated choles-
terol-glass bead mixture on the brominated
compounds, known amount (about 1.5 ng) of
standard vapour mixtures of 1,2-dibromoethane,
1,2-dibromopropane and 1,2-dibromobutane
were injected on to the GC column with tube 1
packed with PBPB and tube 2 with cholesterol-
glass beads (1:10). Their recoveries from the
PBPB and the cholesterol-glass bead mixture
were calculated by comparing these results with
the corresponding signal obtained by injecting
the same amount of the standard brominated
compound mixture on to the GC column with
tubes 1 and 2 both packed with glass beads. The
recoveries with a GC oven temperature of 30°C
and a carrier gas flow-rate of 20 ml/min were
72.31 £2.11% for 1,2-dibromoethane, 84.80 +
4.01% for 1,2-dibromopropane and 92.30 +
2.23% for 1,2-dibromobutane. Hence the re-
covery of the brominated compounds from the
PBPB and cholesterol-glass bead mixture in-
creased with increasing carbon number, with the
recovery of 1,2-dibromoethane being the lowest.
This may be due to removal on the polar surface
of the methanol-treated cholesterol-glass bead
mixture and the fact that the polarity of these
brominated compounds decreases as the carbon
number increases.

This adsorption effect due to the presence of
polar surfaces on the cholesterol-glass bead
mixture can also be seen from the chromato-
grams of these brominated compounds, shown in
Fig. 5. Their chromatographic peaks are much
broader than after passage over glass beads

Conversion efficiencies (%) of alkenes to the brominated compounds at different ratios of cholesterol to glass beads

Alkene Mass ratios of cholesterol to glass beads

1:7 19 1:10 1:11 1:12
Ethenc 0 0.3 (0.4) 1.1(1.5) 0.8 (1.2) 0.7 (0.9)
Propene 6.1(7.2) 19.8 (23.4) 34.4 (40.5) 30.9 (36.5) 27.8 (32.7)
1-Butene 28.9 (31.3) 49.9 (54.1) 72.5(78.6) 66.5 (72.0) 74.1 (80.3)

The values in parentheses were calculated by considering the adsorption effect of PBPB and cholesterol-glass beads.
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Fig. 5. Chromatograms of dibromoalkanes. GC oven tem-
perature. 30°C; carrier gas flow-rate. 20 ml/min. (a) Tube 1.
PBPB: tube 2. cholesterol-glass beads. (b) Tubes 1 and 2.
glass beads.

alone. However, even by considering the ad-
sorption effect of the PBPB and the cholesterol-
glass bead mixture (see the results in parentheses
in Table 1), the conversion efficiency of ethene 1s
still extremely low (less than 2%). This suggests
that the bromine addition reaction with ethene is
so inefficient that the method may not be suit-
able for the determination of ethene.

3.5. Comparison of the sensitivity of FID with
the bromination~ECD method for alkenes

Fig. 6 shows the ECD response factors for the
derivitized alkenes as a function of the mass of
alkene introduced, and relative to the response
factors of FID to the alkenes (about 20 mV
s/ng), at different ratios. It can be seen that with
cholesterol-glass bead mixtures of 1:10-1:12.
ECD is about 200-300 times more sensitive to
the C,-C; alkenes via the bromination reactions
than is FID to the underivitized alkenes. Little
increase in sensitivity is achieved by bromina-
tion—ECD relative to FID for ethene.

The minimum detectable amounts of alkenes
using the present GC-bromination-ECD sys-
tem, based on a signal-to-noise ratio of 2. were
0.08 ng for propene, 0.11 for l-butene and 0.14
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S 5000 [300 =
(=] m
E S
3
> i}
= n
= 4000 200 O
= -
3 g
Q
g 2
3
o 73
@ 2000 [-100 ©
g oy
a
a Q
& g
o
————
o+—=0 o : T = 0
1.7 1:9 1:10 111 1:12

ratio of cholesterol/glass beads

Fig. 6. Variation of the ECD response factors and the mass
ratios of ECD and FID response factors for alkenes with the
mass ratio of cholesterol to glass beads. 0= Ethene; ¢ =
propene: C = [-butene; A = 1-pentene.

ng for l-pentene. Although they are higher than
the typical detection limits currently obtainable
with high-resolution capillary GC-FID (about
0.01 ng), it will be possible to lower them
substantially by improving the chromatography
and hence the peak shapes of the derivitized
compounds.

3.6. System linearity

In order to check if the bromination-ECD
system is linear with respect to the amount of
alkene injected, different amounts of alkenes
were injected on to the GC column, with tube 1
packed with PBPB and tube 2 packed with a 1:10
cholesterol-glass bead mixture. The results are
shown in Fig. 7. It can be seen that the method is
linear up to masses of ca. 2, 3 and 8 ng for
propene, 1-butene and 1-pentene, respectively.
That is, the range of linearity becomes broader
with increasing carbon number. This is consistent
with the fact that the conversion efficiency of the
alkenes to the brominated derivatives increases
with increasing carbon number. Hence, the
range of linearity depends on the conversion
efficiency of the bromination reactions. As the
conversion efficiency for ethene is extremely
low, its range of linearity is not relevant in this
context.
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Fig. 7. Linearity of the ECD responses to the brominated
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alkenes. (3= Ethene; < =propene; O = l-butene; A= 1-
pentene.

3.7. Further discussion on the bromination of
- alkenes

The above results suggest that the rates of the
addition reactions of bromine with alkenes are
much lower for the lighter molecules, especially
for ethene. This may be due to the low tempera-
ture (30°C) at which the alkene bromination
reactions were carried out throughout this work.
The reaction rates may be improved by using
higher reaction temperatures, but this would be
inappropriate in this application as the bromine-
releasing rate of PBPB is extremely sensitive to
temperature change, as is the volatilization rate
of cholesterol. Experiments were carried out at
40°C, but the brominated products were not
observable against an enhanced background
ECD signal of ca. 1000 mV.

An attempt was made to use a higher GC oven
temperature without enhancing the Br, product-
ion rate by removing the tube containing the
PBPB (tube 1) from the oven and placing it
between points A and B in the carrier gas line
shown in Fig. 1. With this configuration, the
same amounts of C,~C alkenes as those used
above were injected on to the GC column but,

surprisingly, no brominated products appeared.
This suggests that the alkene vapour must pass
through the PBPB tube to allow sufficient re-
action with bromine molecules. It therefore
appears that the bromination reactions have to
be carried out isothermally at or around 30°C.

Without further development the method may
not be suitable for the determination of heavier
alkene molecules (=C,). In addition, the inser-
tion of the two packed tubes, negates some of
the chromatographic advantages given by capil-
lary columns and no additional benefit will result
from using very high-resolution columns.

4. Conclusions

ECD has been successfully used for the GC
determination of alkenes via on-column bromi-
nation reactions. The most important aspects of
the method can be summarized as follows:

(i) PBPB can release bromine vapour at room
temperature, and its bromine-releasing rate in-
creases with increasing carrier gas flow-rate and,
especially, with increasing temperature.

(il) A methanol-treated cholesterol-glass
bead mixture may be used to remove the excess
bromine produced by the PBPB. The elec-
trophilic nature of the addition reactions of Br,
with alkenes requires the use of a polar medium:
reaction with cholesterol alone is extremely slow.
At the optimum ratio of the cholesterol-glass
bead mixture of 1:10, 93% of the bromine
released from PBPB can be removed.

(iii) The conversion efficiencies of the indi-
vidual alkenes to their brominated products is
very low for ethene (less than 2%), but increases
with carbon number, reaching 74% for 1-butene.

(iv) The sensitivity of ECD to brominated
C,-C, alkenes is about 200-300 times higher
than that of conventional FID without derivitiza-
tion. Current detection limits with the GC-
bromination—-ECD system are higher than those
with high-resolution GC-FID. It is expected that
by using a two-oven system, that is, the reaction
oven (for tubes 1 and 2) and the oven for the
separation (for the capillary column), significant
improvements in the chromatography, and hence
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the detection limits, of the derivitized com-
pounds will be obtained since the temperatures
of the two ovens can be controlled separately.

(v) The amount of brominated compound
produced from the alkene derivitization proce-
dure increases linearly with increasing mass of
analyte, but the range of linearity depends on
the conversion efficiency of the bromination
reactions.

The method described here allows the ex-
tremely sensitive detection of C,-Cg alkenes.
Further development work (using a two-oven
system) will be carried out in the future to allow
application of the method to the detection of
heavier alkenes (=C,) at low concentrations in
ambient air; the work to date provides a frame-
work for this purpose.
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