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a b s t r a c t

Analytical artifacts attributed to the bromination of toluene, xylenes, and trimethylbenzenes were found
during the heated headspace gas chromatography/mass spectrometry (GC/MS) analysis of aqueous
samples. The aqueous samples were produced from Fenton-like chemical oxidation reactions and
contained aromatic compounds, hydrogen peroxide (H2O2), and ferric sulfate. Prior to GC/MS headspace
analysis, the samples were acidified (pHo2), and sodium chloride was amended to the headspace vial as
a matrix modifier. The brominated artifacts were generated during heated headspace analysis. Further,
when samples were spiked with a mixture of volatile chlorinated and aromatic compounds (50 mg/L),
poor spike recoveries of toluene and xylenes occurred, and in some cases complete loss of trimethyl-
benzenes and naphthalene resulted. Where poor recovery of aromatic spike compounds occurred,
brominated aromatic compounds were found. The only significant source of bromine in the reaction
scheme is the bromide typically present (o0.01% w/w) in the sodium chloride amended to the samples.
Conversely, brominated artifacts were absent when a buffered salt mixture composed of sodium chloride
and potassium phosphate dibasic/monobasic was used as a matrix modifier and raised the sample pH
(pH�6). This indicated that the brominated artifacts resulted from the reaction of the aromatic
compounds with BrCl, which was formed by the reaction of H2O2, chloride, and bromide under acidic
conditions. An alternative matrix modifier salt is recommended that prevents the bromination reaction
and avoids these deleterious effects on sample integrity during headspace analysis.

Published by Elsevier B.V.

1. Introduction

Over the last two decades, thousands of oxidant-related, environ-
mental laboratory- and field-scale studies have been conducted
where oxidants are amended to aqueous solutions (i.e., surface
water, ground water, and soil slurry) for the purpose of transforming
organic contaminants into less harmful chemical by-products. The
objectives of these studies range from the investigation of funda-
mental oxidative mechanisms to chemical oxidation optimization
and feasibility assessment in the purification of water, wastewater,
ground water, soil and other contaminated matrices[1,2]. The
oxidants predominantly include permanganate (MnO4

�), hydrogen
peroxide (H2O2), persulfate (S2O8

2�) and ozone (O3) [1]. Results
from these studies have been published in 4600 journal articles,

theses, and reports [3]. An integral component in such studies is the
collection and analysis of aqueous samples to assess oxidative
treatment performance. In many cases, aqueous samples contain
the oxidant and the organic contaminants in a “binary mixture.” The
commingling of organic contaminants and oxidants in binary
mixture aqueous samples represents a condition in which there is
significant potential for oxidative transformation of the contami-
nants after sample collection, and/or during analysis. The presence
of residual oxidant in aqueous samples introduces a wider range of
potential interfering reactions. For example, binary mixtures of
residual oxidants including permanganate and persulfate have been
shown to negatively impact the quality of aqueous samples causing
“false negative” analytical results using headspace and purge and
trap gas chromatography mass spectrometry (GC/MS) [4–6]. In these
cases, transformation of volatile organic compounds (VOCs)
occurred in the sample (1) during the time frame between when
the samples were collected (i.e., in either the field or lab) and
analyzed, or (2) during analysis when the oxidant was thermally
activated. False negative results describes the condition where
contaminants were originally present in the sample matrix, but

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/talanta

Talanta

0039-9140/$ - see front matter Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.talanta.2013.08.039

n Corresponding author. Tel.: þ1 580 436 8610; fax: þ1 580 4368614.
E-mail addresses: ddfine@noble.org (D.D. Fine), saebomko@gmail.com (S. Ko),

huling.scott@epa.gov (S. Huling).
1 Tel.:þ1 580 224 6516/580 2794700.
2 Tel.: þ1 580 279 3382.

Talanta 117 (2013) 20–26



was transformed as described above and consequently, not detected
by the analytical instrument. Sample preservation guidelines and
methods have been developed for these two oxidants to eliminate
the impact of the binary mixtures on the quality of these samples
[4–6].

The role of binary mixtures involving H2O2 and VOCs and their
impact on headspace GC/MS analytical results has not been
investigated in detail. Fenton-like reactions are initiated by the
reaction between ferric iron (Feþ3) and H2O2. The classic Fenton
reaction involves the reaction between ferrous iron (Feþ2) and
H2O2 to generate hydroxyl radicals ( �OH) which oxidize a wide
range of organic contaminants (Table 1; R1–R4) [2]. The progress
of VOC transformation during Fenton and Fenton-like oxidation
reactions can be monitored by heated headspace gas GC/MS
analysis. In heated headspace analysis, aqueous samples in sealed
vials are heated at elevated temperatures so that the VOCs
equilibrate between the aqueous and vapor phase. An aliquot of
the headspace is transferred to the injection port of a GC and the
concentrations of organic compounds are determined from cali-
bration curves of authentic standards. Enrichment of the VOCs in
the headspace and method sensitivity can be increased by heating
the sample and adding matrix modifiers that “salt-out” the
organics and enhance mass transfer from the aqueous phase to
the headspace. Matrix modifiers can be common salts such as
sodium chloride, sodium sulfate, and calcium chloride. The matrix
modifier can also include a salt such as trisodium phosphate (TSP)
or a phosphate buffer that neutralizes the sample pH when acid or
base is added for preservation. Care must be taken to ensure that
the preservation does not cause hydrolysis of compounds during
storage or during heated headspace analysis. Hydrolysis of ether
oxygenates including methyl tert-butyl ether, tert-amyl methyl
ether, and ethyl tert-butyl ether can occur when heated headspace
analysis is done on samples whose pH is adjusted to less than
2 with hydrochloric acid [7–10]. When ether oxygenates are
preserved with trisodium phosphate [7–10] hydrolysis does not
occur during heated headspace analysis. However, the use of TSP
cannot be considered a universal preservative as catalyzed base
hydrolysis of halogenated compounds such as bromomethane,
1,1,2,2-tetrachloroethane and 1,1,2-trichloroethane can occur dur-
ing sample storage.

In preliminary studies involving the chemical oxidation of
aromatic compounds under Fenton-like conditions, the unex-
pected detection of brominated compounds was observed using
GC/MS heated headspace analysis methods. The objectives of this
study were (1) to investigate the source and mechanism of
brominated aromatics formation and appearance in mass chroma-
tograms resulting from GC/MS analysis of aqueous samples con-
taining aromatic compounds, H2O2, and matrix modifier salts
under acidic conditions, and (2) to develop an alternative method
of analysis that eliminates the mechanism that causes the bromi-
nation step and to ensure the integrity of aqueous samples.

2. Methods and materials

For Fenton-like reactions [11–12], batch reactors were pre-
pared using borosilicate glass vials (20 mL) with Teflon-lined
septa. The samples typically contained solutions of ferric sulfate
(5 or 30 mM as Feþ3), NaOH (to raise the pH to pH¼3), toluene
or individual xylene isomers (0.08–0.88 mM) and H2O2 (0.6–
60 mM). After adding the reagents in the order listed, the
sample vials were immediately capped to prevent volatilization
of the aromatic compound. The reactors were sacrificed at
various times during the reaction. The Fenton-like reaction
was quenched at the time of sampling by adding concentrated
sulfuric acid at �1% v/v.

2.1. Analytical

Two methods of headspace analysis were used to determine
the concentration of toluene and xylenes remaining after the
Fenton-like oxidation reactions. Both methods follow the general
procedures outlined in EPA Method 5310a/8260c [7]. In one
method, a CombiPal headspace autosampler and an Agilent 6890
gas chromatograph/5973 quadrupole mass spectrometer were
used. Here, the aqueous sample (10 mL) was added to headspace
autosampler vial (20 mL) containing the NaCl matrix modifier salt
(2 g) (USP grade). Before the sample vial was sealed, an internal
standard/surrogate mixture containing fluorobenzene, p-bromo-
fluorobenzene, and 1,4-dichlorobenzene-d4 was added. The head-
space vial was heated in an agitator/incubator module (80 1C for
30 min). A syringe (2.5 mL) was used to transfer 1.0 mL of head-
space to the injection port of the gas chromatograph. The syringe
was enclosed in a heated syringe module and was heated at 85 1C.
The capillary column used for target compound separation was an
Agilent DB624 column (length 30 m; 0.25 mm inner diameter; and
1.5 mm film thickness). Typically all the samples in the analysis
queue were prepared at the same time and placed in the auto-
sampler tray.

In the second headspace method, a Tekmar 7000 static
headspace autosampler and Varian Saturn 2100T gas chromato-
graph/ion trap mass spectrometer were used. Here, the sample
(10 mL) in the headspace autosampler vial (20 mL) was heated
in the platen (80 1C for 30 min). The septum of the headspace
vial was pierced with the autosampler needle and the head-
space was pressurized with helium. After equilibration, the
sampling valve was rotated and the pressurized headspace
was directed to a 1.0 mL sample loop. A back pressure regulator
connected to the vent of the sampling valve allowed the head-
space to flow through the sample loop until the vial pressure
dropped to a set point pressure controlled by the regulator. The
valve was actuated again and the headspace vapor in the sample
loop was directed to the injection port of the gas chromato-
graph. As in the first headspace method, an identical Agilent
DB624 capillary column was used for gas chromatography. In
this method, the matrix modifier was a buffer salt mixture
composed of NaCl (50 wt%) (ACS), K2HPO4 (42 wt%), and KH2PO4

(8 wt%). The buffer salt neutralized the pH of samples prior to
analysis. All salts were purchased from Aldrich Chemical. When
the salt buffer (2 g) was added to the acidified sample (10 mL),
the pH was �6.

In the mechanistic investigation, each of the samples was
analyzed using the Varian Saturn 2100T. The samples were
prepared and immediately analyzed, unless otherwise noted. The
reaction occurred for exactly 30 min, the time that the sample was
heated in the headspace autosampler. Samples analyzed using the
Agilent 6890 GC/MS rested in the autosampler tray for varying
amounts of time depending on how many sample were in the
sample queue. The spike recovery samples were usually placed at

Table 1
Fenton-like/Fenton and related reactions, and proposed bromination mechanism.

Fenton-like/Fenton related reactions
R1 H2O2þFeþ2-Feþ3þOH�þOH k1¼76 M�1 s�1

R2 H2O2þFeþ3-Feþ2þO2
�þ2Hþ

R3 O2
�þFeþ3-Feþ2þO2 k3¼3.1�105 M�1 s�1

R4 tolueneþOH-toluene' k4¼3.0�109 M�1 s�1

Proposed aromatic bromination mechanism in Fenton-like test reactors
R5 H2SO4þ2NaCl-2HClþNa2SO4

R6 HClþH2O2-H2OþHOCl [13]
R7 HOClþBr�-HOBrþCl� [14–15]
R8 HOBrþHCl-BrClþH2O
R9 TolueneþBrCl-Br-tolueneþHCl
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the end of the sample queue. The reaction times were the sum of
the time that the samples rested in the autosampler tray at
room temperature and the time that they were heated (30 min
at 80 1C).

3. Results

The mass chromatograms of samples from the Fenton-like
reactions of m-xylene, p-xylene and o-xylene, and toluene are

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

R
el

at
iv

e 
A

bu
nd

an
ce

6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0

Retention time, min

m-Xylene 
Fl

uo
ro

be
nz

en
e 

(IS
)

m
-X

yl
en

e

B
ro

m
o-

m
-x

yl
en

e

C
hl

or
o-

xy
le

ne
s

1,
4-

D
ic

hl
or

ob
en

ze
ne

-d
4

M
et

hy
lb

en
za

ld
eh

yd
e

p-
B

ro
m

of
lu

or
ob

en
ze

ne
 (S

ur
r)

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

R
el

at
iv

e 
A

bu
nd

an
ce

6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0

Retention time, min

p-Xylene 

Fl
uo

ro
be

nz
en

e 
(IS

)

p-
Br

om
of

lu
or

ob
en

ze
ne

 (S
ur

r)

p-
X

yl
en

e

2-
B

ro
m

o-
1,

4-
di

m
et

hy
lb

en
ze

ne

M
et

hy
lb

en
za

ld
eh

yd
e

1,
4-

D
ic

hl
or

ob
en

ze
n-

ed
4

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

R
el

at
iv

e 
A

bu
nd

an
ce

6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0

Retention time, min

o-Xylene

Fl
uo

ro
be

nz
en

e 
(IS

)

p-
Br

om
of

lu
or

ob
en

ze
ne

 (S
ur

r)

o-
X

yl
en

e

1,
4-

D
ic

hl
or

ob
en

ze
n-

ed
4

Br
om

o-
o-

xy
le

ne
s

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

R
el

at
iv

e 
A

bu
nd

an
ce

6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0

Retention time, min

Toluene

Fl
uo

ro
be

nz
en

e 
(IS

)

p-
Br

om
of

lu
or

ob
en

ze
ne

 (S
ur

r)

Br
om

o-
to

lu
en

e

Be
nz

al
de

hy
de

To
lu

en
e

Br
om

o-
to

lu
en

e
1,

4-
D

ic
hl

or
ob

en
ze

n-
ed

4

Fig. 1. Heated headspace mass chromatograms (Agilent GC/MS) illustrating the brominated reaction byproducts resulting from aqueous samples containing VOCs (m-xylene,
p-xylene, o-xylene and toluene). Aqueous samples were from test reactors containing VOCs, H2O2, pHo2 (resulting from quenching using H2SO4 (conc.)). Prior to analysis,
samples were amended with sodium chloride (matrix modifier) containing bromide impurities.
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total ion chromatograms (TIC) (Fig. 1). These samples were
analyzed using the Agilent headspace GC/MS system. The plots
reveal the presence of intense chromatographic peaks whose mass
spectra correspond to brominated toluene or brominated xylenes.
The identity of each brominated compound was confirmed by
comparing the retention times and mass spectra of the com-
pounds found in the samples with the authentic reference stan-
dards of the mono-brominated isomers of toluene and each of the
xylenes. Some di-brominated xylenes and chloro substituted
aromatics were also found in the chromatograms but at signifi-
cantly lower levels.

Matrix spike samples were included within each analysis
queue. These were prepared from split samples of the Fenton-
like reactions which were spiked with the same VOC standard
mixture that was used to prepare the calibration curves. This

spike mixture contained 29 VOCs including the aromatic com-
pounds: benzene, toluene, ethylbenzene, m-,p-,o-xylene, 1,2,3-
,1,2,4- and 1,3,5-trimethylbenzenes (TMBs), and naphthalene.
Mass chromatograms of the VOC standard mix (50 mg/L), a
sample from the Fenton-like reaction of o-xylene, and the same
o-xylene sample spiked at 50 mg/L with VOC compounds are
provided (Fig. 2). In the chromatogram of the Fenton reaction of
o-xylene, two brominated compounds were found: 1-bromo-2,3-
dimethylbenzene and 4-bromo-1,2-dimethylbenzene. When this
sample was spiked with the VOC standard mixture, peaks corre-
sponding to trimethylbenzenes and naphthalene disappeared
from the mass chromatogram and brominated aromatic com-
pounds appeared. The spike recoveries of these aromatic com-
pounds were determined in numerous Fenton-like reaction
samples under different conditions where toluene or one of the
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Fig. 2. Heated headspace mass chromatograms (Agilent GC/MS) of Fenton-like reaction mixtures containing H2O2, pHo2 (Conc. H2SO4), ferric sulfate, sodium chloride used
as matrix modifier, and (a) o-Xylene, (b) o-Xylene spiked with a VOC standard (50 mg/L), and (c) a VOC standard (50 mg/L).
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xylene isomers was the starting aromatic reactant (Table 2). A
correlation was established between the decrease in recovery of
spiked aromatic compounds and the presence of brominated
aromatic compounds (last column). The matrix spiked samples
were usually analyzed at the end of the analysis queue. Poorer
spike recoveries were found for aromatic compounds having
increased number of methyl substitution (i.e. TMB's) and for
naphthalene. The spike recovery of benzene was always within
the desired quality assurance, quality control (QA/QC) acceptance
criteria. In several examples, the matrix spike was done on
samples that did not contain H2O2. The spike recoveries of
aromatic compounds in these samples ranged from 81% to 128%
(avg: 99%, std. dev: 10%.) All of the spike recoveries in these
samples were within the QA/QC criteria of 730% of the expected
spike concentration.

When the analysis of the Fenton-like samples was done using
the Varian Saturn headspace GC/MS system, brominated com-
pounds were not found in any of chromatograms of samples or
matrix spiked samples. The one significant difference between the
two headspace methods was the matrix modifier. In the Tekmar/
Saturn system, the matrix modifier was the buffer salt mixture

consisting of NaCl, K2HPO4, and KH2PO4. In the CombiPal/Agilent
method, the matrix modifier was sodium chloride. When the
buffer salt was used, the pH of the sample increased to �6. The
acidic nature of samples (pHo2) containing un-buffered sodium
chloride (i.e., NaCl only) was attributed to the small quantity of
H2SO4 (conc.) used to quench the Fenton/Fenton-like reactions. No
brominated toluene or xylene compounds were found in samples
where the matrix was modified with the buffer salt.

Given the reagents used in the Fenton-like reaction experi-
ments and in the headspace analysis, the only source of bromide
(Br�) was the trace amount present in the sodium chloride salt
added as a matrix modifier. In USP and ACS grades of sodium
chloride, the manufacturer's specifications indicate that Br- is
present at o0.01% w/w. Since 2 g of sodium chloride is added to
the 10 mL of sample, Br- at levels less than 0.2 mg could be present
in the sample. Relative to the amount of aromatic compounds
spiked into the sample, the concentration of Br- would likely be in
significant excess of the aromatic compounds. Assuming a con-
centration of 0.01% w/w of Br- in the NaCl salt, the bromide would
be present at 250 mmol/L compared to 45 mmole/L of aromatic
compounds.

Table 2
Percent (%) recovery of aromatic compounds spiked into Fenton-like mixture using the Agilent Headspace GC/MS system. Prior to analysis, the pH was adjusted (pH 2) with
H2SO4 and the sample (10 mL) was added to headspace vials (20 mL) containing a sodium chloride (USP) matrix modifier. The determination of the matrix spike recovery
was based on a Fenton-like reaction sample (10 mL) that was spiked (50 mg/L) with a chlorinated and aromatic VOC mixture.a

Reactant Sample Benzene Toluene mþp-Xylene o-Xylene 1,3,5-TMB 1,2,4-TMB 1,2,3-TMB Naphthalene Brominated peaks

m-Xylene 50 mg/L spike 85 90 8.5 73 11 0.0 17 30 yes
50 mg/L spike 87 88 57 57 6.3 0.0 6.8 8.5 yes
50 mg/L spike 85 65 11 4.5 0.0 0.0 0.0 0.0 yes

p-Xylene 50 mg/L spike 100 59 37 25 0.7 7.1 5.0 0.0 yes
50 mg/L spike 101 82 29 35 4.3 3.5 5.0 0.0 yes
50 mg/L spike 100 85 35 46 6.5 3.6 6.0 0.0 yes

o-Xylene 50 mg/L spike 105 76 25 75 0.0 4.3 0.0 14 yes
50 mg/L spike 110 61 27 41 0.0 6.2 0.0 22 yes
50 mg/L spike 105 70 20 25 0.0 0.0 0.0 12 yes

Toluene 50 mg/L spike 100 160 13 1 0.0 0.0 0.0 0.0 yes
50 mg/L spike 98 112 19 1.6 0.0 0.0 0.0 0.0 yes

Toluene 50 mg/L spike; no H2O2 106 116 105 103 100 102 104 128 no
50 mg/L spike; no H2O2 101 108 104 101 101 104 98 118 no
50 mg/L spike; no H2O2 101 102 97 102 92 91 95 92 no
50 mg/L spike; no H2O2 95 97 95 96 81 81 85 82 no

Spike recoveries which are greater than the acceptable limit of 730% of the spiked concentration.
a Each sample contained sodium chloride salt (USP) containing bromide impurities as the matrix modifier; TMB¼Trimethylbenzene.

Table 3
Percent recovery (%) of aromatic compounds spiked into Fenton-like reaction samples with different matrix modifiers, reaction times and reagents. These analyses were
performed using the Varian Saturn Headspace GC/MS system. Prior to analysis, the pH was adjusted (pH 2) and the sample (10 mL) was added to headspace vials (20 mL)
containing salts (2 g) (either NaCl (USP) (Fisher Scientific), NaCl (ACS) (Aldrich), or NaCl/phosphate mixture (50% w/w NaCl (ACS); 42% w/w potassium phosphate dibasic; 8%
w/w potassium phosphate monobasic) (Aldrich)).a

Sample Benzene Toluene mþp-Xylene o-Xylene 1,3,5-TMB 1,2,4-TMB 1,2,3-TMB Naphthalene Brominated peaks

NaCl(USP) 96 97 100 93 51 71 70 28 yes
NaCl(USP) 95 99 104 99 78 75 81 49 yes
NaCl(ACS) 96 100 110 106 82 84 94 84 yes
NaCl(ACS) 95 97 108 105 85 84 92 84 yes
NaCl/PO4 mix 95 97 108 99 94 93 95 76 no
NaCl/PO4 mix 96 100 113 104 96 94 96 79 no
NaCl(USP); 8 h storageb 98 54 37 36 0 7.9 3.7 0 yes
NaCl(USP); no Feþ þ þ 94 97 103 102 78 81 81 55 yes
NaCl(USP); no Feþ þ þ 96 100 103 102 80 83 85 57 yes
NaCl(USP); no H2O2 94 100 109 108 96 95 105 90 no
NaCl(USP); no H2O2 93 99 109 107 95 90 101 90 no

Spike recoveries which are greater than the acceptable limit of 730% of the spiked concentration.
a TMB¼Trimethylbenzene.
b The 8 h storage sample was prepared at the beginning of the sample queue but not analyzed until 8 h later; sample rested at room temperature until analyzed; all other

samples were prepared and immediately analyzed.
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3.1. Mechanistic Investigation

Several experiments were done to determine the critical reagents
in the bromination reactions. The basic Fenton-like reagent mixture
was prepared using ferric sulfate (5 mM), H2O2 (6 mM), and pH
3 using NaOH (to raise the pH to pH¼3), and subsequently acidified
(pH o2; H2SO4 (conc.)) prior to analysis to simulate actual reaction
and preservation conditions. Aliquots (10 mL) of the acidified Fenton-
like reagent mixture were added to separate headspace vials that
contained different matrix modifiers (2 g): sodium chloride (ACS
grade), sodium chloride (USP grade), and sodium chloride with a
phosphate buffer (pHE6) (i.e., 50% w/w sodium chloride (ACS), 42%
w/w potassium phosphate dibasic and 8% w/w potassium phosphate
monobasic) (Aldrich). Each sample was spiked with the VOC mixture
(50 mg/L) and internal standard/surrogates were added (100 mg/L). In
one experiment, the spiked sample containing acidified Fenton-like
mix and the USP sodium chloride was allowed to sit at room
temperature for 8 h before the headspace analysis was started. In
two other experiments, ferric sulfate or H2O2 were omitted. The
Tekmar/Saturn headspace GC/MS system was used to analyze these
samples. The sample that was allowed to react for 8 h (i.e., allowed to
sit on the autosampler tray for 8 h at room temperature followed by
headspace heating at 80 1C for 30 min) had complete loss of 1,3,5-
trimethylbenzene and naphthalene and significant losses of toluene,
m-,p-,o-xylenes, and 1,2,4- and 1,2,3-trimethylbenzenes (Table 3).
Comparison of the samples that were heated at 80 1C for 30 min
and contained USP sodium chloride or ACS sodium chloride revealed
more loss of 1,3,5-trimethylbenzene and naphthalene in the USP
sodium chloride sample. This may be due to a greater concentration
of bromide in the USP sodium chloride. When ferric sulfate is absent,
the loss of aromatic compounds still occurs to approximately the
same extent as when it was present. When ferric sulfate was present
but H2O2 was absent, no loss of aromatic compounds occurred during
the heated headspace analysis indicating that ferric sulfate is not
needed for the bromination to occur. Finally, the bromination effect
documented in the Agilent GC/MS system using NaCl as the matrix
modifier was duplicated in the Saturn GC/MS system. These results
indicate that when NaCl is used for the matrix modifier, bromination
of the aromatic compounds occurs at room temperature and during
the time that the sample is heated in the headspace analyzer. This
result indicates that the extent of aromatic compound loss depends
on the amount of time that the sample rested on the autosampler tray
before analysis and explains the differences between spike recoveries
for aromatic compounds found in Table 2. Specifically, samples
analyzed using the Varian Saturn 2100T were prepared and immedi-
ately analyzed, unless otherwise noted (i.e., 8 h storage sample set,
Table 3), and samples analyzed using the Agilent 6890 GC/MS rested
in the autosampler tray for varying amounts of time depending on
how many sample were in the sample queue. Therefore, greater
reaction time occurred in samples analyzed using the Agilent system
and resulted in greater bromination and less recovery of the aromatic
compounds.

4. Discussion

4.1. Bromination reaction mechanism

A mechanism for the bromination of aromatic compounds
under the conditions reported here is supported by previous
research involving treatment of aqueous systems containing Cl� ,
Br� , and H2O2, under acidic conditions [13–15] (Table 1; R5–R9).
When acid is present, Cl� from sodium chloride is protonated to
form hydrochloric acid. In the presence of H2O2, hydrochloric acid
reacts to form hypochlorous acid (HOCl) [13]. Hypobromous acid
(HOBr) is then produced by the very fast and irreversible oxidation

of Br� by hypochlorous acid. When excess Cl� is present in water
containing HOBr, BrCl is formed. BrCl is a strong brominating
reagent that is more reactive than HOCl, Cl2, HOBr or Br2. Voudrias
and Reinhard [15] have reported that in the presence of HOCl
(5�10�5 M) (pH 3; 3 h reaction), Cl� (5�10�4 M), Br� (2.5�
10�5 M), and p-xylene (10�6 M), approximately 93% of the original
p-xylene is converted to halogenated products with 92% of them
being bromo-p-xylene and 1% being chloro-p-xylene. When the
same reaction was done at pH 5.0, less than 5% bromination of p-
xylene occurred. They further reported that in HOCl solutions
containing Br� and Cl� , acidic protons and both Br� and Cl� ions
catalyze the bromination of p-xylene. Even at relatively small Br-

concentrations as is found in NaCl salt, the initial bromination rate
is higher than the initial chlorination rate. This is due to the
superior electrophilic power of BrCl and H2OBrþ .

4.2. Functionality dependency

The extent of bromination of the aromatic compounds increases
as the number of methyl groups increases on the molecule.
Methyl groups in aromatic compounds direct electrophilic aromatic
substitution to the 2,4-positions relative to the methyl group. In
toluene, the expected bromated compounds are 2-bromotoluene and
4-bromotoluene. The isomeric distribution in the bromination of
toluene was reported as 33% 2-bromotoluene, 0.3% 3-bromotoluene
and 67% 4-bromotoluene [16]. In 1,3,5-trimethylbenzene each of the
methyl groups directs bromination equally toward each of the three
open positions (2,4,6) for electrophilic substitution of bromine. This is
evident when the relative reactivities of methyl substituted benzenes
are compared. The relative reactivity toward bromination for ben-
zene, toluene, p-xylene, o-xylene, m-xylene and 1,3,5-trimethylben-
zene are reported as 1: 605: 2520: 5320: 5�105: 2�108 [16].
The spike recovery data (Table 2) for the aromatic compounds show
the same trend with no bromination of benzene and complete or
nearly complete loss of 1,3,5-trimethylbenzene occurred in all eleven
spike recovery determinations. Similar trends are seen with 1,2,4-
TMB and 1,2,3-TMB. It is suggested that the high reactivity of 1,3,5-
trimethylbenzene toward BrCl could be used as a means to deter-
mine low concentrations of bromide (o0.01%) in sodium chloride
salt. Specifically, this would require that acidic conditions (pHo2),
the presence of H2O2, and 1,3,5-trimethylbenzene would need to be
present in excess of the bromide. The Br� concentration could be
determined by heated headspace GC/MS by reaction of an excess
concentration of 1,3,5-trimethylbenzene with the Br- impurity in
sodium chloride. A standard curve could be prepared to determine
the bromide in the USP and ACS sodium chloride involving the
addition of incremental concentrations of sodium bromide with plots
of the peak area of 2-bromo-1,3,5-trimethylbenzene. Similarly, pen-
tamethylbenzene could be used as the bromination reagent since
the bromination reaction of this compound is four times greater
1,3,5-trimethylbenzene [16].

4.3. Problem resolution

The use of a sodium chloride/phosphate buffer salt as a matrix
modifier and neutralization reagent of acid/base preserved sam-
ples is a better option than using sodium chloride. Specifically, two
cases are now known where neutralization of the acidified
samples before heated headspace analysis prevents reactions
that cause target compound loss. The first case involved the acid
hydrolysis of fuel ether oxygenates: MTBE, TAME and ETBE, to
form the corresponding tert-butyl alcohol, tert-amyl alcohol,
ethanol and methanol [7–10]. The second case of compound loss
due to a heated headspace reaction under acidic conditions is
reported here and involves the reaction of aromatic compounds
with BrCl formed by the reaction of H2O2, Cl� , and Br� .

D.D. Fine et al. / Talanta 117 (2013) 20–26 25



Notice

The U.S. Environmental Protection Agency, through its Office of
Research and Development, funded and managed the research
described here. It has not been subjected to Agency review and
therefore does not necessarily reflect the views of the Agency, and
no official endorsement should be inferred.

Acknowledgments

The authors acknowledge A. Hutson (East Central University,
Ada, OK) for laboratory assistance, and J. Armstrong, M. Blanken-
ship, C. Hoover, and (Shaw Environmental Inc., Ada, OK) for their
analytical support.

References

[1] S.G. Huling, B. Pivetz, In-Situ Chemical Oxidation—Engineering Issue, US
Environmental Protection Agency, National Risk Management Research
Laboratory, R.S. Kerr Environmental Research Center, Ada, OK, 2006. (EPA/
600/R-06/072).

[2] J.J. Pignatello, E. Oliveros, A. MacKay, Crit. Rev. Environ. Sci. Technol. 36 (2006) 1.
[3] R.L. Siegrist, M.L. Crimi, T.J. Simpkin (Eds.), A volume in SERDP/ESTCP

Remediation Technology Monograph Series, Springer Science and Business
Media, LLC, New York, 2008. (C.H. Ward (Series ed.).

[4] S.G. Huling, S. Ko, S.B. Pivetz, Ground Water Monit. Remed. 31 (2011) 72.
[5] K.T. Johnson, M.Wickham-St. Germain, S. Ko, S.G. Huling, Ground Water Monit.

Remed. 32 (2012) 84.
[6] S. Ko, S.G. Huling, B. Pivetz, Ground Water Sample Preservation at In-Situ

Chemical Oxidation Sites—Recommended Guidelines, EPA Ground Water Issue
Paper, US Environmental Protection Agency, National Risk Management
Research Laboratory, R.S. Kerr Environmental Research Center, Ada, OK,
2012. (EPA/600/R-12/049).

[7] US EPA, Method 5021A, Volatile Organic Compounds in Various Sample
Matrices using Equilibrium Headspace Analysis. Method 8260C, Volatile
Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS),
Test Methods for Evaluating Solid Waste, Physical/Chemical Methods, 3rd Ed,
EPA Publication SW-846, 2003.

[8] Z. Lin, J. Wilson, D. Fine, Environ. Sci. Technol. 37 (2004) 4994.
[9] P. McLoughlin, R. Pirkle, D. Fine, J. Wilson, Ground Water Monit. Remed. 24

(2004) 57;
[b] P. McLoughlin, J. Wilson, D. Fine, R. Pirkle, Proceedings of the 2002

Petroleum Hydrocarbons and Organic Chemicals in Ground Water: Pre-
vention, Detection, and Remediation, November 8, 2002, Atlanta, Georgia,
pp. 434–438,.

[10] D. Kovacs, D. Kampbell, Arch. Environ. Contamin. Toxicol. 36 (1999) 242.
[11] S. Huling, S. Hwang, D. Fine, S. Ko., Water Res. 45 (2011) 5334.
[12] S. Hwang, S.G. Huling, S. Ko, Chemosphere 78 (2011) 563.
[13] V. Skudaev, A. Solomonov, A. Morozovskii, N. Isakov, Russ. J. Appl. Chem 1

(2008) 14.
[14] E. Voudrias, M. Reinhard, Environ. Sci. Technol. 22 (1988) 1049.
[15] E. Voudrias, M. Reinhard, Environ. Sci. Technol. 22 (1988) 1056.
[16] H. Brown, L. Stock, JACS 79 (1957) 1421.

D.D. Fine et al. / Talanta 117 (2013) 20–2626




