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a  b  s  t  r  a  c  t

A  novel  analytical  method  for the  quantification  of  bromate  in fresh  foods  using high  performance  liq-
uid  chromatography  (HPLC)  with  a post-column  reaction  has  been  developed.  The  fresh  food  sample
solutions  were  pretreated  with  homogenization,  centrifugal  ultrafiltration  and  subsequent  solid  phase
extraction  using  a strong  anion-exchange  resin.  After  separation  on  a strong  anion-exchange  chromatog-
raphy  column  using  a highly  concentrated  NaCl  solution  (0.3 M) as  the  eluent,  the  bromate  was  quantified
by  detection  using  a  post-column  reaction  with  a non-carcinogenic  reagent  (tetramethylbenzidine).  The
developed  HPLC  technique  made  it possible  to  quantify  bromate  in  salt-rich  fresh  foods.  The  recoveries
from  fresh  foods  spiked  with  bromate  at low  levels  (2 or 10 ng/g)  satisfactorily  ranged  from  75.3  to  90.7%.
The  lowest  quantification  limit  in  fresh  foods  was  estimated  to  be 0.6  ng/g  as bromic  acid.  The  method
should  be helpful  for the  quantification  of bromate  in  fresh  foods  disinfected  with  hypochlorite  solutions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Bromate is classified as possibly carcinogenic to humans (Group
2B) [1].  A decade ago, it was reported that bromate was  present in
the sodium hypochlorite solutions historically employed as disin-
fectants for drinking water [2].  Sodium hypochlorite is prepared
from the reaction of chlorine and sodium hydroxide, which are
produced from the electrolysis of brine which is a solution of
sodium chloride. While, bromide ions are found to a very varying
extent in the sodium chloride. Accordingly, the bromine in chlorine
has been thought to be related to bromate production [2].  There-
fore, a provisional guideline value of 10 ng/mL in drinking water
is recommended by the WHO  [3].  In general, sodium hypochlo-
rite solutions have also been employed for the disinfection of fresh
foods, including vegetables, meats and fishes, in many countries.
However, residual bromate remaining in fresh foods treated with
sodium hypochlorite solution remains obscure.

To date, several analytical methods for bromate detection have
been reported [4–8]. Initially US Envirinmental Protection Agency
(EPA) 300.1 method was established by using ion chromatogra-
phy with conductivity detection. As more information concerning
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bromate toxicity became available, lower regulatory limits were
imposed, resulting in demands for lower detection limits. This led
to development of post-column derivatization and visible detection
method EPA 317. In this method, bromate is specifically reacted
with a post-column reagent, o-dianisidine, and detected by visible
absorbance detection (450 nm). Separation is basically the same as
in EPA 300.0. The ion chromatography method with a post-column
reaction was  reported for the quantification of residual bromate
in bread [9] and announced as the official method by the Japanese
Ministry of Health and Welfare (published in 1997). However, the
use of o-dianisidine is a safety concern because of its carcinogenic-
ity. In addition, the method requires time-consuming clean-up
steps for the bread sample extract, including a C18 cartridge for
defatting, a silver cartridge for removal of chloride ions, centrifugal
ultrafiltration for deproteinization and a cation-exchange cartridge
for removal of silver ions [7].  Furthermore, the method is difficult to
apply to fresh foods, because excess amounts of byproducts derived
from hypochlorite prevent the quantification of bromate. For the
quantification of bromate in fresh foods using HPLC, we  considered
it necessary to develop a separation method and a detection sys-
tem, as well as a pretreatment method that is closely linked to the
separation and detection systems. In the present study, we report a
novel analytical method for the quantification of bromate in fresh
foods that is based on HPLC with post-column derivatization using
tetramethylbenzidine (TMBz) [10,11].
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2. Materials and methods

2.1. Materials

TMBz was purchased from Tokyo Kasei (Tokyo, Japan). Potas-
sium bromate and potassium bromide were purchased from Wako
Pure Chemicals (Osaka, Japan). TSKgel SAX (particle size, 5 �m)  was
purchased from Tosoh Co. (Japan) and packed in a stainless empty
column (4.6 mm i.d. × 50 mm).  Amicon Ultra-15 Centrifugal Filter
device (volume, 15 mL;  MWCO, 30 kDa) was purchased from Mil-
lipore Co. Ltd. (USA). Muromac AG 1X8 (200–400 mesh, Cl− form)
was purchased from Muromachi Chemical Inc. (Japan).

2.2. HPLC with post-column derivatization for bromate
quantification

The HPLC assembly consisted of HPLC pumps (LC-10AD; Shi-
madzu), a sample injector (7725; Rheodyne), a column oven
(CTO-10A; Shimadzu), a UV–vis detector (L-7485; Hitachi), a
dry reaction bath (L-5050; Hitachi) and a chromatointegrator
(Chromatocorder 21; SIC). Chromatographic conditions for the
quantification of bromate were as follows: a separation column,
TSKgel SAX (4.6 mm i.d. × 50 mm,  particle size 5 �m);  column tem-
perature, 40 ◦C; eluent, 0.3 M NaCl (flow rate, 0.8 mL/min); TMBz
reagent, 0.15 M sulfuric acid containing 10 g/L potassium bromide,
250 mg/L TMBz and 20% (v/v) methanol (flow rate, 0.4 mL/min);
reaction temperature, 80 ◦C; cooling temperature, room temper-
ature in water bath; reaction coil, Teflon tube (0.5 mm i.d. × 8 m);
cooling coil, Teflon tube (0.5 mm i.d. × 2 m);  detection, 450 nm and
sample volume, 200 �L for quantification.

3. Results and discussion

3.1. Post-column detection for bromate quantification

TMBz has generally been used as a chromogen for horseradish
peroxidase in enzyme immunoassays, and is also widely used as
an Ames test negative reagent [10]. Therefore, this non-mutagenic
chromogen was used for bromate detection. When a potassium
bromate solution was mixed with an acidic solution containing
potassium bromide and TMBz, the TMBz was oxidized to a yellow
product with a �max  at 450 nm.  In this reaction, hydrochloric and
sulfuric acids were found to be appropriate as acidic reagents for
colour development, whereas nitric acid was not because it caused
precipitation of TMBz (data not shown).

3.2. Chromatographic separation of bromate

Inorganic anions are generally separated by ion chromatog-
raphy, in which both a special column with low capacity and
detection by a conductivity detector are employed. Therefore, the
concentration of salts in the eluent should be lowered to enable
detection. As a result, the ion concentration in the sample solu-
tion is also required to be as low as possible. On the other hand,
the solid phase extraction of bromate in sample solutions using
an ion-exchange resin in the pretreatment steps requires a high
concentration of the salt for the elution of the bound bromate
on the ion-exchange resin. To solve these problems, the use of a
high capacity, strong anion-exchange resin for HPLC, TSKgel SAX
(exchange capacity, 1.0 equiv./L; particle size, 5 �m),  was  investi-
gated. Using this column, a comparatively high concentration of
sodium chloride (0.3 M)  could be used in the eluent to separate the
bromate.

To achieve the lowest quantification limit of 1.0 ng/mL as bromic
acid, a high injection volume of up to 200 �L was required. Because

a sample solution containing a high concentration of salt was sub-
jected to ion-exchange HPLC with a high injection volume, it was
presumed that the bromate might be eluted as a broad peak. The-
oretically, the concentration of the salts in the sample solution
should be similar to that in the eluent. As shown in Fig. 1A, when the
concentration of salt in the sample solution is significantly higher
than that in the eluent, the correlation between the peak height and
injection volume is not linear. Therefore, the concentration of NaCl
in the sample solution was  adjusted to 0.3 M,  which is identical to
the concentration of NaCl in the eluent. Consequently, linearity was
observed for the correlation between the peak height and injection
volume (Fig. 1B). A chromatogram of bromate in 0.3 M NaCl and a
calibration curve for the quantification of bromate in the range from
0.64 to 12.9 ng/mL (as bromic acid) are shown in Fig. 2. The low-
est quantification limit (S/N = 5) was  estimated to be 0.6 ng/mL as
bromic acid. The relative standard deviation at 0.64 ng/mL bromate
(approximately the lowest quantification limit) was  10.3% (N = 3).

Hypochlorite solutions (100 �g/mL as chlorite) were prepared
from a sodium hypochlorite feedstock solution and dry calcium
hypochlorite disinfectant by diluting with or dissolving in water
and then subjected to HPLC (data not shown). There is no peak
interfering with the quantification of bromate in the hypochlorite
solution.

3.3. Pretreatment of homogenates prepared from fresh foods

Fresh foods including vegetables, meats and fish were homog-
enized to 10% (w/v) homogenates in water. The homogenate of
cabbage, to which potassium bromate was spiked (final content
was 10 ng/mL), was centrifuged at 5000 × g for 15 min  at 4 ◦C,
and then the supernatant was subjected to centrifugal ultrafiltra-
tion using an Amicon Ultra-15 Centrifugal Filter device (volume,
15 mL;  MWCO, 30 kDa; 5000 × g for 90 min). When the filtrate was
subjected to HPLC, the peak for bromate was  detected and the
recovery was  estimated to be 102% (data not shown). This result
demonstrates that the present HPLC method requires no special
pretreatment techniques, except centrifugal ultrafiltration.

For the solid phase-extraction of the bromate in the filtrate,
anion-exchange chromatography using Muromac AG 1X8 (Muro-
machi Chemical Inc.; 200–400 mesh, Cl− form) was examined. A
Pasteur pipette (5 mm i.d.) was used as a disposal column tube, to
which 120 �L of Muromac AG 1X8 was  packed (5 mm i.d. × 6 mm).
Defatted cotton was  used as a filter to prevent outflow of the
resin. After equilibration with water, 10 mL  of the filtrate prepared
from the cabbage homogenate spiked with potassium bromate
to 1.28 ng/mL was passed through the column. The column was
washed with 5 mL  of water, and then the bound bromate was  eluted
by 0.3 M NaCl. An initial 0.15 mL  corresponding to the dead volume
of the column was discarded, and then the eluent was  fractionated
into 0.5 mL  aliquots. The bromate concentration in each fraction
was quantified using HPLC (data not shown). The bromate was
eluted in a total of 1 mL  of 0.3 M NaCl; therefore, the bromate in
10 mL of ultrafiltrate obtained from a 10% homogenate was con-
centrated to 1 mL  of a 0.3-M NaCl solution.

The recoveries for bromate from cabbage, poultry and horse
mackerel were then examined. Bromate was  spiked into each
homogenate at a concentration of 2 or 10 ng/mL, and the
homogenates were analysed after pretreatment of the sample solu-
tion. The results are shown in Table 1. The recoveries ranged from
75.3% to 90.7%. Chromatograms of the non-spiked sample solutions
prepared from cabbage, poultry and horse mackerel are shown in
Fig. 3. Interestingly, although residual bromate was  not detected in
the non-spiked sample solutions of cabbage and horse mackerel,
a trace amount of bromate was  detected in the non-spiked sam-
ple solutions prepared from commercially available poultry. It is,
however, difficult to confirm whether this poultry was  disinfected
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