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Abstract

A method based on capillary electrophoresis with electrochemical detection (CE–ED) to calculate the rate constants and activation energy
of 3-chloro-1,2-propanediol (3-MCPD) hydrolysis was described. Effects of several factors, such as the pH value and the concentration of the
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unning buffer, separation voltage, injection time and the potential applied to the working electrode, were investigated to find the
onditions. With a 50 cm length of 25�m diameter fused-silica capillary at a separation of 10 kV, well-defined separation of 3-c
,2-propanediol from glycerol was achieved in 30 mmol/l borax (pH 9.24) within 13 min. Operated in a wall-jet configuration, a�m
opper-disk electrode used as the working electrode exhibits good response at 0.65 V (versus SCE) for 3-MCPD and glycero
onstants of 3-MCPD hydrolysis at different temperatures were determined by monitoring the concentration changes of 3-MCPD
nd 90◦C, the measured rate constants of 3-MCPD hydrolysis were 3.8× 10−3 min−1, 7.1× 10−3 min−1 and 11.5× 10−3 min−1, respectively
he activation energy for 3-MCPD hydrolysis was calculated to be 118.1 k J/mol, which is in good agreement with the value in the
2005 Elsevier B.V. All rights reserved.

eywords:Rate constants; Activation energy; 3-Chloro-1,2-propanediol; Capillary electrophoresis; Electrochemical detection

. Introduction

3-Chloro-1,2-propanediol is a known carcinogen[1,2].
he risk assessment for 3-chloro-1,2-propanediol (3-MCPD)
as been evaluated by the EU Scientific Committee on Food

3] and by the Joint FAO/WHO Expert Committee on Food
dditives[4]. Toxicological studies showed that 3-MCPD is
potential human carcinogen[5] and a maximum tolerable

aily intake of 2�g/kg body weight has been established[6].
n many countries, the food industries have been requested
7] to take all steps to reduce concentrations of 3-MCPD to
owest achievable level in foods and food ingredients.

The highest level of 3-MCPD has been found in hy-
rolyzed vegetable proteins (HVP) and related sauce prod-
cts. This is produced by treating protein-rich plant ex-
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tracts, e.g. from soya beans, with concentrated hydro
ric acid at high temperatures. Recently, 3-MCPD has
been found in other foods[8–10], especially in cereal pro
ucts, which have been heated such as baking, roasti
toasting. Some experiment[11] has been simulated to i
vestigate the influence of the composition, the moisture
pH value and the temperature on the formation kinetic
chloropropanediols in wheat flour dough. Though the
mation mechanism of 3-MCPD has been studied in se
laboratories[12], it has not been fully elucidated and use
practice.

On the other hand, 3-MCPD is easily hydrolyzed in b
solution. The resultant is glycerol, a nontoxic natural c
pound. If the HVP used in foods were processed with the
propriate pH value and temperature, the content of 3-M
would be decreased significantly to even lower than the d
mination limit with the present method. Therefore, it is v
important to investigate the reaction of 3-MCPD hydroly
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for evaluating the half life, selecting the optimum hydrolysis
condition.

Studies on the rate constants of 3-MCPD by reversed phase
high performance liquid chromatography with refractive in-
dex detector (HPLC-RI)[13,14]has been reported, in which
3-MCPD was found to degrade according to first-order kinet-
ics and the degradation reaction obeyed Arrhenius equation
with a constant activation energy (Ea) of 119.2 kJ/mol over
the pH range of 5–9. The 3-MCPD and glycerol are in general
difficult to separate and detect due to the similar molecular
structure and lack of chromophores. At present, direct detec-
tion with refractive index and conductivity has been used, but
is limited because of the poor sensitivity. On the other hand, it
is found that 3-MCPD can be oxidized at copper electrode in
basic solution. So we first present an amperometric detection
method for 3-MCPD in this paper. In addition, Capillary elec-
trophoresis (CE) is an important separation technology for
its speed, efficiency, reproducibility and minimal consump-
tion of solvent. With electrochemical detection (ED), CE–ED
offers high sensitivity and good selectivity for electroactive
analytes. CE–ED is mostly used in the quantitative analysis.
Recently, CE has also been applied as a new important tech-
nology to measure the dissociation constant (pKa) [15–24]
and other chemical physics constants. But CE–ED used in
the determination of reaction rate constants was not fully ex-
plored[25–27]. In this work, we first used CE–ED to develop
a tion
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buffer while the outlet end was laid in the detection cell filled
with 0.05 mol/l sodium hydroxide solution. A 50 cm length
of 25�m i.d. fused-silica capillary (Hebai Yongnian Factory,
China) was used for the separation.

The design of CE–ED detector was based on the end-
column approach in which the working electrode was simply
placed at the outlet of the separation capillary and detection
was carried out in the outlet reservoir. A copper electrode
with 328�m diameter was employed as the working elec-
trode and positioned carefully opposite to the capillary outlet
with the aid of micropositioner (Shanghai Lianyi Instrument
Factory, China). A three-electrode cell system consisting of a
copper-working electrode, a platinum auxiliary electrode and
a saturated calomel electrode (SCE) reference electrode was
used in combination with a BAS LC–3D amperometric de-
tector (Biochemical System, West Lafayette, IN, USA). The
electropherograms were recorded and processed with HW-
2000 chromatography workstation (Jiteng Trading Pte Ltd.,
Shanghai, China).

2.3. Hydrolysis procedures

The constant temperature water bath was adjusted to
the needed temperatures at which the hydrolysis was car-
ried out (80, 85 and 90◦C). Both 3-MCPD solution of
1.3× 10−4 g/ml and the buffer solution of pH 6.8 were pre-
h t tem-
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l sk.
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simple and rapid method for determination of the reac
ate constants and activation energy of 3-MCPD hydrol

. Materials and methods

.1. Materials

3-Chloro-1, 2-propanediol was purchased from Uni
esearch Inc. (Tianjin China), glycerol were obtai

rom Shanghai Chemical Reagent Factory (Shan
hina). Stock solutions of 1.3× 10−4 g/ml 3-MCPD and
.2× 10−4 g/ml glycerol were prepared with deionized w

er. 0.1 mol/l citric acid mixed with 0.2 mol/l disodium hydr
en phosphate with the pH value of 6.8 was used as the b
olution for the hydrolysis reaction medium. 30 mmol/l bo
ith the pH value of 9.24 was used as the running buffe
eparation medium in CE. All reagents were analytical gr

.2. Apparatus

Hydrolysis reaction of 3-MCPD was carried out in a 5
onstant temperature water bath (Shanghai Experime
trument Factory, Shanghai, China).

A laboratory-built[28] CE–ED system was used in th
ork. A 30 kV high voltage power supply (Shanghai In

ute of Nuclear Research, China) provided a voltage bet
he ends of the capillary. The inlet end of the capillary
eld at a positive potential and the outlet end was m

ained at ground. The inlet cell was filled with the runn
eated to the same temperature for 15 min in the constan
erature water bath. Then 5 ml 3-MCPD and 5 ml buffer

ution were mixed in a 10 ml metric flask by shaking the fla
he solution was immediately put in the same water bath

he initial time of hydrolysis was recorded simultaneou
n accurate volume of 100�l hydrolysates was taken out

he hydrolysis time of 60, 90 120, 150 and 180 min, res
ively, and diluted with 1.4 ml of 30 mmol/l borax. Thus t
olution can be immediately injected electrokinetically
nalysis with CE.

.4. Determination of 3-MCPD and glycerol

3-MCPD and glycerol were determined with CE–ED. T
amples were injected electrokinetically for 8 s and sepa
t the separation voltage of 10 kV in the running buffe
0 mmol borax with the pH value of 9.24. Before use,
urface of the copper electrode was polished with emery
aper, and sonicated in deionized water. The potential ap

o the working electrode was 0.65 V (versus SCE), at w
he currents of the analytes were detected.

. Results and discussion

.1. Effect of the potential applied to the working
lectrode

Copper electrode can catalyze the oxidation of the
ohydrates, sugar acids and alditol in basic media[29] and
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glycerol has been determined by CE–ED with copper elec-
trode[30]. Compared with molecular structure of glycerol,
3-MCPD replaces a hydroxyl group by a chlorine group. Be-
cause 3-MCPD has vicinal dihydroxy groups, it could be
oxidized at copper electrode in alkaline solution.

Based on the above assumption, electrochemical detection
at copper electrode in 0.05 mol/l sodium hydroxide solution
for 3-MCPD, as well as glycerol, was studied in this experi-
ment. The potential applied to the working electrode directly
affects the sensitivity and the detection limit of this method.
To obtain best detection results hydrodynamic voltammetry
was investigated to find the optimum potential. As shown
in Fig. 1, the applied potential was more than +0.50 V (ver-
sus SCE), 3-MCPD indeed can be oxidized at the copper
electrode in basic media, though it need higher oxidation po-
tential than glycerol. When the applied potential was more
than +0.55 V (versus SCE), the oxidation currents of the ana-
lytes increase rapidly with increasing applied potential. How-
ever, when the applied potential is more than +0.68 V (versus
SCE), both the baseline noise and the background current
increase very strongly, which are obviously disadvantage for
sensitive and stable detection. Therefore the applied potential
to the working electrode was maintained at +0.65 V (versus
SCE), where the background current is not too high, and the
S/N ratio is the highest. Moreover, the working electrode
showed good stability and high reproducibility at this opti-
m
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detection cell. Unfortunately, 3-MCPD cannot be separated
from glycerol completely. Moreover, 3-MCPD is not stable in
the sodium hydroxide solution, because a substitution reac-
tion is easy to happen for 3-MCPD in a strong basic medium.
So sodium hydroxide solution cannot be used as the running
buffer.

Borate has a complexation reaction with 3-MCPD and
glycerol, which increases the difference of ratios of charge
to mass between the two analytes, hence, borate buffer was
chosen as the running buffer in this work. The concentra-
tion of the running buffer varying from 10 to 40 mmol/l was
studied in this experiment. In the 10 and 20 mmol/l running
buffers, the 3-MCPD and glycerol cannot be separated com-
pletely. While in the 40 mmol/l running buffers, 3-MCPD and
glycerol can be separated but the analysis time is longer and
the peak currents decrease severely. At the concentration of
30 mmol/l, there is a good separation between the two ana-
lytes and short analysis time.

The pH value of the running buffer affects the separation
and detection of the analytes. Hence, the effect of pH value
was investigated in the range of 8.5–9.5. When the pH value is
less than 8.98, the copper electrode has not current response
at all. Maybe the pH value is too low to generate oxidation
current at copper electrode. While the pH value is more than
9.50, 3-MCPD and glycerol were not separated completely.
At the pH value of 9.24, a good separation of the two analytes
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.2. Effects of the pH value and concentration of the
unning buffer

At first, 0.05 mol/l Sodium hydroxide solution was co
idered as the running buffer to accord with the buffe

ig. 1. Effect of potential applied to the working electrode on
eak current. Working electrode: 328�m copper electrode; the runni
uffer: 30 mmol/l borax (pH 9.24); the concentration of two analys
.3× 10−5 g/ml and 1.2× 10−5 g/ml for 3-MCPD and glycerol, respe

ively; inject time: 8 s, separation voltage: 10 kV.
an be achieved. So the 30 mmol/l borate with the pH v
f 9.24 is selected as the optimum running buffer.

.3. Effect of the separation voltage and the inject time

Separation voltage affects the velocity of electro-osm
ow and the migration time of the analytes. So the influe
f the separation voltage on the migration time of the ana
as also studied in this experiment. It can be concluded
igher separation voltage gives shorter migration time
ll the analytes. While the voltage is above 12 kV, the
ration of 3-MCPD from glycerol is poor and the base
oise increases larger. The optimum separation voltage
elected at 10 kV, at which good separation and short an
ime can be obtained for all the analytes within 13 min.

Injection time determines the sampling amount, and
ects both peak current and peak width. The effect of in
ion time on peak current was studied by varying the injec
ime from 4 to 10 s at 10 kV. As shown inFig. 2, when the
njection time increases, the peak currents increase s
aneously. When the injection time is longer than 8 s, p
urrents increase slowly but peak broadening become
ere, which result in a poor separation between 3-MCPD
lycerol. In this experiment, 8 s (at 10 kV) was selecte

he optimum injection time.

.4. Reproducibility, linearity, detection limits

The reproducibility of the peak currents was estimate
aking repetitive injections of a standard mixture solu
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Fig. 2. Effect of injection time on the peak current. Working potential is
0.65 V (vs. SCE). Other conditions are the same as inFig. 1.

(1.3× 10−5 g/ml and 1.2× 10−4 g/ml for 3-MCPD and glyc-
erol, respectively) under the optimum conditions. The relative
standard derivations (RSDs) of the peak current were 2.45 and
1.32% for 3-MCPD and glycerol (n= 7), respectively.

A series of standard mixture solutions from
1.0× 10−4 g/ml to 6.6× 10−8 g/ml were tested to de-
termine the linearity of the current response on concentration
for 3-MCPD and glycerol. The calibration curve exhibits
excellent linearity. The results of regression analysis and
detection limits were shown inTable 1.

3.5. Kinetics equations

3-MCPD can be easily hydrolyzed to produce glycerol in
basic solution. But in foods, the alkaline condition is little
used. So we select the pH value of 6.8, a neutral condition, to
investigate the hydrolysis reaction of 3-MCPD. The temper-
ature and the pH value affect the hydrolysis rate constants.

According to the kinetics theory, we could get the kinetics
equations of 3-MCPD hydrolysis, which were shown as fol-
lows:

ln c = −kt + ln c0 (1)

ln k = − Ea

RT
+ ln A (2)

wherec is the concentration of 3-MCPD at the hydrolysis
timet, c0 is the initial concentration of 3-MCPD, andkstands
for the hydrolysis rate constant.Ea is activation energy of the
reaction,R is the mole gas constant of 8.314 J/K mol, andA
is called frequency factor. From the slope of the Eq.(2), the
activation energy value of the hydrolysis could be calculated.

3.6. Determination of rate constants for hydrolysis of
3-MCPD

Eletropherograms for the standard mixture solution
and the hydrolysis solution of 3-MCPD were shown in
Fig. 3(A–E), in which the hydrolysis progress could be intu-
itively illustrated.

The regression equations for lnc− t, correlation coeffi-
cients andk values determined experimentally at different
t t
t asing
t
c is a
fi nius
p
t rgy
v lcu-
l the
v

e the
c thod
t

Table 1
The results of regression analysis of 3-MCPD and glycerol

Compound Regression equationa Correlation coeffic

3-MCPD y= 1.273× 1010x+ 1.211× 104 0.9993
Glycerol y= 6.475× 1010x+ 9.219× 104 0.9989

Working potential is 0.65 V (vs. SCE). Other conditions are the same as inFig. 1.

oise ra

T
T empera

T

3
3
3

W as inig. 1.
sis tim
a y is the peak area;x is the concentration of the analytes (g/ml).
b The detection limits corresponding to concentrations of signal to n

able 2
he results of regression analysis of 3-MCPD hydrolysis at different t

emperature (K) Regression equationa

53.15 y=−0.0038x− 9.6933
58.15 y=−0.0071x− 9.8197
63.15 y=−0.0115x− 9.9640

orking potential is 0.65 V (vs. SCE). Other conditions are the sameF
a y is the logarithm of the concentration of 3-MCPD lnc, x is the hydroly
emperatures were presented inTable 2, which shows tha
he rate constants increase simultaneous with the incre
emperature. And from the relationship between lnc andt, it
an be confirmed that the hydrolysis progress of 3-MCPD
rst-order reaction. The regressing equation of the Arrhe
lot of lnk againstT−1 is lnk=−14209T−1 + 34.683 with

he correlation coefficient of 0.9978. The activation ene
alue of the hydrolysis reaction of 3-MCPD could be ca
ated as 118.1 k J/mol, which is in good agreement with
alue in the literature[14].

This study develops a new rapid method to investigat
haracteristics of 3-MCPD. It is valuable to use this me
o research other toxicants in foods.

ient Linear range (×10−4 g/ml) Dectectionb limits (g/ml)

0.066–2.0 2.2×10−7

0.008–1.8 5.3×10−8

tio of 3.

tures

Correlation coefficient Rate constant (10−3/min)

0.9993 3.8
0.9982 7.1
0.9997 11.5

et.
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Fig. 3. (A–E) Eletropherograms for the standard mixture solution and the 3-MCPD solution hydrolyzed during different times at 85◦C. (A) 60 min, (B) 90 min,
(C) 120 min, (D) 180 min, (E) the standard mixture solution (1.3× 10−5 g/ml and 1.2× 10−5 g/ml for 3-MCPD and glycerol, respectively). Peak identification:
1, 3-MCPD; 2, glycerol. Working potential is 0.65 V (vs. SCE). Other conditions are the same as inFig. 1.
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