
Formation of 3-chloropropane-1,2-diol esters in model systems
simulating thermal processing of edible oil

Chang Li a, 1, Yongqiang Zhou a, 1, Jianpeng Zhu a, Sunan Wang b, Shaoping Nie a, *,
Mingyong Xie a

a State Key Laboratory of Food Science and Technology, Nanchang University, 235 Nanjing East Road, Nanchang, Jiangxi Province, 330047, China
b Canadian Food and Wine Institute, Niagara College, 135 Taylor Road, Niagara-on-the-Lake, Ontario L0S 1J0, Canada

a r t i c l e i n f o

Article history:
Received 10 November 2015
Received in revised form
1 February 2016
Accepted 4 February 2016
Available online 11 February 2016

Keywords:
3-MCPD esters
Edible oil
Thermal processing
Model system

a b s t r a c t

3-chloropropane-1, 2-diol (3-MCPD) esters are a kind of food processing contaminants that especially
occur in edible oil. This study investigated the impact of various factors on the formation of 3-MCPD
esters in edible oil models with sodium chloride as chlorine donator during heat processing. The
amount of 3-MCPD esters generated in the models were positively correlated with the concentration of
sodium chloride. Fe3þ could significantly promote the formation of 3-MCPD esters. The formation of 3-
MCPD esters also depended on pH value of oil, heating temperature and time. The highest level of 3-
MCPD esters were obtained at pH 4.0 (2925.3 mg/kg), at 220 �C (9509.8 mg/kg) and for 8 h (4852.4 mg/
kg), respectively. 3-MCPD esters were generated much more in the continuous heating model than in the
intermittent one. The results are valuable to better understand the formation of 3-MCPD esters and also
can provide references for reduction of 3-MCPD esters during edible oil processing and household
cooking.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

3-chloropropane-1,2-diol (3-MCPD), as a heat-produced food
contaminant, was concerned by the public in past decades. 3-MCPD
was detected in acid-hydrolyzed vegetable proteins (acid-HVP)
(Davidek, Velí�sek, Kubelka, Janí�cek, & �Simicov�a, 1980; Velí�sek et al.,
1978, 1980) and various processed foods, including meat (Crews
et al., 2002; Kuntzer & Weisshaar, 2006), smoked foods (Kuntzer
& Weisshaar, 2006), cereal-derived foods (Hamlet, Jayaratne, &
Matthews, 2002), etc. 3-MCPD was also detected in our daily
foods such as bread (Breitling-Utzmann, K€obler, Herbolzheimer, &
Maier, 2003), coffee (Dole�zal, Chaloupsk�a, Divinov�a, Svejkovsk�a, &
Veli�sek, 2005). 3-MCPD was classified as possibly carcinogenic to
humans (Group 2B) by International Agency for Research on Cancer
(IARC) (IARC., 2012).

A wide range of concentrations of 3-MCPD esters had been
detected in a variety of food products (Crews, 2012; Svejkovska

et al., 2004).
In edible oils, 3-MCPD esters were higher than free 3-MCPD in

the contents (Craft, Chiodini, Garst, & Granvogl, 2013; Zelinkov�a,
Svejkovsk�a, Velí�sek, & Dole�zal, 2006). 3-MCPD esters could be hy-
drolyzed by lipase to release free 3-MCPD (Hamlet & Sadd, 2004;
Seefelder et al., 2008). In addition, the related studies showed
that 3-MCPD esters had toxic effects on experimental animals
(Bakhiya, Abraham, Gürtler, Appel, & Lampen, 2011; Barocelli,
Corradi, Mutti, & Petronini, 2011; Liu et al., 2012). Therefore, 3-
MCPD esters have been received much attention in recent years.

The studies aimed at effects of oil refining on the formation of 3-
MCPD esters had been carried out (Franke, Strijowski, Fleck, &
Pudel, 2009; Ramli et al., 2011; Sampaio et al., 2013; Zulkurnain
et al., 2012). According to those studies, the formation of 3-MCPD
esters was found to be associated with high temperature. The for-
mation of 3-MCPD esters had also been studied by simulating oil
processing under deodorizing temperature (Ermacora & Hrncirik,
2014a; Freudenstein, Weking, & Matth€aus, 2013; Svejkovska,
Dolezal, & Velisek, 2006, which suggested that acylglycerols
(mono-, di- and tri-) were the precursors of 3-MCPD esters. The
decrease of 3-MCPD esters was also observed in model system over
the range of 100e230 �C (Svejkovsk�a et al., 2006). The degradation
pathway was found involving isomerisation, dechlorination and

* Corresponding author.
E-mail addresses: lichang@ncu.edu.cn (C. Li), ncuskzhouyongqiang@163.com

(Y. Zhou), 610777153@qq.com (J. Zhu), swang8000@gmail.com (S. Wang), spnie@
ncu.edu.cn (S. Nie), myxie@ncu.edu.cn (M. Xie).

1 equal contribution.

Contents lists available at ScienceDirect

LWT - Food Science and Technology

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

http://dx.doi.org/10.1016/j.lwt.2016.02.012
0023-6438/© 2016 Elsevier Ltd. All rights reserved.

LWT - Food Science and Technology 69 (2016) 586e592

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:lichang@ncu.edu.cn
mailto:ncuskzhouyongqiang@163.com
mailto:610777153@qq.com
mailto:swang8000@gmail.com
mailto:spnie@ncu.edu.cn
mailto:spnie@ncu.edu.cn
mailto:myxie@ncu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2016.02.012&domain=pdf
www.sciencedirect.com/science/journal/00236438
http://www.elsevier.com/locate/lwt
http://dx.doi.org/10.1016/j.lwt.2016.02.012
http://dx.doi.org/10.1016/j.lwt.2016.02.012
http://dx.doi.org/10.1016/j.lwt.2016.02.012


deacylation reactions (Ermacora & Hrncirik, 2014b). In despite of
the large number of investigations on 3-MCPD esters in edible oils,
the formation mechanism of 3-MCPD esters in edible oil is still
unclear so far. Moreover, those studies almost concentrated on
palm oil, rather than other cooking oil. Recently, study suggested
that iron ions catalyzed the formation of 3-MCPD esters (Zhang
et al., 2015). However, there are no any reports on the effects of
other metal ions on the formation of 3-MCPD esters. Furthermore,
establishing models is a common method used for study of food
derived contaminants. In addition, in order to find out effective
mitigation methods for oil manufacturing or family cooking, all
possible influential factors associated with the formation of 3-
MCPD esters should be investigated.

In the present study, the impacts of selected factors on the
formation of 3-MCPD esters were systemically studied in model
systems. The selected influential factors included oil type, con-
centration and proportion of NaCl solution, heating temperature
and time, pH value, and different heating style, as well as metal
ions. In order to find out that whether the oil type affects the for-
mation of 3-MCPD esters, both crude oil and refined oil were
introduced as reactant in the models made in the present study.
The models reaction conditions, namely temperature (70e250 �C)
and time (0.25e24 h) and their impacts on the formation of 3-
MCPD esters were also studied. In addition, the impacts of the
concentration and proportion of NaCl, pH value of oil, heating style
and metal ions were also studied and discussed. The results of this
study are significant to discover the formation mechanism of 3-
MCPD esters in edible oil. Also the results are valuable for looking
for reduction measures.

2. Materials and methods

2.1. Materials

D5-3-MCPD-1,2-bis-palmitoyl ester and 3-MCPD-1,2-bis-pal-
mitoyl ester were purchased from SigmaeAldrich (St Louis, USA)
and CDN isotopes (Quebec, Canada), respectively. Phenylboronic
acid (PBA, 97%) was bought from Aladdin Reagent (Shanghai
China). Other chemicals and reagents were obtained from Damao
Chemical Reagent (Tianjin. China).

Refined edible oils (rapeseed oil, sunflower oil, peanut oil, ses-
ame oil, soybean oil, palm oil, camellia oil, perilla oil and corn oil)
were purchased from local supermarkets (Nanchang, China).
Rapeseeds, sunflower seeds and peanut seeds were also purchased
from local supermarkets (Nanchang, China), crude oils were pro-
duced from oil seeds with or without roasting process in laboratory.

Silicone oil was purchased from Bald Silicone Technology
Company (Hangzhou, China).

2.2. Methods

2.2.1. The influence of selected factors on formation of 3-MCPD
esters in model system
2.2.1.1. Oil types. Ten mL oil (crude or refined) and 1 mL NaCl so-
lution (216 g/L) were mixed in a 20 mL glass tube with a magnetic
stir bar. The well-blended mixtures were heated at 160 �C for 1 h in
silicone oil bath. The mixtures then were cooled to room temper-
ature and stored at 4 �C prior to the determination of 3-MCPD
esters.

2.2.1.2. NaCl. One mL of NaCl solution with different concentration
(0, 72,144, 216, 288, and 360 g/L) were respectively mixed with
10 mL of crude rapeseed oil in a 20 mL glass tube with a magnetic
stir bar. After being heated at 160 �C for 1 h, mixture were cooled to
room temperature and stored at 4 �C prior to the determination of

3-MCPD esters.
Ten mL oil was mixed with different proportion of NaCl solution

(0, 10, 20, 40, 60 and 80 g/100 g), respectively. After being heated at
160 �C for 1 h, mixtures were cooled to room temperature and
stored at 4 �C prior to the determination of 3-MCPD esters.

2.2.1.3. pH value. Buffer solutions with different pH value (pH 4.0,
4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5 and 8.0) were prepared using dipo-
tassium phosphate solution and potassium dihydrogen phosphate
solution. 0.5 mL of each buffer solution was added into the model
system which consisted of 10 mL crude rapeseed oil and 0.5 mL
NaCl solution (216 g/L). After being heated at 160 �C for 1 h, mix-
tures were cooled to room temperature and stored at 4 �C prior to
the determination of 3-MCPD esters.

2.2.1.4. Heating temperature. Ten mL crude rapeseed oil and 1 mL
NaCl solution (216 g/L) were mixed and then heated at different
temperature (70, 100, 130, 160, 190, 220 and 250 �C, respectively)
for 1 h. After heating, the mixtures were cooled to room temper-
ature and stored at 4 �C prior to the determination of 3-MCPD
esters.

2.2.1.5. Heating time. Ten mL crude rapeseed oil and 1 mL NaCl
solution (216 g/L) were mixed and heated at 160 �C for different
time (0.25, 0.5, 0.75,1, 2, 4, 8, 12,16, 20 and 24 h, respectively). After
heating, the mixtures were cooled to room temperature and stored
at 4 �C prior to the determination of 3-MCPD esters.

2.2.1.6. Intermittent heating. Ten mL crude rapeseed oil and 1 mL
NaCl solution (216 g/L) underwent thermal treatment at 160 �C for
one “8-h”, two “4-h”, four “2-h” and eight “1-h”, respectively. After
heating, the mixtures were cooled to room temperature and stored
at 4 �C prior to the determination of 3-MCPD esters.

2.2.1.7. Metal ions. Ten mL crude rapeseed oil and 0.5 mL 360 g/L
NaCl solution were mixed. Different nitrate metal (Zn2þ, Al3þ, Ca2þ,
Cu2þ, Fe2þ, Fe3þ, Mg2þ) with concentration of 0.1 mol/L were added
into the mixture respectively. Metal ions solution were substituted
by water serving as control group. The mixtures were heated at
160 �C for 1 h. After heating, the mixtures were cooled to room
temperature and stored at 4 �C prior to the determination of 3-
MCPD esters.

2.2.2. 3-MCPD esters analysis
From each sample 100 mg (±0.5 mg) aliquot was weighed into a

5.0 mL screw cap vial. Each aliquot was spiked with 100 mL of in-
ternal standard solution. And after addition of 100 mL tert-butyl
methyl ether, the vials were shaken until the sample material
was completely dissolved. Two hundred microlitres sodium
methoxide solution was added to each vial, afterwards the vials
were sealed and shaken shortly. The reaction time for ester cleav-
age was 4 min, then the reactions were stopped by addition of
600 mL of acidified sodium bromide solution. Afterwards 600 mL of
iso-hexanewas added, the vials were sealed and shaken vigorously.
The mixtures were allowed to remain at room temperature for
approximately 5 min, followed by quantitative separation and
discarding of the organic phases using Pasteur pipettes. This step
was repeatedwith another 600 mL of iso-hexane. Using new Pasteur
pipettes, the aqueous phases resulted were extracted three times
with each 600 mL of a mixture of diethyl ether and ethyl acetate
(3:2,mL:mL). The organic extract without fraction of the aqueous
phase was combined in a new screw cap vial containing a small
amount of anhydrous sodium sulphate, followed by addition of
100 mL of the derivatizing reagent (PBA). The reaction was pro-
ceeded at 25 �C for 15 min. Each reaction mixture was evaporated
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