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The kinetics of ethyl carbamate (EC) formation was investigated during wine storage to evaluate the 
potential risk of EC formation in wine. The study monitored the EC, urea and citrulline concentration 
at different storage temperatures and wine pH. We found that temperature and initial urea content had 
significant effects on EC formation. The decay of urea and citrulline fit a first-order reaction approaching 
equilibrium, but the pH has little effect on the content of ethyl carbamate. Based on these results, we 
constructed an equation to forecast the content of ethyl carbamate during wine storage. 

INTRODUCTION
Ethyl carbamate, also known as urethane (C2H5COONH2), 
has been recognised as “probably carcinogenic to humans” 
by the IRAC (International Agency for Research on Cancer) 
since 2007 (Lachenmeier et al., 2009; Larcher et al., 2013). 
It has been linked to lung cancer, lymph cancer, liver 
cancer, skin cancer and many others. Ethanol promotes the 
carcinogenicity of EC (Miller et al., 2003; Beland et al., 
2005). The mean intake of EC from fermented foods and 
drinks can reach several milligrams per litre (Ough, 1976). 
This excludes the contribution of alcoholic beverages. At 
the 64th meeting of the JECFA (Joint Expert Committee on 
Food Additives) it was suggested that reduced consumption 
of ethyl carbamate would protect human health (Liang et al., 
2009).

In recent years, the consumption of wine in China has 
experienced strong growth, with special attention being 
given to the amount of ethyl carbamate in these products 
(Park et al., 2009; Shijia Wu, 2009). Uthurry et al. (2004) 
found that, in newly produced wines, the concentration of 
EC is 1 to 10 μg/L, although the storage conditions and time 
determine the final concentration at the time of consumption 
(Hasnip et al., 2004). The major precursors of EC are urea 
and citrulline (Ough et al., 1988; Stevens & Ough, 1993; 
Liu et al., 1994). EC is formed from the reaction of urea and 
ethanol (Eq. 1) or urea and citrulline (Eq. 2) taking place 
during alcohol production and preservation (Delledonne 
et al., 2001; Wang et al., 2007; Weber & Sharypov, 2009). 
Several studies have shown that the formation of EC is 
significantly accelerated by high concentrations of ethanol, 
urea and citrulline. Stevens and Ough (1993) studied the 
relationship between urea, ethanol and the formation of EC at 
different temperatures and showed that the concentration of 
urea in wine should not exceed 2 mg/L. Higher concentrations 
risk potential concentrations of EC that exceed the American 

non-preemptive limit of 15 μg/L (Stevens & Ough, 1993). 

NH2CONH2 + C2H5OH → NH2COOC2H5 + NH3	 (1)

H2NCONH2(CH2)3CH(NH2)COOH + C2H5OH → 
NH2COOC2H5 + H2N(CH2)3CH(NH2)COOH		 (2) 

Here we study changes to ethyl carbamate’s concentration 
in wine during storage, including the influence of storage 
temperature, pH and the content of urea and citrulline in 
wine on the final concentration of EC. We constructed 
simple methods to predict the concentration of EC during 
storage and thus hope to reduce the amount of EC in wine. 
These tools may also form the theoretical basis for future 
limit standards of EC in Chinese wine.

MATERIALS AND METHODS
Materials
Two red wines and one white wine were produced on a 
laboratory scale (20 L) from Cabernet Sauvignon, Merlot 
and Chardonnay in 2011. Red wines were fermented at 25 
± 1°C using Lallemand D254 yeast strain and Lallemand 
VP41 lactobacillus. The white wine was fermented at 20 ± 
1°C using Lallemand DV10 yeast strain. After fermentation 
the wines were sulphited (60 mg/L), and they there were 
subjected to batonnage at 12 to 15°C three times a week for 
1.5 months, sterile filtered (0.45 μm), and the red wine from 
Cabernet Sauvignon was stored in a gallon carboy during 
storage to remove the sample from the bottom. The bottle 
headspace was limited to minimise ethanol evaporation. The 
other wines were bottled (250 mL).

At the time of storage or bottling, the wines had the 
following composition (Cabernet Sauvignon, Merlot and 
Chardonnay respectively): alcohol content 11.9, 13.6 and 
10.8% (v/v); pH 3.32, 3.67 and 3.23; residual sugars 0.82, 
1.24 and 4.06 g/L; total SO2 75, 94 and 186 mg/L; urea 
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content 0.83, 2.26 and 6.82 mg/L; and citrulline content 
0.56, 6.72 and 1.34 mg/L.

Experimental treatment
First, 8 L of Cabernet Sauvignon red wine were mixed in a 
gallon carboy and then split into two volumetric flasks. One 
was spiked with urea and the other was spiked with citrulline 
to bring the concentrations of urea and citrulline to 5.1 mg/L 

and 5.73 mg/L, respectively. These were then split into four 
1 L gallon carboys and stored at 15°C, 20°C, 25°C and 30°C, 
respectively.

Urea was added to confirm that the initial concentration 
of urea in the Cabernet Sauvignon red wine was 10.1 mg/L, 
15.1 mg/L and 20.1 mg/L, respectively. These samples were 
stored at 20°C. The test studied how the initial concentration 
of urea effects the formation of EC. The experiment used 
buffer solution to adjust the sample wine pH to 3.0, 3.25, and 
3.5, with the initial concentrations of urea being 5.1 mg/L. 
The samples were stored at 25°C.

The other bottled wines (white and red) were placed in 
temperature-controlled storage at 18 and 23°C, respectively. 
To help validate the model in this research, the levels of EC, 
urea and citrulline were measured at intervals for up to one 
year in the course of storage.

Major chemical reagents
We purchased ethyl carbamate (EC) (purity > 99%) and the 
internal standard propyl carbamate (nPC) (purity > 99%) 
from Sigma. Acetone (chromatographically pure), methylene 
dichloride (analytically pure), urea (analytically pure) and 
citrulline (chromatographically pure) were purchased from 
J&K. 

Analysis of EC, urea and citrulline 
The content of EC was determined according to the method 
of De Melo Abre et al. (2005) using a GC-MS (Perkin-Elmer, 
USA) equipped with a capillary WAX ETR column (30 m, 
0.25 mm, 0.25 um; Perkin-Elmer, USA). Wine samples 
of 2.0 mL, with the addition of 1 mL of propyl carbamate 
(400 ng/mL in water) as an internal standard, were extracted 
with strata FL-PR Florisil solid phase extraction (Anpu 
Science Instrument Company, Shanghai). Elution was 
performed with 10 mL methylene chloride and the sample 
was concentrated to 0.5 mL at low temperature before 
injection under nitrogen stream.

The urea was measured after derivatisation with 
xanthydrol 0.02 mol/L (Sigma-Aldrich, Steinheim, 
Switzerland) dissolved in 1-propanol using an Aglilent 
1200 HPLC (Agilent Technologies, Waldbronn, Germany) 
equipped with a fluorometric detector set at 213 and 
308 nm (excitation and emission wavelength respectively). 
Separation was performed on an Eclipse XDB-C18 column 
(4.6 × 150 mm, 5 um; Agilent Technologies) with the pre-
column set at a temperature of 35°C (Jiangtao Xing et al., 
2011).

The determination of citrulline was based on the Edman 
reaction as described by Yang et al. (2002). The sample was 
measured after derivatisation with triethylamine (1 mol/L) 
and phenyl isothiocyanate (PITC) (100 mmol/L). The 
chromatographic conditions employed were as follows: an 

Agilent 1200 HPLC system with ultraviolet detector and a 
C18 column (250 × 4.6 mm, particle size 5 um) was obtained 
from Agilent. The column temperature was 40°C with a 
1.0 mL/min flow velocity. A 5.0 μL aliquot of sample was 
used and the measurement wavelength was 254 nm.

Statistical analysis
Data processing was performed using the parameters of the 
dynamic model that were obtained from non-liner matching 
of the dynamic equation with Origin 9.0 Graphing and 
Analysis Software (OriginLab, Northampton, MA).

RESULTS AND DISCUSSION
Effects of the storage temperature on the concentration 
of urea
Urea and ethanol can continue to react in wine during storage 
and thus the concentration of urea can be reduced as a 
function of time. The first experiment placed wines at 15°C, 
20°C, 25°C and 30°C with 5.1 mg/L of urea and followed the 
change in urea concentration for 200 days of storage (Fig. 1).

The urea concentration reduced logarithmically in the 
wine during storage. The reduction in urea concentration 
was very fast at the initial storage times, but slowed at 
later time points. The change in urea concentration had 
similar trends to that of other wines with different initial 
urea concentrations. Neither the concentration nor natural 
logarithm of concentration changed linearly with time. Thus, 
the degradation of urea in wine during storage does not fit 
a first-order reaction dynamic. This is in sharp contrast to 
the findings in the work of Larcher et al. (2013). The reason 
could be the lower storage temperature and higher initial 
urea concentrations.

In Fig. 1, the urea concentration approaches equilibrium 
versus time in wines during storage. Here, the test refers to 
the standard integrated rate law (Equation 3) for a first-order 
reaction approaching equilibrium, as studied by Hasnip et al. 
(2004):

[U] t = [U] 0 [
12

)(
12

21

kk
ekk tkk

+
+ +−

] 			   (3)

where k1 is the rate constant for the degradation of urea and 
k2 is the rate constant for the reformation of urea.

Using Origin 9.0 software to plot the urea concentration in 
wine during storage and equation 1 with fixed [U], we can 
calculate many parameters (Table 1). Where k1 is the rate 
constant for the degradation of urea, k2 is the rate constant 
for the reformation of urea, [u]t is the concentration of urea at 
time t, and [u]0 is the concentration of urea at time 0.

The matching equations at different storage temperatures 
had different initial concentrations of urea and reached a 
very significant level (0.01 < P). Indeed, Equation 3 could 
present the change in urea concentration in wines during 
storage. The reaction rate increased with the temperature 
in samples with a urea concentration of 5.1 mg/L. In this 
test, if the temperature increased by 10°C, the reaction rate 
increased 1.8-fold. 
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FIGURE 1

Evolution of urea contents in wine during storage at different temperatures. The parameters of the initial wines were the same. 
At each temperature, three independent wines were analysed. Values are the mean of three repetitions. Bars indicate standard 

deviation.

TABLE 1
The matching dynamic equations and parameters of urea reactions in different wines during storage.
The initial 
concentrations
of urea (mg/L)

Temp.
(°C)

Equation Matching 
correlation 
index (R2)

K1 K2

5.1

15 ]
02666.001268.0

exp01268.002666.0[][][
)02666.001268.0(

0 +
+

×=
+− t

t uu 0.9535 0.01268 0.02666

20 ]
03114.001637.0

exp01637.003114.0[][][
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0 +
+
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t uu 0.98009 0.01637 0.03114

25 ]
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15 ]
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+

×=
+− t
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20 ]
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0 +
+

×=
+− t
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25 ]
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+

×=
+− t
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20.1
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t uu 0.94264 0.04384 0.0558
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The Arrhenius equation is K = A exp (-
TR
aE

 

 

), where k 

means rate constant, T means absolute temperature, and R 
means gas constant (8.314 J/mol). The activation energy for 
the decay of urea was calculated from the Arrhenius plot to 
be 41.106 kJ/mol. The rate of urea degradation is different 
if the initial urea concentration is different, even at the same 
temperature. A higher initial urea concentration implies 
a faster reaction rate. The rate constant in wine with urea 
concentrations of 15.1 mg/L is twice that of wine with a urea 
concentration of 5.1 mg/L. Indeed, not only the temperature, 
but also the reactant concentrations, affects the degradation 
of urea.

Effects of the storage temperature on the EC 
concentration of wine
To investigate the effect of temperature on EC concentration 
during storage, the fresh Cabernet Sauvignon red wines were 
kept at different temperatures (15°C, 20°C, 25°C and 30°C). 
As can be seen from Figs 1 and 2, the reaction between 
ethanol and urea continued with time. Because urea is the 
major precursor for the formation of EC, the change in urea 
concentration could lead to changes in the EC concentration. 
The concentration of EC shows a logarithmic increase when 
the urea concentration is decreased in wines at different 
temperatures (Fig. 2).

The change in EC concentration is the opposite of urea 
during storage. The longer the time, the more EC is produced. 
Here, the concentration of EC increased rapidly at first and 
then increased slowly . Higher EC concentrations were 

found at higher temperatures. These were 1.5 to two times 
higher at 30°C than those at 15°C after 30 days of storage. It 
shows that the concentration of EC does not exceed 15 μg/L, 
so storage at low temperatures could limit the increase in EC 
concentration. 

Effects of the initial urea concentration on the EC 
concentration in wine
Consistent with previous studies, the concentrations of EC 
and urea have a directly proportional relationship (Monteiro 
et al., 1989; Stevens & Ough, 1993; Kodama et al., 1994). 
Our test followed the change in EC concentration in wines 
that have different initial concentrations of urea (Fig. 3).

Figure 3 illustrates that the formation of EC was rapid 
at first, but then reached equilibrium. With lower initial 
urea concentrations, equilibrium is reached sooner and 
less EC is yielded. With higher initial urea concentrations, 
high EC levels were found after storage. According to the 
data in Fig. 2, the change in EC concentration at different 
times (d [EC]/dt), combined with d [urea]/dt from Fig. 2, 
yields a straight line. Indeed, the formation of EC has a 
direct and proportional relationship between the changes in 
urea concentration. The slope of the straight line is the rate 
constant, Ku, for the formation of EC from urea. Similarly, 
the rate constant, Kc, for the formation of EC from citrulline 
could be calculated (Table 2). 

At 30°C, the Ku and Kc were 0.0024 and 0.0004, 
respectively. These differ slightly from the figures obtained 
in Hasnip et al.’s studies (2004), which showed Ku and Kc 
to be 0.0012 and 0.00018 respectively at 28°C. The storage 1 
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FIGURE 2

Evolution of EC contents in wine during storage at different temperatures. The parameters of the initial wines were the same. At 
each temperature, three independent wines were analysed. Results are expressed as mean values ± standard errors.

TABLE 2
The different rate constants, Ku (the formation of EC from urea) and Kc (the formation of EC from citrulline)

Temperature
30°C 25°C 20°C 15°C

K R2 K R2 K R2 K R2

Ku 0.0024 0.9623 0.0023 0.9524 0.0016 0.9708 0.0012 0.963
Kc 0.0004 0.9653 0.0003 0.9338 0.0003 0.9456 0.0002 0.9656

E
C

(μ
g/

L
)

time(day)
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FIGURE 3

Evolution of EC contents in wine during storage at 20°C. The initial concentration of urea in the wine was 5.1 mg/L, 10.1 
mg/L, 15.1 mg/L and 20.1 mg/L, respectively. Experiments were carried out in triplicate. Data shown correspond to average 

and standard deviations.

1 

1.000 

2.000 

3.000 

4.000 

5.000 

6.000 

7.000 

0 50 100 150 200

cit
ru

lli
ne

(m
gL

-1
)

time(day)

30℃ 25℃
20℃ 15℃

2 
FIGURE 4

Evolution of citrulline contents in wine during storage at different temperatures. The parameters of the initial wines were the 
same. At each temperature, three independent wines were analysed. Values are the mean of three repetitions. Bars indicate 

standard deviation.

TABLE 3
The matching dynamic equations and parameters of the citrulline reaction at different temperatures during storage

Temperature  (°C) Equation Matching correlation 
index (R2) K3 K4

15 ]
02504.000757.0

exp00757.002504.0[][][
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0 +
+

×=
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FIGURE 5

Evolution of EC contents in wine during storage at 25°C with initial concentration of urea being 5.1 mg/L. The pH of the wines 
was 3.00, 3.25 and 3.50 respectively. At each pH, three independent wines were analysed. Data shown correspond to average 
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The data shows that the formation of EC in wine depends 
on the change in urea and citrulline concentrations during 
storage. This assumes that the urea and citrulline – in 
reaction with ethanol – are the two major ways to form EC 
and that the two reactions are independent of each other. 
The test suggests that the concentration of ethanol remains 
effectively constant throughout the whole storage time, so 
the concentration of EC at time t could be expressed as

[EC] t =[EC] 0 +k u [EtOH] ∫
t

dtu
0

][ +k c [EtOH] ∫
t

dtc
0

][
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12

)(
12

21

kk
ekk tkk

+
+ +−

]，

∫
t

dtu
0

][ = t
tkk

kk
ektk

kk
u

0
21

)(
1

2
21

0 ])1([
][ 21

+
−

+
+

+−

][][][
43

)(
34

0

43

kk
ekk

cc
tkk

t +
+

=
+−

，

∫
t

dtc
0

][ = t
tkk

kk
ek

tk
kk

c
0

43

)(
3

4
43

0 ]
)1(

[
][ 43

+
−

+
+

+−

[EC] t =[EC] 0 + uk [EtOH]{

])1([
][

21

)(
1

2
21

0
21

kk
ektk

kk
u tkk

+
−

+
+

+−

}+

ck [EtOH]{ ]
)1(

[
][

43

)(
3

4
43

0
43

kk
ek

tk
kk

c tkk

+
−

+
+

+−

}

(4)
For example, if the calculations were based on a wine being 
stored for 100 days at 20°C, [EC] t =[EC] 0

+[EtOH](0.118[u] 0 + 0.0178[c] 0 ).
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For example, if the calculations were based on a wine being 
stored for 100 days at 20°C, [EC] t =[EC] 0

+[EtOH](0.118[u] 0 + 0.0178[c] 0 ).
 

temperature increased by 10°C and the formation of EC 
from urea could thus increase by 1.5 to two times. Activation 
energy for the formation of EC from urea was calculated 
from the Arrhenius plot to be 34.037 kJ/mol. The activation 
energy for the formation of EC from citrulline was similarly 
calculated as 66.019 kJ/mol.

Effects of storage temperature on the concentration of 
citrulline
Citrulline is also a major factor that affects the formation 
of EC in wines. Here, we studied changes in citrulline 
concentration at different temperatures (Fig. 4). The 
concentration of citrulline in wine during storage showed 
a downward trend (Fig. 4). It initially decreased rapidly 
during storage, and then gradually slowed. This trend is 
similar to that seen for urea concentration during storage. 
Using Equation 3 to plot the citrulline concentrations in 
wines during storage against time, we find the data shown 
in Table 3.

where k3 is the rate constant for the degradation of citrulline, 
k4 is the rate constant for the reformation of citrulline, 
[c]t is the concentration of citrulline at time t and [c]0 is the 
concentration of citrulline at time 0. Here we used 5.73 mg/L.

According to k3, temperature has an effect on the decay 
rate of citrulline. If the temperature increases by 10°C, the 
decay rate of citrulline would increase 1.5 to 2.5 times. The 
effect of temperature on the decay rate of citrulline was 
greater than the effect on the decay rate of urea. The activation 
energy for the degradation of citrulline was calculated to be 
59.27 kJ/mol from the Arrhenius equation according to the 
rate constant of citrulline at different temperatures. This 
study used the rate constant for the formation of EC from 
citrulline in Table 2. 

Effects of pH on the formation of EC in wines during 
storage
The reaction of ethanol with urea or citrulline is acid 
mediated. Thus, we studied the effect of pH on the formation 
of EC using pH 3.00, 3.24 and 3.50 (Fig. 5). The scatter 
diagram shows that the trend in EC concentration is similar 
to that seen previously, with little difference for the different 
pH values. This is consistent with the observations made 
by Stevens and Ough (1993), who found that the pH of a 
wine does not significantly affect the rate of EC formation. 
However, the lower pH wine had a slightly faster formation 
rate for EC because the mechanism of EC formation is acid 
catalysed. 

DISCUSSION
The data shows that the formation of EC in wine depends 
on the change in urea and citrulline concentrations during 
storage. This assumes that the urea and citrulline – in 
reaction with ethanol – are the two major ways to form EC 
and that the two reactions are independent of each other. 
The test suggests that the concentration of ethanol remains 
effectively constant throughout the whole storage time, so 
the concentration of EC at time t could be expressed as

Equation 4 describes the empirical data well for the formation 
of EC from urea and citrulline in the wines used in this study. 
To really validate this model, the other bottled wines (white 
and red) were placed in temperature-controlled storage at 18 
and 23°C respectively. A similar one-year experiment was 
carried out to predict the EC concentration using the model, 
and the prediction then was confirmed with chromatography. 
The results showed that there was good agreement between 
the reported data and the data predicated by the equation 
(Figs 6 and 7). However, it was not possible to test the 
equation fully, since the experiments in this study were only 
one year in duration.

CONCLUSIONS
This study has shown how the concentrations of the major 
precursors of EC vary during the storage of wine and how this 
affects the formation of EC. The concentration of urea and 
citrulline in wine decreases during storage – rapidly at first, 
and then more slowly. The rate constants were measured for 
the formation of EC from the urea and citrulline precursors.

Temperature is another major factor that affects the 
formation of EC. When temperature increased by 10°C, the 
formation of EC from urea and citrulline increased by 1.5 to 
two and 1.5 to 2.5 times, respectively.

We concluded that equation 4 may be used to accurately 
predict EC levels for a given time/temperature profile. The 
results are in good agreement with data obtained from similar 
studies (Hasnip et al., 2004).
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