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Reaction mechanisms between acrylamide and mercaptan in high temperature system
with different humidity
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The reactions between acrylamide and food aroma mercaptans including 1,2-ehanedithiol, butyl mercaptan,
2-methyl-1-butyl mercaptan and 2-methyl-3-furanthiol under both high temperature and high humidity(HTHH) and
high temperature and low humidity(HTLH) were determined in the present study. The results showed that the
acrylamide elimination capability of 2-methyl-3-furanthiol was stronger, compared with butyl mercaptan and
2-methyl-1-butyl mercaptan, in the HTHH system, while that was the lowest in the HTLH system. Besides, pH could
significantly affect the acrylamide content in HTHH system, but the effection of pH was not so obvious in HTLH
system. With the addition of antioxidants, the elimination of acrylamide was decreased significantly. In conclusion, the
reaction experienced different mechanisms under the high temperature.The nucleophilic addition and radical addition
take the dominant role in HTHH system and HTLH system, respectively.
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INTRODUCTION

The acrylamide is a kind of hazardous substance
appearing during the food heat processing in
starch-based food[1]. Considering the toxicity
damage of acrylamide in liver, neuro and
reproduction confirmed by the previous researches,
the acrylamide has been denominated as a
“potential cancerogen” by the IARC in 1994[2].
Besides, the acrylamide might react with some food
substances due to its active C=C[3, 4].

Mercaptan is a kind of flavor compound widely
spread in the plant kingdom, such as the garlic,
onion, coffee and food undergoing the heat
processing. The mercaptan could attach admirable
smell, such as sesame oil, green onion, garlic and
barbecue smells, to food with a trace amount.
Moreover, over 100 mercaptans are already
enrolled as a safe food additives. Recently, the
FEMA(Flavour Extact Manufacturers’s
Association) has newly published a list of
GRAS(Generally Recognized as Safe) additives,
which contains lots of mercaptans[5].

Compared with amino and hydroxyl groups,
sulphur owns superior alkene nucleophilic addition
ability. The “click” reaction between sulphur and
alkene has drawn numerous attention[6]. Thus, the
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reaction between acrylamide and mercaptan might
occur theoretically and some previous study had
been done aiming to figure out the reaction
kinetics[7, 8]. As far as we know, due to the
supreme polarizability of thiol sulfur atoms, both
nucleophilic addition and free radical type reaction
might be triggered when the sulphur is enrolled
with alkene. The complexity of food heat
processing procedure results in the complexity of
reaction of acrylamide and mercaptan. Therefore,
the present study is carried out to illuminate the
transformation of acrylamide and mercaptan under
different heat process including high temperature
and high humidity(HTHH) and high temperature
and low humidity(HTLH).

EXPERIMENTAL
Materials and methods
Materials

Acrylamide(>99.9%), butyl mercaptan (>98%)
and DMSO0(>99.9%) were all purchased form
Sigma-Aldrich company; [1,2,3,-1*C3] Acrylamide
isotope internal standard was obtained from the
Cambridge Isotope Laboratories Inc;
2-methyl-3-furanthiol(>98%)and dithioglycol were
acquired from Shanghai Aladdin Inc. Ultrapure
water was purchased from Watsons. All other
reagent were of analytic purity.
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Methods

The establishment of high temperature high
humidity model

The HTHH model was established according to
Cai[9] with slight modification. The acrylamide
(0.1 umol), different concentration of
mercaptan(0~10umol) and buffer(0.2 mol/L, 2 mL,
sodium citrate pH 3-6, phosphate pH 7-8)were
added into 20 mL custom-made stainless steel
reaction tube which was lined with teflon. Then,
screw the stainless steel cap tightly to ensure the air
impermeability and totally mixed on vortex mixture
for 5 min. Next, stainless tubes were exposed to the
oil bath pan (DF-101S, HengYan, Zhengzhou,
China) with temperature ranging from 80~180 °C
for 0~30 min. After that, the tubes were cooled
immediately in 0 °C water for 20 min. Then 10uL
[1,2,3,-3C3]  acrylamide  isotope internal
standard(1mg/mL) was introduced into the tube and
the ultrapure water was added to the reaction
system to a content volume 10 mL.

The establishment of high temperature low
humidity model

The HTLH model was built following the
experiment of Francisco[10] and Cai[9] with minor
modification. The acrylamide (0.1 pumol), different
concentrations of mercaptan(0~10pmol)and 300 mg
of silica gel were added into 20 mL custom-made
stainless steel reaction tube which was lined with
teflon. Next, 50 uL buffer(0.2 mol/L, 2 mL, sodium
citrate pH 3-6, phosphate pH 7-8) to assure Aw
0.95 and screw the stainless steel cap tightly to
ensure the air impermeability and totally mixed on
vortex for 5 min. Then, stainless tubes were
exposed to the oil bath pan with temperature
ranging from 80~180 °C for 0~30 min. After that,
the tubes were cooled immediately in 0 °C water
for 20 min. Then 10 pL [1,2,3,-**C3] acrylamide
isotope internal standard(1 mg/mL)was introduced
into the tube and the 10 mL ultrapure water water
was added to the reaction system. Then the system
was votexed for 5 min. After standing, remove the
supernatant as sample.

GC-MS determination of acrylamide

The pretreatment and analysis of samples were
carried out by Francisco[7] and Zhang[11],
respectively, with slight modification.
300uL10%(v/v)H2SO4, 400 mL 0.1 mol/LKBrOs
and 0.5 g KBr was introduced to 2 mL sample in
sequence. Then, the system was mixed on the
vortex for 3 min and stood for 1 h in 4 °C. After
that, 0.1 mLO.1 mol/L sodium thiosulfate was
added to terminate the derivatization reaction.
Then, the mixture was introduced to 2 ml ethyl
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acetate/hexane (4:1, v:v) for three times and the
extract liquor was exposed to anhydrous sodium
sulfate for 30 min. Then the pre-dried mixture was
totally dried by blowing nitrogen. The dried sample
was dissolved in 50 mu L ethyl acetate solution,
then 10 mL triethylamine was added into the
solution, which was then transferred to 100 uL gas
sampling bottle.

GC-MS conditions are as follows: Agilent HP
6890 gas chromatography-HP 5975 UPLC-MS-MS
(J and W Scientific, Agilent, Santa Clara, CA,
USA); HP5-MS polysiloxane capillary column
(polysiloxane polymers, 30 m x @ 0.25 mm, 0.25
m, J and W Scientific, Agilent, Santa Clara, CA,
USA) , injection volume: 1 pL splitless. The
nitrogen gas flow was 1 mL/min. The temperature
of injection port and inspection port were 250 °C
and 280 ° C, respectively. Mass spectrometer
conditions: EIl ionization; lon source temperature
was 230 °C and electron energy was 70 ev under
the SIM mode. lon determined:
2-propanamide([CsHiNO] =70,
[C3H47gBrNO]+=149, [CsH4ngrNO]+=151, m/z 149
was considered as quantitative ion)and 2- bromine
(*3C3)propionamide([**C.H3s1Br]* = 110,
[1*C3H4s:BrNO]* =154, m/z 154 was considered as
guantitative ion).
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Fig. 1. The different concentrations of mercaptans in
acrylamide elimination in (A)HTHH system and
(B)HTLH system(acrylamide 0.1pmol, 160 ° C, pH7,
reaction time 30 min)
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RESULTS
Mercaptan contents in reaction

The elimination of acrylamide exhibited a
positive  correlation  with  the  increasing
concentration of mercaptan in both HTHH and
HTLH system. The reaction achieved a balance
with 5 umol mercaptan enrolled in the system. As
shown in Fig.1, the 1,2-dithioglycol presented the
best eliminating acrylamide capability(91%) in
HTHH system. The eliminating ability of
mercaptan was superior in HTHH system to in
HTLH system, which maybe result from the fully
reaction between the substrates. Whereas, the
reaction was hindered due to the solid substrate
adsorption  of reactants.  Besides, the
2-methyl-3-furanthiol presented the best
eliminating ability in HTHH system, while the
lowest in HTLH system.

1A
]
L T
£
-
]
-
B
3
- Tl
g — 81, I-sthansdithiol
|—+—1-butansthiol
—h—2-Af stingd-1 -btanstido]
¥ l-meibyl -forantkdal
u T T T T T T T T T T T T
[ ] 5 i 15 F- | = =

Barylen e dimape ettty ()

[—=—1 I -sthansdithiol
[——1 -batmnathial
2 -l et byl - 1-bmtns thic]
% 1-mathyl-3-feranthiol

T T T

| ] I 5I I ‘III I 1‘5 o l; I =
i [ i)

Fig. 2. The different reaction times in the eliminating
of acrylamide in (A)HTHH system and (B)HTLH
system (acrylamide 0.1 pmol, mercaptan 4 pmol, 160 °

C, pH7)
Reaction time in the acrylamide elimination

As shown in Fig. 2, the elimination of
acrylamide was increased with the lengthening of
reaction time. The elimination of acrylamide
reached the mount (90%) after 25 min reaction. The

acrylamide content decreased with a linear
correlation during the first 10 min. The slope of the
simulated line could imply the reaction activities
between acrylamide and mercaptans. The
eliminating ability of 3-methyl-2-furan mercaptan
was superior than butyl mercaptan in HTHH system
and the result reversed when the reaction was
carried out in HTLH system.

Temperature on the eliminating of acrylamide

The eliminating of acrylamide increased with
the increasing of heating temperature from 80~160
°C. The elimination achieved a balance in 160 °C.
The temperature under 100 ° C shows no significant
effect in the HTLH system due to the different
matrix which hindered the fully contact between the
substrates. The temperature over 100 ° C shows
good inhibition ability on acrylamide.
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Fig. 3. Different temperatures in eliminating of
acrylamide in (A)HTHH system and (B)HTLH system
(acrylamide 0.1 pumol, mercaptan 4 pumol, pH7, reaction
time 30 min)

pH in eliminating of acrylamide

The effect of pH in elimination reaction of
acrylamide varies in different system. Considering
the HTHH system, low pH under value pH 6
resulted in the low elimination ability, while under
higher pH the eliminations were promoted
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dramatically. There was a trace amount of
acrylamide left with pH 8. However, compared
with HTHH system, the elimination was less
sensitive to the pH in HTLH system in which the
pH shows less effective in removing the
acrylamide(Fig. 4).
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Fig. 4. Different pH in eliminating of acrylamide in
(A)HTHH system and (B)HTLH system (acrylamide
0.1umol, mercaptan 4 pmol, 160 ° C, reaction time 30
min)

Oxygen and antioxidants in elimination of
acrylamide

Exposed to different antioxidants including Vc
and gallic acid, the elimination capabilities of
different mercaptans are presented in Fig. 5. The air
and nitrogen atmosphere showed no significant
effect in HTHH system and when the antioxidants
were applied the acrylamide slightly reduced.
Whereas, a nitrogen atmosphere showed its
negative effect in HTLH system acrylamide
elimination. Furthermore, addition of V¢ and gallic
acid both turned out better elimination and less
acrylamide remaining.

The mercaptans which own outstanding
reducibility could be oversensitive to the oxygen
exposed to alkali. In the present study, the LC-MS
was applied to determine the transformation of

502

mercaptans. The result confirmed the formation of
disulphide, which could not be considered as an
effective factor related to the elimination reaction
because no significant influence between air and
nitrogen atmosphere was observed in HTHH
system.
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Fig. 5. Oxygen and antioxidants in the eliminating of
acrylamide in (A)HTHH system and (B)HTLH system
(acrylamide 0.1pumol, mercaptan 4 pumol, antioxidants 2

umol, 160 °C, reaction time 30 min)

DISCUSSION

Up to now, there is no significant evidence
about acrylamide could lead to cancer[12], while its
wide spread in foods, especially fried food which
contains high acrylamide, has aroused the public
concern and numerous researches focused on its
carcinogenic potency. The acrylamide could react
with some nucleophiles. The mercaptan is a kind of
nucleophilic aromas which usually coexist with
acrylamide in food[7]. In the present study, the
mercaptans, temperature, time, pH, oxygen and
antioxidants in the elimination of acrylamide were
measured.  3-methyl-2-furan  mercaptan  shows
superior eliminating ability than butyl mercaptan
2-methyl-1-butyl mercaptan in HTHH system,
whereas in the HTLH 3-methyl-2-furan mercaptan
turned out the lowest, which implied the different
mechanism took place between acrylamide and
mercaptans. In the HTHH system, the nucleophilic
addition might take place and the sulfur might loss
the hydrogen and turn into sulfion. Compared with
sulfion of the butyl mercaptan, that of the
3-methyl-2-furan mercaptan is more steady, which
could lead to higher eliminating activity. However,
it is hard for mercaptans to loss the hydrogen in
HTLH system. Thus, the radical addition is the
dominant reaction in HTLH, which could explain
the better activity of butyl mercaptan due to its less
steady radical.
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The pH assay shows similar results. The
increase in pH could favor the formation of sulfur
anion which could improve its nucleophilic ability,
thus the elimination was promoted in HTHH
system. Whereas in HTLH system, the elimination
has not been improved, which could also hint the
radical reaction occurred.

In conclusion, the reaction between acrylamide
and mercaptans follows different mechanisms. The
nucleophilic addition and radical addition take the
dominant role in HTHH system and HTLH system,
respectively.
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B HacrosmoTo u3cnenBaHe ca M3CIEIBAHM PEAKIMUTE MEXIY aKpWIaMHI M XpaHWTETHH apoOMaTHH MEpKalTaHH,
BKITIOYBAIIH |,2-eHaHANUTHON, OyTHI MepKanTaH, 2-MeTwI-1-0yTin Mepkantad U 2-MeTHiI-3-QpypaHTHOI MPHU BHCOKA
Temnepatypa u Bucoka BiaxkHocT (HTHH) m mpu Bucoka temmepaTtypa m Hucka Biaxsaoct (HTLH). PesymraTture
MOKa3BaT, 4e CIIOCOOHOCTTA 3a eMMMHUHUpPaHEe Ha aKpHUIaMHUI Ha 2-MeTHI-3-(pypaHTHOI € TO-CHIHA B CPaBHEHHE C Ta3u
Ha OyTun MepkanTaHa u 2-mMeTii-1-0ytun mepkantana B HTHH cucremara, nokaro B cuctemara HTLH e Haii-Hucka.
OcgeH ToBa, pH MOXe 3HAYNTEIHO [1a TMOBNWsE Ha ChIbpkaHueTo Ha akpmwiamug B HTHH cuctemara, HO edekra Ha
pH He e TonkoBa oueBunen B cucremara HTLH. C nobaBsiHeTO Ha aHTHOKCHIAHTH €IMMHUHUPAHETO Ha aKpHIaMuaa €
3HAUMTEJIHO HaMajeHo. B 3akiroueHue, peakuusaTa ce XapakTepU3upa C pazIMYHM MEXaHWU3MH IIPU BHCOKA
temrepatypa. HykineopuaHOTO NpHUChEAMHSABAHE M PaJAMKAIHOTO NPUCHEIUHSBAHE 3aeMar JOMUHMpAIlaTa poJis
cprotBeTHO B HTHH 1t HTLH cucremure.
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