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So far, acrylamide (AA) is generally classified 
as “probably carcinogenic to humans” and this 
finding is considered important not only for pro-
ducers but also for consumers. Although a final 
assessment of the toxicological risk is not finished 
yet, experts all over the world declare that AA 
content in foods should be minimized as much as 
possible [1]. The highest AA content is repeatedly 
being found in French fries and potato chips, and 
thus the attention was focused on heat-processed 
potato products [2, 3]. First investigations of the 
reactions associated with the formation of AA re-
vealed that the process is initiated with the reaction 
between reducing monosaccharides and asparag-
ine which indicates that AA might be a product of 
the Maillard reactions [4]. As found later, the AA 
formation from asparagine and reducing mono-
saccharides can also take place in a solid mixture 
of the compounds during heating up to 190 °C 
[5]. Potato products have been associated with 
AA formation due to relatively high levels of AA 
precursors as well as the temperature of process-

ing. However, there are also assumptions about 
other mechanism pathways which indicates that 
AA formation in a real food matrix is a complex of 
physico-chemical processes involving a number of 
reactions and interactions [6]. On the other hand, 
the AA formation can be limited considerably by 
some additives such as amino acids, proteins or cit-
ric acid, respectively [7]. For example, croquettes 
prepared from fresh potatoes and coated with 
egg/breadcrumbs contained considerably reduced 
AA content after thermal processing [8]. Summa-
rizing up current available information it seems 
that the AA formation cannot be utterly avoided, 
especially in a starchy matrix treated within a tem-
perature range of 130–180 °C unless its precursors 
are effectively removed. From this point of view, 
a promising way is the application of enzyme L-as-
paraginase, which is able to hydrolyse asparagine. 
By this way it was possible to reduce AA content 
in potato products by 97% [9]. On the other hand, 
AA is a highly reactive compound which could re-
sult in a formation of biologically non-active high 
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was monitored by a thermometer. Systems were 
sampled periodically, when three parallel meas-
urements were carried out. After reaching a cho-
sen temperature, the vessels were cooled and their 
content was dissolved in methanol. Then, 20 μg 
D3-AA dissolved in methanol was added, sonicat-
ed for 5 min, filtered and analysed by GC-MS.

Experiment II
0.5 g of inorganic compound and 0.5 g AA were 

mixed and homogenised thoroughly in a mortar 
dish, then the mixture was placed into a glass tube, 
sealed tightly with PTFE/silicone septa and placed 
into thermostat heated to 180 °C for 20 min. After 
cooling, 10 ml of water was mixed with tube con-
tent and formed gel was centrifuged at 31.4 rad.s-1 
To remove completely an inorganic component, 
the gel washing treatment was repeated ten times, 
and then dried in a laboratory drier at 80 °C. In 
the final stage, the product (also AA) was mixed 
with KBr and pressed to pellet forms for analysis 
by infrared spectroscopy.

Chromatographic conditions
1 μl of the vessel content was applied into 

a splitless injector (purge time 0.5 min at 250 °C). 
Separations were carried out using an Agilent 
122-3232 30 m × 0.25 mm × 0.25 μm fused silica 
capillary column coated with a DB-FFAP phase. 
The column was held at 50 °C for 1 min, then heat-
ed to 250 °C at a rate of 10 °C.min-1. The carrier 
gas (helium) flow was maintained at 0.8 ml.min-1 
by an electronic control of pressure. Under these 
conditions AA and 2,3,3-D3-AA eluted at 13.2 min. 
The data accumulation was not initiated un-
til 12 min to avoid detection of the large peak of 
methanol. The AA amount was determined from 
the ratio of the peak area of AA to the peak area 
of the known amount of spiked 2,3,3-D3-AA. The 
detection was carried out by the mass detector 
working in a selected ion monitoring mode - the 
ions were obtained by negative chemical ioniza-
tion procedure using methane as the reagent gas. 
The mass of the most intense fragments was 70.15 
and 73.15 m/z, respectively. From the statistical 
point of view, there are some data characterising 
para meters of method as follows: Limit of quan-
tification 20 μg.l-1; relative standard deviation 5%; 
coefficient of regression r2 = 0.999822.

RESULTS AND DISCUSSION

Elimination of AA
First experiment was carried out with chemi-

cally pure NaCl. As follows from Fig. 1, effect of 

molecular compounds. Presence of such transfor-
mation reactions, characterized by variable AA 
content during heating has already been indicated 
[10]. Recently it has also been shown that NaCl, 
a common food additive, exhibits an inhibiting 
 effect on acrylamide formation in a model system 
consisting of equimolar mixture of glucose and 
asparagine [11]. As proved by differential scan-
ning calorimetry, NaCl catalysed considerably the 
 process of AA elimination to be formed from glu-
cose and asparagine during heating [12]. The goal 
of this work was to study the effects of table salts 
additives, K4[Fe(CN)6] and KIO3, on the elimina-
tion of AA applied onto the mentioned inorganic 
salts and characterise reactions of its elimination.

MATERIALS AND METHODS

Chemicals
AA of p.a. purity was purchased from Fisher 

Scientific (Loughborough, United Kingdom) and 
2,3,3-D3 AA (98%) was purchased from Cam-
bridge Isotope Laboratories (Andover, Massachu-
setts, USA). Chemically pure NaCl ACS Reag. 
Ph Eur. was purchased from Merck (Darm-
stadt, Germany). Methanol CHROMASOLV, 
K4[Fe(CN)6] and KIO3 were purchased from Sig-
ma-Aldrich (Steinheim, Germany).

Techniques used
Agilent Technologies 6890 (Agilent Technolo-

gies, Palo Alto, USA) gas chromatograph equipped 
with an Agilent Technologies 5973 inert mass se-
lective spectrometer was used for the determina-
tion of the AA amounts. Metal Block Thermo-
stat was purchased from Liebisch, Germany, and 
EcoScan Temp JKT Temperature Meter equipped 
with Probe 3T520C was obtained from Eutech In-
struments Europe B.V., Netherlands. A Nylon fil-
ter (0.45 μm) was purchased from Supelco (USA). 
Mid-infrared spectra as KBr pellets at room tem-
perature in the region 4000–400 cm-1 were record-
ed on Nicolet model NEXUS 470 FTIR spectro-
meter (Nicolet Corporate Headquarters, Madison, 
Wisconsin, USA).

Experiment I
1 g of inorganic compound (NaCl, or 

K4[Fe(CN)6], or KIO3) and 100 μg AA dissolved 
in methanol was placed into a 40 ml glass ves-
sel and methanol was removed using a nitrogen 
stream. Then, the vessels were sealed tightly with 
PTFE/silicone septa and heated in the thermostat 
from 102 to 180 °C at a heating rate 2 °C.min-1. 
The temperature of reactants inside the vessels 
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this salt to AA elimination was not very strong 
and the AA content lowered only by 13%. How-
ever, much more intense effects on AA elimina-
tion had the other two compounds. As follows 
from Fig. 1, under the same experimental condi-
tions, K4[Fe(CN)6] brought about a decrease of 
AA content by 61% and KIO3 more then by 88%. 
From practical point of view it is very important 
that both compounds are used frequently in table 
salt production as its additives. K4[Fe(CN)6] is the 
compound to be permitted for usage in food in-
dustry and its number in international numbering 
system is 535. The same number has the compound 
also in the European food legislation and it is be-
ing added to table salt up to 20 mg.kg-1 as an anti-
 caking agent since it adsorbs water and so prevents 
the table salt from forming clumps and being dif-
ficult to pour. In some countries, KIO3 is used for 
iodination of table salt up to 35 mg.kg-1 instead of 
KI, because iodide can be oxidized to iodine under 
wet conditions by oxygen and subsequently sub-
limes out of the salt. Moreover, KIO3 is occasion-
ally used as a maturing agent in baking technol-
ogy. As these results show, both compounds could 
strengthen considerably the effect of NaCl on the 
AA elimination in a real food matrix. 

Identification of the product
Fourier transform infrared (FT IR) spec-

tra of AA and the product to be believed as 
polyacryl amide (PAA) in the mid infrared region 
4000–400 cm-1 are shown in Fig. 2. The frequen-
cies of bands with their relative intensities are giv-
en in Table 1. Characterization of IR and Raman 
spectra of AA were first reported by Jonathan 

[13] and from that time they have been a subject 
of numerous experimental and theoretical studies, 
also in the connection with the vibrational study 
of PAA [14-20]. Despite that, there are still many 
discrepancies among authors in the assignment 
of individual bands, especially below 800 cm-1. 
Therefore, in the assignment we made use also of 
the results of our unpublished quantum-chemis-
try ab initio calculations at MP2 level in 6-31G** 
basis set. Generally, the AA assignment in Table 1 
is very similar to that from refs. [18, 20] and the 
assignment of PAA bands based on the results of 
papers [17, 19] was taken from [21]. IR spectrum 
of the product obtained in experiment II is very 
similar to the spectrum of PAA presented in [21]. 

Fig. 1. Decrease of amounts of acrylamide 
heated in presence of inorganic salts.

Fig. 2. IR spectrum of acrylamide (top) and isolated product - polyacrylamide (bottom) 
in KBr pellet at room temperature.
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The character of polymer with assumed structure 
[–CH2-CH(CONH2)–]n can be confirmed by IR 
spectrum of the product which is similar to the 
standard infrared spectrum of PAA and notice-
ably different from AA monomer. The AA bands 
at 3454 and 3184 cm-1 assigned as NH2 stretching 
antisymmetric and symmetric modes, respectively, 
remain practically at the same wave numbers in 
the polymer spectrum and with the similar shape 
and intensities. On the other hand, AA bands cor-

responding to the C–H stretching modes are above 
3000 cm-1 which is typical for olefinic hydrogens 
and normally indicate the presence of sp2 hybrid-
ized carbon in CH bonds. In the product, these 
bands disappeared and the new ones at 2952, 2932 
and 2867 cm-1, respectively, have appeared. The 
area below 3000 cm-1 is typical for C–H stretch-
ing modes of saturated hydrocarbons with sec-
ondary and tertiary bonded carbon in methylene 
–CH2– and methine CH groups, respectively. 

Tab. 1. Observed frequencies [cm-1] and assignments of infrared bands of acrylamide 
and the product - both in solid state.

Acrylamide Product - Polyacrylamide

Frequencya Assignmentb Frequencya Assignmentb

3454 vs NH2 as 3423 vs NH2 as

3184 vs NH2 ss 3191 vs NH2 ss

3102 w =CH2 as

3034 w =CH s

3012 vw =CH2 ss

2952 vw,sh >CH2 as

2932 m >CH2 ss

2867 w CH s

1921 m 2 x 962

1674 vs C=O s 1654 vs C=O s

1648 w,sh C=C s

1613 vs NH2 δ 1613 vs NH2 δ

1450 m >CH2 δ

1429 vs =CH2 δ

1412 m C-N s

1353 s C-N s 1348 w >CH2 wa

1315 w CH δ

1281 s =CH ro

1215 w NH2 ro

1175 w,sh C-C s

1137 s NH2 ro

1120 m C-C s

1051 m =CH2 ro

 993 w, sh NH2 tw

 990 s =CH wa

 962 s =CH2 wa

 841 m C-C s

 818 m C=O wa, CH=CH wa

~757 w, sh

 706 m C=O ro

 664 m NH2 tw

 624 m CH=CH wa, C=O wa ~623 sh, br

~550 sh, br

 510 m CCN δ
a s - strong; m - medium; w - weak; v - very; sh - shoulder; br - broad. 

b s - symmetric; a - antisymmetric; s - stretching, δ - deformation; ro - rocking; wa - wagging; tw - twisting.
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Thus, NH2 group can be identified from this part 
of the spectrum of product and, in comparison 
with AA, disappearing of vinyl group and presence 
of saturated carbon chain. IR spectrum of amide 
group is characteristic for several modes described 
in the terms of amide vibrations as amide I (C=O 
stretching), amide II (NH2 deformation or scissor-
ing), amide III (C–N stretching), amide IV (C=O 
deformation or rocking), amide V (NH2 wagging) 
and amide VI (C=O wagging). In the condensed-
state spectra, the amide I and II modes appear as 
strong bands in the regions (1680 ± 40) cm-1 and 
(1610 ± 30) cm-1, respectively [22]. Hence, the as-
signment of AA bands at 1674 cm-1 and 1614 cm-1 
as C=O stretching and NH2 deformation modes 
is obvious. C=C stretching mode occurring in 
this region at 1648 cm-1 is very week in IR spec-
trum and, consequently, not useful for diagnostic 
purposes. The spectrum of the product in this re-
gion is very similar to the AA spectrum indicat-
ing that both amide modes are present. It means 
that the amide group is unchanged in the prod-
uct. Frequency upshift of C-N stretching mode 
(amide III) at 1412 cm-1 and > CH2 deformation 
mode at 1450 cm-1 were used in [23] as a proof of 
AA polymerization under the influence of γ-irra-
diation. The changes regarding the vinyl group 
can be monitored through its very characteristic 
three wagging modes including all three hydrogens 
in –CH=CH2 group. In two of them, hydrogen 
 atoms in trans and cis positions participate. They 
appear in a narrow region (975 ± 35) cm-1 and in 
a wide one (565 ± 165) cm-1 [22], respectively and 
they are also known as CH=CH trans and cis wag-
ging. Especially first of them is usually present as 
a strong band and often is marked as =CH wag-
ging. Mainly both ending hydrogen atoms partici-
pate in the third wagging mode appearing in the 
region (895 ± 85) cm-1. This mode is marked as 
=CH2 wagging. It is usually present as a strong 
band and additionally accompanied by the very 
characteristic medium intensive overtone around 
1900 cm-1. This mode is sensitive to α-bonded 
atom and appears in the region (950 ± 30) cm-1 
in compounds with C=O bond [22]. Therefore, 
the strong absorptions at ≈975 cm-1 and ≈950 cm-1 
with the overtone at ≈1900 cm-1 are the most use-
ful infrared bands to elucidate the –CH=CH2 
structure. In the IR spectrum of AA there is =CH 
wagging mode at 990 cm-1 and =CH2 wagging 
mode at 962 cm-1 with the overtone at 1921 cm-1. 
Absence of these three bands in the IR spectrum 
of the product indicate the transformation of vinyl 
group into saturated carbon chain similarly as the 
above-mentioned results for N-H and C-H stretch-
ing regions. 

CONCLUSIONS

The results and findings of this work lead to the 
following conclusions:
1. Inorganic salts K4[Fe(CN)6] and KIO3, used as 

table salt additives, exhibit much stronger ef-
fects on AA elimination during thermal process-
ing than pure NaCl.

2. During the heating, AA elimination is brought 
about by its polymerisation, what is acceler-
ated considerably by inorganic salts. However, 
 various salts exhibit different catalytic effects on 
the extent of AA polymerisation.

3. Formation of PAA has been proven by FT IR 
spectroscopy, which confirmed formation of 
C-C backbone polymer while the carbonyl and 
amino groups remained unchanged.

4. Addition of table salt in optimal content of 
NaCl, K4[Fe(CN)6] and KIO3 could solve 
considerably problems associated with AA 
presence in thermally processed salted food 
 products.
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