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Determination of acrylamide and methacrylamide by normal phase
high performance liquid chromatography and UV detection
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Abstract

A method using normal phase high performance liquid chromatography (NP-HPLC) with UV detection was developed for the analysis of
acrylamide and methacrylamide. The method relies on the chromatographic separation of these analytes on a polar HPLC column designed
for the separation of organic acids. Identification of acrylamide and methacrylamide is approached dually, that is directly in their protonated
forms and as their hydrolysis products acrylic and methacrylic acid respectively, for confirmation. Detection and quantification is performed at
200 nm. The method is simple allowing for clear resolution of the target peaks from any interfering substances. Detection limits of 10�g L−1
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ere obtained for both analytes with the inter- and intra-day RSD for standard analysis lying below 1.0%. Use of acetonitrile in t
olvent lowers detection limits and retention times, without impairing resolution of peaks. The method was applied for the dete
f acrylamide and methacrylamide in spiked food samples without native acrylamide yielding recoveries between 95 and 103%
ommercial samples of french and roasted fries, cookies, cocoa and coffee were analyzed to assess applicability of the meth
crylamide, giving results similar with those reported in the literature.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Acrylamide (2-propenamide) is a low molecular weight
ydrophilic compound known mostly for its use as a
onomer in the production of polyacrylamide, which in turn

s used in plastics and as an electrophoresis medium[1–3].
lthough it is classified as a probable human carcinogen
nd it has been incriminated for mutagenicity in rats and as
human neurotoxin, its presence in food has received little

ttention as no or negligible migration has been reported
rom the plastic packaging material[3–5]. The whole picture
as changed after the announcement made in 2002 by the
wedish National Food Administration[6], which reported
xtremely high levels of acrylamide in products that are
onsumed on a regular basis in rather large quantities such
s potato crisps, roast potatoes, breakfast cereals and bakery
roducts. Since then, several papers were published trying
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to postulate the mechanism via which acrylamide is for
[7–10]. The conclusion to date was that acrylamide is for
during cooking, frying and baking at temperatures excee
120◦C of fatty, carbohydrate and asparagine-rich fo
either as product of asparagine-glucose reaction (Ma
reaction)[8–10]or through decomposition of triglyceride

An urgent requirement is the development and valida
of sensitive, robust and inexpensive analytical methods
can quantify acrylamide in different food matrices down
the low�g/kg level[6,10,11]. Numerous methods have in fa
been developed in the past years to determine the acryla
monomer, especially in water, biological fluids and food.
majority of them are based on liquid or gas chromatogra
techniques[12–27]. However, these methods as such, do
suffice for the analysis of acrylamide in processed/co
foods at low levels. In particular they lack selectivity and
additional degree of analyte certainty required to confirm
presence of a small molecule such as acrylamide in a com
food matrix.

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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To date, several analytical methods dealing with the analy-
sis of acrylamide in cooked foods have been published. These
methods are based mainly on mass spectrometry (MS) as
the determinative technique, coupled with a chromatographic
step either by LC[18–20]or GC[21–25], usually after deriva-
tization of the analyte. In fact, the expert Working Group on
Analytical Methods that convened during the recent JIFSAN
meeting on acrylamide[10] concluded, that the majority of
laboratories use either GC–MS or LC–MS, the advantage of
the LC–MS-based methods being that acrylamide can be an-
alyzed without prior derivatization (e.g. bromination), which
considerably simplifies and expedites the analysis. Due to the
low molecular mass of acrylamide (71 g/mol) and thus also its
low-mass fragment ions, confirmation of the analyte can be
achieved with a two-stage mass spectrometer (monitoring of
more than one characteristic mass transition)[18–24]. How-
ever, acrylamide is a very polar molecule with poor retention
on conventional LC reversed-phase sorbents[22], and despite
the use of tandem mass spectrometry more effort may need
to be placed on efficient clean-up steps to avoid interference
from co-extractives.

Normal Phase chromatographic separation has been ne-
glected although there are some papers that encourage such
an approach[26,27]. Especially in the work supported by
Dionex [26], ion chromatography with UV detection at
202 nm was used successfully for the determination of acryl-
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2. Experimental

2.1. Apparatus and software

The liquid chromatograph consisted of a Shimadzu 10AD
series for HPLC equipped with a UV–vis variable wave-
length detector (Shimadzu) set at 200 nm. An Aminex HPX-
87H (300 mm× 7.8 mm) column for organic acid analysis
supplied by Bio-Rad and thermostated at 30◦C in a CTO-
10A Shimadzu column oven, was used for all separations.
Data collection and manipulation was performed by means
of a CLASS-VP Shimadzu automated software for chro-
matography. A Vortex Velp Scientifica mixer was used for
thorough mixing of solutions. A Sorvall RC-5B Refriger-
ated Superspeed Centrifuge (Du Pont Instruments) was used
for centifugal separations. A thermostated bath maintained
at the desired temperatures was used for heating experi-
ments.

2.2. Reagents

All reagents were of analytical grade or of the highest
grade available. Acrylamide and methacrylamide along with
their respective acids were obtained from Sigma Aldrich
Chemical Company (USA). Suitable amounts of each com-
pound were dissolved in 100 ml of distilled water to prepare
1 m-
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mide provided that a thorough clean-up step had prec
nalysis. The obtained results were found similar with th
btained with MS detection even at 0.1 mg/kg level. Th

ore, UV detection can be used for the determinatio
eported concentrations of acrylamide, which for the
pected food products range from 0.040 to 0.050 mg/k
offee and pastry, up to 2 and 3 mg/kg for fried potato
hese detection limits can be further reduced by approp
lean-up.

In the present work, we propose the use of NP-HP
s an effective method for detection and quantifica
f acrylamide. The same methodology is also applic

or the determination of its methylated product metha
amide, although there are no real sample applications

ethod is based on the separation of these analytes
olar HPLC column (Aminex HPX-87H) using 0.01
ulfuric acid as eluent. Under these conditions both ana
re converted into their cationic, protonated, ammon
roducts. The peaks of acrylamide and methacrylamid
ell resolved not only one from the other but from ot
ompounds as well, since both analytes appear far
han any other in the chromatogram. In order to con
ur results avoiding MS, both analytes were hydroly
nd converted to their respective acids and determine
uch. Resolution of the acid peaks (acrylic and methacr
evealed the possibility of acrylamide and methacrylam
eing analyzed in these forms. Enhancement in perform
nd reduction in analysis times was further achieved

ntroduction of a 20% acetonitrile gradient in the mob
hase.
mg L−1 stock solutions. Working solutions of each co
ound were prepared daily by appropriate dilutions of
tandard solutions. Water and Acetonitrile (Merck, Da
tadt Germany) used for chromatographic separation
PLC grade.

.3. Samples

All samples (raw chicken, potatoes, chocolate chip c
es, cocoa and Greek coffee) were purchased from a
uper-market. Potatoes were sliced in round pieces an
her baked in an oven at 250◦C for 1 h or fried in olive oi
T= 180◦C) for ca. 25 min.

.4. General procedure

.4.1. Sample preparation
The extraction of acrylamide from real samples was

ormed with water as the extractant, according to a co
ation of the optimum conditions cited in the literature[25].
ive grams of each food sample were ground in a Wa
lender for 3 min and thoroughly homogenized with 5 mL
istilled water. Another 10 mL of water were added and
omogenates were left to stand in a thermostated wate
et at 70◦C under agitation. After 30 min the homogena
ere centrifuged (12000 rpm, 20 min, 4◦C) to allow precipi-

ation and filtered twice through Whatman No. 2 filter pa
he filtrates were transferred to 10 mL volumetric flasks
iluted with distilled water until mark. Before analysis h
ne (three portion of 3 mL) were added to 1 mL of the s
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ple solution to extract remaining long chain fatty acids that
could create problems in chromatographic analysis by giv-
ing peaks overlapping with the target analytes or block the
polar column. The mixture was shaken vigorously and the up-
per hexane layer was removed with a Pasteur pipette. 20�L
were taken with a Hamilton syringe directly from the lower
aqueous layer and injected into the HPLC to be analyzed for
acrylamide and methacrylamide.

Alternatively after centrifugation 5 ml of a 4 M NaOH so-
lution was added to the supernatant which was then heated
to 70◦C for 1 h in order for the amides to be converted to the
respective carboxylate derivatives and the final solution was
again made up to 10 mL with a 2 M phosphate buffer solution
(pH 2). Lipophilic remains were again extracted with hexane
and 20�L of the aqueous layer were injected in the HPLC
column for acrylamide and methacrylamide to be determined
as their derivative acids.

2.5. Chromatographic conditions for the separation of
acrylamide, methacrylamide, acrylic and methacrylic
acid

An isocratic elution pattern was adopted for the sepa-
ration of the target analytes. 0.01 M sulfuric acid solution
was used throughout the analysis. Alternatively a 20–80%
acetonitrile–0.01 M sulfuric acid mixture was used to shorten
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reduced the run time by almost 10 min for the amides, they
impaired the resolution while reducing the obtained peak
area values (Fig. 1b). Flow rates exceeding 1.0 mL min−1

resulted in poor elution and double peaks of the target
analytes.

Column temperature variation was also evaluated given
that increased temperatures result in shorter retention times.
Indeed retention times were slightly reduced but with a cost in
signal intensity (Fig. 1c). Therefore the optimum temperature
was selected to be 30◦C.

Under the above conditions calibration curves were con-
structed for both acrylamide and methacrylamide. As can be
seen fromTable 1both analytes can be detected and quanti-
fied at the�g L−1 level and therefore the proposed method
can be easily applied to the target products described in the
introduction.

3.2. NP-HPLC determination of acrylamide and
methacrylamide as their hydrolysis products: acrylic and
methacrylic acid

It is common knowledge that amides can be transformed
into their precursor carboxylic acids (or carboxylate anions)
by acid or base catalyzed hydrolysis. Since the HPLC col-
umn used is recommended for the separation of these acids
an attempt was made to convert acrylamide and methacryl-
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he analysis time and enhance detectability. In all case
olumn temperature was set at 30◦C, flow rate was main
ained at 0.6 mL min−1 while detection was performed
00 nm.

. Results and discussion

.1. Direct NP-HPLC determination of acrylamide and
ethacrylamide

The first aim of this work was to determine the o
um conditions for obtaining maximum and well resol
eaks. Based on the fact that the concept of the metho
pproached on the acid–base interaction of the target

ytes with the polar column, that is, that both acrylam
nd methacrylamide would be separated via their pKa (pro-

onated) or pKb (amide) values, aqueous acidic soluti
ere tested in order to decide upon the optimum elu
mong the common inorganic acids tested (HNO3, HCl,
ClO4 and H2SO4) sulfuric acid—also recommended

he separation of organic acids—gave the optimum res
0.01 M sulfuric acid solution gave the highest peaks

lthough more acidic eluents (Fig. 1a) resulted in shorte
etention times by 1 to 3 min the 0.01 M solution was
ally selected in order to obtain the lowest detection li
ossible.

The effect of flow rate values was also evaluated w
he range 0.1–1.0 mL min−1. It was found that 0.6 mL min−1

as the optimum value because although greater flow
mide into acrylic and methacrylic acid and conseque
etermine them as such. Heating (70◦C) of both analytes fo
h in 5 M sulfuric acid or for 1 h in 4 M NaOH resulted
omplete disappearance of the amide peaks while two
eaks corresponding to the respective acids emerged. It
s no surprise that these peaks had retention times 18–2
horter than those of the amides (Fig. 2) as the acids hav
Ka values by several orders of magnitude greater tha
rotonated amides.

Under the aforementioned optimized conditions for
mides, their precursor acids gave identical calibration cu
Table 1) while the overall gain of this approach was not o

substantial reduction in analysis time and solvents w
ut—most important—a verification of the amide findin
hat is, after the direct analysis approach, the sample cou
ydrolyzed and reanalyzed for acrylic and methacrylic

or confirmation.
After all, a major objective of this work was to confi

hat a NP-HPLC method could separate the target ana
ffectively and reproducibly. A first approach was to ch

he intra and inter day reproducibility of the propo
ethod by comparing the retention times and areas o
btained peaks of a standard containing 200�g L−1 of
ach compound. After 10 consecutive injections and o
eriod of 1 week, it was proven that the obtained reten

imes (Table 1), had an RSD below 1.0% as they varied
he second decimal digit. There was therefore by no m
onfirmation of the early assumption that HPLC cannot b
ounted for reliable determination of acrylamide by reten
imes.
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Fig. 1. Effect of: (a) eluent acidity, (b) elution rate and (c) column temperature, on the peak profile of acrylamide after NP-HPLC separation.

Fig. 2. Superimposed chromatograms comparing the peaks obtained for acrylamide and methacrylamide (0.2 mg L−1) and for acrylic and methacrylic acid
after hydrolysis of the respective amides.
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Drawbacks from this approach may stem from the fact
that acrylic acid and 15 of its esters are monomers used to
make polymers, intended to come into contact with foods.
Therefore these esters may migrate into foods generating
free acrylic acid. Although this fact may seem as major
source of interference this is not the case with the proposed
methodology because acrylamide can be differentiated even
in this case since acrylic acid would be quantified in the
first run for acrylamide, while the acrylamide presence could
be verified after hydrolysis by an increase in acrylic acid’s
peak.

3.3. Effect of acetonitrile on the chromatographic
separation and determination of acrylamide/acrylic acid
and methacrylamide/methacrylic acid

In a further optimization approach, other HPLC sol-
vents were used in order to examine the possibility of
resolution and signal enhancement along with a fur-
ther reduction in the duration of the chromatographic
run.

The detection wavelength (200 nm) is a limiting fac-
tor as most of the HPLC solvents have a wavelength cut-
off well above it. We found that introduction of acetoni-
trile not only enhanced the signal but also decreased the
obtained retention times suppressing those of the organic
a tion
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t e to
cids to the beginning of the chromatogram. Optimiza
f the acetonitrile gradient with a view of better pe
nd shorter retention times revealed an optimum pe
ance for a 20% acetonitrile content. As can be seen

able 1 the detection and quantification limits are lo
red to 0.5 and 2�g L−1 respectively while the use
cetonitrile improved the linearity of the obtained calib

ion curves yielding correlation coefficient (R2) 0.9999–1
hich is probably the reason for the improved per
ance.

.4. Recovery experiments and analysis of spiked and
ommercial food samples

Having completed three sets of experimental co
ions mainly for the determination of both acrylamide
ethacrylamide, validation of their performance was
roached by spiking a sample of raw chicken meat with

arget analytes and performing recovery tests with all t
roposed methods. More specifically, the extract obtaine

er the procedure, described under sample preparation
piked with known amounts of acrylamide and methac
mide concentrated stock solution and submitted to a
is following all the proposed approaches. The res
epicted inTables 2 and 3, show that recoveries in th
ange 95–105% that approach 100% in the low concentr
egion recommend NP-HPLC to be valid for sensitive ac
mide and methacrylamide determination, while the ag
ent between the amide and respective acid finding su

hat this approach may offer an inexpensive alternativ
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Table 2
Recovery sudies of acrylamide and methacrylamide after spiking a raw chicken sample

Added (�g kg-1) Found as

Acrylamide (�g kg-1) Recovery (%) Acrylic acid (�g kg-1) Recovery (%)

Eluent: 100% sulfuric acid 0.01 M
Acrylamide

100 100 100.0 101 101.0
200 199 99.5 200 100.0
1000 980 98.0 990 99.0
2000 1900 95.0 1940 97.0

Eluent: 80–20% sulfuric acid 0.01 M–acetonitrile
10 9.9 99.0 10.0 100.0
50 49.2 98.4 51.0 102.0
200 194 97.0 198 99.0
500 490 98.0 484 96.8
1000 990 99.0 980 98.0

Methacrylamide (�g kg-1) Recovery (%) Methacrylic acid (�g kg-1) Recovery (%)

Eluent: 100% sulfuric acid 0.01 M
Methacrylamide

100 102 102.0 105 105.0
200 195 97.5 204 102.0
1000 9990 99.9 1000 100.0
2000 1940 97.0 1990 99.5

Eluent: 80–0% sulfuric acid 0.01 M–acetonitrile
10 10.0 100.0 10.1 101.0
50 51.0 102.0 52.0 104.0
200 190 95.0 201 100.5
500 500 100.0 498 99.6
1000 940 94.0 980 98.0

the use of mass selective detection. The extraction procedure
applied along with the de-fatting of the extract gave clear
chromatograms with no interfering peaks appearing (Fig. 3)
at the desired retention times. The concentrations of acryl-

amide determined in all the analyzed samples are in good
agreement with the average values reported in the litera-
ture while methacrylamide was not detected in any of the
samples.

Table 3
Analysis of acrylamide in food samples

Sample Concentration (�g kg−1) Added (�g kg−1) Determineda (�g kg−1) Recovery (%)

Acrylamide
Fried potatoes 843.3± 0.9 – – –

10 853.8± 0.7 105.0
50 894.5± 0.9 102.4

100 942.9± 0.9 99.6

Baked potatoes 238.2± 0.5 – – –
10 248.5 103.0
50 289.3 102.2

Chocolate cookies 400.4± 0.7 – – –
50 451.2 101.4

100 499.8 99.4

Cocoa 83.8± 0.4 – – –
10 93.1± 0.3 93.0
20 103.0 96.0

Coffee 68.0
10 77.5 95.0
20 87.1 95.5
a Average of three experiments.
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Fig. 3. Chromatogram obtained from the analysis of a chocolate chip cookie sample extract: (a) directly for acrylamide and (b) after hydrolysis. Arrow pointed
peaks are acrylamide and acrylic acid respectively. Remaining peaks correspond to organic acids. Chromatographic conditions as reported in the text.

4. Conclusions

Two approaches are proposed for the determination of
acrylamide and methacrylamide with NP-HPLC with acryl-
amide being the main target due to its aledged genotoxicity
and increased occurrence in high consumption foods. De-
tection limits in the low�g L−1 level along with increased
linearity and high precision suggest that these can be applied
as cost effective alternatives of the MS methods applied so
far without the implication of time consuming and hazardous
bromination step. Further enhancement of the signal and con-
finement of the chromatographic run to ca. 15 min allows for
rapid and reliable analysis of acrylamide. Finaly, although
methacrylamide was not determined in any real sample its
alike behavior can find potential application in extraction ex-
periments since its absence from real samples enables its use
as an internal standard.
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