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ABSTRACT: This study aimed to propose a kinetic model by using the multiresponse kinetic modeling approach for acrylamide
formation in low-moisture foods at around neutral pH with a restricted amount of reducing sugar content but rich in sucrose and
free amino acids. Four types of edible nuts and seeds were roasted at 160, 180, and 200 °C for 5 to 60 min to represent these dry
systems. The changes in the concentrations of reactants and products of acrylamide formation were monitored during roasting.
According to the proposed model, sucrose degraded to glucose and fructofuranosyl cation; 5-hydroxymethylfurfural was mainly
formed through the 3-deoxyglucosone pathway in all samples at 160 and 180 °C; and the reaction of asparagine with 5-
hydroxymethylfurfural was confirmed as the predominant pathway for acrylamide formation. This proposed model also helps to
determine the acrylamide concentration formed during the roasting of foods that have similar compositional characteristics with
samples in this study.
KEYWORDS: roasting, nuts and seeds, Maillard reaction, acrylamide, 5-hydroxymethylfurfural, multiresponse kinetic modeling

■ INTRODUCTION
The consumption of nuts and seeds is considered a part of a
healthy diet due to their vitamin, mineral, dietary fiber,
polyphenol, and high unsaturated fatty acid content.1 Besides
being used as an ingredient in bakery and confectionery
products, they can also be consumed raw or after being roasted
as snacks. The roasting process, which is generally performed
at 130−180 °C for periods depending on the product or
temperature, improves the organoleptic properties of nuts and
seeds by inducing the development of desirable taste, aroma,
texture, and color. Apart from these favorable consequences,
the thermal process can also cause potentially adverse health
effects by promoting the formation of potentially toxic or
carcinogenic components.
One of the undesired compounds, acrylamide (ACR), has

been classified as a potential human carcinogen by the
International Agency for Research on Cancer.2 The major
route for ACR formation is thermal degradation of asparagine
in the presence of reducing sugars. The decarboxylated
Amadori product (AP) of asparagine with reducing sugars
was reported to be the direct precursor of ACR.3 There are
many studies on ACR formation both in model studies and in
real foods, especially those containing a high amount of protein
and carbohydrates. It is known that for the Maillard reaction
the water content is an important factor, and reducing sugars
are the primary reactants. Although nuts and seeds seem to be
unfavorable due to their restricted amount of reducing sugar
and low moisture content, their available amounts of sucrose
and asparagine content make them a suitable medium for ACR
formation. Therefore, a considerable amount of ACR is
inevitable in many nuts and seeds.4

Another heat induced neo-formed compound, 5-hydrox-
ymethylfurfural (HMF), is formed mainly through the Maillard

reaction or sugar degradation.5 Its conversion to sulfoxyme-
thylfurfural, which is reported to be a genotoxic and
nephrotoxic compound, makes HMF responsible for negative
health effects. HMF can also be used as a quality indicator for
heat load in thermally processed foods.6

Moisture content or water activity is one of the important
factors that affects the rate of Maillard reaction. Increasing the
water activity to a certain extent increases the solubility and
diffusion of the reactants and, thus, the reaction rates.
However, at low water content, melting provides reactivity to
reactants instead of diffusion, and dehydration reactions
become predominant instead of hydrolysis reactions.7,8

Therefore, it is inappropriate to explain the ACR formation
mechanism in low-moisture food systems with kinetic models
based on model solutions and aqueous food matrices.
Multiresponse kinetic modeling of reactions can be used as a

powerful tool to understand complex reaction mechanisms and
obtain better insight into the whole mechanism. In this way,
rate-determining steps can be determined and the link between
reactants and products can be expressed quantitatively.9,10

In previous studies, kinetic modeling of the acrylamide
formation that occurs during the roasting process was carried
out in coffee and sesame samples, which are prominent with
their sucrose composition and low moisture content.11,12 The
aim of this study is to propose a generic model expressing
acrylamide formation that will be valid in such food systems in
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order to better understand the role of sucrose decomposition
and HMF formation in acrylamide formation in nuts and
seeds, which are widely consumed in the roasted form.
In this study, the ACR formation mechanism was

investigated during the roasting of sucrose-rich low moisture
foods. Sunflower (Helianthus annuus L.), flaxseed also known
as linseed (Linum usitatissimum L.), peanut (Arachis hypogaea
L.), and almond (Prunus dulcis) were studied to represent the
nuts and seeds. The concentrations of reactants and products
were monitored during the roasting of these samples, and a
kinetic model was revealed by using the multiresponse kinetic
modeling approach. It was aimed to build a simple model that
will be suitable for a wide range of roasted foods, which have a
similar composition to the examples studied here. This simple
model might also enable us to develop mitigation strategies for
controlling the formation of ACR.

■ MATERIALS AND METHODS
Chemicals and Consumables. High purity (>99%) D-sucrose, D-

glucose, and D-fructose were obtained from Sigma-Aldrich (Die-
senhofen, Germany). All amino acids (>98%) were purchased from
Merck Co. (Darmstadt, Germany). Methanol and acetonitrile were
obtained from Merck (Darmstadt, Germany). Formic acid (98%) was
obtained from JT Baker (Deventer, Holland). Potassium hexacyano-
ferrate, zinc sulfate, disodium hydrogen phosphate anhydrous, and
sodium dihydrogen phosphate dihydrate were purchased from Merck
(Darmstadt, Germany). The Carrez I and Carrez II solutions were
prepared by dissolving 15 g of potassium hexacyanoferrate and 30 g of
zinc sulfate in 100 mL of water, respectively. 3-Deoxyglucosone
(75%), o-phenylenediamine (98%), and diethylenetriaminepenta-
acetic acid (DETAPAC) (98%) were purchased from Sigma-Aldrich
(Steinheim, Germany). 5-Hydroxymethylfurfural (98%) was pur-
chased from Acros (Geel, Belgium). Syringe filters (nylon, 0.45 μm),
Oasis HLB, and MCX cartridges (30 mg, 1 mL) were supplied by
Waters (Millford, MA). Deionized water (0.055 μS/cm) was used
throughout the experiments.
Roasting and Extraction of Samples. Raw sunflower seed,

peanut, almond, and flaxseed samples were purchased from a local
market (Ankara, Turkey). As previously described by us elsewhere, a
30 g portion of the sample was placed on an aluminum plate and
roasted in a conventional oven (Memmert UN 55, Germany) at 160,
180, and 200 °C for 3 to 60 min.13 Roasting conditions were selected
to include both industrial and extreme conditions. Roasted samples
were ground and kept frozen at −18 °C prior to analysis. The roasting
treatments were performed in triplicate for each nut and seed at each
time−temperature combination.

Triple stage extraction was performed for 1 g of ground sample by
using 20 mL of water (10, 5, 5 mL) according to the procedure
described before.14 The samples were weighed into tubes, and for
each extraction step, after the addition of water, the mixture was
vortexed for 5 min, and tubes were stored at −18 °C for 5 min to
obtain a clear extract prior to centrifuging at 8000 × g for 5 min.
Supernatants were collected in another tube and centrifuged at 8000
× g for 5 min.
Analysis of Sugars. One mL of aqueous extract was precipitated

by Carrez clarification by mixing 50 μL of Carrez I and 50 μL of
Carrez II followed by vortexing for 3 min and centrifugation at 12000
× g for 5 min. The supernatant was passed through the HLB cartridge
and preconditioned with 1 mL of methanol and 1 mL of water,
subsequently. The first 8 drops were discarded, and the rest was
collected into a vial. Analysis of sugars was performed as described by
Kocadaǧlı and Gökmen7 on Agilent 1200 HPLC system coupled with
a refractive index detector (RID), a quaternary pump, an autosampler,
and a column oven. Shodex Sugar SH-1011 column (300 mm × 8
mm i.d., 6 μm) (Tokyo, Japan) conditioned to 50 °C was used for
chromatographic separation. An isocratic elution of 0.01 N H2SO4 in
water (v/v) at a flow rate of 1 mL/min was used. The injection
volume was 5 μL. The concentrations of sucrose, glucose, and

fructose were calculated according to calibration curves built between
the concentrations of 0.1 and 1 g/100 mL. The limit of detection
(LOD) and limit of quantitation (LOQ) values for sugars were from
0.001 to 0.004 g/100 g and from 0.005 to 0.015 g/100 g, respectively.
Analysis of Free Amino Acids. The analysis of free amino acids

was carried out according to the method described by Hamzalıoǧlu
and Gökmen.12 One mL of previously prepared aqueous extracts was
mixed with an equal volume of acetonitrile and centrifuged at 10000
× g for 5 min. The supernatant was filtered through a 0.45 μm nylon
filter and collected in an autosampler vial. Free amino acids were
determined by Agilent Ultivo Triple Quadrupole MS coupled to
Agilent 1260 HPLC in positive mode. Chromatographic separations
were performed on a Sequant-ZIC-HILIC (250 × 4.6 mm i.d., 5 μm)
column at 30 °C. A gradient mixture of (A) 0.1% formic acid in water
and (B) 0.1% formic acid in acetonitrile was used as a mobile phase at
a flow rate of 0.5 mL/min. The eluent composition starting from 20%
A was conditioned for 3 min, then increased to 60% A in 2 min, and
held for 3 min. Then it linearly decreased to 20% A in 1 min and
remained there for 3 min. The total chromatographic run was
completed in 12 min. The electrospray source had the following
settings: capillary voltage of 1.5 kV; nozzle voltage of 500 V; nebulizer
pressure of 40 psi; gas (nitrogen) temperature at 300 °C with a flow
rate of 10 L/min; and sheath gas temperature at 375 °C with a flow
rate of 12 L/min. Multiple reaction monitoring (MRM) of two
channels was used to identify amino acids, and both the product and
precursor ions were monitored. MRM transitions used to detect
individual free amino acids were stated in Table S1. Quantification
was performed by means of external calibration curves built for all
amino acids in a range between 1 and 100 μmol/L. The LOD and
LOQ values for free amino acids were from 0.03 to 0.16 mg/kg and
from 0.11 to 0.54 mg/kg based on signal-to-noise ratios of 3 and 10,
respectively.
Analysis of Acrylamide. One mL of aqueous extract was passed

through the preconditioned Oasis MCX cartridge to remove
interfering compounds before HPLC analysis. The cartridge was
preconditioned by passing 1 mL of methanol and 1 mL of water,
subsequently. The first 8 drops of eluent were discarded, and the rest
were collected into a vial. ACR content of samples was analyzed by
Agilent Ultivo Triple Quadrupole MS coupled to Agilent 1260 HPLC
in positive mode. The sample was injected into an Atlantis T3 column
(150 mm × 4.6 mm i.d., 3 μm) and conditioned to 40 °C. 10 mM
formic acid in water was used as a mobile phase with a flow rate of 0.5
mL/min. MS system had the following interface parameters: sheath
gas temperature at 350 °C with a flow rate of 11 L/min; gas
(nitrogen) flow of 5 L/min; capillary voltage of 2.0 kV; nozzle voltage
of 500 V; gas temperature at 250 °C; nebulizer pressure of 60 psi.
ACR was identified by multiple reaction monitoring (MRM) of the
two channels. The precursor ion [M + H]+ 72 was fragmented, and
product ions 55 (collision energy of 9 V) and 44 (collision energy of
12 V) were monitored. Chromatographic separation was completed in
8 min, and ACR was eluted in 5.07 min. Quantification of ACR was
based on a calibration curve built in the range between 1 and 100 μg/
L. The LOD and LOQ values for acrylamide were 0.45 and 1.5 μg/kg
based on signal-to-noise ratios of 3 and 10, respectively.
Analysis of 5-Hydroxymethylfurfural. The obtained aqueous

extract described above was subjected to Carrez clarification, and then
it was filtered through a 0.45 μm syringe filter and collected into the
autosampler vial. HMF analysis was performed as described by
Hamzalıoǧlu and Gökmen12 by using Agilent 1200 HPLC system
(Waldbronn, Germany) consisting of a diode array detector (DAD), a
quaternary pump, a temperature-controlled oven, and an autosampler.
The samples were analyzed using an Atlantis dC18 column (250 × 4.6
mm i.d., 5 μm) at 25 °C. The mobile phase was an isocratic mixture of
10 mM formic acid solution and acetonitrile (90:10, v/v) at a flow
rate of 1 mL/min. The wavelength was set to 285 nm. The
quantification of HMF was performed by using a calibration curve
built in the range between 1 and 10 μg/mL (1, 2, 5, and 10 μg/mL).
The LOD and LOQ values for HMF were 0.020 and 0.067 mg/kg
based on signal-to- noise ratios of 3 and 10, respectively.
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Analysis of 3-Deoxyglucosone. Previously prepared coextracts
were precipitated with acetonitrile (1:1) and centrifuged at 15000 g
for 5 min. α-Dicarbonyl compounds were derivatized by the
procedure described by Kocadaǧlı and Gökmen.15 150 μL sodium
phosphate buffer (pH 7) and 150 μL 0.2% o-phenylenediamine
solution containing 10 mM diethylenetriaminepentaacetic acid
(DETAPAC) were added to 500 μL of supernatant. The mixture
was filtered through a 0.45 μm filter, and the filtrate was collected into
a vial prior to analysis. 3-DG was identified by Agilent Ultivo Triple
Quadrupole MS coupled to Agilent 1260 HPLC in positive mode.
Chromatographic separation was achieved with a Zorbax Eclipse
XDB-C18 column (4.6 × 150 mm, 5 μm), and a gradient mixture of
1% formic acid in water (A) and 1% formic acid in methanol (B) were
used as the mobile phase. The gradient mixture starting with 40% A
was conditioned for 8 min and then increased to 80% A in 2 min and
held for 3 min. The injection volume was 10 μL. The electrospray
source had the following settings: capillary voltage of 2.0 kV; nozzle
voltage of 500 V; gas temperature of 250 °C; and sheath gas
temperature of 400 °C with a flow rate of 12 L/min. Nebulizer
pressure was set to 60 psi and the gas (N2) flow rate was 10 L/min.
Data were acquired in selected ion monitoring (SIM) mode. For the
quantitation of 3-DG, the recorded SIM ion of the quinoxaline
derivative of 3-DG was 235.2. Working solutions for calibration were
prepared in acetonitrile:water (50:50, v/v) in the concentration range
between 0.1 and 5 mg/kg. The LOD and LOQ values for 3-DG were
0.003 and 0.010 mg/kg based on signal-to- noise ratios of 3 and 10,
respectively.
Multiresponse Kinetic Modeling. A comprehensive reaction

mechanism was proposed comprising the formation pathways of ACR
in the Maillard reaction during the roasting of nuts and seeds. Each
step in the reaction network was characterized by reaction rate
constants (k) as parameters. Differential equations were set for each
elementary reaction step to introduce the reaction network to the
mathematical model and solved by numerical integration. Determi-
nation of the reaction rate constants was estimated by nonlinear
regression using the determinant criterion16 and numerical integration
was performed by Athena Visual Studio software (AthenaVisual Inc.).

The concentrations of reactants and products were expressed as
μmol/kg of raw or roasted samples. Numerically solved equations
were fitted to the experimental data, and the steps in the reaction
network were evaluated by model discrimination. The goodness of fit
of the models and also the highest posterior density (HPD) intervals
of the estimated parameters were used to critique the kinetic models.

■ RESULTS AND DISCUSSION
Changes in Reactants, Intermediates, and Products.

The changes in the concentration of reactants (sucrose, free
amino acids), intermediates (3-deoxyglucosone and 5-hydrox-
ymethylfurfural), and ACR concentration were measured
simultaneously during the roasting of nuts and seeds at
different temperatures and times.
Sucrose was the main simple carbohydrate, whereas there

were no detectable amounts of fructose and glucose due to the
rapid degradation by the roasting process. Sucrose content in
raw samples of sunflower seed, flaxseed, peanut, and almond
was 3.2 ± 0.1, 2.3 ± 0.1, 4.0 ± 0.2, and 3.4 ± 0.1 g/100 g,
respectively. A gradual decrease in sucrose concentration was
observed with roasting, depending on increasing temperature
and time. In the harsh conditions (roasting at 200 °C for 20
min), the highest reduction in sucrose was seen in sunflower
seeds (91%) compared with flaxseeds (68%), peanuts (57%),
and almonds (53%).
Since asparagine is the direct precursor of ACR3, a change in

the amount of free asparagine was recorded. The highest
asparagine concentration was found in raw almond samples
(1190.8 ± 151.0 mg/kg), followed by flaxseed (317.7 ± 7.4
mg/kg), peanut (273.7 ± 7.1 mg/kg), and sunflower seed

(264.6 ± 52.6 mg/kg), respectively. During the roasting
process, the asparagine content showed a rapid decrease, and
almost all asparagine was depleted at the end of the longest
process time at all three temperatures.
The other free amino acids may affect ACR formation by

participating in the Maillard reaction through their reaction
with carbonyl compounds. Therefore, the levels of other free
amino acids were also monitored. In raw samples total free
amino concentration was 4051.5 ± 899.4, 3064.7 ± 56.7,
2453.6 ± 753.2, and 4217.7 ± 493.1 mg/kg for sunflower,
flaxseed, peanut, and almond, respectively. Total free amino
acid content decreased by 77−89% in samples roasted at 160
°C for 60 min, 90−97% at 180 °C for 40 min, and 93−98% at
200 °C for 20 min.
In raw samples, there was a trace amount of 3-DG, whereas

in raw sunflower seed, it was measured to be 5.5 mg/kg, and
this may be attributed to improper storage conditions. The
formation of 3-DG was induced by roasting in all samples. The
level of 3-DG in sunflower and flaxseed samples increased to a
certain extent at 180 and 200 °C and then followed a
decreasing trend during prolonged roasting times. In other
samples, 3-DG showed a continuously increasing trend with an
increasing roasting time. The highest 3-DG concentration was
detected in sunflower seed roasted at 160 °C for 60 min (17.8
± 0.9 mg/kg), while the concentration of 3-DG in the other
nuts and seeds reached 12 mg/kg. The increase in the
concentration of dicarbonyl compounds in the early stages of
roasting can be explained by their formation through sugar
degradation or Maillard reaction, whereas their degradation
reactions and their contribution in advanced stages of Maillard
reaction by further reactions with side chains of peptides or
proteins might be an explanation for the decrease in their
concentration.
The concentration of HMF in all samples rapidly increased,

following a lag phase. This lag phase lasted longer, especially at
low roasting temperatures. The highest levels of HMF were
observed in sunflower seeds roasted at 180 °C for 30 min
(247.0 ± 8.3 mg/kg) followed by almond (166.2 ± 21.1 mg/
kg), flaxseed (155.4 ± 4.0 mg/kg), and peanut (144.4 ± 16.7
mg/kg). In sunflower seed, flaxseed, and peanut samples
roasted at 200 °C, HMF could not reach levels as high as those
in the samples roasted at 180 °C, and moreover, HMF in
sunflower and flaxseed began to degrade at 200 °C within 15
min. However, in almond samples, a continuous sharp increase
was observed in the concentration of HMF with increasing
temperature and time.
ACR followed a similar trend in all of the roasted samples.

The levels of ACR rapidly increased to a certain extent and
started to decrease afterward due to the prolonged roasting
times. The amount of detected ACR is the net difference
between the amount of ACR generated and eliminated
simultaneously during the roasting process, and these reactions
cannot be distinguished from each other. Therefore, the
decrease in the ACR concentration could be explained by the
depletion of the reactants or the elimination of ACR becoming
more predominant.4 Since the starting point of this decrease
varies according to the reaction medium and roasting
temperature, the same pattern was not observed in all samples.
Higher temperatures or longer roasting times at a certain
temperature might be needed for acrylamide degradation to
dominate over acrylamide formation. However, the difference
in patterns does not indicate that the formation mechanism is
different. The highest ACR content among all the samples was
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found in almonds (3127.0 ± 130.8 μg/kg) after roasting at 200
°C for 15 min due to the higher amount of free asparagine
compared to the other samples. Almond was followed by
flaxseed (1036.7 ± 29.4 μg/kg), sunflower (981.7 ± 196.6 μg/
kg), and peanut (378.0 ± 64.5 μg/kg) with an ACR content of
almost one-tenth of almonds. It was also found that the ACR
content in flaxseed, sunflower, and especially almond was
significantly higher when compared to many ACR-rich foods
such as French fries or potato crisps (300−2300 μg/kg).
Hamzalıoǧlu and Gökmen12 also observed an increase

followed by a decrease in the concentration of α-dicarbonyl
compounds and reported the highest concentration of 3-DG in
coffee as 1418.88 ± 3.70 mg/kg at the end of 10 min of
roasting at 200 °C. In a study carried out by Berk et al.,11 the
highest 3-DG concentration in sesame seeds was found to be
6.9 ± 0.4 mg/kg after 30 min of roasting at 180 °C and 5.7 ±
0.9 mg/kg at 220 °C for 10 min of roasting, respectively.
Cam̈merer and Kroh17 stated that the deoxyhexosuloses
detected in peanuts increased with roasting, and this increase
was obviously due to the increase in the reaction temperature,
not the reaction time. In a previous study on hazelnut roasting,
the highest amount of 3-DG was found as 6.7 ± 0.1 mg/kg dw
at the end of roasting at 150 °C for 120 min.18 Batool et al.19

investigated α-dicarbonyl compounds in commercially avail-
able edible seeds. In hazelnut samples, they reported the
maximum 3-DG content as 3.80 ± 0.28 mg/kg, whereas it was
2.89 ± 0.22 mg/kg in peanut samples.
In a study carried out by Agila and Barringer20 in which the

level of HMF in sweet almonds was investigated, it was stated
that the amount of HMF increased depending on the increase
in temperature, and the highest amount of HMF (905 μg/L)
was reached after 20 min of heat treatment at 177 °C. In
another study, the amounts of HMF formed by roasting
hazelnuts at 150 °C for 60 min and 175 °C for 30 min were
determined as 8.0 ± 0.0 mg/kg and 66.5 ± 5.6 mg/kg,
respectively.21 Göncüoǧlu Tas ̧ and Gökmen18 roasted hazelnut
samples at different times and temperatures and stated HMF
amount reached up to 278 ± 0.7 mg/kg dw within 120 min of
roasting at 170 °C. Batool et al.19 reported the highest HMF
concentration in commercially available hazelnuts and peanuts

as 48.05 ± 2.18 and 75.44 ± 3.13 mg/kg, respectively.
Considering the daily consumption amounts of nuts (30 g),
the highest HMF intake is from sunflower (7.4 mg/day).
Although the safe consumption amount of HMF is not clear, it
is estimated that people ingest up to 150 mg of HMF per day
through various foods.22 However, it should be considered that
HMF is not only taken from these foods.
Schlormann et al.23 reported that the ACR content of

almonds and pistachios was found to be 1220 and 88 μg/kg
after the roasting process at 170.8 °C for 15 min and 185.1 °C
for 21 min, respectively. In another study, while ACR could
not be detected in raw almond samples, it was determined that
the amount of ACR increased with roasting at temperatures
ranging from 129 to 182 °C, and reached 907 μg/kg at 182 °C
within 5.7 min.24 In a study by Amrein et al.,25 the highest
amount of ACR in commercially roasted almonds was
determined as 2147 μg/kg. Amrein et al.26 also compared
the formation of ACR in different almond cultivars and found
the highest ACR content (1681 μg/kg) after 12.5 min of heat
treatment at 162 °C in the cultivar of Carmel, which also has
the highest asparagine content (2760 mg/kg). In a study
conducted by Nematollahi et al.,27 the concentration of ACR
increased up to 152.55 ± 13.59 and 171.75 ± 15.31 μg/kg
among 6 types of roasted peanut and 3 types of roasted
sunflower samples, respectively. The ACR content of roasted
sunflower seed was found to be 66 μg/kg in another study.28

Ölmez et al.29 and De Paola et al.30 reported the highest ACR
content in roasted peanuts as 66 and 42.9 μg/kg, respectively.
Kinetic Modeling. The current challenge in this study was

to propose a kinetic model for ACR formation in low moisture,
sucrose-rich but reducing-sugar-poor food systems such as nuts
and seeds. Since the water content of the reaction medium
affects the course of chemical reactions, it is an inaccurate
approach to interpret dry systems with kinetic models
proposed for aqueous systems. For this purpose, a
comprehensive model including all reported pathways in
ACR formation occurring in low moisture conditions was built
and presented in Figure 1. As the aim of this study was to
reveal a simple kinetic model for ACR formation, the
comprehensive model was simplified by considering the

Figure 1. Comprehensive model for acrylamide formation in nuts and seeds during roasting. The gray steps are not included in the proposed
kinetic model. SUC: Sucrose; GLC: Glucose; FFC: Fructofuranosyl cation; AA: Total amino acids; ASN: Asparagine; 3-DG: 3-Deoxyglucosone;
MGO: Methylglyoxal; HMF: 5-Hydroxymethyl furfural; ACR: Acrylamide; P: Products.
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important and dominant reaction pathways identified in
previous studies. The reaction network was translated into a
mathematical model to fit the experimental data to the
proposed model. Hence, differential equations given in
Appendix A were written for each reaction step and solved
by numerical integration.31 The kinetic model fits of the

comprehensive model are represented in Figures S1−4.
Further simplifications were done to increase the precision of
the estimated parameters by excluding kinetically insignificant
pathways one by one, which were illustrated in gray. In this
context, the importance of steps was tested by including or
omitting certain steps from the reaction network. The

Figure 2. Kinetic model fits (lines) to the obtained experimental data (symbols) of reactants and products during roasting of sunflower seed. Blue
color for markers and lines designates 160 °C, green 180 °C, and red 200 °C.

Figure 3. Kinetic model fits (lines) to the obtained experimental data (symbols) of reactants and products during roasting of flaxseed. Blue color
for markers and lines designates 160 °C, green 180 °C, and red 200 °C.
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mathematical models were built by setting up the correspond-
ing differential equations and compared with the observed
data. By doing this, it was possible to reveal whether some of
the steps are a fast step and can be excluded from the kinetic
model, or whether it is an important step under the specified
conditions. Excluding the steps mentioned as kinetically

insignificant from the model, did not cause a bad estimation,
but also when they were included in the model, the reaction
rates of these steps were found to be insignificant, and
including these steps caused an increase in the number of
unknown parameters. Exceptions for each step were discussed
hereinafter in detail. In addition, many of the reactions were

Figure 4. Kinetic model fits (lines) to the obtained experimental data (symbols) of reactants and products during roasting of peanut. Blue color for
markers and lines designates 160 °C, green 180 °C, and red 200 °C.

Figure 5. Kinetic model fits (lines) to the obtained experimental data (symbols) of reactants and products during roasting of almond. Blue color for
markers and lines designates 160 °C, green 180 °C, and red 200 °C.

ACS Food Science & Technology pubs.acs.org/acsfoodscitech Article

https://doi.org/10.1021/acsfoodscitech.3c00359
ACS Food Sci. Technol. 2023, 3, 1606−1616

1611

https://pubs.acs.org/doi/10.1021/acsfoodscitech.3c00359?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.3c00359?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.3c00359?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.3c00359?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.3c00359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.3c00359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.3c00359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.3c00359?fig=fig5&ref=pdf
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.3c00359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shown as unimolecular and single step. There are many more
reactions shown like this and not shown in this model but that
take place under the Maillard reaction. These can be both
multistep and bimolecular reactions. However, all these were
not shown in the model, since the including of all these in a
model that shows the mechanism of acrylamide formation
would be meaningless in terms of the difference in
concentrations and would increase the number of unknown
parameters. Finally, a simple and adequate kinetic model for
ACR formation was finally proposed by using six responses.
The proposed reaction network was composed of degradation
of sucrose to glucose and fructofuranosyl cation (FFC), 3-DG
formation, HMF formation through 3-DG or FFC, ACR
formation through the reaction of asparagine with HMF, and
elimination reactions of FFC, ACR, and free asparagine. The
fits of the proposed kinetic model are represented in Figures
2−5. The markers indicate the obtained experimental data at
160, 180, and 200 °C for each roasted sample whereas the lines
show the estimated kinetic model fits. The estimated reaction
rate constants are given in Table 1. As mentioned before, the
reactions included in the model can consist of several steps.
Since these intermediate reactions occur very quickly and
consecutively it is difficult to follow the intermediates; they
were shown as a single step in the simplified kinetic model.
Moreover, the composition and structural differences of the
studied nuts and seeds, the complexity of the reaction studied,
the roasting temperature, and the extremely low amounts of
some of the reaction products measured can affect the
calculated rate constants. Therefore, the rate constants of the
different reaction steps in Table 1 were used to compare with
each other to determine the predominant pathways. It is
concluded that lower rate constants calculated for certain
elementary reaction steps indicate that the complex reaction
proceeds predominantly from another reaction step. The
validity of the kinetic model was decided according to the
goodness of fit values, and the reaction rate constants were
calculated by a numerical solution of the differential equations
that explain the model by Athena Visual Studio Software. The
accuracy of the calculated rate constants was shown in Table
S2.

Degradation of Sucrose. Although sucrose is not a
reducing sugar, it indirectly participates in the formation of
ACR by forming new carbonyl sources for the Maillard
reaction by thermal degradation. In low-moisture systems,
sucrose degrades to glucose and FFC through cleavage of the
glycosidic bond, and this step is considered the main
mechanism for the degradation of sucrose. The formation of
FFC from fructose was not included in the comprehensive
model since it was reported that this step is difficult to occur.31

In addition, the interconversion of glucose and fructose
through 1,2-enolization10 was also excluded from the model
in order to decrease the number of parameters and thus
increase the precision of the estimation process. The best
model fit was obtained, and the concentrations of sucrose were
well estimated when only degradation of sucrose to glucose
and FFC was included in the model. The increase in the
roasting temperature caused a substantial increase in the
reaction rate constants of sucrose degradation (k1) in all
roasted samples with relatively higher values in sunflower seeds
(Table 1).

Formation of α-Dicarbonyl Compounds. The α-dicarbonyl
compounds that have been reported to be involved in ACR
formation such as 3-DG and methylglyoxal (MGO) were
included in the comprehensive model. FFC can react with an
amine to form a fructofuranosyl amine, which is rearranged to
form a Heyns product (HP). The reaction of glucose with an
amine compound followed by the rearrangement to a more
stable compound, AP, is also possible. In later stages, the
degradation of AP and HP leads to the formation of 3-DG.
However, in previous studies, the reaction rate constants of the
3-DG formation step through AP or HP were found to be very
low or zero which means they were kinetically less important in
these circumstances.11,12,18 Hence, side reaction steps such as
these were not indicated, even in the comprehensive model.
Apart from these, 3-DG can also be formed through the
removal of one molecule of water from glucose in
caramelization.32 In this context, the model fits were well
estimated in the case of adding only this route (k3) for the
formation of 3-DG. It was determined that the rate constant of
this reaction step (k3) was lower in the samples roasted at 200
°C compared to those at other roasting temperatures.

Table 1. Estimated Reaction Rate Constants (k, min−1 × 103) with 95% Highest Posterior Density (HPD) Intervals at
Different Temperatures According to the Proposed Model for Acrylamide Formation during Roasting of Samples

sunflower seed flaxseed peanut almond

elementary reaction step 160 °C 180 °C 200 °C 160 °C 180 °C 200 °C 160 °C 180 °C 200 °C 160 °C 180 °C 200 °C

1. SUC → FFC+GLC 10.6 29.2 61.9 11.78 23.7 39.9 3.4 13.3 26.2 9.0 21.4 40.4
±1.38 ±6.03 ±19.89 ±1.8 ±4.06 ±12.4 ±0.47 ±3.56 ±8.69 ±0.64 ±2.2 ±7.49

2. FFC → HMF 0.7 0.0 4.7 0.0 0.0 0.0 1.3 1.6 1.9 0.0 3.0 14.1
±0.68 ±0.0 ±3.19 ±0.0 ±0.0 ±0.0 ±0.66 ±0.58 ±0.78 ±0.0 ±1.96 ±2.82

3. GLC → 3-DG 1.2 1.4 0.1 0.8 1.7 1.6 0.3 0.2 0.2 0.4 0.1 0.1
±0.25 ±0.28 ±0.02 ±0.14 ±0.30 ±0.48 ±0.16 ±0.14 ±0.17 ±0.31 ±0.05 ±0.01

4. 3-DG → HMF 419.4 939.2 0.0 370.2 951.2 1100.1 142.6 118.7 153.6 450.2 108.4 0.0
±75.03 ±178.7 0±0.0 ±52.55 ±189.2 ±342.1 ±94.06 ±109.2 ±184.4 ±381.9 ±75.6 ±0.0

5. HMF + Asn → ACR 16.5 8.8 135.9 126.3 677.9 3514.2 1.6 5.4 12.7 28.1 138.5 572.0
±7.0 ±4.48 ±180.2 ±32.51 ±236.2 ±1102 ±0.78 ±2.99 ±11.6 ±25.81 ±126 ±184.4

6. FFC+AA → P1 1022.1 85.2 57.9 5.9 12.3 23.6 8.4 5.3 6.6 1.4 1.9 2.6
±30710 ±129.7 ±63.29 ±1.94 ±2.38 ±7.32 ±3.57 ±2.14 ±3.14 ±0.33 ±0.5 ±0.95

7. ACR → P2 424.6 110.2 2091.7 44.9 172.2 219. 41.4 193.7 544.4 132.5 4605.6 21412.5
±187.30 ±71.97 ±2151 ±15.15 ±60.13 ±50.73 ±35.1 ±144.7 ±638.1 ±535.4 ±3659 ±5286

8. Asn → P3 30.8 86.3 126.2 20.8 27.1 38.5 31.6 63.9 97.1 65.0 27.9 0.0
±3.29 ±9.14 ±34.36 ±4.86 ±10.39 ±9.49 ±2.01 ±9.24 ±24.49 ±82.67 ±21.34 ±0.0
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Additionally, it should be considered that there were deviations
in the 3-DG model fits of flaxseed and sunflower seed samples
at 180 and 200 °C only in prolonged roasting times.
The predominant short-chain α-dicarbonyl MGO was also

included in the comprehensive model as it was stated by
Stadler et al.34 that MGO may also take part in the formation
of ACR. It was reported that one of the possible formation
pathways of MGO is from 3-DG via retro-aldolization.35

However, previous studies reported that more important steps
were determined in ACR formation, and the MGO pathway
was less significant in ACR formation compared to other α-
dicarbonyl pathways.34 Besides, MGO formation and elimi-
nation steps were included in the comprehensive model, but
the model could not fit well with observed data (data not
shown). Therefore, these steps were omitted from the model,
and a better model fit was obtained.
Formation of HMF. There are generally two formation

pathways considered for the formation of HMF: dehydration
of FFC (k2) and 3-DG (k4).36 The cyclic form of FFC
facilitates its conversion to HMF under dry conditions.32 HMF
is also generated by the removal of 3 molecules of water from
glucose through 3-DG.33

It was determined that the 3-DG pathway was predominant
in HMF formation at 160 and 180 °C. At 200 °C, the FFC
pathway (k2) became dominant in almonds and sunflower
seeds, whereas in others, HMF was still formed mainly through
3-DG (k4). The reason for the 3-DG pathway becoming
quantitatively less significant in the formation of HMF in
almond samples roasted at 200 °C might be attributed to a
decrease in the rate of 3-DG formation from glucose (GLC).
In addition, the conversion of FFC to other products (k6) was
found to be kinetically more important than the dehydration of
FFC to HMF (k2) in all samples, except almonds.
However, FFC is known to be an important precursor for

HMF, and it should be considered that the lower rate
constants of the FFC pathway (k2) did not mean that this step
is unimportant. FFC plays an important role in explaining the
amount of HMF formed. The higher rate constants of the 3-
DG pathway (k4) might also be associated with the fact that
FFC could not be measured experimentally, and this multistep
conversion was shown as a single step in the model. These
observations were also supported by the findings of Göncüoǧlu
Tas ̧ and Gökmen18 who reported that the calculated reaction
rate constants of HMF formation via FFC were relatively lower
than the rate constants of HMF formation via 3-DG. However,
they also stated that the model prediction obtained when the
FFC pathway was excluded in the same kinetic model was not
compatible with the experimental data, and therefore the
increase in the amount of HMF could not be explained by only
the 3-DG pathway. By doing so, they also indicated that the
HMF formation step from FFC is crucial, although the rate
constant was found to be lower.
Formation of ACR. Asparagine provides the backbone of

ACR, and the formation of ACR from asparagine can occur
through the involvement of various carbonyl compounds.
Parker et al.37 defined two pathways for the formation of ACR
as the specific and generic amino acid pathways. The reaction
of asparagine directly with reducing sugar to form ACR was
called a specific amino acid route, whereas the generic amino
acid route is the reaction of asparagine with dicarbonyls/
hydroxycarbonyls formed through AP of reducing sugars and
α-amino acids. They also drew attention to the importance of
the contribution of both pathways in ACR formation.

According to them, the predominance of the reaction pathways
is affected by the composition of the medium and the process
parameters. Especially, more reactive amino acids than
asparagine can be the source of precursors required for the
generic amino acid pathway. In addition to these reaction
pathways, the formation of ACR as a result of the reaction of
FFC with asparagine was also included in the comprehensive
model, since it was reported by Perez Locas and Yaylayan32

that FFC can react with amines.
Another source of ACR formation was found to be HMF.

The role of HMF in the ACR formation mechanism was first
described by Gökmen et al.38 In this study, the asparagine-
HMF model system produced relatively higher amounts of
acrylamide than the asparagine-GLC model system under the
same reaction conditions at temperatures exceeding 120 °C,
and obtained kinetic data showed that HMF was more
effective than glucose in the formation of ACR from asparagine
in low-moisture systems. This was explained by the fact that
HMF has a lower melting point and is therefore more
thermodynamically favorable to forming amine condensation
products. HMF also contributes to the formation of ACR in
the presence of asparagine by taking part in the Maillard
reaction during heat treatment due to its carbonyl function.
Since HMF is involved in the formation of ACR in this way,
FFC also contributes to the formation of ACR in another way
by dehydrating to HMF, as well as reacting with asparagine to
form ACR as a carbonyl source.
When the involvement of different carbonyl compounds in

ACR formation was compared in light of the results obtained
in previous studies,39 it was concluded that the most
predominant pathway in dry systems was ACR formation in
the presence of HMF.11,12,40 Indeed, in previous studies and
for the comprehensive model mentioned in this study, the
reaction rate constants for ACR formation pathways from
carbonyl sources other than HMF were calculated as zero or
relatively low. In a study by Stadler et al.,34 the reaction
between asparagine and glucose was found kinetically more
important than the reaction of asparagine with α-dicarbonyl
compounds in ACR formation. Additionally, Nguyen et al.,40

in a study investigating the effect of sugar type on ACR
formation in biscuits, determined that the effect of glucose was
negligible when compared to fructose. Similar results to model
systems were also obtained in the food matrix. Hamzalıoǧlu
and Gökmen12 calculated the reaction rate constants of ACR
formation from FFC and glucose as zero during the roasting
process of coffee. In another study, Berk et al.11 found that the
reaction of asparagine with HMF was more important than
with glucose. To sum up, since the aim was to determine a
simple model, only the involvement of HMF (k5) was
included, and the other carbonyl sources were excluded in
the proposed model for the conversion of asparagine to ACR.
In the proposed kinetic model considered in this way, it was
observed that the model was well-fitted to the experimental
data. It can be concluded that the pathway comprising HMF is
kinetically important in the formation of ACR through
Maillard reaction during the roasting process in dry systems
with low reducing sugar content but with a significant amount
of sucrose.
When the rate constants of ACR formation were examined,

it was seen that the estimated parameters increased with
increasing temperature. However, the highest rate constant was
determined in the flaxseed samples as a result of roasting at
200 °C. ACR can also undergo further reactions with amino
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acids which are called Michael-type additions.41 However,
unimolecular degradation without the involvement of amino
acids fitted better to experimental data instead of the
bimolecular reaction of ACR for the elimination of degradation
into products (k7). According to the results, the reaction rate
constant of this step increased with temperature in the samples
as in the case of the formation reaction except for sunflower,
while the highest rate constant was observed in almonds.
Additionally, except in a flaxseed sample, this elimination step
was found to be more important than the formation rate of
ACR (Table 1). Knol et al.42 also proposed a kinetic model
that suggests ACR is an intermediate not an end-product of the
Maillard reaction and undergoes further degradation reactions.
During the roasting of oil-rich nuts and seeds, lipid oxidation

also occurs simultaneously with sucrose degradation reactions.
As the lipid peroxidation products carry a carbonyl moiety,
they act as precursors and trigger the formation of acrylamide.
However, it is difficult to distinguish the origin of dicarbonyl
compounds due to the complex nature of foods as dicarbonyl
compounds can also be formed by sucrose degradation. In
addition, the aim of this study was not to investigate the effects
of lipid peroxidation products on acrylamide formation but to
reveal which pathway is more predominant. Therefore, the
effect of the lipid peroxidation products was ignored in the
proposed model. The fact that lipid oxidation was ignored in
the proposed model does not mean that such a contribution
does not exist. It was stated in our previous studies that the
presence of lipids in the reaction medium contributes to the
formation of acrylamide.43 However, it was determined that
secondary lipid peroxidation products, which may contribute
to acrylamide formation, started to increase after 5 min during
roasting of coffee at 220 °C. In this study, such high
temperatures were not reached during roasting, and even the
applied 200 °C was an extreme condition when compared to
industrial parameters. In addition, the kinetic model was
evaluated with a goodness of fit. Although acrylamide showed a
good fit with experimental data, in cases where the acrylamide
data did not fit well, it could be attributed to the effect of
dicarbonyl compounds formed from lipid oxidation on
acrylamide formation was significant.
It has been shown in different studies that asparagine can

also degrade to products such as aspartic acid and fumaric acid
during roasting.44 The decomposition of asparagine to several
products was also indicated in the model (k8) to obtain the
best model fit, and k8 increased with increasing temperature in
all samples except almond.
This kinetic model was proposed for temperatures at which

nuts and seeds are roasted or baking temperatures of products
to which they are added as ingredient. In addition, the reaction
routes may change, and different compounds may be formed,
especially at extreme temperatures. As a result, the model
might not show a good fit at different temperatures, and the fit
might deviate with the change in temperature. However, this
does not mean that the steps indicated as dominant are not
important.
In conclusion, a simplified kinetic model was suggested for

the formation of ACR during roasting in low-moisture systems
by this study. The rate constants for elementary reaction steps
were estimated by multiresponse kinetic modeling of sucrose,
total free amino acids, asparagine, HMF, 3-DG, and ACR
concentrations in sunflower seed, flaxseed, peanut, and almond
roasted at 160, 180, and 200 °C. Although the proposed model
does not exactly express the whole Maillard reaction

mechanism, it explains the measured responses related to the
formation of ACR. The proposed model consisted of reaction
steps including sucrose degradation, formation of α-dicarbonyl
compounds, HMF, and ACR. The conversion of free
asparagine, FFC, and ACR to different products was also
included in the proposed model, whereas the further
conversions of glucose, 3-DG, and HMF were excluded. The
contribution of HMF to the formation of the ACR was also
demonstrated. Due to its low melting temperature, HMF is a
thermodynamically more favorable reactant in the formation of
ACR during the roasting of low-moisture food systems.
Since we aimed to obtain a simple and inclusive model in

this study, we first proposed a reaction scheme by eliminating
the pathways that were determined not to be kinetically
important for the formation of ACR in our previous studies.
Undoubtedly, care was taken not to cause worse posterior
probability while neglecting these steps. Here, we determined
that these previously proposed models are robust for low-
moisture sucrose-rich foods, as in the example of nuts and
seeds. By this study, without considering botanical nomencla-
ture, it became possible to predict changes quantitatively in any
temperature−time combination in other foods with a
composition similar to that of the studied foods. Therefore,
this model allows us to strike a balance between the benefits
and collateral damage of heat treatment by optimizing process
conditions. In addition, it was determined that this proposed
model can create a basis for mitigation strategies of ACR
formation, and further studies on different nuts and seeds also
should be performed to improve the accuracy of the model.

■ APPENDIX A
Differential equations, which are built from the kinetic model
of nuts and seeds given in Figure 1.
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