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For modeling and predicting the formation of acrylamide in
real food systems, it is not only important to understand the
underlying chemistry, but also the complex effects of heat and
moisture transfer which means that in French fries, for
example, most of the acrylamide is formed on the edges and
corners of the fry. In this paper, simple approximations have
been employed to build a mathematical model that
approximates the heat and mass transport phenomena in three
dimensions. It successfully predicts the concentration of
acrylamide and its precursors at different positions in the “fry’.
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Introduction

Kinetic modelling is a very useful tool to study chemical reactions,
particularly those as complex as the Maillard reaction. Many researchers have
applied this approach to understand the kinetics of formation of acrylamide.
Most of these studies have involved simple buffered model systems, covering a
variety of precursors and simulated process conditions (1-2). Recently, Parker,
et al. (3) reported the kinetics of acrylamide formation in standard commercial
French fries with variable sugar content, taking into account moisture and heat
transfer phenomena that occur within the potato during frying. They
manipulated the initial sugar content by dipping the raw potato strips in aqueous
solutions containing different levels of glucose or fructose. The fries were
prepared using the standard industrial protocols and processed in a pilot-scale
fryer for a series of different times and temperatures. Based on the chemistry of
acrylamide formation, the authors proposed a multi-step kinetic mechanism and
developed a mathematical model which accounted for the kinetics of acrylamide
formation. The fit to the experimental data was excellent; however, that model
was based on one-dimensional heat and mass transfer ignoring the transport
phenomena coming from the other two dimensions. Hence it was missing
important physicochemical interactions occurring at the edges and corners of the
fries, a region where acrylamide formation is potentially high. In the improved
model that is presented in this paper, the latter issue is resolved. Furthermore, a
new rate constant ks is introduced which accounts for the conversion of the
second group of intermediates (Int2) to acrylamide and other Maillard products.
The latest iteration was considered necessary in order to account better for the
kinetics of the loss of asparagine and the total free amino acid during frying, as
well as the corresponding predictive power for acrylamide formation.

Materials and Methods

The experimental procedure is described in detail in (3). Briefly, the ‘fries’
were prepared using a typical industrial process. After blanching, the potato
strips were dipped in aqueous solutions with varying (0-5 %) glucose or fructose
concentration so as to manipulate the sugar content of the strips which were
subsequently par-fried.. The par-fried potato strips were frozen and finish fried
for different times (0-5 min) at three temperatures (165, 175 and 185 °C). The
“fries” were then analyzed for their moisture and fat content, the concentrations
of glucose, fructose, acrylamide and free amino acids..
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Results and Discussion

Temperature profile/Heat transport model

Finish frying of frozen par-fried potato strips takes place at high
temperatures (typically 165-185 °C) for short time (typically 2-5 min). As a
result, a temperature gradient is formed within the fries which is a function of
processing time (t) and distance (x) from the surface of the fry that is in contact
with the hot oil. Parker, et al. (3) introduced Equation 1 which accounted for the
temperature variation across the fried potato strips. It was based on the study by
Ni and Datta (4) who modelled the temperature gradient with respect to time and
distance from the surface of a one-dimensional potato model.

780x

Temp - Tempo - (—4.96x1075t2+9.81x10™2¢t+1.1657) (1)
for Temp>90°C
where,

Temp: temperature (°C) of the fry’
Temp,: initial oil temperature (°C)
x: distance from surface (mm)

t: frying time (min)

Moisture model

During frying there is a constant evaporation from the surface of the ‘fry’
reducing the overall moisture from ~70% to c. 30% after 5 minutes of
processing. This creates two distinctive zones along the “fry’: a dry zone, where
the moisture has evaporated, and a wet zone where limited evaporation or no
evaporation has taken place. In the wet zone, a moisture gradient applies where
moisture content increases gradually from the boundary with the dry zone
towards the center of the “fry’. During frying, a thin crust layer is being formed
and the boundary between the two zones changes with time and moves towards
the center. Hence, the moisture content is a function of the distance from the
surface as well as the frying time. Parker, et al. (3), used the unidimensional
potato model proposed by Ni and Datta (4) to suggested an equation which
expressed the moisture content in potato strips during frying, accounting for
moisture loss only in one dimension. For the present study, this equation was
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revised to include a more general term which also accounted for the processing
temperature.

For the French fry illustrated in Figure 1, in order to estimate the moisture
content of the cube with co-ordinates (l1, I2) (h1, h2) (w1, w2) and using the one
dimensional approach, the rate of change of moisture with respect to the x-axis
is given by Equation 2:

dMy _ 100 _ 1, _Bx
o = T saoD (Temp,;; — 100) fll e 10dx )
where,

My: moisture content (g/100 g)

Io-11: length of any cube within the fry’ (mm)
t: frying time (sec)

Temp,: Frying temperature (°C)

A and B: Model parameters
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Figure 1 A hypothetical potato fry’ on a Cartesian coordinate system

Similarly, on a one-dimensional basis, the moisture content with respect to the y
and z axis is given by equations 3 and 4:
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My 10 ny _BY
Tdac m(Tempozl 100) fhl e 10 dy (3)
aMz _ —(Tem — 100)f Ze 10dz @
at 60A(wy—w1) Poit

where

ho-h1: height of any cube within the ‘fry’ (mm)
w-ws: width of any cube within the fry’ (mm)

So, assuming moisture loss in one direction is independent of the loss in the
other two, the rate of change of moisture in the ‘fry’ is:

dMtor _ dMjy dMy dM,
dc  dt dt dt

®)

Substituting for dM,./dt, dM, /dt and dM, /dt and solving the differential
equation, an approximate expression for the total moisture content (M) of the
cube with co-ordinates (ly, I2) (h1, h2) (w1, wo) is given by equation 6

1000 _BhL Bl
Moe = M, — —t(Tempml - 100)[ (e 10 —e 10) +
1

60AB
1 _Bhy _Bhy _Bwy _Bwy
e 10 —e 10 |+ (e 10 —e 10 ) (6)

hz—hq

2~W1

Parameters A and B were estimated from the moisture data published in (3).
For a “fry’ with dimensions 45 mm x 7.5 mm x 7.5 mm (L x H x W), the
estimates were A=654.2+13.6 and B=9.3 (indeterminate error) respectively. The
fit of the model to the experimental data is excellent (Figure 2).

Furthermore, using the model of Equation 6, the moisture content in the
corner of a potato strip could be calculated and compared against other segments
of the “fry’ (e.g. center, side, etc). For fries dipped in 0.5% glucose solution and
with initial moisture content of 62.7%, a corner section (Section A) with co-
ordinates in mm (l,=0, 1,=0.5) (h;=0, h,=0.5) (w1=0, w»=0.5) (Figure 1), i.e.
V=0.125 mm?, the moisture content after 2 min of frying was estimated as
15.0%. In a side section (Section B) of the ‘fry” with co-ordinates (1,=0, 1,=0.5)
(h1=1, h=1.5) (w1=0, w,=0.5), i.e. same volume as the previous section, the
moisture content after 2 min of frying was estimated as 24.6%. Also, a section
closer to the center of the ‘fry’ (Section C) with the same volume and with co-
ordinates (1:=2.0, 1,=2.5) (h;=8.0, h,=8.5) (w1=1.0, w»=1.5), had an estimated
moisture of 53.9%. The moisture model estimates lower moisture content for
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sections of the “fry” with higher ‘corner effect’. Section A has three sides in
contact with oil; the heat is transferred rapidly, the temperature increases rapidly
to 100 °C, water is lost and the temperature increases close to that of the oil
temperature. Section B has two sides in contact with oil, the heat transfer is
slower than in Section A so the temperature will reach 100°C later than in
Section A. Section C is at the core of the fry where the temperature rise takes
place at a slower rate than in Sections A and B, which results in less loss of
moisture.
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Figure 2. Fit of model predictions to the experimental moisture data. All data
derive from (3). Symbols (m) are the experimental data points and the line (——-)
shows the predictions of the new moisture model. All frying temperatures were

165 °C unless otherwise stated.
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Modelling acrylamide formation

The chemistry of acrylamide formation in a food system is complex and the
proposed mechanism consists of two distinct pathways: the “generic amino
acid” pathway and the “specific amino acid” pathway (3). In the former, the
reactive intermediates (e.g. dicarbonyls, hydroxycarbonyls), that are formed
during the initial and intermediate stages of the Maillard reaction, react with the
asparagine present in the food system to form Schiff bases which, after
decarboxylation, dehydration and other reactions, degrade to acrylamide. In the
“specific amino acid” pathway, a reducing sugar reacts directly with asparagine
to form the corresponding imine which, after decarboxylation, dehydration and a
series of other reactions degrades to acrylamide.

Several kinetic mechanisms were devised and tested in an effort to
distinguish the generic and the specific amino acid pathways and estimate the
corresponding reaction rate constants with a higher degree of accuracy.
However, having information only on the concentration of acrylamide and its
initial precursors (i.e. free amino acids and sugars), it was not possible for the
modelling software to separate the two pathways. Some research groups (5-6)
tried to distinguish and model the two pathways in simple aqueous model
systems by measuring acrylamide and melanoidins (colored Maillard end
products). The models were good, but acrylamide was presumed to be formed
entirely via the specific amino acid pathway and the melanoidins were formed
exclusively from the generic amino acid pathway

In order to tackle this problem, it was decided to merge the two pathways
(i.e. generic and specific). A plausible mechanism was initially proposed by
Wedzicha, et al. (7), who established a kinetic model which described the
acrylamide formation during heating of rye, wheat and potato cakes. Based on
this study, Parker, et al. (3) proposed a similar kinetic mechanism and suggested
a model (Kinetic Mechanism 2.0, Figure 3a) which described adequately the
formation of acrylamide in French fries with variable glucose and fructose
content.
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(a) Fructose Maillard products

ke ! Ke Amino
9 acids
Kq ) fast
Glucose . Int1 Int2 > Acrylamide
Amino Fasn*Asn
acids
Fructose Maillard products
ks Amino
acids
Glucose k1 > Int1 > Int2 —— > Acrylamide
Amino Asn
acids

k
Amino acids —=> Other products

Figure 3. (a) Postulated Kinetic Mechanism 2.0, adapted from (3) which was
modified to (b) Kinetic Mechanism 2.1

According to this mechanism, the reaction of glucose with free amino acids
proceeds through a two-step Kkinetic pathway where a first group of
intermediates Intl react further to a second pool of key intermediates Int2. This
two-step process for glucose has been applied successfully in several models
which describe the Maillard reaction with respect to the formation of
melanoidins (8), Strecker aldehydes (9) and pyrazines (10). Furthermore,
fructose is converted to Int2 through a one-step process which does not involve
free amino acids since their concentration does not show any significant kinetic
effect on the rate of the reaction of fructose (8). The pool of intermediates Int2
reacts rapidly to form acrylamide or Maillard reaction products; the
concentration of the latter compounds is proportional to the parameters R and
Fasn, Where R is the ratio of asparagine to the total amino acids and Fas, is the
proportion of the available asparagine that is converted to acrylamide. The
model by Parker, et al. (3) (Figure 3a) was revisited and was altered so as to
improve the predictive power in relation to the Kinetics of the reactions
involving free amino acids. Thus, by hypothesis, an extra rate constant ks was
added and the corresponding kinetic mechanism was changed to that of Figure
3b (Kinetic Mechanism 2.1), where Int2 reacts with asparagine and the other
free amino acids to form acrylamide and other Maillard products respectively.
Another advantage of this new approach was that asparagine was incorporated
as an extra response to the model. Additionally, an extra first order reaction with
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rate constant kaa Was also included to the updated mechanism. It accounted for
the amino acid consumption that takes place in the system before the formation
of Int2 (10). Furthermore, preliminary tests indicated that the isomerization of
glucose to fructose (as expressed by rate constant ke, Figure 3a) is kinetically
insignificant and could be removed. The set of differential equations that
comprise the new model (Kinetic Mechanism 2.1, Figure 3b) is given in
equations 7-14.

At _ _ 1, [Glu] [AAS] — ko[Glu] )
) _ [ + kg6t ©
i) _ ) [ine2][Ads] — Ky, [A4S] ©)
@ = —ks[Int2][Asn]—k,,[Asn] (0
W) _ ke [me2] [AsnlF s, an
A = kylme2[AAs] + ks [ine2][Asn] (1~ F ) (12)
d[I;lttl] ky[Glu][AAs] — k,[Int1] (13)
dline2] = kg[Fru] + k,[Int1] — ks[Int2][AAs] (14)

dt

The equations were modified to include the temperature and the moisture
gradient as they are expressed by Equations 1 and 6, respectively. Furthermore,
the reparametrized Arrhenius equation and the activation energy Ea were also
introduced (28). In this paper, except if otherwise stated, a universal value for
the activation energy (E.) of 100 kJ mol?! was applied to all models. The
following example demonstrates how the above conversions were implemented
in the modelling procedure.

The hypothetical rate equation (15)

d[Glu]
dt

= —k[Glu][AAs] (15)

expresses the rate of change of glucose as a second order reaction. With the
incorporation of the temperature gradient and the reparametrized Arrhenius
equation, the unidimensional expression for the volume bounded by co-ordinates
(I, o) (h1, ha) (w1, wo) (Figure 1) with respect to the x axis will become
(Equation 16)

Eq ref)

d[Glu]y _ flz kref Glu] [AA] eRTref T dx (16)
dt 12 Iy
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where T(x,t) is expressed by Equation 1 which applies along the x axis.
Similarly, for the y and z axis, equations 17 and 18 apply:

Eq Tref

afGuly 1 hy RTyer L Ty0)
e = T s e (Gl [AA] e Trer T T dy A7)
d[Glu] 1 e (1_Tref)
uly w. RT,p T(zt)
e = Ty by lrelGUul[AA] e Trer TEY dz (18)

where T(y,t) and T(z,t) are expressed by Equation 1 for the y and z axis
respectively.

The total rate of change of glucose concentration is approximated by
equation 19:

d[Glu]tor _ d[Glu]x + d[Glu]y + da[Glu],
at  dt dt dt

(19)

Furthermore, the effect of moisture content (M) was accounted by multiplying
the concentration of each analyte with the term (1-M) where M is the moisture
content.

Hence, the final expression for the rate of change of glucose is to a first
approximation given by Equation 20.

d[61u] . ! E_a(l_Tref>
% ~ —kyor[Glu][AA](1 — M)Z[E fzf eRTref\” T/ gy 4
T. T.
1 fhz eR’f;ef(l_T(r;{))d + 1 J‘WZ eR’IE“:;f( _T{Ze,tf)) dZ] (20)
hy—hy YRy y Wy—wq W1

where: K is the reaction rate constant at the reference temperature, [Glu] is the
defatted dry weight concentration of glucose, [AA] is the defatted dry weight
total concentration of the free amino acids, M is the moisture content, E, is the
activation energy, R is the universal gas constant, T is the reference
temperature in K (in our study it is 165 °C = 438 K) and T is the process
temperature in K.

Multiresponse kinetic modelling was performed for Kinetic Mechanism 2.1
(Figure 3bError! Reference source not found.) using the software Athena
Visual Studio. The model parameters were estimated by minimizing the sum of
squares according to the determinant criterion (11). Modelling was performed
using the dataset from the study of Parker, et al. (3), however, in the current
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study we employed the revised kinetic model and heat and moisture transport
equations as was demonstrated in the example above. The optimal estimates for
the parameters and their 95% highest posterior density intervals are presented in
Table 1.

Table 1. Parameter estimates for the Kinetic Model 2.1 (Figure 3b).

Parameter Optimal 95% Confidence
estimate x 10* interval x 10*
ki (mmol™ kg s™?) 0.7 +0.08 (12%)
k2 (sh) 937 + 366 (39%)
ks (mmol™ kg s?) 42300 +14870 (35%)
ks (s1) 80 15 (7%)
ks (s1) 27 7.7 (28%)
Kaa () 19 7.6 (39%)
FAsn 64 i47 (7%)

The model parameters are reliable since their statistical error is low. The
value of the rate constant k., was estimated as 19x10* s which demonstrates
that there is another route for amino acid consumption. Inclusion of this
particular rate constant in the model improved the fit of the model with regard to
the total amino acids concentration (not shown). The rate constant ks has a very
high value compared to the other rate constants which suggests that this step
proceeds relatively quickly as has been implied in other studies (3, 9). This is
confirmed by model simulation based on the above parameters: Int2 has the
typical behavior of an intermediate which reacts rapidly to other compounds, as
soon as it is formed. Consequently, the reactions which are described by the rate
constants ki, k2 and ke control the acrylamide formation. The fit of the model to
the experimental values was very good. For asparagine in particular, the
corresponding fit is demonstrated in Figure 4.
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Figure 4. Fit of the model predictions to the experimental data for asparagine.
All data derive from the experiment of Parker, et al. (3). Symbols (m) are the
experimental data points and the line (——-) shows the predictions of the moisture
model. Frying temperatures were 165 °C unless otherwise stated.

Using Kinetic Model 2.1 with the parameter estimates of Table 1, we can
run model simulations and predict the concentrations of the compounds of
interest in various areas of the fries. For a ‘fry’ dipped in 0.5% glucose solution
and with initial moisture content 62.7%, the concentration of the key compounds
of this study at three different sections (A, B, and C) of the ‘fry” after 2 minutes
of frying at 165 °C were estimated as in Table 2.
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Table 2. Estimates from Kinetic Model 2.1 for the concentration of
acrylamide and its key precursors, at three different locations in French
fries”, fried at 165°C for 2 minutes.

Compound name Section A SectionB  Section

(concentration) (corner) (edge) C (core)
Glucose (mmol/kg) 0.18 0.9 26
Fructose (mmol/kg) 2.3 4.7 13
Total AAs (mmol/kg) 8.5 101 172
Asparagine (mmol/kg) 30 36 61
Acrylamide (umol/kg) 85 78 5.3

“the par-fried potato strips were dipped in a 2% glucose solution and had 62.7% initial
moisture content

The simulations were applied for a corner section (Section A) with co-
ordinates in mm (1,=0.0, 1,=0.5) (w1=0.0, w-=0.5) (h;=0.0, h,=0.5) (Figure 1) i.e.
V=0.125 mm?3, a side section (Section B) of the ‘fry’ with co-ordinates (1,=0.0,
[,=0.5 mm) (w:=1.0, wo=1.5 mm) (h;=0.0, h,=0.5 mm), i.e. some volume as the
corner part, and finally a more central section (Section C) of the ‘fry’ of the
same volume (0.125 mm?®) with co-ordinates (1;=8.0, 1,=8.5 mm) (w;=1.0,
wz=1.5 mm) (h1=2.0, h,=2.5 mm).

The predictions made by Kinetic Model 2.1 demonstrate that the model can
account successfully for the corner effects. The corner segments of the fry are
more exposed to the heat transfer medium; the temperature rises faster, more
moisture is lost, the reactants become more concentrated, the rate constants
increase, the rates of reactions increase, resulting a faster/greater depletion of
precursors and hence faster/greater formation of acrylamide. So, as calculated
above, the corner section (Section A) will have higher concentration of
acrylamide than the side section (Section B), since the former has three sides in
direct contact to the hot oil, while the latter only two. The central section
(Section C) of the fry has the least acrylamide content since it is furthest away
from the hot oil, the temperature rises slower and moisture is retained for longer.

An enhanced modelling procedure that takes into account the heat and mass
transfer phenomena on the three dimensional space has been demonstrated in
this paper. Kinetic Model 2.1 suggests that the first kinetic steps of the reactions
of glucose and fructose limit the formation of acrylamide. The high rate of the
reaction described by ks confirms that the corresponding step proceeds faster
than the others in Maillard reaction.
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