
Quality Assurance and Safety of Crops & Foods, 2014; 6 (3): 319-325�
Wageningen Academic 
P u b l i s h e r s

SPECIAL ISSUE: Food chemistry and safety

ISSN 1757-8361 print, ISSN 1757-837X online, DOI 10.3920/QAS2013.0387� 319

1. �Overview of the safety risks associated with 
thermal processing of foods

Processing of foods is essential to improve microbiological 
safety, to increase nutritional quality, and to reduce the 
levels of potentially toxic compounds. The application of 
high temperatures, referred to as thermal processing, is the 
most commonly used method to kill or control the numbers 
of microorganisms present in high moisture foods (Tucker, 
2008). In addition, thermal processing is indispensable for 
determining the specific nutritional and sensory properties, 
in particular texture, flavour and colour in fried, baked 
and roasted products. Previous studies have indicated that 
thermal treatment may induce the formation of health-
promoting antioxidants in foods. On the other hand, it may 
lead to the formation of heat-induced toxic compounds, so 
called thermal process contaminants, such as heterocyclic 
amines, acrylamide, furan, furfurals and chloropropanols 
(Crews et al., 2001; Maga, 1979; Skog et al., 1998; Tareke et 

al., 2012; Van Boekel, 1996). Thermally processed foods like 
bakery products, roasted coffee, snack foods, baby purees 
and refined oils may contain above-mentioned compounds 
at varying amounts as a result of heat induced conversions 
of certain compounds naturally available in food products 
(Figure 1). The final concentrations of thermal process 
contaminants in foods depend on the concentration of their 
corresponding precursors as well as the severity of process. 
Since these food products have to be heated to develop 
organoleptic profile and meet consumers’ acceptance, 
optimised processing conditions need to be found for 
improving the formation of valuable compounds, while 
minimizing the harmful ones.

A firm mathematical approach is still lacking, but challenging 
for the evaluation of the success of thermal process like 
baking, frying and roasting. In the following sections, a 
process safety calculation approach is described taking 
into account the mechanism of formation, temperature 

A perspective on the evaluation of safety risks in thermal processing of foods with an 
example for acrylamide formation in biscuits

V. Gökmen

Food Engineering Department, Hacettepe University, 06800 Beytepe, Ankara, Turkey; vgokmen@hacettepe.edu.tr

Received: 28 December 2013 / Accepted: 4 May 2014 
© 2014 Wageningen Academic Publishers

REVIEW ARTICLE
Abstract

Thermal processing induces typical changes in foods such as enzyme inactivation, microbial destruction, as well as 
the development of desirable sensory characteristics. However, heating at elevated temperatures has been shown 
to generate potentially toxic compounds. In 2002, the discovery of acrylamide in fried potatoes caused a worldwide 
interest. It is a fact that numerous other toxicants can also be found in heated foods. Since safety remains as a 
primary objective, one of the challenges facing the food industry is to minimise these toxicants without adversely 
affecting desired attributes of thermal processing. To meet this challenge, it is essential to combine the knowledge 
on chemical mechanisms and process engineering. The Bigelow’s procedure is used to evaluate a sterilisation 
process for the calculation of total lethality from the time-temperature history of food at the coldest point. This 
procedure could be successfully adapted to the baking process to evaluate acrylamide formation risk from the time-
temperature history of biscuits recorded at the hottest point. Such an approach may provide a basis for thermal 
process safety calculations enabling better control of the risks associated with heat generated toxicants formed in 
foods during heating.

Keywords: acrylamide, safety evaluation, thermal process, thermal process contaminants

mailto:vgokmen@hacettepe.edu.tr


V. Gökmen

320� Quality Assurance and Safety of Crops & Foods 6 (3)

dependence of formation, and time-temperature history 
of food. The validity of the approach is exemplified for the 
formation of acrylamide in bakery products.

Brief information about the chemistry of Maillard reaction

The chemical reactions that lead to the formation of thermal 
process contaminants in foods are diverse. They mainly 
involve lipids, carbohydrates and proteins and/or free amino 
acids as precursors. The formation of reactive intermediates 
from especially carbohydrates and lipids may play an 
important role. The reaction pathways are interrelated and 
strongly dependent on the size and composition of foods 
and processing conditions. Among the reactions occurring 
in food during heating, the reaction between reducing 
carbohydrates and free amino groups of proteins or amino 
acids is the major source of neo formed compounds. This 
reaction, so called the Maillard reaction, has three stages 

in which typical products are formed (Table 1). Some of 
them like N-ε-fructosyllysine and carboxymethyllysine 
have been using to evaluate the degree of protein glycation 
in heated foods that indicate the loss of nutritive value 
and the severity of thermal process (Gökmen et al., 2008; 
Hodge, 1953; Wellner et al., 2011). Some other Maillard 
reaction products like acrylamide and furfurals indicate 
the safety risks created in foods during thermal processing 
due to the potential adverse effects of these compounds on 
human health (Capuano and Fogliano, 2011; EFSA, 2011; 
IARC, 1994).

Facts on the occurrence of acrylamide in thermally 
processed foods

Swedish researchers have first reported the formation of 
acrylamide in foods processed at elevated temperatures 
(Tareke et al., 2002). The main pathway of acrylamide 
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Figure 1. Occurrence of certain thermal processing contaminants and their potential precursors in common processed foods.

Table 1. Typical products formed during the stages of Maillard reaction.

Stage Typical products formed

Initial stage Early glycation Amadori products
sugar-amine condensation N-ε-fructosyllysine
Amadori rearrangement (R-CHO + R-NH2)

Intermediate stage Reductones and fission products, intermediates
sugar dehydration hydroxymethylfurfual or furfural
sugar fragmentation acrylamide
strecker degradation

Final stage Brown nitrogenous products
aldol condensation melanoidins
aldehyde-amine condensation Advanced glycation end products

carboxylmethyllysine
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formation in foods is linked to the Maillard reaction 
and, in particular, the amino acid asparagine (Mottram 
et al., 2002; Stadler et al., 2002; Yaylayan et al., 2003). 
Since it is classified as a probable human carcinogen by 
the International Agency for Research on Cancer (IARC, 
1994), presence of acrylamide in common heated foods 
is considered as one of the most important food safety 
concerns by international authorities. Acrylamide exposure 
varies depending upon the population’s eating habits, and 
the way the foods are processed and prepared. Generally, 
fried potato products, bakery products and roasted 
coffee appear as the most important food categories that 
contribute most to acrylamide exposure. The resulting 
acrylamide concentration in thermally processed foods 
depends on certain recipe and process factors. The initial 
concentrations of precursors and processing temperatures 
are known to affect the rate of acrylamide formation in 
foods (Becalski et al., 2003; Gökmen et al., 2006; Matthäus 
et al., 2004; Pedreschi et al., 2005; Rydberg et al., 2003).

During baking or frying of foods, the evaporation of 
water limits the amounts of acrylamide formed being an 
important barrier to internal energy increase. However, 
greater energy input to the food at higher temperatures 
will cause faster drying, and hence the temperature and 
moisture levels which favour the formation of acrylamide 
to set in early during the process (Gökmen et al., 2006). 
Time-temperature history differs in different locations of 
food as a result of simultaneous heat and mass transfer. As 
shown in Figure 2, temperature rises much faster on the 
surface than the interior parts of cookies baked at 180 °C in 
a conventional oven (Açar and Gökmen, 2009). Obviously, 
the edge becomes the hottest point of cookie during baking 
process making it the most risky part from the viewpoint of 
chemical reactions leading to undesired toxic compounds. 
It is a fact that the formation of acrylamide takes place 
mainly at the surface and in near-surface regions, because 
during heating, the conditions in this part of foods become 

favourable (Gökmen et al., 2006). As a result, there occurs 
a large difference between the acrylamide concentrations 
of the surface and the core regions of food as exemplified 
for a cookie in Figure 3 (Açar and Gökmen, 2009).

2. �An approach to evaluate the process safety 
concerning thermal process contaminants

Thermal processing is an important treatment for food 
preservation, especially in the manufacture of shelf stable 
foods. Heat, at levels sufficient to destroy microorganisms, 
is applied to foods packed into sealed or airtight containers. 
Thermal process calculations are needed to achieve safe 
levels of microbial inactivation (lethality) and should be 
carefully carried out to ensure public health safety.

Bigelow developed the first procedure in early 20th century 
to evaluate thermal processes (Bigelow et al., 1920). This 
makes direct use of the time-temperature history at the 
coldest point to obtain the lethality value of a process. The 
severity of a thermal process is calculated as an integrated 
F-value or P-value (Ball and Olsen, 1957), using thermal 
inactivation kinetic data on the likely pathogenic or spoilage 
organisms present. The time-temperature history at the 
coldest point of food is used to build a lethality plot 
(lethal rate versus time) in which the area under the curve 
corresponds to the accumulated lethality of the process. 
The Bigelow’s procedure earned the name ‘general method’ 
because it applies to any product/process situation.

As an analogy, the Bigelow’s procedure can be used to 
evaluate the thermal process safety risks, for instance 
the formation of acrylamide in biscuits during baking. 
The analogical comparison of thermal inactivation of 
microorganisms (microbial safety) and thermal formation of 
processing contaminants (chemical safety) is schematically 
illustrated in Figure 4. Since acrylamide and several other 
thermal process contaminants concentrate at the surface, 
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Figure 2. A typical time-temperature history of the edge (black 
circles) and centre (white circles) of a cookie during baking at 
180 °C (Açar and Gökmen, 2009).
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Figure 3. Concentration of acrylamide on the surface and nearby 
region of a cookie (Açar and Gökmen, 2009).
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the process safety calculation should be based on the time-
temperature history recorded at the product’s surface, 
namely the hottest point. In order to perform a process 
safety calculation, it is prerequisite to determine the kinetic 
constants (D-value, z-value) for target compound(s) based 
on a valid chemical mechanism.

Certain chemical reactions like acrylamide formation in 
baked or fried foods are characterised by a notable peak 
product concentration at relatively high temperatures. The 
dynamics of such reactions has been traditionally studied 
by following a set of several intermediate reactions. The 
simplest form is a reaction of the general type A→B→C, 
in which a peak concentration of the compound B can be 
observed depending on the formation and degradation 
reaction rates (Peleg, 2009; Van Boekel, 2009). It is a fact 
that formation and degradation of acrylamide occurs in the 
same time during heating at elevated temperatures (Claeys 

et al., 2005; De Vleeschouwer et al., 2006; Gökmen and 
Şenyuva 2006; Hedegaard et al., 2007). Empirical models 
based on single-response modelling approach can be very 
useful for predicting chemical changes during processing, 
when details of the complex chemistry or mechanism is 
of less importance or unknown (De Vleeschouwer et al., 
2009a). In contrast to empirical models, mechanistic 
models are based on more detailed reaction mechanisms 
and require multiresponse modelling. This approach has 
been previously applied to acrylamide formation in different 
model and food systems under different conditions (De 
Vleeschouwer et al., 2008, 2009b; Knol et al., 2005; Parker 
et al., 2012; Van der Fels-Klerx et al., 2014). For a baking 
process of sweet biscuits, reactions leading to acrylamide 
and hydroxymethylfurfural and their eliminations can be 
considered as shown in Figure 5.

The decimal formation time (D-value) can be calculated 
from the thermal formation kinetic data for a range of 
temperatures. The kinetic data should be obtained using an 
appropriate experimental food model in which time lag to 
reach the working temperature within the food is limited. 
To achieve this, the crust model that is based on the use 
of same formulation in thinner form (1 mm) is useful for 
baking experiments (Açar and Gökmen, 2009). For thermal 
process safety calculation from the viewpoint of acrylamide 
formation risk, a new term, thermal formation time (τ) 
could be defined as the time required for the acrylamide 
concentration to reach a risk threshold value at a given 
temperature. The F value is the thermal formation time 
at a reference temperature. If established by the legal 
authorities, the maximum allowed concentration of a target 
thermal process contaminant such as acrylamide could 
be considered as the risk threshold value. In microbial 
inactivation, a reference temperature of 121.1 °C is widely 
used (Awuah et al., 2007). It is a fact that baking process 
may cover a range of temperature from 170-180 up to 
230-240 °C. Here, the reference temperature of 200 °C 
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Figure 4. Analogy between thermal process calculations for 
thermal inactivation of dangerous microorganisms (process 
microbial safety) and formation of thermal processing 
contaminants (process chemical safety).
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Figure 5. A simplified reaction scheme for acrylamide and 5-hydroxymethylfurfural (HMF) formations in biscuits during baking.
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is considered as midpoint of this range. From a kinetic 
point of view, it is also highly relevant for the formation 
of acrylamide and several other process contaminants 
in biscuits during baking. However, the approach to be 
described in the following section should take into account 
the temperature dependence of the kinetic constants for a 
target process contaminant in the whole temperature range 
mentioned above.

In a previous study by Açar and Gökmen (2010), the F-value 
was calculated to be 0.20 at a reference baking temperature 
of 200 °C for a provisional acrylamide risk threshold value 
of 200 ng/g in cookies prepared using the recipe described 
in the American Association of Cereal Chemists method 
10.54 (AACC, 2000).

The relation between thermal formation time (τ) and F 
value can be expressed as:

 log(τ) – log(F)          1                            = –     � (1)
     (T – Tref)              z

Here, the z-value reflects temperature dependence of the 
reaction. It can be calculated from the slope of thermal 
formation curve (log D versus T). In a previous study, the 
z-value was found as 30 °C for acrylamide formation in 
cookies (Açar and Gökmen, 2010). It should be noted here 
that reactions with small z values are highly temperature 
dependent.

For the reference temperature of 200 °C, the equation 
becomes as follows:

                           T-200
                        (              )                               z
F = τ × 10� (2)

Here, the F-value represents a desired level of thermal 
process effect. For microbial inactivation, the total lethality 
(L) achieved by the process should be higher than the 
F-value. In the thermal process safety calculation approach, 
the term lethality replaces with the risk value (R-value) that 
can be expressed as:

                           T-200
                        (              )                               z
R = t × 10� (3)

Where t is time at a given temperature (T). From a time-
temperature history data, partial risk values are calculated 
for each time-temperature combinations, and the plot of 
R-value versus time is built. The total risk created by the 
process is the area under the curve of this plot, and can be 
calculated as follows:

                                            T-200
                                t1      (              )              t1                                                zTotal risk = ∫t2

 10            dt = ∫t2
 Rdt� (4)

Figure 6 illustrates the increase of risk value for acrylamide 
formation in cookies during baking at 200 °C. The total 
risk at the end of baking process was calculated to be 
0.024, which is less than the F-value of 0.2 (Açar, 2010). 
This meant that the baking cookies at 200 °C for 12 min 
did not form acrylamide at amounts higher than the risk 
threshold value of 200 ng/g. Experimental analysis of these 
cookies indicate an acrylamide concentration of 150 ng/g 
confirming the validity of above mentioned process safety 
calculation approach.

3. �Process optimisation taking into account the 
risks and benefits induced thermal treatment

From a thermal process optimisation point of view, it is 
necessary to find the relationship time and temperature 
for risks and benefits induced by the process. Greenwood 
et al. (1944) have first published a technique, which they 
used to study the destruction of thiamin in cured pork 
luncheon meat compared with microbial destruction. 
Figure 7 illustrates the relationship between time and 
temperature for the destruction of microbial spores (line 
F) and for the cooking of a food product to a specified 
degree (line C). From this, it can be seen that the only 
acceptable combinations of time and temperature fall within 
the area ‘cooked sterile’, all other combinations of time and 
temperature being unacceptable. Similar evaluation can 
be applied to baked, fried and roasted foods taking into 
account the formation of thermal process contaminants 
(line R) and development of acceptable sensory properties 
(line S). In this case, the appropriate combinations of time 
and temperature would fall within the area ‘non-risky 
acceptable’.

4. Conclusions

It is a fact that local time-temperature data is a strong 
determinant on the formation and elimination of thermal 
processing contaminants in foods during processing. This 
data can be recorded by appropriate engineering tools or 
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can be predicted by means of realistic process models based 
on simultaneous heat and mass transfer occurring in baked, 
fried and roasted foods. Using the time-temperature history, 
local rates of formation and elimination can be estimated 
for any thermal process contaminant. As described and 
exemplified above for acrylamide formation in baked goods, 
this requires a kinetic data obtained using valid models 
and conditions like the crust model for bakery products. 
Bakery products are too diverse in terms of their recipe 
and processing conditions. Hence, it should be kept in 
mind that the kinetic constants (F- and z-values) used 
to calculate total process risk are product-specific like 
biscuit with a fixed recipe. For this reason, any significant 
alteration in the product’s recipe such as changes in the 
type and amount of sugars or leavening agents will affect 
the kinetics of acrylamide formation, so the F- and z-values. 
It should be noted here that this is also true for the thermal 
inactivation kinetics of spoilage bacteria in foods with 
different pH values.
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