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Furan and its derivates are present in a wide range of thermally processed foods and are of significant concern in

jarred baby and toddler foods. Furan formation is attributed to chemical reactions between a variety of precursors

and a high processing temperature. Also, some kinetic models to represent its formation in different food materials

have been studied and could predict the furan formation under simulated operating conditions.
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1. Introduction

Thermal food sterilization of low-acid food products at a high constant retort temperature profiles (CRTPs) is a

standard method that has been used to achieve long-term shelf stability of packaged foods . The processing

conditions are mainly based on the use of high temperatures (120–130 °C) for a long duration (usually over 60 min)

to ensure a safe and shelf-stable low-acid product. At the same time, texture, taste, flavor, and nutritional value of

the food are significantly affected by the extreme processing conditions (time and temperature) and cause a

weakening of and damage to the food microstructure . These changes promote the accessibility of nutrients

 but also favor the chemical interaction between different nutrients that are now free and able to react, which

form other compounds in the food and some compounds are toxic to human health; these compounds are called

thermal process contaminants (TPC) .

There is strong evidence that TPC exerts adverse toxicological effects and present potential health risks to humans

; the most studied of these toxic compounds are furan, acrylamides and advanced glycation end-products

(AGEs). Furan compounds represent a wide class of heterocyclic, low-molecular-weight molecules that are formed

as products or intermediates in heat-induced reactions. Since 1995, furan and its derivates have received attention

because of their classification as “possibly carcinogenic to humans” by the International Agency for Research on

Cancer (IARC) . The Food and Drug Administration (FDA) announced that furan was present in many thermally

processed foods, such as fruit and vegetable juices, bakery products, canned and jarred foods (for example,

soups, sauces, gravies, pasta, vegetables, fish), including jarred food for young children . One of the

main concerns is the commercial baby and toddler foods due to the high susceptibility of this consumer group to

the amount of furan present in these foods that puts this group at risk because of the amount of food consumed per

day relative to their body weight .
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Thus, researchers have identified the problem that the commercial food sterilization process has been developed

and optimized from a macroscopic point of view. It considers the food as a whole system where the objective

function maximizes quality retention (e.g., color, vitamin, and texture) or minimizes processing time, keeping

lethality (F 0) as a constraint. The exposure of the raw materials to high temperatures for long processing times

produces important microstructural changes that increase the loss of nutrients such as nonreducing sugars, amino

acids, ascorbic acid, polyunsaturated fatty acids (PUFAs), and carotenoids into the medium, favoring conditions

that result in the formation of furans. Therefore, the sterilization of food based on food microstructure changes

requires a process that can be controlled according to the changes occurring in the food microstructure. Then, a

process performed under variable retort temperature profiles (VRTPs) conditions might be an interesting and better

alternative compared to the classic CRTPs process. Variable retort temperature profiles mode is based on the

optimal temperature control of the retort, allowing the generation of positive and negative temperature ramps 

. The VRTP has been applied and studied as a tool to improve quality retention, but the

paramount factor of the application is related to the reduction in processing time . Thus far, no

studies have reported that VRTPs and food microstructure evolution through the thermal process.

2. Food Microstructure and Its Contribution to Furan
Formation during Thermal Processing

Thermal processing plays an important role in food texture and the bioaccessibility of nutrients due to changes at

the microstructural level. It has been reported that the total nutrient content can be decreased due to chemical

degradation during the thermal process and/or storage. At the same time, the bioaccessibility can increase, as a

result of three aspects: (1) cell wall rupture of the vegetable tissues, (2) matrix-nutrient complex dissociation, and

(3) molecular transformation in an active structure form .

As Aguilera  exposed, the food microstructure is a key aspect that should be considered in the food process

design because a great part of nutrients are enclosed into the food matrix . For example, Cilla et al.  published

a review article that presented some cases in which thermal treatment modified the food microstructure to allow

nutrient release, which can be considered as a benefit because of the bioaccessibility of sugars, lipids, amino

acids, ascorbic acid, and carotenoids was increased due to cell wall rupture. Zhou et al.  studied the effect of

thermal processing on the nutritional characteristics of an edible fungus. Their results showed that a cooking

process using boiling water (100 °C) increased the total polyphenolic compound and free amino acid content and

benefitted the in vitro bioaccessibility in terms of total soluble protein and total soluble sugar for control samples.

Lemmens et al.  showed that thermal treatment (boiling water for 3 min or boiling water for 25 min) of carrots

notably favors the amount of β-carotene that is bioaccessible due to a weakening of the cell wall, especially when

the most extended thermal treatment. As was reported, bioaccessibility is related to releasing the compound

fraction from the food matrix and thus is available for the gastrointestinal tract . Nevertheless, it is clear that

after a thermal process, the released active compounds from the food matrix are available not only for

gastrointestinal tract absorption but also for other types of interactions.
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Based on the aforementioned, it is possible to think that the thermal process produces a weakening of the

structure, allowing the nutrient release into the medium (i.e., furan precursors), exposing all of the compounds to

the heating medium, and thereby allowing chemical reactions between them and forming furan and its derivates.

Based on an in-depth knowledge of the kinetics of microstructural damage, it is possible to imagine that thermal

processing could be optimized for the food microstructure at the specific time at which nutrient loss begins, which is

important for furan formation. In this sense, one aspect that should be considered is the use of frozen raw

materials. Some important microstructural changes are accelerated during the thermal treatment when the raw

material is in a frozen state. These changes can facilitate the migration of precursors into the medium at an early

stage of the thermal processing and place the precursors in contact with one another for a longer time .

3. Furan Formation in Thermally Processed Baby Food

In terms of the kinetics of furan formation, Palmers et al.  showed that furan formation in spinach puree could be

fitted to a zero-order model in the temperature range of 110 to 117 °C. Before this study, there was only one

approach, namely, that of , who developed an experiment to evaluate the formation of furan from ascorbic acid

during the heating process under reducing and oxidizing conditions. Between 100 °C and 140 °C, the furan data

were fitted with a first-order model.

The other furan precursors are lipids and carotenoids. For lipids, the work developed by Owczarek-Fendor et al.

, based on the study of the role of fat oxidation in the generation of furan during the thermal treatment of a

model food based on a starchy-emulsion system, showed that oil that reached an unrealistically high level of

oxidation could promote furan formation. They also found that the fatty acid composition of the oil can have a

remarkable influence on furan formation. Additionally, products of lipid oxidation were shown to procure 2-MeF in

presence of amino acids , and 4-hydroxy-2-butenal was reported as a key intermediate from polyunsaturated

fatty acid (PUFA) degradation undergoing cyclization to dihydro-2-furanol, prior to further decomposition to afford

furan by the loss of water . Both monounsaturated linoleic and α-linolenic acids were described as being

effective in the formation of furan under thermal conditions .

Lipid oxidation is most likely one of the most studied pathways for furan formation using model systems. The

intermediate degradation product 4-hydroxy-2-butenal rapidly cyclizes to dihydro-2-furanol, which subsequently

furnishes furan after the loss of H 2O. Mixtures of PUFAs reveal that linolenic acid is an efficient precursor of furan

, particularly in the presence of transition metals that can accelerate lipid oxidation with the subsequent

formation of conjugated dienes.

Limacher et al.  studied the formation of furan from sugars and specific amino acids (with a focus on Maillard-

type reactions) in a model food system and pumpkin puree under thermal conditions simulating sterilization (121 °C

for 25 min). Although the study was carried out in the presence of amino acids, the focus was aimed at evaluating

sugars. At pH 7, the results showed that the furan level was in the range of 2–17 μmol/mol and that more furan is

produced from pentoses than from hexoses. The presence of amino acids was also found to favor the formation of

furan from glucose. However, at pH 4, the furan formation was significantly lower, with furan levels below 1.8
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μmol/mol. Comparing the results obtained between the model food with those of the pumpkin puree, only 21% of

the total furan formed in pumpkin puree was generated by the sugar-amino acid reaction route, which implies that

the remaining 79% was generated from precursors other than sugar. Thermal decomposition of amino acids leads

to reactive glycolaldehyde and acetaldehyde as transient intermediates, resulting in furan . In model systems,

the levels of 2-MeF obtained by thermal decomposition of pure glucose, fructose, or arabinose were significantly

lower than those of furan; however, the levels of 2-MeF were shown to increase to levels that were higher than

those of furan with heat treatments of the same sugars in the presence of alanine and serine. Amino acids

subjected to oxidation may also procure reactive carbon-2 units such as glycolaldehyde and acetaldehyde.

Carbohydrates reacting with amino acids in a classical thermally driven Maillard process furnish 3,4-

dihydroxybutenal that subsequently cyclizes to the furanoic backbone . However, amino acids alone (for

example, alanine, serine) or glucose alone was shown to represent only a minor source of furan.

4. Kinetic Model Applied to Describe Furan Formation in
Food Materials

Given the toxicological properties of furan, actions should be taken to minimize exposure to an acceptable level.

Accordingly, knowing the kinetics of furan formation in thermally processed foods is an interesting and powerful tool

to adjust process parameters so that furan concentration in the final product can be control or reduce. However, to

date, there is very little information on this subject. Below we proceed to describe some models proposed in the

literature:

Palmers et al.  worked with furan formation in sterilization of spinach puree and described by an empirical a

zero-order model. The authors compared the amounts of furan formed in classic sterilization using three

temperatures (110, 117 and 124 °C) versus high-pressure high temperature (HPHT) process. The rate of formation

was modeled according to the rate law: (1) r = d F d t = k n where r is the rate of furan formation, F the furan

concentration at time t , k is the reaction rate constant at the selected pressure and temperature levels, and n the

order of the equation (0 for this case). The reaction rate constants at each processing temperature were 0.035,

0.071 and 0.142 ng furan/g of pureé/min at 110, 117 and 124 °C, respectively.

The importance of counting with reliable models that describe the furan formation according to temperature is

related to the possibility of simulation of the sterilization process to predict the furan content. As we can estimate

the quality retention of nutrients based on D-value and z-value calculated for nutrients, in the same way, using E a

and k ref is possible to simulate the evolution of furan inside the can or jar. With this information, it is possible to

optimize the VRTP able to minimize the furan formation.

The kinetic modeling of furan generation should be considered a powerful tool to control its final occurrence in

foods, since kinetic parameters can help predict the influence of processing conditions over its concentration. In

this sense, knowing the kinetics of furan formation in foods could be considered a useful tool for designing thermal
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processes that control the level of furan content in the final product, so the process can be more efficient in

reducing furan formation.
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