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Abstract: 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. Therefore, this review aims to analyze
and visualize how thermally processed foods might be improved based on optimal control of
processing temperature and package design (e.g., retort pouches) to diminish furan formation
and maximize quality retention. Many strategies have been studied and applied to reduce furan
levels. However, an interesting approach that has not been explored is the thermal process design
based on optimum variable retort temperature profiles (VRTPs) and the use of retortable pouches
considering the microstructural changes of food along the process. The target of process optimization
would be developed by minimizing the microstructural damage of the food product. It could
be possible to reduce the furan level and simultaneously preserve the nutritional value through
process optimization.

Keywords: furan formation; thermally processed foods; microstructure; baby food; variable retort
temperature profile

1. Introduction

Thermal food sterilization of low-acid food products at a high constant retort temper-
ature profiles (CRTPs) is a standard method that has been used to achieve long-term shelf
stability of packaged foods [1]. 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 [2–5].
These changes promote the accessibility of nutrients [6–8] 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) [5,9–11].

There is strong evidence that TPC exerts adverse toxicological effects and present
potential health risks to humans [12]; the most studied of these toxic compounds are
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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) [13]. 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 [9,14–16]. 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 [17].

Thus, we 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 (F0) 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 [18–25]. 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 [18,19,21–23]. Thus
far, no studies have reported that VRTPs and food microstructure evolution through the
thermal process.

Therefore, this review aims to analyze and visualize how thermally processed foods
might be improved based on optimal control of processing temperature and package design
(e.g., retort pouches) to diminish furan formation and maximize quality retention.

2. Importance of Furan Presence in Thermal Processed Foods

Within the new opinion published by EFSA [16], to assess exposure from the European
food chain, approximately 17,000 data points were collected across the Member States for
inclusion in the assessment (versus approximately 5500 in a 2011 EFSA report). The EFSA
report confirmed previous assessments that infants are estimated to be the subpopulation
exposed to the highest amount of furan on a bodyweight basis, with up to 70% of the
exposure coming from ready-to-eat meals. Although there is no reason to believe that
there are other major sources in the diet, it should be noted that furan occurrence and
concentration have not been determined in all major food categories.

The classification of the samples as described in the published studies is broadly
comparable, separating meat (often including poultry) from vegetables, fish, only vegeta-
bles, and fruits only or fruits plus vegetables. Most authors have determined relatively
higher amounts of furan in meat/vegetables and vegetables only recipes [17,26], and these
findings are mirrored by the EFSA 2011 report [15], which depicts lower amounts of furan
in cereal-based, fruit and vegetable, and fruit only recipes.

Concerning the amounts, the mean furan exposures for an infant are 0.99 mg (kg bw)−1

day−1 (at the upper bound scenario) and high exposure (95th percentile) of 1.82 mg
(kg bw)−1 day−1. In comparison, the elderly population has a mean furan exposure of
0.75 mg (kg bw)−1 day−1 and a 95th percentile exposure of 1.27 mg (kg bw)−1 day−1. It is
critical to consider that estimates from the US are slightly lower because they were based on
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quantified analytical results generated from consumed foods [27]. The mean exposure and
high exposure determined by international and national authorities are overall very consis-
tent, and the differences are likely attributed to different survey methodologies. According
to EFSA (2017), the largest contributor to the dietary exposure of furan in older children
(aged 4–6 years) was breakfast cereals (40%), and in small children (>6 months), jarred
baby foods were the most important contributor to dietary furan exposure. Furthermore,
infants and toddlers tend to be more vulnerable due to a higher food intake relative to
body weight (b.w.); thus, several studies have focused on baby foods [28–30]. According to
European monitoring results from 2004 to 2010 [15], the mean lower-upper bound levels
(LB/UB) for furan in foods are 31–32 and 0.2–3.2 µg kg−1 for baby foods and infant for-
mula, respectively. However, storage conditions and reheating before consumption may
influence the furan concentrations of shelf-stable, vegetable-based foods [11]. According to
Anese & Suman [31] furan levels in food have been reported to range from a few µg/kg to
7000 µg/kg. The highest furan concentrations were found in roasted and instant coffee,
with a mean value of 4579 µg/kg, and in baby foods and soup, which had a maximum
concentration of 215 µg/kg. Ready-to-eat meals for infants and small children are the main
contributors to the dietary exposure of infants [16]. According to the FAO/WHO Expert
Committee on Food Additives for Furan [32], the lower limit for the benchmark dose for
a 10% response (BMDL10) was 0.96 mg (kg bw)−1 day−1. From another perspective, the
Norwegian Scientific committee for food safety (VKM) established a more conservative
BMDL10 of 0.14 mg (kg bw)−1 day−1 and determined that the main source of furan expo-
sure for 6-, 12- and 24-month-old children is jarred baby food [33]. Additionally, margins
of exposure (MoE) found in Germany [34], Brazil [17], Chile [35], and Norway [33] have
suggested that furan exposure in babies and infants may be considered as a public health
risk according to the EFSA.

Altaki et al. [36], sampled baby food from jars containing meat as the main ingredient;
they found that the furan concentrations ranged between 7.9 and 64 µg/kg, with a mean
value of 35 µg/kg, but that higher levels of furan were found in fish-based baby foods,
with a range of 19–84 µg/kg and a mean concentration of 49 µg/kg. The high furan levels
found in fish-based baby foods can be attributed to the oxidation and/or degradation of
the highly unsaturated fatty acid components of fish muscle during the thermal treatment.
Arisseto et al. [17] reported that the levels of furan in the samples varied from not detectable
to 95.5 µg/kg, with the samples containing meat and vegetables (beef, carrot, potato)
presenting the highest values (95.5 µg/kg) while samples of fruit-based baby food had
lower values of furan (1.7 µg/kg). Thus, the industrial treatment of the product, i.e., the
pasteurization of fruit and the sterilization of vegetables, influenced the furan content in
these samples [36].

Another variable to consider is that the exposure assessment of furan (and alkylated
furans) is hampered by several uncertainties, which will lead to either over-or underestima-
tion of exposure. Most of the occurrence data are for purchased products from the shelf and
not prepared for consumption. That is the case for preparing baby foods in jars (heating
in open or closed jars, with or without stirring, etc.). These factors strongly depend on
consumer behavior, are highly variable, and are not quantifiable [16]. Additionally, losses
of furan due to evaporation during final preparations have been investigated in a couple of
studies with highly variable results [37,38].

To summarize ready-to-eat baby food products, it is important to consider that con-
centration values of furan and furan derivatives are different depending on the feedstock
used to formulate the product, which could affect decision making about which furan
derivatives are more important to analyze or quantify. In Table 1, we show the ratios of
furan/furan derivatives of different jarred baby foods.
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Table 1. Furan concentration and ratios furan/furan derivatives of different jarred baby food. Data source: Condurso et al. 2018.

Product

Furan Con-
centration

(ng/g of
Product)

Ratio
Furan/2-

Methylfuran

Ratio
Furan/2-

Ethylfuran

Ratio
Furan/2-

Butylfuran

Ratio
Furan/2-

Pentylfuran

Ratio
Furan/2-

Acetylfuran

Ratio
Furan/Furfural

Ratio
Furan/
Furfuryl
Alcohol

Apple-
Banana 3.89 12.55 10.81 — 0.79 — 0.48 —

Apple 3.95 13.17 11.29 — 0.81 — 0.49 —
Apple-
Banana 3.78 11.81 10.50 — 0.76 — 0.47 —

Apple-
Apricot 4.16 13.00 11.24 65.00 0.83 36.17 0.51 3.33

Multifruit 4.12 12.48 11.44 63.38 0.82 34.05 0.50 3.22
Pear 4.02 12.56 10.86 — 0.81 — 0.49 —
Pear 4.19 12.70 11.32 — 0.85 — 0.51 —
Pear 4.03 12.21 11.19 62.97 0.80 — 0.49 —
Veal 30.14 8.56 2.68 20.64 2.15 5.90 1.08 1.47
Veal 29.94 8.60 2.65 19.32 2.16 5.96 1.07 1.47
Veal 31.04 8.65 2.77 20.56 2.26 5.91 1.13 1.45
Veal 24.05 7.99 2.67 18.64 2.35 5.00 0.96 1.42
Beef 28.91 8.33 2.58 19.40 2.09 5.55 1.05 1.37
Beef 30.39 8.61 2.69 19.36 2.18 5.74 1.09 1.44
Beef 29.15 8.38 2.59 18.45 2.14 5.52 1.07 1.43
Beef 23.92 8.00 2.63 18.26 2.31 4.87 0.98 1.50

Chicken 29.45 8.39 2.61 18.64 2.10 5.69 1.06 1.41
Chicken 23.96 7.93 2.61 18.29 2.33 5.00 0.96 1.45
Chicken 19.19 8.57 2.44 19.38 2.44 7.65 0.94 1.95
Chicken 23.54 7.82 2.48 18.39 2.28 4.88 0.95 1.43
Turkey 30.09 8.62 2.66 19.80 2.15 5.80 1.11 1.45
Turkey 24.59 8.12 2.61 19.06 2.39 4.97 0.99 1.49
Turkey 18.53 8.46 2.34 20.36 2.34 7.89 0.91 1.85
Turkey 23.89 7.91 2.52 18.52 2.31 4.92 0.94 1.45

The data presented in Table 1 were obtained from Condurso et al. [30] to calculate the
furan/furan derivatives ratios for each product. Hence, it is critical to determine which
furan derivative is more important to analyze, in addition to furan. For example, Table 1
allows us to mention that furan derivatives with ratios below 1 are more significant than
furan. Additionally, furan derivatives with ratios higher than 5 (less than 20% of furan) are
not as significant as other furan derivatives. In that way, it is possible to focus the efforts to
quantify the more representative furan derivatives of each jarred baby food to be studied.
For example, in jarred baby food based on fruits, the more representative furan derivatives
are 2-pentylfuran and furfural; on the other hand, for jarred baby food based on meat
and vegetables, the more representative furan derivatives are 2-ethylfuran, 2-pentylfuran,
furfural and furfuryl alcohol.

To focus the more significant problems, we present Table 2 with data extracted from
Sirot et al. [39]. Table 2 shows the contribution (percentages) to the mean lower bound
(LW) and upper bound (UB) exposure to furan of several baby foods for children less than
3 years old. The data presented in Table 2 allow us to understand which are the most
significant products for children in different stages. For example, between 1–4 months,
the mean furan exposure for babies is determined by cereal-based food, vegetable-based
ready to eat meals and, infant formula; conversely, among infants/children 13–36 months,
the furan exposure is more influenced by vegetable-based and meat/fish based ready to
eat products. Despite this study being carried out with French children, it is important to
note that the total infant food (thermally processed) decreases with the age of infant; prior
to 12 months, the exposure to furans from infant processed food represents 89.4–97.2%,
indicating a good reason to focus the research and studies for this type of products.
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Table 2. Contribution of different foods to the LW and UB exposure to furan. Data source: Sirot et al., 2019.

Foods
1–4 Months 5–7 Months 7–12 Months 13–36 Months

LB UB LB UB LB UB LB UB

Milk-based beverage 3.5 2.2 2.4 2.3 1.5 1.4 0.7 0.7
Cereals-based food 22.6 14.4 4.9 4.6 2.9 2.7 1.8 1.6
Milk-based dessert 0.2 0.4 0.4 1.2 0.4 1.3 0.1 0.4

fruit juice 0.9 0.6 0.6 0.6 0.4 0.4 0.2 0.2
Growing-up milk — — — — 0.2 0.6 0.8 2.4

Soup puree 4.8 3.0 3.1 2.9 3.6 3.4 3.5 3.1
Fruit puree 3.1 2.0 4.8 4.4 3.5 3.3 1.7 1.5

Vegetable-based ready
to eat meal 33.2 21.1 38.5 35.8 23.0 21.7 15.4 13.6

Meat/fish based ready
to eat meal — — 28.9 26.9 52.3 49.4 28.6 25.2

Infant formula 25.9 49.4 0.3 0.8 0.0 0.1 — —
Follow-on formula 3.0 2.5 10.8 13.8 3.7 5.1 0.2 0.3
Total Infant foods 97.2 95.4 94.7 93.3 91.5 89.4 53.2 48.9

Total common food 2.8 4.6 5.3 6.7 8.5 10.6 46.8 51.2

3. 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 [6,7,40,41].

As Aguilera [42] 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 [6]. For example, Cilla et al. [41] 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. [43] 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. [7] 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 [6,41].
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.

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
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stage of the thermal processing and place the precursors in contact with one another for a
longer time [6].

4. Furan Formation in Thermally Processed Baby Food

Furan is present in a wide variety of foods, which suggests that there are probably
multiple routes for its formation, which has been extensively studied [9,11,34,44]. These
routes include the thermal decomposition of ascorbic acid, carbohydrate decomposition
during the Maillard reaction, and the thermal oxidation of poly-unsaturated fatty acids
and carotenoids [17,31,45,46].

4.1. Ascorbic Acid

This compound is considered a major precursor of the furan formed during thermal
treatment. For example, Limacher et al. [47] reported that in a model-food-based citric
acid solution treated at 121 ◦C for 25 min, the level of furan formed was dependent on
the pH of the solution. A furan level of 58 µmol/mol was obtained at pH 4, while a level
of 3.7 µmol/mol was obtained at pH 7. A possible explanation is that at pH 7, furan
was mainly formed via dehydroascorbic acid as an intermediate. The results obtained in
the model food were compared with those of real foods, such as squeezed orange and
carrot juices and pumpkin puree treated at 123 ◦C for 22 min. The results showed that
in the case of orange juice enriched with ascorbic acid (56–58 mg added per 100 g), less
furan was obtained at the end of the process. The cases of pumpkin puree and carrot
juice were different; the furan content increased, and the relationship between the ascorbic
acid content and furan formation was unclear [47]. The presence of an oxidizing agent
in the media rich in ascorbic acid was shown to favor the formation of furan at higher
temperatures (higher than 100 ◦C). For example, the presence of ferric chloride (an oxidizing
agent) was shown to accelerate the formation of furan from ascorbic acid in the temperature
range from 100 to 140 ◦C, which can be an issue for food enriched with ferric ions or food
canned in a metal container [48]. Similar routes of furan formation related to the ascorbic
acid content were found in the thermal treatment of tomato paste [44].

In terms of the kinetics of furan formation, Palmers et al. [11] 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 [48], 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.

4.2. Lipid and Carotenoids

The other furan precursors are lipids and carotenoids. For lipids, the work developed
by Owczarek-Fendor et al. [49], 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 [50], 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 [51]. Both monounsaturated linoleic and α-linolenic acids
were described as being effective in the formation of furan under thermal conditions [52].

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 H2O.
Mixtures of PUFAs reveal that linolenic acid is an efficient precursor of furan [53], par-
ticularly in the presence of transition metals that can accelerate lipid oxidation with the
subsequent formation of conjugated dienes.
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4.3. Carbohydrates and Amino Acids

Limacher et al. [54] 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 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 [55]. 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 [56]. However,
amino acids alone (for example, alanine, serine) or glucose alone was shown to represent
only a minor source of furan.

4.4. Other Precursors and Intermediates in Furan Formation

An alternative route leading to furan was proposed [57] that involves a Cannizzarro
reaction of 2-furfural to afford 2-furoic acid (2-FA). The loss of CO2 directly affords furan
in thermally treated food. Recently, Delatour et al. [58] carried out the first study showing
the role of 2-furoic acid (2-FA) and 2-furfuryl alcohol (2-FOL) in the formation of furan and
2-MeF, respectively, under thermal dry conditions for the temperature range 150–190 ◦C.
Furan is obtained by decarboxylation of 2-FA, while 2-MeF is obtained by dehydration
of the lateral chain of 2-FOL. Meanwhile, both 2-FA and 2-FOL did not act as precursors
of 3-MeF.

On the other hand, Adams et al. [50] demonstrated that secondary oxidation products
such as α,β-unsaturated aldehydes can furnish 2-MeF via an oxidative, free radical driven
mechanism when heated under dry conditions. The intermediate, (Z)-4-hydroxy2-alkenal,
cyclizes to furnish the furan moiety that is catalyzed by amino acids or peptides, most likely
through the hydrogen bonding ability of amino acids. These studies indicate that in a typi-
cal food recipe, the presence of lipids alone will not determine the yield of furan in thermal
processing, and the focus needs to remain on the factors that influence lipid oxidation.

5. 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. [11] 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:

r =
dF
dt

= kn (1)
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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 temperature dependence of the reaction rate constant was described by the
Arrhenius law:

kT = kTre f exp

(
−Ea

R

(
1
T
− 1

Tre f

))
(2)

in terms of activation energy Ea (Equation (2)), where kT and kTref represent the reaction
rate constant at the selected processing temperature T and the reference temperature kTref,
respectively, and R the universal gas constant (8.314 J/K mol). In general, the results
showed a good fit of the model with R2 adjusted of 0.958.

Mariotti-Celis et al. [59] developed a kinetic study of furan formation in a wheat
flour-based model system during frying. The mathematic model used was based on a
modification of the Gompertz equation:

F = Feq exp
(
− exp

[
k ∗ e
Feq

(λ− t) + 1
])

(3)

where F is the furan content (ng furan/g dried defatted solids), the parameter Feq is related
to the asymptotic or equilibrium value of the function when t→∞, k (ng furan/g defatted
solid min) is the maximum rate (determined by the slope of the steepest tangent to the
exponential phase), e is the Euler number, and λ (min) is the lag time (determined at the
interception of the base line with the steepest tangent line in the exponential phase).

Palmers et al., [60] focused on the formation of furan on orange and mango juice during
storage, applying an empirical logistic model that described the furan concentration:

F =
Fs

1 + exp
(

4∗kmax
Fs

(λ− t) + 2
) (4)

where F is the furan concentration at storage time t, Fs a plateau concentration at long
storage times, kmax the maximum reaction rate constant, and λ the duration of the lag phase,
for a given storage temperature. The temperature dependence of the maximum reaction
rate constant kmax followed the Arrhenius equation:

kmax = kTre f exp

(
−Ea

R

(
1
T
− 1

Tre f

))
(5)

The duration of the lag phase was described as a linear function of the storage temperature:

λT = λre f + bT

(
T − Tre f

)
(6)

where the activation energy Ea and parameter bT represent a quantitative measure for the
temperature-dependencies of the maximum reaction rate constant kmax and the lag time
k, respectively.

Mogol & Gökmen [48] modeled the rate of furan formation constant by analyzing the
differential equations according to a possible network pathway proposed by Perez-Locas
& Yaylayan, [58]. Degradation of ascorbic acid (AA) and dehydroascorbic acid (DHAA)
was observed under low moisture conditions, elevated temperatures (100, 120 & 140 ◦C)
and oxidizing or reducing conditions. Kinetic constants, estimated by multi-response
modeling, stated that adding Fe (oxidizing agent) significantly increased furan formation
rate constant, namely 369-fold higher than that of the control model at 100 ◦C. Degradation
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of AA and DHAA leads to the formation of diketogluconic acid (DKG) and an intermediate.
These two molecules also react to form furan [F].

d[F]
dt

= k7[DKG]− k8[F] (7)

The different rate constants (k7) at 100 ◦C, 120 ◦C and, 140 ◦C were 2.13× 10−5 ± 8.71×
10−6, 5.58 × 10−3 ± 7.56 × 10−4 min−1 and 4.22 × 10−2 ± 2.60 × 10−2 min−1, respectively.

Gül Akillioğlu et al. [44] investigated the kinetic behavior of furan formation based
on the mechanism reaction network for ascorbic acid (as a precursor) proposed by [55] in
tomato pulp during heating at 70 ◦C, 80 ◦C and 90 ◦C.

The differential equations for a simplified reaction mechanism for furan formation
considered in this study are presented below

d[AA]

dt
= −k1[AA] + k2[DHAA] (8)

d[DHAA]

dt
= −(k2 + k3 + k4)[DHAA] + k1[AA] (9)

d[F]
dt

= k3[DHAA]− k5[F] (10)

where constants k1, k2 and, k3 were obtained by solving the differential equations pre-
sented. The temperature dependence of rate constants was also determined, obtaining the
activation energy for AA degradation (45.13 kJ/mol) and furan formation (40.58 kJ/mol).
Interestingly, the results reported here are related to the asymptotical behavior of furan
formation along the processing time for the three temperatures studied (70,80 and, 90 ◦C),
which differ from other studies such as [11], where the behavior was linear (order 0).

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 Ea and kref 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 processes that
control the level of furan content in the final product, so the process can be more efficient
in reducing furan formation.

6. Variable Retort Temperature Profiles v/s Constant Retort Temperature Profiles:
De-Signing Processes to Delay Precursors Release

The main objective of thermal sterilization technology is to produce safe and high-
quality food at a price that consumers are willing to pay. In this way, it has contributed
significantly to the nutritional well-being of much of the global population [61]. It is worth
noting that temperature must be measured at the slowest-heating zone of the food (also
called the cold spot) located typically at the geometrical center of the package [1]. In
this sense, thermal food processing is a function of several factors, such as the product
heating rate (thermophysical food properties), package size and shape, surface heat transfer
coefficient, initial temperature of the food, heating medium, come up time (CUT), retort
temperature (operational temperature), and required lethality. As the thermal process
inactivates microorganisms, nutrients such as vitamins are similarly affected. The thermola-
bility of nutrients is measured and characterized by the Arrhenius model or, more typically,
through z-value (temperature necessary to reduce in one log cycle the D-value) and D-value
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(time need to reduce in one log cycle the nutrient concentration or microorganism content
at a specific temperature) [1,23].

In general, thermal food sterilization is performed under a CRTP. In a CRT process,
the typical temperature used is 121.1 ◦C, and the processing time required to achieve a
lethality value F0 (F0 defined as a thermal treatment that allows the reduction of 12 decimal
reduction of Clostridium botulinum spores) higher than 3 min will be dependent on the
kind of food and the size and shape of the package [1]. F0-values lower than 3 min are
synonymous with microbiologically unsafe food. However, maintaining the F0-value as a
constraint, it is possible to modify the retort temperature and thus modify the processing
time. These different retorts temperature-processing times are known as equivalent lethality
processes or isolethal processes [20].

An equivalent lethality curve can be used as a tool to optimize the process in terms
of processing time and/or quality retention (surface quality retention or cooking-value,
both by knowing the D-value and z-value of the nutrient). However, these processes are
not flexible enough in terms of specific control over the change of microstructure. For
example, Figure 1 presents micrographs of carrots raw and processed with CRTP at 110 ◦C
and 120 ◦C keeping F0 = 6 min as a target [62]. The process at 120 ◦C required a shorter
processing time than those performed at 110 ◦C; due to the high temperature, the structure
was significantly damaged. Thus, even when the process at 120 ◦C was the shortest, the
exposure to this temperature favored cell damage. This result could suggest that using
lower temperatures during the canning process could reduce the contaminant formation.
However, the extended exposure time to the precursor could favor the furan formation.
Then, knowledge regarding the moment that the microstructure begins to break could be
key for the process redesign because, from that moment, the process temperature could be
diminished to avoid the reactions that form furan.

Figure 1. Micrographs of carrots cubes of 1 cm × 1 cm × 1cm: (A) raw; (B) processed at 110 ◦C and
(C) processed at 120 ◦C. Data source: Hauck et al. [62].

The VRTP is an optimization of the thermal process, in which the temperature inside
the retort is modulated during the process [18,19,22–24,63]. The application of VRT has
been shown to shorten the processing time by 20–30%, implying a 5–15% improvement in
the surface quality of canned food compared with CRT processing [64,65]. Almonacid et al.,
1993 [19] showed that VRTPs could achieve quality retention, lethality, and energy con-
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sumption equivalent to a CRTP with a processing time reduction of 5 to 14 min. Through
VRTPs, it is possible to reduce the overprocessing of food and thereby minimize furan
formation. Simpson et al. [22] reported some VRTPs that can be perfectly performed in a
retort with an adequate control system. In the same work, it was demonstrated that when
two products are combined, they cannot be processed using CRTP but can be processed
using VRTP without compromising their quality. The VRTP is a powerful tool that can
be utilized to reduce processing time, maximize quality retention, and, more importantly,
reduce the furan formation in foods to the recommended values. Other authors [25] have
shown that applying a VRTP during pasteurization of canned papaya pure was possible
to reduce the processing time 33% compared with CRTP; these findings implied that the
retention of vitamin C was notably increased from 19% for a CRTP to 46% for a VRTP,
which clearly showed an improvement in quality retention applying this optimization.

According to Simpson et al. [23], VRTPs can be more successful in reducing processing
time when applied to food with a heating rate (fh-values) between 20 to 57 min, i.e., foods
with higher thermal diffusivities, or foods packaged in small containers. In those cases, the
simulations demonstrated that the expected time reduction could attain values of between
27 to 22%. Then, baby food can be considered in the range of fh-values between 20 to
57 min. Therefore, the application of VRTP can be promising for this kind of product.

For example, Figure 2 presents three temperature profiles for bentonite with gallic
acid as a quality component for processing performed with CRTP at 110 ◦C, 120 ◦C, and
VRTP [66]. The results showed that the process at 110 ◦C was the longest, attained quality
retention of 29% (gallic acid present in the can at the end of the process), while the process
at 120◦C was the shortest attained quality retention of 33%. VRTP took an intermediate
time to attain quality retention of 35%. These findings show the high potential of VRTP to
improve quality (avoid over-processing) and reduce processing time.

Figure 2. CRT and VRT profiles obtained from thermal sterilization of bentonite with gallic acid as the quality component at
(A) 110 ◦C, (B) 120 ◦C and (C) VRT. Data source: Salgado et al. [66].
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7. Package Design to Improve Quality Retention in Processed Food

Finally, an interesting factor that can be modified into the thermal food processing is
the kind of packaging used for the food. Historically, in the case of baby food, jars have
been used as packaging. However, retortable flexible retort pouches have many advantages
over jars for the processor, distributor, retailer, and consumer [61,67]. The retortable pouch
is a flexible laminated pouch that can withstand thermal processing temperatures and
combines the advantages of metal cans and plastic packages [1]. The thin cross-section of
retortable pouches allows for rapid heat penetration to the coldest point during thermal
processing and, therefore, minimal surface overcooking occurs [68].

For this reason, food products that are packaged in retort pouches require approx-
imately half the cooking time of those packaged in conventional cans [69]. However,
adequate pressure control must be provided in the retort to avoid damage to the pack-
age [70]. For example, Shah et al. [69] processed a traditional meat product of Kashmir,
India, using retortable pouches at 121 ◦C from F0-value = 7 to 11 min, and their results
showed that all the samples presented good sensory acceptability and were microbiologi-
cally safe for 12 months, demonstrating the feasibility of using this kind of packaging in
ready to eat foods. Similar results in terms of final quality have been reported by [71,72].
In this sense, it is highly expected that this kind of package allows reducing the furan
formation due to the short time that food needs to be exposed to a higher temperature to
get the targeted lethality.

8. Final Remarks and Conclusions

Furan (C4H4O) is classified as a possible carcinogen to humans and is present in many
foods, including baby/toddler jarred (thermally processed) foods. The latter indicates that
babies are the most significant risk group due to the relatively high concentrations of furan
consumption and because jarred food is the main part of their daily diet. According to
the EFSA opinion and other studies, the MOE for babies is far below the range for safe
consumption. Therefore, although food manufacturers and food scientists have attempted
to identify and prioritize parameters that may lead to furan formation to implement mitiga-
tion measures, the problem is far from being solved. A paramount challenge in establishing
clear principles for mitigation is that many different reaction pathways and multiple pre-
cursors are involved, for example, lipids, amino acids, and carbohydrates. In this sense,
some kinetics models have been implemented to understand the different operation condi-
tion and mechanism that promote the furan formation. Another big challenge is to take
mitigation strategies to an industrial level and maintain (or at least not increase) the final
product price.

Classic CRTP jarred/canned food sterilization is the processing method that generates
the high formation of furans. The overheating of the walls of jars/cans (indispensable to
sterilize the coldest point of the product) is a problem that the VRT process can mitigate or
at least reduce. In addition, relatively new packages such as retortable pouches are some
of the new trends that could help to avoid overheating the package walls. Therefore, it is
important to consider the kinetics of the microstructure as a function of temperature for
different raw materials of baby food. With this information, it is possible to implement a
VRTP optimization process in conjunction with a container design with a high area per
unit volume ratio (e.g., retortable pouches), which could significantly reduce the levels
of furan formation and simultaneously preserve the nutritional value while maintaining
the sensory properties such as odor, color and, taste. Additionally, it could be a valuable
instrument to obtain adequate texture modifications of the food microstructure for elderly
and aging people according to their aging physical needs and disorders.
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