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16 Thermal Processing of 
Fruits and Fruit Juices

Catherine M.G.C. Renard and Jean Francois Maingonnat

16.1  IntroductIon

The proportion of fruits that are eaten after processing has greatly increased in the last decade, with 
in particular a remarkable expansion and diversification of fruit juices. Canning comes a far second, 
while fresh-cut (outside the scope of this chapter) and puréed products have also received renewed 
interest. There is a steady industrial demand for cooked chilled or frozen intermediate products, 
most of which are further processed, for example, in jams or frozen desserts. Concentrated juices 
are a commodity on the world market. As most fruits are of relatively low pH (lower than 4.5), 
the microbial safety of fruit products only requires mild heat treatments (pasteurization) even for 
long-term stability at room temperature. The limiting factors in thermal treatments of fruits are 
therefore more linked to physicochemical properties. The first limiting factor often is inactivation of 
endogenous enzymes, some of which can be relatively heat resistant. The typical example is pectin 
methylesterase, which is linked to cloud instability in fruit juices. The thermal treatments applied 
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414 Thermal Food Processing: New Technologies and Quality Issues

to jams are also conditioned by the physical properties of the final products and the need to reach 
high sugar concentrations while ensuring pectin homogeneous distribution throughout the product. 
In fruit juice concentrates or to a lesser extent puree products, cumulative thermal treatments will 
be dominated by the evaporation steps.

At the same time, new technologies are now coming to market, either as alternative heating 
systems such as ohmic, radio frequency heating, or using additional physical phenomena for micro-
bial inactivation (high-pressure processing, pulsed electric field). Juices are still the main area of 
interest for these new technologies, with again a difficulty to ensure sufficient enzyme inactivation 
for physicochemical stability. Much less experience has been accumulated on these techniques, and 
in spite of numerous publications in the last few years [1–4], more experimental approaches are 
still required at all levels. Many recent publications compare these “nonthermal” technologies with 
more classical pasteurization, either conventional or high temperature–short time. Major interests 
and innovations can lie in exploiting the potential for synergisms between heat and these physical 
phenomena [5], a field still scarcely explored.

Quality aspects of fruits concern their sensory properties (aroma, taste, texture, and color) and 
nutritional qualities. Texture and color, being amenable to physicochemical methods of (relatively) 
high throughput and normalized values have been the most extensively studied. Softening is an 
expected result of heat treatment, which can be used, for example, prior to sieving for puréed prod-
ucts. Only moderate heat treatments are usually applied to fruits, some of them being very sensitive 
to extensive texture degradation and tissue disintegration; this sensitivity is species dependant and 
variety dependant [6,7]. Few publications have focused on the impact of heat treatments on volatiles 
in fruit juices, notable orange and apple [8–10].

From a nutritional point of view, most fruits contribute primarily to sugars intake, and their inter-
est further resides in food volume and water intake. A few fruits can contain significant amounts of 
starch (unripe banana or apple) or fat (avocado or olives). In terms of micronutrients, fruits and fruit 
products are the main source of vitamin C. They contribute to potassium and calcium ions, fibers, 
and provitamin A. Most data available deal with losses in vitamin C in fruit juices as a function of 
treatment and storage. Vitamin C is also frequently used as a processing aid, for inhibition of enzy-
matic browning (notably for cloudy juices and purées); and the concentrations that are added can be 
much higher than those of the endogenous vitamin C.

The objective of this chapter is to provide an overview of the recent results and advances on the impact 
of processing on safety and quality of heat-processed fruits, and of the models that have been developed 
to deal with microbial safety insurance as well as nutritional or physicochemical characteristics.

16.2  MIcrobIal consIderatIons In FruIts therMal ProcessIng

The surfaces of fruits contain diverse microorganisms that are normal microflora plus the micro-
organisms inoculated during processing [11] and recontamination on the process lines. One of the 
most convenient ways to limit the microbial risk is to increase the food temperature up to a lethal 
value for the microorganisms. This procedure is pasteurization if the vegetative forms are destroyed 
and sterilization if both vegetative and spores are destroyed. Recently, minimally processed fruits 
and vegetables [12] or cooked and chilled [13] foods containing fruits are frequently proposed to the 
consumers, and the microbial safety of such products is studied.

The food products are divided into two categories based on pH: acid foods (pH < 4.5) and nonacid 
foods (pH > 4.5). The acid foods are less critical because Clostridium botulinum, a strictly anaerobic 
spore-forming (thus heat-resistant) and toxin-producing bacteria, cannot grow at pH < 4.5. Most of 
the fruits are acid foods, the pH varying from 1.8 for limes, 3.5 for apples, to 6.5 for melons.

The main targets of thermal treatment are reduction of microorganisms and enzyme inactiva-
tion. The effects of thermal treatment are evaluated by the microorganism destruction, the enzyme 
inactivation, the quality loss, etc. These food component modifications are generally modeled with 
the reactions kinetic concept [14].
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The basis of microbial inactivation has been the assumption that the microbial mortality at con-
stant temperature obeys the following irreversible first-order kinetics:
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where
N(t) is the number of microorganism at the time t
k(ϑ) is the temperature ϑ-dependent inactivation “rate constant”

The solution of this first-order kinetic reaction is exponential and generally translated in terms 
of the well-known “D value,” which is the time in minutes to reduce the microbial population by 
one-log cycle (base 10):
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where N0 is the initial number of microorganisms.
The temperature influence on the D value is traditionally assumed to be a log-linear relation, so 

that a plot of the D value versus temperature in semilogarithmic coordinates is a straight line. The 
popular z value is defined as the temperature change required to change the D value by a factor 
of 10, as given in the following:
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For the pathogenic bacteria (C. botulinum, Bacillus cereus, Bacillus subtilis, and Clostridium per
fringens), the z values vary generally between 8°C and 11°C.

The reference temperatures are chosen as a function of the process design: 121.1°C for steriliza-
tion, 70°C for pasteurization; for more thermosensitive microorganisms, this reference temperature 
can be lower.

A very common concept is the process thermal lethality F, which is the product of the D value 
at the chosen temperature by the number of decimal reduction required. For example, the “12D” 
concept applied to C. botulinum at 121.1°C leads to a 12 × 0.21 = 2.52 min F value. To achieve a pre-
determined F value, the thermal history of the process should be taken into account:
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The first-order kinetic microorganism destruction is inappropriate when the isothermal survival 
semilogarithmic curves are nonlinear. Such nonlinearity has been observed for different microor-
ganisms and spores [15], and alternative models are proposed [16]. One of the simplest is derived 
from the cumulative Weibull distribution and is written as follows [17]:
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where b(ϑ) and β are the temperature-dependent parameters of the model. When β = 1, the model 
is the first-order kinetic (Equation 16.2), β < 1 corresponds to concave upward survival curves, and 
β > 1 corresponds to concave downward curves [18].
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The survival curves can also exhibit some “shoulders” for short treatment times [19] and tailing 
effects at long treatment time or a sigmoid form [20]. The shapes of these different survival curves 
are schematically presented in Figure 16.1, and a software tool [21] is also available to fit the differ-
ent types of survival curves.

Another type of microorganism destruction model is the so-called biphasic model [22] as defined 
in the following:

 

N t

N
q k t q k t

( )
exp( ) ( )exp( )

0
1 21= − + − −  (16.6)

where q is a partition factor. Equation 16.6 has been applied for thermal inactivation of C. botulinum 
[23] or high-pressure effect on Escherichia coli in liquid whole egg [24].

The fittings of different survival curves and their influence on the heating processes have been 
recently reviewed [25]. Although the classical first-order kinetic model is frequently used, an opti-
mization (quality assessments, energy saving, etc.) of the thermal processes [26] should take into 
account these new types of modeling.

Some thermophilic bacteria are growing even in acid foods such as fruit concentrates [27] and are 
encountered in process lines or orchard soils [28–30]. For example, the “D value” of Acyclobacillus 
in concentrated lemon product (50° brix) at 86°C may reach 69 min [31]. The fruit beverage industry 
applies a hot-filled-hold pasteurization process, where the product is held at 86°C–96°C for ∼2 min. 
It is clear that this thermal treatment does not eliminate Acyclobacillus [29].

The majority of mold species present low heat resistance, having their vegetative structure (conidia 
and hyphae) easily destroyed by heat. However, some thermal resistant molds are reported in fruit 
products [32–34]: Byssochlamys nivea (D85°C value 34.6 min, z value 6.4°C in strawberry pulp), 
Neosartorya fischeri (D85°C value 19.6–29.5 min, z value 9°C in pineapple juice), and Talaromyces 
flavus (D85°C value 3.3 min, z value 8.2°C in strawberry pulp)[32]. Beside bacterial problems, the 
presence of mycotoxins represents another hazard to food safety, and patulin [35] or ochratoxin 
A are the most important fruit juice-associated mycotoxins. The microbial quality and safety of 
fruit juices was reviewed recently [36]; the authors [36] highlight the necessity of more severe heat 
treatments for pasteurization of exotic fruits juices, which are less acid (pH 4.5–6.8) than the classic 
apples or citrus (pH 1.8–4.5). In the context of an increasing demand in “freshness” and new tastes, 
the actual studies should consider the microbial, nutritional, and sensory aspects jointly in order to 
improve the quality and safety of fruit juices.
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FIgure 16.1  Simulated survival curves showing the effect of Weibull (Equation 16.5) parameter β and a 
shoulder-type survival curve.
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16.3  QualIty assessMents consIderatIons

The International Organization of Standardization defines “quality” as “the degree to which a set 
of inherent characteristics fulfils to requirements.” This definition is clearly in close relation to con-
sumers who can appreciate the quality of a food product as bad, poor, good, or excellent. The con-
sumer assessment is generally subjective, but the food producers and manufacturers have to identify 
measurable quality attributes and have to estimate their modifications during the food storage and 
processing. The quality attributes generally studied for fruits are texture, color, enzyme degrada-
tion, and the nutrients contents.

The thermal treatments of foods lead to substantial modifications of the final product qualities. 
Although microbial and chemical safety is prevalent during food processing, the sensory attributes 
are certainly the first criteria for acceptance and the major cause of rejection. The attributes such 
as color, shape, or texture are very important for both the first acceptance and regular purchasing 
of the food products. Most of the studies concerning the influence of thermal treatment on quality 
attributes are carried out in isothermal conditions, and the kinetics of quality parameters obey an 
irreversible first-order reaction kinetic similar to Equation 16.1.

As the food quality attribute levels are heterogeneous from a fruit to another, the fractional con-
version model is frequently used [37] associated with a first-order kinetic reaction (Equation 16.7) 
in which C(t) is the quality attribute level at a time t and C0 and C∞ are, respectively, the attribute 
level at the beginning of the treatment and after a long time. The quality attribute level after a long 
time C∞ is often temperature dependent and indicates an irreversible structure breakage of the fruit 
matrix. The fractional conversion model is given by
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The kinetic parameters are greatly influenced by the temperature and the most frequently used 
theory in the area of food engineering is the following Arrhenius equation:
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where T is the absolute temperature, R is the universal gas constant (8.134 J mol−1 K−1), and Ea 
(kJ mol−1) is the activation energy.

It can be noted that the previously mentioned z value for microorganism’s destruction can be 
evaluated in terms of an activation energy. The activation energy of microorganism destruction var-
ies from 8 to 15 kJ mol−1, and the quality loss activation energy varies between 30 and 100 kJ mol−1. 
Therefore, a high-temperature short-time (HTST) process can be applied to increase the product 
quality while ensure the microbial safety.

The quality attribute loss is also studied during the storage of canned foods, for example, 
vitamin C degradation in canned pineapple slices [38] obeys a first-order kinetics reaction with 
k18.3°C = 26.975 × 10−8 min−1 and an energy activation Ea = 11.5 kJ mol−1.

16.4  aPPlIcatIons oF therMal ProcessIng

Thermal treatments are omnipresent in food processing: blanching, pasteurization, sterilization, 
cooking, drying, frying, microwave or radiofrequency or ohmic heating, etc. Moreover, a final food 
product is subjected to different heat treatments including the domestic cooking or cold storage. 
Thermal treatments are also used for disinfecting whole fruits such as mango [39] in warm water 

AQ1
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(45°C) during 10–40 min. In this chapter, we will overview the main thermal treatments of fruits: 
blanching and pasteurization/sterilization.

16.4.1  Blanching

Blanching is a thermal treatment in hot water or steam aimed to inactivate oxidative enzymes 
naturally present in fruits and responsible for off-flavors, color change, and chemical reactions 
during the further processing steps and storage. This first thermal step is very important when 
the fruits are further processed. The influence of blanching on quality attributes [40] is generally 
evaluated together with the following process steps such as freezing, sterilizing, drying, and osmo-
dehydration. This thermal step also helps to destroy microorganisms (bacteria, yeasts, and molds), 
prevent the flesh contamination when cutting [41], clean the fruits, brighten the color, and expel 
trapped air in the intercellular regions. The main enzymes affected by blanching are peroxidase, 
polyphenol oxidase, catalase, lipoxygenase, and chlorophylase; their thermal kinetic inactivation is 
documented [42].

Blanching is carried out by different means such as hot water, steam [43], high pressure, infrared-
dry blanching [44,45], ohmic [46], fluidized bed with steam, whirling bed with a mix of hot air and 
steam [47], individual quick blanching system, combined with ozone [48,49]. Hot-water blanching is 
by far the most popular and commercially adopted process for its simplicity and economic reasons. 
The microbial quality of the blanching water must also be observed because the high temperature 
could select thermophilic bacteria. The main problem of water blanching is the leaching of impor-
tant nutrients such as vitamins and pigments.

Due to the thermal diffusion in food matrices, blanching efficiency greatly depends on the size 
and shapes of the fruits. The thermal product conductivity governs the heat transfer in the matrix, 
and in the case of unsteady state, the thermal diffusivity is introduced in the heat transfer equations. 
The thermal diffusivities of fruits [50] vary between 1 × 10−7 and 1.8 × 10−7 m s−2: the heat transfers 
are 1000 times faster than the mass transfer of micronutrients in fruits. It is also important to note 
that as the thermal transfer time depends on the fruit pieces as the size at the power 2, size reduction 
is interesting in terms of heat and mass transfers.

16.4.2  Pasteurization

Pasteurization is a mild treatment aiming to inactivate most of the enzymes and to inhibit the veg-
etative microorganism’s cells, while sterilization eliminates also the spores. As mentioned previ-
ously, the thermal treatment depends on the microbial contamination. In the case of low-pH fruit 
products, a pasteurization process (reaching 85°C at the coldest point) allows a long shelf-life at 
room temperature. Different time and temperature combinations can be used.

For fruit juices, in the traditional practice, the juices are heated up to 60°C–75°C for 30 min, then 
filled at that temperature, closed and pasteurized at 84°C–88°C during 15–45 min depending of 
the size of the packaging. After this heat treatment, the products are cooled back to room tempera-
ture. High-temperature short-time pasteurization is conducted at higher temperatures (>90°C) for 
shorter times. This can, for example, be carried out at 95°C–98°C for about 15–30 s for apple juice. 
Hot-fill-hold of containers ≥1 L with rapid closure gives temperatures >85°C due to thermal inertia. 
Ultrahigh temperature (UHT) is also applicable to juices and commonly used in larger plants.

Before this pasteurization operation, the previous operations are washing/blanching, crush-
ing, enzyme maceration (40°C–50°C/1–2 h), pressing, centrifugation or filtration, optional second 
enzyme treatment, and deaeration. For citrus and especially orange juices, specific extractors are 
used to avoid contamination of the juice with peels, and the stabilization treatment must be applied 
within a few minutes of extraction to avoid pectin methylesterase action.

The fruit products are also processed in a more or less viscous liquid form or in a combina-
tion of liquid and solid phases (purées, preserves, jams, etc.). These can be treated in continuous 
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equipment. For purées, two processes are commonly differentiated by the respective order of the 
sieving and cooking phases: sieving before cooking for cold-break products or after cooking for 
hot-break products. They result in different colors, textures, and compositions due to the possibility 
of enzyme activity in the cold-break products.

The process line consists of a holding tank, a mill, a heating zone, a sieve, a holding zone (in 
principle for a few minutes, up to 0.5 h), a pasteurization step followed by hot-fill or a cooling zone 
for aseptic packaging equipment. High temperatures are required during processing for fruit cook-
ing and for adequate viscosities during pumping, so that additional heat treatments are limited. For 
example, for apple puree, a cooking time of 15 min at 85°C, holding tanks at 50°C–85°C, and a final 
pasteurization of 2–3 min at 90°C [51] then hot-fill can be sufficient to ensure stability at room tem-
perature for months. Jams require higher temperatures for cooking and evaporation; thermal treat-
ment under vacuum is preferred as it limits both temperature and product degradation during the 
concentration phase. However, temperatures must stay above pectin gelation, that is, >70°C–90°C, 
depending on the pectin grade.

The juices are frequently concentrated to be reused in fruit drinks. Concentration of juices is 
most commonly carried out by vacuum concentration, using efficient multieffect systems with 
recovery of volatiles. The volatiles are later used in juice reconstitution for aroma restoration. The 
evaporators operate at temperatures <50°C. Redilution of the concentrated juices entails an addi-
tional pasteurization of the final product. Nonthermal alternatives (osmotic evaporation and mem-
brane distillation) are gaining interest due to their more limited effect on juice volatiles.

16.4.3  canned Food Products

Among the different sterilization processes, the canned food process has been one of the most 
widely used methods of food preservation during the twentieth century for ensuring nutritional 
well-being of populations. The advantages of canned foods are determinant: relative low price, 
storage at room temperature, acceptable nutrient contents, easy to use, and varied contents. This 
process consists of heating hermetically sealed food containers (cans, plastic bottles and contain-
ers, and flexible pouches) in pressurized retorts and imposing a prescribed time–temperature 
history [52].

In the case of fruits containing trapped air such as apricot [53], peaches [54], or plums [55], an 
exhausting procedure during 5–10 min at 90°C in a steam chamber is used to remove the air.

The sterilization process is achieved in batch retorts, with the cans being or not agitated, or in 
continuous retorts in which the cans are agitated. In these retorts, the cans are heated by steam or 
pressurized water, maintained at a high temperature until the whole can content is subjected to the 
predetermined time–temperature history. Very roughly, 15% of the process thermal efficiency is 
achieved during the heating phase, 15% during the cooling phase, and the rest is achieved during the 
holding phase. The complete time treatment depends on the size of cans and the contained product.

There are different types of retorts. The craterless retort consists in a tank in which the cans fall 
in hot water after which the top hatch is closed and vapor is injected up to the desired temperature. 
The cans are immobile and when the thermal treatment is achieved, warm water is injected in the 
retort, and the bottom hatch is opened to let the cans fall in the discharge cooling canal. The filling, 
heating, warming, and discharging are automatically carried out.

The hydrostatic sterilizers are so named because steam temperature is controlled hydrostati-
cally by the height of the water leg, and they have self-contained structure that is often partly built 
outdoors. The hydrostatic sterilizers are made up of four chambers: a hydrostatic bring-up leg, a 
sterilizing steam section, a hydrostatic bring-down leg, and a cooling section. The cans are con-
veyed continuously through the different chambers by a continuous chain link, and the residence is 
adjusted by the speed of the conveyers.

The continuous rotary sterilizers are horizontal (indoor) rotary retorts in which the cans are con-
veyed by a reel while they rotate around their own axis by different means. The residence time in the 
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sterilizer is controlled by the rotating speed of the reel. The most common systems require at least 
three shells in series to heat under pressure, cool under pressure, and cool at atmospheric pressure. 
These retorts generally accommodate a specific can size and are not flexible.

There are different types of discontinuous retorts in which the cans are contained in large bas-
kets rotating on their own axis at different speeds or shaken at high speeds.

During the thermal treatment, the temperature in the cans is measured with special devices such 
as thermocouples and is modeled as a function of the operating conditions such as agitation, rota-
tion, and transport and the contents, that is, type of fruit pieces, and syrup concentration. The heat 
transfer between the can wall and the content is the limiting factor of the heat transmission; the 
motion such as rotation and vibrations of the cans enhance this heat transfer.

The bases of the thermal treatment calculations are well documented in several books (e.g., see 
Ref. [52]) and are out of the scope of this chapter.

The sterilization temperature/times for canned fruits are typically 100°C/17–30 min for apri-
cot, 93°C–95°C/25–30 min for blueberry, 100°C/20–350 min or 116°C/14–18 min for peaches, and 
100°C/12 min for plums.

For high-quality orange juices, it is proposed to centrifuge the raw product and to apply two 
different thermal treatments for the pulp (85°C/15 s) to inactivate the pectin methylesterase and 
for the low pulp juice (65°C/15 s) to inactivate the microorganisms and then to blend these two 
products [56].

16.4.4  continuous sterilization and asePtic Processing

In this technology, the product is convoyed by a volumetric pump through heat exchangers briefly 
described earlier. For fruit juices, the applied process is 100°C–110°C for 0.5–1.5 min.

We have previously mentioned the problem of the particles moving in the suspending fluid. 
Another problem, actually not well solved, concerns the local accumulation of particles in elbows, 
for example, leading to plugging the process line. The treatment time is adjusted for the fastest 
particle in the line and the product must be poured in presterilized containers in an aseptic environ-
ment before the containers are hermetically sealed. The main problems are often encountered in the 
cooling zone because the product viscosity can become very high and pasty.

This technology is very elegant and energy saving but is difficult to manage, especially in 
aseptic filling when the product contains particles and fibers. Along with the classical tubular or 
scraped surface heat exchangers used for pasty or particle content fluids, new technologies such 
as ohmic [57] or radio frequency [58] are available for the industry. The main advantage of these 
techniques consists in heating in the mass both suspending fluid and particles at the same time, if 
their electric conductivities or their dielectric losses are almost the same, thus enhancing the qual-
ity of the final products.

16.5   QualIty attrIbute ModIFIcatIons durIng 
therMal ProcessIng oF FruIts

16.5.1  texture

Texture is a very important quality attribute and is closely linked to sensory analysis [59,60]. 
The texture measurements of different food products by objective, subjective, and imitative tests 
are well described in a reference book [61]. The most used tests for fruits are puncture, double 
compression [7], texture profile analysis [62], Kramer cell [63], and three-point bending test with 
notch [64]. These tests are performed on whole fruits or pieces (slices, cubes, sticks, and cylinders).

Recently, new approaches have been developed to quantify the texture (or shape) changes dur-
ing food processing. The crispiness (the number, frequency, and shape of peaks in the jagged 
part of a force-deformation curve) frequently studied for extruded or brittle food products [65] 
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was applied to cucumbers [66] and apples [67]. Computer image analysis with adapted software 
is applied to food quality [68], including the study on damaged banana and apple tissues [69–72]. 
Microscopic observations give also pertinent information on the fruit tissues, for example, affected 
by pretreatments and freezing [73,74]. The micromechanics [75] associated with the image analy-
sis is also a promising technique to evaluate fruit textures (apple tissue [76]) and their variations 
during thermal (or other) treatments. Acoustic methods are also used for the assessment of apple 
texture [67,77,78].

The mechanisms of texture evolution during heat processing are closely related to pectin degra-
dation [79]. They therefore depend on the time–temperature history [80], on intrinsic parameters 
of the fruit tissue such as pectin content, degree of methylation, and activity of pectin degrading 
enzymes, and on parameters that can be adjusted during processing such as pH, the presence of 
cations, and notably calcium salts [81,82].

Fresh fruit texture is determined by the interaction between turgor pressure of the cells and the 
resistance of the cell walls that surrounds the cells. The cell walls have two functions in the liv-
ing fruit: the middle lamella is responsible for cell-to-cell adhesion, and the primary cell walls for 
limiting cell expansion. During heat treatment, the first phenomenon that leads to texture loss is the 
loss of turgor pressure upon membrane destabilization. Two successive mechanisms then determine 
texture evolution. At low temperatures (55°C–75°C), pectin methylesterases are activated; these 
enzymes have high optimal temperatures and can be remarkably heat resistant [83–85]. Pectin 
methylesterases hydrolyze the methyl esters on the carboxylic acid at C6 of galacturonic acid, 
realizing methanol and free carboxyl groups. Subsequent pectin demethylation will contribute to a 
firmer texture by minimizing latter susceptibility to β-elimination and by enabling the formation 
of additional calcium cross-links. At higher temperatures, the chemical mechanisms that lead to 
pectin cleavage take their turn. Their efficiency will depend on pectin degree of methylation and 
pH. At low pHs (<4), pectin cleavage is predominantly by hydrolysis, irrespective of degree of 
methylation. At slightly acidic to neutral pHs, β-elimination, a mechanism specific to methylated 
pectins, determines pectin degradation. β-elimination demands the presence of a methylated uronic 
acid: highly methylated pectins are highly susceptible to β-elimination while pectic acid, totally 
demethylated, is impervious to this cleavage [79,81,86]. These mechanisms and their succession are 
shown in Figure 16.2.
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FIgure 16.2  The two successive mechanisms involved in the vegetable texture evolution during thermal 
treatment.
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There is therefore a potential for manipulation of texture through low-temperature blanching, 
enabling pectin methylesterase activation, and calcium addition [87]. This process is known as low-
temperature long-time (LTLT) blanching, which results in firmer products through in situ activation 
of endogenous pectin methylesterase [88].

16.5.1.1  thermal softening of Fruits
In terms of reaction kinetics, the thermal softening of fruits is less documented than for vegetables 
[89]. Some examples of thermal softening of fruits by heat treatments are presented in Table 16.1. 
The D values greatly depend on the product and its variety, for canned apricots [90,93], cooked 
apricots [101], bananas [100], banana and plantain [92], or apples [7]. For the two later examples, the 
texture classification before and after heat treatments are not the same, indicating that it is not pos-
sible to predict the final product texture from texture measurements on the raw materials. Generally, 
the texture decrease is important (60°C–80°C) and rapid (10–20 min) when heating at the pasteuri-
zation temperatures and less important for milder treatment temperatures [90,95]. The sterilization 
of canned banana is also studied [97].

The same results are obtained when ohmic heating peaches slices at different frequencies [102]. 
When the data are available, the energy activation Ea of the first-order kinetic reaction (about 
100 kJ mol−1) is similar to the thermal softening of vegetables.

table 16.1
examples of the thermal softening of Fruits in different operating conditions

Fruits treatment Main results reference

Apricots Hot water 70°C–90°C D90°C 2 min Ea 96.6 kJ mol−1 [90]

Plums (different ripeness) Canned with and without Ca++ Better texture when added Ca++ [91]

Plantain banana Heating 60°C–100°C 0–30 min Rapid texture decrease during the 
first 10 min

[92]

Apricots Canned 82°C–95°C D90°C 17 min Ea 116.5 kJ mol−1 [93]

Apple slice PEF and heat treatment PEF + heat treatment disintegrates 
the tissue texture to the state of a 
freeze-thawed tissue

[94]

Guava Processed in syrup 60°C–90°C, 1 h Considerable softening at 90°C 
unlike milder temperature 
processing

[95]

Kiwi slices Pretreatment 25°C–50°C 26–74 min 
before minimally processing

Better texture with pretreatment if 
fruit is ripe

[96]

Canned bananas 121°C 25 min, storage 135 days Texture: Rasthali variety > 
Poowan > red banana

[97]

Apples different cultivars Vacuum pasteurization 95°C 25 min Texture classification of the 
cultivars is different before and 
after treatment processing

[7]

Peach slices Heating 50°C, 10 min before slicing better texture when heated [98]

Canned pears Heating with 0%–3% CaCl2 in 40% 
syrup

CaCl2 enhances texture irrespective 
of ripeness stage

[99]

Banana Heating at 96.5°C 0–120 min D90°C 4–10.4 min [100]

Apricots different cultivars Heating 100°C 10 min Texture losses are different for the 
different apricot varieties

[6]

a High-temperature short time.
b Low-temperature long time.
PFC, pulsed electric field.

AQ2
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The texture of canned product is a crucial problem and a very often used solution for firmer 
products is the immersion in CaCl2 solution (about 100 mM) for pears [99], peaches [54], or plums 
[91]. Mild heat treatment (50°C) was used to enhance the texture of minimally processed kiwis [96] 
or sliced peaches [98].

Thermal treatment, combined with other physical treatment, is used for partially disintegrating 
the texture, thus enhancing the juice extraction for apple (e.g., with pulsed electric fields) [94] and 
other materials [103]. Heat treatment (boiling during 15 min) is also used before candying plums (up 
to 2 months in 60–65 and 75 brix sugar syrups) [104]. In addition, a vacuum impregnation was also 
tested at mild temperature (30°C) for candying pineapple [105].

16.5.1.2  rheological behavior of Purees and compotes
The fruit juices are generally Newtonian and poorly viscous (less than seven times the water vis-
cosity) [106–109]. The concentrates are more viscous and exhibit a shear thinning pseudoplastic 
behavior [107,108,110–114]. Adding fibers drastically thickens the fruit juices [115–117], leading to 
highly viscous fluid exhibiting a strong yield stress.

Fruits are often prepared as semiliquid purées and compotes, which have a long storage life and 
are convenient. These pasty products exhibit a yield stress τ0, a force (or stress) level required for 
flowing, which is a very important quality parameter for spoonability, spreadability, and sensory 
evaluation of such food products. The flow behavior is modeled with the following Herschel Bulkley 
equation [117,118] determined with rheometers. This approach is applied for apple sauces [51] or 
different fruit purees [119]:

 τ τ= +0 K n�γ  (16.9)

Another interesting rheological property is the thixotropy, typically the ketchup behavior: when 
shaking the container, the product becomes liquid and when staying at rest (or less sheared), the 
yield stress is rebuilt [120]. Some purées and fruit concentrates exhibit such a rheological behavior 
[110,111,113,114,121–126].

The industrial rheology determination of pasty products is often made with a Bostwick consis-
tometer [127,128], this test does not give precise rheological data but is very pertinent for formulat-
ing pasty products and control during and after processing.

16.5.1.3  Juice cloud stability
Pectin methylesterases are of particular interest in fruit juice processing as they are determinant for 
cloud stability and highly thermo (and baro) resistant, that is, they are more stable than the bacterias 
and yeasts present. Cloud in fruit juices are due to the presence of dissolved pectin colloids (ca. 
0.1 μm) and small particles (0.5–10 μm). Cloud stability is linked to electrostatic repulsions between 
these particles, where negatively charged pectins surround a protein nucleus (itself positively 
charged at the juice pH). Pectin methylesterases in fruit juices lead to cloud destabilization [129] 
by the formation of sequences with consecutive free galacturonic acids on the pectin main chain, 
leading to a very high calcium reactivity [130] and pectin precipitation. Pectin methylesterases 
have been particularly studied for citrus juices and especially orange, which contains high pectin 
methylesterases and the juice of which should have stable cloud [129–137]. Heating of orange juices 
at 90°C for 1 min is sufficient to ensure their colloidal stability, but this thermal treatment must take 
place very rapidly after expression. Pectin methylesterases are generally deactivated following first-
order kinetics; however, isoforms with differing thermal stability are present in orange, leading to 
biphasic kinetics [83,135]. The z values for thermolabile and thermostable orange pectin methyles-
terases are 10.8°C and 6.5°C for orange pulp [138], while the z values for microwave-heated orange 
juice are 31.1°C (D60°C = 1240 s) and 17.6°C (D60°C = 154 s) [139] with activations energies of 299 kJ 
mol−1 (k73.5°C = 8.5 min−1) and 532 kJ mol−1 (k73.5°C = 0.003 min−1) [140]. The relative proportions of the 
thermostable and thermolabile isoforms may vary, but the thermostable form is always the lowest, 

K13568_C016.indd   423 1/2/2012   1:18:05 PM

crenard
Note
10 mM



424 Thermal Food Processing: New Technologies and Quality Issues

often between 5% and 10% [85,131,133,135,138,139]. It is generally considered that inactivation of 
the thermolabile form is sufficient for acceptable cloud stability. Efficiency of inactivation also var-
ies with pH, with the more acidic conditions leading to faster inactivation: for thermostable orange 
pectin methylesterases D90°C = 33 s at pH 3.6 but 256 s at pH 4.1 [137]. Thermal stability of pectin 
methylesterase appears to be higher for soluble enzymes in the juice that in the pulp [133] but that 
was not related to isoforms distribution.

Other fruits also present pectin methylesterases with high thermal stabilities, though few stud-
ies report z values or activation energies. One of the pectin methylesterase from acerola kept 
its activity after 1 h at 98°C [141]. Apple pectin methylesterase presents z value of 10.1°C (with 
D50°C = 7.4 min) [84]. Activation energies were for banana Ea = 279 kJ mol−1 (k75°C = 0.55 min−1) [140], 
for plum (biphasic with about 60% thermolabile enzyme) Ea = 274 kJ mol−1 (k60°C = 0.106 min−1) and 
Ea = 354 kJ mol−1 (k60°C = 0.008 min−1) [142], and for grapefruit thermostable pectin methylesterase 
Ea = 329 kJ mol−1 (k60°C = 0.189 min−1) [143]. Influence of physical–chemical conditions was reported, 
with stability at pH 7 > 4 for plum [142] and optimal stability at pH 7 and high ionic strength for 
grapefruit [143]. Remarkably, high pressure and temperatures have an antagonistic effect in pectin 
methylesterase inactivation [83].

16.5.2  color and image analysis

Color measurements handled by tristimulus colorimeters are reliable. These pieces of equipment 
give the color in different units, with the most used with food products being the L*, a*, b* color 
space coordinates [144] or the quasi similar L, a, b system. Lightness value, L* indicates how 
dark/light the sample is (varying from 0—black to 100—white), a* is the measure of greenness/
redness (varying from −60 to +60), and b* is the measure of blueness/yellowness (varying from 
−60 to +60). The polar coordinate chroma or saturation C* is an indication of how dull/vivid the 
product is (ranging from 0 to 60), which can be calculated from a* and b* Cartesian coordinates 
by the following equation:

 C a b∗ = ∗ ∗2 2 +   (16.10)

The total color difference (TCD*) is a parameter considered for the overall color difference eval-
uation between the reference sample (initial product or a reference ceramic plate) and the pro-
cessed one. Differences in visual color can be classified based on TCD* as follows: not noticeable 
(0–0.5), slightly noticeable (0.5–1.5), noticeable (1.5–3.0), well visible (3.0–6.0), and great differ-
ence (6.0–12.0).

 
TCD∗ = ∗ − ∗( ) + ∗ − ∗( ) + ∗ − ∗( )L L a a b b0

2
0

2
0

2
 (16.11)

Other parameters are calculated from L*, a*, and b*. The hue angle, that is, h* = tan−1 (b*/a*), is 
frequently used to characterize reddish or yellowish color. The use of a*/b* cannot be advocated as 
it reflects a faulty understanding of the color coordinates.

The browning index, defined as absorbance at 420 nm of a centrifuged and filtered juice, is also 
frequently used to detect the nonenzymatic browning of fruits matrices or juices.

Examples of the influence of heat treatments on fruit jams and juices are presented in Table 16.2. 
In Table 16.2, only TCD (or TCD*) is mentioned, which seems to be a well-recognized qual-
ity index. The most recent publications compare the thermal treatment with nonconventional 
ones [149,150,158–160]. The color loss kinetic is modeled with the aforementioned models 
[145–148,151–154], and the energy activation varies between 30 and 120 kJ mol−1 with an exception 
for the strawberry juice in which the group L*·a*/b* was used [154].
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table 16.2
Influence of heat treatment on the Fruit and Puree colors

Products thermal treatment tcd or tcd* comments reference

Peach puree 10°C–135°C up to 
160 min

Fractional first-order kinetic 
model Ea 119 kJ mol−1

[145]

Cupuacu puree 80°C–115°C up to 
120 min

0–6 80°C; 0–18 
115°C

Fractional first-order kinetic 
model Ea 36 kJ mol−1

[146]

Peach puree 80°C–98°C up to 
500 min

0–4 80°C; 0–18 98°C Combined zeroth- and first-order 
kinetic model Ea 82 kJ mol−1

[147]

Pineapple puree 70°C–110°C up to 
500 min

0–20, increase with 
temperature

Zeroth-order kinetic Ea 83.7 kJ 
mol−1 70°C–90°C

[148]

Ea 94.4 kJ mol−1 90°C–110°C

Strawberry and 
blackberry puree

70°C, 2 min Strawberry 5.67
Blackberry 3.17

Comparison thermal/high 
pressure

[149]

Nectarine puree 85°C, 5 min Treated/untreated: 2.5
Treated/60 storage 
days: 7.7

Comparison thermal/high 
pressure

[150]

Pineapple juice 55°C–95°C, 80 min 0–0.7 55°C; 0–1.8 
65°C; 0–2.2 75°C; 
0–3 85°C; 0–4 95°C

Combined kinetic model, Ea 
47.3 kJ mol−1

[151]

Yellow-orange 
cactus pear juice

75°C, 85°C, 95°C, 
60 min

0–10 75°C; 0–18 
85°C; 0–30 95°C

Addition of 0.1% isoascorbic 
acid prior to heating minimized 
color alteration

[152]

Purple pitaya 
juice

85°C 1 h, pH 4 and 6 Ca and ha Betacyanins in purple pitaya 
juice is stabilized by the 
addition of ascorbic, 
isoascorbic, citric acids

[153]

Strawberry juices 100°C–140°C, 
0–120 min

(L*a*/b*) parameter, 
kinetic fractional 
model

Ea 183 at pH 2.5, 168 at pH 3.7, 
86 at pH 5 (kJ mol−1)

[154]

Apple juice HTST 73°C, 80°C, 
83°C 27 s

1.3

Cashew apple 
juice

88°C, 100°C, 111°C, 
121°C

0–15 Kinetic modeled with an 
exponential model

[155]

Cashew apple 
model juice

60°C, 90°C 0–6 Kinetic modeled with a biphasic 
model

[156]

Elderberry juice 95°C, 0–4 h 0–18 Color differences in strawberry 
and elderberry juices when 
ascorbic acid was added

[157]

Strawberry juice 0–14

Watermelon juice Thermosonication 
25°C–45°C, amplitude 
24.4–60.1 μm

4.5–5.54 Effect of process parameters on 
quality indices modeled with a 
second-order polynomial

[158]

Watermelon juice 60°C, 5–60 min 6.94–5.87 Comparison of thermal, 
ultraviolet-c, and high-pressure 
treatments

[159]

Mango nectar 60°C–85°C, 10–20 min 5.8 at optimal 
conditions

High-pressure 
homogenization + heat shock

[160]
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Color degradations of fruits [153,156,157] are clearly due to thermal degradation of pigments, 
and the reaction kinetics of these food components are summarized in a reference book [38] for 
anthocyanins, betalains, and carotenoids. The reaction kinetic modeling is based on the fraction 
conversion model associated with a first-order kinetic reaction. The reaction kinetic constants are 
well documented [38,89] for different operating conditions and in different fruit matrices. The color 
variation kinetics is quite similar to that of pigments degradation.

Some other analyses such as near infrared (NIR) spectroscopy, middle infrared (MIR) spec-
troscopy [162], or hyperspectral imaging [163,164], are performed for inspecting or grading fruits 
and vegetables but are rarely used for determining the impact of thermal processing [165] on their 
quality attributes.

16.5.3  aroma modiFication

Two types of products must be distinguished when dealing with impact of thermal treatments on 
fruit juice aromas: the juices produced from concentrates and the more lightly heated not-from-
concentrate juices. In juice concentration, normally, volatiles are recovered and concentrated for 
later addition back to the concentrated products. Therefore, incomplete restoration will result in the 
loss of volatiles, as did the former practice of mixing concentrate (without recovered volatiles) with 
single strength juices.

A recent review summarizes the effects of heat treatments on orange juices [9], indicating that 
juice volatiles are impacted by even high-temperature short-time treatments due to the loss of more 
volatile molecules. However, this is not sufficient for detection of aroma modification by a sensory 
analysis. Typical cooked off-tastes are only perceived by consumers in juices from concentrates, 
which are subjected to concentration then pasteurization after redilution. Juices from concentrates 
are depleted in the more volatile molecules but contain more sulfur-containing volatiles because of 
thermal degradation of amino acids.

Ohmic heating of freshly squeezed orange juice resulted in slightly higher retention of limonene, 
myrcene, octanal, and decanal than conventional pasteurization (about 60% for all four compounds) 
[134]. In apple juice, conventional evaporation resulted in the loss of >95% of trans-2-hexenal [166]. 
Apple juices not from concentrate were dominated by fruity, sweet aromatics, while apple juices 
from concentrate were assessed as more green, fresh, and having a shampoo-like smell [10].

16.5.4  nutritional imPact oF Fruit heat Processing

This section will focus on the micronutrients for which fruits contribute significantly to diet. These 
are primarily vitamin C and provitamin A carotenoids (β-, α-, and γ-carotene and β-cryptoxanthin). 
Fruits also contain polyphenols, which will be briefly mentioned here, as polyphenol oxidation is a 
factor of ascorbic acid degradation and enzymatic browning. These compounds have very different 
sensitivities to heat-treatment, and these sensitivities are modulated differently by physicochemical 
conditions, as summarized in Table 16.3.

16.5.4.1  Vitamin c
Vitamin C is present in fruits, sometimes at high concentrations as in black currant, kiwi, oranges, 
and lemons. It is also often added during processing to prevent enzymatic browning, in particular 
in apple, banana, and small red fruits. Though vitamin C probably has been the most studied vita-
min in terms of loss during heat treatments, there are still gaps in the understanding (and therefore 
modeling) of its loss. Vitamin C is composed of two compounds, both of which carry the vitaminic 
property: ascorbic acid is the reduced form of vitamin C and dehydroascorbic acid is its oxidized 
form. Fruits may contain both forms, with ratios that vary depending on the species, the physiologi-
cal state, etc.
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These molecules have different susceptibilities to oxidation and thermal degradation: ascor-
bic acid can be oxidized easily and is in particular converted to dehydroascorbic acid by coupled 
 oxidation—reduction with the quinones of polyphenols. Oxidation of polyphenols (by polyphe-
noloxidase or laccase prior to heat treatment, or by autoxidation catalyzed by metals after heat 
treatment) thus leads to loss of ascorbic acid. Dehydroascorbic acid can be further hydrolyzed 
to 2,3-diketoglutaric acid, which follows the sugar degradation reaction chain [167]. Of the two 
moieties, ascorbic acid is thus highly susceptible to degradation by oxidation (but very stable in 
anaerobic conditions), while dehydroascorbic acid is susceptible to heat degradation by Strecker 
degradation independently of oxygen concentration [168]. The requirement for oxygen in conversion 
of ascorbic acid to dehydroascorbic acid explains why vitamin C degradation can deviate from the 
first order [169]. Oxygen solubility in water at 20°C is of 9 mg L−1, that is, 0.28 mmol L−1 (oxygen 
solubility decreases with °Brix [170]). This would be sufficient to oxidize 100 mg L−1 of ascorbic 
acid. However, concentrations of ascorbic acid close to 0.5 g L−1 are found in citrus juices or added 
to cloudy apple juices. Oxygen can be a limiting reagent, especially in hermetically sealed vessels 
or in closed process loops. Once the pool of dissolved oxygen is exhausted, ascorbic acid degra-
dation stops or at least becomes much slower as it is relatively resistant to Strecker degradation. 
However, even in anaerobic condition, all dehydroascorbic will disappear in a relatively short time 
due to hydrolysis and Strecker degradation. This dual mechanism explains why nonlinear models 
can often better predict vitamin C loss [171], and also why deaeration is a major factor for juice qual-
ity. Two reactions with three reaction rate constants are thus needed to adequately describe ascorbic 
acid degradation in aerobic conditions [168]:

 AA O DHA H O+ +← →1
2 2 2

1 2K K,

 DHA H O DKG+  →2
3K

where
AA is ascorbic acid
DHA is dehydroascorbic acid
DKG is 2,3-diketoglutaric acid
K1 is the reaction rate constant for ascorbic acid oxidation (apparent rate constant as oxygen 

concentration is not explicitly taken into account)
K2 is the reconversion of DHA to ascorbic acid
K3 is the subsequent hydrolysis of DHA

table 16.3
Main Factors of loss and relative stability of Microconstituents in Fruits

susceptible 
to oxidation

other chemical 
degradation 
Mechanism

highly 
soluble 

(leaching)
concentrated 
in outer Parts

Presence of 
enzymes

Vitamin C ++ (ascorbate) ++ (dehydroascorbate) + + + (polyphenoloxidase)

Vitamin B9 ? + ++

Carotenoids +/− +/− (isomerization) 0 +

Dietary fibers 0 +/− (conversion to 
soluble fibers)

0 +

Polyphenols + 0 +/− ++ + (polyphenoloxidase)
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In the presence of oxygen and absence of reducing agent, oxidation of ascorbic acid is much faster 
than reduction of dehydroascorbic acid. Serpen and Gökmen [172] reported a half-life of 3.21 h 
(decreased in the presence of Fe3+, increased by cysteine, a reducing agent) for a solution of ascorbic 
acid in pure water held at 90°C. They calculated the apparent reaction rate constants as K1 = 0.218 h−1, 
K2 = 0.249 10−8 h−1, and K3 = 0.218 h−1.

However, few studies take into account the dual nature of vitamin C and the role of oxygen in 
ascorbic acid degradation, and conditions encountered in the laboratory (such as small volumes 
and large surfaces for exchange with ambient air) may not be totally representative of industrial 
conditions.

Losses in degassed and nondegassed tamarillo nectars kept for 10 min at 95°C were of 4% and 
100%, respectively, for ascorbic acid but 75% and 80%, respectively, for dehydroascorbic acid [173]. 
Similar losses of vitamin C (ca. 15%) in orange juices are reported for various ohmic conditions and 
conventional pasteurization (90°C, 50 s) [134]. Mild pasteurization (75°C, 10 min) of a highly acidic 
(pH 3.2) apple puree (vitamin C coming from added acerola and lemon juice) did not decrease total 
vitamin C but decreased ascorbic acid by 38.5% [174]. For apricots in syrup, a loss of 18% of ascor-
bic acid was registered during ohmic heating (and a further loss of 28% in the first weeks of storage) 
[175]. For ascorbic acid, Ea of 36 kJ mol−1 (z = 64°C) was found in mixed orange and clementine 
juice [176], Ea = 38.6 kJ mol−1 (initial steps only) in orange juice under aerobic condition [177], and 
Ea = 47.5 kJ mol−1 (z = 53°C, with D90°C = 175 min) in rose hip pulp [178].

The other factor that may contribute to vitamin C loss is its solubility, so that it may leach 
during blanching and diffuse to the covering liquid during storage. Vitamin C concentrations are 
often higher in the outer parts of the fruit, so that peeling or sieving also contributes to its loss 
[179,180].

16.5.4.2  carotenoids
Carotenoids are tetraterpenoid organic pigments characterized by their lipophilic character. They 
can be divided into xanthophylls (lutein) that contain oxygen, and carotenes (notably β-carotene 
and lycopene), which are purely hydrocarbons and thus even more lipophilic. They can also be cat-
egorized according to their nutritional status in provitamin A (β-carotene, α-carotene, γ-carotene, 
and β-cryptoxanthin) and nonprovitamin A carotenoids. Many studies report the impact of heat 
treatments on carotenoids, with contradictory results, but globally these compounds appear to be 
relatively stable [181,182]. There also appears to be differences in stability, with xanthophylls being 
less stable than the carotenes [176,183–185].

In raw natural foods, all-trans isomers of carotenoids are dominant but mono or poly-cis iso-
mers are formed upon heating. Carotenoids are susceptible to oxidation, with first formation of 
epoxides followed by chain cleavage leading to apo-carotenals. Upon moderate heat treatment of 
tissues, there is commonly an increase in apparent carotenoid content, which is usually ascribed to 
easier extractability [186–189]. Prolonged heating and presence of oil seem to favor isomerization, 
while oxidation is favored by heat, low water activities, and of course presence of oxygen [190,191]. 
Carotenoid degradation follows first-order kinetics and is strongly correlated to color degradation 
[173,176,192,193].

Pasteurization can lead to a loss of carotenoids in orange juice, with violaxanthine and lutein 
being the most thermolabile; concentration of the juices further affects lutein concentrations. 
The provitamin A carotenoids are not significantly degraded [184]. Using microwave heating 
[185], z values between 10.9°C (β-carotene, with D70°C = 24.6 min) and 16.7°C (antheraxanthin, 
with D70°C = 8.5 min) are reported for carotenoids in orange juice. Activation energies of 110 and 
156 kJ mol−1 (z of 22.5°C and 15.9°C) for β-carotene and β-cryptoxanthin were found in mixed 
orange and clementine juice [176]. Cold storage of frozen fruits, fruit purées, or concentrated fruit 
juices can lead to loss in carotenoids [181,194], especially in plastic containers, probably because 
plastic containers allow some oxygen permeability. Degradation of carotenoids is not affected by 
the level of dissolved oxygen in tamarillo juice [173].

K13568_C016.indd   428 1/2/2012   1:18:06 PM



429Thermal Processing of Fruits and Fruit Juices

The most remarkable effect of heat treatment on carotenoids in intact tissues is a marked increase 
of their bioavailability, noticed first in vivo [195–197] and studied in detail using in vitro models 
[198]. This increase in bioaccessibility/bioavailability of carotenoids appears linked to cell wall 
degradation, enhancing cell rupture [199–203]. High-pressure processing in contrast decreases 
carotenoids bioaccessibility, which can be related to pectin methylesterase activity and calcium-
mediated cross-linking of the polysaccharides in the cell walls [204,205].

Carotenoids are not water soluble. In juice processing, carotenoids are linked to the pulp, and 
they can be present in quite high concentrations in pulpy juices such as juices made from apricot, 
mango or guava, which are actually comminuted rather than pressed. Furthermore, carotenoids are 
often concentrated in the outer tissues of plants: peeling and sieving also contribute to a decrease of 
their amounts in the processed products [180].

16.5.4.3  dietary Fiber
Dietary fiber in fruits corresponds to polysaccharides (and traces of lignin) constituting their cell 
walls. Thermal treatments have limited impact on the total dietary fiber contents. They generally 
lead to a modification of the soluble/insoluble fiber balance by an increase in soluble fibers [51,206], 
due to pectin degradation [79]. This also leads to increased cell wall swelling.

Pressing eliminates insoluble dietary fibers from the juice, as they are retained in the pomace; 
the residual fibers are further eliminated upon clarification. Only minor amounts are present as 
cloud in cloudy juices, typically <0.5 g L−1. Peeling and sieving also retain the harder tissues, which 
are also the ones that are rich in dietary fibers, for example, in purées, smoothies, or pulpy juices 
[51]. Though the dietary fiber contents are higher than in juices, there is still a significant loss com-
pared to whole fruits (though not necessarily when compared to fruit flesh [207]).

16.6  conclusIons

Processed fruits generally undergo mild heat treatments as their low pH is a good protection against 
pathogenic bacteria. A specific characteristic for fruit juices is that they may have spent long dura-
tions at only slightly elevated temperatures (40°C–50°C) for ease of processing (enzymation before 
or after pressing, concentration, filtration, etc.), which may result in quality modifications in par-
ticular concerning aromas. The current trends in industrial heat processing of fruits are to minimize 
the process intensity, both for better preservation of organoleptic and nutritional properties and for 
more durable processes. Fruit juices in particular are an area of active research and product develop-
ment in nonthermal stabilization technologies. There has been however in the recent past increased 
reports of fruit juice contamination with pathogenic microorganisms such as E. coli O157:H7. These 
are linked to increased demand for fresh, unpasteurized products, and highlight the necessity for 
vigilance from manufacturers and public authorities.

Fruits used for processing have undergone a remarkable diversification in the last few years, 
including more and more exotic fruits. Some of these fruits have higher pH than the more classi-
cal citrus and pome fruits, and therefore, more attention should be paid to microbial inactivation. 
Among the popular fruits, mango, lychee, and sometimes pear may only require some mild acidifi-
cation (typically citric acid) as their pHs are of about 4.5–5. Guava, cantaloupe, and watermelon or 
banana with pHs > 5 need more stringent thermal treatments.

noMenclature

a* Measure of greenness-redness (—)
b* Measure of blueness-yellowness (—)
b(ϑ) Parameter of the Equation 16.5 derived from a Weibull distribution (min)
C(t) Quality attribute level at a time t
C0 Initial quality attribute level
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C∞ Quality attribute level at equilibrium
C* Chroma index (—)
Dref Decimal reduction time at reference temperature (min)
D(ϑ) Decimal reduction time at temperature ϑ (min)
Ea Activation energy (kJ mol−1)
f(t) Fractional conversion at a time t (-)
F Process thermal lethality (min)
F0 Process thermal lethality at 121.1°C (min)
k(ϑ) Inactivation “rate constant” at temperature ϑ (min−1)
k1, k2 Coefficients of the biphasic model (min−1)
K Parameter of the Herschel–Bulkley equation (Pa sn)
K1, K2, K3 Reaction constants of ascorbic acid degradation in aerobic conditions
L* Lightness (—)
n Parameter of the Herschel–Bulkley equation (—)
N0 Initial number of spores or microorganisms
N(t) Number of spores or microorganisms at time t
q Coefficient of the biphasic model (—)
R Universal gas constant (8.314 J mol−1 °C−1)
t Time (min for reaction kinetics)
T Absolute temperature (K)
TCD* Total color difference (—)
Z Temperature difference required for 10-fold change in D value (°C)

Greek
β Power parameter of the Equation 16.5 derived from a Weibull distribution (—)
ϑref Reference temperature (°C)
�γ  Shear rate (s−1)
τ Stress (Pa)
τ0 Yield stress (Pa)
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