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ABSTRACT  

Comparing the process impact on food among novel and conventional processing 

technologies, there is a need for studies (i) which compare the impact on an equivalent basis 

(e.g. microbial inactivation) and (ii) which use advanced analytical methods (e.g. GC-MS,  

LC-MS) to improve insight in the differences of process-induced changes based on a non-

targeted analysis of different food fractions (e.g. volatilizable fraction). This master thesis 

aimed at the development of an orange juice headspace GC-MS fingerprinting method and 

evaluated the potential of the selected SPME/GC-MS fingerprinting method to compare the 

impact on the volatilizable fraction of untreated versus orange juices pasteurized by 

microbially equivalent (5-Log inactivation of Escherichia coli O157:H7) heat, high pressure 

(HP) and pulsed electric field (PEF) processing conditions. After processing, (un)treated 

orange juices were subjected to a shelf-life study of 58 days at 4 °C.  

In a characteristic GC-MS total ion chromatogram more than 60 compounds were depicted. 

After integration, resulting peak areas on the one hand and information on the different 

treatments/shelf-life days on the other hand, was used for partial least squares-discriminant 

analysis. Consequently, three comparative analyses were performed: (i) comparison of 

treatment impact per shelf-life day; (ii) comparison of treatment impact neglecting the 

information on shelf-life; (iii) study of the effect of shelf-life per treatment condition. First, 

the degree of classification/grouping was graphically verified with a bi-plot or score plot. 

Secondly, by calculation, ranking and plotting VIP scores and loadings for the individual 

compounds detected, it was tried to select potential markers for treatment impact and the 

effect of shelf-life. The treatment impact comparison per shelf-life day showed that (i) 

immediately after processing (day 1), different treatment conditions could be classified (ii) 

at the end of the shelf-life (day 28), heat and HP pasteurization seemed to impose a 

comparable impact on the volatilizable fraction of orange juice and those impacts seemed to 

become more different from the impacts of a PEF treatment, which volatilizable compounds 

seemed to show more similarities with the untreated samples. However, when the 

treatment impacts were compared neglecting the information on shelf-life, clear similarities 

of volatilizable compounds of untreated and heat, HP and PEF treated orange juices were 

observed. Studying the effect of shelf-life per treatment, a clear effect of shelf-life in both 

treated and untreated orange juice was detected. In conclusion, for appropriate comparison 

of impact among different treatments, the effect of shelf-life should also be considered. 
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GENERAL INTRODUCTION 

Conventional thermal treatments, such as pasteurization and sterilization have been and 

are still the most predominantly used processing technologies because of their efficacy 

in assuring food safety and in improving edibility and palatability of the final food 

product. However, foods treated by these conventional thermal processing technologies 

are characterized by reduced flavour, texture and nutritional freshness and, in short, a 

reduction in the apparent freshness and quality of the final product occurs. Therefore, in 

the last three decades, many research efforts on the development and implementation of 

new physical food preservation technologies have been performed to provide safe, 

fresher-tasting, nutritive foods without the use of excess heat or chemical preservatives 

in order to satisfy today’s increasingly demanding consumers. 

In the search for new physical processing methods, particularly for certain food 

products, the application of high pressure (HP) and pulsed electric field (PEF) 

processing have shown a considerable potential as an alternative/complementary to the 

conventional thermal processing. The short treatment times used in these novel “non-

thermal” processing methods, whether or not combined with lower processing 

temperatures, have been reported to enable a higher residual food product quality after 

processing. In addition, these novel processing techniques have a potential to control 

product reactions in a different way than conventional thermal processing and, thus, 

provide an extra process parameter for process design. However, in contrast to thermal 

treatments, less work has been done in characterizing these novel processing 

technologies.  

A lot of research has been performed studying the impact of novel processing 

technologies on one or more particular target quality and/or safety attribute(s). In this 

context, frequently treatment impact between novel and conventional processing has 

been compared. However, rarely if ever, these comparisons are based on a principle of 

equivalence (e.g. microbial inactivation, enzymatic inactivation) and consequently 

cannot be categorized fair comparisons. Therefore, to further increase insight in the 

beneficial/different effects of these novel food processing technologies compared to 

conventional treatments, there is a need for studies which compare the process impact 

among several technologies on an equivalent basis. In literature, most of these 

comparative studies followed a single- or multi-response targeted approach  

(e.g. focusing on particular nutrients, contaminants or flavour compounds) which may 
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not result in an overall impression of the beneficial/different effects of the process on 

different process-induced reactions. Consequently, there is a need for studies, which 

evaluate the potential of advanced analytical methods (e.g. GC-MS, LC-MS) to improve 

further insight in the differences of process-induced changes among different processing 

technologies using a multi-response non-targeted analysis in which a ‘’food fingerprint’’ 

can be used to compare the impact of processing on a particular food fraction  

(e.g. volatilizable fraction, liquid fraction).  

This master thesis tried to meet the research needs detected in literature and 

investigated the potential of a headspace fingerprinting method as a tool to compare the 

impact of heat, HP and PEF pasteurization on orange juice quality. 

 

This thesis paper is subdivided into two parts: a literature review (part I) and a 

summary of the experimental work performed (part II). In part I, in Chapter 1, HP and 

PEF processing are discussed sequentially, starting from the basic principles over the 

major system components, important processing and product parameters to the 

mechanism of action of these techniques on safety and quality attributes. Finally, the 

current industrial application status and legal aspects on introducing novel foods to the 

market will be summarized. 

In Chapter 2, starting from general concepts of headspace analysis over basic principles 

of sampling methods (particularly focusing on static headspace and SPME sampling) an 

overview of important orange juice volatiles will be given. 

 

In part II, the experimental work performed is reviewed in three chapters. In Chapter 3, 

the research objective and the experimental set-up applied are described. In Chapter 4, 

an orange juice headspace GC-MS fingerprinting method is developed. In Chapter 5, the 

evaluation of the selected SPME/GC-MS fingerprinting method to compare the 

volatilizable fraction of untreated orange juice versus orange juices treated with 

conventional and novel pasteurization technologies is handled. In the final part of this 

thesis paper, general conclusions and future perspectives of this work are summarized. 

 



 

 

 

 

 

 

 

 

 

PART I:  

LITERATURE REVIEW 
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1   Novel processing technologies  

Food processing pursues transforming raw plant and animal materials into consumer-

ready products within the constraints put forward by safety, while improving the 

edibility and palatability of the food product and preventing and/or reducing negative 

changes in quality (van Boekel et al., 2010). When the aim is shelf-life extension, several 

food preservation methods, such as physical (e.g. heating, chilling and freezing) and 

chemical (e.g. use of preservatives, reduction of pH) methods have been and are still 

widely used with a principle of reducing the growth rate and/or inactivating 

microorganisms (Gould, 2002; Yaldagard et al., 2008). In the context of physical food 

preservation, conventional thermal treatments, such as pasteurization and sterilization 

are still predominantly used (Lado and Yousef, 2002; Manas and Pagan, 2005; Yaldagard 

et al., 2008). Beneficial aspects of conventional thermal treatments can be summarized 

as assuring food safety, inactivating anti-nutritional factors (e.g. trypsin inhibitors in 

soy), improving the digestibility (e.g. by protein denaturation and starch gel formation) 

and bioavailability of some nutrients (e.g. carotenoids, polyphenols) and promoting the 

formation of desired compounds such as flavouring and colouring compounds (e.g. 

maillard reaction) (van Boekel et al., 2010). However, these conventional thermal 

treatments (due to their slow heating and cooling rates) also cause loss of a number of 

sensorial, nutritional and functional characteristics and have been reported in the 

context of formation of potentially carcinogenic and mutagenic compounds (Lado and 

Yousef, 2002; Hogan et al., 2005). Advances in technologies create the opportunity for 

optimization of conventional thermal processes with the aim of reducing food quality 

deteriorations while safety is guaranteed. The high-temperature short-time processing 

principle is one of these intelligent ideas, which can be governed under this decree; 

however, the effectiveness of this principle is limited to pumpable foods due to heat 

transfer problem. Besides, foods treated by this principle are characterized by reduced 

flavour, texture and nutritional freshness, although are better than their conventionally 

heated counterparts (Heinz and Buckow, 2009). These limitations together with the 

increased consumer perception that there might be an important relation between 

eating healthy and a long and healthy life has led to the development and introduction of 

alternative/complementary processing technologies for conventional heat treatment, 

among which high pressure (HP) (section 1.1) and pulsed electric field (PEF) (section 
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1.2) processing are attracting a lot of research interest (Yaldagard et al., 2008). Because 

of their short treatment times, whether or not combined with lower processing 

temperatures, these novel “non-thermal” processing methods have potential to enable a 

higher residual food product quality after treatment. In addition, due their different 

effect on process-induced reactions, they provide an extra process parameter for 

process design (Yaldagard et al., 2008). However, in contrast to thermal treatments, less 

work has been done in characterizing these novel processing technologies. Therefore, 

detailed further studies regarding inactivation kinetics (e.g. microbial inactivation) to 

characterize the target strain for each processing technology and reaction mechanism of 

nutrients, toxins, allergens, etc. in combination with a shelf-life study is indispensable 

(Eisenbrand, 2005). 

 

Under this Chapter, a general overview of novel food processing technologies, such as 

HP and PEF will be discussed in three sections. Section 1.1 and 1.2, respectively deal 

with HP and PEF processing technologies. In both sections, starting from the basic 

principles of these novel processing technologies, the major system components and 

important processing and product parameters to the mechanism of action of these 

processing techniques on safety and quality attributes will be summarized. Finally, in 

the last section (1.3), the current industrial application status and the future market 

opportunity of these novel processing technologies will be summarized from legal point 

of view. 

1.1 High pressure processing 

Pressure is one of the thermodynamic variables present in the biosphere. In nature, for 

every 10 m depth of water, pressure increases approximately by 0.1 MPa. In this context, 

the pressure in one of the deepest seas in our planet (Mariana trench) reaches 116 MPa 

(Yaldagard et al., 2008). In this master thesis, HP processing refers to a physical 

processing technique that subjects liquid or solid foods to a pressure range of  

100-900 MPa; which is actually at the same level or 10 times higher than the pressure of 

the deepest sea. The process has also been termed ‘’high hydrostatic pressure’’ and 

‘'ultra high pressure’’ processing (Considine et al., 2008). 
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When the aim is shelf-life extension with the principle of microbial inactivation, HP 

processing can be classified into two categories: HP pasteurization and HP sterilization 

(Matser et al., 2004). For more details, the reader is referred to section 1.1.2. 

Furthermore, HP processing can be used in other food preservation areas, such as 

pressure-assisted freezing and thawing processes, with a principle of microbial growth 

retardation (San martin et al., 2002). 

Besides to food preservation, due to its specific effect on food reactions and components, 

HP processing creates an opportunity for new product development (San Martin et al., 

2002; Hogan et al., 2005; Rastogi et al., 2007). However, in the context of this thesis, 

these HP applications will not be further discussed. In the next sections, more focus will 

be given to the two preservation techniques: HP pasteurization and HP sterilization. 

1.1.1 Basic principles of HP processing 

The effect of HP processing is governed by three general principles: the Le Chatelier 

principle, the Pascal principle and the principle of adiabatic heat of compression (Hogan 

et al., 2005; Balasubramaniam et al., 2008).  

1.1.1.1   Le Chatelier principle  

According to this principle, HP will favor any reaction or phase transition that involves a 

volume decrease of the system and reactions that involve a volume increase will be 

inhibited (Welti-Chanes et al., 2005; Balasubramaniam et al., 2008; Yaldagard et al., 

2008).  

Based on the Le Chatelier principle, HP processing induces modification on the 

interaction among biomolecules (i.e. hydrogen, hydrophobic, etc.). These modifications 

depend on whether the formation or destruction of these interactions results in a 

positive or negative volume change (Yuste et al., 2001).  

1.1.1.2   Pascal principle 

The Pascal principle states that during HP processing, pressure is applied uniformly 

around the food product and is instantaneously and uniformly distributed throughout 

the system (Figure 1). Therefore, HP processing will not cause product damage at 

macroscopic level on food products with high moisture content and with limited or no 

porosity (Hogan et al., 2005; Balasubramaniam et al., 2008).  
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Figure 1: Illustration of the principle of Pascal (Yordanov and Angelova, 2010). 

1.1.1.3   Adiabatic heat of compression 

With an assumption of taking the HP vessel as a closed system where the vessel wall and 

top and bottom closings are the process boundaries, the first law of thermodynamics can 

be applied. Equation 1 is the energy balance of a closed system (Barbosa-Canovas and 

Rodriguez, 2005): 

UWQ     Equation 1 

Where Q is the heat added to or released from the system (J), W is the work of 

compression on the system (negative by convention) (J) and ∆U is the change in internal 

energy of the system (J). If the heat transfer across the system boundaries is assumed to 

be zero (adiabatic assumption), the heat term (Q) can be neglected from Equation 1. 

Therefore, Equation 1 can be transformed to Equation 2 (Barbosa-Canovas and 

Rodriguez, 2005): 

UW           Equation 2 

As can be seen from Equation 2, the work of compression on the system (negative by 

convention) causes an increase in the system internal energy (> ∆U), which is converted 

as a temperature increase of the system. This temperature increase resulting from the 

mechanical compression is termed as ‘adiabatic temperature increase’ (Barbosa-

canovas and Rodriguez, 2005). 

To investigate the impact of HP processing and to evaluate process uniformity, it is 

essential to consider the combined effect of pressure and temperature 

(Balasubramaniam et al., 2008). Figure 2 shows a typical pressure–temperature history 

of a food product during a HP treatment. Due to pressurization (from p1 to p2), the 

temperature of the food product increases from T1 to T2 through compression heating 

(Ting et al., 2002; Hogan et al., 2005; Rastogi et al., 2007; Norten and Sun, 2008). As 

described in Equation 3, the magnitude of this temperature change can vary depending 
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on the temperature, the maximum pressure reached, the material compressibility and 

the specific heat of the substance (Hogan et al., 2005; Rastogi et al., 2007; Norten and 

Sun, 2008): 

pC

T

dp

dT




  

Equation 3                                                                                                  

Where T is the temperature (K), p is the pressure (Pa), α is the relative volume change of 

the system with temperature (1/K), ρ is the density (kg/m3) and Cp is the isobaric heat 

capacity (J/kg.K). 

 

Figure 2: Characteric pressure–temperature history of a food product during HP processing 

(Balasubramaniam et al., 2008). 

After decompression (p3–p4), the temperature of the food product will return to its 

initial value (T1) if the system is absolutely insulated. Otherwise, the final food product 

will have a slightly lower temperature value (T4) compared to the initial product 

temperature (T1) (Balasubramaniam et al., 2008) (Figure 2). One should note that this 

is the case, only, when the pressure vessel wall temperature is equal to the initial 

product temperature (T1). If the pressure vessel wall temperature is equal to the process 

temperature (T2), the reverse situation will occur.  

1.1.2 HP pasteurization versus HP sterilization 

As explained above, when the aim is shelf-life extension, depending on the type of food 

product to be treated and the target microorganism, HP processing can be categorized 

as HP pasteurization (aim of inactivation of vegetative cells) and HP sterilization (aim of 

inactivation of spores) (Rastogi et al., 2007).  

 

p1 

p2 p3 

p4 

T4 

T3 

T2 

T1 
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Industrially, HP processing is effectively used for pasteurization purpose using a 

pressure range of 400 and 600 MPa at initial product temperatures of 5-25 °C and mild 

process temperatures (< 45 °C) for holding times of 1-15 min (Matser et al., 2004; 

Rastogi et al., 2007; Balasubramaniam and Farkas, 2008).  

During HP pasteurization, there is a temperature increase because of compression 

heating. However, within the involved low temperature (<45°C) range, the reaction rate 

of quality degradation reactions has been assumed minimal. Consequently, given the 

short process times, the loss of many sensorial and nutritional attributes (or the impact 

of compression heating) has been proven to be minimal. 

 

HP has been described useful for inactivation of spores if, for example, combined with 

high temperature. Within this regard, it is aimed to maximize the benefit of compression 

heating (de Heij et al., 2003). In practice, a combination of pressure in the range of 500–

800 MPa with process temperature in the range of 90–121 °C, attained through 

compression of a food product with initial temperatures of 60–90 °C, for holding times 

of 1-10 min is reported to inactivate bacterial spores (Matser et al., 2004; Hjelmqwist, 

2005; Rastogi et al., 2007).  

It is believed that, during HP sterilization, the compression heating creates a potential to 

enable a uniform thermal impact throughout the food product without sharp thermal 

gradients at the process boundaries (Hogan et al., 2005; Rastogi et al., 2007; Norten and 

Sun, 2008). As it is mentioned under section 1.1.1.2, in contrast to thermal treatment, 

pressure is instantaneously transmitted to all points throughout the HP processing 

chambers. Deviations in process uniformity are, thus, due to temperature fluctuation 

induced by compression heating differences between the food product, the pressure 

transmitting media and pressure vessel and heat loss/gain between the food product, 

pressure-transmitting media and the pressure vessel (Ting et al., 2002). In practice, the 

deviation from the adiabatic assumption makes the adiabatic temperature the maximum 

possible value during HP processing (if the vessel wall temperature is equal to initial 

product temperature) (Ting et al., 2002). With proper vessel insulation, vessel wall 

temperature adjustment and selecting a pressure-transmitting medium with similar 

thermodynamic properties as the food product to be treated, the process non-uniformity 

can be reduced significantly (Balasubramaniam and Farkas, 2008). However, insight in 

the temperature uniformity in a HP reactor is indispensable. In this context, the 
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development of pressure-temperature-time indicators (Grauwet et al., 2011) and the 

use of computational thermofluidodynamical models (Rauh et al., 2009) have been 

described to enable detection of low and high temperature zones that, in case of a 

positive temperature dependency of kinetics of food attributes, are important for 

process impact evaluation of safety and quality attributes. 

Based on its potential to apply the high-temperature short-time principle to 

conductively heating products, HP sterilization, in contrast to the conventional heat 

sterilization, is reported to result in better retention of quality and nutritional 

characteristics. Indeed, in HP sterilization, due to rapid and volumetric heating and 

cooling, temperature changes can be induced faster which results in shorter treatment 

times (Master et al., 2004) (Figure 3). Since the compression heat cannot increase the 

temperature of the food product from room temperature to the temperature value 

where spore inactivation is achieved, a conventional preheating step (at atmospheric 

pressure) is preceeding the actual HP treatment. Of course, it is clear that the effect of 

high preheating temperature and/or long treatment time should not be overlooked. 

The discussion of the following sections focuses only on HP processing’s current 

commercial application, which is HP pasteurization as an alternative/complement to the 

heat pasteurization. 

 

Figure 3: Time-temperature integrals of a conventional retort versus HPHT process consisting of 

an additional preheating phase (de Heij et al., 2003). 

1.1.3 HP system components 

A typical HP processing system consists of a pressure vessel, a pressurization system 

and device for temperature adjustment (heating/cooling system) (San Martin et al., 

2002).  

Preheating 

Start  

pressure build-up 

Start  

pressure-release 

Cooling 
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The pressure vessel is constructed in low alloy steel of high tensile strength (Yaldagard 

et al., 2008).  

In HP processing, the food product is treated in a pressure vessel containing a pressure-

transmitting medium. Water is the most commonly used medium, but also other 

compounds like castor oil, silicone oil and sodium benzoate are used. The viscosity of the 

fluid under pressure, its corrosivity and compression heating characteristics are some of 

the selection criterias for the pressure transmitting fluids (Hogan et al., 2005; Welti-

Chanes et al., 2005; Rastogi et al., 2007).  

During processing, pressure inside the vessel can be generated by either direct 

compression (Figure 4a) or indirect compression (Figure 4b). In direct compression, 

the volume of the system is reduced by the action of a hydrolytic pressure applied over a 

piston. In indirect compression, a HP pump/intensifier is used to pump the pressure-

transmitting medium directly into the vessel to reach the desired pressure (San Martin 

et al., 2002; Yaldagard et al., 2008; Yordanov and Angelova, 2010).  

  

Figure 4: Generation of HP by (a) direct and (b) indirect compression of the pressure-transmitting 

medium (Yordanov and Angelova, 2010). 

 

HP processes can be subdivided in batch and semi-continuous processes. Solid foods are 

commonly treated in a batch mode and for pumpable food products semi-continuous 

processing can also be used as an alternative (Hjelmqwist, 2005; Hogan et al., 2005; 

Welti-Chanes et al., 2005).  

In batch systems, in a first step, the packed liquid or solid food product is loaded in a 

treatment vessel. The pressurization can be accomplished using one of the compression 

methods mentioned. When the required pressure is obtained, it is be maintained during 

the desired holding time. After the required holding time, the system is depressurized, 

the vessel is opened and finally the product is unloaded (Hogan et al., 2005). 

a b 
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For (unpacked) liquid food products, a semi-continuous system, which has a pressure 

vessel with a free piston to compress the foods, is reported as an alternative (although it 

is not industrially implemented). This system provides a high production capacity, but 

an additional aseptic filling station is required. The food product is pumped to the vessel 

using a low-pressure food pump and while filling, the free piston is displaced. After the 

vessel is filled and the inlet port is closed, the liquid food will be pressurized by the free 

piston. After the desired pressure is attained, it is maintained for the required holding 

time. Following decompression and product discharging, the treated liquid food should 

be filled aseptically into pre-sterilized containers (Hjelmqwist, 2005; Hogan et al., 2005; 

Welti-Chanes et al., 2005). 

1.1.4 Processing parameters 

In general, the initial temperature of the food product and of the pressure transmitting 

liquid, the temperature of the vessel, the pressure level applied, the pressure build-up 

and -release rate, the temperature during pressure treatment (increased due to the 

compression heating) and the number of cycles are important processing parameters 

determining the process impact (Hogan et al., 2005; Mor-Mur and Yuste, 2005; Norten 

and Sun, 2008).  

The overall impact of a HP process on a food system is determined by the integrated 

effect of the major processing parameters, which are pressure, temperature and time. 

The time required for pressure to distribute uniformly throughout the pressure vessel is 

negligible compared to the time-scale of biochemical reactions. Therefore, as described 

by the Pascal principle, it has been generally assumed that pressure is uniform. In 

addition, because of the batch nature of HP processing, treatment time is automatically 

fixed. However, maintaining temperature uniformity is not a simple task. As described 

before, due to differences in compressibility of HP vessel components and heat exchange 

because of the created temperature gradient, heterogeneous temperature fields can 

develop in the vessel. Therefore, there is a need for appropriate mechanism to detect the 

temperature non-uniformity (detecting different temperature zones) and this should be 

combined with appropriate kinetic models that describes the time-dependent response 

of the parameter of interest to different pressure and temperature domains for effective 

process impact evaluation of safety and quality attributes (Van der Plancken et al., 2008; 

Gauwet et al., 2011)  



Novel processing technologies 

 

 
 

11 

1.1.5 Product parameters 

The effect of HP processing on microbial inactivation depends on product parameters, 

such as the composition, the pH, the water activity, the target microorganism and the 

physiological state of the microorganism (Aymerich et al., 2008).  

Carbohydrates, proteins and lipids are reported to exert a protective effect to the 

microorganism against pressure. Microorganisms are more sensitive to pressure in a 

food matrix with lower pH and high water activity (Aymerich et al., 2008).  

In general, the higher the degree of organization and complexity of the organism, the 

more sensitive it will be to pressure (Rendueles et al., 2011). Yeasts and molds are 

reported to be inactivated around 300-400 MPa at 25 °C while yeast ascospores require 

intenser pressure treatment (>400 MPa). Gram-positive organisms are generally more 

resistant than gram-negative organisms. However, exceptions to the general trend have 

been described. Bacterial spores, such as Clostridium botulinum are highly resistant to 

the HP treatment (Patterson et al., 2007). Microorganisms at exponential phase tend to 

be more sensitive than microorganisms at a stationary phase (Patterson et al., 2007). 

Unlike thermal treatment, there is no clearly defined target for HP process design. 

Therefore, there is a need for more quantitative kinetic data at different pressure-

temperature domains to characterize the safety-related key organism for each food 

product (Eisenbrand, 2005). 

 

The efficiency of HP processing on enzyme inactivation is also dependent on the type of 

enzyme, the pH and the medium composition (Cano and Begona de Ancos, 2005). 

 

In conclusion, the pressure resistance of a specific microorganism and/or enzyme is not 

only dependent on the processing parameters and the property of the attribute itself but 

also varies from matrix to matrix, thus, care should be taken when extrapolating results 

from buffer systems to a real food matrices (Linten et al., 2001; Rendueles et al., 2011). 

1.1.6 Mechanism of action 

One of the major potentials of HP in food processing is shelf-life extension by 

inactivating vegetative microorganisms and spoilage enzymes with a higher residual 

food product quality than conventional heat processing. With respect to that, in this 
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section, the mechanism of action of HP on microbial and enzyme inactivation followed 

by on sensorial and nutritional attributes will be discussed. 

1.1.6.1   Microbial inactivation 

The mechanism of HP processing to kill or sublethally injure microbial cell is probably 

due to a combination of factors, such as effects on the cell membrane, protein and 

genetic material. However, the microbial cell membrane has been described to be the 

primary target site. This is reported to be due to denaturation of proteins, which are 

embedded in the lipid bilayers of the cell membrane. The damage on the cell membrane 

leads to loss in selective permeability and incapability of maintaining the pH of the 

cytoplasm (Aymerich et al., 2008; Rendueles et al., 2011). Smelt et al. (2002) reported 

that pressure-induced ‘’membrane permeabilization’’ triggers acid efflux, which will 

reduce the internal pH and causes microbial cell death. HP-induced protein denaturation 

can also probably lead to malfunctioning of enzyme-mediated replication and 

transcription. Therefore, the microbial death is a combination of damages accumulated 

in different parts of the cell. When the accumulated damage exceeds the ability of the 

cell to repair, cell death will occur (Rendueles et al., 2011). 

Broadly speaking, HP is reported to be effective to inactivate vegetative and spoilage 

microorganisms, such as Escherichia coli, Listeria monocytogenes, etc. in a pressure range 

of 400-600 MPa at ambient temperatures during some min (Linton et al., 2001; 

Rendueles et al., 2011). 

However, further studies to gain more knowledge about the molecular basis injuries on 

the microbial cell can be useful to increase process efficiency (Rendueles et al., 2011). 

1.1.6.2   Enzymatic inactivation 

Enzymes are proteins whose stability depends on the balance between the interaction in 

the intermolecular forces as well as the interaction with the surrounding solvent 

(Hendrickx et al., 1998; Ludikhuyze et al., 2002).  

Generally, HP affects enzymes in different ways. Due to the influence of pressure on 

protein structure, enzyme activation versus inactivation can occur. These processes can 

be reversible or irreversible depending on the pressure, temperature, time and solvent 

conditions used (i.e. such as pH) (Verlent et al., 2007). The second effect is the effect of 

pressure on enzyme-catalyzed reactions. As it is explained by the principle of Le 

Chatelier, enzyme-catalyzed reactions can be (un)favored under pressure depending on 
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the reaction volume (Hendrickx et al., 1998). The third effect is associated with low-

pressure level triggered cell membrane damage, which will result in the release of 

separately compartmentalized enzymes and substrates and allow in enzyme-substrate 

contact. Again this enzymatic reaction can be (un)favored based on the reaction volume. 

Finally, pressure can affect the substrate (i.e. lipids, starch and carbohydrates) directly 

(Hendrickx et al., 1998). In this master thesis, HP-induced enzyme inactivation will be 

further discussed.  

In the context of enzyme inactivation, different theories are deducted. Covalent bonds 

are reported to be negligibly sensitive to pressure at room temperature, thus, the 

primary structure of proteins, which is determined by covalent bonds, is only minimally 

affected during HP treatment. Secondary structures, which are mainly interconnected by 

hydrogen bonds, are also negligibly sensitive to pressure below 700 MPa. However, 

electrostatic and hydrophobic interactions, which are responsible for well-organized 

tertiary structure, are sensitive to pressure exceeding 200 MPa. Quaternary structures, 

which are held together by non-covalent bonds, are affected by pressure above 150 MPa 

(Hendrickx et al., 1998; Ludikhuyze et al., 2002). Exposure of charged groups (due to 

rupture of electrostatic interactions) and non-polar amino acids (due to disruption of 

hydrophobic interactions) results in the loss of loosely packed water, which will be 

accompanied by volume reduction. It is postulated that a cumulative of all these, results 

irreversible protein denaturation that will lead to enzyme inactivation (Hendrickx et al., 

1998; Ludikhuyze et al., 2002). 

In the past decade, a lot of insight has been obtained on the effect of pressure on 

important food quality related enzymes (e.g. pectinmethylesterase (PME), peroxidase 

(POD), etc.) (a.o. Ludikhuyze et al., 1997; Hendrickx et al., 1998; Parish, 1998; Van den 

Broeck et al., 2000; Sampedro et al., 2009a). In the context of process impact 

optimization, the pressure and temperature dependency of enzyme inactivation rate 

constant, in different matrix composition, should always be studied extensively (Van den 

Broeck et al., 2000).  

1.1.6.3   Changes in sensorial and nutritional quality 

Texture, flavour, colour and nutritional value are important quality characteristics of a 

food system. The first three attributes determine sensory perception and consumer 
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acceptability while nutritive value (i.e. vitamins, minerals and other nutrients) can be 

termed as a ‘hidden quality’ (Yaldagard et al., 2008).  

In a food matrix, where these quality attributes co-exist with protein, carbohydrate, 

enzymes, metal ions, etc., HP treatment also affects a wide range of biological structures 

(such as protein denaturation and gel formation) and processes (such as enzymes 

catalyzed conversion processes and chemical reactions) (Oey et al., 2008a). In addition, 

quality losses, induced by oxidation and biochemical reaction, during storage should 

also be taken into consideration. In that context, it is not easy to give a straightforward 

conclusion about the effect of HP only on sensorial and nutritional attributes found in 

food matrices (Oey et al., 2008a). Although, based on the Le Chatelier principle, quality 

degradation reactions that involve volume decrease of the reaction system will be 

promoted, given the short treatment time, the loss of overall sensorial and nutritional 

attribute during HP treatment is described to be minimal. Moreover, many researchers 

reported a better retention of important quality attributes in HP treated high-moisture-

content products than their conventional counterparts (Parish, 1998; Nienaber and 

Shellhammer, 2001; Baxter et al., 2005; Sampedro, et al., 2009a). However, the 

processing conditions used in most of the studies were rarely if ever selected based on 

the principle of equivalence. Therefore, one should keep in mind that the comparison 

between these processing techniques might not be fair. 

Besides, if HP processing is combined with elevated temperature, there is a potential for 

the production of undesired chemical reactions that can damage the overall sensorial 

and nutritional attributes of the final food product (Oey et al., 2008b). 

Further studies enabling a basic insight to these quality attributes, including quality 

degradation kinetics, are essential for a better product development, quality control and 

design and/or evaluation of process equipment (Oey et al., 2008b).  

 

The effect of HP processing on volatile flavouring compounds (specifically on orange 

juice) will be discussed in section 2.3.1.1. 
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1.2 Pulsed electric field processing 

Pulsed electric field (PEF) has been termed a ‘’non-thermal’’ method for food 

preservation that uses a short burst of electricity to inactivate vegetative 

microorganisms with the objective of prolonging shelf-life in combination with a 

minimum damage on the overall quality attributes of the final food product (Barbosa-

Canovas and Sepulveda, 2005; Min et al., 2007; Cortes et al., 2008).  

The working principle is based on delivering high voltage (between 20-50 kV) pulses, 

which is actually 90-220 times to the standard household voltage in most of European 

countries, to a food product for a required treatment time that is placed between 

electrodes in the treatment gap of PEF chamber (Gongora-Nieto et al., 2002) (see section 

1.2.1).  

Short treatment period, volumetric heating and minimum energy utilization conditions 

are some of the advantages of PEF treatment compared to conventional heat processing 

that enable in most cases in a better retention of sensorial and nutritional attributes 

(Aguilar-Rosas et al., 2007; Min et al., 2007).  

PEF processing is reported to be effective in inactivating vegetative microorganisms 

(within a range of 20–50 kV/cm of electric field strength combined with treatment times 

between 1–100 µs at moderate temperature range of 20-60 °C) (Min et al., 2007). 

Quality related enzymes (e.g. PME and POD) are reported to be negligibly susceptible to 

PEF (Van Loey et al., 2002; Jaeger et al., 2010) (section 1.2.4.2). In addition, bacterial 

spores are reported to be extremely resistant to PEF treatment (Barbosa-Canovas and 

Altunakar, 2006). Van Loey et al. (2002) mentioned that both latter effects impose a 

restriction to the effective use of PEF as alternative/complementary to the conventional 

heat pasteurization unless it is combined with other preservation techniques (such as 

mild heat treatment, cold storage, etc.) or the temperature increase during processing is 

exploited. High acidic pumpable (refrigerated) food products are, thus, possible target 

foods (Barbosa-Canovas and altunakar, 2006), in which the low pH ensures that spore 

formers are not hazardous and the cold storage reduces enzymatic activity during 

storage. In addition, the lack of experimental standardization between PEF studies to 

date (Van Loey et al., 2002; Solvia-Fortuny et al., 2009), high investment costs and 

minimum availability of pilot scale units (Toepfl et al., 2005) are the other limitations of 

PEF treatment. 



Novel processing technologies 

 

 
 

16 

Besides to food preservation, due to its reversible cell permeabilization effect, moderate 

PEF treatment (1-2 kV/cm for plant cell) is reported to improve mass transfer processes 

(e.g. extraction, pressing and drying) (Knorr and Angersbach, 1998) and induce the 

release of cellular bioactive compounds (Solvia-Fortuny et al., 2009). However, in the 

context of this thesis, these PEF applications will not be further discussed. In the next 

sections, focus will be given on food preservation by PEF. 

1.2.1 PEF system components 

A PEF processing system is an electrical system that consists of three main components: 

a voltage source, a treatment chamber and a temperature monitoring system (Gongora-

Nieto et al., 2002; Barbosa-Canovas and Altunakar, 2006; Min et al., 2007).  

The voltage source provides a high voltage to the treatment chamber at the required 

intensity after converting the low voltage to a high voltage (Barbosa-Canovas and David 

Sepulveda, 2005; Min et al., 2007).  

The treatment chamber is the place where the food material will be treated by the 

voltage generated. It consists of two discharging electrodes: one at high voltage and the 

other at ground potential. In addition, the electric field homogeneity and the generation 

and reduction of enhanced electric field are important criterias for a successful 

treatment chamber design (Gongora-Nieto et al., 2002; Barbosa-Canovas and David 

Sepulveda, 2005). 

Two types of treatment chambers can be distinguished: batch and continuous chambers. 

The evolution of treatment chambers started with designs that handled static volumes 

of liquid foods (e.g. parallel plate chambers) (Toepfl et al., 2005; Barbosa-Canovas and 

Altunakar, 2006). These designs served as a basis for further improvement to 

continuous flow chambers, which are reported to provide a higher production capacity 

(Gongora-Nieto et al., 2002). 

Nowadays, mainly two types of continuous chamber designs are important for PEF 

processing, namely coaxial and co-field chambers (Figure 5). Coaxial chambers are 

designed with inner and outer electrodes, so that the product to be treated can flow 

between them (Figure 5a). Co-field chambers consist of two hollow cylindrical 

electrodes separated by an insulator, in this way creating a tube for product flow 

(Figure 5b) (Dunn, 2001; Gongora-Nieto et al., 2002; Barbosa-Canovas and Altunakar, 

2006).  
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However, neither co-axial nor co-field treatment chambers have the potential to develop 

a constant electric field across the gap between the electrodes, thus fail to provide a 

uniform treatment (Gongora-Nieto et al., 2002; Barbosa-Canovas and Altunakar, 2006). 

In this context, modification of the treatment chambers by inserting a static mixing 

devices in the treatment chamber have been reported to improve the electric field 

homogeneity, the flow velocity and the distribution of the temperature increase and, 

thus, to improve the process uniformity (Jaeger et al., 2009; Meneses et al., 2011). 

Therefore, whenever reliable kinetic data with an objective of optimizing the PEF 

treatment is required, the non-uniformity in the electric field and thus in the total PEF 

treatment should be carefully taken into consideration (Gongora-Nieto et al., 2002). 

 

Figure 5: Configuration of treatment chambers for continuous PEF processing: (a) coaxial flow and 

(b) co-field configuration (Toepfl et al., 2005). 

 

1.2.2 Processing parameters 

The main processing parameters that determine the effectiveness of PEF processing are 

the electric field strength, the pulse wave-shape, the treatment time, the pulse width, the 

number of pulses and the treatment temperature. The total impact of PEF processing on 

a food system is determined by the integrated effect these processing parameters 

(Gongora-Nieto et al., 2002; Toepfl et al., 2005; Barbosa-Canovas and Altunakar, 2006; 

Min et al., 2007). 

a b 
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The electric field strength (E in V/m) is directly proportional to the magnitude of the 

electrical potential difference (V) (between two points) and inversely proportional to 

the distance (D in m) between these points (Equation 4) (Barbosa-Canovas and 

Altunakar, 2006): 

D

V
E   

Equation 4                                                                                                                                

For any effect of PEF treatment to happen, the critical electric field (Ecrit) has to reached 

(e.g. microbial cell membrane damage begins when transmembrane threshold (1 V) is 

exceeded) (see section 1.2.4.1). Increasing the electric field strength will lead to an 

increase in treatment efficiency. However, increased electric field is always followed by 

an increase in process temperature, which can result in loss of quality attributes. 

Besides, elevated electric field strength can cause breakdown of the food material and 

can promote undesired electrochemical reactions, bubble formation and electrode 

erosion. This can be prevented by optimizing the field distribution in the chamber as 

well as by avoiding the presence of air bubbles (Barbosa-Canovas and David Sepulveda, 

2005; Toepfl et al., 2005). 

PEF can be applied in different pulse wave-shapes, such as exponential decay, square 

and wave; either monopolar (only positive pulses) or bipolar (alternating positive and 

negative pulses) (Gongora-Nieto et al., 2002; Barbosa-Canovas and David Sepulveda, 

2005). Square and exponential decay are the two important pulse shapes of practical 

relevance (Figure 6) (Barbosa-Canovas and David Sepulveda, 2005; Rodrigo et al., 2005; 

Barbosa-Canovas and Altunakar, 2006). Due to better uniformity in the electric field 

intensity, square pulses are claimed to be superior over exponential (Gongora-Nieto et 

al., 2002; Barbosa-Canovas and Altunakar, 2006).  

 

Figure 6: Theoretical voltage pattern of (a) exponential decay and (b) square pulses (Toepfl et al., 

2005). 

 

a b 
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The pulse width and the average number of pulses applied are also important 

parameters to evaluate treatment intensity. The pulse width, for exponential decay 

pulse, is the time needed for the voltage to decay to 37 % of its maximum value and for 

square pulses, it is the time in which the maximum voltage is maintained (Gongora-

Nieto et al., 2002). Treatment time for a PEF application is defined as a function of pulse 

width and number of pulses (Barbosa-Canovas and Altunakar, 2006). An increase in 

temperature has a significant influence on cell membrane fluidity (inducing phase shift 

from gel to a liquid crystalline structure) and damaging native protein structure (Toepfl 

et al., 2005). Therefore, with constant electric field intensity (E), an increased level of 

inactivation can be obtained by increasing the treatment temperature (Toepfl et al., 

2005). The time-temperature history of the food product during PEF treatment should 

be carefully monitored. It has been proven that the temperature measurement at the 

chamber outlet is different to the temperature measurement inside the treatment 

chamber. Jaeger et al. (2009) underlined the necessity for monitoring the temperature 

history inside the treatment chamber to have a better insight to the impact of PEF 

treatment. Otherwise, it is difficult to describe whether the observed inactivation is 

solely due to the applied pulse or to the temperature increase during processing or a 

combination of the two.  

1.2.3 Product parameters 

The composition, the conductivity, the viscosity and the velocity of the food product and 

the effective treatment area, which is determined by the treatment chamber design, are 

important factors in determining the uniformity of the impact of PEF treatment (Min et 

al., 2007).  

The lethality of PEF processing to microorganisms is higher in high acidic food products 

than in low acidic foods, whereas microorganisms in food products with low water 

activity are more resistant to PEF processing conditions (Barbosa-Canovas and 

Altunakar, 2006).   

Meneses et al. (2011) suggested that the electric field homogeneity could be improved 

by optimizing the media conductivity and velocity and the insulator geometry (for co-

field chambers). 

In addition, the type, shape, size and physiological state of microorganisms are also 

crucial factors determining the microbial inactivation efficiency of the PEF treatment. 
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Bacteria show more resistance than yeasts and even among bacteria, gram-positive 

bacteria are more resistant than gram-negative bacteria. However, exceptions to the 

general trend have been described. Bacterial spores are, however, the most resistant to 

PEF processing (Gongora-Nieto et al., 2002; Barbosa-Canovas and David Sepulveda, 

2005; Min et al., 2007). 

1.2.4 Mechanism of action 

PEF processing is reported to be effective in product shelf-life extension (e.g. under 

refrigerated condition) by inactivating vegetative microorganisms enabling a higher 

residual food product quality in comparison to the conventional heat pasteurization. 

Accordingly, in this section, the mechanism of action of PEF on microbial and enzymatic 

inactivation followed by on sensorial and nutritional attributes will be discussed. 

1.2.4.1   Microbial inactivation 

In general, exposing a biological cell to an electric field results in structural change and 

eventually disruption of the cell membrane (Gongora-Nieto et al., 2002; Solvia-Fortuny 

et al., 2009).  

Different models have been proposed to explain this phenomenon: (i) the 

electromechanical instability; (ii) the osmotic imbalance theory; (iii) the conformational 

change theory.  

The electromechanical instability theory considers the cell membrane to be a capacitor 

filled with a dielectric material of low dielectric constant. Free charges of opposite signs 

are present on the internal and external membrane surface. Exposure to external 

electric field pulses initially causes the accumulation of surface charges (negative and 

positive charges) and therefore an increase of the local transmembrane potential will 

follow (Min et al., 2007; Solvia-Fortuny et al., 2009). Because of the mutual attraction of 

opposite charges at both sides of the membrane, as established by Coulomb’s law, the 

membrane separating them will be under compression pressure: 

2

21

r

qq
KF   

Equation 5                                                                                                               

Where F is the magnitude of the attraction force between the two charges (N), K is the 

proportionality constant (Nm2/C2), q1 and q2 are the magnitudes of charge 1 and charge 

2 (C) and r is the distance separating the charges (membrane thickness) (m). This 

equation shows that the intensity of the compressive force increases exponentially as 



Novel processing technologies 

 

 
 

21 

the membrane becomes thinner. When this potential exceeds Ecrit (1 V), the membrane 

will loose its fluidity (due to transformation from gel-like structure to a liquid crystalline 

rigid structure) and reversible micropores will be formed. At this level, if the pores are 

small compared to the total membrane area, the electric breakdown is reversible. 

However, an increase in electric field strength and treatment intensity will promote 

formation of large pores and the reversible damage will turn into irreversible 

breakdown (Figure 7). Therefore, ion transport distortion, cell swelling and 

consequently permanent cell damage will take place (Gongora-Nieto et al., 2002; Heinz 

et al., 2002; Barbosa-Canovas and David Sepulveda, 2005; Min et al., 2007; Solvia-

Fortuny et al., 2009). 

 

Figure 7: Schematic representation of the electromechanical theory: an external electric 

field induces membrane permeabilization by electrocompressive forces (Toepfl et al., 

2005). 

 

The other theory, the osmotic imbalance, describes a time-dependent expansion of 

pores, which are formed due to the electrocompressive force. As shown in Figure 8, an 

increased permeability of plasma membrane will allow a free flow of small molecules 

and ions, between intra- and extra-cellular space, and as a consequence cell membrane 

swelling or even complete rupture occur (Gongora-Nieto et al., 2002). 

 

The last theory, the conformational change, assumes that the applied electric field 

causes permanent pore formation by initiating conformational change on the lipid 

bilayers and native structure of proteins, which are embedded in microbial cell 

membrane (Barbosa-Canovas and David Sepulveda, 2005; Toepfl et al., 2005).  
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Figure 8: Loss of intracellular materials and organelles and cell rupture following 

micropores formation induced by the electrocompressive force (Barbosa-Canovas and 

David Sepulveda, 2005). 

 

The overall inactivation effect of PEF on vegetative microorganisms is claimed to be due 

to a combination of the temperature and the pulse. Jaeger et al. (2010) reported that the 

thermal effect (due to the ohmic heating during PEF treatment) had a larger impact on 

the inactivation of E. coli in apple juice. Therefore, there is a need for a suitable detector 

to monitor the electric field and the temperature profile inside the treatment chamber 

(Jaeger et al., 2010). In addition, as discussed in section 1.2.1 and 1.2.2, the modification 

of the available treatment chambers to maximize the electric field homogeneity, 

temperature distribution, flow velocity profile to improve the microbial inactivation 

efficiency of PEF treatment is indispensable (Jaeger et al., 2009; Meneses et al., 2011). 

1.2.4.2   Enzyme inactivation 

The general picture of PEF-induced enzyme inactivation from different research papers 

is contradictory. In addition, due to lack of standardized processing parameters and 

experimental set-ups, it is sometimes difficult to compare the results from different 

research groups, as conclusions drawn are often inconsistent. 

Elez-Martinez et al. (2006) reported that a PEF treatment (at 35 kV/cm for 1000 µs; 

bipolar mode of 4 µs at 200 Hz) was more effective than a thermal treatment (at 90 °C 

for 1 min) in inactivating orange juice POD and achieved a slightly lower but irreversible 

orange juice PME inactivation. Comparatively, Sampedro et al. (2009b) reported that 

there was no significant difference between PEF and thermal processing in inactivating 

orange juice-milk beverage PME. In this study, PME was inactivated by 89 % and 90 % 

respectively after thermal (85 °C and 66 s) and PEF (at 30 kV/cm and 50 µs) treatments. 
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However, other authors, like Van Loey et al. (2002) and Jaeger et al. (2010), claim that 

the observed inactivation in the above studies is mainly caused by the thermal load, 

which is increased during PEF treatment, rather than the applied pulse. Van Loey et al. 

(2002) reported less than 10 % reduction of both orange juice PME and apple juice POD 

activity, when samples were respectively treated at 35 kV/cm for 1000 µs and at  

31 kV/cm for 1000 µs. Van Loey et al. (2002) even observed an increase of PME and POD 

concentration, in the samples, after PEF treatment. This increase, according to the 

author, is probably due to the release of these enzymes from cells induced by the cell 

permeabilization effect of PEF. Recently, Jaeger et al. (2010) investigated the time-

temperature profile resulting from the variation of PEF treatment parameters during the 

PEF inactivation of alkaline phosphatase and lactoperoxidase in milk. According to the 

author, the study revealed that the thermal effect (temperature increase due to the 

ohmic heating) was the major reason for the observed enzyme inactivation. This 

observation is in correspondence to the hypothesis by Gongora-Nieto et al. (2002) and 

Jaeger et al. (2009) that there is in fact a temperature increase in the currently available 

treatment chambers. Therefore, there should be detailed kinetic studies on the enzyme 

inactivation mechanism of PEF and a better treatment chamber design not only for 

minimization of the thermal load but also to exploit the temperature increase during 

PEF treatment to provide a better enzyme inactivation with minimum quality loss 

(Jaeger et al., 2010). 

1.2.4.3   Changes in sensorial and nutritional quality 

Different studies reported that, due to its short treatment time and low processing 

temperature, PEF treatment enables a better retention of sensorial and nutritional 

attributes compared to conventional heat processing (Min et al., 2007; Cortes et al., 

2008; Odrizola-Serrano et al., 2009). However, one should note that the processing 

conditions, in these studies, were rarely if ever selected based on the principle of 

equivalence, which basically made the comparison unfair. 

Min et al. (2003) reported that the concentration of ascorbic acid did not differ 

significantly between PEF (40 kV/cm for 97 µs) treated and untreated orange juice 

while in thermally treated (at 90°C for 90 s) orange juice, 19% of the ascorbic acid 

concentration was lost after processing. Elez-Martinez and Martin-Belloso (2006) 

observed that PEF treated orange juice (35 kV/cm for 1000 µs at 200 Hz and with 
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monopolar pulses of 4 µs) maintained 88–98 % concentration of vitamin C while 82 % 

vitamin C concentration was retained after heat treatment (at 90 °C for 1 min).  

Cserhalmi et al. (2006) and Elez-Martinez et al. (2006) showed that there was no 

significant difference in colour values (L, a and b) between PEF treated and untreated 

orange juices. However, Ayhan et al. (2002) observed a significant difference in colour 

values, with regard to L, a and b values, between fresh and PEF (35 kV/cm, 59 µs) 

treated orange juices. Because PEF causes cell permeability, small particle size 

molecules are released from intracellular space to the liquid matrix and it was 

postulated that this can be the cause for the desirable brighter and more yellowish 

colour in PEF treated orange juice. However, the sensory panel evaluation confirmed 

that this difference has no significant effect on the overall sensorial quality of PEF 

treated orange juice.  

 

The effect of PEF treatment on volatile flavouring compounds (specifically on orange 

juice) will be discussed in section 2.3.1.2. 

1.3 From idea to commercial application 

Recent advances in emerging food technologies, such as HP and PEF processing, showed 

the potential of these treatments in providing a better balance between food safety and 

quality with an objective of satisfying the needs of today’s consumer. Although, HP and 

PEF processing technologies, compared to thermal processing, are still in their 

exploratory phase, these novel processing techniques have emerged as a viable 

(commercial) alternative/complement to conventional heat processing for the 

pasteurization of value-added food products (Lado and Yousef, 2002; Manas and Pagan, 

2005). 

 

The first application of HP processing for the purpose of food preservation dates back to 

1899 by Hite, where he tried to maintain milk sweetness using pressure treatment 

(Gould, 2002). However, it almost took 100 years for the first HP-treated food product 

(i.e. high-acid jam) was introduced to the Japanese market (Knorr, 1999; Yaldagard et 

al., 2008). Currently, a wide range of food products, such as fruit juices and smoothies, 

guacamole, oysters and ready-to-eat whole muscle or sliced meat, are commercialized in 

north America (USA and Canada), Europe (Spain, Italy, Portugal, France, German and 
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UK) and Australia (Hogan et al., 2005; Balasubramaniam, et al., 2008). However, to date, 

there are no HP sterilized food products in the market. First results of the potential of 

PEF dates from the work of Doevenspeck (1960), in which PEF processing was shown to 

be applied for microbial inactivation in a food material. However, to date, there are no 

commercially available PEF-treated food products.  

Nevertheless, there are intensive ongoing researches studying the effect of HPHT and 

PEF processing techniques as an attractive alternative/complement to conventional heat 

processing. 

 

Because of the fact that HP pasteurization cannot inactivate bacterial spores, acidic food 

products are relatively the possible candidates of this processing technique. In addition, 

HP pasteurization is also successfully used to improve microbial safety in low acidic 

foods, such as guacamole and meat, for limited shelf-life under cold storage. HP 

sterilization, due to its short treatment as a result of rapid volumetric compression 

heating and cooling, is reported to be effective to process conductively heated solid food 

products.  

As it is mentioned in section 1.2, acidic pumpable food products are preferably the 

possible targets for PEF treatment. 

 

Similar to the conventional heat processing, these processing technologies induce 

changes in food properties and functionalities. For that reason, the application of these 

processing techniques is regulated by the novel food regulation (EC) No 258/97 which 

came into force on 15 may 1997 (Hogan et al., 2005). This regulation is applied to ‘’novel 

food and novel food ingredients which are subjected to a production process that has never 

been used before this date and that causes a significant change in the composition and 

structure of these foods or food ingredients, thereby altering their nutritional value, 

metabolism and level of undesirable substances’’ (Hogan et al., 2005; Heinz and Buckow, 

2009). Accordingly, HP and PEF treated food products are ‘’novel foods’’ and are 

governed by the novel food legislation (Hogan et al., 2005). Based on the legislation, 

these novel processes has to be evaluated as a potential safety risk using an approach 

called ‘comparative toxicology’; which is practically money and time consuming 

(Yaldagard et al., 2008). With the aim of simplifying the ‘novel food legislation’, the EU 

commission, in July 2001, made several decisions. Based on these decisions, simply if 
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you can present evidence that the new food product (e.g. the HP or PEF treated food) is 

substantially equivalent (with regard to their product composition, nutritional value, 

metabolism and level of undesirable substances) to the conventionally treated foods on 

the market, following the verification by a competent body, a simple notification is 

enough to place this novel food product in the European market (Heinz and Buckow, 

2009).  

In general, the lack of adequate methods to evaluate the substantial equivalence 

between the novel and conventional processing technologies is one of the hurdles for 

further industrial application of these novel processing techniques from legal point of 

view (Matswijk and Bartels, 2007). 

1.4 Conclusion 

In the last 25 years, many research efforts on the development and implementation of 

new physical food preservation technologies have been performed. These techniques 

show potential to control product reactions in a different way than conventional thermal 

processing and they are characterized by short treatment times, whether or not 

combined with lower processing temperatures. Among these, HP and PEF processing 

are receiving important attention, since, for particular foods, these processing 

technologies have been proven to be very promising in providing a better balance 

between safety and quality. A lot of research has been performed studying the process 

impact on one or more particular target attribute(s). Some studies compare the impact 

of such a novel processing technology with the impact of a conventional thermal 

treatment. However, rarely if ever, these comparisons are based on a principle of 

equivalence and consequently cannot be categorized fair comparisons. 

To further increase insight in the beneficial effects of these novel food processing 

technologies compared to conventional treatments, there is a need for studies which 

compare the process impact among several technologies on an equivalent basis. In 

addition, studying the impact using a targeted approach may not result in an overall 

impression of the beneficial/different effects of the process on different process-induced 

reactions. There is a need for studies, which evaluate the potential of advanced 

analytical methods to further improve insight in the differences of process-induced 

changes among different processing technologies based on a non-targeted analysis of 

different food fractions. 
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2 Headspace analysis in food processing 

To analyze the volatilizable fraction of different (un)treated foods, gas chromatography-

mass spectrometry (GC-MS) in combination with sampling methods, such as solid phase 

microextraction (SPME) and static headspace, have been frequently used in food science 

and food processing.  

 

This chapter starts with a description of the basic principles of GC-MS (section 2.1) 

followed by the basic principles of sampling methods with a focus on static headspace 

and SPME (section 2.2). Given the experimental objective of this master thesis, in the 

final section of this chapter, an overview on important orange juice volatiles will be 

given (section 2.3). Under this section, studies that compare the impact of different 

processing technologies on orange juice volatiles have been summarized. However, it 

has been remarked that these comparative studies are rarely if ever based the principle 

of equivalence and follow in many cases a single- or multi-response targeted approach 

of the process impact on specific compounds and that many studies only report the 

process impact on compounds, which are important for the sensorial quality of orange 

juice. 

2.1   Gas chromatography-mass spectrometry principles 

GC-MS, as the name implies, is a method that combines two analytical techniques 

(McNair and Miller, 1998). The GC part of this integration enables high-resolution 

separation of volatile compounds found in a mixture of a gas phase (Dickes and Nicholas, 

1976; Grob, 2004). Each compound exiting the GC system is transferred into a MS, in 

which identification of the chemical nature of the compound and quantification will take 

place (Downard, 2004; Masucci and Caldwell, 2004). Therefore, with the GC-MS 

technique both qualitative and quantitative information about the target compounds is 

obtained (McNair and Miller, 1998). Figure 9 shows a typical schematic diagram of a 

GC-MS system. 

In gas chromatography, there are two phases: a mobile and a stationary phase. Inert 

gases, such as helium are used as a mobile phase to carry and transport the compounds 

throughout the system. The stationary phase is a polymer, which is coated on inert 
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material inside metal tubing called a column. The polymer has a potential to selectively 

interact to compounds in a sample mixture. 

 

Figure 9: Schematic representation of a typical gas chromatograph-mass spectrometer system 

(Masucci and Caldwell, 2004). 

 

When the gaseous volatile compounds are injected to the GC–injection port, the mobile 

phase will carry the volatile compounds and flow over the stationary phase inside the 

column (Grob, 2004). Depending on the strength of interaction between the volatile 

compounds and the stationary phase, the temperature of the mobile gas, the speed of the 

mobile gas and the type of column used, volatile compounds will progress through the 

column at different speed. Compounds with a weak interaction with the stationary 

phase will be eluted quickly, while compounds with a strong interaction are eluted 

slowly. The time elapsed between sample injection to the GC-injection port and elution 

is called the retention time (Dickes and Nicholas, 1976; Grob, 2004). 

Individual molecules, which are eluted at different retention times, will pass through a 

heated transfer line to a detector; in this case the mass spectrometer (Downard, 2004). 

In order to be attracted or repelled by the magnetic or electric field, each volatile 

compounds should be ionized first (Downard, 2004). Although there are a number of 

ionization techniques, electron impact method is the most common and simple one. 

With this method, individual molecules are bombarded with a stream of electrons, 

causing molecule ionization and fragmentation (McNair and Miller, 1998; Dawnard, 

2004).  

The charged particles (which have a specific mass) are directed into a mass analyzer, 

most commonly a quadrupole (a group of four electromagnets) (Downard, 2004). When 

passing through the quadrupole, the ionic fractions are separated based on their mass to 

charge ratio (m/z) by the electromagnetic field (McNair and Miller, 1998).  
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Following ion separation, a detector will count the ions and generate a mass spectrum (a 

plot of ion abundance as a function of m/z). The ion intensities for all m/z values for 

each scan will be summed to generate a chromatographic trace commonly called total 

ion chromatogram, which is a plot of ion abundance as a function of retention time 

(Figure 10) (McNair and Miller, 1998; Masucci and Caldwell, 2004). 

 

 

Figure 10: Three-dimensional plot of retention time versus mass/charge (m/z) versus relative 

intensity (% I). Representing data generated from the GC-MS analysis (Masucci and Caldwell, 

2004). 

 

Since the mass spectrum generated by a given pure chemical compound is the same 

every time, the mass spectrum is actually a fingerprint for the molecule (Downard, 

2004). A library, which is found in the data system, can be useful to identify an unknown 

compound by comparing the mass spectrum of this unknown compound to mass spectra 

in the library (McNair and Miller, 1998). 

2.2 Types of sampling 

In general, major analytical steps include sampling, sample preparation, separation, 

quantification and data analysis. The separation and quantification steps are improved 

with the introduction of multi-dimensional analytical instruments, such as GC-MS; which 

lefts the sampling and sample preparation steps as a major time-consuming steps 

(Prosen and Zupancic-Kralj, 1999).  

 

Conventional extraction methods, which are still applicable, such as liquid-liquid 

extraction and soxhlet extraction, use an organic solvent to extract organic compounds. 

Most of these solvents are toxic and are difficult for disposal (Wardencki et al., 2004). 
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These problems led to the development and introduction of new extraction methods, 

which use small volume of solvent with increased speed of analysis. In this context, 

there are three extraction methods (with a little or no organic solvent): gas-phase 

extractions, membrane extraction and sorbent extractions. Static headspace and 

dynamic headspace techniques are categorized under gas-phase extraction. In 

membrane extraction methods, analytes are extracted from the sample with the use of a 

polymer membrane. Solid phase microextraction (SPME) is a sorbent type extraction 

method (Prosen and Zupancic-Kralj, 1999).  

In the experimental part of this thesis work, a comparison between static headspace and 

headspace SPME is undertaken; therefore, more emphasis will be given to these two 

sampling methods in the literature review.  

Static headspace is a technique, which is used to sample and concentrate volatile 

compounds from the headspace (gaseous phase above the liquid matrix). After an 

equilibrium state between the liquid phase and the headspace in the vial is achieved, a 

gas-tight syringe is used to transfer the headspace analytes to advanced analytical 

instruments like GC-MS (Figure 11) (Prosen and Zupancic-Kralj, 1999). 

 

 

Figure 11: Schematic representation of static headspace sampling using gas-tight syringe 

(www.restekcorp.com). 

 

SPME is a relatively new method that combines sampling and sample preparation into 

one single step, thereby, simplifying complicated sample-preparation methods (Hook et 

al., 2002). SPME is compatible with different analytical instruments, such as GC-MS with 

the aim of analyzing different analytes, such as volatile, semi-volatile and non-volatile 

compounds (Miller et al., 1999).  

In SPME analysis, a fused-silica fiber, which is coated with a polymer (stationary phase) 

is used to isolate and concentrate analytes from the liquid phase or from the headspace 
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(Miller et al., 1999). Depending on the coating material used, the mode of extraction can 

be either adsorption or absorption (Miller et al., 1999). Coating polymers, such as 

poly(dimethylsiloxane) (PDMS) and polyacrylate (PA) works based on absorption. 

Poly(dimethylsiloxane)/divinylbenzene (PDMS/DVB), carbowax/divinyl-benzene 

(CW/DVB) and carboxen/poly(dimethylsiloxane) (CAR/PDMS) adsorb analytes from the 

sample matrix (Muller et al., 1999). Its sensitivity and selectivity make SPME more 

attractive sample preparation method than static headspace method (Muller et al., 

1999). 

SPME analysis can be applied in two ways, direct and headspace extraction. In the case 

of direct extraction (Figure 12a), the coated fiber is placed in the sample and the 

analytes are directly adsorbed/absorbed to the fiber. The sample is agitated to 

accelerate the transport of analytes from the matrix to the fiber. In the case of the 

headspace sampling (Figure 12b), first, the sample in a vial is heated and agitated to 

facilitate the release of volatile compounds to the headspace. After equilibrium state is 

achieved (between the liquid matrix and the headspace), the fiber is only inserted in the 

gaseous phase directly above the liquid matrix in the vial (Wardencki et al., 2004). 

 

 

Figure 12: Schematic representation of headspace sampling with SPME: (a) direct extraction; (b) 

headspace extraction; (c) extraction; (d) desorption (www.brechbuehler.com/SPME-

Mode.774.0.html). 

 

Headspace SPME sampling mode has a higher selectivity than direct sampling for 

extracting volatile and semi-volatile compounds, since only these compounds are 

a 
b 

d c 
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released to the headspace (Wardencki et al., 2004). Since there is no direct contact 

between the fiber and the matrix, the headspace method protects the fiber coating from 

damage by high molecular weight, high pH and low pH and non-volatile compounds, 

thus, provides a better life expectancy of the fiber (Wardencki et al., 2004).  

Following an extraction process (Figure 12c), the fiber is transferred, with the help of 

the syringe-like handling device, to analytical instruments where it will be desorbed at 

high temperature (i.e. in the hot GC-injection port) (Figure 12 d) (Muller et al., 1999). 

The efficiency of SPME analysis is determined by factors, such as sample volume, salt 

type and amount, type of fiber, extraction mode (direct or headspace), extraction time 

and temperature, and desorption condition (Wardencki et al., 2004; Muller et al., 1999). 

2.3 Orange juice volatiles 

Because of its flavour, colour, texture, vitamins and other health-related compounds, 

orange juice is one of the most well-liked fruit juices by customers. The delicate aroma 

of orange juice is because of volatile compounds that are found in a balanced proportion 

to other components, such as sugar, acids and insoluble solids (Perez-Cacho and Rouseff, 

2008). In orange juice, more than 200 volatile compounds are reported. However, only a 

small portion of these volatile compounds exceed their odour threshold (Perez-Cacho 

and Rouseff, 2008). Aldehydes, esters, terpenoid hydrocarbons, alcohols, ketones, acids 

and sulfur- and nitrogen-containing compounds are the major orange juice aroma 

volatiles (Perez-Cacho and Rouseff, 2008). 

 

Acetaldehyde is the major aldehyde volatile compound, which is responsible for the 

fresh and pungent odour of freshly squeezed orange juice. Acetaldehyde is found in the 

water-soluble condensate (water-soluble essence) that is collected during orange juice 

concentration (Perez-Cacho and Rouseff, 2008). Octanal, nonanal and decanal, the three 

homologous straight-chain aldehydes, also play an important role in orange juice 

flavour. These volatiles are found in higher concentration in orange peel oil. Since 

industrial extraction practices involve high level of peel oil to the juice, the 

concentration of these volatiles is higher in processed orange juices than in fresh orange 

juices (Perez-Cacho and Rouseff, 2008). 
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Methyl-butanoate, ethyl-acetate, ethyl-butanoate, ethyl-2-methylpropanonate, ethyl-2-

methylbutanoate, ethyl-hexanoate and ethyl-octanoate are the seven odour-active esters 

that are reported to be found in a fresh orange juice. Above all, ethyl-butanoate is the 

most intense odorant. Generally, esters volatiles are sensitive to thermal treatment, 

thus, their concentration is significantly reduced in heat processed orange juices (Perez-

Cacho and Rouseff, 2008). 

 

Other important orange juice volatile compounds, which comprise over 90 % of the total 

volatiles, are terpens. Limonene, myrcene and β-pinene are the dominant terpens. 

However, because of their very high odour threshold, terpens have a limited odour 

activity. With respect to quantity, limonene is the major orange juice flavouring 

compound. Due to its low water solubility, limonene is found in higher concentration in 

the insoluble pulp. Therefore, its concentration is higher in processed orange juice, since 

processing accelerates its release from the pulp to the aqueous matrix (Perez-Cacho and 

Rouseff, 2008). 

 

Despite its acidic nature, orange juice is quiet unstable and susceptible to damages 

induced by reactions from microbial, enzymatic and chemical origin that occur during 

processing and storage. Therefore, optimized processing and storage conditions are 

essential in maintaining its properties. Most commercially available orange juices are 

treated by conventional heat processing (ranging from the minimally heated-not-from 

concentrate to the twice heated reconstituted-from-concentrate juices) with the aim of 

prolonging the shelf-life and maintaining the stability of the processed orange juice. 

Unfortunately, this thermal treatment induces undesirable reactions such as the loss of 

flavour compounds, triggers the production of undesirable off-flavour compounds and 

damages the overall quality of the processed orange juice (Min et al., 2003; Perez-Cacho 

and Rouseff, 2008). In this context, treatments with minimal thermal input, such as PEF 

and HP processings are reported to have a great potential to result in food products with 

improved quality characteristics (Sampedro et al., 2009a). More details about the effect 

of HP and PEF on orange juice volatile compounds in comparison to the conventional 

heat processing will be founds in the next sections. 



Headspace analysis in food processing 

 

 
 

34 

2.3.1 Effect of novel food processing techniques on orange 

juice volatile compounds in comparison to conventional heat 

processing 

2.3.1.1   Effect of HP processing 

Different studies have investigated the impact of HP processing, on orange juice volatile 

compounds, compared to conventional heat processing. However, the processing 

conditions used in most of the studies were rarely if ever selected based on the principle 

of equivalence, which can make the comparison biased. 

Parish (1998) studied the impact of different processing technologies on flavouring 

compounds of orange juices stored at 4 and 8 °C using sensorial quality evaluation. The 

treatment conditions were, two heat treatments (UHT) (at 98 °C and 75 °C for 10 s), two 

HP treatments without any pronounced heating (at 500 MPa and 25 °C for 90 s and at 

700 MPa and 31 °C for 60 s) and two HP treatments combined with heating (500 MPa 

for 90s at 50 °C and at 60 °C). The flavour of pressure treated orange juice, without 

additional heat, which was stored at 4 °C up to 16 week or 8 °C up to 4 week, was 

significantly closer to that of fresh/frozen orange juice in comparison to any of the 

thermal treatments. A combined treatment of pressure at 500 MPa and heating of 50 °C 

and 60 °C, resulted in increased loss of flavouring compounds compared to the pressure 

treatment without additional heat. This observation illustrates the impact of 

temperature on flavouring compounds during a pressure treatment.  

Baxter et al. (2005) reported that the flavour of the HP treated orange juice (at 600 MPa 

for 60 s at ambient temperature) was acceptable to consumers, after storage for  

12 weeks at a storage temperature up to 10 °C. However, thermally treated (at 85 °C for 

25 s) orange juice, which is stored at 4 °C, showed a comparable result after the same 

length of storage time. In this study, the flavour compounds were analyzed with 

combined headspace SPME/GC-MS and sensorial quality evaluation. 

Sampedro et al. (2009a) studied the effects of thermal (between 60-90 °C for 1 min) and 

HP processing (at 650 MPa and 30 and 50 °C initial temperatures for 15 min) on volatile 

compounds concentration found in an orange juice–milk beverage using headspace 

SPME/GC-MS analysis. After thermal treatment at different temperature ranges for  

1 min, the average loss in concentration of volatile compounds was between 16 and 43 
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%. Whereas, after HP treatment the average loss was between −14 and 8 % at 30 °C and 

23 and 42 % at 50 °C. The results showed the potential of the HP processing, combined 

with low initial temperatures, in providing food with a higher standard of quality 

compared to thermal processing. It was observed that limonene, α-pinene, β-pinene, 3-

carene and α-phellandrene were not affected at 650 MPa. The concentration of other 

components in the orange juice–milk beverage increased after HP treatment. It seems 

that the HP treatment induces the release of several compounds, which are found in the 

solid phase of the orange juice. One should notice that the loss of volatile compounds 

after thermal treatment is similar to the loss after HP processing at 50 °C initial product 

temperature. This is comparable to the result obtained by Parish (1998), in which a 

combination of HP with higher initial temperatures results in clear loss of orange juice 

volatiles. 

2.3.1.2   Effect of PEF processing 

Many studies have investigated the impact of this novel processing technology on 

orange juice volatile compounds compared to its conventional counterparts. 

Nevertheless, most of these studies compared processing techniques that have different 

intensities, which can make the results not comparable in a fair way. 

Jia et al. (1999) reported that higher amount of flavouring compounds are retained in 

PEF treated freshly squeezed oranges juice than the heat treated counterparts. The 

study showed 3 %, 9 %, and 22 % average loss of orange juice flavouring compounds, 

which are respectively treated by 240, 480 µs at 30 kV/cm and at 90 °C for 1 minute. 

The loss of flavouring compounds, according to the authors, in PEF treated samples is 

caused by the degassing system in the PEF apparatus, but not due to the PEF application 

in the treatment chamber. It was mentioned that flavouring compounds with low 

molecular weight and low boiling point, such as ethyl-butyrate and those with non-polar 

property such as α-pinene and limonene can be easily removed during the degassing 

system. It is postulated that a proper optimization of the degassing system may reduce 

the loss of these flavouring compounds. In this study, headspace flavouring compounds 

were analyzed using SPME-GC (equipped with flame ionization detector) method, where 

identification was performed by comparing the retention times with standard flavour 

compounds. 
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Ayhan et al. (2002) showed that PEF treatment had no detrimental effect on orange juice 

flavour compounds, which are easily lost during thermal processing. The analysis was 

performed using SPME/GC, where the GC is equipped with flame ionization detector. In 

this study, orange juices were treated by PEF processing at 35 kV/cm for 59 µs and 

compared with the untreated orange juice during 112 storage days (at 4 and 22 °C). 

Immediately after processing, PEF treated orange juices respectively showed 18 %,  

18 %, 29 %, and 32 % increase of limonene, myrcene, valencence and α-pinene. These 

non-polar hydrophobic flavouring compounds are present in the pulp of orange juice. It 

was explained that due to the effect of PEF on cell permeabilization, these hydrophobic 

flavouring compounds are released from pulp to the aqueous phase so that they can be 

more present in the headspace. Ayhan et al. (2002) showed that storage time and 

temperature had no significant effect on hydrocarbon flavouring compounds (such as 

limonene, myrcene, and α-pinene). However, the level of octanal, decanal, ethyl-butyrate 

and linalool were significantly reduced after 7 days at 4 °C and after  

2 days at 22 °C. The loss of octanal and decanal during storage was severe and it was 

explained that this phenomenon could be due to the reaction of octanal and decanal with 

amino acids such as lysine (non-enzymatic browning) and reaction with alcohol group 

(e.g. linalool). However, the sensory panel confirmed that decrease in those compounds 

had no significant effect on the overall sensory quality of PEF treated orange juice 

during a storage time of 112 days at 4 °C.  

Similarly, the report by Min et al. (2003) showed that PEF processing resulted in a better 

retention of flavouring compounds compared to conventional thermal treatment on 

freshly squeezed orange juice during storage of 196 days at 4 °C. The analysis of volatile 

compounds were performed using SPME/GC-MS method. 88 % retention of flavouring 

compounds for PEF treated (at 40 kV/cm for 97 µs) orange juices and 63 % retention for 

thermally treated (at 90 °C for 90 sec) orange juices was obtained compared to freshly 

squeezed orange juices.  
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2.4 Conclusion 

To quantify and identify compounds in the volatilizable fraction of foods, the potential of 

GC-MS has been frequently reported in literature. To enhance and facilitate extraction of 

volatile compounds from the food headspace, SPME seems to be a very interesting 

sampling method. 

In literature, different studies can be found which study and compare the effect of novel 

and conventional processing technologies on volatile compounds important for 

sensorial quality of orange juice. In these studies, frequently, advanced analytical 

methods (e.g. GC-MS) are used to identify and quantify (a) specific compound(s) 

together with tests for evaluation of the overall sensorial quality. However, these 

comparative studies are rarely if ever based on a principle of equivalence and use a 

single- or multi-response targeted approach. However, in the future, it can be interesting 

to evaluate the potential of GC-MS as a method to study the volatilizable fraction of 

processed orange juice using a non-targeted approach in which a ‘’food fingerprint’’ can 

be used to compare the impact of different processing on a particular food fraction. 
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3 Objective 

Based on the literature review given in part I, two research needs can be detected:  

(i) need for further insight in the beneficial aspects of novel food processing 

technologies (e.g. HP and PEF processing) in the comparison to the conventional 

treatments: in this context, in particular, there is a need for studies which compare the 

process impact (e.g. on food quality characteristics) among technologies on an 

equivalent basis (e.g. identical microbial inactivation); (ii) a need for studies, which 

evaluate the potential of advanced analytical methods (e.g. GC-MS) to improve further 

insight in the differences of process-induced changes among different processing 

technologies based on a non-targeted analysis of different food fractions (e.g. 

volatilizable fraction, liquid fraction). 

 

The general objective of this master thesis was the development of a headspace 

fingerprinting method and evaluating its potential as a tool to compare the impact of 

heat, HP and PEF pasteurization on orange juice quality.  

Figure 13 depicts the research plan followed to achieve this general objective. The 

general objective was subdivided into two objectives. Objective 1 focuses on the 

development of a headspace GC-MS fingerprinting method to characterize the 

volatilizable fraction of a processed food matrix (Chapter 4). Objective 2 focuses on the 

evaluation of the potential of the developed headspace GC-MS fingerprinting method to 

compare the volatilizable fraction of untreated and food products treated with different 

conventional and novel pasteurization technologies (Chapter 5). For this purpose, 

processing conditions were selected based on the principle of equivalent microbial 

inactivation. In this work, as a case-study, orange juice was selected, since: (i) due to its 

significant amount of health-related compounds, due to its delicate flavour and colour, 

orange juice is one of the most dominant fruit juices in the world; (ii) due to its 

pumpable behavior, this product can be processed with the three selected processing 

technologies.  

 

For objective 1 (Chapter 4), commercially available pasteurized orange juice was used 

and the effect of sample preparation and different headspace sampling methods (static 

headspace and headspace SPME) were tested. To accelerate and standardize the 
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diffusion of volatile compounds to the headspace, an equilibration period was taken into 

account. In this context, objective 1 included selection of optimal conditions for sample 

equilibration and headspace extraction. Given the fact that the objective of this thesis 

was food fingerprinting, the equilibration and extraction conditions were selected 

aiming sampling and detection of a wide range of compounds. 

 

For objective 2 (Chapter 5), fresh orange juice (untreated) was treated with microbially 

equivalent (5-Log inactivation of Escherichia coli O157:H7) heat, HP and PEF 

pasteurization intensities. As can be seen from Figure 13, the pasteurized and untreated 

orange juices were subjected to a shelf-life study of 58 days at 4 °C maximum storage 

temperature.  
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Figure 13: Research plan followed to develop a headspace fingerprinting method and to evaluate 

its potential to compare the impact of untreated and heat, HP and PEF pasteurization on orange 

juices quality. The dashed arrow exemplifies the treatment impact comparison and the solid arrow 

exemplifies the study of the effect of shelf-life. 
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Impact comparison of the different (un)treated orange juices was performed using the 

GC-MS fingerprinting method developed in objective 1. Using this analytical method 

combined with appropriate multivariate data-analysis, the effect of treatment as a 

function of shelf-life (as exemplified by the dashed arrow on Figure 13), as well as the 

effect of shelf-life per treatment condition (as exemplified by the solid arrow on Figure 

13) was investigated. 

 

In general, further industrial application of novel food processing technologies, such as 

HP and PEF processing, should be preceeded with legal approval. As discussed in section 

1.3, the lack of adequate methods to evaluate the substantial equivalence (with regard to 

product composition, nutritional value, metabolism and level of undesirable substances) 

between the novel and conventional processing technologies is one of the hurdles. In 

this context, the GC-MS fingerprinting method developed in this thesis and the outcome 

of the comparative study could be a starting point to evaluate the substantial 

equivalence between conventionally and innovatively treated food products, in 

particular orange juices and, thus, can be interesting for both legislators and industries 

who want to process products with these novel processing methods. 
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4   Method development for headspace fingerprinting 

of orange juice 
In this chapter, the development of a headspace GC-MS fingerprinting method (objective 

1, Figure 13) to characterize the volatilizable fraction of orange juice is described. For 

that purpose, optimal sample preparation, sample equilibration and sample extraction 

conditions were selected. In addition, different headspace sampling methods (static 

headspace and headspace SPME) were compared. Given the fact that the objective of this 

thesis was food fingerprinting, the equilibration and extraction conditions and the 

headspace sampling method were selected aiming detection of as many as possible 

different compounds. 

4.1   Materials and methods 

In the following sections, the selection of optimal sample preparation (section 4.1.1) and 

headspace sampling (section 4.1.2) conditions will be discussed. Finally, the GC-MS 

method used (section 4.1.3) and the data analysis performed (section 4.1.4) will be 

described. The GC-MS instrument used in these analyses is illustrated in Figure 14. 

b

c

a

d

f e

 

Figure 14: Different components of the GC-MS system used: (a) fiber conditioning and regeneration 

oven; (b) cooled tray of the autosampler; (c) sample incubator; (d) GC-injector; (e) GC-column and 

oven; (f) MS-unit. 
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4.1.1 Sample preparation 

Commercially pasteurized orange juice, reconstituted from concentrate, was purchased 

from the local market and was used for headspace fingerprinting method development. 

First, the orange juice was gently homogenized and divided into 9 ml volumes. In the 

next step, the samples were immediately frozen in liquid nitrogen and stored at -80 °C. 

Prior to analysis, the samples were thawed in a circulating water bath at 25 °C during  

20 min.  

 

The addition of salt has been reported to decrease the solubility of volatile compounds 

in the aqueous phase and promote their release to the headspace (Wardencki et al., 

2004). Accordingly, the type and concentration of salt was optimized by comparing the 

effects of two types of saturated salt solutions added to the juice in the vial in different 

volume percentages (20-50 % volume of salt/volume of salt-juice mixture). The two 

salts used were: (i) 99.6 % NaCl (VWR international, Belgium); (ii) 99.5 % CaCl2 (chem.-

Lab NV, Belgium). These salt-juice mixtures were prepared in a 10 ml screw cap vials 

(VWR international, Belgium), sealed by a teflon-lined septum. Prior to analysis, the 

samples in the vial were stored on the cooled tray of the autosampler, which was set at 

10 °C (Figure 14, b). 

4.1.2 Headspace sampling 

In this work, two types of sampling methods were compared with the objective of 

determining the method that results in extraction of as much as possible a wide range of 

different volatilizable compounds: static headspace (section 4.1.2.1) versus headspace 

SPME sampling (section 4.1.2.2).  

The state of equilibrium between the liquid phase and the headspace in the vial was 

standardized. After the sample was transferred to the vial, the time and temperature to 

reach a standardized equilibrium state was determined by testing a combination of 

temperatures in the range of 30-50 °C and different equilibration times up to 45 min in 

the GC-incubator (Figure 14, c). 
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4.1.2.1   Static headspace 

A gas-tight syringe (Agilent technology, Switzerland) having a length of 2.5 ml and 

weight of 23 g was used for the static headspace sampling. 

4.1.2.2   Headspace SPME 

Five types of SPME fiber coatings (Supelco inc., Bellefonte, USA) were compared based 

on their extraction efficiency: 100 µm polydimethylsiloxane (PDMS), 85 µm 

carboxen/polydimethylsiloxane (CAR/PDMS), 65 µm polydimethylsiloxane/ 

divinylbenzene (PDMS/DVB), 85 µm polyacrylate (PA) and 50/30 µm 

divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS). The comparison 

was performed under standardized extraction conditions of 30 °C during 30 min. Prior 

to extraction, the fibers were conditioned and regenerated according to the supplier’s 

instruction in the fiber conditioning and regeneration oven (Figure 14, a). 

Following fiber selection, the time required to sample the volatilizable compounds from 

the headspace (extraction time) was optimized using extraction conditions at 30 °C up 

to 60 min.  

4.1.3 GC-MS analysis 

Headspace fingerprinting of orange juice volatilizable compounds was conducted on a 

GC system (6890 N, Agilent technology, Diegem, Belgium) that is equipped with a CTC-

PAL autosampler device (Agilent technology, Diegem, Belgium) and mass selective 

detector (MS) (5973 inert, Agilent technology, Diegem, Belgium). After extraction, the 

volatile compounds were injected to the GC-injection port (Figure 14 d). In the GC-

injection port, which operated for some studies in a splitless mode and for other in a 

split 1:10 mode, desorption of volatile compounds was performed at 230 °C during 2 

minutes. Helium was used as a carrier gas at constant flow rate of 1.5 ml/min. The GC 

system was equipped with a HP-SMS column (Agilent technology, Diegem, Belgium) that 

has a  

5 % phenyl-methylpolysiloxane stationary phase with film thickness of 0.25 µm, a 

column length of 30 m and an inner diameter of 0.25 mm. The temperature program of 

the GC-oven was initially set at 40 °C and, after 2 min, was heated up to 160 °C at a rate 

of 4 °C/min and then ramped to 300 °C at a rate of 20 °C/min. The final oven 

temperature of 300 °C was maintained during 2 min. The total run time was 41 min. The 
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capillary column was directly interfaced to the MS with a transfer line, which was set at 

260 °C. In the MS, the temperature of the quadrapole, which is the mass analyzer, was 

set at 150 °C. The mass spectra were obtained at 200 eV and 230 °C ion source 

temperature. Mass spectra with a range of 35-400 mass/charge were recorded at a 

scanning speed of two scans per second.  

4.1.4 Data analysis 

The GC-MS total ion chromatograms were evaluated and integrated using the 

ChemStation software (Version E.02.01.1177, 2010, Agilent Technologies, Diegem, 

Belgium). The sum of the peak areas and number of peaks in the chromatogram were 

used for the data analysis. The results of these data analysis will be reported and 

discussed in the next section (4.2). 
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 4.2 Results and discussion 

As described in Chapter 3 (Figure 13), as a first objective in this work, it was aimed to 

develop a headspace GC-MS fingerprinting method to characterize the volatilizable 

fraction of orange juice. Accordingly, the effect of sample preparation and different 

headspace sampling methods, such as static headspace (section 4.2.1) and headspace 

SPME (section 4.2.2) were tested. The selection of optimal sample preparation, including 

optimal equilibration time and temperature, was performed using the static headspace 

sampling method. Following that, the optimal extraction condition for the headspace 

SPME method was selected. The results of each step will be reported and discussed 

below. 

4.2.1   Static headspace sampling 

Under this section, the results of preliminary tests (section 4.2.1.1), such as the stability 

of the samples in the cooled tray of the autosampler, the effect of salt on the solubility of 

volatilizable compounds in the liquid fraction and the reproducibility of the method 

described will be reported. After these preliminary tests, the result of the effect of 

different equilibration times and temperatures (section 4.2.1.2) will be reported and 

discussed briefly. For all these tests, the GC-injection port operated in a splitless mode. 

4.2.1.1   Preliminary tests 

Sample stability  

Taking into account the different equilibration, extraction conditions and the GC-MS 

method used (section 4.1.3), an analysis can take some time. Therefore, it was essential 

to analyze the stability of the samples in the cooling tray (at 10 °C) of the autosampler. 

The sample (commercial orange juice) stability was studied and compared based on the 

total peak area.  

Based on the analysis, no clear differences were observed between the first and the last 

sample and, thus, a sufficient stability was proven for at least 30 hours (data not shown).  
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Effect of salts 

Because of its salting-out effect, high salt concentration in the liquid phase can decreases 

the solubility of some volatilizable compounds and promotes their release to the 

headspace (Wardencki et al., 2004). The use of inorganic salt has been reported as one 

of the mechanisms to lower the partition coefficient, K, which is the equilibrium 

distribution of analytes between the liquid phase and the headspace. Compounds with 

low ‘’K’’ values will tend to partition more readily to the gas phase. Accordingly, the 

effect of salt type and concentration on the release of orange juice volatilizable 

compounds was studied. In this context, the effect of the addition of two saturated salt 

solutions (NaCl and CaCl2), added to the juice in different volume percentages (20-50 % 

volume of salt/ volume of salt-juice mixture), were compared. 

As can seen from Figure 15, an increase in the concentration of CaCl2 resulted a 

decrease in the ratio of total peak area while an increase in the concentration of NaCl 

resulted in an increase in the ratio of total peak area with a maximum observed at 40 % 

volume of salt/ (volume of salt-juice mixture). Therefore, it was decided to use a 

saturated NaCl solution added juice with 40 % volume of salt/ (volume of salt-juice 

mixture) for further investigation. 
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Figure 15: Effect of addition of a saturated NaCl (█) and CaCl2 (█) solution to orange juice on the 
release of volatile compounds, based on the ratio of total peak area of a salt-juice mixture to a 

water-juice mixture. Equilibration conditions of 40 °C during 30 min were applied. 
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Reproducibility 

Following evaluation of the effect of salt addition, the degree of systematic error of the 

whole method of analysis was tested. For that purpose, a reproducibility test of the GC-

MS characterization of the volatilizable fraction of commercially pasteurized orange 

juice was performed based on five individual vials filled with the orange juice-salt 

mixture. Static headspace sampling method was performed after 30 min sample 

equilibration at 40 °C. The total peak area was used for comparison and evaluation.  

A good reproducibility with an error value lower than 5 % was observed. Therefore, it 

was decided to use five replications for every condition (e.g. HP treated-2-storage days, 

Figure 13) investigated. In other words, in the following results, the average depicted 

with error bars are a result of five sampling and analysis replications. 

4.2.1.2   Equilibration time and temperature 

With ‘’headspace sampling’’ method, as the name implies, the volatilizable compounds 

are extracted from the gaseous phase above the liquid phase. Therefore, selection of 

optimal equilibration conditions to accelerate and standardize the diffusion of 

volatilizable compounds to the headspace was essential. For that purpose, equilibration 

times up to 45 min were tested at a temperature range of 30-50 °C. Given the fact that 

the objective of this thesis was food fingerprinting, optimal equilibration conditions 

were selected aiming sampling and detection of a wide range of different volatilizable 

compounds, which was evaluated based on total peak area and number of peaks (Figure 

16 a and b).  

From Figure 16a, it can be observed that at 30 °C equilibration temperature, the total 

peak area reached its maximum value at 20 min equilibration time and this peak area 

did not clearly differ as the time was increased. At 40 °C and 50 °C, the total peak area 

did not clearly differ and had its maximum value after 20 min and 30 min, respectively. 

It was observed that the maximum total peak area at 50 °C was not clearly different 

from the total peak area at 30 °C during 20 min equilibration. 
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Figure 16: Effect of equilibration temperature of 30 °C (█), 40 °C (█) and 50 °C (█) as a function of 

equilibration time: (a) based on total peak area detected and (b) based on the number of peaks 

detected. 

 

 

When the comparison was based on the number of peaks (Figure 16b), the highest 

numbers of peaks were observed at 50 °C equilibration followed by the number of peaks 

at 30 °C during 20 min equilibration. However, one should keep in mind the risk of 

processing the samples during equilibration at 40 and 50 °C. For that reason and given 

the above discussion from Figure 16a and b, it was decided to select equilibration 

conditions at 30 °C during 20 min for further investigation. 

4.2.2   Headspace SPME sampling 

Under this section, the results of fiber selection (section 4.2.2.1), selection of optimal 

extraction time and temperature (section 4.2.2.2) and finally the re-evaluation of the 

headspace equilibration time (section 4.2.2.3) will be reported and discussed. It should 

be noted that for the fiber selection and selection of extraction conditions, the GC-

injection port operated in a splitless mode. Whereas, during the re-evaluation of the 

equilibration time, the GC-injection port operated in a split (1:10) mode. 

4.2.2.1   Selection of fiber coating 

For testing headspace SPME, different types of fiber coatings are available and each fiber 

coating has specific selectivity to certain compounds. With the aim of selecting a fiber 

that enables the extraction of a wide range of volatilizable compounds, a comparison 

between five types of SPME fiber coatings (i.e. DVB/CAR/PDMS, CAR/PDMS, PDMS/DVB, 

a b 
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PA and PDMS (section 4.1.2.2)) was performed. During this comparative study, 

volatilizable compounds were extracted at 30 °C during 30 min and injected to the GC-

injection port operated in a splitless mode. In the splitless mode, the total volume of a 

mixture of injected volatilizable compounds and helium gas are allowed to flow through 

the GC-column. The resulting profiles were compared based on the total peak area 

(Figure 17a) and the number of peaks (Figure 17b). 
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Figure 17: The effect of different types of fiber coatings on (a) the total peak area and (b) the number 

of peaks detected. Following equilibration at 30 °C during 20 min, volatiles were extracted by the 

fiber at 30 °C during 30 min. 

 

As can be seen from Figure 17a, the fiber with CAR/PDMS coating resulted in a higher 

total peak area compared to the other fibers. When the comparison was based on the 

number of peaks (Figure 17b), the highest number of peaks was observed using 

DVB/CAR/PDMS coated fiber, however, this value was not clearly different than the 

number of peaks observed using the CAR/PDMS coated fiber. Therefore, based on the 

observations from Figure 17a and b, a fiber with CAR/PDMS coating was chosen for the 

headspace SPME analysis. 

4.2.2.2   Extraction time and temperature 

Following the release of volatilizable compounds to the headspace during the 

equilibration period, the next step was to extract the volatilizable compounds from the 

headspace using the fiber chosen. It was essential to select an adequate extraction time 

a b 
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and temperature, which was compatible to the food matrix and type of fiber used in 

order to have an effective sampling using the headspace SPME method.  

Given its potential to result in the release of a wide range of volatilizable compounds 

combined with a minimum risk of sample processing, 30 °C (during 20 min) was 

selected as the optimum equilibration temperature (see section 4.2.1.2) and 

consequently, the extraction temperature was fixed at the same temperature. The 

selection of the extraction time was performed by subjecting the samples to times up to 

60 min at 30 °C using the CAR/PDMS coated fiber. As shown in Figure 18a and b, the 

comparison was performed based on the total peak area and the number of peaks, 

respectively. During this analysis, the GC-injection port operated in a splitless mode. 
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Figure 18: Selection of the extraction time at 30 °C using the CAR/PDMS coated fiber: (a) based on 

the total peak area detected and (b) based on the number of peaks detected. Prior to extraction, 

equilibration conditions at 30 °C during 20 min were applied. 

 

From Figure 18a can be seen that the optimal state of extraction between the gas phase 

and the fiber coating was achieved after 45 min at 30 °C. Based on this result, it was 

decided to use extraction conditions at 30 °C during 45 min for further investigation. 

However, during analysis, it become clear that this prolonged extraction time caused 

fiber overload, which resulted in two disadvantages: (i) faster fiber degradation;  

(ii) fiber saturation of particular compounds.  

Since fiber-to-fiber variation on the SPME analysis of samples can occur, it is important 

to analyze samples in batches (using the same fiber for the whole batch) and to compare 

them within the same batch. Consequently, in this thesis work, to eliminate the variance 

due to a particular fiber, impact comparison between different treatment conditions 

a b 
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(section 5.2.1) was studied with one fiber as well as the effect of shelf-life per treatment 

condition (section 5.2.2). Therefore, it was necessary to extend the lifetime of the fiber in 

order to analyze large number of samples sequentially.  

In the context of the second disadvantage, it should be remarked that on the fiber 

surface only limited binding sites are available. If the extraction time is increased, it is 

likely that saturation of certain volatilizable compounds occurs. In that case, it can be 

that different concentrations of these volatilizable compounds will not be detected 

anymore if saturation of the fiber for all samples is reached. In that situation, it can be 

extremely important to stop the extraction process before the saturation state is 

achieved.  

Consequently, to easily detect differences among samples and considering the lifetime of 

the SPME fiber, it was decided to limit the extraction time to 10 min at 30 °C. 

4.2.2.3   Re-evaluation of headspace equilibration time 

Compared to static headspace, in SPME sampling the extraction time is an additional 

factor, which needs to be considered. Therefore, following the selection of the extraction 

time and temperature, re-evaluation of the equilibration time was performed with an 

interest of obtaining a lower equilibration time to reduce the total analysis time. For that 

reason, the sample was incubated to 30 °C up to 40 min. During these investigations, the 

volatilizable compounds in the headspace were extracted during 10 min at 30 °C using a 

CAR/PDMS coated fiber and the GC injection port operated in split (1:10) mode. In a 

split (1:10) mode, only one out of 10 of the volume of the mixture of the injected 

volatilizable compounds and helium gas will flow through the column while the rest is 

exited with the split outlet. The resulting profiles were compared based on the total 

peak area (Figure 19a) and number of peaks (Figure 19b). 

When the comparison was performed based on the total peak area (Figure 19a), there 

was no clear difference between 20, 30 and 40 min equilibration times. Based on the 

number of peaks (Figure 19b), there was no clear difference when the time is increased 

after 20 min equilibration time. Since both the total peak area and the number of peaks 

were not clearly changing after 20 min, the shortest time was chosen to reduce the total 

sampling time. Therefore, the equilibration time was confirmed to be optimal during  

20 min at 30 °C 
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Figure 19: Re-evaluation of equilibration time at 30 °C (considering 10 min extraction at 30 °C 

using the CAR/PDMS coated fiber) based on (a) the total peak area and (b) the number of peaks 

detected. 

 

 

From Figure 17b and Figure 19b, it was observed that the number of peaks (after 20 

min equilibration at 30 °C and 10 min extraction at 30 °C) were respectively 116 and 58, 

using the same CAR/PDMS coated fiber. This phenomenon can be explained by the fact 

that in the former analysis the GC-injection port operated in splitless mode and in the 

latter analysis it was performed in split (1:10) mode. Although with the split (1:10) 

mode less number of peaks were observed, this mode resulted in reduced back-flush in 

the heated glass chamber (liner) of the GC-injection port and resulted in more shaper 

and symmetric peaks than the splitless method, which would facilitate characterization 

of specific compounds (section 5.2.1.3 and 5.2.2.2). Therefore, in all further 

investigations, the GC-injection port operated in split (1:10) mode. 

a b 
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4.2.3   Conclusion 

In order to achieve the general objective of this thesis work, the development of an 

appropriate headspace GC-MS fingerprinting method was the first critical step. 

Considering the preliminary tests performed, saturated NaCl solution added to the juice 

with 40 % volume of salt/(volume of salt-juice mixture) has proved to provide an 

increased release of volatilizable compounds to the headspace. A reproducibility test of 

the GC-MS characterization of the volatilizable fraction of commercial orange juice, on 

five samples, resulted in a good reproducibility with an error value less that 5 %. 

Therefore, in all the results, the average depicted with error bars are a result of five 

sampling and analysis replications. 

Selecting equilibration conditions (between the liquid phase and headspace) of 20 min 

at 30 °C resulted in the release of a wide range of volatilizable compounds with a 

minimum risk of sample processing.  

Applying the same sample equilibration conditions, the comparison between static 

headspace and headspace SPME revealed that the latter sampling method resulted in a 

higher total peak area, an increased number of peaks and more sharper and symmetric 

peaks (Figure 20).  

With the aim of extracting as many as possible different volatilizable compounds, aiming 

detection of differences among samples and considering the lifetime of the SPME fiber, 

extraction of orange juice headspace volatiles was performed during 10 min at 30 °C 

using the CAR/PDMS coated fiber.  

To have an overall impression on the process impact using headspace fingerprinting, it 

was important to have a wide range of compounds, but also more sharper and 

symmetric peaks, which would facilitate specific compound characterization. Therefore, 

the headspace SPME method with GC-injection port working in split (1:10) mode was 

selected to compare the impact of heat, HP and PEF pasteurization on the orange juice 

volatilizable fraction. 
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Figure 20: Typical GC-MS total ion chromatogram of volatilizable fraction of orange juice using  

(a) static headspace and (b) headspace SPME sampling. Chromatogram overview (black) with peak 

of limonene, which is the dominant (quantitatively) volatilizable compound in orange juice (Perez-

Cacho and Rouseff, 2008) and chromatogram detail (grey) which suggests advantage of headspace 

SPME sampling for specific compound characterization since a greater number and sharper and 

more symmetric peaks are extracted using SPME sampling compared to static headspace sampling. 

 

 

a 

b 
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5 Impact comparison of heat, high pressure and 

pulsed electric field pasteurization on orange juice 

volatilizable compounds 

In Chapter 5, the potential of the developed headspace GC-MS fingerprinting method 

(Chapter 4) will be evaluated to compare the impact of heat, HP and PEF pasteurization 

intensities on the volatilizable fraction of orange juice (Objective 2, Figure 13). 

5.1 Materials and methods 

Orange juice is a biological material subjected to a biological variability. In order to 

reduce biological variability and to compare the effect of processing except from batch-

to-batch variation, performing treatments on one single batch was necessary. Due to 

logistic and practical reasons, orange juice preparation (section 5.1.1), orange juice 

processing (section 5.1.2) and post-processing orange juice handling (section 5.1.3) 

were performed in the period before this actual master thesis began. However, to be 

complete their set-up will be briefly described in the following sections. 

5.1.1   Orange juice preparation 

Three varieties of orange juices (Valencia, Pera and Baladi), which were provided by a 

commercial fresh orange juice supplier (The Netherlands), were used. An automatic 

juice extractor (Master Zumoval, Valencia, Spain) was used to obtain 650 L of orange 

juice from 1300 kg oranges in a single batch. After the juice was sieved with a 3 mm 

mesh size, the untreated juice and the juice to be pressure-treated were immediately 

distributed into 250 ml polyethylene terephtalate (PET) bottles that were sealed with 

polyethylene (PE) caps. The rest was kept in a storage tank at 4-6 °C before processing. 

5.1.2   Orange juice processing 

In this work, the orange juice was pasteurized using processing conditions that resulted 

in equivalent inactivation of E. coli O157:H7. The selection of the processing intensities 

takes into account factors, such as the production of high-quality orange juice for short-
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time refrigerated storage, the acidic nature of orange juice and the inactivation of target 

spoilage microorganisms related to orange juice. 

The orange juice was subjected to three different processing technologies: heat, HP and 

PEF processing. Untreated orange juice samples were used as a reference (Figure 13). 

 

The orange juice was thermally treated using a pilot-scale, continuous flow, tubular heat 

exchanger (inner diameter of 10 mm). Prior to processing, the orange juice was pre-

heated to 45 °C. Following the thermal treatment, at 72 °C for 0.3 min (Figure 13), the 

juice was immediately cooled down to 2 °C and filled into PET bottles (sealed with PE 

caps) under hygienic conditions.  

 

The HP treatment was conducted using an industrial WAVE 6000/55 HP unit (NC 

Hyperbaric, Burgos, Spain). The pre-packed orange juices were pressurized at 600 MPa 

with an initial temperature of around 10 °C (i.e. temperature of the processing area) for 

1 min holding time. The pressure-transmitting medium used was water. The come-up 

time to the pre-set pressure took 3 min and depressurization took less than 5 sec. 

During HP treatment, there was no temperature measurement inside the HP vessel and, 

thus, the temperature increase due to compression heating could not be determined, nor 

controlled. 

 

The PEF treatment was conducted using a continuous pilot-plant unit. A co-field 

treatment chamber with an internal diameter of 10 mm and a gap distance of 20 mm 

between electrodes were used. First, the orange juice was pre-heated to 38 °C and then 

pumped through the treatment chamber with a flow rate of 130 L/h. Inside the 

treatment chamber, the orange juice experienced an electric field strength of 23 kV/cm 

during 16 µs treatment time (Figure 13). A monopolar pulse of 2 µs and a repetition of 

90 Hz was applied. After the treatment, the orange juice (which reached temperatures 

up to 58 °C) was cooled down to 14 °C and the samples were subsequently filled into 

PET bottles (sealed by PE caps) under hygienic conditions.  

5.1.3   Post-processing orange juice handling 

Following processing and cooled transportation (< 5 °C), the orange juices (untreated 

and heat, HP and PEF treated) were stored at 4 °C maximum storage temperature during 
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58 days. To study the effect of shelf-life, samples were analyzed after 1; 2; 9; 20; 28;  

58 days of storage. At each shelf-life day, a number of samples were taken from the cold 

storage room using a ‘’pooled’’ sampling method. To make the samples a true 

representative of the total population, samples were collected randomly from different 

treatments and different locations in the cooling room. After that, juices from the same 

treatment were mixed, gently homogenized and divided into 30 ml volumes. 

Consequently, the volumes were frozen in liquid nitrogen and stored at -80 °C. Since the 

glass transition temperature of an orange juice is around -40 °C, diffusion limited 

reactions (e.g. microbial, (bio)chemical, etc.) will be prevented (at -80 °C) within the 

practical time-scale.  

Prior to analysis, one sample per treatment or shelf-life was thawed in a circulating 

water bath at 25 °C during 20 min. For every processing condition, five replications of 

sampling and analysis (section 5.1.4) were performed. 

5.1.4   Headspace GC-MS analysis  

Impact comparison of the different (un)treated orange juices was performed using the 

headspace GC-MS fingerprinting method developed in Chapter 4 (objective 2, Figure 

13). A sample with 40 % volume of salt/ (volume of salt-juice mixture) was added into a 

10 ml vial. The vial was placed on the cooled (at 10 °C) tray of the autosampler (Figure 

14, b). In the sample incubator (Figure 14, c), the release of volatilizable compounds 

from the liquid phase to the headspace was accelerated and standardized at 30 °C during  

20 min equilibration. After this standardized equilibration was achieved, an SPME fiber 

coated with 75 µm CAR/PDMS was inserted to the headspace of the vial. Every new 

CAR/PDMS coated fiber was conditioned at 300 °C for 1 hour prior to the first analysis. 

Between two consecutive analyses, the fiber was regenerated at 300 °C during 5 min 

(Figure 14, a). After 10 min extraction at 30 °C, the SPME fiber with the extracted 

volatilizable compounds was inserted into the heated (230 °C) GC-injection port (Figure 

14, d) that operated in split (1:10) mode and was held there for 2 min to desorb the 

volatilizable compounds. For more details on the GC-MS method used, the reader is 

referred to section 4.1.3. 
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5.1.6   Data analysis 

As discussed in objective 2 (Figure 13), the potential of the developed headspace 

fingerprinting method was evaluated for treatment impact comparison and for studying 

the effect of shelf-life on the volatilizable fraction of untreated and orange juices 

pasteurized by heat, HP and PEF processing technologies. However, due to the 

phenomenon of fiber degradation observed (section 4.2.2.2), it was necessary to 

optimally randomize the samples during analysis and to use the fiber only until 

acceptable fiber degradation. In other words, in order to reduce the variance due to the 

fiber, samples were analyzed twice (two sample sets) and were randomized (i) as a 

function of treatment per shelf-life day (results discussed in section 5.2.1) and (ii) as a 

function of shelf-life per treatment condition (results discussed in section 5.2.2). For 

analysis of these two sample sets, two new fibers were used. This resulted in two data 

sets, which should be compared with care since the effect of fiber-to-fiber variation on 

the total area of the detected peaks should not be forgotten.  

 

In general, the GC-MS total ion chromatograms obtained were evaluated and integrated 

using the MSD ChemStation software (Version E.02.01.1177, 2010, Agilent Technologies, 

Diegem, Belgium). The resulting peak areas were used for multivariate data analysis 

(Figure 13), which was carried out in Solo (Version 6.2, 2011, Eigenvector Research, 

Wenatchee, WA, USA). The multivariate data analysis consisted of partial least squares-

discriminant analysis (PLS-DA), in which the different peaks were considered as X 

variables and the different treatment conditions (per shelf-life day (section 5.2.1.1) or 

neglecting the information on shelf-life (section 5.2.1.2)) or different shelf-life days 

(section 5.2.2.1) were considered as categorical variables (i.e. classes) or Y variables. 

The data were mean-centered and the variables were weighed by their standard 

deviation to give them equal variance. For model selection, the model with the lowest 

number of latent variables, resulting in a separation of the classes, was used. In case of 

overlap, only the model with the lowest number of latent variables, which resulted in the 

same classification, was selected. 

 

Studying the effect of treatment impact (section 5.2.1), variable importance in projection 

(VIP) scores were calculated and plotted as a tool to rank the different volatilizable 

components in order of importance for class separation. To select potential markers for 
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grouping, the ten components with the highest VIP scores, for each class, were plotted 

individually. Compounds, for which relative differences between the class under 

consideration and another class were determined larger than an arbitrary value of 20 %, 

were identified by comparison of their mass spectrum with the NIST08 mass spectral 

database (National Institute of Standards and Technology, Gaithersburg, MD, USA). A 

threshold match of 700 (on a scale of 0 to 1000) was employed and further visual 

inspection of the spectral matching was conducted for acceptance. 

Studying the effect of shelf-life per treatment condition (section 5.2.2), loadings were 

calculated and plotted as a tool to rank the different volatilizable components in order of 

importance of susceptibility to shelf-life. To select markers for shelf-life, for each 

treatment condition, the five components with the highest positive loading 

(representing compounds which are being formed during shelf-life) and the five 

components with the highest negative loadings (representing compounds which are 

being degraded during shelf-life) were plotted individually and identified by comparison 

of their mass spectrum with the mass spectral database as explained above. 

5.2 Results and discussion 

As discussed in section 5.1.6, in order to manage with the fiber degradation, it was 

necessary to randomize the samples (i) as a function of treatment per shelf-life day and 

(ii) as a function of shelf-life per treatment condition, which resulted in two data sets. 

Based on these two data sets, three levels of comparative analyses were investigated 

using multivariate data analysis (PLS-DA). These comparative analyses are shown in 

Figure 21: (i) treatment impact comparison per shelf-life day (exemplified by the 

dashed arrow) (section 5.2.1.1); (ii) treatment impact comparison without taking into 

account the information on shelf-life (the box with the dotted line surrounding a similar 

colour) (section 5.2.1.2); (iii) study of the evolution of compounds during shelf-life per 

treatment condition (exemplified by the solid arrow) (section 5.2.2.1). It should be 

noted that the first data set, in which the samples were optimally randomized as a 

function of treatment per shelf-life day, was used to investigate the first two 

comparative analyses. 
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Figure 21: Schematic overview of the three comparative analyses performed in this chapter: (i) the 

dashed arrow exemplifies a treatment impact comparison per shelf-life day; (ii) the dotted box 

surrounding a similar colour shows treatment impact comparison without taking into account the 

information on shelf-life; (iii) the solid arrow exemplifies the effect of shelf-life per treatment 

condition. 

 

For all these comparative analysis, samples were compared based on GC-MS 

fingerprints. As explained above, for every sample conditions, 5 replication of sampling 

and analysis were performed. As an example, in Figure 22, a total ion chromatogram 

(retention time vs. abundance) of volatilizable fraction of untreated orange juice is 

shown. 

In such a GC-MS orange juice fingerprint, around 60 compounds were detected (Figure 

22), which, after integration, resulted in large and complex data sets/tables. Using 

multivariate data analysis (section 5.1.6), it was tried to extract the important 

information from these data tables, by the definition of latent variables (Pedreschi et al., 

2009). These new variables were defined by PLS-DA and took into account the 

information defined by peak area calculation of the different compounds (X-variables) 



Impact comparison of heat, HP and PEF pasteurization 

62 
 

and the information of the different classes (Y-variables; e.g. untreated and heat, HP or 

PEF treated).  

 

Figure 22: GC-MS total ion chromatogram of volatilizable fraction of untreated orange juice using 

headspace SPME sampling. 

 

5.2.1 Comparison of treatment impact 

The treatment impact of different novel processing technologies (HP and PEF) was 

compared with the treatment impact of traditional thermal processing on an equivalent 

basis and as explained above on two levels: the treatment impact was compared (i) per 

shelf-life day (section 5.2.1.1; exemplified by the dashed arrow on Figure 21);  

(ii) neglecting the information of shelf-life day (section 5.2.1.2; the dotted box 

surrounding a similar colour on Figure 21).  

For both levels of comparison, four Y variables (classes) were defined among which the 

samples were compared: untreated and heat, HP and PEF treated. 

5.2.1.1   Comparison of treatment impact per shelf-life day 

Per shelf-life day, classes were graphically compared by the use of a bi-plot. A bi-plot, as 

the name implies, is a figure that illustrates two effects together: (i) classification or 

grouping between classes; (ii) the relation between the original variables and the latent 
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variables. As an example, to show the studied trend per shelf-life day, the bi-plots of the 

impact comparison performed at shelf-life day 1 (Figure 23a) and day 28 (Figure 23b) 

are shown. 

A summary of the PLS-DA performed for impact comparison per shelf-life day 1; 2; 9; 20 

and 28 is given in Table 1. Table 1 shows the percentage of variance between original 

variables, which was explained by two latent variables (% X) and the degree of 

classification between the four classes (% Y) obtained by defining the two latent 

variables. 

 

Table 1: Summary of the PLS-DA performed for impact comparison per shelf-life day (1; 2; 9; 20 

and 28) when two latent variables were selected. Percentage of variance between original 

variables explained by the latent variables (% X) and the degree of separation between classes (% 

Y) obtained by the latent variables selected are given.  

Shelf-life day % X % Y 

1 59.31 55.75 

2 46.17 35.56 

9 50.96 58.94 

20 55.25 62.09 

28 68.28 62.55 

 

In general, two latent variables (LV1 and LV2) resulted in optimal classification. In other 

words, by adding another latent variable, the observed classification did not become 

clearer and thus two latent variables were selected as optimal. 

 

At day 58, the untreated orange juice was completely spoiled and thus, at that day, there 

were only three classes considered (heat, HP and PEF treated). The fingerprints were 

analyzed and compared with PLS-DA (% X = 61.53, % Y = 84.47). Frequently, the lower 

the number of classes, the better the separation between classes can be obtained 

(increased % Y) using the same number of latent variables. Therefore, it was not fair to 

compare the degree of separation of shelf-life day 58 with the other shelf-life days. 

Consequently, day 58 was not included in Table 1.  

 

At day 1 (Figure 23a), the first latent variable (LV1) seems to explain the differences 

between the novel processing technologies and the conventionally treated and 
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untreated samples. The second latent variable (LV2) seems to explain the differences 

between the PEF and heat treated samples on the one hand and the untreated and HP 

treated samples on the other hand. 

 

The picture becomes different at the end of the shelf-life (day 28, Figure 23b). When bi-

plots of day 1-2-9-20-28 were compared, a particular trend of grouping could be 

observed in which the impact of heat and HP treatment on the volatilizable fraction of 

orange juice becomes more and more comparable and those impacts become more and 

more different from the impacts of a PEF treatment, which volatiles seem to show more 

similarities with the untreated samples. 
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Figure 23: Bi-plot based on the PLS-DA analysis of the headspace GC-MS fingerprints of untreated 

(), heat treated (*), HP treated (█) and PEF treated () orange juice stored for (a) 1 day and (b) 

28 days at 4 °C. The circles represent the different peaks of the headspace fingerprints. 

a 
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These results can be linked with the results and trends obtained by Vervoort et al. 

(2011). Vervoort et al. (2011) reported that both heat (72 °C during 0.3 min) and HP (at 

600 MPa during 1 min and at initial temperature of 10 °C) pasteurization intensities 

resulted in a clear and comparable inactivation of PME, which is an important quality 

related enzyme in an orange juice. In this study, heat and HP pasteurization intensities 

resulted in a substancial PME activity decrease of 85 % and 92 %, respectively. Since the 

PME was particularly inactivated, it could not affect the quality of orange juice in the 

same way as the untreated condition. On the other hand, when the orange juice was 

equivalently (microbially) treated with PEF, there was only a decrease of 34 % PME 

activity. Consequently, it can be hypothesized that differences in residual enzymatic 

activity over storage could be a reason why volatiles in PEF treated orange juice showed 

a similar trend to volatiles in the untreated juice (Figure 23b).  

As discussed in section 1.2.4.2, although some studies (e.g. Elez-Martinez et al. (2006), 

Sampedro et al. (2009b)) reported significant PME inactivation induced by PEF 

treatment, other recent studies (e.g. Jaeger et al. (2010)) proved that the observed 

inactivation is mainly caused by the thermal load, which is increased during PEF 

treatment, rather than the applied pulse.  

 

As explained before, a bi-plot is a figure, which can help to graphically determine the 

relation between the original variables (peak areas) and the new latent variables. 

However, based on the bi-plot, it is not straight forward to determine variables which 

are particularly important for a specific class (compared to the other classes) and in 

other words are important for classification/grouping. In the context of evaluating the 

different effects of processing by the use of novel technologies compared to traditional 

processing, selecting and identifying those particular compounds would be extremely 

relevant. In literature, the calculation of a VIP score has been suggested to rank original 

variables as a function of their importance for classification/grouping (Pedreschi et al., 

2009). VIP scores of all original variables were calculated, ranked and plotted as a 

function of retention time. In Figure 24 and 25, the VIP scores of the 20 peaks with the 

highest VIP score are plotted (as a function of retention time) per class at shelf-life day 1 

and 28, respectively.  
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Figure 24: VIP plots based on the PLS-DA analysis of the headspace fingerprints indicating the most 

important peaks for classification of (a) untreated, (b) heat treated, (c) HP treated and (d) PEF 

treated orange juice stored for 1 shelf-life day day at 4 ° C. 

a 

b 
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Figure 25: VIP plots based on the PLS-DA analysis of the headspace fingerprints indicating the most 

important peaks for classification of (a) untreated, (b) heat treated, (c) HP treated and (d) PEF 

treated orange juice stored 28 shelf-life day day at 4 ° C. 

a 

b 

c 

d 



Impact comparison of heat, HP and PEF pasteurization 

68 
 

These VIP plots can be interpreted in some extent in the context of classification. For 

example, as can be seen from Figure 25 b and c, the same variables (e.g. determined at 

retention time of 20.37 and 22.74 min) had higher VIP scores for both heat and HP 

treatment intensities. This observation is expected since the bi-plot (Figure 23b) 

illustrated that these two classes have a tendency to group as a function of shelf-life. On 

the other hand, when comparing variables with highest VIP scores determined for day 1 

with variables with highest VIP scores at day 28 (e.g. Figure 24 c and Figure 25 c), the 

ranking of the variables was not completely the same, which could also be a 

confirmation that storage has an effect on the impact of a treatment. 

5.2.1.2   Comparison of treatment impact over all shelf-life days 

In this part, the data obtained were classified using the PLS-DA, without taking into 

account the information on shelf-life (dotted box on Figure 21). 

Figure 26 is a score plot in which two latent variables are used to graphically depict 

classification/grouping neglecting the information on shelf-life. A score plot is a figure 

that only enables comparison between classes, but do not enable the interpretation of 

the contribution of the original variables to the definition of the (new) latent variables.  

As can be seen from Figure 26, the classes overlap in some extent. This observation 

suggests clear similarities of orange juice volatilizable compounds after treatment with 

different processing technologies when the whole shelf-life is taken into account. In 

general, it can be stated that, when making conclusions on the beneficial/different 

impact of processing on a food product, it should not be forgotten to compare the 

products over the shelf-life. In this thesis work, as discussed in section 5.1, due to the 

logistic and practical reasons, the treatment conditions were performed only once. 

Therefore, only variance of the analysis was taken into account by performing five 

replications for each treatment condition, but not variance of the treatment. One could 

imagine how the observed overlap (in Figure 26) could get more pronounced if the 

treatments were replicated and variance of the treatment was taken into consideration.  
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Figure 26: Score plot based on the PLS-DA analysis of the headspace GC-MS fingerprints of 

untreated (), heat treated (*), HP treated (█) and PEF treated () orange juices neglecting the 

information on shelf-life. 

 

Other authors reported clear differences of process impact among different technologies 

on orange juice and other citrus juices volatilizable compounds (section 2.3.1.1 and 

2.3.1.2). However, these comparative studies were rarely if ever based on a principle of 

equivalence and it could be possible that the observed differences were caused due to 

differences in treatment intensities. In addition, most of these comparative studies 

follow a single -or multi-response targeted approach (focusing on volatilizable 

compounds important for the sensorial quality) and this may not result in an overall 

impression of resemblance of process impact on different process-induced reactions.  

It is possible that some volatilizable compounds that were formed immediately after 

PEF, HP or heat treatment could decrease throughout the shelf-life and other 

compounds which were at low concentration at the beginning of the shelf-life might 

increase during storage. Therefore, as mentioned before, in order to have an appropriate 

way to compare the process-induced changes between the novel and conventional foods, 

it is interesting to conduct the study over the legally accepted shelf-life. It was 

hypothesized that this could also be an additional reason why the other studies, 

reported in literature review, observed differences between the compared treatment 

intensities. 
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In addition, in the context of the novel food legislation, the results observed in Figure 26 

can be an interesting starting point for the appraisal of substantial equivalence between 

heat pasteurization and novel, such as HP and PEF, pasteurization technologies.  

5.2.1.3   Selection of potential markers 

As a first step, to select potential markers for each treatment category, the ten variables 

with the highest VIP score were plotted, based on total peak area, individually for each 

class.  

Ideally, impact comparison among different technologies should be performed based on 

a replication of the selected treatment conditions. However, as discussed before, due to 

the logistic and practical reasons, the treatment conditions were performed only once. 

For all analysis performed, only variance of the analysis was taken into account by 

performing five replications for each treatment condition. Consequently, it is not easy to 

categorize differences detected in this thesis in a real quantitative, statistically correct 

way. However, to select a specific marker for a particular class, the quantity of this 

marker should be different compared to the other classes. In this context, as a second 

criterium for selection and taking into account an experimental error of analysis of 5 % 

(section 4.2.1.1) (which would increase due to repetition of treatment), a 20 % relative 

difference (compared to the class under consideration) was arbitrarily chosen since this 

difference was assumed to be large enough to possibly result in significant change if 

treatments would have been repeated. Therefore, only the plots of compounds for which 

the relative difference in total peak area between the class under consideration and 

another class were determined larger than 20 % are depicted in this thesis. 

Identification of these compounds was performed by comparison of their mass 

spectrum with the NIST08 mass spectral database as explained in section 5.1.6. The 

plots of identified compounds (potential markers), per class, will be reported and 

discussed below for shelf-life day 1 and 28, respectively. 

 

For the untreated orange juice stored for 1 shelf-life day, two volatilizable compounds, 

namely 2-ethenyl-1,1 dimethyl-3-methylene cyclohexane (17.22 min) and 

perillaldehyde (22.74 min) were indicated as potential markers based on the selection 

criteria explained above (Figure 27): (i) these compounds were characterized by one of 

the ten highest VIP sores and (ii) the relative difference in total peak area of both 
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compounds was more that 20 % between the untreated and PEF treated orange juices. 

There is a need for further studies to investigate the origin of these compounds and to 

test the effect of processing on their reaction pathway. 

 

0

2

4

6

8

10

12

14

UT HEAT HP PEF

A
re

a
 x

 1
0

5

2-ethenyl-1,1 dimethyl-3-methylene 
cyclohexane

 

0

10

20

30

40

50

60

UT HEAT HP PEF

A
re

a
 x

 1
0

5

perillaldehyde

 

 

Figure 27: Potential markers selected for untreated orange juice, compared to the treated juices, 

when stored for 1 shelf-life day at 4 °C. 

 

Based on the same selection criteria, no potential marker could be selected which was 

specific for heat pasteurization compared to the impact of the other processing 

conditions on the volatilizable fraction of orange juice when stored for 1 shelf-life day. 

 

Selecting specific markers for HP pasteurization, only one volatile compound, namely 

ocimene (14.82 min) could be indicated (Figure 28). A relative difference in total peak 

area greater than 20 % was detected between HP and PEF pasteurized samples. There is 

a need for further studies to investigate the origin of this compound and to test the effect 

of processing on its reaction pathway. 
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Figure 28: Potential marker selected for HP treated orange juice, compared to the other juices, 

when stored for 1 shelf-life day at 4 °C. 
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Selecting specific markers for PEF pasteurization, 2-ethenyl-1,1 dimethyl-3-methylene 

cyclohexane (17.22 min) and ocimene (14.82 min) seemed interesting. The plot 

illustrating the relative difference in total peak area, of these compounds, between this 

and the other classes was previously shown in Figure 27 and 28, respectively. There is 

a need for further studies to investigate the origin of these compounds and to test the 

effect of processing on their reaction pathway. 

 

The same argumentation was used for selection of markers for data obtained for 

samples, which were stored for 28 shelf-life days. As can be seen from Figure 29, for the 

untreated orange juice, five volatilizable compounds, namely 1-octanol (15.56 min),  

1-nonanol (19.15), 6-methlyl-5-hepten-2-one (12.42 min), hexane (2.60 min) and 

octanal (13.04 min) were supposed to be interesting as potential markers.  
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Figure 29: Potential markers selected for untreated orange juice, compared to the treated juices, 

when stored for 28 shelf-life days at 4 °C. 
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From Figure 29, can be seen that, the concentration of 1-octanol and 1-nonanol seemed 

to increase in the untreated orange juice in contrast to the heat, HP and PEF treated 

orange juices. Maybe, these differences can be correlated to microbial and enzymatic 

activity, which was believed to be more pronounced in the untreated orange juice.  

6-methyl-5-hepten-2-one (Figure 29) could only be detected in the untreated orange 

juice after 20 storage days. After day 20, the untreated orange juice becomes more and 

more spoiled and it was hypothesized that this compound could possibly be produced 

because of reactions related to microbial activity.  

The concentration of hexane and octanal was clearly lower in the untreated orange juice 

compared to the treated juices (Figure 29). It was postulated that this compound could 

possibly be consumed or degraded by microorganisms or degraded due to reactions 

related to enzymatic activity. 

There is a need for further studies to investigate the origin of these compounds and to 

test the effect of processing on their reaction pathway. 

 

Selecting specific markers for heat pasteurization, perillaldehyde (22.74 min), γ-selinene 

(29.43 min), decanal (20.37 min), nonanal (16.77 min), octanal (13.04 min), β-citral/cis-

citral (21.60 min), carvone (21.70 min) and 6-methlyl-5-hepten-2-one (12.42 min) were 

supposed to be interesting as potential markers. Since octanal and 6-methlyl-5-hepten-

2-one were already discussed as a potential marker for the untreated orange juice, only 

the other six volatilizable compounds will be discussed below (Figure 30). 

As can be seen from Figure 30, the quantity of these volatilizable compounds showed a 

similar level in the heat treated and HP treated orange juices. As discussed in section 

5.2.1.1, differences in impact between HP and heat treated orange juices seemed to 

become more and more reduced as a function of shelf-life. This trend is also 

demonstrated in Figure 30. The comparable enzymatic inactivation, detected by 

Vervoort et al. (2011), after heat and HP pasteurization could be a possible explanation 

for this similar behavior. There is a need for further studies to investigate the origin of 

these compounds and to test the effect of processing on their reaction pathway. 

 

Selecting specific markers for HP pasteurization, perillaldehyde (22.74 min), copaene 

(26.09 min), β-cubebene (27.77 min), γ-selinene (29.43 min), an unknown compound 
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(29.18 min), decanal (20.37 min) and nonanal (16.77 min) were supposed to be 

potential markers. 
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Figure 30: Potential markers selected for heat treated orange juice, compared to the other juices, 

when stored for 28 shelf-life days at 4 °C. 

 

Only plots illustrating the relative difference in total peak area of copaene, β-cubebene 

and an unknown compound (Figure 31) among the four classes are provided, since the 

others are discussed for the heat treated orange juice (Figure 30). In general, and as 

discussed before, Figure 31 shows that heat and HP pasteurization impose a 

comparable impact on the volatilizable fraction of orange juice at the end of the shelf-
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life. There is a need for further studies to investigate the origin of these compounds and 

to test the effect of processing on their reaction pathway. 
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Figure 31: Potential markers selected for HP treated orange juice, compared to the other juices, 

when stored for 28 shelf-life days at 4 °C. 

 

Selecting specific markers for PEF pasteurization, acetaldehyde (1.85 min), 1-octanol 

(15.56 min) and 1-nonanol (19.15) were supposed to be interesting as potential 

markers. Hexane, 1-octanol and 1-nonanol have been reported as potential markers for 

the untreated orange juice when stored for 28 shelf-life days (Figure 29), thus, only the 

plot that illustrates the relative difference in total peak area of acetaldehyde between 

the four classes is shown (Figure 32).  

As discussed in section 5.2.1.1, volatilizable compounds in the untreated and PEF 

treated orange juices seemed to show more and more similarities as a function of shelf-

life and, thus, it is expected that similar volatilizable compounds were distinguished as a 

potential markers. The limited enzyme inactivation, detected by Vervoort et al. (2011) 

after PEF pasteurization could be the possible explanation for this similar behavior. 
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There is a need for further studies to investigate the origin of these compounds and to 

test the effect of processing on their reaction pathway. 
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Figure 32: Potential marker selected for PEF treated orange juice, compared to the other juices, 

when stored for 28 shelf-life days at 4 °C. 

 

5.2.2   Effect of shelf-life  

As discussed in section 5.2, samples were compared on three levels based on 

multivariate data analysis (PLS-DA) (based on the two data sets). Under this section, 

samples were randomized for analysis and compared as a function shelf-life per 

treatment condition (as exemplified by the solid line in Figure 21). It should be noted 

that in this case six classes were considered (i.e. stored for 1; 2; 9; 20; 28 and 58 shelf-

life days). 

5.2.2.1   Effect of shelf-life per treatment 

The aim of this study was to obtain insight to the evolution of the variables as a function 

of shelf-life. The plethora of data obtained from the GC-MS fingerprints was reduced by 

modeling the data by a multivariate model based on one latent variable. As graphically 

shown (score plots) in Figure 33, this one latent variable was clearly defined by those 

original variables experiencing a clear effect of shelf-life: by definition of this latent 

variable, the 6 different classes were separated. 
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Figure 33: Score plots based on the PLS-DA analysis of the headspace GC-MS fingerprints of (a) 

untreated and (b) heat, (c) HP and (d) PEF pasteurization intensities on the volatilizable fraction of 

orange juice as a function of shelf-life (0 (▼)-1 (●)-2 (■)-9 (□)-20 (◊)-28 (▲)-58 (♦) days at 4 °C). 

 

In contrast to the comparison of treatment impact per shelf-life day (section 5.2.1.1), 

where VIP scores were used to select variables that were important for a specific class, 

in this section, it was aimed to determine compounds that had an important 

contribution to the definition of this latent variable, in other words, which changed a lot 

during storage. For that purpose, as discussed in section 5.1.6, loadings were calculated 

and plotted, for the most important twenty compounds that increased (positive loading) 

and twenty compounds that decreased (negative loading) during the shelf-life for a 

specific treatment condition for, as a tool to rank the different volatilizable components 

in order of importance of susceptibility to shelf-life (Figure 34).  
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Figure 34: Loading plots based on the PLS-DA analysis of the headspace GC-MS fingerprints for the 

10 most important compounds that increased (positive loading) and decreased (negative loading) 

during the shelf-life for a specific treatment condition: (a) untreated, and (b) heat, (c) HP and (d) 

PEF pasteurized orange juice. 
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5.2.2.2   Selection of potential markers 

As a criterium to select potential markers for shelf-life, for each treatment condition, the 

five components with the highest negative loading (representing compounds which are 

being degraded during shelf-life) and the five components with the highest positive 

loading (representing compounds which are being formed during shelf-life) were 

plotted individually and identified by comparison of their mass spectrum with the mass 

spectral database (section 5.1.6). However, due to the phenomenon of fiber degradation 

(section 4.2.2.2), it was not possible to compare the evolution of a specific compound, 

during the shelf-life, in the untreated and treated orange juices directly based on the 

total peak area. To by-pass this bottleneck, the relative total peak area (relative to the 

untreated) was calculated and plotted as a function of shelf-life for compounds degraded 

(Figure 35) and formed (Figure 36) during shelf-life.  

 

In general, volatilizable compounds which were degraded during shelf-life (Figure 35), 

can be subdivided into two categories: aldehydes and hydrocarbons. Nonanal (16.77 

min), decanal (19.38 min), cis-citral (21.60 min) and citral (22.60 min) are aldehydes 

and 1,1-isopropyl-4-methylbicyclo(3,1,0)hex-2-ene (10.21 min), β-pinene or β-myrcene 

(12.62 min), α-pinene (13.27 min) and 3-carene (20.83 min) are hydrocarbons.  

As can be seen from Figure 35, the decrease of aldehydes seemed to be more 

pronounced in the untreated orange juices compared to the treated samples. Based on 

information from literature (Ayhan et al., 2002), this phenomenon can be attributed to: 

(i) the reaction of aldehydes with free amino acids such as lysine resulting in a non-

enzymatic browning; (ii) the reaction of aldehyde compounds with the –OH groups such 

as linalool to form hemiacetals and acetal compounds; (iii) acid catalyzed hydrolysis of 

aldehydes to alcohols. Besides, the loss of hydrocarbon compounds during storage was 

not clearly different among different treatments and the degradation was postulated to 

be due to oxidation, hydrolysis and acid-catalyzed reactions, which convert these 

compounds to alcohols as described by Ayhan et al. 2002. 

In addition, as discussed in section 5.2.1.3, the decrease in both aldehydes and 

hydrocarbons could also possibly be due to reactions related to microbial and enzymatic 

activity.  
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Figure 35: Potential markers for shelf-life selected based on study of five components with the 

highest negative loading: degradation of orange juice volatilizable compounds as a function of 

shelf-life in the untreated () and heat (■), HP (▲) and PEF (Χ) treated orange juices. 
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In general, volatilizable compounds which were formed during shelf-life (Figure 36) can 

be subdivided into three categories: alcohols, hydrocarbons and ketones. 1-octanol 

(15.56 min), 1-nonanol (19.15 min) and terpinen-4-ol (19.38 min) are alcohols, γ-

terpinene (15.18 min), terpinolene (16.21 min), γ-selinene (29.43 min), valencene (29.2 

min), α-panasinsen (30.46 min) and δ-cadinene (30.60 min) are hydrocarbons and 6-

methyl-5-hepten-2-one (12.42 min) is a ketone.  

It was observed that the quantity of 1-octanol and 1-nonanol seemed to increase in the 

untreated orange juice in contrast to the heat, HP and PEF treated orange juices. As 

discussed in section 5.2.1.3, it was postulated that fermentation that is induced by 

spoilage microorganisms could be the reason for the observed increase (Baxter et al., 

2005). However, the quantity of the third alcohol (terpinen-4-ol) seemed to increase in 

both treated and untreated orange juices. Based on information from literature (Ayhan 

et al., 2002), this phenomenon can be attributed to: (i) degradation of limonene, since 

terpinen-4-ol is one of the degradation products of limonene; (ii) acid-hydrolysis of 

esters (e.g. ethyl butyrate) and aldehydes (e.g. octanal and nonanal). 

The formation of hydrocarbons, such as γ-selinene, valencene, α-panasinsen and δ-

cadinene, seemed to be more pronounced in the PEF treated orange juices compared to 

the other samples. As discussed in section 2.3, these non-polar volatilizable compounds 

are present in the pulp and it is possible that due to the permeabilization effect of PEF, 

these compounds were released more extensively into the serum (Sampedro et al., 

2009b). γ-terpinene and terpinolene are postulated to be degradation products of 

limonene. However, there is a need for further studies to investigate the origin of these 

compounds and to test the effect of processing on their reaction pathway. 

It was observed that the only ketone volatilizable compound, 6-methlyl-5-hepten-2-one, 

seemed to be formed in the untreated orange juice and only after 20 storage days. As 

discussed in section 5.2.1.3, this could be a compound formed due to reactions related to 

microbial activity.  
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Figure 36: Potential markers for shelf-life selected based on study of five components with the 

highest positive loading: formation of orange juice volatilizable compounds as a function of shelf-

life in the untreated () and heat (■), HP (▲) and PEF (Χ) treated orange juices. 

 

5.2.3   Conclusion 

In Chapter 5, the potential of the SPME GC-MS fingerprinting method, developed in Chapter 

4, to compare the impact of heat, HP and PEF pasteurization intensities on the volatilizable 

fraction of orange juice was evaluated.  

In order to manage with the observed phenomenon of fiber degradation, the samples were 

analyzed twice (two sample sets) and were randomized as a function of  

(i) treatment per shelf-life day and (ii) shelf-life per treatment condition. For the analysis of 

these two sample sets, two new fibers were used, which resulted in two data sets. Based on 

these two data sets, three comparative analyses were investigated using partial least 

squares-discriminant analysis.  

 

First, treatment impact comparison per shelf-life day was performed. Bi-plots were used to 

study the classification/grouping of treatment conditions, per shelf-life day, using two latent 

variables. Next, as a tool to rank the different volatilizable components in order of 

importance for classification/grouping of the treatment conditions, variable importance in 

projection (VIP) scores were calculated and plotted. Following that, selection of potential 

markers for particular treatment conditions was performed using two criterias: (i) from the 

ten components with the highest VIP scores; (ii) these compounds for which the relative 

difference, in the total peak area, between class under consideration and other classes was 

larger than 20 % were selected and identified. 
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In general, based on this comparative study, three observations can be distinguished:  

(i) the volatilizable fraction of untreated orange juice seemed to be different from the 

treated juices; (ii) immediately after processing (day 1), different treatment conditions 

could be classified separately; (iii) at the end of the shelf-life (day 28), heat and HP 

pasteurization seemed to impose a comparable impact on the volatilizable fraction of orange 

juice and those impacts seemed to become more and more different from the impacts of a 

PEF treatment, which volatilizable compounds seemed to show more similarities with the 

untreated samples. It was postulated that the observed phenomenon can be due to 

enzymatic activities affecting the volatilizable fraction of orange juice during storage. There 

is a need for further studies to investigate the origin of the selected potential markers and to 

test the effect of processing on their reaction pathway. 

 

The second comparative analysis was treatment impact comparison neglecting the 

information on shelf-life. This comparative analysis revealed the presence of clear 

similarities of volatilizable compounds of untreated and heat, HP and PEF treated orange 

juices over the shelf-life. On the one hand, this observation could be an important starting 

point for the appraisal of substantial equivalence between orange juices pasteurized by heat 

and novel, such as HP and PEF, processing technologies, which is interesting for both 

legislators and industries. On the other hand, it rises questions as ‘’what is the benefit of 

processing with these novel processing technologies if no clear difference was observed?’’. 

 

The third comparative study was performed with the aim of obtaining insight to the 

evolution of volatilizable compounds as a function of shelf-life for each treatment condition. 

A good classification as a function of shelf-life was obtained with the definition of one latent 

variable. With the interest of determining compounds, which are important to the definition 

of this latent variable, loadings were calculated, ranked and plotted. To select potential 

markers for shelf-life, for each treatment condition, the five components with the highest 

positive loading (representing compounds which are being formed during shelf-life) and the 

five components with the highest negative loadings (representing compounds which are 

being degraded during shelf-life) were plotted, based on the total peak area, individually and 

identified. This comparative analysis showed a clear effect of shelf-life in both treated and 

untreated orange juices. Thus, in order to appropriately compare treatment impact between 

different processing technologies, the effect of shelf-life should be taken into consideration.
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GENERAL CONCLUSION 

In this thesis work, as a case-study, orange juice was selected. This is because that  

(i) due to its significant amount of health-related compounds and its delicate flavour, orange 

juice is the most popular fruit juice in the world; (ii) due to its pumpable behavior, this 

product can be processed with the three selected processing technologies (heat, HP and PEF 

pasteurization).  

With the aim of obtaining insight in the beneficial/different effect of novel food processing 

technologies, such as HP and PEF, compared to conventional thermal treatments, the 

process impact on the orange juice quality was compared based on microbially equivalent 

(5-Log inactivation of Escherichia coli O157:H7) pasteurization conditions. The pasteurized 

and untreated orange juices were subjected to a shelf-life study of 58 days at 4 °C.  

To obtain an overall impression in the beneficial/different effects of these novel and 

conventional treatments on different process-induced reactions, a non-targeted analysis on 

different food fractions (e.g. volatilizable fraction, liquid fraction) was essential. For that 

purpose, in this work, a headspace SPME/GC-MS fingerprinting method was developed and 

its potential was evaluated for treatment impact comparison and for the study of the effect 

of shelf-life on the volatilizable fraction of untreated and orange juices pasteurized by heat, 

HP and PEF processing technologies. 

The resulting SPME/GC-MS fingerprints were used to (i) compare treatment impact per 

shelf-life day; (ii) compare treatment impact neglecting the information on shelf-life;  

(iii) study the effect of shelf-life day per treatment condition using multivariate data analysis 

(PLS-DA). The degree of classification/grouping was graphically verified with a bi-plot or 

score plots. By calculating and plotting VIP scores and loadings, it was tried to select the 

potential markers for each treatment per shelf-life day and effect of shelf-life per treatment 

condition, respectively. Based on these comparative analyses, the following conclusions 

were drawn. When the treatment impacts were compared per each shelf-life day: (i) 

immediately after processing (day 1), different treatment conditions could be classified 

separately (ii) at the end of the shelf-life (day 28), heat and HP pasteurization seemed to 

impose a comparable impact on the volatilizable fraction of orange juice and those impacts 

seemed to become more and more different from the impacts of a PEF treatment, which 

volatilizable compounds seemed to show more similarities with the untreated samples. 

However, when the treatment impacts were compared neglecting the information on shelf-

life, clear similarities of volatilizable compounds of untreated and heat, HP and PEF treated 

orange juices were observed. Studying the effect of shelf-life per treatment, a clear effect of 
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shelf-life in both treated and untreated orange juice was observed. Concluding, it is possible 

that some volatilizable compounds that were formed immediately after PEF, HP or heat 

treatment could decrease throughout the shelf-life and other compounds which were at low 

quantity at the beginning of the shelf-life might increase during storage. For that purpose, 

and based on the observations, it can be postulated that whenever a statement on the 

beneficial/different impact of processing on a food product is made, it should not be 

forgotten to compare the products over the legally accepted shelf-life. 

 
The observations obtained from this thesis work could be a good starting point for the 

appraisal of substantial equivalence between orange juices pasteurized by heat and novel, 

such as HP and PEF, processing technologies. In that context, following selection of the 

potential markers, identification and quantification of these compounds obtained by 

profiling can be a further step. After identification and quantification of specific compounds, 

the next logical step from legal point of view (appraisal of substantial equivalence of novel 

foods) could be characterizing these volatilizable compounds regarding their nutritional 

value, metabolism and level of undesirable substances (i.e. toxicity).  

In addition, it is essential to investigate the reaction pathway of these volatilizable 

compounds, which are differently affected by different processing technologies. Finally, with 

the aim of increasing insight in the way process parameters control particular process-

induced reactions responsible for the formation/degradation of these volatile compounds 

during processing and/or storage, a detailed kinetic study might be indispensable.  

 
In this study, due to the logistic and practical reasons, the treatment conditions were 

performed only once. However, ideally, impact comparison among different technologies 

should be performed based on a replication of the selected treatment conditions. For that 

reason, it is difficult to categorize the differences detected in this thesis in a real 

quantitative, statistically correct way.  

 
As discussed above, the treatment impact of HP and PEF processing technologies, in 

comparison to conventional thermal processing, was studied only on the volatilizable 

fraction of orange juice. In future, in order to have further insight to the beneficial aspects of 

these novel processing technologies, it is interesting to investigate the impact on other food 

fractions of the same matrix or in different matrices. In the latter case, a matrix containing 

compounds, which are sensitive to the conventional thermal processing, could be 

interesting.
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