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ABSTRACT 

 
 

Apple puree is one of the most popular fruit-based products processed from fresh 

apples. The physicochemical attributes of apple puree are mainly affected by the 

processing operation. High pressure homogenization (HPH) is an innovative non-thermal 

technology that can be applied to puree production to make smoother, drinkable foods, 

and was selected for the present study. Multiple pressures and passes of HPH treatment 

were utilized, and the effect of preheating prior to HPH was evaluated to 

comprehensively assess the effect on the final product. The present study aimed to 

evaluate the effect of HPH on the physicochemical properties of minimally processed, 

refrigerated, Autumn Crisp apple puree including particle size distribution, color change, 

microstructure, syneresis, apparent viscosity, and dynamic rheological properties. High 

pressure processing (HPP) was applied to preserve final samples for refrigerated shelf-

life evaluation. The results were analyzed by one-way ANOVA and Tukey’s HSB test at 

a 95% confidence level.  

Thermal treatment prior to HPH increased viscosity and color changes over 

refrigerated storage time (15 weeks). In the final apple puree products, HPH process 

decreased the mean particle size from 285 µm to 12-98	µm depending on pressure and 

passes applied, resulting in significant changes on particle microstructure, lower viscosity 

and smoother consistency. The storage modulus (G’) and loss modulus (G’’) also 

declined in HPH puree samples, with G’ values an order of magnitude larger 

than G’’ values, indicating a weak gel character. The serum-holding capacity decreased 
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as applied pressure increased, resulting in higher serum separation by centrifugation from 

43% to 67%, suggesting that HPH negatively affected physical stability. Color changes 

were observed only at the highest applied HPH pressure of 207 MPa. 

The results from this study increase the understanding of how HPH affects the 

attributes of fruit purees, to facilitate the utilization of HPH technology in industrial fruit 

processing, with possible applications for production of drinkable purees.   
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CHAPTER 1 

 
INTRODUCTION 

 

Apple is one of the most common and well-accepted fruits. In the United States, 

apple has the second-largest fruit production with an annual harvest in 2018 of 4945.4 

thousand tons, which equals to the value of 3 billion dollars (USDA, 2019). The 

manufacturers produce value-added fresh and processed apple products due to the many 

advantages that preservation offers for distribution compared to raw apples. Processed 

apple products can be consumed in various settings because of their versatility, 

convenience, and extended shelf-life.  

Apple and Apple Puree 

In recent years, the consumer’s demand for foods containing dietary fiber has 

been continuously increasing due to its potential health benefits. Plant-based foods can be 

considered as one of the most important dietary fiber sources as the plant cell wall and 

cell membrane are mainly comprised of hemicellulose, cellulose and pectin (Redgwell & 

Fischer, 2005; Sun-Waterhouse, 2010). Besides dietary fiber, other functional 

components of fruits and vegetables are widely accepted as nutritive (Boyer & Liu, 

2004).  For instance, recent studies have indicated that the consumption of apple products 

could reduce the risks of several forms of cancer, cardiovascular diseases, and asthma; 

alleviate the symptoms of Alzheimer’s disease and diabetes; enhance the bone health and 

the protection of gastrointestinal system against drug damage (Hyson, 2011).  
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Autumn Crisp is an exceptional apple variety tested as NY674 and released by the 

New York State Agricultural Experiment Station. It is a hybrid variety of Golden 

Delicious and Monroe apples, with a crispy and juicy white flesh, and a yellow base skin 

color with red blush. Autumn Crisp is an excellent choice for eating fresh and processing 

due to its high vitamin C content, low polyphenol oxidase activity and polyphenol 

content (Lee & Smith, 1995) which result in a slower browning rate after slicing. Figure 

1.1 shows the lightness parameter of several sliced apple cultivars during refrigerated 

storage, which reflects the slowest browning tendency in Autumn Crisp apple (NY674) 

compared to other cultivars.  

 

Figure 1.1 Changes in lightness color value of six cultivars of apple slice (Delicious, 

Empire, Golden Delicious, Monroe, NY674, Rome) placed in unsealed polyethylene film 

bags during 12 storage days at 2 ℃ (Lee & Smith, 1995) 

  

Apple puree is one of the most popular value-added products processed from 

fresh apples. Apple puree is a plant food product in which soft insoluble particles 

composed of parenchyma cell or cell wall clusters are dispersed in an aqueous solution of 
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sugars, organic acids and pectic substances (Espinosa et al., 2011). Apple puree, in the 

form of applesauce, is widely consumed as baby food due to its unique texture and 

mouthfeel. Also, apple puree products are popular fitness meals as they can substitute 

high calorie foods. Traditional home-made apple puree is cooked at boiling temperature 

until it achieves an even texture and smooth consistency. The conventional method to 

industrially process apple puree involves the following main steps: peel and core apples; 

chop and precook apples at about 96 °C for 4-5 min; fill precooked apples into 

containers; close containers and pasteurize for 10-15 min in boiling water (Downing, 

1989). Alternatively, apples can be chopped and fed to a screened extractor to separate 

seeds and skins from the puree, followed by cooking, filling and pasteurization. However, 

the high temperature has many adverse effects on the aroma, taste, texture and nutritional 

compounds of the raw material. The novel non-thermal technologies are promising in 

apple puree production as they can preserve the physicochemical attributes and nutritive 

value of original apples.  

Thermal Treatment 

 It is well established that conventional thermal processing technologies, including 

blanching, pasteurization, and sterilization, are reliable solutions to ensure the safety and 

stability of fruit products during storage. Thermal processing applies heat to kill 

pathogenic and spoilage microorganisms, and to inactivate enzymes, therefore controlling 

spoilage and minimizing quality degradation of food products during storage (Saravacos 

& Kostaropoulos, 2010). However, the heat could induce textural changes, such as 

structure softening. During the thermal processing of fruit products, pectin undergoes 
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depolymerization reactions which result in texture deterioration (Buren, 1979; Sila et al., 

2006). Moreover, the heat applied during thermal treatment can weaken the linkage of 

cell walls and promote the β-elimination of pectin, which results in the disintegration of 

cell walls (Karim et al., 2018).  

The undesirable effects of thermal processing in foods also include the loses of 

some nutritive components and changes in sensory attributes. The heat treatment could 

result in less protection of bioactive compounds through three steps: breaking the cell 

clusters; disrupting the cell structures and releasing the nutritive components; destroying 

the linkage among nutritive compounds and other cell tissues (Aguilera, 2005; Sensoy, 

2014). Non-thermal processing technologies such as HPH are currently being evaluated 

as practical alternatives to thermal processing in the fruit industry, to retain more 

bioactive compounds and fresher attributes. 

High Pressure Homogenization  

 For many years, the food industry has utilized mostly thermal processing 

technologies such as pasteurization to kill pathogenic and spoilage microorganisms to 

preserve foods (Joubran et al., 2019). However, the drawbacks of using these thermal 

technologies cannot be ignored. The heating process would cause several undesirable 

effects on physicochemical, textural, nutritional, and organoleptic characteristics (Gómez, 

Welti, & Alzamora, 2011). To avoid or minimize these negative changes, innovative 

processing technologies such as high hydrostatic processing (HHP) (Liu et al., 2014), 

pulsed electric fields (PEF) (Guo et al., 2013), ultraviolet light (Koutchma, 2009) and 

high pressure homogenization (HPH) (Patrignani et al., 2009), have been proposed as 
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alternatives to thermal processing methods. In recent decades, HPH processing has been 

utilized to pasteurize food products, inactive enzymes, retain the nutritional qualities of 

foods, and homogenize the food materials (Betoret et al., 2015).  

The design of the valve and valve geometry are core elements of an HPH unit. 

Homogenization valves or disruption systems are designed based on the high velocity of 

fluid passing through a narrow gap between the valve rod and seat (Martínez-

Monteagudo, Yan, & Balasubramaniam, 2016). In the present study, the Mini DeBEE 

high pressure homogenizer was used, that has a mixing system called the emulsifying cell 

(EC), where the micro mixing of the fluid takes place, and the emulsions and dispersions 

are formed. Fluid product is pumped through the nozzle by a high pressure intensifier 

which leads to a high velocity jet, and the product particle size is dramatically reduced as 

a result of continuous high shear stress and cavitation. Subsequently, the product enters 

into the absorption cell, creating a second high-velocity stream which flows in the 

opposite direction towards the original fluid jet coming from the nozzle. The mixing 

process is consequently completed, and a thoroughly homogenized product is obtained 

(Mini DeBEE, 2017).  

HPH processed products have more exposure to the public due to recent technical 

improvements on high pressure homogenizers and the increasing consumer’s acceptance 

of pressure processed foods. However, most HPH studies have focused on fluid products 

such as milk or wine because of the limitation of the relative tiny scale of the valve or 

nozzle used in the HPH unit (Gul et al., 2017; Comuzzo & Calligaris, 2019). Samples 

with large particles or even solid samples could be pretreated using a high shearing 
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homogenizer which reduces the particle size to a specified range that allows materials 

passing through the HPH unit (Joubran et al., 2019). Moreover, the asymptotic 

phenomenon between HPH treating pressure and final sample particle size distribution 

(PSD) were reported in previous studies (Silva et al., 2010; Sentandreu et al., 2011; Leite, 

Augusto, & Cristianini, 2014). The higher homogenization pressure could result in less 

pronounced effects on the sample PSD.   

Physical Properties of Fruit Purees 

 This research focused on fruit puree, one of the most popular consumed fruit 

products, and was investigated for its several physical properties to improve its overall 

quality. The characteristic properties measured in previous quality-related studies of fruit 

products included rheology, color change, particle size distribution, and microstructure. 

The rheological properties of puree are associated with its physical stability and the 

mouthfeel perceived by consumers. Moreover, it is essential to evaluate color changes of 

products because of its role in the evaluation of food product quality. In addition, particle 

size distribution and microstructure largely influence rheological values. Herein, these 

relevant properties of fruit puree are crucial for the improvement and optimization of 

puree products. 

Rheological Properties   

Rheology is defined as the study of deformation extent and flow behaviors of 

liquid or “soft solid” matter, and due to the biological nature of food, plenty of studies 

about food rheology have been reported (Rao, 2007). Rheological characteristics, 
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including apparent viscosity, yield stress, and consistency index of food materials, could 

be considered as practical analytical tools to describe the structural properties of foods 

(Ahmed & Ramaswamy, 2007).  

It is noteworthy to mention that research on food rheology plays an important role 

in developing and optimizing high-quality products. Fruit-based suspensions, such as 

juices or purees, are ideal models for extensive rheological studies as these food products 

share a large market of the food industry. To date, consumers eat and drink not only to 

obtain energy and essential nutrients but also to have enjoyment (Chen, 2009), which 

partially originates from the perception of food texture, the resultant of structural, 

mechanical and surface properties of foods (Szczesniak, 2002). Apparently, the texture is 

directly related to the rheological characteristics of liquid or semi-solid foods. Thus, 

rheology has been considered as a practical approach to evaluate the quality of fluid or 

semi-solid fruit products. 

The substantial development in the field of rheology is due to extensive studies 

that have been completed on synthetic polymers and their solutions in different solvents, 

while the food rheology also plays an important role because of the biological nature of 

food (Rao, 2007). For the rheology of non-food materials, studies mainly focused on 

rheological properties of suspensions consisted of spherical and/or rod-like particles 

(Larson, 1999; Mewis & Wagner, 2013). However, the rheology of a food system seems 

to be more complex because of the irregular and deformable characteristics of particles 

from assorted cellular materials (Moelants et al., 2011). Furthermore, the rheological 

study of a food suspension is even more complicated as a result of interactions between 
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the suspended particles and the continuous cytosolic phase (Errington Tucker, & Mitchell 

1998). Fruit puree can be considered as a complex material consisting of soft and 

deformable insoluble particles (pulp) dispersed in a liquid media (serum) of sugars, 

organic acids, and pectic substances (Cepedaand & Gomez, 2002; Rao, 2007). 

A steady-shear test can be performed to determine the flow and processing 

behaviors which constitute the major parts of the rheological evaluation of food 

suspensions. In general, fruit and vegetable purees are shear-thinning (pseudoplastic) 

fluids and exhibit yield stress (Rao, 1977). It is necessary to utilize a mathematic model 

to interpret the rheology data. The Power Law model showed the mathematic relationship 

between shear stress and shear rate:  

																																												& = ()̇!                                 Equation 1.1 

where & (Pa) is shear stress, K (Pa +!) is consistency index, )̇ is shear rate (+"#), 

and n is the dimensionless flow behavior index.  

The calculated n value based on the & - )̇ curve indicates the flow behavior of 

samples. If n=1, the fluid obeys Newton’s Law; if n>1, the fluid is dilatant, while the 

fluid is pseudoplastic if 0<n<1. However, if the food has finite yield stress, the Herschel-

Bulkley model, which includes the yield stress part, could be introduced to interpret the 

rheology data (Nindo et al., 2005):  

																																																					& = &$ + (%)̇!!                         Equation 1.2 

where & (Pa) is shear stress, &$ (Pa) is yield stress, (% ( -. ∙ +!!) is consistency 

index, )̇ is shear rate (+"#), and 0% is a dimensionless flow behavior index.  
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The yield stress can be determined experimentally, graphically, or calculated by a 

mathematic model (Nindo et al., 2007). In addition, the Herschel-Bulkley model is 

widely applied to analyze various plant-based suspensions such as apple puree (Espinosa-

Muñoz et al., 2013), tart cherry puree (Lukhmana et al., 2018), and apricot puree (Duran 

& Costell, 1982).  

Even though the steady flow curve is valuable to describe the rheological 

behavior of suspensions, the viscoelastic characteristics are included to provide the 

overall information on rheological properties (Augusto, Ibarz, & Cristianini, 2013). The 

research interest in rheology shifted from normal stress measurements to dynamic 

frequency-dependent measurements since late 1950s (Rao, 2007). Small amplitude 

oscillatory shear (SAOS), also called the dynamic rheological experiment, can be utilized 

to determine the viscoelastic properties of food materials (Rao, 2007). The storage 

modulus (G’) and loss modulus (G’’) were introduced to indicate the viscoelastic status 

of materials. The measurement of G’ represents the mechanical strength and the elastic 

property of tested sample, while G’’ value indicates liquid-like property and the viscous 

property of a sample (Yu et al., 2018). Recent studies have utilized frequency sweep tests 

to investigate the viscoelastic properties of plant-based products such as tomato puree and 

mango puree. (Tan & Kerr, 2015 ; Leverrier et al., 2016, Zhou et al., 2017).  

Particle Size Distribution 

Particle size distribution (PSD) has been applied to describe the pulp’s 

characteristics in juice or puree samples, which can correlate with rheological results of 

these food products. The rheological behaviors of fruit or vegetable products could be 
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influenced by many granular characteristics such as particle shape, particle size 

distribution, and composition of dispersed particles (Silva et al., 2010). According to 

previous studies on apple puree and tart cherry puree, the viscosity generally declined as 

particle size decreased (Espinosa et al., 2011; Luckhmana et al., 2018). Studies on the 

size modification of food samples considered the PSD as an important quality index in 

evaluating and developing food-based product (Zhu et al., 2019). 

Besides the particle size information, PSD analysis also includes the distribution 

of different size particles which respectively corresponds to each components of sample 

products. During the high pressure homogenization processing, the product mean particle 

size generally decreased as the homogenization pressure increased, which has been 

confirmed by studies of tomato juice (Augusto, Ibarz, & Cristianini 2012), pineapple pulp 

(Silva et al., 2010), and orange juice (Leite, Augusto, & Marcelo, 2014). The smaller and 

more uniform particle size were expected after high pressure homogenization (HPH) 

processing. As the HPH pressure elevated, the volumetric percentage of small tomato 

pulp particles increased, and the pulp PSD peak became narrower, implying an improved 

uniformity as a result of HPH treatment (Colle et al., 2010). In addition, studies on 

different food materials indicated contradictory PSD patterns after HPH treatment. Most 

researches present a monomodal size distribution diagram of HPH treated sample, while 

trials on strawberry nectar (Joubran et al., 2019) and carrot emulsion (Lopez-Sanchez et 

al., 2010) showed a bi-modal distribution after HPH treatment. Thus, the contradictory 

results indicated that the PSD of HPH treated samples was influenced by food varieties 

and processing parameters.  
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The particle size of a suspension could be considered as an important approach to 

evaluate the suspension stability and sedimentation (Karacam, Sahin & Oztop 2015). The 

stability of food products is an important attribute for new product development and 

commercialization. Small particles have been identified as main contributors for juice 

cloudiness (Genovese & Lozano, 2000; Mizrahi & Berk, 1970) and are much harder to 

precipitate than the original large pulp particles. Stoke law (Eq. 1.3) describes the 

sedimentation velocity of spheres as a function of suspended particles and fluid 

characteristics: 

																																															1 = 2&'3 4(
& )*""*+

, 	                              Equation 1.3 

where 1 is the terminal velocity, 5 is the density of fluid, 5( is the density of 

particle,  4( is radius of particle, and 6 is the sample viscosity. 

According to equation 1.3, the sedimentation velocity is proportional to the 

particle size and density, and inversely proportional to the fluid viscosity. As a result, the 

reduction in particle size can enhance the stability of the plant-tissue-based suspension. 

Thus, the analysis of PSD is essential to understand the relationship between sample 

particles and rheological behavior. 

Color and Turbidity  

According to the U.S. Standard for Grade of Canned Applesauce (USDA, 2005), 

color is one of the crucial attributes to evaluate the food product quality. In the 

consumption scenario, color can deliver the first impression to customers, which 

influences their decision on choosing products. Previous studies have also shown that the 
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color of the product affects people’s perceptions on other attributes, such as aroma, taste, 

and flavor (Lawless & Heymann, 2010). Moreover, color measurements can be indicators 

of the stability and food quality during industrial food processing. Color results play an 

important role in quality control as unexpected color changes are visual indicators of 

quality deterioration in food.  

 Apple puree typically have a yellowish and light color, which reflects the 

freshness of the product. The color change of fresh-cut fruit during storage, especially 

apple, is mainly due to the enzymatic browning caused by the reaction of the polyphenol 

oxidase (PPO) with polyphenols if the apple flesh is cut and exposed to oxygen (Oktay et 

al., 1995). Controlling the enzymatic browning during processing is a vital step during 

fruit products processing. PPO catalyzes the oxidation of phenolic compounds with two 

o-dihydroxy groups to the corresponding o-quinone groups. The quinone groups are 

polymerized to form dark pigments causing the enzymatic browning in apples and their 

products (Lozano, Drudus-Biscarri, & Ibarz-Ribas, 1994). Besides PPO mediated 

oxidation, the peroxidases (POD) also participate in enzymatic browning of fruit after 

mechanical processing, to a lesser extend (Nicolas, 1994).  Nevertheless, POD could 

participate in the internal browning of apples during storage which is a much slower 

process compared to PPO induced browning (Nicolas, 1994).  

Turbidity (cloudiness) is another important appearance attribute of fruit beverage. 

It is defined as the degree of small suspended particles diverting the light from a straight 

path through the material and scattering light in different directions (Lawless & 

Heymann, 2010). Consumers usually expect characteristic features of each product 
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among a range of beverages. For instance, they will prefer clear products such as pulp-

free juice while expecting cloudiness in apple cider or puree products. Color and turbidity 

are closely associated with physical and chemical properties of food products during 

processing and storage, and they are significant factors that impact the acceptance of 

consumers.   

Microstructure 

 The microstructure of food materials can be defined as the interaction of food 

components resulting in a particular microscopically visible spatial partition (Verboven, 

Defraeye, & Nicolai, 2017). Food microstructure could also be considered as an indicator 

of physicochemical attributes of substances in the microstructural scale (Aguilera, 2005). 

The fine objects and structures, which are too small to be seen by eyes, have to be 

observed utilizing precise instruments. To date, light microscopy and scanning electron 

microscopy have been widely applied as practical approaches to investigate food 

microstructure. Advanced tomographic techniques, which are three-dimensional, were 

recently introduced to analyze the microstructure of food materials as they were able to 

reveal more comprehensive knowledge than two-dimensional images (Verboven, 

Defraeye, & Nicolai, 2017).  

The microstructural knowledge of apples and apple products will provide a better 

understanding of apple’s physical properties. The microstructure of plant-based materials 

can be illustrated as a combined configuration of parenchymatous cells and intercellular 

substances (Mebatsion et al., 2006). The constitution of a plant-based food is complex 

due to its defining characteristics such as heterogeneous, porous, and hygroscopic 
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(Verboven, Defraeye, & Nicolai, 2017). The apple cell is made up of the cell wall, cell 

membrane, cytoplasm, middle lamella, vacuole, and nucleus. Cellulose, pectin, and 

hemicellulose are the major constituents of the cell wall, which influence the 

microstructure and physical attributes of apple products. 

Food microstructure is significant in designing and developing healthier food 

products which have improved sensorial characteristics and longer shelf life (Kaufmann 

& Palzer, 2011). For a long time, water activity (.-) and glass transition temperature 

were accepted as the determining factors to evaluate the stability of foods (Rahman, 

2006; Fundo, Quintas & Silva, 2015). However, microstructural characteristics and 

molecular dynamics have been reported to be well correlated with the food quality and 

stability. The material surface microstructure was dependent on the food composition and 

processing conditions (Aguilera, 2005).  Moreover, the particle microstructure could 

reflect the rheological or mechanical properties of food products.  

 

This study aimed to obtain a better understanding of the effect of HPH on the 

physical attributes (particle size distribution, microstructure, syneresis, color) and 

rheological properties of apple puree at various HPH intensities, i.e. treating pressure and 

number of passes, to create a smoother, drinkable puree. The results from the current 

study could advance the utilization and knowledge of HPH technology for commercial 

fruit products processing.   
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CHAPTER 2 

 

EFFECT OF HIGH-PRESSURE HOMOGENIZATION AND THERMAL 

PRETREATMENT ON THE RHEOLOGICAL AND PHYSICAL ATTRIBUTES OF 

AUTUMN CRISP APPLE PUREE  

 

Abstract  

High pressure homogenization (HPH) is an emerging technology that has been 

broadly utilized in processing various foods. The objective of this work was to evaluate 

HPH to create smoother, drinkable apple puree by assessing the effects of HPH treatment 

at increasing pressures, ranging from 69 to 207 MPa for 1 to 3 treatment passes, on the 

particle size distribution, color, microstructure, syneresis, steady flow behavior, and 

viscoelastic rheological properties of Autumn Crisp apple puree, with and without 

thermal pre-treatment (82°C x 2 min). Changes over refrigerated storage for up to 15 

weeks were assessed on puree samples pasteurized with high pressure processing at 600 

MPa for 3 min. HPH process had significant effect on all attributes evaluated, with results 

varying based on applied pressure and number of passes. Thermal pre-treatment affected 

only color (lighter) and viscosity (higher) values. HPH process decreased the mean 

particle size from 285 µm to 12-98	µm, changing particle microstructure, lowering 

viscosity, and delivering a smoother consistency. The reduced particle size of puree 

samples led to an increment in syneresis extent, and a decline in the values of apparent 

viscosity, storage modulus (G’) and loss modulus (G’’). The values of G’ were an order 

of magnitude larger than G’’ values, indicating a weak gel character in the control and in 
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all HPH treated puree samples. Higher imposed pressure (207 MPa) resulted in lighter 

color compared to unheated control. Light microscopy observation confirmed particle 

size analyses showing smaller and more uniform particles. 

Introduction 

The Autumn Crisp (AC) apple (formerly NY-674), is a hybrid variety of Golden 

Delicious and Monroe apples, which was cultivated at the New York State Agricultural 

Experiment Station. The sweet-tart taste of AC apple makes it a popular variety for 

consumers. Moreover, they contain a high fraction of ascorbic acid and low polyphenol 

oxidase (PPO) content, which contribute to a slow browning tendency after slicing (Lee 

& Smith, 1995). Because of its unique sensory and chemical attributes, AC apple is ideal 

for producing ready-to-eat processed products such as apple puree. Apple puree is a 

value-added processed fruit product, and it is extensively consumed as side dish, baby 

food, and fitness meal. As it is made from fresh apples without discarding pulp or flesh, 

apple puree preserves nutritive components, particularly soluble and insoluble fibers, 

which exhibit a great potential for health benefits (Espinosa-Muñoz et al., 2013).  

High pressure homogenization (HPH), an innovative non-thermal technology, is a 

feasible option for processing plant-based products such as fruit puree. In a high pressure 

homogenizer unit, the fluid sample is pumped through a narrow gap of the high pressure 

intensifier which forms a high velocity flow. The fluid sample with high velocity is 

emulsified or homogenized in the mixing cell through combined physical effects 

including high pressure, shear stress, cavitation, turbulence, and impingement 
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(Balasubramaniam, Barbosa-Cánovas, & Lelieveld, 2016). These physical phenomena in 

the HPH unit could induce structural changes in microorganisms and food components.    

HPH is widely used to modify and improve the quality of fluid and semi-solid 

products. The initial conceptualization of HPH was to control the microbiological 

spoilage of liquid foods (Leite, Augusto, & Cristianini, 2014), as HPH treatment was 

considered a substitute for conventional thermal processing. However, Donsì et al. (2009) 

suggested that only an adequately high pressure level (>300 MPa) imposed by HPH 

showed microbial inactivation. According to Pathanibul et al. (2009), more than 5-log 

reduction of E. coli could be achieved with HPH pressures over 250 MPa, while 350 MPa 

was required for 5-log reduction of L. innocua in apple and carrot juices. Therefore, 

numerous recent studies have focused on improving product quality using HPH 

processing. HPH has been utilized to homogenize food materials, modify the 

microstructure, improve texture uniformity, inactive enzymes, and improve the 

nutritional quality of foods (Betoret et al., 2015; Tan & Kerr, 2015; Lukhmana, 2018; 

Kubo et al., 2013). Furthermore, HPH treatment was able to extract and retain higher 

antioxidant contents and total polyphenol levels in fresh-pressed pomegranate juice after 

processing compared to control juice (Benjamin & Gamrasni, 2020). Several studies have 

investigated the application of HPH to several fruit products such as apple juice (Saldo et 

al., 2009; Pathanibul et al., 2009; Suárez-Jacobo et al., 2011), mango juice (Guan et al., 

2016; Zhou et al., 2017), strawberry nectar (Joubran et al., 2019) and banana juice 

(Callligaris et al., 2012). To the best of our knowledge, there is little knowledge on the 

implementation of HPH on apple puree.  
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Rheological studies of fluid and semi-solid products play a crucial role in product 

development, which directly impacts the acceptance by consumers. From the engineering 

perspective, the most direct way to interpret the fluid rheological behavior is the steady 

flow study (Steffe, 1996). Viscoelastic properties are also determined to investigate the 

changes in product attributes during processing, storage and consumption (Augusto, 

Ibarz, & Cristianini, 2013). The rheological behavior of fruit or vegetable products could 

be influenced by many physicochemical characteristics such as particle shape, particle 

size, and composition of dispersed particles (Leite, Augusto, & Cristianini, 2014). In 

addition, rheology studies are useful to predict product stability, ingredients’ interactions, 

and sensory properties (Rao, 2005). Reported rheological results of various fruit 

suspensions after HPH treatment were not consistent, indicating that the effect of HPH 

processing is highly dependent on the food matrix (Zhou et al., 2017; Joubran et al., 

2019). 

The objective of the present research was to evaluate the effects of HPH treatment 

on apple puree production to create a smoother, drinkable puree. In this study, Autumn 

Crisp apples were pretreated using an extractor and high shearing mixer to obtain apple 

mash suitable for HPH processing. The apple mash was pre-treated by heating or left 

untreated, followed by homogenization using the HPH unit to prepare puree samples at 

increasing pressures, ranging from 69 to 207 MPa for 1 to 3 passes. The rheology, 

microstructure, particle size distribution, syneresis, and color change of puree samples 

were investigated. Results from the present study will advance the utilization of HPH 

technology in industrial fruit processing for the development of novel foods.   
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Material and Methods 

Materials 

Autumn Crisp (AC) apples were harvested in mid-September of 2019 from the 

New York State Agricultural Experiment Station (Geneva, NY) orchards. This variety 

was selected for its low browning potential. The apples were stored for a few days in a 

ventilated cold room at 3-4 ℃ until processed. 

 

Apple pre-processing  

 Apples were hand washed and fed into a CX5 Bertocchi extractor (Bertocchi 

SLR., Parma, Italy) to prepare apple mash and remove the skin and seeds. A five teeth 

cutting blade and a 0.6 mm pore-size screen were used to process whole apples at 2000 

rpm rotational speed. A 15-gal, scrapped surface, stainless steel vacuum kettle (Lee 

Industries, Philipsburg, PA) was utilized to remove the foam and air from apple mash at 

room temperature. Eighteen kilograms of apple mash were loaded into a 10-gal, stainless 

steel steam kettle (Orchard Equipment, Conway, MA), heated to 82 Cº for 2 min to 

inactivate enzymes (Downing, 1989) and immediately cooled in ice water until the 

temperature reached 20 ºC. Thirty kilograms of apple mash were weighed out without 

pasteurization. Both defoamed apple mash samples were sheared utilizing a high shearing 

mixer (100 LSK-1, Ross Mixing Inc, Hauppauge, NY) at 10,000 rpm for 10 min, which 

reduced the particle size sufficiently to pass through the high pressure homogenizer 

smoothly.  
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Figure 2.1 Flowchart of the preparation of the HPH treated (69 to 207 MPa, 1 to 3 passes) 

Autumn Crisp apple puree (with and without thermal pretreatment). 
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High pressure homogenization 

The pre-treated apple mash was processed using a high pressure homogenizer 

(DeBEE 45, BEE International Co., South Easton, MA) with a D8 nozzle (d = 0.20 mm) 

at 10, 20, and 30 × 10. psi (69, 138, and 207 MPa) respectively, equipped with a water 

cooling heat exchanger located after the emulsifying cell to maintain the product outlet 

temperature below 20°C. The apple mash sample was pumped into the intensifier, which 

raised the fluid pressure to the target value. Apple mash not preheated was treated at the 3 

specified pressures for 1, 2, and 3 passes. The temperature of the processed product was 

maintained at 10 ℃ using an ice water bath. Thermally treated apple mash was HPH at 

the 3 pressures for 1 pass, and at the middle pressure of 138 MPa for additional 2 and 3 

passes in order to assess the effect of preheating on the HPH process. A portion of treated 

puree sample (110 g) was collected after each HPH treatment cycle for scheduled 

analyses. Treated purees were hand filled into 4-oz PET bottles. Sample bottles were 

pressurized under 600 MPa for 3 min at 5 °C using a commercial 55 L, high pressure 

processing unit (Hiperbaric, Burgos, Spain) to inactive vegetative cells of pathogenic 

microorganisms and some spoilage microorganisms (Buerman, Worobo, & Padilla-

Zakour, 2020). Processed puree samples were stored in the refrigerator at 4 ℃ for the 15-

week shelf life study. Figure 2.1 shows the flowchart for the preparation of apple puree. 

 

Particle size analyses 

 The particle size distribution was measured by a light scattering particle size 

analyzer (Malvern Mastersizer 2000 with Hydro 2000s, Malvern instruments Ltd., 
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Westborough, MA). The sample was added into a stirring tank containing distilled water 

until the sample concentration reached 5% obscuration. Values of D[v, 0.1], D[v, 0.5] 

and D[v, 0.9] were determined, which were respectively identified as the diameter of 

10%, 50%, or 90% of particles that fell within the specific size range. Mean particle size 

was calculated by mean diameter based on volume (D[4,3]) according to equation (2.1) 

and surface area (D[3,2]) according to equation (2.2):  

																																																					:[4,3] = ∑ !#0#$#
∑ !#0#%#

                                    Equation 2.1 

																																																					:[3,2] = ∑ !#0#%#
∑ !#0#&#

                                    Equation 2.2 

where 01 is the number of particles of diameter A1. All analyses were performed in 

triplicate.  

 

Soluble Solids and Color measurement 

 The soluble solids content was measured in a Brix scale using a Leica Auto Abbe 

Refractometer (Leica Inc., Buffalo, NY), with values ranging from 14.2 to 14.7°Brix. The 

color of the puree was determined by the UltraScan VIS spectrophotometer (Hunter 

Associates Laboratory Inc., Reston, VA) equipped with D65/10° illuminant-observer 

combination, in reflectance mode. The spectrophotometer was calibrated using the black 

and white standards before measurement. The sample was poured into a 25 mL glass 

container for measurement. The color values (CIE L*a*b*) of puree samples were 

obtained from the EasyMatch QC Software (Hunter Associates Laboratory Inc., VA). 

The L*, a*, and b* values represent lightness, color green (-) to red (+) axes, and color 



 

29 

blue (-) to yellow (+) axes respectively. To evaluate the color change, the total color 

difference (∆E) was calculated according to equation (2.3).  

							∆C = [(E∗ − E$∗ )& + (.∗ − .$∗)& + (H∗ − H$∗)&)]#/&	          Equation 2.3 

where n denotes the different storage time (5, 10, 15 weeks); E$∗ , .$∗ , and H$∗ were the 

color values of fresh-made control samples.  

 

Determination of syneresis 

 The syneresis was measured by centrifugal force to assess the water holding 

capacity of the treated purees. Two centrifugal forces were used to determine to what 

extent syneresis is affect by the imposed force (Alvares & Canet, 2001). Ten grams 

(10.00 ±	0.02 g) of puree were weighed and transferred to a 15 mL centrifuge tube. The 

centrifuge tube was respectively centrifuged at 1000 g and 2500 g for 15 min at 20 ºC in 

a centrifuge (5810R, Eppendorf, USA). The supernatant was gently poured when the 

centrifugation was completed, and the weight of supernatant was recorded. Syneresis was 

calculated as the percentage of liquid supernatant weight per total weight of the sample. 

Each test was performed three times, and the average values with the standard error were 

calculated.  

 

Microscopy of apple puree samples 

 The puree samples with and without homogenization were observed under an 

optical microscope (DM IL LED, Leica Microsystem Inc., Morrisville, USA) with a 10× 

objective lens and a 10× eyepiece lens. The samples were directly observed on the glass 
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slide without staining nor dilution. The image of the sample was captured using a camera 

(DFC3000G, Leica Microsystem Inc., Morrisville, USA) and analyzed by the LAS X 

software (Leica Microsystem Inc., USA).  

 

Rheological measurements 

 The rheological behaviors of homogenized puree and control samples were 

determined using a hybrid stress-controlled rheometer (Model Discovery HR-3, TA 

Instrument, New Castle, DE) at 25.0 ± 0.1 ℃ in triplicate. The measurement was 

controlled and analyzed using the TRIOS Software (TA Instrument, New Castle, DE). 

Both steady flow measurement and oscillatory test were conducted using a 40 mm 

parallel plate geometry at a 1000 μm sample gap. A portion of the resultant puree sample 

(1.25 ± 0.20 mL) was loaded onto the plate and equilibrated at 25℃ for 30 s. The ideal 

sample measuring condition was that the open sample surface should be slightly bulged 

outward. Thus, additional samples were trimmed out at the gap of 1050 μm before 

measuring.  

For the steady flow measurement, the shear rate was varied from 0.1 to 100 s
-1

 

and the measurement was recorded for 5 points per decade. The oscillatory frequency 

sweep test was performed over the shear rate of 0.1 – 100 s
-1

 at the strain of 1%, which 

was within the linear viscoelastic region as determined from the strain sweep test. 
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Statistical analyses 

All experiments were performed in triplicate, and the results were expressed as 

average ± standard error. The samples treated at various pressure and passes were 

evaluated by one-way ANOVA and Tukey’s HSB test at a 95% confidence level using 

Prism 8 (GraphPad Software, San Diego, CA). The student’s t-test was used for pair-wise 

comparison between the means of each variable. The significant level was set at P ≤ 0.05. 

 

Results and Discussion 

The application of HPH at different pressures and passes had a significant effect 

on the physical attributes of apple puree, while the thermal pre-treatment prior to HPH 

only varied the results for color and viscosity. The results will be discussed by each 

physical attribute studied. 

 
Particle size analyses 

 

High pressure homogenization (HPH) treatment is able to mechanically subdivide 

the food substance particles into smaller ones through synergistic effects, including shear, 

turbulence, and cavitation (Walstra, 1993; Martínez-Monteagudo, Yan, & 

Balasubramaniam, 2016). The particle size analyses of control and homogenized apple 

puree with and without thermal treatment are shown in Table 2.1. There was no effect of 

preheating on particle size while the pressure and number of passes significantly affected 

the results. The particle size distribution (PSD) patterns of the control sample (Control) 

and samples with HPH treatment at 69, 138 and 207 MPa for 1 pass (69-1, 128-1 and  
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Table 2.1 Effect of HPH pressure (69-207 MPa) and pass numbers (1-3 passes) on the 

mean particle size (D[4,3], D[3,2]) and cumulative diameter (D[v,0.1], D[v,0.5], and 

D[v,0.9]) of Autumn Crisp apple puree. (T: sample with thermal pretreatment) 

Sample Pressure      
(MPa) 

Passes D [4,3]          
(μm) 

D [3,2]         
(μm) 

D [v, 0.1]         
(μm) 

D [v, 0.5]          
(μm) 

D [v, 0.9]           
(μm) 

Control  N/A 285.33 206.60 124.48 255.78 494.03 
69-1 69 1 97.62 69.83 38.06 84.87 174.69 
69-2  2 55.50 2.82 0.58 53.73 105.38 
69-3  3 38.79 0.54 0.14 38.18 85.53 
138-1 138 1 47.89 0.75 0.21 43.93 104.43 
138-2  2 27.17 0.43 0.13 24.15 67.48 
138-3  3 21.13 0.38 0.12 12.89 56.49 
207-1 207 1 31.91 0.41 0.12 26.41 80.10 
207-2  2 17.73 0.31 0.11 0.97 51.53 
207-3  3 12.42 0.28 0.10 0.37 40.53 
T-Control  N/A 348.28 224.72 129.55 307.05 634.38 
T-69-1 69 1 94.43 73.9 24.94 86.58 173.46 
T-138-1 138 1 48.45 0.64 0.18 43.91 109.59 
T-138-2  2 27.11 0.45 0.14 23.43 68.46 
T-138-3  3 20.79 0.40 0.13 15.84 57.15 
T-207-1 207 1 36.09 0.46 0.14 28.10 90.27 

 
 

207-1) are depicted in Figure 2.2A, in which 69-1 and Control samples presented the 

unimodal size distribution. The values of D[4,3], D[3,2], and D[v,0.5] of 69-1 and 

Control samples fell within a small range from 70 μm to 97 μm and from 207 μm to 285 

μm respectively, which confirmed the unimodal distribution in Figure 2.2A. This result 

agrees with previous HPH treated fruit studies, including apple juice (Leite, Augusto, & 

Cristianini, 2014), and tomato puree (Tan & Kerr, 2015). However, bimodal PSD 

patterns were observed in other HPH treated samples (69-2 to 207-3) at high imposed 

pressure intensity (Figure 2.2B), which indicated that both homogenization pressure and 

processing passes resulted in a significant particle size reduction in apple puree samples. 

Table 2.1 also showed that the mean particle diameter declined as the applied 

pressure increased. For instance, the D[4,3], D[3,2], and D[v, 0.5] of HPH treated  
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Figure 2.2 Effect of HPH pressure and passes on the particle size distribution of apple 

puree. A: Control and samples treated at HPH treatment from 69 to 207 MPa for 1 pass 

(69-1, 138-1, and 207-1); B: Samples treated at 207 MPa for 1-3 passes (207-1, 207-2, 

and 207-3); C: Samples treated at 138 MPa for 2 passes (138-2) and 207 MPa for 1 pass 

(207-1) 
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samples ranged from 0.4 to 97 μm which is much smaller than the values of control puree 

(207 – 285 μm). As shown in Figure 2.2A, the PSD pattern shifted to smaller diameter 

range as the treating pressure was raised, and the second peak emerged at the diameter 

range of 0.01 to 1 μm under the pressure of 138 MPa and 207 MPa. Compared to the 

control sample, the narrower PSD peak of HPH treated samples indicated that the 

particles in HPH treated puree were more uniform and homogeneous. Moreover, 69 MPa 

and 138 MPa of HPH treatment (69-1, 138-1) induced a more pronounced sized reduction 

effect than 207-1 samples, indicating an asymptotic behavior for the treatment at 

relatively high HPH pressure. 

The treatment passes also affected the PSD in a significant way, showing the 

analogous influences on puree samples as homogenization pressure. Figure 2.2B shows 

the further reduction of puree particle size with HPH treatment during subsequent second 

and third passes at 207 MPa. The volume of large particles (>10μm) decreased with more 

passes at the same pressure level, while the volume of the small particles (<4μm) 

increased. For the large particles (>10μm), the peak of PSD was shifted to smaller 

diameter span for all three passes. For small particles, the peak shifted to the left until 

reaching a specific range around 0.1μm to 0.2 μm during treatments, which indicated the 

minimum diameter range that the applied nozzle in HPH unit could reach. In addition, 

Figure 2.2C showed two treatment passes at a lower pressure (138-2) were able to 

achieve the similar PSD pattern as one pass at higher pressure (207-1).  

With the increase of pressure level and pass number, the volume of small particles 

increased from 18.56% (69-2) to 64.72% (207-3), which indicated that the number of  
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Table 2.2 Changes in mean (D[4,3], D[3,2]) and cumulative (D[v,0.1], D[v,0.5], and 

D[v,0.9]) diameter of Autumn Crisp apple puree treated by HPH from 69 to 207 MPa for 

1-3 passes during storage at 4℃	for 10 weeks. T- indicates samples pretreated with 

thermal processing. 

Sample Storage time 
（weeks） 

D [4,3]          
(μm) 

D [3,2]         
(μm) 

D [v, 0.1]         
(μm) 

D [v, 0.5]          
(μm) 

D [v, 0.9]           
(μm) 

Control 0 285.33 206.6 124.48 255.78 494.03 
 5 288.82 202.35 121.02 256.92 508.68 
 10 291.53 194.81 115.67 257.54 523.87 

69-1 0 97.62 69.83 38.06 84.87 174.69 
 5 98.65 70.56 38.57 85.87 176.16 
 10 97.65 69.90 38.17 85.01 174.47 

69-2 0 55.50 2.82 0.58 53.73 105.38 
 5 56.79 3.25 0.64 54.82 105.97 
 10 55.79 2.79 0.57 54.12 105.77 

69-3 0 38.79 0.54 0.14 38.18 85.53 
 5 42.02 0.64 0.17 41.78 88.67 
 10 37.84 0.49 0.13 37.00 85.09 

138-1 0 47.89 0.75 0.21 43.93 104.43 
 5 49.48 0.91 0.28 45.56 105.42 
 10 46.82 0.66 0.18 42.65 104.23 

138-2 0 27.17 0.43 0.13 24.15 67.48 
 5 26.52 0.41 0.12 24.13 65.61 
 10 26.47 0.40 0.12 23.23 66.32 

138-3 0 21.13 0.38 0.12 12.89 56.49 
 5 21.53 0.38 0.12 17.8 55.40 
 10 21.01 0.36 0.11 14.96 55.72 

207-1 0 31.91 0.41 0.12 26.41 80.10 
 5 32.67 0.43 0.12 27.77 80.71 
 10 31.09 0.37 0.11 24.97 79.28 

207-2 0 17.73 0.31 0.11 0.97 51.53 
 5 17.12 0.30 0.10 0.88 50.02 
 10 18.17 0.30 0.10 0.88 53.24 

207-3 0 12.42 0.28 0.10 0.37 40.53 
 5 14.85 0.28 0.10 0.60 45.21 
 10 14.71 0.27 0.10 0.56 45.81 

T-Control 0 348.28 224.72 129.55 307.05 634.38 
 5 345.25 223.25 129.85 305.39 629.03 
 10 346.25 223.17 129.09 304.82 631.02 

T-69-1 0 94.43 73.9 24.94 86.58 173.46 
 5 93.84 73.86 24.92 89.82 173.09 
 10 93.69 73.37 24.90 85.82 171.96 

T-138-1 0 48.45 0.64 0.18 43.91 109.59 
 5 49.10 0.70 0.20 44.55 109.97 
 10 46.36 0.54 0.15 41.08 107.66 

T-138-2 0 27.11 0.45 0.14 23.43 68.46 
 5 27.45 0.45 0.14 24.56 68.27 
 10 26.74 0.42 0.13 22.81 67.94 

T-138-3 0 20.79 0.40 0.13 15.84 57.15 
 5 22.94 0.42 0.13 18.54 58.99 
 10 22.02 0.39 0.13 17.24 58.01 

T-207-1 0 36.09 0.46 0.14 28.10 90.27 
 5 34.98 0.45 0.13 27.61 88.65 

  10 34.96 0.43 0.13 27.56 88.63 
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small particles exceeded large particles at high pressure treatment and more processing 

cycles (Table 2.1). Figure 2.2B showed that the volume of small particles (0.04 to 4 μm) 

in the 207-3 sample was larger than the one for the bigger particles (10 to 100 μm). Table 

2.1 also showed that values of D[v, 0.5], D[4,3], and D[3,2] of 207-3 sample equal 0.37 

μm, 12.4 μm, and 0.28 μm respectively, which confirmed that the value of D[4,3] was 

more influenced by the size change of large particles, whereas the D[3,2] value was more 

sensitive to small particles changes. For instance, as the volume of smaller particles 

surpasses 50%, the value of D[v,0.5] decreases from the large particle size range to the 

smaller range.  

The changes in the value of particle size parameters during refrigerated storage 

are shown in Table 2.2. There were no significant differences observed in samples during 

storage time, which indicated that the PSD of apple puree samples with thermal and HPH 

treatment, preserved by HPP, remained within a consistent range during storage. 

 

Color 
 

In order to evaluate the color change of apple puree, three color parameters (L*: 

lightness, a*: redness, b*: yellowness), and calculated total color change (△E) were 

determined in this study. The changes of color parameters during storage time are shown 

in Figure 2.3. To better interpret the color changes observed, the results of color 

parameter’s variations during storage (5-15 weeks) are presented in Figure 2.4. Visually, 

the main difference was due to the thermal pretreatment, resulting in noticeable lighter 

samples.  
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Figure 2.3 Effect of one pass of HPH pressure (69-207 MPa) on the total color change 

△E of thermally (T) and not thermally pretreated Autumn Crisp apple puree during 

storage for 15 weeks at 4℃ 
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According to Cserhalmi et al. (2006), the value of total color difference (△E) 

could be illustrated as not noticeable (0–0.5), slightly noticeable (0.5–1.5), noticeable 

(1.5–3.0), well visible (3.0–6.0) and obvious difference (6.0–12.0). This indicates that 

samples without thermal pretreatment presented a slightly noticeable (0.5-0.8) color 

difference over time, while thermally treated samples showed a noticeable difference 

(2.2-2.5) after refrigerated storage for 15 weeks (Figure 2.3).  

The thermal processed samples had a significant increase of △E value against 

storage time, whereas there were no significant differences of △E in non-thermally 

treated samples. As the thermal processing applied prior to HPH inactivated the 

polyphenol oxidase responsible for enzymatic browning of apple puree, the changes over 

time were most likely due to chemical and physical changes in the heated samples. For 

unheated purees, the △E values of control samples were significantly higher than HPH 

treated samples after storage for 15 weeks, which indicates that the HPH helps to 

stabilize the color of processed fruit products during storage. 

In Figure 2.4, the color parameters for thermally pretreated samples are shown as 

the average of the HPH treatment (and includes the control for a* and b*) because there 

were no significant differences based on processing conditions. Thermal pretreatment 

induced color changes which were indicated as higher L*, lower a* and b* values, 

meaning that samples with thermal pretreatment were lighter, with less redness and 

yellowness than non-thermally treated puree samples. This indicates that the heating 

process inactivated the enzymes responsible for color changes, as expected, based on the 

heat regime applied.  
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Figure 2.4 Effect of one pass of HPH pressure (69-207 MPa) on the color parameters (L*, 

a*, b*) of thermally (T) and not thermally pretreated Autumn Crisp apple puree during 

storage for 15 weeks at 4℃ 
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For HPH samples at 69 and 138 MPa without thermal pretreatment, the color 

values were similar to the control, with insignificant changes over time. The higher 

pressure of 207 MPa resulted in significant differences, rendering higher L* and lower a* 

and b* (Figure 2.4 A, B & C). The high HPH pressure might have partially inactivated 

browning enzymes resulting in a lighter colored puree. Similar color change results of 

high pressure treated apple juice and thermally treated apple juice were also observed by 

Yi et al. (2016). 

 

Syneresis 

The syneresis was determined to investigate the relationship between texture 

stability and HPH treatment in apple puree samples. Figure 2.5 shows the syneresis 

percentage of puree samples under the different intensity of HPH treatment with or 

without thermal processing. Control samples without HPH treatment showed a better 

water holding capacity to stabilize apple serum than processed samples. The syneresis 

test was conducted at 1,000g and 2,500g to evaluate the stability under increased 

separation force. Based on visual observations over storage time, it was concluded that 

the 2,500g test was not representative of the puree stability as all samples had less than 

20% serum separation after 10 weeks. Therefore, tables and figures showed the syneresis 

test at 1,000g unless otherwise noted. 

Following an increasing intensity of imposed pressures, a significant augment of 

syneresis percentage was detected in all HPH samples (Figure 2.5A), which indicated that 

the serum holding capacity of the hydrocolloid network declined in HPH treated puree  
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samples (Cropotova et al., 2016). The syneresis extent of non-thermal processed samples 

increased from 44% (Control) to 59% (69-1), 63% (138-1), and 67% (207-1) 

respectively. 

This outcome could be explained by the disruption of the apple cell structure 

induced by the HPH treatment. The control puree sample was mainly comprised of intact 

fruit cells with liquid serum inside, while the HPH disrupted the whole cell structure and 

released more liquid into the continuous phase of the suspension. Furthermore, according 

to the abovementioned PSD results, the small particles in HPH treated puree samples 

could easily move and coalesce during the centrifugation. In addition, there was no 

significant difference in the extent of syneresis among the heated and unheated groups at 

each applied pressure, which suggests that the thermal treatment did not have a 

significant impact on syneresis on apple puree samples in this study.  The extent of puree 

syneresis was influenced by HPH treatment at the pressure of 69 and 138 MPa for 

various passes (Figure 2.5B). The syneresis degree of samples (from 58.8% to 65.0%) 

with 207 MPa HPH treatment represent an insignificant change from 1 to 3 passes 

(66.8% to 68.5%). This result indicates that the HPH treating passes lead to more 

pronounced syneresis increments at lower pressures.  

As expected, when the syneresis test was conducted at higher rotating speed and 

centrifugal force, larger values were obtained (Figure 2.5C). The syneresis degree of 

control sample escalated from 44% to 62% at 2,500g centrifugation.   

During the storage period, the syneresis degree significantly decreased in HPH 

samples (Table 2.3). The syneresis degree of Control decreased from 44% to 34%, while 
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Figure 2.5 Syneresis extent of Autumn Crisp apple puree. (A): with and without thermal 

pretreatment control sample and HPH treated samples (69 MPa to 207 MPa, for 1 pass at 

1,000g); (B) HPH treated samples (69 MPa to 207 MPa) for 1-3 passes at 1,000g; (C) 

HPH treated samples (69 MPa to 207 MPa, for 1 pass) under the centrifugation speed of 

1,000g and 2,500g. 
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a smaller decline was apparent in HPH treated samples. The 69-1 showed a 7% decrease, 

and the other samples showed a 3-4% decrease during the 10-week storage. However, the 

syneresis values of thermally pretreated HPH samples were more stable than in samples 

without thermal pretreatment. There was only a 4% reduction in syneresis degree of T-

Control after ten-week storage, while no significant differences were observed in HPH 

treated samples (Table 2.4).  

 

Microstructure 

 The microstructure of apple puree was observed using an optical microscope to 

obtain a deeper understanding of the morphology and particle size of puree samples 

(Figure 2.6). The control samples (Control and T-Control) presented similar particle 

shape and size (Figure 2.6A & B). Similar results have been observed in apple juice 

(Leite, Augusto, & Cristianini, 2014), mango juice (Zhou et al., 2017), as well as 

strawberry nectar (Joubran et al., 2019).  

The original apple cell is composed of cell wall, cell membrane, cytoplasm, 

vacuole, and nucleus. The control samples contain almost intact single cells and 

membranes (Figure 2.6A). Significant differences of apple cell images could be observed 

during the increment of HPH pressure and passes (Figure 2.6C-N). With the ramping up 

of applied pressure and stronger mechanical stress, the particle size decreased, and the  

number of small particles or fragments increased, which mirrored the pattern in PSD 

analyses (Joubran et al., 2019). Moreover, the cell shape and fragments reflected more 

uniform dimensions at more HPH treating passes, which agreed with the findings in 
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Table 2.3 Changes in syneresis degree of Autumn Crisp apple puree treated by HPH (69, 138, 207 MPa) for 1 to 3 passes 
during storage at 4℃	for 10 weeks.  

Time  Syneresis degree (% w/w) 
(weeks) Control 69-1 69-2 69-3 138-1 138-2 138-3 207-1 207-2 207-3 

0 43.8±0.7eA 58.8±0.4dA 63.0±0.3abcA 65.0±0.3abA 63.1±0.3abA 69.0±0.1aA 69.7±0.1aA 66.8±0.4abA 68.4±0.1aA 68.5±0.7aA 

5 35.6±0.6eB 54.5±0.5dB 58.7±0.1cB 61.1±0.0cB 60.1±0.1cB 66.1±0.3aB 67.6±0.0aB 64.0±0.4abB 64.6±0.6abB 65.2±1.0aB 

10 34.0±1.3eBC 52.3±1.2dC 59.6±0.4cBC 61.7±0.3cBC 59.9±0.0cBC 65.1±0.5aBC 67.8±0.1aBC 63.6±0.4abBC 64.2±1.5abBC 65.0±0.4abBC 

Different lower case letters indicate significant differences (p<0.05) between different treatment and same storage days in the 
same row. Different upper case letters indicate significance differences (p<0.05) between the same treatment and different 
storage day in the same column. 
 
 
Table 2.4 Changes in syneresis degree of thermally (T) pretreated Autumn Crisp apple puree treated by HPH (69 MPa and 207 
MPa for 1 pass, 138 MPA for 1 to 3 passes) during storage at 4℃	for 10 weeks.  

Time Syneresis degree (%) 
(weeks) T-Control T-69-1 N/A N/A T-138-1 T-138-2 T-138-3 T-207-1 N/A N/A 

0 43.6±0.8dA 59.5±0.7cA N/A N/A 64.2±0.1abA 68.2±0.5aA 69.4±0.4aA 66.3±0.1abA N/A N/A 

5 37.9±0.5eC 56.8±0.2dB N/A N/A 62.9±1.1bcA 65.3±0.3bB 69.3±0.2aA 66.2±0.2bA N/A N/A 

10 40.2±0.7dB 60.1±0.1cA N/A N/A 64.1±0.2abA 68.2±0.1aA 68.6±0.2aA 65.9±0.3aA N/A N/A 

Different lower case letters indicate significant differences (p<0.05) between different treatment and same storage days in the 
same row. Different upper case letters indicate significance differences (p<0.05) between the same treatment and different 
storage day in the same column. 
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tomato puree (Tan & Kerr, 2015).  

Compared to the relatively intact cell in the control sample, the particle shape of 

69-1 sample was longer and more dispersive in one direction. Samples of 138-1 and 207-

1 contained small particles with rod shape. The D[v, 0.9] and D[v, 0.5] values of particles 

in the control sample were 494  and 256 μm, respectively, which means at least half of 

the particles were much larger than the diameter of the HPH nozzle. Thus, the shear force 

in the nozzle section led to particle size reduction during HPH processing at different 

pressures. In addition, the particle shape becomes more even in each direction as the 

processing passes increased. The cell wall disruption might be attributed to the physical 

interactions generated by HPH such as turbulence, shear, and cavitation (Santiago et al., 

2017) 

 

Rheological properties 

- Steady flow Behavior 

Figure 2.7 shows the viscosity of apple puree treated by HPH as a function of 

shear rate. The apparent viscosity of all puree samples decreased with increasing shear 

rate, which indicated the pseudoplastic (shear-thinning) behavior. According to previous 

studies of mango pulp (Liu et al., 2013) and cherry puree (Lukhmana et al., 2017), 

generally concentrated fruit juices and fruit purees are pseudoplastic materials. This non-  

Newtonian fluid character was observed due to the shearing effect and structure 

modification during the steady flow test (Steffe,1996).  
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Figure 2.6 Micrographs of thermal and not thermally treated Autumn Crisp apple puree 
with or without HPH treatment (A: control; B: thermal pretreated control; C-E: 69 MPa 
for 1-3 passes; F-H: 13 8MPa for 1-3 passes; I-K: 207 MPa for 1-3 passes; L: thermally 

pretreated at 69 MPa for 1 pass; M: thermally pretreated at 138 MPa for 1 pass; N: 
thermally pretreated at 207 MPa for 1 pass). The images were observed using an optical 

microscope at 100x. The scale bar was 250μm. 
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For the results of apparent viscosity, two opposite results were concluded from 

previous studies. First, the apparent viscosity decreased with the reduction of particle size 

(Tan & Kerr, 2015; Jourban et al., 2019), while other studies indicated an increasing 

trend of viscosity after HPH processing (Yu et al., 2018). The contradictory results could 

be due to different pressure levels applied during HPH processing. High HPH pressure 

level (> 100 MPa) could reduce the apparent viscosity due to the reduction of particle 

diameters and particle friction, otherwise the rising viscosity was observed as HPH 

pressure (< 100 MPa) ramped up. In the present study, the apparent viscosity after HPH, 

for both heated and unheated puree samples, decreased as the shear rate was raised. Such 

behavior may result from the smoother surface in smaller and more uniform particles of 

apple cells after HPH processing. The cell disruption increased the surface area of 

particles and changed the physical attributes of particles and serum (Augusto, Ibarz, & 

Cristianini, 2013). Leite, et al. (2013) suggested smaller and smoother particles in tomato 

juice after HPH treatment could influence the fluid rheological characteristics, leading to 

a minor resistance to flow compared to the clusters of cells in the control sample.  

The HPH treatment led to a substantial decrease on the apparent viscosity of 

puree samples. For example, a significant viscosity reduction (84%) could be observed on 

the puree sample treated at 69 MPa compared to the control (Figure 2.7A). However, a 

slight viscosity reduction was found if the imposed HPH pressure escalated from 69 MPa 

to 207 MPa. According to Figure 2.7B, the viscosity values also followed a decreased 

trend from one HPH pass to three HPH passes at the pressure of 69 MPa. However, at a  

 



 

48 

 

Figure 2.7 Steady flow behaviors of apple puree with 0 (Control) to 207 MPa HPH 
treatment for 1 pass (A); puree at 69 MPa HPH treatment for 1-3 passes (B); and not 

thermally and thermally pretreated puree with 0 (Control) to 69 MPa HPH treatment for 1 
pass. 
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higher pressure level (138 MPa and 207 MPa), minor viscosity differences on puree 

samples were found after 2 passes (data not shown). 

Thermal treated samples exhibited larger apparent viscosity values in comparison 

to the non-thermal treated samples (Figure 2.7C). According to a previous study, the heat 

processing of fruits promoted the solubilization and depolymerization of the pectic 

polymers resulting in texture softening (Waldron, Parker, & Smith, 2003). Figure 2.7C 

showed the steady flow behavior of control (Control and T-Control) and 69 MPa HPH 

treated samples (69-1 and T-69-1), thermally pretreated samples (T-Control and T-69-1) 

had higher apparent viscosity than non-thermally pretreated samples (Control and 69-1 

samples) before or after HPH treatment.  

Table 2.6 showed the changes in apparent viscosity at the shear rate of 25s-1 

(!!""#$!") for ten weeks of storage time. The !!""#$!" value of Control and 69-1 showed an 

increasing trend, while other samples showed a decreasing trend in !!""#$!"  value during 

storage.  

 

-Viscoelastic properties   
 

The viscoelastic results of apple puree samples during the small amplitude 

oscillatory tests were depicted in Figure 2.8. The change of storage modulus (G’) and loss 

modulus (G’’) varied with frequency, and the linear viscoelastic region was within the 

frequency of 10 rad/s for all samples. G’ represents the mechanical strength of gel or 

elasticity, and G’’ indicates the liquid-like property or viscous behaviors (Yu et al., 

2018).  
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In all apple puree samples, the storage modulus G’ values were an order of 

magnitude larger than the loss modulus G’’ values (Figure 2.8), which indicated that all 

puree samples were dominated by elastic behaviors rather than viscous ones, and puree 

samples could be defined as weak gels (Rao, 1999). The viscoelastic behavior of weak 

gel could be commonly found in fruit or vegetable based products with gel network 

structures such as apple puree and carrot-derived suspensions (Augusto, Ibarz, & 

Cristianini, 2013; Espinosa-Muñoz et al., 2013; Moelants et al., 2011). As for the control 

sample (Figure 2.8A), the G’ and G’’ values determined at relatively low frequency (1 

rad/s) were 582 and 85.9 Pa respectively, while the G’ and G’’ values of HPH processed 

samples ranged from 14.2 to 52.8 Pa and 1.5 to 6.0 Pa respectively. On the contrary, 

thermal-treated samples (Figure 2.8B) contained higher values of G’ and G’’, which 

indicated that both of the storage modulus (G’) and loss modulus (G’’) were improved by  

thermal pre-treatment. As samples with thermal and non-thermal treatments showed 

similar PSD results in the Particle Size Analyses part, the pectic solubilization and 

depolymerization during heat treatment could contribute to the different viscoelastic 

behaviors in thermally treated samples. Also, the heat treatment would generate more 

soluble fibers and low-molecular polysaccharides as a result of the cell wall 

polysaccharides depolymerization (Colin-Henrion et al., 2009).  

Both thermal and non-thermal treated samples showed the same tendency of the 

G’ and G’’ values change with the rising frequency. The G’ constantly increased with 

increasing frequency, while G’’ decreased at low frequency (< 1 rad/s) and increased 

above the frequency of 1 rad/s. In addition, HPH processing at various treating pressures  
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Figure 2.8 Effect of HPH treatment on the storage modulus (G’) and loss modulus (G’’) 

of Autumn Crisp apple puree with or without thermal pretreatment (A: puree from 
control to 207 MPa HPH treatment for 1 pass; B, thermally pretreated puree from control 
to 207 MPa HPH treatment for 1 pass; C-D: not thermally and thermally pretreated puree 

at 138 MPa HPH treatment for 1-3 passes; E-F: puree at 69 MPa and 207 MPa HPH 
treatment for 1-3 passes). 
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significantly decreased the values of G’ and G’’ compared to control samples (Figure 

2.8C-F), which indicated that the HPH treatment suppressed both elastic and viscous 

properties of apple puree. At the lower pressure (69MPa), the values of the G’ and G’’ 

reduced if the puree sample was treated at more HPH cycles. However, for the higher 

pressure such as 138 MPa and 207 MPa, there is no significant difference in G’ and G’’ 

values at more HPH treating passes. 

The values of tan(δ) which was defined as the ratio of loss to storage modulus 

(G’’/G’), were calculated at 1 rad/s frequency and included in Table 2.5. The tan(δ) value 

of control samples is 0.15, while the tan(δ) values of other processed samples ranged 

from 0.10 to 0.13. This result indicates that homogenized apple pulps have higher system 

entanglement density, which represents the high elastic nature (Yu et al., 2018). This 

finding agrees with the result that the apple puree samples were dominated by elastic 

property. However, even though the T-control and Control samples showed higher G’ 

values, the G’’ values of control samples were proportionally greater than G’ in all 

processed samples (Figure 2.8 A&B). Thus, the control sample is more viscous than 

elastic compared to other samples with HPH processing. 

During storage, the value of tan(δ) showed an increase for all treated samples 

except Control. For instance, the tan(δ) of 69-1 was increased from 0.11 to 0.15. This 

increasing trend indicated that samples after ten weeks of storage possess more viscous 

property than the fresh samples. 
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Table 2.5 Effect of pressure (69-207 MPa) and pass number (1-3 passes) of HPH 
treatment on the storage modulus (G’), loss modulus (G’’), and tan (") (G’’/G’) of 
Autumn Crisp apple puree. (T, sample with thermal pretreatment) 

Sample 
Pressure      
(MPa) 

Number  
passes 

G' at 1 
rad/s (Pa) 

G'' at 1 
rad/s (Pa) 

tan(δ) 

Control  N/A 582.1 85.9 0.15 
69-1 69 1 52.8 6.0 0.12 
69-2  2 20.5 2.4 0.12 
69-3  3 14.2 1.6 0.11 
138-1 138 1 34.1 3.7 0.11 
138-2  2 14.7 1.5 0.10 
138-3  3 15.1 1.5 0.10 
207-1 207 1 22.0 2.4 0.11 
207-2  2 15.2 1.6 0.11 
207-3  3 15.5 1.7 0.11 
T-Control  N/A 722.0 104.7 0.15 
T-69-1 69 1 103.4 16.8 0.13 
T-138-1 138 1 45.8 4.4 0.10 
T-138-2  2 22.9 2.2 0.10 
T-138-3  3 21.4 2.1 0.10 
T-207-1 207 1 29.3 2.9 0.10 
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Table 2.6 Changes in rheology properties (apparent viscosity at the shear rate of 25 s-1, 
G’ and G’’ at the shear frequency of 1 rad/s, and tan(δ)) of Autumn Crisp apple puree 
treated by HPH (69, 138 and 207 MPa, 1-3 passes) for 10-week storage at 4℃. 

 

Sample 
Storage time Apparent Viscosity G' at 1 G'' at 1 tan(δ) 

(weeks) at 25s-1 (mPa.s) rad/s (Pa) rad/s (Pa) G''/G' 
Control 0 837±30 582±58 86±14 0.15  

5 985±35 486±34 53.5±3.8 0.11  
10 978±65 442±76 49.9±9.1 0.11 

69-1 0 123±5 53±12 6.0±1.4 0.11  
5 112±3 46.4±2.0 7.0±0.5 0.15  
10 146±11 64±13 9.3±2.0 0.15 

69-2 0 79±2 20.5±6.6 2.4±0.8 0.12  
5 63±1 22.9±1.6 3.8±0.3 0.16  
10 62±1 32.6±1.1 5.4±0.3 0.17 

69-3 0 71±5 14.2±2.7 1.6±0.2 0.12  
5 52±2 22.6±5.5 3.5±0.7 0.16  
10 53±3 20.7±1.8 3.3±0.2 0.16 

138-1 0 100±4 34.1±4.4 3.7±0.4 0.11  
5 80±1 28.1±5.1 4.3±0.8 0.15  
10 73±2 29.4±3.7 4.4±0.5 0.15 

138-2 0 73±4 14.7±2.5 1.5±0.3 0.10  
5 56±1 12.5±1.2 1.7±0.2 0.13  
10 53±0 14.5±2.6 2.2±0.4 0.15 

138-3 0 74±4 15.1±2.1 1.5±0.2 0.10  
5 56±0 15.7±0.7 2.1±0.1 0.13  
10 52±2 13.2±0.9 1.8±0.1 0.14 

207-1 0 77±1 22.0±3.5 2.3±0.4 0.11  
5 75±2 19.0±4.9 2.4±0.8 0.12  
10 72±2 19.8±0.3 3.2±0.1 0.16 

207-2 0 84±0 15.2±3.0 1.6±0.4 0.11  
5 76±2 14.3±0.3 2.1±0.1 0.15  
10 74±6 10.4±0.9 1.6±0.1 0.15 

207-3 0 91±0 15.5±4.0 1.7±0.4 0.11  
5 82±0 13.0±1.8 1.8±0.3 0.14  
10 79±0 12.3±2.5 1.8±0.3 0.15 

T-Control 0 1076±16 722±84 105±16 0.14  
5 1128±38 537±41 93.4±8.1 0.17  
10 956±35 456±36 73.7±6.0 0.16 

T-69-1 0 169±7 103±167 11.4±1.5 0.11  
5 226±18 58±11 10.1±2.1 0.17  
10 171±12 51.2±9.2 7.9±1.4 0.15 

T-138-1 0 129±4 45.8±0.7 4.4±0.1 0.10  
5 97±3 33.7±7.3 5.1±1.2 0.15  
10 96±4 29.2±1.0 4.4±0.1 0.15 

T-138-2 0 91±2 22.9±2.8 2.2±0.3 0.10  
5 74±8 14.1±1.0 2.0±0.1 0.14  
10 72±1 14.4±0.3 2.1±0.1 0.14 

T-138-3 0 88±7 21.4±2.5 2.1±0.3 0.10  
5 74±3 11.7±2.2 1.6±0.3 0.13  
10 70±1 15.8±2.4 2.2±0.3 0.14 

T-207-1 0 101±10 29.3±2.5 2.9±0.3 0.10  
5 90±3 18.7±1.6 2.8±0.1 0.15 

  10 90±2 19.9±2.1 3.0±0.4 0.15 
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Conclusion 

The high pressure homogenization (HPH) treatment of apple puree at various 

pressure levels and repeated passes resulted in considerable reduction in particle size 

diameter and changes in size distribution pattern, confirmed by microscopy. HPH treated 

apple puree showed less shear thinning and lower viscosity and elasticity, which 

increased the potential for syneresis. Moreover, thermally treating the puree prior to HPH 

increased the viscosity but did not change the particle size, microstructure, or syneresis 

results. The color of puree also changed due to applied pressure, and the color values 

were more affected by higher pressure. Based on our results, apple puree products 

developed utilizing HPH treatment could be consumed as a novel beverage which 

possessed finer structure and smoother texture than traditional purees. Future studies will 

evaluate the changes in nutritional composition and consumer acceptability of the HPH 

apple puree produced under optimized processing conditions. 
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CHAPTER 3 
 

CONCLUSIONS AND FUTURE WORK 
 

Apple puree is a conventional product commonly processed by thermal 

technology, but the wheels of exploration and development in the food industry never 

stop. Researchers and scientists continue finding new technologies for food processing. 

High pressure homogenization is a promising innovative technology to modify the 

structure and quality of food substances. Compared to traditional homogenization 

technology, HPH has more efficient effects on particle size reduction and promotion of 

particle uniformity. In the industrial scenarios, the processing equipment determined the 

quality and character of a particular food. To the best of the author’s knowledge, HPH 

has not been widely utilized in the fruit industry yet. However, according to its unique 

assets, HPH becomes a potential option to process industrial fluid or semi-solid products 

such as fruit purees. 

The present study focused on changes in physical properties of apple puree treated 

by HPH, which could directly affect the final product quality.  However, to 

comprehensively understand the effect of HPH in the apple puree, additional chemical, 

biological, and nutritional properties should be considered in future studies. For instance, 

determining the relationship between the possible inactivation of microorganisms and 

HPH pressure/cycles could facilitate the industrialization of HPH, as it could solve the 

current challenge of HPH which does not guarantee the pasteurization of products. Under 

the right conditions, HPH could be considered as a pasteurization technology of lower 

energy consumption.  
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Moreover, with the increasing demand for healthy products, it is essential to 

assess the relationship between the processing and the preservation of health-beneficial 

components. The influence of HPH on total polyphenol content, vitamin content and 

antioxidant activity could be evaluated to figure out whether this process has the potential 

to improve the nutritive value of the novel purees compared to commercially available 

products. 

Furthermore, the changes in enzyme activity in fruit products treated by HPH 

could be determined to offer insights about the product color changes over time and 

rheological behavior. The polyphenol oxidase (PPO) enzyme is an important factor that 

influences the browning of apple, while pectin methylesterase (PME) activity can affect 

the final texture of fruit products. The combination of enzymatic activity and physical 

properties analyses could provide more informative results. 

Lastly, sensory analysis is also important to conduct as the HPH resulted in 

changes in color, microstructure, and rheological properties of apple puree in the present 

study. The changes of these attributes affect the perception and acceptance of consumers 

for the final products. Even though the results showed that particle size and rheological 

properties continuously changed with different imposed pressure and passes of HPH 

treatment, whether the consumer could perceive the difference between the samples with 

different treatment should be determined for optimizing the final products.  

 
 


