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Understanding the relationship between structure and functional properties in plant-cell-

wall-derived foods has become a growing interest to both academia and industry. Tomato is one 

of the most cultivated vegetable crops and mostly is consumed as processed products in the form 

of suspensions. Rheological properties of tomato product, a key functional attribute, depends on 

both the serum and particle phases of these products. Although recent studies have suggested that 

the particle phase is the dominant factor, the relationship between fundamental particle 

properties and the bulk rheology of the suspension is still unclear. This research systematically 

evaluated the contributions of soluble pectin and particle phase on the rheology of tomato 

suspensions, and identified that the particle structure and its physical properties are crucial in 

determining the rheology of such systems. Alteration of these properties either by processing 

conditions or by internal enzymatic activity could cause a significant change in the rheology of 

tomato products. 

The serum phase of the suspensions displayed a Newtonian behavior with a low viscosity 

(~0.1 mPa.s). The contribution of soluble pectin to the overall viscosity of the suspensions was 

found to have a little influence despite that reconstituted suspensions were prepared either with 

large pectin concentrations or with pectin having a high degree of methylation. However, the 

presence of pectin was important because its role on stabilization of the suspension systems by 

increasing the interaction between particles. When pectin concentration was low, wall slippage 
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during measurements was observed due to phase separation by using cone-plate geometry. A 

vane geometry was able to alleviate the slippage artifact and a good correlation (R
2
=0.91) was 

found between the empirical Bostwick consistometer method and fundamental measurements 

performed employing the vane geometry. Hence, the vane geometry was recommended in the 

viscosity measurements of cell-wall-derived suspensions.  

The particle structure and its physical properties, and the associated particle interaction 

controlled the rheological properties of the cell-wall-derived suspensions. Changes in the particle 

phase were achieved in this study by two means: external processing with various conditions and 

molecular biological modification by reduced pectin methylesterase (PME) activity. The effects 

of thermal breaking, and physical treatments such as ultrasound and high shear were employed at 

the laboratory scale. The concentration process to produce tomato paste from tomato juice at an 

industrial scale was also investigated. The focus was on effects that this process has on the 

properties of the particles and the rheology of the suspensions when they are reconstituted from 

the paste to juices. These diverse processing and modification conditions produced particles with 

various structures and strengths, and as a result caused significantly changes on the rheological 

properties of suspensions.  

Although both the ultrasound and high shear treatments reduced significantly the particle 

size of the treated tomato suspensions, the former led to an increase in their rheological 

properties whereas the latter caused a significant decrease. It could be explained by formation of 

particles with structural differences provoked by these two treatments. Ultrasound treated 

suspensions contained more intact particles, and with large strength, which was evaluated by a 

compression test on a limited number of particles. Conversely, high shear treated suspensions 

resulted in mostly ruptured particles that lost mechanical strength. The water-soluble pectin 
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(WSP) fraction increased after ultrasound and shear treatments. However, soluble pectin is not 

the direct cause for the changes in the suspension rheology; it is an indicator or consequence of 

the changes in particle properties.  

This research also explained the viscosity loss during the industrial tomato juice 

concentration process from the perspective of particle alterations. The particle phase was 

extensively modified as the concentration process reduced the particle volume and concentrated 

its mass into a smaller size. The original tomato juice had a relatively higher volume fraction and 

viscoelasticity than those of reconstituted juices from dilution of pastes to achieve the same 

soluble solids (
o
Brix). This resulted in original juices with higher consistency and viscosity. 

During dilution, paste particles cannot re-expand to the original shape and volume than those 

present in the original juice. Due to the fact that the concentrated solute present in pastes cannot 

be fully solubilized, more paste is necessary to achieve the viscosity of the original juice.  

In addition, tissue structure modification using molecular biology and via suppression of 

pectin methylesterase (PME) activity resulted in a closely packed cellular structure with smaller 

pore size when compared to the tissue of the original wild type tomato (OWT). An 85-90% 

reduction in PME activity significantly strengthened the microstructures of cell wall particles, 

and reduced serum separation, which improved tomato suspension rheological properties.  

The last part of this research investigated the flow behaviors of industrially processed 

hot-break (HB) and cold-break (CB) tomato suspensions under steady-state and dynamic 

oscillatory shear conditions. The HB suspensions exhibited considerably higher viscosity and 

viscoelastic properties than CB suspensions because their particles had a structure that was able 

to retain better water and higher mechanical strength. Both industrially processed samples 

exhibited temperature-dependent and time-dependent rheological behaviors. The consistency 
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coefficient (k) as a function of temperature could be modeled by an Arrhenius-like equation. The 

activation energy of the HB sample was higher than that of the CB sample, indicating a more 

integral structure resisting changes in temperatures. The thixotropic behavior of HB and CB 

suspensions was described by the Stretch Exponential equation. A characteristic time (
s
 ) used 

in the Stretch Exponential equation increased with temperature for the HB sample whereas it 

showed the opposite trend for the CB sample. These differences could be explained by 

differences in the particle structure and initial viscosity. Particle interactions showed great 

impact on the rheological properties. When particle concentration was low (solid % < 1.0%), 

both HB and CB samples almost had the same apparent viscosity due to a limited contact 

between particles. However, when the particle phase was high, the particle-particle contact 

significantly increased, and the HB sample demonstrated a considerably higher viscosity and 

viscoelasticity. Results indicated that the HB system has larger particle elasticity and stronger 

particle interaction than the CB system. Furthermore, the local Young’s modulus distributions of 

individual HB and CB particles investigated by Atomic Force Microscopy (AFM) were in good 

agreement with the bulk rheology data. It can be concluded that the differences in rheological 

properties of tomato products are originated from differences in their particle phases. 
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 INTRODUCTION CHAPTER 1.

1.1 Motivation and Objectives 

As one of the most cultivated vegetable crops worldwide, tomatoes had a global 

production of 170.8 million tons in 2014 and 80% of them were consumed as processed products 

such as tomato sauce, juice and ketchup (FAO, 2014; Rickman, Barrett, & Bruhn, 2007). 

Rheology is a key functional property for these widely sold products, which are mainly a 

suspension of plant cell wall particles dispersed in a continuous serum phase (Moelants et al., 

2014; Rao, 1987). Pectin is one of the major components of cell wall and after processing is 

distributed in both the serum and the particle phases. It has been assumed for years that the 

undesirable low viscosity of many products is caused by the activity of pectolytic enzymes that 

catalyze the breakdown of pectin in the cell wall (Moelants et al., 2014; Moelants et al., 2013; 

Yoo & Rao, 1994). Currently, to alleviate that problem the industry uses the hot-break process 

with a range of temperatures of 77-95 °C to inactivate the enzyme pectin methylesterase (PME) 

and have products with a higher viscosity. However, this process sacrifices flavor and color 

attributes, and increases energy expenditures as well. Furthermore, a high energy consuming 

concentration process is performed after the “break” step, where most tomatoes are processed 

into tomato paste before any further manufacturing (Abu-Jdayil, Banat, Jumah, Al-Asheh, & 

Hammad, 2004). Although the concentration of tomato juice to paste facilitates transportation 

and improves preservation, the subsequent dilution for the production of final tomato products 

results in products with lower consistency (Tanglertpaibul & Rao, 1987). This problem has a 

major economic impact since more tomato concentrate must be added in order to achieve the 

same viscosity as the original product before concentration (Thakur, Singh, & Nelson, 1996). 
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These two big issues are a serious concern within the food industry and need urgent solutions of 

alternative processing systems. 

Recent studies have suggested that the contribution of solubilized pectin to the overall 

texture of tomato products is not significant. Instead the particle concentration and particle 

properties including size, deformability and morphology are the dominant factors affecting the 

rheology of tomato suspensions (Appelqvist, Cochet-Broch, Poelman, & Day, 2015; Moelants et 

al., 2014). However, the relationship between the particle properties and the bulk rheology of the 

tomato suspension is still unclear due to the structurally complex cell wall material. Pectin is 

susceptible to processing and could be degraded and solubilize into the serum phase. Although 

this pectin conversion has been identified (Anthon, Diaz, & Barrett, 2008), the resulting changes 

of structural and rheological attributes have not been fully characterized. In addition, many 

studies were conducted via bulk rheological characterization and results are still inconclusive 

concerning the effects of the particle properties on the suspension rheology. Studies at the 

individual particle level are needed for better understanding such systems. Thus, systematically 

studying the contributions of soluble pectin, particle size and its properties, and associated 

particle interactions on the rheological properties of the suspension system will contribute greatly 

to our understanding of the rheological profile of the cell wall suspension system. It will also 

open doors to the development of new approaches to produce tomato and potentially other 

vegetable and fruit products with enhanced quality. 

The central hypothesis of this study is that the rheological properties of cell wall 

suspension systems are determined by the overall particle interactions, which are influence by 

the combined effect of the particle concentration and the particle physical properties. These 
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effects must be identified individually and tailored by processing simultaneously. In order to test 

this hypothesis, four specific objectives are pursued in this research: 

1. Determine the effects of soluble pectin on the viscosity of serum and suspension; 

2. Determine the effects of particle properties; 

3. Determine the effects of processing conditions on the rheological properties of tomato 

suspensions; and 

4. Determine the rheological behavior of industrially processed tomato suspensions under 

different conditions. 

1.2 Organization of the Dissertation 

The motivation and objectives of this research are summarized in Chapter 1. A literature 

review is presented in Chapter 2. 

Chapters 3 to Chapter 7 describe the main research activities and are presented in a 

manuscript format. 

The effects of soluble pectin on the viscosity of serum and reconstituted tomato 

suspensions are presented in Chapter 3. This chapter also builds a sound correlation between 

fundamental measurements of viscosity and the widely used empirical Bostwick consistometer 

method. 

Chapter 4 presents the effects of thermal, high shear and ultrasound processing on the 

rheological properties of tomato suspensions, from a point of view that considers the particle 

microstructure and its properties. Pectin alteration and color changes during processing are also 

studied in this chapter. 

In Chapter 5, viscosity losses after dilution of concentrated tomato paste is characterized 

and explained by a particle “shrink and condense” model.  
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Chapter 6 includes two parts focusing on the particle properties. In the first part, the 

effects of reduced PME activity of tomatoes genetically modified on the particle microstructure 

and pulp viscoelasticity are presented. In the second part, the mechanical strength of individual 

particles is investigated by an atomic force microscopy (AFM) method. 

In Chapter 7, the flow behavior of hot-break and cold-break samples processed 

industrially are investigated, with a focus on particle interaction. 

Chapter 8 presents a summary of key findings in this research and recommendations for 

future work. 
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 LITERATURE REVIEW CHAPTER 2.

2.1 Plant Cell Wall Tissue and Derived Suspension 

Both the food industry and consumers are showing a growing interest in plant tissue 

based fruit and vegetable products for a healthy diet (Lopez-Sanchez et al., 2011).  Most of these 

foods can be considered as suspensions in a commonly aqueous medium in which the solid 

particles are derived from cell wall tissues (Moelants, Cardinaels, Jolie, et al., 2014; M. A. Rao, 

1987). Edible plant tissues are usually rich in individual parenchyma cells glued together by the 

middle lamella which is the outermost layer of the cell wall (Brett & Waldron, 1990) (Figure 2.1). 

The structural integrity and the texture of cell wall material play a central role in the sensorial 

quality of such foods and are mainly determined by the mechanical properties of the cell wall, 

cell adhesion and the internal turgor generated by osmotic pressure (Jackman & Stanley, 1995; 

Waldron, Parker, & Smith, 2003). The cell wall is primarily composed of polymeric components 

and is the main structural element in fruits and vegetables.  Each component adds its functions to 

the individual cells or jointed tissues in terms of structural strength, rigidity, flexibility and 

porosity (Carpita & Gibeaut, 1993).  

 

Figure 2.1 Schematic plot of parenchyma tissue. The parenchyma cells are glued together by the 

pectin that is rich in the middle lamella. 
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2.1.1 Cell Wall Polysaccharides  

The primary plant cell wall is a complex composite material that consists of three main 

polysaccharides: pectin, cellulose microfibril and hemicellulose (Figures 2.1 and 2.2) (Palin & 

Geitmann, 2012; Sankaran et al., 2015). This classification is based on the chemical structure as 

well as ways of extraction (Selvendran, 1985), and in fact these three polysaccharides can form 

cross-links with varying levels of proteins and phenolics (Carpita & Gibeaut, 1993). The cell 

wall structure is so complex that the interactions between the three main polysaccharides are still 

not fully understood (Carpita & Gibeaut, 1993). For decades, most of cell-wall-related research 

has focused on the functions of cell wall from a plant physiological perspective (Waldron et al., 

2003). However, these studies have provided general methods and vision on the role of the cell 

wall on textural qualities of derived foods. The contribution of cell wall on the viscosity of 

tomato puree has been noticed as early as 1950s by Whittenberger and Nutting (1958). In order 

to understand the structure of the cell wall, solvents such as ethanol, sodium dodecyl sulphate 

and water have been used to extract cell wall material. Cellulose microfibrils, hemicellulos and 

pectin are also the main components of alcohol insoluble residue (AIR). AIR is often referred to 

as cell wall material and has been shown to have a high correlation to the viscosity of tomato 

juice (Janoria & Rhodes, 1974). 

 

Figure 2.2 Schematic plot of primary cell wall, adapted from Davidson (2015). It consists of 

three main polysaccharides: pectin, cellulose microfibril and hemicellulose. 
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Cellulose consists of linear β-(1, 4)-linked glucose (Glc) chains with a degree of 

polymerization (DP) of 2000 to 6000 and aggregated together by hydrogen bonding, in primary 

cell walls (Delmer, 1987). These glucose polymers are usually built up into long microfibrils of a 

few nanometers in the primary cell walls. Due to the restricted orientation around these β-(1, 4)-

linkages between each molecule, cellulose microfibrils are relatively rigid and able to control cell 

expansion. As the main loading bearing, cellulose microfibrils, associated with hemicellulos, 

form the skeletal scaffolding of the cell wall matrix (Knoerzer, Juliano, & Smithers, 2016). It has 

been demonstrated that the mechanical properties of cell wall are determined by the stiffness of 

the cellulose itself as well as the physical entanglements and the orientation of the microfibers 

(Whitney, Gothard, Mitchell, & Gidley, 1999). Cellulose present in natural plants is insoluble in 

water and most organic solvents because of the semi-crystalline structure and its high molecular 

weight (Deguchi, Tsujii, & Horikoshi, 2006). It is also the most stable polysaccharide component 

during food processing; however, it could be partially degraded by exogenous enzymes. 

Sankaran et al. (2015) studied the effect of cellulase on the rheological and particle properties of 

carrot cell wall suspensions. Decrease in their elastic properties measured by the storage modulus 

and particle size were observed after cellulase treatment for 8 h, but the microfibril architecture 

still remained the same which indicates that the enzyme could not penetrate the microfibril 

matrix and only has activity on the exterior part of the cell-wall-derived particles.  

Hemicellulose is so-called by its solubility. Unlike cellulose which is strongly resistant to 

hydrolysis and insoluble, hemicellulose is usually solubilized by weak and strong alkali 

treatments that break the hydrogen bonds to cellulose microfibrils. Structurally, hemicelluloses 

are branched heterogeneous polymers of pentoses (xylose, arabinose), hexoses (mannose, 

glucose, galactose), and sugar acids (Saha, 2003). In general, these hemicelluloses all share a 
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cellulosic backbone and differ in the side chains. Hemicelluloses are the second most common 

polysaccharides in nature, and account for 20 to 30% of the AIR. Xyloglucans are the main 

hemicellulose form found in primary cell walls of edible vegetables and fruits such as tomatoes 

(Seymour, Colquhoun, Dupont, Parsley, & Selvendran, 1990; Waldron et al., 2003). They have a 

cellulose backbone of β-(1, 4)-linked Glc, to which side chains are substituted with (1, 6) linked 

xylose groups. Hemicelluloses are mainly imbedded in the interior of the cell walls (Cosgrove, 

2005), so the structure breakdown would only have little influence on the particle interactions or 

particle properties. Thus, some studies suggested that the contribution of hemicelluloses to the 

bulk rheology is negligible (Sankaran et al., 2015).  

Pectin is rich in galacturonic acid (GalA), and also contains significant amounts of 

rhamnose (Rha), arabinose (Ara), and galactose (Gal) (Brett & Waldron, 1990). It can form a gel 

matrix interspersing the cellulose-hemicellulose network, making the cell wall form structures 

consisting of two distinct networks. The pectin matrix, which is abundant in the middle lamella 

(Steele, McCann, & Roberts, 1997), determines cell to cell adhesion that contributes to the 

firmness and elasticity of the tissue (Fuchigami, 1987). There are three domains thought to be 

present in all pectic polysaccharide structures: homogalacturonan (HG), rhamnogalacturonan-I 

(RGI), and rhamnogalacturonan-II (RG II) (Willats, McCartney, Mackie, & Knox, 2001) (Figure 

2.3). 
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Figure 2.3 Schematic structure of pectin displaying the three main pectic polysaccharides: 

homogalacturonan (HG), rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II). Use 

with permission from the authors (Palin & Geitmann, 2012).  

 

HG is a linear homopolymer of 100 to 200 (1, 4) α-linked D-GalA units (Thibault, 

Renard, Axelos, Roger, & Crepeau, 1993), which can be methoxylated at C-6 and may also be 

acetylated on O-2 and O-3 (Ishii, 1997; Vincken et al., 2003). Demethoxylation of HG results in 

the capability of HG molecules to be cross-linked by calcium ions to form so-called “egg-box” 

gelling structures. Degree of methoxylation (DM), pattern of methyl esterification (PM) and the 

molecular size determine the gelling properties of pectin (Thakur, Singh, & Handa, 1997). RGI is 

an acidic pectin domain that comprises up to 100 units of the disaccharide (1, 2) α-L-rhamnose-

(1, 4) α-D-GalA, with the backbone residues potentially O-acetylated at C-2 or C-3(Albersheim, 

Darvill, ONeill, Schols, & Voragen, 1996). RGII, on the other hand, is a branched pectic domain 

containing a HG backbone of (1, 4) α-linked-D-GalA with complex side chains linked to the 

galacturonic residues.   

Compared to cellulose and hemicellulose, pectin is the component most affected by 

various processing conditions, thus influencing the structure and texture of derived foods 

(Moelants, Cardinaels, Van Buggenhout, et al., 2014). Although pectin varies with the source, as 
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well as maturity and location found within the plant (Seymour, Harding, Taylor, Hobson, & 

Tucker, 1987; Stein & Brown, 1975), it is believed that both of pectin concentration and 

chemical structure (in particular, HG) can affect the structural and textural properties of plant-

tissue-based foods (Moelants, Cardinaels, Van Buggenhout, et al., 2014). To further study pectin 

chemical properties, water-soluble pectin (WSP), chelator-soluble pectin (CSP) and sodium-

carbonate-soluble pectin (NSP) are usually extracted from AIR sequentially due to the 

differences in solubility in these solvents and the bonding to the cell wall (Christiaens, Van 

Buggenhout, Houben, et al., 2012). WSP is loosely bound to the cell wall through non-covalent 

and non-ionic bonds (Selvendran & Oneill, 1987), whereas CSP mainly contains ionically cross-

linked pectin usually bonding with Ca
2+

 in the middle lamella (Sila, Smout, Elliot, Van Loey, & 

Hendrickx, 2006) and NSP is predominantly linked to cell wall polysaccharides through covalent 

ester bonds (Chin, Ali, & Lazan, 1999; Christiaens, Van Buggenhout, Houben, et al., 2012). 

Christiaens et al. (2012) observed pectin fraction changes in tomato cell walls by applying 

various treatments (not pretreated, high temperature blanched or high pressure pretreated). 

Nuclear magnetic resonance (NMR), gas chromatography (GC), and high performance size 

exclusion chromatography (HPSEC) are the common techniques used to characterize pectin 

structure. However, only average values in the sample can be obtained (e.g. DM) by these 

traditional methods. Recently, immunolabelling assays with anti-pectin antibodies have been 

used to analyze pectin patterns based on that antibodies have different affinities to pectin with 

different DM (Christiaens, Van Buggenhout, Chaula, et al., 2012; Christiaens, Van Buggenhout, 

Houben, et al., 2012; Moelants et al., 2013). Monoclonal antibodies such as JIM5, JIM7, LM18, 

LM19, PAM1 and 2F4 can locate specific pectin structure, which are further visualized by  

fluorescence microscopy (Christiaens, Van Buggenhout, Chaula, et al., 2012; Christiaens, Van 
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Buggenhout, Houben, et al., 2012). In situ visualization of the cell wall components changes (e.g. 

pectin) is very helpful because it gives us the insight of the alteration of cell-wall-derived particle 

structure due to processing. 

2.1.2 Tomato and Derived Foods  

Tomatoes (Lycopersicon esculentum), a botanically berry-type fruit, originated in Central 

and South America, belongs to the Solanaceae family (Frusciante et al., 2007).  As one of the 

most cultivated vegetable crops worldwide, tomato had a global production of about 170.8 

million tons in 2014 (FAO, 2014), with China contributing for about 30% of the total, followed 

by India, the United States (U.S.) and Turkey as the major production countries. In the U.S., 

tomato is the most popular garden vegetable widely produced in 20 states (Leon Garcia, 2013). 

California is the leading producer accounting for 96% of the U.S. processing tomato output and 

30% of the fresh ones (USDA, 2012).  

Anatomically speaking, most tomato fruits have four or five locules surrounded by the 

pericarp tissue (UCLA, 1996). A typical structure of a tomato fruit contains outer cuticle (skin), 

seeds, pericarp (the fleshy part of the fruit), and gelatinous parenchyma around the seeds. In an 

individual cell, a single, large vacuole is found and usually comprises 30-80% cell volume. 

Vacuole stores salts, sugars, and sometimes proteins, which maintains turgor pressure on the cell 

as these solutes cause an osmotic pressure gradient across the plasma membrane. It should be 

noted that turgor pressure is one of the most important factors that control the texture of the 

tomato tissue and derived products. 

Overall, fresh tomato fruit contains about 94% water and 6% dry material including both 

soluble and insoluble components. Free glucose (Glc) and fructose (Fru) are the major soluble 

carbohydrate components, along with organic acids. The insoluble components include cellulose, 



14 

 

hemicellulos and some pectin (partial, ~70%), which are also defined as AIS and have shown a 

high correlation to the viscosity of tomato products in previous studies (Janoria & Rhodes, 1974; 

M. A. Rao, Bourne, & Cooley, 1981; Tanglertpaibul & Rao, 1987a). Tomato is also the main 

dietary source of lycopene and some β-carotene (Frusciante et al., 2007), which have been 

demonstrated to have many potential health benefits such as reduction of some cancer types and 

cataract formation (Ambrosini, De Klerk, Fritschi, Mackerras, & Musk, 2008).  

In general, most tomatoes are processed into tomato paste (i.e. concentrate) before any 

further manufacturing (Abu-Jdayil, Banat, Jumah, Al-Asheh, & Hammad, 2004). About 80% of 

tomatoes in the U.S. are consumed as processed products including tomato preserves (tomato 

juice, pulp, puree, and paste), dried tomatoes (tomato powder, flakes, and dried fruits) and 

tomato based foods (tomato soup, sauces, and ketchup) (Heuvelink, 2005). The most commonly 

consumed processed tomato form is originated from tomato concentrate that can be considered 

as suspensions, such as tomato sauce, juice or ketchup (Rickman, Barrett, & Bruhn, 2007). 

According to FDA, the labeling of final products depends on the soluble solid content in the 

products. For example, tomato soluble solids should be between 8-24% in “tomato puree”, 

whereas in “tomato paste” it should be greater than 24% (FDA, 2017). Tomato is used so 

extensively in the food industry, and therefore it was chose as a model plant in this research to 

investigate its rheology in relation to cell wall materials. 

2.2 Serum Pectin 

Most tomato products are suspensions in which cell wall particles are dispersed in a 

continuous serum phase (Moelants, Cardinaels, Jolie, et al., 2014; M. A. Rao, 1987). The serum 

phase contains solubilized cell contents and cell wall material such as sugars (Glc, Fru and minor 

sucrose (Suc)), organic acids, and in particular solubilized pectin (Lopez-Sanchez et al., 2011) 
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which is thought to be the constituent of serum phase that more influence its rheology, more 

specifically its viscosity (Moelants, Cardinaels, Van Buggenhout, et al., 2014).  

  Tomato serum exhibits the properties of a Newtonian fluid as stated in many previous 

reports (Tanglertpaibul & Rao, 1987a; B. Wu, 2011). Tanglerpaibul and Rao (1987a) reported a 

linear relationship between serum viscosity and pectin concentration. It has been suggested that 

both the content and the properties of pectin influence the viscosity of the serum phase. Many 

studies have shown that an increase in serum viscosity can be achieved by increasing pectin 

content (Moelants, Cardinaels, Van Buggenhout, et al., 2014; Moelants et al., 2013; 

Tanglertpaibul & Rao, 1987a). However, a few studies demonstrated the effects of pectin 

properties such as DM, MW distribution, composition and conformation on serum viscosity, 

(Diaz, Anthon, & Barrett, 2009; Moelants et al., 2013).  Moelants et al. (2013) investigated the 

influence of the GalA content and properties (DM and size) of pectin on the viscosity of the 

serum phase of thermal treated and high pressure homogenization treated samples. They 

concluded that the chemical characteristics of serum pectin only had a limited effect on the 

rheological properties of tomato suspension. In previous study performed at Purdue University, 

hot- and cold-break tomato sera from industrial processing were collected and analyzed by NMR, 

GC, SEC, and HPAEC. H
1
-NMR analysis showed that the sera consisted almost entirely of 

simple sugars, whereas baseline noise obscured the pectin resonances, indicating a relatively low 

abundance of pectin in the sera. HPAEC and GC results confirmed that free glucose and fructose 

are the major components of tomato sera. Although SEC results did show reduction in the overall 

MW of the cold-break serum pectin, the role of soluble pectin in product viscosity is probably 

limited due to the extremely low concentration (B. Wu, 2011). 



16 

 

2.2.1 Pectin Degradation 

As discussed before, pectin is naturally found in the intercellular layer and middle lamella 

of cell walls and may function as a hydrating agent and also as a cementing material for the 

cellulose-hemicellulose networks (McCann & Roberts, 1996). Therefore, changes of pectic 

structure would greatly affect the structure and texture of derived foods (Moelants, Cardinaels, 

Van Buggenhout, et al., 2014). Approximately 30% of tomato cell walls are formed by pectin 

and only a proportion of them is water soluble (Carpita & Gibeaut, 1993). Cell wall pectin could 

become soluble in the serum phase (in products) via demethoxylation and depolymerization by 

thermal processing and the enzymatic activity (Tiback, Langton, Oliveira, & Ahrne, 2014). 

Pectin (particularly, HG) is conventionally categorized into high methoxylated (HM) pectin 

(DM > 50%) and low methoxylated (LM) pectin (DM < 50%), and its structure can be degraded 

by both enzymatic and chemical conversion reactions shown in Figure 2.4 (Vanburen, 1979). 

Enzymatic pectin conversions involve either esterases or depolymerases. Pectin 

methylesterase (PME) catalyzes the specific hydrolysis of the C-6 methyl ester bond of GalA 

residues, releasing methanol and creating negatively charged carboxyl groups (Sila et al., 2009). 

Polygalacturonase (PG) hydrolyses α-(1, 4)-linked D-GalA and causes pectin depolymerization 

and solubilization, and consequent reduction in firmness (Moelants et al., 2013). 

Demethoxylation by PME could have either a positive or negative effect on the texture of plant 

cell walls and derived foods depending on the presence of PG and also on the processing 

conditions (Knoerzer et al., 2016). The demethoxylated pectin can cross-link with divalent ions 

(e.g. Ca
2+

, Mg
2+

) leading to the formation of supramolecular assemblies and/or gels, with a better 

texture retention. In addition, β-elimination depolymerization during processing is resisted by 

low DM (demethoxylated) pectin, which will ease the process-induced structural degradation. 

However, PME also provides a preferred low DM substrate for PG depolymerization causing 
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texture or viscosity loss, although it could control the cloud stability during juice production 

(Sila et al., 2009). As two most important enzymes, PME and PG are always targeted in order to 

control to a certain point of pectin changes during processing, by inactivating the undesired one 

and boosting the desired one (Van Buggenhout, Sila, Duvetter, Van Loey, & Hendrickx, 2009). 

It would finally lead to precisely controlling the texture or rheology changes of many processed 

cell-wall-based products (Duvetter et al., 2009). 

 

 

Figure 2.4 Schematic overview of major chemical and enzymatic conversion reactions on pectin 

(only homogalacturonan). PME = pectinmethylesterase, PG = polygalacturonase, R1 = initial 

fragment of the pectin polymer, R2 = terminal fragment of the pectin polymer. 
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Chemical conversion reactions including β-elimination and acid hydrolysis also occur 

during thermal processing. β-elimination depolymerization usually happens at high temperature 

(>80 °C) and weakly acidic or neutral  pH (>4.5) (De Roeck et al., 2009). It is reported that β-

elimination reaction is promoted by increasing temperature, pH and DM of pectin (Krall & 

McFeeters, 1998; Sila et al., 2006). Because most cell wall material have a pH above 4.5 and are 

treated with a high temperature (>80 °C) during processing, they are very susceptible to the β-

elimination reactions (Sila, Smout, Vu, Van Loey, & Hendrickx, 2005). On the other hand, acid 

hydrolysis happens at a low pH (<3.0), with low DM pectin hydrolyzed faster. The rate of 

hydrolysis increases with decreasing pH, and rising temperature which is opposite to β-

elimination. However, it was reported that acid hydrolysis is negligible in plant cell wall 

suspension since the pH of the system is generally between 4 to 6 (Brett & Waldron, 1990). Sila 

et al. (2006) showed the thermal texture degradation had a strong correlation with the rate 

constant of the β-eliminative reaction, which suggests that the β-elimination reaction is the main 

chemical conversion during thermal processing. 

2.2.2 Genetically Modified Tomato Pectin 

Pectin degradation associated enzymes PME and PG, present in most fruits and 

vegetables, are also the most important enzymes to modify the cell wall structure during the 

ripening process (Errington, Tucker, & Mitchell, 1998). Genetic engineering of crops using 

recombinant technology has provided promising means to alter in vivo levels of these enzymes 

for creating “designer” pectin and desired texture of derived foods (Thakur, Singh, & Handa, 

1996; Thakur, Singh, Tieman, & Handa, 1996; Tieman, Harriman, Ramamohan, & Handa, 1992). 

Since the present study uses PME genetically modified tomato fruits, this section only describes 

genetically engineered PME and its effects on pectin and rheological properties. 
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Gaffe, Tieman, and Handa (1994) demonstrated the presence of multiple isoforms of 

PME in tomato fruit. Harriman, Tieman, and Handa (1991) showed the transcript of PME 

became detectable in 15 days old tomato fruit and reached maximum levels in mature fruit 

before declining in ripening fruit. However, the maximum PME activity was present in the 

turning stage of fruit ripening. Tieman et al. (1992) genetically altered the levels of PME in 

ripening fruits and developed a series of genetically modified tomato genotypes with reduced 

PME activity (ranged from 7% to 40% of the wild type). In addition, the ripening process of 

genetic lines was not interfered by the reduction of PME activity, showing almost identical to the 

wild type without a loss of crop production (Tieman & Handa, 1994).  

This research group’s following results have shown that reduction in PME activity 

exhibited remarkable improvements in various qualities of processed tomato products over wild 

type (Thakur, Singh, & Handa, 1996; Thakur, Singh, Tieman, et al., 1996; Tieman et al., 1992).  

As expected, both DM and MW of pectin in transgenic fruits have shown significant increases. 

The transgenic fruit juice also contained higher total (over 5% higher) and soluble solids (3 to 6% 

higher) contents compared to parental wild type fruits, which was partly due to the highly 

methoxylated pectin produced by transgenic lines only loosely bonded to the cell wall (Handa, 

Tieman, Mishra, Thakur, & Singh, 1996). It has been reported that 85-90% reduction in PME 

activity in transgenic fruits displayed a maximum increase in juice and serum viscosity, and 

precipitate weight ratio (Takada & Nelson, 1983; Thakur, Singh, Tieman, et al., 1996). The 

tomato product (ketchup) made from the low PME also exhibited significant improvements in 

quality attributes, with much higher viscosity and consistency and lowed serum separation 

compared to products having high PME (Thakur, Singh, Tieman, et al., 1996). However, those 

studies only focused on the changes of pectin; and few have demonstrated the plant tissue 
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structural changes by genetic modified PME pectins in relation to the product textural properties. 

Thus, the effects of reduced PME activity on the cell wall tissue as well as the particles in the 

derived products need to be further investigated.  

2.3 Particle Phase 

The particle phase of plant-cell-wall-derived foods has become of interest recently. As 

food suspensions, their rheologies are greatly controlled by particle phase volume, particle 

properties and associated interactions (Mueller, Llewellin, & Mader, 2010). However, many 

models used to investigate the structure and rheology are based on particles that are hard spheres, 

non-deformable and non-interacting, and diluted systems (Fuchs & Ballauff, 2005; Vanderwerff 

& Dekruif, 1989). Opposing to these ideal assumptions, real plant cell wall particles are soft, 

highly deformable and non-spherical, and often forming concentrated suspensions. These soft 

particles can deform and adjust themselves in the available space in the suspension, therefore the 

actual volume fraction of the suspension may change with increasing concentration (Tan, Tam, 

Lam, & Tan, 2004).  Although the currently used models assuming hard spheres particles is far 

from reality, it has provided fundamental and semi-empirical information to understand 

rheological properties of dense suspensions from plant-cell-wall-derived materials (van der Vaart, 

Rahmani, et al., 2013). On the other hand, only few models have been developed to study 

suspensions consisting of soft particles, and they have not been applied to fruit and vegetable 

suspensions. 

2.3.1 Particle Volume Fraction 

Particle volume fraction is one of the most important factors influencing the rheology of 

suspension (Mueller et al., 2010). Particle phase volume fraction (ϕ) is defined as the ratio 
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between the volume of particles in the suspension and the total volume of the suspension. The 

classical model theoretically derived by Einstein for hard spherical shows that the viscosity of 

the suspension is a linear function of the volume fraction, according to Equation 2.1 (Einstein, 

1906): 

                              (1 2.5 )s     (2.1) 

where   is the viscosity of the suspension whereas s  is the viscosity of the medium. In addition 

to the assumption of hard spheres Einstein’s equation applies to diluted (ϕ<0.05) and semi-dilute 

(ϕ<0.15) suspension. To account the effects of particle interactions that occur at increasing 

volume fractions, the Batchelor’s equation was an extension to Einstein’s equation by including 

second order term involving the volume fraction (Batchelor, 1977): 

                          2(1 2.5 )s C       (2.2) 

The coefficient C have a range of values from 4.2 to 6.2, which depends on the hydrodynamic 

interaction between two particles and the suspension microstructure (Batchelor, 1977). 

Ball and Richmond (1980) found that for non-colloidal spheres C=5.2 was most accurate. 

Vaart et al. (2013) used C=5.9 to directly link viscosity and volume fraction for a suspension of 

hard spheres (i.e. poly-methylmethacrylate (PMMA)). However, this model is only valid up to   

of 15-10%. When   >20%, multi-particle interactions take place, which makes it difficult to 

describe the rheology of the suspension theoretically (Brady & Bossis, 1985). Therefore, many 

phenomenological equations such as MPQ (Maron & Pierce, 1956; Quemada, 1977), Krieger 

and Dougherty (1959), and Mendoza and Santamaria-Holek (2009) models have been proposed 

to describe the viscosity of concentrated suspensions to the volume fraction   at high particle 

concentrations. The Krieger and Dougherty model is a widely used semi-empirical equation to 

describe the effect of particle concentration on the suspension viscosity: 
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r  is the suspension relative viscosity, [ ] is the intrinsic viscosity, and m  is the maximum 

packing fraction. For dilute suspensions of hard spheres, [ ]  is taken as 2.5 and the Krieger-

Dougherty model may reduce to the Einstein’s equation.  For dilute suspensions containing soft 

spheres, [ ]  is determined by using well-known methodologies from specific viscosity versus 

concentration plots (Beresovsky, Kopelman, & Mizrahi, 1995; Moelants et al., 2013). m  is often 

taken as 0.64 for monodisperse hard spheres which is the random close packed limit (Sierou & 

Brady, 2001). 

At very low particle concentration, soft spherical particles exhibit a similar behavior to 

that of hard spheres (Mason & Weitz, 1995), and the above described models may well apply. 

However at high concentration, these models are no longer valid because the permanent contact 

between particles, which significantly affect the rheological behavior of the suspensions (van der 

Vaart, Rahmani, et al., 2013). It should be noted that the determination of ϕ and the influence of 

the particle softness and its associated deformation during flow is critical to define the 

rheological behavior of suspension containing soft particles, because they can be prone to 

measurement artifacts. For concentrated suspensions of soft particles, some semi-empirical 

models have been proposed to link the mechanical properties of single particles to the bulk 

rheology of the suspensions (Evans & Lips, 1990; Seth, Cloitre, & Bonnecaze, 2006; van der 

Vaart, Rahmani, et al., 2013). For example, Evans and Lips (1990) developed the model 

expressed by Equation 2.4 to estimate the elastic modulus G of a suspension containing 

Sephadex microgel particles, in which the interparticle forces were assumed to be dominated by 

the elastic deformation of the contacting particles: 



23 

 

                                  
1/2 3/2

2/3 1/3 1/38

3 5 (1 )

m P
r r r r

nG
G

v


   



  
          

 (2.4) 

r  is the relative phase volume related to the packing volume m  and defined by /r m   ; n is 

the number of particles of the nearest neighbors; PG  is particle shear elastic modulus which is a 

function of Young’s modulus (E) and the Poisson ratio (v) of the particle described as 

 / 2(1 )PG E v  . To characterize the modulus PG  of a single particle, measurements such as 

micromanipulation (Yan et al., 2009) and atomic force microscopy (AFM) (Liu, Sun, & 

Simmons, 2013) have been reported. These techniques yield more information about 

concentrated suspension behavior governed by inter-particle interactions and microstructure. 

Micromanipulation can be used to measure the deformation or break response to compression of 

single suspension cell between two parallel flat surfaces (Thomas, Zhang, & Cowen, 2000). 

Blewett et al. (2000) reported a compression study of single tomato cells using this technique and 

concluded that the peak force was associated to the cell wall elasticity and the turgor pressure, 

which are essential to maintaining cell strength. AFM has been extensively used for studying the 

mechanical properties of single particles in colloidal system even biological cells (Mahaffy, Park, 

Gerde, Kas, & Shih, 2004; Radmacher, Fritz, Kacher, Cleveland, & Hansma, 1996). Usually 

Hertz model (Equation 2.5) is applied to fit the force-indentation curve, which yields the 

Young’s modulus of the particles. 
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F is contact force determined by the AFM tip; E is Young’s modulus of the particles; and   is 

the sample deformation (i.e., indentation). 

For spherical tip of radius R 

For sharp cone tip of opening angle 2  
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Unlike hard spheres, it is more difficult to determine the actual volume fraction for soft 

plant cell wall particles. The simplest way is to relate the weight of particles to their specific 

volume. However, this conversion should be treated with caution since the actual phase volume 

may change at high concentration due to particle deformation. Particle volume fraction is 

sometimes expressed as particle concentration, water-insoluble solids (WIS), or pulp content, all 

based on the sample preparation. Regardless, the concentration of the dispersed phase is 

considered to have a major influence in the flow behavior of suspensions containing cell wall 

material (Moelants, Cardinaels, Jolie, et al., 2014; Moelants et al., 2013). In general, rheological 

parameters such as viscosity, yield stress and storage modulus increase with increasing particle 

concentration (Appelqvist, Cochet-Broch, Poelman, & Day, 2015; Moelants, Cardinaels, Jolie, et 

al., 2014; Yoo & Rao, 1994). To characterize its effect, the power law model is usually used and 

it has been found a positive correlation between the consistency index (k) and the particle 

concentration (Moelants, Cardinaels, Jolie, et al., 2014; Tanglertpaibul & Rao, 1987a; Yoo & 

Rao, 1994). According to Lopez-Sanchez et al. (2011), the volume fraction ( ) is a result of the 

way that particles pack together and is closely related to the particle size, morphology, and 

deformability, and has similar importance than particle concentration in affecting the  rheological 

properties of suspensions containing plant cell wall material. The critical volume fraction ϕc is a 

key parameter that can be obtained from dynamic oscillatory measurements (Day, Xu, Oiseth, 

Lundin, & Hemar, 2010). Day et al. (2010) reported that when ϕ is lower than ϕc, the complex 

modulus G
*
 follows a power law function with the volume fraction ϕ. However when ϕ is larger 

than ϕc, the particles are highly packed, the material behaves more like a viscoelastic solid so 

more elaborated and advanced models as those described by Mason et al. (1995) and Adam et al. 

(2004) seem to be more suitable. 
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2.3.2 Particle Properties 

Particle properties including particle size distribution, particle morphology, and particle 

deformability also influence the rheology of suspension (Moelants, Cardinaels, Jolie, et al., 2014; 

Moelants et al., 2013; Yoo & Rao, 1994). It has been reported that particle size distribution has a 

strong impact on the rheology of highly concentrated suspensions (Willenbacher & Georgieva, 

2013). Suspensions with broad size distribution exhibit smaller viscosities compared to those 

with narrow size distribution for the same particle volume fraction. This can be explained by the 

more efficient particle packing when the size ratio is large, since smaller particles could fit voids 

between large particles. However, the effect of the particle size and distribution on the rheology 

of plant-cell-wall-based suspensions is still not clear and different conclusions have been 

reported in previous studies (Redgwell, Curti, & Gehin-Delval, 2008; Schuvens, van Vliet, & 

van Dijk, 1998; Tanglertpaibul & Rao, 1987b; Yoo & Rao, 1994). DenOuden and VanVliet 

(1997) sorted tomato suspensions by wet sieving them and found suspensions with larger particle 

fractions had a significantly lower apparent viscosity and lower yield stress for both 

homogenized and non-homogenized samples. However, a lower viscosity was found in tomato 

concentrate produced using smaller screen size compared to those produced with intermediate 

screen size (Tanglertpaibul & Rao, 1987b). On one hand, smaller particles have a larger surface 

area than that of larger particles at the same volume fraction. Therefore, the interaction between 

particles can increase in suspensions having smaller particle size thus leading to suspension with 

larger viscosity and yield stress (Yoo & Rao, 1994). On the other hand, larger particles can 

occupy more space at the same pulp content and therefore be more likely to collide and prevent 

them from moving past each other resulting in larger viscosity (Quemada, 1998). Generally, after 

mechanical treatments, the average particle sizes of plant cell wall materials range between 40 to 

500 μm (Moelants, Cardinaels, Van Buggenhout, et al., 2014). These soft particles are much 
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larger than particles in colloidal systems for which most models have been developed. 

Application of models for suspensions containing cell wall material needs to be further 

investigated to elucidate the effect of these particles on the bulk rheology on these suspension 

systems. 

Generally, plant cell wall particles are not spherical which introduces additional effects 

on the rheology of suspensions. The contribution of non-spherical particles to the bulk rheology 

depends on their orientation with respect to the flow. In addition, the particle interactions are 

strongly influenced by the particle morphology (Mueller et al., 2010). Food processes generate 

different type of particles that are associated with the particle size (Day, Xu, Oiseth, Hemar, & 

Lundin, 2010; Moelants, Cardinaels, Jolie, et al., 2014). Appelqvist et al. (2015) studied the 

viscosity profiles of carrot-derived suspensions having a wide solid content range and different 

cell types, which include cluster cells, single cells and cell fragments. Suspensions containing 

these three different types of cells showed distinct rheological patterns and indicated the particle 

interactions varied with the types of cells and different particle phase volumes. The influence of 

particle morphology and cell type on the suspension rheology has been shown by several authors 

(Appelqvist et al., 2015; Day, Xu, Oiseth, Lundin, et al., 2010; Moelants, Cardinaels, Jolie, et al., 

2014). Dynamic yield stress is obtained by extrapolation of the flow curve to zero shear rate (i.e. 

stress at zero shear rate) whereas the static yield stress is measured by probing with shear stress 

as minimum required to initial flow (Cheng, 1986). Moelants et al. (2014) reported that the ratio 

of the static to dynamic yield stress could be a measure to characterize the particle morphology 

and the ratio turned out to be larger for particles with more irregular surfaces, i.e. with a 

tendency to create structures in the solid phase of the suspensions. In addition, plant cell wall 

particles are highly deformable due to the nature of parenchyma cells and their deformability, 
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which can affect the value of maximum packing fraction 
m  and thereby influence the 

rheological properties of suspensions containing them (Snabre & Mills, 1996). It has been 

reported that PME treated apple suspensions have shown a high elastic modulus due to cross-

linking of pectin (Bengtsson, Wikberg, & Tornberg, 2011). The influence of particle properties is 

complex because as particle size changes, other properties such as morphology, deformability 

and associated critical volume fraction c , and particle interaction will change simultaneously 

(Moelants, Cardinaels, Van Buggenhout, et al., 2014). 

2.4 Processing Conditions 

As discussed before, the rheology of plant-cell-wall-derived foods is influenced by the 

structure and function of particles as well as serum pectin, which is related to pectin degradation 

and is greatly affected by the food processing techniques applied and the intensity of that process 

(Van Buggenhout et al., 2009). For example in the tomato industry, most tomatoes are processed 

into tomato pastes (i.e. concentrate) before any further food production (Abu-Jdayil et al., 2004). 

They are considered as concentrated suspensions and have a minimum concentration of natural 

soluble solids of 24% (w/w) (Agriculture, 1977). These products are stored in bulk, and can be 

reconstituted up to 18 months later for various products, such as soups and sauces. The basic 

sequence of unit operations in a typical, medium-sized plant is shown in Figure 2.5. Except for 

the preparation steps (sorting and trimming) which aim to minimize contaminants, the flowing 

steps mainly fall into two categories: thermal and mechanical procedures. Thermal processing 

includes breaking, concentration, and sterilization, while mechanical processing contains 

crushing or chopping, extraction, and homogenization. These processing conditions have great 

effects on the major quality attributes of tomato products including color, flavor, and consistency 
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(i.e., viscosity). Process-induced changes in chemical and physical properties of both particle and 

serum phases are reviewed in this section. 

 

Figure 2.5 Flow chart for tomato paste production, reproduced from Moresi and Livarotti (1982). 

 

2.4.1 Thermal Processing 

Thermal processing is a commonly used treatment before intense mechanical destruction 

of plant cell wall tissue. Blanching, breaking, and sterilization are known to result in softening of 

plant cell wall tissue, because it can cause a loss of cell firmness through disruption of cell 

membrane as well as  pectin thermal degradation (Greve, Mcardle, Gohlke, & Labavitch, 1994). 

The initial loss of firmness is caused by turgor loss due to cell membrane disruption (Greve, 

Shackel, et al., 1994). In addition, solubilization and depolymerization of pectin in the middle 
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lamella that controls cell-cell adhesion further accelerate this process (Greve, Mcardle, et al., 

1994; Van Buren, 1979; Waldron et al., 2003). 

In tomato processing industry hot break (HB) and cold break (CB) are two processes 

commonly used in the “break” stage, which play vital role in determining the quality of final 

product (Nelson & Hoff, 1969). In the HB system, the crushed material is pumped into a heat 

exchanger and heated rapidly in a temperature range of 82.2 to 104.4 °C. By contrast, for the CB 

procedure, crushed tomatoes are further processed at a temperature in the range of 66 to 77 °C, 

and then transferred to a holding-tank, where they are held for a period of time ranging from 

seconds to several minutes (Gould, 1983). The two main objectives of the break steps are the 

partial or full inactivation of degradative enzymes, and the softening of tissues to facilitate 

further processing (G. L. Marsh, Buhlert, & Leonard, 1980). Due to less thermal abuse, CB 

products exhibit better retention of color and flavor, but with a reduced viscosity. The overall 

viscosity of products increases with the temperature regime used in the break process (Gould, 

1974, 1992; Hand, Moyer, Ransford, Hening, & Whittenberger, 1955; Hsu, 2008; Luh & Daoud, 

1971; Thakur, Singh, & Nelson, 1996), and for years many researches attributed it to the 

inactivation s of pectolytic enzymes such as PME and PG. In the HB treatment, they can be 

efficiently inactivated due to a sufficiently high temperature; therefore the enzymatic pectin 

degradation and its associated cell-wall weakening effects are prevented (Moelants, Cardinaels, 

Van Buggenhout, et al., 2014). However, in the CB treatment, the remaining activity of 

pectolytic enzymes can continue to break down pectin and release water-soluble pectic oligomers. 

Several studies also showed that break temperatures affected the particle properties. 

Redgwell et al. (2008) reported that CB can produce intact tomato single cells. Lopez-Sanchez et 

al. (2011) noticed that CB and low temperature HB led to the formation of a microstructure that 
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was similar to that of a non-heated material, whereas high temperatures used in the HB treatment 

generated a highly disrupted mixture of cell content and cell wall materials. It also should be 

noticed that during prolonged thermal processing, the thermal degradable pectin present in the 

cell wall and middle lamella is leached out, which not only weakens the binding between cells 

but also influences the viscosity of the serum phase. Moelants et al. (2013) found an increase in 

the amount of serum pectin and a decrease in average molar mass when the thermal treatment 

shifted from mild to intense could be explained by β-elimination of pectin in the cell wall, which 

promotes pectin thermo-solubilization and depolymerization. Hurtado et al. (2002) and Anthon 

et al. (2008) also observed a similar increase of water-soluble pectin in tomato paste during 

thermal processing. Thermal processing alters both particle and serum phase and consequently 

changes the rheological properties of the suspension. Xu et al. (1986) measured the apparent 

viscosity of tomato juices and pastes treated at different break temperatures, and found that the 

highest temperature (107 °C) produced the highest viscosity. It was suggested that was caused by 

enzymatic inactivation and a higher release of soluble pectin at the highest temperature. However, 

Lopez-Sanchez et al. (2011) hypothesized that changes in particle properties caused by thermal 

treatments were responsible for the changes of rheological characteristics of tomato suspensions. 

Concentration of tomato juice to paste is another step using intense heating during the 

paste production. The purposes of this process are for long-term storage and easy transportation 

(Anthon et al., 2008). Typically, this process takes more than 2 h of heating under reduced 

pressure in either batch-type or continuous evaporation systems. However, subsequent dilution 

for production of tomato products exhibits a loss of consistency (Anthon et al., 2008). The cause 

for this problem has not yet been completely determined, although some hypotheses have been 

proposed, such as pectin hydrolysis during the high temperature heating (Hurtado et al., 2002), 
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irreversible deleterious changes in the particles due to high osmotic and ionic strength (George L. 

Marsh, Buhlert, & Leonard, 1977), and mechanical shear on the juice during pumping 

(Beresovsky et al., 1995; Mizrahi, 1997). According to Anthon et al. (2008), there was little or 

no change in the total pectin content during the concentration of both HB and CB juices. 

However, insoluble pectin was decreased resulting in a higher Bostwick value, but these two 

measurements weren’t directly connected due to different pattern changes, i.e. insoluble pectin 

decrease was observed at the late stage of concentration, whereas the product consistency was 

lost at the initial stage. Beresovsky et al. (1995) found that the loss of consistency still happened 

without applying heat or vacuum. It indicated that mechanical effect other than thermal effect 

could be responsible for the consistency loss. Furthermore, Anthon et al. (2008) suggested that 

the reduction in the particle size and precipitate ratio could be the main causes for the loss in 

consistency. 

2.4.2 Mechanical Processing 

In industrial processing, the material (juices and pastes) is subjected to high shear forces 

during the “finisher” stage which generally involves a extraction step, sometimes combined with 

a homogenization step. The main purpose of the extraction step is to remove skin and seeds and 

to squeeze the juice out of the remaining residue (Goose & Binsted, 1973). Both screw type and 

paddle type finishers are commonly used in industry, and screen size and blade speed are usually 

selected to control the gross viscosity of tomato products. The screen size affects the product 

viscosity by generating particles with different sizes. As discussed in the previous section, the 

effects of particle size on the suspension rheology can be explained by two different manners: (1) 

increases of viscosity due to the large surface area of small particles and (2) decreases of the 

viscosity due to volume exclusion of large particles (Tanglertpaibul & Rao, 1987b). 
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Tanglertpaibul and Rao (1987b) found that a finisher screen size of 0.686 mm yielded products 

with a higher apparent viscosity than that of products processed with either smaller (0.508 mm) 

or larger (0.838 and 1.143 mm) screen sizes. Noomhorm and Tansakul (1992) also reported 

similar results. Based on these results, it was suggested that to obtain a maximum apparent 

viscosity, an intermediate screen size was recommended (Tanglertpaibul & Rao, 1987b). 

Changing speed of the blade in the finisher also caused a variation in the viscosity of the product. 

At any given screen size, higher speed yielded tomato juice and puree with higher viscosity 

(Noomhorm & Tansakul, 1992). 

Homogenization, another way to refine texture, is a standard procedure in industrial 

ketchup production. This procedure can significantly prevent serum separation as increases the 

volume of particles and enhances their effective dispersion due to the rupture of the plant cells 

(Thakur, Singh, & Nelson, 1996). Both reduced particle size and notably changes in 

microstructure have been reported after homogenization. The former was believed to contribute 

to a better consistency (Redgwell et al., 2008), while the latter was more important in preventing 

serum separation (Robinson, Kimball, Ransford, Moyer, & Hand, 1956). After homogenization, 

microfibrils and cell fragments were released, which could prevent efficient packing into a 

precipitate of low volume associated with a low medium viscosity (Shomer, Lindner, & 

Vasiliver, 1984). Homogenization has been reported to modify not only the particle size but also 

the particle properties such as the aspect ratio, shape, and the orientation of particles, thus 

improving the rheological properties (e.g. the viscosity) of the suspensions compared to non-

homogenized  samples (Bayod, Mansson, Innings, Bergenstahl, & Tornberg, 2007). Recently 

high pressure homogenization (HPH) was reported to produce small particles such as single cells 

and cell fragments (Lopez-Sanchez et al., 2011; Moelants, Cardinaels, Jolie, et al., 2014; 
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Sankaran et al., 2015). The serum phase was also affected by HPH processing as decreased the 

chain length of serum pectin (Moelants et al., 2013). Such reduction in serum viscosity was 

observed by Augusto et al. (2012), but not by Moelants et al. (2013). The effect of HPH on 

rheological properties is also related to the plant source. Lopez-Sanchez et al. (2011) reported 

that HPH reduced the viscosity of carrot and broccoli suspensions however increased the 

viscosity of tomato suspensions. The swelling of tomato cells upon treatment was noticed which 

was in agreement with Thakur et al. (1995). It indicated the network structure in the tomato 

suspensions was enhanced by HPH. 

In recent studies, thermal treatments combined with mechanical treatments were applied 

to yield suspensions with different particle sizes and morphologies. Day et al. (2010) reported a 

blanching (80 °C for 10 min) or cooking (100 °C for 30 min) process followed by a blending 

process (8 min) can generate carrot suspensions predominantly with cluster cells or single cells 

respectively. A further high shear homogenization using microfluidization even produced “cell 

fragment” suspensions (Appelqvist et al., 2015). The viscoelastic properties of these suspensions 

were different for the different treatments. During processing, plant cell wall composition, 

particle structure, as well as serum pectin change simultaneously, which poses difficulties for 

rheological measurement and analysis (Moelants, Cardinaels, Van Buggenhout, et al., 2014). A 

reconstitution principle has been applied by some authors to generate model suspensions because 

well-characterized systems have to be established for proper studies (Moelants, Cardinaels, Jolie, 

et al., 2014; Yoo & Rao, 1994). 

2.4.3 Ultrasound Processing 

Ultrasound has been used as an alternative processing option to conventional thermal 

approaches (Chandrapala, Oliver, Kentish, & Ashokkumar, 2012). When ultrasound passes 
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through a liquid medium, it generates an effect known as acoustic cavitation (AC) which locally 

results in a very high local temperature (5500 °C), high pressure (500 MPa), and enormous shear 

forces at the point of collapsing cavitation bubbles (Chandrapala, Oliyer, Kentish, & 

Ashokkumar, 2012; Sehgal, Sutherland, & Verrall, 1980). Multiple physical and biochemical 

effects caused by cavitation can lead to changes in the structure of cell wall materials through the 

breakdown of weak intermolecular interaction forces and disruption of particles and cellular 

compartments(Farkade, Harrison, & Pandit, 2006). The effect of ultrasound on the structure of 

plant cell tissue depends on the source of tissue as well as the processing conditions. Both high 

and low intensity ultrasound treatments have been used extensively in applications. However, 

high-intensity power output may cause significant mechanical tissue disruption, resulting in loss 

of turgor pressure and softer tissue, which makes this setting inappropriate for processing whole 

and sliced fruit and vegetable products (Knoerzer et al., 2016). Thus, low-intensity ultrasound 

pretreatment is the choice to improve the structure and texture of many plant-cell-wall-based 

foods (Day, Xu, Oiseth, & Mawson, 2012). 

Studies reported to date were mainly focused on the effect of ultrasound on PME and PG 

inactivation (J. Wu, Gamage, Vilkhu, Simons, & Mawson, 2008), for which protein denaturation 

is assumed to be the main reason (O'Donnell, Tiwari, Bourke, & Cullen, 2010; J. Wu et al., 

2008). Controlling the viscosity by ultrasound has been successfully applied to many food 

systems, most of which are starchy based such as corn, potato, tapioca, and sweet potato 

(Chandrapala, Oliyer, et al., 2012). Recently, ultrasound treatment has been reported to improve 

the structural and textural properties of non-starchy cell wall materials including carrot and peas 

(Day et al., 2012; Knoerzer et al., 2016). Day et al. (2012) compared the effects of ultrasound 

pre-processing treatment to low temperature blanching pretreatments (60 °C for 10 and 40 min) 
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on the mechanical properties of carrot cell wall tissue, and found the application of ultrasound 

could shorten the blanching  time (from 40 to 10 min) to achieve the same result. However, in 

terms of the structure and properties of the particles, there are only a few reports on the 

application of ultrasound to improve the rheological properties of non-starchy plant cell wall 

materials. 

2.5 Rheological Properties and Measurements 

Food rheology as a powerful analytical tool focuses on the physical characterization of 

individual food components, including raw material prior to processing, intermediate products 

during manufacturing, and finished foods (Tabilo-Munizaga & Barbosa-Canovas, 2005). From a 

chemical standpoint, foods are very impure (Bourne, 1977) and structurally extremely complex 

with a range of hierarchical nanostructures and microstructures (Donaldis, 2004; Mezzenga, 

Schurtenberger, Burbidge, & Michel, 2005; Trappe & Sandkuhler, 2004). Therefore, the 

rheological properties of food materials are determined by the main components and their 

interactions on a wide variety of length scales (Fischer & Windhab, 2011). In a plant cell wall 

suspension system, three different components are found: low MW materials such as glucose and 

fructose, high MW water soluble polymers such as pectins, both in the serum phase; and 

insoluble particles including cell fragments, single cells, and cell clusters. This dynamic 

composition and associated interactions among components make suspensions to exhibit a 

rheological behavior that depends on material sources and processing conditions, and therefore 

represent a serious challenge for their characterization. 
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2.5.1 Viscosity of Plant-Cell-Wall-Derived Suspension 

Most “pure” dilute liquid foods are considered as Newtonian fluids, such as milk, tea, 

coffee, beer, wines, and soda drinks (M. A. Rao, 1977b). The major characteristic of these fluids 

is that the viscosity is influenced only by temperature and the food composition and independent 

of the applied shear rate and previous shear history (M. A. Rao, 1977a, 1977b). 

However, most food materials including plant cell wall suspensions are non-Newtonian 

in nature. Many models have been employed to describe the rheology of various food materials 

successfully, such as power law (V. N. M. Rao, Harrington, Hamann, & Humphries, 1975), 

Casson (Servais, Ranc, & Roberts, 2003; Taylor, Van Damme, Johns, Routh, & Wilson, 2009), 

Bingham (Fraiha, Biagi, & Ferraz, 2011; Oliveira, de Souza, & Monteiro, 2008), and Herschel-

Bulkley (Sherman, 1970). All these models can be considered as a developed or modified form 

from the generalized Newtonian fluid (GNF) constitutive equation (Equation 2.6), an equation of 

a tensor order that describes properly the rheological behavior of simple liquids. 

                        ( )     (2.6) 

where  is shear stress tensor,   is shear rate tensor, and ( )   is the apparent viscosity. 

Ofoli et al. (1987) used a four-parameter model (Equation 2.7) to characterize the 

rheology of fluid foods, which has accurately described flow curves expressed as shear stress 

versus shear rate, and apparent viscosity versus shear rate. The general model given by Equation 

1.7 can result in other well-recognized models if the parameters are defined as illustrated in 

Table 2.1. 

                           1 1 2

0

n nn µ     (2.7) 

µ is the high-shear limiting viscosity and 1n  and 2n are rheological parameters. 

 



37 

 

Table 2.1 GNF rheological models and their ability to characterize specific fluid food behavior, 

adapted from Ofoli et al. (1987) 

 

Fluid type Shear stress 

Finite 

Yield 

Stress 

Variable Shear 

Behavior 

Finite High 

Shear 𝜂 

Rheological 

Parameters 

𝜏0 µ  n1 n2 

Power law 𝜏 = 𝑘 
𝑛

 No Yes No 0 k 1 n 

Bingham 𝜏 = 𝜏0 + µ0   Yes No Yes 𝜏0 µ0 1 1 

Herschel 

Bulkley 
𝜏 = 𝜏0 + 𝑘 

𝑛
 Yes Yes No 𝜏0 k 1 n 

Casson 𝜏0.5 = 𝜏0
0.5 + (µ∞  )0.5 Yes No Yes 𝜏0 µ∞ 0.5 0.5 

 

The power law model is the one of the most widely used models to describe the 

rheological behavior of plant cell wall suspensions, where k is the consistency coefficient and n 

is a flow index. The n value measures the departure of the fluid from pure Newtonian behavior. 

The apparent viscosity decreases with increasing shear rate for n value less than 1, indicating a 

shear thinning behavior. For n greater than 1, the fluid is showing shear-thickening behavior. 

Many studies have reported that plant-cell-wall-derived suspensions exhibited shear thinning 

behavior (Moelants, Cardinaels, Jolie, et al., 2014; Tanglertpaibul & Rao, 1987a), which indicate 

that there are particle structural changes upon application of a shear flow (Morrison, 2001). 

Tomato products such as tomato concentrate and ketchup all showed shear thinning with n 

values in a range from 0.22 to 0.42 (Autio & Houska, 1991; Rani & Bains, 1987; M. A. Rao & 

Qiu, 1989). However, serum and concentrated serum only exhibited slight shear thinning 

behavior with n values in the range 0.9 to 1.0 (Tanglertpaibul & Rao, 1987a; B. Wu, 2011). 

These results demonstrate that the shear thinning behavior of plant cell suspensions, notably 
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tomato products, was mainly caused by the characteristics of the suspension solid phase and also 

depended on the insoluble solid content.  

The flow behavior of cell wall derived suspensions has also shown time-dependent 

effects, known as thixotropy and rheopexy. At fixed temperature and shear rate, the viscosity of a 

thixotropic fluid decreases with time whereas the viscosity of a rheopectic fluid increases with 

time (H. A. Barnes, 1997). Although characterization of time-dependent behavior is important 

for understanding the structure changes during processing, there are only few reports for tomato 

products in which they were characterized as thixotropic fluids (Augusto, Falguera, Cristianini, 

& Ibarz, 2012). Weltman model(1943) and Figoni and Figoni model(1983) are widely used to 

describe thixotropic behavior in foods. In addition, suspensions containing plant-cell-wall-based 

particles also showed temperature-dependent behavior, which could be described by an 

Arrhenius-like equation (Equation 2.8). 

                           ( ) exp( )
B

A
T

     (2.8) 

where A and B are empirical parameters, and T is the absolute temperature. 

2.5.2 Rheological Measurements  

Steady-state shear is the most widely used measurement to characterize the viscosity of 

suspensions. All GNF models discussed in previous section are applicable to describe the 

rheology of suspensions containing cell-wall-derived particles. In particular, the power law and 

Herschel-Bulkley models are the most commonly used. However, these tests characterize a 

material’s response to an applied shear rate or shear stress range, and only give us information 

about the material’s viscous properties (i.e. resistance to flow). It has also been noted that GNF 
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models fail to predict shear normal stresses N1 and N2, which are related to elastic effects. It can 

be inferred from the GNF tensor form of the model. 

Shear flow:      
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0 ( ) 0

( ) 0 0

0 0 0

t
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             GNF:               
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t
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(2.9) 

 

Therefore, based on the steady-shear tests the response is assumed to be independent of 

the previous shear history and is only a function of the instantaneous rate-of-deformation tensor, 

so it is not possible to describe viscoelastic effects (material with memory) as done using 

transient tests such as creep and recovery, small strain oscillatory shear (SAOS) (Matsumoto & 

Sherman, 1981). To describe these behaviors, viscoelastic models transient tests should be 

applied. 

The SAOS test is performed by subjecting a material to a sinusoidal deformation strain 

(or stress) and measuring the resulting stress (or strain) as a function of time. The SAOS test has 

become a well-established method for measuring the linear viscoelastic properties of various 

viscoelastic materials (Hyun et al., 2011; Tschoegl, 1989). The response of stress in the linear 

range is proportional to the applied strain given by the following equation: 

 

Applied strain:                               0( ) sin( )t t    (2.10) 

Resulting stress:  0 0 0( ) sin( ) ( )sin( ) ( )cos( )t t G t G t               (2.11) 

 Shear flow: 

 

GNF: 
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where ( )G   is storage modulus defined as '( ) coso

o

G


 


 and ( )G   is loss modulus defined 

as "( ) sino

o

G


 


 ;  
0  is applied strain amplitude and 

0 is measured stress amplitude;   is 

frequency and  is measured phase angle. One of the main advantages of the SAOS test is that 

the deformation that applies to the sample is very small and practically has negligible effects on 

the structure of the tested samples, i.e. it is considered as a non-destructive test. Normally, a 

strain sweep at a low frequency (e.g., 1 Hz) should be performed first to determine the linear 

viscoelastic range (LVR) where Gꞌ and G" should be independent of the applied strain. From 

studies on fruit and vegetable suspensions such as apple (Espinosa-Munoz, Renard, Symoneaux, 

Biau, & Cuvelier, 2013), peach (Massa, Gonzalez, Maestro, Labanda, & Ibarz, 2010), tomato 

(Valencia et al., 2002) and carrot (Day, Xu, Oiseth, Hemar, et al., 2010; Day, Xu, Oiseth, Lundin, 

et al., 2010), it has been concluded that these systems exhibit weak gel behavior with storage 

modulus Gꞌ greater than loss modulus G", regardless of the frequency. 

However, during most food processing the deformations applied to the material can be 

very fast and of large intensity (Hyun et al., 2011). Therefore, the stress response is no longer a 

sinusoidal wave proportional to the strain input. Furthermore, linear viscoelasticity theory no 

longer hold the definition of the Gꞌ and G" moduli defined in LVR, so those viscoelastic 

parameters lose their physical meaning (Sim, Ahn, & Lee, 2003). In recent 20 years, with the 

benefit of novel analog-to-digital converter (AD converter), large amplitude oscillatory shear 

(LASO) test coupled with Fourier transformation (FT) analysis became a powerful tool to study 

the properties in non-linear range (Hyun et al., 2011). Before that, Lissajous–Bowditch loop, plot 

of stress versus strain or plot of stress versus strain rate, was the major tool of LAOS analysis 

(Kwang Soo Cho, 2016). 
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Nowadays, LAOS measurements can be conducted easily on most commercial 

rheometers, which gives first-harmonic moduli (i.e., Gꞌ and G") before any data transformation 

(see Equation 2.12). Interpretation of the first-harmonic moduli is the simplest way to 

characterize materials even when the transformed data is unavailable (Hyun et al., 2011). Hyun 

et al. (2002) summarized at least four types of complex fluids based on the Gꞌ and G" values: 

type I, strain thinning (both Gꞌ and G" decreasing); type II, strain hardening (both Gꞌ and G" 

increasing); type III, weak strain overshoot (Gꞌ decreasing, and G" increasing followed by 

decreasing); type IV, strong strain overshoot (both Gꞌ and G" increasing followed by decreasing). 

Further FT analysis could be done after the stress decomposition (SD), in which the shear stress 

of LAOS is decomposed into elastic and viscous parts (K. S. Cho, Hyun, Ahn, & Lee, 2005). SD 

is mathematically the equivalent to FT-rheology (Kim, Hyun, Kim, & Cho, 2006) and recently 

Ewoldt et al. (2008) proposed Chebyshev polynomial to connect SD with FT-rheology. Although 

FT becomes an effective method for quantitative analysis of LAOS, the mechanics are still in 

developing in many materials (Hyun et al., 2011). LAOS methodology becomes popular in 

various polymer material characterizations. However, only limited studies with not very 

conclusive results have been performed using the LAOS technique to test food products (Duvarci, 

Yazar, & Kokini, 2017; Joyner & Meldrum, 2016; van der Vaart, Depypere, et al., 2013). 

 

 0 0 0

,

( ) ( , )sin( ) ( , )cos( )n n

n odd

t G t G t           (2.12) 

2.5.3 Wall Slip in Measurements 

In a flow of two-phase system, wall slip describes the displacement of the dispersed 

phase away from solid boundaries, resulting a low-viscosity, depleted layer of liquid (Howard A. 

Barnes, 1995). In a concentrated suspension, wall slip occurs where the local concentration of 
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suspended particles at the wall is lower than in the bulk, which creates a large velocity gradient 

in this low viscosity layer (Buscall, 2010). This phenomenon is called apparent wall slip to 

distinguish true slip for polymer melts (H. A. Barnes, 1999). Wall slip generally occurs in many 

rheological measurements even without notice and it has been considered as a serious source of 

artifacts during testing of multiphase systems (Cloitre & Bonnecaze, 2017). When wall slip is 

present in the measurement, it causes erroneous interpretation of rheological parameters (e.g. 

yield stress) and flow curve. 

Suspensions of soft and deformable particles are sensitive to wall slip due to the 

deformable nature that enables them to contact and bypass the roughness modified to the smooth 

surface to suppress wall slip. Meeker, Bonnecaze, and Cloitre (2004) studied the wall slip in 

microgel pastes and identified three regimes of slip depending on the stress value. They also 

concluded that the slip depended on solvent viscosity, bulk shear modulus, and particle size. To 

eliminate slip from rheological measurements, rough shearing surfaces are commonly used. The 

idea is turning the smooth surface responsible for slip to a rough one. It could be done either by 

physical modification of the geometry surface such as creating a grooved of serrated surface 

(Meeker et al., 2004), or by sticking sandpaper (Khan, Schnepper, & Armstrong, 1988). 

Although some of these techniques are useful for suppressing wall slip, they are still empirical 

and sometimes it is impossible to decide the proper level of surface roughness. According to 

some studies, the optimum roughness value is that of the particle size when the particles are well 

dispersed. Buscall (2010) reported the roughness had to be much larger than or equal to the order 

of the particle size in the system in order to eliminate wall slip. In the study of food materials, 

plates with sandpaper attached to their surface are usually used to suppress wall slip (Sankaran et 
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al., 2015). Sharma et al. (2015) used a serrated plate to study the steady shear viscosity of 

Mozzarella-type cheeses; however, apparent slip still occurred at higher shear rates. 

A specific geometry, the “vane geometry”, can be used to avoid the wall slip 

phenomenon. The vane geometry was originally developed by Boger and others (1983) for 

measuring yield stress at a low rotation speed. The geometry confines the material between the 

vane blades, which forms a virtual inner cylinder. Therefore, the yielding occurs at the outer 

perimeter of the cylindrical volume defined by the blades which significantly suppresses the slip. 

The shear stress ( ) and shear rate ( ) based on a vane geometry with four blades are given by 

Equation 2.13 and 2.14, respectively. 

 

                  
1

3

1 2
( )

2 3

h
M

r r




   (2.13) 

                  
2

2 2

2R

R r
 


 (2.14) 

M is the torque exerted on the sample; r and h are the radius and height of the vane geometry 

(virtual inner cylinder); R is the radius of cup (or cell); and  is rotational velocity. These 

equations assume that the material is entrapped between the blades and the inner part of the 

cylinder. However, the vane does not form a “perfect” cylinder. In addition, the flow in the vane 

geometry is complex and at high rotation speeds secondary flows could occur. Therefore, the 

calculated conversion factors have to be slightly correct when using this geometry to study low 

viscosity Newtonian fluids (Krulis & Rohm, 2004). The vane geometry now is widely used in 

concentrated suspension system for the steady-shear as well as dynamic oscillatory shear (SAOS 

and LAOS) measurements. For fruit and vegetable suspensions, some researchers employed the 

vane geometry to characterize rheological properties of suspensions produced from tomato, 
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carrot and broccoli (Lopez-Sanchez et al., 2011; Moelants, Cardinaels, Jolie, et al., 2014; Tiback 

et al., 2014). These studies all obtained reliable rheological data without evidenced wall slip. 
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 EFFECTS OF SOLUBLE PECTIN ON THE VISCOSITY CHAPTER 3.

OF RECONSTITUTED TOMATO SUSPENSIONS 

3.1 Introduction 

As one of the most cultivated vegetable crops worldwide, tomato had a global production 

of about 170.8 million tons in 2014 (FAO, 2014). In general, tomatoes are processed into tomato 

paste before any further manufacturing (Abu-Jdayil, Banat, Jumah, Al-Asheh, & Hammad, 2004), 

and 80% of produced tomatoes in US are consumed as processed products such as tomato sauce, 

juice or ketchup (Rickman, Barrett, & Bruhn, 2007). Most tomato products are suspensions of 

plant cell wall particles dispersed in a continuous serum phase (Moelants, Cardinaels, Jolie, et al., 

2014; Rao, 1987). The rheological properties of the suspension are influenced by the 

concentration of the particles in the suspension, the attributes of those particles (i.e., size 

distribution, morphology and deformability), and by properties of the serum phase (Moelants, 

Cardinaels, Jolie, et al., 2014; Moelants et al., 2013; Yoo & Rao, 1994).  

Pectin contributes to the structural makeup of the plant cell wall material along with 

cellulose microfibrils and hemicellulose (Palin & Geitmann, 2012; Sankaran et al., 2015). Pectin 

molecules consist mainly of polymerized galacturonic acid (GalA) subunits, many of which are 

methyl-esterified at the C-6 position (Rinaudo, 1988). It has been hypothesized that cell wall 

pectin becomes soluble in the serum phase via depolymerization and demethoxylation caused by 

severe thermal treatment and enzymatic activity (Sila et al., 2009; Tiback, Langton, Oliveira, & 

Ahrne, 2014; Van Buggenhout, Sila, Duvetter, Van Loey, & Hendrickx, 2009). It has been also 

suggested that both the concentration and chemical properties of the solubilized pectin may 

influence the viscosity of the serum phase. Many studies have shown that an increase in serum 

viscosity can be achieved with increasing pectin content (Moelants, Cardinaels, Van Buggenhout, 
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et al., 2014; Moelants et al., 2013; Tanglertpaibul & Rao, 1987). A few studies have also 

demonstrated the effects of pectin properties, such as degree of methoxylation (DM), molar mass 

distribution, composition and conformation, on serum viscosity (Diaz, Anthon, & Barrett, 2009; 

Moelants et al., 2013). Moelants et al. (2013) investigated the influence of the galacturonic acid 

(GalA) content and the properties of pectin (specifically DM and size distribution) after thermal 

treatment and high-pressure homogenization on the viscosity of the serum phase. It was 

concluded that the characteristics of the pectin soluble in the serum phase only had a limited 

effect on the rheological properties of tomato suspensions. 

Recently, it has become of interest to many researchers the characteristics of particles 

derived from plant cell wall material and their influence on typical foods, such as juices, pastes, 

etc. Results of those researches have shown that the physical properties of the cell wall materials, 

hereby called particles, are important physical characteristics that strongly depend on the 

treatment applied to process them and have a large influence on the rheological properties of the 

derived products. Various processes such as thermal and mechanical treatments have been 

employed to produce suspensions with different particle physical properties (e.g. size, 

morphology, and deformability) (Appelqvist, Cochet-Broch, Poelman, & Day, 2015; Day, Xu, 

Oiseth, Hemar, & Lundin, 2010; Lopez-Sanchez, Nijsse, et al., 2011; Moelants, Cardinaels, Jolie, 

et al., 2014). However, plant cell wall composition, particle structure, as well as serum soluble 

pectin often change simultaneously during food processing, which poses difficulties for the 

analysis of the effect of process on the resulting mechanical properties of the final products 

(Moelants, Cardinaels, Van Buggenhout, et al., 2014). Studies on the mechanisms of particle 

modifications have been suggested as a key way to understand the effects of the tomato particles 

on the viscosity of the final products and separation of particles with further reconstitution of 
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suspensions approaches have been used in several studies (Moelants, Cardinaels, Jolie, et al., 

2014; Moelants, Cardinaels, Van Buggenhout, et al., 2014; Yoo & Rao, 1994). The idea behind 

the formation of reconstituted suspensions is to better understand the role of each component of 

the suspension such as the particle attributes and the viscosity of the suspension medium on the 

viscosity of tomato products. Thus, based on several reconstitution procedures described in the 

literature, well-characterized suspensions in terms of particle size, particle content of the particle 

phase and the characteristics of soluble pectin in the serum phase could be established in the 

present study.   

The Bostwick consistometer is a simple device developed by E.P. Bostwick, which is 

widely used by the tomato industry and has been specifically employed to evaluate the 

consistency of tomato products (Barrett, Garcia, & Wayne, 1998). Although of notable use in 

many applications and quality control, values determined with this instrument are merely 

empirical and cannot be used to infer physicochemical characteristics of these suspensions. On 

the other hand, rheometer has been extensively used for determining the viscosity of tomato 

products. Cone-plate geometry is commonly used for viscosity measurement of tomato juice or 

relatively thin samples (Barrett et al., 1998). To characterize the rheological profile of 

concentrated suspensions containing particles having large sizes, a vane geometry (Day et al., 

2010; Lopez-Sanchez & Farr, 2012; Lopez-Sanchez, Nijsse, et al., 2011; Moelants, Cardinaels, 

Jolie, et al., 2014; Tiback et al., 2014) or parallel plates with rough surfaces (Sankaran et al., 

2015) has been chosen to eliminate wall slip effect which commonly occurs in these suspensions. 

In addition of minimizing problems of slip, settling of significantly large particles from 

suspensions is another occurring measuring artifact that can be minimized using the vane 

geometry. 
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In the present study, tomato suspensions were reconstituted from pulp (i.e. particles) 

obtained from commercial tomato sauce and pectin solutions prepared with different 

concentrations and types of pectin. The influence of particle concentration, pectin concentration 

in the serum, and pectin DM, on the rheological characteristics of the tomato suspensions were 

examined. To account for potential artifacts related to the fundamental rheological 

characterization of suspensions, yet to compare to an industry-relevant technique, the rheology of 

the reconstituted suspensions was measured by two geometries (vane and cone-plate) and by the 

Bostwick consistometer. Therefore, the main objective of this work was to evaluate the effects of 

soluble pectin on the rheological properties of tomato suspensions determined by different 

rheological methods. 

3.2 Materials and Methods 

3.2.1 Preparation of Pectin Solutions 

High DM pectin (DM=70%, HDM) and medium DM pectin (DM= 52%, MDM) were 

purchased from CP Kelco Ltd. (GA, USA) and used for the preparation of pectin solutions that 

were used as the sera of the reconstituted suspensions.  

Pectin samples were dissolved in deionized distilled water by continuous stirring for 4 

hours to prepare the pectin solutions. A pectin content of 2.6 mg/mL in the serum for Hot Break 

tomato juice has been reported by Wu and was used as a reference value (Wu, 2011). Pectin 

solutions having pectin concentrations of 25%, 50%, 100%, 200% and 400% of the chosen 

reference (2.6 mg/mL) were prepared using both HDM and MDM pectins. The samples were 

labeled as HDM (or MDM) Pectin_25%, Pectin_50%, Pectin_100%, Pectin_200% and 

Pectin_400%. 
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3.2.2 Preparation of Reconstituted Tomato Suspensions 

Tomato sauce (Gold Red, IN, USA) was purchased from a local market.  It was 

centrifuged (Beckman AvantiTM J-251, CA, USA) at 13,000 g at 10 °C for 30 min. Then the 

serum was discarded and replaced with an equal amount of deionized distilled water. Then it was 

stirred homogeneously and centrifuged again. The pulp was stored for 2 hours for further 

preparations. To prepare all suspensions, an express blender (Ninja Englewood NJ100Express 

Chopper, MA, USA) was employed for 2 minutes.  

3.2.2.1 Pulp% Suspension Series 

Pulps were reconstituted in tomato suspensions using deionized distilled water and 5 

different pulp fractions (pulp%): 5, 10, 15, 20, 25 and 30 wt. %. The pulp% was calculated as: 

weight of pulp
pulp%= 100%

weight of pulpand water (or pectin solution)
  (3.1) 

3.2.2.2 Pectin% Suspension Series 

20% pulp% reconstituted suspensions were prepared using the different pectin solutions 

and the extracted pulp. As noted the pulp% used for the suspensions containing dissolved pectin 

with different concentrations was the same and equal to 20%. Hence, rheological differences 

among the samples in this series are attributed to the characteristics of the serum, which was 

varied by the pectin content and DM. 

3.2.3 Bostwick Consistency 

The consistency of the suspensions was measured using a standard Bostwick 

consistometer (CSC Scientific Company, VA, USA). The suspension maintained at room 

temperature (i.e. 25 °C) was placed in the instrument chamber. The instrument gate was released 
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while simultaneously initiating the stopwatch. The distance travelled by the suspension (±0.1 cm) 

after 30 s was recorded. Measurements were performed in triplicate. 

3.2.4 Rheological Measurements 

The rheological measurements were carried out in a stress controlled rheometer (ARG2; 

TA Instruments, DE, USA) using vane and cone-plate geometries. The four-blade vane geometry 

has a diameter of 28 mm and a height of 42 mm, respectively. To avoid effects of changes in the 

sample structure and consequently rheological results due to loading, the sample was subjected 

to a pre-shearing step at a shear rate of 100 1/s for 60 s followed by 2 min rest period prior to 

measurements(Moelants, Cardinaels, Jolie, et al., 2014). The cone-plate geometry has a 2-degree 

cone angle and a 40 mm diameter. All measurements were performed at least in triplicate at a 

constant temperature of 25 °C. 

3.2.5 Particle Size Measurements 

The particle size distribution of the suspension was measured by laser light scattering 

using a Malvern Mastersizer 2000 instrument (Malvern Instruments Ltd, Worcestershire, UK).  

Prior to measurements, all samples were stirred in a dispersion unit at a speed of 2000 RPM.  

Approximately 2 ml of each sample were pipetted into a diluting accessory (Hydro 2000 MU) 

filled with 800 ml of deionized distilled water to achieve an obscuration of 10-15% to minimize 

multiple scattering effects. All measurements were performed in triplicate and the particle size 

distribution was calculated from the intensity profile of the scattered light based on the Mie 

theory using the instrument software (Mastersizer2000, version 5.40). The parameters: D[v,0.1], 

D[v,0.5] and D[v,0.9] (μm) were recorded for each sample, also the volume based (D[4, 3]) and 

area-based (D[3, 2]) diameters were obtained according to the following equations: 
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where in  is the number of particles of diameter id . 

3.2.6 Statistical Analysis 

All the measurements were performed in triplicate and the results were given as mean of 

three measurements ± standard deviation. The rheological data was analyzed using Trios (TA 

Instruments, DE, USA). 

Rheological data of pectin solutions exhibited Newtonian behavior and were accurately 

described by the Newton equation for viscosity: 

   (3.4) 

where  = shear stress (Pa),  = viscosity (Pa.s), and  = shear rate (s
-1

) 

Rheological data from the suspensions was described by the power law model given by 

the following equation: 

nk   (3.5) 

where  k = consistency index (Pa.s
n
), and n the flow index (-)) 

Statistical analysis was carried out using SAS 9.3 software package (SAS Institute, Inc., 

NC, USA). All pairwise comparisons were tested using Tukey method. The level of significance 

was set at p<0.05. 
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3.3 Results and Discussion 

3.3.1 Particle Size Characterization 

The particle size distributions of all the reconstituted suspensions with different 

concentration of particles (pulp%) are given in Table 3.1. It can be seen that particle sizes in all 

suspensions were larger than the particle size of the commercial tomato sauce. Differences may 

be explained due to the centrifugation process that may have caused aggregation of particles. 

Thermal and mechanical treatments are commonly used to change the physical properties of 

plant cell materials, potentially from changes in the cell particle size (Moelants, Cardinaels, Van 

Buggenhout, et al., 2014). For instance, it has been reported that application of a hot break 

process to tomatoes resulted in smaller particle size in comparison with the size of cell-wall-

derived particles formed in a cold break process (Lopez-Sanchez, Nijsse, et al., 2011). Those 

differences in particle size results are probably due to different shear forces and temperatures 

used in these two processes. Furthermore, high-pressure homogenization (HPH) is able to 

generate small particles and even cell fragments (Lopez-Sanchez, Nijsse, et al., 2011; Moelants, 

Cardinaels, Jolie, et al., 2014). Since no physical treatment are involved in this study, as 

expected the particle size distribution in each reconstituted suspension was practically similar 

(Table 3.1). Becker et al. (1972) reported that the tomato cell size dimensions varied between 

400 and 1000 μm. Lopez-Sanchez et al. (2012; 2011) calculated the average tomato cell diameter 

from light microscopy images and found it was between 350 and 450 μm and the D[3, 2] of 

individual tomato cell was about 233 μm. In Moelants’s report (2014), D[v,0.5] of particle 

ranged from 300 to 400 μm and they were assumed as intact cells or even cell clusters. Therefore, 

based on the size distribution parameters reported in Table 3.1 it can be concluded that the 

reconstituted tomato suspensions used in this study comprise mainly intact cells and some cell 

fragments. 
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Table 3.2 illustrates the particle size distribution properties of reconstituted suspensions 

with a particle concentration of 20% and prepared with serum having different pectin 

concentrations and different types of pectin. As shown in Table 3.2, there was no major 

difference among the size distribution characteristics of these suspensions.  The overall average 

particle sizes (D[v,0.5] or D[3, 2]) of particles in suspensions prepared with pectin at all 

concentrations  were slightly larger than those in suspensions prepared with a medium without 

pectin (pulp% suspension series) for the same particle concentration of 20%. Given the 

characteristics of the suspensions, these differences could be attributed to the presence of 

solubilized pectin in the suspension serum. It is thought that negatively charged pectin molecules 

could increase the interaction between particles and cell fragments. As a result, D[v,0.1] 

increased because of the possible tiny fragment bonding to large particles. The effect of pectin on 

the particle surface and the rheological properties of suspensions formed with particles originated 

from plant cell material have been discussed recently (Tiback et al., 2014). However, it is 

necessary further visualization and location of the pectin on the particle surface. 

Moelants et al. (2014) concluded there was no a clear effect of particle size on the 

rheological properties of cell-wall-derived food suspensions because as particle size changes, 

particle morphology and size distribution may be also changing. The type of particle including 

cell clusters, single cells and cell fragments is another important factor influencing the 

relationship between particle size and the suspension rheology. Appelqvist et al. (2015) 

determined viscosity profiles of these three particle types and concluded the interaction between 

the particles varied  with the critical packing volume of each type of  particle. It must be noted 

that the parenchyma cells of tomato tissues are highly deformable and not exactly spherical, and 

the assumptions on which the laser diffraction measurements are based (Den Ouden & Van Vliet, 
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2002), so the absolute values of particle sizes obtained from this measurement should be treated 

with caution. However, the trend appears to indicate that a qualitative analysis of these results is 

appropriate. 

3.3.2 Viscosity of Pectin Solutions 

The flow curves of the different pectin solutions measured with the vane geometry are 

illustrated in Figures 3.1A and 3.1B. The viscosities of both HDM and MDM pectin solutions 

were less than 0.1 Pa.s and practically independent of shear rate in the range 0.1 to 100 s
-1

. It can 

be noted that for solutions of low pectin concentrations (both HDM and MDM) the viscosities of 

the solutions were low, and the use of the vane geometry resulted in an apparent shear thickening 

at shear rates larger than 10 s
-1

 (Figures 3.1A and 3.1B). That effect was likely caused by flow 

instabilities or secondary flows known as Taylor instability, which have been reported when 

testing is done in concentric-cylinder geometries at high shear rates around 10
3
 s

-1
 for liquids 

with viscosity close to 0.001 Pa.s (Ewoldt, Johnston, & Caretta, 2015). Results shown in Figures 

3.1A and 3.1B appear that secondary flow is exacerbated by the vane geometry and becomes 

noticeable at lower shear rates (10 s
-1

). When the concentration of pectin in the solutions was 

increased, their viscosities increased accordingly and the instability effects observed at higher 

shear rate disappeared (see viscosity data for the 200% and 400% solutions for both HDM and 

MDM pectin in Figures 3.1A and 3.1B). These instabilities were not observed when the cone-

plate geometry was used to test these solutions (Figures 3.1C and 3.1D). When comparing the 

values of viscosity obtained with the two geometries, the use of the vane geometry provided 

slightly lower values than those obtained with the cone-plate geometry at high pectin 

concentrations (i.e. 200% and 400%), whereas at 100% or lower pectin concentrations (i.e. 25% 

and 50%) the two geometries yielded almost identical viscosity values. 
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In general, it was observed that the behavior of all solutions was Newtonian and 

viscosities increased with both pectin concentration and the DM (compare Figures 3.1A with 

3.1B, and Figures 3.1C with 3.1D). Thus, the sera of the reconstituted tomato juice can be 

considered a Newtonian fluid. The results observed in this study are in agreement with the  

rheological  behavior of sera obtained from tomato products processed by the hot- break (HB) 

and the cold-break (CB) treatments by Wu (Wu, 2011). Tanglerpaibul and Rao (1987) also 

reported a linear relationship between the serum viscosity and pectin concentration. In their study, 

the pectin concentration range used (0.16% to 0.80%) was similar to the range of pectin 

concentration used in the present study for the sera preparation. Pectin has been thought to be the 

most important component affecting the viscosity of the serum phase rather than solubilized 

sugars, salts and organic acids (Anthon, Diaz, & Barrett, 2008; Moelants, Cardinaels, Van 

Buggenhout, et al., 2014). Moelants et al. (2013) reported that the DM of pectin in tomato sera 

varied from 58.1% to 66.6% depending on the treatments received. Therefore, in the present 

study it was appropriate using pectin with DM 52% and 70% to prepare the tomato sera used in 

the reconstitution of the tomato dispersions.  

For further comparison of the effect of pectin content and DM, absolute viscosity (Pa.s) 

was compared by using the Tukey test (Table 3.3). It can be observed that pectin concentration is 

the dominant factor affecting the viscosity of the serum. An increase in pectin concentration led 

to a rise in the viscosity of the pectin solution, which is in line with some previous reports related 

to tomato serum viscosity (Luh, Sarhan, & Wang, 1984; Moelants et al., 2013; Tanglertpaibul & 

Rao, 1987). The degree of methylation (DM) also showed an influence on the viscosity of pectin 

solutions. For the same pectin content, high DM pectin solutions exhibited larger viscosity than 

solutions prepared with medium DM pectin. Differences were very significant when the pectin 
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content was high (i.e. the 400% solution). This could be explained by its structure: the increased 

methoxyl esters on the poly-GlaA chains in high DM pectin solutions enhanced the probability 

of interaction and entanglement between the pectin chains, which led to a higher viscosity.  

The data obtained from the cone-plate geometry was considered more accurate because it 

is an ideal geometry to study the rheology of solutions of polymeric systems. Reconstituted 

tomato suspensions formed by resuspending separated particles are a different scenario 

concerning rheological measurements and the cone and plate geometry may not be suitable for 

these systems (discussed later in this chapter). 

3.3.3 Viscosity of Reconstituted Suspensions with Pectin Solutions 

All reconstituted suspensions were prepared by combining solutions of pectin described 

in the previous section and the same amount of pulp fraction (20%) obtained from commercial 

tomato sauce. A content of 20% was used because it is close to the tomato pulp content of 

commercial tomato sauces. All suspensions showed a shear thinning behavior, which is 

characteristic of most suspensions comprising plant-cell-wall-derived materials. This behavior is 

also indicative of the structural characteristics the cell particles and potential changes during 

rheological testing (Morrison, 2001). However, the two geometries yielded completely opposite 

trends. Viscosity measured by the vane geometry (Figures 3.2A and 3.2B) slightly increased with 

increasing pectin content; whereas it decreased when the cone-plate geometry was used (Figures 

3.2C and 3.2D).  The flow curves were described by the power law model given by Equation 3.5. 

The consistency coefficient (k) from the power law model determined from the flow curves 

depicted in Figure 3.2, which is an indication of the suspension viscosity, are compared by the 

Tukey test, and results are given in Table 3.4. 
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As illustrated in Figures 3.2A and 3.2B there are slight differences in the viscosity of 

prepared suspensions tested with the vane geometry regardless of the concentration of the pectin 

in the sera or the degree of pectin methylation. However, results obtained with the cone-plate 

geometry showed noticeable differences that depended on the concentration and type of the 

pectin (Figures 3.2C and 3.2D). These results were less reproducible and there was evidence of 

phase separation during testing. Results did not seem to follow a defined trend and they were 

even showing that the measured viscosity of the suspension was lower for serum with higher 

pectin concentrations. In contrast, results obtained with the vane geometry showed expected 

results indicating that reconstituted suspensions prepared with highest pectin content (400%) had 

larger viscosities (noted by the larger k values reported in Table 3.4), and only when the pectin 

content was high (i.e. 200% and 400%) there was a significant effect of the degree of 

methylation, e.g., suspensions prepared with HDM pectin exhibited higher k values than 

suspensions prepared with MDM pectin. Conversely, reconstituted suspensions tested with the 

cone-plate geometry and containing the highest pectin content (400%) exhibited significant 

smaller k values, and there was no clear difference between suspensions prepared with HDM and 

MDM pectin, which appears to be contradictory. Variability in the results was also larger using 

the cone-plate geometry. It has been recognized that for testing non-homogeneous systems like 

suspensions, typical tests used in commercial rheometers could yield erroneous results due to 

phase separation, wall slippage, destructuring of organized media, and fouling of the measuring 

gap. Therefore, geometries that promote mixing of suspended materials, such as the vane 

geometry used in this study or helical ribbon types geometries, are recommended for testing 

suspensions (La Fuente et al., 1998). Hence, in the present study the vane geometry was 

considered as a superior measurement system to eliminate wall slip, particle setting and phase 
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separation, artifacts that commonly occur when testing suspensions (Lopez-Sanchez & Farr, 

2012). With the vane geometry, if the gap between the vane and the sample-holding cup is large 

enough to ensure the inclusion of large particles, it is possible to measure the rheological 

properties of suspensions comprising particles with wide size distributions (Dzuy & Boger, 

1983). Conversely, by using the cone-plate and parallel plate geometries, the sample is loaded on 

a plate’s surface and the set gap is relatively narrow (from a few microns to 1 mm) to minimize 

measurement errors, but that is easily promoting the phase separation of the suspended particles 

leading  to unstable measurements.  

During testing with the cone-plate geometry, it was noted that some liquid was squeezed 

out of the suspension when the geometry was raised from the set gap, particularly in samples 

with low pectin concentration in the serum, and similar to the pectin content of commercial 

tomato sauce, which further reinforces the concept that the cone-plate geometry was not suitable 

for characterizing the rheology of tomato suspensions. Pectin has the ability to form a gel-like 

configuration that serves as a binding component tying tomato parenchyma cells together 

(Aguilera & Stanley, 1999; Palin & Geitmann, 2012). Solubilized pectin in the liquid phase can 

loosely bond to the cell wall (particles) through noncovalent and nonionic bonds (Moelants, 

Cardinaels, Van Buggenhout, et al., 2014). Beresovsky et al. (1995) reported the solubilized 

pectin increased the inter-particle interaction. Therefore in the present study, the role of soluble 

pectin could be considered more as that of a stabilizer, increasing the particle interaction and 

bonding the liquid phase and particle phase together, thus decreasing water exudation (i.e. phase 

separation) when the suspensions are tested. Thus, at low pectin content, the reconstituted 

suspensions were unstable and prone to artifacts especially under conditions imposed by systems 

that use small gaps such as the cone-plate geometry. During measurement, the cone-plate 
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geometry was squeezing out liquid from the suspension, and, as a result, the solid phase of the 

sample became more concentrated and the measured viscosity correspondingly increased. At 

high pectin contents, only a small amount of liquid was squeezed out of the sample, and the 

relatively greater water content of the sample when compared to those with lower pectin 

concentration led to an apparently lesser and more representative viscosity of the reconstituted 

suspensions.  

Apart from artifacts due to the exudation of fluid, the cone-plate geometry also exhibited 

noticeable wall slip during measurements of 20% tomato pulp reconstituted suspensions. That is 

illustrated by the sudden decrease in shear stress with increasing rate rates (Figure 3.3). Shear 

stress does not increase significantly with shear rates, and for high shear rates, even an 

unexpected decrease is observed. This may be the result of changes in the structure of the 

material or significant slippage. Regardless, it is a clear artifact that invalidates the rheological 

measurements. Wall slip is commonly found during the testing of two phase systems such as 

suspensions due to displacement of the solid or disperse phase away from the solid boundaries 

with high shear stresses. This displacement of the solid particles reduces the concentration of 

particles in the contact area, leading to an unexpected drop in the shear stress with increasing 

shear rate (Barnes, 1995). Suspensions with lower pectin content were more vulnerable to wall 

slip while suspensions with the highest pectin content in the sera (e.g. pectin_400%) did appear 

to indicate less wall slip while testing with the cone and plate geometry. It could be explained by 

aggregation of the cell particles. At low pectin concentration, phase separation in the suspension 

was favored and therefore wall slippage. On the other hand, high pectin concentrations increased 

serum viscosity which reduced phase separation and wall slip. Since wall slip and phase 
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separation occurred when the cone-plate geometry was used, only the data from vane geometry 

will be discussed in next sections. 

3.3.4 Effect of the Pulp Fraction on the Viscosity of the Reconstituted Tomato Suspensions 

Flow curves of reconstituted suspensions having different particle fractions (%pulp) are 

illustrated in Figure 3.4. In these samples, the serum phase was replaced with deionized distilled 

water so the pectin concentration of the serum was zero. Viscosity data was obtained with the 

vane geometry where it becomes clear that all suspensions exhibited shearing thinning behavior.  

Particle concentration, sometimes called water-insoluble solids (WIS), pulp content, or 

particle weight fraction, has a major impact on the rheological behavior suspensions comprising 

cell wall material (Moelants, Cardinaels, Jolie, et al., 2014; Moelants et al., 2013). The power 

law rheological model was used to describe the rheology of these suspensions and the parameters 

k and n were obtained and related to the particle concentration of the suspensions (Moelants, 

Cardinaels, Jolie, et al., 2014; Tanglertpaibul & Rao, 1987; Yoo & Rao, 1994). As illustrated in 

Figure 3.5, the k values and pulp% were well described by a power law equation with a high 

correlation coefficient using the vane geometry (R
2
=0.99). k values increased significantly with 

increasing concentration of the tomato particles in the suspensions, which is in agreement with 

other investigations (Lopez-Sanchez & Farr, 2012; Moelants, Cardinaels, Jolie, et al., 2014; Rao, 

Bourne, & Cooley, 1981; Yoo & Rao, 1994). This result demonstrated that the particle 

concentration had the largest effect on the viscosity of suspension. The power index obtained 

was 2.43 , which was close to that obtained by Tanglertpaibul and Rao’s (1987) but lower than 

the reported by Yoo and Rao (1994), probably due to the different rheological measurements 

employed for the suspension characterization and particle size of the samples. In Yoo and Rao’s 

work, the particle sizes of two samples were 340 and 710 μm while in the present study it was 
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about 285 μm. However, in the suspension series used in this work, the effect of particle size on 

rheological characteristics of the suspensions was not considered because the samples were all 

reconstituted suspensions from the same original stock and not modified by any chemical or 

physical process. Table 3.1 also shows that the particle sizes of the different reconstituted 

suspensions were very similar. It should be noted that although the viscosity of solubilized pectin 

solution within the tomato suspension showed no indication of contributing significantly to the 

total viscosity, the role of soluble pectin in the suspension should not be ignored. As discussed in 

section 3.3, particle aggregation in the suspension due to insufficient stabilizer (i.e. pectin) could 

be causing changes in flow behavior. Soluble pectin has shown the function of increasing the 

suspension stability to the action of shear forces by promoting the interaction between tomato 

particles.  

3.3.5 Relationship between Fundamental Rheological Measurements and the Empirical 

Bostwick Consistency Measurement 

Bostwick consistency measurements were carried out for all the reconstituted dispersions 

and a simple linear regression was obtained between the consistency index k obtained from tests 

using the vane and the cone-plate geometries and the Bostwick consistency (Figure 3.6). As 

illustrated in the figure the consistency index k determined from measurements obtained with the 

cone-plate geometry had a poor correlation with the Bostwick consistency (R
2
=0.54), whereas 

the correlation obtained from the vane geometry was significantly improved (R
2
=0.91). The 

rheological measurement using the cone-plate geometry was set with a very small gap (60 μm), 

and during the loading and measurement the particles in the suspensions were deformed and the 

sample was prone to phase separation and wall slip when the soluble pectin content was low.  

McCarthy and Seymour (1994) proposed an empirical relationship to relate the Bostwick 

distance to apparent viscosity of tomato products. The correlation was L=c(η/ρ)
-1/5

, where η is the 
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apparent viscosity measured by viscometry, ρ is the density of the sample, c is constant for a 

given testing time and L is the Bostwick measured distance plus 0.05m. Based on this analysis, 

Milczarek and McCarthy (2006) reported a high correlation (R
2
=0.96) between L and (η/ρ)

-1/5
. In 

our study, the density difference was ignored and only a simple linear regression was fitted 

between viscosity and Bostwick distance, so the R
2
 was a little lower than the reported value 

(0.96). Another reason could be that the Bostwick consistometer has its own limitations and 

cannot fully reflect changes of microstructure of the suspensions during measurement. In the 

present study, the Bostwick consistency remained almost the same when the serum phase (pectin 

content and DM) of the suspensions was changed, which decreased the correlation with the 

consistency index k obtained by vane geometry. The Bostwick consistency measurements could 

not detect consistency changes due to possible particle interaction enhanced by soluble pectin. 

Therefore, the vane geometry should be encouraged to use for the rheological measurement of 

plant-cell-wall-derived suspension system. 

3.4 Conclusions 

The pectin solutions were Newtonian fluids and their viscosity increased with pectin 

content and DM. All reconstituted suspensions showed similar shear thinning behavior, and can 

be well fitted by the power law model. The influence of the soluble pectin on the rheology of 

reconstituted suspensions seemed limited and only at high pectin content the suspensions had a 

significant higher viscosity. DM showed a less important effect in improving the suspension 

viscosity. The particle concentration turned out to be the dominant factor in determining the 

suspension viscosity. The particle size also affected the suspension viscosity and could be altered 

by pectin. In presence of solubilize pectin, the increasing particle interaction led to a slightly 

larger particle size.  
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The comparison of rheological measurements with Bostwick consistency gave more 

insights of functions of soluble pectin in the suspension system. k values obtained using the vane 

geometry had a good correlation with Bostwick consistency (R
2
=0.91). Therefore, the vane 

geometry should be preferred to evaluate the rheology of plant-cell-wall-derived suspensions. 

Wall slip happened when using cone-plate due to phase separation and can be avoided by 

increasing the pectin concentration. In summary, although the reconstituted serum viscosity is 

too low to significantly influence the rheology of suspension system compared to the dominant 

factor−particle phase, the soluble pectin still have major effects on maintaining the system 

stability and increasing the particle interaction. Further studying the role of pectin in the particle 

microstructure and the transition from structural pectin to soluble pectin will be desired and is 

expected to generate more information about the rheological properties of the system.  
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3.5 Figures and Tables 

 

 

 

Figure 3.1 Viscosity versus shear rate plots of solutions prepared with different pectin 

concentrations and DM. The vane and the cone-plate geometries were used for the measurements. 

(A) HDM pectin solutions using vane geometry, (B) MDM pectin solutions using vane geometry, 

(C) HDM pectin solutions using cone-plate geometry, (D) MDM pectin solutions using cone-

plate geometry. 
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Figure 3.2 Viscosity versus shear rate plots of reconstituted suspensions prepared with sera 

having different pectin concentrations and DM. The concentration of tomato particles (% pulp) 

in the dispersions was 20% and the vane and cone-plate geometries were used for the 

measurements. (A) HDM pectin suspensions using vane geometry, (B) MDM pectin suspensions 

using vane geometry, (C) HDM pectin suspensions using cone-plate geometry, (D) MDM pectin 

suspensions cone-plate geometry.  
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Figure 3.3 Shear stress versus shear rate plots of reconstituted suspensions prepared with serum 

of different pectin concentrations and DM, obtained using the cone and plate geometry. (A) 

Suspensions prepared with HDM pectin (B) Suspensions prepared with MDM pectin. 
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Figure 3.4 Viscosity versus shear rate curves of reconstituted suspensions with different pulp 

fraction using vane geometry. In these suspensions, the serum phase was reconstituted with 

deionized distilled water and the pectin concentration of the serum was 0. 
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Figure 3.5 Consistency index (k) values as a function of the concentration of tomato particles 

(pulp %). A power law trend line is also included in the figure. Solid line represents power law 

trend line. The range of shear rate used in the fitting was 0.1 to 100 s
-1

. Values of k calculated 

from the instrument software (TRIOS) were compared by Tukey grouping and means with the 

same letter are not significantly different. 

  

0 10 20 30

0

10

20

30

a

b

c

d

f

 k

 Power Law Fit

k
 (

P
a

.s
n
)

Pulp%

y=422.64x
2.4306

R2
=0.99

e



87 

 

 

 

Figure 3.6 Relationship between k value and Bostwick consistency (measured by the distance 

moved by the sample) for all reconstituted suspensions. Solid lines represent the linear fits. 
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Table 3.1 Particle size (± standard deviation) of commercial tomato sauce and reconstituted 

suspensions having different concentration of particles (pulp%). In the reconstituted suspensions, 

the serum phase was deionized distilled water and the pectin concentration was 0. Data were 

classified by Tukey grouping and means with the same letter are not significantly different. 

 

Sample D[v,0.1] (μm) D[v,0.5] (μm) D[v,0.9] (μm) D[3, 2] (μm) D[4, 3] (μm) 

Tomato sauce 95.7±1.4 d 264.6±3.6 b 588.8±5.4 a 168.3±2.3 c 306.9±3.3 b 

Pulp%_5% 103.4±0.5 bc 283.9±1.5 ab 602.2±5.6 a 175.0±0.7 b 321.5±1.7 ab 

Pulp%_10% 111.1±0.8 a 294.6±3.4 a 617.2±5.6 a 187.1±1.8 a 332.1±3.2 a 

Pulp%_15% 103.1±0.7 bc 282.4±1.6 ab 608.1±3.1 a 175.6±1.3 b 322.8±1.6 ab 

Pulp%_20% 104.8±1.1 b 284.7±4.6 ab 604.6±10.3 a 178.0±2.8 b 322.8±4.9 ab 

Pulp%_25% 101.3±0.6 c 282.2±1.2 ab 607.2±7.5 a 174.2±0.8 b 321.4±2.1 ab 

Pulp%_30%  102.8±0.5 bc 284.7±3.5 ab 605.5±10.6 a 176.4±1.6 b 322.7±4.2 ab 
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Table 3.2 Particle size (± standard deviation) of reconstituted suspensions prepared with pectin 

solutions having different concentrations and different DM. Concentration of particles in the 

suspension was 20% (%Pulp). Data were tested by Tukey grouping and means with the same 

letter are not significantly different. 

 

Sample D[v,0.1] (μm) D[v,0.5] (μm) D[v,0.9] (μm) D[3, 2] (μm) D[4, 3] (μm) 

HDM_25% 107.5±0.9 a 285.2±2.9 ab 608.7±6.7 a 180.0±2.1 c 324.5±3.2 a 

HDM_50% 108.4±0.6 a 290.0±0.3 ab 617.4±2.6 a 182.8±0.3 bc 329.2±0.5 a 

HDM_100% 107.5±0.6 a 283.8±2.4 b 605.8±3.9 a 179.7±1.3 c 323.2±2.3 a 

HDM_200% 108.1±1.7 a 283.5±2.6 b 602.7±4.5 a 180.6±2.5 c 322.5±2.5 a 

HDM_400% 108.6±1.0 a 285.9±3.3 ab 609.4±8.1 a 183.2±3.2 abc 325.3±3.7 a 

MDM_25% 108.7±1.2 a 291.6±1.5 ab 616.1±5.4 a 183.9±1.3 abc 329.8±2.0 a 

MDM_50% 110.1±0.4 a 292.9±3.2 a 614.3±5.4 a 188.9±0.9 ab 330.5±2.9 a 

MDM_100% 110.3±1.1 a 288.2±2.9 ab 600.0±7.3 a 189.0±2.1 a 324.9±3.2 a 

MDM_200% 108.6±1.6 a 287.2±5.9 ab 604.6±14.0 a 183.0±3.7 abc 324.9±6.5 a 

MDM_400% 108.2±0.4 a 289.1±3.3 ab 611.1±4.2 a 182.0±1.5 c 327.3±2.8 a 
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Table 3.3 Absolute viscosity ( ) (± standard deviation) of pectin solutions. The shear rate range 

is 0.1 to 100 s
-1

. Data generated from the same geometry were tested by Tukey grouping and 

means with the same letter are not significantly different. At high pectin concentrations 200% 

and 400%, the vane geometry provides slightly lower values than those obtained with the cone-

plate geometry whereas at pectin concentrations 25%, 50% and 100% the two geometries give 

almost the same viscosity values. 

 

Sample Vane Geometry Cone-plate Geometry 

(DM type and +Content) Viscosity (Pa.s) Viscosity (Pa.s) 

HDM_25% 2.3×10-3 ± 5.4×10-5 f 1.7×10-3 ± 2.2×10-5 d 

HDM_50% 2.7×10-3 ± 3.8×10-5 ef 2.4×10-3 ± 4.9×10-5 d 

HDM_100% 3.7×10-3 ± 1.5×10-5 de 3.9×10-3 ± 1.2×10-4 cd 

HDM_200% 6.9×10-3 ± 2.2×10-5 c 9.1×10-3 ± 1.6×10-3 c 

HDM_400% 2.5×10-2 ± 6.5×10-5 a 4.5×10-2 ± 5.4×10-3 a 

MDM_25% 2.3×10-3 ± 1.1×10-4 f 1.5×10-3 ± 5.6×10-5 d 

MDM_50% 2.5×10-3 ± 3.3×10-5 ef 2.0×10-3 ± 1.1×10-4 d 

MDM_100% 3.3×10-3 ± 1.8×10-5 ef 2.8×10-3 ± 7.9×10-5 d 

MDM_200% 4.8×10-3 ± 3.3×10-5 d 5.9×10-3 ± 9.3×10-5 cd 

MDM_400% 9.6×10-3 ± 1.3×10-3 b 1.8×10-2 ± 2.0×10-3 b 
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Table 3.4 Consistency coefficient (k) (± standard deviation) of reconstituted suspensions 

prepared with different pectin concentrations and DM. The concentration of tomato particles 

(%pulp) in the suspensions was 20% and the vane and cone-plate geometries were used for the 

measurements. For the vane geometry, the shear rate used in the fitting was 0.1 to 100 s
-1

 

whereas for the cone-plate geometry a valid range had to be selected from a shear rate of 1 s
-1

 to 

the shear rate at which wall slip started. Data generated from the same geometry were tested by 

Tukey grouping and means with the same letter are not significantly different. 

 

Sample Vane Geometry Cone-plate Geometry 

(DM+Content) Consistency Coefficient (k) (Pa.sn) Consistency Coefficient (k) (Pa.sn) 

HDM_25% 8.7±0.2 d 66.4±7.5 ab 

HDM_50% 9.7±0.3 b 55.7±7.7 ab 

HDM_100% 9.3±0.1 bcd 63.0±15.1 ab 

HDM_200% 9.6±0.2 b 25.8±5.2 cd 

HDM_400% 12.2±0.1 a 16.1±3.1 d 

MDM_25% 8.9±0.2 cd 74.3±16.3 a 

MDM_50% 8.8±0.4 d 49.2±9.4 abc 

MDM_100% 9.4±0.1 bc 55.6±12.8 ab 

MDM_200% 8.7±0.3 d 43.1±1.3 bcd 

MDM_400% 9.7±0.2 b 18.7±1.9 d 
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 EFFECTS OF PROCESSING CONDITIONS ON THE CHAPTER 4.

RHEOLOGICAL PROPERTIES OF TOMATO SUSPENSIONS (I): 

ULTRASOUND AND SHEAR 

4.1 Introduction 

The primary plant cell wall material consists of three main polysaccharides: pectin, 

cellulose microfibril and hemicellulose (Palin & Geitmann, 2012; Sankaran, Nijsse, Bialek, et al., 

2015). The pectin matrix, which is abundant in the middle lamella, determines cell to cell 

adhesion that contributes to the firmness and elasticity of the tissue (Fuchigami, 1987). The 

structural integrity and the mechanical properties of the cell wall material as well as the internal 

turgor of that material generated by osmosis effects play a central role in the viscosity and 

sensorial quality of such foods (Jackman & Stanley, 1995; Waldron, Parker, & Smith, 2003). 

Most food processes promote softening the texture of products by decreasing the turgor 

pressure and changing the structure of plant cell wall (Ilker & Szczesniak, 1990; Knoerzer, 

Juliano, & Smithers, 2016). The three main polysaccharides mentioned above exhibit different 

characteristics when subjected to processings (Knoerzer et al., 2016). For example, the pectin 

matrix is more susceptible to both chemical and enzymatic degradations whereas the 

hemicellulose-cellulose network remains almost intact (Terefe, Buckow, & Versteeg, 2014). 

Therefore, the manipulation of the cell wall pectin by various processes has been used to control 

the structural and textual properties of derived products (Day, Xu, Oiseth, & Mawson, 2012). 

Thermal processing, including both hot-break (HB) and cold-break (HB) treatments, is 

commonly used to produce tomato products. On one hand, the pectinolytic enzymes including 

pectinmethylesterase (PME) and polygalacturonase (PG) can be inactivated by high temperatures 

(e.g. at the hot-break temperature >90 ℃); therefore the enzymatic pectin degradation and the 



97 

 

associated cell wall weakening effects are inhibited at these high temperatures (Moelants, 

Cardinaels, Van Buggenhout, et al., 2014). PME removes the methyl groups from the pectin 

biopolymer; PG depolymerizes the pectin backbone resulting in pectin solubilization (Day et al., 

2012; Moelants, Cardinaels, Van Buggenhout, et al., 2014). On the other hand, during the CB 

treatment, which uses temperatures lower than those used in the HB treatment, cell wall pectin 

can be further demethoxylesterified and depolymerized since an optimal temperature for PME 

and PG activities is around 50 to 60 °C depending on the plant source (Verlent, Hendrickx, 

Verbeyst, & Van Loey, 2007; Verlent, Van Loey, Smout, Duvetter, & Hendrickx, 2004). 

Moreover, thermal treatment also causes cell firmness loss through disruption of cell membrane 

(loss of turgor pressure) and promotes pectin thermal degradation (Greve, Mcardle, Gohlke, & 

Labavitch, 1994). During thermal treatment, pectin degradation via β-elimination and acid 

hydrolysis provokes pectin depolymerization and thermosolubilizaiton. β-elimination is the 

favored reaction, while acid hydrolysis is negligible since the pH of tomato suspension is 

between 4 to 5 (Moelants, Cardinaels, Van Buggenhout, et al., 2014). Pectin thermal degradation, 

particularly in the middle lamella, weakens the intercellular adhesion and causes cell separation, 

and thereby affects the rheology of the plant-cell-wall-based food suspensions (Van Buggenhout, 

Sila, Duvetter, Van Loey, & Hendrickx, 2009). Therefore, although the traditional thermal 

processing has worked effectively in increasing the shelf life of these types of products, it 

compromises their sensory quality and eating pleasure (Day et al., 2012). 

In previous studies, thermal treatments often combined with mechanical treatments were 

applied to yield suspensions with different particle sizes and morphologies (Appelqvist, Cochet-

Broch, Poelman, & Day, 2015; Day, Xu, Oiseth, Hemar, & Lundin, 2010; Rao & Qiu, 1989). 

Homogenization has been reported to modify not only the particle size but also the particle 
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properties such as the aspect ratio, shape, and the orientation of particles, thus increasing the 

viscosity of suspensions made with these particles, when they are compared to samples that are 

not homogenized (Bayod, Mansson, Innings, Bergenstahl, & Tornberg, 2007). Recent study also 

showed that shear treatment has different effect on the particle structure and rheological 

properties depending on the type of plant cell walls. 

Ultrasound has been used as an alternative processing option to conventional thermal 

approaches (Chandrapala, Oliver, Kentish, & Ashokkumar, 2012). When an ultrasound wave 

passes through a liquid medium, it generates an effect known as acoustic cavitation (AC) which 

locally results in very high temperatures (around 5500 °C), high pressure (500 MPa), and 

enormous shear forces at the point where the bubbles collapse (Chandrapala, Oliyer, Kentish, & 

Ashokkumar, 2012; Sehgal, Sutherland, & Verrall, 1980). The multiple physical and biochemical 

effects caused by cavitation can lead changes in the structure of cell wall materials through the 

breakdown of weak intermolecular interaction forces and disintegration of particles and cellular 

compartments (Farkade, Harrison, & Pandit, 2006). Research reported to date was mainly 

focused on the effect of ultrasound on PME and PG inactivation (Wu, Gamage, Vilkhu, Simons, 

& Mawson, 2008), for which protein denaturation was assumed to be the main cause of 

inactivation (O'Donnell, Tiwari, Bourke, & Cullen, 2010; Wu et al., 2008). Controlling the 

viscosity by ultrasound has been successfully applied to many food systems, most of which have 

been applied to starch-based products such as corn, potato, tapioca, and sweet potato 

(Chandrapala, Oliyer, et al., 2012). Recently, ultrasound treatment has been reported to improve 

the structural and textural properties of non-starchy cell wall materials including carrot and peas 

(Day et al., 2012; Knoerzer et al., 2016). However, there are few reports on the application of 

ultrasound to improve the rheological properties of plant-cell-wall-based suspensions, in 
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particular taking into account the changes on the mechanical and ultrastructural properties of the 

particles forming the suspensions. 

This study used tomato as a typical vegetable product, and the main objective was to 

investigate the effects of processing conditions including thermal, shear and ultrasound on the 

rheological properties of suspensions, which were determined by steady shear and oscillatory 

shear experiments. In addition, particle characterization was performed by examining particle 

size and microstructure changes and related them to the mechanical strength of the particles and 

rheology of the suspensions. The pectin in the suspensions was further extracted and quantified 

to understand its potential role in the rheology of such plant cell wall suspensions. 

4.2 Materials and Methods 

4.2.1 Materials 

4.2.1.1 Sample Preparation 

Fresh tomatoes were purchased from a local market (Indiana, USA) and the same batch 

was used for the preparation of all samples. Tomatoes were washed and cut into approximate 2 

cm followed by a blending process (Ninja Englewood NJ100Express Chopper, MA, USA) for 1 

min. About 300 ml of the resulting tomato suspensions were packed in plastic bags (20cm x 

14.9cm x 4.7cm, Ziploc, USA). The water was pre-heated by a circulator heater (Anova 

Precision Cooker, CA, USA) and the packed tomato suspensions were added to simulate break 

stage. Two break temperatures were chosen, 65 °C for 20 min as the cold break process and 

90 °C for 20 min as the hot break process. After thermal treatment, seeds and large skin pieces 

were removed by using a hand crank food mill fitted with 1/16” screen (OXO Good Grips Food 

Mill, OXO, New York, NY). The samples collected were HB and CB samples, respectively. 
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One part of the break samples received ultrasound treatment, while other part received a 

high shear treatment. The ultrasound treatment was applied using an ultrasonic converter 

(Branson 102 Ultrasonics, Danbury, CT, USA) for 3 min and set at Micro tip limit 8, Duty cycle 

50%. The treated samples were labelled as hot break ultrasound (HBU) and cold break 

ultrasound (CBU). The shear treatment was conducted by using a high speed homogenizer (IKA 

T-25 Ultra-Turrax, Wilmington, NC, USA) set at 2 levels: high shear force (13500 rpm/min) and 

low shear force (6500 rpm/min). These treatments generated four samples: hot break high shear 

(HBH), hot break low shear (HBL), cold break high shear (CBH) and cold break low shear 

(CBL). A schematic of the sample preparation is presented in Figure 4.1. In total, eight samples, 

counting the two controls HB and CB samples were analyzed in the study. 

To obtain sera, each sample was centrifuged (Beckman AvantiTM J-251, CA, USA) at 

13,000 g at 10 °C for 20 min. Then the supernatant was filtered through a filter paper ((Whatman 

No.1) and collected as sera.  

4.2.1.2 Chemical Reagents 

Chemical reagents were obtained from multiple sources as follows: inositol was obtained 

from Calbiochem (Calbiochem, Los Angeles, CA). D-Galacturonic acid (GalA), D-Glucose 

(Glc), D-Fructose (Fru), D-Sucrose (Suc), hexane, deuterium oxide (D2O) were obtained from 

Sigma-Aldrich (Sigma-Aldrich, Co., St. Louis, MO). Acetone, methanol and acetic acid were 

purchased from J. T. Baker (J.T. Baker Chemical Co., Phillipsburg, NJ). Tri-Sil reagent
 ® 

was 

purchased from Pierce Co. (Rockford, IL). Citrus pectin was purchased from USB Corporation 

(Cleveland, OH). 
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4.2.2 Rheological Measurements 

To characterize the rheological properties of the samples, both steady shear and 

oscillatory shear experiments were performed. The rheological measurements were carried out 

on a stress controlled rheometer (ARG2; TA Instruments, DE, USA) using the vane geometry. 

The four blade vane geometry has a diameter of 28 mm and a height of 42 mm. To eliminate the 

effects of the loading history on the structure, the sample was subjected to a pre-shearing step at 

a shear rate of 100 s
-1

 for 60 s followed by 2 min rest period before all measurements (Moelants, 

Cardinaels, Jolie, et al., 2014). A new sample was used for each measurement and the sample 

was covered during the testing to eliminate loss of water. 

To determine the viscosity profile, steady shear experiments were conducted by applying 

a shear rate sweep from 0.1 to 100 s
-1

. For oscillatory shear experiments, first a strain sweep was 

performed at constant frequency 1 Hz to determine the Linear Viscoelastic Region (LVR). The 

storage modulus (Gꞌ) and loss modulus (G") were recorded in the LVR. Then a frequency sweep 

from 0.1 to 30 Hz was carried out at a constant strain of 0.1% (which is in LVR).  

The viscosity of the tomato sera was measured on the same rheometer using a 2° cone-

plate geometry with a diameter of 40 mm. The procedure was performed following the method 

described in Chapter 3.  

All measurements were performed at least in triplicate at a constant temperature of 25 °C.  

4.2.3 Particle Size Measurements 

The particle size distribution in the suspension was measured by laser light scattering 

using a Malvern Mastersizer 2000 instrument (Malvern Instruments Ltd, Worcestershire, UK). 

Prior to the measurements, all samples were stirred in a water-continuous diluting accessory unit 

(Hydro 2000 MU) at a speed of 2000 RPM. Samples (approximately 2 ml) were diluted 400-fold 
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in ultrapure water to minimize multiple scattering effects. The particle size distribution was 

calculated from the intensity profile of the scattered light based on the Mie theory using the 

instrument software (Mastersizer2000, version 5.40). Volume median diameter value D[v,0.5] 

was used as the average particle size. Measurements were performed at least three times and the 

mean values of D[v,0.5] are  reported. 

4.2.4 Compression Experiment 

Compression experiment was carried out on the same rheometer according to the method 

described by Sankaran et al. (2015). A parallel plate with 40 mm diameter was used for the 

measurement. After the sample was loaded onto the peltier plate, the geometry was lowered to 

the setting gap 1000 μm. The same pre-shear was applied as mentioned in section 4.2.2. The 

normal force was recorded by applying a direct compressive strain on the suspension as the 

geometry was lowered to a gap of 100 μm at a speed of 10 μm/s. The peak force was determined 

from the force-time plot. Measurements were conducted by triplicate and average values are 

reported. 

4.2.5 Cryo-Scanning Electron Microscopy 

Suspension samples were mounted on specimen holders with a slot of approximately 

1mm of the sample rising above the holder surface, then frozen by plunging into liquid nitrogen 

slush and cryo transferred into the preparation chamber of the Gatan Alto 2500 system set for 

−185 °C (Pleasanton, CA, USA). Tomato samples were fractured with the preparation chamber 

knife and transferred to the FEI NovaNano SEM (Hillsborough, Oregon, USA) and placed on the 

cryo stage set for sublimation of surface ice at −90 °C. Fractured surfaces where sublimated and 

imaged until sufficient structure was observed and then returned to the Gatan cryo preparation 

chamber for 120 seconds of sputter coating using a platinum target and temperature of −185 °C. 
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During sputter coating, the SEM cryo stage was lowered to −140 °C to prepare for final imaging.  

Upon completion of 120 seconds of sputtering, the sample was reinserted onto the NovaNano 

SEM cryo stage and images of fractured surfaces were captured. 

4.2.6 Color Scores 

The color of the samples was assessed by a colorimeter (LabScan XE, HunterLab, Reston, 

Virginia, USA). The 2° standard observer was chosen and the values of Hunter L, a, b color scale 

were calculated by the software EasyMatch QC. Values of L
*
, a

*
, and b

*
 were measured to 

describe a three-dimensional color space and interpreted as follows: L
*
 indicates lightness read 

from 0 (completely opaque or “black’’) to 100 (completely transparent or ‘‘white’’). a
*
 value 

indicates greenness (-) and redness (+), and b
*
 value represents blueness (-) and yellowness (+).  

The color score (TPS) was calculated based on Equation 4.1, which was approved by 

USDA and developed for the evaluation of color of processed tomato paste/puree (Barrett & 

Anthon, 2008). 

240.926 1.061 9.473 0.376TPS a b b      (4.1) 

4.2.7 Chemical Analyses of Pectin  

4.2.7.1 Nuclear Magnetic Resonance (
1
H NMR) of Sera 

40 mL serum from each sample was further dialyzed using a 3000 MWCO (molecular 

weight cut-off) membrane (Spectrum Labs, Rancho Dominguez, CA). The dialyzed sera were 

then lyophilized for 
1
H NMR spectroscopy analyses. Approximately 10 mg lyophilized sample 

was dissolved in 1 mL D2O followed by freeze-drying. This procedure was repeated once more 

for an additional D2O exchange. The final lyophilized product was then dissolved in 1 mL D2O 

for NMR analysis. H
1
-NMR spectra were obtained at ambient temperature using a Varian Unity 
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INOVA 300 NMR spectrometer (Varian Inc., Palo Alto, CA). Glc, Fru, GalA and citrus pectin 

were used as standards to identify resonance peaks. 

4.2.7.2 Isolation of Cell Wall Material (alcohol insoluble residue, AIR) 

AIR isolation process was based on the method reported by McFeeters and Armstrong 

(1984). 30 g tomato sample was mixed with 150 mL 95% (v/v) ethanol using a magnetic stirrer 

for 5 min. Subsequently, the suspension was filtered (Whatman No.1 filter paper) on a Buchner 

funnel. The residue was collected and suspended in 75 mL 95% (v/v) for 5 min. After another 

filtration procedure, the cell wall residue remixed with 75 mL acetone and then went through a 

final filtration. The residue was collected and referred as AIR (alcohol insoluble residue). The 

AIR sample was dried in a vacuum oven at 25 °C overnight and stored in a desiccator until use. 

4.2.7.3 Pectin Fractionation 

AIR was further fractionated into 3 pectin fractions according to the method described by 

Christiaens et al. (2012).  Water-soluble pectin (WSP), chelator-soluble pectin (CSP), and 

sodium-carbonate-soluble pectin (NSP) were obtained by subsequently extracting the AIR 

sample with different solvents. 0.25 g AIR was first stirred in 45 mL boiling water for 5min. 

After cooling down, the suspension was filtered, and the filtrate was collected and adjusted to 50 

mL as WSP fraction. 50 mL chelator-soluble pectin (CSP) fraction was further obtained by re-

suspending residue in 45 mL 0.05 M cyclohexane-trans-1, 2-diamine tetra-acetic acid (CDTA) in 

0.1 M potassium acetate pH 6.5 for 6 h followed by the same filtration and supplement steps. 

The final pectin fraction is sodium-carbonate-soluble pectin (NSP) fraction, which was prepared 

by re-incubating the residue in 45 mL 0.05 M Na2CO3 containing 0.02 M NaBH4 for 16 h at 4 °C, 

and subsequently for 6 h at 28 °C. The mixture was filtered, and the volume of the filtrate was 

adjusted to 50 mL. All pectin fractions were frozen and stored at -80 °C. 
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4.2.7.4 Pectin Content 

The pectin content was determined by gas chromatographic (GC) analysis of 

trimethylsilyl (TMS) methyl glycoside derivatives, which were prepared as described by McNeill 

et al. (1982). 1 mL mixture comprised of 3 mg AIR and 1 mg inositol internal standard was 

prepared and dried under a stream of N2 gas. Then, 450 μL of 2M methanolic-HCl was added to 

the mixture for methanolysis at 80 ºC for 16h. After evaporation of methanolic-HCl using N2 gas, 

200 μL of Tri-Sil reagent was added and heat at 80 ºC for 20 minutes. After cooling down, the 

trimethylsilyl methylglycoside derivatives were dissolved in 1 mL hexane and ready for GC 

testing. A standard curve for GalA was created to estimate the pectin content in the samples. 

4.2.8 Statistical Analysis 

All the measurements were performed in triplicate and the results are given as mean of 

three measurements ± standard deviation. The rheological data was analyzed using Trios (TA 

Instruments, DE, USA). 

The rheological data from the tomato suspensions was described by the power law model 

given by the following equation: 

nk   (4.2) 

where k= consistency index (Pa.s
n
), and n the flow index (-)) 

Statistical analysis was carried out using SAS 9.3 software package (SAS Institute, Inc., 

NC, USA). All pairwise comparisons were tested using Tukey method. The level of significance 

was set at p < 0.05. 
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4.3 Results and discussion 

4.3.1 Particle Size and Microstructure 

The particle size data of the eight samples is illustrated in Figure 4.2. The average 

particle sizes of HB and CB were about 475 μm, and did not show significant differences. 

However, the ultrasound and high shear treatments dramatically reduced the particle size while 

the low shear didn’t cause any size changes in particles. In the present study, HB and CB were 

obtained without significant shear forces applied after the break stage. This suggests that thermal 

processing alone doesn’t lead to the reduction in particle size, but the further mechanic 

disruption does.  

Thermal treatments result in the soften of plant cell wall tissue and partial loss of turgor 

pressure (Greve, Shackel, et al., 1994). It causes β-elimination of pectin in the cell wall that 

provokes pectin depolymerization and thermosolubilization. As the bonding agent pectin 

degrades, the degree of cell detachments depends on the intensity of the thermal conditions 

applied. For example, carrot cells started to separate from tissue at 80 °C (Sila, Smout, Vu, Van 

Loey, & Hendrickx, 2005), and clear separation of individual cells was observed at 100 °C (Day, 

Xu, Oiseth, Hemar, et al., 2010). According to Day et al. (2010), particle size and microstructure 

after mechanical shear was determined by the starting structure of the cell wall tissues. HB 

samples were assumed to have a softer tissue structure than CB samples due to a higher 

temperature applied. Therefore, samples derived from the HB treatment had a smaller size 

compared to samples derived from the CB treatment after same intense mechanic disruption (i.e. 

ultrasound and high shear treatments). In industry production and many previous studies (Day, 

Xu, Oiseth, Hemar, et al., 2010; Lopez-Sanchez et al., 2011; Moelants, Cardinaels, Jolie, et al., 

2014), strong shear forces are  usually applied after the break procedure, so the HB samples 
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always have smaller sizes compared to the CB treated samples. However, in the present study 

this particle size difference only was observed in the ultrasound and high shear treatments. 

Ultrasound treatment significantly decreased the particle size of both HB and CB samples. 

The average particle sizes of HBU and CBU were 304 and 330 μm, which decreased by 35.9% 

and 31.3% the particle size of the HB and CB samples, respectively. Ultrasound could promote 

degradation of pectin in the middle lamella, which accelerated the cell detachments resulting in 

much smaller particle size. The particle size reduction caused by high shear treatment is different. 

Rather than cell separation, it was more like cell wall tissue rupture. The average particle sizes of 

HBH and CBH were 442 and 460 μm, which were only decreased by 7.0% and 4.2% from HB 

and CB, respectively. These values were too small compared to the reduction caused by 

ultrasound, which proves that the ways that cell separated were different between these two 

treatments. The low shear almost didn’t change the particle size. Instead, the particles were 

rearranged in a more efficient packing, which would contribute to the mechanical strength of 

these particles (discussed later). 

The microstructures of particles generated from these treatments determined by cryo-

SEM are illustrated in Figure 4.3. Without the presence of shear forces (e.g. blending) involved 

after break processes, HB and CB had similar morphologies. Lopez-Sanchez et al. (2011) 

reported the same results on a study analyzing the microstructures and rheological properties of 

tomato suspensions. When blending was applied before both thermal treatments (70 and 90 °C), 

the microstructures obtained contained mostly large cell structures similar to the non-heated 

(only blended) sample. It was explained by the thermal input which could be insufficient to 

reduce cell adhesion. However, after ultrasound treatment the samples had smoother surface and 

contained more intact cells without broken edges. This result confirmed that cell detachment 
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through middle lamella was favored under ultrasound treatment. By this way, the plant cells can 

still maintain structural integrity and turgor pressure, which contribute to enhance the mechanical 

properties of the formed particles. During cryo-SEM measurements, freezing and sublimation 

would leave a concentrated mass of material in the particles. In ultrasound treated samples, small 

material spots were observed inside of the cells. This could be polysaccharide (i.e. pectin) 

solubilized by ultrasound and precipitated during the sample dehydration. This structure would 

greatly increase the turgor pressure as well as elasticity of the particles. By contrast, high shear 

treatments led to cell breakage. The cell wall tissue was intensely mechanical disrupted with 

many cells broken having irregular morphologies. Such particle structure already lost integrity 

and turgor pressure. The cellular and particular structural differences generated by these 

treatments directly affect the rheological properties of the derived suspensions. This is discussed 

in the following sections. 

4.3.2 Viscosity of Suspensions 

All suspensions showed shear thinning behavior (Figure 4.4), which is the characteristic 

of most plant cell wall derived suspensions and indicative of structural changes in the cell 

particles during rheological testing (Morrison, 2001). For further comparison of the viscosities, 

the consistency coefficients k obtained from the power law model were compared by using the 

Tukey test (Figure 4.5). Break temperature showed its influence on the viscosity. The HB 

treatment yielded a suspension with a relatively higher viscosity than that obtained from the CB 

treatment. This result well echoed previous studies (Goodman, Fawcett, & Barringer, 2002; 

Valencia et al., 2002). Thermal treatments lead to the rupture of cell membrane and an initial loss 

of cell firmness (Greve, Shackel, et al., 1994), which results in softer plant-cell-wall-based 

particles (Moelants, Cardinaels, Van Buggenhout, et al., 2014). It also causes β-elimination of 
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pectin in the cell wall that provokes pectin depolymerization and thermosolubilization. Such 

changes in cell wall biopolymers alter the cell wall structure and physical properties of particles, 

consequently changing the rheological properties of suspensions containing them. In addition, 

thermal treatments affect the way cells are separated (cell separation compared with cell wall 

breakage) and the shape of particles during the following mechanical destruction (Greve, 

Mcardle, et al., 1994; Ormerod, Ralfs, Jackson, Milne, & Gidley, 2004). Day et al. (2010) and 

Lopez-Sanchez et al. (2011) reported that hot-break samples had smaller sizes, smooth surfaces 

without broken edges which indicated the cell separation was favored through middle lamella at 

intense heat treatments. Some researchers also suggested that thermal treatments influenced the 

activity of pectinolytic enzymes which in turn changed the rheological properties of the 

suspensions. The effect of thermal treatment is through the changes of particle phase and serum 

phase to alter the rheology. 

Applying ultrasound significantly increased the viscosity of tomato suspensions. In 

particular, for the CB treated samples, the ultrasound treatment produced samples (i.e. CBU) 

with higher k-values (i.e. viscosity) than those of the HB samples (Figure 4.5). This suggests the 

ultrasound could be considered as a potentially alternative treatment to the traditional HB 

treatment to increase viscosity while maintaining superior consumption quality and a low energy 

input for their production. Wu et al. (2008) reported a similar improvement of viscosity in 

tomato juice by ultrasound. It was explained by the observed particle size reduction which 

resulted in a larger interfacial area and stronger interparticle interactions. The particles also had a 

smaller particle size in the present study while kept structural integrity compared to shear treated 

samples. Ultrasound can enhance heat and mass transfer processes and thus has been used 

extensively in the extraction of natural products (Chemat, Zill-e-Huma, & Khan, 2011). Yildirim, 
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Oner, and Bayram (2011) evaluated water diffusion of chickpeas during soaking assisted with 

ultrasound and found it significantly increased in extraction yield with increasing of ultrasound 

power at low frequency (i.e. 25 KHz).  Ultrasound could accelerate pectin dissolution in the 

middle lamella resulting cell separation, which led to a reduced size. Also, more cells remained 

intact compared to the conventional shear treatments because the cell tended to separate through 

middle lamella. This typical structure helped to trap soluble pectin in the cells under ultrasound 

treatment, which could, in turn, maintain the turgor pressure as well as the elasticity of the 

particles. Turgor generated within the cells by osmosis is one of the main factors which control 

the structural integrity and the texture of plant cell wall tissues (Jackman & Stanley, 1995). 

During most of the food processing operations, turgor pressure is lost due to tissue disruption 

which leads to a softer texture (Knoerzer et al., 2016). Day et al. (2012) suggested that the turgor 

pressure was in a gradual decrease fashion at early stage of ultrasound application, which 

minimized the impact of sudden pressure loss. In addition, ultrasound increased the solubilized 

pectin diffusion in the cell wall, some of which could be accumulated in the cell wall or intact 

inner cells. These altered cell particle properties together with reduced particle size may explain 

that the viscosity was significantly increased by the ultrasound treatment.  

The shear treatment influenced the viscosity by creating cell wall particles with distinct 

microstructures. The high shear treatment caused a significant decrease in viscosity whereas the 

low shear treatment resulted in a similar viscosity compared to break samples (HB or CB). 

Tomato cell wall tissue is softer in contrast to other plant sources such as carrot and broccoli, and 

even simple blending before any thermal treatment was sufficient to produce suspensions with 

single cells both intact and broken (Lopez-Sanchez et al., 2011). The high shear treatment could 

further break down the plant tissue and cells resulting in a reduction in particle size and also loss 
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of cell integrity and elasticity, which led to a lower viscosity. The low shear treatment seemed 

not to change particle size and microstructure. It was more like a rearrangement of particles in 

the suspension, so the viscosity remained unchanged. Reduced particle size could increase the 

probability of interparticle interaction due to a larger interfacial area; however the interaction 

depends on the particle properties. Although both treatments reduced the particle size by 

comparing results from ultrasound and high shear treatments, ultrasound increased the viscosity 

of suspensions while the other one decreased it. This result demonstrated the cell integrity and 

elasticity is crucial on affecting viscosity of plant-cell-wall-based suspensions. 

4.3.3 Viscoelastic Properties of Suspensions 

Strain-sweep results performed on HB and CB samples are illustrated in Figure 4.6. The 

linear viscoelastic range where the storage modulus (G') and loss modulus (G") are independent 

of the applied strain was determined in the range 0.01 to 2%. In agreement with previous studies, 

for all samples studied G' was higher than G", at a strain range <2%, indicating a “weak gel” 

response (Lopez-Sanchez et al., 2011; Verlent, Hendrickx, Rovere, Moldenaers, & Van Loey, 

2006). At higher strains (>2%), both G' and G" started to decrease, and reached a cross-over 

point, which suggested that the suspensions had a more viscous behavior at higher strains (Day, 

Xu, Oiseth, Lundin, & Hemar, 2010). Qualitatively, the same strain-sweep behavior was 

observed for other ultrasound treated and shear treated samples (figures not shown). To study the 

effect of processing on the network properties of suspension, the G' and G" value measured at 

0.1% strain (within the LVR) for all the samples are illustrated in Figure 4.7. HB samples 

exhibited higher G' values than those of the CB samples. Furthermore, for the same break sample 

(HB or CB), it is clearly shown that the ultrasound treatment increased the G' values of the 

suspensions while high shear treatment decreased it. Although samples produced by the low 
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shear treatment had higher G' values than samples produced by the high shear treatment, their G' 

values were still insignificantly lower than those measured in original break samples (HB or CB). 

The results are in good agreement with the viscosity data, which indicates that the viscosity may 

be influenced by the elasticity of the suspensions.  

The frequency sweep test performed on the suspensions are presented in Figure 4.8, 

which shows G' and G" values as a function of frequency for a 0.1% strain (which is within 

LVR ). G' and G" values showed an increasing trend with increased in the applied frequency. All 

suspensions exhibited a weak gel behavior with G' values greater than G" by less than 10-folds 

regardless of the frequency. This is a typical rheological behavior of concentrated fruit and 

vegetable suspensions and similar to the previous studies on such as apple (Espinosa-Munoz, 

Renard, Symoneaux, Biau, & Cuvelier, 2013), peach (Massa, Gonzalez, Maestro, Labanda, & 

Ibarz, 2010), tomato (Valencia et al., 2002) and carrot (Day, Xu, Oiseth, Hemar, et al., 2010; 

Day, Xu, Oiseth, Lundin, et al., 2010). The ultrasound treated samples (HBU, CBU) always 

presented higher G' values than the other samples; however the high shear treated samples (HBH, 

CBH) showed significant lower G' values. These trends are very similar to the viscosity 

measurements which could further confirm there may be a relationship between the viscosity of 

the suspensions and the elasticity of the plant-cell-wall-derived particles forming the suspension. 

Suspension is composed of a serum and solid or particle phases. It is well known that the 

viscoelastic properties could be significantly improved by increasing the solid content of 

suspensions. Espinosa-Munoz (2013) observed a 4 times increase in G' as raising dry insoluble 

solid content from 11 g/kg to 21 g/kg in apple puree. Day et al. (2010) found three solid 

concentration regions in carrot cell wall suspensions. In the middle range G' and dry solid 

content can be described by a power law model with power indexes in a range from 3.0 to 6.3 
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depending on the different particle morphologies (i.e. cell clusters, single cells and cell 

fragments). In this study, the dry solid content was in the range 3.9% to 4.1%, and there was no 

significant difference among the samples. Therefore, the difference in the viscoelastic properties 

could be attributed mainly to the variations in the size and particle properties caused by the 

different processing conditions. 

4.3.4 Mechanical Strength of Suspensions 

Figure 4.9 shows a typical force-time plot generated from the compression test. The 

initial gap was set as 1000 μm, because it was reported at that gap the strain applied only cause 

water squeezed out of the system while maintaining the cellulose network of cell wall unchanged 

(Lopez-Sanchez et al., 2014). The flat plate geometry was lowered down at a constant rate of 10 

μm/s until the final setting gap of 100 μm. Subsequently, the gap was held for 160 s while 

recording the normal force gathered by the force transducer of the rheometer. Since the average 

particle size of suspension was much larger than 100 μm, it is assumed that the strain is directly 

applied to particles and the deformation of the particles is considerable large. Lopez-Sanchez et 

al. (2014) were the first to propose the rheometer setup for studying the micromechanics of 

cellulose networks, and they suggested that there were two mechanisms associated to the force 

responses under a compressive strain: particle deformation and water transport through the cell 

wall. According to a micromanipulation study of single tomato suspension cells conducted by 

Blewett et al.(2000), the peak force is a parameter that indicates cell wall elasticity. 

Therefore, peak forces were obtained from force-time curves and compared as shown in 

Figure 4.10. Similar viscoelastic and viscosity values reported in previous sections, HB samples 

showed a larger peak force response than that of the CB samples. Ultrasound treatment increased 

the peak forces of the break samples. In particular, for the HB sample this increase was 
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significant (HB vs. HBU). However, shear treatments led to opposite results, which depended on 

the intensity of shear used; the peak forces of the treated samples were significantly decreased by 

high shear, whereas slight raised by application of low shear treatments. 

Turgor pressure and the structural integrity are essential for maintaining the mechanic 

strength of plant cell wall tissues (Blewett et al., 2000; Cosgrove, 1997; Jackman & Stanley, 

1995).  During the compression test, liquid was observed flowing out radially from the samples. 

In a more integral structure the liquid would be better confined in the cell tissue, which would be 

more resistant to the loading pressure and will be more evident at higher peak forces. As 

discussed in previous sections, the HB treatment favored cell separation through middle lamella 

instead of cell wall breakage, so the HB treated samples had more intact, smaller and smoother 

cells compared to that of the CB samples. This structure difference could explain why the HB 

samples exhibited higher mechanic strength (peak force) than the CB samples. Ultrasound could 

further create large amounts of smaller intact cells via pectin dissolution in the middle lamella. 

Therefore, it will further increase the measured peak force. Although high shear yielded small 

particles, most cells might probably already lost turgor and structural integrity. The cell tissues 

had low water retention and demonstrated a significant smaller peak force. In contrast, low shear 

didn’t cause a particle size reduction for the break samples (Figure 4.2, HB vs. HBL; CB vs. 

CBL). It more likely created a rearrangement of particles in the samples. Thus, peak forces 

response was slight raised due to a more efficient particle packing in the system. 

It also has been noticed that the mechanical strength of the suspensions has a relationship 

with their rheological properties (i.e. viscosity and viscoelasticity). For instance, the HBU 

sample had higher mechanical strength also produced suspensions with a higher viscosity and 
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storage modulus. It directly relates the rheology to the particle strength which needs to be further 

investigated in the future. 

4.3.5 Chemical Analyses of Pectin  

4.3.5.1 Proton NMR (1H-NMR) Analysis of Sera  

Proton NMR was used to study the serum composition. The H-4 protons of 

homogalacturonan, i.e., pectin (α-1, 4 GalA), have a resonance in the region of 4.3 to 4.5 ppm; 

the exact resonance distribution depends on the degree of methylation (Rosenbohm, Lundt, 

Christensen, & Young, 2003). The anomeric proton is in the region from 5.0 to 5.2 ppm. Figure 

4.11 shows that the representative NMR spectra of the sera did have resonances in these regions, 

which confirms that pectin is present in the serum. The resonances at ~5.2 ppm and ~4.6 ppm are 

characteristic of the anomeric protons of free Glc, in the equilibrium ratio of the α and β 

anomeric configurations. The resonances in region of 3.3 to 4.2 ppm are characteristic of the ring 

protons of carbohydrates, and the resonances between 2.0 and 3.0 ppm indicate the presence of 

organic acids, such as citric acid. Comparison of these spectra to standards demonstrates that free 

Glc and Fru are also present in the dialyzed tomato sera though in a minor quantity. All dialyzed 

seta almost presented an identical spectra profile, which suggests that all the samples have sera 

with a similar composition. The results showed that the dialyzed sera were mainly composed of 

galacturonic residues, and there was no difference between the samples treated by the different 

thermal, shear and ultrasound treatments. Past work on HB and CB tomato samples (Chong, 

Simsek, & Reuhs, 2009) also showed a similar result indicating that there is no difference in the 

quality of total pectin extracted from the entire product. 
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4.3.5.2 Pectin Content of Suspensions 

The GalA content representing the pectin content was determined by GC and the data is 

illustrated in Figure 4.12. WSP is loosely bound to the cell wall through non-covalent and non-

ionic bonds (Selvendran & Oneill, 1987). In the present study, it was the biggest fraction which 

accounted for 60-80% of the total pectin that was determined from the combined three fractions. 

CSP mainly contains ionically cross-linked pectin usually bonding with Ca
2+

 in middle lamella 

(Sila, Smout, Elliot, Van Loey, & Hendrickx, 2006), and approximately a CSP fraction of 20-30% 

was obtained in the study. NSP is predominantly linked to cell wall polysaccharides through 

covalent ester bonds (Chin, Ali, & Lazan, 1999; Christiaens, Van Buggenhout, Houben, et al., 

2012). It only accounted for a minor portion (<3%).  Christiaens et al. (2012) reported a relative 

low WSP (~36%) and high NSP (~31%) in high temperature blanched tomato samples compared 

to results obtained in this work. It could be related to the ripeness of tomato fruits as well as the 

measurement of pectin content. These authors were using a colorimetric method described by 

Blumenkrantz and Asboe-Hansen (1973) where the pectin had to be hydrolyzed with sulfuric 

acid and could overestimate its calculated content.  

HB and CB samples had similar pectin content in the three fractions. Although a higher 

temperature could enhance pectin thermal degradation and solubilization (Greve, Mcardle, et al., 

1994), HB only had a slight higher pectin content  in the WSP fraction than CB samples. 

However, ultrasound and shear treatments dramatically increased this water-soluble pectin 

fraction. As discussed ultrasound promotes pectin degradation through middle lamella and that 

could be the cause of such as increase. As the bonding agent pectin was solubilized and went into 

serum phase, the cell wall tissues were detached producing smaller particles. Shear treatments 

also increase the soluble pectin by mechanical disrupting the particles, which can leach out the 

pectin that is trapped in the particles.  
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The results also demonstrated that soluble pectin was not the key factor affecting the 

viscosity of suspensions, because all further mechanical disruption would increase this portion 

including high shear that produced suspensions with decreased viscosity. Therefore these results 

are reinforcing the hypothesis that the change of water-soluble pectin wasn’t the main cause 

explaining viscosity differences in the tomato products. As a cell wall component, changes of 

pectin fraction reflected the cell wall and particle structure changes upon treatment. The WSP 

increase was a result of particle structural changes, and the later was the true cause that explains 

the observed viscosity difference. 

4.3.6 Viscosity of Sera 

As shown in Figure 4.13, the viscosities of the isolated sera indicate a Newtonian 

behavior. For the applied shear rate range (0.1 to 100 s
-1

), the viscosity of sera was low (1.0 

mPa.s) and remained unchanged at different shear rates tested. In addition, the sera from 

different samples all exhibited a similar viscosity value, which indicates the contribution of sera 

to the overall viscosity of the tomato products is not significant, which is probably due to the 

limited amount and the relatively low viscosity values of the sera present in the samples. Pectin 

is the most important component affecting the viscosity of the serum phase rather than 

solubilized sugars, salts and organic acids (Anthon, Diaz, & Barrett, 2008; Moelants, Cardinaels, 

Van Buggenhout, et al., 2014). In Chapter 3, the effects of soluble pectin on the overall viscosity 

have been demonstrated as negligible. The serum viscosity values obtained in this chapter were 

close to the viscosity of pectin solutions prepared with the lowest pectin concentration (i.e. 25%). 

It can be inferred that the pectin content in the sera are low, and even though there are some 

differences caused by processing conditions; therefore pectin contribution to the viscosity of 

suspensions is negligible compared to that of the particle phase. 
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4.3.7 Color Scores 

Color is one of the most important aspects of commercial tomato products (Min & 

Zhang, 2003). Color in tomatoes is due to the presence of carotenoids. Lycopene is the major 

carotenoid which accounts for 83% of the total pigment (Gould, 1992). The carotenoids in 

tomatoes are subject to degradation during processing which leads to color loss of derived 

products (Hayes, G Smith, & E. J. Morris, 1998). The color scores of the samples were 

calculated and are illustrated in Figure 4.14. HB samples showed a lower color scores than those 

of the CB samples. It has been well known that the color of tomato juice degraded more rapidly 

with increasing temperature (Gould, 1992), and one of the advantages of CB over HB is that the 

CB final products retain a more natural color (Hsu, 2008). By applying ultrasound or shear 

treatments, the color of the samples was significantly deteriorated especially for high shear 

treatments. It has been noticed that the samples originated from HB always had a lower color 

scores than that from CB (i.e. HBU<CBU, HBH<CBH, and HBL<CBL). It suggests that the 

initial break stage has a great effect on the color loss. Carotenoids in the HB sample are easier to 

extract due to a softer tissue structure and therefore can be faster degraded during subsequent 

processing. The main cause for color loss is oxidation (Thakur, Singh, & Nelson, 1996), which 

can be accelerated by application of high shear forces. This high mechanical disruption could 

severely rupture the cell wall tissue as well as incorporate more oxygen. More carotenoids could 

leach out and react with oxygen, thus leading to a significant color loss. 

4.4 Conclusions 

In the present study, tomato suspensions with various particle morphologies and strengths 

were obtained by using a combination of thermal treatment and ultrasound or high shear 

treatment. Although the color was significantly lost during the process, the rheological attributes 
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of the suspensions showed different aspects depending on the particle phase created. Cellular and 

particular structural differences generated by these treatments directly affected the rheological 

properties of the suspensions (see Figure 4.15). Results showed that thermal treatment alone 

didn’t change the particle size; however subsequent ultrasound and high shear treatments 

dramatically reduced the suspension particle size. As visualized by cryo-SEM, the ultrasound 

treated suspensions had more intact cells into which solubilized pectin could be trapped, 

resulting in particles with an increased mechanical strength. By contrast, high shear treatments 

led to cell rupture and therefore a loss of structural integrity and turgor pressure. Particle 

mechanical strength was determined directly by a compression experiment and the peak forces 

were in good agreement with the rheological properties of suspensions produced with these 

particles. Tomato suspensions with a higher viscosity could be created by the ultrasound 

treatment, while the high shear treatment produced suspensions with lower viscosity. The storage 

modulus (G') of suspensions showed a similar trend and had a positive correlation with their 

viscosities, which indicates that the rheology of the tomato suspensions is influenced by the 

mechanical properties of the particles.  

The serum phase of the suspensions confirmed the little contribution of its chemical 

composition to the overall rheology of the suspension. The isolated sera exhibited Newtonian 

behavior with identical viscosity values. Proton NMR showed that dialyzed sera were mainly 

composed of galacturonic residues, and the spectra profiles of samples were almost identical, 

indicating a similar serum composition. The water-soluble pectin (WSP) fraction of the 

suspensions became larger after ultrasound and shear treatments. Changes in pectin are the 

consequences of alteration of particle phase. This result suggests that pectin was leached out 

from particles which caused the changes of in the particle mechanical properties. Future work 
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should be focused on the role of the mechanic properties of the cell wall particles on the 

rheology of tomato suspension. 
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4.5 Figures and Tables 

 

 

 

Figure 4.1 Schematic overview of sample preparation. In total, eight samples were prepared in 

the study. 
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Figure 4.2 Average particle size D[v, 0.5] measured by static light scattering. Data were 

compared by Tukey grouping and means with the same letter are not significantly different. 
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Figure 4.3 Cryo-SEM images of thermal, ultrasound and high shear treated samples. The large 

images have a magnification of 1000 X, and the images inserted have a magnification of 3000X. 

Small material spots (indicated by red circles) were observed in ultrasound treated samples 

(HBU), and it could be soluble pectin freeze-dried during the measurement. Scale bar is 50 μm. 
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Figure 4.4 Viscosity versus shear rate plots of tomato suspensions received ultrasound and shear 

treatments. (A) Ultrasound treated; (B) Shear treated. 

 

 

 

Figure 4.5 Consistency coefficient (k) of tomato suspensions obtained from ultrasound and shear 

treatments. The k values were obtained from the flow curves by the Trios software. The shear 

rate range for fitting was 0.1-100 s
-1

. Data were tested by Tukey grouping and means with the 

same letter are not significantly different. 
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Figure 4.6 Strain sweeps for HB and CB samples. From these results, the linear range was 

determined to be in the range 0.01 to 2%. Other samples received ultrasound or shear treatments 

had similar linear ranges. Strain% 0.1% was chosen to compare the viscoelastic properties of the 

samples. 

 

 

Figure 4.7 Comparison of storage modulus (G') and loss modulus (G") measured at the LVR for 

or all samples. Data were analyzed by Tukey grouping and means with the same letter are not 

significantly different. 
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Figure 4.8 Frequency sweep plots of tomato suspensions received (A) ultrasound and (B)shear 

treatments. 
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Figure 4.9 Typical force-time curves for tomato suspensions. Each samples showed unique peak 

force which indicates the cell wall elasticity. 

 

 

Figure 4.10 Peak force comparison of tomato suspensions. Data were tested by Tukey grouping, 

and means with the same letter are not significantly different.  
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Figure 4.11 Representative 
1
H-NMR spectrum of dialyzed tomato serum showing the resonances 

of pectin. The pectin anomeric is in the region from δ 5.0 to δ 5.2, and the H4 resonances are 

from δ 4.3-4.5, depending on the degree of methylation.  
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Figure 4.12 GalA contents of three pectin fractions extracted from tomato suspensions. WSP: 

Water-soluble pectin; CSP: Chelator-soluble pectin; NSP: Na2CO3-soluble pectin. Data were 

analyzed by Tukey grouping, and means with the same letter are not significantly different. 

 

 

Figure 4.13 Viscosity versus shear rate plots of tomato sera centrifuged from suspensions 

received ultrasound and shear treatments. (A) Ultrasound treated; (B) Shear treated. 
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Figure 4.14 TPS scores comparison. A higher score means a better color retention. Data were 

tested by Tukey grouping, and means with the same letter are not significantly different. 
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Figure 4.15 Schematic plot of particle formation upon the treatments of ultrasound and high 

shear. By applying ultrasound, cell separation through the middle lamella was favored, so more 

cells were still remained intact. Ultrasound also promoted the pectin solubilization, and the 

soluble pectin would be trapped within the cell which increased the turgor pressure. This 

microstructure contributed to a higher mechanical strength of the particles, as well as a higher 

viscosity. High shear treatments caused cell rupture. Most cells were broken, and already lost 

structural integrity and turgor pressure. It caused lower mechanical strength and elasticity of 

particles, and therefore a lower viscosity. 
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 EFFECTS OF PROCESSING CONDITIONS ON THE CHAPTER 5.

RHEOLOGICAL PROPERTIES OF TOMATO SUSPENSIONS (II): 

CONCENTRATION 

5.1 Introduction 

About 80% of tomatoes in the U.S. are consumed as tomato processed products 

(Heuvelink, 2005). In general, most tomatoes are processed into tomato pastes (i.e. concentrates) 

before any further manufacturing (Abu-Jdayil, Banat, Jumah, Al-Asheh, & Hammad, 2004). 

Tomato sauce and ketchup are the most commonly consumed processed forms which are 

originated/diluted from tomato concentrates (Rickman, Barrett, & Bruhn, 2007). The 

concentration process comes after “break” step and also uses intense thermal conditions to 

evaporate the water from the juice to produce the paste. The purposes of the concentration 

process are for long-term storage and easy transportation. Concentrated paste can be stored for 

one year or more and is used as the starting material for the production of other value-added 

products (Anthon, Diaz, & Barrett, 2008).  

Typically, this process takes from half hour to more than 2 h of heating at moderate 

temperatures under reduced pressure in either batch-type system or continuous evaporation 

system (Apaiah & Barringer, 2001). However, it has been known for years that the subsequent 

dilution for production of tomato products at a set concentration is accompanied by a loss of the 

product consistency (Tanglertpaibul & Rao, 1987b). This is a major economic cost for the 

industry since more concentration of solids is required to add in order to achieve the same 

viscosity as the original form before concentration (Thakur, Singh, & Nelson, 1996). There is 

considerable literature on the influence of the concentration process on the rheological properties 

of tomato products (Anthon et al., 2008; Diaz, Anthon, & Barrett, 2009; Sanchez, Valencia, 
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Ciruelos, Latorre, & Gallegos, 2003; Valencia et al., 2002). However, the causes for this problem 

have not been found yet, although some hypotheses have been proposed. Hurtado et al. (2002) 

suggested pectin hydrolysis during the high evaporation temperature was the cause. Marsh et al. 

(1977) proposed irreversible deleterious changes in the particles due to high osmotic and ionic 

strength led to a drop in viscosity. Beresovsky et al. (1995) and Mizrahi (1997) attributed the 

viscosity loss to mechanical shear applied to the juice during pumping. According to Anthon et 

al. (2008), there was little or no change in the total pectin content during the concentration of 

both HB and CB juices. However, insoluble pectin was decreased which was possible to result in 

a higher Bostwick value, but these two phenomena were not directly connected because occurred 

at different times. For instance, the insoluble pectin decreased at the late stages of the 

concentration, whereas the consistency was lost at the initial stage of the process. Furthermore, 

Beresovsky et al. (1995) found that a loss of consistency still happened without applying heat or 

vacuum to the evaporator which indicated that mechanical effects other than thermal effects were 

responsible for the consistency loss. Therefore, Anthon et al. (2008) suggested that the reduction 

in the particle size and precipitate ratio could be the main causes to the loss in consistency. 

The overall objective of this chapter was to investigate the changes in rheological 

properties of tomato products during the concentration process at an industrial plant. This study 

tried to analyze the problem from a new perspective that considered the properties of the 

particles to explain the consistency loss issue after concentration. This information should 

provide strategies to design better processing conditions and alternatives to improve the quality 

of the tomato products.  
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5.2 Materials and Methods 

5.2.1 Tomato Juice and Pastes from Processing Plant 

The tomato samples were provided by ConAgra Foods Inc. (Oakdale, CA) from a paste 

processing plant in November 2015. The paste samples were collected from the same batch 

during processing. Unconcentrated tomato juice from which the pastes were made was also 

sampled. They were aseptically packed and shipped to the Purdue lab overnight. The sample 

labeling is shown in Table 5.1. These paste samples were from the same origin tomato fruits but 

had different initial consistency when packed due to minor variation in the concentration process. 

For instant, Paste 1 designated as P1, had a Bostwick consistency of 2.6 cm at packing. The 

Bostwick value of original juice was measured in the lab immediately after arrival also shown in 

the table. The paste samples were stored in a cool room (5 °C) and all measurements took place 

within one month after manufacture. 

5.2.2 Tomato Suspension Preparation 

Since unconcentrated original juice had a soluble solid content of 4.0 °Brix, the pastes 

were diluted with deionized water to reconstitute juices (i.e. suspensions) of 4.0 °Brix. Mixing 

was performed following the method described by Anthon et al. (2008). Additional water or 

paste was blended as necessary to adjust the samples to 4.0 °Brix. The suspension labeling is 

also listed in Table 5.1. 

5.2.3 General Properties  

5.2.3.1 Solid Content 

The solid contents were determined by a vacuum oven. About 5 g samples were 

transferred to the pre-weighed drying foil dishes and dried for 12 hours at 60 °C in a vacuum 
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oven. The total weight of dish plus sample was recorded before and after drying. The moisture 

content or percent dry solids were determined. 

5.2.3.2 °Brix 

The °Brix value was measured by an Abbe refractometer at room temperature. The 

soluble solids reading was on temperature compensated. The reconstituted juices were adjusted a 

soluble solid content to 4.0 °Brix. 

5.2.3.3 Bostwick Consistency  

The Bostwick consistency was determined for the original juice as well as reconstituted 

juices. The method was described in Chapter 3. 

5.2.3.4 Isolation of Tomato Cell Wall Material 

The Alcohol Insoluble Residue (AIR) isolation was carried out for unconcentrated 

original juice and reconstituted juices based on the method reported by McFeeters and 

Armstrong (1984), which was described in detail in Chapter 4. The AIR was dried in a vacuum 

oven at 25 °C overnight and stored in a desiccator. 

5.2.4 Rheology Measurements 

Rheological measurements were carried out in a stress controlled rheometer (ARG2; TA 

Instruments, DE, USA). For the original juice and reconstituted juices, both steady-state shear 

and dynamic oscillatory shear experiments were performed using a vane geometry with a 

diameter of 28 mm and a height of 42 mm. The methods were described in Chapter 4. For pastes, 

the viscoelastic properties were determined using a parallel plate geometry with a diameter of 40 

mm. A strain sweep in a range from 0.1 to 100% (strain%) was performed at a constant 

frequency of 1 Hz to determine the linear viscoelastic region (LVR). The Small Amplitude 
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Oscillatory Shear (SAOS) test was then carried out using a frequency sweep from 0.1 to 10 Hz at 

a constant strain of 0.1% (which is in LVR). All measurements were performed at least in 

triplicate at a constant temperature of 25 °C. 

5.2.5 Particle Size 

The particle size of the original juice and reconstituted juices were determined by laser 

light scattering using a Malvern Mastersizer 2000 instrument (Malvern Instruments Ltd, 

Worcestershire, UK). The procedure was described in Chapter 3. 

5.2.6 Statistical Analysis 

All the measurements were performed in triplicate and the results are given as mean of 

three measurements ± standard deviation. Statistical analysis was carried out using SAS 9.3 

software package (SAS Institute, Inc., NC, USA). All pairwise comparisons were tested using 

the Tukey method. The level of significance was set at p < 0.05.  

5.3 Results and Discussion  

5.3.1 General Product Properties  

Solid contents of original juice (OJ), pastes (P1, P2, P3 and P4) and reconstituted juices 

(RJ1, RJ2, RJ3 and RJ4) are shown in Figure 5.1. The pastes after concentration process all had a 

high solid content greater than 25%, which showed no significant differences in comparison by 

Tukey grouping. Although the reconstituted juices after dilution had the some °Brix values (i.e. 4) 

as OJ, the solid content in the reconstituted juices were considerably higher. Marsh et al. (1977) 

reported that high solute concentration found in pastes compressed the particles which were not 

fully re-expanded upon dilution. Heutink (1986) also claimed that tomato cells were collapsed 

after concentration process and were not able to re-absorb water and re-expand to the initial state. 
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Results in this work suggest that condensed solutes are also trapped within the particles and 

cannot be fully re-solubilized in the following dilution at ambient temperature. It partially acts as 

insoluble solids and therefore more paste needs to be added to bring the °Brix value back to 4. 

This result is in good agreement with the data reported by Marsh et al. (1977), where they 

strongly suggested an additional heating step to reduce the inefficient resorption. Solid content is 

one of the most important factors that influence the rheological properties of cell-wall-derived 

suspensions (Espinosa-Munoz, Renard, Symoneaux, Biau, & Cuvelier, 2013). The solid content 

of RJ4 was 5.8%, which was significantly higher than that of other reconstituted suspensions (i.e. 

RJ1, RJ2 and RJ3). This difference would lead to variation in consistency and rheology in the 

following tests. It should be pointed out, although the initial Bostwick consistencies of pastes at 

packing were provided, these values could not fully represent the texture of samples. According 

to Marsh et al. (1977), the Bostwick values became very small as the solid content increases to 

15% and therefore the actual value cannot be precisely determined by the Bostwick 

consistometer. The paste in the present study contained more than 25% solids, so other 

parameters such as solid content and particle size should be also considered when comparing the 

properties of diluted suspensions. 

Bostwick values of original juice and reconstituted juices are compared in Figure 5.2. 

Although OJ had much lower solid content, it still exhibited a lower Bostwick value meaning a 

more optimum consistency. The solid content measured in the study includes water soluble and 

insoluble parts, and the contribution of soluble material (i.e. soluble pectin) to the overall 

viscosity has been demonstrated as very limited in Chapter 3. To understand the effects of solids, 

AIR was extracted and compared in the same figure. The AIR is often referred to as cell wall 

material and has been shown to have a high positive correlation to the viscosity of tomato juice 
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(Janoria & Rhodes, 1974). However, it gave an opposite result here. OJ had the lowest AIR 

weight but exhibited a lower Bostwick consistency than reconstituted juices. This result seemed 

controversy; however could be explained by changes on the properties of the particles. Particle 

volume fraction is one of the most important parameters that influence the suspension rheology 

(Mueller, Llewellin, & Mader, 2010). However, plant cell wall particles are soft, highly 

deformable and non-spherical, and several studies use weight such as particle concentration or 

solid content instead of volume to describe their rheological properties. It is meaningful for 

comparison only if the particles are the same. However during the concentration process, the 

physical properties of the particles were greatly altered, which were not the same as the particles 

from OJ. Thus, it explains that OJ still can show a lower Bostwick consistency even though its 

AIR weight and solid content are significantly lower compared to those of reconstituted juices. 

By contrast, all the pastes were produce from the same concentration procedure, so the particles 

did not show major differences among the reconstituted juices. Therefore, as AIR weight 

increased from RJ1 to RJ4 Bostwick values showed a decreasing trend. The only discrepancy 

was RJ1, which was determined to have the lowest AIR weight; however failed to present a 

highest Bostwick value. It may be due to the minor differences in particle properties among paste 

particles (i.e. P1, P2, P3 and P4). These results indicate solid content/AIR is just one of the major 

factors that control the product consistency. Other parameters such as particle size and particle 

properties are showing the same importance, which are discussed in the next sections. 

5.3.2 Particle Size 

The particle size of original juice and reconstituted juices measured by static light 

scattering are presented in Table 5.2. Values of D[v,0.1], D[v,0.5] and D[v,0.9] of OJ were 

significantly higher than those of the reconstituted juices. These parameters indicate the particle 
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diameter at which reaches 10, 50 and 90% of the particle volume, respectively. The D[3, 2] 

(area-based diameter) and  D[4, 3] (volume-based diameter) of the OJ particle, which were 180.2 

and 365.2 μm, also showed higher values compared to those of the reconstituted juices. However, 

the difference between the D[3, 2] of OJ and RJ4 particles was not significant. It is observed that 

the values of these five parameters for the RJ4 particles were considerably higher than those of 

other reconstituted juices. The D[4, 3] value is strongly biased towards the very largest particles 

in the distribution, whereas the D[3, 2] value is more associated with smaller-sized particles 

(Bayod, Mansson, Innings, Bergenstahl, & Tornberg, 2007; Lopez-Sanchez et al., 2011). This 

result suggests that two mechanisms may exist during the concentration process. The particles 

“shrink” at the initial stage showing a significant drop in particle size compared to OJ. As the 

concentration process continues the particles, especially small particles, could be further 

condensed and then strongly bonded together and therefore exhibits a larger particle size. This is 

evidenced by a higher D[3, 2] value of RJ4 particle. 

A decreased average particle size was reported due to the concentration process (Den 

Ouden & Van Vliet, 2002). Thus, the consistency loss could be explained by the reduced volume 

fraction occupied by the smaller particles (Kalamaki et al., 2003). Anthon et al. (2008) also 

showed that the reduction in precipitate ratio during concentration, which further confirmed that 

the volume fraction could be the one of the main causes to the loss in consistency. The present 

study illustrates a high correlation between particle size and consistency. A higher value of 

average particle size (i.e. D[v,0.5], D[3, 2] or D[4, 3]) indicates a better Bostwick consistency 

(Table 5.2 and Figure 5.2). It should be noted that as the particles were reduced in volume during 

the concentration, their properties were altered as well. This also contributes to the observed 

differences in the measured Bostwick consistency.  
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When tomato juice is concentrated to paste, the particles are showing a reduction in 

volume and a condensation in their weight into much smaller particle size as solutes are 

concentrated within the particles. When the paste is diluted back to juice, the particles cannot be 

fully re-expanded and the concentrated solute is only partially re-solubilized. Therefore, more 

paste is needed to adjust the soluble solid content back to original °Brix. This process reduces the 

particle volume to achieve a higher concentrated weight. The individual particles in the 

reconstituted juices are assumed to have a smaller volume and higher density. Although these 

suspensions contain more solid, they probably still have a relatively lower volume fraction 

compared to original juice. Another alteration caused by concentration is the particle properties, 

which are discussed later. These combined effects could explain the viscosity loss during the 

concentration process. 

5.3.3 Viscosity 

The viscosity of original juice and reconstituted juices is shown in Figure 5.3. As 

expected, the viscosity of OJ was significantly higher than those of the reconstituted juices. In 

addition, S4 showed a higher viscosity compared to other reconstituted suspensions. These 

results are in line with the results of Bostwick consistency (Figure 5.2). However, in the 

Bostwick consistency measurements, significant differences between reconstituted juices were 

obtained, which were not observed by the rheometer measurements. The Bostwick values are the 

travelled distance based on the gravity of the material (Mccarthy & Seymour, 1994), and its 

magnitude increases exponentially with concentration (Marsh et al., 1977). It is only a single 

point measurement and cannot be used to infer physicochemical characteristics of the tested 

material (Tanglertpaibul & Rao, 1987a). In the present study the solid contents of the samples 
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varied significantly in the reconstituted juices to achieve the required °Brix, which could explain 

the differences observed between these two methods. 

From the viscosity curve, it is noticed that the reconstituted juices changed the flow 

behavior at a shear rate > 50 s
-1

 which indicates a change in the sample structure; whereas the 

structure of the OJ sample appeared to remain the same at the shear rate ranged applied. The 

inset plot serves to demonstrate the difference between the OJ and RJ3 samples. The RJ3 sample 

changed the flow behavior at a shear rate of 50 s
-1

, exhibiting an abrupt increase in viscosity 

followed by a slowly decrease. By contrast, the slope of OJ flow curve was maintained even in 

the high shear rate range. These results suggest that the particle structure and properties are not 

the same in these two suspension systems. In the reconstituted juices, the particles are derived 

from pastes that have been subjected to a concentration. The aim of concentration is to evaporate 

large liquid volume for long-term storage and easy transportation. However, at the meantime it 

probably causes a reduction in particle volume and a concentration in particle weight into smaller 

size. It has been proposed that the particles undergone irreversible deleterious changes resulted 

from high osmotic and ionic strength (Reid, Kotte, Kalamaki, & Ibanez, 2006). Reconstituted 

suspensions (i.e. juices) from pastes are not stable systems, and serum separation commonly 

occurs. Den Ouden and Van Vliet (2002) reported serum separation became severer if the 

reconstituted juice was prepared from a concentrated paste having a higher °Brix value. 

Generally, cell-wall-derived suspensions show a shear thinning behavior: viscosity decreases 

with increasing shear rate. In the present study, as shear rate increases to a high range, the 

particles in reconstituted juices are probably aggregated together thus exhibiting an abrupt 

increasing or a flat flow curve. This result indicates that the changes of particle structure and 
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properties are also important causes of consistency loss. It can alter the flow behavior and affect 

the rheological properties of more diluted products. 

5.3.4 Viscoelasticity of Original Juice and Reconstituted Juices 

The viscoelastic properties of OJ and reconstituted juices were determined by performing 

dynamic oscillatory shearing tests. A strain-sweep from 0.1 to 100% (strain %) was first carried 

out at a constant frequency 1 Hz and shown in Figure 5.4. The linear viscoelastic (LVR) region 

was below 1%. In the LVR, all samples showed that the storage modulus Gꞌ was higher than the 

loss modulus G" indicating a ‘weak gel’ behavior (Verlent, Hendrickx, Rovere, Moldenaers, & 

Van Loey, 2006). OJ exhibited considerably higher moduli Gꞌ and G" values in LVR than those 

of the reconstituted juices. There were also small differences between the reconstituted juices. In 

order to quantitatively compare the viscoelastic properties of OJ and the reconstituted juices, Gꞌ 

and G" values at 0.1% strain were obtained from Figure 5.4 and replotted in Figure 5.5. As 

expected, the differences between OJ and the reconstituted juices were significant. Although 

there were no significantly differences between viscoelastic moduli of the reconstituted 

suspensions, the slight small differences in the storage modulus followed the order 

RJ4>RJ3>RJ1>RJ2, which is the same to the comparisons in the particle size, consistency, and 

viscosity. This result indicates both volume fraction and particle properties (i.e. elasticity or 

mechanical strength) are important factors in determining the rheological properties of the 

suspensions. 

A frequency sweep from 0.01 to 10 Hz was then performed and the results are presented 

in Figure 5.6. Gꞌ and G" showed a slightly increasing trend in the range of frequencies tested 

with Gꞌ values greater than G" by more than 10-folds regardless of the frequency, which is a 

typical rheological behavior of concentrated fruit and vegetable suspensions (Day, Xu, Oiseth, 
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Hemar, & Lundin, 2010; Day, Xu, Oiseth, Lundin, & Hemar, 2010). Similar to the results from 

the strain sweep test, OJ sample always showed higher Gꞌ values than those of the reconstituted 

juices. It has been reported that the viscoelastic properties have a positive correlation with the 

solid content of vegetable- and fruit-derived suspensions (Day, Xu, Oiseth, Hemar, et al., 2010; 

Espinosa-Munoz et al., 2013). In such systems, solid content is usually used instead of volume 

fraction due to the soft and highly deformable nature of the cell wall particles. In the present 

study, OJ showed significantly higher viscoelasticity although it contained lesser solid content 

compared to the reconstituted suspensions. The result of the suspension viscoelasticity is a 

combined effect of the particle volume fraction and the particle properties. It seems that the 

particles in the original juice occupy a larger phase volume fraction and/or have higher elasticity. 

After the concentration process, the particles are reduced in particle volume and concentrated 

their particle weight into much smaller size. Although more solids need to be put in the 

reconstituted juices, OJ might still have a larger particle volume fraction. Furthermore, the 

particle properties have been changed, which alters the particle interaction and further affects the 

rheology. This hypothesis needs further studies on the properties of particles to confirm it.  

5.3.5 Viscoelasticity of Pastes 

Pastes obtained from the concentration process had similar solid content, so their 

viscoelastic properties were expected to yield useful information regarding the properties of 

particles forming them. A strain sweep was performed on the pastes and results are illustrated in 

Figure 5.7. The pastes exhibited a similar LVR as the suspensions (Figure 5.5); however G' and 

G'' values were two orders of magnitude higher. It indicates that particles dominate the 

rheological behaviors of these paste systems. A decrease in both G' and G'' to eventually reach a 

cross-over point in the non-linear range was observed with further increasing the strain (>1%). 
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The cross-over strain was about 8% for P1 and 2% for P4. It moved to a low strain range from 

P1 to P4. This result indicates that particles forming the paste P1 promote a larger number of 

strain bearing entanglements compared to the P4 particles (Day, Xu, Oiseth, Lundin, et al., 2010). 

The moduli measured in the LVR were compared by Tukey’s grouping and the result shows that 

there was no significant difference between these pastes. The four pastes are final concentrated 

products obtained in a commercial concentration evaporation process, so the small differences 

observed are likely due to the minor differences in the processing conditions. It indicates that the 

pastes are formed by particles with similar properties that differ from those of the original tomato 

juice. 

The frequency sweep was conducted on the pastes and results are illustrated in Figure 5.9. 

It can be observed in the figure that G' values were greater than G'' values, indicating that elastic 

behavior of these pastes. Similar to the strain sweep results, G' values only exhibited an 

insignificant decrease trend from P1 to P4, with paste P4 showing a slightly lower value than 

those of other pastes. Particles in pastes are highly packed and deformed, and in such systems the 

elasticity of individual particles determines the bulk viscoelasticity (Stokes & Frith, 2008). 

Therefore, this result confirms that particles forming the different pastes should have the similar 

elasticity. Although there is only minor difference, it has been noticed that the paste P4 which 

has the lowest G' can form reconstituted juice (i.e. RJ4) with a slight higher G' than those of 

other reconstituted juices. It can be explained by the high solid content of the RJ4 sample. 

During reconstitution/dilution from paste to juice, the amount of paste to put depends on the 

soluble solid content of suspension. The particles cannot re-absorb water and fully re-expand to 

the original shape after concentration process (Heutink, 1986). If the particles were more 

affected during concentration, they would be less re-expended upon dilution and more solids 
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were required to achieve the original °Brix value (i.e. 4). The facts that the paste P4 shows lower 

G', as well as the reconstituted juice RJ4 (diluted from P4) contains significantly higher solids 

(Figure 5.1), suggest P4 particles were most altered by concentration. The minor differences in 

particle properties among the paste samples, however, could result in huge differences in 

compensation of soluble solid content and viscosity loss in producing diluted tomato products. 

These results also indicate that both particle volume fraction (i.e. concentration) and particle 

properties are essential to the rheology of cell-wall-derived suspensions. 

5.4 Conclusions 

In this study, four tomato pastes from a commercial processing plant were diluted back 

with deionized water to reconstitute these concentrates in suspensions that had the same °Brix 

values than the original juice. The solid content, AIR weight and particle size were determined 

for the original juice and reconstituted juices, and correlated with the results of Bostwick 

consistency and rheological properties. Although the original juice had a much lower solid 

content and AIR weight, it still exhibited a better consistency and a higher viscosity in 

comparison with the reconstituted juices. The particle size showed a high correlation with 

consistency and viscosity. Average particle size of the original juice was significantly reduced by 

the concentration process. The viscoelastic properties of the original juice also showed higher 

moduli values, which indicate that the properties of the particles are altered by the concentration 

process.  

It can be concluded that both particle volume fraction and particle properties have a 

major effect on the rheological properties of cell-wall-derived suspensions (see Figure 5.10). 

When original tomato juice is concentrated to a paste, the particles reduced in volume and 

concentrated their weight into much smaller particle size. The concentration process not only 
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reduces the particle volume but also negatively alters the particle mechanical properties. The 

individual particles in the reconstituted suspensions have a smaller size and lower elasticity. 

Even though these suspensions contain more solids, they probably still have a relatively lower 

volume fraction and elasticity compared to original juice, therefore exhibiting a lower 

consistency and viscosity. Furthermore, after concentration the particles cannot fully return to the 

original shape when they are reconstituted from the concentrate, and the solute is only partially 

re-solubilized upon dilution to juice. This explains that more paste is needed to be added in order 

to adjust the °Brix back to that of the original juice. Although there were minor differences of 

particle elasticity among the paste samples, it caused significant impacts on the subsequent 

dilution for production of tomato products (i.e. reconstituted juices). These results illustrate the 

predominant role of the particles on the rheological behavior of products. However, this study 

didn’t directly compare the particles in pastes and unconcentrated original juice in terms of 

viscoelasticity and mechanical strength, which need to be further investigated in the future. 
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5.5 Figures and Tables 
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Figure 5.1 Solid contents of original juice (OJ), pastes (P1, P2, P3 and P4) and reconstituted 

juices (RJ1, RJ2, RJ3 and RJ4). Data were classified by Tukey grouping method, and means with 

the same letter are not significantly different.  

  



154 

 

 

Figure 5.2 Bostwick values and AIR weights of original juice and reconstituted 

juices/suspensions. AIR was extracted from 30 g suspensions. Data were classified by Tukey 

grouping method and means with the same letter are not significantly different. 
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Figure 5.3 Viscosity curves of original juice and reconstituted juices/suspensions. The insert plot 

shows the different flow behavior between OJ and S3. S3 changes slope at a shear rate of 50 s
-1

, 

whereas the slope of OJ flow curve keeps the same. 
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Figure 5.4 Strain sweep tests of original juice and reconstituted juice at a constant frequency 1 

Hz. The shear strain range was 0.1% to 100% and the testing temperature was 25 
o
C. 
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Figure 5.5 Comparison of storage modulus (G') and loss modulus (G'') in the LVR of original 

juice and reconstituted juices/suspensions. Data were classified by Tukey grouping method and 

means with the same letter are not significantly different. 
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Figure 5.6 Frequency sweep tests of original juice and reconstituted juices at a constant strain% 

0.1% (in LVR). The frequency range was 0.01 to 10 Hz and the testing temperature was 25 
o
C. 
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Figure 5.7 Strain sweep tests of pastes from concentration process at a constant frequency 1 Hz. 

The shear strain range was 0.1% to 100% and the testing temperature was 25 
o
C. 
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Figure 5.8 Comparisons of storage modulus (G') and loss modulus (G'') in the LVR of pastes 

from concentration process. Data were classified by Tukey grouping method and means with the 

same letter are not significantly different. 
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Figure 5.9 Frequency sweep tests on pastes obtained from the commercial concentration process. 

The frequency range was 0.01 to 10 Hz at a constant strain% 0.1% (in LVR). Testing 

temperature was 25 
o
C. 
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Figure 5.10 Schematic plot of particle changes during concentration and subsequent dilution 

process. During the industrial concentration process from tomato juice to paste, it caused a 

reduction in particle volume and concentrated their weight into much smaller particle size. This 

process not only reduced the particle volume fraction but also negatively changed the particle 

mechanical properties. The individual particles in the reconstituted juices had a smaller size and 

lower elasticity. Therefore, it caused a loss in viscosity. Furthermore, after concentration the 

particles cannot fully re-expend to the original shape upon dilution, and the solute is only 

partially re-solubilized. In order to achieve the same soluble solid content as OJ, more paste was 

needed. 
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Table 5.1 Sample labeling for the experiments. Tomato juice and paste were from the same 

origin batch. The Bostwick values of pastes were determined when they were packed in the plant. 

These pastes were diluted to tomato juices in the lab to have the same solid contents as the 

original juice (i.e. 4 °Brix). 

 

Sample from plant Bostwick consistency (cm) Paste name 
Suspension name  

(diluted from paste) 

Original juice 14.3 N/A OJ 

Paste 1 2.6 P1 RJ1 

Paste 2 2.2 P2 RJ2 

Paste 3 1.9 P3 RJ3 

Paste 4 1.6 P4 RJ4 

 

 

Table 5.2 Particle size (± standard deviation) of original juice and reconstituted juices prepared 

from commercial pastes. Data were classified by Tukey grouping method and means with the 

same letter are not significantly different. 

 

Sample D[v,0.1] (μm) D[v,0.5] (μm) D[v,0.9] (μm) D[3, 2] (μm) D[4, 3] (μm) 

OJ 132.0 ± 0.2 a 330.2 ± 2.4 a 665.0 ± 9.6 a 180.2 ± 5.2 a 365.2 ± 3.3 a 

RJ1 98.6 ± 2.6 d 270.6 ± 3.0 cd 553.1 ± 19.3 bc 142.5 ± 1.9 c 301.8 ± 7.4 c 

RJ2 99.6 ± 0.7 d 263.9 ± 1.8 d 534.0 ± 4.0 c 146.8 ± 1.9 c 293.3 ± 2.1 c 

RJ3 111.7 ± 1.9 c 279.7 ± 6.9 c 539.4 ± 17.2 c 162.2 ± 1.6 b 305.0 ± 8.5 c 

RJ4 118.6 ± 0.9 b 282.4 ± 3.0 b 583.8 ± 15.6 b 174.1 ± 4.9 a 326.4 ± 5.4 b 
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 EFFECTS OF PARTICLE PROPERTIES ON CHAPTER 6.

RHEOLOGY OF TOMATO SUSPENSIONS 

6.1 Introduction 

Plant cell walls are complex composite materials made up by three main polysaccharides 

which can form cross-linking with different proteins and phenolic compounds (Carpita & 

Gibeaut, 1993), building structural systems that can control the mechanical properties that the 

plants need for their growth. Each component adds its functions to the individual cells or jointed 

tissues in terms of structural strength, rigidity, flexibility and porosity (Carpita & Gibeaut, 1993). 

The structural integrity and texture of cell wall material are mainly determined by its mechanical 

properties, cell adhesion and the internal turgor generated by osmosis (Jackman & Stanley, 1995; 

Waldron, Parker, & Smith, 2003). They also play a central role in the sensorial quality of foods 

derived from plant cell wall. Recently, the understanding of structure of plant cell wall material 

in relation to the textural properties of derived foods has become of research interest to both 

academia and industry given the importance of plants in human nutrition (Sankaran et al., 2015).  

Pectin is a major cell wall component that can “glue” tomato cells together, so changes in 

pectin structure are crucial in determining the textural properties of tomato tissue (Christiaens et 

al., 2012). Cell wall pectin can be degraded via demethoxylation and depolymerization by both 

enzymatic and chemical conversion reactions (Vanburen, 1979). Pectin degradation due to PME 

enzymes can modify the cell wall structure by releasing the methyl groups from the pectin 

backbone at C-6 position during the ripening process (Errington, Tucker, & Mitchell, 1998). 

Genetic engineering of crops using recombinant technology has provided promising means to 

alter in vivo levels of these enzymes for creating “designer” pectin that promotes desired texture 

on processed tomato products (Thakur, Singh, & Handa, 1996; Thakur, Singh, Tieman, & Handa, 



168 

 

1996; Tieman, Harriman, Ramamohan, & Handa, 1992). Some studies have shown that 

reduction in PME activity exhibited remarkable improvements in various qualities of processed 

tomato products over wild type (Thakur, Singh, & Handa, 1996; Thakur, Singh, Tieman, et al., 

1996; Tieman et al., 1992). However, few of them have assessed the changes on tissue structure 

and particle phases induced by genetic modified PME pectin, and therefore its relation to the 

textural properties.  

To understand the effects of the tomato particles on the rheology of suspensions 

containing these particles, many studies were conducted via bulk characterization. However, 

results are still inconclusive concerning the effects of the particle properties. Studies at the 

individual particle level are needed for better understanding such systems. Atomic force 

microscopy (AFM) has been used to study tomato plant cell wall material. However, the majority 

of these studies have focused on imaging the structure of pectin molecules isolated from tomato 

tissue (Kirby, MacDougall, & Morris, 2008; Round, Rigby, MacDougall, & Morris, 2010; 

Round, Rigby, MacDougall, Ring, & Morris, 2001). Recently, AFM has been proposed for 

studying the mechanical properties of single particles in colloidal system even including 

biological cells (Mahaffy, Park, Gerde, Kas, & Shih, 2004; Radmacher, Fritz, Kacher, Cleveland, 

& Hansma, 1996). The Young’s modulus of the particles can be obtained by fitting the force-

indentation curve to the Hertz model. 

In this chapter, the effects of reduced PME activity on the cell wall tissue and particle 

structure were discussed. The viscoelastic properties of the particle phase were also characterized 

in bulk. Furthermore, an AFM based approach was developed to study the mechanical properties 

of individual particle and therefore to determine their influence on bulk rheology. These studies 

explored the functions of tomato particles on the rheology of these systems considering both bulk 
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and individual scales. It is expected that the gained knowledge will provide a comprehensive 

understanding of these systems. 

6.2 Materials and Methods 

6.2.1 Materials 

6.2.1.1 Tomato Transgenic Lines and Sample preparation 

Selected tomato transgenic lines of Ohio 8245 cultivar with PME activity ranging from 

12% to 100% of the wild type tomato were grown in a controlled greenhouse environment at 

Purdue University (West Lafayette, IN) during the spring of 2014. The transgenic tomato fruits 

were denoted by their PME activity (Table 1.1). Fully ripened tomato fruits (twelve days after 

breaker stage) were collected and then processed into suspensions. Fresh fruits were washed and 

placed into boiling water for 15 s. This short blanching procedure was aimed to remove the skin 

without cooking the tomato flesh. The fruits were then cut into 2 cm pieces followed by a gentle 

blending process using a household food processor (Ninja Englewood NJ100Express Chopper, 

MA, USA) for 30 s. Then, samples were transferred into a cranking food mill with 1/16'' screen 

in order to remove the seeds. The samples were collected for further analyses. 

6.2.1.2 Samples for AFM Measurements 

HB and CB samples from Red Gold Inc. (Elwood, Indiana facility) were chosen for AFM 

measurements. Information of these samples was given in Chapter 7. 

6.2.2 General Properties 

The precipitate weight ratio was measured as per Takada and Nelson (1983). 

Approximately 50 g suspensions made from transgenic lines were centrifuged at 12,800 g at 4 °C 

for 30 min (Beckman AvantiTM J-251 centrifuge, Beckman Coulter Inc., Fullerton, CA). The 
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pulp was collected for cryo-SEM and SAOS measurements. The precipitate weight ratio was 

calculated as the ratio of the weight of pulp (wet) to the weight of suspension. 

The moisture contents of pulp were determined by a vacuum oven method, described in 

Chapter 5. 

6.2.3 Cryo-Scanning Electron Microscopy 

Cryo SEM (Nova NanoSEM, Hillsborough, Oregon, USA) at temperatures in the range 

−100 to −140°C at a voltage of 3.0 kV was used to analyze the microstructure of transgenic 

tomato particles. The procedure was described in detail in Chapter 4.  Pore size of the samples 

from the cryo-SEM images was analyzed using ImageJ. 

6.2.4 Viscoelasticity of the Transgenic Tomato Pulp 

Viscoelasticity measurements were carried out on a stress controlled rheometer (ARG2; 

TA Instruments, DE, USA) using a parallel plate geometry with a diameter of 40 mm. A same 

pre-shear procedure was performed on each sample following the method described in Chapter 3. 

A strain sweep from 0.1 to 100% (strain %) was performed at a constant frequency of 1 Hz to 

determine the linear viscoelastic region (LVR) of the samples. The Small Amplitude Oscillatory 

Shear (SAOS) test was then carried out using a frequency sweep from 0.05 to 100 Hz at a 

constant strain of 0.1%, which was in the LVR. All measurements were performed at least in 

triplicate at a constant temperature of 25 °C.  

6.2.5 AFM Measurements for Individual Particles  

6.2.5.1 Mica Surface Chemical Modification 

To make mica surface positively charged, it was modified with 3-Aminopropyl 

triethoxysilane (APTES, Aldrich 440140). The reaction is shown schematically in Figure 6.1. 
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Ten mica sheets (Ted Pella, Redding, CA ) were well dispersed in 75mL toluene (Fisher) in a 

three-neck flask. The water residue was removed by azeotropic distillation in toluene under a 

nitrogen atmosphere. Subsequently, 0.1 mL of APTES was dropwisely added. The mica sheets 

were then refluxed overnight in the reaction mixture under nitrogen atmosphere. The APTES 

functionalized mica sheets were separated and were washed with toluene three times. The 

obtained APTES functionalized mica sheets were dried under a vacuum oven overnight. The 

amino groups becomes positively charged in a wide range of pH after exposure to the water 

solution, which would adhere strongly to tomato cells having negative charges due to the pectin 

residues.  

6.2.5.2 Sample Preparation for AFM 

Selected HB and CB samples were diluted 10 times using ultrapure water. 50 µL of the 

suspension samples were then deposited on the surface of the modified mica fixed to a glass 

slide. An air flow was used to help drying the sample, and the samples were stored overnight in a 

desiccator for use the following day.  

6.2.5.3 AFM Force Measurements 

Force measurements were performed with a MFP-3D AFM (Asylum Research, Santa 

Barbara, CA). The interaction force was detected using a triangular silicon nitride probe with a 

pyramid tip (SiNi, gold/chromium coating, 0.06 N/m force constant, 10 kHz resonant frequency, 

Innovative Solutions Bulgaria Ltd, Sofia, Bulgaria). AFM was conducted in contact force mode 

and the environmental vibrations were minimized by use of a vibration table (Herzan TS-150, 

Laguna Hills, CA).  

Before testing, InvOLS (Inverse Optical Lever Sensitivity), virtual deflection, and 

cantilever spring constant were calibrated according to the protocol reported by Thomas, 



172 

 

Burnham, Camesano, and Wen (2013). Calibration in liquid was also conducted for the InvOLS 

and virtual deflection due to the cantilever sensitivity in the liquid environment. A thermal-tune 

method was used for the calibration of spring constant. After the glass slide was loaded and 

secured onto the AFM stage, a small drop of ultrapure water (50 µL) was applied to the mica as 

well as the tip of the AFM cantilever. The AFM head was then lowered until the tip was 

immersed in the water drop. The top-view camera was used to position the cantilever above the 

selected individual particle. 

The force-indentation measurements were performed using the following setting: force 

distance 1 to 5 µm, scan rate 0.1 to 0.5 Hz and velocity 1 to 5 µm/s. The force curves were 

obtained as the tip was moved toward and away from the particle surface. Young’s modulus was 

calculated by fitting the force-indentation data to the Hertz model. At least 20 points were chose 

for each sample for the single force-indentation measurements. Force-map mode was applied to 

illustrate the overall distribution of stiffness of a single particle. The settings of the indentation 

parameters were the similar as those chosen for single force measurement.  The data analysis was 

carried out using Asylum Research software (IGOR Pro Platform, Asylum Research, Santa 

Barbara, CA). 

6.3 Results and Discussion 

6.3.1 Moisture Distributions of the Transgenic Tomato Suspensions 

The precipitate weight ratio of the suspensions is presented in Table 6.2. As PME activity 

decreased, the precipitate weight ratio showed an increasing trend, with 212 (lowest PME 

activity, 12%) had a significant higher ratio than that of OWT (PME activity, 100%). Higher 

precipitate weight ratio usually associates with a higher consistency of the product (Takada & 

Nelson, 1983), so the transgenic lines are expected to have a higher viscosity than that of OWT. 
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It has been reported that 85-90% reduction in PME activity in transgenic fruits displayed a 

maximum increase in juice and serum viscosity, and precipitate weight ratio (Takada & Nelson, 

1983; Thakur, Singh, Tieman, et al., 1996). No heat and intense shear were involved in the 

sample preparation, so the differences between the transgenic lines are mainly caused by the 

plant tissue structures modified by PME. Generally, hot-break and cold-break tomato 

suspensions from industrial processing have a precipitate weight ratio of 8-12% using the same 

centrifugation process (Chapter 7), which is much lower than the values obtained in this work. It 

could be explained by the fact that the tissue structures are altered significantly by industrial 

processing, mainly due to the presence of high temperature and shear. These conditions greatly 

soften and disrupt the cell wall membrane (Van Buggenhout, Sila, Duvetter, Van Loey, & 

Hendrickx, 2009), which leads to a lower precipitate ratio. The moisture content in the pulp is 

also reported in Table 6.2. The value ranged from 90 to 93% and a non-obvious trend was found 

in these transgenic lines. 

Moisture distributions of the transgenic samples are calculated and compared in Figure 

6.2. Transgenic line 212 contained considerably higher dry solid content (2.8%) than other lines 

(~1.8%). More notably, all transgenic tomatoes exhibited higher water holding capacity of pulps. 

For instance, Line 212 pulp structure can capture moisture which accounted for 26.8% of the 

total suspension weight; whereas for OWT it was only 16.0%. This result indicates the 

microstructures of tissue are significantly affected by the various PME activities. PME catalyzes 

the specific hydrolysis of the C-6 methyl ester bond of GalA residues, releasing methanol and 

creating negatively charged carboxyl groups (Sila et al., 2009). The demethylated pectin is a 

preferred substrate for polygalacturonase (PG), which causes pectin further depolymerization 

and solubilization, and consequently changes the tissue structure (Moelants et al., 2013). 
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Demethylated pectin also resists β-elimination, a chemical conversion that depolymerizes pectin. 

However, this reaction usually occurs at high temperature (>80 ℃). Therefore, pectin enzymatic 

conversions (PME and PG) are responsible for the changes of tissue structure. A higher PME 

activity (i.e. OWT) indicates a higher pectin degradation rate, and therefore a weaker tissue 

structure and water holding capacity. Pulps of transgenic tomatoes with low PME activity can 

hold water so well that it can prevent serum separation, a phenomenon that commonly occurs in 

juice and sauce products. Thakur, Singh, Tieman, et al. (1996) reported that tomato ketchup 

made from tomatoes with low PME activity exhibited significant improvements in quality 

attributes, with lowed serum separation compared to products obtained from tomatoes with high 

PME activity.  

6.3.2 Microstructure of the Transgenic Tomato Particles 

The particles of transgenic tomatoes were studied with cryo-SEM to determine the effect 

of PME activity on the microstructures of cell wall tissue.  During cryo-SEM measurements, the 

freezing process would extract water from the surroundings and leave a concentrated mass of 

material shown as a network structure (Lopez-Sanchez et al., 2011). A lot of intact cells (black 

arrow) are still observed in the image with a magnification of 3000 X (Figure 6.3 left), probably 

due to the mild processing used in the sample preparation. Some cells were broken and merged 

together resulting in a bigger pore size (indicated by the red arrow). From the image with a 

magnification of 10000 X (Figure 6.3 right), the fine structure of middle lamella was clearly seen 

(black arrow). These areas are rich in a pectin matrix, which determines cell to cell adhesion and 

therefore contributes to the firmness and elasticity of the tissue (Fuchigami, 1987). The hairy 

structure in the middle lamella was probably structural pectin bonding neighboring cells together. 

These structures are critical to the texture of tissue and rheology of derived products. The cells 
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would become loosely attached as the pectin structures are degraded by enzymatic activity or 

processing (red arrow). The cell wall weakening is also the consequence of such effects. As cell 

wall strength is lost, cells tended to rupture under the action of external stresses, and they are 

observed as cells having bigger pore sizes. This structure is denoted by a red arrow shown in 

Figure 6.3 left.  

The microstructures of transgenic tomato particles varied according to the PME activity 

of tomatoes and they are presented in Figure 6.4 (upper row). Plant cells from low PME lines 

were closely packed together and showed small pore sizes, while the tissue from high PME lines 

were greatly disrupted and exhibited large pore sizes formed by non-intact cells. Thermal and 

mechanical processes applied usually affect the microstructure of plant cell wall tissue. 

Homogenized samples have been identified to have more cell fragments due to disruption 

compared to non-homogenized samples (Lopez-Sanchez et al., 2011). In the present study, the 

treatments applied to the samples were the same for all transgenic tomato lines. Therefore, the 

differences in microstructure solely depend on the mechanical strength of cell walls, which can 

be weakened by PME activity. Cells with less strength are vulnerable to the applied processing, 

and they could rupture easily and resulting in tissues with bigger pore sizes. The pore sizes of the 

samples were calculated using ImageJ and can be compared in Figure 6.4 (lower row). The 

threshold was set as 20 µm
2 
with an upper limit of 200 µm

2
, so only the pore size falling into the 

range from 20 to 200 µm
2
 was counted by ImageJ. As shown in Figure 6.5, there were more 

pores counted by ImageJ in the low PME activity samples, for instance transgenic line 212 and 

253. While for high PME samples such as 263 and OWT, the cells were disrupted resulting in 

bigger pore sizes due to the weak cell wall strength. Since some of those pores size exceeded 200 

µm
2
, fewer pores were counted. The average pore sizes of cell wall of transgenic tomato lines 
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were further compared and also illustrated in Figure 6.5. As PME activity increased, the pore 

size of the tissue showed an increasing trend. Because many pores were formed by different 

numbers of disrupted cells (two or more) instead of uniformed single cells, the variations were 

relatively large. It should be noted that many pores larger than 200 µm
2
 were not counted, which 

is mostly present in transgenic lines with high PME activity. The results indicate transgenic 

tomatoes with 85-90% reduced PME activity (i.e. lines 212 and 253) have cell wall structures 

with a stronger mechanical strength to resist intense processing, which explains the better water 

holding capacity described in section 6.3.1. 

6.3.3 Viscoelasticity of Transgenic Tomato Pulps 

Frequency sweep tests performed on tomato pulps are presented in Figure 6.6, which 

shows the viscoelastic properties of transgenic tomato pulps have very significant differences. G' 

values were higher than G'' values in the applied frequency range, indicating a dominant solid-

like behavior; i.e., a weak gel structure, which is a typical rheological behavior of concentrated 

fruit and vegetable suspensions (Day, Xu, Oiseth, Hemar, & Lundin, 2010; Day, Xu, Oiseth, 

Lundin, & Hemar, 2010). Both G' and G'' of transgenic pulps showed an increasing trend with 

PME activity. For instance, OWT exhibited higher values than that of transgenic line 212. 

Higher G' and G'' indicate that particles are relatively more rigid in nature. It has been reported 

that the viscoelastic properties of suspensions is significantly increased by increasing the solid 

content of the suspensions (Espinosa-Munoz, Renard, Symoneaux, Biau, & Cuvelier, 2013). 

However in the present study the solid content (wet %) decreased as PME activity increased, 

which appears to be contradictory to the viscoelasticity results. An explanation for these results 

is that differences in particle properties (i.e. mechanical strength) caused by PME activity are 

responsible for these measured viscoelastic properties. Figure 6.7 shows that liquid is squeezed 
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out from the OWT pulp (PME activity 100%) during the test, which indicates it has less water 

holding capacity compared to the pulps obtained from low PME activity tomatoes. As a result of 

the water syneresis, the particles in the pulp become more concentrated and therefore the 

measured G' and G'' correspondingly increase. Conversely, pulps with low PME activities (i.e. 

212 and 253) have stronger and relatively intact cell walls, and therefore no liquid is exuded 

which is leading to an apparently lesser measured viscoelasticity in these pulps. 

The viscoelastic properties of tomato products have been investigated in many studies 

(Bayod, Mansson, Innings, Bergenstahl, & Tornberg, 2007; Bayod, Willers, & Tornberg, 2008; 

Lopez-Sanchez et al., 2011; Redgwell, Curti, & Gehin-Delval, 2008). However, most of these 

studies were focused on the viscoelastic property of concentrated tomato suspensions instead of 

tomato pulps centrifuged from suspensions. The viscoelastic characteristics of the tomato cell 

wall structure can be greatly influenced by the thermal input, mechanical forces, and enzymatic 

activities (Lopez-Sanchez et al., 2011). Although there are artifacts in the viscoelastic 

measurements of high PME pulps, the data clearly shows that PME activity has a significant 

impact on the particle structure as well as the rheological behavior of suspensions containing 

those particles. Further studies are needed to explain the correlation between those two. 

6.3.4 Mechanical Properties of Individual Particles  

The mechanical properties of individual tomato particles were determined by AFM. 

Figure 6.8 illustrates a typical plot of the test in which the interaction force between the 

cantilever tip and an individual particle is presented as a function of the sample indentation. The 

cantilever approaches the particle from point a, approximately 2 μm above the sample. Until the 

tip contacts the particle at point b, the interaction force remains zero. After that, the tip continues 

indenting the particle until the cantilever deflection reaches a set value at point c. Then the 
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cantilever retracts from the maximum deformation point to the point d (contact point), where it 

often pulled downwards due to tip-particle adhesion (Thomas et al., 2013). As the tip further 

withdraws from point d to the original starting point e, the force measured returns to zero. 

Hysteresis was observed between the extending and retracting curves, which is characteristic of 

viscoelastic deformable systems (G. Gillies, Prestidge, & Attard, 2002; Graeme Gillies & 

Prestidge, 2004). It indicates a relaxation time required to recover the particle’s original position. 

The area inside the hysteresis loop demonstrates the energy dissipated during the testing. 

According to Bremmell, Evans, and Prestidge (2006), the area of hysteresis increased with drive 

velocity from 0.6 to 2.8 μm/s, explained by the limited time for relaxation at the faster approach 

rates. They also claimed that hydrodynamic effects were not the cause for the observed 

hysteresis, which was in agreement with the study of oil droplet reported by Nespolo, Chan, 

Grieser, Hartley, and Stevens (2003) where the different velocities in the range 0.04 to 3.7 μm/s 

were applied. For biological samples, the drive velocity is usually set within the range of 1-10 

μm/s to eliminate hydrodynamic effects (Thomas et al., 2013). In the present study, the drive 

velocity was set the same for all samples in the range of 1-5 μm/s to be able to compare e results. 

The force acting between the tip and particle was calculated by the AFM software using 

the Hooke's law: 

F k D   (6.1) 

 

where F is interaction force, k is the cantilever spring constant and D is the deflection of the 

cantilever.  The force (F) versus sample indentation (δ) data in the linear range was fitted to the 

Hertz model: 
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where E is Young’s modulus;   is sample deformation (i.e., indentation), v is Poisson ratio, and 

θ is half cone angle (i.e. 35°). Please note this is a modified equation for the pyramid tip used in 

the present study. 

E was obtained by fitting the first 400 nm of the force-indentation curve to the Hertz 

model. The force response exhibited significant nonlinear viscoelastic behavior beyond 400 nm, 

where this model is not applicable. The Hertz model assumes linearly elastic material and is 

widely used to characterize elastic response of bio-materials (Alonso & Goldmann, 2003; 

Casademunt, 2001). In the present study, 20 single force measurements were performed evenly 

in a 40 μm by 40 μm area of a single particle surface. However, due to large particle size (i.e. 

~250 μm) and the heterogeneous nature of the particle, the variation of fitted E was considerable 

large. Therefore, AFM force-mapping was carried out and a typical stiffness map is presented in 

Figure 6.9. The local Young’s modulus varied from values less than 100 Pa to values around 30 

kPa, which is similar to the values measured on of most biological tissues and cells. Solon, 

Levental, Sengupta, Georges, and Janmey (2007) reported that the stiffness of fibroblasts 

determined by AFM was between 500 Pa and 40 kPa. It should be noted that the elastic response 

of particle depends on the tip velocity. Particle exhibits elastic behavior at short time scale while 

it shows viscus behavior at long time scale. Thus, the difference in Young’s modulus is only 

meaningful and comparable when the data are obtained by the same tip velocity (Thomas et al., 

2013).  

To compare the Young’s modulus distribution of HB and CB particles, the local Young’s 

modulus was extract from AFM force map and presented in the histogram shown in Figure 6.10. 
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The median values of the Young’s modulus were obtained by fitting the histogram using 

Gaussian function. The HB particle had a median Young’s modulus of 14.1 kPa, which was 

significantly higher than that of CB particle (1.4 kPa). The HB particle also showed a wider 

distribution of Young modulus than the CB particles. This result is the first one to show the 

difference between HB and CB treatment on individual particles. Thus, the mechanical 

properties of individual particles seem to explain differences observed from bulk rheology 

measurements on suspensions. It confirms that the rheological difference between HB and CB 

originates from observed particles. 

6.4 Conclusions 

In this study the effects of tomatoes variety with reduced PME activity on the cell wall 

microstructure and the viscoelastic properties of the particle phase on tomato suspensions were 

investigated. As PME activity decreased, the precipitate weight ratio of the produced suspensions 

increased. Suppression of PME activity resulted in pulps with higher water holding capacity. 

Cryo-SEM imaging showed that cell wall tissues with 85-90% reduction of the PME activity 

were closely packed together and exhibited a smaller pore size compared to the tissue of 

commercially used tomatoes (OWT type). This was explained by a lower structural pectin 

degradation rate due to reduced PME activity, which contributed to the generation of cell wall 

particles with stronger mechanical strength. Conversely due to poor water holding capacity, 

serum separation was observed in pulps of tomato varieties having high PME activity (i.e. OWT), 

which was clearly visible during rheological measurement. As discussed, serum phase separation 

promoted serious artifacts on the rheological characterization of tomato suspensions. 

Furthermore, it led to an apparently higher viscoelastic behavior of the pulps, even though the 

solid content of OWT pulps was much lower than those of pulps prepared with tomato varieties 



181 

 

having lower PME activity. These results demonstrate that an 85-90% reduction in PME activity 

significantly strengthens the microstructures of cell wall particles, and therefore could improve 

the rheological properties of tomato suspensions and thus their quality. 

In addition, the mechanical properties of individual HB and CB particles were studied by 

Atomic Force Microscopy. Measured local Young’s modulus varied across individual particles 

and fell within the range of 0.1 kPa to 30 kPa. HB particles exhibited a higher average Young’s 

modulus as well as a wider modulus distribution than the CB particles. Young’s modulus values 

obtained from individual particles were related to the bulk rheology of the suspensions. Results 

of this chapter allowed to conclude that the differences between the rheological properties of HB 

and CB samples are mainly originated from differences in the mechanical properties of the 

particles. 
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6.5 Figures and Tables 

 

 

Figure 6.1 Schematic plot of mica surface modification. 

 

 

 

Figure 6.2 Moisture distributions of transgenic tomato suspension samples. 

 

 

212 253 264 263 OWT

2.8% 1.8% 1.9% 1.4% 1.8% 

26.8% 23.0% 24.6% 19.3% 16.0% 

70.4% 75.2% 73.5% 79.3% 82.2% 

Solid(dry) % Moisture in pulp % Serum %
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Figure 6.3 Microstructure of tomato cell wall tissues. Left: Intact cells (indicated with black 

arrow) and broken cells (indicated with red arrow) can be observed in the image with a 

magnification of 3000 X. Right: A hairy structure of pectin in the middle lamella (indicated with 

black arrow) image was observed with a magnification of 10000 X. The cells were ready to 

detach as the pectin structures were degraded by enzymatic activity or processing (indicated with 

red arrow). 

 

 

 

Figure 6.4 Cryo-SEM images of transgenic tomato particle tissues having different PME 

activities (upper row) and the pores extracted from the images using ImageJ (lower row). The 

images have a magnification of 1000 X, and the samples from left to right are 212, 253, 264, 263, 

OWT. Pores were formed by intact or non-intact cells depending on the mechanical strength of 

cells. 



184 

 

 

 

Figure 6.5 Pore counts between 20-200 µm
2
 and average pore size comparisons between 

transgenic tomato particles. The image process and calculation were done by ImageJ on the 

images of 1000 X magnification. 
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Figure 6.6 Frequency sweep tests of transgenic tomato pulps. The SAOS test was carried in a 

range of frequencies from 0.1 to 100 Hz at a constant strain of 0.1%. Left plot: Storage modulus 

G'; right plot: Loss modulus G''. 

 

 

 

 

Figure 6.7 Pictures of tomato pulps taken during viscoelastic measurements. Left: 212; right: 

OWT. The pulps show different water holding capacities. Transgenic line 212 pulp can hold 

water well, whereas the water is easily squeezed out from OWT pulp during testing (see arrow). 
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Figure 6.8 Representative force-indentation curves between cantilever tip and individual particle. 

The first 400 nm of extending curve date was fitted to the Hertz model to extract the Young’s 

modulus. 
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Figure 6.9 Reprehensive stiffness map of individual particles. Force-mapping was performed in a 

40 μm by 40 μm area. 

 

 

 

 

Figure 6.10 Young’s modulus distribution of HB and CB particles. Dash lines represent 

Gaussian fit. 
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Table 6.1 Tomato transgenic line naming and its PME activity 

Transgenic line name 212 253 264 263 OWT 

PME activity 12% 13% 21% 100% 100% 

 

 

 

Table 6.2 Precipitate weight ratio and the moisture content of pulp in transgenic tomatoes  

Sample (PME activity) 212 (12%) 253 (13%) 264(21%) 263(100%) OWT (100%) 

Precipitate weight ratio (%) 29.6±1.2 24.8±1.5 26.5±1.2 20.7±1.0 17.8±1.3 

Moisture content of pulp (%) 90.6±0.0 92.9±0.2 93.0±0.1 93.1±0.1 90.0±0.1 
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 FLOW BEHAVIOR OF INDUSTRIAL PROCESSING CHAPTER 7.

TOAMTO SUSPENSIONS 

7.1 Introduction 

About 80% tomatoes grown in the U.S. are processed before consumption (Rickman, 

Barrett, & Bruhn, 2007). Foods produced from tomatoes, such as tomato sauce, juice or ketchup, 

are mainly suspensions thermally processed and transported as fluids by pumping to other 

processing unit or storage. Industrial tomato processing begins with a “break” step, which plays 

vital role in determining the quality of final products (Nelson & Hoff, 1969). The main purposes 

of the “break” step are the partial or full inactivation of degradative enzymes, such as pectin 

methylesterase (PME) and polygalacturonase (PG), as well as the initial softening of tissues, 

which is associated with loss of turgor, due to plant cell membrane disruption (Greve, Shackel, et 

al., 1994). A low temperature break (cold break, CB; 60 to 77 °C) yields fresher products, 

whereas a high temperature break (hot break, HB; around 90 °C) is used for producing higher 

viscosity products. The HB process is believed to destroy most pectolytic enzyme activity (Van 

Buggenhout, Sila, Duvetter, Van Loey, & Hendrickx, 2009), thereby preserving the pectic matrix.  

There has been a lot research on the influence of processing conditions on the rheological 

properties of tomato products (Anthon, Diaz, & Barrett, 2008; Bayod, Mansson, Innings, 

Bergenstahl, & Tornberg, 2007; Bayod & Tornberg, 2011; Diaz, Anthon, & Barrett, 2009; 

Sanchez, Valencia, Ciruelos, Latorre, & Gallegos, 2003; Sharma, LeMaguer, Liptay, & Poysa, 

1996; C Valencia et al., 2002). However, many of them used concentrated tomato pastes that 

were further diluted for the studies. Some researchers used samples prepared in the lab which 

couldn’t reflect the intensity of continuous shearing (e.g. extraction and pumping) during 

industrial processing (Lopez-Sanchez et al., 2011; Moelants, Cardinaels, Jolie, et al., 2014; 
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Tiback, Langton, Oliveira, & Ahrne, 2014). Lopez-Sanchez et al. (2011) reported that switching 

the order of thermal and homogenization treatments significantly changed the final viscosity and 

microstructures of plant cell wall particles. It has been reported that the viscosity of the 

processed product increases with the increase of temperature used in the break process (Gould, 

1974, 1992; Hsu, 2008; Thakur, Singh, & Nelson, 1996). Many studies have attributed this 

behavior to the inactivation of the pectolytic enzymes by the HB process. However, recent 

research from our research group has shown that the break-down and solubilization of pectin is 

limited and has little effect on the product composition (Chong, Simsek, & Reuhs, 2009; Chong, 

Simsek, & Reuhs, 2014; B. C. Wu et al., In preparation), and therefore on viscosity.  

This chapter focuses on industrially processed HB and CB tomatoes, which are 

systematically investigated in terms of their flow behavior under steady-state and small 

amplitude oscillatory strain (SAOS) tests. Temperature and time dependence of HB and CB 

samples are characterized and compared. The particle interaction and network properties are 

further evaluated by rheological methods. The obtained data is able to distinguish HB and CB 

materials in term of their flow properties, and their impact and potential usefulness for future 

industrial process design are discussed. 

7.2 Materials and Methods 

7.2.1 Materials 

7.2.1.1 HB and CB Samples 

Tomato samples (suspensions) were supplied by Red Gold Inc. (Elwood, Indiana facility) 

during the growing season (August to October, 2017). The processing temperatures for HB and 

CB were 93.3 and 77.2 °C respectively. During the production of tomato samples, 25 kg of each 
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tomato product (HB and CB) were collected after production and were immediately transported 

to the laboratory in iced containers and stored in a cold room (4 °C) for further analysis.  

7.2.2 General Properties  

7.2.2.1 Precipitate Weight Ratio 

 The precipitate weight ratio was measured as described by Takada and Nelson (1983). 

Approximately 300 g the suspensions were centrifuged at 12,800g for 30 min at 4 °C in a 

laboratory centrifuge (Beckman AvantiTM J-251 centrifuge, Beckman Coulter Inc., Fullerton, 

CA) to separate serum and pulp. The pulp was stored at 4 °C for further measurements 

afterwards. The precipitate weight ratio was calculated as the ratio of the weight of pulp (wet) to 

the weight of the suspension.  

7.2.2.2 Moisture Content 

The moisture contents were determined by a vacuum oven on both suspensions and pulps 

of the HB and the CB samples. About 5 g of samples were transferred to the pre-weighed drying 

foil dishes and dried for 12 hours at 60 °C in the vacuum oven. The total weight of dish and 

sample was recorded before and after drying. The moisture content or percent dry solids of the 

samples were determined. 

7.2.2.3 °Brix 

The °Brix values of HB and CB samples were measured by an Abbe refractometer at 

room temperature. A drop of serum was placed on to the glass prism. The viewing field was 

adjusted to obtain the best definition for the light and dark areas, and the °Brix value was 

recorded. 
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7.2.2.4 Bostwick Consistency  

The Bostwick consistency was determined immediately upon the sample’s arrival. The 

method was described in Chapter 3. 

7.2.3 Rheology Measurements 

To characterize rheological properties, both steady-state shear and SAOS experiments 

were performed. The rheological measurements were carried out on a stress controlled rheometer 

(ARG2; TA Instruments, DE, USA) using a vane geometry with a diameter of 28 mm and a 

height of 42 mm. To avoid effects on the sample structure and rheological results due to its 

loading, a pre-shearing step was applied at a shear rate of 100 s
-1

 for 60 s followed by 2 min rest 

period prior to measurements (Moelants, Cardinaels, Jolie, et al., 2014). To avoid sample 

dehydration the sample cell was covered throughout the test; all measurements were performed 

in triplicate. 

7.2.3.1 Steady-state Shear Rheology 

Steady-state shear tests were performed in a shear rate range 0.1-100 s
-1

 at a constant 

temperature of 25 °C. The flow curve was fitted by the power law model given by the following 

equation: 

nk   (7.1) 

where  = shear stress (Pa), k = consistency index (Pa.s
n
),  = shear rate (s

-1
) and n the flow 

index (-)) 

7.2.3.2 Dynamic Oscillatory Shear Rheology 

First, a strain sweep from 0.1 to 100% (strain%) was performed at a constant frequency 

of 1 Hz. The storage (Gꞌ) and loss moduli (G") were recorded to determine the linear viscoelastic 
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region (LVR) of the sample. A SAOS test was then carried out using a frequency sweep from 0.1 

to 10 Hz at a constant strain of 0.1% (which was within the LVR). 

7.2.4 Temperature Dependence of Viscosity 

The viscosity was tested at 4 different temperatures: 20, 40, 60 and 80 °C. A logarithmic 

decreasing shear rate protocol (100-0.1 s
−1

) was applied according to Augusto et al. (2012). The 

rheological data was fitted by the Herschel-Bulkley model given by the following equation: 

0

nk     (7.2) 

0 = yield stress (Pa), and other parameters are the same as in Equation 7.1. 

To evaluate the effect of temperature on the viscosity, the consistency coefficient (k) was 

modeled by the Arrhenius-type equation:  

                           0 exp( )
B

k A
T

   (7.3) 

Where 0A and B are fitting parameters and T is the absolute temperature (K). 

7.2.5 Time Dependence of Viscosity 

To study the time dependence of the rheological properties, viscosity was measured every 

10 s at a constant shear rate of 50 s
−1

. The shear lasted for 30 min and performed at 4 different 

temperatures: 20, 40, 60 and 80 °C. This test used the same rheometer setting with the pre-shear 

protocol described in section 7.2.3. The viscosity data was fitted to the Stretched Exponential 

Equation which is a general time-dependent model for fluids (Barnes, 1997; Barua & Saha, 

2016): 

/
( ) ( )(1 )st

i in it e
    

     (7.4) 



198 

 

where ( )t is apparent viscosity, t is time of shearing, 
i  is initial-time viscosity, 

in  is infinite-

time viscosity, and 
s
  is a characteristic time. 

7.2.6 Compression Experiment 

Compression experiments were carried out on the same rheometer according to the 

method described by Sankaran et al. (2015). A parallel plate with 40 mm diameter was used for 

the measurements. After the sample was loaded onto the peltier plate, the geometry was lowered 

to the set gap of 1000 μm. The sample was subjected a pre-shear of 5 s
−1

 for 60 s followed by 2 

min rest period before all measurements. The normal force was recorded by applying a direct 

compressive strain on the suspension as the geometry was lowered to a gap of 100 μm at a speed 

of 10 μm/s. The peak force was obtained from the force-time plot. Tests were conducted in 

triplicate and average values are reported. 

7.2.7 Effect of Solid Content on the Rheological Properties 

Pulps obtained as described in the section 7.2.2.1 were used to prepare suspension 

samples using deionized distilled water as the solvent medium. The samples were prepared with 

a wide range of solid content from 0.5 to 6.0%. Steady-state shear (section 7.2.3.1) and SAOS 

(section 7.2.3.2) tests were carried out on these suspensions to determine the effect of solid 

content of the different pulps on the suspension rheological properties. The rheological 

parameters of the suspensions modeled with the power law and Adam’s equations were 

determined and used to assess the effect of solid content on particle interaction and formed 

network in the suspension system. 
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7.3 Results and Discussion 

7.3.1 General Product Properties of the HB and CB Samples 

The general properties of tomato suspensions processed under HB and CB conditions are 

presented in Table 7.1. The precipitate weight ratio of the HB sample was 10.8% and 

significantly higher than that of the CB sample (8.5%). Higher values of the precipitate weight 

ratio translate into more viscous products (Takada & Nelson, 1983), so as expected results 

showed that the HB sample had a higher Bostwick consistency than the CB sample. The °Brix 

values was also considerably higher in the HB sample when compared to those of the CB 

samples, which can be explained by a higher thermal solubilization of cell wall polysaccharides 

promoted at elevated temperatures. Although the two samples showed no difference in moisture 

content in the suspension and the serum, significant higher moisture content in pulp was 

observed in the pulp of the HB sample. 

Based on values reported in Table 7.1, moisture distribution of the samples were further 

determined and are compared in Figure 7.1. Mostly, the solid content consists of insoluble solids 

(Black pie in Figure 7.1) and soluble solids (Blue pie in Figure 7.1), and they were almost 

identical between the samples. The soluble solids in serum primarily were determined as being 

simple sugars along with organic acids and pectin (Moelants, Cardinaels, Van Buggenhout, et al., 

2014). Previous studies from our group have shown that HB and CB sera were almost the same 

in terms of pectin content, and the contribution of the serum pectin to the suspension viscosity 

was limited (Chong et al., 2009; Chong et al., 2014; B. Wu, 2011). Insoluble solids are mainly 

dried structural materials/particles derived from cell wall that play an important role in the 

product textural properties, although it only accounts a small percentage (e.g. 1%). It should be 

noted the pulps from the HB and CB samples had significantly different water holding capacities, 
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demonstrated by the moisture contents in these pulps. The pulp of the HB sample can take 30% 

more water than that of CB samples (9.8% versus 7.5%), which indicates that HB particles are 

formed by cell wall material with a more intact structure and with higher capacity to hold water. 

And this structure may add function to the particle properties that may explain the different 

rheological behavior different than the CB samples. 

7.3.2 Rheological Behavior of the HB and CB Samples 

7.3.2.1 Viscosity 

The flow curves of the HB and CB suspensions are illustrated in Figure 7.2. The HB 

sample exhibited higher viscosity which is in good agreement with the results from the Bostwick 

consistency (Table 7.1) and previous studies (Goodman, Fawcett, & Barringer, 2002; C. 

Valencia et al., 2002).The consistency coefficient (k) was determined from the flow curves by 

fitting to the power law model. As expected, the k value of HB sample (8.2±0.4 Pa.s
n
) was 

significantly larger than that of CB sample (1.5±0.1 Pa.s
n
), whereas the flow index of the HB and 

CB samples were 0.17±0.00 and 0.21±0.01, respectively. Compared to the results of Chapter 4 

where the HB and CB suspensions were made in the lab, the difference observed in the 

industrially processed samples was even bigger. This could be probably due to the high shear 

processes such as pumping and extraction to which the material is subjected in the industrial 

process. Thermal processes alone cause the initial tissue softening due to loss of turgor pressure 

(Greve, Shackel, et al., 1994; Van Buggenhout et al., 2009); however cell wall tissue disruption, 

which is associated to cell rupture and cell separation, occurs due the more severe mechanical 

treatment in the industrial process. It has been reported that thermal treatment affects the 

formation of particles (cell separation versus cell rupture) and the shape of the formed particles 

during the mechanical destruction (Greve, Mcardle, Gohlke, & Labavitch, 1994; Ormerod, Ralfs, 
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Jackson, Milne, & Gidley, 2004). Li et al. (2010) reported that HB samples had smaller sizes, 

smooth surfaces and without broken edges which indicated the cell separation was favored 

through middle lamella at more intense heat treatments in the presence of shear. In the present 

study, the HB particles exhibited better water holding capacity which confirmed this assumption. 

The particle properties may serve a major determinant in viscosity and needs to be further 

investigated. 

7.3.2.2 Viscoelasticity 

The strain-sweep from 0.1 to 100% (strain %) was performed at constant frequency 1 Hz 

to determine the linear viscoelastic (LVR) region. From Figure 7.3, it was determined that the 

LVR range where the storage modulus (Gꞌ) and loss modulus (G") are independent of the applied 

strain was between 0.01 to 1%. This range was slight narrower than that obtained from lab 

prepared HB and CB samples (see Chapter 4). In addition, the HB samples from the industrial 

process showed much higher Gꞌ and G" values than those measured in the samples prepared in 

the laboratory. In agreement with previous studies (Lopez-Sanchez et al., 2011; Verlent, 

Hendrickx, Rovere, Moldenaers, & Van Loey, 2006), both HB and CB samples revealed a “weak 

gel” behavior with Gꞌ values one order of magnitude higher than G" at the LVR. Gꞌ and G" 

values at 0.1% strain were compared between the two samples, and HB sample exhibited higher 

Gꞌ values than those of the CB sample. Upon increasing the applied strain, both Gꞌ and G" 

decreased until a cross-over point was reached, indicating that suspension behavior was more 

liquid like at larger strains (Day, Xu, Oiseth, Lundin, & Hemar, 2010). 

Frequency sweep from 0.1 to 10 Hz also performed on the HB and CB samples are 

illustrated in Figure 7.4. Similar to the strain-sweep test, Gꞌ values were always higher than G" 

values by approximately 10-folds, regardless the frequency, which reinforces the assumption that 
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the suspensions have dominant elastic properties and can be classified as “weak gels” (Rao, 

2007). Gꞌ and G" increased with increases of frequencies. These are typical rheological 

properties of concentrated fruit and vegetable suspensions and similar behavior has been reported 

for other cell wall materials (Massa, Gonzalez, Maestro, Labanda, & Ibarz, 2010; C. Valencia et 

al., 2002). 

The viscoelasticity results are highly correlated with the viscosity data, which indicates 

that the viscosity is greatly influenced by the elasticity of the suspensions. It is well known that 

the solid content is a very important parameter affecting the rheological properties of 

suspensions, and in the industry the viscosity of tomato products is significantly improved by 

adding more tomato concentrates (i.e. solids) (Thakur et al., 1996). In the present study, the dry 

solid content of the HB and CB samples were the same (i.e. 4.3%). However there is a 

significantly difference in the moisture content of the pulps, which indicates that the resulting 

particle structures and the holding capacities of the pulps are distinct from the HB and CB 

processes. Thus, it could be concluded that are the particle properties which account for the 

observed differences in the rheological properties of the HB and CB samples. 

To further evaluate the mechanical strength of the particles in the HB and CB 

suspensions, a compression experiment on these suspensions was carried out. Figure 7.5 shows 

force-time plots for the HB and CB suspensions. During the test, the upper plate was lowered 

down from 1000 μm until 100 μm while recording the normal force by the force transducer in the 

rheometer. Particle deformation and water transport through the cell wall are the two 

mechanisms associated to compression response according to Lopez-Sanchez et al. (2014), and 

the peak force is an indicator of cell wall elasticity (Blewett, Burrows, & Thomas, 2000). HB 

sample exhibited a peak force of 50.0±0.3N, which was considerably higher than that determined 
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in the CB sample (35.7±0.4 N). This result indicates HB particles have a much higher 

mechanical strength and cell wall elasticity compared to CB sample. As discussed before, cell 

separation through middle lamella was favored by HB instead of cell wall breakage, so the HB 

sample consists of more intact and smoother cells compared to the CB sample. This structural 

difference allowed HB particles to hold more cell fluid. And, the HB sample maintained better a 

turgor pressure and structural integrity, which are essential to keep the mechanical strength of 

cell wall tissues (Blewett et al., 2000; Cosgrove, 1997; Jackman & Stanley, 1995). 

7.3.3 Temperature Dependence 

The flow curves expressed as shear stress versus shear rate at 20, 40, 60 and 80 °C are 

illustrated in Figure 7.6. The HB and CB suspensions exhibited a typical shear thinning behavior 

(n<1) with a yield stress (
0 ). The flow curves were then fitted by Herschel-Bulkley model 

(Equation 7.2) and the values of the rheological parameters are presented in Table 7.2. 

The yield stress is the minimum shear stress required to initiate flow (Genovese & Rao, 

2005).  When the applied stress is below the yield stress, the material deforms plastically like a 

solid but doesn’t flow; however when the applied stress is above the yield stress, the material 

starts flowing with finite viscosity (Augusto, Falguera, Cristianini, & Ibarz, 2012). The yield 

stress of CB sample at 20 °C was 1.7 Pa, which is closed to the value reported for fruit 

concentrated juices such as tamarind juice (1.46 Pa) (Ahmed, Ramaswamy, & Sashidhar, 2007) 

and mandarin juice (1.50 Pa) (Falguera, Velez-Ruiz, Alins, & Ibarz, 2010). Augusto et al. (2012) 

also reported tomato juice had a yield stress of 0.94 Pa at 20 °C. The CB sample from the 

industrial process has a solid content higher than that of the tomato juice product. Therefore, it 

has higher a yield stress than that reported for tomato juice. The HB sample showed a much 

higher yield stress than the CB sample, in range from 8.0 to 9.6 Pa for the testing temperatures, 
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which was similar to those measured in some fruit pulps (Augusto, Cristianini, et al., 2012; 

Massa et al., 2010). The yield stress can be observed as capacity of the material to maintain an 

internal structure that must be broken to make the material flows (Genovese & Rao, 2005). Thus, 

the difference of yield stress between HB and CB may come from differences in the particle 

structures, and possibly to the fact that the HB sample has a higher mechanical strength. 

Values of yield stress at different temperatures depend on the products and the 

temperature range applied. It remains constant in some products at a specific temperature range 

(Massa et al., 2010), while it could show a falling behavior in others (Augusto, Cristianini, et al., 

2012). In the present study, the yield stress showed a decreasing trend with temperature for both 

HB and CB samples and maximum values were observed at 40 °C for both samples. Augusto et 

al. (2012) reported same quasi-constant values of yield stress at 40 °C (11-13 Pa) in siriguela 

pulp. However, it was followed by a dramatic drop, which was not observed in the present study. 

The flow index (n) increased nearly linearly with increases of  temperature, indicating the 

suspensions were less shear thinning as temperature increased. A linear function was chosen to 

model the changes of the flow index with temperature as shown in Figure 7.7. The fit equations 

were 0.824 0.00473n T   (R
2
=0.80) for the HB sample, and 0.235 0.00307n T   for the CB 

sample (R
2
=0.81). The flow index (n) is usually considered as a constant during temperature 

changes (Rao, 2007). According to Augusto et al. (2012), the n value of tomato juice remained 

unchanged with increasing temperatures in a range from 20 to 80 °C. However, their study on 

siriguela pulp revealed that n followed an increasing trend with temperature (2012). It seems that 

their relationship depends on the suspension system: in a concentrated suspension (i.e. pulp) the 

n value increases with temperature whereas in a more diluted suspension (i.e. a juice) the n value 

remains constant. 
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To evaluate the effect of temperature on the viscosity, the consistency coefficient (k) as a 

function of temperature was modeled by the Arrhenius-like equation (Equation 7.3). As 

illustrated in Figure 7.8, k values were well fitted using the Arrhenius-like equation, with R
2
 

=0.98 for the HB sample and 0.95 for the CB sample. The k value decreased with increasing 

temperature, which is a typical behavior for cell-wall-based suspensions. Massa et al. (2010) 

attributed it to a less developed structure at elevated temperature due to particle motion. It has 

been noticed that the k value of HB sample exhibited a more dramatic drop from 20 to 80 °C. 

This indicates HB may have a more integral structure, with a potential to be disrupted by higher 

temperatures. The B value of HB sample (41137.0) was higher than that of CB sample (27589.3). 

Higher values of the parameter B means that high temperature is required to ensure a change in 

viscosity happens. Thus, it indicates that the internal structure of the HB suspension is more 

resistant to increase of temperature compared to the CB suspension. Some studies reported the 

empirical parameter B of plant cell wall based suspensions ranged from thousands to one 

hundred thousand varied with the plant source (Akbulut, Coklar, & Ozen, 2008; Barbana & El-

Omri, 2012). Solid content also influences this parameter. Tomato juice was reported to have an 

B value of 7353.3 (Augusto, Falguera, et al., 2012), while in tomato pasted it falls to the range of 

9000 to 13000 (Dak, Verma, & Jaaffrey, 2008). In the present study, the solid content is the same 

for the HB and CB suspensions. The difference in the temperature dependence is probably 

caused by the differences in the particle structures in the suspension systems. 

7.3.4 Time Dependence 

The time dependence behavior was evaluated by applying a constant shear (  =50 s
-1

) for 

30 min. HB and CB suspensions exhibited a thixotropic behavior as shown in Figure 7.9. The 

viscosity versus time curve was well fitted by the Stretch Exponential model and the values of 
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parameters are presented in Table 7.3. In this model, the parameter
i  is the viscosity at the 

beginning of shearing.
in  is infinite-time viscosity, which refers to the equilibrium viscosity, at 

the time the internal structure of the sample is broken down. Both i  and in  decreased with 

increases of temperature from 20 to 80 °C. This type of temperature dependence behavior was 

discussed in the previous section. However the viscosity drop after each shearing was 

approximately 0.03 Pa.s for the HB sample and 0.012 Pa.s for the CB sample. Thus, this 

viscosity decrease was almost a constant at the different temperatures, which indicates the time 

dependence behavior of these suspensions doesn’t vary much with temperature. 
s
  is a 

characteristic time required to reach the equilibrium. For the HB sample, 
s
 increased from 

491.4s to 1140.4s with rising temperature. Conversely, CB sample showed a decreasing trend, 

with 
s
 changing from 1039.9 s to 606.6s with increasing temperatures. The thixotropic 

equilibrium is governed by a balance of microstructure built-up and break-down (Barnes, 1997). 

Brownian or particle motion, which is accelerated by high temperature, can cause collision of 

particles building the structure up, whereas the shear stress leads the microstructure to break-

down by erosion (Barnes, 1997). Enhancing either mechanism would accelerate the equilibrium 

process. Mewis and Schryvers (1996) reported that 
s
 was negatively correlated with ./i cont   , 

where .cont  is the viscosity of the continuous phase which also changes with temperature. At the 

present study, the shear rate was a constant, so the apparent viscosity i  is an indicator of shear 

stress that is associated with the microstructure break-down. As temperature increased, i  

decreased therefore inhibiting microstructure break-down. On the other hand, the particle motion 

was extensively accelerated by higher temperatures. The HB sample had a much higher initial 
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viscosity compare to that of the CB sample. In addition, as discussed before the HB particle 

structure was more resistant to changes in temperatures, and its particle motion needed a higher 

temperature to initiate. Therefore, it could be assumed that the shear stress induced 

microstructure break-down dominates the equilibrium in the HB suspension. As i (or shear 

stress) decreases with temperature, 
s
  showed a rising trend. By contrast, the CB suspension is 

dominated by a build-up mechanism due to the low initial viscosity and the presence of the shear 

stress. Increasing temperatures promotes particle collision that helps build up the structure, and 

therefore decreases the value of 
s
  as shown in Table 7.3. 

In order to compare results, the stress versus time curve was fitted by the Weltman model 

(1943) and Figoni and Shoemaker model (1983), both widely used in characterization of 

thixotropic behavior in foods. The fitting curves are shown in Figure 7.10 and the values of 

parameters are presented in Tables 7.4 and 7.5. In the Weltman model (Equation 7.5), the 

parameter A is the shear stress value at t=1s, while B is a positive value that in thixotropic fluids 

is related to their  stress decay (Rao, 2007). From Figure 7.10, this model seemed to overestimate 

the initial stress and therefore it results in a relatively low R
2 

(Table 7.4). The Figoni and 

Shoemaker model (Equation 7.6) is the Stretch Exponential model in stress form, with the 

parameter e  being the equilibrium shear stress, 0  is the initial shear stress, and k is related to 

the stress decay time. As expected, these values followed a similar trend than that followed by 

the Stretch Exponential model and shared the some R
2
. Both models successfully predicted a 

stress decay or thixotropic behavior in tomato HB and CB suspensions, and gave more 

information about the equilibrium state and time. Thus, it should be preferred to use in these cell 

wall based suspensions over the Weltman model. 
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7.3.5 Effect of Solid Content and Particle Interaction 

To evaluate the effects of particle concentration and associated interactions on the 

rheology of the suspensions, a series of HB and CB suspensions prepared with different solid 

contents ranging from 0.5 to 4.0% were prepared and their viscosity and viscoelasticity were 

measured. Figure 7.11 shows the apparent viscosity at shear rate 50 s
-1

 of the HB and CB 

suspensions with varying solid contents. At low particle concentration (solid %< 1.0%), the 

apparent viscosity increased linearly with the solid content. In diluted suspension system where 

the particles have limited contact, the volume occupied by the individual particles mainly 

determines the viscosity of the suspension (Day, Xu, Oiseth, Hemar, et al., 2010). Since HB and 

CB had similar volume fractions at the low concentration range (see Figure 7.13), a small 

viscosity difference was observed between HB and CB suspensions. As the solid content 

increases, particles start to contact each other and form networks that result in more interaction 

between particles. Therefore, the viscosity showed a power law increase with solid content. In 

this range, the viscosity of HB suspensions was always higher than that of CB suspensions at the 

some solid content. This would be indicating that the HB particles have higher mechanical 

strength and elasticity than CB particles. In other words they would be less deformable. As the 

solid content approaches to 4.0%, the particles in the suspensions are highly packed and could be 

more or less deformed by deformation and/or flow depending on their mechanical strengths. 

To further investigate the contribution of particle interactions on the rheology of the 

suspension, Gꞌ and G" values were obtained by preforming strain sweep and then plotted against 

solid content as shown in Figure 7.12. The complex modulus G
*
 defined as (Gꞌ

2
+ G"

2
)

1/2
 was also 
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calculated and plotted in the same figure. Because the Gꞌ values were about one order of 

magnitude higher than G" values, G
* 

and G' were overlapped in the plots. Two regions 

distinguished by a transition concentration (c
*
) are observed in Figure 7.12. The concentration at 

which the transition occurred was 1.75% for the HB sample and 2.25% for the CB sample. 

Below c
*
, G

* 
increased sharply with solid concentration (c); while above c

*
, a much slower rise 

was observed. Another parameter, the critical concentration (c
**

) defined as the concentration at 

which a plateau is observed, can be identified in the figure. Normally the rheological behavior of 

suspensions is modeled as a function of the particle volume fraction. However, it is hard to 

directly determine the volume fraction of plant cell wall particles due to their soft nature and 

high deformability. According to Day, Xu, Oiseth, Lundin, et al. (2010), the volume fraction can 

be assumed to be one when G
*
 is at the plateau. The relative volume fraction (ϕ) was defined to 

relate the particle concentration to volume. It was calculated by dividing c by c
**

, and the critical 

volume fraction (ϕc) was further calculated as c
*
/c

**
. Figure 7.13 shows G

*
 as a function of ϕ at 

two different ranges differentiated by the value of ϕc. In the first range, where ϕ < ϕc, the data can 

be modeled by a power-law equation given as aG   . In the other range, where ϕ > ϕc, G
* 
was 

reaching the plateau and was modeled by an empirical equation proposed by Adams, Frith, and 

Stokes (2004): 

* 1/31 ( )cG A




 
  

 
 (7.7) 

where A is an adjustable parameter representing the physical properties of the suspension. 

The values of the parameters fitted from the above two equations are presented in Table 

7.6. In the case of the HB suspension, a power constant a of 4.0±0.2 was obtained, which was 

higher than that obtained for the CB suspension (3.3±0.1). This power law equation has been 

used for modeling elastic properties of particle networks and a is related to the interaction 



210 

 

between particles as well as their shapes. The higher a value of the HB suspension could 

correspond to a stronger particle interaction in the system, which greatly depends on the particle 

properties (i.e. elasticity, mechanical strength). The Adams model described well the 

viscoelasticity behavior of tomato suspensions at high particle concentrations (Adams et al., 

2004). The parameter ϕc was obtained as 0.44±0.02 for the HB suspension and 0.51±0.02 for CB 

suspension, which are close to values determined from Figure 7.12. Day, Xu, Oiseth, Lundin, et 

al. (2010) reported that values of ϕc for carrot and broccoli cell wall materials were 0.56 and 0.49, 

which are similar to the values of tomato obtained in the present study. The constant A 

represents the elasticity of the particles. The result indicates that HB suspensions are formed by 

particles that are more elastic, which is in line with the steady state shear and oscillatory shear 

results discussed in previous sections. In the plateau range, the particles are highly packed and 

deformed. The HB suspensions exhibited a higher plateau value compared to that of the CB 

suspensions. According to Stokes and Frith (2008), the individual particle elasticity determines 

the plateau G
*
, and concentrated phases from the same particles should have the same values. 

From the measured plateaus it can be concluded that individual particles from the HB samples 

should have a larger elasticity than that of particles obtained from the CB samples. Therefore, the 

differences observed between the measured bulk rheologies (i.e. HB vs. CB) are originated from 

the different mechanical strengths of the individual particles forming these systems. 

7.4 Conclusions 

The flow behavior of HB and CB tomato suspensions from industry processed products 

were studied under steady-state and SAOS tests . The viscosity and viscoelastic properties of the 

HB sample were considerably higher than those of the CB sample, which could be explained by 

a better water holding capacity and a stronger mechanical strength of the HB particles. In 
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addition, the rheological differences between industrial produced HB and CB suspensions were 

relatively bigger, when compared to those of suspensions produced in the lab setting (Chapter 4). 

This is probably due to the high shear used in the industrial process which can further disrupt cell 

wall tissue into smaller sizes. 

HB and CB suspensions exhibited temperature dependence and their flow curves were 

fitted to the Herschel-Bulkley model. The yield stress (
0 ) showed decreased with temperature 

and maximum values were observed at 40 °C for both suspensions. The consistency coefficient 

(k) decreased with increasing temperatures, and was well described by an Arrhenius-like 

equation. The empirical parameter B of HB sample (41137.0) was higher than that of CB sample 

(27589.3), indicating HB has a structure more resistant to the changes of temperature. The 

difference in the temperature dependence of the suspension is likely to be caused by the particle 

structures in these suspension systems.  

HB and CB suspensions exhibited thixotropic behavior and the viscosity versus time 

curve was well described by the Stretch Exponential equation. The characteristic time (
s
 ) for 

the HB sample increased from 491.4 s to 1140.4s with increases of temperature while it 

decreased from 1039.9 s to 606.6s with increases of temperature for the CB suspensions. The 

thixotropic equilibrium is governed by a balance of microstructure build-up and break-down. 

The results indicate that the shear stress induced microstructure break-down dominates the 

equilibrium in the HB system whereas the temperature accelerated build-up governs the 

equilibrium in the CB system. The differences were caused by the particle structure and were 

related to the initial viscosity of the suspensions. Weltman model and Figoni and Shoemaker 

models were applied for modeling purpose and to compare results. Weltman model 
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overestimated the initial stress and therefore the other two models are recommended to use for 

cell wall derived suspensions. 

Particle interactions showed great effects on the rheological properties of HB and CB 

suspensions, which depended on particle concentration and volume fraction. At low particle 

concentrations (solid % < 1.0%), the HB and CB suspensions had the same apparent viscosity 

because the particles have limited contact. As particle concentration increases, particles start to 

contact each other and the viscosity shower an increase with solid concentration that followed a 

power law relationship. The complex modulus (G
*
) was further modeled as a function of relative 

volume fraction by power law and Adams’ equations at two different ranges defined by the 

critical volume fraction (ϕc). The HB sample was described by a higher power a parameter as 

well as a higher A parameter in the Adams’ equation. These results demonstrate that HB 

suspensions have particles with larger mechanical strength and elasticity and stronger particle 

interaction than the particles forming CB suspensions.   
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7.5 Figures and Tables 

 

 

 

Figure 7.1 Moisture distributions in the HB and CB samples. 
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Figure 7.2 Flow curves of HB and CB samples from industrial processing. 
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Figure 7.3 Strain sweep tests of HB and CB samples from industrial processing. 
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Figure 7.4 Frequency sweep tests of HB and CB samples from industrial processing. 
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Figure 7.5 Peak force of HB and CB samples obtained from an industrial process. 
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Figure 7.6 Stress versus shear rate of HB and CB samples obtained from an industrial process. 

Flow curves were determined at 20, 40, 60 and 80 °C. 
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Figure 7.7 n values in Herschel Bulkley model as a function of temperature. Black lines 

represent linear fit. 
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Figure 7.8 Consistency coefficient (k) as a function of temperature fitted by an Arrhenius-like 

equation. Black lines represent Arrhenius fit. 
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Figure 7.9 Thixotropic behavior of HB and CB samples from industrial processing at 20, 40, 60 

and 80 °C modeled by the Stretch Exponential equation. Black lines represent Stretch 

Exponential fit 
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Figure 7.10 Stress decay of HB and CB samples from industrial processing at 20, 40, 60 and 

80 °C modeled by Weltman equation and Figoni and Schoemaker equation. Black lines represent 

Weltman fit, and red lines represent Figoni and Schoemaker fit. 
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Figure 7.11 Apparent viscosity at shear rate 50 s
-1

 of HB and CB suspensions as a function of 

particle concentration. 
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Figure 7.12 Storage modulus Gꞌ, loss modulus G" and complex modulus G
*
 at 0.1% strain and 1 

Hz frequency as functions of particle concentration for the HB and CB suspensions. The 

transition concentration and critical concentration are indicated in the plots. 
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Figure 7.13 Complex modulus G
*
 as a function of relative volume fraction ϕ for HB and CB 

suspensions. Below the critical volume fraction ϕc, the data was fitted to the power law model 

(Black lines, R
2 

> 99% ); while above critical volume fraction ϕc, the data was fitted to the 

Adams model (Red lines, R
2  

> 90% ) 
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Table 7.1 General product properties of the HB and CB samples. 

 

 
    Moisture content (%) 

 
Precipitate weight ratio 

(%) 
°Brix 

Bostwick Consistency 

(cm) 
Suspension Pulp Serum 

HB 10.8±0.6 a 4.2±0.1 a 9.2±0.2 a 95.7±0.0 90.7±0.0 a 96.3±0.0 

CB 8.5±0.6 b 3.9±0.0 b 12.3±0.6 b 95.7±0.0 88.2 ±0.3 b 96.1±0.0 

Data was tested by Two Sample t-test (p=0.05), and means with different letters indicate significant difference, p < 

0.05. 

 

 

 

Table 7.2 Values of parameters (±standard deviation) for fitting Herschel-Bulkley model. 

 

 

T (°C) 0  (Pa) k (Pa.sn) n 

HB CB HB CB HB CB 

20 9.10±0.49 1.68±0.06 1.15±0.27 0.21±0.04 0.52±0.05 0.64±0.04 

40 9.55±0.12 1.68±0.04 0.36±0.07 0.08±0.00 0.70±0.03 0.77±0.01 

60 9.39±0.97 1.53±0.03 0.15±0.02 0.06±0.01 0.84±0.04 0.79±0.03 

80 7.96±0.32 1.06±0.03 0.13±0.01 0.04±0.00 0.81±0.03 0.84±0.01 

R2>95% for each fit 

 

 

 

Table 7.3 Values of parameters (±standard deviation) and the R
2
 for fitting Stretch Exponential 

model. 

 

 

T (°C) 

Stretch Exponential model  
/

( ) ( )(1 )st
i in it e

    
     

i  (Pa.s) in  (Pa) 
s

  (s) R2 

HB CB HB CB HB CB HB CB 

20 0.36±0.00 0.079±0.000 0.33±0.00 0.067±0.000 494.1±39.8 1039.9±27.4 95.5% 99.5% 

40 0.32±0.00 0.061±0.000 0.30±0.00 0.052±0.000 765.2±66.5 903.6±38.0 87.3% 98.2% 

60 0.24±0.00 0.050±0.000 0.21±0.00 0.043±0.000 895.0±48.9 836.9±41.9 97.5% 97.9% 

80 0.18±0.00 0.039±0.000 0.15±0.02 0.025±0.000 1140.4±133.6 606.6±9.1 91.8% 99.5% 
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Table 7.4 Values of parameters (±standard deviation) and the R
2
 for fitting Weltman model. 

T (°C) 

Weltman Model lnA B t     

A (Pa) B (Pa.s) R2 

HB CB HB CB HB CB 

20 19.76±0.05 4.51±0.02 0.45±0.01 0.13±0.00 93.1% 91.0% 

40 18.29±0.10 3.52±0.01 0.42±0.02 0.11±0.00 80.8% 95.8% 

60 12.64±0.03 2.84±0.01 0.24±0.00 0.08±0.00 93.6% 93.5% 

80 10.29±0.01 2.63±0.02 0.31±0.00 0.18±0.00 99.4% 95.2% 

 

 

 

Table 7.5 Values of parameters (±standard deviation) and the R
2
 for fitting Figoni and 

Shoemaker model. 

T (°C) 

Figoni and Shoemaker model  0( ) k t
e e e          

e (Pa) 0 (Pa) k (s-1) R2 

HB CB HB CB HB CB HB CB 

20 16.36±0.03 3.37±0.01 17.88±0.03 3.95±0.00 0.0020±0.0002 0.0010±0.0000 95.5% 99.5% 

40 15.08±0.05 2.62±0.01 16.28±0.03 3.04±0.00 0.0013±0.0001 0.0011±0.0000 87.3% 98.2% 

60 10.80±0.03 2.13±0.01 11.80±0.02 2.49±0.00 0.0014±0.0001 0.0012±0.0001 97.5% 97.9% 

80 7.72±0.07 1.23±0.00 9.00±0.02 1.95±0.00 0.0009±0.0001 0.0016±0.0000 91.8% 99.5% 

 

 

 

Table 7.6 Transition and critical concentrations used to calculate relative volume fraction and 

values of parameters for fitting the power law and Adams equations  

 c* (%) c** (%) a A ϕc 

HB 1.75 3.75 4.0±0.2 4023.0±274.6 0.44±0.02 

CB 2.25 4.00 3.3±0.1 2748.0±303.5 0.51±0.03 

R2>99% for the power law fitting and > 90% for the Adams model fitting 
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 SUMMARY AND RECOMMENDATIONS CHAPTER 8.

8.1 Summary of the Dissertation 

This Ph.D. research has identified and determined the effects that influence the rheology 

of tomato suspensions systems including (1) soluble pectin; (2) particle physical properties; and 

(3) processing conditions. The rheological behavior of industrially processed tomato suspensions 

has also been characterized. The main findings are as follows: 

1. The soluble pectin in the serum phase has been identified as a limited contribution to 

the overall viscosity of the tomato suspension. However, it plays an important role on the 

stabilization of the suspension by promoting the interaction between their particles. Both 

prepared pectin solutions and isolated sera exhibited Newtonian behavior with a low viscosity. 

Proton NMR of the dialyzed sera confirmed the presence of pectin in the serum phase. By using 

a cone-plate geometry for the suspension viscosity measurements, significant wall slip was 

observed due to phase separation in the suspension. The phenomenon was more noticeable when 

the pectin content in the sera was low. By using a vane geometry, a sound correlation (R
2
=0.91) 

between fundamental measurements of suspension viscosity and the empirical Bostwick 

consistometer method was established; therefore, the vane geometry was the preferred method to 

evaluate the rheology of plant-cell-wall-derived suspensions generated in this chapter. It is also 

recommended as a suitable tool to measure viscosity of suspensions containing deformable 

particles  

2. The particle volume fraction and particle properties displayed predominant roles in 

determining the rheological properties of the suspensions. Viscosity can be increased by 

increasing the cell-wall-derived particle concentration. Particles with intact cellular structures 

exhibited higher water retention and mechanical strength, and formed suspensions with higher 
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viscosity and viscoelastic properties such as the storage modulus (G'). Suppression of PME 

activity in some tomato Ohio 8245 cultivars resulted in a closely packed cellular structure and 

smaller pore size comparted to the tissue of the original wild type tomato (OWT). An 85-90% 

reduction in PME activity significantly strengthened the microstructures of cell wall particles, 

and was able to reduce serum separation and therefore improve the rheological properties of the 

tomato suspensions. In addition, the local Young’s modulus distribution of individual particles, 

investigated by an AFM based approach, was related to results obtained from bulk rheology 

measurements. It could be concluded that the differences in the rheological properties of the 

suspensions were originated from the physical properties of the particles. 

3. Different processing conditions created particles with various structures and strengths 

and, thereby, considerably altered the rheology of suspensions including these particles. In the 

research, the effects of thermal breaking, ultrasound, and high shear were studied in a laboratory 

processing scale whereas the concentration process to produce tomato paste at an industrial scale 

was also investigated. Thermal breaking alone didn’t change the particle size, but the subsequent 

ultrasound and high shear treatments dramatically reduced the particle size of suspensions. As 

visualized by cryo-SEM, ultrasound treated suspensions have more intact cells, resulting in an 

increase of the strength of the particles, which was evaluated by a compression test. By contrast, 

high shear treated suspensions consisted of mostly ruptured cells that already have lost structural 

integrity and turgor pressure. Therefore, the ultrasound treatment led to an increase in viscosity 

and viscoelasticity whereas the high shear treatment caused a decrease of these rheological 

properties. The water-soluble pectin (WSP) fraction in the suspensions increased after ultrasound 

and shear treatments. Therefore, soluble pectin is not the cause for changes in the rheology of 
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suspensions; however it is an indicator or consequence of the change of particle properties, 

which is directly responsible for changes in the suspension rheological properties. 

During the industrial concentration process, the particle size and particle properties were 

modified due to the prolonged and intense heating, which resulted in a viscosity loss when 

diluted back to suspensions with the same soluble solid content. Average particle size and 

viscoelastic properties of tomato juice were found considerably large, but significantly reduced 

after a concentration process. The concentration process not only reduced the particle volume but 

also concentrated their mass into smaller size and therefore negatively altered the particle 

properties, which can explain the viscosity loss during concentration. The reconstituted juices 

had a relatively lower volume fraction and elasticity compared to original tomato juice, which 

led to a lower consistency and viscosity. Furthermore, those particles cannot fully re-expend to 

the original shape and the concentrated solute was only partially re-solubilized upon dilution, 

which explains the need to use more paste to achieve the same soluble solids measured as °Brix, 

in the reconstituted juice as well as its viscosity. 

4. The flow behavior of industrially processed hot-break (HB) and cold-break (CB) 

tomato suspensions was investigated under steady-state and dynamic oscillatory shear conditions. 

HB particles appeared to have a better water retention structure and higher mechanical strength, 

which contributes to a considerably higher viscosity and viscoelastic properties than CB. The HB 

and CB suspensions demonstrated both to have temperature-dependent and time-dependent 

rheological behaviors. The consistency coefficient (k) decreased with increasing temperature, 

and could be modeled by an Arrhenius-like equation. The difference in temperature dependence 

is probably caused by the particle structures in the two suspension systems, since the activation 

energy of the HB sample was higher than that of the CB sample, indicating HB has a more 
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integral structure which requires more energy to change. The thixotropic behaviors of the HB 

and CB suspensions were accurately described by the Stretch Exponential equation. The 

characteristic time (
s
 ) for the HB sample increased with temperature, whereas it showed a 

decrease for the CB sample. The differences appear to be caused by particle structure and the 

initial viscosity. Particle interactions have showed great effects on the rheological properties. At 

low particle concentration (solid % < 1.0%), the HB and CB samples almost had the same 

apparent viscosity due to a limited contact and similar volume fractions. As particle 

concentration was increased, the particle-particle contact significantly increased, and the HB 

sample demonstrated a considerably higher viscosity than the CB sample. The complex modulus 

(G
*
) was further modeled by the Adams’ equations at a high relative volume, and the results 

demonstrated that the HB system has larger particle elasticity and stronger particle interaction 

than the CB system.  

8.2 Recommendations for the Future Work 

8.2.1 In Situ Visualization of Structural Pectin in Particles 

There are several physicochemical techniques available in the literature to characterize 

pectin structure, such as nuclear magnetic resonance (NMR), gas chromatography-mass 

spectrometry (GC-MS), and high performance size exclusion chromatography (HPSEC). 

However, results from these analytical methods greatly depend on the nature of the extracted 

material, and sometimes extraction itself causes destruction of particles as well as an alteration of 

the pectin. Therefore, it could not fully illustrate the functionality of pectin in the particles and its 

changes during processing. In the future work, immunolabelling with monoclonal antibodies 

such as JIM5, JIM7, LM18, LM19, PAM1 and 2F4 (i.e. plant cell wall monoclonal antibodies) 
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can be used to visualize pectin within the particles using Fluorescence Microscopy based on the 

fact that each antibody locates specific pectin structure. In situ visualization of the cell wall 

changes (e.g. pectin modification) will provide an insight into the changes of particle structure 

due to processing and interactions between particles. 

8.2.2 Improvement of AFM Measurement 

The present research showed Young’s modulus distribution differences between particles 

obtained after the HB and CB treatments at the individual particle level. However, this study 

only focused on the elastic range of these particles, but more research needs to be done to 

explore the viscoelastic range with the improvement of AFM techniques. Since the plant cell 

wall particles are much larger than other biological cells and polymeric particles, cantilevers with 

large spherical probe (e.g. radius 10 μm) are recommended for use in future research. In addition, 

the droplet technique was applied in the current study. However, water would be dried out in 2 h, 

which posed difficulties with the force-mapping procedure. AFM accessories such as the Fluid 

Cells and the Dish Heater will be great helpful in further studies.  

8.2.3 Modeling of Particle Interaction 

Due to the higher deformable nature of plant cell wall particles, it is hard to accurately 

measure the volume fraction of suspensions containing these particles. Furthermore, studies on 

associated particle interactions in this soft, non-colloidal system by classic methods derived for 

colloidal system would be extremely complicated and not appropriate. A model system, such as 

non-colloidal (~ 10 μm) spherical agarose micro-gels would be a good alternative. These soft 

particles are filled with a Newtonian fluid (i.e. water) and can be manufactured with a wide 

elastic modulus range. Results from this study will yield more information in regards to the 

effects of particle elasticity and volume fraction on the rheology of suspensions. Further 
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simulation modeling could couple more parameters including particle volume, particle wall 

thickness and internal pressure. Lattice-Boltzmann and Finite-Element computational modeling 

methods could be applied to develop a simulation technique. Studies in this area will give us a 

better understanding of particle interactions in the suspension systems and their influence on the 

bulk rheology. 
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APPENDIX 

1. Supplementary Information for Chapter 3 

 

 

 

Figure A3.1 Viscosity versus shear rate curves of reconstituted suspensions with different pulp fraction 

using cone-plate geometry. In these suspensions, the serum phase was reconstituted with deionized 

distilled water and the pectin concentration of the serum was considered to be 0. 
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Figure A3.2 Shear stress plot of reconstituted suspensions varied with pulp% as a function of shear rate 

determined using the cone-plate geometry. In these suspensions, the serum phase was deionized 

distilled water and the pectin concentration was considered as 0. This plot revealed obvious wall 

slip when cone-plate was used. The wall slip became more noticeable when the suspensions had 

higher particle concentrations. 
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Table A3.1 Consistency coefficient (k) (± standard deviation) of reconstituted suspensions with different 

pulp fraction (pulp %). The vane and cone-plate geometries were used for the measurements and the 

concentration of pectin in the serum was assumed as 0.  For the vane geometry, the range of shear rate 

used in the fitting was 0.1-100 s-1 whereas for the cone-plate geometry a valid range had to be selected 

from a shear rate 1/s to the shear rate at which wall slip started. Data generated by each geometry was 

tested by Tukey grouping. Means with the same letter are not significantly different.  

 

 

Sample Vane Geometry Cone-plate Geometry 

(Pulp %) Consistency Coefficient (k) (Pa.sn) Consistency Coefficient (k) (Pa.sn) 

Pulp%_5% 0.2±0.0 f 4.8±1.0 d 

Pulp%_10% 2.1±0.1 e 21.6±4.5 cd 

Pulp%_15% 4.4±0.3 d 40.0±4.8 c 

Pulp%_20% 8.6±0.5 c 50.2±4.2 c 

Pulp%_25% 13.7±0.2 b  101.4±19.4 b 

Pulp%_30% 20.5±0.5 a 151.9±17.5 a 
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2. Supplementary Information for Chapter 4 

 

 

 

 

Figure A4.1 Color values (L
*
, a

*
, and b

*
) of tomato suspensions obtained from ultrasound and 

shear treatments. 
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Figure A4.2 Galacturonic acid standard curve (R2=0.9962) built for quantification of pectin content 

in samples. 

 

 

 

 
 

Figure A4.3 Force-time curves for ultrasound treated suspensions (HBU and CBU) compared 

with original HB and CB samples. Each samples showed unique peak force which indicates the 

cell wall elasticity. 
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Table A4.1 Moisture content of tomato suspensions obtained from ultrasound and shear 

treatments  

 

 

Sample HB CB HBU CBU HBH HBL CBH CBL 

Moisture (%) 95.9±0.0 96.0±0.0 95.9±0.0 96.1±0.0 95.9±0.0 95.8±0.0 95.9±0.0 96.2±0.0 
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3. Supplementary Information for Chapter 7 

 

 

 
 

Figure A7.1 Viscosity versus shear rate curves of reconstituted HB and CB products with 

different solid content from 0.25 to 4.00%. 
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