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IBEREO’15 IBERIAN RHEOLOGY CONFERENCE, 2015 

Coimbra, Portugal 

September 7th – 9th 2015 

IBEREO’15, the Iberian Rheology Conference 2015, was the 5th in the series of conferences 

organized jointly by the Portuguese Society of Rheology (SPR) and the Spanish Group of 

Rheology (GER), which started in 2004 in Beja, Portugal. IBEREO presently takes place every 

two years, either in Portugal or in Spain, and this time took place in Coimbra, Portugal, hosted 

by the University of Coimbra, well known by its history of over 700 years, in its engineering 

campus. This year’s conference was subjected to the topic “Challenges in Rheology and 

Product Development”, having addressed the most recent trends in rheology, including: 

Experimental Methods; Modelling and Simulation in Rheology; Multiphase Systems and 

Composites; Product Formulation; Interface Rheology; Microrheology and Micro Fluidics and 

Applications, with special emphasis on food, polymers and biopolymers and cosmetics. 

The Conference, which took place from the 7th to the 9th of September, joined together around 

100 participants from eleven different countries, and was an opportunity to bring together 

experts in the field of rheology to discuss and learn about different and important topics in this 

field, exchanging experiences and creating the opportunity for networking and establishment 

of future collaborations. A selection of papers is being published in the on-line journal e-

Rheo.Iba (Ibero_American Journal of Rheology).  

 
On behalf of IBEREO’15 Organizing Committee 
Maria Graça Rasteiro (IBEREO’15 Chair) 
University of Coimbra, Coimbra, Portugal 

 

http://www.spr-reologia.com/
http://www.spr-reologia.com/
http://rheology-esr.net/directory-of-national-societies/1566/spanish-group-of-rheology/
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Mechanical characteristics of acorn starch gels 

María Dolores Torres Pérez1 

1Department of Chemical Engineering, University of Santiago de Compostela, Lope Gómez de Marzoa St., 

Santiago de Compostela E-15782, Spain 

Correspondence to: M.D. Torres (E-mail: mariadolores.torres.perez@usc.es) 

ABSTRACT 

Some underexploited renewable sources of biopolymers are found in the northwest of the Iberia 

Peninsula, in abundance and at low cost. One of them is the acorn from cork oak (Quercus suber 

L.), a non-conventional source of starch. The purpose of this study was to investigate the thermo-

mechanical characteristics of acorn starch samples at different concentrations. Rheological 

testing at small amplitude oscillatory shear was made using a stress-controlled rheometer to 

follow the evolution of the structure of acorn systems. Texture characteristics of the final gels 

were determined from the texture profile analysis. Preliminary physicochemical properties of the 

starch were also studied. Mechanical properties of studied gels were notably dependent on acorn 

starch concentration, given a set of gels with suite gelling properties for a wide range of 

applications. 

KEYWORDS acorn starch, gluten-free, gels, rheology, texture 

INTRODUCTION 

A non-conventional source of starch founded in the Iberian Peninsula is the acorn from cork oak 

(Quercus suber L.). Acorn starch is an unexploited ingredient which could have attractive 

characteristics to be used in gluten-free diets. This could be also a strategy to add value to the 

acorn industry by-products. Naturally, acorns show a high content of tannins, which must be 

removed in the process of producing starch for food applications1. Despite its promising 

properties, this source of starch has had very little research into its structural and thermo-

rheological features. 

Applications (Food) 
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The development of alternative gluten-free products based on gelled systems from starches 

involves the understanding of how these carbohydrates behave under food processing conditions. 

The final structure and textural properties of these systems are strongly dependent on processing 

temperature/time, cooling rates, polysaccharide content or pH conditions since they can affect 

the dynamic process of competition between phase separation and gel formation. In this context, 

the main objective of this work is to carry out a systematic investigation of the mechanical 

properties of acorn starch samples at different experimental conditions. The evolution of the 

structure of these systems was monitored by rheological testing at small amplitude oscillatory 

shear (SAOS) using a stress-controlled rheometer. Texture characteristics of the final gels were 

determined from the texture profile analysis. Preliminary physicochemical characteristics of the 

starch were also studied. 

MATERIAL AND METHODS 

Raw materials 

Acorns from cork oak (Quercus suber L.) were collected in the northwest of the Iberian 

Peninsula. Acorns of uniform size were selected for the extraction of starch. Selected samples 

were peeled and cut into small pieces. Representative samples of 500 g were ground in a blender 

with 1 L of water. After filtration of the slurry, the residue was ground again with the same 

proportion of water (1:2) and filtered. Both filtrates were let to settle over 24 h. Settled solids 

were separated from the supernatant and, then washed with distilled water several times until the 

acorn starch was free of colour; the acorn starch was then dried in a ventilated oven at 40ºC. 

Acorn gels were prepared at several concentrations (from 15 to 85% w/w). The starch was 

dispersed in demineralised water by stirring at 800 rpm for 10 min at room temperature. Acorn 

starch suspensions were heated up to 90ºC and kept at this temperature for 30 min in order to 

prepare the gels. After, samples were placed in a fridge to allow full maturation of gels, which 

were kept at 5ºC for 24h before performing texture measurements. 

Methods 

Initial moisture, carbohydrates and starch content were determined according to standard 

methods. The measurements were made in triplicate. 
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Gels firmness (N) was determined in triplicate from the texture profile analysis (TPA) using a 

TA-XT2i (Stable Micro Systems, UK) texturometer (load cell of 5 kg). Before performing any 

measurements, gels were allowed to equilibrate at 20 ºC for around 1 h in a temperature-

controlled room. 

Thermo-rheological measurements were performed at least in duplicate on a controlled-stress 

rheometer using serrated parallel plates (35 mm diameter and 0.5 mm gap). Suspensions of 

starch were held at 20ºC between the plates for 10 min before testing. After, samples were heated 

to 90ºC at 2ºC/min. Then, time sweeps were conducted at 90ºC for 60 min at 0.1 Hz. After, 

samples were cooled down to 5ºC at 1 ºC/min. Temperature sweeps were performed at 0.1 Hz. A 

constant stress (2 Pa) within the linear viscoelastic region (LVR) was used in above tests. After 

cooling, time sweep tests were conducted at 5 ºC, during 60 min at 1 Hz. Without disturbing the 

gel, frequency sweep measurements were made at 20ºC, with oscillation frequencies over the 

range 0.01 to 100 rad/s. A constant stress (30 Pa) within the LVR of gels was used in the two 

latter tests. 

Experimental data were analysed by one-factor analysis of variance followed by Scheffe test to 

differentiate means with 95% confidence (p < 0.05) using PASW Statistics (v.18, NY, USA). 

RESULTS AND DISCUSSION 

Acorn samples contained (% w/w, dry weight) 82% of carbohydrates, of which 64% was starch. 

The extracted starch from cork oak’s acorn presented an average moisture content of 11.2%. 

These values are consistent with those previously reported for different gluten-free starches with 

similar starch content2.  

Thermo-rheological outcomes gathered that the interval of gelatinization temperature range of 

acorn starch extracted experimentally (from intitial gelatinization temperature, T0, around 61ºC 

to final gelatinization temperature, T1, around 76ºC) is similar to starches from other commercial 

sources2 (Figure 1). 

Rheological and texture measurements were notably dependent on acorn starch concentration. 

These results are in harmony with those reported for other gluten-free starches such as chestnut 
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starch2. Overall, this study delivered a set of acorn starch gels showing a suite of gelling 

properties for a wide range of applications. 

 

FIGURE 1 Representative temperature sweep profile of acorn starch gels prepared at concentration of 

85%. Symbols: closed squares – storage (G') open squares– loss (G") moduli. 

CONCLUSIONS 

This study showed that extracted acorn starch samples at different concentrations induces 

different degrees of gel structure that could be applied in the production of a large variety of food 

products. This knowledge allows to create a new markets, add value and new applications to 

underexploited renewable sources of the northwest of the Iberia Peninsula, acorn starch extracted 

from cork oak. 

ACKNOWLEDGEMENTS 

The authors acknowledge the financial support (POS-A/2012/116) from Xunta de Galicia of Spain and 

the European Union’s European Social Fund. The authors also wish to thank Professor D. Pérez and 

Professor G. Torres for his help with the experiments and for useful discussions. 

REFERENCES AND NOTES 

1.  Stevenson, D.G.; Jane, J.; Inglett, G.E., Starch, 2006, 58, 553-560. 

2. Moreira, R.; Chenlo, F.; Torres, M.D., Glazer, J., Journal of Food Engineering, 2012, 112, 94-99. 

5



 

Evaluation by DMTA of Gelatinization Temperatures of Starch in Maize and 
Chestnut Flour Doughs  

Ramón Moreira, Francisco Chenlo, Santiago Arufe 

Departamento de Enxeñaría Química, ETSE, Universidade de Santiago de Compostela, Rúa Lope Gómez 
de Marzoa, s/n, 15782 Santiago de Compostela (Spain) 
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ABSTRACT 

Gluten-free flour doughs (three from different maize varieties and one from chestnut fruit) 

processed at the same consistency level (1.10 ± 0.07 Nm) with different water absorption were 

used to determine the starch gelatinization by means of two different experimental techniques, 

differential scanning calorimetry (DSC) and dynamic thermal mechanical analysis (DMTA). The 

ranges of temperatures of gelatinization (G) and amylopectin melting (M1) for all tested flour 

doughs were determined by both experimental techniques and results showed good agreement 

between them. In DMTA, G and M1 were determined by means of the elastic modulus or 

damping factor evolution with temperature. The temperatures of the transitions determined by 

DSC depended on water content, the nature and characteristics of the starch and the presence of 

other compounds (mainly lipid and sugars) in the flour doughs. 

KEYWORDS amylopectin melting, DSC, gluten-free flour, water absorption  

INTRODUCTION 

Gelatinization of different starches is well studied in the bibliography by its importance in starch 

processing for food and non-food purposes. At high water content, using DSC technique, one 

broad endothermic peak, G, by the swelling of the amorphous region and subsequent melting of 

crystallites is observed, but at intermediate water content, this transition is partially postponed to 

higher temperatures resulting M1 transition1. Nevertheless, some endothermic peaks associated 

to the thermal transitions are very weak and consequently their determination and evaluation is 

troublesome and other techniques are necessary. The study of the starch transitions in cereal 

flour doughs is more complex than the study of isolated starch from different sources. The 
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presence of other biopolymers like proteins and lipids, together with the particle size of the flour, 

affect significantly the water absorption of the samples to achieve a determined consistency. 

Dynamic Mechanical Thermal Analysis (DMTA) consists on the application of a sinusoidal 

force to the sample at fixed angular frequency measuring the stress and strain inside the LVR at 

constant heating/cooling rate. DMTA was employed to evaluate the starch gelatinization due to 

strong structural changes take place during the plasticizing process promoted by water2.  

The aim of this work is to determine the G and M1 transitions of gluten-free flour doughs 

processed at the same consistency level with different water absorption by DSC and DMTA. 

Starch transitions are discussed regarding to physicochemical properties of flours and doughs.  

EXPERIMENTAL 

Maize (Zea mais) flours obtained from 3 different varieties of Spanish maize kernels, white 

(WM, Rebordanes), yellow (YM, Sarreaus) and purple (PM, Meiro) and chestnut (CH, Castanea 

sativa Mill.) flour were used. Flours were placed in a desiccator at 25ºC and RH 54%, until 

flours equilibration with constant moisture content (8-10 %, d.b.). Flours were stored at 4ºC in 

vacuum sealed bags until use. Doughs for DMTA experiments were prepared by using Mixolab® 

apparatus (Chopin Technologies, France)3. At the consistency of 1.10 Nm, water absorption 

(WA, % d.b.) was determined. In the case of DSC studies, samples, at the same WA of doughs 

studied by DMTA, were prepared by other protocol. The flour (~1g) was put in a glass vial and 

water was added to obtain the desired WA. The vial was sealed and sample was equilibrated for 

24 h at room temperature. A portion of the sample (< 18 mg) was introduced in a steel pan and 

sealed. Thermal properties were determined with a calorimeter (Q200, TA Instruments, USA). 

An empty steel pan was used as reference. Sample was heated from 40ºC up to 110ºC at 4ºC/min.  

Flour doughs at the target consistency were tested in a controlled stress rheometer (MCR 301, 

Anton Paar, Austria) equipped with a chamber (CTD 450, Anton Paar, Austria) using parallel 

plates (50 mm diameter, 2 mm gap) by DMTA. The assays were performed in the LVR of the 

doughs (0.1 % of strain, 1 Hz). Temperature increased from 30 to 110ºC at 4ºC/min. G´ and tan δ 

values were used to determine the temperatures associated with starch transitions. All assays 

were performed at least in duplicate. Differences among means were identified by one-factor 

analysis of variance with Scheffe test and significant P-values ≤ 0.05 (IBM SPSS Statistics 22). 
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RESULTS AND DISCUSSION 

In DSC experiments, all samples showed gelatinization endotherm, G, which appeared at low 

temperature (66.7-69.1ºC, see Table). This endotherm at high WA corresponds to the 

gelatinization of amylopectin4. When water is restricted, gelatinization can be partly postponed 

to higher temperatures due to the melting of the remaining amylopectin crystallites giving as 

result M1 peak. At intermediate WA, M1 peak appears as a shoulder overlapped with the G peak 

giving as result a broad temperature range of gelatinization. At lower WA, M1 is separated from 

G and shifted to higher temperatures. In maize doughs, YM dough (low WA) showed separately 

G and M1 peaks and WM and PM doughs only one peak (G + M1). CH dough also showed a 

peak with shoulder (G + M1), in spite of it is the sample with the lowest WA. This result reveals 

that the nature of starch and its interactions with other hydrophilic components (carbohydrates 

and proteins) modify the available water for starch gelatinization. Samples with peaks overlap 

showed a broad temperature range for the glass transition (from 66.7 to 93.3 ºC, Table).  

TABLE. Onset (To), peak (Tp) and final (T1) temperatures of thermal starch transitions determined by DSC 
and DMTA for tested maize and chestnut flour doughs♣  

 

 

 

 

 

 

 

 

 ♣Standard deviations of temperature data for DSC were ±0.2ºC. Data with different letters in rows are significantly different, P ≤ 0.05. 

Figure shows the G´ peaks during DMTA of YM and WM dough samples, as example of two 

behaviours observed. At low temperatures G´ values decreased slightly with increasing 

temperature up to achieve a minimum. This point, labeled like To´, determines the beginning of 

the physical phenomena of gelatinization, corresponding to the swelling of the starch granules. 

G´ increased due to the growing turgor of starch granules. G´ values sharply increase from 50-

   YM WM PM CH 
WA (%, d.b.)   63.0±1.0b 90.0±2.0d 81.1±1.4c 52.9±0.5a 

 T (ºC) DSC 

G 
To   66.7a 66.7a 68.2b 69.1b 
Tp  74.0a 76.7b 78.8c 77.5b 
T1  82.6a 90.6b 93.3c 90.2b 

M1 
To  83.0 - - - 
Tp  91.7 - - - 
T1  100.7 - - - 

  DMTA 

G 

To´ G´ 53.6±0.1a 50.0±1.3a 56.1±0.2a 56.9±2.5a 
tan δ - - - - 

To G´ - - - - 
tan δ 66.9±0.1a 68.6±1.9a 71.5±0.6a 71.0±0.7a 

Tp G´ 74.4±0.1a 74.5±0.3a 77.3±0.5b 76.9±0.2b 
tan δ 77.0±0.2a 75.8±2.0a 79.0±0.6a 78.9±0.6a 

T1 G´ - 86.8±0.2a 85.0±0.4a 86.5±0.3a 
tan δ - 83.0±0.2a 87.5±1.5a 84.5±0.1a 

M1 T1 G´ 102.5±2.1 - - - 
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57ºC. This point was not detected by DSC, because thermal properties of dough were not 

modified. Starch gelatinization continues at higher temperatures with the disintegration of the 

granules and starchy polymers melting with a generation of a continuous matrix of leached 

amylose molecules that increases the viscous character. In fact, tan δ increased above To, 

measured by DSC, up to a maximum value, Tp. This peak temperature coincides with Tp given 

by relative maximum of G´, Table. To and Tp measured by DSC and DMTA showed deviations 

< 2ºC. Final temperature, T1, can be evaluated through the minimum value of tan δ and also by 

the point in which the slope (straight line in Figure) of G´ changes after Tp. This peak is the sum 

of G and M1 transitions for WM, PM and CH doughs while YM sample showed separated peaks. 

In DMTA both peaks of YM dough were not observed, but a broader temperature interval with 

constant slope was found. Consequently, structural changes and phase transitions promoted 

during G and M1 endotherms measured by DSC are jointly observed by DMTA. 

 

FIGURE. DMTA rheograms for yellow (YM) and white (WM) maize flour doughs.  
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Rheology and texture of liquid whey protein concentrates (LWPC) based gels: 
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ABSTRACT 

The aim of this work was to study the gelation properties of liquid whey protein concentrate (LWPC) as 

raw material for dairy food applications. The gelation was promoted by acidification. Acid-induced gels 

were produced with non-defatted LWPC by bacterial fermentation (yogurt type) and glucono-δ-lactone 

(GDL) acidification (dessert type) with or without fortification with skimmed milk powder (SMP). All the 

produced gels showed viscoelastic behaviour. The fermented systems formed weaker gel structures 

than the equivalent chemically acidified gels. The acidification process and the sequence in which 

protein denaturation is performed may be responsible for these differences. It was also observed that 

molecular rearrangement continues during cold storage, and that fortification with SMP favoured 

gelation improving the rheological properties and the viscosity of the LWPC gels. 

KEYWORDS Liquid whey proteins, acid gelation, rheology, viscosity, texture 

INTRODUCTION 

Whey proteins are pointed out as carriers for ligands and trace elements as well as for their biological 

functions 1. In food products, dry whey protein concentrates (WPC) are widely used in bakery and 

confectionary products 2, salads 3, beverages 4, meat and dairy products 5,6. The application of WPC in 

food, in order to increase nutritional and functional properties (e.g. emulsifying and gelling) is not 

random, and depends on the origin, production process and chemical composition of the whey protein 

concentrates. Among the functional properties of whey proteins, gelation is cited as one of the most 

interesting hydration-related properties. 

Membrane technologies, namely ultrafiltration (UF) enable the extraction and concentration of whey 

proteins from whey. Despite WPC are largely used as ingredients the direct use of liquid whey protein 

concentrates (LWPC), being a less expensive alternative 7 avoiding drying processes, is rarely applied and 

no attention has been paid to its functionality. 
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MATERIAL AND METHODS 

Bovine cheese whey used in the production of non-defatted (ND) LWPC was supplied by Queijaria 

Serqueijos SA (Portugal). GDL was supplied by Enzilab and the mixed culture of Streptococcus 

thermophilus and Lactobacillus bulgaricus was supplied by Ezal YO-MIX 601. 

Manufacture of LWPC and gel preparation 

No defatted LWPC was produced according to Henriques 7, whose chemical composition was 20.5% of 

total solids, 7.1% of fat, 9.6% of protein and 0.85% of ash. Titratable acidity (TA) was 0.52% lactic acid. 

Acid gels of ND LWPC, used as food model for yogurt and dessert, were produced by lactic fermentation 

or acidification by GDL respectively, with or without SMP. For yogurt type acid gel production, the LWPC 

was first pasteurized at 90 ºC/5 min and cooled down to 60 ºC. The product was divided into two parts 

and SMP was added to one part to obtain 5% incorporation in the final formulation. After that, both 

products were homogenized at 100 bar. The fermentation, performed by a commercial mixed culture of 

bacteria, took place at 44 ºC until pH reached 4.6. In the case of the acid gel desserts, 5% sucrose was 

added to the ND LWPC and two separate formulations were produced (0% and 5% SMP). Both mixtures 

were heated to 60 ºC and homogenized at 100 bar. GDL was then added to a level of 1.5% (w/w, protein 

basis) and the mixture was gently stirred and distributed into glass cups. Acidification by GDL hydrolysis 

to gluconic acid was performed also at 44 ºC until pH 4.6. Finally, acid gel desserts were heat treated at 

90 ºC/30 min. All the samples were then refrigerated and stored at 5 ºC. 

Gel composition and physicochemical analyses 

Acid gels were analysed in triplicate and characterised in terms of dry matter, fat, total proteins, ash, 

carbohydrates, titratable acidity (TA) and pH. Gel water retention capacity (WRC) was determined 

according to the method of Gauche 7. The texture profile analysis (TPA) was run in a Stable Micro 

Systems Texture analyser (TA.XT Express Enhanced model) with a penetration distance of 5 mm at 1 

mm/s test speed, using an acrylic cylindrical probe with a diameter of 0.6 mm and a height of 3.5 mm. 

The rheological properties, elastic modulus (G’) and viscous modulus (G”) were evaluated at 15ºC in the 

range of 0.05 - 1.5 Hz at 3 Pa, using a controlled stress rheometer (Rheostress 1, ThermoHaake) in 

oscillatory mode. The measuring system consisted of a cone and plate geometry, C60/Ti - 0.052 mm (60 

mm Ø and of 1º angle). 

RESULTS AND DISCUSSION 

As expected, the products with SMP had significantly higher total solids than the unfortified products. 

The fat content did not vary in each product type (p > 0.05) with the addition of SMP. Although the 

protein content increased in products with 5% SMP, due to the incorporation of caseins, no significant 

differences (p > 0.05) were observed between formulations or product types. Lactic desserts had 

significantly higher levels of other solids (mainly carbohydrates) due to the addition of sucrose in the 

formulation (5%, wet basis). Solvent evaporation due to the longer heat treatment (30 min) and the 
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fermentation process in the case of yogurts, which converted lactose into lactic acid, may also have 

contributed to this difference. 

The titratable acidity (Table 1) achieved for LWPC yogurt type acid gels (1.30-1.88%) was higher than for 

the dessert gels (1.05-1.58%). This may indicate that acidification by bacterial fermentation is more 

effective than by GDL hydrolysis to gluconic acid. A significant decrease in pH was also observed during 

storage for yogurts, which may point out that fermentation continues during storage. A distinctive type 

of behaviour was found in desserts. This divergence in the pH between products may be due to the 

period at which the heat treatment was performed during gel production. In the case of yogurts, whey 

protein denaturation occurs during the pasteurisation (90 ºC, 5 min) of LWPC, prior to the addition of 

SMP and fermentation whereas in the case of desserts, acid-induced gelation occurs when the whey 

proteins are still in their native form. Specific WRC behaviour (Table 1) can be observed in the LWPC acid 

gels according to their nature (yogurt or dessert), SMP incorporation and storage time. The desserts 

showed a higher WRC (64.12-100%) than yogurts (53.11-65.74%), which can be attributed firstly to their 

higher total solids content and also to the heat treatment after acidification. With regard to hardness, it 

was observed that desserts presented higher values than yogurts, and the incorporation of SMP in the 

formulation also contributes to this. These results concur with the higher WRC observed for desserts 

with 5% SMP, indicating that harder gel structures have the ability to prevent syneresis more efficiently. 

 

TABLE 1 TA, WRC and hardness of ND LWPC yogurts and desserts (0% and 5% of SMP) during storage 

Gel type  Yogurt Dessert 

Parameter Time (days) 0% 5% 0% 5% 

Titratable acidity 
TA (% lactic acid) 

1 1.38±0.17 aA 1.46±0.18 aA 1.05±0.01 aA 1.58±0.02 bA 

21 1.30±0.08 aA 1.88±0.11 bB 1.19±0.08 aB 1.21±0.14 aB 

Water retention capacity 
WRC (%) 

1 65.74±1.62 bA 53.11±1.16 aA 70.49±4.58 aB 99.52±0.58 bA 

21 64.04±1.03 bA 56.59±2.94 aB 64.12±4.87 aA 100.00±0.00 bA 

Hardness (N) 

1 0.10±0.00 aA 0.09±0.01 aA 0.11±0.02 aA 0.59±0.12 bA 

21 0.11±0.00 aA 0.15±0.01 bB 0.18±0.02 aA 0.44±0.16 bA 

Means without the same letter differ statistically at p < 0.05. a,b Lowercase letters represent differences between products (0 and 5% 
of SMP).A,B Uppercase letters represent differences over time (1st and 21st days). 
 

In Fig. 1 it can be observed that in all cases G’ is higher than G’’ demonstrating the gel structure and the 

viscoelastic behaviour of both products. An increase in G’ and G’’ was observed over time, indicating 

that protein polymerization and molecular structure rearrangements continue during refrigeration, thus 

making the gels stronger. In yogurts no significant differences were observed between products one day 

after production, with or without SMP fortification. However, at the end of the storage time the yogurts 

with SMP presented lower G’ and G’’ values than the ones with no SMP addition. The presence of casein 

micelles that were not denatured may increase protein heterogeneity and disturb the protein network 

by producing weaker gels. In the case of desserts, a very stable product was obtained using SMP (Fig. 1). 

These results corroborate the higher hardness values and WRC (Table 1) achieved for these acid gels. 
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FIGURE 1 G’ of ND LWPC yogurts and desserts with 0% (�) and 5% (▼ ) SMP; G” of ND LWPC yogurts and 

desserts with 0% (�) and 5% (∆) SMP, during storage. 

CONCLUSIONS 

Due to the process simplicity and the easiness of adjusting the production parameters to target specific 

industrial requirements, the use of LWPC allows for the production of high value and highly nutritional 

dairy products as a direct and low cost alternative to the use of powdered products. 
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ABSTRACT 

Superabsorbent materials (SAMs) can absorb large volumes of aqueous fluids, retaining absorbed water 

even under heating or some pressure. The environmentally friendly characteristics of materials have 

become an essential index to evaluate their applicability in practice. Currently, the biodegradable SAMs 

are mainly focused on the natural polysaccharide family (e.g. starch) having been applied in many fields, 

prominently in agriculture, horticulture, and hygiene products. 

Due to its hygroscopic character, a soy protein isolate (SPI) was selected to produce materials through 

injection molding with the goal of evaluate their water uptake capacity 

In order to obtain a material with a higher water uptake capacity, sodium bicarbonate was introduced in 

the formulation, along glycerol as plasticiser. Depending on the composition used and on the processing 

conditions selected, water uptake values as higher as 900.02 ± 21% (2.5% bicarbonate) were reached.  

Moreover, it was clear how a higher content of bicarbonate produced materials with a lower Young 

modulus and higher maximum strain. These materials show a remarkable capacity to absorb water, 

explained by the hygroscopic character of both the protein and plasticizer and presumably by the high 

porosity produced due to the bicarbonate decomposition, which may be of special interest for future 

applications.  

KEYWORDS soy protein, bioplastic, injection moulding, superabsorbent, water uptake 

INTRODUCTION 

Petroleum-based plastics are well extended, though many drawbacks result from their use. A 

great concern goes to the generation of important wastes that are difficult to degrade. Those 

negative attributes have led to an increasing interest on environmentally friendly plastics from 

alternative sources
1
. 

Even if environmentally friendly bioplastics have been produced from proteins, lipids or 

polysaccharides
2,3,4

, there is still a lot of work ahead in order to improve mechanical and physical 
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properties of protein-based bioplastics. Depending on their future applications, possible 

inconveniences may be found, as good hygroscopic properties normally are paired with lower 

elastic properties.  

Soybean proteins may be transformed into biodegradable plastics when mixed with a 

plasticizer
5,6

. However, these soybean bioplastics have showed low mechanical strength and high 

moisture absorption. Thus, they may have potential applications in the field of Superabsorbent 

Materials (SAMs). 

The objective of the present work is to study how composition and processing conditions may 

produce soybean protein-based bioplastic materials with a higher water uptake capacity and 

proper mechanical properties with potential application as SAMs. 

RESULTS AND DISCUSSION 

Soybean protein is known for its high higroscopicity, which may be an asset when the aim is a 

material with a high water uptake capacity, which eventually would have a potential application 

as SAM. Among the several methods available to produce protein-based bioplastic materials, 

injection moulding was selected.  

Processing 
condiitions 

 Water 
uptake (%) 

E’ (Pa) ·10
-8

 E’’ (Pa) ·10
-8

 tanδ 

80ºC 243 ± 21 1.33 ± 0.06 0.44 ± 0.03 0.33 ± 0.01 

100ºC 213 ± 43 1.33 ± 0.06 0.44 ± 0.01 0.33 ± 0.03 

 
 

Tcylinder 

120ºC  125 ± 48 1.46 ± 0.03 0.45 ± 0.04 0.31 ± 0.02 

80ºC 523 ± 19 1.23 ± 0.20 0.36 ± 0.34 0.29 ± 0.01 

100ºC 429 ± 14 1.74 ± 0.13 0.50 ± 0.12 0.29 ± 0.00 

120’ºC 243 ± 21 1.46 ± 0.03 0.45 ± 0.04 0.31 ± 0.02 

 
 
 

Tmould 

140ºC 218 ± 5 1.29 ± 0.36 0.41 ± 0.11 0.32 ± 0.01 

250 bars 233 ± 6 1.38 ± 0.05 0.38 ± 0.00 0.28 ± 0.01 

500 bars 224 ± 27 4.25 ± 0.26 1.20 ± 0.11 0.28 ± 0.01 

 
 

Pinjection 

1000 bars 260 ± 13 7.68 ± 0.78 2.19 ± 0.24 0.28 ± 0.00 

 

TABLE 1 Flexural parameters (1Hz, 25ºC) for SPI/Gly (50/50) bioplastics processed through injection 

moulding. When not indicated: Tcylinder: 80ºC; Tmould: 120ºC; Pinjection: 500 bars. No bicarbonate included. 
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The first stage of this research focused on the optimization of the processing parameters. Thus, 

different 50/50 SPI/Gly bioplastic materials were obtained at different cylinder temperature 

(Tcylinder), mould temperature (Tmould) and injection pressure (Pinjection) values.  

The best capacity to absorb water when immersed is observed at lower cylinder and mould 

temperature values (e.g. 80ºC), being the impact of pressure on water uptake seemingly less 

important (Table 1). When observing the influence on flexural properties (elastic and viscous 

moduli, E’ and E’’ respectively), Tmould and especially Pinjection show the greater effect: an 

increase in Tmould over 100ºC produces a lowering in E’ and E’’, while an increase in Pinjection 

results in a strengthening of the structure (higher E’, E’’). 

Once those processing conditions have been studied, the effect of the addition of sodium 

bicarbonate on the water uptake capacity is studied. The decomposition of sodium bicarbonate 

on the injection-moulding device leads to the formation of a porous structure that may enhance 

the water absorption. Milder processing conditions (Tcylinder: 40ºC; Tmould; 70ºC) were used in 

order to avoid a major decomposition of bicarbonate in the injection-moulding device. Moreover, 

it has been proved how lower temperature values promote a higher water uptake. 

As observed in Figure 1, the addition of bicarbonate in the formulation in a concentration within 

1 to 5% results in higher water uptake capacities, and also in a decrease in their Young moduli 

and an increase in their maximum strength. 

 

 

 

 

 

 

FIGURE 1. Water uptake capacity (left); and tensile parameters (maximum strength (σmax), strain at 

fracture (εf), Young modulus (E)) (right) for SPI/Gly (50/50) bioplastics processed through injection 

moulding (Tcylinder: 40ºC; Tmould: 70ºC; Pinjection: 500 bars) and different sodium bicarbonate concentrations 
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 CONCLUSIONS 

When a high water uptake capacity is pursued for 50/50 SPI/Gly bioplastic materials through 

injection moulding, low mould temperatures and medium to high pressures are required.  

At those processing conditions, a higher water uptake capacity is obtained when bicarbonate is 

present in the formulation of 50/50 SPI/Gly bioplastic materials, especially at concentrations 

ranging from 1 to 2.5%, obtaining water uptake values around 900%. These high values may be 

used in the production of SAMs, though further research in this direction is needed. 
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ABSTRACT 

The present work is part of a joint project with a traditional confectionery company. The aim of 

the project was to develop gourmet fillings for bonbons, based on gelled matrices of Portuguese 

products of unquestioned quality and international recognition including port wine, olive oil, 

olives and fruits. The gelling system was obtained by adding rice flour and Psyllium fiber. The 

objective was to reduce the calories of the product and enrich the fillings in i) functional 

ingredients: chicory fiber (inulin) and Psyllium fiber and ii) spices as natural antimicrobials 

(cinnamon, ginger, clove and nutmeg).  

Characterization of fillings included chemical composition and nutritional content, rheology 

behaviour and water activity (aw of quick Rotronic, Hygrolab). 

The rheology behaviour of the new fillings was compared with the traditional/commercial 

fillings. The results show that the fillings under study have a similar viscoelastic behavior to the 

commercial fillings, the latter showing higher values in the viscoelastic functions. 

 

KEYWORDS  

Healthy bonbons, functional ingredients, spices, chicory fiber, psyllium fiber, rheology behavior. 

 

INTRODUCTION  

Currently, there is an increased awareness of consumers towards the consumption of healthy 

products with functional characteristics. Bonbons are products of high demand and due to high 

calorie intakes their consumption is limited by dietary issues. Therefore, some studies on low 

calorie bonbons can be seen on literature
1
. 

Correspondence to: Isabel de Sousa (E-mail: isabelsousa@isa.ulisboa.pt)
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Fat has multiple effects on food products, e.g., thermal stability, mouthfeel lubrication and 

smoothness. When fat is to be replaced for nutritional/dietary reasons, it is often necessary the 

use of combinations of hydrocolloids to reach the expected sensory properties of the low fat food 

product 
2
.  

The incorporation of Psyllium and inulin fibers in bonbons fillings was an important innovation 

in this project and the spices were used to improve the sensory characteristics of the fillings and 

extend the shelf-life of the products.  

The Psyllium husk has about 80% of soluble fiber and is an excellent source of soluble and 

insoluble fiber
3, 4

. This fiber has been reported as an important health promoter in the prevention 

of several diseases
5
.  

The Psyllium, besides being a functional ingredient, is also important for the gelling capacity and 

for this reason is a good alternative to replace fat, keeping the texture and smooth mouthfeel. 

The Inulin is a dietetic fiber extracted from chicory, whose extensive use in food industry is 

based on the nutritional and technological properties of inulin. Other important properties of 

inulin are the positive effect on bowel habit, but also the prebiotic effect
6
. 

 

METHODS 

Preparation of the filling 

In the technological diagram below (FIGURE 1), the steps for the fillings production are 

presented. 

  

 

 

 

 

 

 

 

 FIGURE 1. Technological diagram of the developed fillings 
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Characterization of filling  

Rheology measurements 

The internal structure of the filling matrices was evaluated by small amplitude oscillatory shear 

(SAOS) with a controlled stress MARS III (Haake) rheometer coupled with a Peltier system, to 

control temperature. The texture properties were analyzed in texturometer TA XTplus through 

TPA-Texture Profile Analysis.  

Analysis of the chemical filling composition 

The chemical composition and nutritional content of the developed and the commercial fillings 

was evaluated by determining protein (Kjeldahl), fat (Soxhlet), total sugars (NP 1420:1987) and 

fibers (methods AOAC). 

Determination of water activity 

The water activity (aw) was evaluated using a Rotronic device (20ºC ± 1ºC). 

 

RESULTS AND CONCLUSIONS 

The results from the rheology behaviour of the new fillings and traditional/commercial fillings 

are presented in FIGURE 2.  
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The new fillings have a viscoelastic behavior similar to the commercial fillings, with the later 

showing higher values in the viscoelastic functions, therefore being more structured.  

It was verified that the storage modulus G’ is always higher than the loss modulus G’’ and both 

the moduli increase with the increase of frequency, which reflects a predominance of the elastic 

component over the viscous component, in all the samples, typical for the weak gel model. It is 

highlighted that the new filling with rice flour and cinnamon is the one that shows the lower 

level of structure, with lower values for the viscoelastic functions.  

The developed fillings presented a high potential to scale up into the market. These products 

follow the present consumption trends, in markets with well-informed consumers that look for 

products with high quality differentiating features. 
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ABSTRACT 

Rice is a largely consumed cereal, with high nutritional value. However, during dehusking and 

polishing steps, high quantities of by-products are originated, of which about 15% is broken rice. 

This by-product can be ground and the resulting flour used to develop added-value gluten free 

food products. 

This study aims the development of gluten-free gel based on carolino rice flour from broken rice 

to future incorporation in a pasta formulation. Aqueous suspensions with 5% to 60% (w/w) flour 

were prepared, and the viscoelastic behaviour was evaluated using SAOS measurements. 

The critical gelation concentration of rice flour was 7% (w/w). The gel with 40% rice flour was 

selected for pasta incorporation.  

 

KEYWORDS   rice flour, viscoelasticity, gel, gelatinization, gluten-free pasta 

 

INTRODUCTION 

Carolino rice is a traditional Portuguese variety, much used due to its gastronomic singularities. 

Understanding how this flour behaves under processing conditions could be the key factor in 

producing a viscoelastic dough for gluten-free pasta production. 

Since rice protein lacks the functionality of gluten to produce a viscoelastic dough structure, 

several authors suggested starch gelatinization as an essential step to improve the properties of 

rice dough and produce pasta with good quality1. 

In order to optimize the gelatinization process, carolino rice flour suspensions in water, with 

concentrations between 5% and 60% (w/w) were prepared, and its thermorheological behaviour 

was assessed.  
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EXPERIMENTAL 

Carolino broken rice was milled into flour by a rice company and used for gel preparations. 

Carolino rice flour solutions were prepared, ranging from 5% to 60% (w/w). Flour was dispersed 

in water, under mechanical stirring (Eurostar Digital, IKA-WERKE) at 350 rpm and heated at 

90ºC during 30 min, in a water bath2. The mixtures between 5 and 20% were poured into a glass 

container and left for 24h at 4ºC to ensure full gel maturation. Rice flour suspensions between 30 

and 60% were transferred to the bottom plate of a 35 mm serrated parallel plate sensor (PP35) on 

the rheometer (MARS III, Haake), to promote the gelation in situ.  

Viscoelastic behaviour was investigated using SAOS measurements, performed in a controlled 

stress rheometer coupled with an UTC-Peltier system, using the PP35. Stress sweep tests were 

conducted on suspensions and gels in order to identify the linear viscoelastic region. 

Temperature, time and frequency sweeps tests were performed inside this region at 1Hz. 

The suspensions were heated from 20 to 90ºC at 1ºC/min, maintained at this temperature for 30 

min, and cooled down to 5 ºC. The gel maturation was performed at this temperature, during 30 

min, followed by the mechanical spectra. After maturation, flow curves were obtained, using the 

same sensor system. Each formulation was tested at least in duplicate.  

 

RESULTS AND DISCUSSION  

In Figure 1 the evolution of viscoelastic parameters G’ and G’’ is depicted.  

 

 

 

 

 

 

 

 

FIGURE 1. Thermorheological measurements from 20 to 90ºC at 1ºC/min of aqueous  

suspensions with rice flour: ● 7%; ● 10%; ● 15%; ● 20% (closed symbols-G’; open symbols–G’’). 

 

During the initial heating, systems with 10 to 20% rice flour show a practically constant 

viscoelastic parameters, with G’ larger than G’’. Around 75ºC both modulli increase about half a 

decade until 82ºC, corresponding to the starch gelatinization temperature. 7% rice flour gel 
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shows a different heating behaviour, since viscoelastic modulli are strongly temperature 

dependent. The variations observed for G’’ value of 7% and 10% curves could result from the  

low rice concentration close to critical gelling concentration. 

During the cooling cycle (data not shown), the gel structure was slightly reinforced, especially in 

7% rice gel. Both modulli increased, achieving larger values at the lowest temperatures. 

The maturation kinetics at 5ºC of studied gels are presented in Figure 2. 

 

 

 

 

 

 

 

FIGURE 2. Maturation kinetics of rice flour gels: a) ● 7%; ● 10%; ● 15%; ● 20%; 

 b) ● 30%; ● 40%; ● 50%; ● 60% (closed symbols-G’; open symbols–G’’).  

 

All gels show rapid maturation, since both modulli remained stable after 30 min maturation. This 

may be considered an important advantage from an industrial point of view. 

The mechanical spectra of rice flour gels ranging from 7 to 60% (w/w) obtained after the 

heating/cooling cycle previously described are resumed in Figure 3. 

 

 

 

 

 

 

 

 

FIGURE 3. Mechanical spectra of rice flour gels ranging from: a) 7 to 20% (w/w); b) 30 to 60% (w/w). 

 (● 7%; ● 10%; ● 15%; ● 20%; ● 30%; ● 40%; ● 50%; ● 60%; closed symbols-G’; open symbols–G’’). 

 

From the mechanical spectra, weak gel-like structures are observed, as G’ is always higher than 

G’’, but both modulli show a frequency dependence. For all concentrations it is observed an 

increase in the linear viscoelastic functions with rice flour content, which reflects an increase in 

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

0.001 0.01 0.1 1 10 100 1000

G
' (

P
a)

 ; 
G

''
 (P

a)

f (Hz)

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

0.001 0.01 0.1 1 10 100 1000

G
' (

P
a)

 ; 
G

''
 (P

a)

f (Hz)a b 

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

0 500 1000 1500 2000
G

' (
P

a
) 

; 
G

''
 (
P

a
)

t (s)

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

0 500 1000 1500 2000

G
' (

P
a
) 
; 

G
''

 (
P

a
)

t (s)a b 

24



1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E-07 1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05

v
is

co
si

ty
 (

P
a

.s
)

shear rate (1/s)

gel structure level. According to Cham, et al (2010)3 a soft gel is more suitable for making 

making fresh pasta, whereas a stronger one is preferable for dry pasta production. 

The critical concentration for rice flour gelation was 7%. The mechanical spectrum of 5% 

mixture (data not presented) show an overlap of the viscoelastic functions, meaning that for this 

concentration a gel structure is not formed.   

The flow curves of the developed rice flour mixtures are presented in Figure 4. 

 

 

 

 

 

 

 

FIGURE 4. Flow curves of carolino rice flour mixtures from 5 to 40% (w/w). 

(● 5% (w/w); ● 7% (w/w); ● 10% (w/w); ● 15% (w/w); ● 20% (w/w); ● 30% (w/w); ● 40% (w/w)) 

 

Above 40% rice flour, the gel becomes very hard and brittle, making impossible to proceed with 

the rheological assessment of viscosity of 50% and 60% rice flour gels.  

All flow curves present the same pattern, with a newtonian plateau region at lower shear rates, 

followed by a shear-thinning region. Viscosity increases with the rice flour concentration.  

 

CONCLUSIONS 

The optimum rice gel concentration for pasta making was established at 40% (w/w), due to its 

high viscosity. The study of different proportions of gelled rice flour with raw rice flour and 

other gluten free flours, will be the next step for the optimization of pasta specially designed for 

celiac population. 
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ABSTRACT 

Egg white protein/montmorillonite clay nanobiocomposites have been obtained by thermomechanical 

processing. The influence of plasticizer composition on thermal and mechanical behaviour were analysed. 

Thus, it could be noticed that a change in the plasticizer used, as well as the reduction of mixing time and 

temperature can lead to a significant improvement of tensile properties of resulting protein-based 

nanobiocomposites.  

KEYWORDS Nanobiocomposite, protein, clay, plasticizer, thermomechanical behaviour, water uptake. 

INTRODUCTION 

In the last few years, it has been spreading the use of different types of nanoparticles for reinforcing 

of all sorts of materials, specially plastics and bioplastics, in order to enhance their properties 

(mechanical performance  1, thermal stability  2, barrier effect against gases and vapours  3, etc.). 

However, to observe these effects it is necessary to achieve a proper dispersion of nanoparticles in 

the polymer matrix, which is critical for food packaging applications.  

Both formulation and processing have been demonstrated to be essential factors when trying to 

develop nanobiocomposites with suitable properties for use in packaging and other purposes. 

EXPERIMENTAL 

The spray-dried egg white albumen (EW) was purchased from PROANDA, S.L. (Spain). Glycerol 

from Guinama (Spain), polyethylene glycol 300 (PEG) from Manuel Riesgo, S.A. (Spain) and 

distilled water were used as protein plasticizers. A natural sodium montmorillonite nanoclay, 

Cloisite® Na+ (MMT-Na), provided by Southern Clay Products, Inc. (USA) was selected for this 

study. 
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In every formulation prepared, a constant plasticizer/protein ratio of 0.4 was always maintained. 

The influence of the addition of glycerol as plasticizer was studied over the neat matrix. With 

regard to the mixing time effect, a formulation at 3 wt.% nanoclay was used, plasticized with a 

blend of PEG, glycerol and distilled water. The overall compositions are included in Table 1. 

TABLE 1 Final compositions of the samples studied 

Sample 

Composition  

(wt. %) 

PEG W G EW Clay 

PEG/W a 30 30 0 40 0 

PEG/W/G a 30 15 15 40 0 

MMT-Na-10 a 29.1 14.6 14.6 38.8 3 

MMT-Na-6 b 29.1 14.6 14.6 38.8 3 

a 10 min. mixing time, b 6 min. mixing time 

The thermomechanical processing includes two steps: thermoplastic processing and compression-

moulding. Mixing of the ingredients was carried out, for 10 or 6 min starting at room temperature, 

in the kneading tool (Rheomix 3000p) of a torque-rheometer (Polylab, Thermo Haake GmbH, 

Germany) equipped with two counter-rotating rollers turning at 50 rpm under adiabatic conditions. 

Specific mechanical energy (SME) was calculated as follows 4: 

𝑆𝑀𝐸 =
𝜔

𝑚
∫ 𝑀(𝑡)𝜕(𝑡)
𝑡𝑚𝑖𝑥

0
                                             (1) 

where ω (rad/s) is the mixing speed, m (g) is the sample mass, M(t) (N·m) the torque and tmix (s) 

the mixing time. 

Compression-moulding of the resulting dough-like material (100 bar, 120 ⁰C, 10 min) into ASTM 

D638 “Type IV” dogbone specimens, for tensile tests, and 50x10x3 mm3 rectangular specimens 

were performanced.  

Dynamic mechanical thermal analysis (DMTA) tests were conducted in a controlled-stress 

rheometer Physica MCR-301 (Anton Paar, Austria), in torsion mode, at 400 Pa (within the linear 

voscoeslastic region) and a constant frequency of 1 Hz, using a heating rate of 2 ⁰C/min, between 

25 and 180 ⁰C. 

Tensile tests were carried out with a Shimadzu AG-IS (Shimadzu, Japan) testing machine at a 

single cycle of 50 mm/min, meeting the ASTM D638-10 Standard. 

27



RESULTS AND DISCUSSION 

Thermoplastic processing 

Table 2 shows the SME transferred and the temperature increase undergone by the blend during 

this process. 

TABLE 2 SME values and temperature increment during thermoplastic processing of bioplastics 

Sample 
SME 

(kJ/kg) 

ΔT  

(⁰C) 

PEG/W 15.5 28.4 

PEG/W/G 1.2 5.0 

MMT-Na-10 8.6 30.6 

MMT-Na-6 1.0 6.5 

It can be seen how the addition of only a 15 wt. % of glycerol radically decreases the value of SME 

and, consequently, the temperature increment. Apart from energy saving, this effect is very 

beneficial, since high temperatures adversely affect the protein performance. Thus, the PEG/W/G 

blend seems to be the best option for plasticizing EW nanobiocomposites, inasmuch as the friction 

due to presence of solid particles leads to a greater heat generation. 

Thermomechanical behaviour 

Figure 1 shows the evolution with temperature of storage and loss moduli, which continuously 

decay as temperature increases, as well as corresponding tanδ curves. 

  
FIGURE 1 DMTA tests performed on bioplastics and nanobiocomposites, in torsion mode 
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PEG/W/G samples present higher values of tan at lowest temperatures if compared to the sample 

without glycerol as a plasticizer. But, around 85 ⁰C, this trend is reversed and these samples present 

a more elastic behaviour. Moreover, the addition of nanoparticles causes an increase in both 

storage and loss moduli, if compared with their non-nanoreinforced counterparts. However, the 

shortest mixing time leads to higher tanδ values within the whole range of temperatures studied. 

Tensile properties 

The use of glycerol as plasticizer provides a significant increase in elongation capacity (Table 3), 

while tensile strength and elastic modulus values remain very similar to those obtained for PEG/W 

samples. 

TABLE 3 Tensile properties of bioplastics and nanobiocomposites 

Sample 
Tensile strength 

[MPa] 
Strain at break 

[%] 
Elastic modulus 

[MPa] 

PEG/W 5.51±0.33 69.92±15.77 53.75±7.56 

PEG/W/G 5.22±0.36 125.37±23.37 41.15±1.52 

MMT-Na-10 3.29±0.45 17.93±7.45 38.41±1.93 

MMT-Na-6 4.11±0.27 91.94±16.45 26.38±2.72 

With regard to the nanobiocomposites, the enhancement of elongation capacity is even greater 

when reducing mixing time. Tensile strength is also increased in this case and only the elastic 

modulus is slightly reduced. 

CONCLUSIONS 

The most significant change that can be observed in thermomechanical behavior and processability 

of nanobiocomposites is that caused by the addition of glycerol as a plasticizer. However, both 

addition of glycerol and reduction in mixing time improved nanobiocomposites performance, 

especially regarding tensile properties. 
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ABSTRACT 

The  rheological  changes  induced by  the  functionalization of  the  carbon nanotubes  in a CNT/polymer 

nanocomposite  are  investigated  in  this  study.  Non  functionalized  multiwalled  carbon  nanotubes 

(MWCNT) and functionalized ones (MWCNTOH) are dispersed, respectively, by melt mixing method in a 

polyurethane  matrix.  Composites  based  on  MWCNTOH  exhibit  lower  percolation  threshold  and  a 

fastening  of  the  crystallization  process  below  the  percolation  threshold.  Elongational  flow 

measurements  show  that  there  is  not  strain  hardening  behaviour,  indicating  that  the  interfacial 

interactions between carbon nanotubes and polyurethane chains are not strong enough to produce an 

anchorage effect.  

KEYWORDS (Carbon nanotubes, polyurethane, crystallization, elongational measurements ) 

INTRODUCTION 

The performance of a carbon nanotube/polymer nanocomposite depends on the dispersion of the 

carbon nanotubes in the matrix and on the interfacial interactions between these and the polymer. 

Thus, a significant challenge in developing high performance polymer/CNTs composites is to 

achieve better dispersion and strong interfacial interactions, to improve the load transfer across 

the CNT-polymer matrix interface. In this study a polyurethane (PUR) matrix is loaded with 

multiwalled carbon nanotubes (MWCNT). In an effort to improve the interactions between the 

carbon nanotubes and the matrix, hydroxyl multiwalled carbon nanotubes (MWCNTOH) are also 

considered, with the final aim of obtaining electrically conductive hot melt adhesives. Within 

this context, we demonstrate that rheology is a powerful tool to evaluate the degree of success 

reached in the dispersion of nanoparticles in a polymer matrix. 

 

 

Multiphase Systems 
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EXPERIMENTAL PART 

The matrix of the studied nanocomposites is a semicrystalline thermoplastic polyurethane 

produced by Merquinsa (Spain) and used as a Hot Melt adhesive. Multiwall carbon nanotubes 

(MWCNT) and hydroxyl  multiwalled carbon nanotubes (MWCNTOH) were supplied by Cheap 

Tubes Inc. with the following characteristics: Diameter D=30-50 nm, length L=10-20 μm and 

purity greater than 95%. MWCNTOH carbon nanotubes contain 1 % of OH groups. 

The dynamic viscoelastic behaviour in the molten state was analysed at T=100 ºC in a TA 

Instruments ARES viscoelastometer with parallel-plate shear geometry. The isothermal 

crystallization process was investigated using the same equipment; the variation of the elastic 

modulus with time was monitorised at a frequency of 1 Hz, at T = 50 ºC, at the lowest strain. The 

extensional properties were measured with an Anton Paar Rheometer MCR equipped with a SER 

device. 

RESULTS AND DISCUSSION  

It is well known that above percolation a significant alteration of the viscoelastic terminal zone 

takes place, owed to the formation of a polymer/nanoparticles network. As frequency tends to 

zero the storage modulus, G’, prevails over the loss modulus, G’’, and both moduli become 

independent of the frequency in percolated systems. Figure 1a shows the frequency dependence 

of the storage modulus (G’). On the other hand, it is expected that adding chemically 

functionalized nanotubes to the PUR matrix enhances G’ at low frequencies (terminal flow zone), 

because of the interactions between MWCNTOH and PUR.  In fact, only for the 

1 wt. % MWCNTOH based nanocomposite a higher modulus and a weaker frequency 

dependence of G’ at low frequencies is observed, as compared with MWCNT based 

nanocomposites.  

On the other hand, the analysis of the thermal properties of hot melt adhesives is particularly 

interesting, because a crystallization process takes place during cooling, to give rise to a 

permanent weld1. Therefore, the study of the crystallization of the selected nanocomposites has a 

basic and applied purpose. In Figure 1b an analysis of the variation of the storage modulus, G’ 

with time is presented. The modulus increases sharply after a certain induction time, revealing 

rheology as a sound tool to analyze crystallization. It can be seen that below the percolation 
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threshold MWCNTOH based nanocomposites exhibit a sharper slope than the non functionalized 

MWCNT based nanocomposites. Below percolation threshold, better dispersions are obtained 

with hydroxyl functionalized nanotubes, as indicated by the fastening of the crystallization and 

the higher storage modulus obtained from oscillatory results. 

  

FIGURE 1. a) Storage modulus as a function of frequency at T = 100 ºC, for the PUR/MWCNTOH (empty symbols) 
and the PUR/MWCNT (full symbols) nanocomposites. b) Evolution of storage modulus with time at 50 º C for the 

PUR/MWCNTOH (empty symbols) and the PUR/MWCNT (full symbols). 

 

In attempt to study interactions between the functionalized nanotubes and the PUR chains, 

elongational measurements were carried out. The elongational viscosity results are shown in 

Figure 2. As can be seen, the increase of viscosity due to the presence of the MWCNTs 

diminishes, when the Hencky rate is increased. These results lead to conclude that the 

MWCNT/polymer network is not able to produce a strain hardening response, because the 

structure does not stand the applied elongational flow2. Hydroxyl functionalized nanotubes were 

expected to bring about enhanced interfacial MWCNTOH/polymer interactions, which would 

produce strain hardening, but the observed behaviour is similar to that of non functionalized 

MWCNTs. This suggests that interactions between carbon nanotubes and polyurethane chains 

are not strong enough to produce an anchorage effect.  

 

 

a)  b) 
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FIGURE 2. Uniaxial elongational viscosity versus time at different Hencky rates εH   at 70 ºC for the 
functionalized (black dots) and non-functionalized (red dots) nanotubes based nanocomposites. 

 

CONCLUSIONS 

The effect of the MWCNTs is clearly observed in the viscoelastic terminal zone, reflecting the 

obstruction caused to the motion of the polymer chains as a whole. The use of MWCNTOH 

functionalized nanotubes, leads to a decrease of the percolation threshold concentration, but 

above this concentration there are no noticeable differences in the storage modulus, as compared 

with non functionalized MWCNTs. The crystallization process, monitored by dynamic 

measurements, is fastened with the addition of MWCNTs. For MWCNTOHs below the 

percolation threshold, the slope of the storage modulus is sharpened, indicator of a fastening of 

the crystallization, due to a better dispersion of the MWCNTOHs in the matrix. The results 

obtained from elongational flow measurements show that there is not strain hardening behavior, 

as the interfacial interactions are not strong enough to give rise to an anchorage effect. 

ACKNOWLEDGEMENTS 

M.L. acknowledges  the  financial support of  the University of  the Basque Country by “Contratación de 
Doctores Recientes hasta su Integración en Programas de Formación Postdoctoral del Vicerrectorado de 
Investigación de la UPV/EHU” program. Financial support trough UPV/EHU (UFI 11/56) and GICIT‐586‐13 
(Basque Government) projects is acknowledged. 

REFERENCES AND NOTES 

1. Landa, M.;  Canales,  J.;  Fernández, M.; Muñoz, M.E.;  Santamaría,  A., Polymer  Testing,  2014, 

35,101‐108. 

2. Fernández, M.; Landa, M.; Muñoz, M.E.; Santamaría, A., Int J Adhes Adhes, 2010, 30, 609–614. 

33



 

Electrorheological Behavior of Suspensions of Camphorsulfonic acid (CSA) doped 

polyaniline nanofibers in silicone oil 

Sumita Goswami, Paulo Gonçalves, Maria Teresa Cidade  

Departamento de Ciência dos Materiais, CENIMAT/I3N, Faculdade de Ciências e Tecnologia, 

Universidade Nova de Lisboa, 2829-516 Caparica, Portugal 

Correspondence to: Maria Teresa Cidade (E-mail: mtc@fct.unl.pt) 

ABSTRACT 

The electrorheological (ER) effect is known as the enhancement of the apparent viscosity upon 

application of an external electric field applied perpendicular to the flow direction. Suspensions of 

polarizable particles in non-conducting solvents are the most studied electrorheological fluids. The 

increase in viscosity observed in the suspensions is due to the formation of columns that align with the 

electric field. 

This work presents the electrorheological (ER) behavior of suspensions, in silicone oil, of 

camphorsulfonic acid (CSA) doped polyaniline (PANI) nanofibers. The ER properties of the suspensions 

were investigated with a rotational rheometer, to which an ER cell was coupled, in steady shear, and 

electrical field strengths up to 2 kV/mm. The effects of the electric field strength, content of 

nanostructures and viscosity of the continuum phase, in the shear viscosity and yield stress, were 

investigated at room temperature.  

As expected, the ER effect increases with the increase of the electric field as well as with the increase of 

content of nanofibers and it decreases with the increase of the oil viscosity. The suspensions present 

giant ER effects (higher than 2 decades increase in viscosity for low shear rates and high electric fields), 

showing their potential application as ER smart materials. 

KEYWORDS: Electrorheological effect, suspensions, camphorsulfonic acid doped polyaniline, nanofibers, 

ER smart material 

INTRODUCTION 

The electrorheological (ER) effect can be considered as the change of the fluid apparent viscosity 

in the presence of an external electric field
1
, sometimes having dramatic consequences, inducing 

fluid solidification
1,2

.
 
The ER effect is an important phenomenon that brings new technological 

applications which may be used in a wide spectrum of domains, spanning from the electro-

optical devices to automobile industries and robotics. The first observation of the ER effect was 

reported by Winslow
3
, for a suspension of polarizable micro particles adsorbed in water. The 

variation of the apparent viscosity was due to the micro particles alignment in chains or 

O5 
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columnar structures oriented in the direction of the electric field, increasing the solution’s 

viscosity in one order of magnitude. 

In the past two decades, several experimental and theoretical studies of the ER effect in different 

systems have been reported, some of them presenting giant ER effects, with 2 or 3 decades 

increase in viscosity
4
. Liquid crystalline materials

5 
and suspensions of polarizable particles in a 

non-conducting continuum phase
6 

are two of the major kind of systems being studied in this 

framework.  

 

EXPERIMENTAL 

Materials  

The synthesis of camphorsulfonic acid doped polyaniline nanofibers (PANICSA) is shown in 

figure 1, along with the FESEM image of the fibers. Analytical grade aniline (Merck) was 

purified by distillation under reduced pressure prior to use. All other reagents like, 

camphorsulphonic acid (CSA, Sigma Aldrich), ammonium persulphate or APS (NH4)2S2O8, 

Sigma Aldrich), were received as analytical grade and were used without further purification. 

Aniline monomer was polymerized in an ice bath (0˚C) to form polyaniline nanofibers using 

APS as the oxidant and CSA as the dopant as well as structure directing agent. During the 

reaction procedure, firstly the aqueous solution of CSA with aniline monomer was prepared 

(molar ratio, CSA: monomer 0.25:1) to form a colorless mixture of the two having aniline-CSA 

complex in micelle form. Then the APS aqueous solution (molar ratio, APS: monomer 1:1) was 

prepared. Both the solutions were kept at 0˚C for 15 minutes and then mixed slowly to each other. 

The reaction was maintained to stay undisturbed for 1 hour in the ice bath. Finally, the 

precipitate was collected after filtration and washing several times with distilled water and 

methanol. The sample was ready after the vacuum drying for 24 hours at 60˚C in oven. 

The fibers were mixed with silicone oil to form a suspension. Silicone oil of two different 

viscosities were used (approximately 19 and 48 mPa.s), both purchased from Clearco Products 

Co., Inc (commercialized as silicone oils of 20 and 50 cSt). For each oil 1 and 2 wt% of 

PANICSA nanofibers were introduced. The suspensions were stirred and sonicated during 10min 

before subjected to rheological characterization. 

Characterization 

The ER properties of the suspensions were studied using a rotational rheometer, Bohlin Gemini 

HR
nano

 (Malvern, Worcestershire, UK), to which a ER cell of high-voltage supply (5kV) was 

coupled. The measurements were performed under a constant temperature of 25°C. The 

measuring system used was parallel plates of 40 mm diameter with the upper plate isolated and a 

gap of 500µm.  

Before starting the measurements, the suspensions were subjected to a pre-shear stage of 1s
-1 

applied during 60s followed by an equilibrium time (the time elapsed after stopping the pre-shear 

and starting the measurements) of 180s. 
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(a)                                                                               (b) 

Figure 1. Schematic representation of the synthesis (a) and FESEM image (b) of PANICSA nanofibers. 

RESULTS AND DISCUSSION 

Figures 2a and 2b present the apparent viscosity as a function of the shear rate for 2 wt% 

PANICSA in oils of two different viscosities. Comparing these two figures we conclude that the 

higher the viscosity of the oil the lower the ER effect, which may be explained in terms of an 

easier formation of the columns in the oil of lower viscosity. Figures 2c compares the increase in 

apparent viscosity for 2 different contents of nanofibers, showing, as expected, that the ER effect 

increases with the increase of the content of semi-conducting particles. The ER effect also 

increases, as expected with the electric field strength. 

 

 

 

 

 

(a)                                                  (b)                                                             (c) 

Figure 2. Apparent viscosity of 2 wt%  PANICSA in a silicone oil of 19 mPa.s (a) and 48 mPa.s (b) and 1 and 2 wt% 

PANICSA in a silicone oil of 48 mPa.s cSt. 

Figure 3 presents the flow curve of 2 wt% PANICSA/19 mPa.s silicone oil, as an example. 

During the absence of electric field the shear stress presents a small yield stress that increases 

abruptly when a DC electric field is applied, increasing with the electrical field from then on.  
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        Figure 3. Flow curve of  2 wt% PANICSA/19 mPa.s              Figure 4. ER efficiency of PANICSA in oil of  

                                      silicone oil     19 mPa.s, at a shear rate of 0.0134 s
-1

 

Figure 4 presents the ER efficiency of the  PANICSA/19 mPa.s silicone oil suspensions (similar 

results are presented for the oil of 48 mPa.s), measured from the increase of shear stress  to the 

situation where no current is applied, at the smallest shear rate, the one for which the effect is 

more pronounced. The efficiency increases linearly with the electric filed strength and the 

increase is more pronounced for the higher PANICSA content. 

CONCLUSIONS 

Camphorsulfonic acid doped polyaniline nanofibers/silicone oil suspensions present an important 

ER effect, showing its potential as ER smart materials. The higher viscosities attained with the 

oil of smaller viscosity may be interpreted in terms of an easier formation of the columns. The 

increase of nanofibers content, as expected, increases the efficiency of the ER fluid, the same 

happening with the electric field strength.  

ACKNOWLEDGEMENTS 

This work is funded by FEDER funds through the COMPETE 2020 Programme and National 

Funds through FCT - Portuguese Foundation for Science and Technology under the project 

UID/CTM/50025/2013. 

References 

1. Wen, W, Huang, ., X., Sheng, P., Soft Matter, 2008, 4, 200-210. 

2. Larson. R.G., The Structure and Rheology of Complex Fluids; Keith E. Gubbins, Ed.; Oxford 

University Press: New York, Oxford, 1999 

3. Winslow, W.M., J. Appl. Phys., 1949, 20, 1137-1149.  

4. Goswami, S. Brehm, T. Filonovitch, S., Cidade M.T., Smart Mater. Struct., 2014, 23, paper 

no.105012. 

5. Patrício, P., Leal, C.R., Pinto, L.F.V., Boto, A., Cidade, M.T., Liquid Crystals, 2012,39, 25-37.  

6. Brehm, T., Pereira, G., Leal, C.R.,  Gonçalves, C, Borges, J.P., Cidade, M.T., Physica Scripta , 

2015, 90, paper 035802. 

37



 

Rheological behaviour of new nanoclay/MDI/bitumen composites 

F.J. Ortega, F.J. Navarro, M. García-Morales, P. Partal 

Departamento de Ingeniería Química, Centro de Investigación en Tecnología de Productos y 

Procesos Químicos (Pro
2
TecS), Campus de ‘El Carmen’, Universidad de Huelva, 21071, Huelva 

(Spain) 

Correspondence to: F.J. Ortega (E-mail: francisco.ortega@diq.uhu.es) 

ABSTRACT 

Bitumen, residue from crude oil distillation, is commonly utilized to provide waterproofing and 

protective coating, as well as for paving applications. However, problems related to temperature 

susceptibility and aging may change its properties leading to premature failure
1
. Lately, layered 

silicates have increasingly been used to improve bitumen performance
2
. In this sense, bitumen 

with penetration grade of 162 dmm was modified with polymeric MDI (4,4’-diphenylmethane 

diisocyanate) and the nanoclay Cloisite 20A® (OMMT). Chemical modification of bitumen with 

2 wt.% MDI provoked a notable increase in the viscoelastic moduli, especially after 24 h curing. 

Physical modification with 10 wt.% OMMT dramatically improved the viscoelastic performance, 

what is attributed to the structural reinforcing effect of the intercalated/exfoliated clay tactoids
2
. 

However, further addition of 2 wt.% MDI to this previous formulation lowered its overall 

viscoelastic response at temperatures at which the bituminous matrix softens, especially after 24 

h curing. This result might stem from the disruption of the clay-based reinforcing network, as a 

consequence of clay tactoid re-aggregation during blending
3
, promoted by chemical interactions 

with MDI. 

KEYWORDS  

Bitumen, nanoclay, composite, isocyanate, intercalation, exfoliation 

INTRODUCTION 

Bitumen is a complex mixture of different organic molecules, predominantly hydrocarbons with 

a small amount of structurally analogous heterocyclic species, along with functional groups 

O6 
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containing sulphur, nitrogen and oxygen atoms
1
. Because of its good viscoelastic and 

waterproofing properties, it is widely used in road and building construction.  

However, the combination of loads, extreme temperatures and environmental factors (oxygen 

diffusion, UV radiation, etc.) may affect its properties during in-life service, leading to problems 

related to thermal susceptibility and ageing, like high temperature rutting or low temperature 

cracking
1,4

. In order to improve its performance, bitumen has traditionally been modified by 

addition of polymers (EVA, SBS, etc.)
1
. Recently, a growing interest has arisen in the physical 

modification of bitumen using layered silicates (nanoclays), due to their nanoscale 

characteristics
2
; as well as in its chemical modification. Both have shown to improve its 

performance and resistance against the previously mentioned factors, extending its in-life service. 

With this aim, the viscoelastic behaviour of the binary blends bitumen/nanoclay and 

bitumen/MDI, and the corresponding ternary composite bitumen/nanoclay/MDI has been 

investigated in this work. 

MATERIALS AND METHODS 

Bitumen with penetration grade of 162 dmm (EN 1426) and softening point of 32ºC (EN 1427) 

was used as the base bitumen for the modification. Polymeric MDI (4,4’-diphenylmethane 

diisocyanate) was chosen as a modifier given it has shown to greatly enhance bitumen properties 

1,5
, its easy availability, and lower price and toxicity, if compared to other isocyanates sources. 

Cloisite® 20A nanoclay (“C20A” hereafter), a natural montmorillonite modified with N,N-

dimethyl di-hydrogenated tallow (C14-C18) quaternary ammonium chloride, with a cation 

exchange capacity of 92.6 meq/100 g clay, was also employed as a bitumen modifier. 

Formulations were prepared by melt blending. In ternary blends, bitumen was first heated at 

150ºC and 10 wt.% C20A was added and low-shear blended for 10 min. Afterwards, an 

Ultraturrax™ high-shear mixer was used for 20 minutes to ensure the adequate dispersion of the 

nanoclay (a sample of this bitumen/nanoclay blend was taken for testing at this point). Thereafter, 

2 wt.% polymeric MDI was added and low-shear blended for 24h. In MDI/bitumen binary 

blends, bitumen was first heated at 150ºC and 2 wt.% polymeric MDI was added and low-shear 

blended for 24h. In both procedures, samples were also taken 1h after MDI addition. 

Oscillatory shear temperature sweep tests within LVE, at 10 rad/s, were conducted at a heating 

rate of 1 K/min, on a Physica MCR-301 rheometer (Anton Paar, Austria). 
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RESULTS AND DISCUSSION 

As depicted in Fig. 1A, neat bitumen exhibits terminal-flow-shaped curves, typical of materials 

with prevailing viscous behaviour. The addition of MDI to neat bitumen leads to the same 

viscous behaviour, greatly influenced by the curing time. Hence, 1 h curing provokes a marked 

increase in both dynamic moduli, mainly attributed to the reactive interaction between isocyanate 

groups in MDI and pendant active hydrogen groups present in bitumen
5
. Extending curing time 

up to 24 h seems to promote the mentioned reactive interaction to a greater extent. 
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Fig. 1. (A) Temperature sweep tests in oscillatory shear, at 10 rad/s, for (A) neat and MDI-modified 

bitumen; and (B) bitumen/C20A and bitumen/C20A/MDI composites.
 

On the other hand, the modification of neat bitumen with 10 wt.% C20A gives rise to quite a 

different viscoelastic behaviour, as depicted in Fig. 1B, with nearly coincident values of G’ and 

G’’ (which increase significantly if compared to neat bitumen) in the low-to-medium 

temperature range, and a plateau zone (prevailing elastic response) at the highest temperatures 

studied. The LVE behaviour observed hints at the formation of a clay-based network which 

reinforces the system structure via inter-particle interaction, involving the assembly of individual 

silicate platelets, as similarly reported for composites forming a percolated network
2
. 

As portrayed in Fig. 1B, further addition of 2 wt.% MDI to the C20A-bitumen binary blend and 

curing for 1 h barely affects the above viscoelastic response, with G’’ slightly higher than G’ in 

the low-to-medium temperature range, and a plateau zone (with lower G’ and G’’ values than 
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before) at higher temperatures. A longer curing time of 24 h provokes, at low-to-medium 

temperatures, a major increase in both moduli, which continuously decay with increasing 

temperature, and fall well below the other two systems at temperatures higher than 100ºC 

approximately. This seemingly results from the promotion of the interaction between neighbour 

clay tactoids/platelets, leading to their agglomeration/re-aggregation
3
, which significantly affects 

the composite overall viscoelastic response when the modified bitumen phase softens. 

CONCLUSIONS 

The single addition of 2 wt.% MDI to bitumen yields an improvement in the viscoelastic 

response, favoured by long curing times, with prevalence of the viscous response. This is mainly 

due to the development of a new and more complex microstructure, which stems from the 

formation of new urethane and urea bonds. By contrast, the bitumen/C20A composite exhibits a 

well-defined plateau zone, at high temperatures, which indicates the formation of a clay-based 

network. If MDI is further added and let react for 24 h, the ternary composite stiffness is 

improved at temperatures below that at which the modified bitumen phase softens. However, a 

worsening in the viscoelastic behaviour (with a predominant viscous response) is clearly noticed 

as temperature is raised, which is attributed to the agglomeration of neighbour clay tactoids, 

promoted by chemical interactions, with MDI acting as linking points. 
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ABSTRACT 

Notwithstanding  the  number  of  papers  dealing  with  polymer  nanocomposites  has  increased 

exponentially, the transfer of the generated knowledge towards industrial application is poor. There are 

two crucial factors that bring about this shortcoming: a) Difficulties on getting   good dispersions using 

conventional  mixing  methods  b)  Lack  of  rheological  studies  related  to  the  behaviour  of  the 

nanocomposites during processing.  In this work we focus on the second issue. 

We have investigated the viscosity of nanocomposites based on a polystyrene matrix, PS, that contains 

mutiwall  carbon  nanotubes  (MWCNTs)  and  graphene  platelets,  respectively.  Besides  of  studying  the 

viscosity as a function of shear rate and temperature, we have analysed the effect of pressure. To our 

knowledge,  values  of  the  pressure‐viscosity  coefficient  at  different  shear  rates  have  never  been 

reported for polymers filled with MWCNTs or graphene sheets, so far.  

KEYWORDS   Graphene, Multiwall Carbon Nanotubes, Pressure dependence of viscosity 

INTRODUCTION 

Previous studies on the pressure dependence of viscosity of polymer melts revealed that pressure 

effects are more important for those polymers with bulkier backbones in their molecular 

structure: the reduced amount of free volume available to molecules results in an increase in 

intermolecular interactions and, thus, a viscosity enhancement is observed experimentally.1-2 The 

relationship between viscosity and free volume  has been considered  by several authors in terms 

of the free volume fraction determined by fitting Pressure-Volume-Temperature (PVT) data to 

the Simha–Somcinsky equation of state following the procedure developed by Utracki3 and 

Sedlacek4. An alternative procedure using PVT data and activation energy of flow  has also 

proved to be useful to evaluate the  pressure sensitivity of several polymers. 5  
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The addition of small amount of nanofillers  to  polymer matrix leads to the creation of 

composites materials where reinforcing particles can be distributed at the nanometer level.  

Although carbon nanotubes and graphene are both useful to elaborate electrically conductive 

polymers, their morphology is unlike. In the wide range of shear rates contemplated in our work, 

the arrangement and orientation of cylinder-like and platelet-like nanoparticles is different. The 

effects of the developed differents morphologies on the pressure-viscosity coefficient are 

investigated from both, direct experiment - using high pressure extrusion and indirect procedure-

correlation  with free volume  property, in terms of PVT data.   

EXPERIMENTAL 

The Polystyrene considered in this work (STYRON) was kindly supplied by Dow (Germany). 

Commercial graphene, avanGRAPHENE-2 was purchased from Avanzare, (Spain) and 

Multiwall Carbon Nanotubes ( MWCNT), which have specified diameters of D=30-50 nm, 

length between 10 and 20 m and purity greater than 95% were supplied by  Cheap Tubes Inc. 

(Brattleboro, VT, USA). The dispersion of the filler was carried out by melt mixing method in a 

co-rotating twin screw-mixer (Collin ZK-25) at T=200ºC. The screw speed was 300 rpm and the 

obtained extrudates were cooled down in a water bath and then pelletized.  

The dynamic viscoelastic behavior in the molten state was investigated in an ARG2 rheometer 

(TA Instruments, USA), using parallel plates geometry. Small amplitude oscillatory experiments 

were carried out in the linear viscoelastic regime at temperatures in the range from 180-210ºC. 

Extrusion flow experiments were performed in a Göttfert Rheograph 25 rheometer. The standard 

equipment was modified by an additional unit called the counter pressure chamber (CPC). The 

CPC is mounted below the rheometer barrel and capillary die. The pressure level in the chamber 

can be adjusted with a conical valve bolt mounted inside the CPC body. During the 

measurements, the pressure was monitored at two locations by pressure transducers: in the barrel 

just above the capillary and in the pressure chamber right below the capillary.  The estimation of 

the viscosity is explained in detail elsewhere.2 

Pressure-Volume-Temperature measurements were carried out in a PVT apparatus of the piston-

die type (PVT 100 Haake, Germany) data were obtained using an isobaric cooling mode 

procedure in the pressure range from 200 to 1600 bar with a cooling rate of 5ºC.  
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RESULTS AND DISCUSSION 

Dynamic viscoelastic results  

Figure 1a, shows the complex viscosity for the neat PS and blends. Considering the applied 

scope of our work, compositions above percolation threshold were studied: 9 wt% Graphene/PS 

and 5 wt%MWCNT/PS nanocomposites.  The similar yield stress behaviour found in both  

nanocomposites  accounts for the percolated  nanostructure.  

    

 

 

 

 

 

Figure 1.  Melt viscosity at T=200ºC. a) Complex viscosity in the linear viscoelastic regime. b) Effect of 
pressure obtained in high pressure extrusion experiments 

High pressure extrusion results 

The dependence of viscosity on pressure (p) is usually accounted for by appropriate shift factors 
( ). For the pressure, an exponential function is commonly used, that is,  

exp    (1)     where b  is a material-dependent pressure coefficient 

and   is the reference pressure. 
Based on the present viscosity measurements, the pressure coefficients were determined at 

different shear rates. The obtained PS pressure coefficients agreed well with the values reported 

in literature2, clearly decreasing with shear, as expected. Figure 1b and Table 1, reveal different 

trends for the two nanocomposites. Graphene/PS  coefficients were lower than that of the pure PS. 

In contrast, the pressure sensitivity of MWCNT/PS was found to be slightly higher.  

Pressure‐Volume‐Temperature results  

Glass Transition temperature, Tg, was found to increase with the nanoparticle addition. MWCNT 

and Graphene restrict the segmental motion of the polymer chain, resulting in a higher Tg. On 
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the other hand, compressibility parameters: º  ,   and pressure effect on Tg, 

 , were slightly affected.  The application of the procedure described in reference 5 allowed us 

to calculate the pressure coefficient (b2) using the PVT parameters together with the activation 

energy of flow calculated from extrusion experiments. The comparison between the pressure 

coefficients b1 and b2 is established in Table 1.   

TABLE 1.  Pressure coefficients:  b1 (high pressure extrusion experiments) and b2 (procedure described 
in reference 5) together with  PVT parameters and activation energy of flow, Ea. 

Material  1 =20 s-1) 
(1/MPa) 

1 =100 s-1) 
(1/MPa) 

Tg  
(ºC) 

º  
(cm3/g MPa) 

 

(cm3/gMPa) 
/  

(°Pa-1) 
Ea 

(Kcal/mol) 
b2 

(1/MPa) 

PS 0.0126 0.0109 87 6.99 10-4 3.78 10-4 0.21 29 0.025 

MWCNT/PS 0.0132 0.0117 88 6.36 10-4 3.34 10-4 0.22 31 0.029 

Graphene/PS 0.0103 0.0094 93 6.53 10-4 3.47 10-4 0.23 19 0.018 
 

CONCLUSIONS 

The pressure-viscosity coefficients of nanocomposites obtained dispersing commercial graphene 

and MWCNT in polystyrene matrix have been evaluated using high pressure extrusion 

rheometry and an indirect method based in PVT parameters5. Good agreement was observed 

between the two methods: both percolated structures were found to follow different trend 

depending on the nanoparticles investigated:  MWCNT/PS (cylinder-like) resulted in higher 

values, whereas graphene (platelet-like) presented lower coefficient values than the polymer 

matrix.   
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ABSTRACT 

Concrete preparation in hot environment often raises workability issues. A solution for this problem is the 

addition of admixtures. Most admixtures are surfactants, modified polycarboxylates being the most recent 

superplasticizers. In this study, cement properties (specific surface, particle size distribution, rheology, 

setting time, mechanical strengths and porosity) were analyzed for Type I and II cements and the 

workability of cement pastes was quantified through rheological tests. Several temperatures, that 

represent the in-situ application conditions of cement were tested. Tests were carried out to check if the 

inclusion of superplasticizers in cement pastes would contribute to reduce de rate of flowability decay. 

KEYWORDS: flowability; cement; admixtures; Bingham fluid 

INTRODUCTION 

Cement’s workability is closely related with the rate of cement hydration. A faster hydration 

process leads to quicker loss of workability. Concrete casting in hot environment, often raises 

workability issues1. This property significantly influences fundamental parameters related with 

the effectiveness of concrete use. A solution for this problem is the manipulation of the mixing 

process by the addition of admixtures. These substances are commonly used to improve the 

workability of cement, to reduce the need of mixing water or to increase the initial or final 

mechanical strength. During the mixing process, particles of cement tend to flocculate, water is 

consumed and the ability of cement to flow is reduced. The addition of high efficiency 

superplasticizers leads to a mechanism of steric impediment, resulting in deflocculation and 

dispersion of cement. However, high amounts of superplasticizer incorporated in a concrete with 

a low water/cement ratio, may lead to premature hardening and false workability, due to 

segregation and flow blocking2. As mentioned, the evaporation rate is a problem inherent during 

hot weather. The use of superplasticizers may reduce the amount of free water and increase the 

flow ability, i.e., reduce viscosity, keeping the workability of cement paste2. After mixing, flow 
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ability of cement pastes and mortars tends to decrease with time. This effect is especially 

noticeable at higher temperatures. Superplasticizers can counteract this tendency. 

Cement behaves like a non-Newtonian fluid, in other words, at fixed temperature the viscosity 

varies depending on the flow conditions. Some authors classify cement as a Bingham plastic, 

therefore, cement flow and resistance to flow may be expressed by two fundamental rheological 

properties: yield stress (τy) and plastic viscosity ( ). The rheological behavior is influenced by 

the cement particles concentration in the paste and by their fineness. 

The aim of this study was to analyze the workability of type II Portland cement (CEM II/A-L 

42.5R) at several temperatures, that represent the in-situ application conditions of cement 

mortars. The evolution of flow ability loss with time was evaluated using rheological tests. The 

performance of cement pastes when high-performance superplasticizers were used was analyzed. 

EXPERIMENTAL 

In this study, two types of Portland cement were used, CEM I/42.5R and CEM II/A-L 42.5R, 

both produced according the European standard EN 197-1 (2000) and supplied by CIMPOR 

(Portugal). Besides cement, two admixtures were also used: Sika® ViscoCrete® 3005 and the 

Sika® ViscoCrete® 3002 HE. These two products, are high-performance superplasticizers, 

constituted by anionic surfactants (modified polycarboxylates - polycarboxylate ethers). Using 

these materials, different series of cement pastes were prepared (Table 1). Series 2A was 

produced using ViscoCrete® 3005 and Series 2B used ViscoCrete® 3002. The tests were carried 

out in two stages: initially (Series 2A and 2B) the water content was kept equal to the one in 

paste 2; in a second stage, the water content was reduced about 16% (series 2A’ and 2B’). 

TABLE 1 Summary of the cement pastes produced with and without superplasticizers 

Paste Constitution Cement mass (g) Water mass (g) 
Superplasticizer 

volume (ml) 

1 CEM I - Water: normal amount 500 145 - 

2 CEM II - Water: normal amount 500 143 - 

2A 
CEM II  - Water: normal amount 

SIKA 3005: 0.5% of cement mass 
500 143 2.4 

2A’ 
CEM II - Water: 84% of normal amount 

SIKA 3005: 0.5% of cement mass 
500 120 2.4 

2B 
CEM II - Water: normal amount 

SIKA 3002 HE: 0.5% of cement mass 
500 143 2.4 

2B’ 
CEM II - Water: 84% of normal amount 

SIKA 3002 HE: 0.5% of cement mass 
500 120 2.4 
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2AA 
CEM II - Water: normal amount 

SIKA 3005: 0.7% of cement mass 
500 143 3.3 

2AA’ 
CEM II - Water: 84% of normal amount 

SIKA 3005: 0.7% of cement mass 
500 120 3.3 

Laboratory tests for physical and mechanical characterization of the cements and of the cement 

pastes produced were carried out. Several properties of cement (specific surface and particle size 

distribution) and of the cement pastes (rheology, setting time, mechanical strengths and porosity) 

were quantified. The cement pastes were analyzed in a rheometer (Haake-Rheostress 1) with the 

parallel plates (PP20Ti) configuration. Tests were carried out at temperatures of 10, 23 and 40°C. 

Cement pastes were kept in a bath at constant temperature prior to testing. Tests were performed 

from 1.5 till 66 minutes after paste preparation. 

RESULTS AND DISCUSSION 

The analysis of the rheological tests of the cement series pastes produced without 

superplasticizers allows concluding that higher shear stresses result from the increase of 

temperature, for both types of cement and for all ages of the cement paste. This fact is explained 

because as temperature increases, evaporation rate also increases and the resistance of mortar to 

flow increases, leading to a faster decrease of flow ability. Keeping the same type of cement, for 

the same temperature, it is possible to conclude, as expected, that higher shear stresses result 

when the age of the cement paste increases. At the same temperature and age, mortars produced 

with CEM II exhibit higher shear stresses than those produced with CEM I. This is quite obvious 

for the 40 ºC temperature, the behaviour of the two cements being similar for the other 

temperatures. This may be explained because CEM II has finer particles, which offer more 

resistance to shear and, simultaneously, lead to quicker flow ability drop, since the hydration 

reaction for this cement is quicker. CEM II specific surface is higher than that of CEM I. 

Figure 1 presents the results of the flow tests carried out on a cement paste that was kept in a 

bath at 40°C. Results show that both superplasticizers increase the workability of the cement 

paste when water content is kept at the regular level (series 2A and 2B). Superplasticizer 3005 

did not provide satisfactory results of workability if the amount of water is reduced (series 2A’).  

This cement paste loses flow ability at a higher rate than when superplasticizers are not present 

(series 2). On the other hand, for the same reduced amount of water, the presence of 

superplaticizer 3002 HE (series 2B’) leads to a significantly better performance, since the cement 

paste keeps its workability for a longer period of time. The results obtained with a concentration 
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of superplasticizer 3005 of 0.5% of cement mass showed that a reduction of the water amount 

around 16% (series 2A’) led to a significant loss of workability when compared with the 

situation where the amount of water was kept at the regular level (series 2A).  

 

(a)                                                         (b) 

FIGURE 1 Shear stress/shear rate relationship at 40°C for several pastes: 1.5 minutes after 

preparation – (a) and 26.5 minutes after preparation – (b). 

The use of superplasticizer 3002 HE improves the performance of the cement paste by extending 

both the initial and the final setting time as well as the mechanical strength. This effect was 

achieved when keeping the water content and also when reducing the water amount. 

CONCLUSIONS 

The workability of cement pastes tends to decrease with time. In the present work, the 

workability of cement pastes was quantified through rheological tests. When ambient 

temperature increases, the rate of decay of the cement paste flow ability increases. Tests were 

carried out to check if the inclusion of superplasticizers in cement pastes would contribute to 

reduce de rate of flow ability decay. Results using two different superplasticizers showed that the 

presence of this additive significantly increased the workability of the cement paste, for all 

temperatures tested, when the water amount was kept at the regular value. Some tests were also 

performed to check if the workability improvement was still visible if a 16% reduction on the 

water amount was implemented. At 40°C, the addition of either superplasticizer 3002 HE or 

3005 showed remarkable improvements on CEM II paste workability. 
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ABSTRACT 

Powder injection moulding (PIM) process is well established for production of small precision 
components with both metal and ceramic powders. In comparison to unfilled polymers, the PIM-
feedstocks are highly filled multiphase systems, whose flow behaviour is very sensitive to 
composition of binder and powder loading. Furthermore, the rheology of highly filled multiphase 
systems is characterized by strain and temperature dependence and influenced by flow 
instabilities and yield stress. In this study, the rheological behaviour of 316L feedstocks with a 
polypropylene/wax binder system and different powder loadings was investigated. The 
experimental work was performed with a rotational and a high pressure capillary rheometer. The 
aim of this work was to evaluate mixing rules predicting the viscosity of the feedstock out of its 
composition taking into account the melt temperature rise due to dissipative heating. Hence, 
measured data were corrected with respect to temperature. Thus the influence of the temperature 
onto the viscosity and the related model was evaluated. 

KEYWORDS: rheology, powder injection moulding, highly filled polymer, heat dissipation, 
modelling 

INTRODUCTION 

PIM is a complex, multi-step process with a significant technological and economic potential. 

The binder system plays one big role in the production of PIM parts; even though as it is 

completely removed in the final part. One of the main functions of the binder system is to 

provide mouldability to the metal or ceramic powder. Thus the main property is viscosity. 

Knowledge of the dependence of viscosities of binder constituents and powder characteristics on 

the final composition is required for the solution of many engineering problems1, 2.  
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In a previous work we calculated the final feedstock viscosity starting with the viscosities of the 

binder constituents2. We found that existing models mainly describe the viscosity increase by a 

certain powder loading but do not take into account further effects like the shift of the transition 

region from Newtonian to shear thinning behaviour. For the shift of the transition region we 

employed the model by Geisbüsch3 and found good agreement with our measurements. In Fig. 1-

left one can see that the transition region is described properly. Additional effects like the 

increase of viscosity in the region of low shear rates, due to Herschel-Bulkley behaviour, or the 

change of the slope in the shear thinning region as a function of powder loading cannot be 

described with this model. 

 
FIGURE 1 Left: Measured and according to Geisbüsch calculated viscosities for the feedstocks with 
polypropylene/wax binder system2; Right: Increased shear in highly filled polymers, where k is the factor 
to describe the increase in shear3 

Here we look at the difference of the slope in the shear thinning region, whether it is due to an 

higher temperature increase caused by an increased shear rate in the binder system or not. As 

shown in Fig. 1-right in a highly filled polymer all the shear has to be taken by the polymer. 

When you look at this feedstock as a one phase system you get a certain value for the shear rate. 

In reality it is a two phase system with a stiff second phase. Thus the shear in the fluid has to be 

higher than the one calculated by the one phase approach. With this higher shear a higher 

temperature increase in the polymer due to dissipation should occur especially at higher shear 

rates. 

Increased temperature in a polymer highly filled with stiff powders 

To evaluate the amount of the increased temperature due to shear and its influence onto the 

viscosity measurements we followed three approaches. First, we evaluated the contribution of 
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viscous dissipation over the heat conduction normal to the direction of flow, by calculating the 

Griffith number ( ). The Griffith number for a power law fluid can be calculated using Eq. (1): 

	

	
   (1) 

Where  is the binder’s consistency index,  is the shear rate,  is the binder’s flow index,  is 

the temperature coefficient,  is the distance between particles estimated, and  is the thermal 

conductivity of the binder. Calculation of  was done to show that at high shear rates the heat 

generated in the binder due to viscous dissipation is larger than the heat transmitted by 

conduction to the metal particles (i.e.  > 1), and thus the binder will have higher temperature 

than the filler particles (see Fig.2 left).  

Second, finite element simulations (Polyflow-ANSYS) were performed assuming that feedstock 

material was a one-phase material with physical properties that are arising from the feedstock as 

a whole. Thus we got the lower limit for the temperature rise due to feedstock flow (Fig.2-right).  

Third, finite element simulations (Polyflow-ANSYS) were performed assuming that the binder in 

the system was flowing through fixed spheres of steel. Thus we got the upper limit for the 

temperature raise due to binder flow (Fig. 2-right). 

FIGURE 2 Left: Griffith number as function of shear rate for 60 vol.-% feedstock; Right: Increase in 
temperature as a function of shear rate for 60 vol.-% feedstock by simulations; selected temperature is 
estimation between the extremes of the flow of a fluid through static spheres and a 1 phase fluid. 

It can be seen in Fig. 2-right that at shear rates lower than 100 s-1 the rise in temperature is very 

small. This is in agreement with the calculated Griffith number. In reality, the binder is not a 

one-phase system flowing through the die and it is not a fluid flowing through static spheres, but 

it is a two phase system with a fluid moving along with the filler particles, therefore the 

temperature raise should be between the two extremes calculated in the simulations (Fig. 2-right). 
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To undertake a first improvement of our Geisbüsch fitting of the viscosity curve we estimated 

deliberately a temperature between these two extremes by taking 97% of the maximum melt 

temperature of a fluid through static spheres (Fig. 3). 

Viscosity corrections due to increased temperature in polymer 

Using the estimated temperature rise, one can correct the viscosity at high shear rates and use the 

model proposed by Geisbüsch to predict the measured data. This is shown in Fig. 3 for the 

particular example of 60%vol feedstock. The viscosity values were shifted by using the 

Arrhenius equation, and it can be seen that the prediction from the model has improved at the 

higher shear rates; however some further corrections are needed.  

 
FIGURE 3: Viscosity corrections due to temperature increase at high shear rates and predictions by the 
Geisbüsch model for 60 vol.-% feedstock.  

CONCLUSIONS 

Increase in temperature due to viscous heating is certainly a factor that influences the viscosity 

behaviour of feedstock at high shear rates ( >100 s-1), but it may not be the only one. Other 

important factor may be the particle-particle interactions, which the current model doesn’t take 

into account. In the future, two-phase flow simulations will be implemented to obtain a more 

accurate estimate of the changes in temperature due to increased shear rates in the binder. 
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ABSTRACT	  

The chemistry and technology of agrochemical products has undergone extensive 

changes over the last 20 years. New formulations and ingredients must meet the needs 

of the agrochemical industry for products exhibiting greater safety to users, much lower 

environmental impact and better performance. N,N-Dimethyldecanamide (AMD-10TM) 

and D-limonene are solvents that fulfil the requirements to be considered green 

solvents. This contribution deals with the study of emulsions formulated with a mixture 

of these solvents and an eco-friendly emulsifier. All studied emulsions showed shear 

thinning behaviour which fitted fairly well the Cross model. The influence of aging time 

on zero shear viscosity was demonstrated to be a powerful tool to assist in predicting the 

destabilization process of emulsions.	  

KEYWORDS:	  eco-friendly emulsions, rheology, laser diffraction, product engineering, 
physical stability.	  

INTRODUCTION	  

Satisfying the needs of consumers is one of the basic principles of product engineering. 

Consequently, traditional organic solvents are being replaced by new eco-friendly 

solvents in agrochemical products in order to avoid contamination and reduce the risk 

for farmers1. N,N-Dimethyldecanamide (AMD-10) and D-Limonene are solvents that 

fulfill the requirements of a sustainable society. In addition, polyoxyethylene glycerol 

esters are also eco-friendly and nontoxic, hence they are considered as green surfactants. 

Rheology is a useful tool to provide early information on destabilization mechanisms in 

emulsions. In order to detect the onset of creaming or coalescence, it is necessary to 

determine the viscosity at very low stresses.2 
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The main target of this work was to study the influence of AMD-10/D-limonene ratio 

on flow curves and droplet size distributions of stable O/W emulsions formulated with 

these eco-friendly solvents and a polyoxyethylene glycerol ester as emulsifier.  

MATERIALS	  AND	  METHODS	  

Materials	  

N,N-Dimethyldecanamide (Agnique AMD-10TM, BASF), D-Limonene (Sigma Aldrich) 

and Glycereth-17 Cocoate (Levenol C-201TM, KAO) as emulsifier with HLB 13, were 

used. Some RD antifoam agent (DOW CORNING®) and deionized water were for the 

preparation of emulsions. 

Methods	  

Preparation	  of	  emulsions	  

Emulsions containing 3 wt % Levenol C-201TM as emulsifier, 0.1 wt % RD antifoam 

agent and 30 wt% solvent(s) were prepared. The ratio of solvents studied were 100/0, 

85/15, 80/20, 75/25, 70/30, 65/35, 50/50, 25/75, and 0/100 of AMD-10/D-limonene. 

These O/W emulsions were prepared using a Silverson L5M at 6000 rpm during 60 s. 

Laser	  diffraction	  measurements	  

Size distribution of oil droplets were determined by laser diffraction using a Mastersizer 

X (Malvern, Worcestershire, UK). The mean droplet diameter was expressed as Sauter´s 

diameter (D3,2): 

𝐷 𝑀,𝑁 =
𝐷!   𝑛 𝐷 𝑑𝐷
𝐷!𝑛   𝐷 𝑑𝐷

!
!!!

  (1) 

 

Rheological	  measurements	  

Flow curve tests were conducted with a Haake MARS controlled-stress rheometer 

(Thermo-Scientific, Germany), equipped with a sand-blasted coaxial cylinder Z-20 to 

avoid slip effects.	  Flow curves were carried out from 0.05 to 1 Pa at 20ºC. 
 
 
RESULTS	  AND	  DISCUSSION	  

Figure 1 shows D3,2 as a function of the ratio of solvents for emulsions prepared at 6000 

rpm. All emulsions formulated with the mixture of solvents yielded lower D3,2 values 

than their counterparts with only one solvent. This is probably due to the combination of 

different properties of the solvents used. The addition of AMD-10 provokes a certain 
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decrease in the interfacial tension, whereas D-Limonene confers more apolar character3. 

The combination of both solvents led to emulsions with submicron mean diameters. In 

fact, it was possible to obtain emulsions with D3,2 as low as 290 nm, using just a rotor 

stator device. This demonstrates that the choice of an optimum formulation made 

possible to use a relatively low-energy homogenizer to get fine emulsions, which fits 

one of the basic principles of product engineering. 

Figure 2A shows flow curves of 1-day-aged stable emulsions studied as a function of 

the ratio of solvents. Only the most stable emulsions were measured. All emulsions 

exhibited a trend to reach a Newtonian region at low-shear rates, which allowed the 

zero-shear viscosity, (ηo) to be estimated. This range was followed by a slight decrease 

in viscosity (shear-thinning behaviour) above a critical shear rate. Figure 2A also 

illustrates the fitting quality to the Cross model (R2>0.999). 

𝜂 =    !!

!! !
!!

!!!	  	  	  	  	  	  	  	  	  	  (2)	  

Two levels in zero shear viscosity values were observed. Emulsions with higher D-

Limonene content (65/35, 70/30 and 75/25) showed higher η0 than 80/20 and 85/15 

emulsions, which is consistent with laser diffraction results and different flocculation 

degree. 

Figure 2B shows the relative increase in zero-shear viscosity from day 1 to day 40, 

calculated as the ratio of the difference of the zero shear viscosities on day 40 and day 1 

to the zero-shear viscosity on day 1. A negative value means that a decrease in ηo took 

place. Conversely, an increase in ηo yields a positive value. Two different trends were 

observed. There is a decrease in zero shear viscosity for 65/35 and 70/30 emulsions, 

which is consistent with an increase in the droplet sizes. The higher viscosity values of 

these emulsions at 1-day aging time may not be only attributed to a droplet size effect, 

but also to a flocculation process, which in turn led to coalescence upon aging due to the 

disruption of the O/W interface under compression. On the contrary, the increase in zero 

shear viscosity for 75/25, 80/20 and 85/15 emulsions may indicate the onset of 

creaming. 

CONCLUSIONS	  

Submicron emulsions were obtained using an optimised mixture of eco-friendly 

solvents. All emulsions exhibited shear-thinning behaviour. Monitoring calculated 
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values of zero shear viscosity with aging allowed us to detect the onset of two different 

destabilization processes. 85/15, 80/20 and 75/25 emulsions underwent incipient 

creaming, whereas 65/35 and 70/30 emulsions shows coalescence. Hence, this work has 

demonstrated that the use of mixture of solvents is a powerful tool to reduce the energy 

input to prepare emulsions with submicron mean diameters. 
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FIGURE	  1.	  Sauter´s	  diameter	  as	  a	  function	  of	  ratio	  of	  solvents	  for	  the	  emulsions	  studied.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
FIGURE	  2.A)	  Flow	  curves	  for	  studied	  emulsions	  as	  a	  function	  of	  ratio	  of	  solvents	  at	  20oC.	  B)	  
Normalized	  increase	  of	  the	  zero	  shear	  viscosity	  from	  day	  1	  to	  day	  40.	  
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ABSTRACT	  

The influence of surfactant and gum concentrations, as well as rhamsan/welan gum ratio on 

rheological properties, droplet size distribution and physical stability of eco-friendly O/W 

emulsions stabilized by an ecological surfactant were studied in the present work. The gum 

concentrations in the aqueous solutions of rhamsan, welan and blends of both gums were 

selected to ensure the formation of weak gel matrices. Flow curves at steady shear demonstrated 

the lack of synergism between rhamsan and welan gums, whose ratio controlled the shear 

thinning properties of these emulsions. Mechanical spectra exhibited G´ values higher than those 

of G´´ in the whole frequency range studied, indicating the formation of a network supported by 

the cooperative contribution of the biopolymer continuous phase and the packing effect due to 

the great number of α-pinene droplets.  

KEYWORDS:	  Eco-friendly, Emulsion, Rhamsan gum, Rheology, Welan gum	  

INTRODUCTION	  

Polysaccharides are frequently employed to stabilize oil-in-water emulsions for their 

biocompatibility, biodegradability and nontoxicity1. The efficiency depends on the concentration 

of hydrocolloids in the aqueous phase and on the characteristics of the structure formed by the 

biopolymer. Microbial polysaccharides can be manufactured under controlled conditions, 

resulting in commercial batches with outstanding reproducibility of their functional properties. 
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Welan gum and rhamsan gum are exopolysaccharides that act as thickening and stabilizer 

agents. They have a wide range of commercial applications in food, ink, petroleum and other 

industries. The role of surfactants is also essential to provide long-term stability to emulsions, 

since they adsorb at the oil/water interface preventing droplet coalescence. Interactions between 

surfactants and polysaccharides can affect the macroscopic properties of emulsions. 

Polyoxyethylene glycerol esters derived from cocoa oil are ecological surfactants with good 

emulsifying properties2. This study focuses on the rheological properties of emulsions 

formulated with a biosolvent (α-pinene) as oil phase, an eco-friendly surfactant as emulsifier and 

two exopolysaccharides (welan and rhamsan gums) as thickeners.  

MATERIALS	  AND	  METHODS	  

Oil-in-water emulsions using α-pinene (30 wt%) as dispersed phase was prepared using a 

rotor-stator device (Ultraturrax T25) at 9500 rpm for 120 s. Seven emulsions were prepared 

using different surfactant concentrations (0.0, 3.5 and 7.0 wt%), gum concentrations (0.33, 0.56 

and 0.80 wt%) and rhamsan/welan gum ratios (100/0, 50/50 and 0/100) as can be seen in table 1.  

TABLE	  1.	  Values	  of	   surfactant	   concentration,	   gum	  concentration	  and	   rhamsan/welan	  gum	   ratio	   for	   all	  
studied	  emulsions.	  

Emulsion name Surfactant 

concentration (wt%) 

Gum 

concentration (wt%) 

Rhamsan/Welan 

gum ratio 

0.0 - 0.56 - 50R/50W 0.0 0.56 50/50 

7.0 - 0.56 - 50R/50W 7.0 0.56 50/50 

3.5 - 0.33 - 50R/50W 3.5 0.33 50/50 

3.5 - 0.80 - 50R/50W 3.5 0.80 50/50 

3.5 - 0.56 - 100R/0W 3.5 0.56 100/0 

3.5 - 0.56 - 0R/100W 3.5 0.56 0/100 

3.5 - 0.56 - 50R/50W 3.5 0.56 50/50 

	  

The rheological characterization involved stress and frequency sweeps in small amplitude 

oscillatory shear experiments (SAOS) and steady shear flow tests at 20ºC. Rheological 

experiments were conducted for emulsions aged for 24 hours with a Haake MARS III controlled-

stress rheometer (Thermo-Scientific), using a serrated plate-plate sensor (60 mm diameter, gap: 1 

mm) to prevent wall slip effect.  
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RESULTS	  AND	  DISCUSSION	  

Figure 1A shows the frequency dependence of the linear viscoelastic functions of all 

emulsions to illustrate the influence of the studied variables. First, it should be noted that there 

are no results for the emulsion with 0.0 wt% surfactant because it could not be prepared due to 

the lack of surface-active ingredients. All samples display clear viscoelastic properties with a 

predominance of the elastic over the viscous component in the frequency range studied. The 

emulsion with central values of all variables, which contains 3.5 wt% surfactant, shows higher 

values of the storage modulus than the emulsion that contains 7 wt% surfactant for all the 

frequency range studied. This supports the decrease of the viscoelastic properties with increasing 

surfactant concentration; probably due to the higher mean diameters (coalescence) induced by 

depletion flocculation. Furthermore, the addition of gum yielded the formation of a much 

stronger and more elastic structure, demonstrating the high influence of gum concentration on 

viscoelastic properties. It should be also noted that the slope of G´ with frequency for the 

emulsion containing only rhamsan gum as thickener is lower than that of welan gum. The use of 

rhamsan and welan in identical percentages does not lead to a positive synergistic effect on the 

mechanical spectrum. This means that the resulting dispersion does not show higher elastic 

properties. The results obtained are consistent with the occurrence of enhanced solid-like 

viscoelastic properties in emulsions containing rhamsan gum. Furthermore, this fact may suggest 

that rhamsan gum predominates over welan gum when both gums are used. 

All samples exhibited shear thinning behavior and a trend to reach a Newtonian region at low 

shear rate enabling the estimation of a zero-shear viscosity (η0). The shear rate dependence of 

viscosity fitted fairly well the Cross model. Figure 1B displays flow curves for all samples. The 

increase of η0 with gum concentration may be explained by the fact that polysaccharides exert a 

thickening effect on the continuous phase. The emulsions formulated with rhamsan gum show 

higher zero-shear viscosity values than those shown by emulsions with welan gum. Furthermore, 

the mixture of both gums gives rise to intermediate values of zero-shear viscosity and power law 

index. Finally, it should be noted that the zero shear viscosity is not affected significantly by 

surfactant concentration 
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FIGURE	   1.	   (A)	   Mechanical	   spectra	   and	   (B)	   flow	   curves	   of	   emulsions	   aged	   for	   one	   day,	   at	   20°C,	   as	   a	  

function	  of	  all	  studied	  variables.	  

CONCLUSIONS	  

Linear viscoelastic properties of emulsions formulated with rhamsan and/or welan gum and a 

non-ionic emulsifier strongly depend on all studied variables. The elastic component dominates 

over the viscous one in all samples. The use of rhamsan and welan gums in identical percentages 

does not yield a positive synergistic effect on the mechanical spectrum. Mechanical spectra 

suggest that the rheological properties of emulsions formulated with both gums as thickeners are 

essentially controlled by rhamsan better than welan gum. All samples showed shear thinning 

behavior above a critical shear rate. Zero-shear viscosity values strongly depend on the gum 

concentration and rhamsan/welan gum ratio.  
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ABSTRACT 

The goal of this work was 

determine the yield stress of very shear thinning materials free of previous memory effects

method is assessed with a fluid gel prepared with low

at shear stresses around the yield stress 

like behaviours were observed 

creep test. The lack of reproducibility observed at 2.25 Pa was attributed to shear banding effects 

promoted by the use of a serrated plate

viscosities provided by the rheometer were 
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INTRODUCTION 

Gellan gum is among the biopolymers capable of forming fluid gels from very low gum 

concentrations. Fluid gels are 

i.e. they are “flowable” materials, but they simultaneously possess significant elastic properties. 

Confocal laser scanning microscopy reveals that the microstructure of gellan fluid gel

of a dispersion of gel-like domains in an aqueous continuous phase [1]. Therefore, they are prone 

to undergo wall-depletion (slip) phenomena under shear. For this reason, the parallel plate 

geometry with serrated surfaces is one of the measuring

characterization of fluid gels under shear flow. However, torsional flow poses the problem that 

neither shear stress nor shear rate are constant along the plate radius

must be made. Determining a practical yield stress is quite important for the onset of flow 
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 to check the efficiency of creep-recovery-creep tests 

very shear thinning materials free of previous memory effects

h a fluid gel prepared with low-acyl gellan gum. The rheological response 

around the yield stress turned out to be rather unstable. Yet

observed by just changing the stress by 0.25 Pa or by

creep test. The lack of reproducibility observed at 2.25 Pa was attributed to shear banding effects 

promoted by the use of a serrated plate & plate measuring system. Nominal shear stresses and 

viscosities provided by the rheometer were corrected using standard equations.

ield stress, torsional flow, fluid gel, gellan gum, very shear thinning

Gellan gum is among the biopolymers capable of forming fluid gels from very low gum 

concentrations. Fluid gels are interesting materials insofar as they exhibit fluid

i.e. they are “flowable” materials, but they simultaneously possess significant elastic properties. 

Confocal laser scanning microscopy reveals that the microstructure of gellan fluid gel

like domains in an aqueous continuous phase [1]. Therefore, they are prone 

depletion (slip) phenomena under shear. For this reason, the parallel plate 

geometry with serrated surfaces is one of the measuring systems of choice when dealing with the 

characterization of fluid gels under shear flow. However, torsional flow poses the problem that 

neither shear stress nor shear rate are constant along the plate radius, such that stress corrections 

termining a practical yield stress is quite important for the onset of flow 

induced gellan fluid gels under torsional shear flow 
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very shear thinning materials free of previous memory effects. This 

acyl gellan gum. The rheological response 
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by just changing the stress by 0.25 Pa or by conducting a second 

creep test. The lack of reproducibility observed at 2.25 Pa was attributed to shear banding effects 

& plate measuring system. Nominal shear stresses and 

corrected using standard equations. 
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Gellan gum is among the biopolymers capable of forming fluid gels from very low gum 

interesting materials insofar as they exhibit fluid-like consistency, 

i.e. they are “flowable” materials, but they simultaneously possess significant elastic properties. 

Confocal laser scanning microscopy reveals that the microstructure of gellan fluid gels consists 

like domains in an aqueous continuous phase [1]. Therefore, they are prone 

depletion (slip) phenomena under shear. For this reason, the parallel plate 

systems of choice when dealing with the 

characterization of fluid gels under shear flow. However, torsional flow poses the problem that 

uch that stress corrections 

termining a practical yield stress is quite important for the onset of flow 

O14 

Experimental Methods 

66



calculations. This study was carried out by checking that samples were free of thermo-

mechanical history effects. Therefore, standard flow curves were not run but independent tests at 

constant shear stress. Series of creep-recovery-creep tests allowed the viscosity recovery to be 

estimated. 

MATERIALS AND METHODS 

Fluid gels were prepared with deionised water at 0.2 wt% with low-acyl gellan gum (Kelcogel 

F
TM

) kindly provided by CP Kelco and 0.2 wt % calcium chloride (Panreac) as reported 

elsewhere [2]. The effects of sample loading and those associated to reach the measuring gap 

(1mm) were counterbalanced by an equilibration time above 1200 s, as determined by 

SAOS/time tests. Creep-recovery-creep tests were carried out at 20ºC in the (2 – 6) Pa range. 

Stress and viscosity corrections were made using standard methods [2]. 

RESULTS AND DISCUSSION 

Imposing a shear stress of 2 Pa for about 45 s resulted in a very low shear rate which is by far 

below the minimum shear rate guaranteeing observable flow (Figure 1). 
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FIGURE 1. Creep-recovery-creep results at 2 Pa (figure a) and 2.5 Pa (figure b) (strain versus shear time) 

for a fluid gel containing 0.2 wt % LA-gellan gum 0.2 wt % CaCl2 and 0.1 wt % sodium azide. T = 20º C. 

Runs 1, 2, 3 and 4. 

 

In fact, the response is controlled by the viscoelasticity of gellan fluid gel as supported by the 

great recovery and the similar response after the second creep test. Figure 2 illustrates that 
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chaotic results were obtained at 2.25 Pa. While some results were closer to those typical of linear 

creep flow, others supported the onset of clear shear flow. The variability of results also 

influenced the recovery step and the resulting strain range. 

 

FIGURE 2. Creep-recovery-creep test at 2.25 Pa (strain versus shear time) for a fluid gel containing 0.2 

wt % LA-gellan gum 0.2 wt % CaCl2 and 0.1 wt % sodium azide. T = 20º C. Runs 1, 2, 3 and 4. 

 

FIGURE 3. Shear stress versus shear rate for a fluid gel containing 0.2 wt% gellan gum, 0.2 wt% CaCl2 and 

0.1 wt% sodium azide. Note: all data derive from creep-recovery-creep tests. T=20ºC. (1): data derived 

from the first creep test. (2): data derived from the creep test conducted after the recovery step. 

 

 

Results obtained at 2.50 Pa were clearly consistent with the development of a significant shear 

flow since straight lines were quickly obtained and the recovery degree was null. Figure 3 
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illustrates that the practical yield stress was 2.25Pa and above this value, the longer the shear 

time at constant shear stress, the higher the shear rate, i.e. the lower the viscosity. 

 

CONCLUSIONS 

Series of independent creep-recovery-creep tests carried out at several shear stresses on 

samples free of thermo-mechanical history effects allowed a practical yield stress to be 

accurately determined. This yield stress located the onset of the so-called very shear thinning 

behaviour more accurately than flow curves and resulted in rather unstable results in the case of 

gellan fluid gels. This indicated the occurrence of shear banding, which was promoted by the use 

of torsional flow. A serrated-surface parallel plate measuring geometry was used since fluid gels 

are prone to show slip effects. A slight decrease by 0.25 Pa below the yield stress gives rise to 

quite reproducible and extremely low shear rates. Conversely, a slight increase by just 0.25 Pa 

above the yield stress resulted in clear fluid-like behaviour as demonstrated by the 4-decade rise 

of shear rate. 
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ABSTRACT

In this work the flow behaviour of aqueous sodium montmorillonite dispersions (0.1 – 4.0 vol%) was investigated
in a parallel plate geometry with a rheometer. During the rheometer measurements, true velocity profiles in the
whole gap (1000 µm) were determined with Optical Coherence Tomography (OCT), which revealed that wall slip
and deviations from laminar flow gave rise to artefacts in the flow profiles measured with the rheometer.

KEYWORDS montmorillonite, rheology, flow, wall slip, optical coherence tomography, OCT

INTRODUCTION

Dispersions of clay particles, such as bentonite, are widely applied as rheology modifiers1  and

underground sealing agents1,2. The rheological characterisation of clay dispersions is not always

straightforward as they (like many multiphase materials) may behave non-ideally in the meas-

uring geometry. The flow may manifest, e.g., apparent wall slip and wall depletion3 or devia-

tions from laminar flow and radial migration especially at high shear rates4. In this work we

studied the flow behaviour of bentonite dispersions in parallel plate geometry. Optical Coher-

ence Tomography (OCT)5,6 was used to measure the true velocity profiles in the geometry gap

and thus to identify possible challenges in the used measurement method.

MATERIALS AND METHODS

Aqueous sodium montmorillonite (NaMt) dispersions with solids contents ranging from 0.1 to

4.0 vol% were used in the experiments. The dispersions were prepared in the presence of 17

mM NaCl according to the procedure described by Eriksson and Schatz2. Shear flow measure-

ments were carried out in a parallel plate geometry with a Discovery Hybrid rheometer (DHR-2)

O18 
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from TA Instruments. An optics plate accessory (OPA) with a transparent glass plate as lower

plate was used in the experiments; this enabled OCT scanning (Telesto Spectral Domain,

Thorlabs) of the velocity profiles in the gap. A hard anodised aluminium plate with a diameter

of 20 mm (for 1.5 to 4.0 vol% NaMt samples) or 40 mm (for water and 0.1 to 1.0 vol% NaMt

samples) was used as upper plate. The gap between the plates was set to 1000 µm. In the shear

sweep experiments, a logarithmic flow sweep was carried out at room temperature with shear

rate increasing from 1 to 1500 s-1. Each shear rate was applied for a total of 35 s and the result

was calculated as the average of the last 30 s.  Velocity profiles were measured at one radial

position close to the outer rim of the parallel plate geometry, at each single shear rate of the

flow sweep, just after the initial conditioning time of 5 s.

FIGURE 1  The  impact  of  NaMt  concentration  (vol%)  on  flow properties  of  NaMt  dispersions:  A)  shear
stress versus shear rate and B) apparent viscosity versus shear rate.

RESULTS

The results of the shear flow measurements carried out in the rheometer are shown in Figure 1.

The flow behaviour of the most dilute NaMt dispersions, up to a volume fraction of 0.5%, was

comparable to that of pure water. The apparent viscosity was constant (Newtonian) up to a

critical shear rate of about 100 s-1, after which an increase in the viscosity curve was detected.

The 1.0 vol% NaMt dispersion showed a clearly higher apparent viscosity than water and the

viscosity increased gradually with further increase in NaMt concentration. The 1.0-2.0 vol%

NaMt dispersions showed slightly shear-thinning. The dispersions were liquid-like (pourable) up

to a volume fraction of 2.0%. At a volume fraction of 4.0%, NaMt formed a gel, which resulted
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in a great increase in apparent viscosity and shear-thinning behaviour. Interestingly the shear

stress slightly decreased with increasing shear rate for the 4.0 vol% sample (Figure 1A).

FIGURE 2 Velocity profiles measured with OCT inside the rheometer gap (1 mm) for 0.1, 2.0 and 4.0 vol%

NaMt dispersions. The shear rates applied on the rheometer are shown on the right in the velocity

graphs. The stationary plate was at z=0 m and the rotating plate at z=1000 m. Structural OCT- images

(cross sections from sample edge) are shown for three different solids contents. Notice that the bending

of the velocity profiles is not likely to be caused by shear banding effects – it is probably due to the de-

crease of the quality of the OCT beam as the distance from the OCT-probe increases.

Some examples of velocity profiles measured with OCT are shown in Figure 2. No slippage was

found to take place at the plates for NaMt dispersions having a concentration of 2.0 vol% or

lower. All the samples were sheared throughout the rheometer gap even at the lowest shear

rate of 1 s-1.  The velocity profile of the 4.0 vol% NaMt sample (Figure 2) differed from that of

the more dilute samples. No flow was detected at a shear rate of 10 s-1 or below, but the sam-

ple showed slippage at the rotating plate. At a shear rate of 40 s-1 the sample was sheared in

narrow layers next to each plate. Increasing the shear rate widened these shearing layers until
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they met inside the gap. At a shear rates of 631 s-1 and above, shearing took place throughout

the  sample.  The  non-ideal  velocity  profiles  of  the  4.0  vol%  NaMt  dispersion  indicate  that  its

flow profiles presented in Figure 1 do not reflect the true flow behaviour of the whole disper-

sion but are affected by wall slip and local deviations from ideal flow, which may partly origi-

nate from the elastic, gel-like nature of the material. With the most dilute NaMt dispersions

(0.1  and  0.5  vol%),  a  sudden  transition  in  the  shape  of  the  velocity  profile  was  found  as  the

shear rate was increased above 200 s-1. Above this threshold, the velocity profiles exhibited

fluctuations in various length scales, which were most probably caused by secondary flow vorti-

ces and/or by temporal flow instabilities. These flow instabilities may have been the cause for

the increase in apparent viscosity seen in Figure 1 for the most dilute NaMt samples at highest

shear rates. All liquid-like NaMt dispersions (up to 2 vol-%) showed sedimentation over time,

which may have introduced some additional error to the shear flow measurements, especially

for the most dilute dispersions (0.1-0.5 vol-%) which sedimented very fast. Sedimentation was

markedly slower in the 1.5 and 2.0 vol-% samples.

CONCLUSIONS

Acquiring rheological data with multiphase materials, such as clay dispersions, is not always

straightforward due to possible non-ideal behavior of the material in the measuring geometry.

By combining the rheometer with OCT one can often overcome this problem, as direct infor-

mation is then obtained both on the velocity profile and the structure of the analyzed material.
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ABSTRACT 
The freshwater red-swamp crayfish (Procambarus Clarkii) has undergone a fast increase in 

population over the last decades due to favourable weather conditions, abundant food and the 

lack of predators. Obtaining a protein concentrate from the crayfish meat may be a useful method 

to benefit from the crayfish surpluses through applications such as gels with bioactive properties. 

The main objective of this work is to evaluate the potentials of crayfish protein concentrate 

(CF2L) as well as two hydrolysates obtained from this concentrate (CF2LH1, CF2LH2) in gel 

products and evaluate their bioactivity by means of their antioxidant activity.  

KEYWORDS Bioactive Properties, Crayfish, Protein Gelation, SAOS, Thermal Enhancement.  

INTRODUCTION 
In the last few years, there has been an increasing interest in both the functional and nutritional 

value of by-products from the food industry that might be used in the development of food 

products showing benefits in the human health2. Antioxidant activity is regarded as one of the 

primary functional properties contributing to increase the quality of these by-products.  

The overall objective of this is to evaluate the gelling properties and bioactive potentials of gels 

made from non-denatured crayfish protein concentrate and hydrolisate at two different pH values 

(2 and 8). To achieve these objectives, rheological measurements of aqueous protein dispersions 

were performed in order to follow the gelation process by means of temperature ramp tests. 

Protein interactions were characterized in different buffers. Finally, antioxidant activity of the 

gels were evaluated and expressed as Propyl Gallate (PG) equivalent units.  

EXPERIMENTAL SECTION 
Materials 

O17 

 

Applications (Polymers and Biopolymers) 

74



Crayfish (CF) meat was separated from the shell by grinding and sieving. CF pulp was 

homogenized and subjected to centrifugation at 15,000 x g for 15 minutes, obtaining three 

different phases: CF1, CF2 which consists of mainly water soluble proteins, and CF3. Finally, 

the intermediate phase CF2 was freeze-dried, obtaining the protein concentrate CF2L.  

Characterization of gelation process 

Small amplitude oscillatory shear (SAOS) measurements 

 Dynamic viscoelasticity measurements were performed in a controlled-stress rheometer 

(Kinexus Ultra + from Malvern, UK). The gelation process was simulated through heating in situ 

in the rheometer with three different stages: (i) a temperature ramp carried out at constant 

heating rate (5 °C/min) from 20 °C to 90 °C; (ii) an isothermal stage, performed at 90ºC for 30 

min; (iii) a cooling stage carried out at constant rate (5 °C/min) from 90 °C to 20 °C.  

Protein interactions 

Solubility of CF2L gels in selected solutions was measured to determine electrostatic, 

hydrophobic, hydrogen and disulfide interactions according to the method of Gomez-Guillen3.   

Antioxidant activity 

DPPH, ABTS and Folin-Ciocalteu (FC) assays were carried out according to the procedures of 

Brand-Williams4, Nenadis4 and Singleton5, respectively. Results were expressed as equivalent 

activity of the gel compared to the reference (PG). 

RESULTS 

Small amplitude oscillatory shear (SAOS) 

Figure 1 shows the evolution of the elastic modulus (G’) of the samples over the thermal cycle 

applied at constant protein concentration (12 wt. %) for two different pH values (2 and 8). 

Different thermal responses can be observed. For CF2LH1 and CF2LH2 at pH 8, three different 

regions can be described, basically corresponding to the three heating stages carried out. Initially 

(T < 45º C), a smooth decrease in G’ takes place that is associated to an increase in mobility of 

the protein chains with increasing temperature3. Subsequently, all systems show a strong increase 

in G’ as the temperature increases above 60ºC. This effect may be related to structural changes of 

the helical rod segments of myosin proteins. During the isothermal stage, an increase in the 

elastic modulus can be observed, which suggests that disulphide bonds increase during this stage. 

Finally, during the cooling stage, an increase in G’ occurs associated to the recovery of physical 

interactions. 
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Figure 1: Storage modulus over thermal cycle of protein concentrate (CF2L) and hydrolysates 

(CF2LH1 and CF2LH2) dispersions at 12 wt. % at two different pH values (2 and 8). 

CF2L dispersion at pH 8 does not exhibit thermal-enhancement potential during the second stage. 

This result indicates that all possible sulphide-bonds have been formed during the first stage.  

Finally, systems at pH 2 do not show any remarkable increase in elastic modulus, neither for 

protein concentrate nor hydrolysates. At this pH value, proteins form a weak gel-like network. 

The gel structure has been evaluated by quantifying the interactions between different protein 

chains present in gels at pH 2 (Figure 2A) and pH 8 (Figure 2B).  

 

 

 

 

 

 

Figure 2: Physical interactions for all the systems studied A) at pH 8; B) at pH 2 

Interactions depend strongly on the pH value. At acidic pH, interactions are small such that gel 

structures are weak, which is consistent with the moderate values obtained for G’. At alkaline pH, 

hydrophobic forces become the most important interactions, in spite of the fact that disulphide 

bonds are also noticeable, compared to pH 2. As a general rule, hydrolysis tends to reduce 

physical interactions, excepting for disulphide bonds that become larger for CF2LH1. 
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Table 1 shows the antioxidant activity of the gels formed at different pH values compared to the 

reference (PG), measured with three different methods: DPPH, FC and ABTS. It can be observed 

that the antioxidant activity is present in any case. DPPH activity is constant for all the systems. 

FC activity is also quite constant (with a slight increase in hydrolysates systems at pH 2), 

whereas the activity behind ABTS is quite pH-dependent. Thus, the ABTS activity is higher at 

pH 8 than at pH 2. This fact is probably related to the different effect that pH exerts on protein 

denaturation that seems to be more remarkable at pH2. 

  DPPH (PPG mEq) Folin (PPG mEq) ABTS (PPG mEq)

pH 8 
CF2L pH 8 302.1 ± 0.8 16.2 ± 0.1 5504.3 ± 17.1 
CF2LH1 pH 8 292.7 ± 0.7 16.9 ± 0.7 7504.7 ± 29.6 
CF2LH2 pH 8 302.1 ± 0.8 15.1 ± 0.3 5514.3 ± 22.1 

pH 2 
CF2L pH 2 310.8 ± 0.8 12.4 ± 0.1 466.9 ± 15.1 
CF2LH1 pH 2 314.4 ± 3.8 18.8 ± 0.1 696.3 ± 16.1 
CF2LH2 pH 2 313.9 ± 0.8 19.9 ± 0.2 547.3 ± 22.7 

Table 1: Antioxidant activity by using DPPH, Folin reagent and ABTS for all studied systems. 

CONCLUSIONS 

Systems at pH 2 do not show any remarkable increase in elastic modulus during the gelation 

process, neither for the protein concentrate nor for any of the hydrolysates. As a result, a rather 

weak gel is formed. CF2LH1 at pH 8 is the system showing the best ability for gel formation, 

which is consistent with the protein interactions found from the solubility of gels in different 

buffers. Finally, as regards to the antioxidant activity, all systems exhibit antioxidant activity, 

where the most remarkable effect is the increase in antioxidant activity for ABTS at pH 8. 
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ABSTRACT 

Nowadays, a widely accepted and environmentally friendly option of reusing many waste 
materials is its incorporation to asphaltic pavements as a bitumen modifier1. Here we consider 
phosphogypsum that is a waste/by-product of the wet-acid process for producing phosphoric acid 
from phosphate rock. In this sense, the potential utilization of phosphogypsum, as a bitumen 
modifier for paving industry was evaluated and compared with natural gypsum. It was found that, 
when activated with a small quantity of sulfuric acid (0.5 wt.%), the addition of 10 wt.% 
phosphogypsum leads to a notable improvement in the rheological response of the resulting 
material, especially at high in-service temperatures2. Instead, poor level of modification was 
noticed when in such a formulation, phosphogypsum was substituted by the same concentration 
of commercial gypsum. This result is mainly attributed to de development of a more complex 
microstructure in the resulting binder as a consequence of chemical reactions involving 
phosphorus compounds3. 

KEYWORDS (Bitumen, waste, phosphogypsum, reactive modification, FTIR) 

 

INTRODUCTION 

Phosphogypsum (PG) is the by-product of the wet manufacturing process of phosphoric acid. PG 

consists mainly of calcium sulphate dehydrated (CaSO4·2H2O or gypsum) but also contains a 

high levels of impurities including fluorides, sulphates, natural radionuclides, metals, and other 

trace elements 

PG is usually stored in huge open piles exposed to various weathering conditions in which 

contaminants may be carried away from the waste by rainwater, leading to serious environmental 

Applications (Cosmetic, Bitumen) 
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problems. Unfortunately, the presence of impurities can negatively affect the valorization of 

phosphogypsum in some applications except for road construction. In this context, the aim of the 

present study was to evaluate the feasibility of using a phosphogypsum waste from a fertilizers 

factory as a modifier of bitumen for the paving industry. 

 

EXPERIMENTAL 

Bitumen (Construcciones Morales), with a penetration of 40dmm and R&B softening 

temperature of 52 ºC was mixed, in a low shear device, with different additives at concentrations 

and processing conditions shown in Table 1. Phosphogypsum (PG) sample was supplied by the 

Fertiberia Huelva factory (Spain), and H2SO4 and commercial gypsum, CaSO4·2H2O (CG), were 

supplied by Panreac, S.A. (Spain). For the sake of comparison, a reference bituminous sample 

containing 3 wt.% commercial SBS Kraton D1101 (“SBS-reference” sample) was also prepared. 

 

Table 1. Nomenclature, additive concentration and processing conditions of the samples studied. 

Name Additive [wt.%] Proces. T (ºC) Proces. time (min) 

SBS SBS 3 150 120 
PG-150 PG 10 150 60 

CG-150 CG 10 150 60 
PG- H2SO4-150 PG 

H2SO4 
10 
0.5 

150 60 

CG- H2SO4-150 CG 
H2SO4 

10 
0.5 

150 60 

H2SO4-150 H2SO4 0.5 150 60 

 

RESULTS AND DISCUSSION 

The viscous flow curves, at 60 ºC (maximum expectable temperature reached in a pavement), for 

the binders are presented in Figure 1. All the samples present a Newtonian region, at low shear 

rates, followed by a shear-thinning drop beyond a threshold value of shear rate. 

As shown in Figure 1, the addition of 10 wt.% PG (“PG-150”) or CG (“CG-150”) results in a 

poor viscosity increase which suggests that PG and CG act merely as a “filler” and does not 

interact with the bituminous matrix. However, a very remarkable increase in viscosity is noticed 

if 0.5 wt.% sulfuric acid is added to the PG sample (“PG-H2SO4-150” sample).  

In order to explore the cause behind the high level of modification observed after addition of 

sulfuric acid to the phosphogypsum sample, the viscous flow behavior of a binder containing 

commercial gypsum (major component of phosphogypsum) and sulfuric acid, mixed at 150 ºC, 
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was also evaluated (“CG- H2SO4-150” sample). As can be deduced from Figure 1, the viscous 

response shown for this binder is similar to that of a sample of bitumen to which only 0.5 wt.% 

sulfuric acid was added (“H2SO4-150” sample). From this result, it can be deduced that some of 

the compounds contained in the PG fraction (not CaSO4 which is about 8 wt.%) are the 

responsible for the viscosity increase observed, if compared to the increase due to the mere 

addition of sulfuric acid (“H2SO4-150” sample). In addition, this modification is probably due to 

the activation of those “modifying” compounds present in the phosphogypsum by means of 

sulfuric acid. This provokes a viscosity enhancement, at 60 ºC, of more than one order of 

magnitude if compared to the “SBS-reference” sample. This result represents by far a larger 

degree of modification than that corresponding to the “SBS-reference” sample. 
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Figure 1. Viscous flow curves, at 60 ºC, for the neat bitumen and the different modified binders studied. 

Moreover, FTIR spectroscopy carried out on selected samples (Figure 2) points out that only the 

“PG- H2SO4-150” sample displays a new absorption band, from 1060 to 1180 cm-1, related to 

C−O−P vibrations 2-3, providing evidences of chemical reactions between phosphorus contained 

in the PG fraction and some bitumen compounds (only with the presence of small amount of 

sulfuric acid). This fact would explain the enhancement in the rheological behavior 2-3. 

 

CONCLUSIONS 

The addition of 10 wt.% phosphogypsum to a bitumen (activated with a small quantity of 

sulfuric acid) leads to a notable improvement in the rheological response of the resulting material 
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at high temperatures. This result is related to the existence of chemical reactions involving 

phosphorus and bitumen compounds. 
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Figure 2.FTIR spectra for the neat bitumen and selected modified binders. 
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ABSTRACT 

Pickering emulsions differ from classical emulsions because they are stabilized by solid particles. These 

emulsions has been widely investigated in pharmaceutical and cosmetic fields since they present less 

adverse effects than the classical emulsions.  In this work, the rheological and mechanical behaviour was 

evaluated on three innovative w/o emulsions, differing only in concentration of starch (ASt) (2.5%, 5% 

and 7.5%). Rotational viscosity was determined using a C35 mm cone geometry, with an angle of 1º. 

Dynamic viscosity measurements were carried out between 1 and 1000 Pa and oscillation frequency 

sweep tests were performed at frequencies ranging between 0.01 and 1 Hz. A Texture Analyzer TA.XT 

Plus was used to examine the texture properties of the emulsions, using an analytical probe (P/10, 10 mm 

Delrin). It was observed that, for each formulation tested, G’ increases with ASt content. This indicates 

that the structure of the emulsions become more robust with higher content of ASt, which assured 

stability during the stress tests and exhibited long-term storage stability. The hardness, compressibility 

and adhesiveness increased markedly for higher amounts of ASt, what contributes to increase the 

formulation shelf-life and skin adhesiveness. The results obtained suggest that ASt-stabilized emulsions 

are therefore an attractive, robust and a novel template for the production of pharmaceutical and 

cosmetics vehicles. 

KEYWORDS Pickering emulsions; Starch; Stability; Skin application; texture analysis; rheology 

 

INTRODUCTION 

Concerning conventional topical drug delivery systems, pharmaceutical emulsions emerge as a 

good solution for skin drug deposition. Current pharmaceutical emulsions are mostly stabilized 

by synthetic surfactants, which can be intrinsically toxic or may alter the distribution and 

elimination of drugs 
1
. Consequently, solid-stabilized emulsions, i.e. the Pickering emulsions, 

constitute an interesting strategy for encapsulating drugs in pharmaceutical formulations. Many 

types of solid particles, either organic or inorganic can be used for stabilizing Pickering 
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emulsions 
2
. The use of starch to stabilize emulsions has been attracting substantial research 

interest due to their distinctive characteristics and promising technological applications. These 

solid-stabilized emulsions show improved stability, especially at high internal phase ratio, 

allowing easy fabrication of stable large droplets up to millimeter size, when compared to 

classical surfactant-based emulsions 
3
. Additionally, Pickering emulsions can be considered 

either as a new dosage form for topical drug delivery or as a new targeting system in 

pharmaceutical and cosmetic products.  

 

METHODS 

Preparation of emulsions 

A w/o emulsion stabilized by aluminium starch octenylsuccinate (ASt) was prepared using 

purified water as disperse phase. The continuous phase consisted of liquid paraffin (LP) and the 

solid particles were ASt granules at different concentrations (2.5%, 5.0% and 7.5%, w/w). The 

oil and aqueous phases of the emulsion were then mixed together with an UltraTurrax® T25 

homogeniser (20 krpm for 5 minutes). 

 
Dynamic viscosity - Flow curves 

Shear rate vs shear stress measurements were performed at 25°C using a HAAKE MARS III 

Rotational Rheometer, equipped with automatic gap setting. Rotational viscosity was determined 

using a C35 mm cone geometry, with an angle of 1º.  

 

Oscillation measurements  

Oscillation frequency sweep tests were performed at frequencies ranging between 0.01 and 1 Hz. 

Prior to the oscillation tests, stress sweep tests were performed to determine the values of shear 

stress for which the viscoelastic functions are independent from the magnitude of the applied 

stress. 

 

Texture profile analysis (TPA) 

A Texture Analyzer TA.XT Plus was used to examine textural characteristics (hardness, 

elasticity, compressibility, adhesiveness and cohesiveness) of the emulsions. TPA mode was 

carried out using an analytical probe (P/10, 10 mm Delrin). Data collection and calculation were 

performed using the Texture Exponent 3.0.5.0 software package of the instrument. 
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RESULTS AND DISCUSSION 

Dynamic viscosity - Flow curves 

The apparent viscosity values were determined at 1s
-1

 (Table 1). As expected, an increase in the 

concentration of ASt promotes the increase in viscosity of the formulations due to the interaction 

between ASt particles. Since the emulsions behave as a shear-thinning fluid, they are suitable for 

topical administration and the apparent viscosity values provide a good comparison between 

formulations regarding the resistance to structural collapse. 

 

TABLE 1 - Apparent viscosity values were obtained at a shear rate of 1s
-1

(mean ± SD, n=2).  

ST granules (%) Apparent Viscosity (Pa.s)  
2.5 54.18±0.38 

5 78.33±0.11 

7.5 86.61±0.20 

 

Oscillation measurements  

The results presented in Figure 1 show the variation of the G’ and G’’ with shear stress. For each 

formulation tested, G’ increases with an increase in the amount of ST. This behavior is typical of 

a viscoelastic liquid and indicates that the structures of the ASt-stabilized emulsions with high 

concentration of ASt and LP as external phase are robust 
4
. 

 
FIGURE 1 - Dependence of storage (G’) and loss (G’’) moduli with shear stress for ASt-

stabilized emulsions. 
 

TPA 

The TPA technique is relevant and adequate for the mechanical characterization of 

pharmaceutical semisolid formulations, in order to determine interactions between formulation 

components, and a good complement the rheological information. The hardness, compressibility 
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and adhesiveness increased markedly for high amounts of ST, what contributes to increase the 

formulation shelf-life and skin adhesiveness (Table 2). Once more, the results reflect an easier 

application and a higher adhesion, which is suitable to the compliance and to retain the 

emulsions in contact with the skin. 

 

TABLE 2 - Mechanical properties of the ASt-stabilized emulsions (mean ± SD, n=3). 

ASt granules 

(%) 

Compressibility 

(g.sec) 

Hardness 

(g) 

Adhesiveness 

(g.sec) 
Elasticity Cohesiveness 

2.5 112.97±5.84 79.14±5.72 80.56±4.27 0.99±0.01 0.55±0.02 

5 146.83±1.71 102.93±0.80 109.77±8.35 1.00±0.01 0.56±0.03 

7.5 161.54±5.09 109.75±5.26 103.04±9.13 0.99±0.01 0.52±0.02 

 

CONCLUSIONS 

The results showed that the amount of ST influenced the rheological and mechanical properties 

of the Pickering emulsions, confirming a robust microstructure and suggesting that these 

emulsions are stable vehicles with a high potential for topical drug delivery. The selection of the 

ASt granules amount is an important aspect to consider in the development of this type of topical 

formulations. 
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MATERIALS AND METHODS 

A commercially available hydrophobic fumed silica, Aerosil®R816 (Degussa A.G.), which 

is obtained from Aerosil®200 (Degussa A.G.) by means of replacing silanol (Si-OH) groups 

by alkyl groups (C16H33), was used as solid phase. Its specific surface area BET is 

≈190±20m2/g and its primary spherical particles size is 12nm. The continuous phase here 

considered is polypropylene glycol (HO-[CH2-CH(CH3)-O]n-H) with a molecular weight of 

400g/mol (PPG400) on average (Sigma-Aldrich, Chemical GmbH, Düsseldorf, Germany). This 

is a low-viscosity Newtonian media having, under ambient conditions, a viscosity of 

100mPa·s. The suspension with the higher solid content (20wt.%) was prepared by adding the 
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liquid to the silica. Afterwards they were 

mixed in a stirrer for 10min at 796rpm. 

Samples were made in batches of 35cm3 and 

placed under vacuum and sonication at 

room temperature for about 1h in order to 

remove air bubbles. The sample was 

allowed to rest for 12h in an airtight plastic 

bottle before starting measurements. The 

other suspensions (19, 18, 16 and 14 wt.%) 

were obtained by diluting the more 

concentrated suspension with the liquid 

phase (PPG400). Rheological experiments were carried out with a Peltier system for the 

control of the temperature, on a MARS III (Thermo-Haake, Germany) using a cone-plate 

sensor system with a cone angle of 1o and a diameter of 20mm. Experiments were conducted 

under steady shear. 

 

 
 

Figure 1. Influence of (a) temperature (18 wt.%) and (b) particle concentration (30 ºC) on the 
steady viscosity curve of R816/PPG400 suspensions.  
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Figure 2. Temperature dependence of the zero 
shear viscosity of R816/PPG400 suspensions. 
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RESULTS AND DISCUSSION 

The steady viscosity curve was obtained by applying discrete shear rates at increasing 

succession. Each point of the plot was obtained after shearing the sample at a certain shear rate 

until the equilibrium stress response was obtained. Around 60s of shear was necessary to 

accomplish with this condition at the lowest shear rate values. Fig. 1 shows suspensions of 

R816 in PPG400 exhibiting shear-thickening behaviour between two shear-thinning regions. A 

critical shear rate limits a weak shear-thinning region for shear rates relatively low, and a 

strong shear-thickening region for intermediate shear rates. This is a typical behaviour for non-

flocculated suspensions15. Therefore, it is expected a Newtonian plateau in the limit of zero 

shear rate. The influence of temperature is shown in Fig. 1a. The dependence of this complex 

shear behaviour with the solid concentration is shown in Fig. 1b. It is confirmed the main 

conclusion obtained from the literature reviewed for this study, i.e. the viscosity increases with 

decreasing temperature and increasing particle concentration16-17. The other main observation 

is that the onset of the shear-thickening displaces to higher shear rates when temperature 

increases and particle concentration decreases. The increase of temperature leads to an increase 

of the system internal energy, resulting also in an increase in its free volume18 and so, the 

intermolecular separation in solution increases and, therefore, higher shear rates are required to 

induce shear-thickening behaviour19. 

As it can be seen in Fig. 1a, the zero-shear rate 

viscosity   decreases when temperature increases. The 

temperature dependence of this viscosity parameter was 

fitted (Fig. 2) using Arrhenius equation, which is 

approximately valid in the temperature interval here 

considered, 

ln ln                              (1) 

In this relationship  represents a system-dependent constant,  is the molar activation energy 

for viscous flow,  is the absolute temperature and  is the universal gas constant. The value 

for  is determined from the slope of the linear relationship between ln  and 1⁄ , which was 

obtained by linear regression analysis. The molar activation energy increases with solid 

concentration (Table 1). This magnitude can be interpreted as a measure of the potential energy 

barrier required for a fluid molecular movement18. The viscosity of a fluid depends on the 

actual size of the molecules, since they may progress in the shear field as a whole. As it was 

shown, the presence of silica particles increases the dissipation of energy when the system 

flows at a given temperature. When temperature decreases the formation of larger particle 

aggregates in the suspension is favored due to the reduction of thermal agitation. This effect 

should be added to the increase of the number of links among the molecules of the liquid 

Table 1. Molar activation energy 
Φ (wt.%) E (kJ/mol) r2 

14 33±3 0.9839 

16 43±2 0.9949 

18 48±3 0.9907 

19 58±3 0.9955 

20 72±4 0.9902 
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phase. Therefore, a reduction of temperature must give place to two collaborative effects in the 

suspension viscosity. First, an increase of the viscosity because of the higher molecular links, 

and second, an increase of the viscosity owing to the formation of larger particle aggregates. 

As the solid concentration increases, the number of particles that take part in the formation of 

larger aggregates increases. This contribution to the temperature dependence of the viscosity is 

more and more dominant on the effect of the liquid phase when the solid concentration 

increases. The fact that the molar activation energy was larger with the increasing of solid 

concentration means the size of the particle aggregates must be more sensitive to temperature 

changes than to the number of molecule links. This is a reasonably result that can be assumed 

from the preliminary results of this research. However, deeper and extensive studies should be 

made to get conclusive statements.  

 
CONCLUSION 

Despite it has been claimed that the presence of solid particles in a suspension improves the 

performance of the base liquid as heat exchange fluid, the higher viscosity temperature 

dependence of these fluids should be considered in technical applications. 
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ABSTRACT	  

Previously	  we	  have	   reported	  a	   complex	   and	   rich	   viscoelastic	  behavior	  observed	  during	   the	  planktonic	  
growth	   of	   S.	   aureus	   strain	   COL1.	   In	   particular,	   in	   stationary	   shear	   flow,	   the	   viscosity	   keeps	   increasing	  
during	  the	  exponential	  phase	  and	  returns	  close	  to	  its	  initial	  value	  for	  the	  late	  phase	  of	  growth,	  where	  the	  
bacteria	   population	   stabilizes.	   In	   oscillatory	   flow,	   the	   elastic	   and	   viscous	   moduli	   exhibit	   power-‐law	  
behaviors	   whose	   exponents	   are	   dependent	   on	   the	   bacteria	   growth	   stage.	   These	   power-‐law	  
dependencies	  of	  G’	  and	  G’’	  match	  a	  Soft	  Glassy	  Material	  behavior.	  To	  describe	  this	  behavior,	  we	  have	  
hypothesized	   a	  microscopic	  model	   considering	   the	   formation	   of	   a	   dynamic	  web-‐like	   structure,	  where	  
percolation	   phenomena	   can	   occur,	   depending	   on	   growth	   stage	   and	   cell	   density.	   	   We	   describe	   the	  
formation	   of	   these	   web-‐like	   structures,	   resembling	   cell	   necklaces	   at	   a	   specific	   time	   interval	   during	  
bacterial	  growth.	  These	  findings	  were	  obtained	  by	  combining	  the	  previous	  data	  with	  new	  measurements	  
performed	  in	  a	  rheometer	  with	  real-‐time	  image	  acquisition.	  

KEYWORDS	  Real-‐time	  image	  rheology,	  bacteria,	  SGM	  

INTRODUCTION	  

Complex	  and	  rich	  viscoelastic	  behavior	  was	  revealed	   in	  active	  bacterial	  Staphylococcus	  aureus	  cultures	  
during	  growth1.	  These	  behaviors	  can	  be	  associated	  with	  cell	  density	  and	  aggregation	  patterns	  that	  are	  
developed	  during	  culture	  growth,	  showing	  a	  collective	  behavior.	  At	  a	  given	  moment	  of	  the	  exponential	  
phase	  of	  growth	  the	  shear	  viscosity	  increases	  steeply	  (∼30x	  the	  initial	  value)	  and	  returns	  to	  close	  to	  the	  
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initial	  value.	  	  This	  behavior	  has	  no	  counterpart	  in	  the	  bacterial	  growth	  curve	  obtained	  by	  optical	  density	  
monitorization.	   In	   oscillatory	   flow,	   the	   elastic	   and	   viscous	  moduli	   exhibit	   power-‐law	   behaviors	  whose	  
exponents	  are	  dependent	  on	  the	  bacteria	  growth	  stage.	  These	  power-‐law	  dependencies	  of	  G’ and G’’	  
can	  be	  described	  in	  the	  framework	  of	  the	  Soft	  Glassy	  Material2	  model.	  The	  microscopic	  model	  proposed	  
to	  describe	   this	   behavior	   considers	   the	   formation	  of	   a	   dynamic	  web-‐like	   structure,	  where	  percolation	  
phenomena	   can	   occur,	   depending	   on	   growth	   stage	   and	   cell	   density.	   Below	   we	   present	   new	   results	  
obtained	   from	   rheological	   measurements	   in-‐line	   with	   real-‐time	   image	   acquisition	   that	   will	   show	   the	  
formation	  of	  such	  structures	  during	  shear	  flow.	  	  

EXPERIMENTAL	  

The	  human	  pathogen	  Staphylococcus	  aureus	  was	  used	  as	  a	  study	  model	  due	  to	  its	  coccoid	  shape,	  regular	  
morphology	  and	  clinical	   relevance:	  methicillin-‐resistant	  Staphylococcus	  aureus	   (MRSA)	  strain	  COL3	  was	  
chosen.	  Bacterial	  growth	  and	  rheological	  measurements	  are	  described	  in	  detail	  elsewhere1.	  	  

Real-‐time	   image	   acquisition	  was	   performed	  during	   steady-‐state	   shear	   flow	  measurements	   in	   a	  Haake	  
RheoScope	   equipment,	   which	   combines	   the	   principles	   of	   a	   conventional	   controlled-‐stress	   rheometer	  
with	  an	  optical	  microscope.	  A	  constant	   shear	   rate	  of	  10	   s-‐1	  was	   imposed	  using	  a	  cone-‐plate	  geometry	  
with	  70mm	  diameter	  and	  1o	  and	  a	  gap	  of	  25µm,	  at	  37	  oC.	  The	  cone	  had	  a	  mirror	  surface	  and	  the	  plate	  a	  
cover	  glass,	  to	  allow	  optical	  microscopic	  observations	  (20x)	  during	  shear	  (schematic	  details	  are	  enclosed	  
in	  Fig.	  2),	  at	  an	  intermediate	  radius	  plate	  fixed	  position.	  Video	  image	  acquisition	  was	  performed	  during	  
150	  min.	  A	  photo	  image	  was	  selected	  from	  the	  video	  at	  each	  minute.	  In	  these	  tests,	  the	  growth	  of	  a	  S.	  
aureus	  culture	  was	  followed	  starting	  measurements	  already	  at	  the	  exponential	  phase	  (approximately	  at	  
an	  OD600nm=2.5).	  

THEORY	  

Based	  on	   the	  Soft	  Glassy	  Material2	   (SGM)	  model,	  the	  elastic	  and	   the	  viscous	  moduli	  present	   the	  same	  
weak	  power	  law	  dependence	  on	  the	  angular	  frequency,	  as	  given	  by	  eqs.	  (1)	  and	  (2).	  

G’~ ωx   and	    G’’~ ωx                                                                                                                                                                                                                                                                         (1)	  
G’’/G’~ tan πx/2                                                                                                                                          (2)	  
	  
where	  the	  exponent	  x	  is	  an	  effective	  noise-‐temperature	  factor,	  taking	  values	  in	  the	  range	  0<x<1.	  When	  
x=0	   one	   obtains	   the	   ideal	   solid,	   perfect	   elastic	   body;	   when	   x=1	   one	   obtains	   the	   ideal	   liquid,	   perfect	  
viscous	  fluid	  system;	  when	  0<x<1	  the	  system	  has	  an	  intermediate	  behavior.	  
	  

RESULTS	  AND	  DISCUSSION	  

The	  viscosity	  growth	  curve	  and	  the	  oscillatory	  measurements	  were	  reported	  previously1.	  In	  Table	  1,	  the	  
angular	   frequency	   exponent	   values	   of	  G’ and G’’	   are	   compared	  with	   the	   SGM	  model	   predictions.	   A	  
good	  agreement	  between	  experimental	  measurements	  and	  theory	  is	  obtained.	  	  
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In	  Figure	  1	  the	  steady-‐state	  shear	  viscosity	  growth	  curve	  of	  a	  S.	  aureus	  culture,	  measured	  at	  a	  constant	  
shear	  rate	  of	  10	  s−1	   is	  represented	  in	  relative	  values.	  An	  increase	  of	  ∼40x	  the	  initial	  viscosity	  value	  was	  
observed	  and	  the	  recovery	  to	  the	  initial	  one	  occurred	  in	  approximately	  50	  min.	  These	  results	  reproduce	  
the	  essential	  features	  already	  observed1	  in	  a	  different	  experimental	  set-‐up	  (equipment	  and	  geometry).	  

TABLE	  1	  Growth-‐time	  dependency	  of	  the	  angular	  frequency	  exponent,	  x,	  experimental	  and	  theoretical	  
SGM	  predictions	  

Growth 
stage 

time   
(min) 

x tan πx/2	   G’’/G’ 

lag phase 250 ~0.80 3.1 ~2.4 

exponential 
phase 

350 ~0.79 2.9 ~2.2 

475 ~0.23 0.4 ~0.6 

late phase 550 ~0.39 0.8 ~0.9 

	  	  

	  
FIGURE	   1	   Relative	   steady-‐state	   shear	   viscosity	   growth	   curve	   of	   a	   S.	   aureus	   culture,	   measured	   at	   a	  
constant	   shear	   rate	   of	   10	   s−1;	   measurements	   were	   started	   with	   a	   culture	   already	   at	   the	   exponential	  
phase	  of	  growth;	  inset:	  schematic	  details	  on	  the	  image	  acquisition	  set-‐up	  at	  an	  intermediate	  radius-‐plate	  
position.	  Measurements	  were	  performed	  at	  37◦C.	  	  

During	  this	  measurement	  a	  video	  was	  recorded	  and	  images	  were	  taken	  at	  specific/representative	  times,	  
which	  are	   included	   in	  Figure	  2.	   It	  can	  be	  clearly	  observed	  the	   formation	  of	  a	  web-‐like	  structure	   in	   the	  
time	  interval	  17	  –	  28	  min:	  the	  bacteria	  present	  a	  dynamic	  self-‐organization	  where	  wave	  rows	  are	  formed,	  
with	   dozens	   of	   cells,	   resembling	   cell	   necklaces.	   This	   structure	   can	   only	   be	   maintained	   during	   the	  
exponential	  phase	  and	  starts	  to	  collapse	  as	  the	  bacteria	  culture	  approaches	  the	  lag	  phase,	  see	  image	  for	  
38min.	   For	   longer	   times,	   a	   cell	   deposition	  process	   is	   initiated	  and	   small	   aggregates	   sediment,	   as	   dark	  
regions	   in	   images	   at	   75	   min	   and	   125	   min	   (more	   and	   bigger	   aggregates	   formed).	   This	   explains	   the	  
viscosity	  decrease	  in	  the	  lag	  phase	  of	  growth,	  although	  the	  number	  of	  cells	  present	  in	  the	  culture	  is	  high	  
they	  are	  no	  longer	  suspended	  in	  the	  culture	  medium.	  	  
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FIGURE	  2	  Real-‐time	   images	  obtained	  during	  steady-‐state	  viscosity	  growth	  curve	  measurements	  of	  a	  S.	  
aureus	  culture,	  with	  correspondent	  times	  to	  η/ηo	  curve	  represented	  in	  Figure	  1;	   in	   images	  collected	  at	  
11,	  17	  and	  38	  min,	  percolated	  structures	  can	  be	  observed;	   in	   images	  collected	  at	  75	  and	  125	  min	  cell	  
aggregates	   are	   observed	   (dark	   areas),	  which	   correspond	   to	   cell	   deposition	   in	   the	   fixed	   bottom	   glass-‐
plate	  of	  the	  RheoScope.	  Images	  width:	  100	  µm.	  

CONCLUSIONS	  

We	   have	   observed	   the	   formation	   of	   web-‐like	   structures,	   resembling	   cell	   necklaces	   at	   a	   specific	   time	  
interval	  during	  the	  exponential	  phase	  of	  the	  bacteria	  growth,	  followed	  by,	  during	  the	  stationary	  phase,	  
the	  sedimentation	  and	  subsequent	  enlargement	  of	  bacterial	  aggregates.	  These	   findings	  were	  essential	  
to	  corroborate	  our	  microscopic	  model	  previously	  proposed1.	  
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ABSTRACT 

This study reports an analysis of the effect of different rates of high hydrostatic pressure (HHP) on the 
viscoelastic properties of a 3% aqueous glucomannan dispersion (AGD). Glucomannan (GM) was weakly 
deacetylated  (pH=9.8).  The  samples  analysed  were:  A0  (0 MPa),  A1  (100 MPa),  A2  (200 MPa),  A4 
(400MPa) and A6 (600MPa). All samples were weak viscoelastic gels with storage (G’) and viscous (G’’) 
moduli  low and  strongly  frequency‐dependent. There were  significant differences  in  stress  (σmax) and 
strain (γmax) amplitudes modulated by the oscillation frequency. The  influence of HHP on σmax and γmax 
was  also  strongly  frequency‐dependent. Mechanical  spectra  showed  the  critical  transition‐point  (gel‐
sol), whose crossover frequency increased slightly with HHP, suggesting that HHP partially weakened the 
physical cross‐links in AGDs reducing the cross‐link density in GM network. In summary, HHP weakened 
the  gel  network  slightly  as  compared  with  control  sample,  particularly  at  200‐600  MPa.  All 
measurements were made at 25°C. 

KEYWORDS glucomannan high pressure viscoelastic properties  

INTRODUCTION 

Konjac glucomannan (GM), a polysaccharide derived from the tuber of Amorphophallus konjac 

C. Koch, can be used to improve food protein functionality, namely in surimi type products. 

Eliminating acetyl groups produces deacetylated GM after addition of 0.6N KOH as an alkaline 

agent1. The importance of GM gels lies in their ability to extensively modify the rheology of 

aqueous media to which they are added, even at fairly low concentrations, and that is the basis of 

their functional properties as thickening and gelling agents. Previous papers explored the 

influence of thermal conditions2 on the rheological and structural characteristics of aqueous GM 

dispersions (AGD). It may therefore be useful to analyse how the pressure affects the dynamic 

Applications: Food 
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behaviour of GM molecules in AGD dispersions, since pressure has a broad range of applications 

in the food industry. Other previous research has analysed the influence of the deacetylation ratio 

on the structural and rheological properties of AGDs with a 3% GM concentration3. The physical 

networks behaved in either of two different ways depending on the pH, in terms of the phase 

transition (sol to gel) between pH ≤9 and pH≥10 when samples were true gels according to the 

deacetylation ratio. The aim of this work was thus to explore the influence of HP on viscoelastic 

properties of AGD dispersions with a 3% GM concentration at an intermediate pH (9.8) which 

produces a low deacetylation ratio near the point of gelation, to choose the most suitable pressure 

conditions for making restructured seafood products.  

EXPERIMENTAL METHODS 

AGD dispersions (3%) (w/v) from konjac GM were prepared as was reported by Herranz et al., 

20121. AGDs were subjected to 0 (lot control A0), 100 (lot A1), 200 (lot A2), 400 (lot A4) and 

600MPa (lot A6), for 10 min at 25ºC. Small amplitude oscillatory shear (SAOS) were gathered 

as Herranz et al., 2012 reported. The temperature was kept at 25.0±0.1 ºC.  

RESULTS AND DISCUSSION  

Stress sweeps  

An initial study showed that AGD with a 3% GM concentration and pH=9.8 had produced soft 

viscoelastic materials. For that reason the linear viscoelastic (LVE) range was reached at two 

frequencies, 0.05 and 1Hz, to determine the change in the limit magnitudes of the LVE range as 

stress (σmax) and strain (γmax) amplitudes, with frequency at several HP levels. At low frequency 

(0.05 Hz), σmax significantly (p<0.05) increased with pressure in the lower HP range (100-200 

MPa) and remained constant between 400 and 600 MPa comparing with control (Figure 1). 

Conversely, at the higher frequency (1Hz) σmax increased strongly with increasing HP from 100 

to 400-600 MPa, but σmax at 100-200 MPa was significantly lower than in the control (Figure 1). 

These results showed the strong effect of frequency in the stress amplitude of AGDs, evidencing 

their transient nature3. The γmax values were significantly (p<0.05) greater at low (0.05 Hz) than 

at high frequency (1 Hz), but there was no definite trend with increasing HP (data not shown). 
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FIGURE 1 Effect of HP on the stress amplitudes of AGD dispersions in the LVE range at two frequencies. 
T= 25 °C. 

These results were consistent with the higher phase angles (δ) at 0.05 Hz, in particular δ values 

at 0.05 Hz were greater than 45° irrespective of HP (Figure 2), indicating the behaviour of a 

viscoelastic fluid. Thus, AGD dispersions had a larger percentage of energy loss during 

oscillation at 0.05 Hz, so that at pH=9.8 and 3% GM concentration the deacetylation ratio was 

∼32%3. This could be important in that it may produce GM-chain disentanglements resulting in a 

fluid-like material4.  
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FIGURE 2 Effect of HP on the phase angle of AGDs in the LVE range at two frequencies. T= 25 °C. 

Frequency sweeps  

Mechanical spectra varied depending on the frequency range selected. In a higher frequency 

range (0.2-10 Hz), G’ was somewhat greater than G’’ indicating solid-like behaviour (Figure 3). 

Conversely, at a lower frequency interval (0.01-0.1 Hz) G’’ was greater than G’, showing typical 

liquid-like behaviour. The gel-sol transition was registered between 0.06 and 0.1 Hz (crossover 

interval) where G’≈G’’. Pressure (100-600MPa) slightly increased the crossover frequency as 
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compared with A0 (data not shown), suggesting that HP partially weakened the physical cross-

links in AGDs. Thus, the viscoelastic response from frequency sweeps clearly showed the 

primacy of the temporal (frequency) over the mechanical (pressure) effect, indicating that at a 

GM deacetylation ratio of 32%3, HP can induce new rearrangements in AGDs, producing a 

minor rupturing of hydrogen bonds, ionic and dipolar interactions and thus reducing the firmness 

of samples. 
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FIGURE 3 Influence of high pressure on mechanical spectra of the AGDs at T=25°C. 

CONCLUSIONS 

The effect of high-pressure treatment on the viscoelastic properties of 3% aqueous glucomannan 

dispersions at pH=9.8 was weak. Samples were strongly time-dependent. Mechanical spectra 

were practically pressure- independent, showing that at pH=9.8 there was phase transition from 

gel to sol when frequency diminished. The crossover frequency interval was near 0.1Hz and 

shifted slightly to higher frequencies at greater pressures.  
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ABSTRACT 

The effect of  frozen  storage on  the viscoelastic properties of  five  lots of  suwari gels  (SG) made using 
flying fish surimi (FFS) has been analysed. FFS had been subjected to low‐intensity pressures (0 control‐
C), 40 (A), 80 (B), 125 (D) and 200MPa (E) at ‐15°C/10min. Viscoelastic properties of SG (5°C/24h) were 
determined after 5 months of  frozen  storage at  ‐20°C and compared with unfrozen gels. After  frozen 

storage the trend of stress (σmax) and strain (γmax) amplitudes remained the same with pressure as with 

the  unfrozen  suwari  gels,  except  in  sample  D;  in  this  case  σmax was  significantly  larger  after  frozen 
storage, evidencing the  increase of the structural stabilization. Mechanical spectra showed that frozen 
storage reduced the values of storage (G’) and viscous (G’’) moduli, except in sample D, where G’ and G’’ 
increased with respect to t=0. A new viscoelastic parameter was proposed based on G’ and G’’ data: the 
fraction  of  ideal  network  (fin).  Naturally,  in  C  sample  fin was  lower  after  frozen  storage,  but  in  the 
pressurized gels, frozen storage produced some structural improvement (high fin), particularly in samples 
D (125 MPa) and E (200 MPa). 

KEYWORDS flying, fish, frozen, suwari, gel  

INTRODUCTION 

The surimi industry is constantly changing, so new resources have to be found for use as species 

with lower-quality protein such as flying fish (Parexocoetus brachyterus), to process surimi-

based products with suitable gel properties. One possible alternative to improve the gel forming 

ability is hydrostatic high pressure (HHP)1. When surimi is subjected to low temperatures (0 to 

40 °C), the resulting suwari gel (SG) is soft, elastic and deformable2. Moreno et al., 2015 

reported that low-intensity HHP was more suitable for improving the gelling ability of proteins 

in frozen flying fish surimi (FFS). The aim of the present study was to analyse how the 
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application of HHP to frozen FFS preserves the protein functionality in suwari gels after 5 

months of frozen storage at -20°C. 

EXPERIMENTAL METHODS 

SGs were made as Moreno et al., 2015 reported. The HHP treatments were: 0, 40, 80, 125 and 

200MPa for 10 min at -15±3 ºC by Stansted Fluid Power CTD, FPG 7100:-2C. SGs were called: 

A (40MPa), B (80MPa), D (125MPa) and E (200MPa), along with a control sample (C) made 

with unpressurized frozen FFS. SGs were frozen at -20°C in a blast-freezer and stored for 5 

months. Frozen gels were called FA (40), FB (80), FD (125) and FE (200). The viscoelastic 

parameters were obtained following the method reported by Moreno et al., 2015.  

RESULTS AND DISCUSSION  

Linear viscoelastic (LVE) range 

Stress sweeps were used to determine the stress (σmax) and strain (γmax) amplitudes in the linear 

viscoelastic (LVE) range for SGs before3 and after frozen storage. σmax and γmax maintained the 

same trend as in fresh gels with increasing HHP (data not shown). Gel stiffness (G*) decreased 

slightly in FC comparing with C, the same trend was observed in FA vs A and FB vs B. 

However, in E gels G* was significantly higher in FE vs E (Figure 1). Thus, frozen storage 

enhanced the rigidity of SGs with pressurized FFS at 200MPa, and consequently the loss of 

firmness undergone by fresh suwari gels with increasing HHP was reduced in FE (Figure 1). 

   

0.0

1.8

3.6

5.4

7.2

9.0

0 40 80 125 200
Pressure (MPa)

G
* (

kP
a)

Fresh Frozen 

 

FIGURE 1 Complex modulus after 5 months of  frozen  storage  for Suwari gels made with pressurized‐ 
frozen FFS ν=1Hz,T=25°C. G* of fresh suwari gels were reproduced from [3]. 

100



Frequency sweeps  

A new viscoelastic parameter derived from mechanical spectra was proposed to determine 

whether a SG network was ideal and how it evolved with the oscillation frequency. A SG 

network is a soft structure stabilized by covalent (non-disulphide) bonds forming non-ideal 

structures4. It is possible to determine the ratio of stored energy (G’) to total (stored-G’ and 

dissipated-G’’) energy to derive the ideal-network fraction (fin), by means of equation 1. 

'''
'
GG

Gfin +
=           (1) 

Figure 2 compares mechanical spectra of fresh (A-E) with frozen (FA-FE) SGs in terms of fin vs 
angular frequency (ω). The structural damage (frozen storage) was evidenced in FC gel as 
compared with C gel. Thus, fin values decreased with decreasing frequency (Figure 2). 
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FIGURE 2  Influence on  ideal‐network  fraction of 5 months of  frozen storage of suwari gels made with 
pressurized‐frozen FFS, T=25°C.  

The same trend of fin vs ω was observed in less pressurized samples (FA vs A and FB vs B) 

(Figure 2). However in D and E samples pressure produced some viscoelastic benefit, since after 

frozen storage FD and FE gels exhibited greater values of fin with less frequency dependence 

than D and E respectively (Figure 2).  

thermal gelation profiles of suwari gels 

The thermal gelation profiles for control (C) and pressurized samples (A, B, D and E) are shown 

in terms of changes of fin with T. The influence of the HHP treatment was evident in A and E, in 

which fin was higher and lower respectively than C (Figure 3a). At 35<T<50°C, fin rapidly 
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increased due to the unfolding of myofibrillar protein in the suwari gels, promoting 

intermolecular interaction among hydrophobic fragments2 to form a three-dimensional gel 

network (end of first stage of gelation). The subsequent increase of fin (T>50°C) is the second 

age of gelation, which involves actin denaturation as part of the gel strengthening stage2. The 

principal difference in thermal profiles of frozen gels was the practical disappearance of the 

second stage of thermal gelation. Thus, at T> 50°C, fin remained practically constant up to 90 °C 

(Figure 3b). This could be a consequence of structural damage in the protein network caused by 

freezing and frozen storage, since myofibrillar proteins were partially denatured and aggregated, 

principally by non-covalent interactions2. The benefit produced by HHP was reflected by the fact 

that values of fin were higher in pressurized samples than in the control at higher T (Figure 3b).  
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FIGURE 3 Influence of frozen storage of suwari gels on their thermal gelation profiles ν=0.1Hz, 1°C/min. 

 

CONCLUSIONS  
125 and 200MPa produced viscoelastic benefit in frozen suwari gels enhancing the fractions of 

ideal network and giving more time stable structures in gel networks. 
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ABSTRACT 

Gels are well known as a basis for food puddings or sweet desserts in gluten-free products, an 

actual rising market at surprising rates. In this context, the subsequent gel research focuses on an 

alternative gluten-free flour. The main objective was to perform a systematic investigation of the 

thermo-mechanical characteristics of chickpea flour (CpF). A parallel objective was to determine 

the physicochemical properties of studied gluten-free flours. The evolution of the structure of 

these systems was monitored by rheological testing at small-amplitude-oscillatory-shear (SAOS) 

using a stress-controlled rheometer. Texture properties of the final gels were determined from the 

texture profile analysis. Relevant physicochemical characteristics of the flour were also 

determined using standard methods commonly employed in these flours. Rheological results 

indicated that thermal profiles on heating of CpF gels were similar to those reported for other 

gluten-free flours. Overall, all systems showed stable and strong gel characteristics, however gels 

from CpF at 40% present larger stability. 

KEYWORDS chickpea flour, gluten-free, gels, viscoelasticity, texture 

INTRODUCTION 

As celiac disease is becoming more common nowadays the consumers’ demand for gluten-free 

foodstuffs with high nutritional and taste quality is considerably increasing. However, the 

employed formulations available on the market show low technological and nutritional quality, 

particularly compared to their wheat counterparts1. One possibility with a great potential to 

improve the quality of available products could be the chickpea flour (CpF) and its starch2. 
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Despite its healthy properties, there are scarce literature concerning the rheological properties of 

these systems. The challenge is to understand how the gluten-free flours behave under food 

processing conditions since the final structure and texture properties are strongly dependent on 

processing temperature/time, cooling rates, flour composition and its content. During gel 

formation, these factors affect the dynamic process of competition between phase separation and 

gel formation. 

The main aim of this study is to perform a systematic investigation of the thermo-rheological and 

textural properties of chickpea flour. A parallel objective was to determine the physicochemical 

properties of studied gluten-free flours. The evolution of the structure of these systems was 

monitored by rheological testing at small-amplitude-oscillatory-shear (SAOS) using a stress-

controlled rheometer. Texture properties of the final gels were determined from the texture 

profile analysis (TPA). Preliminary physicochemical properties of the CpF were also determined. 

MATERIAL AND METHODS 

Samples preparation 

Chickpea (Cicer arietinum) materials were purchased in a local market (Galicia, Spain). These 

materials were grinded to obtain the corresponding chickpea flour, CpF. Gels were prepared 

using CpF at several concentrations (10, 20, 30, 40, 50, 60, 70, 80, 90% w/w). The flour was 

dispersed in demineralised water by stirring at 800 rpm for 10 min at room temperature. To 

prepare the gels, suspensions were heated up to 90ºC and kept at this temperature for 30 min. 

After, samples were placed in a fridge to allow full maturation of gels, which were kept at 5ºC 

for 24h before performing colour and texture tests. 

Methods 

Standard sieves (750, 350, 75 µm) of 200 mm diameter were employed to determine the average 

particle size (Dw) of tested flour. The sieving procedure was carried out according to ASAE 

Standards3. Initial moisture, fat, dietary fibre, protein and carbohydrate content were determined 

according to AOAC methods. The assays were made in triplicate. 
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Colour tests were performed using a Chroma Meter CR-400 (Minolta Co., Japan). Colour 

parameters (L*, a* and b*) were assessed by CIELAB, where L* is the lightness and a* and b* 

are chromaticity responsible parameters. At least ten measures were carried out for each sample. 

Firmness (N) was determined from the texture profile analysis (TPA) using a TA-XT2i (Stable 

Micro Systems, UK) texturometer (load cell of 5 kg). Before performing any measurements, gels 

were allowed to equilibrate at 20 ºC for around 1 h in a temperature-controlled room. 

Rheology was performed at least in duplicate on a controlled-stress rheometer using serrated 

parallel plates (35 mm diameter and 0.5 mm gap). Flour suspensions were held at 20ºC between 

the plates for 10 min before testing. After, samples were heated to 90ºC at 2ºC/min. Then, time 

sweeps were conducted at 90ºC for 60 min at 0.1 Hz. After, samples were cooled down to 5ºC at 

1 ºC/min. Temperature sweeps were performed at 0.1 Hz. A constant stress (2 Pa) within the 

linear viscoelastic region (LVR) was used in above tests. After cooling, time sweeps were 

conducted at 5 ºC, during 60 min at 1 Hz. Without disturbing the gel, frequency sweeps were 

made at 20ºC, with oscillation frequencies over the range 0.01 to 100 rad/s. A constant stress (30 

Pa) within the LVR of gels was used in the two latter tests. 

All experimental data were analysed by one-factor analysis of variance followed by Scheffe test 

to differentiate means with 95% confidence (p < 0.05) using PASW Statistics (v.18, NY, USA). 

RESULTS AND DISCUSSION 

The studied chickpea flour presented an average composition (% w/w) of 8.3 moisture content, 

16.3 protein, 4.1 lipids, 9.2 fibre and 62.1 carbohydrates, and of the total grain carbohydrates, 

45.9 is starch. These values are consistent with those reported for other chickpea materials2. The 

average particle size determined for the studied flour was 71.5 µm. 

Texture studies suggested that gels from chickpea flour at 40% gathered the right texture to 

develop new savoury gluten-free gelled products, with subsequent multiple advantages from the 

nutritional point of view. These results are in harmony with those reported for other gluten-free 

flours with similar chemical composition1. Rheological results indicated that the thermal profiles 

on heating of chickpea flour gels were similar to those obtained for other gluten-free flours. 

Although all systems showed stable and strong gel characteristics, rheological tests suggested 
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that gels from chickpea flour at 40% present an industrial advantage over the other 

concentrations, since the stability is larger (Fig. 1). 

 

FIGURE 1 Frequency sweep of CpF gels (40%). Symbols: closed – storage (G') open – loss (G") moduli. 

CONCLUSIONS 

This work demonstrated that chickpea flour at different concentrations induces different degrees 

of gel structure that could be applied in the production of a large variety of food products. Even 

though all systems showed stable and strong gel characteristics, thermo-mechanical tests 

indicated that gels from chickpea flour at 40% present an industrial advantage over the other 

concentrations, since the stability is larger. 
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ABSTRACT 

Four thickening agents (modified waxy corn starch, -carrageenan, guar gum and HPMC) were 

used to prepare vegetable purees. The effect of mouth and stomach in vitro digestion of the 

different purees on the viscoelastic properties was studied. After mouth digestion, starch puree 

suffered a complete breakdown of the structure whereas practically no changes in G' and G'' were 

observed in the other purees. After stomach digestion, the lowest effect in the viscoelastic 

properties was found in the carrageenan pure. Consumer acceptability results showed that the 

acceptability of the carrageenan puree was similar to the traditional starch puree.  

 

KEYWORDS (puree, rheology, in vitro digestion, hydrocolloid, acceptability) 

INTRODUCTION 

Satiety and satiation are part of a complex system of appetite control, including cognitive factors, 

sensory sensations and post-ingested feedback mechanisms (1). Satiety is defined as the 

inhibition of appetite and occurs as a consequence of eating. Satiety signals differ as the meal 

moves through the gut but include oral, gastric, and intestinal factors (2). Increasing the viscosity 

of nonnutrient meals delays gastric emptying, increases satiety and decreases hunger. Several 

human studies indicated that meals containing solids typically have a greater effect on satiety 

than liquid meals of equivalent size and energy content (3, 4). Part of this effect can be explained 

by the slower gastric emptying of solid meals but unfortunately, highly viscous beverages or 

beverages containing unchewed solids are unpalatable and cannot provide a feasible method for 

weight control. However, the relation between meal viscosity and satiety remain poorly 

understood. So, the aim of this work was to study the viscoelastic properties of vegetable purees 

prepared with four different thickening agents after mouth and stomach in vitro digestions as a 
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way to evaluate the structural changes during digestion. Consumers sensory acceptability of 

purees was also studied. 

 

MATERIALS AND METHODS 

Vegetable purees elaboration 

The vegetable puree formulation consisted of zucchini (33.3% w/w), powdered skimmed milk 

(6% w/w), olive oil (5% w/w), waxy corn modified starch (3.5% w/w) or -carrageenan (1.7% 

w/w) or guar gum (0.9% w/w) or hidroxypropylmethyl celulose (1.6% w/w), salt (0.23% w/w) 

and water up to 100% w/w. Zuchinis were cutted into pieces mixing with the oil and heated to 

90ºC at 100 rpm for 1min in a cooking device (Thermomix TM 31). After that, the rest of the 

ingredients were placed in the cooking device and heated to 90 °C at 600 rpm for 20 min. Finally, 

the mix was stirred to 2000 rpm for crushing. The resulting puree was cooled to 37 °C. For in 

vitro mouth incubation 25 g of puree were mixed with 0.5ml human stimulated saliva. 

Subsequently 6ml H20+1.5ml pepsin solution were added and the pH was adjusted to 2.5 with 

HCl (6N) (stomach digestion). The stomach digestion was carried out inside the starch pasting 

cell of the rheomether. 

Rheological measurements 

The linear viscolastic properties of the purees were performed with a controlled stress rheometer 

(AR-G2, TA Instruments). A 60-mm diameter plate–plate geometry and a gap of 1 mm was 

employed in fresh and saliva samples and a starch pasting cell in stomach digested samples. The 

mechanical spectra in the linear region from 10 to 0.01 Hz at 37 °C were recorded in fresh purees 

and in purees after mouth and stomach digestion.  

Sensorial analysis 

Sensory analysis of purees was carried out by 80 untrained assessors in a sensory laboratory 

equipped with individual booths. A hedonic test was carried out using a 9-hedonic scale labelled 

on the bottom with “dislike extremely” and on the top “like extremely” and the assessors 

evaluated their liking of appearance, consistency, taste, and overall acceptability. Data 

acquisition and analysis was performed by Compusense five release 5.0. 

 

RESULTS AND DISCUSSION 

Viscoelastic properties 

108



Before mouth digestion, the starch puree showed the highest viscoelasticity, followed by the 

carrageenan pure, the guar pure and the HPMC pure. The effect of frequency in the values of G' 

and G'' of the guar, HPMC and carrageenan puress, before and after mixing with saliva is shown 

in Figure 1. After mixing with saliva, the starch puree showed, as expected, a complete structure 

breakdown, (G' and G'' was not measured) indicating that in this type of puree no effect of satiety 

associated to a delay in gastric emptying could be expected. In the guar and HPMC puree only a 

very small decrease in the viscoelastic functions was found, and in the carragenan puree no effect 

of saliva was observed.  

 

 

 

 

 

 

 

FIGURE 1. Mechanical spectra of purees of fresh samples and after mouth digestion. 

 

After the stomach incubation, a significant decrease in G', G'' and in viscoelasticy was observed, 

although the differences were more noticeable for the guar and HPMC puree than for the 

carrageenan puree (Figure 2). In conclusion the viscoelastic properties of the carragenan puree 

were the least affected after in vitro digestion. 

 

 

 

 

 

 

 

FIGURE 2. Mechanical spectra of purees of fresh samples and after stomach digestion. 
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Sensorial acceptability 

The results of the acceptability of purees are shown in Figure 3. Starch puree was the most 

acceptable puree in taste, consistency and global acceptability presenting significant difference 

with the other purees. On the contrary, the HPMC puree was the worst scored puree. It can be 

noticed that carrageenan puree was the closest to the starch puree, showing little difference in the 

attributes studied. No differences in appearance were found among all the samples.  

 

 

 

 

 

 

 

 

FIGURE 3. Acceptability scores of the different purees. 

 

CONCLUSIONS 

Viscoelastic properties of carrageenan puree were the less affected by in vitro digestion. This 

indicate that this puree has a more resistent structure than the others and could imply a more 

saciant effect with similar sensorial properties than traditional starch puree. 
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ABSTRACT 

Gluten-free doughs made from white, yellow and purple maize flours and from chestnut flour 

were processed in a laboratory kneader (Mixolab®) at the same consistency level (1.10 Nm) and 

water content variable. Amylose-lipid complexes melting (M2) and amylose melting (M3) were 

studied by means DMTA employing a controlled stress rheometer using parallel plates. The 

rheological assays were performed in the LVR of the doughs. Temperature was increased from 

90 to 180ºC at heating rate of 4ºC/min. Results showed that M2 (99-122ºC) can be determined 

by DMTA by means of thermal behaviour of G´ and M3 (121-146ºC) can be determined by the 

monitoring of tan δ. Transitions depended on water content, nature and characteristics of the 

starch and the presence of other compounds (mainly sugars) in the flour doughs. Results 

obtained by DMTA were also evaluated by comparison to endotherms determined by DSC.  

 
KEYWORDS DMTA, DSC, gluten-free flour, starch, thermal transitions  

INTRODUCTION 

The use of traditional starch source like maize or alternative source like chestnut is necessary to 

increase the supply of gluten-free products with high quality to a growing market. The research 

on the transformations experienced by starchy food materials, particularly in flour dough, during 

thermal processes is essential to estimate and control the final product properties.  

Gelatinization is the main starch transition but other thermal transitions, due to biopolymer 

interactions, can take place at higher temperatures as the reversible dissociation of amylose-lipid 

complexes, called M2, and also melting amylose, labelled M3.1 Traditionally, DSC is the 
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employed technique to determine these endothermic transitions. Nevertheless, these phase 

transitions can give as result modifications of the mechanical properties of the doughs. At these 

conditions, DMTA can be a useful experimental technique to determine the corresponding 

thermal ranges by the viscoelastic moduli monitoring with temperature. 

The aim of this work is to determine the temperatures of M2 and M3 transitions of several 

gluten-free flour doughs processed at the same consistency level with different water absorption 

by two different experimental techniques (DSC and DMTA) in order to establish comparisons 

between the results obtained. 

EXPERIMENTAL 

Maize (Zea mays) flours obtained from 3 different varieties of Spanish maize kernels, white 

(WM, Rebordanes), yellow (YM, Sarreaus) and purple (PM, Meiro) and chestnut (CH, Castanea 

sativa Mill) flour were employed as raw material. Flours were placed in a desiccator at 25ºC and 

relative humidity 54%, until flours equilibration with constant moisture content (8-10 %, d.b.). 

Flours were stored at 4ºC in vacuum sealed bags until use. Doughs for DMTA tests were 

prepared by using Mixolab® apparatus (Chopin Technologies, France)2. At the consistency of 

1.10 Nm, water absorption (WA, % d.b.) was determined. Samples, at the same WA of doughs 

prepared for DMTA, were prepared for DSC studies. The flour (~1g) was put in a glass vial and 

water was added to obtain the desired WA. The vial was sealed and sample was equilibrated for 

24 h at room temperature. A portion of the sample (< 18 mg) was introduced in a steel pan and 

sealed. Thermal properties were determined with a calorimeter (Q200, TA Instruments, USA). 

An empty steel pan was used as reference. Samples were heated from 90ºC up to 180ºC at 

4ºC/min.  

Flour doughs at the target consistency were tested in a controlled stress rheometer (MCR 301, 

Anton Paar, Austria) equipped with a chamber (CTD 450, Anton Paar, Austria) using parallel 

plates (50 mm diameter, 2 mm gap) by DMTA. The assays were performed in the LVR of the 

doughs (0.1 % of strain, 1 Hz). Temperature increased from 90 to 180ºC at 4ºC/min. G´ and tan δ 

values were used to determine the temperatures associated with starch transitions. All assays 

were performed at least in duplicate. Differences among means were identified by one-factor 

analysis of variance with Scheffe test and significant P-values ≤ 0.05 (IBM SPSS Statistics 22). 
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RESULTS AND DISCUSSION 

Above 90ºC, the first transition, denominated M2 (94.6-122.2ºC), was observed in all flour 

doughs and it corresponds to the melting of amylose-lipid complexes using DSC. At higher 

temperatures appeared a new peak, M3, (129-147ºC) corresponding to the melting of amylose3. 

This endotherm sets in a narrow interval of temperatures (< 7ºC) and in maize doughs the Tp 

showed an inversely relationship with WA. This trend was observed in high amylose starches4. 

M3 peak of CH dough was shorter and at intermediate temperature (134.6-136.0ºC) in spite of its 

low hydration, indicating the importance of the amylose nature (molecular size, presence of 

polymorphs) on its thermal behaviour. 

In DMTA, M2 and M3 peaks were observed by means of the evolution of G´ or tan δ with 

temperature. M2 peak was difficult to observe because coincides with the water evaporation 

from the dough. In these circumstances, simultaneous processes affecting to mechanical 

properties take place and G´ data show some dispersion. G´ showed a minimum value, Tp of M2 

peak. To and T1 were determined by means of slope changes of G´ before and after Tp, 

respectively. The peaks took place in a narrow interval of temperatures, 99-111ºC for WM dough 

and 109-122ºC for CH doughs. To and Tp determined by DMTA of M2 peak shifted to higher 

temperatures than those measured by DSC. This result indicates that amylose-lipid complexes 

melting is retarded when moisture diminishes. Nevertheless, the end of M2 transition, T1, were 

the same by means of both methods, see Table. 

Above M2 transition, G´ values increase sharply during baking by the complex phenomena 

related to the crust formation that give as result a more rigid and stiff material. Regarding to M3 

peak, corresponding to the melting of amylose, it was monitored by tan δ. To corresponded to 

the slope increase of the tan δ curve, Tp was the temperature with the maximum value of tan δ 

and T1 with a later change of the slope, see Figure (illustrated the peaks determination for PM 

dough). In the YM and CH doughs no M3 peak was observed in tan δ curve. This fact can be 

related to low hydration levels of both doughs. M3 peaks determined by DMTA are broader than 

those obtained by DSC due to the associated structural changes and re-arrangements of the 

transitions take place in an extensive range of temperatures. In spite of the acceptable agreement 

between DSC and DMTA peaks, more experimentation with simultaneous moisture 

measurement is needed to confirm these results. 
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TABLE. Onset (To), peak (Tp) and final (T1) temperatures of M2 and M3 transitions determined by DSC 
and DMTA for tested maize and chestnut flour doughs♣  

 

 

 

 

 

 

 

 

 

 ♣Standard deviations of temperature data for DSC were ±0.2ºC. Data with different letters in rows are significantly different, P ≤ 0.05. 

 

FIGURE. DTMA for purple (PM) and white (WM) maize doughs. Trend of tan δ from 120 to 160ºC. 
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   YM WM PM CH 
WA (%, d.b.)   63.0±1.0b 90.0±2.0d 81.1±1.4c 52.9±0.5a 

 T (ºC) DSC 

M2 
To   100.7c 94.6a 97.8b 102.8d 
Tp  109.6c 102.1a 105.0b 114.0d 
T1  117.6b 112.0a 112.4a 122.2c 

M3 
To  140.1c 130.2a 129.0a 134.6b 
Tp  140.2c 130.3a 129.1a 134.7b 
T1  146.4d 137.9c 132.5a 136.0b 

  DMTA 

M2 

To 
G´ 106.9±0.5b,c  99.1±1.2a 102.8±0.1a,b 109.1±0.4c 

tan δ - - - - 

Tp 
G´ 113.7±0.1c 103.7±0.2a 108.5±0.5b 114.9±0.6c 

tan δ - - - - 

T1 
G´ 118.9±0.8a 111.4±2.8a 111.7±2.4a 121.8±1.3a 

tan δ - - - - 
 
 

M3 

To G´ - - - - 
 tan δ - 121.9±2.5 126.4±1.5 - 

Tp G´ - - - - 
 tan δ - 131.2±2.7 136.8±1.2 - 

T1 G´ - - - - 
 tan δ - 138.2±2.7 146.2±0.1 - 
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ABSTRACT 

Three different flours doughs of white (WM), yellow (YM) and purple (PM) maize were studied. 

Average particle diameter by mass (Dw) and damaged starch (DS) of flours were determined. 

Maize flour doughs were prepared at constant dough consistency with different water 

absorptions (WA) by mixing flour and water in a laboratory kneader. Rheological 

characterization was carried out at 30ºC by means of oscillatory frequency sweep and creep-

recovery tests using a rheometer. At the same milling conditions, WM flour showed higher Dw 

than PM and YM flours. The presence of DS increased WA. The mechanical spectra showed that 

G was dominant over G´´ and tanδ varied slightly with angular frequency. From modelled creep-

recovery data it was observed that WM and PM flour doughs showed the highest J0, that varied 

with the same trend than G´, Jm increased linearly with WA, λc and λr with increasing DS and no 

significant differences in η0. 

KEYWORDS maize, flour, dough rheology, damaged starch, Mixolab®  

INTRODUCTION 

In the northwest of Spain maize is cultivated for self-consumption in small farms. Maize bread is 

traditionally made with whole grain of maize, following similar procedures as for manufacturing 

the common wheat bread1. Although most consumers prefer white maize (Rebordanes variety), 

other types are also used for making bread, like yellow (Sarreaus variety) and purple (Meiro 

variety) maize. 

The main aim of this work is to characterize rheologically doughs from flours of three different 

types of Spanish maize manufactured at the same consistency using a laboratory kneader. 

Correspondence to: Santiago Arufe (E-mail: santiago.arufe@gmail.com)
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EXPERIMENTAL 

Maize (Zea mais) kernels (0.40±0.05 kg water/kg dry solid, dry basis (d.b.) of white (WF, 

Rebordanes variety), yellow (YF, Sarreaus variety) and purple (PF, Meiro variety) Spanish 

maize were dried at 45ºC, 2 m/s of air velocity, 30% of relative humidity and 5 kg/m2 of load 

density using a pilot-scale tray dryer (Angelantoni Challenge 250) until average maize moisture 

content of 11% d.b. was achieved. Flours were obtained from dried kernels by milling using an 

ultra-centrifugal mill (ZM200 Retsch GmbH) with an internal sieve of 200 µm. Mass fraction of 

flours particle sizes were obtained by sieving employing standard sieves from 40 up to 200 µm 

(Cisa Cedacería Industrial) to obtain the average particle diameter by mass (Dw=xi·Dpi, where Dpi 

(µm) is the average diameter of the fraction and xi (%) the mass fraction). 

Damaged starch (DS, % g damaged starch/g dry solid) of flours was determined as the starch 

fraction that is thermal or mechanically damaged, using a “Starch Damage Kit”2. Flour doughs 

preparation were performed in a laboratory kneader (Miloxab®, Chopin Technologies) following 

a standard protocol3 until a target consistency of 1.10 ± 0.07 Nm was achieved. 

The rheological characterization of doughs, at the target consistency, was carried out using a 

controlled stress rheometer (MCR 301, Anton Paar Physica) with parallel plates (50 mm 

diameter, 2 mm gap) at 30ºC (±0.1ºC). Two different tests were performed in triplicate: 1) 

Oscillatory frequency sweep (1–100 rad/s, 0.1% strain), 2) Creep and recovery (50 Pa/60 s 

(creep step), 0 Pa/180 s (recovery step). Experimental data of creep and recovery were analyzed 

by means of creep compliance rheological parameters (J(t) (Pa-1)) and modelling by Burgers 

model4 using the Eqs. (1) and (2) for creep and recovery steps, respectively: 

𝐽𝐽(𝑡𝑡) = 𝐽𝐽0 + 𝐽𝐽𝑚𝑚 �1 − exp �−𝑡𝑡
λ𝑐𝑐
��+ 𝑡𝑡

𝜂𝜂0
                                                 (1) 

𝐽𝐽(𝑡𝑡) = 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐽𝐽0 + 𝐽𝐽𝑚𝑚 �1 − exp �−(𝑡𝑡−60)
λ𝑟𝑟

��                                             (2) 

where J0, Jm and Jmáx (Pa-1) are the instantaneous, viscoelastic and maximum creep compliance, 

respectively, t (s) is the phase time, λc (s) and λr (s) are the mean retardation time of creep and 

recovery steps, respectively, ηo (Pa s) is the zero-shear viscosity and Jr (Pa-1) the recovery 

compliance (J0 + Jm). The Jr ⁄Jmáx ratio gives information on relative elastic component of the 

maximum creep compliance. 
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RESULTS AND DISCUSSION 

For flours obtained Dw varied in a narrow interval (90-113 µm), Table 1. Higher values for WM 

flours are probably due to the higher hardness of WM kernels regarding to YM and PM kernels. 

DS content showed significant differences, WM variety showed the highest (25.0 %) and YM the 

lowest (8.6 %). This fact is related to the different hardness and friability of maize variety that 

can causes different and thermal damage during milling. Tested doughs showed WA values 

significantly different, Table 1. WA increased linearly with increasing DS content (R2 > 0.99).  

Figure 1 shows the oscillatory frequency sweep of doughs. In all cases, in the studied range, G´ 

and G´´ values increased with increasing angular frequency (ω). This behaviour can be attributed 

to the absence of binding agents in the dough (absence of gluten) and also because repulsive 

forces between starch granules are predominant5. For all maize flour doughs, G´ values were 

higher than G´´ indicating that elastic proportion was dominant over the viscous one, (tanδ < 0.5). 

YM flour dough showed the highest moduli and WM and PM flour doughs the lowest ones. This 

could be related to the high WA required for WM and PM flour doughs. 

 

FIGURE 1. Experimental data of G´ (■), G´´ (▲) and tanδ (♦) of YM (black), WM (blue), PM (red). 

In creep step, WM and PM doughs showed the highest J0 (≈14 10-6 Pa-1), Table 1. Jm increased 

with increasing DS, indicating that DS modified the viscoelastic behaviour of doughs. λc 

decreased with increasing DS. For recovery step, Jmáx increased with WA probably due to 

formation of weak material structures related to higher WA6. J0 and Jm values were comparable 

and showed the same trend as those observed in creep step. Values of λr were higher than those 

observed for λc. This fact could be due to the operation outside the LVER in these tests. The Jr 
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⁄Jmax ratio of doughs increased with WA and was higher in comparison to wheat doughs (65%) 

indicating a higher elastic character. 

TABLE 1. Dw, DS, WA, and parameters of creep and recovery models, Eqs. (1) and (2)* 
Parameters YM WM PM 

Dw (µm) 90 113 93 
DS (% w/w, d.b.) 8.6±0.2a 25.0±2.1c 18.2±0.5b 
WA (%, d.b.) 63.0±1.0a 90.0±2.0c 81.1±1.4b 

Creep 

J0 (Pa-1)·106 9.1 ± 0.1a 14.1 ± 0.2b 14.2 ± 0.9b 
Jm (Pa-1)·106 4.8 ± 0.1a 11.2 ± 0.5c 8.0 ± 0.3b 
λc (s) 5.0 ± 0.1c 1.5 ± 0.1a 2.9 ± 0.2b 
η0 (Pa·s)·10-6 7.3 ± 0.9a 6.7 ± 0.2a 7.4 ± 0.2a 
R2 0.98 0.95 0.96 

Recovery 

Jmax (Pa-1)·106 21.7 ± 0.3a 32.0 ± 1.4b 30.5 ± 0.7b 
J0 (Pa-1)·106 9.6± 0.2a 17.0 ± 1.4b 18.3 ± 0.4b 
Jm (Pa-1)·106 8.8 ± 0.1a 11.2 ± 0.1b 8.9 ± 0.2a 
λr (s) 34.0 ± 1.4c 17.0 ± 0.1a 27.5 ± 0.7b 
Jr/Jmax (%) 83.1 ± 0.1a 87.6 ± 1.3c 86.5 ± 0.9b 
R2 0.95 0.85 0.91 

*Data presented as means ± standard deviation. Values with different superscript letters in rows are significantly different, P≤0.05. 

CONCLUSIONS 

The results reveal that rheological properties of the corresponding doughs depend on maize 

variety. Water absorption increases linearly with increasing damaged starch even for flour from 

different types of maize. Oscillatory frequency sweep reveal that elastic behavior was 

predominant in relation to viscous component and viscoelastic moduli decrease with increasing 

water absorption. 
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ABSTRACT 

The emulsions were produced with a mixture of animal and vegetal proteins and different processing 

conditions were tested. The values of firmness as the force peak obtained by a puncture test ranged 

from 0.85N to 2.80N, for P2 and P3 formulations, respectively. The minimal value for adhesiveness 

was -5.65N.s, for P2 formulation, and the highest value, -12.75N.s, was obtained for P3 formulation. 

At a controlled temperature of 20ºC, the emulsions produced with different processing methods 

presented similar flow behaviour. However, when heated from 20ºC to 90ºC the P4 formulation 

showed the highest decrease on viscosity. Therefore, when the flow curves at 40ºC were compared, 

the P4 material consistently presented the highest decrease on viscosity. This viscosity decrease was 

confirmed with rotation temperature ramps. Nevertheless, when emulsions were cooled back from 

90ºC to 20ºC, the viscosity was recovered in all cases. The small amplitude oscillatory system 

(SAOS) measurements at 20ºC showed that all emulsions presented storage moduli (G') above loss 

moduli (G''), with similar behaviour and values. The mechanical spectra performed at 40ºC revealed 

that P3 presents some instability with a crossing point when G'' becomes higher than G'. At the same 

conditions, P4, a material closer to a gel, showed the lowest value of G' and G'', and this can be an 

advantage in the filling process. 
 

KEYWORDS  

Emulsions, animal and vegetal proteins, texture, rheology behavior 
 

INTRODUCTION  

Emulsions are complex multiphase systems widely used in different industries, namely in the food 

industry. They are heterogeneous systems of two immiscible liquids and do not form spontaneously, 

these are metastable systems without thermodynamic stability [1]. Emulsion systems must therefore 

be carefully designed to overcome the instability mechanisms and provide sufficient stability over the 

lifetime of the product [2]. By adding substances known as emulsifiers and stabilizers, e.g. weighting 

agents, ripening inhibitors, or texture modifiers it is possible to form emulsions that are kinetically 

stable for a reasonable period of time [2]. Many types of food proteins can be used as emulsifiers due 

to their amphiphilic character, polymeric structure, and electrical charge characteristics. The 

amphiphilic character means that they are ambivalent with affinity to both water and oil, therefore 

they can adsorb to droplet surfaces during homogenization [3] and keeping part of the molecule in 
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contact with the disperse medium, leading to the formation of a strong layer at the surface of the 

droplet. The stability of an emulsion may be explained by rheological properties, an understanding of 

the relationship between the rheology and stability of emulsions is important to predict emulsion 

stability and to control product quality [4]. There is an interrelation between the rheology of 

interfacial surfactant layers and the stability of the emulsions because the latter is determined mainly 

by the elasticity (thermodynamic factor) and viscosity (kinetic factor) in droplet interactions [5]. 

The main goal of this work was to test the impact of different processing conditions on the flow and 

viscoelastic behaviour of the emulsions. 
 

METHODS 

Preparation of the emulsions 

The emulsions were produced with animal and vegetal proteins. Different conditions were tested for 

pre-hydration of proteins and olive oil temperature. The emulsions were prepared in a thermo-

processor (Bimby-Worwerk) for about 10 minutes at 6 position and 37 ºC, 3% of glucose and 2% of 

sodium ascorbate were added, to decrease the water activity and oxidation, respectively. The 

emulsions were coded as: P1 - hydration of proteins and olive oil at 21ºC; P2 - hydration of proteins 

at 21ºC and olive oil heating at 45ºC; P3 - hydration of proteins at 21ºC followed by heating at 70 

ºC/45 min and olive oil at room temperature; P4 - hydration of proteins at 21ºC followed by heating 

at 70ºC/45min and olive oil heating at 45ºC. 
 

Rheological measurements 

Texture characterization 

Texture parameters were determined from the texture profile analysis (TPA) using a Texturometer 

TA XT Plus (Stable Micro Systems), in puncture testing with a 25mm diameter acrylic cylindrical 

probe (15mm of penetration, 5s of waiting time and 1mm/ s of crosshead speed with 5kg of 

crossload). The experiments were carried out 24h after preparation of the emulsions kept in a cold 

room at 5ºC. Before performing any measurements, emulsions were allowed to equilibrate at 20ºC for 

1h in a temperature-controlled room. Results of firmness (N) and adhesiveness (-N.s) were replicated 

at least four times, for each sample [6]. 
 

Rheological measurements 

Rheological behaviour of the emulsions was evaluated in a controlled stress rheometer (Haake Mars 

III - Thermo Scientific), with an UTC-Peltier system. The flow curves (FC) were obtained at different 

temperature conditions, 20ºC and 40ºC, and the range of shear-rate used was 1x10-6 to 1x103 s-1. In 

rotation temperature ramp (RTR) the viscosity was measured when the emulsions were heated from 

20ºC to 90ºC and cooled down from 90ºC to 20ºC. SAOS were performed with frequencies ranging 
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from 1x10-3 to 1x102 Hz and 50 Pa for stress. The sensor used for all determinations was a serrated 

parallel-plate sensor (20, 1mm gap) system. 
 

RESULTS AND CONCLUSIONS 

Macrostructure of the emulsions was evaluated in terms of texture, using the TPA, the results to the 

firmness and adhesiveness parameters are presented in FIGURE 1 and FIGURE 2, respectively. 
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FIGURE 1 – Firmness of emulsions.  FIGURE 2 – Adhesiveness of emulsions. 

The values of firmness obtained were between 0.85N and 2.8N, the minimal value corresponding to 

emulsion P2 and the highest value of firmness to P3. The minimal value for adhesiveness was -

5.65N.s, for P2 emulsion, and the highest one for P3 with -12.75N.s. The extreme values of firmness 

and adhesiveness corresponding to the same samples, as it is usual in these systems.  

The flow curves from the controlled stress rheometer were obtained at 20ºC and 40ºC, and are shown 

in FIGURE 3.  

At 20ºC, the emulsions produced with different processing methods presented similar behaviours. 

However, when heated from 20ºC to 90ºC the P4 showed the highest decrease on viscosity. 

Therefore, when the FCs at 40ºC were compared, the P4 material consistently presented the highest 

decrease on viscosity. This viscosity decrease was confirmed with RTR. When emulsions were 

cooled from 90ºC to 20ºC, the viscosity was recovered in all cases (data not showed). 

The results of SAOS, at 20ºC and 40ºC are presented in FIGURE 4. 
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FIGURE 3 – Flow curve at 20ºC (A) and 40ºC (B). 
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The SAOS at 20ºC showed that all emulsions present the storage modulus (G') higher than loss 

modulus (G''), with similar behaviour and values. The mechanical spectrum performed at 40ºC 

revealed that P3 presents some instability with G'' becoming higher than G' with a crossing point. At 

the same conditions, P4, a material closer to a gel, showed the lowest value of G' and G'', and this can 

be an advantage in the filling process. 
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ABSTRACT 

The aim of this study is the development of a mix, for pizza base, designed for home preparation, 

increasing the market supply of gluten-free products without the high prices, normally associated 

with this kind of products. This is achieved through the use of rice by-products - broken rice and 

rice bran, which also contribute to the nutritional enrichment of the final product due to their 

dietary fiber content, polyunsaturated fatty acids, vitamins and minerals. The pizza base 

formulations were developed according to traditional recipes, replacing wheat flour with rice 

flour and rice bran. Other ingredients were also used to enhance the sensory characteristics of the 

pizza base developed. Since the manufacturing cost will influence the price of the final product 

paid by the consumer, the effect of xanthan gum use was also studied. 

The rheological behaviour of developed doughs was assessed and compared with the one from 

commercial products and a control formulation with gluten.   

The use of xanthan gum did not influence significantly the structure of dough. The storage 

modulus G' was greater than the loss modulus G'' for all samples, showing a predominantly 

elastic behaviour. The gluten-free formulations showed lower frequency dependence of both 

modulli and a stronger structure than gluten doughs.  

   

KEYWORDS: Pizza base, rice flour, xanthan gum, viscoelasticity, doughs 

 

INTRODUCTION 

Recently, there has been an increase of both the demand and supply of gluten-free products. 

However, the production of gluten-free bakery products presents a technological challenge, due 
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to the limited capacity of the gluten-free doughs in sustaining the CO2 produced during 

fermentation, resulting in a poor viscoelastic dough.   

To minimize this problem, the industry uses a mixture of hydrocolloids to improve the 

rheological characteristics of dough, and texture of products, increasing the costs dramatically. 

The aim of this work is the development of a formulation for gluten-free pizza dough through the 

use of by-products from the rice industry, namely broken rice and bran. If possible, the use of 

hydrocolloids (xanthan gum) will be discarded. 

The use of economic ingredients and the reduced used of hydrocolloids will contribute to the 

development of a gluten-free product accessible to everyone, and also to the nutritional value of 

the final product, since rice bran is an excellent source of dietary fiber and oil rich in 

polyunsaturated acids. 

 

EXPERIMENTAL 

The ingredients used were selected based on their specific characteristics, market cost and 

gluten-free warranty. The dough was prepared with flour ground from broken rice and rice bran, 

both supplied from a rice industry. The other ingredients - egg, corn starch, oil, yeast, salt, sugar 

and xanthan gum – were purchased at local market. 

The solid ingredients were placed in a food processor (Bimby, Vorwerk) and mixed. Then, water 

(37ºC), oil and egg were added and mixed together during 3 min. The fermentation took place at 

ambient temperature for 40 min. These conditions were chosen in order to be easily replicated by 

consumers at home.    

The rheological behaviour of developed doughs – with xanthan gum (RXD) and without xanthan 

gum (RD) - was assessed and compared with the one from two commercial products: a gluten-

free mix (CM) and whole flour mix with gluten (GM). A control formulation (GC) with wheat 

flour prepared in similar conditions as the developed doughs was also used.  

The rheological behaviour of the doughs was assessed by small-amplitude oscillatory shear 

measurements in a Haake RS-75 controlled-stress rheometer. A serrated parallel plate sensor 

system with 20 mm diameter was used and a 1.5mm gap was applied.  

After preparation the dough was transferred to the bottom plate. A stress sweep test was 

performed and the maximum shear stress amplitude value within the viscoelastic linear region 

(range of stress in which the structure is not destroyed) was used for the mechanical spectra. 
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Flow curves were determined using the same conditions, using a MARS III (Haake). Each 

formulation was tested at least in duplicate. 

 

RESULTS AND DISCUSSION 

The appearance of the developed doughs after preparation is presented in Figure 1. The effect of 

xanthan gum in the dough is clear, since the one with the hydrocolloid is moldable, an important 

characteristic because the consumer will have to shape the dough into a pizza-like form.    

 

 

FIGURE 1. Pizza dough with (RXD) and without xanthan gum (RD). 

 

The effect of xanthan gum addition on the dough viscosity is presented in Figure 2. 

 

 

 

 

 

 

 

 

FIGURE 2. Flow curves of pizza base doughs with xanthan gum (◆ - RXD)  

and without xanthan gum (◆ - RD). 

     

Both doughs show a similar flow curve pattern, with a newtonian plateau region at lower shear 

rates, followed by a shear-thinning zone. Gluten-free dough presents a slightly higher viscosity 

than the dough without hydrocolloid use. However, since xanthan gum has a high cost that will 

greatly influence the price of final mix, the subsequent product development was conducted 

without xanthan gum (RD). 

 RXD  RD 
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The rheological behaviour of the gluten-free and commercial doughs was assessed and is 

depicted in Figure 3. 

 

 

 

 

 

 

 

 
 

 

FIGURE 3. Mechanical spectra of the commercial and gluten-free doughs 

(● Gluten control (GC); ● Commercial gluten mix (GM); ▲ Commercial gluten-free 

mix (CM); ▲ Rice dough (RD); closed symbols-G’; open symbols–G’’) 

 

From the mechanical spectra of the doughs, it is observed that the elastic component (G') is 

always higher than the viscous component (G''), revealing a predominantly elastic behaviour of 

all doughs.  

Regarding the rheological properties of the doughs, gluten formulations have a greater 

dependence of viscoelastic parameters (G 'and G' ') with frequency. Unlike the gluten-free 

formulations that have the most stable structures as the frequency increases. The gluten-free 

formulation developed shows values of G 'and G'' similar to the commercial gluten-free 

formulation (CM).  Gluten-free dough also presents a wider gap between G' and G'' values, 

meaning that this dough has a stronger structure than gluten doughs. 

 

CONCLUSIONS 

It was possible to develop gluten-free dough without hydrocolloids, with similar rheological 

characteristics to commercial mix. This product is designed for easy preparation by the consumer. 

In this case, the consumer just adds water, oil and egg to the mix. 
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ABSTRACT 

Slimming milkshakes and custards with different flavors, manufactured by several trademarks, are 

compared in this work. Rheological properties measured at room temperature with a controlled stress 

rheometer (RS1, Thermo Haake) were analyzed. Important differences between brands were shown, 

especially in milkshakes. Most of milkshakes presented liquid consistencies; Newtonian or very low shear 

thinning. Custards were strongly shear thinning fluids, with gel like structure, and significant yield 

stresses and relative thixotropic areas. One of the brands distributed custards with different texture 

characteristics for the various flavors offered, while the custards of the other ones are more similar from 

the textural point of view. This fact could be responsible of a different sensation of satiety on the 

consumer, according to previous studies. 
 

KEYWORDS: slimming food, satiating power, hydrocolloid, custard, milkshake  

 

INTRODUCTION 

Slimming foods are intended for use as a meal replacement in a weight-loss diet. These products 

do not in themselves contribute to weight loss, although they have the effect of not feeling 

hungry for a certain period of time, and they also provide a sufficient intake of nutrients
1
. Sales 

of enhanced satiety products had become more important in recent years in food market
2
. The 

composition of this kind of products normally includes milk, proteins, lipids, carbohydrates, fiber 

and hydrocolloids
1
 among others. Texture of slimming foods plays a significant role in consumer 

acceptance, particularly since their satiating power seems to be directly related to their 

rheological properties
3,4

. In this work we compare some of these products in custard or in 

milkshake forms, developed by several commercial brands distributed in mass markets in Spain.  
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MATERIAL AND METHODS 

Milkshakes and custards were prepared by dissolving the appropriated amount of commercial 

powder in skimmed milk with manual agitation. Products with different flavors manufactured by 

Korott 


, SpecialLine


, MyBestFood


 and biManán


 were analyzed (Table 1).  

Rheological measurements were carried out in a controlled stress rheometer (RS1, Thermo 

Haake) with a thermostatic bath K10 and software Rheowin 4.2. A cone-plate 60 mm/2º sensor 

was used for milkshakes and 35 mm serrated parallel plates for custards. All measurements were 

performed in duplicate at 25 ºC. For all the systems, step flow curves in CR mode were 

performed between 1 and 100 s
-1

. Then, after 1 min of shearing at 100 s
-1

, down curves were 

recorded. For custards, steady flow curves in CS mode were also performed. Moreover, 

frequency sweeps in linear viscoelastic region (previously determined) were carried out.  

RESULTS AND DISCUSSION 

Texture of milkshakes and custards chosen was completely different, since milkshakes were 

liquid systems, and therefore, drinkable, while custards had a spoon-like consistency. 

When comparing milkshakes, we observed the three Korott products presented similar textural 

characteristics, as they were slightly shear thinning fluids (fitting well to power law), while My 

Best Food milkshakes were much more liquid-like and almost Newtonian, just 10 times more 

viscous than water (Fig 1A).  

On the other hand, it stands out the Special Line strawberry milkshake, with a behavior similar to 

custards (Fig 2A).  Both in this case and custards flow curves were fitted to Carreau model  

  
s

2

0 c1      
 

 (1) 

with similar shear thinning indexes, s0.4, and zero viscosities ranging from 1000 to 20000 Pa s.  

Custards presented predominant elastic characteristics (G’ > G”), as loss tangent indicated (Fig 

2B), typical of gel like systems. Frequency dependence of storage modulus was satisfactorily 

fitted to power law functions 

 G’ = G’1 
m

 (2) 

Values of the parameter G’1 (G’ for 1 Hz) and m are shown in Table 1. It is interesting to point 

out that both lemon custards, from the two brands, were less firm, with lowest values of G1’ and 

highest m. They also presented the highest values of tan  and the lowest values for 0 (Fig. 2). 
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FIGURE 1. A ) Steady flow curves in CS mode. B) Up flow curves and down curves after 1 min shearing. 

MILKHAKES: A) Vanilla MyBestFood; ;Chocolate MyBestFood; Strawberry SpecialLine; 

Strawberry Korott; ; Chocolate Korott; Cappuccino Korott.  
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FIGURE 2. A) Flow curves fitted to Carreau model. B) Loss tangent versus frequency. CUSTARDS:  

Vanilla Korott;  Lemon Korott;  Chocolate Korott;  Lemon BiManán; Yogurt Cream BiManán. 

Regarding to up and down curves performed in CR model, all systems measurements were fitted 

to Herschel Bulkley model (Fig. 1A)  

 n

0 K      (2) 

with the aim of estimating yield stresses. They were negligible for milkshakes, except for Special Line 

strawberry (Fig. 1B), on the contrary what happened for custards, which presented important values for 

these stresses (Table 1), especially for chocolate and vanilla custards.  
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Tarrega et al (2014) found viscosity at 100 s
-1

 and thixotropic area, ST, were related to satiating 

power in semi-solid milk-based snacks
1
, so we considered interesting to analyze these 

parameters in our custards (Table 1). Due to the differences in area enclosed by up curve, relative 

thixotropic areas
4
 were considered (SR).  In our case it seemed that chocolate and vanilla custards 

could be the most satiating products, although sensory studies should be done to test it properly
4
. 

 

TABLE 1. Mean values and standard deviations of rheological parameters for milkshakes and custards.  

Custards σ0 (Pa) η100 (Pa s) ST (Pa s-1) SR (%) G1’ (Pa) m 

Chocolate Korott 227 ± 12 3.08 ± 0.14 5600 ± 700 21.1 400 ± 30 0.188 ± 0.001 

Vanilla Korott 184 ± 6 2.52 ± 0.06 5600 ± 500 24.1 450 ± 40 0.183 ± 0.014 

Lemon Korott 42 ± 3 1.12 ± 0.05 1900 ± 500 21.1 58 ± 3 0.269 ± 0.015 

Lemon BiManán 65.6 ± 0.3 1.81 ± 0.16 2600 ± 300 18.7 130 ± 10 0.220 ± 0.005 

Yogurt Cream BiManán 85 ± 13 2.02 ± 0.12 2500 ± 200 14.7 350 ± 50 0.167 ± 0.003 

 

CONCLUSIONS 

The differences observed in milkshakes would be due to the hydrocolloids included in their formulation 

(guar gum in Special Line, and Xanthan gum in Korott –maybe in a smaller amount).  These milkshakes 

are sold as a substitute of a meal, but although they provide the adequate amount of calories, they 

wouldn’t have satiating power due to their low consistencies
2
.   

On the other hand, lemon custards (from the two brands analyzed) presented different textural properties 

than the rest of custards analyzed. This should be related to the preferences of consumers about texture 

associated to this flavor, what could determine the satiating power of the product
3
.  

 

REFERENCES AND NOTES 

1. Tárrega, A.; Martínez, M.; Vélez-Ruiz, J.F.; Fiszman, S., Hydrocolloids as a tool for modulating 

the expected satiety of milkbased snacks. Food Hydrocolloids, 2014, 39, 51-57. 

2. Chambers, L.; McCrickerd, K.; Yeomans, M. R. Optimising foods for satiety. Trends in Food 

Science & Technology, 2015 ,41, 149-160. 
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determines expected satiation of dairy products. Appetite, 2011, 57, 635-641. 

4. Morell, P.; Fiszman, S.M.; Varela, P.; Hernando, I. Hydrocolloids for enhancing satiety: Relating 

oral digestion to rheology, structure and sensory perception. Food Hydrocolloids, 2014, 41, 343-

353. 
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RESULTS AND DISCUSSION 

 Steady shear viscosity of Gofio/Aloe Vera system 

The results for steady shear flow curves obtained for each dispersion with different gofio %w/w 

is shown in Figure 2. Shear-thinning behavior is observed for all samples, being more evident 

and monotonous as the gofio mass percentage is greater. This behavior can be justified by the 

phenomena deriving from the manifestation of hydrodynamic resistance forces that arise due to 

displacement of gofio suspended in Aloe juice system when a shear rate is applied. These forces 

cause the break of the initial agglomerates into smaller aggregates, which suffer reorganization 

within the dispersing medium. This particles orient along the flow lines and, therefore, the 

apparent viscosity of the system decreases. In order to characterize the rheological properties in 

steady state of the suspensions of gofio in Aloe Vera, results have been fitted to Ostwald-de 

Waele model or power-law. This model is represented by equation (1). 

                                                                 1· nKη γ −= &                                                                       (1) 

 

                                                                                                  

 

 

 

FIGURE 2. Viscosity evolution in steady flow curve 
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As it can be observed in the Table 1, K is higher than 1 when the gofio concentration is 

22.5 %w/w or higher. As it was expected, the flow behavior index is lower than the unit in all 

cases, confirming the shear-thinning response for all samples. On the other hand, the larger the 

gofio concentration is, the higher the K values are. It is interesting to note that a small shear-

thickening effect is observed in the dispersant phase, which disappears when the gofio 

concentration increases. Future works will be made in order to seek an explanation for this result. 

TABLE 1. Ostwald de Waele parameters for different gofio-aloe juice systems. 

Gofio  
(%w/w) 

K 
(Pa·sn) 

n 

5.0 0.095±0.004 0.556±0.003 

7.5 0.125±0.004 0.56±0.02 
10.0 0.256±0.005 0.51±0.01
12.5 0.279±0.006 0.46±0.01
15.0 0.278±0.008 0.39±0.02 
17.5 0.588±0.008 0.52±0.01
20.0 0.775±0.008 0.481±0.008
22.5 1.156±0.007 0.601±0.004 
25.0 2.99±0.01 0.615±0.004
30.0 4.20±0.03 0.685±0.005

 

CONCLUSIONS 

Aloe vera/gofio systems show shear-thinning behaviour for all the concentration range evaluated 

in this study, being satisfactory fitted by power law. This is due to the prominence of the 

hydrodynamics forces during shearing process.  

 REFERENCES AND NOTES 

1. Lad, V.N.; Murthy, Z.V.P., Journal of Food Engineering, 2013, 115, 279-284. 

2. Hu, Y.; Xu, J.; Hu, Q., Extracts. J. Agric. Food Chem. , 2003, 51 (26), 7788–7791. 
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present study has the aim to characterize the oils behavior under shear rates close to the 

atomization conditions and to establish the potential sources of erroneous behavior interpretation 

to properly evaluate the rheological test. 

 

MATERIALS AND METHODS 

Tests were performed using medical-grade of two oils: coconut and castor. The coconut oil was 

used to visualize the differences in relation with the castor oil, base of this study. The thermo- 

rheological properties were determined by using the rotational rheometer RH-2 Discovery (TA 

Instruments), with plate-plate geometry of 25 mm in diameter. Torque measurement resolution 

was 0.05 nNm. This configuration was able to reduce the gap till a value which ensures a shear 

rate value as high as 49000 s-1. This configuration also minimizes the possibilities of secondary 

flows which could appear in the concentric cylinders and cone-plate geometries. The temperature 

measurement and control was performed by a Peltier device with an accuracy of ± 0.1 °C. All 

measurements were repeated at least three times and the results were averaged for the subsequent 

analysis. 

 

RESULTS AND DISCUSSION 

A flow ramp test was performed to castor oil at 20, 25, 50 and 80 o C. Results are shown in Fig. 1 

(viscosity curve). Castor oil behaves as a Newtonian fluid at temperature of 80 oC, as it is 

expected. The slight decrease in the viscosity at the beginning of the test is probably due to the 

flow-out of the oil from the geometry because the little gap used and the high temperature 

applied. During the rest of the test there are only very small changes in the viscosity value. 

However, the flow ramp at 20 oC shows a continuous and significant reduction in viscosity, 

changing from 0.822 Pa·s to 0.433 Pa·s. This viscosity reduction could be erroneously confused 

with shear thinning behavior14. The explanation we propose for this result lies in the 

characteristics of the test itself and the density of the oil. Certainly, the “isothermal test” is not 

really isothermal. The equipment ensures the temperature settled only in the surroundings of the 

Peltier device or, in a most specific manner, in the surroundings of the temperature sensor 

position. As well a zone is far away from this position the possibility of a different temperature 

increases. This risk may be negligible under typical gaps values but, when an extremely little gap 
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behavior but reflects an increase of the temperature in the sample (around 2 oC). This different 

result is due to that there was no remarkable internal friction because the lower density of the 

coconut oil. 

 

CONCLUSIONS 

A flow ramp test was performed to castor oil at 20, 25, 50 and 80 o C. The flow ramp at 20 oC 

shows a continuous and significant reduction in viscosity which could be erroneously confused 

with shear thinning behavior. We have justified this result showing that the assumed “isothermal 

test” is not really isothermal. This hypothesis has been confirmed making a non-controlled 

temperature test with castor oil and also with coconut oil. These results have lead to the main 

conclusion of this work, i.e. the assumption of “isothermal test” in shear rheometry tests at very 

high shear rates is wrong. This result is enhanced in materials with a higher density value. 
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ABSTRACT 

 The flow and viscoelastic characteristics of chia-flaxseed composite paste were determined. 

Moreover, the effects of pH (4.4-5.5) and olive oil concentration (0-0.5) on rheology and physical 

stability of the resulting emulsions were studied. Oscillatory measurements showed that the mixture 

exhibited gel-like behaviour. 

KEYWORDS: Functional food, Flaxseeds, Chia seeds, Hydrocolloids, Rheology 

INTRODUCTION 

 Due to the increased awareness of consumers towards health; a demand for functional 

foods has risen dramatically. Flaxseed (Linum usitatissimum) and Chia (Salvia hispanica L.) 

seeds are used as a potential source for functional food due to its unique nutrient profile. Chia 

seeds are composed of proteins, lipids, carbohydrates and have high fiber content. These seeds 

contain a large amount of antioxidants, minerals and vitamins. Both chia and flaxseeds are rich 

in polyunsaturated omega-3 and omega-6 fatty acids, which constitute the central nervous system, 

total fatty acids, α-linolenic acid (ALA)
1
.  

 Hydrocolloids are a diverse group of long-chain polymers that are readily dispersive, 

fully or partially soluble, and prone to swell in water. They change the physical properties of the 

solution to form gels, or enable thickening, emulsification, coating, and stabilization
2
. The aim of 

the present work is to characterize the rheological properties of chia-flaxseed composite paste as 

a possible substitute of eggs, yoghurt, etc. or to enhance the nutritional and sensorial properties 
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of foods. The effect of some conditions such as olive 

oil concentration, pH, and ionic strength was 

evaluated. 

MATERIALS AND METHODS 

 Commercially ecological chia and flaxseed 

were used in this study. The content of chia was: fat 

31.0 % (omega-3-18.6%) ; protein 20.0, carbohydrates 39.9 %; 

salt content 0.04 %; and flaxseed was: fat 42.2 %; 

carbohydrates 28.8%; protein 18.3 %; salt content 0.0075; milled chia-flaxseed particles 

presented a size distribution between  200-1000 µm, obtained by DLS measurements. Samples 

were prepared by mixing 250 g of chia:flaxseed (1:1) composite flour in 20 ml of deionised 

water. The mixture was stirred for two hours at 500 rpm. For all samples 1M of NaCl was added 

and the influence of acetic acid and olive oil was tested. The resulting paste was left overnight 

stored at 4 ºC. Rheological experiments were carried out with a Peltier system for the control of 

the temperature, on a MARS III (Thermo-Haake, Germany) using a plate-plate sensor system 

with a diameter of 20 mm. Experiments were conducted under steady shear. Flow curves were 

conducted under steady shear. Strain sweep was performed to determine the linear viscoelastic 

region at 1 Hz. Frequency sweep was carried out at a range of 0.01-10 Hz. Three measurement 

replicates were recorded for each sample. All measurements were performed at 25.0±0.1 ºC. 

RESULTS AND DISCUSSION 

 It has been described elsewhere a tentative structure of the basic unit of the chia 

polysaccharide (Lin et al. (1994)) as a tetrasaccharide with 4-O-metil-α-D-glucoronopyranosyl 

residues occurring as branches of β-D-xylopyranosyl on the main chain and the flaxseed 

mucilage components
3
 as pectic-like polisaccharides containing L-rhamnose, D-galactose and D-

galacturonic acid as well as β-D-1,4-xylan backbone of the arabinoxylan component. When the 

composite milled seeds are in contact with water the mucilage small filaments appear as a 

completely developed filiform structure which is uniformly distributed forming a framework 

where other molecules could be coupled
4
. Fig. 1 shows the viscosity curve of the chia-flaxseed 

Figure 1. Viscosity curve of the 

chia-flaxseed composite paste. 
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composite paste. In all cases [NaCl] 1 M was added and the total volume of the liquid phase was 

kept constant. It exhibits pseudoplastic flow behaviour, as described elsewhere
5
. Besides, the oil  

addition leads to an increase in the viscosity of the paste. This result is reasonable because the 

water-oil emulsion increments the system viscosity. Although rigid hydrocolloids are not 

considered classical emulsifiers they can be regarded as stabilizers due to their hydrophilicity, 

high molecular weight and gelation behavior. However, they retard precipitation of dispersed 

solid particles and coalescence of oil droplets
3
. Therefore, the increasing of viscosity can be 

tentatively explained considering the mucilage structure as the framework in which the oil drops 

are trapped. The proteins present in chia and flaxseed can possess flexible molecular structures 

(spheroproteins) which, when denatured, result in rapid adsorption and rearrangement at the 

interface to give a coherent macromolecular protective layer surrounding the oil drop and 

preventing coalescence. But when the amount of oil increases and the continuous phase is olive 

oil the hydrocolloid gel structure is not able to trap all the available oil drops and the emulsion 

becomes unstable. On the other hand, the addition of acetic acid affects also the viscosity of the 

paste. Thus, from Fig 1, the pH effect can also be observed. It was always kept under the protein 

isoelectric point (IEP), pH 7, which promotes the system stability. The less viscous paste 

corresponds to the lowest pH value, 4.4. The explanation of this behaviour resides in the higher 

charge of the protein molecules due to the protonation of the carboxyl group which facilitate its 

emulsifier action. As a result, rigid gels are formed at acidic pH values. In some cases, 

denaturation can be shifted to lower temperatures with decreasing pH. Another interesting result 

is the compatibility of protein-hydrocolloid even at high ionic strength, 1 M NaCl.  Figs. 2 and 3 

depict the frequency sweep in the linear elastic region of the same samples shown in Fig.1. In all 

Figure 3. Frequency sweep, γ=0.05. pH effect. Figure 2. Frequency sweep, γ=0.05. Oil addition effect.  
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cases a gel-like structure is formed since the elastic modulus is always greater than the loss 

modulus. In fact, it is the emulsion structure and in this case the system is weakly structured. Fig. 

2 compares the influence of the olive oil addition to the mixture. Despite the rheological 

characteristics of the tested samples are quite similar to that of chia-flaxseed composite the 

increase of olive oil reinforces the gel-like structure until the limit of the emulsion stability. In 

this system, oil volume fractions higher than 0.5 make the mixture unstable. Likewise, the pH 

slightly modifies the elastic properties of the mixture. But if a denaturation of the proteins occurs 

an increase in the elastic modulus, G´, will be expected6. Therefore, according to Fig. 3 moderate 

conditions of pH and ionic strength do not considerably affect the elastic properties of this 

system.  

 

CONCLUSIONS  

 The flow behaviour and microstructure characterization of the chia-flaxseed composite 

paste as a possible functional food was studied. The addition of olive oil, sodium cloride and 

acetic acid (pH) was examined for different purposes: salad dressing, beverages, egg white 

replacement, etc. Under the pH and olive oil volume fraction conditions studied a good 

compatibility of the different components (hydrocolloids and proteins) was found.    

 Although this previous work suggests promising results a more detailed study should be 

carried out in order to get better knowledge of the different processes that take place during 

mixing components, heating, etc. Under this point of view temperature influence as well as 

interface and spectroscopic studies will be considered. 
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ABSTRACT 

In Portugal, bread is a food historically indispensable on daily diet, present in all 

regions, under different recipes. Since acorn it’s a product that isn’t much used in 

human diet, was decided to produce a different type of bread.  It were produced three 

types of bread: one with 25% of acorn flour and 75% of wheat flour with 1.5% of salt 

(Sodium chloride), a second one with 50% of acorn flour and 50% of wheat flour with 

1.5% of salt, and a third one with 50% of acorn flour and 50% of wheat flour with 2.0% 

of salt. So the main goal was to compare the differences between the breads with 

different acorn flour percentages and how the salt could affect the bread, mainly its 

texture, nutritional and hedonic sensory analysis. Nutritionally it’s possible to find some 

differences between moisture and proteins content in all breads (P<0.05). The driest 

bread was the bread with 2.0% of salt and the bread with more water was the bread with 

50% of acorn flour with 1.5% of salt. The bread with 25% of acorn flour had the highest 

protein content, due to the high content on wheat flour. Analysing the color, the bread 

with 25% of acorn flour is the lighter bread, but there are no significate difference 

between this one and the bread with 2% of salt, as expected. In terms of the breads 

rheology behaviour, it’s possible to see that the bread with 25% of acorn flour was the 

softest of all three breads, with a 9.90 N of hardness and only 56.31 N.mm of 

compression work. Comparing the breads with 50% of acorn bread, it’s possible to see 

that the bread with 2.0% of salt was harder than the bread with 1.5% of salt. The 

compression work was also higher in the bread with 2.0% of salt than the bread with 

1.5% of salt. Finally, the bread with more sensory acceptance was the bread with 50% 

of acorn flour and with 1.5% of salt. 

 

KEYWORDS: Acorn, Bread, Rheology, Sensory Analysis, Salt 

 

INTRODUCTION 

Worldwide bread consumption accounts for one of the largest consumed foodstuffs, it’s 

over 20 billion pounds (9 billion kg) of bread being produced annually [1]. In Portugal, 

bread is a food historically indispensable on daily diet, present in all regions, under 

different recipes, manufacturing, shapes and flavour. The whole wheat bread offers a 

substantial amount of mineral salts and fibres, because of economical and nutritional 
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reasons, with a constant increase of consumption [2]. Wheat is a very important cereal 

crop for human food production. This reflects the unique ability of wheat flour to 

produce viscoelastic dough when it is mixed with water. The principal characteristic 

that governs the wide usage of wheat flour is the viscoelasticity of the gluten network 

formed by its major protein fractions: the polymeric glutenins and the monomeric 

gliadins [3]. The structure of gluten proteins and their interactions can also be affected 

by solvent environment upon hydration, including the presence of salt. This is because 

salt acts as a co-solute and influences the hydration of wheat proteins and starch under 

the particular moisture conditions during the manufacture of a diverse range of products 

including bread, breakfast cereal, pasta, and Asian noodles [3]. Salt plays an important 

role in baked dough products and related processes. It is generally used at levels of 

about 1–2% (based on flour weight), and acts as a flavour enhancer and as stabilizer for 

the yeast fermentation rate, but it also plays an important role in baked dough products. 

Up until now, most of the studies have been focused on the effects of salt on the 

rheological properties of wheat flour dough, however, it seems that firstly, salt affects 

the formation of the gluten network during the initial hydration of the gluten proteins 

when wheat flour is mixed with water and then the rheological properties as a result of 

the gluten network formed in the presence of salt [3]. Acorn have been a part of the 

local diet for some time, furnishing up to 25% of the food consumed by the poorer 

classes of Italy and Spain, and are consumed in the form of bread cake and as a coffee 

substitute [4]. The use of acorn in local diet and empirical treatment of some human 

diseases such as diarrhea can be use by some people, like the Iranians, but due to its 

bitter constituents, wooden texture and astringent taste, acorn is scarcely used in normal 

diet. However, it’s wide spread availability and empirical use for medical purposes 

suggest some possibilities of using acorn in food and drug industries [5]. Analysing the 

microstructure of rehydrated water-wash (WW), salt-wash (SW) and fresh wet gluten, 

the gluten network formed when NaCl was used in the mixing of the flour, a fibrous 

structure was observed in contrast to those without NaCl for which large aggregates of 

gluten were seen. This study also showed, by dynamic oscillatory rheology, that the 

gluten structure exhibited relatively less elastic behaviour or more viscous behaviour 

when gluten was prepared in presence of NaCl [3].  

The sensory quality of bread, an important component of total product quality, can be 

evaluated by analytical (objective) methods, namely with texture instrumental methods, 

however, it’s also required a well-trained testing panel and the use of specific and 
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adequate attributes that are easily perceived and differentiated for different bread 

samples [6]. So the main goal of this project was to see and compare the differences 

between the breads with different acorn flour percentages and how the salt could affect 

the bread, mainly its texture, nutritional and hedonic sensory analysis. 

 

MATERIAL AND METHODS 

It were produced three types of bread: one with 25% of acorn flour and 75% of wheat 

flour with 1.5% of salt (Sodium chloride), a second one with 50% of acorn flour and 

50% of wheat flour with 1.5% of salt, and a third one with 50% of acorn flour and 50% 

of wheat flour with 2.0% of salt. The hedonic method was carried out in a single day  

and the subjects were asked to rate each sample using a numerical scale with the 

extremes from 1- “Extremely disliked” and 9 - “Extremely liked” [7]. In this sensory 

session it was tend to be perceived in the following order: appearance, color, crust 

hardness, crumb texture and flavour [8].  

A texture analyser TAHDi (Stable Micro Systems, Godalming, UK), equipped with a 

250 N load cell, was used to perform the texture analysis at 20±1 °C. The procedure 

was implemented by slices of 20 mm compression, with a 20 mm diameter aluminium 

cylindrical probe, being the depth of compression 10mm. The crossed speed was 1mm 

s
-1

. Texture measurements were performed in quintuplicate. Hardness values were 

obtained from the force vs. time texturograms [9]. 

 

RESULTS DISCUSSION 

Nutritionally it’s possible to find some differences between moisture and proteins 

content in all breads (P<0.05). The driest bread was the bread with 2.0% of salt and the 

bread with more water was the bread with 50% of acorn flour with 1.5% of salt. Related 

with proteins content the bread with 25% of acorn flour had the highest content, due to 

the high content on wheat flour. Relatively to ash content, fat, fibre and carbohydrates 

there are no significate difference in all three breads. Analysing the color, the bread with 

25% of acorn flour is the lighter bread, but there are no significate difference between 

this one and the bread with 2% of salt, as expected. In terms of the breads rheology 

behaviour, it’s possible to see that the bread with 25% of acorn flour was the softest of 

all three breads, with a 9.90 N of hardness. Comparing the breads with 50% of acorn 

flour, it’s possible to see that the bread with 2.0% of salt was harder than the bread with 
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1.5% of salt (Figure 1a) but the bread with 50% of acorn flour and with 1.5% of salt 

The most accepted in sensory analysis (Fig 1b). 

 

Figure 1. (a) Texture profile and (b) sensory analysis of breads with i) 50% of acorn 

flour and 2% salt , ii) 50% of acorn flour and 1.5 % salt 

 and iii) 25% of acorn flour and 1.5 % salt . 

 

CONCLUSIONS 

In terms of the breads rheology behaviour, it’s possible to see that the bread with 25% 

of acorn flour was the softest of all three breads. Comparing the breads with 50% of 

acorn bread, it’s possible to see that the bread with 2.0% of salt was harder  than the 

bread with 1.5% of salt. Finally, the bread with more sensory acceptance was the bread 

with 50% of acorn flour and with 1.5% of salt. 
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ABSTRACT 

 The flow and viscoelastic properties of quinoa-chia flour for bread making were studied. 

The addition of chia flour was 5, 10, 20 and 30 % of the solid weight. The viscosity of the 

mixtures was higher than the wheat dough.  Oscillatory measurements showed that the doughs 

with chia presented gel-like behaviour due to its elastic properties. Compared to quinoa this 

formulation exhibited an increase in the volume and good sensory acceptance. 

KEYWORDS: Functional food, Quinoa, Chia seeds, Hydrocolloids, Rheology 

INTRODUCTION 

 Quinoa (Chenopodium quinoa Willd.), which is considered a pseudocereal or 

pseudograin, has been recognized as a complete food due to its protein content (15%) but also 

from its great amino acid balance. Besides, it is an important source of minerals, vitamins, 

polyphenols, phytosterols, and flavonoids with possible nutraceutical benefits. For that reason 

and for the absence of gluten, quinoa has recently been used as a novel functional food
1
. But the 

absence of gluten, in these flours, results in major problems for many pasta and bakery products. 

Attempts to use proteins from alternative flours as a partial substitute in wheat products have 

generally been unsuccessful, accounted for the viscoelastic properties of wheat gluten proteins. 

Hydrocolloids are a diverse group of long-chain polymers that are readily dispersive, fully or 

partially soluble, and prone to swell in water and can form gels, or enable thickening, 

emulsification, coating, and stabilization. Chia (Salvia hispanica L.) seeds are used as a potential 

source for functional food due to its unique nutrient profile. It contains proteins, lipids, 
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carbohydrates, high fiber content (hydrocolloids) and polyunsaturated omega-3 and omega-6 

fatty acids. The main objetive of this work is to study the rheological characteristics of quinoa-

chia for bread making. Thus, steady shear and dynamic oscillatory tests were performed. 

MATERIALS AND METHODS 

 Commercially ecological chia seeds were used in this study. The content of chia is: fat 

31.0% (omega-3-18.6%); protein 20.0%, carbohydrates 39.9 %; salt content 0.04 %. 

Commercially ecological quinoa flour has protein 20.0%, carbohydrates 60.8 %; fat 5% and fiber 

6.6 %. Samples with different content of chia flour were prepared mixing a certain amount of 

chia flour in 10 ml of deionised water. The mixture was stirred for two hours at 500 rpm until the 

mucilage was released. An adequate amount of quinoa flour was added until 8.5 g of solid was 

completed and stirred for 2 more hours. The resulting dough was left overnight and stored at 4 ºC. 

The samples contained 5, 10, 20 and 30 % of chia flour. Rheological experiments were carried 

out with a Peltier system for the control of the temperature, on a MARS III (Thermo-Haake, 

Germany) using paralel plate (serrated) sensor system with a  diameter of 20mm. Flow curves 

were conducted under steady shear. Strain sweep was performed to determine the linear 

viscoelastic region at 1 Hz. The frequency sweep was carried out at a range of 0.01-10 Hz.  

Three measurement replicates were recorded for each sample. All measurements were performed 

at 25.0±0.1 ºC. 

RESULTS AND DISCUSSION 

 The rheological behaviour of gluten dough depends on its composition and 

microstructure i.e. spatial arrangement of its constituents. Dough development involves the 

hydration of gluten protein, the predominant fraction controlling the viscoelastic properties of 

dough. A very simplified model of gluten at the molecular level consists of two classes of protein: 

linear proteins, glutenins, and globular proteins, gliadins, which can be represented as spheres. 

The linear proteins interact with each other via the loop and train mechanism and by disulphide 

bonding
2
. As a first approximation, the chains are imagined to interact with the globular proteins 

by non-bonding forces such as Van de Waals interactions. During mixing, glutenins tend to align 

and form cross-links between gliadins molecules, leading to an increase in dough strength.  The 

amount of glutenin in flour was found to be positively correlated with dough strength while  
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Figure 1.  Viscosity curve of quinoa-chia dough.                                                 Figure 2. Frequency sweep, γ=0.05.  

gliadin promotes elongational resistance and dough extensibility. The hydrated gluten protein 

network provides a framework for holding starch granules and trapping air cells. Wheat flour 

dough is regarded as a composite material of starch granules embedded in a continuous gluten 

protein network, which confers viscoelastic properties. However, quinoa proteins are mainly 

globulin or spheroproteins (70 % of total proteins) which do not provide dough elasticity. Chia 

seeds contain a significant quantity of oil as a linolenic acid (omega 3) and also dietary fiber, a 

polysaccharide with a high molecular weight. A tentative structure of the basic unit of the 

polysaccharide was proposed by as a tetrasaccharide with 4-O-metil-α-D-glucoronopyranosyl 

residues occurring as branches of β-D-xylopyranosyl on the main chain. Immediately the milled 

seeds are in contact with water, small filaments appear on the surface that began to stretch slowly 

until they become fully extended. When the seeds are totally hydrated, these filaments (mucilage 

fibers) are completely developed in a filiform structure which is uniformly distributed forming a 

framework where other molecules, i.e. globulins, starch, etc. can be trapped
3, 4

. The presence of 

elongated branched aggregates results in an increasing of the system viscosity. Fig. 1 shows the 

viscosity curves of the different tested samples. Considering the microstructure above explained, 

the high viscosity of gluten can be easily explained due to the solid-like behaviour of the gluten 

protein network. Chia mucilage has a similar rheological behaviour to gluten although is not as 

rigid as gluten. This characteristic improves the texture quality of the dough. As we can see in 

this figure, wheat dough is less viscous than gluten or chia and quinoa-water paste is the least 

viscous, for the same solid concentration. Actually, the viscosity of the mixtures quinoa-chia is 

in the suitable values taking into account that chia needs water to release the mucilage. Therefore, 

for commercial purposes, in the mixtures quinoa-chia, for the same solid quantity, more water 

should be added to prepare the dough. The results of the strain sweep are shown in Table 2. 

Gluten has the largest linear elastic region and the highest crossover stress value, which is  
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consistent with its elastic 

solid-like behaviour. On the 

other hand, quinoa flour 

exhibits the smallest values 

of these parameters as a 

consequence of the major content of spheroproteins in its microstructure which do not provide 

elastc properties to the dough. Fig. 2 shows the frequency sweep of the different doughs. Gluten 

and chia display similar values of the elastic and viscous moduli while quinoa shows the smallest 

values. In all cases, the elastic modulus  (G´) is higher than the viscous modulus (G´´). But wheat 

flour presents a cross point at low frequencies in which G´´ exceeds G´, in agreement with the 

Maxwell elastic model. The mixtures quinoa-chia display values of G´ and G´´ between those 

exhibited by quinoa and chia, as it can be expected
5,6

. The explanation of this fact can be found 

in the interaction of the hydrocolloid filiform framework with the spheroproteins and starch 

present in quinoa flour giving place to a more consistent cross-linked structure. 

CONCLUSIONS 

 The flow properties of quinoa-chia dough were studied. In all the tested samples, the 

elastic properties of the resulting dough were improved. After baking, the addition of chia 

increased the volume of the loaf and exhibited good sensory acceptance. In future work the 

temperature influence as well as salt addition and flavour enhancers will be considered. 
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 Quinoa 5% Chia 10% Chia 

 

20% Chia 30% Chia 

 

Chia Wheat 

 

Gluten 

 

γlinear-limit  

(10-4) (-) 

39.5±0.1 46.3±0.1 (41.2±0.1) (46.5±0.1) (55.9±0.1) 46.6±0.1 69.2±0.1 315±1 

τcrossoverpoint 

(Pa) 

18.5±0.2 20.8±0.2 43.8±0.2 61.2±0.2 81.5±0.2 115.4±0.2 23.8±0.2 15330±1 

TABLE 1. Strain sweep at 1 Hz 
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ABSTRACT 

The objective of this work, was determinate the shelf life of a typical Portuguese whey cheese 

cake named “Queijadas” produced with ewe’s whey cheese, honey and lemon. After 

manufacture of samples, Modified Atmosphere Packaging (MAP) was used, with different 

gases, like CO2, N2 and O2 on samples, in two different storages temperatures (20ºC and 26ºC). 

During 30 days it was studied the water activity, the texture, the microbiology, moisture, ash 

content, fat content, protein, fiber, the level of O2 and CO2 on the different samples in different 

modified atmosphere packaging and the sensory analysis to see the overall  acceptability from 

the consumers. In this work it will be emphasized the texture and sensory analysis. It was 

concluding that the suitable modified atmosphere packaging was the CO2 for 22 days of storage 

at 20ºC, which allowed to stablish its shelf life, since this sample showed more acceptance and 

hardness stability, during the time of work. It is important to remark that the only samples that 

preserved the textural and sensory quality during 30 days were the samples packed in MAP with 

CO2 (at 20 and 26 ºC). 

 

KEYWORDS: “Queijadas”, Modified Atmosphere Packaging (MAP), Water Activity, 

Texture and Sensory Analysis 

 

INTRODUCTION 

In the last few years there had been a huge research of traditional products made with 

raw materials from each region, and one of those final products applications can be for 

instance cakes manufacturing. Cakes are baked products highly appreciated by the 

consumers worldwide, being characterized by a dense, tender crumb and sweet taste [1]. 

Among several traditional recipes from Alentejo province, there are specific cakes 

named “Queijadas” which are considered stuffing cakes, being the stuff made with 

whey cheese and eggs. These ingredients make those cakes very perishable, which fact 

led to one of this research study goals, the evaluation of shelf life in different Modified 

Atmosphere Packaging (MAP) at different storage temperatures. MAP may be defined 

as ‘the enclosure of food products in gas-barrier materials, in which the gaseous 

environment has been changed’ [2] in order to inhibit spoilage agents and therefore 
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either maintain a higher quality within a perishable food during its natural life or 

actually extend the shelf-life. This technique was specifically designed to overcome 

some of the problems associated with (or in fact caused by) vacuum packaging, namely 

to inhibit a wider range of microbiological spoilage agents and avoid compression 

damage. With vacuum packaging the products are usually chill stored to maximise the 

inhibitory effect. Three gases are generally used-oxygen (O2) nitrogen (N2) and carbon 

dioxide (CO2), each of which has a specific function.  

Texture is defined as the attributes of a substance resulting from a combination of 

physical properties and perceived as the senses of touch, sight and hearing and the 

evaluation of the foods texture is driven in the cause of mastication [3]. A product 

texture can be evaluated by physicochemical properties measured objectively and by 

sensory methods, and thus the relationship between consumer preferences and 

rheological properties of foods is a key part of the science of rheology [4]. The objective 

of this work, was to develop a typical Portuguese whey cheese cake named “Queijadas” 

produced with ewe’s whey cheese, honey and lemon and research the influence of 

package time and conditions in texture and acceptability.  

MATERIAL AND METHODS 

These “Queijadas” were considered stuffing cakes, being the stuff made with traditional 

ewe’s whey cheese and eggs, which make it very perishable. Due to rights of enterprise, 

the formula cannot be reported. After samples manufacture, Modified Atmosphere 

Packaging (MAP) was used, with different gases mixtures of CO2, N2 and O2 on 

samples, and storage at two different temperatures (20ºC and 26ºC). During 30 days it 

was studied the water activity, the texture, total count microorganisms at 30ºC, moisture 

content, ash content, fat content, protein, fibber, the level of O2 and CO2 on the samples 

with different modified atmosphere packaging and sensory analysis to evaluate the 

overall  acceptability from the consumers. In this work it will be emphasized the texture 

and sensory analysis.  

Cake acceptability was conducted with 70 volunteer panellists of 18–60 years of age 

from staff, undergraduate and postgraduate students and employees from IPBeja.  All 

the panellists, who were regular cake consumers, were asked to evaluate the samples on 

the basis of acceptance of cake appearance, aroma, taste, texture and overall liking on a 

seven-point hedonic scale (1=very disliked, 7=very liked) in manufacturing day. 
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A texture analyser TAHDi (Stable Micro Systems, Godalming, UK), equipped with a 

250 N load cell, was used to perform the texture analysis at 20±1 °C. The procedure 

was implemented by puncture with a 3 mm diameter aluminium cylindrical probe, at a 

penetration depth of 10mm (the height of the sample was 30 mm), with a crossed speed 

of 1mm s
-1

. Texture measurements were performed in quintuplicate. Hardness values 

were obtained from the force vs. time texturograms [5]. 

RESULTS DISCUSSION 

In Table 1, it was established that the favourite sample was the QM with the traditional 

ingredients, which had the highest scores in appearance, colour, texture and aroma, and 

then preceded by sample K with the same recipe but without traditional products.  

 

Table 1- Sensory Parameters on samples K and QM  

SAMPLE APPEARANCE COLOUR TEXTURE AROMA FLAVOUR OVERALL 

ACCEPTABILITY 

K 6,08(1,15) 6,04(1,22) 6,02(1,16) 6,26(1,01) 6,51(0,83) 6,36(0,64) 

QM 6,63(0,56) 6,45(0,58) 6,31(0,81) 6,36(0,71) 6,40(0,77) 6,40(0,98) 

Legend: K – receipt without traditional whey cheese and honey. QM – receipt with traditional whey cheese and 

honey 

 

Figure 1 shows a texture profile of all samples storage at 20ºC and 26ºC in MAP CO2, 

N2 e O2 through 30 days.  It was noticeable that CO2 samples were very stable in 

hardness along time but at 30 days and at both storage temperature the increase in 

hardness was remarkable. 

 

Figure 1- Hardness values on samples storage at 20ºC and 26ºC in MAP CO2, N2 e O2. 

 

In the figure 2, it’s perceptible that the samples in general terms with more hardness in 

terms of the average along time were the samples with the O2 atmosphere at 26ºC, 
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concluding that this is not an ideal gas in terms of results in texture. The packaging with 

N2 atmosphere had the steadiest results during the storage days at both temperatures. 

  

Figure 2 – Average texture profile of samples storage at 20ºC and 26ºC in MAP CO2, N2 e O2. 

 

CONCLUSION 

It was concluding that the suitable modified atmosphere packaging was the CO2 for 22 

days of storage at 20ºC, which allowed to stablish its shelf life, since this sample had 

shown more acceptance and hardness steadiness, during this research time. It is 

important to remark that the only samples that preserved the textural and sensory quality 

during 30 days were the samples Package in MAP with CO2 (at 20 and 26 ºC). Even in 

terms of hardness the samples package in MAP with N2 was stablish, in terms of 

microbiology analysis (data not shown) it was observed high microbiological 

contamination and, for that reason, it wasn’t acceptable.  
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ABSTRACT 
In this study, the degree of wall slip on rheological measurements of injection grouts is investigated. 
Grouts can be seen as suspensions of binder particles in water which have a considerable fluidity in 
order to be successfully injected in many applications in civil engineering works such as 
consolidation of stone masonry walls. For the determination of wall slip in a rotational rheometer 
with parallel plates, stress controlled measurements at various gaps and different shear stress were 
carried out. Overall, our results revealed that wall slip is function of the shear stress and the grout 
composition. It was also found that the parallel plate with emery paper glued can be a solution to 
mitigate the slip. Results from this study can help to define an adequate measurement protocol to 
correctly infer the rheological properties of injection grouts by using parallel plates. 

 
KEYWORDS: wall slip, injection grout, parallel plates, stone masonry 

 
INTRODUCTION 
Stone masonry is a constructive technique invented thousands of years ago. Its simplicity and 
durability lead to an extensive use and it represents the large majority of old buildings in many urban 
centers across Europe. Stone masonry, a non-homogeneous and non-monolithic composite material, 
has particular weakness which, associated with the absence of maintenance, increase the 
vulnerability of its structural integrity. Grout injection is an interesting solution to repair and 
reinforce old stone masonry walls, particularly those built with two exterior skins of stonework and a 
ruble core (see Fig 1a). This consolidation method is defined as the introduction of a fluid material 
injected under pressure into the masonry inner core (Fig. 1). Injection grouts aim to fill cracks, voids 
and at same time enable the bonding between masonry elements which is essential towards 
masonry integrity (monolithic behavior). 
 
Grouts can be represented as biphasic system consisting of suspended particles (binder) in a 
continuous fluid phase (water). The efficacy of the grouts depends mainly on the injectability 
properties. Therefore, it is essential to evaluate the effectiveness of the injection grouts in terms of 
keeping their adequate properties. For that purpose controlling the rheological properties of grouts 
is crucial for successfully grouting process 1,2. Notwithstanding, during rheological measurements 
many phenomena can arise which can lead to test results having no value at all. Several authors 3,4,5 
have shown that wall slip can play a significant role during the rheological measurements of 
cementitious materials leading to an underestimation of the yield stress values and inaccurate 
viscosity results. The aim of the present research is to determine the degree of wall slip effect during 
rheological measurements of injection grouts in order to define an adequate measurement protocol. 
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FIGURE 1 a) Example of a section of stone masonry wall core being grouted. b) Stone masonry with 

injection pipes. 
METHODS  
Rheological measurements were performed with a rotational rheometer (Bohlin Gemini HRnano), 
equipped with a plate-plate geometry (with Ø = 40mm). The best way to confirm the presence of 
wall slip is taking measurements with smooth and serrated plates. However, in this case the authors 
did not have both geometry types available for such a comparison and so they have used an 
application note of Malvern6, which says that evidence of slip can be obtained by performing stress 
controlled measurements at different gaps. If slip occurs then the slip velocity (Vs) will depend only 
on the applied shear stress (σ) but not on the gap (h). Thus by varying the gap and keeping the stress 
constant it is possible to determine the slip velocity and the true shear rate using Equation 1. This 
can be performed by plotting the measured shear rate against 1/h which should result in a straight 
line with gradient 2.Vs and intercept . 
 

          (1) 

 
Where V is the velocity of the upper plate;  is the measured shear rate and  is the true shear 
rate.  
All rheological measurements were carried out at 20oC. Single shear measurements at various gaps 
of 1mm, 1.5mm, 2mm and 3mm using constant applied stresses of 10 Pa, 15 Pa and 20 Pa were 
conducted. The measured shear rate was then plotted against the inverse gap and a linear 
regression model fitted. This way the slip velocity and true shear rate can be estimated from the 
gradient and intercept respectively. 
 
MATERIALS 
The experimental program was conducted using a natural hydraulic lime (NHL) produced according 
to the European standard EN459-1:2010 and the following water/binder ratios (w/b) 0.45, 0.50 and 
0.55 was used. NHL was chosen as binder, since it is a hydraulic binder that presents chemical and 
physical properties closer to those of preexisting materials in old masonries. A commercially 
available polycarboxylate ether superplasticizer (conforming to ASTM C494-05 Type F) with a 
constant dosage of 1wt% was used. 
 
RESULTS AND DISCUSSION 
Example of measured shear rate versus inverse gap is presented in Fig. 2 for NHL-based grout with 
water/binder ratio of 0.45 at different shear stresses. As previously mentioned to estimate the slip 
velocity a linear model fit was applied to the data with gradient of the line equal to 2.Vs and the 
intercept equal to the true shear rate. For the grout with water/binder of 0.45 the slip velocity was 
estimated to be 2.2mm/s, 3.8mm/s and 5.2mm/s and the true shear rate 0.7s-1, 1.4s-1 and 1.7s-1 for 
the shear stress of 10Pa, 15Pa and 20Pa, respectively. This is quite lower than the measured shear 
rate range 2-5 s-1, 4-9 s-1 and 5-12 s-1 for each shear stress, which suggest a significant degree of wall 
slip. 

 

a) b) 
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FIGURE 2 Measured shear rate vs 1/gap at different shear stress for the grout with w/b of 0.45. 

 
The profiles of measured shear rate versus gap obtained for the other water/binder ratios are 
presented in Fig 3 and Fig. 4. From Fig 3, it can be seen that for the shear stress of 10Pa an 
approximately constant shear rate at each gap was obtained, which means no wall slip occurred. On 
the contrary, the higher shear stresses show a slight gradient (slip velocity) with higher shear rate 
reported at bigger gaps which is attributed to wall slip. It should be noted that for the shear stress of 
15Pa the wall slip only begins at the biggest gap. 

 
FIGURE 3 Measured shear rate vs 1/gap at different shear stress for the grout with w/b of 0.50. 

 
From the results presented it is clear that the degree of wall slip (i.e. slip viscosity) increases with 
increasing shear stress. Moreover, it can also be observed that the trend of the curve shear rate vs 
1/gap is function of the water/binder content. At the lower water/binder content (w/b=0.45) the 
slope is positive which means that the wall slip is likely to cause an overestimation of rheological 
parameters. As the water/binder content is increased the slope of the curve becomes negative 
meaning a tendency to underestimation of the parameters as result of the wall slip. This behavior is 
associated with greater tendency to segregation as the amount of free water in the suspension 
increases. This can be explained by the uniform settlement of binder particles, leaving a thin layer of 
water over the surface. Therefore local properties are changed, leading to an improper evaluation of 
yield stress, which can be over or under estimated as evidenced by the different slope sign of the 
linear models. 

 
FIGURE 4 Measured shear rate vs 1/gap at different shear stress for the grout with w/b of 0.55. 
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Considering the above results, serrated plates should be used to avoid slip. Since the authors did not 
have serrated plates available, some measurements with plates with emery papers glued were 
performed. This is an ongoing work but the preliminary results are quite promising. From Fig 5 it is 
clear the difference between the flow curves obtained with smooth parallel plate and the one with 
emery paper glued. There is no doubt that the sharp change in trend of the flow curve obtained with 
smooth plates (see Fig 5a) is related to slip at plate-grout interface. While for the plate with emery 
paper glued a gradual deviation of the stress curve from linearity as the shear rate increases is 
verified. Thus, it can be stated that the emery paper glued to the smooth plates can be a good 
solution to avoid slip during rheological measurements of injection grouts. 
 
 
 
 
 
 
 
 
 
FIGURE 5 Influence of geometry roughness on the flow curve behavior for the grout with w/b=0.50 
at a gap of 3mm a) smooth parallel plate and b) parallel plate with emery paper glued. 
 
CONCLUSIONS 
In the light of the achieved results, it is clear that for rheological measurements of injection grouts 
using a rotational rheometer equipped with smooth parallel plates some aspect have to be taken 
into account in order to avoid getting significant error in the results. A suitable choice of shear stress 
range applied during the rheological measurement should be made, since the higher shear stress 
increases the degree of wall slip. Moreover, a proper formulation of the grout is also recommended 
in order to avoid grouts with higher tendency to segregate that promote the wall slip. Preliminary 
measurements performed with parallel plate with emery paper glued reveal to be a viable way to 
avoid the slip. The results and procedures reported in this paper can therefore be used to estimate 
the degree of slip of a specific grout composition and indicate whether the use of roughened plates 
is required. 
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ABSTRACT 

Kaolin is one of the most used clays in a very wide range of industries. One of the most widespread ways 

to use it is by forming a suspension in different liquid mediums. The efficiency of these types of 

suspensions will depend on two main factors: as its homogeneity and stability, as its mechanical 

response under varied conditions1. The suspensions are composed of a liquid medium (silica sol) and 

floating particles (kaolin). The silica sol is composed by         of deionised water and         of 

silica oxide. The kaolin concentration varies between   and        , so as to observe how this fact 

affects to the rheological behaviour shown under different conditions.The stationary responses of the 

samples has been measured by mean of stationary flow curves. They have clearly shown a shear-

thinning behaviour in all cases, and as it was expected, an increase of the viscosity while the kaolin 

concentration rises. Mooney fitting curves have been applied in order to characterize the behavior and 

main characteristics of the dispersions through their intrinsic viscosity values.  

KEYWORDS : Diluted suspensions , kaolin, Mooney model, stationary flow curve, shear-thinning. 

 INTRODUCTION 

Kaolin is normally applied in suspensions by using different liquid media, whose performance 

will depend mainly on the homogeneity and stability of the dispersion
2
, and also, in the 

mechanical response under different conditions. In order to ensure that these properties are 

optimal, dispersants are widely used, such as silica sol
3
. Regarding of this, the aim of the present 

work is to determine the influence of the kaolin concentration on the rheological behavior and 

suspension properties for these materials. 
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MATERIALS AND METHODS 

The materials involved in this study were kaolin (NC-35), silica fumed (DEGUSSA) and 

deionized water. The following samples have been analyzed: silica sol, 5% kaolin w/w, 10%, 

15%, 20%, 25%. To prepare the dispersions, the silica sol (10% w/w silica oxide) has been 

stirred 2 hours and then sonicated about 20 minutes to avoid aggregates formation. After that the 

amount of kaolin has been added and stirred 3-5 minutes additionally. Malvern Gemini 150 

rheometer (coaxial cylinders geometry) has been employed to measure the suspensions up to 15% 

w/w kaolin. For the most concentrated suspensions (20 and 25% w/w), due to their high viscosity, 

a Haake RS600 rheometer with a plate-plate geometry were used. 

In order to ensure the homogeneity and stability of the studied samples, it has been set a strict 

protocol to prepare them, with the purpose of standardize the whole process avoiding 

randomness factors. Firstly, all samples were pre-sheared 60 s at 50 s
-1

, making sure that the 

stationary state was always reached. Then the stationary flow curves were performed in which 

the material will be  subjected to different increasing shear rates, until reach the maximum rate. 

Each step will remain time enough until the stationary state is reached. 

RESULTS AND DISCUSSION 

Figure 1 shows the evolution of the viscosity in all suspensions in function of the shear rate. 

 

FIGURE 1 Evolution of the viscosity in the stationary flow curve. 
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A shear-thinning behavior is observed in all samples and it also shown that, the higher the kaolin 

concentration is, more pronounced is this response. For this, in order to understand better the  

material performance, Mooney model (equation 1) was fitted for different shear rates for all 

dispersions up to 15% w/w kaolin. 

        
    

        
                                                                                                                                                  (1) 

The curves obtained in this way are shown in the figure 2. According to these trends, table 1 

values has been computed from the fit parameters for each case. 

 

FIGURE 2 Relative viscosity-volumetric fraction curves.  

TABLE 1 Parameters fitted using Mooney equation. 

   (s-1)       R
2
 

0.6 64,3 0.20 0,99989 

1.9 49,5 0.20 0.89150 

3.4 40.7 0.15 0.97355 

10.9 28.0 0.11 0.99893 

26.5 19.1 0.10 0.99864 

64.0 22.0 0.13 0.99660 

154.4 12.4 0.11 0.99351 

 

It can be claimed that a critical shear rate exists (   ), which limits two regions: the low shear 

rates zone where the shear thinning is more evident (more pronounced curves in the figure 2), 
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and high shear rates zone where the response is almost typical Newtonian one. This critical shear 

rate is in this case around 2 s
-1

. The curves belonging to the low shear rates trends to a vertical 

asymptote, which is located at 0,075 (the maximum volume concentration accepted by the 

medium). The samples of 20 and 25% of kaolin, corresponding to   equal to 0,09 and 0,12 

respectively, are over this medium limit. In that situation, there is more kaolin mass than which 

the liquid phase is able to remain, so the homogeneity and stability of the samples are lost.  On 

the other hand, the values of  [ ] (table 1) are very high (inversely proportional to the shear rate), 

and the maximum packing fraction ( M) values are low in all cases.  The high values of [ ] are 

the evidence of high poly-disperse suspension. The kaolin particles are planes, like oval “plates” 

with a very high relation between its length and thickness. On the other side, silica oxide 

particles are spheroids of a non-regular shape and surface, in consequence, both of these 

parameters (M and []) will keep in low and high values respectively
4
. 

 CONCLUSIONS 

The silica sol could be a proper dispersant for dispersions up to 15% kaolin w/w, from this 

amount, the samples turn to thick mixtures where the homogeneity and stability cannot be 

guaranteed and, therefore, they are not suitable for industrial purposes. On the other side, these 

dispersions has demonstrated to be vey poly-disperse due to  particles relative shapes as is shown 

by Mooney fit parameters. 
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ABSTRACT 

The goal of this work was to investigate the influence of the emulsification method on the 

rheological properties and physical stability of 

mixture of two green solvents

rotor-stator devices and pressure in a

physical stability of emulsions

and viscoelastic responses could not be d

and shear thinning were the emulsions.

apparent viscosities and higher 

valve homogenizer used. The

highest physical stability was achieved using the high

KEYWORDS: Emulsion, Shear thinning, Non
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biopolymers
2
. The goal of this work was to investigate the influence of emulsification method on 

the rheological properties, droplet size distribution and physical stability of O/W emulsions 

formulated with a mixture of green solvents as oil phase and an emulsifier useful for eco-labeling. 

We compare the properties of emulsions prepared using two rotor-stator devices to those 

prepared with a high-pressure valve homogenizer (HPvH) at several processing variables. 

MATERIALS AND METHODS 

Lauryl N,N-dimethylamide (Agnique AMD-12
TM

) and α-pinene, supplied by BASF and 

Sigma-Aldrich respectively, were used as the oil phase using an AMD-12
TM

/α-pinene mass ratio 

of 75/25
2
. A polyoxyethylene glycerol ester (HLB: 13) derived from cocoa oil (glycereth-17 

cocoate, Levenol C-201TM, from KAO) was used as emulsifier. Emulsions were produced by 

homogenizing 30 wt% oil (total concentration) with 70 wt% aqueous phase containing 3 wt% 

surfactant. Samples were prepared with rotor-stator devices by applying a rotational speed in the 

(4000 - 8000) rpm range for 120 s at room temperature. The performance of the Ultraturrax T50 

(UT-T50) equipped with a G45F toothed dispersion unit was compared to that of the Silverson 

L5M (SL5M) equipped with a high shear screen. Coarse emulsions prepared using the UT-T50 

at 4000 rpm were immediately passed once through the Avestin Emulsiflex C5 HPvH. 

Homogenization pressures considered were 5000 and 15000 psi (34.5 & 103 MPa, respectively). 

A heat exchanger was used with water flowing at inlet temperature of 20ºC to cool the emulsions. 

The rheological measurements were carried out with a controlled-stress rheometer (Haake-

MARS) using a sandblasted Z20 coaxial cylinder geometry to avoid slip-effects (T = 20°C). 

Droplet size distribution measurements were performed using a laser diffraction instrument 

(Malvern Mastersizer X). Multiple light scattering scans were carried out with a Turbiscan Lab-

expert to obtain information on the destabilization kinetics and the main mechanism involved. 

RESULTS AND DISCUSSIONS 

Figure 1A shows the droplet size distributions (DSDs) of emulsions aged for 24 h prepared 

with the processing variables that yielded the lowest droplet mean diameter for each 

emulsification method used. All emulsions prepared with rotor-stator devices exhibited 

monomodal DSDs. The SL5M, which is equipped with a high shear screen, yielded slightly 

lower oil droplet diameters than the UT-T50/G45F at the same homogenization rates. By contrast, 
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samples prepared with the HPvH showed a small second peak due to the occurrence of 

recoalescence which, in turn, is a consequence of some over-processing. Fortunately, the HPvH 

provided a markedly higher fraction of droplets with smaller diameters. 

 

FIGURE 1. (A) Droplet size distributions at room temperature and (B) flow curves (T = 20°C) for selected 

emulsions aged for 24 hours as a function of the different emulsification processes.  

All the emulsions exhibited shear-thinning flow behavior (see figure 1B), which fitted the 

power-law equation: 

τ = τ1 ⋅
γ
.

1s
−1















n

          Eq. (1) 

where τ is the shear stress, τ1 is the shear stress value at 1s
-1

,  is the shear rate and n is the 

power law index. The fluid-like behaviour of these emulsions was supported by their low 

apparent viscosity values (η2Pa ranged from 7.21 to 9.82 mPa·s at 20°C). τ1 values were similar 

for all emulsions prepared with HPvH but slightly higher than those obtained for emulsions 

prepared with rotor-stator devices. These results are consistent with the occurrence of lower 

mean diameters (data not shown). Power law indexes for emulsions prepared with rotor-stator 

devices were significantly higher (i.e. they are less shear thinning) than those of emulsions 

prepared with HPvH. None of these emulsions showed measurable linear viscoelastic properties. 

Multiple light scattering demonstrated that the emulsions with smaller droplet sizes exhibited 

enhanced stability against creaming. The most stable emulsion was that prepared with the 

Avestin Emulsiflex C5 at 15000 psi. 
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TABLE 1. Power law fitting parameters for flow curves of the emulsions studied at 20ºC. 

Method 
τ1 

(Pa) 
n 

η2Pa 
(mPa·s) 

UT50 
4000 rpm 0.013 0.89 7.21 

8000 rpm 0.017 0.86 8.21 

SL5M 
4000 rpm 0.013 0.89 7.13 

8000 rpm 0.019 0.85 8.49 

EC5 
5000 psi 0.042 0.70 8.79 

15000 psi 0.056 0.67 9.82 

 

CONCLUSIONS 

The higher fractions of smaller droplets were achieved by using the high-pressure valve 

homogenizer. Flow curves were sensitive to emulsification method and all emulsions exhibited 

shear-thinning behaviour. None of them exhibited linear viscoelastic properties. The emulsions 

obtained by high-pressure valve homogenizer showed higher apparent viscosity and more 

marked shear-thinning properties than those prepared with rotor-stator homogenizers, which is 

consistent with their lower mean droplet diameters. These properties resulted in enhanced 

physical stability against creaming. The optimum results were those of the emulsion prepared 

with the high-pressure valve homogenizer at 15000 psi (103 MPa). 
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ABSTRACT 

The effect on the rheological properties of muffin batter of replacing wheat flour (WF) with chickpea 

flour (CF) was studied by using oscillatory and steady state shear tests. CF was used to replace the WF in 

the batter partially (25, 50, and 75% w/w; 25%CF, 50%CF, and 75%CF samples) or totally (100% w/w, 

100%CF batter), and compared with a control made only with wheat flour (100%WF batter). SAOS 

measurements indicate that 100%WF batter can be characterized as a weak gel, while batters with 

partial and total WF replacement presented a structure between those of a concentrated biopolymer 

and a weak gel with higher loss tangent (tan δ) values. Zero-order reaction kinetics described batter 

gelatinization process well, and activation energies were obtained for all the batters. Extent of 

thixotropy and rebuild time decreased significantly with increases in the WF replacement level. Complex 

and apparent viscosities failed to follow the Cox–Merz rule.  

KEYWORDS Chickpea flour, Muffin batter, Viscoelasticity, Thixotropy, Viscosity; Cox–Merz rule 

INTRODUCTION 

Muffin batter is a complex fat-in-water emulsion composed of an egg–sucrose–water–fat 

mixture as the continuous phase and bubbles as the discontinuous phase in which flour particles 

are dispersed
1
. A muffin recipe is mainly composed of WF, sucrose, vegetable oil, egg, and milk

2
. 

People with celiac disease are unable to consume this type of baked product. Moreover, many 

gluten-free products available on the market are often of poor technological quality
3
. Chickpea 

(Cicer arietinum L.) is one of the top five important legumes on the basis of whole grain 

production
4
. Potential for increased use of chickpea is related to its relatively low cost, relatively 

high protein content (~18.3–28.9%), high protein digestibility (76–78%), and other desirable 

functionalities
5
. 

The aim of this work was to evaluate the suitability of CF to replace different percentages of 

WF in muffins, and to study its functionality in the linear viscoelastic properties (oscillatory tests) 
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and the flow behavior (steady-state shear tests) of the batter as a prior step to evaluating other 

properties (texture and sensory acceptability) of the baked muffin.  

EXPERIMENTAL DATA 

Batter Preparation 

Five muffin formulations were prepared with the ingredients and amounts shown in Table 1. 

The batter was prepared in a KPM5 professional mixer (Kitchen Aid, St. Joseph, Michigan, 

USA).  

TABLE 1 Formulations of control muffin batter prepared with 100% of wheat flour (WF) and batters 

prepared with increasing quantities of chickpea flour (CF) as WF replacer 

Ingredients 

(g 100 g
–1

 flour) 

100%WF 25%CF 50%CF 75%CF 100%CF 

WF 100 75 50 25 0 
CF 0 25 50 75 100 
Whole egg 81 81 81 81 81 
Sucrose 100 100 100 100 100 
Salt 0.75 0.75 0.75 0.75 0.75 
Milk 50 50 50 50 50 
Oil 46 46 46 46 46 
Natural lemon juice 3 3 3 3 3 
Sodium bicarbonate 4 4 4 4 4 

 

Rheological Properties of Muffin Batter (SAOS and Steady Shear Rheological Measurements) 

SAOS and flow tests were performed using either a Bohlin CVR 50 controlled stress 

rheometer (Bohlin Instruments Ltd., Cirencester, UK) or a Kinexus pro rotational rheometer 

(Malvern Instruments Ltd, Worcestershire, UK). Measurements were obtained using parallel-

plate geometry (40 mm diameter, 1 mm gap). Stress sweep, frequency sweep, and temperature 

sweep tests were carried out under SAOS mode. To study flow time dependence, the hysteresis 

loop was obtained. Before analyzing flow behavior, the structure responsible for thixotropy was 

previously destroyed by shearing
6
. Viscometry rebuild analysis was also carried out.  

RESULTS AND DISCUSSION 

SAOS Measurements and Viscous Shear Flow of Muffin Batter 

Batters made with CF at 25–100% levels are more deformable, with a higher degree of 

conformational flexibility than 100%WF batter, reflecting loss of both rigidity and elasticity 

(high tan δ) as higher WF percentages are replaced by CF. Increase in the G'0 and G"0 values 
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(intercepts of linear regressions of power-type relationship of lnω vs. lnG'0 and lnG"0, 

respectively) with increasing WF replacement was accompanied by an increase in the n' and n" 

values (slopes of the cited linear regressions), therefore reflecting higher ω dependence 

associated with reduced stability of the protein network
7
. Power law fits showed that there were 

no significant differences between the G' and G" values of 100%WF and 100%CF batters 

throughout the ω range studied. Both batters, with 0 and 100% replacement levels, also had 

similar gel points. 

FIGURE 1 Mechanical spectra data for muffin control batter and batters with wheat flour (WF) replaced 

by different percentages of chickpea flour (CF). 

 

Batter gelatinization under non-isothermal conditions was well described by first-order 

reaction kinetics. The lower activation energy (113.43 kJ mol
–1

) of 100%WF batter implies that 

it was more favorable for gelatinization. Under viscous flow, 100%WF batter was the most 

thixotropic (Table 2), with the lowest viscosity recovery percentage and resistance to flow, the 

longest rebuild time, and the highest fluidity. Shearing reduced 94% of the flow time dependence 

in 100%WF batter, whereas in 100%CF sample the hysteresis loop increased. All four CF 

formulae exhibited a short, rapid build-up of viscosity to a highly structured state after shearing. 
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Flow data fitted well to Herschel–Bulkley model, which showed that gluten-free batter had the 

highest yield stress, pseudoplasticity, and viscosity. Power type modification of the Cox–Merz 

rule can be successfully used for all the muffin batters studied. Specific gravity values (data not 

shown) would appear to indicate a higher incorporation of air into the 100%CF batter. However, 

100% WF replacement is accompanied by an increase in the weakening of the muffin crumb 

structure, associated with inadequate gas retention. 

TABLE 2 Effect of wheat flour replacement on hysteresis areas and rheological parameters of Herschel–

Bulkley model describing flow curves of the muffin batter at 25 °C. 

Formula Hysteresis area before 
shearing (Pa s

–1
) 

Hysteresis area after 
shearing (Pa s

–1
) 

σ0 (Pa) K (Pa sn) n    R
2
 

100%WF 1974.3±353.1
a
 115.8±47.2

b
 4.23±0.47

b
 8.60±0.64

b
 0.760±0.013

b,c
 1.000 

25%CF 1438.5±65.9
b
 191.9±73.7

b
 4.49±1.56

b
 8.56±1.76

b
 0.780±0.031

a,b
 0.999 

50%CF 1034.4±281.8
b
 202.0±118.6

b
 3.22±0.29

b
 8.65±0.26

b
 0.804±0.006

a
 1.000 

75%CF 504.1±145.7
c
 297.5±105.8

a,b
 4.89±0.69

b
 10.02±1.34

b
 0.793±0.023

a,b
 1.000 

100%CF 357.0±71.1
c
 428.8±44.9

a
 12.57±0.81

a
 19.91±2.00

a
 0.729±0.005

c
 0.999 

a-c 
Different letters in the same column mean significant differences (P < 0.05) among samples according to Bonferroni multiple 

range test. WF: wheat flour; CF: chickpea flour. σ0, yield stress; n, flow behavior index; K, consistency index. 
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ABSTRACT 

With the goals of preventing the phase separation which may occur when polymer modified 

bitumens (PMBs) are stored at very high temperatures and minimizing the energy consumption 

involved in the fabrication of their asphalt mixes, PMBs can be conditioned in the form of their 

corresponding O/W emulsions. With this regard, five polyethylene modified bitumen emulsions 

were prepared and their viscous flow behavior at 25ºC evaluated. The resultant emulsions 

presented a low Sauter mean diameter (2-4 m). Likewise, all flow curves firstly showed a 

shear-thinning behavior, followed by a high-shear-rate-limiting viscosity, which increased as 

bitumen-polymer phase concentration increased. 

KEYWORDS  

Bitumen, emulsion, polyethylene, viscosity, product formulation. 

INTRODUCTION 

Bitumen has been largely used as a binder of mineral aggregates in road paving 
1
. Traditional 

asphalt mixtures are always produced at high temperatures, never below 150ºC. Very often, the 

performance of bitumen is improved by addition of different types of substances, among which 

polymers are mostly utilized. Polyethylenes have shown to improve the high temperature 

performance of bitumen, by reducing the formation of ruts in the pavement. However, bitumen 

modified with polyethylenes may encounter serious problems: a) its application involves even 

higher paving temperatures than plain bitumen; b) there exists a high risk of polymer separation 

when these binders are stored at high temperature.  

P46 
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Alternatively, different types of reduced-temperature technologies have emerged over the last 

decades. In particular, cold-mix asphalts consist in coating the mineral aggregates with an 

emulsion formed by very fine bitumen droplets dispersed in water and stabilized with a 

surfactant. This technology may prevent phase segregation, since the polymer is embedded in 

bitumen droplets suspended in aqueous phase 
2
. Moreover, PMB emulsions present much lower 

viscosities than bitumen itself and can be applied at temperatures between 25 and 60ºC. 

With a view to their potential application, five PMB emulsions modified with recycled LDPE 

were prepared and the influence of bitumen phase polymer concentration and solids content on 

their viscous flow behavior, at 25ºC, was evaluated. 

EXPERIMENTAL 

Bitumen with penetration grade 160/220, supplied by Repsol S.A., and recycled LDPE, kindly 

donated by Cordoplas S.A., were the main materials for the PMB emulsions. The surfactant, an 

alkyltrimethylenediamine derived from N-tallow, was also provided by Repsol S.A. 

The preparation of the PMB emulsions consisted of a first step of bitumen modification with 

recycled LDPE (bitumen phase) and a further step of emulsification into an aqueous solution of 

surfactant (water phase). The bitumen modification was conducted with a Silverson L5M (U.K.) 

high-shear homogeneizer, under optimized blending conditions of 170ºC, 1 hour and 5000 rpm. 

Recycled LDPE concentrations (in the bitumen phase) studied ranged from 2 to 5 wt.%. The 

emulsification was carried out in a continuous plant equipped with a Denimotech DT 03 

(Denmark) colloidal mill, and a sample collector vessel which can be pressurized. Optimized 

emulsifying conditions were temperatures in the range 165-175ºC (depending on polymer 

concentration), pressure of 7.5 bar and speed of 9000 rpm. In any case, the water phase flow rate 

was fixed and the LDPE-bitumen phase flow rate was varied so that different solids contents 

were obtained. The surfactant content was always set to between 0.75 and 1 wt.%. A non-

modified emulsion is included for reference. 

With respect to characterization, steady viscous flow curves, droplet size distribution and solids 

content were evaluated. Viscous flow curves, at 25ºC, were performed with a controlled stress 

Thermo-Haake MARS II (Germany) rheometer equipped with concentric cylinders geometry 

type Z20 DIN-53019. The droplet size distribution and Sauter average diameters were measured 
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with a Malvern Mastersizer 2000 (U.K.) laser diffraction analyzer, with previous dilution of the 

emulsion into water. The solids content, in wt.%, was calculated from the weights of an emulsion 

sample and its residue when it was set in an oven at 110ºC overnight. 

RESULTS AND DISCUSSION 

The different emulsions in Table 1 are identified by the bitumen phase polymer concentration: 0, 

2, 4 and 5 wt.% (E0, E2, E4 and E5, respectively). Three different emulsions with varying solid 

contents were prepared for 5 wt.% polymer (E5-1, E5-2 and E5-3). 

With regard to the droplet size distribution (DSD), PMB emulsions up to 4 wt.% LDPE showed 

one single peak, whilst a multimodal distribution was observed for 5 wt.%. Also, the former 

emulsions presented Sauter mean diameters (D3,2) between 4.1-4.4 m, whilst the latter ones 

demonstrated smaller values (2.1-1.8 m). 

TABLE 1 Values of solids content, D3,2 and limiting viscosity for the five PMB emulsions studied. 

 E0 E2 E4 E5-1 E5-2 E5-3 

Polymer in bitumen phase (wt.%) 0 2 4 5 5 5 

Solids content (wt.%) 50.6 50.0 55.0 48.2 55.7 62.8 

Sauter mean diameter (m) 4.1 4.2 4.4 2.1 1.8 1.8 

∞ (mPa·s) 5 15 24 10 16 25 

 
 

On the other hand, the evolution of viscosity, at 25ºC, with shear rate shown in Figure 1 

consisted of a shear thinning drop followed by a constant high-shear-rate-limiting viscosity 

beyond a threshold value of shear rate, which can be described by the Sisko’s model: 



   1)( n

sk    (1) 

Values of ∞ have been calculated from Figure 1 and presented in Table 1. According to this 

table, these limiting viscosities seem to be influenced by both polymer concentration in the 

bitumen phase and the solids content in the emulsion. Thus, by comparing emulsions E0 and E2 

(with similar solids contents and Sauter mean diameters), the addition of 2 wt.% LDPE led to a 

limiting viscosity increase from 5 to 15 mPa·s. On the other hand, the limiting viscosity 

increased further, from 15 to 24 mPa·s when the polymer concentration was raised to 4 wt.%, 

also affected by a higher solid content of 55 wt.%. As for, the three emulsions with the same 

polymer concentration in the bitumen phase of 5 wt.% (with comparable Sauter average 
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diameters), the effect of the solids content is clearly observed. Hence, E5-3 (solids content of 

62.5 wt.%) presents the highest limiting viscosity, of 25 mPa·s, followed by E5-2 (solids content 

of 55.7 wt.%) and E5-1 (solids content of 48.4 wt.%), with limiting viscosities of 16 and 10 

mPa·s, respectively. 
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FIGURE 1 Viscosity curves in steady state, at 25ºC, for the five PMB emulsions studied. 

CONCLUSIONS 

The fabrication of O/W emulsions of LDPE-modified bitumens was accomplished by an in-line 

emulsification procedure at high temperature and pressure. The resultant emulsions presented a 

low Sauter mean diameter (2-4 m) and a shear-thinning behaviour followed by a high-shear-

rate-limiting viscosity, which increased as bitumen-polymer phase concentration increased . 
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ABSTRACT 

The synthesis of poly (vinyl chloride), PVC, copolymers by living radical polymerization 

constitutes a novel strategy 

problems derived from the migration of conventional 

random and block copolymers, 

the block copolymers, microphase separation and the presence of crystals lead to a 

thermorheologically complex behaviour, in contrast with the simplicity observed for random 

copolymers. The viscosity of the copolymers determined by extrusion capillary rheomet

conditions similar to polymer processing, was also investigated sh

self-plasticised material. 
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INTRODUCTION 

PVC particles have crystallites of varying sizes, which only melt completely above 

approximately 230ºC1. This factor, together with its low 
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ynthesis of poly (vinyl chloride), PVC, copolymers by living radical polymerization 

 developed to obtain self-pasticised PVCs, that can avoid the 

problems derived from the migration of conventional plasticisers, like phthalates. 

random and block copolymers, with 0-40% weight of BA content, are investigated

microphase separation and the presence of crystals lead to a 

thermorheologically complex behaviour, in contrast with the simplicity observed for random 

of the copolymers determined by extrusion capillary rheomet

conditions similar to polymer processing, was also investigated showing the advantages of the 
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to process PVC in a partially crystalline state. To avoid this difficulty, plasticisers such as 

diethyl- (2-ethylhexyl) phthalate (more known as DOP) have been traditionally used, but the 

migration of these low molecular weight molecules causes salubriousness problems. 

Plasticisation or reduction of the glass transition temperature, Tg, of PVC has been also reached 

by means of blends, for instance with EVA copolymer2 or by internal plasticisation with PBA in 

PVC-PBA copolymers obtained by radical block polymerization3. 

A very interesting success of the Single Electron Transfer-Degenerative Chain Transfer Living 

Radical Polymerization (SET- DTLRP) concerns the synthesis of tri-block copolymers (ABA) of 

poly(vinyl chloride) (PVC) and poly(n-butyl acrylate) (PBA), that is, PVC-b-PBA-b-PVC4. In 

contrast with the relatively known block copolymers, the synthesis of PVC-PBA based random 

copolymers by living radical polymerization (SET-DTLRP) has been very recently claimed5. 

The aim of this paper is to investigate both block and random PVC-PBA copolymers, 

considering them as self-plasticised materials. This implies a rheological study focusing on the 

correlation microestructure-rheology-processing, which involves linear viscoelastic 

measurements, as well as continuous capillary flow tests. 

 

EXPERIMENTAL PART 

Samples preparation and Characterization 

Details of the synthesis and polymerization, as well as methods used for characterization, are 

given elsewher4,5. 

Rheological measurements 

The dynamic viscoelastic behavior of the samples in the molten state was investigated using a 

ARG-2 rheometer with a parallel-plate fixture (25mm diameter). 

Extrusion flow experiments were performed in a Göttfert 2002 rheometer. The viscosity curves, 

i.e. viscosity as a function of shear rate, were obtained. 

 

RESULTS AND DISCUSSION 

In block copolymers, phase separation and the presence of small crystals, detected by DSC, is 

reflected in the viscoelastic behavior, at temperatures above the melting of the main crystals4. To 

the difference to random copolymers, block copolymers give a thermorheologically complex 

behavior, since time-temperature superposition does not hold (Figure 1). 

176



10

100

1000 104 105 106

δ

G* (Pa)
 

Figure 1: Loss factor (δ) vs complex modulus (G*) for 60PVC-40BA random copolymer (open 

symbols) and 30PVC-40PBA-30PVC block copolymer (full symbols). 

 

For random copolymers, plots like those shown in Figure 1 allow determining the entanglement 

modulus, ��
�, which is the value of the elastic modulus as δ tends to zero. This in turn leads to 

obtain the packing length and other structural parameters. However, block copolymers act as 

complex fluids and so the correlation between rheology and chain structure cannot be 

investigated. Alternatively, in Figure 2 the continuous flow viscosity function, η����, is shown, 

together with the complex viscosity, η* (ω), determined in oscillatory flow (Cox-Merz rule).  
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Figure 2: Test of the Cox-Merz rule for 30PVC-40PBA-30PVC block copolymer (�,�). 

For comparison purposes η���� vs ��(s-1) of conventional PVCs are included: PVC (�) and 

PVC/35DOP (�). 

�� Random copolymer (T=120, 140, 150ºC) 
��� Block copolymer (T= 120, 140, 160ºC) 
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CONCLUSIONS 

The main feature of the investigated materials is their capacity to self-plasticise, owed to the 

presence of PBA. Extrusion flow results demonstrate that the viscosity can be reduced to the 

levels of conventional PVC which contains 35% DOP plasticiser. Phase separation and rheology-

microestructure correlation is analysed using oscillatory flows. Two remarks can be done: 

a) No concordance between both viscosities is observed, as could be expected for a complex 

system. 

b) The self-plasticised effect is noted, as low viscosity values are observed in the block 

copolymer, as compared with pure PVC and plasticised PVC/DOP. 
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ABSTRACT 

This research presents a comparative analysis between asphaltic mastics, containing a 

filler/bitumen ratio of 65/35, from bituminous binders which were previously modified by 

addition of either a thermoplastic elastomer Styrene-Butadiene-Styrene (SBS) or recycled low 

density polyethylene (LDPE). LDPE-mastic showed an enhancement in the linear viscoelastic 

behaviour at medium-high temperature range (45-65 ºC), if compared to SBS-mastic. 

Additionally, if a deformation outside the linear viscoelastic (LVE) range is applied, 

LDPE-mastics present an improved capacity of recovery when they return to the LVE.  

KEYWORDS  

Bituminous mastics; polymer modification; rheological properties; product design. 

INTRODUCTION 

In bituminous asphalt mixes, mineral fillers (with a particle size below 75 m) typically 

represent from 2 to 12 wt.% on their total mineral matter1. Hence, a bitumen/filler blend 

(commonly referred to as mastic) naturally forms when bitumen and aggregates are mixed. 

Consequently, bitumen is the only deformable component and forms the continuous matrix of the 

mastic (and, the asphalt mixtures) contributing significantly to road performance2. 

Not much work has been done on polymer-modified bituminous mastics, and the effect that 

polymer modification exerts on the mastic performance. With the aim of improving knowlegde 
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on this subject, asphaltic mastics, containing a filler/bitumen ratio of 65/35, were prepared from 

bituminous binders which were previously modified by addition of either a thermoplastic 

elastomer SBS or recycled LDPE. Rheological characterization, through linear and non-linear 

viscoelasticy tests, revealed that polymer type exerts a significant influence on the binder 

contribution to the overall rheological properties of the mastics. 

EXPERIMENTAL SECTION 

Materials 

Two base bitumens with penetrations values (according to EN 1426:2007) of 50 and 73 dmm, 

respectively, were selected. In addition, two different types of polymers have been considered as 

bitumen modifying agents: a) a thermoplastic elastomer SBS triblock copolymer (trade name “C-

401”), supplied by Dynasol S.A.; and b) a recycled LDPE, provided by Cordoplas S.A. Finally, 

the mineral filler obtained from a stone quarry, with a particle size between 45 and 105 µm, has 

been used as reinforcing filler in the preparation of the asphaltic mastics. 

Samples processing 

Prior to the preparation of the mastics, bitumen 70/100 was modified by addition of either SBS 

or LDPE. Bitumen modification was carried out with a Silverson L5M homogenizer at 3500 rpm 

by mixing bitumen 70/100 and 3 wt.% SBS or LDPE, for 1.5 h, and at a processing temperature 

of 180 or 170 ºC, respectively (under these conditions, the loss of highly components from the 

bitumen may be considered negligible). After this stage, the adequate amount of filler was mixed 

with the modified binders for 1 h, getting asphaltic mastics with a filler/bitumen ratio of 65/35. 

These mastics are compared to an unmodified mastic prepared from bitumen 50/70. Thus, the 

three base binders present similar penetrations (50, 48 and 63 dmm), and the comparison of the 

overall rheological properties is not influenced by binders with different hardnesses. 

Tests and measurements 

Frequency sweep tests, in shear mode, within the linear viscoelasticity region (LVE), from 0.03 

to 100 rad/s, and recoverability tests, were performed using a controlled-stress rheometer Physica 

MCR-301 (Anton Paar, Austria) at 55 ºC. Recoverability tests were proposed to assess material 

nonlinear viscoelastic performance, by means of three 30 min intervals of dynamic loading at a 
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fixed frequency and different deformations, with the one in between outside the LVE region. In 

order to ensure accurate results, at least two replicates were conducted for every sample. 

RESULTS AND DISCUSSION 

Dynamic mechanical spectra, at 55 ºC, of the different mastics studied are shown in Figures 1A 

and 1B. At 55 ºC, bitumen softens sufficiently, and hence, the polymer significantly contributes 

to the bulk rheological behaviour of the bituminous mastics. 
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FIGURE 1. Frequency sweep tests in the linear viscoelastic range, at 55 ºC, for unmodified and 
polymer-modified mastics (Fig 1A,1B). Evolution of the Complex modulus decay after changing 

deformation values for SBS-mastic (Fig. 1C). 

As can be observed, at 55 ºC, unmodified mastic curves tend to a terminal flow region at the 

lowest frequencies studied, being G’ and G’’ nearly proportional to ω2 and ω1, respectively. The 

addition of polymers (recycled LDPE or SBS) to the neat bitumen increases both moduli over the 

entire range of frequency studied for their corresponding mastics. It is well known that the 

polymer may dissolve and/or disperse into the maltenic medium, enhancing the properties of the 

blends1. It can be noticed that, for the SBS-mastic, both moduli are parallel lines, as supported by 

a relatively constant value of loss tangent, tan δ, shown in Figure 1B. In addition, LDPE-mastic 

shows the highest values of both moduli at low/intermediate frequencies. This observation 

indicates a remarkable enhancement of the rheological properties for LDPE-mastic in relation to 

those shown by unmodified mastic or SBS-mastic. Thus, the results obtained with the LDPE-

mastic could be attributed to a binder with enhanced elasticity, as can be seen in Figure 1B, 

where the values of the loss tangent (tan δ) are the lowest within the entire frequency range 

studied.  
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The non-linear viscoelastic behaviour of mastics was studied through recoverability tests, which 

display the evolution of the complex modulus (|G*|) with the elapsed time, at 55 ºC, submitted at 

different deformation cycles (see Figure 1C). The percentage values of recovery and destruction 

(Table 1) were calculated from the steady-state complex modulus ( ,  and ) attained for 

the first, second and third deformation value applied, being  and  obtained at deformations 

within LVE and  measured in the non-linear viscoelasticity region.  

TABLE 1 Rheological destruction and recovery percentages for the asphaltic mastics studied. 

 Destructiona 

(%) 

Recoveryb 

(%) 

Unmodified -mastic 29.6 17.3 

SBS-mastic 38.4 29.3 

LDPE-mastic 66.6 63.9 

a (%)Destruction = [(G*0 - G*1) / G*0] × 100 ; b (%)Recovery= [(G*2 - G*1)  / (G*0 - G*1)] × 100 

As can be deduced from Table 1, the highest destruction and recovery percentages values are 

observed for the LDPE-mastics. Thus, if a deformation outside the LVE is applied, mastics 

prepared from a binder modified with recycled LDPE present a higher capacity of recovery to 

SBS-mastic, when they return to the LVE range. 

CONCLUSIONS 

Asphaltic mastics prepared from LDPE and SBS modified binders showed a significant 

enhancement in the rheological properties at medium-high (45-60 ºC) in-service temperatures. 

Such an improvement can be deduced from both dynamic mechanical spectra conducted in the 

linear viscoelastic region and recoverability tests at 55 ºC. 
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ABSTRACT	  

In this study, we examined the influence of dispersed phase concentration on the rheology, 

droplet size distribution and physical stability of submicron emulsions. The formulation consists 

of a mixture of green solvents (N,N dimethyldecanamide and α-pinene) as dispersed phase and a 

non-ionic polyoxyethylene glycerol ester as emulsifier. Rheology provides useful information on 

the physical stability and handling properties of emulsions. We report the effect of aging time on 

a) steady shear flow, b) viscoelasticity, c) droplet size distribution and d) physical stability of 

emulsions. The rheological properties assessed were significantly influenced by the dispersed 

phase concentration. All emulsions exhibited shear thinning behavior and viscoelastic properties 

above of 35 wt% dispersed phase. The laser diffraction technique revealed submicron droplet 

sizes for all studied emulsions, which tended to grow with aging time by coalescence in the most 

concentrated emulsions.  

KEYWORDS:	  Emulsion, Dispersed phase, Green solvent, Rheology, Viscoelasticity 

INTRODUCTION	  

The oil phase of an emulsion is one the points of current progress in innovate formulations. 

From this point of view the use of green solvents is now an area of great interest. Different 

organic solvents vary in their molecular characteristics that lead to changes in their properties 

such as density, melting point, polarity, viscosity and solubility in water. Many of these 

properties have a major influence on the formation, stability and functionality of emulsions1. For 

example, the solubility in water of an oil phase determines the physical stability of an emulsion 
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to Ostwald ripening phenomenon due to diffusion of solvent molecules through the continuous 

phase. In addition, the concentration of oil droplets in an oil-in-water emulsion influences its 

physical stability and rheological properties. Droplet concentration is usually characterized in 

terms of the dispersed phase mass fraction (φm), which is the mass of the oil phase (moil) divided 

by the total mass of emulsion (mE):  

φm (%) =100·
moil

mE

	  	  	  	  	  	  	  	  	  	  Eq. (1) 

An eco-friendly emulsion may contain a variety of different green solvents as oil phase, such 

as essential oils, terpenes and fatty acid dimethylamides. In this study, we examined the 

influence of dispersed phase concentration on the rheology, droplet size distribution and physical 

stability of submicron emulsions. 

MATERIALS	  AND	  METHODS	  

Oil-in-water emulsions with 3 wt% surfactant (glycereth-17 cocoate) and different dispersed 

phase concentrations (from 30 wt% to 50 wt%) were prepared using as a oil phase a mixture of 

green solvents, N,N-dimethyl decanamide  (AMD-10TM) and α-pinene, with a mass ratio of 

75/25 respectively. Emulsions were produced by homogenization with a rotor-stator device 

(Silverson L5M) using a rotational speed of 7500 rpm for 120 s at room temperature.  

Characterization of the flow behavior was carried out with a controlled stress rheometer 

(Haake-MARS) using a sandblasted Z20 coaxial cylinder geometry (Ri=1cm, Re/Ri=1.085) to 

avoid slip-effects. The same rheometer with a sandblasted double-cone sensor (60 mm, 1°) was 

used to perform frequency sweep tests from 20 to 0.05 rad/s by selecting a stress within the 

linear range. Equilibration time prior to rheological tests was 5 min. Test temperature = 20°C. 

Droplet size distribution measurements were performed using a static light scattering 

instrument (Malvern Mastersizer X) for about 30 days.  

RESULTS	  AND	  DISCUSSIONS	  

Figure 1 shows the Sauter mean diameters (D3,2) of emulsions with different dispersed phase 

concentration aged for 1 and 30 days.  For all emulsions submicron mean diameters were 
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achieved. The emulsions aged 24 hours show a marked increase of D3,2 by increasing the 

concentration of dispersed phase from 45 to 50wt%. Taking into account the time evolution for 

30 days of D3,2 for the five emulsions, the results obtained pointed to the occurrence of some 

coalescence for emulsions containing 45 and 50 wt% oil phase. 

	  

FIGURE	   1.	   Sauter	  mean	   diameter	   (D3,2)	   for	   all	   emulsions	   aged	   for	   1	   and	   30	   days	   as	   a	   function	   of	   the	  

dispersed	  phase	  concentration.	  

Figure 2A shows the viscosity curves fitted to the Cross model for the emulsions studied aged 

for 24 hours as a function of oil phase concentration. All emulsions in the studied concentration 

range exhibited shear-thinning behaviour. An increase of the dispersed phase concentration from 

30 to 45 wt% yielded an increase of the zero shear viscosity and a decrease of the flow index. 

The decrease in viscosity values for the 50 wt% emulsion aged for 1 day may be due to the 

higher mean droplet diameter. 

Figure 2B shows the frequency influence on the linear viscoelastic functions, G’ and G”, for 

the emulsions aged that exhibited measurable linear viscoelastic range as a function of time. The 

results obtained corresponded to the so-called plateau relaxation zone. The emulsion containing 

35 wt% of dispersed phase shows lower values of G'' than G' in the higher frequency regime and 

G'' is greater than G' in the lower frequency regime as a consequence of a crossover point 

between G' and G''. All samples above 35 wt% dispersed phase displayed clear viscoelastic 

properties with a predominance of the elastic over the viscous component in the frequency range 

studied. G´ turned out to be relatively independent of frequency, which is typical of gel-like 

materials. The addition of oil phase caused the formation of a weaker structure above 45 wt%, 
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which is consistent with laser diffraction and flow curves results.   

	  

FIGURE	  2.	  (A)	  Flow	  curves	  and	  (B)	  mechanical	  spectra	  for	  all	  emulsions	  aged	  for	  24	  hours	  as	  a	  function	  of	  

dispersed	  phase	  concentration.	  

CONCLUSIONS	  

The rheological properties assessed were significantly influenced by the dispersed phase 

concentration. All emulsions exhibited shear thinning behavior, which fitted the Cross model. An 

increase the dispersed phase concentration from 30 to 45 wt% yielded an increase of the zero 

shear viscosity and a decrease of the flow index. All samples above 35 wt% dispersed phase 

displayed clear viscoelastic properties with a predominance of the elastic over the viscous 

component in the frequency range studied. The laser diffraction technique revealed submicron 

droplet sizes for all studied emulsions, which tended to grow with aging time by coalescence in 

the most concentrated emulsions.  
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ABSTRACT	  

There is a need to replace the traditional organic solvents by more environmentally 

favourable solvents in process engineering, cleaning as well as in other formulated 

products1. The goal of this study was to assess the processing conditions which slow 

down the destabilization kinetics of green emulsions by means of rheological 

techniques, assisted by laser diffraction. Fatty acid dimethylamides (FAD) are green 

solvents derived from biomass that find application in agrochemical emulsificable 

concentrates. D-Limonene (D-L) is a naturally occurring hydrocarbon which can be 

derived from the rinders of citrus fruits and shows good biodegradability. In this 

research an optimised ratio of FAD and D-L solvents was used as dispersed phase of 

O/W emulsions2. Lab-scale emulsions were prepared, with a Silverson homogenizer 

equipped with an emulsor mesh screen, at several rotational speeds (Ω). The specific 

target of this study was to determine the optimum Ω which results in enhanced stability. 

Regardless of the Ω used, flow curves of emulsions at 20ºC showed Cross-type 

behaviour. Emulsions processed above a critical Ωc exhibited weak-gel viscoelastic 

properties when studied under SAOS. A decrease of plateau modulus was a clear 

indication of the occurrence of some coalescence, which was also confirmed by the 

increase in droplet sizes measured by laser diffraction. We demonstrate that the 

optimum homogenization rate was around 4000 rpm on account of the lack of 

coalescence.  

 
KEYWORDS:	  eco-friendly emulsions, rheology, laser diffraction, stability.	  

INTRODUCTION	  

The toxicity of traditional organic solvents limits its application in emulsions for 

agrochemical use. Hence, in order to avoid the use of toxic solvents in the production of 
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agrochemical products, active ingredient used in pesticides should be dissolved in a 

natural and nontoxic solvent. In this regards, L-limonene, a safe, highly effective, and 

biodegradable natural extraction from peel of citrus fruits, is a good solvent alternative 

for this application. In addition, N,N-dimethyldecanamide has attracted the attention 

recently due to its good characteristics like eco-friendly solvent.  

The main objective of this work was the study of the influence of homogenization rate 

on the physical stability of slightly concentrated O/W emulsions formulated with two 

green solvents (N,N-dimethyldecanamide and D-limonene) and a polyoxyethylene 

glycerol ester as emulsifier.  

 

MATERIALS	  AND	  METHODS	  

Materials	  

N,N-Dimethyldecanamide (Agnique AMD-10TM, BASF), D-Limonene (Sigma Aldrich) 

and Glycereth-17 Cocoate (HLB:13)(KAO) as emulsifier, were used. Its trade name is 

Levenol C-201TM. RD antifoam emulsion (DOW CORNING®) was used as antifoaming 

agent.  Deionized water was used for the preparation of all emulsions. 

Methods	  

Emulsions	  development	  

Emulsions containing 4 wt % Levenol C-201 as emulsifier, 0.1 wt % antifoam emulsion 

and 40 wt% mixture of solvents were prepared. The ratio used was 75 wt% AMD-10 

and 25 wt% D-Limonene, which was previously demonstrated to be the optimum. 

These O/W emulsions were carried out using a Silverson L5M at different 

homogenization rates (4000-8000 rpm) during 60 s.  

Laser	  diffraction	  measurements	  

Size distribution of oil droplets were determined by laser diffraction using Mastersizer 

X (Malvern, Worcestershire, UK). The mean droplet diameters was expressed as Sauter 

diameter (D2,3) an volumetric diameter (D4,3): 

𝐷 𝑀,𝑁 =
𝐷!   𝑛 𝐷 𝑑𝐷
𝐷!𝑛   𝐷 𝑑𝐷

!
!!!

  (1) 

 

Rheological	  measurements	  
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Rheological experiments were conducted with a Haake MARS controlled-stress 

rheometer (Thermo-Scientific, Germany), equipped with a sand-blasted double cone/1º 

to avoid slip effects.	  Flow curves were carried out from 0.05 to 5 Pa at 20ºC. Frequency 

sweeps were conducted from 0.05 to 20 rad/s selecting a stress well within the linear 

range. 

RESULTS	  AND	  DISCUSSION	  

Figure 1A shows flow behavior for studied emulsions as a function of homogenization 

rate. All emulsions showed shear-thinning behavior that fitted fairly well to Cross 

model. 

	  𝜂 =    !!

!! !
!!

!!!	  	  	  	  	  	  	  	  	  	  (2)	  

Where ηo is zero shear viscosity, 𝛾!   ,  critical shear rate and n the flow index. Two levels 

in zero shear viscosity were observed. Emulsions processed above 6000 rpm showed 

higher ηo than emulsions processed at lower homogenization rates. This supports laser 

diffraction results. In addition, only emulsions processed above 5000 rpm exhibited 

viscoelastic properties where storage modulus are higher than loss modulus in every 

frequency. This fact may be explained by a flocculation process. Plateau zone was 

observed in all frequency sweeps with a characteristic plateau modulus, 𝐺!! . Figure 1B 

shows plateau modulus as a function of homogenization rate with aging time. 𝐺!!  for 1-

day.aged emulsions processed at 6000 and 7000 rpm did not show any significant 

differences. However, 8000 rpm emulsion showed lower 𝐺!!  than the others. This fact 

may be related to a break of flocs since the volumetric diameter was very similar (see 

fig 2). Furthermore, all emulsions exhibited a decrease of 𝐺!!  with aging time. Thus, a 

coalescence phenomenon could be taking place.  

Figure 2 shows volumetric diameter as a function of homogenization rate at 1 and 30 

days of aging time. There is a decrease of volumetric diameter with homogenization rate 

at one-day aging time. However, a trend to level off at higher homogenization rates was 

also observed. In addition, there is an increase in the droplet size from day 1 to 40 for 

emulsions processed above 5000 rpm. This fact may be related to a flocculation process, 

which explains the higher viscoelastic properties of these emulsions. 

CONCLUSIONS	  
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Submicron emulsions were obtained using a rotor-stator device. All emulsions exhibited 

shear-thinning behaviour and emulsions above 5000 rpm showed viscoelastic 

properties. These viscoelastic emulsions showed an increase of droplet size by laser 

diffraction. Rheology measurements supports this fact. Taking into account these 

results, we demonstrated that the optimum homogenization rate for these 40 wt% eco-

friendly emulsions was 4000 rpm due to the lack of coalescence. 
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Figure	  1.A)	  Flow	  curves	  for	  40	  wt%	  emulsions	  as	  a	  function	  of	  homogenization	  rate.	  B)	  
Influence	  of	  aging	  time	  on	  plateau	  modulus	  for	  emulsions	  processed	  at	  different	  
homogenization	  rate.	  
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Figure	  2.Volumetric	  mean	  diameter	  for	  emulsions	  processed	  at	  different	  homogenization	  rates	  
at	  1	  and	  40	  days	  of	  aging	  time.	  
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ABSTRACT 

The idea behind LAOS is an attempt to describe the mechanical behaviour of complex fluids at 

large deformations, well beyond the linear viscoelastic region, which are closer to real 

processing conditions. Furthermore, large amplitude oscillatory shear (LAOS) has proven to be a 

sensitive technique in order to detect microstructural changes in complex fluids such as 

biopolymer networks, colloidal gels, etc. We illustrate the applications of LAOS with an 

"advanced performance" xanthan gum aqueous dispersions at different concentrations (from 

0.15% (m/m) to 0.40% (m/m)), on account of the great technological interest of this bacterial 

polysaccharide. The influence of concentration on the viscoelastic properties of aqueous xanthan 

gum dispersions was studied by means of both techniques, SAOS and LAOS. Within linear 

viscoelastic range, the "advanced performance" xanthan gum demonstrated that possesses less 

fluid-like behaviour than conventional gum. More interestingly, the combination of the use of 

both rheological measurements allowed us to detect a structural transition within the 

concentration range studied.  

KEYWORDS: Xanthan gum; LAOS; Non-linear viscoelasticity; Chebyshev coefficients; Weak-gel. 

INTRODUCTION 

Although SAOS tests are a useful tool to obtain a convenient rheological characterization of 

complex fluids in most real operations the deformation is well beyond the linear viscoelastic 

region and therefore linear viscoelastic characterization lacks information to fully understand 

practical polymer processing. Thus, LAOS tests are being increasingly important due to their 

usefulness in describing the elastic and viscous properties of complex fluids at large 

deformations
1,2

. 

The objective of this work was to study the influence of polymer concentration on the 

rheological properties of aqueous solutions of a commercial “advanced performance” xanthan 

gum (APXG). This rheological study involves small amplitude oscillatory shear (SAOS) and 

Experimental Methods 
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large amplitude oscillatory shear (LAOS). The non-linear oscillatory response was analyzed 

using the third-order Chebyshev coefficients (e3 and υ3) may then be used to determine material 

nonlinear viscoelastic behaviour. Thus, material viscoelastic behaviour is classified in six 

categories: strain-softening (e3<0), strain-stiffening (e3>0), linear elastic e3=0, shear thinning 

(υ3<0), shear thickening (υ3>0) and linear viscous υ3=0 
3
. 

MATERIALS 

KELTROL® Advanced Performance “Food Grade” xanthan gum, generously donated by CP 

Kelco, was used to prepare xanthan gum solutions. Xanthan gum solutions with concentrations 

ranging from 0.15% to 0.40% (m/m) were prepared by slowly adding the required amount of 

polymer powder.  The solutions studied were prepared with ultrapure Milli-Q water. 0.1% (m/m) 

sodium azide was added to the solutions to prevent the growth of microorganisms. All 

ingredients were used as received.  

RESULTS AND DISCUSSION 

SAOS 

Figure 1 shows G*and tan() as a function of frequency within LVR (strain = 5%) for the two 

limiting concentrations studied. When increasing polymer concentration G* increases whereas 

tan() decreases with values lower than one in all the frequency range studied, corresponding to 

a weak-gel behaviour. Nevertheless, there is a tendency to reach the crossover frequency that 

determines the onset of the terminal relaxation zone when moving towards lower frequencies for 

the lowest xanthan gum concentration. Furthermore a comparison of frequency sweeps for both 

the APXG used in the present study and a conventional one produced by the same Company (CP 

Kelco) for the same concentration of xanthan gum 0.40% (m/m) and ionic strength
4
 showed that 

the conventional xanthan gum has a more fluid-like behaviour. 

It is interesting to note that the Cox- Merz rule was followed for the lowest concentration of 

xanthan gum (0.15 % (m/m)), while it failed for the rest of concentrations studied. In this case 

the departure could be related to the occurrence of a structured system, supporting that the weak-

gel structure was clearly set. 

LAOS 

Further information on the influence of the xanthan gum concentration on the microstructure of 

xanthan gum can be obtained by analysing the third-order Chebyshev coefficients (e3 and υ3). 

Figures 2a and 2b show the parameters e3 and 3 used to evaluate the intracycle elastic and 

viscous non-linearities for the two limiting concentrations studied. Thus, the non-linear 

viscoelastic region can be divided into three parts according to the intracycles parameters. 

Region (A) Strain softening (e3 < 0) + Shear thickening (3  > 0); Region (B) Strain stiffening 

(e3 > 0) + Shear thickening (3  > 0) and Region (C) Strain stiffening (e3 > 0) + Shear thinning 
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(3  < 0). Furthermore, when 3 was plotted as a function of xanthan gum concentration two 

linear tendencies were observed, which could be related to a change in the behaviour of the 

polymer solution indicating the occurrence of two regimes. The drastic change in the slope was 

found in the 0.20% to 025% (m/m) range.  

 

 [rads-1]

0.1 1 10

G
*[

P
a

],
 t

a
n

(
)

0.1

1

10

 
FIGURE  1. Complex modulus, G*(close symbols) and loss tangent, tan() (open symbols) as a function of 

frequency for xanthan gum concentrations of 0.15 %(m/m) (circles) and 0.40 %(m/m) (triangles)T=20ºC.  

CONCLUSIONS 

All the studied systems showed a weak-gel behaviour that increase with concentration. The 

comparison of the mechanical spectrum for the Advanced Performance Xanthan Gum with a 

conventional one showed that the viscous component of the latter was more important than the 

one for the Advanced Performance. 

The second evidence supporting a structural change was the deviations from the Cox-Merz rule 

for the concentrations above 0.20% (m/m), which indicates the occurrence of a more 

development structure.  

A complete rheological characterization of the systems was achieved by analysing the 

parameters deduced from local methods. The plot of the maximum value of third-order –viscous 

Chebyshev coefficient (3) obtained by LAOS against concentration supported the 

aforementioned change of the viscoelastic behaviour associated to the modification of the gum 

structure.  

Finally, the non-linear viscoelastic region can be divided into three parts according to the 

intracycles parameters. Thus, region (A) Strain softening (e3 < 0) + Shear thickening (3  > 0); 

Region (B) Strain stiffening (e3 > 0) + Shear thickening (3  > 0) and Region (C) Strain 

stiffening (e3 > 0) + Shear thinning (3  < 0). 
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FIGURE 2.  Oscillatory shear tests of xanthan gum at 4 rad/s  analysed by means of LAOS parameters for 

0.15 % (m/m) (triangles) and 0.40% (m/m) (diamonds). A) Third-order elastic Chebyshev coefficient, e3. 

B) Third-order viscous Chebyshev coefficient, . T = 20ºC. The error bars are included in the figure.  
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ABSTRACT 

The dynamic viscosity of glycerol was measured in the range T= (293 to 394) K and atmospheric pressure 

using a Brookfield Thermosel system. To produce an extensive viscosity database for this substance, the data 

obtained in this study were combined with published data from the literature covering the range of 

temperature from near the glass transition temperature (190 K) up to 394 K. The Vogel-Tamman-Fulcher 

(VTF) equation and the Bond Strength-Coordination Number Flutuation (BSCNF) model, were both used to 

correlate the values selected in the database. From BSCNF the structural effects taking place near the glass 

transition were discussed. 

KEYWORDS: Glycerol, Viscosity, Glass transition, BSCNF model, VTF equation 

INTRODUCTION 

Glycerol is one of the most extensively studied hydrogen-bonded systems. The presence of three 

hydroxy groups in the molecule gives rise to particularly rich and complex conformational and 

structural behaviour and it is one of the archetypal glass-forming liquids. The nature of its glass 

transition has been the object of several experimental investigations. In particular, the viscosity has 

been measured using different type of viscometers and consequently there is some disagreement in 

data from the various sources. 

EXPERIMENTAL  

Glycerol was obtained from ACROS (Cas No: 142-82-5) with mass fraction purity of 0.9987. Since 

glycerol is highly hygroscopic, samples were further degassed ultrasonically and dried over freshly 

activated molecular sieves supplied by Aldrich. Dynamic viscosity measurements were made in the 

range 20 to 121 ºC using a Brookfield Thermosel system with a rotational DV-II+ (model LVDV-11) 

viscometer. Temperature was controlled to ±0.5 K.  

THEORY 

The glass-forming liquid is formed by an agglomeration of clusters or structural units which are 
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bound to others by a certain bond strength retaining its spatial random connectivity. Thermally 

activated viscous flow occurs due to bond-breaking and bond-switching. Aniya et al.1 developed the 

BSCNF viscosity model which is characterized by Gaussian distributions of the binding energy (E) 

and the coordination number (z) between structural units. The binding energy and coordination 

number are E=E0+∆E and z= z0+∆z, respectively, where E0 and z0 are average values and ∆E and ∆z 

are fluctuations. The viscosity in BSCNF is 
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According to BSCNF theory, parameters B and C obey the relation1  
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When γ= 1, equation (1) simplifies and the only parameter to be found is B (=B*) ( ln(ηg /η∞) can be 

considered also as a varying parameter). This model will be referred here as BSCNF1. The Vogel-

Fulcher-Tammann (VFT) equation2-4 

0

log
TT

B
A VTF

VTF


            (4) 

is one of the most commonly used expressions for the analysis of the temperature dependence of 

viscosity. AVTF = log (η∞) is the value of the viscosity at the high temperature limit. BVTF (=DT0) and 

T0 are fitting parameters. D is the strength parameter and T0 is the Vogel temperature. An important 

quantity obtained from BSCNF model is the number of structural units broken NB= Eη / (E0z0) where 

Eη is the activation energy for the viscous flow and (E0z0) is the average total binding energy per one 

structural unit. Following Ikeda and Aniya5 NB gives the number of the structural units involved in 
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the thermally activated viscous flow, and it is expected to provide the degree of fluidity within the 

glass-forming liquids. From BSCNF model, 
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RESULTS  

In table 1 the parameters of BSCNF and VTF models obtained by least squares fitting are presented. 

The fragility m and NB are also presented. In figures 1 and 2 the experimental data are compared 

with the model equations. 

TABLE 1. Parameters of BSCNF and VTF models of viscosity.  

Model B C B* C* b  ln(ηg /η∞) m Tg/Kc NB AVTF  BVTF (DVTF) T0 mVTF 

 BSCNF 0.5576 7.7623 - - 39.1440 69.0 190 - -  - - - 

 BSCNF1 - - 0.5346 9.6665 36.3392 58.6 190 14.0 -  - - - 

 VTF-5 a - - - - - - -  -5.0  806.16 (5.8022) 138.94 58.8 

 VTF-6 a - - - - - - - - -6.0  1028.99(8.0803) 127.345 - 

a VTF-5 (η∞=10-5) and VTF-6 (η∞=10-6); b C* calculated from equation (3) with γ=1. cFrom calorimetric techniques. 
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FIGURE 2. Relative deviations between calculated 

viscosity η(calc), and the measured values from 

literature, η,exp: ○, fitting with BSCNF; ○, fitting with 

VTF (η∞=10-6 Pa.s); ●, deviations from Parks and 

Gilkey6 (BSCNF); ■, deviations from Tammann and 

Hesse4 (BSCNF); ●, deviations from Parks and Gilkey 

with VTF (η∞=10-6 Pa.s);  ■, deviations from 

Tammann and Hesse4 with VTF (η∞=10-6 Pa.s). 

 

 FIGURE 1. Experimental viscosity of glycerol as a 

function of temperature: ○, data used in the fittings; ●, Parks 

and Gilkey6; , BSCNF; - - - -,  BSCNF (γ=1); —, 

VTF (η∞=10-6 Pa.s);  —, VTF (η∞=10-5 Pa.s). 
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CONCLUSIONS 

From figure 2 it can be seen that the BSCNF and VTF models can represent the experimental 

viscosity data from literature with variable performance with relative deviations from zero up to 20%. 

This variation is explained in part by the discrepancy of data from the various authors and in other 

hand by the fail of models to describe data in wide range of temperature starting from Tg. Despite the 

scarcity of data in the approach to the glass transition temperature the tested models give reasonable 

results in the medium temperature range. It is interesting to note that the old data of Parks and Gilkey 

(1929) can be represented by BSCNF model close to the glass transition. The fragility index obtained 

in this work (m=59) (m=53)7 characterizes glycerol as a moderate fragile liquid. The physical basis 

of BSCNF theory is an important aspect possibly more significant than the intrinsic precision of 

fitting with this model. The value NB=14 suggests that bonds corresponding to about 14 structural 

units must be broken in order to observe the viscous flow in the glass transition range.  
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ABSTRACT 

The main target of the present work is to monitorize the curing of a bicomponent thermoset by 

rheology when an electrical current going trought the sample produces heat by the Joule effect. So the 

first point was to increase the conductivity of the material. In order to get the necessary minimum 

electrical conductivity, Multiwall carbon nanotubes (MWCNTs) where introduced in the thermoset 

Matrix. The concentration used was 3 %. Rheological experiments ensure that that concentration is 

higher than the percolation concentration. In order to motorize the curing, at the same time that the DV 

voltaje is applied, the system has being integrated in a Rheometer DHR2 (TA Instruments, DE, USA). The 

geometry used has being 25 mm disposable parallel plates. Both plates have being soldered to the 

negative and positive sides of a DC source. The voltage difference up to 75 V produces the current 

intensity that will produce the heat by joule effect. Multifrequency time sweep experiments provide the 

viscoelastic profile during the curing process. 

KEYWORDS thermoset, MWCNTs, Joule effect, gelification, conductivity 

INTRODUCTION 

The curing of thermosets is a research field widely studied in the literature. Most of them are heat 

induced typically by convection. Moreover, there are curing applications that use UV light. One of the 

main disadvantages of this technique is the low penetration index of the UV light. Therefore, the curing 

is produced mainly in the Surface what it is useful in coatings but not so much is structural parts.  

The Joule effect is another way to produce heat that has not being deeply studied in the thermoset field. 

Some authors have used the carbon fibbers that are present in some composites to conduct the 

electricity that finally produces the heat by Joule effect.  

Materials 

Epoxy/Hardener: BEPOX 1622 (Gairesa, Valdoviño Spain). Proportion 2.38 to 1 in weight. 
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Resin + 3 % MWCNTs 100 % conversion

Resin + 3 % MWCNTs zero conversion

MWCNTs: from Aldrich; 6-9 nm x 5 microns 

Rheometer: DHR TA Instruments (DE USA). 

DETA accessory: Disposable geometries 25 mm. Agilent brigde LCRmeter 4980A, freq range from 20 Hz 

to 2 MHz. Voltage range from 0.005 to 20 V. maximum output  Intensity 200 mA. 

DC voltage source: MYWAVE MPD-7505 POWER SUPPLY. 0 – 75 V. 0 – 5 A.  

Dispersion machine: heidolph diax 900, 8,000-26,000 rpm 

MATLAB: control the DC source through t the intensity. P = 0.05, I = 0.01; D = 0.01 

The final mixture between the 3 components, epoxy resin, hardener and MWCNTs has being made by 

mechanical agitation and ultrasounds. 

 

RESULTS 

As it is shown in Figure 1, the 3 % of MWCNTs increases the resin conductivity around 4 orders of 

magnitude. It is very interesting to observe that the complete cured sample has the highest conductivity  
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Figure 1. Conductivity versus frequency for the MWCNTs powder, resin without MWCNTs, and resin + 

3 % MWCNNTs at zero and 100 % conversion. 

So, using the DC source and the adequate PID control (P = 0.05, I = 0.01; D = 0.0)1, we were able to make 

Dynamic and isothermal temperature profiles. The voltage range was between 10 and 20 V and current 

intensities between 0.2 and 1 A. The results are presented in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

Fgure 2. Temperature, heating rate and complex viscosity versus time. 

It is possible to observe in Figure 2 that the PID parameters chosen provide a very accurate temperature 

control with heating rates up to 17ºC/min and down to 0.2 C/min. 

 

In order to obtain the gelation time, we performed a multifrequency experiment at 1, 2 and 5 rad/s. 

Results are shown in Figure 3. 
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31,4198 min; 0,0524387 

 

 

 

 

 

 

 

 

 

 

Figure3. Tan delta and Temperature versus time. 

It is possible to observe in Figure 2 that the crossover of tan delta at the 3 frequencies occurs at 31. 41 

min so 6 min after to reach the isothermal temperature at 90º C 

CONCLUSIONS 

The curing by Joule effect was successfully implemented in The Rheometer DHR using the Disposable 

plates of the DETA accessory. This technique allows the rheological measurement at one frequency or in 

multifrequency of a conductive thermoset. 

In order to increase the conductivity, MWCNTs were successfully added at a concentration of 3 %. The 

conductivity increased around 4 decades.  
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ABSTRACT 

Charged macromolecules with high molar mass tend to pose characterization difficulties. 

Dilution viscometry can be a reliable technique to characterize polyelectrolytes providing their 

intrinsic viscosity. The intrinsic viscosity can be considered a ”lumped parameter”, giving 

information on the polymer’s conformation in solution, which is an important characteristic, in 

particular if the intention is to compare the impact of polyelectrolytes of different molar mass, 

charge density, chemistry and/or chain architecture on technological processes. The intrinsic 

viscosity of three copolymers was determined by two different techniques: capillary viscometry 

and rolling ball viscometry. In this presentation, we show the comparative analysis of the 

intrinsic viscosity measurements obtained through these two alternative methods. Huggins 

correlation was used to extract intrinsic viscosity values from the raw experimental data.  

KEYWORDS: intrinsic viscosity; polyelectrolytes; capillary viscometry; rolling ball viscometry 

INTRODUCTION 

Water-soluble synthetic polyelectrolytes are key compounds in a number of fields, including 

drinking water treatment, papermaking and personal care products manufacturing.1 As charged, 

high molar mass molecules, these compounds often pose characterization difficulties.   

Polyelectrolyte intrinsic viscosity is amongst the parameters whose determination may turn into a 

challenge.2 The intrinsic viscosity can be seen as a “holistic” parameter, giving information on 

the conformation, and hence the hydrodynamic volume, of the polymer chains in the solution. 

This information is particularly relevant to compare the impact of multiple variables (e.g. 
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molecular weight, charge density, chemistry, chain architecture) on technological processes 

where the polymer coil dimensions are important, providing a basis to envisage the relative 

performance of different polyelectrolytes.  

Polymer intrinsic viscosity is determined by dilution viscometry. The gravimetric capillary 

principle is widely applied through Ubbelohde viscometers. The main advantage of this 

technique is that gravity is employed as a reliable, not artificially generated driving force, which 

reduces potential experimental errors. Alternatively, intrinsic viscosity values may be obtained 

by implementing the rolling/falling ball principle, where gravity is also used as driving force, but 

the inclination angle of the capillary where a ball rolls has to be defined within the measurement 

procedure.    

As part of an ongoing project aimed at describing the toxic potential and biological activity of 

cationic acrylamide/dimethylaminoethylacrylate methyl chloride copolymers (AM-co-DMAEA), 

the intrinsic viscosity has been determined for a variety of polyacrylamides with varying 

AM/DMAEA ratio.3 

Here, intrinsic viscosity values obtained by the gravimetric capillary and rolling ball principles 

are reported and compared for three linear AM-co-DMAEA polyelectrolytes with different 

molecular weight and charge density (Table 1). The polyelectrolytes’ molecular weights have 

been determined experimentally by static light scattering (SLS).  

MATERIALS AND METHODS 

Molecular weight determination  

The molecular weights of the three polyelectrolytes under study were estimated based on SLS 

measurements in a Zetasizer Nano ZS, model number ZEN3600. Stock solutions (1.5 mg/mL) of 

each polymer were prepared by stirring purified samples in previously filtered (0.45 µm) 0.05M 

NaCl aqueous solution for at least 6h. The stock solutions were left to rest overnight prior use. 

Dilution series of 5 solutions in the concentration range 0.1-1.5 mg/mL were employed in the 

molecular weight measurements.  

Intrinsic viscosity determination  

The intrinsic viscosities of the polyelectrolytes were determined in both an automatic capillary 

viscometer Viscologic TI1 (Sematech, France) with a 0.58-mm capillary and a rolling ball Lovis 

2000 M/ME microviscosimeter (Anton Paar, Austria). For the rolling ball technique, the angle of 
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inclination of the capillary was selected to 48 and several replicate measurements were taken by 

alternating the angle from +48 to -48 until the variation coefficient of the readings was below 

0.05 %.  The measurements had to be carried out at 20º C and 25 ºC for the gravimetric capillary 

and rolling ball techniques, respectively.   

The dilution viscometry principle was applied. Intrinsic viscosity values [η] were obtained by 

determining the specific viscosities (ηsp
) of polymer solutions of different concentrations and then 

extrapolating to zero concentration conditions. ηsp values were calculated either from the 

capillary running times or ball rolling times.  From the ηsp, reduced viscosities could be 

calculated as the ratio ηsp/c (c being the polymer concentration). The limit of the reduced 

viscosity for infinitely diluted polymer solutions defined the intrinsic polymer viscosity. The 

Huggins fit (equation 1) was employed for the extrapolation to zero concentration:4  

    c
H

K
c

sp

red

2
'



                    (1) 

The Huggins coefficient, KH, is a constant for a given polymer-solvent system; the intercept (at 

the origin) for the plot reduced viscosity versus concentration gives the intended intrinsic 

viscosity.  

Experimental polymer stock solutions were prepared by dissolving isolated (purified) 

polyelectrolyte samples in 0.05M NaCl aqueous solution. The stock solutions were stirred at 

least for 6 hours until complete dissolution. At least 4 concentrations in the range 10-5 to 10-4 

g/mL per polyelectrolyte sample were prepared from the stock solutions. The dilution series used 

were selected so that the range of relative viscosities varied between 1.2 and 2.5 (values lower 

than 1.2 would lead to high uncertainty). Pure solvent running and rolling ball times were also 

measured. 

Capillary cleanness was an essential aspect in both measurement techniques, and hence the 

solutions were injected in increasing concentration order and the capillaries were thoroughly 

washed between each measurement. Furthermore, in the non-automatic rolling ball viscometer, 

special care was taken when injecting the test solutions to avoid the formation of air bubbles that 

could disturb the regular movement of the ball through the viscous fluid. 

RESULTS AND DISCUSSION 
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Table 1 summarizes the experimental data obtained. In all cases the Huggins correlation lead to a 

correlation coefficient above 90%. Consistent intrinsic viscosity trends were obtained by the two 

measuring techniques, with the 2 lower charge polyelectrolytes having lower intrinsic viscosities 

than the 50% charged E1. Since E1 and FHMW possess similar molar mass, charge density must 

be the main effect affecting the intrinsic viscosity. In absolute terms, however, the two 

alternative methods provided fairly different values, those obtained by rolling ball capillary 

viscometry being around 30% for all polymers. This “offset” may be reduced by selecting a 

lower angle of inclination of the capillary in the rolling ball viscometer. In fact the running time 

values in the rolling ball viscometer are much dependent on the angle of inclination and it is 

necessary to tune it considering the viscosity of the solution and the accuracy of the 

measurement of the running time. Also, the fact that this technique forced measurements to be 

carried at room temperature must have influenced the results. 

TABLE 1 Chain characteristics and intrinsic viscosity values for the three polyacrylamides 

Polyelectrolyte 
Chain characteristics Intrinsic viscosity values (ml/g) 

Molecular weight (kDa) Charge density (%) Gravimetric capillary viscometry  Rolling ball viscometry 

F1 Not determined 40 2547±13 1847 
FHMW 644±165 40 2311±70 1630 
E1 830±92 50 2982±66 2084 

CONCLUSIONS 

Both capillary viscometry and rolling ball viscometry allowed us to identify trends in the 

intrinsic viscosity of polyelectrolytes which could be correlated with the chain architecture, 

namely polymer charge density. An offset between both methods was systematically detected. 

This may be the result of the selection of the inclination angle in the case of the rolling ball 

technique, this parameter requiring a criterious tuning. 
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ABSTRACT 

The control over the Low Critical Solution Temperature (LCST) and the rheological properties of 

thermosensitive polymers is of crucial interest for various applications including drug delivery systems 

and temperature sensors. In this study we follow the LCST by rheology and show how the onset of LCST 

can be adjusted by chemical species that are able to change polymer solubility, such as salts. For this 

purpose a thermo-responsive polymer, poly(N-isopropyl acrylamide) or PNIPAM, and different salts like 

KCl, KBr and KSCN, were used. The LCST was investigated by means of rotational rheology, as it has 

been shown a good correlation between the LCST and the onset of the thickening-induced temperature. It 

was observed that salts can both increase and decrease the temperature at which the LCST occurs. This is 

attributed to the affinity of the different salts to the polymer. Hydrophobic salts such as KSCN shift the 

LCST of PNIPAM to higher temperature values while the opposite scenario is observed when hydrophilic 

salts such as KCl are added.  

KEYWORDS  

PNIPAM;  LCST;  Phase transition;  Rheology;  Viscosity;  Salts. 

INTRODUCTION 

Thermo-responsive polymers comprise a class of stimuli-responsive polymers which have the ability to 

respond to thermal changes in solution and therefore can be used as temperature sensors. These polymers 

undergo a coil-to-globule transition at the LCST, the threshold of the change in the solubility in the 

solvent. Below the LCST, the polymer chains are hydrated and the polymer solution is clear. Above the 
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LCST, the polymer chains collapse and adopt a compact conformation. The hydrophobic effect is the 

main driving force for the polymer-polymer associations. This leads to the formation of polymer 

aggregates which are able to scatter light and dramatically decrease the transparency of the solutions. 

Previous studies report that the polymer solubility can be influenced by the presence of chemical species 

added to the system
1. 

Above the LCST it happens the formation of a three dimensional network composed 

by the segments of the polymers which became more hydrophobic. This investigation aims to understand 

how to control the change of the LCST of a thermo-responsive polymer, in particular how to shift the 

LCST to a desired temperature. Rheological measurements has shown to be valuable to identify the LCST 

of the polymeric systems
2
. PNIPAM is a non-ionic homopolymer comprising both hydrophilic (amide) 

and hydrophobic (isopropyl) groups with great potential in biomedical applications since it shows a LCST 

close to the human body temperature. In literature, the LCST of PNIPAM is generally reported to be close 

to 33°C
3
. There are still many uncertainties about the mechanisms under the solubility/insolubility of 

PNIPAM and of other thermosensitive polymers. The LCST of thermoresponsive polymers is known to 

be dependent on the solubility of the macromolecules. Salts can increase or decrease the solubility of 

nonionic macromolecules such as PNIPAM, depending on the hydrophilic/hydrophobic character of the 

salts and their ability to change the organization of neighboring water molecules. Consequently, the type 

of salts added is expected to have a strong influence in the process of adjusting the LCST of PNIPAM. 

Phase transition phenomena were assessed by means of rheological studies carried out for various 

PNIPAM-salt-water systems. Salting-in and salting-out effects vary with the type of anion, according to 

the Hofmeister series
4
. In this work, a series of three different potassium salts (KCl, KBr and KSCN) in 

aqueous solutions of PNIPAM(20k) were used.  

EXPERIMENTAL 

PNIPAM was synthesized at the Department of Chemical Engineering of the University of 

Coimbra(Coimbra, Portugal). Molecular weight (Mn= 20 262 Da) was determined by gel permeation 

chromatography and size exclusion chromatography. KCl (≥99%), KBr (≥99%) and KSCN (≥99%) were 

purchased from Sigma-Aldrich. Polymer aqueous solutions were prepared by adding dry polymer and 

additives to Millipore water. The solutions were kept stirring until complete dissolution and were allowed 

to rest for a period of an hour, prior use. Rotational tests were performed using a Thermo Scientific 

HAAKE MARS III rheometer, with automatic gap setting and with a cone and plate geometry (35 mm, 

1º), equipped with a solvent trap to prevent evaporation. Newtonian viscosity was investigated within 20-
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50°C at a heating rate of 0.5°C/ min. The temperature control was achieved using a circulating water bath 

system. Dynamic or shear viscosity was analyzed by rotational shear experiments. Prior to this, a 

viscometry test was carried out in order to determine both Newtonian and non-Newtonian regimes. The 

stress applied to the samples was 10Pa. 

 

RESULTS AND DISCUSSION 

Effect of salts on PNIPAM aqueous solutions 

 

FIGURE 1 Dependence of Newtonian viscosity on temperature (heating system). Effect of anions in 5wt% 
PNIPAM(20k) solutions. The depicted lines are a guide to the eyes. 

FIGURE 1 illustrates the role played by individual salts in PNIPAM systems. Below the LCST, the 

viscosity of the solutions slightly decreases with temperature in the presence of any salt due to increased 

dynamic effects. By heating, the polymer becomes more hydrophobic and LCST is attained. The direction 

to which LCST is shifted depends on the nature of the salt used. 

 

TABLE 1 LCST values for the three salt systems. Control refers to 5% 

PNIPAM aqueous solution. 

 

 

solutions 

PNIPAM 

5% 

+ 

KCl 

1% 

KBr 

1% 

KSCN 

1% 

LCST / (°C) 33.5 ± 0.5  

30.5 

± 0.5 

33.5 

± 0.5 

34.5 

± 0.5 
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TABLE 1 shows the LCST for the different salt systems. The presence of KCl promotes a decrease in the 

LCST, KBr has a negligible effect, while KSCN increases the LCST. Chaotrope anions such as SCN
-
 

show a weak interaction with water molecules and a substantial affinity to the polymer. This causes the 

adsorption of salt onto the polymer and the formation of a charged complex. The formed polyanion 

complex possesses higher water solubility than the salt-free polymer, mainly due to the entropy of the 

counterions, and thus exhibits a higher LCST. Kosmotrope anions such as Cl
-
 are more hydrophilic and 

do not adsorb onto the polymer chains. Instead, these species compete with the polymer for the water and 

cause polymer dehydration and promote the decrease in the LCST. The ion Br
- 
is in the middle of the 

Hofmeister series and therefore shows an intermediate effect, comparatively to Cl
-
 and SCN

-
. 

Interestingly, it can be observed a second plateau above the LCST, suggesting the existence of a second 

transition temperature. At rest, i.e., without being under a constant stress, the samples are turbid before 

the first plateau and phase separate near the second plateau. These results are in agreement with the two-

step transition reported elsewhere
5
.  

CONCLUSIONS 

It was concluded that the hydrophobicity of the salt added is crucial for the shift of the LCST. More 

hydrophobic salts bind to the polymer chains and shift the LCST to higher temperatures. More 

hydrophilic salts do not bind to the polymer and promote water competition with the polymer, which 

causes a decrease in LCST. The presented sets of results provide additional input to understand how to 

control the LCST and the rheological properties of PNIPAM solutions. 
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ABSTRACT 

The influence of a plasticizer and an adhesive promoter on the viscoelastic properties of a 

polyvinyl acetate based adhesive was evaluated by parallel-plate rheometry. The resulting 

analyzed films showed clearly that the plasticizer reduced the polymer’s Tg around 3-4ºC making 

the films more flexible and with enhanced damping capabilities at room temperature. Also, the 

adhesion promoter did not alter the polymer’s Tg but caused a significant reinforcing effect, 

especially at higher temperatures (60-150ºC). The presence of the plasticizer and the adhesion 

promoter resulted in a film with combined properties, i.e. flexibility and mechanical strength.   

KEYWORDS DMTA, PVAc, adhesive, promoter, plasticizer 

INTRODUCTION 

The main application of polyvinyl acetate (PVAc) resins is bonding of high porosity materials 

such as wood (veneered, furniture assembly, etc), cork and paper. Among the advantages in a 

PVAc resin are a high pot-life (higher than 6 months), the capability to bond multiple porous 

materials, very low toxicity (organic solvent free), ease of cleaning with a brush or water, and it 

develops an outstanding shear strength in dry conditions. On the other hand, it shows a thermo-

plastic behavior, which means that above its glass transition, Tg, (e.g. typically T>35ºC) the 

formed PVAc film dramatically reduces its adhesive strength (i.e. a major softening occurs). 

Therefore, bonded materials with a PVAc resin cannot hold a heavy load for a long period of 

Applications: Polymer and Biopolymer 

P17 

211



time at T>Tg, and consequently, PVAc are not suitable for structural use applications. Also, 

PVAc generally cannot be used outdoor since they present poor water durability. 

PVAc adhesives form a stiff film below the Tg which can break easily by applying a small 

strength. When a higher flexibility of the film is required, a plasticizer in the range between 1-

7% wt. (on total PVAc composition) is commonly added. Low porosity materials might be also 

bonded with PVAc resins but the addition of adhesion promoters (1-5% wt.) is required to 

enhance the adhesion strength. Usually, these promoters are added to the PVAc prior to the 

intended application to avoid a dramatic decrease in the adhesive’s pot life.  

The objective of this study is to evaluate the influence of an adhesion promoter and a plasticizer 

in a PVAc based resin on the viscoelastic properties of the resulting films. 

EXPERIMENTAL METHODS  

Four commercial PVAc liquid based adhesives were formulated: 1) AB Plus (copolymer of vinyl 

acetate and other monomers with surfactants and a protective colloid), 2) ABF Plus, the same 

copolymer as AB PLUS with the addition of a plasticizer, 3) AB Plus + 4% (wt.) of a silane-

based adhesion promoter and 4) ABF Plus + 4% (wt.) of a silane-based adhesion promoter. 

To prepare the samples an adhesive film was extended with an applicator with a thickness of 350 

m on a Teflon sheet and after drying the film was removed and placed in a desiccator filled 

with silica gel for 5 days. Obtained films (thickness ≈ 100 m) were studied by DMTA 

employing the same method reported in literature
1
. Rheological assays were carried out in a 

controlled stress rheometer (MCR 301, Anton Paar, Physica). Analyses were conducted in 

parallel-plate mode using plates with 8 mm of diameter from 10ºC to 150ºC (±0.1ºC). Five films 

were placed between the plates for each experiment. A normal force of 3 ± 0.2 N was applied 

through the whole experiment to ensure a perfect contact between the films and the plates. All 

samples were initially conditioned at 150ºC for 15 min in the rheometer before the experiments.  

A strain sweep (, 0.01 - 10%) at standard frequency of 6.28 rad/s (1 Hz) and different 

temperatures (10, 30, 70, 110, 150ºC) were conducted to identify the LVER of every sample. 

DMTA were carried out within the LVER (.1%) from 150ºC to 10ºC with a constant 

cooling/heating rate of 4ºC/min. Experiments were carried out at least in triplicate. 
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RESULTS AND DISCUSSION 

Figure 1 shows the evolution of the storage modulus (G´) and tan with temperature for the four 

PVAc-based formulations prepared in this study. As it can be observed, three regions can be 

identified (from low to high temperature): 1) the glassy region, 2) the glass transition and 3) the 

rubbery plateau. In general, the typical viscoelastic behavior for a PVAc film is a constant value 

of G´ in the glassy region where the film shows maximum elasticity and, thus, a very low tan 

(<0.1) since the elastic component clearly dominates the viscoelastic behavior. In this low 

temperature range, the film is very fragile and, depending on the intended industrial application, 

it might be problematic. At higher temperature, a dramatic decrease in the G´ modulus of up to 

3-4 decades indicates the presence of a major softening transition (glass transition), where the 

polymer film losses its mechanical strength. This is also observed in the tan peak where the 

viscous component (G´´) becomes increasingly dominant over the elastic component up to the Tg 

and, above the Tg, gradually less dominant.  Tan is useful to evaluate the damping behavior of a 

material. The higher the intensity or the broader the peak, the higher the capability to dissipate 

energy (e.g. from an impact). Finally, in the high temperature range (aprox. T>80ºC, depending 

on the PVAc system) and above the polymer’s Tg, the film behaves as a rubber (solid-liquid like 

behavior). This region provides insights on the polymer’s crosslinking and reinforcement degree. 

The addition of a plasticizer to the base copolymer of this study (AB Plus) has shifted the Tg to a 

lower temperature (from the tan peak: 46.7 vs. 42.3ºC). As a result, a film more flexible/less 

elastic was obtained at lower temperature. For instance, if the G’ moduli of both curves are 

compared at 35ºC, the film that lacks the plasticizer is still very stiff whereas the plasticized one 

has nearly lost one decade of modulus. This is very interesting for post forming processes where 

the adhesive cannot be very rigid at the working temperature.  

The presence of the adhesion promoter in the AB Plus polymer film has caused a significant 

increase in the G’ modulus in the entire temperature range, i.e. the promoter is acting as a 

reinforcing agent. Interestingly, it has not significantly altered the Tg (from the tan peak: 46.7 vs. 

45.9ºC) but it considerably reduced the intensity of tan and, therefore, its damping capability. 

Consequently, the AB plus + 4% Promoter has effectively increased the mechanical strength of 

the base film but it might be still too brittle at room temperature.  
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The plasticized film (ABF Plus) and the plasticized + reinforced film (ABF Plus + 4% Promoter) 

behaved similarly up to the Tg (aprox. 42-43 ºC) but differed at higher temperatures, thus 

confirming the reinforcing effect caused by the adhesive promoter. 

Finally, a combined action of both the plasticizer and the adhesion promoter led to a reinforced 

effect above 60ºC (see the G’ modulus) and a less fragile film at the low temperature range (from 

the tan peak Tg=42.9ºC). This type of behavior is desirable for applications that need high 

mechanical strength at high temperatures and high flexibility of the film at room temperature 

such as ballast stabilization. 

 

FIGURE 1. G’ (left) and tan (right) experimental curves. AB PLUS (♦), AB PLUS + 4% Promotor (♦), ABF 

PLUS (♦), ABF PLUS + 4% Promotor (♦). 

CONCLUSIONS 

Mechanical properties of PVAc films can be modified depending on final application. In this 

sense, the addition of the plasticizer is advisable when adhesives with damping capabilities at 

lower temperatures (25-40ºC) are required. The addition of adhesion promoter is useful to 

increase mechanical strength but it makes the adhesive more brittle. The combined action of the 

adhesion promoter and the plasticizer results in more flexible films with higher damping 

capabilities at low temperatures (20-40ºC) and higher mechanical resistance at high temperatures 

(80-150ºC). 
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ABSTRACT 

This work has been focused on the development of oleogels based on conventional (SO) and 

high-oleic sunflower (HOSO) vegetable oils and ethylene-vinyl acetate copolymer (EVA) for 

lubricant applications. The influence of EVA concentration was analyzed. Linear viscoelasticity 

functions with frequency for these oleogels were very similar to that obtained with a commercial 

lithium lubricating grease. EVA-HOSO oleogels present friction coefficient values slightly lower 

than EVA-SO oleogels but similar to the ones obtained with the commercial greases. 

KEYWORDS (Vegetable oils; Ethylene‐vinyl acetate copolymer; Oleogels; Rheology, Tribology) 

INTRODUCTION 

Oleogels are soft material systems comprising of oil as continuous phase that is physically 

entrapped in a threedimensional network of dispersed gelling agent. In previous work1, 

rheological, thermal, and tribological studies of oleogels based on mineral oils and blends such 

as amorphous/recycled PP and organo-bentonite/recycled PP for lubricant purposes were 

reported. Nonetheless, due to the interest on development of new “green” products, in a recent 

work, we have studied the influence of vinyl acetate (VAc) content on the rheological properties 

and microstructure of oleogels based on conventional and high-oleic sunflower vegetable oils 

and EVA copolymer2. As this research goes on, this work explores the possibility of using EVA 

copolymer with 28% VAc content in different concentrations as thickener agent to formulate 

oleogels with high-oleic sunflower (HOSO) and sunflower (SO) oils, potentially applicable as 

lubricating greases. With this aim, rheological, tribological and microstructural characterization 

has been performed on oleogels. 
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EXPERIMENTAL 

Materials 

Two vegetable oils were used as base stocks, a refined high-oleic (85 wt.% oleic acid) sunflower 

(HOSO) oil, kindly supplied by the Instituto de la Grasa, CSIC (Seville, Spain), and sunflower 

(SO) oil, purchased in a local supermarket. Poly (ethylene-co-vinyl acetate), EVA, with 28% 

vinyl acetate content was kindly supplied by Repsol S.A. (Spain). 

Preparation of oleogel formulations 

The processing of oleogels was performed in an open vessel using an IKA RW-20 mixer 

(Germany) with a four-blade propeller to disperse the polymer and vegetable oil. Batches of 150 

g were processed for 60 min in the molten state at 160ºC and rotation speed of 400 rpm. Polymer 

concentrations in the blends were 14, 19, 24, and 29 (% w/w). 

Tests and measurements 

Rheological measurements were carried out in controlled-strain (ARES, Rheometric Scientific, 

U.K.) rheometer, using a serrated plate and plate geometry (25 mm diameter, 1 mm gap) to avoid 

possible wall-slip phenomena. Small-amplitude oscillatory shear (SAOS) measurements, inside 

the linear viscoelasticity regime, were performed in a frequency range between 10-2 and 102 rad/s, 

at 25ºC. Strain sweep tests, at a frequency of 6.23 rad/s, were previously performed to determine 

the linear viscoelastic regime. Viscous flow measurements were performed at 25 °C, in a shear 

rate range of 10-2-102 s-1. At least two replications were performed on fresh samples. 

Tribological tests were performed using a tribological cell coupled with a Physica MCR-501- 

Rheostress rheometer (Anton Paar, Austria). The tribology cell deals with a 1/2 in. diameter steel 

ball (1.4401 Grade 100, roughness = 0.10 μm) rotating on three 45º inclined steel plates (1.4301, 

roughness = 0.21 μm). 

RESULTS AND DISCUSSION 

Figure 1 shows the mechanical spectra of oleogels as a function of EVA concentration and type 

of vegetable oil, as well as a commercial grease. As can be observed, the linear viscoelastic 

response is qualitatively similar for all the oleogels studied and the commercial grease and to that 

found with other similar systems3. As can be observed in Figure 1a-b, the values of G’ and G’’ 

increase with EVA concentration, which is indicative of a stronger microstructural network.  
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Figure 2 depicts the viscous flow behaviour of oleogels, as a function of EVA concentration. 

Shear fracture for oleogels with higher EVA concentration was observed. However, the Sisko 

model describes fairly well the flow behaviour observed within the shear rate range tested for 

oleogels with 14% and 19% of EVA copolymer. Viscosity clearly increases with EVA 

concentration, yielding higher values of the consistency index. The lubrication properties of 

oleogels were tested by tribological experiments. Table 1 shows the friction coefficient values 

obtained for all the oleogels studied. As can be observed, in both oleogels formulated with 

HOSO and SO the friction coefficient values became slightly lower when EVA content was 

decreased. 

 

 

 

Oleogels Friction 
coefficient 

Oleogels Friction 
coefficient 

14% EVA-HOSO 0.076 14% EVA-SO 0.101 

19% EVA-HOSO 0.082 19% EVA-SO 0.113 

24% EVA-HOSO 0.084 24% EVA-SO 0.107 

29% EVA-HOSO 0.094 29% EVA-SO 0.115 

Commercial grease 0.106   

FIGURE 1. Frequency dependence of the storage and loss moduli for oleogels containing different EVA 
concentrations as function of type vegetable oil and commercial grease. 

TABLE 1 Friction coefficient for all samples 
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CONCLUSIONS 

From the result obtained, it can be deduced that EVA copolymer can be potentially used as an 

effective thickener agent for lubricating greases. The evolution of the linear viscoelasticity 

functions with frequency for these oleogels was very similar to that obtained with a commercial 

lithium lubricating grease. Linear viscoelasticity functions increase with EVA concentration, 

which is an indicative of a stronger microstructural. On the contrary, the relative elasticity of the 

oleogel is not affected by EVA concentration. The oleogels studied exhibited shear-thinning 

behaviour which fitted the power law model at concentrations of 19% and 14%. Conversely, 

above this value all the oleogels showed fracture and expelling of sample in viscous flow 

behaviour. All oleogels studied showed successfully tribological responses, with values of the 

friction coefficient lower for EVA-HOSO oleogels. 
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ABSTRACT 

Small-amplitude oscillatory shear and extensional rheology of aqueous guar and xanthan gum 

solutions were studied for concentrations, ranging from 1 wt.% to 2 wt.%. Extensional rheometry 

measurements were successfully performed using a hyperbolic contraction flow method. The 

extensional viscosity exhibited an extensional-thinning behaviour over the entire extensional 

strain range used. Furthermore, the extensional viscosity diminished with decreasing 

concentration of the solutions, similarly to the shear properties of the samples. 

KEYWORDS (Guar gum; Xanthan gum; Viscoelasticity; Extensional viscosity) 

INTRODUCTION 

Solutions of polysaccharides in water such as xanthan and guar gums are widely used as 

thickeners, stabilisers or gelling agents for food applications as well as in pharmaceutical, 

biomedical, chemical and cosmetic products. The molecular interactions between the polymer 

and water as well as polymer chain length determine the rheology of these solutions; 

polysaccharide chemical structure can, therefore, be exploited to develop new products, control 

processing quality and optimise the design of process equipment1. The majority of rheological 

studies of xanthan and guar gums have considered shear rheology: relatively few studies have 

investigated the extensional rheology of these solutions despite its importance in many food 

processing operations, consumer perception studies and product quality evaluation. Extensional 

viscosity characterizes how a material (fluid) behaves when subjected to an extensional strain 

with dependency on the type of material. Different experimental methods have been employed 

for quantifying the extensional viscosity2. The objective of this study was to examine the effects 
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of gum concentration on the shear and extensional rheology of xanthan and guar gum solutions. 

The aim is to improve the understanding of the rheological behaviour of these solutions in 

extension to allow these materials to be used more efficiently.  

EXPERIMENTAL 

Materials 

Food grade powders of xanthan (X, Danisco, Sweden) and guar (G, Sigma-Aldrich, India) were 

used as the gelling agent. 

Preparation of solutions 

Aqueous solutions of xanthan and guar gums at concentrations of 1, 1.5 and 2 wt.%. were 

prepared. The polymer was dispersed in water by stirring at 1400 rpm on a magnetic stirrer at 

room temperature, between 20 and 23ºC, overnight to ensure complete hydration of the gums. 

Tests and measurements 

Rheological measurements were carried out in controlled-strain (ARES-G2, TA Instruments, 

New Castle, USA) rheometer, using a plate and plate geometry (40 mm diameter, 1 mm gap). 

Small-amplitude oscillatory shear (SAOS) measurements, inside the linear viscoelastic regime, 

were performed in a frequency range between 10-2 and 102 rad/s, at 23ºC. Strain sweep tests, at a 

frequency of 6.23 rad/s, were previously performed to determine the linear viscoelastic regime. 

At least two replications were performed on fresh samples. The extensional rheological 

properties were measured using a Hyperbolic Contraction Flow2 mounted in an Instron 5542 

Universal Testing Instrument (Instron Corporation, Canton, USA). The extensional viscosity was 

measured at 23ºC using different speeds of the piston. 

RESULTS AND DISCUSSION 

Figure 1 shows the mechanical spectra (G’ and G’’ vs. angular frequency) of guar and xanthan 

aqueous solutions. The mechanical behaviour of the guar gum solutions (Figure 1a) was 

dependent on frequency and followed the shape reported elsewhere for similar guar gum 

solutions3. In all cases, both moduli increased with frequency by roughly three orders of 

magnitude between 0.01 and 100 rad/s. There is a crossover in the moduli and the elastic 

response prevails at higher frequencies. The crossover frequency decreased from 6.3 rad/s to 1 

220



rad/s as the concentration increased from 1 wt.% to 2 wt.%., as a consequence of longer 

relaxation time. On the other hand, the mechanical behaviour of xanthan gum solutions is 

reported in Figure 1b. As can be observed, xanthan solution exhibits the typical pattern of a 

xanthan solution at such concentrations4 where G’ remains larger than G’’, on the frequency on 

the whole range of frequency investigated. This indicates that the xanthan solution behaves like a 

weak gel with a low frequency dependence for both moduli at low frequencies G’ ~ ω0.3 and G’’ 

~ω0.2. This viscoelastic behaviour and its effective increase with the concentration is a result of 

the rigid elongated nature and the entanglement of the xanthan molecules. 
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The extensional viscosity for aqueous guar and xanthan solutions is shown in Figure 2. The 

extensional viscosity decreased with increasing extensional strain rate, and it also diminished 

with lower gum concentration. As can be observed, guar solutions present higher viscosity than 

xanthan solutions on the whole range of extensional rate studied. It is worth noting that the 

extensional viscosity was much higher than the shear viscosity (result not shown) at all rates 

used here, i.e. the Trouton ratio was significantly higher than 3. The samples were allowed to 

recover for one minute upon applying every extensional strain rates in order to minimize 

memory effects. These memory effects were observed as a non-zero load at the beginning of the 

measurement, but after one minute of recovery the load was negligible. Such effects were more 

pronounced at higher rates as a result of the higher stresses. 

FIGURE 1 Frequency dependence of the storage and loss moduli for aqueous guar (a) and xanthan 
(b) solutions. 
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CONCLUSIONS 

SAOS tests within the linear viscoelastic region showed that xanthan gum solutions studied 

behaved as a weak gel, whereas guar gum solutions exhibit gel-like response and suggest the 

presence of physical entanglement. An increase in the viscoelastic moduli of the solutions can be 

explained by the increase of gum concentration. On the other hand, guar and xanthan gum 

solutions were successfully measured using a hyperbolic contraction flow method. It was 

demonstrated that the solutions exhibited a rather high extensional viscosity which is related to 

the concentration of the gum. Guar gum solutions showed higher viscosities than xanthan gum 

solutions. 
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ABSTRACT 

Bioplastic materials from proteins, are becoming highly attractive for important industrial 

applications, in which thermo-mechanical techniques are increasingly being used. This study 

assesses injection moulding to produce bioplastic materials from blends previously mixed with 

glycerol and different protein systems. Results from dynamic mechanical thermal analysis, 

tensile tests and water uptake tests were compared for those protein-based specimens, indicating 

that protein content exerts a strong influence on the properties of the final plastic materials. 

KEYWORDS Bioplastic, Injection moulding, Mechanical properties, Water-uptake capacity 

INTRODUCTION 

Nowadays, there is a growing interest in the use of bio-based packaging1, such that bioplastics 

market has suffered an exponential increase since 2011. Proteins from different sources are 

among the most interesting raw materials used in the production of bioplastics. In fact, the need 

for cost-competitive2 and biodegradable materials has led to products from agricultural sources 

as eco-friendly alternatives to oil-based polymers3. This interest for protein-based plastics is 

further increased when using surpluses and wastes (e.g. from the food industry). Protein systems 

are mixed with a plasticizer (e.g. glycerol) to reduce the glass transition temperature4. Injection 

moulding, which is one of the most useful polymer processing techniques, it is typically 

performed in two stages at lab-scale (a mixing process to form a blend, followed by an injection 

process with a plunger-type injection moulding machine). It is crucial to select suitable 

processing parameters to obtain specimens with suitable properties. The overall objective of this 

work is to evaluate the high potentials of different protein concentrates in order to produce 
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bioplastic materials, which may exhibit some comparable properties with regard to synthetic 

polymers. This study could be useful to validate the use of food industry surpluses, by-products 

and wastes in order to manufacture bioplastics. 

EXPERIMENTAL SECTION 

Materials 

Albumen protein isolate (API, 83.2 wt%) was provided by OVOSEC S.A, soy protein isolate 

(SPI, 91.0 wt%) by Protein Technologies International (SUPRO 500E, Leper, Belgium), pea 

protein isolate (PPI, 91.0 wt%) by Roquette (Lestrem, France) and rice protein concentrate from 

rice husk (RPC, 78.2 wt%) by Remy Industries (Leuven-Wijgmaal, Belgium. Crayfish flour 

concentrate (CFC, 64.9 wt%) was supplied by ALFOCAN S.A. (Isla Mayor, Seville, Spain).  

Samples preparation 

Preparation of blends 

Blends with constant protein/plasticiser ratio were manufactured by a two-stage thermo-

mechanical procedure. Blends were mixed in a Haake Polylab QC two-blade counter-rotating 

batch mixer (Thermo Haake, Karlsruhe, Germany) at 25ºC and 50 rpm for 60 min. Two different 

protein/plasticiser ratios (wt%/wt%) were analysed in order to select a suitable proportion of 

each compound: 70/30, for concentrates (RPC, CFC), and 60/40 for isolates (API, SPI, PPI). 

Preparation of biocomposites 

Protein/GL blends were subsequently processed by injection moulding, using a MiniJet Piston 

Injection Moulding System II (Thermo Haake, Germany), to obtain bioplastic specimens. A 

temperature of 60°C and residence time of 100 s were selected for the pre-injection cylinder, in 

order to prevent thermally-induced protein crosslinking effects before the injection stage. The 

processing pressure and time selected were 50 MPa for 20 s for the injection stage and 20 MPa 

for 200 s over the packing stage. The temperature of the mould was 120ºC. 

Characterization of biocomposites 

Dynamic mechanical thermal analysis (DMTA) 

DMTA was carried out by using rectangular specimens under dual cantilever bending with a 

RSA3 equipment (TA Instruments, New Castle, DE, USA). All the tests were carried out at 

constant frequency (6.28 rad s-1) and strain within the linear viscoelastic region (0.01-0.30%). 

The selected heating rate was 3ºC min−1 and the temperature range covered was from -30 to 

130ºC. All the samples were coated with Dow Corning high vacuum grease to avoid water loss. 
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Tensile strength measurements 

Tensile tests were carried out with the 10-kN Insight Electromechanical Testing System (MTS, 

Eden Prairie, MN, USA), according to ISO 527-25 for tensile testing of plastics. Five duplicates 

of each product were tested using type IV specimens at 1 mm min−1 strain rate and 20ºC. 

Water uptake capacity 

Water uptake capacity was measured according to ASTM D5706, as well as the loss of soluble 

matter. Both parameters are determined by the following equations: 

%	 	 	
	 	 	

	 	
100															 1  

%	 	 	 	 	
	 	 	 	

	 	
100									 2  

RESULTS 

Dynamic mechanical thermal analysis (DMTA) 

Fig 1A shows how the values of E’ change with temperature depending on the protein used for 

obtaining the bioplastics. Almost all the systems exhibit similar behaviour where E’ modulus 

decreases with temperature until a minimum value (between 80 and 100ºC), remaining constant 

at higher temperatures. However, the profile for CFC protein differs in that E’ decreases to 

markedly lower values and then increases again, reflecting a remnant thermosetting potential. 
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FIGURE 1. Results from mechanical tests carried out for different protein/glycerol biobased specimens: 

(A) Storage modulus (E’) from Dynamic Mechanical Analysis (DMA) measurements and (B) parameters 

from tensile strength measurements: Young’s modulus, maximum stress and strain at break. 

Tensile strength measurements 

Fig. 1B shows the values of the tensile parameters from tensile tests performed on these 

bioplastics. Systems with the 70/30 protein/plasticizer ratio show the highest values of Young’s 
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Modulus and maximum stress, while systems based on the 60/40 protein/plasticiser ratio display 

the highest values for the strain at break 

Water uptake capacity 

As can be observed, PPI-based bioplastic shows the highest water uptake capacity, followed by 

SPI and API systems. It is worth noting the extremely low values found for CFC-based 

specimens compared to those shown by the plant protein-based specimens. 

TABLE 1. Water absorption capacity (%) after immersion for 2 h and 24 h and loss of soluble matter (%) 

for different protein/glycerol systems 

 % Water uptake (2h) % Water uptake (24h) % soluble matter Loss 

API/GL (60/40) 30.4 ± 1.9 34.4 ± 1.1 40.2 ± 1.9 
SPI/GL (60/40) 66.9 ± 3.6 67.4 ± 0.4 45.7 ± 3.6 
PPI/GL (60/40) 105.7 ± 0.9 84.7 ± 0.2 38.1 ± 0.8 
RFC/GL (70/30) 20.3 ±0.6 22.5 ± 0.6 28.9 ± 1.1 
CFC/GL (70/30) 2.4 ± 0.5 0.7 ± 0.2 48,4 ± 2.1 

CONCLUSIONS 

Protein-based bioplastics processed by a two-stage thermo-mechanical process (mixing and 

injection moulding) are very promising materials for the substitution of conventional petroleum 

plastics in certain applications, since they have suitable mechanical properties, as well as 

processability and biodegradability. 
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ABSTRACT 

Kefiran is a water-soluble branched glucogalactan containing equal amounts of D-glucose and D-

galactose produced by microorganisms present in kefir grains.  

Aqueous dispersions of kefiran (K) were compared to three selected neutral gums used as reference: 

methylcellulose (MC), locust bean gum (LBG) and guar gum (GG). Their rheological behaviour is 

characteristic of low concentrated polysaccharide dispersions, in which a fluid-like behaviour is 

predominant at most frequencies studied. The neutral gums 2% solutions may be ranked, matching their 

molecular weights, according to their viscoelastic behaviour: GG > LBG > MC > K.  Moreover, an increase 

in the gum concentration from 0.5 to 2% wt generally yields a strengthening of the structure. 

Cross model is properly used to describe the shear-thinning behaviour of all the neutral gum solutions 

studied. Moreover, if log η0 is represented versus log (polymer concentration) for the four gums, a linear 

fitting may be properly applied.  

Kefiran solutions do not show important extensional properties at 2%, displaying a behaviour close to 

the Newtonian at low Hencky strains. 

Thus, regarding the potential of kefiran as functional additive in food products, it may be necessary to 

consider the future addition of another ingredient into the formulation if higher viscoelastic properties 

are needed. 

KEYWORDS Kefiran, rheology, apparent viscosity, extensional viscosity, Hencky strain 

INTRODUCTION 

Kefiran is a heteropolysaccharide synthetized by Lactobacillus kefiranofaciens, lactic acid 

bacteria present in kefir grains1. It improves the rheological properties of fermented milk2, is able 

to form cryogels
3
 and edible films with good mechanical and barrier properties

4
. Also, it has 

P23 

227



been demonstrated that kefiran has the ability to protect epithelium against Bacillus cereus in 

vitro and has immunomodullatory effect
5
. 

Most of the rheological studies in the literature were conducted under a pure shear flow. 

Nevertheless, many industrial applications often involve a component of extensional mode of 

deformation and not always shear flow results can be extrapolated directly to the extensional 

behavior. The extensional properties of the fluid can be quantified by monitoring the kinetics of 

filament thinning
6
. 

The main objective of this research has been to study the shear and extensional rheological 

properties of kefiran suspensions in relation with other neutral polysaccharides used in food 

industry. 

RESULTS 

Shear Viscosity  

When submitted to steady shear, all gums show a shear-thinning behaviour (Figure 1A), 

consequence of modifications in macromolecular organisation in the solution as the shear rate 

changes. First, a Newtonian plateau region, characterized by a zero-shear rate apparent viscosity, 

η0, is found at low shear rates. This region is broader in the shear rate range studied when the 

molecular weight (MW) is lower (e.g. kefiran). When increasing shear rate, the disruption 

predominates over the formation of new entanglements, and then, molecules get aligned in the 

direction of flow and the viscosity decreases. As may be observed in Figure 1A, for all gums 

studied, the shear-thinning behaviour increases with concentration, since the critical shear rate 

( ) at which the flow behaviour becomes shear-thinning decreases as concentration increases.  

A simplified Cross model has been used to describe the shear-thinning behaviour of all the 

neutral gum solutions studied 

          (1) 

 

where is the shear rate (s
-1

), η is the viscosity (Pa·s), η0 is the zero-shear rate viscosity (Pa·s),  

τ(s) is a time constant, and m is a dimensionless constant.       
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FIGURE 1 Shear flow curves (A) and dimensionless filament diameter versus time (B) for 2% neutral 

gums 

 

Table 1 show how the simplified Cross model describe properly the experimental data of the 

kefiran solutions, as well as the rest of the neutral gums studied. As observed, kefiran, which 

shows the lowest MW (Table 1), also shows the lowest values for η0 at all concentrations studied, 

as well as the lowest slope. Typical slopes for biopolymers range from 3 to 5, though some 

deviations have been found. The low values found for kefiran are in agreement with a system 

where the individual polysaccharide coils are free to move independently as they are well 

separated from each other. Anyway, the rate of formation of new entanglements seems to 

diminish as the molecular weight of the gum increases.  

Extensional Viscosity  

Figure 1B displays the normalized mid-filament diameter, Dmid, versus time profiles for the 2% 

solutions of the four neutral gums studied.  

It may be observed how in all cases the polymer filament passes through four stages (rest-

strecth-relaxation-breaking). Similar trends have been found previously. Very large differences 

exist between the different polysaccharides. The break-up time ranged between 61.67 ms 

(kefiran) and 6530.88 ms (methylcellulose) for the samples, being the relaxation phase less 

pronounced for Kefiran than for the rest. The reason of this may be in the possible mechanisms 

that oppose to the capillary forces after stretching. While for the 2% solutions of galactomannans 
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and methylcellulose the mid-filament evolution is basically controlled by the balance of surface 

tension and viscous/elastic forces, with viscous forces stabilizing the filament and surface 

tension destabilizing it, the 2% solution of kefiran, approach a nearly Newtonian fluid behaviour 

in comparison, with the diameter decaying almost linearly after the stretch stage.  

TABLE 1 Molecular weights and Cross fitting parameters for 2% neutral gums 

Gum MW 
(kDa) 

η0 
(Pa·s) 

τ 
(s) 

m R
2
 

Kefiran 6.0·10
3
 ± 3.6·10

3
 0.083 ± 0.00028 123.81 ± 11.93 0.36 ± 0.02 0.8962 

Methylcellulose 4.1·10
3
 ± 3.4·10

2
 4.01 ± 0.050 14.13 ± 1.47 0.50 ± 0.02 0.9985 

Locust Bean Gum 1.0·10
4
 ± 5.7·10

2
 43.54 ± 0.63 2.20 ± 0.13 0.75 ± 0.00 0.9884 

Guar gum 2.2·10
4
 ± 3.0·10

3
 374.011 ± 2.08 0.10 ± 0.002 0.77 ± 0.00 0.9996 

 

 

CONCLUSIONS 

This study has shown that kefiran solutions show a flow behaviour in shear qualitatively 

similar than other representative neutral gums. Nevertheless, it presents much lower viscosity 

values, which is explained on terms of its microstructure. This also would explain that kefiran 

solutions do not show important extensional properties at 2%, displaying a behaviour close the 

Newtonian. 
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ABSTRACT  

This paper presets the study of the rheological characteristics of the concentrated polyethylene-

polypropylene copolymer solutions over the temperature range of 313-363 K and for shear rates 

between 3 and 1312 s-1. The measurements were performed on a Haake VT 550 rotational rheometer 

with a HV1 sensor. The rheology of the concentrated solutions is influenced by the shear rate, 

temperature and concentration of the tested copolymer. We have used a successful model that 

describes the rheological behaviour of the concentrated solutions in comparison to other models that 

do not consider the copolymer’s concentration. The parameter A reaches a peak for the 10 g/dL solution 

and a minimum for the 3 g/dL solution. The parameter B displays close values for all of the studied 

solutions 

KEYWORDS relationship, dynamic viscosity, concentrated solutions 

INTRODUCTION 

The base oils have a Newtonian behaviour in that the viscosity is independent of the temperature and 

the shear rate. The polymers that are added into the oil may change the solution’s rheological 

parameters and influence the oil’s viscosity according to the concentration and the shear rate. At high 

shear rates of 106 s-1, in many industrial applications1,2 we notice a temporary reduction in the viscosity 

due to the alignment of those polymer molecules with the shear rate and the temperature. High shear 

rates are important for the starting resistance and those shear rates are related to the oil pumping into 

the carter. In order to understand the performance of the viscous polymer solution over a wide range of 

shear rates, it is necessary to determine the efficacy of a certain additive.3-5The polyethylene-propylene 

polymer that is being used here is formed of some 45% units of ethylene concentrated in the middle of 

the chain (the polymer is produced inside a tubular reactor that provides for the control of the ethylene 

units positions along the chain). At low temperatures, the polymer’s segments tend to connect 

Modelling and Simulation in Rheology 

P39 

231



considerably and the solution’s viscosity decreases. The rheological behaviour of the polyethylene-

propylene copolymer has been studied by many researchers. The rheological behaviour depends on the 

shear rate at temperatures above 240oC and on the aggregation of various solvents. All those studies 

were performed at high temperatures and low shear rates. The equation models in the speciality 

literature showing the dependence of the dynamic viscosity natural logarithm on the absolute 

temperature are:5 

Fulcher 

                 ln η = A +B/(T +C)                                                                                                                   (1) 

Litovitz 

               ln η = A +a/RT3                                                                                                                                 (2) 

Girifalco 

 ln η = C +(B/T)+(A/T2)                                                                                                                                (3) 

Valzen 

ln η = B[(1/T) - (1/T0)]                                                                                                                                (4) 

The purpose of this study is to research the dependence of the dynamic viscosity natural logarithm on 

the inverse absolute temperature for the polyethylene-propylene copolymer in the SAE 10W oil. At 

concentrations of 3, 6, 10 and 12 g/dL of the polyethylene-propylene additive, we measured the 

viscosity for some shear rates from 105 to 106 s-1 using a rotational rheometer. The experimental results 

have been interpreted with other rheological models that are not available in the speciality literature. 

Using a linear fitting of the lines, we obtained the parameters A and B and the correlation coefficient R2. 

EXPERIMENTAL 

The polyethylene-propylene copolymer is Paratone 8900 marketed by Exxon Chemical.  The utilized SAE 

10W oil is mostly paraffinic and contains 75% saturated hydrocarbons. The 3, 6, 10 and 12 g/dL solutions 

have been prepared at the room temperature for several weeks, using continuous mixing. To find the 

rheological characteristics of the concentrate polymer solutions, we made use of a Haake VT 550 

rotational rheometer. This Haake VT 550 rheometer includes an HV1 sensor that provides for the 

application of some shear rates from 3 to 1312 s-1 over the 313-363 K temperature range. 
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RESULTS AND DISCUTION 

The figure 1 shows the dependence of the dynamic viscosity natural logarithm on the inverse absolute 

temperature for the 3 g/dL solution of the polyethylene-polypropylene copolymer over the 313-363K 

temperature range and the said shear rates. 
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Figure 1. Dependence ln dynamic viscosity versus inverse absolute temperature for the 3  g/dL solution at shear 

rates: B – 243 s-1, C – 437.9 s-1, D – 729 s-1 and E – 1312 s-1 

The dependence of the dynamic viscosity natural logarithm on the inverse absolute temperature, we 

have used the experimental database to determine the equation (5) where the parameters A and B 

depend on the solution’s concentration and the solvent’s and the polymer’s nature and type. 

The equation that shows the dependence of the dynamic viscosity natural logarithm on the inverse 

absolute temperature is: 

                          lnη=A +B/T                                                                                       (5) 

where A is lnη0 and B is the slope. 

The table 1 shows the shear rates range for which we represented the dependence of the dynamic 

viscosity natural logarithm on the inverse temperature for the 3 g/dL solution of polyethylene-

polypropylene copolymer, the parameters A and B derived from the equation (5), the correlation 

coefficients derived from that equation and the statistical correlation coefficients. 

The shear rates range for which the dependence of the dynamic viscosity natural logarithm on the 

inverse temperature for the 3, 6, 10 and 12 g/dL solutions of polyethylene-polypropylene copolymer, 

the parameters A and B derived from the equation (5), the correlation coefficients derived from that 

equation and the statistical correlation coefficients.  
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Table 1. The shear rate, the parameters A and B derived from the equation (5), the correlation coefficients 

obtained by polynomial fitting and the statistical correlation coefficients for the 3 g/dL copolymer polyethylene-

polypropylene solution 

Shear rate, s-1 A B Correlation coefficient, 
R2 

(equation 5) 

Correlation coefficient, 
R2 

statistical 

243 -0.3426 -0.3710 -1.0000 - 

437.9 -0.0286 -0.4874 -0.9976 0.9714 

729 -0.0895 -0.5017 -0.9973 0.9430 

1312 -0.3065 -0.4702 -0.9889 0.9303 

 

CONCLUSIONS 

The rheological characteristics of the polyethylene-polypropylene copolymer solution have been 

calculated over the temperature range of 313 - 363K shear rates from 3 to 1312 s-1. The rheology of the 

concentrate solutions is influenced by the shear rate, the temperature and the concentration of the 

tested copolymer. The paper presents a model that describes the rheological behaviour of the 

concentrated solutions in comparison to other models that do not take into account the copolymer’s 

concentration. The parameter A reaches a peak for the 10 g/dL solution and a minimum for the 3 g/dL 

solution. The parameter B has similar values for all of the solutions. 
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ABSTRACT 

Mediums are a combination of drying oils and other materials such as varnish, wax, gums and dryers, 

used to modify the texture of the oil paint. The aim of this work was to analyse the rheological properties 

of some artists' oil based mediums (labelled as thixotropic) created by two modern brands with different 

scale manufacturing: Winsor and Newton with Liquin Original, Liquin Light Gel and Liquin Impasto, 

based on alkyd resin and Natural Pigments that sells Oleogel, Oleoresgel and Impasto Medium, based on 

linseed oil and different thickening silica. Rheological characterization of the mediums was carried out at 

20ºC with a RS1 Rheostress (TermoHaake, Germany). All mediums presented high shear thinning 

behaviour and important yield stresses, with different zero shear viscosities. They also showed a 

predominant elastic behaviour. Some differences were observed in time evolution of viscosity and the 

recovery of elastic modulus, which is related to the supposed thixotropy of these mediums.   

KEYWORDS oil painting, oil based mediums, structure recovery, yield stress, thixotropy. 

INTRODUCTION 

Mediums are a combination of drying oils used in milling the colours (linseed oil, walnut oil, 

alkyd resin or modified oils) and other materials such as varnish, wax, gum, dryers...etc, that are 

mixed together to modify the way the paint handless straight from the tube.  

At the XIX century some treatise writers and artists showed their interest in different oil painting 

mediums
1 

that are supposed to be thixotropic. According to those texts some contemporary 

brands of fine arts materials have retaken these recipes to recreate old masters' brushstrokes.  

Winsor & Newton is a big UK company founded in 1832 that sells a wide variety of artists' 

materials. Liquin family is one of the best-selling oil painting mediums: “This Liquin 

formulation is a slight gel that breaks down on brushing (thixotropic) and flows out to give a 

non-drip effect when mixed with color 
2
”. 

Applications: Miscellaneous 
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Natural Pigments is a limited liability company founded in 2003 in California (USA) that 

supplies artists' materials used in historical painting: “Oleogel and Oleoresgel are thixotropic 

painting. When a thixotropic gel is agitated, such as manipulated with a palette knife or brush, it 

begins to flow, but when the agitation is stopped it regains its former viscosity and stiffens
3
”. 

As time factor is not clearly established, some confusion between shear thinning, thixotropic and 

viscoelastic behaviour could be present when describing them
4
. The aim of this work is to 

analyse these rheological properties in some mediums manufactured by the two brands
5
. 

EXPERIMENTAL METHODS 

The oil based mediums studied are shown in Table 1 according to their visual appearance: from 

matte and thick to glossy and transparent mediums. 

TABLE 1. Name of the tested mediums of each brand and composition indicated in labels. 

Brand Binder Basic Composition 

 

Winsor & Newton 

Liquin Impasto alkyd resin, drying oil and dryers  

Liquin Original alkyd resin, drying oil and dryers 

Liquin Light Gel alkyd resin, linseed oil and dryers 

 

Natural Pigments 

Impasto Medium finely ground calcite, silica and bentonite in bodied linseed oil 

Oleoresgel bodied linseed oil, alkyd resin, odorless mineral spirits, pyrogenic (fumed) silica 

Oleogel linseed oil and pyrogenic silica 

 

Rheological measurements were carried out with a controlled stress rheometer RS1 Rheostress 

(Haake), at 20ºC. Serrated plates (35mm, 60mm diameter) to avoid slippage were used. Before 

measurements, samples were kept at rest for 15 min. Step flow curves in controlled stress mode 

and frequency sweeps in linear viscoelastic region were performed. To analyse thixotropy, 

samples were sheared at 10 s
-1

 during 1 min, and storage modulus at 1 Hz and 10 Pa (within 

LVR) was recorded with time, before and after shearing, in order to evaluate their recovery. 

RESULTS AND DISCUSSION  

All the binders had a strong shear thinning behavior, similar in all binders. Flow curves were 

satisfactory fitted to Carreau model (1). The mean values for the parameters are shown in table 1. 

  
s

2

0 c1      
 

 (1) 
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FIGURE 1 A) Flow curves obtained for the binders studied. B) Loss tangent (G”/G’) as a function of 

frequency for the different mediums. Winsor & Newton:  Liquin Impasto,  Liquin Original,  Liquin 

Light Gel; Natural Pigments:  Impasto medium;  Oleoresgel;  Oleogel. 

 

Important differences were observed in zero shear viscosity. The highest viscosity at rest 

corresponded to both Impastos and Oleogel (Figure 1A). These mediums were also the most 

structured systems, with lowest values of tan  (Figure 1B) and high yield stresses ( 1000 Pa).  

On the other hand, consistency at rest was similar for Oleoresgel and Liquin Original, but the 

binder from Natural Pigments flowed more smoothly (lowest values of s). Liquin Light Gel was 

the less viscous medium, with a weaker structure (tan  highest values and G’ lowest values).  

TABLE 2. Mean values ± standard deviation for: Carreau model (1) parameters for flow curves fits and 

storage modulus fits to a power law model (G’ = G’1 
m
), and loss tangent (G”/G’) at 1 Hz.  

  Flow curves Dynamic spectra  

Brand Binder 10-3 ×0 (Pa s) 103 × c  (s-1) s ± 0.01 G’1 (Pa) m tan (1 Hz) 

 

Winsor & 

Newton 

Liquin Impasto 3110±50 0.099±0.005 0.45 26000±2000 0.052±0.005 0.097±0.009 

Liquin Original 36±2 0.20±0.03 0.44 100±6 0.02±0.03 0.20±0.07 

Liquin Light Gel 1.6±0.3 1.5±0.2 0.40 13±10 0.21±0.05 0.56±0.17 

 

Natural 

Pigments 

Impasto Medium 1800±800 0.031±0.018 0.41 41000 ± 14000 0.130±0.013 0.21 ±0.02 

Oleoresgel 44±19 0.46±0.06 0.37 1100±200 0.282±0.018 0.505±0.004 

Oleogel 1400±600 0.11±0.02 0.45 10000±1600 0.049±0.007 0.09±0.01 

 

Regarding shearing time dependence, viscosity (Fig 2 A) was fitted to Weltman model (2) 

  = A –B ln t (2) 

and viscoelastic moduli were recorded as a function of time before and after agitation (Fig. 2B).  
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FIGURE 2. A) Evolution of viscosity with shear time at  =10 s
-1

. Lines correspond to Weltmann model. 

B) Evolution of G’ with time after shearing (dashed area) and rest. Winsor & Newton:  Liquin Impasto, 

 Liquin Original, Liquin Light Gel; Natural Pigments: Impasto medium; Oleoresgel;  Oleogel. 

Both Impastos had about 75 % of reduction of G’ because of shear, but while Winsor & Newton 

presented a slow variation of h and about 30 % of recovery of G’, Natural Pigment medium had 

an abrupt decay of  and almost no recovery (6%). The other intermediate viscosity mediums 

(Oleoresgel and Liquin Original) also presented a significant recovery (20-30%). 

CONCLUSIONS 

Both Winsor & Newton and Natural Pigments provide binders with not only different visual 

appearance, but also rheological properties: zero shear viscosity, stress necessary to flow and 

recovery of elastic modulus. In addition, Natural Pigments mediums measurements are less 

reproducible, maybe due to inhomogeneity induced by small-scale rolling machinery. 
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ABSTRACT 

This research studies the influence of vinyl acetate (VA) content and Melt Flow Index (MFI) of 

ethylene vinyl acetate copolymer (EVA) in the rheological performance of bituminous binders. 

The results suggest that the combination of these two EVA properties could balance the in-

service performance and the ease of processing required by bituminous binders for lower 

temperature application. 

KEYWORDS Rheology, EVA, polymer modified bitumen, binder design, pavement material  

INTRODUCTION 

Bitumen, a petroleum derivative used as a binder for asphalt pavements, demands an enhanced 

in-service performance. In this sense, binder design through polymer modified bitumen (PMB) is 

an alternative to improve temperature susceptibility by means of higher stiffness at high service 

temperature1. The addition of polymer results in an increase in viscosity that leads to difficulties 

at coating the mineral aggregates during the road making. On top of that, hot mix asphalt (HMA) 

helps reduce the binder viscosity, but it is less favored concerning the health and environmental 

issues (ie. higher toxic compound emission and higher energy consumption). Development of 

reduced temperature technology, such as warm mix asphalt (WMA), is encouraged. The 

selection of a low melting point polymer, such as EVA copolymer, may provide an alternative 

which is not merely improving the in-service performance but also its process-ability in WMA 

temperature region. Previous comprehensive studies on the rheological behavior of EVA binders 

focused on the influence of neat bitumen type and EVA percentage1. In this work, two EVA 

parameters, VA content and MFI, are studied. 
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EXPERIMENTAL 

Sample and Preparation 

Binders were obtained by modifying bitumen 70/100 with EVAs, at VA contents of 18 and 28 

wt.%, labeled as EVA-VA-18 and EVA-VA-28, respectively. MFI of 2 and 500 for VA18 and 

MFI of 7 and 400 for VA28 were selected to study MFI influence. Bitumen and EVA were 

supplied by Repsol SA (Spain). During process, 5 wt.% EVA was dispersed into 150 °C molten 

bitumen in two steps that consist of 1) melting at 3500 rpm for 15 mins and 2) mixing at 5000 

rpm for 1 hr. 

Tests and Measurements 

Temperature sweep tests were conducted in CS HAAKE RS600 from 30 to 100 °C at 10 rad/s 

and 100 Pa by using PPR20 in oscillatory mode. Before that, stress sweeps were done to specify 

the LVE regime and the stress applied. Calorimetry scans (DSC), with Q100 TA instrument, 

were performed to witness any thermal event that affects the binder microstructural behavior. 

Additionally, binder microstructure at room temperature was seen from optical microscopy. 

RESULTS AND DISCUSSIONS 

Binder thermorheological properties at the medium-to-high temperature window were assessed 

by means of temperature sweeps. 
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FIGURE 1 Dynamic shear temperature sweeps for the four EVA modified binders studied 
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Figure 1 presents the evolution of storage modulus (G´) and loss tangent (tanδ=G´´/G´) with 

temperature. EVA binders present higher G´ and lower tanδ values than neat bitumen, which 

suggests better elastic performance at in service temperature. Within EVA binders, each of them 

exhibits a decrease in G´ with increasing temperature which varies in behavior, depending on the 

VA content and MFI. Thus, VA content seems to control the LVE behavior at the low-to-

medium temperatures studied, whilst MFI results to be the key parameter at the highest 

temperatures, when the polymer phase start to flow. On the other hand, an abrupt G’ slope 

change, at 60 ºC approximately, can be clearly observed for the EVA-VA18 binder. However, 

EVA-VA28 binder does not show this event. The same response is observed in the evolution of 

tanδ with temperature. 

TABLE 1 DSC data for EVA copolymers and their corresponding EVA modified binders 

Type MFI 
Polymer Binder 

Tm 
(°C) 

χc 
(%) 

Tm 
(°C) 

χc 
(%) 

EVA-VA18 
500 84.1 26.1 64.7 22.7 

2 84.5 25.9 65.0 23.7 

EVA-VA28 
400 68.8 17.6 -- -- 

7 69.5 17.6 -- -- 

Moreover, Table 1 summarizes the melting temperatures (Tm) and crystallinity degrees (χc) of the 

EVA copolymers and their corresponding binders. In binders, EVA Tm is found lower than its 

pure polymer, that may be attributed to the smaller size crystallites due to the migration of the 

lightest compounds from the bitumen rich to the polymer rich phase. Hence, EVA melting event 

would be related to the sharp decrease in G´ observed for EVA-VA18 and the flattening in tan δ 

shown in Figure 1 for both EVA-VA18 and EVA-VA28 between 30 and 60ºC.  

Interestingly, it was seen that the rheological behavior changes after the melting event, and 

depends more on MFI (in Figure 1). Similarly, binder viscous flow behavior at 135 °C (result not 

shown), above EVA melting point, is also affected by MFI variation. Knowing that EVA 

copolymer molecular weight and MFI values are inversely proportional, the chain entanglement 

and the friction affects the flow behavior2, by means of high flowing effort as MFI values 

decrease and vice versa. 
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FIGURE 2 Optical microscopy observations, at 25°C, for selected EVA modified binders 

Optical micrographs, in Figure 2, may deliver useful information on the binders microstructure at 

ambient temperature. EVA-VA18 modified bitumen appears having lightly toned region 

assigned to EVA rich region containing crystallites fraction, which is clearly different from neat 

bitumen (unmodified). The polymer three dimensional network, with a larger and more 

uniformly distributed crystals, is the responsible for the improvement in the rheological behavior 

of this binder, shown by previous dynamic shear temperature sweeps. On the other hand, EVA-

VA28 binder presents a slightly different architecture, with a polymer network formed by highly 

dispersed polymer phase. This is in accordance to DSC data in Table 1, where χc could not be 

determined for this binder as a result of a high percentage of non-crystallizable fraction3.  

CONCLUSIONS  

The experimental results suggest that considering the combination of these two EVA properties 

could balance the in-service performance and the ease of processing, that are assigned to the 

influence of VA content and MFI, respectively. In particular, the selection of low melting point 

polymer and the consideration of higher MFI may promote the reduction in binder application 

temperature. 
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ABSTRACT 

Exploring novel applications for approved excipients with a history of safe use in medicine is a smart 

strategy to obtain improved medicinal products. Due to its unique properties, starch has been extensively 

used in various topical pharmaceutical applications as a sensorial enhancer, stabilizer and drug delivery 

polymer. The effects of the temperature on the physicochemical properties of five different native types of 

starch (rice, wheat, potato, corn and pre-gelatinized starch) were studied by means of DSC, hot-stage 

microscopy and rheological experiments, with both large strain (rotational) at different shear rates and 

small strain (oscillatory) tests. Native starches showed endothermic peaks between 60 and 80 °C and the 

transition temperatures and enthalpies of gelatinization were found dependent on the type of starch. The 

light microscopy images revealed that the morphology of all starches were affected by heat treatment. The 

viscoelasticity of heated starch dispersions was found to be strongly dependent on the type of starch. Thus, 

starch has an enormous potential for innovative applications in pharmaceutical formulation.  

 

KEYWORDS Starch; DSC; Microscopy; Rheology; Pharmaceutical application 

 

INTRODUCTION 

Nowadays, scientists and technologists need to develop not only new delivery systems that are 

substantially better than the existing ones, but also to explore new ways of using well known 

excipients. For that reason, exploring novel applications for approved excipients with a history of 

safe use in medicine is a smart strategy to obtain improved medicinal products. Natural 

excipients still have an important role and application in the pharmaceutical industry, since they 

are, in most cases biodegradable, non-toxic and abundant compared to synthetic materials. Starch, 

unlike some synthetic compounds, ensures all these characteristics and has a low price. Due to its 

unique properties, starch has been extensively used in various topical pharmaceutical 

applications as a sensorial enhancer, a stabilizer and a drug delivery polymer
1
.   
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METHODS 

Sample preparation 

Aqueous suspensions of different starches (rice, wheat, potato, corn and pre-gelatinized starch 

(Pre G)) were prepared by adding 2% of dry polymer to water. Due to the long hydration times, 

suspensions were kept stirring (200 rpm) for 24h before use. 

Differential Scanning Calorimetry (DSC)  

Thermoanalytical measurements were performed with a TA Instruments DSC Q200
 
system (TA 

Instruments, New Castle, USA). The sample and the reference (air) were placed in opened pans. 

A scan speed of 10 °C/ min and 10-20 mg of sample (aqueous solution of each starch) allowed 

an optimal response regarding resolution, temperature, accuracy and attenuation.  

Hot stage microscopy  

A light microscope (Olympus BX51, Japan) equipped with a THMS350V (Linkam, Surrey, 

England) hot stage was used to visualize the behavior of the emulsions under stress conditions. 

The system was equipped with a digital camera (Olympus XC30, Japan) and the software 

Olympus Stream Essentials
®
. Contact thermal microscopy was conducted by heating the samples 

from 25 °C to 80 °C using a 10 °C/min heating rate.  

Dynamic and Oscillation measurements  

Dynamic viscosity measurements were carried out between 1 and 1000 Pa on a logarithmic 

increment with a scan speed of 10°C/min. Oscillation frequency sweep tests were performed at 

frequencies ranging between 0.01 and 1 Hz with a scan speed of 10°C/min from 25 °C to 80 °C. 

 

RESULTS AND DISCUSSION 

DSC  

The gelatinization of starch is an endothermic process, meaning that it can be measured with 

DSC. Native starches showed endothermic peaks between 60°C and 80°C and the transition 

temperatures and enthalpies of gelatinization were found dependent on the type of starch (Figure 

1).  
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FIGURE 1 – DSC scanning thermograms of different starches. 

 

Hot stage microscopy  

As can be seen in Table 1, an increase in the temperature from 25 to 70ºC, caused the swelling 

and morphology alteration of the five types of granules of starch. It was observed that the 

granules gelatinized at different temperatures. Additionally the light microscopy images revealed 

that the morphology of all starches was affected by heat treatment. 

 

TABLE 1 - Micrographs of different starches at different temperatures (25 and 70 °C) during the 

heating process. 

Temperature 

(°C) 

Pre-gelatinized 

starch 
Wheat starch Potato starch Corn starch Rice starch 

25 

     

70 

     

 

Dynamic and Oscillation measurements  

It has been reported that concentration, volume fraction of the swollen granules, the 

deformability of the granules, and the degree of molecular entanglement influence the viscosity 

of starch gelatinization during heating
2
. For all starches suspensions, the viscosity started to 

increase at temperatures between 60 and 75°C (Figure 2 (a)). The increasing viscosity of starches 
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dispersions during heating was attributed to the swelling of the starch granules, supported by 

DSC and hot stage microscopy data. 

 The viscoelasticity of heated starch dispersions was found to be strongly dependent on the type 

of starch. For wheat, corn, potato and rice starch, G' is much higher than G'', meaning a dominant 

elastic behavior (Figure 2 (b)). The G’ and G’’ increased upon heating, probably due to the onset 

gelatinization of the polymer. As expected, for pregelatinized starch, during the heating, the G’ 

decreased and the G’’ increased due to the previous treatment.  

(a) (b) 

 

FIGURE 2 – (a) Viscosity of different starches at different temperatures. (b) Dependence of 

storage (G’) and loss (G’’) moduli for different starches at different temperatures. 

 

CONCLUSIONS 

Starch has an enormous potential for use in innovative applications in pharmaceutical 

formulations. The results confirmed a high variability related to its origin. Therefore, 

comprehensive preformulation studies are crucial to select the best starch type for the intended 

purpose.  
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ABSTRACT 

Asphalt fatigue cracking is a very important distress type in road pavements. Cracking occurs due to 

repeated traffic loading, within the bitumen or at the bitumen-aggregate interface. Over the last three 

decades many researchers investigated the fatigue properties of the bitumen, using different test 

apparatus and protocols.  

This paper compares and discusses the application of several methods for the analysis of testing results 

and for quantifying fatigue resistance. A neat and a polymer modified bitumen (PMB) were tested with 

continuous and discontinuous loading and with incremental load amplitude.  

The results showed that the test conditions and methods used to determine the fatigue resistance have 

a significant effect in the estimated bitumen fatigue life. The indexes obtained from dissipated energy 

methods show a very good correlation with Nf,50 obtained from the time sweep tests. The fatigue life law 

obtained from the linear amplitude sweep test is highly affected by the analysis method and the failure 

criterion. Healing during non-loading periods has a significant impact on the PMB fatigue life while no 

significant effect is observed in the neat bitumen fatigue life for small to intermediate rest periods. 

KEYWORDS (asphalt binders; fatigue resistance; dynamic shear rheometer; failure criteria; damage 

mechanics) 

INTRODUCTION 

Asphalt mixtures have a complex microstructure comprising randomly oriented aggregate 

particles (large range-size variation), bitumen and air voids. The bitumen is a viscoelastic 

material at normal conditions (temperature, loading, etc) and, despite the low volume proportion 

in final mixture, defines the material’s stress-strain response to loading.  

Fatigue cracking results from repeated loading cycles which are below the ultimate stress of the 

material. Asphalt cracking occurs due to repeated traffic loading, within the bitumen or at the 

bitumen-aggregate interface. Hence, over the last three decades many researchers investigated 

the fatigue properties of the bitumen, using different test apparatus and protocols. Furthermore, 
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several methods were proposed for the analysis of the experimental results and for the estimation 

of the bitumen’s fatigue life
1
.  This paper compares and discusses the application of several 

methods proposed in literature to quantify the fatigue strength of two different bitumens, which 

were tested with two different test procedures. 

MATERIALS AND TESTING PROGRAM 

Two different bitumens were selected for this study: (i) paving grade 35/50; (ii) polymer 

modified bitumen PMB 45/80-65.  The PMB is modified with 2-4% of SBS polymer using an 

undisclosed procedure by the supplier. The samples tested were not subject to any planned 

ageing effect. The binders were first characterized in terms of their behaviour under oscillatory 

shear and, afterwards, subjected to the fatigue tests. Measurements were performed with a Bohlin 

Gemini HR
nano

 rotational rheometer, which under dynamic tests is equivalent to a Dynamic 

Shear Rheometer. The samples were fabricated and prepared for testing in accordance with the 

EN 14770 standard. A minimum of three samples were used for each testing condition. 

The tests were performed with the 8 mm (2 mm gap) and 25 mm (1 mm gap) parallel plate set-up.  

Two types of fatigue tests were performed: (i) time sweep tests (TST); (ii) linear amplitude 

sweep tests (LAS). The TST consisted in repeated cycles of oscillatory shear with constant 

amplitude (shear strain 1.2%, 1.6% and 2%), which were stopped when the complex shear 

modulus has fallen more than 50% of the initial value. The tests at the shear strain of 1.2% were 

repeated with the introduction of rest periods (4, 8 and 16s) after every 10 seconds of loading 

with the objective of studying the healing effect from periodic rest periods.  The LAS 
2,3

 consists 

in a cyclic loading at systematically increasing loading amplitudes (shear strain 1 to 20%, with 1% 

step increments every 10 seconds). Both tests were performed at the temperature of 15 ºC and 

with a loading frequency of 10 Hz. 

Pereira 
1
 gives the complete information about the materials and the testing program. 

RESULTS 

Fig. 1 shows the evolution of the complex shear modulus (|G*|) of the two bitumens in both tests. 

There is a significant decrease of |G*| with the loading cycles, which are significantly lower in 

LAS because the procedure was defined to cause damage rapidly. The same way as in TST test, 

the neat bitumen shows a quick decrease of the modulus with repeated loading. Table 1 lists the 

number of loading cycles (average and standard deviation) before failure in TST tests that is 
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defined as |G*| reducing 50% of the initial value. The PMB shows, as expected, to hold much 

more cycles before failure. Healing during rest periods has a significant impact on the PMB 

fatigue life while no significant effect was observed in the neat bitumen fatigue life for small to 

intermediate rest periods (4 and 8 s). 

   

FIGURE 1 Evolution of the complex shear modulus in TST and LAS tests. 

TABLE 1 Time sweet test results 

Time-sweep 

35/50 PMB 45/80-65 

50% G*ini 

Strain (%) 
Rest period 

(sec) 
Average 

Nf,50 
St.Dev 

Nf,50 (%) 
Average 

Nf,50 
St.Dev 

Nf,50 (%) 

1.2 - 12,567 2.0% 103,033 5.5% 

1.6 - 7,233 0.8% 34,100 7.2% 

2 - 5,100 5.2% 21,600 2.3% 

1.2 4 11,367 3.3% 172,000 5.8% 

1.2 8 12,000 2.9% 228,267 10.1% 

1.2 16 15,133 2.7% - - 

Asphalt materials show a strong power law relationship between load stress or strain amplitude 

(X) and fatigue life (Nf), 

 (1) 

where, A and B are constants. In case of the TST test, the values of the constants A and B were 

obtained from fitting the model to test results. The LAS test results were analysed using the 

method proposed by Johnson 
2
 based on the Viscoelastic Continuum Damage Mechanics 
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approach. The damage progression variable α is determined as 1/m or 1+(1/m), with m being the 

maximum slope of creep, log J(t), or relaxation, log G(t), curves. Due to the ambiguity in 

literature, both equations are used. Regarding fatigue failure, Jonhson 
2
 recommended defining 

failure when there is a 35% decrease in |G*|∙sin (δ), where δ is the phase angle. Recently, Bahia
3
 

recommended using instead the point of the peak shear stress. Table 2 presents the fatigue laws 

obtained from the two tests. There are significant differences between models. The shear rate 

dependency (B) shows very similar values for the two bitumens, based on the LAS test results, 

while from the TST test it is concluded that the neat bitumen is less load amplitude dependent. 

The value of A is very sensitive to the value of α, being approximately 15 and 25 times higher 

with α=1+(1/m) for the 35/50 and the PMB, respectively.  Regarding the failure criteria, for both 

binders the peak shear stress occurs when |G*|∙sin δ has decreased more than 35%. 

TABLE 2 Estimated fatigue laws 

 TST test LAS test 

Bitumen 

Failure criterion:  

50% G* initial 
m 

α  
 Failure criterion: 

Cf = 65% 

 Failure criterion:  

τmax 

A B (1/m) 1+1/m 
 

A B 
 A B 

35/50 17,144 -1.774 

0.435 1.297   6,657.7 -2.593  8,320.5 -2.593 

  2.297  106,794.1 -4.593  145,770.2 -4.593 

PMB 

45/80-65 
169,418 -3.094 

0.410 1.437   26,345.1 -2.875  62,895.3 -2.875 

  2.437  622,540.0 -4.875  2,273,468.9 -4.875 

CONCLUSIONS 

The fatigue life estimated from the time sweep tests, at constant amplitude, and from the linear 

amplitude sweep tests have substantial differences. Furthermore, the fatigue life is highly 

affected by the method used for the results analysis. Healing during non-loading periods has a 

large effect on the PMB fatigue life while no significant effect is observed in the neat bitumen 

fatigue life for small to intermediate rest periods.  
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ABSTRACT 

In this work, Newtonian and non-Newtonian laminar blood flow in rectangular microchannels with 

symmetric and asymmetric atheroma were numerically studied. It was observed that the impact of 

symmetry of the atheroma is almost negligible and the non-Newtonian properties of blood leads to 

higher pressure drops and wall shear stresses than the ones obtained for Newtonian flows. 

KEYWORDS : Microchannel; Atheroma; Computational Fluid Dynamics; Wall Shear Stress; Pressure Drop 

INTRODUCTION 

Over the past few decades, the interest in the atherosclerosis’s studies has assumed a prominent 

place in medicine since this cardiovascular pathology has become one of the major causes of 

death. The dominant pattern is atherosclerosis, characterized by the formation of atheromas. 

Most of the times, the formation of an atheroma is accomplished by a thrombus formation. It is 

thought that the location of higher pressures and velocities promote the endothelium lesion and 

hence the formation of a thrombus, which normally conduce to a thromboembolism due to the 

high speeds and pressures1. Microfluidic devices are becoming one of the most promising new 

tools for diagnostic applications and treatment of several chronic diseases and the microchannels 

used in these devices usually have rectangular shape. Hence, it is essential to understand the 

blood flow behaviour involved in this kind of microchannels. 

NUMERICAL SIMULATIONS 

The simulations were carried out using the commercial finite-volume package FLUENT®(v 

15.0.7). In the calculations, blood was considered both Newtonian and non-Newtonian fluid, its 

rheology being described, in the second case, by the Carreau model2. The simulations were 
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carried out in 3D rectangular geometries, Fig. 1. Six channels with distinct stenosis degrees - 

15%, 30% and 50% - were studied, 3 of them with symmetric atheroma and the other 3 with 

asymmetric atheroma. 




(a) (b) 

FIGURE 1 Example of computational domains. (a) Asymmetric atheroma and (b) Symmetric atheroma. 

Due to the symmetry of the studied microchannels, a symmetry plane was established leading to 

thinner computational domains. The discretization of these domains was made using meshes 

constituted by rectangular elements, the mesh being more refined close to the walls, where zero 

velocity was imposed. In addition to the referred boundary conditions, 6 distinct entry velocities, 

u, were imposed in the plane x = 0.  

In order to validate the computational fluid dynamics calculations, two tests in the region before 

the atheroma were performed. First, velocity profiles were compared with the analytical 

solutions for the Newtonian fully developed flow in a rectangular microchannel3 and it was 

observed a mean deviation lower than 0.8% for all the channels and operation conditions, Fig. 2. 
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(a) (b) 

FIGURE 2 Velocity profiles for fully developed flow in the region before the atheroma and u = 0.198 

mm/s. (a) Symmetry plane (z = 50 mm); (b) Central plane (y = 250 mm).  
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The pressure drop, ΔP, was estimated resorting to the correlation 1Ref Po  , where f is the 

Fanning friction factor, Re the Reynolds number and Po the Poiseuille's number, which assumes 

the value 19.0 4 for the studied region. The relative errors for ΔP ranged between 0.01 and 0.1%. 

RESULTS 

As expected, the influence of the symmetry of the atheroma in the pressure decrease with the 

decrease of the stenosis degree (Fig. 3(a)). In Fig. 3(a) it can be observed that pressure for 

Newtonian flow is higher than the one obtained for the non-Newtonian flow. Fig. 3(b) shows that 

pressure drops are higher for the non-Newtonian flows and the impact of non-Newtonian 

properties on this flow property decrease with the increase of mean velocity, u. 
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(a) (b) 

FIGURE 3 (a) Pressure along channels for u = 1.98 mm/s: (---) symmetric atheroma; () asymmetric 

atheroma. (b) Ratio between pressure drop of non-Newtonian and Newtonian fluids. 

The wall shear stress (WSS) along the channels for both Newtonian and non-Newtonian flows 

have been analyzed and it was verified that the maximum value was reached at the symmetry 

plane in the corner of the atheroma (Fig. 4). 

The asymmetry of the WSS profile is more pronounced for the asymmetric atheroma, being this 

asymmetry less pronounced for lower velocities (Fig. 4). In the opposite side of the atheroma, 

Line 2 (Fig.4(b)), the presence of this obstruction is also felt, as can be observed in Fig.4(b). 

The impact of non-Newtonian blood properties in the WSS was studied and it was concluded 

that WSS for Carreau fluid are higher than the ones developed for the Newtonian fluid and this 

impact increases with the decrease of mean velocity. 
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FIGURE 4 (a) WSS along Line 1 for 30% of stenosis degree, Newtonian fluid for u = 79.2mm/s. (b) WSS in 

top and bottom of the channel with 50% of stenosis degree for the Carreau fluid for u = 9.9 mm/s. 

CONCLUSIONS 

With this study, the influence of blood’s non-Newtonian properties, stenosis degree and 

symmetry of atheroma in laminar flow’s properties in stenotic rectangular microchannels were 

analyzed. It was possible to conclude that in the range of studied mean velocities, local velocity 

is not affected by the used rheological model or symmetry of the atheroma. The non-Newtonian 

properties of blood leads to higher pressure drops and wall shear stress being this effect more 

pronounced for lower velocities. 
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ABSTRACT 

The interfacial behaviour of adsorbed crayfish protein (CFP) has been studied at the air/water 

and oil/water interfaces for  two different crayfish protein derivatives: crayfish sarcoplasmic 

proteins (CFS) and crayfish hydrolysates (CFH) a function of time, concentration and pH. An 

analysis of the the adsorption kinetics determined by pendant drop tensiometry and shear 

measurements using a highly sensitive magnetic air bearing stress-controlled rheometer, have 

been carried out. A relationship between parameters from O/W and A/W interfaces, which 

depends on pH values and concentration below interfacial saturation, has been found. Crayfish 

proteins confer an elastic dominant behaviour to O/W interfaces showing low interfacial tension 

values. CFS fraction yields lower surface pressure but enhanced 2D gel-like behaviour, which 

should prevent droplet recoalescence and, as a result, would yield enhanced long-term stability. 

KEYWORDS: Crayfish protein, interfacial pressure, interfacial shear rheology, double-wall ring. 

INTRODUCTION 

The key role of proteins in both the emulsification process and emulsion stability has been 

widely recognised over the last decades. The ability to emulsify is related to the reduction of 

interfacial tension as the protein molecules adsorb to the interface, which facilitates the breakup 

of droplets during emulsion formation. The interfacial ability and the ability of the protein to 

form an interface is mainly governed by the entropy (in terms of gain) which takes place due to 

the adsorption and denaturation of the protein at the interface1. Emulsion stability is rather 

associated to the formation of a viscoelastic film that helps to stabilize the newly formed droplets 

against coalescence, and possibly also Ostwald ripening2. Obtaining meaningful interfacial 
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rheological material functions is challenging. This is firstly due to the small magnitude of the 

forces and torques associated with the deformation of an interface, but secondly and more 

fundamentally to the intimate coupling between the flow and deformation in bulk and at the 

interface, which often makes the fluid mechanics analysis very complex to be accomplished3.  

This study has been conducted with the overall objective of analysing the ability of protein 

systems from crayfish by-products to display enhanced techno-functional properties (i.e. 

emulsification and foaming). The specific aim has been to study the interfacial behaviour of two 

protein derivatives obtained from CF surpluses, both showing little or no exposure to heat-

induced protein denaturation at two different pH values (2 and 8), selected on the basis of their 

surface charges and protein solubility. The protein derivatives have been a globular protein 

fraction mainly consisting of sarcoplasmic proteins (CFS); and a protein hydrolysate, (CFH).  

EXPERIMENTAL SECTION 

Materials 

Crayfish (CF) meat was separated from the shell by grinding and sieving and supplied as CF 

pulp by ALFOCAN (Isla Mayor, Sevilla, Spain). CF pulp was kept frozen until its use. First of 

all, the thawed CF pulp was subjected to alkaline solubilisation at pH 9 and then precipitated at 

pH 5. The supernatant was spray dried to obtain a fraction rich in globular sarcoplasmic proteins 

(CFS). The thawed CF pulp was also submitted to controlled enzymatic hydrolysis and then it 

was spray-dried to obtain a CF protein hydrolysate (CFH) with a hydrolysis degree of 50%. The 

protein content of both protein derivatives was determined in quadruplicate as % N x 6.25 using 

a LECO CHNS-932 nitrogen micro analyser (Leco Corporation, St. Joseph, MI, USA), being 

52.6 ± 0.4 wt.% for CFS and 67.9 ± 0.9 wt.% for CFH. 

Interfacial characterization 

Determination of oil–water interface properties. Transient interfacial pressure (Π) was carried 

out using a pendant drop tensiometer from CAM200 (KSV, Finland). A single batch of 

commercial n-hexadecane oil was used to measure oil–water kinetic adsorption at 20ºC. 

Determination of interfacial shear rheological properties. Measurements of interfacial shear 

rheology were performed using a double-wall-ring geometry (DWR) according to Vandebril et 

al4. Creep tests were performed at constant stress ranging from 6.5·10-6 to 1.35·10-5 Pa in 

water/n-hexadecane interface to evaluate interfacial behaviour. 

RESULTS 
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Figure 1 shows the transient surface pressure response for the adsorption kinetics of CFS and 

CFH at the n-hexadecane/water interface at two different protein concentrations (1 and 2 mg 

flour/mL) and two pH values (figure 1A for pH 2 and  figure 1B for pH 8). The adsorption is 

always characterized by a rapid increase in surface pressure followed by a slow evolution 

towards an equilibrium value (Πeq). This evolution is likely due to the occurrence of different 

stages, starting with an initial stage where fast protein diffusion to the interface takes place, 

followed by a slower step, where penetration of protein molecules through the interfacial layer as 

well as some conformational rearrangements of proteins at the interface slow down the kinetics. 

The manner in which these stages contribute to the overall adsorption process depends on pH, 

protein concentration and molecular properties. 

 
FIGURE 1: Adsorption of CFS and CFH at the n-hexadecane/water interface at two different 

protein concentrations (1 and 2 mg derivative/mL): (A) at pH 2; (B) at pH 8. 

As may be observed, creep profiles (Figure 2), by means of interfacial creep compliance (Ji), for 

both CFS and CFH are highly sensitive to pH and the creep data really emphasize the differences 

between the underlying microstructures at pH 2, CFS and CFH both show significant viscoelastic 

response with both a nonlinear compliance and significant recoil. The slope Ji is initially 

decreasing showing a tendency towards constant slope. The values of Ji are independent on the 

stress applied to the interface, which confirms that the response is under the linear deformation 

regime. At this pH, a marked recovery response takes place, which is also consistent with the 

elastic-dominant behaviour. On the other hand, the response in creep at pH 8 exhibits an 

apparent Newtonian fluid response and no recovery is observed is shown for both CFS and CFH-

adsorbed interfacial layers with practically nil recovery. This means that the maximum 
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deformation reached is also very different, being much higher at pH 8 (350 after 15 min) than at 

pH 2 (which is lower than 0.001), at the same interfacial shear stress. 

 
FIGURE 2. Results from creep tests performed at the oil/water interface by means of the DWR 

tool for protein derivatives CFS and CFH:  (A) at pH 2; (B) at pH 8. 

CONCLUSIONS 

Two alternative procedures have been successfully used to obtain highly soluble protein systems, 

over a wide range of pH range studied, from crayfish pulp. A strong influence of the behaviour 

of protein at the complex fluid-fluid interfaces formed on pH and concentration has been found. 

The response to the application of an interfacial shear stress under creep and recovery 

measurements depend strongly on pH value. Hence, an elastic-dominant structure was found at 

pH 2, but at pH 8 the shear response for both protein derivatives shows a Newtonian response, 

indicating the absence of significant microstructure. This different behaviour must be related to 

electrostatic/hydrophobic association which are very pH-dependent. Finally, it should be pointed 

out that although crayfish proteins have shown a good potential for its use as food emulsifier, the 

complexity of the system makes difficult to carry out any prediction on emulsion stability.  
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ABSTRACT 

Polypropylene (PP) mixtures with polyamide (PA) are investigated and compared with PP/PA 
blends that contain 5% of nanosilica (NS). The terminal viscoelastic zone i
amplitude oscillatory shear, SAOS, measurements in the linear regime. To investigate the non
linear viscoelastic behaviour, large amplitude oscillatory shear, LAOS, experiments are carried 
out. It is shown that alterations of the term
account for the interfacial effects of drops and drops surrounded by nanoparticles.
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INTRODUCTION 

Blending polymers constitutes an efficient strategy to obtain new materials which combine the 

best properties of each component. In most of the cases, the corresponding solubility parameters 

of the involved polymers differ considerably, which leads to immiscible mixtures. Pr

conditions and mechanical properties depend on the morphology developed in thes

phase/multiphase systems. In the case of an emulsion

remarkable as smaller is the size of the dispersed droplets. To achieve t

tension should be reduced using compatibilizers. Recently

of 5% nanosilica to polypropylene/polyamide and polypropylene/polycarbonate blends, 

respectively, produces a strong reduction of the 

emplacement at the interface. 
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Polypropylene (PP) mixtures with polyamide (PA) are investigated and compared with PP/PA 
blends that contain 5% of nanosilica (NS). The terminal viscoelastic zone i

oscillatory shear, SAOS, measurements in the linear regime. To investigate the non
linear viscoelastic behaviour, large amplitude oscillatory shear, LAOS, experiments are carried 
out. It is shown that alterations of the terminal zone and deviations observed in non
account for the interfacial effects of drops and drops surrounded by nanoparticles.
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onstitutes an efficient strategy to obtain new materials which combine the 

best properties of each component. In most of the cases, the corresponding solubility parameters 

of the involved polymers differ considerably, which leads to immiscible mixtures. Pr

conditions and mechanical properties depend on the morphology developed in thes

In the case of an emulsion-like morphology, the effect is more 

remarkable as smaller is the size of the dispersed droplets. To achieve this goal, the interfacial 

tension should be reduced using compatibilizers. Recently1, it has been proved that the addition 

of 5% nanosilica to polypropylene/polyamide and polypropylene/polycarbonate blends, 

respectively, produces a strong reduction of the droplet size, as a consequence of the NS 

emplacement at the interface.  
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droplet size, as a consequence of the NS 
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In this paper, the rheological consequences of the morphological changes, associated to the size 

of the droplets and to the location of the nanosilica particles, are investigated. A careful analysis 

of dynamic viscoelastic data in the linear (SAOS), as well as in the non-linear (LAOS) regime, 

reveals the strong capacities of rheology to characterise polymer blends. 

EXPERIMENTAL PART 

Blends preparation  

The materials were dried under vacuum at 80ºC overnight prior to extrusion and the polymer 

powders were mixed with silica. The blends and nanocomposites were prepared in a Collins co-

rotating twin screw extruder with a profile temperature range from 200 to 240 °C in the extrusion 

zone was used at 40 rpm.  

TABLE 1. Compositions (expressed in wt%) of the blends nanocomposites 

 PP PA NS 
with respect to the total weight 

PP/PA 80 20  

PP/PA/NS 80 20 5 

 

Rheological measurements   

The dynamic viscoelastic functions were evaluated using two TA Instruments rheometers: ARG2 

and ARES with parallel plate geometries (25 mm diameter) under nitrogen atmosphere. Dynamic 

frequency sweeps, SAOS, were performed in ARG2 at 220ºC in the linear viscoelastic regime 

from 628.3 to 0.03 rad/s. Non linear viscoelastic properties were carried out in the ARES 

rheometer using large amplitude oscillatory shear, LAOS, flow from 5% to 1000% at 220ºC at a 

fixed frequency of 0.2 Hz. 

RESULTS AND DISCUSSION 

The so-called Han plots2, i.e. the double logarithmic plot of the storage modulus versus the loss 

modulus, constitute an old but very interesting rheological technique to investigate polymer 

blends. In Figure 1a) such plots are shown, revealing the deviations at low frequencies (low 

values of G’ and G’’) observed in emulsion like PP/PA blends, as well as in PP/PA/NS blend 
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nanocomposites. For the latter, the deviation is a consequence of a suspension-like behavior. But 

in the case of the emulsion like PP/PA blends the deviation is due to the elastic contribution of 

the interfacial tension. 

  

FIGURE 1. a) The so-called Han plots for PP/PA blend and PP/PA/NS blend nanocomposite, as 

well as neat PP and PA. The arrow indicates the frequency that corresponds to the inverse of the 

relaxation time obtained in Equation 1. b) The so-called Cole Cole plots for PP/PA blend and 

PP/PA/NS blend nanocomposite, as well as neat PP and PA. The arrow indicates the frequency 

that corresponds to the inverse of the relaxation time obtained in Equation 1. 

Using the model proposed by Gramespacher and Meissner3 (Equation 1) the relaxation time 

associated to the interfacial tension can be determined. 

α = m
η R

0τ
(19k +16)(2k+ 3)

40(k+1)
1+φ 5(19k+16)

4(k +1)(2k+ 3)



















 (1)                where,  

R is the radius of the dispersed phase, τ0 is the shape relaxation time and the viscosities are the 

Newtonian viscosities. 

According to literature results4 the interfacial tension between PP and PA at T=220ºC is 

approximately α=9.2 mN/m. Applying  Equation 1 this value leads to a relaxation time τ0 =0.51s, 

which corresponds to a frequency of ω =1.98 rad/s. In Figure 1a) the arrow indicates the G’ and 

G’’ values that correspond to this frequency. It is observed that the position of the arrow comes 
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to coincide with the start of the deviation noticed for emulsion-like blends. Concomitant to the 

effect of the interfacial tension observed in the Han plots, the so-called Cole-Cole plots5 (real 

part, η´´, versus imaginary part, η´ of the complex viscosity, η*) also show a peculiarity 

associated to the interfacial tension. This can be observed in Figure 1b). 

As a corollary of these results, a novel rheological method to evaluate the interfacial tension can 

be postulated. This consists in calculating the frequency at which deviation in the Han or Cole 

Cole plots takes place and subsequently use the equation of the Gramespacher and Meissner 

model to determine α. 

Our current work indicates that LAOS experiments (not shown here) are not so conclusive as 

SAOS tests, so far, since only qualitative results about the interfacial tension can be obtained 

from their analysis. 

CONCLUSIONS  

The analysis of the dynamic viscoelastic results in the terminal zone reveals the effect of the 

interfacial tension in PP/PA blends. In particular, Han plots and Cole Cole plots show 

discontinuities that treated according to the Gramespacher and Meissner model can allow to 

evaluate the interfacial tension. 
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ABSTRACT 

In this work, an accurate study of two commercial non-ionic polyoxytheylene glycerol ester 

surfactants at the -pinene/water interface was carried out, comprising a systematic analysis of 

dynamic adsorption properties, interfacial rheology and emulsifying properties. Polyoxyethylene 

glycerol esters were obtained from a renewable source (cocoa oil) and fulfil the environmental 

and toxicological requirements to be used as ecofriendly emulsifying agents
1
. -Pinene is also a 

renewable biosolvent completely insoluble in water, which could find numerous applications. 

The dilatational rheology of these surfactants at the oil/water interface was studied by means of 

step area perturbations. The surfactant with the highest number of EO groups (Levenol C-201) 

turned out to be more surface active at the -pinene/water interface. Furthermore, the surfactant 

with the lowest number of EO groups (Levenol H&B) was partly solubilized into the oil phase. 

Both surfactants allowed obtaining slightly concentratedpinene emulsions. Nevertheless, the 

results obtained demonstrated that the emulsions prepared using Levenol C-201 had smaller 

droplet sizes, lower polidispersity and showed higher physical stability than the emulsions 

prepared by using Levenol H&B. 

KEYWORDS -pinene; adsorption equilibrium; Levenol, surface rheology; emulsion  

INTRODUCTION 

In this work, emulsions were produced by using surfactants (polyoxyethylene glycerol esters 

derived from cocoa oil) and a solvent (-pinene) obtained from renewable natural materials, 

which are more eco-friendly than traditional ones
2
. 
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The main objective is to provide a systematic characterization of the interfacial rheological and 

emulsifying properties of two eco-friendly polyoxyethylene glycerol ester surfactants with 

different numbers of EO groups at the -pinene/water interface. 

MATERIALS AND METHODS 

Two commercial polyoxyethylene glycerol ester surfactants derived from cocoa oil have been 

studied: Levenol® C201 (Glycereth-17 cocoate) and Levenol® H&B (Glycereth-2 cocoate). 

They were kindly provided by KAO and used as received. -Pinene (0.84 g/mL at 25ºC) was 

purchased from Sigma–Aldrich® and purified with Florisil® resins (Fluka, 60–10 mesh).  

Interfacial tension and dilatational rheology measurements were performed with a drop profile 

analysis tensiometer (CAM200, KSV, Finland). 

Droplet size distribution measurements were performed using a static light scattering instrument 

(Malvern Mastersizer X). Multiple light scattering measurements carried out over 21 days at 

20ºC with a Turbiscan Lab Expert were used in order to study the destabilization of the 

emulsions by creaming. To characterize the creaming process, the creaming index was used. 

RESULTS AND DISCUSSION 

Interfacial properties 

Figure 1 shows the dynamic surface tension response of both surfactants at a bulk concentration 

of 1 gL
-1

. Levenol C201 adsorbed faster and to a higher extent than Levenol H&B. Furthermore, 

the minimum value in surface tension obtained for Levenol H&B can be ascribed to the 

occurrence of a fast diffusion and adsorption of surfactant molecules at the interface followed by 

a slower solubilization of the previously adsorbed surfactants into the adjacent oil phase. 

The interfacial behaviour of both surfactants at the -pinene/water interface was studied by 

means of step area perturbations. The limiting elasticity E0 was calculated using the following 

equation
3,4

: 

0
0

A
E

A



   (Eq. 1) 
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where  is the interface tension increase after the step, A0 is the initial surface area and ∆A is 

the surface area step. Figure 2 show E0 values as a function of Levenol C201 and Levenol H&B 

concentrations. It is worth noting that the presence of a minimum indicated the occurrence of 

conformational changes of the adsorbed layer, being more noticeable for the surfactant with 

higher number of ethoxylated units. 

 

FIGURE 1. (a) Dynamic interfacial tension for Levenol C-201 (circles) and Levenol H&B (triangles) at the 

-pinene/water interface for 1 g·L-1 concentration.  (b) Interfacial limiting elasticity versus concentration 

for Levenol C-201 (open squares) and Levenol H&B (open circles) at the -pinene/water interface. 

T=20C. 

Emulsifying properties 

The emulsifying properties values for both surfactants are summarized in Table 1. Firstly, it 

should be stated that both emulsions showed a monomodal distributions pattern but the final size 

distribution of the emulsion is highly sensitive to the emulsifier used. Emulsion containing 

Levenol H&B aged for 1 day has a higher span value (span = 1.833) than those containing 

Levenol C201 (span = 1.491). These results may be interpreted taking into account the better 

surface properties of Levenol C201. This is in agreement with the results obtained from laser 

diffraction measurements because emulsions became more stable against creaming due to the 

combination of the reduction of the droplet size and the lower polidispersity. Results provided by 

laser diffraction and multiple light scattering demonstrated that both surfactants could be used as 

emulsifiers. However, Levenol C201 has better emulsifying properties, as smaller droplet sizes 

are more easily obtained and it has enhanced stability against creaming. 
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TABLE 1 Emulsifying properties of -pinene/water emulsions of Levenol H&B and Levenol C201 

 
D3,2 [m] Span Creaming rate,  [mm/day] 

Levenol H&B 1.75 1.833 0.48 

Levenol C201 1.85 1.491 0.08 

CONCLUSIONS 

We have carried out a detailed study of the interfacial properties at the biocompatible -

pinene/water interface and of the emulsion stabilizing properties of two polyoxyethylene 

glycerol ester surfactants derived from cocoa oil, which has recently become commercially 

available.  

Dynamic surface tension measurements showed that Levenol H&B adsorbs more slowly and to a 

lesser extent than Levenol C201. Moreover, a minimum in the DST curve for Levenol H&B 

indicated a partly solubilization of Levenol H&B in the -pinene oil phase. 

Dilatational rheology measurements showed a conformational change of the adsorbed surfactants 

being more marked for the one with more EO units. (Levenol C201). 

-pinene-in-water emulsion produced by using Levenol C201 are more stable and with lower 

droplet size and span values than the ones obtained with Levenol H&B. 
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