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Abstract 9 

This work studies (by rheological method) the temperature dependence of coil-to-coil contact 10 

critical concentration (C* in g/L) and the intrinsic viscosity ([η] in L/g) as the capacity of a 11 

single-coil to bind the solvent molecules and increase the solution viscosity accordingly. The 12 

C* and [η] were measured and fitted by a model to characterize the thermodynamic stability of 13 

the kappa-carrageenan (kC) polysaccharide in solution. The weakest C* and greatest [η] of the 14 

kC was found to be ≈ 0.44 g/L and ≈ 1.23 L/g, respectively. The temperature where the C* was 15 

weakest was found at ≈ 30 °C and is referred to as the lower critical concentration temperature 16 

(LCCT). The expansion of the polysaccharide was greater at the LCCT, but its capacity to bind 17 

the solvent molecules was found greater at 20 °C according to the model. The hydrodynamic 18 

permeability resistance was defined as C*[η] and was shown to decrease smoothly by a slope 19 

of 2.6×10-3 /°C with the increase in temperature from 0 °C to 45 °C, then strongly by a slope of 20 

22.5×10-3 /°C after 60 °C. Therefore, if a polymer solution at LCCT is gelled at lower or higher 21 

temperature, the polymer sizes will decrease (syneresis reaction), but the [η] and gel elasticity 22 
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will interfere with the kinetics of the reaction to determine thereafter the serum holding capacity 23 

of the gels. 24 

Keywords: Rheology, polymers expansion, hydrodynamic volume, water-holding capacity 25 

1. Introduction 26 

Kappa-Carrageenan (kC) is a polysaccharide that is extracted from marine algae, which forms 27 

gels in the appropriate conditions such as polysaccharide concentration, ionic strength, type of 28 

ions, and temperature (Ciancia, Milas & Rinaudo, 1997; Morris & Chilvers, 1983). However, 29 

the gels that are formed by kC in the presence of K+ and Ca2+ ions have been characterized by 30 

the spontaneous release of water (syneresis) (Lai, Wong & Lii, 2000). The elasticity is reported 31 

to explain the syneresis of these gels (Ako, 2015; Mao, Tang & Swanson, 2001). Other 32 

polysaccharide gels such as starch, alginate, agar and pectin have also been reported to be 33 

susceptible to syneresis (Divoux, Mao & Snabre, 2015; Draget et al., 2001; Einhorn-Stoll, 2018; 34 

Lee, Baek, Cha, Park & Lim, 2002). 35 

As a natural resource, polysaccharides form the major component of the human diet and are 36 

therefore used by the food industries to process food with particular specifications (Kaur, Singh 37 

& Sodhi, 2002; Lee, Baek, Cha, Park & Lim, 2002; Teko, Osseyi, Munialo & Ako, 2021). For 38 

instance, polysaccharides are used as thickeners and viscosity controlling agents of many 39 

suspensions and beverages for managing swallowing disorders for dysphagic patients and the 40 

elderly (Munialo, Kontogiorgos, Euston & Nyambayo, 2020; Yousefi & Ako, 2020). In most 41 

cases, foods that are made with thickeners and viscosity controlling agents are usually stored 42 

until consumption, which in some cases may be more than 3 months. However, a prolonged 43 

storage of polysaccharide suspensions which are susceptible to syneresis promotes the 44 

exhibition of the syneresis (Mao, Tang & Swanson, 2001). The duration that it takes for these 45 
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systems to exhibit syneresis is not yet well understood even though the chemical nature and 46 

associative mechanism of the constituents have been reported (Boral, Saxena & Bohidar, 2010; 47 

Scherer, 1989). This time depends on the chemical or mechanical kinetics of the ageing or phase 48 

separation which induces the syneresis process (Scherer, 1989; Takeshita, Kanaya, Nishida & 49 

Kaji, 2001; Vliet, Dijk, Zoon & Walstra, 1991), and the technique or method used for the 50 

detection of the polysaccharide susceptibility to syneresis (Ako, 2015; Einhorn-Stoll, 2018; 51 

Richardson & Goycoolea, 1994). When syneresis is discovered accidentally after several weeks 52 

of storage, it may cause considerable waste of time, matter, energy and money for the 53 

companies. Kappa-carrageenan and those polysaccharides that are susceptible to syneresis have 54 

many applications in pharmaceutical and biomedical industries, including cosmetic surgery, 55 

surface coating for drug and protein carriers, making them ubiquitous in our daily life (Berger, 56 

Reist, Mayer, Felt & Gurny, 2004; Field & Kerstein, 1994; Hoffman, 2012; Klouda & Mikos, 57 

2008; Liu, Subhash & Moore, 2011). Their capacity to form strong gels and biocompatibility 58 

extends the application areas to designing 3D structures as scaffolds or cell culture substrates 59 

for tissues engineering (Drury & Mooney, 2003). Therefore, the inadvertent occurrence of 60 

syneresis may be lethal for biomedical and pharmaceutical applications. The growth of cells in 61 

agar gels for the detection of diseases for instance is damaged by the syneresis phenomena as 62 

the solvent is released with the cell nutrients. Mechanical contact problems also arise from the 63 

instabilities of gel dimensions (Divoux, Mao & Snabre, 2015). Chemical and mechanical aspect 64 

of the syneresis converge to i) chemical modification (Campo, Kawano, da Silva Jr & Carvalho, 65 

2009), ii) the use of super gelling agents, and iii) an increase of material concentration (Zhang, 66 

Ji, Liu & Feng, 2016) to stop the occurrence of syneresis. However, it is not yet clear whether 67 

these methods actually stop the syneresis or they simply delay the time it takes to exhibit 68 

syneresis. 69 
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Kappa-Carrageenan (kC) and in general polysaccharides are processed in solution at 70 

temperatures between 60 °C and 90 °C then the solutions or gels are cooled and stored at 71 

ambient or lower temperatures before applications (Ako, 2015; Mao, Tang & Swanson, 2001). 72 

Given the temperature changes that occur from the sample preparation to their applications, the 73 

thermodynamic stability of the kC polysaccharide in solution at various temperatures were 74 

investigated in this study. In general, gels can reach the thermodynamic equilibrium very fast 75 

if their constituent units can move freely, i.e. no additional energy is required for the motions 76 

such as contraction, stretching, rotation or diffusion. Ideally, free contraction motion of the kC 77 

chains should take place conceptually at concentration below or equal to the critical 78 

concentration (Morris, Cutler, Ross-Murphy, Rees & Price, 1981) without energy of liaison at 79 

the contact points. The critical concentration C* is reciprocal to the volume of the smallest mass 80 

moving freely which is the blob stand by the polysaccharide chain. At C*, the concentration of 81 

the solution is equal to the concentration (of or defined by) a polymer chain volume in the 82 

solvent. The intrinsic viscosity [η] which is the capacity of the polysaccharide to increase the 83 

viscosity of the system has been determined by a linear Huggins and Kraemer analysis and used 84 

to characterize the interaction between the polymers and the solvent molecules (Brunchi, 85 

Morariu & Bercea, 2014; Chronakis, Doublier & Piculell, 2000). In this study, we define the 86 

[η] parameter as the capacity of a polymer chain to bind the solvent molecules and show that 87 

both physical quantities, C* and [η], are time-independent. The sensitivity of both quantities to 88 

the temperature is demonstrated to show the susceptibility of the polysaccharide to syneresis at 89 

the macromolecular scale. Supposing for instance that change of the temperature leads to 90 

remarkable change of the [η] and C*, then the system must evolve toward a new equilibrium 91 

state with a time evolution function that would depend on the stresses in competition in the 92 

systems.  93 
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In this work, the evolution of the C* as a function of the temperature was investigated using a 94 

model that allows the determination of the C* in the temperature interval from 0 °C to near 100 95 

°C. 96 

2. Materials and methods 97 

2.1 Sample characteristics 98 

The kappa-carrageenan (kC) polysaccharide was kindly provided by Rhodia Food 99 

(Switzerland), product name and reference: MEYPRO-GEL 01/2001 WG95-37 K-Car. The kC 100 

is made of a sequence of alternating disaccharides, α-(1-3)-D-Galactose-4-Sulfate and β-(1-4) 101 

-3,6-anhydrous-D-Galactose. The dialyzed product may contain a weak amount of glucose and 102 

was found in the pure potassium kC form of total potassium no more than 4.2 % (w/w), the 103 

other salts are considered to be only trace amounts. The molecular weight of the kC was Mw = 104 

3.3×105 g/mol and the indices of polydispersity (Ip) = 2.02. It is worth mentioning that the kC 105 

is a polyelectrolyte and thermoreversible polymer. The kC in solution can turn from liquid to 106 

solid state by cooling and from the solid to liquid state by heating. This behaviour makes kC a 107 

perfect material for temperature ramp measurements to be repeated at different conditions on 108 

the same sample. During the cooling ramp, kC changes from random coil to helix conformation. 109 

The temperature where the coil-helix transition takes place is dependent on the ionic strength 110 

and the type of salt. The coil-helix transition takes place during heating ramp at temperature 111 

above the coil-helix transition temperature. The coil-helix transition changes the flow properties 112 

of the solution.  113 

2.2 Sample preparation 114 

Twenty g/L of kC solution was prepared by dissolving the powder in demineralized water in 115 

the presence of 200-ppm sodium azide (NaN3) as a bacteriostatic agent. The mixture was then 116 
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heated at 90 °C under stirring for 10 h. The solution was then dialyzed in 4 L of ultrapure water 117 

in the presence of 200-ppm NaN3 for 3 days using a dialysis membrane of 6-8 kDa molecular 118 

weight cut off. The dialysis water was exchanged thrice the first day and twice the second and 119 

third day respectively. The dialyzed solution was then filtered with Anotop syringe filter with 120 

0.45 µm pore size to constitute the stock solution. The final concentration of the stock solution 121 

was adjusted by the dilution factor after the dialysis step. All samples that were analyzed were 122 

prepared by diluting the stock solution to give the desired final kC concentration and mixed 123 

under heating in a water bath at 60 °C for approximately 15 min to give homogeneous solutions 124 

prior the viscosity measurements. The system is comparable to a polyelectrolyte polymer 125 

solution with no additional salt except the presence of 200-ppm NaN3, which was added to 126 

prevent spoilage of the samples. 127 

2.3 Viscosity measurements 128 

The viscosity measurements were performed in Couette geometry using a DHR3 Rheometer 129 

(TA Instrument). The Couette geometry consisted of a concentric cylinder geometry of an inner 130 

rotor cylinder (bob) and outer stator cylinder (cup) of respectively a radius R1 of 14 mm and R2 131 

of 15 mm defining a horizontal gap (R2 - R1) of 1 mm and an average radius (R) of 14.5 mm as 132 

(R1 + R2)/2. The height of the bob was 42 mm and the vertical gap between the bob and cup 133 

was set at 2 mm. The minimum and maximum torque of the instrument were 5 µNm and 5×103 134 

Nm respectively. Both the torque (Μ) and the angular velocity (Ω) of the bob were measured 135 

by the rheometer. The Ω is related to the shear rate by the expression: 136 





12 RR

R


          

 (1) 137 

and the shear stress is related to the torque by the expression: 138 
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hR
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 (2) 139 

Shear viscosity is defined as the shear stress divided by the shear rate, which is proportional to 140 

M/Ω, by the constant: 141 

3

12

2 hR

RR
KG






          
 (3) 142 

which is considered as the geometry constant applied by the DHR3 software (TA Instruments 143 

V9.49) to convert M/Ω into a viscosity data. The expression of the bob wall velocity is deduced 144 

as: 145 

 


R

RRR
v 121

0




          
 (4) 146 

When Eq.4 is compared with the velocity of plate-plate geometry wall of radius R1 having the 147 

same Ω on a gap = R2 - R1, the comparison yields the following relationship of the shear rate 148 

between the plate-plate geometry and Couette geometry: 149 

  96.0
2

12

1 



RR

R
p

         

 (5) 150 

This gives the factor between the viscosity from plate-plate geometry and Couette geometry. 151 

The results obtained by the use of a Couette geometry were comparable. However, it is worth 152 

to note that theoretically the Couette shear rate is higher than the plate shear rate by 4 %. 153 

The temperature of the samples was controlled with a precision of ± 0.5 °C by a water 154 

circulation thermoregulator (Microcool LAUDA MC600). Prior to this study, the viscosity of 155 

the stock solution and a series of diluted samples were tested. The viscosity was determined as 156 

a function of the shear rate from 0.3 s-1 to 30 s-1 to define the Newtonian flow domain at a 157 

constant temperature in the range between 5 °C and 60 °C. The viscosity was also measured at 158 
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a constant shear rate of 15 s-1 while cooling or heating at 2 °C min-1 or a lower rate 0.5 °C min-159 

1. The viscosity was neither affected by the oil nor by the evaporation when 8 mL of the samples 160 

were introduced in the Couette and covered with 1 mL of mineral oil. Seven g/L stock solution 161 

was kept at 5 °C and the viscosity was measured over 2 months using the reported shear rate 162 

intervals. The viscosity of the stock solution was constant over the interval of shear rate and 163 

storage time. For all the samples tested in this study, the viscosity of a given concentration was 164 

shown to exclusively depend on the temperature and not on the shear rate except in cases where 165 

there was an experimental error. Therefore, all the samples of the study behave like Newtonian 166 

fluids, and their viscosity can be assimilated to the zero shear viscosity. The measurement of 167 

the viscosity including the viscosity of the solvent was done at 15 s-1 shear rate to yield a 168 

sensitive torque value. 169 

2.4. Temperature dependence of the viscosity analysis 170 

The viscosity of the solvent was measured as the solvent contributes to the viscosity of the 171 

sample. The viscosity of the solutions as a function of the concentration must cross the viscosity 172 

axis at the solvent viscosity. Although the viscosity of water is reported in literature, its value 173 

by the instrument used in this study is unknown because it may depend on the constant of the 174 

geometry (Eq.5) used to perform the measurement. Moreover, the viscosity of the solvent gives 175 

an insight on the precision of the instrument while measuring the viscosity of the sample at 176 

concentrations approaching zero. The raw data of the temperature dependence of the viscosity 177 

of the solvent (demineralized water with 200-ppm NaN3) is shown in Figure 1. The values of 178 

the viscosity of water by DHR3 rheometer using Couette geometry and the value reported by 179 

Korson et al 1969 (Korson, Drost-Hansen & Millero, 1969) for water using Cannon- Ubbelohde 180 

viscometer are in good agreement by a constant factor. Therefore, the viscosity data analyses 181 

should not depend on this factor. The Couette geometry viscosity was greater than the Cannon- 182 

Ubbelohde viscosity by 10 %, which could be attributed to the geometry effects. 183 
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 184 

Figure 1: Temperature dependence of the viscosity of demineralized water in presence of 200-185 

ppm of NaN3. The viscosity by the DHR3 instrument using the Couette geometry and the 186 

viscosity reported by Korson et al. 1969 using Cannon-Ubbelohde viscometer (CU-Visco) are 187 

shown in Figure 1. The viscosity data by the DHR3 were multiplied by a factor of 0.91 to yield 188 

the same viscosity with the standard. The temperature values should be considered with ± 0.5 189 

°C. The vertical viscosity error bars are ± the standard deviation of the viscosity from the 190 

corresponding temperature interval. 191 

The standard deviation of the viscosity increases with the temperature. This fact impedes the 192 

calculation of accurate specific viscosity ηsp = (η-η0)/η0. When the sample viscosity is close to 193 

the solvent viscosity, for temperatures > 50 °C and concentrations < 0.01 % (w/w) the 194 

fluctuation may yield negative ηsp.  195 

The viscosity can be understood by the association of a perfect elastic (spring) and gas systems. 196 

Thus, we propose the following modelling of the temperature dependence of Newtonian fluid 197 

viscosity. The model is a concept based on the definition of the Newton's law of dynamic 198 

viscosity i.e. the rate of transfer of momentum across a unit area as the measurement of the 199 

resistance of a fluid to deformation at a given rate. The experimental viscosity is equivalent to 200 
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mass per unit of length and time, and this mass can be represented by a force if it is just scaled 201 

with the gravitational constant g (F = meq×g). Given that the mass is the equivalence of the 202 

resistance of the fluid to deformation, this mass reflects the resistance to displacement of any 203 

single particle of the fluid. This mass is noted here as meq and is the expression of the sum of a 204 

"static" and "dynamic" mass. The static mass, m, is the mass of the fluid flowing without any 205 

interactions between the particles in motion. This mass is the conventional mass, and it does 206 

not depend on the temperature as it is conserved. The dynamic mass, mD, is given here to 207 

represent the interaction forces between all the fluid constituents, which could also be referred 208 

to as the virial mass of the system. The dynamic mass is null, if the fluid is treated as a perfect 209 

gas. Given that the interaction forces between the solvent molecules depend on temperature, 210 

the meq as the viscosity depends on the temperature too. 211 

mmm T

D

T

eq 
           

6 212 

Hence, for a given system, the meq per unit of length and time evolves with the temperature 213 

following the temperature dependence of the mD, which is related to the  force at work in the 214 

system. At a given temperature, the model to give the meq uses the property of perfect spring 215 

and considers that the meq deforms a perfect spring on undetermined length (z) for a given time 216 

Δt or on a given length (z) but for an undetermined time. If the force is scaled with the restoring 217 

force constant ko ( F = ko×z), it results in the relation:  218 

T

o

T

eq zkgm 
          

 (7) 219 

which equalizes the resistance of the fluid and the resistance of the spring (restoring force), with 220 

both resistances being dependent on temperature. The temperature dependence of z 221 

characterizes the influence of temperature on the interaction forces between the fluid 222 

constituents as mD and the constituents’ momentum as m. The flow could be pictured as the 223 
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stretching of a perfect spring with constant sectional dimension S. Hence, taking a constant time 224 

unit Δt of the deformation of the spring on length z, the viscosity scaled with z as: 225 

T

o

T z
S

t
k 




          
 (8) 226 

The Eq.8 establishes a relation between the property of a perfect spring and the flow property 227 

of a fluid, but the properties of many fluids namely, the osmotic pressure and elastic properties, 228 

are reported as the properties of perfect gases with a correcting function or parameters which 229 

take into account the potential of interactions at work in the fluids. Therefore, the relative 230 

variation of the volume at constant external pressure P, (∂V/V), of fluids could be scaled with 231 

the relative variation of the volume of perfect gases by a factor f at a given temperature T. For 232 

a perfect gas, the relative variation of the volume is reported to be equal to the relative variation 233 

of the temperature (∂T/T). Hence, when the temperature varies, the volume of the fluid varies 234 

relatively as a factor of (∂T/T). Given that the fluid is modelled by a cylindrical spring with 235 

constant sectional area, the relative variation of its volume scaled with the relative variation of 236 

the temperature as: 237 

T

T
f

z

z T

P










 

          

 (9) 238 

where in Eq.9 the factor f =  1 if the fluids were perfect gases. From Eqs.8 and 9 the relative 239 

variation of the viscosity (∂η/η), which is the derivation of the logarithm of the viscosity, Ln(η), 240 

scaled with (∂T/T) as (∂z/z).We define the derivation of the function F(T) as ∂F(T) = ∂η/η, 241 

which gives the Eq.10 242 
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 
T

f
T

TF T 1






          
 (10) 243 

as the derivation of the logarithm of the temperature dependence of the viscosity ηT and that 244 

could be obtained experimentally. If the temperature is increased from To arbitrary initial 245 

condition of T, the viscosity ηT scaled as a factor of Exp[F(T)-F(To)], which is the integral of 246 

the derivation of the function F(T). The viscosity ηT could be scaled as Ko×Exp[F(T)] defining 247 

Ko (Eq.11) as the viscosity at the original conditions. 248 

 oTF

ooo e
S

t
zkK







          
 (11) 249 

However, the factor Ko is simplified by considering the viscosity at any reference temperatures 250 

T1.  251 

If the fluid is presented as a mass of particles or molecules without interactions between them, 252 

it is well described theoretically that the momentum of the particles, i.e., the fluids viscosity 253 

increases with the temperature. The water in the liquid state is a mass of water molecules 254 

interacting with each other. The evolution of the viscosity with the temperature of colloidal 255 

suspensions where the colloids interact is not easily predictable. This means that the 256 

temperature dependence of the interaction forces, which we refer to as dynamic, or virial mass 257 

is unknown. However, the viscosity of the suspension of free colloids increases with 258 

temperature. Therefore, the viscosity of the water should increase with the temperature when 259 

its molecules are able to move freely. This means that the interactions between the molecules 260 

are substantially weakened.  261 

We hypothesise that the evolution of the viscosity of practically all liquid with the temperature 262 

on a large temperature interval may show where the contribution of the interactions between 263 

the liquid molecules are reduced. This should be evidenced if the viscosity is measured using a 264 



13 

 

force to measure the deformation for a given frequency. This means that, the pressure being 265 

constant, it should be possible to observe a decrease in the viscosity of the water but to a 266 

minimum with increasing the temperature to the critical temperature Tc where the water 267 

molecules mostly become free. Therefore, viscosity of a given fluid exists at two temperatures 268 

i) the temperature T1 in the state of the fluid below Tc  and ii) the T2 in the state of the fluid 269 

above Tc. T1 and T2 are paired to the same viscosity. However, the model herein does not show 270 

precisely how the viscosity increases above the critical temperature Tc (to the temperature T2). 271 

The theory of the viscosity of the perfect gas systems predicts that the viscosity of the systems 272 

as the average velocity of its particles is proportional to √T, which suggests that the thermal 273 

energy is exclusively converted to kinetic energy (Sutherland, 1893). We propose that the 274 

conditions η(T1) = η(T2) are verified if F(T2) = F(T1), therefore a second polynomial regression 275 

function is used for F(T) and expressed as: 276 

       2121 TTTTBTFTF          (12) 277 

The minimum of Eq.12 may coincide with the minimum of the viscosity at the critical 278 

temperature Tc. B2 reflects the thermal resistance of the fluid as a monophasic system. As such, 279 

B2 is weak when it costs more energy to reach the viscosity of T2. Therefore, B2 somehow 280 

reflects the cost of energy reciprocally from expansion to evaporation of the liquid. The critical 281 

temperature which is (T1 + T2)/2 evolves as T2. Thus, this model could use only one adjusting 282 

parameter i.e. B2 if Tc was known or determined using other techniques. The viscosity of all the 283 

examined samples have been fitted using the function: 284 

    212  1 TTTTBExp
TT 

         (13) 285 

For the present study, the reference T1 = 20 °C and T2 is determined by the fit function as well 286 

as B2. The values of B2 and Tc were examined as function of the polysaccharide concentration 287 

to show the influence of the polysaccharide on the solution resistance to thermal flow. 288 



14 

 

The experimental data of the concentration dependence of the viscosity for various temperatures 289 

were analysed using Huggins and Kraemer function to obtain the C* and the intrinsic viscosity 290 

[η] (Chronakis, Doublier & Piculell, 2000). The C* and [η] were evaluated as function of the 291 

temperature and the results used to discuss the thermal stability of the polysaccharide in 292 

solution. 293 

3. Results and Discussion 294 

3.1 Temperature dependence of the viscosity 295 

The temperature dependence viscosity of the solvent (demineralized water with 200-ppm NaN3) 296 

and kappa-carrageenan (kC) solutions from 0.12 g/L to 7.0 g/L were measured in the 297 

temperature intervals from 5 °C to 60 °C. The fit to Eq.13 data of demineralized water are 298 

shown in Table 1 for the current viscosity data and the data of Korson et al. 1969 (Korson, 299 

Drost-Hansen & Millero, 1969). As aforementioned, it is imperative to note that the objective 300 

of determining the viscosity of demineralized water was not to report on the true value of the 301 

viscosity of water for the various temperatures but to use the appropriate viscosity of the solvent 302 

displayed by the instrument in our experimental conditions for the study.  303 

 304 

Table 1: The parameters of the fit to Eq.13 used to fit the temperature dependence of the water 305 

viscosity from the DHR3-Couette geometry and of the water viscosity data reported by Korson 306 

et al. 1969 (Korson, Drost-Hansen & Millero, 1969) 307 

  308 
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Type of solvent 

(water) 
Water + 200-ppm NaN3 

From the literature 

Korson et al. 1969 

Instrument 
DHR3 Rheometer with 

Couette geometry 
Cannon-Ubbelohde 

Viscometer 

η0 (20 °C) 

reference 
1.114 ± 0.030 mPa.s 1.002 mPa.s 

T1 (Liq.) 20.4 ± 0.5 °C 20.8 °C 

T2 (Gas) 180.0 ± 3.9 °C 256 °C 

Tc  100.2 ± 1.7 °C 138.6 °C 

B2  1.57 × 10-4 °C-2 1.01 × 10-4 °C-2 

R2 0.995 0.999 

 309 

The fit function is assumed to provide the appropriate solvent viscosity for the temperature 310 

given that beyond 50 °C, it was not possible to measure the viscosities of either the solvent or 311 

the samples at lower concentrations accurately. The concept on which the fit function is based 312 

on leads to the comparison of the critical temperature Tc with the water liquid-gas transitioning 313 

temperature. As we found a similar value, the coincidence is interesting for the acceptability of 314 

the model for calculating the viscosity for various temperatures from 0 °C to Tc. The 315 

coincidence could be fortuitous, because taking Tc from the viscosity data reported by Korson 316 

et al., 1969 (Korson, Drost-Hansen & Millero, 1969), one cannot tell exactly how the 317 

experimental set up influenced the accuracy of Tc. 318 

Figure 2a shows the temperature ramp of the viscosity for the solvent and for various kC 319 

concentrations with the fit function, Eq.13, through the data. The mean square regression 320 

coefficient (R2) for all of the samples and solvent examined lies between 0.988 and 1, the 321 

average of R2 is 0.997 ± 0.003. The results show a strong correlation of the viscosity with the 322 

temperature, which characterizes the temperature dependence of the dynamic mass of the 323 

system. Given that the static mass (m) per unit of volume, which is explicitly the concentration, 324 

is constant, it is, therefore, the decrease of the dynamic mass (mD) that causes the decrease of 325 

the viscosity when the temperature increases (Figure 2a). Thus, the increase of the temperature 326 
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leads the system constituents to behave more and more like an individual. The resistance of the 327 

constituents to behave like an individual characterizes somehow the affinity between the 328 

polymers and the polymers with the solvent molecules with which they form a monophasic 329 

system. This affinity within the solution is reflected by the fit parameters, namely the coefficient 330 

B2 and Tc shown in Figure 2b.  331 

 332 

Figure 2: a) Temperature dependence of the viscosity for various concentrations of kC solution. 333 

The full lines through the data are the fit function to Eq. 13. b) the fit parameters for B2 and 334 

critical temperature, Tc, which is the temperature corresponding to the predicted minimum of 335 

the viscosity of the fluid where according to the model the liquid to gas transition are assumed 336 

to occur. 337 

The increase of the critical temperature or the diminution of the coefficient B2 shows that the 338 

polysaccharide likes to dwell in the solvent (resistance to evaporation). As we look at the 339 

quantity Tc×B2, we found 1.5×10-2 ± 3.7×10-4 /°C, the same value as that reported for the kC 340 

solution in presence of KCl salt by Elmarhoum and Ako 2021 (Elmarhoum & Ako, 2021). This 341 

value is almost constant on the interval of the concentrations studied in the present work, except 342 

for the solvent for which the value is 1.6×10-2 /°C. Thus, the quantity Tc×B2 depends on the 343 

presence of the polymer rather than the concentration. Therefore, the critical temperature 344 
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controls the temperature dependence of the viscosity by factor Tc×B2, which depends mainly 345 

on the system composition. Thus, the temperature dependence of the viscosity data could be 346 

fitted with the viscosity model using only one fit parameter because if Tc is known by other 347 

techniques, then B2 remains the parameter to fit the temperature dependence of the viscosity 348 

data. The derivation of the polynomial function of Eq.10 could be expressed as: 349 









 12

1
2

c

c

T

T

T
BTf

T
          (14) 350 

with T between 0 °C and Tc (°C). The Eq.14 gives the quantity Tc×B2 as the absolute value of 351 

the limit of (∂η/η) when T → 0 °C. The negative value of the limit could be the result of the 352 

inter and intramolecular forces acting in the system to oppose its thermal deformation.  353 

3.2 Concentration dependence of the viscosity 354 

The viscosity values of the samples (η) were recorded at 20 °C, which is the temperature at 355 

which the viscosity of the reference was measured experimentally. The data are plotted versus 356 

the concentrations in log-log scale (Figure 3) for determining the relationship of the function 357 

between the viscosity and the concentration for this temperature as denoted in Eq.15 358 

bCa  00 
          

 (15) 359 

where η0 is the solvent viscosity, a is an adjusting parameter and b is the scaling power. Eq.15 360 

fairly fits well the viscosity data from the lower to the higher concentration (Figure 3, solid 361 

line). This shows that the specific viscosity ηsp = (η - η0 )/η0, scales as a power law function of 362 

the concentration ηsp ≈ Cb as shown by the straight dash line in Figure 3 which is in agreement 363 

with the scaling law theory for polymers in solution. 364 
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 365 

Figure 3: Concentration dependence of the viscosity of kC solution for 20 °C. The solid and 366 

dash line represent the scaling law of the viscosity from the solvent viscosity and the viscosity 367 

increment with the concentration respectively. The dash line is comparable to the theoretical 368 

prediction of the viscosity for neutral flexible polymer in a good solvent ~C1.3 at C < C*, i.e. 369 

the semi-dilute unentangled regime. The overlapping regime of the hydrodynamic volume for 370 

the kC is like unentangled regime for the neutral flexible polymer in good solvent because of 371 

likely repulsive interactions between the kC. 372 

The polymer in solution theory predicts a power law function of b ≈ 1.3 for a flexible polymer 373 

in a good solvent and ≈ 0.5 for polyelectrolyte in solution with no-salt for the concentrations in 374 

semi-dilute unentangled regime which concentration domain is identified here as dilute and 375 

semi-dilute regime (Colby, 2010). In the case of the present study, the value of b ≈ 1.15 is 376 

comparable to that of flexible polymer in good solvent weakly expanded by intramolecular 377 

repulsive forces.  378 

The scaling power remains constant in the concentration intervals explored which means that 379 

the double logarithm plot of the ηsp versus concentration is not appropriate to determine the C*. 380 
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This seemingly is not what reflect the results reported by Croguennoc et al. 2000 and co-381 

workers on the C* value using light scattering and rheometer methods (Croguennoc, Meunier, 382 

Durand & Nicolai, 2000). The authors determined the z-average radius of the coil, Rgz by light 383 

scattering measurement then used the Eq.16 384 

34

3
*

gzA

w

RN

M
C




          
 (16) 385 

to obtain the C*, which gives C* = 0.45 g/L for the kC in 0.1 M NaCl solution. The C* from 386 

the viscosity measurement was estimated by using Huggins Eq.17 to derive the intrinsic 387 

viscosity [η]H by extrapolation to infinite dilution as the inverse of [η]H , (C* ≈ 1/[η]H ). 388 

    Ck
C

HHH

sp 2





   
Huggins      (17) 389 

which gives C* = 1.1 g/L for an intrinsic viscosity of 0.94 L/g for 4.3×105 g/mol in 0.1 M NaCl 390 

solution at 20 °C. Chronakis et al. 2000 (Chronakis, Doublier & Piculell, 2000) combined both 391 

Huggins Eq.17 and Kraemer Eq.18 to derive C* value by extrapolation to infinite dilution 392 

 
    Ck

C

Ln
KKK

20/





   
Kraemer

     
 (18) 393 

but the C* was not derived directly as the inverse of the intrinsic viscosity. It was determined 394 

as the transition point between two concentration regimes characterized by isolated coil kC in 395 

the dilute regime to coil overlap entangled semi-dilute regime as a change of the scaling power 396 

b. The authors found C* ≈ 0.9 g/L with an intrinsic viscosity of 2.34 L/g for 7×105 g/mol in 0.2 397 

M NaI at 25 °C. The critical concentration determination from the viscosity measurement in 398 

log-log representation is very sensitive to the change of slope of the specific viscosity when 399 

turning the concentration from one regime to another. The difficulty of detecting the C* may 400 

be due to the weakness of the degree of the hindrance of the polymer motion due the presence 401 
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of others polymers when their hydrodynamic volume or the electrostatic potential shell length 402 

start overlapping. The repulsive interaction and the affinity of the polymer to the solvent may 403 

contribute to weakening of the hindrance effects around the C*. Therefore, changing the affinity 404 

between the solvent and the polysaccharide could result in better detection of the point at which 405 

the concentration regime changes. The concentration dependence of the viscosity of various 406 

temperatures including for 0 °C and 90 °C which were obtained from the fit (Eq.13), i.e. the 407 

temperature dependence of the viscosity for various concentrations are shown in Figure 4. 408 

 409 

Figure 4: Concentration dependence of the viscosity for various temperatures. The symbols are 410 

the measured data and the solid lines are the data obtained with Eq. 13. 411 

The specific viscosity is plotted as function of the concentration for various temperatures to 412 

identify the transition from dilute and semi-dilute regime for determining the C*. For a large 413 

range of temperature, from 0 °C to roughly 45 °C, the concentration where the slope changes 414 

was not clearly identified. Nevertheless, the slope changes more or less remarkably from 415 

temperature above 45 °C using the fit. The specific viscosity versus the concentration in double 416 

logarithm plot for 20 °C and 70 °C are shown in Figure 5a to illustrate the difficulty of 417 

identifying the C*. For 20 °C, no change of slope was observed. With the fit a change of the 418 
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slope at 70 °C was seen. The viscosity of the samples versus the concentration for 70 °C show 419 

a clear change of the scaling power slope from 1.1 to 1.6 characterizing the shift from semi-420 

dilute to dilute regime respectively which is observed at a critical concentration of 0.54 g/L. 421 

Thus, the lower concentrations for determining the intrinsic viscosity are defined as 422 

concentration < 0.5 g/L. The intrinsic viscosities were determined by combined Huggins Eq.17, 423 

and Kraemer Eq.18, extrapolation to infinite dilution. The Huggins plot (H-plot) and Kraemer 424 

plot (K-plot) theoretically cross at [η] when C → 0. However, because of experimental 425 

imprecision the cross point does not occur exactly at the 0 axis of the concentration. Thus, we 426 

denote [η]H and [η]K the intrinsic viscosity from the H-plot and K-plot respectively. An 427 

illustration of the H-plot and K-plot for 20 °C and 40 °C are provided in Figure 5b. The plots 428 

are acceptably linear which give [η]H and [η]K respectively 1.23 L/g and 1.25 L/g for 20 °C, 429 

1.10 L/g and 1.13 L/g for 40 °C. The intrinsic viscosity from both plots are similar. The 430 

concentration where the two plots cross is 0.02 g/L for 20 °C and 0.04 g/L for 40 °C. When the 431 

intrinsic viscosity ranges between 0.1 L/g and 2 L/g this characterizes an extended chain or very 432 

flexible chain rather than a compact coil as reported by Chronakis et al. 2000 (Chronakis, 433 

Doublier & Piculell, 2000). 434 

 435 
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 436 

Figure 5: a) Concentration dependence of the specific viscosity for 20 °C and 70 °C in double 437 

logarithmic plot. The data of 70 °C were predicted using Eq. 13. The solid and dash line 438 

represent the scaling law of the viscosity with the concentration as ~Cb where power-b is the 439 

slope of the lines. b) Is the Huggins Eq.17 and Kramer Eq.18 plot for the concentration lower 440 

than 0.5 g/L. 441 

Comparatively, the intrinsic viscosity of the current study is greater than what was reported by 442 

Croguennoc et al. 2000 for the same temperature but in the presence of 0.1 M NaCl 443 

(Croguennoc, Meunier, Durand & Nicolai, 2000). It is not surprising that we found a greater 444 

intrinsic viscosity because Slootmaker et al. 1988 have reported an increasing tendency of the 445 

intrinsic viscosity with decreasing the NaCl ionic strength for 3.3×105 g/mol kC (Slootmaekers, 446 

De Jonghe, Reynaers, Varkevisser & van Treslong, 1988). The intrinsic viscosity of kC was 447 

found to increase almost linearly as a function of the inverse root of the NaCl concentration 448 

(Slootmaekers, De Jonghe, Reynaers, Varkevisser & van Treslong, 1988). This gives roughly 449 

a corresponding presence of 10 mM NaCl for [η] ≈ 1.23 L/g at 25 °C. Thus, there is a probability 450 

that traces of salt could still be in the kC solution after the dialysis step in the present study. 451 
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We found that when the Kraemer function (Eq.18) is plotted as function of Log(C) the plots 452 

clearly show the frontier between the concentration regimes for all the temperatures examined. 453 

We denoted this type of representation Kraemer-LogC or K-LogC. Therefore, we did the same 454 

with the Huggins function (Eq.17), Huggins-LogC or H-LogC. The H-LogC and K-LogC are 455 

shown in Figure 6a for 20 °C and in Figure 6b for 70 °C. For 20 °C the H-LogC does not show 456 

the existence of C* as it is clearly defined for the K-LogC. The K-LogC shows a C* for 20 °C 457 

at 0.45 g/L. In comparison with the result reported by Croguennoc et al. 2000, the C* is similar 458 

with the value that the authors found by light scattering technique, which corresponds to Rgz ≈ 459 

66 nm using Eq.16 (Croguennoc, Meunier, Durand & Nicolai, 2000). However, for 70 °C both 460 

H-LogC and K-LogC showed the same position of C* at 0.55 g/L (Figure 6b).  461 

 462 

Figure 6: Concentration dependence of ηsp/C (Eq.17) open symbols and Ln(ηr)/C (Eq. 18) full 463 

symbols in Lin-Log plot for a) 20 °C  and b) 70 °C. The dash line indicates the C*. 464 

It results from the comparison of both methods for determining C* that Kraemer representation 465 

in Log(C) allows an accurate determination of C* of all the temperatures examined in this study. 466 

The following equations are therefore proposed for determining the C* but only Eq. 20 was 467 

used thereafter. 468 
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 
 CLnAA

C

Ln
KK
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 (20) 470 

The coefficients of the Eqs.19 and 20 depend on the regime of concentration, but at C* both 471 

semi-dilute and dilute regime yield the same value. 472 

The temperature dependence of the intrinsic viscosity, Huggins [η]H and Kraemer [η]K, are 473 

shown in Figure 7a. Due to the considerable fluctuation of the measured viscosity of the solvent 474 

for T > 45 °C the intrinsic viscosity was not determined for the higher temperature. The model 475 

was used to extrapolate data to these temperatures (solid line). The intrinsic viscosity is 476 

maximum [η] ≈ 1.24 L/g around 20 °C.  477 

 478 

Figure 7: Temperature dependence of a) the intrinsic viscosity from both Huggins and Kraemer 479 

functions. The solid line represents the average  results from the fit to Eq. 13 of the Huggins 480 

and Kraemer function, b) the critical concentration where the solid line represents the result 481 

from the fit to Eq.13 and T* is the temperature where the C* is lower. c) the dimensionless 482 

quantity C*[η] which could characterize the evolution of the amount of solvent molecules 483 

carried at C* by the polymer.  484 
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The decrease of the intrinsic viscosity characterizes the diminution of the capacity for the 486 

polymer to increase the viscosity when its presence is increased in the solution. In the semi-487 

dilute regime, this diminution of the thickening capacity result directly from the loss of affinity 488 

with the solvent. The fact that the affinity of the polysaccharide increases then decreases 489 

thereafter interrogates the complex relation between solvent-solvent molecular interactions and 490 

solvent-polysaccharide interactions. We hypothesize that when the temperature decreases 491 

below 20 °C the solvent-solvent molecular interactions prevail over the solvent-polysaccharide 492 

interactions. Above 20 °C, the heat weakens the physical bonds between the solvent molecules 493 

and the polysaccharide. Subsequent increase of heat increases the degree of liberty of the 494 

molecules to free motion. We propose that the thermal properties of the solvent are very crucial 495 

in understanding the intrinsic viscosity of the solutions. When approaching the liquid-solid 496 

transition of the solvent, the solvent-solvent molecular interactions, which characterize the mD 497 

of the solvent, increases. The dynamic solvent molecules decreases accordingly and may 498 

behave differently than when the temperature approaches the liquid-gas transition. This thermal 499 

property of water may interfere with the polysaccharide capacity to carry the water molecules 500 

and to affect the intrinsic viscosity of the system when the temperature varies. For a system of 501 

a given quantity or mass of polysaccharides, the mD increases with the amount of solvent 502 

carried. The viscosity of the system increases accordingly. 503 

The temperature dependence of the critical concentration is shown in Figure 7b. At the critical 504 

concentration, the concentration of the global system is considered equal to the concentration 505 

of the volume occupied by a single polysaccharide blob. The solid line is data from the model. 506 

The lower C* corresponds to a higher hydrodynamic volume (Eq.16). The C* ≈ 0.44 g/L at T* 507 

≈ 30 °C correspond to the maximum average of the chains hydrodynamic volume (Figure 7b). 508 

This means that the increase or decrease of the temperature from T* ≈ 30 °C leads to the 509 

shrinking of the polymer sizes. The intrinsic viscosity data shown in Figure 7a, suggest that 510 
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the temperature where the polymer expansion is higher is not necessarily equal to the 511 

temperature where the polysaccharides chains may bind the greatest amount of solvent 512 

molecules. However, the amplitude of variation of the C* with the temperature was weak to 513 

clearly show the minimum in the temperature range [10 °C - 45 °C] where the measurements 514 

were done. The minimum value of C* became evident after application of the model as the 515 

model gives the C* values for a larger range of temperature [0 °C - 100 °C]. For this 516 

polysaccharide system, the results from the model suggest that the capacity of the 517 

polysaccharide to increase the viscosity of the solution by its presence is higher at ≈ 20 °C, 518 

whereas the polymer expansion is higher at T* ≈ 30 °C which is a gap of 10 °C that could not 519 

be neglected. There is a possibility of the coincidence of both temperatures being fortuitous. 520 

Slootmaekers et al., have reported the hydrodynamic volume as a characteristic parameter of 521 

hydrodynamic permeability of polymers (Slootmaekers, De Jonghe, Reynaers, Varkevisser & 522 

van Treslong, 1988). The hydrodynamic permeability of a polymer in solution could be 523 

understood as the permeability of a gel of this polymer at the critical concentration C* of the 524 

same hydrodynamic volume. The permeability of a gel characterizes the capacity of the gel to 525 

transmit fluid. Therefore, the higher the hydrodynamic volume which corresponds to lower C* 526 

of the polymer, the higher the permeability of the gel if the solvent in the polymer hydrodynamic 527 

volume is free. Given that a fraction of solvent in the hydrodynamic volume is linked to the 528 

polymers, the hydrodynamic permeability of the polymers would result from the intrinsic 529 

viscosity coefficient [η] too. Hence, the higher the amount of solvent that the polymer blobs 530 

could bind, the lower the amount of free solvent that could flow through them. Therefore, the 531 

polysaccharide’s capacity to transmit fluid decreases with increasing both C* and [η]. The 532 

temperature dependence of the C* and [η] shows that when the systems’ temperature decreases 533 

(cooling) the hydrodynamic volume and the intrinsic viscosity increase. From T* ≈ 30 °C, the 534 

hydrodynamic volume decreases but the intrinsic viscosity still increases until T ≈ 20 °C where 535 
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the intrinsic viscosity decreases. The two quantities are therefore independent. The intrinsic 536 

elastic property of the polysaccharide chains would be at work interfering with the dynamic 537 

induced by the solvent molecules adsorption to the expansion of the polymers (Draget et al., 538 

2001). The enthalpy of adsorption and the elastic potential energy may control the 539 

hydrodynamic permeability of the system, which may evolve as a factor of the hydrodynamic 540 

volume per the intrinsic viscosity. For the system at C* the hydrodynamic volume per intrinsic 541 

viscosity gives an expression which is proportional to 1/C*[η]. Hence, the dimensionless 542 

quantity C*[η] gives the capacity to resist the flow of the solvent by the polymer at a given 543 

temperature. Therefore, when the quantity C*[η] increases the hydrodynamic permeability 544 

decreases (Figure 7c) which is characterized by the increase of the viscosity for the polymer in 545 

solution. C*[η] is connected with the Flory-Fox relationship Eq.21 (Morris, Cutler, Ross-546 

Murphy, Rees & Price, 1981; Slootmaekers, De Jonghe, Reynaers, Varkevisser & van Treslong, 547 

1988). 548 

 


*
3

4
* CN A            (21) 549 

For the present study, C*[η] increases linearly when the temperature decreases (cooling), which 550 

is indicated by the linear least squares fit (dash line) in Figure 7c. The slope of the linear 551 

correlation between C*[η] and T changes at the adsorption and desorption critical temperature 552 

Tad ≈ 60 °C from 2.6×10-3 /°C for T < 60 °C to 22.5×10-3 /°C for T > 60 °C. The fact that the 553 

hydrodynamic permeability of the polysaccharide increases sharply from Tad ≈ 60 °C when the 554 

temperature increases may energetically result from the dynamic of the adsorption and 555 

desorption reaction of the polysaccharide with the solvent molecule at this temperature. We 556 

propose this to be Gibbs energy of the reaction: 557 
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      
x

OHkCOHxkC 22          R1 558 

 eqeq

o KLnRTG            (22) 559 

with Keq the constant of the reaction equilibrium, may provide an explanation of the 560 

determination of the temperature Tad from which the hydrodynamic permeability of the 561 

polysaccharide increases sharply. It was assumed that the polysaccharide hydration reaction 562 

equilibrium characterized by Teq could determine the temperature Tad, but this needs to be well 563 

documented. 564 

The temperature dependence of the hydrodynamic permeability of the system is therefore 565 

determinant for understanding the water holding capacity of the polymers and syneresis 566 

property of the gels or bulk. Actually, the concentration of the gels or bulk is set constant while 567 

the hydrodynamic volume of the system constituents changes with the temperature. The change 568 

of constituent’s hydrodynamic volume may lead to space vacancy (contraction) or overlapping 569 

hydrodynamic volume (swelling). If the initial concentration of the sample coincides with the 570 

minimum C* and if we assume that the sample gels at T* then our study demonstrates that for 571 

highly thermosensitive constituents at T ≠ T*, the bulk may evolve toward space vacancy which 572 

is characterized by solvent release (syneresis). Therefore, the concentration has to be increased 573 

to keep the solvent inside the gel as depicted in Figure 8. However, if the viscosity of the 574 

solvent at the temperature at which the sample is kept is predominant, i.e. for instance, when 575 

the temperature of the water approaches 0 °C, the solvent is capable of staying inside the gel 576 

because of low motion of the molecules. 577 

 578 
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 579 

Figure 8: Illustration of the syneresis from the situation where the gel is formed at C* and T*. 580 

T* is the temperature where the C* of the system is lower. The solution of the polymer at C* is 581 

pictured as a blobs of radius Rg in contact with each other to fill the space. The reduction of 582 

the size of the blobs due to conservation of the system at T ≠ T* leads to contraction of the blobs 583 

(Syneresis). 584 

4. Conclusion 585 

The kC solution in the absence of additional salts shows a Newtonian flow behavior for the 586 

concentrations examined and a large temperature dependence of the critical concentration C* 587 

as the weight per volume of the blobs and of the intrinsic viscosity [η] of the volume of solvent 588 

carried by the blobs per their weight. The stability of these parameters characterise the 589 

thermodynamic stability of the polysaccharide in solution. The viscosity model applied in this 590 

study fits well the temperature dependence of the viscosity of the solvent and all the kC 591 

solutions with a R2 = 0.997 ± 0.003. According to the viscosity model the solution exhibits a 592 

minimum C* ≈ 0.44 g/L at temperature called lower critical concentration temperature and 593 

denoted LCCT which was found for the kC to be ≈ 30 °C and a maximum [η] ≈ 1.23 L/g or 594 

change of slope of the [η] at T ≈ 20 °C. The dimensionless quantity C*[η] was shown in this 595 

work to be the capacity of the polysaccharide to retain the solvent in solution. The C*[η] 596 

constantly decreases with the temperature from 0 °C to 45 °C following a slope of 2.6×10-3 /°C. 597 

The decrease became stronger from T ≈ 60 °C with a slope of 22.5×10-3 /°C. Cooling the kC 598 

Same gel at T ≠ T*Gel at C* and T*

Free solvent

(syneresis)
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solution from higher temperature (≈ 100 °C) to the LCCT, the kC blobs expanded and carried 599 

more solvent molecules accordingly. From the LCCT to 20 °C, the kC blobs volume decreases 600 

but the blobs still carried more solvent molecules, leading to the assumption  that the 601 

temperature dependence of the solvent density could be at work in the [η] value. From 20 °C to 602 

lower temperature (0 °C), the kC blobs constantly decrease and the amount of solvent molecules 603 

carried remained almost constant with a decreasing tendency. We hypothesise that pair 604 

interactions of solvent molecules may affect both the solvent density and the polymer-solvent 605 

interactions, and this plays a significant role in determining the intrinsic viscosity of 606 

hydrocolloid in solution. The water holding capacity as the hydrodynamic permeability of the 607 

polysaccharide is therefore determined fundamentally by both the pair interaction of solvent 608 

molecules with the polymers and the C* before gelation of the solution interferes with this.  609 
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