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Synopsis 

The aqueous solutions of guar gum and its hydroxypropyl (HP) and sodium carboxymethyl (sod 
CM) derivatives are pseudoplastic, and the transition from Newtonian to  pseudoplastic occurs in 
the low-shear-rate range a t  the concentrations of interest to industries. The flow properties of these 
polysaccharide solutions were studied in the range of low to moderately high shear rates, using a 
very simple technique and instrument. The flow of these polysaccharide solutions can be described 
by equation of state based on Cross model, and the basic rheological parameters, like zero shear rate 
viscosity ( q ~ ) ,  elasticity modulus (Go), and relaxation time (b), were calculated from simple and 
established relations. Master viscosity curves indicate that the molecular weight distribution of 
native guar gum has not been changed by derivatization. The effect of concentration and temper- 
ature on rheological parameters (90 and ho) has been studied, and the relations among these were 
established by simple equations. 

INTRODUCTION 

Viscosity is one of the most important property contributed by a polysac- 
charide to aqueous systems, and the corresponding rheological properties are 
basic to any function served by the system. Pure and substituted guar gums are 
among the most important water-soluble polymers used mostly in the food, 
textile, paper, petroleum, explosives, and mining industries as protective colloids, 
thickeners, coating, etc. They are invariably used in the explosive industry 
because of their ability to efficiently thicken the nitrate salt solutions which are 
the basic components of slurry explosive formulations. However, the increasing 
use of these polysaccharides was not paralleled by a thorough rheological in- 
vestigation. A literature survey reveals that flow properties of these polysac- 
charide solutions were either studied employing simple rheological models which 
are inadequate for the evaluation of true rheological parameters or confined to 
higher shear rate range. True correlations between the rheological parameters 
and other variables are lacking. Rheological properties of polymeric materials 
are related to and influenced by molecular parameters, like molecular weight, 
molecular weight distribution, etc. A better understanding of the relationships 
between the rheological properties and the molecular parameters is important 
from the standpoints of both polymer preparation (designing new polymers or 
modifying the existing ones) and polymer processing. Hence, evaluation of true 
rheological parameters and their relation with other parameters of industrial 
importance was sought. 
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The aqueous solutions of unsubstituted as well as substituted guar gum are 
pseudoplastic (entanglement network type) in nature. The behavior of this type 
of network solutions should be characterized by treating separately (a) network 
at  rest, characterized by zero shear rate viscosity (TO),  elasticity modulus (Go), 
and relaxation time (XO), and (b) network in streaming solutions, for which the 
shear dependent functions vi. and Gi. apply. The behavior of any particular fluid 
can be partially characterized by giving the values of two parameters, TO and Xo, 
which locates in some systematic way the onset of non-Newtonian behavior in 
the viscosity-shear rate flow curves. The flow properties of polymers are altered 
by branching in important and unexpected ways. 

The object of this work was to determine and characterize the basic rheological 
parameters, like 70, Go and Xo, for aqueous solutions of unsubstituted as well as 
substituted guar gums, using simple techniques and instruments, and illustrate 
the effect of substitution (branching) and other parameters of industrial im- 
portance, like concentration and temperature, on these rheological parame- 
ters. 

MATERIALS AND METHODS 

Hydroxypropyl-guar gums (HP-guar gums) of varying molar substitution 
(ms) and sodium carboxymethyl-guar gums (sod CM-guar gums) of varying 
degree of substitution (ds) along with unsubstituted guar gum were used as the 
materials for investigation. It has been established' that significant changes 
in properties occur when the guar molecule is substituted with various substit- 
uents, and the degree of change is not only a function of the type and amount 
of substitution but also the conditions of reaction. To avoid the effect of process 
conditions, reactions were carried out under identical conditions and under ni- 
trogen atmosphere. High-purity, food-grade, guar flour of single lot was em- 
ployed for substituted guar gums. Several experiments have been carried out 
and reproducibility was excellent. All the products were thoroughly charac- 
terized and the ms2 or ds3 of respective samples were determined by standard 
methods. 

Preparation of Hydroxypropyl Guar Ethers 

200 g of guar flour was dispersed in 420 mL of isopropyl-alcohol (analytical 
reagent) in a pressure reactor equipped with stirrer, and the system was purged 
with nitrogen. 6 g of sodium hydroxide (analytical reagent) in 180 mL of distilled 
water was added slowly while stirring over a period of 20 min. Then, required 
amount of propylene oxide (Fluka AG, puriss.) was added and the reaction mass 
was heated to 65°C and maintained at  that temperature for 3 h under slow 
stirring. The system was then cooled to room temperature, neutralized with 
glacial acetic acid, and filtered. The reaction mass was purified by extracting 
thrice with 80% aqueous methanol and finally with pure methanol. The air-dried 
product was ground to pass 200 B.S.S. sieve and characterized. Except for the 
amounts of propylene oxide used for varying ms of hydroxypropyl groups, all 
other parameters were kept constant. 
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Preparation of Sodium Carboxymethyl Guar Ethers 

200 g of guar flour was slurried in 800 mL isopropyl-alcohol (analytical reagent) 
in a four-neck flask equipped with stirrer, thermometer, and gas-purging system. 
After purging the reaction vessel with nitrogen, the required amount of 50% 
aqueous sodium hydroxide solution (sodium hydroxide and sodium chloroacetate 
were used in 1:l molar ratio) was added slowly while stirring over a period of 30 
min, and then the required amount of freshly prepared saturated aqueous so- 
lution of sodium chloroacetate was added over a period of 30 min. During this 
time, the temperature was slowly raised to 45-48OC, and further heating was 
stopped. Slow stirring was continued for 2 h, during which time the temperature 
rose to about 60-64°C and dropped back to room temperature. The reaction 
product was filtered and extracted repeatedly with 80% aqueous methanol until 
the filterate was free from chloride ions. After the third extraction, the pH of 
the mass was adjusted to 7.2 with glacial acetic acid. Finally the mass was washed 
with pure methanol, air-dried, ground to pass 200 B.S.S. sieve, and character- 
ized. 

HP-guar gums of ms of 0.26 (I), 0.53 (II), and 0.83 (111) and sod CM-guar 
gums of ds 0.57 (I), 0.93 (11), and 1.21 (111), along with pure guar gum, were taken 
for investigation. These materials were free of additives that are used in com- 
mercial samples. 

Viscosity Measurements 

Aqueous solutions were prepared by adding required amounts of powdered 
gums slowly to vigorously stirred water and stirring was continued for 15 min. 
The following concentrations (in % w/w) of solutions in distilled water were 
prepared: 0.5,0.75,1.0,1.25, and 1.5% in case of guar gum and HP-guar gums; 
0.5,1.0,1.5 and 2.0% in case of sod CM-guar gums. The pH of guar gum and 
HP-guar gum solutions was neutral, whereas that of sod CM-guar gum solu- 
tions was in the range of 7.1-7.2. The smooth solutions so obtained were stored 
at room temperature in air-tight bottles, and viscosities were measured after 24 
h. 

Wells-Brookfield cone-and-plate viscometer Model RVT equipped with 
2.4-cm-diameter, 1.565O-angle cone was used for measuring the shear stress or 
apparent viscosity. Under rotational conditions this instrument covers the shear 
rate range of 1.92-384 s-l for the above cone. Employing the spring relaxation 
technique developed by Patton: shear rates extending into the ultralow range 
can be measured. The results obtained by the rotational method and spring 
relaxation technique are in good agreement in the overlapping region of shear 
rates. Thus, employing this simple, inexpensive equipment, the shear rate 
ranging from 384 s-l to as low as 0.001 s-l (covering a range of about six decades) 
could be measured. The range of temperature studied is 3O-6O0C, above which 
solvent evaporation poses a problem as the quantity of the test solution employed 
is small (about 1-1.5 mL), which will be in the form of a film between cone and 
plate. 
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Viscosity vs. Shear Rate 
Flow curves of log viscosity vs. log shear rate (log q+ vs. log 9) are pseudoplastic 

without any yield stress over the range of shear rate studied and show strong shear 
dependence of the apparent viscosity (q+). According to Graessley's5 entan- 
glement theory, the decrease in viscosity with shear rate is viewed as a conse- 
quence of the net decrease in entanglement density induced by flow. It is evident 
from the flow curves [Figs. l(a), l(b)] that the transition from Newtonian to 
pseudoplastic behavior occurs in the low shear rate range and depends on con- 
centration and temperature for a given polymer solution. The transition shifts 
to higher shear rates as the concentration is decreased or temperature is in- 
creased. 

The flow of aqueous solutions can be described by equation of state based on 
Cross6 model: 

(1) 774 = 77- + (770 - q m ) / [ l  + ( X i . ) " ]  
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At low rates of shear q- << qi. < V O ,  eq. (1) can be written as 

which is equivalent to 

l /q+ = l /qo  + O i . ) r n / V O  

in its linear form. 
All the viscosity-shear rate data obtained for the aqueous solutions of guar 

gum and substituted guar gums could be fitted satisfactorily to eq. (a), over the 
concentration and temperature range studied, and their flow properties could 
be described in terms of the constants of the relationship. The parameters of 
eq. (a), zero shear rate viscosity ( ~ 0 )  and relaxation time (Xo), were calculated 
using a computerized least-squares curve-fit method. 

The relationship between the shear-thinning behavior of a liquid and its vis- 
coelastic properties can be represented by relaxation time (Ao), defined by the 
ratio of viscosity and elastic modulus constants at zero shear rate7: 

The above relations provide an excellent method for the evaluation of A0 and 
GO from viscosity-shear rate data. These rheological parameters (TO, Go, and 
Xo) are very essential in characterizing the state of network at rest, which is 
characteristic of a system with unbroken structures. It is more important in the 
case of concentrated solutions where direct investigation of a highly concentrated 
solutions by an electron microscope encounters great experimental difficulties. 
Furthermore, from XO it can be postulated that significant shear thinning will 
be experienced by any fluid when the applied shear rate approaches the reciprocal 
of its relaxation time. All these polysaccharide solutions have high viscosity and 
low elastic modulus, giving relaxation times of the order of 10-l-10 s over the 
temperature and concentration ranges studied. Thus, all the solutions show 
the transition from Newtonian to pseudoplastic at low shear rates [see Figs. l(a), 
l(b)]. Therefore, the study of these polysaccharide solutions in the range of low 
to moderate shear rates is far more important than the high shear rate range. 

Individual flow curves for various temperatures and concentrations can be 
plotted in terms of reduced variables to yield one single master curve. It has 
been e s t a b l i ~ h e d ~ ~ ~ , ~  that the viscosity versus shear rate data for entangling 
polydisperse polymers conform to a single master curve when log-reduced vis- 
cosity is plotted as a function of log-reduced shear rate [log (q?/qo) vs. log (i. - 
XO)]. Figures 2(a) and 2(b) show such master curves for unsubstituted and 
substituted guar gums. Reduced viscosity (qred) shows how greatly the viscosity 
is affected by structural changes in polymeric systems during flow. The reduced 
shear rate (+red) is a measure of intensity of deformation of network at  steady 
shear flow. The higher the value of ?red at a given shear rate, the more intensive 
is the deformation action on the polymeric system in passing from a state of rest 
to the given state. Hence, the state of polymers in a steady shear flow regimes 
can be determined from these master curves. Besides, i t  greatly simplifies vis- 
cosity measurements over a wide range of temperature and shear rate, especially 
if approximate calculations are acceptable. One could use data obtained at  
different temperatures to predict viscosity at  shear rates which may not be ac- 
cessible on a particular viscometric system. The polydisperse material deviates 
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Fig. 2. (a) Sod CM-guar gum 111 (master curve: temperature and concentration variation) 

temperatures for each concentration at  3OoC, 4OoC, 50°C, and 60°C: ( 0 )  0.5%; (X)  1.0%; (A) 1.5%; 
(*) 2.0%. (h) Guar gum and substituted guar gums-viscosity vs. shear rate-master curve (1% so- 
lution and 30°C temperature): ( 0 )  guar gum; (X) HP-guar gum I; (m) HP-guar gum 11; (") 
HP-guar gum 111; (A) Na-CM- guar gum I; (0) Na-CM-gum gum II; (*) Na-CM-guar gum 
111. 

from Newtonian behavior at a lower shear rate than the more narrow distribution 
polymer, and shows a more gradual rate of change of viscosity with shear rate. 
Master curves are useful for comparison of polydispersity and the molecular 
weight of a given material using viscosity data alone. It is very interesting to 
note that Vred and +red data for all the gums studied is falling on single line. From 
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these master curves it can be concluded that unsubstituted as well as substituted 
guar gums are all entangling polydisperse polymers and substitution of guar 
molecules by HP and sod CM groups (short chain branching) under the reaction 
conditions specified has not affected the molecular weight distribution of the 
native guar gum. However, the effect of the substituent groups can be seen on 
the rheological parameters and other polymeric constants. 

The Effect of Temperature and Concentration on TO 

The most important parameter characterizing the properties of polymers in 
fluid state is the zero shear Newtonian viscosity. With increase in temperature, 
there is a decrease in zero shear viscosity for a given concentration of these 
polysaccharide solutions. The temperature dependence of 770 can be expressed 
by a relation of the form of the Arrhenius equation, which is very much appro- 
priate for Newtonian viscosity: 

70 = A exp(E/RT) (4) 

where the two constants A and E are characteristic for the material. The 
preexponential constant A is the viscosity at  infinite temperature if no other 
thermal processes were to occur at  higher temperatures. E is a measure of ac- 
tivation energy for viscous flow. Figures 3(a) and 3(b) are based on eq. (4), and 
the maximum deviation in fitting the data is of the order of fl% for all the 
polymer solutions studied. Over the range of concentration studied, first, E is 
increasing up to certain concentration (approximately up to 1%) and then de- 
creasing almost to a constant value with further increase in concentration. The 
data are given in Table I. In long chain polymer solutions which form an en- 
tanglement network above certain concentration the unit of flow is considerably 
smaller than the complete independent molecule. In such systems the viscous 
flow is due to successive mobility of segments of polymeric network from one 
position to another under the influence of thermal motion. This explains the 
above findings that, at  low concentrations or in the initial stages of network 
formation where polymer molecules are almost independent, E increases with 
concentration, and after a certain critical concentration (network solutions) the 
entanglement density or coupling points between polymer molecules increase 
with concentration, resulting in a decrease in length of polymer segments of 
network, and E also decreases. Therefore, in the case of network-forming so- 
lutions, E may be suitably termed as the activation energy of viscous flow per 
mole segment of polymer. 

Zero shear viscosity (170) also depends on concentration (C) of the polymer in 
solution. As already demonstratedlOJ1 for linear and high molecular weight 
polymers, at moderate concentrations, zero shear rate specific viscosity increases 
as a power of concentration times intrinsic viscosity, ( [ T ] C ) ~ ,  beyond a certain 
critical value of [q]C. The relation can be expressed as 

where (qsp)o is the zero shear rate specific viscosity of the solution at  a given 
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Fig. 3. (a) Effect of temperature on zero shear viscosity (70) (at various concentrations). (b) Effect 

of temperature on zero shear viscosity (710) (at various concentrations). 

temperature, C is the concentration, [17] is the intrinsic viscosity, and the expo- 
nent a is the characteristic constant of the given polymer-solvent system, found 
to be independent of temperature. The above equation (5) fits all the data very 
well within the limits of f1.5%. Figures 4(a) and 4(b) are based on this equation. 
The product ([TIC) is a measure of the average number of polymer molecules 
whose centers lie within the pervaded volume of any selected molecule in the 
system.1° From intrinsic viscosity values weight average degree of polymer- 
ization (m,) and corresponding molecular weight (37,) for guar gum are cal- 
culated using the Mark-Houwink relationshipll: 

(6) [17] = 0.168 -0,'' 
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Fig. 4. (a) Guar gum and HP-guar gums: viscosity vs. concentration plot (temperature 3OOC). 
(0) Guar gum; (X) HP-guar gum I (0.26); (0) HP-guar gum I1 (0.53); (*) HP-guar gum I11 (0.83). 
(b) Sod CM-guar gums: viscosity vs. concentration plot (temperature 30°C). (X) Na-CM-guar 
gum 111 (1.21); ( A )  Na-CM-guar gum I1 (0.93); (*) Na-CM-guar gum I(0.57). 

The calculated molecular weight of unsubstituted guar gum (a, = 10.001 X lo5), 
using the above relation, is in good agreement with the reported values,12-16 giving 
a good support to the physical meaning of the parameters of eq. (5). The pa- 
rameters of eq. (5) are listed in Table 11. The exponent a is about 5 for guar gum 
and HP-guar gums and about 3 for sod CM-guar gums. The variations in 
the values of the exponent a and [q] with degree of substitution of guar gum can 
be seen from the Table 11. 
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Relationship between 70 and A0 

According to the polymer network (entanglement) theories, the zero shear rate 
relaxation time (A,) depends on zero shear rate viscosity (vo) ,  polymer concen- 
tration ( C ) ,  molecular weight ( M ) ,  and temperature (T).  The relation between 
90 and XO can be given by an empirical semilogarithmic equation 

In (Tredo = a 2 ( X o ) P 2  (7) 

where a2 and 0 2  are constants for a given polymer. It is found that 0 2  is inde- 
pendent of temperature, while a2 is a linear function of temperature ( T ) ,  ex- 
pressed as 

( ~ 2  = (Y; ( T )  - CY; (8) 

Figures 5(a), 5(b), and 6 are based on eqs. (7) and (8) respectively. The maximum 
error in fitting the data is of the order of f0.8%. Table I1 gives the values of 
constants of eq. (9) for all the polymers. 

Effect of Temperature and Concentration on A0 

As already demon~trated,~?~ XO depends on 90, C ,  M ,  and T.  One may expect 
the effect of temperature and concentration on A0 will be similar to the effect 
of these two parameters on 90 as these two rheological parameters are related 
by an empirical equation (7) shown above. Relaxation time (A,) was found to 
be decrerasing exponentially with increasing temperature. Concentration effects 
XO, primarily through the concentration dependence of 170, which, in the con- 
centration range usually studied, is of the order of C3-C5. 

The Effect of Substitution or Branching 

The effect of introduction of hydrophobic (hydroxypropyl) and hydrophilic 
(sodium carboxymethyl) groups onto guar molecules can be judged from the 
rheological parameters and other polymeric constants listed in Tables I1 and 111. 
The zero shear rate viscosity (TO)  and relaxation time (A,) values of HP-guar 
gums are lower for a given concentration than the values of unsubstituted guar 
gum, and the decrease is more with increasing molar substitution of hydroxy- 
propyl groups. At  lower concentrations, 90 and X, values of sod CM-guar gums 
are higher than the unsubstituted guar gum, but, at  higher concentrations, the 
reverse is true. This can be due to electroviscous effect of polyelectrolytes. As 
already stated, introduction of both types of functional groups (short-chain 
branching) has no effect on the molecular weight distribution of guar gum. 

The values of some of the constants listed in Table I1 show a definite trend, 
either decreasing or increasing, with the type and amount of these functional 
groups introduced on to the guar molecules. 

Equations (4), (5), and (9), though empirical, give key relationships. Once 
the constants of these equations are established for a given type of polysaccharide 
of known substitution, using the constants and respective equations and with 
the help of master curves, the flow properties as well as the effect of parameters, 
like temperature and concentration, in aqueous solutions can be determined. 
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Fig. 5. (a) Relation between zero shear relative viscosity ( T J ~ &  and relaxation time (XO) (tem- 

perature variation): ( 0 )  30°C; (X)  40OC; (m) 5OOC; (0) 60°C. (b) Relation between zero shear 
relative viscosity (qrei)o and relaxation time (XO) (temperature variation): (0) 3OOC; (X)  40DC; (A) 
5OOC; (*) 60°C. 

CONCLUSIONS 
The study confirms that aqueous solutions of hydroxypropyl- and sodium 

carboxymethyl-guar gums, like unsubstituted guar gum, show a high degree of 
pseudoplasticity. Even at  low concentrations all these polysaccharides form 
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Fig. 6. Variation of a:! with temperature (effect of substituent). 

entanglement network type solutions. Master curves along with the Cross 
equation give a rather good method of deducing the rheological properties of a 
given polymer using viscosity data alone. 

The activation energy of viscous flow corresponds to activation energy of 
viscous flow per mole segment of polymer rather than per mole polymer. 

The effect of temperature and concentration on rheological parameters is in 
agreement with the behavior of typical network type solutions. 

For a given narrow range of ms or ds of any type of polysaccharide, using em- 
pirical equations and polymer constants, the flow curves and the effect on these 
of parameters like temperature and concentration can be determined to a fairly 
good approximation. 

Introduction of short-chain branches like hydroxypropyl and sodium car- 
boxymethyl groups onto guar molecules has no effect on molecular weight dis- 
tribution, but rheological parameters (qo, A,) and polymeric constants are altered, 
depending on the nature and extent of substituent. 
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