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Abstract

The functional properties of guar gum, which are of considerable importance in biological, industrial and biotechnology processes, are crucially

dependent on the rate and extent of dissolution in an aqueous solvent. This work investigates the effect of particle size on the hydration rate of guar

gum powders over a wide range of particle sizes. A logarithmic model described in a previous paper for studying the hydration kinetics of

commercial guar flours was not applicable for some of these samples, because they were of a very much larger particle size, outside the usual

commercial range. For this reason, a new approach was developed to describe the hydration process of these guar gum granules. It was found to be

suitable for describing the hydration process of guar powders with a wide range of particle size, by introducing size-dependent hydration indices.

This approach involves the construction of a master plot, but the ‘shift factors’ are related to particle size and the hydration time. This model

consequently allows some new physical insights to be developed.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The property of some non-starch polysaccharides (NSPs),

such as guar galactomannan, to form molecular solutions when

dispersed in water is of importance in a number of

technological processes. In the pharmaceutical sector, for

example, the functional properties of these polysaccharides are

of primary importance for controlling the release of drugs in

the gastrointestinal tract (i.e. drug delivery systems) (Chourasia

& Jain, 2004; Friend, 2005; Montejo, Barcia, Fernandez-

Carballido, & Molina-Martinez, 2004). In the oil industry, guar

gum and its derivatives are major ingredients in drilling muds

and fingering fluids (Goel, Shah, & Asadi, 2000; Kesavan &

Prudhomme, 1992; Perez, Siquier, Ramirez, Muller, & Saez,

2004; Zhou & Shah, 2004), and in the textile industry guar

solutions help to improve printing quality (Kesavan &

Prudhomme, 1992; Schneider & Sostar-Turk, 2003; Turk &

Schneider, 2000). Nutraceutical preparations that contain one

or more water-soluble NSPs as the bioactive ingredient are
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promoted commercially for their potential health benefits (e.g.

bulk-forming laxative and blood glucose-lowering effects)

(Ellis & Morris, 1991; Guo, Skinner, Harcum, & Barnum,

1998; Patrick, Gohman, Marx, DeLegge, & Greenberg, 1998;

Slavin & Greenberg, 2003). Water-soluble NSPs are often

referred to generically as soluble fibre in the medical and

nutritional literature. Some of these fibre preparations are

currently available on prescription in the UK (Joint Formulary

Committee, 2005). Moreover, foods and diets that contain

soluble fibre from oats and psyllium seeds have received

official approval by the US Food and Drugs Administration and

permit a claim to be made about their potential use in reducing

the risk of heart disease (US Food & Drug Administration,

1994). This health claim is based on the results of clinical trials

demonstrating the blood cholesterol-lowering property of

soluble fibre in human subjects (Anderson et al., 2000; Braaten

et al., 1994).

It is generally recognised that the beneficial biological

properties of soluble fibre are strongly dependent on the

capacity of the water-soluble NSPs to hydrate and increase the

viscosity of the luminal contents of the gastrointestinal tract

(Jenkins et al., 1978; Wood et al., 1994). For instance, the

blood glucose-lowering effect of guar gum is most likely a

result of viscosity development in the stomach and small

intestine in the early post-prandial period, i.e. the first hour
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(Ellis, Roberts, Low, & Morgan, 1995; Ellis, Wang, Rayment,

Ren, & Ross-Murphy, 2001). Indeed, it has been known for

some time that the rate and degree of hydration of guar gum are

critical variables in influencing its biological activity (Ellis,

Morris, & Low, 1986; O’Connor, Tredger, & Morgan, 1981).

Moreover, the poor clinical performance of some pharmaceu-

tical preparations of guar gum in attenuating post-prandial

glycaemia may simply be due to their inability to hydrate and

increase digesta viscosity in the gut lumen (Ellis & Morris,

1991).

A number of factors are known to influence the hydration

or dissolution process including the molecular weight and

concentration of galactomannan in the guar powder (Wang,

Ellis, & Ross-Murphy, 2002, 2003), and also the environ-

mental conditions (temperature and pH) and the presence of

co-solutes such as sucrose and salts) (Carlson, Ziengenfuss, &

Overton, 1962; Ellis et al., 2001; Wang, Ellis, & Ross-

Murphy, 2000; Whister & Hymowitz, 1979). Over and above

this, our earlier work has established that the major

determinant of hydration kinetics is particle size, which

reflects the changes in surface area exposed to water. Not

surprisingly, large variations in the hydration rate of guar

powders and pharmaceutical preparations (e.g. tablets and

granules) were reported in a number of studies (Ellis,

Dawoud, & Morris, 1991; Ellis & Morris, 1991; O’Connor

et al., 1981; To, Mitchell, Hill, Bardon, & Matthews, 1994).

Two of these studies clearly showed an inverse relationship

between dissolution rate and particle size (Ellis & Morris,

1991; To et al., 1994). In one recent paper, we described a

novel method for hydrating guar gum powders and

determining their dissolution kinetics by using a clearly

defined viscosity criterion as an index of hydration (Wang

et al., 2002). An important objective of this study was to

evaluate the fitting of the hydration kinetic data to three

empirical models, one of which, a logarithmic function,

proved to be the most suitable for describing the behaviour of

guar gum powders. A second paper made use of this model to

investigate the effects of polymer concentration and molecular

weight on the hydration index (t0.8), which was derived from

the logarithmic function and defined as the time taken for

viscosity to reach 80% of ultimate viscosity (Wang et al.,

2003).

As a natural extension of these two recent studies, the

current paper reports the effects of particle size on the

hydration rate of guar gum. It appears that the logarithmic

model developed in our previous papers is eminently suitable

for the hydration process of guar gum powders, where the mean

particle size is w50 to 70 mm (Wang et al., 2002, 2003).

However, this model appears not to be as applicable to guar

samples of particle size larger than w80 mm (Wang et al.,

2002). Furthermore, the logarithmic model requires that the

ultimate viscosity of fully hydrated samples must be

measurable. Because of this, any factor that changes the

ultimate viscosity, such as time/temperature-induced polymer

degradation, will influence the extrapolated result. In this

paper, we have applied an additional model to the hydration

data obtained using guar samples of different particle sizes (up
to a mean value of w500 mm) and we have compared these to

the fitting of the same data to the logarithmic function.

2. Experimental

2.1. Materials

Six guar gum samples with a wide range of particle size

(70–470 mm) were prepared directly from the same batch of

guar seed endosperm (commercially referred to as ‘splits’)

(Ellis et al., 2001). This approach helped to minimise

differences in physical and chemical properties such as

molecular weight and galactomannan content, and therefore,

properties other than particle size were well controlled. All six

samples were prepared from the endosperm splits using a

standard milling procedure. Special care was taken to minimise

the possibility of depolymerisation of the galactomannan by

preventing the sample from over-heating during the milling

process. The control of particle size was achieved by

controlling the total transit time through the mill, i.e. batch

time!number of passages. The moisture contents of the

samples were adjusted to approximately the same level (11.2G
0.7%) before performing the hydration experiments. This was

achieved by placing the samples in a container, which was then

left in a sealed incubator containing a beaker of saturated

sodium chloride solutions for about 48 h at 27 8C.

2.2. Methods for chemical analysis of guar gum

The moisture content was measured after heating the

samples in a forced air (fan-assisted) oven (Gallenkamp

Hotbox) at 104 8C for 16 h. The galactomannan content of

each guar gum sample was analysed using the Englyst method

(Englyst, Quigley, Hudson, & Cummings, 1992), which is

performed by gas–liquid chromatography following acid

hydrolysis and derivatisation of the carbohydrates to alditol

acetates. In our experiments, we slightly modified this method

by employing an extended hydration time for the guar samples

in phosphate buffer (Wang et al., 2003).

2.3. Methods for physical characterisation of guar gum

Intrinsic viscosity was measured using a dilute solution

capillary viscometer (Ubbelohde type) as detailed in our

previous paper (Wang et al., 2002). The viscosity–average

molecular weight (Mv) was estimated by use of an appropriate

Mark–Houwink relationship (Robinson, Ross-Murphy, &

Morris, 1982), and we assume that weight–average molecular

weight, MwzMv. The guar gum samples used for intrinsic

viscosity measurements were purified by a method described in

detail in previous publications (Rayment, Ross-Murphy, &

Ellis, 1995).

Particle sizes of the samples were measured either by a

Malvern 2600 Laser Diffraction Sizer (Malvern Instruments

Ltd, Worcestershire, WR14 1XZ, UK), or by a standard sieving

method (Lauer, 1966). The former has been described in the

previous paper (Wang et al., 2002). Sieving analysis was
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carried out on a mechanical sieve shaker (Endecott test sieve

shaker, Endecotts Ltd, London SW19, UK). A minimum of five

sieving stages were selected so as to have the median average

of particle size located at the central sieve (Jelinek, 1974). The

sieves used in this experiment form the series of dnZ
ffiffiffi
2

p
dnK1,

where di,iZ1,n is the average pore aperture. Each sample (30 g)

was placed on the top coarse sieve (200 mm in diameter), and

the sample was automatically sieved for 1 h. Then a soft brush

was used to help the fine particles pass through the sieves. The

sieving process was assumed complete when the rate of weight

reduction for each mesh was less than 0.2 g/min. Each sample

was analysed in duplicate. The samples were also examined by

scanning electron microscopy (SEM) to provide further

information about the shape and size of the guar gum particles;

details of the SEM method are found in Wang et al. (2003).

In characterising more complex particles, both surface area

and volume are important parameters. The surface area per unit

volume is called the volume-specific surface (Sv). In sieving

analysis, Sv and the mean diameter (dsv) can be obtained by

dsv Z
asv

Sv

(1a)

Sv Zasv

X Wr

da;r

(1b)

where wr is the fractional weight residing between two sieves

of average aperture da,r (Allen, 1990) and asv is the surface–

volume shape coefficient. asvZ6 for spheres and increases

when the particles become less shape homogeneous, e.g. rod-

like or ‘flaky’. The complete list of standards may be obtained

from British Standards BS4359 (British Standards Institution,

1970).

If particle size and shape analysis is carried out using two

different techniques, the two results can be brought into

coincidence by multiplying by a shape factor, assuming that the

particle shape does not change with particle size (Allen, 1990).

In the present study, one of the samples of medium size

(sample 5) was analysed using both sieving and laser

diffraction methods (Malvern instrument). The ratio jd (i.e.

the shape factor) was obtained from these two measurements as

follows:

jd Z
ds

dm

(2)

where ds and dm are the characteristic size obtained by sieving

and Malvern techniques, respectively. This ratio was applied to

convert the results obtained by the Malvern instrument to that

of the standard sieving results for samples 5 and 6. In other

words, a diameter determined by laser diffraction technique

multiplied by the ratio jd would yield the sieving diameter.
2.4. Hydration method

The hydration method used in this study has been described

in detail in the previous publications (Wang et al., 2002, 2003).

In summary, accurately weighed samples of guar gum were
dispersed in 500 ml distilled water in a glass jar, which was

then placed in a mixing incubator and rotated end-over-end at a

constant rotational velocity (10 rpm) at 25 8C. The guar gum

concentration used was 1.0% (w/v) of dry matter content, based

on the final solution concentration. The hydration rate of the

guar gum samples was monitored by taking viscosity

measurements at several time intervals over a period of 6 h,

and then one more time following homogenisation (Ultra-

Turrax mixer) for approximately 6 min and further hydration

for 3 h at 40 8C (the latter reading is referred to as the ‘ultimate

viscosity’). Viscosity was measured by a Rheometrics Fluid

Spectrometer (RFS II; Rheometric Scientific, now TA

Instruments, Rheometrics Series, Piscataway, NJ, USA) with

a plate–plate geometry (50 mm in diameter, 1 mm gap). The

rationale for employing this geometry rather than the more

usual cone/plate system is discussed elsewhere (Wang et al.,

2002). Zero-shear viscosity was estimated as the average value

of the first four shear rates starting at the lowest shear rate.

During each experiment five measurements were recorded per

decade, typically from w0.01 to 1000 sK1.
3. Results

3.1. Characterisation of guar gum samples

The particle shapes of all the guar gum samples were

broadly similar to each other, as can be seen in the SEM images

of a selection of samples with a broad range of particle sizes

(Fig. 1a–c). By examining the shapes of the powder particles

using SEM, a surface–volume shape coefficient asvZ10 was

selected in reference to British Standard 4359 (British

Standards Institution, 1970). This value was used for the

calculation of the mean particle size (dsv) and volume-specific

surface (Sv) according to Eqs. (1a) and (1b).

The particle sizes of samples 1–4 were determined directly

from the sieving method and those of samples 5 and 6 were

measured using the Malvern technique and converted to the

equivalent sieving data using the shape factor jd. As an

example, Fig. 2a illustrates the conversion of data for sample 5

obtained from the Malvern instrument to that of the sieving

technique. The median size (the 50% size on the cumulative

frequency curve) of sample 5 from the Malvern (dm,0.5) and

sieving (ds,0.5) methods were 75.6 and 112.5 mm, respectively.

From these two values the shape factor, jd, was calculated:

jd Z
ds;0:5

dm;0:5

Z
112:5

75:6
Z 1:49 (3)

The results of particle size analyses for all six guar samples

are presented in the form of cumulative undersize frequency

curve expressed as a percentage in Fig. 2b. From Eqs. (1a) and

(1b) the mean diameter (ds) and volume-specific surface (Ssv)

were calculated and tabulated in Table 1. Other chemical and

physical characteristics including moisture and galactomannan

contents and intrinsic viscosity were found to be similar for all

the samples (Table 1).



Fig. 1. Micrographs produced by scanning electron microscopy of guar gum

samples of different particle size: (a) sample 1, (b) sample 3, and (c) sample 6.

All scale barsZ100 mm.

Fig. 2. (a) Converting particle sizing distribution of sample 5 obtained from

Malvern technique to that of sieving analysis using ratio jd (see Eqs. (2) and

(3)), where ds,0.5Z112.5 and dm,0.5Z75.6 are the median size of sample 5

obtained by sieving and Malvern methods, respectively. Symbols: sieving

method, open triangle; Malvern method, open circle; converted data, filled

circles (b) particle size cumulative percentage curves for samples 1–6. Data of

samples 5 and 6 were produced from Malvern measurements and converted to

sieving data using ratio jd. The rest of the data were obtained by sieving

analysis. Symbols: sample 1, filled diamond; sample 2, open hexagon; sample

3, filled triangle down; sample 4, open triangle up; sample 5, filled circle;

sample 6, open square.
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3.2. Master plot method and effect of particle size on hydration

rate

Fig. 3 shows the hydration profiles of all six samples. As

mentioned above, in our earlier work on a more restricted

sample size range, we used a logarithmic model to describe the
hydration process (Wang et al., 2002)

ln
1Kht

hN

� �
Z bCk ln t (4)

where ht is the apparent zero-shear viscosity at time t, hN is the

ultimate viscosity of the dispersion and b and k are constants

for a given sample hydrated at specified conditions. Eq. (4)

implies that a plot of ln (1Kht/hN) versus ln t should yield a

straight line, with hydration constants b and k extracted from

the intercept and slope of this plot, respectively. However, it

became clear that this approach failed progressively when

larger particle sizes were considered. Among the six samples

tested, the logarithmic model was found to fit the hydration

profiles of only sample 6 (Fig. 4a), which has the smallest mean

particle size (Table 1). Fig. 4b illustrates the failure of this



Table 1

Moisture and galactomannan (GM) contents, intrinsic viscosity [h] and mean

particle size (dsv) of guar gum samples of different particle size (numbered 1–6)

Samples 1 2 3 4 5 6

Moisture (%) 11.4 11.5 11.8 11.8 10.3 10.5

[h] (dl/g) 16.1 16.7 16.9 16.4 17.3 16.0

GM (%) 86.2 87.5 86.2 87.9 85.3 89.4

dsv (mm) 477 300 223 194 113 74

Values are means of duplicates.

Fig. 4. (a) The logarithmic model (Eq. (4)) applied to the hydration profile of

the smallest particle size sample (sample 6) and (b) the same plot for the largest

particle size material (sample 1).
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logarithmic model, here illustrated with data for sample 1. It is

quite apparent that this model cannot be applied when the data

produce a decrease in the slope (cf. Fig. 3). Instead of adopting

the method above, we investigated alternative approaches.

Clearly a simple, single-process, kinetic model for the

hydration behaviour will not be appropriate, because such a

model would tend to have a maximum slope (rate of hydration)

at time 0. This is not at all what is seen, and clearly the

development of a more rigorous model would necessarily

entail introducing a number of extra parameters.

If Fig. 3 is plotted in double log form (Fig. 5a), the new

representation immediately suggests that all the data follow a

single fundamental hydration process, and one in which the

effect of increasing particle size is to increase the time for

‘total’ hydration (Table 2). Initially this would appear to be a

gross simplification, but it is an assumption worth pursuing. By

first defining the largest particle size data to have a scale factor

of unity, then all the subsequent data can be shifted

(horizontally) by multiplying the actual hydration times by

an arbitrary factor. For example, the shift factor for the smallest

particle size appears to be z130, with appropriate intermediate

values for the other samples.

What this means in practice is that the viscosity developed

by a sample hydrated for say 1 h, for the smallest particle size,

is, within the limitations of this approach, the same as that for

the largest particle size sample when hydrated for 130 h, i.e.
Fig. 3. Zero shear viscosity plotted against hydration time for all six samples

showing replicate data. Symbols are as Fig. 2b. Curves are cubic polynomial

regressions to the means of the replicate measurements.
z5.4 days. Of course the assumption implicit in this approach

is that the particle hydrates in a uniform manner and, in

particular, does not fragment during the dissolution process.

Such a mechanism of fragmentation and dispersion would

obviously tend to accelerate the overall hydration since, given

the same total volume, one very large particle would tend to

hydrate more slowly than a number of smaller particles.

With the lack of fragmentation assumption implicit, and at

the low hydration shear rates employed in our experiments, one

would expect the overall rate of hydration to depend on the

surface area, for homogeneously shaped material, and on the

volume for more tessellated and complex geometry particles.

This would suggest that the exponent for the timescale for

hydration would lie somewhere between 2 (since areafd2) and

3 (volumefd3). If we plot the time shift factor used in passing

from Fig. 5a to Fig. 5b against particle size, we obtain the linear

plot seen in Fig. 6, and gratifyingly the appropriate exponent,

calculated from the linear slope, is (K)2.46G0.32 (SE). Here,

the negative exponent merely reflects the fact that perhaps

contrary to intuition, we defined the shift factor for the largest

sample to be unity, but we did this in order to reflect an increase

of the effective time-scale for the smallest sample. This is, of



Fig. 5. (a) Log viscosity plotted versus log hydration time for the data of Fig. 3,

and (b) corresponding master curve of log viscosity versus scaled time,

produced from the above data by applying a time shift-factor. Symbols as

Fig. 2b. Dotted line represents the mean ‘fully hydrated’ viscosity for all

samples (cf. Table 2).

Fig. 6. The time shift factor used in constructing Fig. 5b plotted versus particle

size. The fitted line has a slope of K2.46G0.32 (standard error). The r2,

(correlation coefficient)2 is 0.94.
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course, an arbitrary decision, but one that appears, to us, to be

quite rational. The advantage of such a master curve approach

is now quite clear in that we can interpolate the maximum (and

intermediate) hydration time(s) for any particle size within this

size range w70–500 mm, quite readily, and even use it to

extrapolate to more extreme ranges.
Table 2

Particle size, viscosity after 360 min hydration and final viscosity

Samples 1 2 3 4 5 6

dsv (mm) 477 300 223 194 113 74

h360 (Pa s) 1.0a
2 2.03 2.88 4.03 4.8b

6 7.38

hN (Pa s) 9.59 9.18 8.77 9.53 9.11 9.01

Values are means of 2–3 replicates.
a Subscripted figures indicate that measured data are not significant to better

than Gw5%.
b Value measured after 330 min.
4. Discussion

Currently there are very few models that can provide a

relationship between particle size and hydration rate, and most

of these, as we discussed in our earlier papers, can be applied

only in a comparatively limited range of particle size. We feel

that the new logarithmic superposition model has some

advantages, not only because it is capable of extending the

particle size range, but also because the hydration time shift

factors relate quite sensibly to change in particle size. The

comparative simplicity of this approach makes it potentially

very attractive, and may prove of value in correlating

viscosity–time growth for other particulate systems, say in

the pharmaceutical and oil extraction industries.

Finally, this raises the question of the relevance of the

hydration shear rate employed here to the much higher rates

employed, for example in industrial processing; how could

these change the results obtained? In the latter case what may

be just as significant as the time for hydration is the integral

strain exerted during the hydration stages (i.e. approximately

the product of the hydration strain rate and the time). We

surmise that in the absence of fragmentation, the relationship is

less than linear, i.e. doubling the ‘hydration shear rate’ will not

half the time to hydration, but decrease it by a smaller fraction.

However, larger shear rates will also tend to encourage

fragmentation, so that the net effect may not be far from the

original assumption of integrated strain. In any case this

suggests a whole catalogue of further experiments that could be

well worth pursuing.

5. Conclusions

For guar gum powders with a mean particle size !80 mm

the logarithmic model is extremely useful for describing the

hydration kinetic data, as discussed in our previous papers

(Wang et al., 2002, 2003). For larger size samples, the new

method was found to be more suitable for comparing the
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hydration rate of several samples that could not be fitted by

this, especially when the ultimate viscosity varies between

samples or is difficult to determine. Using this approach a

relationship between time for hydration and mean particle size

was demonstrated in the particle size range 70–500 mm. The

application of the logarithmic superposition method to an

in vitro digestion model for studying the viscosity development

of foods/diets containing water soluble NSPs is planned.

Moreover, the model has much broader relevance to the

hydration of other materials, which, would in turn, suggest

wider industrial interests.
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