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ABSTRACT
Particles size distribution (PSD) is introduced as a tool for analysis of bentonite aggregation and
swelling kinetics. Raw Ca-bentonite was purified using a combined wet sieving and sedimentation
processes, followed by thermochemical treatment with Na2CO3 to increase its swelling capacity.
The detailed analysis of the PSD shows a strong correlation between the PSD and the swelling
process. For the chemically treated raw bentonite, PSD revealed two different peaks representing
unswelled and swelled particles along with some aggregates. The swelling is shown to be a kinet-
ically controlled process that depends on time, temperature, and bentonite chemical composition.
At the beginning of the chemical treatment, the effect of aggregates was more dominant; there-
fore, the viscosity did not increase much with particle size. However, the combined chemical and
thermal treatment has enhanced the Na-activation process and boosted bentonite swelling. The
rheological measurements have shown enhancement in the viscosity and confirmed the PSD find-
ings. The same optimal treatment conditions are obtained from both rheological measurements
and PSD analysis. A model is developed based on classical reaction rate kinetics and used to
describe the conversion from unswelled to swelled particles. The PSD has a strong correlation
with the physical properties of the suspension such as the viscosity. The swelling rate fits a second
order model with a rate constant, k, in the range 0.002 to 0.124h�1 and an activation energy, E,
of 87 kJ/mol. PSD analysis together with the developed kinetic model are powerful tools for study-
ing the swelling kinetics of bentonites.
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1. Introduction

The unique ability of bentonite to absorb water and swell
many times its dry volume, and its extremely low water
permeability, make bentonite an ideal candidate for many
industrial and engineering applications. Naturally, bentonite

is classified into two types, The Na-bentonite, which has a
high swelling capacity, and the Ca-bentonite, which is a
non-swelling clay that forms a colloidal suspension in
water[1]. The major uses of bentonite are in drilling fluids,
paints, paper making, fillers and extenders and in civil
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engineering applications[2–10]. Bentonite is used to prepare
drilling fluid, a viscous water-based fluid containing all
required additives, used in drilling of oil and gas wells.
Drilling fluid increases the viscosity and reduces the filtra-
tion losses of water to the surrounding rocks of the well-
bore, as water is trapped between the bentonite layers[11,12].

Study of the swelling of bentonite is very important for
many engineering applications related to drilling fluids, and
other uses of bentonite, such as flocculation, soil stabiliza-
tion, and environmental applications[8,13,14]. Our recent
work has shown that swelling has a strong influence on the
rheological properties of bentonite [15]. Thus, most of the
previous studies use rheological measurements to study ben-
tonite colloidal systems. The rheological behavior of struc-
tural 2-phase fluids is directly related to the size of the
particles of the dispersed phase, such as in swelled-clay dis-
persions[16,17]. Viscoelastic properties are related to the net-
work of flocculated particles, and the inter-particle
interactions between the colloidal particles[18,19].

Bentonite suspensions fall into the category of solid par-
ticles dispersed in a liquid and are considered as structured
fluids[20]. Conventionally, the interpretation of many proper-
ties of clay suspensions is based on a model which assumes
separated clay plates with a well-developed electrical double
layer, and a dynamic equilibrium governs the average size of
particles in a montmorillonite suspension[21,22]. Such fluids
are highly thixotropic and the rheological measurements are
often time consuming and challenging due to the disturbance
of the microstructure during sample loading[23].

Numerous studies have emphasized the proportional rela-
tionship between the swelling and the rheological properties
of colloidal systems[24–26]. However, only a very few studies
have directly correlated swelling characteristics and viscosity
measurements[27,28]. Particle size analysis indicates that the
treatment of bentonite with an ionic liquid increases the par-
ticle size due to swelling, which increases the viscosity[29].
Naghib et al. (2017) have presented a comparative hydro-
dynamic analysis of the expansion rate of alginate beads in
terms of the swelling characteristics and size distribution, and
a comparison of the fluidization properties with the expansion
properties[30]. A study by Takahashi and Fujita (2017)[31] of
structural mixtures such as starch, indicates that, the swelling
and gelatinization process taking place when starch is heated,
increase concurrently with increasing heating temperature. In
addition, the viscoelastic properties are governed by the vol-
ume fraction of the particles that are not ruptured during
heating. For example, rheological properties of cellulosic slur-
ries are influenced by the particle size and the rate of the
hydrolysis reaction, indicated by a drop in the viscosity due to
the fragmentation of the cellulose particles[32,33]. Particle size
distribution (PSD) was also reported to be used as a method
of analysis for the effect of agitation speed and concentration
of suspension stabilizer on polymerization of Methyl
Methacrylate, and an empirical equations correlating the aver-
age particle size and the PSD were derived from the study[34].

Swelling of bentonite and its properties can be enhanced
by applying different treatment methods, such as using inor-
ganic additives. Addition of Na2CO3 is a well-known method

of enhancing the quality of bentonite[35]. The addition of very
small amounts of Na2CO3 can significantly enhance the prop-
erties of bentonite, a method that the industry has used for
decades. The sodium content has a large effect on the disper-
sion characteristics of bentonite. An increase of the Na/Ca
ratio considerably enhances the swelling capabilities of ben-
tonite, significantly affecting its physical properties[36,37]. The
PSD has a great impact on stability, purification efficiency,
swelling, and rheological properties of bentonite suspen-
sion[38–40]. Moreover, the results of PSD measurement by
dynamic light scattering (DLS) can be linked to the rheology
of the suspensions or to the stability of emulsions [41].
Rheology of bentonite suspensions depends on many parame-
ters beside the particle size, such as the concentration, the
state of hydration of the bentonite particles, the presence of
ions, temperature, and pH of the suspension[42,43].

In this paper, the swelling kinetics of bentonite is investi-
gated using PSD analysis. A laser scattering technique is
introduced as a new method for investigating and modeling
bentonite swelling kinetics using PSD data. The new method
uses known kinetic models that are developed to describe
the physical swelling process. Rheological measurements are
used to validate and confirm the PSD results.

Theory

The swelling process of bentonite involves the combination
of water molecules and bentonite particles forming swelled
hydrated particles. The formation of bentonite containing
swelled particles, with a large particle size, leads to a positive
shift in the PSD. The fractional conversion of swelled par-
ticles is defined here as the ratio of the area under the fre-
quency versus PSD curve for swelled particles to the same of
the initial PSD of unswelled particles. This conversion from
unswelled to swelled particles is a kinetically controlled pro-
cess, which resembles that of a classical chemical reaction.

Montes-h et al. (2003)[44] have studied the swelling kinet-
ics of bentonite using environmental scanning electron
microscopy through direct measurements of swelling. The
results indicate a nonlinear swelling behavior and a first
order model does not fit the experimental data. Schott
(1992)[45] studied the swelling kinetics of thin films of gel-
atin and developed a theoretical model for the swelling pro-
cess. The author showed that second order kinetics fit the
experimental data for diffusion-controlled swelling rather
than first order kinetics. The author has provided a detailed
explanation of the second order swelling kinetics and
assumed that the rate of swelling is proportional to two
quantities. The first quantity is the fractional amount of the
swelling capacity (unswelled fraction) and the second quan-
tity is the specific surface envelope that encloses sites that
are yet to interact with water (unswelled parts).

Here a kinetic model for bentonite swelling, based on
chemical reaction models in which species A (bentonite)
and B (water) are converted to C (swelled bentonite)
through a reaction, is introduced. The rate of the chemical
reaction is determined by the change in concentration of the
reacting substances, A and B, to form a product C.
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aA þ bB ! cC (1)

Assuming that the liquid phase reaction is elementary,
the reaction rate (k) is proportional to the reacting species
A and B quantitatively as follows[46]:

Rate ¼ � d A½ �
dt

¼ k1 A½ �a B½ �b (2)

The above equation can be re-written in terms of the
concentration of A, [A], as:

Rate ¼ � d A½ �
dt

¼ k A½ �n (3)

where k is a lumped rate parameter and n is the order of
the reaction, which can be determined from the measure-
ment of the concentration of the unswelled particles at any
time t and the initial concentration. The area under the
curve of the frequency versus the size of unswelled particles
initially is considered as the initial concentration, [A]o; the
area under the curve in the same initial frequency range at
any time, [A], represents the unswelled particles at any time.
For a first order reaction, a plot of ln ½A�o

½A� vs t should be lin-
ear, and the slope is the rate constant, k. However, for a
second order reaction a plot of 1/[A] vs t is linear with a
slope k.

For the analysis of PSD, the number average or the first
moment (Dn) and the weight average or the second moment
(Dw) are used to describe the swelling behavior of bentonite.
These parameters are defined as follows:

Dn ¼
X Ni Di

Ni

� �
(4)

Dw ¼
X Ni D2

i

Ni Di

� �
(5)

Dz ¼
X Ni D3

i

Ni D2
i

" #
(6)

where Di is the particle size with a frequency Ni, Dnis the
number-average particle size, Dwis the weight-average par-
ticle size, and Dz is the volume or surface mean, which rep-
resents the average size of the particles that occupy a
majority of the volume. Usually, Dwis located at the peak of
the distribution, hence it correlates very well with physical

properties of the suspension since it represents the majority
of the PSD. The ratio Dw/Dn is the dispersity index (DI)
which reflects the breadth of the distribution. If DI is in the
range 1-2, the particles are monodispersed.

2. Experimental

2.1. Material

Raw Ca-Bentonite with a low swelling capacity was obtained
from a local deposit in Saudi Arabia. The chemical compos-
ition of raw bentonite (Table 1) identifies the type of clay as
Ca-bentonite[47]. The composition of raw bentonite deter-
mined using energy-dispersive X-ray spectroscopy (EDX) is
as follows; oxygen (51.19%), silicon (25.1%), aluminum
(9.59%), magnesium (1.46%), and potassium (0.54%). The
sodium/calcium ratio of raw and purified Ca-bentonite is in
the range of 1.91 to 1.98. This Na/Ca ratio is considered to
be low and typically results in a low swelling capacity[48].

Sodium carbonate (Na2CO3), commonly known as soda
ash, was used to treat the raw local bentonite to increase its
Na/Ca ratio and hence the swelling capacity. The Na2CO3

used was in a pure fine powder form. The treatment was
conducted at different temperatures in a wet process by add-
ing Na2CO3 to water prior to the addition of bentonite, with
stirring. The Na/Ca ratio of the activated bentonite was
determined using EDX conducted using a scanning electron
microscopic (SEM-EDX, Oxford Instruments) analysis of the
treated samples. A Fritsch Particles Size analyzer model
ANALYSETTE 22 NanoTec (0.01 – 2100 mm) was used in
this study. Rheological measurements were conducted to
confirm the swelling of bentonite, which affects the viscosity
of swelled bentonite. A concentric cylinder rheometer, from
TA Instrument (Model-DHR) was used for the rheological
measurements. The concentric cylinder rheometer includes a
cup with a radius of 15mm, and is configured with a DIN
rotor with a diameter of 14mm and height of 42mm with a
maximum heating range of 13 �C/min.

2.2. Methods

2.2.1. Beneficiation of raw bentonite
Raw bentonite contains many clay and non-clay impurities
such as sand, quartz, feldspar, iron, and silica. Raw

Table 1. EDX analysis for raw, purified and activated bentonite

Element Commercial Raw Wet Sieved Thermochemically Bentonite Ca-Bentonite Bentonite Treated Bentonite

O 58.5 50.26 52.88 52.82
Na 1.39 1.73 1.77 6.6
Mg 0.9 1.46 1.36 1.42
Al 6.8 9.59 9.49 8.6
Si 28.9 25.1 25.31 22.91
Cl – 1.22 1.6 2.83
K 0.19 0.54 0.59 0.31
Ca 0.48 0.91 0.89 0.4
Ti 0.83 0.89 0.41
Fe 2.69 6.64 3.83 3.57
Cu – 0.74 0.57 0.13
Zn – 0.88 – –
S 0.15 – – –
Na/Ca ratio 2.896 1.91 1.98 16.5
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bentonite has a wide PSD due to the presence of impurities.
Beneficiation of bentonite is the purification process, in
which the impurities are removed from raw bentonite, either
by dry or wet sieving. Stable colloidal suspensions are
formed when bentonite is dispersed in water (1:5 by weight)
for 24 h. Any sand or quartz impurities will not be sus-
pended and will rapidly settle down during this process.
Suspension and sedimentation of the particles in water
depends on many factors, such as the particle size, pH, time,
concentration, and temperature[49]. Mechanical dry sieving
can generate a PSD with a range of sizes (75 mm - 600 mm).
Prior to dry sieving, samples were reasonably ground using
a milling machine, and dried in an oven for 16 h at 105 �C
to remove moisture. For dry sieving, a known weight of the
dried bentonite was loaded into the top tray of a sieve
shaker. During sieving the particles were retained on sieve
trays and fractionated based on their sizes. Sedimentation by
wet sieving (75lm mesh No. 200) yielded a higher recovery
of pure bentonite compared to dry sieving (Figure 1).

Figure 1 shows the percent bentonite recovered from the
sieves used for dry sieving (DS-Bentonite) and wet sieving
after sedimentation (WSS-Bentonite). In dry sieving, as par-
ticles are sticking together, the recovery is reduced.
Sedimentation disperses the particles and allows pure clay to
be easily separated. In wet sieving, grinding of the impurities
to a fine powder that can pass through during dry sieving is
avoided. Typically, to have a uniform distribution the tar-
geted particle size of commercial bentonite is below 75 lm.
Dry sieving resulted in a recovery of 15wt.%, while wet siev-
ing produced a recovery of more than 80wt.%. Thus, wet
sieving was used in this study.

2.2.2. Treatment to improve swelling
Raw Ca-bentonite was treated with Na2CO3 to improve
swelling by increasing the Na/Ca ratio to achieve the desired
rheological properties[36]. Energy-dispersive X-ray spectros-
copy indicates that the Na/Ca ratio of the activated benton-
ite samples is high. The ratio increased from 2.9 up to 16.5
for the fully activated samples, as shown in Table 1. A
6wt.% sample of WSS-Bentonite was used for Na2CO3 treat-
ment. Na2CO3 was added to water before WSS-Bentonite
and the mixture was stirred using a high-speed mixer for

5minutes. After the Na2CO3 activation, the samples were
subjected to heating while stirring (25 to 65 �C) for a spe-
cific time to enhance the Na-activation and the swelling
processes. As about 2.5% of water had evaporated at the end
of the hot stirring process, deionized water was added to
compensate for the evaporation loss and maintain the same
bentonite concentration in the suspension. PSD of all sam-
ples was measured to develop the swelling kinetics model(s).
Rheological measurements were employed to validate and
confirm the results of the PSD analysis.

3. Results and Discussion

3.1. Beneficiation of bentonite to obtain a uniform PSD

Beneficiation process removes impurities leaving only the
bentonite particles with a more uniform size distribution (as
shown in Figure 2a) with 90% of the particles of less than
10 mm (Figure 2b). Raw bentonite has a broad distribution
of particle sizes ranging from 0.8 mm to 2000 mm.
Sedimentation and wet sieving through 75 lm remove
impurities of larger particles such as iron and non-clay con-
tent (Table 1), making the PSD narrower and uniform as
determined from the PSD curve, matching that of the com-
mercially available bentonite, (Figure 2a).

3.2. Effect of chemical treatment at 25 �C on PSD
and rheology

Suspension of bentonite in water leads to the swelling of
bentonite platelets due to the ingress of water molecules.
PSD was determined after aging for 24 hours to allow the
full hydration of 6 wt.% wet-sieved bentonite (WSS-
Bentonite) both before chemical treatment (i.e., Ca-benton-
ite) and after Na2CO3 activation (i.e., Na-bentonite). Aging
of the bentonite suspension allows full hydration, and
improves the properties of bentonite in water[50]. The results
in Figure 3a show that the untreated Ca-bentonite does not
have adequate swelling capacity indicated by the single nar-
row peak in the PSD plot (around 2.4 lm). After the activa-
tion with Na2CO3 (2 to 12wt.%), the PSD plot was altered,
showing two peaks, as depicted in Figure 3b-e. Particles
have swelled to a certain extent with the addition of
Na2CO3, while some of the particles remained unswelled,
resembling the original peak in the same range of particles
sizes, i.e., 2.4 to 5 lm (Figure 3 b-e).

The appearance of the two peaks in the PSD plot reflects
that the conversion of unswelled bentonite to swelled ben-
tonite (as described by equations 4-6 above) is not complete.
Therefore, only a fraction of the particles in raw bentonite is
converted (combined with water) to larger particles. The
first peak has an average size of �5 lm representing the
untreated portion of the particles. The second peak has an
average size of �1000 lm representing the swelled particles.
The initial average particle size of 2.4 lm increased to more
than 1000 lm with chemical treatment. When the Na2CO3

concentration was increased above 4wt.%, the particle size
did not increase anymore above the maximum average

Figure 1. Bentonite recovery from wet and dry sieving.

820 M. I. MAGZOUB ET AL.



particle size of 1287 lm. The results indicate that the chem-
ical treatment significantly improves the swelling
of bentonite.

The PSD of bentonite activated with Na2CO3 (Na-ben-
tonite) was analyzed using statistical methods to calculate
the first, second, and third moments and the values of Dn,
Dw, and Dz described by equations 4-6 were calculated
and are shown in Table 2. These results were obtained
from the PSD analysis of samples aged for 24 h to achieve
the maximum possible hydration of the treated bentonite
at room temperature. The results indicate that treating
bentonite with more than 4 wt.% of Na2CO3 does not
affect the values of Dn, Dw and Dz. In addition, the values
of unswelled particles, [A], remain almost constant for
bentonite samples treated with 4 wt.% Na2CO3 or more.
However, the addition of more Na2CO3 to the unswelled
particles leads to a more uniform PSD as indicated by the
lower values of the dispersity index, DI. Addition of very
high amounts of Na2CO3, as high as 12%, results in a
drop in Dz, which suggests that the number of particles
with larger sizes in the distribution (highly swelled par-
ticles) is decreasing (Dz is strongly influenced by larger
particles than small ones).

The area under the PSD plot was calculated to estimate
the fraction of particles that does not swell by the chem-
ical treatment, and the values are given in Table 2. The
area under the PSD plot indicates that the initial peak
[A]o decreases with increasing Na2CO3 and the unswelled

fraction, [A]/[A]o, also decreases. Thus, the size of the
particles is increasing, which is manifested by a second
peak appearing at higher values of particle size. The calcu-
lated area under the curve, ([A]o-[A]/[A]o), which repre-
sents the swelled fraction of raw bentonite, was plotted
against the concentration of Na2CO3 added in each step
(see Figure 4).

Above 4 wt.%, further significant swelling does not
occur. Thus, the PSD results suggest that wt.% of Na2CO3

is the optimal amount for treating bentonite. The results
of the PSD measurements are supported by the results of
the rheological measurements (shown in Figure 4). The
viscosity increases with increasing Na2CO3 content, reach-
ing a maximum at 4% and then decreased, which is in
agreement with the findings of the PSD measurements.
The values of viscosity at a shear rate of 100 s�1 was
selected for validation to mimic drilling fluid operating
conditions. However, the trend is valid for all shear vis-
cosity values as shown in our previous work (Magzoub
et al. (2018) Figs. 2&3)[15]. The addition of large amounts
of Na2CO3 decreases the viscosity, which is likely due to a
drop in the number of large particles, i.e. a decrease of Dz

and DI, which is in agreement with the results shown in
Table 2. These observations are in agreement with our
earlier work on emulsions, where the droplet size was
shown to influence the rheology[51]. Hence, the rheology
measurements support and validate the findings of the
PSD analysis.

Figure 2. Effect of purification of raw bentonite on the PSD compared to commercial bentonite.
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3.3. Effect of thermal treatment on the PSD of bentonite

After 24 hours of soaking at room temperature, Ca-bentonite
did not show any swelling. However, when Na-bentonite is
used, about 70% of the particles are converted to swelled
particles during the same period ([A]o¼49 and [A]o-
[A]¼ 35.5). The process was repeated for Na-bentonite at
higher temperatures using the optimal amount of Na2CO3

of 4wt.% and the PSD and rheology measurements were
conducted. The process of chemical treatment with Na2CO3

combined with heating and stirring is expected to improve
the swelling of bentonite[52]. Thermal treatment greatly
improves the rheological properties, indicated by the

increase of the viscosity with heating and stirring. The par-
ticles undergo thermal expansion and heat will improve the
water diffusion between the bentonite platelets. The swelling
capacity increases significantly when Na-activation is

Table 2. Impact of Na2CO3 addition at room temperature on PSD analysis
after 24 hrs.

Na2CO3 wt.% [A] [A]/[A]o 1/[A] Dn Dw Dz DI

0% 49.46 1.00 0.02 4.97 9.06 13.38 1.82
2% 27.86 0.56 0.04 2.80 4.62 6.69 1.65
4% 13.92 0.28 0.07 3.31 5.24 7.53 1.58
8% 13.86 0.28 0.07 3.31 5.24 7.53 1.58
12% 12.76 0.26 0.08 3.08 4.48 5.73 1.45

Figure 3. Effect of the Na2CO3 treatment on swelling using PSD.
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combined with heating and stirring at 25 �C, 45 �C, and
65 �C. As shown in Figure 5, the area under the first peak of
the PSD plot, which is due to the unswelled particles,
decreases with increasing temperature. The unswelled frac-
tion of the particles at any given time, [A]/[A]o, and the statis-
tical analysis of PSD are given in Table 3. At 65 �C and after
24 h, the concentration [A] is almost zero (Ao-A ¼ 0.35 which
represents less than 1% of [A]o) as shown in Table 3. Under
these conditions, the first peak almost disappears as the
swelled fraction of the particles (the second peak) increases
with temperature, as depicted in Figure 6. The average particle
size increases from 2.4 mm for untreated bentonite to 1287
mm. In addition, the values of DI and DZ decrease with time
suggesting the presence of a uniform distribution. These
results on bentonite are in agreement with the work of
Takahashi and Fujita (2017) [31] on starch.

Heating time is crucial to speed-up the swelling process
of bentonite. For economic reasons, the determination of
the optimal heating time is important. PSD analysis was
used to obtain the time required to achieve maximum

swelling. Ca-bentonite samples were treated with the 4wt.%
Na2CO3, followed by heating/stirring at the 65 oC. The PSD
was determined at heating times ranging from 1 to 24 h.
Figure 7 shows the values of weight percentage at the index
values of D10, D50, and D90. The optimal time of heating/
stirring treatment is 3 h, at which all indices reach a max-
imum and then become constant. Again, the rheological
measurements, shown in Figure 7, are used to confirm the
results of PSD analysis.

The heat treatment with stirring accelerates the conversion
of raw bentonite into swelled bentonite. Thus, heat acceler-
ates the swelling of bentonite suspensions, which is indicated
by the results of the PSD and rheological measurements.
These results indicate that the swelling of bentonite is a kin-
etically controlled process. The effect of temperature on the
swelling process is shown in Figure 5. In addition, Figure 7
shows that viscosity has significantly increased during the
heating period, reaching a flat plateau at 6 h of heating.
Thus, the results of the rheology measurements confirm the
results of the PSD analysis.

Figure 4. The effect of Na2CO3 treatment on swelling and rheology.

Figure 5. Effect of combined heating and stirring on PSD of Ca-bentonite and Na-bentonite.
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Table 3. Impact of 4wt.% Na2CO3 on PSD analysis

Treatment @ 25oC
Time (hrs.) [A] [A]/[A]o 1/[A] Dn Dw Dz DI

0 49.46 1 0.0202 4.9691 9.05743 13.378 1.8228
6 29.11 0.588 0.0344 4.98629 9.42386 14.272 1.89
12 22.1 0.447 0.0452 3.58815 6.06085 10.295 1.6891
24 11.3 0.228 0.0885 1.33359 2.16406 2.8693 1.6227

Treatment @ 45oC
Time (Hrs.) [A] [A]/[A]o 1/[A] Dn Dw Dz DI

0 49.46 1 0.0202 4.9691 9.05743 13.378 1.8228
1 10.84 0.219 0.0923 1.08873 1.78331 2.5199 1.638
3 5.602 0.113 0.1785 0.92261 1.67201 2.6943 1.8123
6 3.422 0.069 0.2922 0.54863 0.69374 0.8486 1.2645
12 2.568 0.052 0.3894 0.81264 0.96998 1.133 1.1936
24 0.912 0.018 1.0968 0.56282 0.5952 0.6284 1.0575

Treatment @ 65oC
Time (Hrs.) [A] [A]/[A]o 1/[A] Dn Dw Dz DI

0 49.46 1 0.020 4.969 9.057 13.378 1.823
1 10.28 0.207 0.097 5.360 6.523 11.633 2.048
3 2.10 0.0424 0.477 2.999 4.592 5.833 1.531
6 1.47 0.029 0.679 1.078 1.405 1.615 1.302
12 0.53 0.010 1.901 0.818 1.089 1.198 1.332
24 0.35 0.007 2.825 0.839 1.101 1.199 1.313

Figure 6. Effect of the thermochemical treatment on the swelling of bentonite using PSD.
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3.4. Modeling of bentonite swelling kinetics using
PSD analysis

The results described in the previous section indicate that
the swelling of bentonite is a kinetically controlled process
that is influenced by both temperature and time. Typically,
bentonite suspensions show very pronounced time-depend-
ent behavior, where the yield stress increases significantly
with time of aging[53]. In addition, the thermal treatment
converts Ca-bentonite to Na-bentonite, improving the swel-
ling behavior. Hence, the swelling process can be viewed, as
discussed in the introduction, as an interaction between ben-
tonite and water molecules to form swelled bentonite (see
equations 1-3). Thus, classical kinetic rate models seem to
be the most suitable for modelling the swelling process. The
concept of the proposed model is similar to that of
Schott[45]. In both models the swelling rate follows second
order kinetics despite the differences in the development of
the two models. In addition, the model proposed in this
paper uses PSD data while Schott model used direct swelling
measurements. The PSD was determined at 3 different tem-
peratures namely 25 �C, 45 �C, and 65 �C. The area under
the PSD plot calculated at each temperature as a function of
time, [A], is the concentration of unswelled particles at any

time. The total area under the PSD plot for raw bentonite is
represented by [A]o.

A plot of ln [A]o/[A] versus t is not linear, indicating
that the process does not follow first order kinetics.
However, a plot of 1/[A] versus t is linear with a high
regression coefficient (R2¼0.97-0.98). The regression coeffi-
cient for the first order model is much lower (�R2¼0.665,
plots are not shown here). Thus, the second order kinetics
were used to model the bentonite swelling process and the
results are in agreement with those reported previously[44,45].
The Plot of 1/[A] versus time is shown in Figure 8 and the
values of k are calculated from the slope and are given in
Table 4. The applicability of second order kinetics rather
than first order swelling kinetics for the modeling of the
swelling behavior of bentonite suggests that the swelling
process is controlled by the diffusion of water between the
bentonite layers [34]. The current work, which used PSD
analysis, supports the previous work on bentonite swelling

Figure 7. Effect of the heating time on swelling using particles size D10, D50, and D90, and rheology of thermally treated Na-bentonite.

Figure 8. A plot of 1/[A] vs. time for thermally treated Na-bentonite at 25 �C,
45 �C, and 65 �C.

Table 4. Temperature dependence and reaction energy calculation

Temp., oC Temp., K k, hr�1 1/T, K�1 ln k

25 298.15 0.002 0.00335 �6.21461
45 318.15 0.042 0.00314 �3.17009
65 338.15 0.124 0.00296 �2.08747

Figure 9. A plot of ln k vs. 1/T, K�1 for thermally treated Na-bentonite.
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kinetics performed using environmental SEM
techniques[44,45].

The rate constant k is defined as k¼ ko exp (-E/RT),
where ko is the shape factor, E is the activation energy, R is
the universal gas constant, and T is the absolute tempera-
ture. A plot of ln k vs 1/T, which is linear with a slope of
(-E/RT) as shown by equation 7, can be used to calculate
the activation energy:

ln k ¼ ko� E
RT

(7)

where E is the activation energy in (J/mol), T is temperature
in kelvin, and R is the ideal gas constant (8.314 J/mol K).
Figure 9 shows the plot of ln k vs 1/T (K) and the slope is
calculated and provided in Table 4. The value of E, obtained
from the slope (-E/RT¼ -10,492 J/mol K), is 87 kJ/mol.

4. Conclusions

In this paper, particle size analysis is introduced, for the first
time, as a powerful tool for the analysis of swelling kinetics.
Purification of bentonite and a uniform particles size distri-
bution are important to obtain good dispersion properties.
EDX shows that the activation of Ca-bentonite with Na2CO3

and the thermal treatment increase the Na:Ca ratio. A high
Na/Ca ratio enhances the swelling capacity of bentonite. The
PSD results are confirmed by independent rheological meas-
urements. The optimal concentration of Na2CO3 and the
optimal heating time determined by both techniques are
4wt.% and 3Hrs., respectively. The increase in particle size
is attributed to two mechanisms, the aggregation that took
place at the beginning of the chemical treatment and the
later swelling due to the expansion of bentonite platelet
because of sodium activation. The swelling process is a kin-
etically controlled process that depends on time, tempera-
ture, and composition of bentonite, especially the Na/Ca
ratio. Therefore, the proposed thermochemical Na-activation
has enhanced the process of conversion of unswelled par-
ticles to swelled particles. The increase and decrease in the
viscosity with the amount of Na2CO3 used to treat bentonite
is explained and correlated with the PSD, especially Dw and
the dispersity index. In addition, Na2CO3 treatment com-
bined with heating and stirring greatly enhance the swelling
capacity of bentonite. In agreement with previous literature
reports[44,45], the swelling process follows second order kin-
etics with a rate constant, k, in the range 0.002 to 0.124 hr�1

and an activation energy, E, of 87 kJ/mol. The applicability
of second order swelling kinetics rather than first order
swelling kinetics to explain the bentonite swelling behavior
suggests that the swelling is a diffusion-controlled process
[34]. The proposed model shows that particle size analysis
can be used for studying the swelling kinetics of bentonites
and could be extended for studying other swelling systems
for a range of engineering applications.
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