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Watts, K. C, W. K. Bilanski, and D. R. Menzies. 1988. Design
curves for drying grains with bentonite. Can. Agric. Eng. 30: 237-
242. Experimental drying of various grains using previously dried
sodium and calcium bentonite clay has indicated a good deal of prom
ise. However, for this method to be practical, one must be able to
estimate the final moisture content the grain will reach after being
mixed in a given proportion with a clay of a specified initial moisture
content. This paper proposes a set of design curves to accomplish this
and notes how they are to be used.

INTRODUCTION

Bern et al. (1981), Sturton et al. (1981), Graham et al. (1983)
and Watts et al. (1986) have described the drying of various
grainsby intimatelymixing previously-dried bentonite clay with
thegrain. Whencompared to simpleoil-fired, batch-in-bingrain
dryers, the advantages are apparent. The relatively inexpensive
clay can be dried using low-cost, low-grade forms of energy
(e.g., solar) when the energy is available, such as in the sunny
summer months. At harvest time not as much solar energy is
available to directly dry the grain, and therefore by using pre
viously dried clay considerable overall system energy savings
can be obtained. Because of the intimate mixture of grain and
clay, the grain dries uniformly throughout the bin whereas, in
a conventional dryer the heating front progresses up from the
bottom so that some grain is over-heated while some remains
wet for a considerable period of time. The clay in the grain/
clay system has the additional property of being sufficiently
abrasive to any insects present in the grain to cause them to
perish. This protection is effective only as long as the clay and
grains are left intimately mixed. Separation of the clay from
thegrainis accomplishedby blowing air through a falling mix
ture of clay and grain. The clay does not stick to the clay for
clay moisture contents below 28% (WB).

To be of practical value, however, a method must be avail
able to quickly and easily make the following determinations:
the initial moisture content of the grain and clay; the amount
of claythatmustbe addedto the grain to dry it to an acceptable
level; by how much the capacity of the existing grain storage
binsis reduced due to addingthe clay; how long it takes to dry
grains with clay; what type of clay should be used.

THEORETICAL CONSIDERATIONS

The process that is being considered consists of a sealed con
tainerhousing an intimatemixtureof grain and clay, each hav
ing some known initial equilibrium moisture content before
mixingand each having a probably unknown final equilibrium
moisture content at some "large" time. The actual time for
most grains to come to equilibrium with the clay was found
experimentally to be about 30 h.
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Figure 1. Hygroscopicity curves for grains at 25°C.

The initial moisture content of the grain is a function of the
crop maturity, harvesting date, and crop type, while the initial
moisture content of the clay is a function of the drying method,
etc. Both moisture contents are input parameters. The final
moisture contents of each will be a function of their initial mois
ture contents, the mass ratio of clay to grain, and the hygro
scopicity characteristics of the grain and clay.

The hygroscopicity characteristics of grains are quite well
defined in the ASAE Standards, both in the form of data and
by the Chung or Henderson equations. The equations are made
to give the best fit over quite a wide range of temperatures with
the result that at some temperatures, the fit is not good. Des-
iccant drying normally occurs over a small temperature range
(15-25°C). Therefore, when the Chung equation did not fit the
data at 20 or 25°Cto within 0.5% WB on equilibrium moisture
(Watts et al. 1987), the raw data at 20 or 25°C was curve fitted
to obtain a closer fitting hygroscopicitycurve for the grain. The
grain hygroscopicity equations used are plotted in Fig. 1.

The hygroscopicity of the clay is more complex due to the
large variation in the composition of naturally occurring ben-
tonites, the particle size and absorbed ions. As summarizedby
Watts et al. (1986), many workers have reported water adsorp
tion curves for sodium- and calcium-based clays. In a confined
space, less water can be adsorbed as the clay cannot expand
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Figure 2.a, Adsorption isotherms on Na+-Ca+ +montmorillonite mix
tures at various equivalent fractions of exchangeable Na (EFES) at
25°C (Keren and Shainberg 1979). b, BET curves of the adsorption
isotherms for the data from Keren and Shainberg (1979). X is the
amount of vapor adsorbed at pressure P.

indefinitely; hence, there is a difference in the moisture adsorp
tion isotherm.

To present meaningful design curves for drying grain using
clayof poorly defined properties, carefully prepared moisture
isotherms for homoionic clays given by Keren and Shainberg
(1979) (Fig. 2a) have been used as a standard. The design
curvesdrawnhave the purityof the clay as a parameterto allow
for deviations from these workers' results. Purity is defined as
the factorby whichthe relative humidity at a givenclay mois
ture content predicted by Keren and Shainberg(1979) must be
divided to obtain the actual relative humidity at the equilibrium
moisture content. In equation form

Purity =
RHK

•Kliactual
(1)

These authors found that for relative humidities below 40%, the
moisture adsorption of the first monolayer follows the BET
(Brunauer, Emmett and Teller) equation (Fig. 2b). However,
relative humidities above 40% do occur when drying grains;
thustheBETequation doesnotmodelthehygroscopicity curves
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over the whole range of interest of relative humidities. There
fore, for computation, a fourth-order equation was fitted to
Keren and Shainberg's (1979) data for different ion composi
tions, as ion composition has a marked effect on the drying
characteristics of a clay.

The value of purity may be found by weighing and measuring
the moisture content (DB) of a sample of the clay and the grain
to be used; then combining them in one or more sealed jars,
and again determining the moisture content of both, separately,
after a time lapse of at least 40 h. Using the final moisture
content of the grain, the relative humidity at which the grain
has reached equilibrium (actual relative humidity) can be deter
minedfrom Fig. 1. The relativehumidity as predicted by Keren
and Shainberg is obtained by using the find moisture content
of the clay on Fig. 2a for the sodium moisture adsorptioncurve.
It is then possible to calculate the value of purity using Eq. 1.
Values of purity for sodium bentonites obtained by workers at
theUniversity of Guelphvariedbetween0.7 and 0.85 as a func
tion of moisture content; these could be used as a first approx
imation for commercially available Wyoming bentonite.

DESIGN CURVE FORMULATION

A very large number of initial moisture contents are possible
for both grain and clay. To simplify the problem for design
curves, two conditions are imposed which should exist in prac
tice: (a) the total moisture present in the clay and grain per unit
mass (DB) of grain is constant for all times: and (b) for all
times, the air surrounding the grain and the clay has identical
relative humidities.

From the first condition of conservation of moisture, the fol
lowing equation may be written for time t=0

K = MIC x MRce + MIG (2)

where:

K is the constant total moisture/unit mass of grain (DB deci
mal), Mlc is the initial moisture content of the clay (DB deci
mal), MIG is the initial moisture content of the grain (DB dec
imal), MRCG is the mass ratio of the dry clay to the dry grain.

Thus, if the initial moisture contents of the grain and clay
are known, it is possible to obtain a value of K, the constant
total moisture.

Since conservation of moisture is assumed, Eq. 2 may be
rewritten for t=<* (i.e., when equilibrium has been reached).

K = Meqc X MRCG + MeqG (3)

Rearranging this equation in terms of the ratio of equilibrium
moisture contents yields

Meqc = L MeqG J (4)
MeqG

Thus curves of
Meqc

MeqG

(Mtfco)

•vs. MeqG may be obtained with K and

MRCG as parameters. Theseare the dashed lineson Figs. 3-6.
By imposing the second condition, it is possible to obtain a

ratio of the equilibrium moisture contentsof clay and grainas
a function of relative humidity, where the function is obtained
by dividing the hygroscopicity curvefor a givenclayat a given
valueof purityby the hygroscopicity curve for grain. Sinceat
equilibrium andat one temperature die moisture content of the
grain is a unique function of relative humidity, theequation may
be written as
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Figure 3.a-e, Drying wheat with sodium bentonite.

Meqc

MeqG
= f(MeqG) (5)

andthe resultsplotted on the same graphs as Eq. 4. The solu
tion to the final moisture constants of grain and clay will be
determined by the intersection of the linesdescribed by Eqs. 4
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and 5 for the appropriate parameters. The results for several
mass ratios for wheat, corn, oats, and barley are given in Figs.
3-6 for sodium bentonite. Using the same equations, design
curves may be produced for any specific clay.

USE OF DESIGN CURVES

A series of figures for each grain have been drawn in which the
clay-to-grain mass ratio is the differentiating parameter for each
figure. Examination of each series shows that the curves given
by Eq. 5 are identical for one series and independent of mass
ratio, as expected. This set of curves is unique for one grain
and one type of clay. Use of the design curves may be illustrated
with the following examples:

Example no. 1.

Problem. A Wyoming bentonite clay (sodium base) having a
purity of 0.72 was dried in a solar drier to a moisture content
of 2.6% (DB). The moisture content of the corn is 28% (WB)
(38.9% DB). The equipment for simultaneously feeding the
corn and clay into a common grain bin is set for an approximate
mass ratio (WB) of 1:1. The final equilibrium moisture content
of the corn must be determined, and whether it will be ade
quately low to leave the corn and clay together until the corn
is to be used.

Solution. First, the (WB) mass ratio given (1:1) must be con
verted to a (DB) mass ratio (1.355:1) before the graphs can be
used. Since this value lies between 1 and 2, an average of the
results using Fig. 4b,c will yield reasonable results. Approxi
mating the line corresponding to K = 0.42 on Fig. 4b reveals
that it intersects an estimated line of purity = 0.72 at a point
whereMe#(grain) = 0.27 (abscissa)andMe#(clay)/Afe#(grain)
= 0.53 on the ordinate. On Fig. 4c, the M^(grain) = 0.205
and Meq(clay)/Meq(gTain) = 0.53. Thus, the corn will equi
librate at a moisture content of 0.27 - (1.355-1)/(2-1) x
(0.27-0.205) = 24.7% (DB) (19.8% WB), and the clay at a
value of [Meq(clay)/Meq(grdm)] x Me^(grain) = 13.1% DB
(11.6% WB). Thus, the moisture content of this corn is insuf
ficiently lowfor safestorage; hence, a highermassratioof clay
to corn should be used initially, or the corn and clay mixture
used should be separated using a blower and the 24.7% MC
corn be recombined with dry clay for storage.

Example no. 2

To determine the mass ratio of clay to grain for some desired
final grain moisture content, the Figs. 3-6 are useful as illus
trated by the following example:

Problem. Wheat at 22% (WB) must be reduced to 15% mois
ture (WB) for optimal storage. Using sodium bentonite of 0.80
purity at 6% (WB) moisture, the amount of clay needed to
achieve the above moisture reduction in the wheat must be
determined.

Solution. Converting the WB values to DB yields MlG = 0.282,
M1C = 0.064 and MeqG = 0.176. The final equilibrium grain
moisture value (0.176) can be entered onto Fig. 3a-c to inter
sect the solid lines at an approximatepurity value of 0.80. This
will yielda different K valueon each figure, depending on the
massratio; however, the ordinatewhich is the ratio of equilib
rium moistures remains the same on each graph. Plotting K
(total moisture content) vs. mass ratio on a graph yields a
straight line (Fig. 7).
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Figure 4.a-e, Drying corn with sodiumbentonite.

Another straight line of K vs. MRCG can be obtained using
the initial moisture contents (DB) of wheat and clay with mass
ratioas a variable(Eq. 2) and plottingtheseon the samegraph.
The desired mass ratio is shown as the intersection of the two
lines (in this example, 2.05).
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Figure5.a-e, Drying oats with sodium bentonite.

OTHER CONSIDERATIONS

The accuracyof any calculationor design procedure is always
of great interest. The authors checked all their data with the
above method and arrived at the predicted grain equilibrium
moisture content to within 1% (DB) of the actual moisture con
tent. The greatest source of error lies in the estimation of the
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Figure 6.a-e, Drying barley with sodium bentonite.

hygroscopic properties of theclay. Theone-point determination
of the purity noted above is most accurate if it is determined
for themoisture content rangewhich the clay will experience.
The erroron final grain moisture for a change in purity from
0.7 to 0.8 can be seen to be of the order of magnitude of Vi%
for K = 0.2 and a mass ratio of 1 for corn (Fig. 4b). As the
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Figure 7. Example of determination of mass ratio of clay to grain.

clay content increases (e.g., to a mass ratio of 5 clay/grain) and
K increases to 0.8, the error on final corn moisture increases
to about one per cent. Results are similar for other grains.

EFFECT OF CLAY ON STORAGE REQUIREMENTS
No grains completely fill all voids; hence, there is space avail
able for the very much smaller clay particles to fill. The increase
in storage capacity required as a function of mass ratio can be
computed from information on the void fraction (bulk density/
particle density) of the grain and the ratio of the bulk densities
of the clay and grain. Figure 8 shows the results. It is thus
apparent that no increase in storage capacity is needed for the
actual storage of clay below a certain mass ratio for each grain.
However, from a logistics point of view, one spare container is
required to hold the clay in order to effect mixing the clay and
grain by the simultaneous augeringof the two componentsinto
another bin as the grain is put into storage.

Above the mass ratio at which extra storage is required, the
increase in storage, per unit mass of grain, varies with the ratio
of bulk density of grain to clay. Considerable increase is noted
for wheat and corn at a mass ratio of 2, for example.

USES OF CURVES FOR CALCIUM BENTONITE

Although it is possible to relatepurityto KerenandShainberg's
data for calcium-based clays and then produce similardesign
curves for calcium bentonite, it is also valid to use the design
curves presented in this paper and refer the purity number of
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Figure 8. Increase in requirements of storage capacity.
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the calcium clay to the sodium-based standard. The only pre
caution that must be followed is to obtain values of purity over
the whole rangeof moisture contents of interest, since there is
likely to be considerablymore variation in purity with moisture
content than with a sodium-based clay. Therefore a purity line
would have to be plotted for the clay in question derived from
the experimental hydroscopicity data obtained on the clay.

CONCLUSIONS

(1) Design curves, as presented, may be used to determine
the final moisture content that an intimate mixture of clay and
grain would reach when combined at a given mass ratio and
purity of clay. Considerable advantage is seen in using a very
low clay moisture content.

(2) The best experimental method to determine the purityof
clay is obtained by mixing samplesof clay and grain for which
the weight and initial and find moisture contents are known
(Watts et al. 1987).

(3) No increase in mass storage capacity is required at low
mass ratios, but a significant increase is noted at higher ratios
of clay to grain.

242

REFERENCES

BERN, C. J., M. E. ANDERSON, and M. J. WILCHE. 1981. Com
drying with solar dried desiccant. Agricultural energy 1. Am. Soc.
Agr. Eng., St. Joseph, Mich.
GRAHAM, V. A., W. K. BILANSKI, and D. R. MENZIES. 1983.
Adsorption grain drying using bentonite. Trans. ASAE (Am. Soc.
Agr. Eng.) 26(5): 1512-1515.
HAHN, R. H. and E. E. ROSENTRETER ed. 1986. Standards 1986.
Am. Soc. Agr. Eng., St. Joseph, Mich.
KEREN, R. and I. SHAINBERG. 1979. Water vapour isotherms and
heatof immersion of Na 4-/Ca+ + montmorillonite systems n. Mixed
Systems. Clay/Clay Miner. 27(2): 145-151.
STURTON, S. L., W. K. BILANSKI, and D. R. MENZIES. 1981.
Dryingof cereal grains with the desiccant bentonite.Can. Agric. Eng.
23(2): 109-112.
WATTS, K. C, W. K. BILANSKI, and D. R. MENZIES. 1986.
Comparison of dryingcom using sodiumandcalciumbentonite. Can.
Agric. Eng. 28(1): 35-41.
WATTS, K. C, W. K. BILANSKI, andD. R. MENZIES. 1987. Sim
ulation of adsorption drying of com, wheat, barley and oats using
sodium bentonite. Can. Agric. Eng. 29(2): 173-178.

WATTS, BILANSKI, AND MENZIES


	30_2_001 44.pdf
	30_2_001 45
	30_2_001 46
	30_2_001 47
	30_2_001 48
	30_2_001 49

