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PREFACE
 

The following report is a copy of a thesis prepared by Melquiades
 

part of his studies for a Master of Science Degree. It deals
Guevara Guio as 


with a serious problem of bean storage in tropical (high humidity) areas
 

which previously have had very little investigation. Isotherm data of various
 

beans, that is, the equilibrium relationship between the moisture content of
 

beans and relative humidity of air at a specified temperature, were determined.
 

it does with various
The hysteresis effect was found to exist with beans as 


other grain crops.
 

Mr. Guevara was sponsored by the Bank for International Development and
 

was given leave from IDEMA, S.A. of Colombia for his studies. His research
 

was supervised by Dr. Harry Pfost, Professor, Department of Grain Science and
 

Industry assigned to the AID/csd-1588 Technical Assistance Contract in Food
 

Grain Drying, Storage and Transportation.
 

The results of the research should be useful to storage engineers in
 

designing storage structures and those individuals involved in storage
 

management of bean crops in both tropical and temperate regions.
 

The results obtained from the investigation indicate that:
 

1. 	The equilibrium moisture content for beans investigated
 

decreases with an increase in temperature.
 

2. 	The Type II isotherm or sigmoid isotherm for beans is
 

consistent with those for other grains found by earlier
 

investigators.
 

3. 	The equilibrium moisture content for beans increases with an
 

increase in relative humidity.
 

v 



4. 	Hysteresis, for beans, decreases with an increase in temperature.
 

5. 	The rate of desorption for beans is a function of the relative
 
humidity and temperature.
 

6. 	The rates of desorption for beans were higher in the first two
 
days of storage period.
 

7. 	The isotherm equation developed by Chung and Pfost will predict
 
the equilibrium moisture of beans for a wide range of relative
 
humidity at a given temperature.
 

8. 	Isosteric heats of desorption and adsorption continually decrease
 
with increasing moisture content, and the values ofAHst for
 
desorption are greater than those of adsorption.
 

9. 	The heat of desorption for beans was found to be greater than
 
that of the latent heat of vaporization of pure water.
 

Mr. Guevara attended Kansas State University from August 1971 through
 

May 1973.
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INTRODUCTION 

A proper understanding of adsorption and desorption charac

teristics of hygroscopic substances such as grains and legumes is of a 

great practical importance during handling, storage, drying, and 

conditioning. Grains or legumes gain or lose moisture, depending on 

the vapor pressure of moisture in them and in air surrounding them.
 

The process of losing moisture from the substance is called desorption$ 

and gaining moisture is called adsorption.
 

Considerable effort has been made to obtain the sorption 

isotherms of grains; that is, the curves describing the equilibrium 

relationship between the moisture content of substance and relative
 

humidity at. a specified temperature. A sigmoid shape isotherm has been 

found for grain-. It has also been found that a hysteresis effect is 

exhibited in szrOi.rin Lothorms of grains; that iz, the equilibrlu:L 

moisture content frr a given relative humidity is higher during desorption
 

than adsorption. 

Numerous attempts have been made in the past decades to 

derive the isotherm equations describing sorption phenomena of grains 

and also to study the hysteresis effect on grains, However, only 

limited data on the equilibrium oisture contents of beans is reported 

in the literaturu, and piactlc-.ily no work on the hysteresis effect 

has been done for ,us. Thereforc, we initiated this investigation 

to provi.dc thi Isoth'. ..'nta on various beans and to examine whether 

the hysterimn eiffect would exist on beans. 

http:provi.dc
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LITERATUiRE iEVIEW 

Isotherm Theories
 

Many corption theories have been introduced to describe
 

and explain sorption phenomena of hygroscopic materials, 

isotherms into fiveBrunauer (1943) classified adsorption 

types. These types are shown in Fi'gure I.,The Type I curve is the 

i called the S-sh. pa
Langntuir adsorption isotherm monolayer. Type Ii 

curve describes the adsorption of water vapor
or sigmoid curie. This 

by cereal grains or other biological mat,.'rlaIs. Type Il is closely 

IV and V result in the adsorption ontorelated to Type II. Types 

highly porous adsorbents, like water vapor onto carbon. 

theories of dscrptionOne of the oldest and most widely Pnown 

is the Langmtuir equation. Lanr,;Pur(I-j8) assur.ed that$ At e:uS.1Jibriw., 

evaporation. }ie further
the rate of adsorption 'ciz equal to the ,:atc of 

probability of evaporation of a moloule' Is thl same
assumed that the 

oCcuD..ed b',yother
whether the neifhbcring positions on the ,;ur.ace ar 

Re also assumed that every molocule crmIng frommolecules or not. 

the Cas phnse which strikns a molecule alrrcdy absorbed on the snuface 

is elastically reflected.
 

The isotherm equation obtained by JAingm,uir isI 

Vm j+EiP 

where V w The vy..one of gas adsorbe 

t;-f.c', ion• ,:'.. :.:'h¢of ":. .. 1z'-, : t : catt' 

b . onstant 

P -urtuJA.irlurr. PriMtU'vo 

http:assur.ed


U) U LSIFCTO O RNU) 4)TC 
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This equation represents a monolaycr adsorption process. 

Polanyi (1916) was the first to consider multimolecular 

adsorption, His potential theory stated that the surface potential 

for adsorption extends up through the first layer to bind another,
 

forming i,ultimolecular layers. These layers are under compression 

because each layer is compressed by all the layers adsorbed on top 

of it. The top layer would have the density of the gas. The forces 

attracting the molecules to the surface decrease with distance. Polanyi 

represented his potential theory by the following equation: 

di 
Ei Vdp (2) 

dx 

where dl.- The density of the adsorbed substance 

dx - The density of the gas phase 

V - The adsorbed volume 

Dofoer aad Z;r1ckr (199) explained the adsorption by assuming 

that the uppermost layer of the adsorbent induces dipoles in the 

first layer of adsorbed molecules, which in turn induce dipoles in 

the next layer and so on until several layers are built up. The polar

ization theor! by DeBoer and Ziricker was the first to account for 

the sigmoid isotnrm,. DeBoer and Zwicker developed the following 

equation:
 

in :(I N n (3) 

whe're P the equilibrium preosure of the n'th layer 

, , t ,., a r:o%.,, i 


Kit K2 1,K co llstant ."
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Brunauer, Emmett and Toller (1938) postulatod the multi

molecular adsorption theory. They derived an isotherm equation for 

multimolecular layers that is similar to Langmuir's derivation for 

unimolecular layer. They assumed that the rate of condensation on 

the bare surface is equal to the rate of evaporation from the first 

layer, and that the evaporation condensation properties of the 

molecules in the second and higher layers are the same as thore of 

the pure liquid state. The derived equation iss 

vciP (4)
Vi (PO-P) LI + (C - 1) P/Po 

where P = an equilibrium pressure 

P0 = saturation vapor pressure at the same temperature
 

C = parameter varying with the gas and temperature
 

V w Voluwe adsorbed
 

ViA = Volume or amount of gas adsorbed when the entire adsorbent 

surface is covered with a mcnoolecular layer 

This equation gives an S-shaped isotherm. 

The fJ5lL equation is *he most widely used in adsorption studies 

because of its rigorous theoretical approach and because surface areas 

and approxinate heats of adsorption c-n be calculated from the equation. 

The constant C can be defined approximately as 

C - (S - El,)/RT 

where E1 Tho heat of acksorp'tion of the adsorbate in the first adsorbed 

layer 

. ... nzatico o' tho ad-ori-ato 

L 
It - Universal (as cornstant 
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T - The absolute temperature 

Smith (1947) considered the specific ease of water vapor 

sorption. Ho considered the sorbed water to be of two principal 

classess 

W wb + W() 

where Wb is the amount of water bound on the inner or outer 3urface 

of the absorbent by forces greater than those responsible fcr con

densation of water to the liquid state. W. is the amount of water 

normally condansed within the adsorbent. Smith defined Wo ast
 

W W1 ln (I - P/Pc) (6)c -  

where W1 is the amount of normally condensed vapor required to saturate 

the first lmyer of the Wc fraction thus, 

W aWb+ Wc- vWb- W'n (I - P/Po) (7) 

Rodriguez-Arias (1956) and Becker (1956) found that the approximate 

regicn of applicability of the Smith equation was between 50 and 90 

percent relative humidity for corn and wheat. 

Hoover and Mellon (1950) found that the sorption of vater 

at high relative humidity depends on the prior sorption on active 

sorptive Croups such as the free aino and peptide groups. They showed 

that many isotherms between 30 to 90 percent relative humidity can 

be described by the simple relationships 

log a -.K ?/P o . b (8) 

where a in the anount abnorbed, P/P0 is relative vapor pressure, and 

K, b are ernlrical constants. 

An isothera equation was developed by Henderson (1952) 

wihichi'i
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S- P/P 0 - exp(-KTmn) (9) 

where P/Po = equilibrium relative humidity 

T - absolute temperature 

K, n = constants depending on temperature and materials 

m - equilibrium moisture content, percent dry basis 

Chung and Pfost (1967) developed a new isotherm equation 

that may be applicable to describe the isotherm of cereal grains and 

their products over a wider range of relative humidity, They determined 

that the adsorption potential function can be replaced by the free 

energy function or useful work function. By using thermodynamic 

relations they derived
 

&F- RT lx p/Po (10) 

and then they assumed that the free energy function, or useful work 

decreases exponentially with increasing thickness of adsorbed layer, 

and it is variant with tamperaturo. Matheatically this assumption 

was expressed 

-&F - A exp (-Bin) (ii) 

By equating equation 10 with equation 11 they finally developed the 

equations
 

In P/PO A exp (-Bin) (12) 

where P/Po a equilibrium relative humidity 

A, B = constants 

T - absolute temperature 

m- moisture content 

R universal Gas conatant 



9 

Strohinan and Yoerger (1967) devoloped an equation from 

Othmer's linearity in comparison to the free energy approach used by
 

Chung and Pfost (1967)
 

P/PO Mexp [a xp(bm) in P0 .+ C exp(dm]) (13) 

where a, b, c, and d are constants depending on the grain used and
 

m is the equilibrium moisture content.
 

Chen (1971) developed the following equation under assumption
 

that the diffusion is the rate controlling mechanism in the sorption
 

process
 

y = exp (K + menx ) (14)
 

where k, m, and n are constants
 

y w r*ltive humidity 

x = equilibrium moisture ccntent. 

The drying of hygrosCopic materials was considered as moisture migration 

in a diffusional field by Chn. 

Hysteresis
 

Theoreticilly, adsorption-dcsorption curves should coincide, 

however, in practice, they do not, and the resulting phenomencn is 

terined hysteresis. No definitive theory to describe the hysteresis 

effect has been Droposed, but investigators generally associated 

hyte~ci -" onz tion.:th:'.~l .

It ha% ix.en found that the equilibriun moisture content 

of cerenls nrd t",ur products for desorption is higher than that for 
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adsorption. The equilibrium vapor pressure is lower during desorption 

than adsorption. Cohan (1941) classified the proposed theories ass 

1. the incomplete wetting theory,
 

2. the ink-bottle theory, and
 

3. the open-pore theory. 

The first explanation of hystereses was postulated by Zsigmondy 

(1911) in terms of capillary condensation. He stated that during 

adsorption incomplete wetting takes place in the capillaries of the 

absorbent because of impurities, mostly permanent gases absorbed on 

the walls of capillaries. This causes the adsorption moisture content 

to be lower than the desorption moisture content, 

Kraemer and McBain (1935) suggested that cavities with 

constricted necks are responsible for hysteresis.
 

During adsorption the vapor pressure in these bottle cavities 

is determned by con(fensatlon in the portion with a relatively large 

diameter, during desorption, by condensation in the narrower neck. 

Cohan pointed out that the gel structure may consist predom-


Inantly of pores which widen toward their bases and behave as though open. 

Urguhart (1929) attributed the hysteresis in the sorption 

of water by cellulose to an irreversible uncoupling of hydroxyl groups 

within the cellulose structure, the uncoupling occurring during adsorp

tion and recoupling occurring at a relatively delayed stage in the 

desorption proccGs. 

Hart (1964) found that as temperature increases, hysteresis 

effuct dicxc ,nc.3 f'ouri t.at the initial =Ate at which high moisture 

w.v",t l:es r..,:.t.wo i:n t.h-n the rate at hilch low moisture 



wheat reCains mols ture. 

Smith (1947) sugge:ted that hysteresns is due to swelling 

which increases the surface area and due to th presence of rigid 

structural elements of much greater dimenmionz thin those of the 

sorbate molecules, 

Young and Nelson (1967) stated that hysteresis ts subject 

to a wetting environment. Since a biolo ical m=terial is a combination 

of many biological coils, three mechanisms are hypothesized by which 

water is held by the material. a) There can be a unimolecular layer 

of water molecules bound to the surface of the cells. b) There can 

be multimolecular layers of molecules stacked on top of the first 

layer. c) There can be moisture within the cells. The suirface molecules 

of the cell exert bnd.ing forces on the water molecules which prevent 

them from moving. l rd,:m A she a-ount of ater builds up, the 

diffusiorAl forces exc-ed th' binding forces and allow some molecules 

to move into the cell. There is no force to pull the moisture out 

of the cells until all the moisture has been removed from the surface 

during desorption. 

Chung and Pfost (1967) in the investigation of the cause 

of hysteresis effect, 1.. stule-.t.d -,.he h:.' thcsJs 'Lhat nore sorption 

sites or polar oites on the surface of an adsorbent stght be available
 

to tr.ter p'..or dur.'ing the desorptlon process than during the adsorption 

process. Thiy ut, l1 this hypothesis by showing the differences 

beLten t;: he4tu or' deaorptton and heats of adsorpticn. They also 

a , a" e,..',i.t'iccat c...,bI Utv ol pvlar sites on the our-ace 

of an Pd.ox1nt In the adiorption process is to b6 expected because 
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of the crack formation due to wetting. They concluded that the 

difference in the availability of sorptive sites or polar sites on 

the surface of the adsorbent to water vapor would cause the hysteresis. 

They also found that in the third cycle of desorption and adsorption 

of wheat, the hysteresis loop practically disappeared. 

Investigation
 

objectives 

The 	objectives of this investigation weret
 

1. 	To find adsorption and desorption isotherms of red 
beans, baby lira beans, and pinto beans at 70' F, 
800 F, 90) F, and 1000 F, over a ange of relative 
humidity from 10 to 90 percent. 

2. 	To study the rate of desorption in beans.
 

3. 	 To test the fitness of the results in Chung and Pfost 
equation. 

4. 	 To detoerine the hcats of desorption and adsorption 
of water by various types of beans. 
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MATERIALS AND METHODS 

Three different kinds of dry beanst comll red field beans 

(phaseolus vularis), baby lirra beans (phaseolus lunarus), and pinto
 

field beans (phaseolus vulgaris) obtained from a grocery store were 

used to obtain desorption and adsorption isotherms at 700 F, 800 F', 

900 F, and 1000 F temperatures. Samples for obtaining the desorption 

isotherms were wetted to about 25 percent moisture content. Samples 

for obtaining the adsorption isotherms were oven dried at 1200 F 

temperature to 5-10 percent of initial moisture content, dry basis. 

Sample sizes from 4.0 to 6.0 grams were placed in baskets made from 

fine wire screen. The relative humidity, depending on the temperaturep 

was controlled by solutions of sulfuric acid. The concentration 

raneed from 10 to 60 percent of sulfuric acid. Perry's Chemical 

Engineer Handbook (1950) was used to determine relative humidities
 

at different solution concentrations. The range of relative humidity 

of 10 to 90 percent was used. The container used for relative humidity 

control was a 500 ml flask, which was filled with 200 ml of sulfuric 

acid solution. The basket containing a sample was suspended above 

the solution in the contal:ver, and then the flask was sealed with a 

rubber stopper. The flask containing the sample was placed in the 

temperature control chamber for three weeks. Then the equilibrium 

moisture contents of samples were determined by an oven method (72 

hours at 1030 c). 

In addition, th. rates of denorption for red bean were examined 

at 20, 50, and SO parcent relative humidities with 700 F and 1000 F
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tomperaturos. These samples were taken out of the temperaturO control. 

chambers every 48 hours and weighed until the weights of samples re

mained constant. Also during this test a possible change in the 

solution concentration was studied. Densities of concentrations of 

sulfuric acid for 20, 50, and 80 percent of relative humidities were 

calculated and checked periodically every 48 hours. 
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RESULTS AND DISCUSSION
 

Rate of Desortion 

In Figure 2 we can observe the rates approaching to the
 

moisture equilibrium at different relative humidities for red beans.
 

As we can see in Figure 2 the rate of desorption is a function of the
 

relative humidity and temperature. For an example at 20 percent of
 

relative humidity the rate of desorption decreased sharply while at
 

80 percent of relative humidity the rate of desorption gradually
 

decreased. As the equilibrium was approached the rates of desorption
 

decreased considezAbly. The rates of desorption did appear signifi

cantly higher in the first two days of storage period. We also observcd
 

that at higher -temperatures for a given relative humidity the rates
 

of desorption ware faster. At 1000 F for a given rlative humidity
 

the rate of change in moisture vas greater than at 700 F but the
 

actual equilibrium moisture content was less. At higher temperatures
 

the period of time to reach equilibrium was also less.
 

The Change in the Solution Concentration 

In this investJtation densities of 1.460 gr/cc and 1.193 gr/cc 

of concentration of :aulturic acid for 20 and 80 percent of relative 

huidity repectivwly, were chocked periodically every 48 hours. The 

valves of detnitloe rnvined conrt-nt. The reoiults showed no change 

in the sulfuric acid concontration during a test period. 

xerient 3]oth-s 

Th. equj.1.1brtii n noistvre contents for desorption and adsorptiona 
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FIGURE 2. rates of dosurption for zd beans 
at 700 F and 1000 Fe 
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process of leans are given in Table t,, Isotherm curves of beans for 

desorption and adsorption at various temperatures axe shown in Figures 

3 through 14. It can be seen in these curves that for both adsorption 

and dcsorption the equilibrium moisture content increases with an
 

increase in relative humidity. At equilibrium the vapor pressure 

of the water in the grain is the same as the pressure of water in 

it environrient. As the environmental pressure increases, or relative 

humidity incrcases, the pressure of the water in the grain must 

increase to reach equilibrium.
 

Figures 3 through 14 show that the equilibriin ioisture 

content decreases with an increase in temperature. This can be 

explained by the principle of "Lechatlier'. The principle states 

that if a stress is applied to a system at equilibrium, the system 

will readjust to decrease the stress. Th stress in this ease is a 

temperature. As the temperature increases the kinetic energy increases, 

causing an increase in stres3. To reduce this stress some of the 

molecules escape to the environment, thus decreasing the moisture 

content. A diagramatic representation of the influence of temperature 

for red beans is snown inFigure 15. 

Decorption and adzorption curves for beans investigated are 

sigmoid in shape, like other cereal grains and belong to the Type II 

isotherms according to the classification of Brunauer (1938). Each 

inothnrm ccnsists of three r'gions: the low pressure region concave 

to the relative huraIdity ax-is, the intermediate lincar portion and the 

high pr .:nsure r.c convex to ih ) r.lat lve huraidity axis. 
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Table 1. Exporimental isotherm data at 70, 
90, and 1000 I for various beano. 

80, 

Material 
;

(d~og. 
r-

F'ahv)-
cla

Humidity (') 
Desotpjo-

E.M.C. '(d.b)_ Adci'p ionE. 11..% _(_d.b) 

Red beans 70 89.40 
79.15 
69.46 
59.07 
48.57 
38.89 
30.13 
20.38 
11.62 

--
22.35 
18.88 
14.05 
12.79 
lO.76 
9.91 
8.66 
7.53 

21.50 
.17•50 
13.65 
11.00 
9.35 
8.89 
7.50 
-

80 89.17 
78.62 
69.04 
58,99 
46.62 
39.02 
30.16 
20.73 
12.11 

...... 
---
17.59 
14.29 
12.06 
10.00 
8.69 
7.78 
6.53 

19.52 
16.93 
13.61 
11.06 
9.68 
8.35 
7.14 
--

90 89.51 
78.95 
69,39 
59.34 
49.00 
39.-14 
30.59 
21.16 
12.29 

...... 
---
18.28 
14.33 
11.66 
10.11 
8.81 
7.33 
6.43 

21.77 
17.90 
14.04 
11.56 
10.07 
8.46 
7.19 
--

100 89.81 
79,24 
69.75 

... 

18.37 17.78 
5979 
49,55
40. 07 
31.19 
21.65 
12.66 

14.24 
11.95 
9.44 
8.91 
6.39 
5.59 

13.39 
11.48 
9.35 
8.15 
7.74 
-" 



Table I (continued)
 

Tomperat're n clativc 
material (del" I'±h-) IumIdIty () 

Baby lima 70 89.40 
bean 79.15 

69.46 
59.07 
48.57 
38.89 
30.13 
20.38 
11.62 

80 79.17 
78.62 
69.04 
58.99 
48.62 
39.02 
30.16 
20.73 
12.11 

90 89.51 
78.95 
69.30 
59.34 
49.00 
39.44 
30.59 
21.16 
12.29 

100 89.81 
.79.24 
69.75 
59.79 
49.55 
40.07 
31.19 
21.65 
12.66 

19 

13esoru t Jn 
dab) 

Adsorption 
.-. c _% d.b) 

23.34 
19.69 
15.01 
13.21 
11.20 
10.79 
9.54 
7.50 

21,75 
.17.96 
14.00 
11.40 
9.80 
9.05 
8.05 
--

...... 
---

18.71 
15.09 
12.39 
9.69 
8.85 
7.95 
6.79 

21.50 
17.50 
13.96 
11.40 
9.61 
8.57 

... 

18.55 
15.63 
12.14 
10.14 
9.o4 
7.34 
--

--
18.20 
13.90 
11.26 
9.65 
8.53 

--
...... 

18.08 
14.52 
12.36 
10.06 
9.14 
8.15 
... 

17.42 
14.16 
11.25 
10.02 
8.33 



---

---

---
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Table 1 (continued)
 

Temperauro Relative Desorption Adsorption 

Ihiterial (doil. Fahr) Hunidity k5 ,) E.M.C. (d.b) i.I1.C. 90 (d.b) 

Pinto beans 70 89.40 ... 
22.95
79.15 23.23 


69.46 18.70 17.77
 
14.12
59.07 15.61 

11.61
48.57 12.93 


38.89 11.68 10.22
 
30.13 9,38 8.38 

7.3220.38 8.61 

7.73u.62 

80 89.17 ..
 
22.69
78.62 

17.6069.04 18.46 

58.99 15.o6 14.08
 
48.62 12.43 11.51
 
39.02 10.32 10.12
 

8.27
30.16 9.04 

7.28
20.73 7.86 


12,11 6.89 


90 89.51 ---... 
22.5378.95 ---
17.29
69.39 18.33 


59.34 14.96 L.00 
49.00 12.00 1.44 

10.08
10.23
39.44 

30.59 8.94 8.17
 

7.73 --21.16 

12.29 6.74
 

100 89.81 ..
 
22.08
79.24 


69.75 18.29 17.16
 
14.00
14.40
59.79 


49.55 11.84 11.35
 
40.7 1o.16 9.43 

31.19 8.80 8.07
 
21.65 7.65 7.05 
12.66 6.29 
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A small difference in the value of equilibrium moistnre 

content among various beans examined at a specified onviroirnmnt con

dition was observed. 

For each kind of bean the phenomenon, commonly referred to 

as hysteresis, was present as shown in Figures 3 through 14. The re3ults 

showed that hysteresis decreases with an increase in temperature. For 

the purpose of illustration isotherms curvet; for red bean at 700 F 

and 1000 F tenperature were plotted in Figure 16, Agreement In the 

hysteresis effect for the different kinds of beans at a given conditiou 

of relative humidity and temperature was observed. Molecular shrink.ge 

during desorption is believed to reduce the availability of sorption 

sites on sorbent surface, Chung (1966) postulated that the difference 

in the availability of sorptive sites or polar sites on the surface 

of the adsorbent to wter cause the hysteresis phenomenon. 

Attention has been called repeatedly to the difference in the 

moisture contents of various cereal grains at different relative 

humidities, and the relationship of these values to allowable moisture 

content in storage. It is quite generally agreed that the cri.tical 

moisture level for any cereal is the percentage moisture at which the 

seed is in -iquili--ium with a humidity of about 70 percent. Thus, 

tho moisture contents at 70 percent relative humidity of bxirley, oats 

and wheat are about 14.5, 13-9, 14.6 percent respectively, wher.eas 

flax seed and other oil seeds are lower in equilibr1xiim oisture con

tent, at 75 percent relative humidity, We found that beans are higher 

with i vaiue ,i'uut.L".' noisture. Thus, the storage of beans at high 

levels of moisture fro, 16 to 1'l%, dry Vicis can be considered safe. 

http:shrink.ge
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Application of Chuna and Pfost Equation 

The Chung and Pfost equation as explained in the review of 

literature, was tested to find its applicability to the results of 

this investigation. 

In order to apply this equation, first, the values of -AF 

of desorption and adsorption at 700 F, 800 F, 900 F, and 1000 F for 

each kind of bean were calculated using the equation (10). The va.lues 

P/Po of this equation were taken from curves 3 though 14 using the 

experimental data for. constant values of m. These values are tabulated 

in Table 2. For the purpose of illustration, semiloganthmic paper 

values of -AF against moisture for red beans at different temperatures 

were plotted. The plotting of the values of -&F against moisture 

yielded a straight line as shown in Figure 17 which supports the 

assumption expressed by Chung and Post in their equation, namely, 

-A&F - Ae"Bm (11). Then the equation was trasformed into a linear 

form ln (- F) - 1n A - Bm (15), and the constants A and B were evaluated 

by the least square method. The values of A, B and the values of the 

correlation coefficient are tabulated in Table 3. 

For the Chung and Pfost equation the linear portion found 

and shown in Figure 17 has a correlation coefficient of +0.97 or better. 

The entire range of data is linear for this equation. For baby lima 

bean. and pinto bnns sinilar results were found at all temperatures 

of dezorption and adsorption. 
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Table 2. The f rze energy chanige 
adsorption for various 

of desorptior 
beans. 

and 

Material ( i.oi'.hr) T -417, T/1b-molc -A?, 'i'_1b-o , 

Red bean 100 5 
7 
9 
i 
13 
15 
17 
19 

2559.55 
1683.10 
1166.98 
863.18 
664.55 
522.45 
420.55 
334.70 

2453.60 
1563.46 

1075.56 
792 5 
6o5. >1 
41; "65 
396.4-W 
327,.2 

90 5 
7 
9 

11 
13 
15 
17 
19 

2827.92 
2000.72 
1243.9? 
871.77 
672.72 
539.64 
4-37.22 
351.03 

2691.27 
1757.0O 
1129.62 
812.74 
623.31 
487.23 
421.04 
Y3.58 

80 5 
7 
9 
11 

13 
15 
17 
19 

3015.69 
2033.52 
1 .35 
1071.90 
670.47 
529014-6-7 
429.27 
3/44.70 

2707.32 
17a0.13 
112.5. 
80930 
621.50 

413.39 
344.70 

70 5 
7 
9 

11 
13 
15 
17 
19 

3262.50 
2422.43 
1546.17 
085.23 
j8796 
537.I41 
437.14 
) 52.9 3 

2875.6
192.96 
1134.96 
794.32 
609.99 
42776 
405.73 
336.32 
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Table 2 (continued) 

Material 
Temperature 
(deg-. .h) m -AF, 

Desorption 
BTU/lb-mole 

Aduorption 
-AF, BTUill1mole 

Baby lima 
beans 

100 5 
7 
9 

11 
13 
15 
17 
19 

2453.6o 
1875.71 
1199.20 
875.33 
684.95 
558,60 
461.88 
396,47 

2311.50 
1734.81 
1105.21 
839.28 
644.52 
522.45 
428.70 
372.91 

90 5 
7 
9 

11 
13 
15 
17 
19 

2827.92 
1902.88 
1261.17 
921.40 
693.12 
557.69 
478.73 
413.04 

2628.87 
1757.10 
1146.14 
835.97 
642.80 
521.89 
437.22 
381.62 

80 5 
7 
9 

11 
13 
15 
17 
19 

2929.89 
2107.47 
1255.39 
929.87 
680.52 
556.52 
461.75 
397.74 

2642.34 
1899.36 
1140.72 
820.77 
64o.82 
521.05 
429.27 

70 5 
7 
9 

11 
13 
J.5 
1? 
19 

3100.33 
2422.,3 
1804.05 
1166.36 
772.17 
564.0o4 
453.20 
375.23 

2797.67 
2068.44 
1266.63 
840.07 
638.56 
511.43 
429.20 
375.23 



Table 2 (continued)
 

Tepramturo 
Material -ric.Pahr) m -v 

Pinto beans 100 	 5 

7 

9 


11 

13 

15 

17 

19 


90 	 5 

7 

9 

11 

13 

15 

17 

19 


80 	 5 

7 

9 


11 

13 

15 

17 

19 


70 	 5 

7 

9
.11 


13 

15 

17 

19 


40
 

Dmoirpton 
elf?I/1b-rmole 

2676.67 

1937.48 

1242. 54 

875.33 

674.70 

549.45 
1445.17 

365.16 


2951.06 

2108.19 

1278.63 

896.30 

699.32 

566.82 
453.63 
373.91 

3033.71 

2122.89 

1312.19 

924.78 

711.'30 

565.56 

465.05 
374.69 


3468.43 

2657.19 

1501.39990.61 


70.47 
591.37 

469.51 
375.23 


Advorotion 
-Ak', 1)" J/Ih-nole 

2404.19
 
1713.64
 

1075.5 
792.95 
628.75
 
518.90
 
428.70
 
349,63 

2691.27
 
1714.28
 
1100.32
 
821.97 
642.,,O
 
514.87
 
432.34
 
358.64 

2694.01
 
1725.15
 
1095.10
 
809.30
 
640.b?
 
512.40
 
429.27
 
359.59
 

2782.75 
1804.05
 
1150.54
 
828.44 
628.95 
502.91
 
421.32 
355.88
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A, B and correlationTable 3. Tabulation of constants 
coefficient for various beans
 

Material fr1ue ture A B r 

Red beans desorp 
desorp 
deorp 
desorp 
adsorp 
adsorp 
adsorp 
adsorp 

700 F 
800 F 
900 F 
1000 F 

700 F 
800 F 
900 F 
i000 F 

5591.48 
5229.11 
4717.33 
4272.69 
3781.96 
4424.88 
4230.18 
4242.89 

14.72 
15.27. 
14.27 
13.69 
13.21 
14.77 
13.86 
14.14 

0.998 
0.981 
0.960 
0.830 
0.995 
0.999 
0.994 
0.994 

Baby lima 
beans 

desorp 
desorp 
desorp 
desorp 
adsorp 
adsorp 
adsorp 
adsorp 

700 F 
800 F 
900 F 

1000 F 
700 F 
800 F 
900 F 
1000 F 

5655.06 
4909.85 
4101.05 
5049.27 
4054.16 
3349.61 
3359.00 
3553.18 

14.09 
14.22 
12.91 
14.71 
13.35 
12.23 
12.22 
12.73 

0.996 
0.985 
0.997 
0.999 
0.992 
0.999 
0.987 
0.994 

Pinto beans desorp 
desorp 
desorp 
desorp 
adsorp 
adsorp 
adsorp 
adsorp 

700 F 
800 F 
900 F 

1000 F 
700 F 
800 F 
900 F 

1000 F 

5329.43 
5112.78 
5334.78 
4895.14 
3494.69 
3388.01 
3010.90 
3408.40 

13.96 
14.46 
14.99 
14.48 
12.18 
11.68 
11.30 
12.18 

0.992 
0.983 
0.988 
0.982 
0.992 
0.934 
0.991 
0.988 
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The theoretical desorption and adsorption isotherms of beans 

were obtained by substituting the corresponding constants A and B 

from Table 3 into equation 15. The isotherm data of various beans 

calculated by the theoretical Chung and Pfost equation are given in 

Table 4. In this table we can see a close agreement between experimental 

and theoretical isotherm data for the entire range of relative humidity. 

As a conclusion, the isotherm equation developed by Chung 

and Pfost is very useful to determine the sorption of beans for a
 

wide range of relative humidity at a given temperature, 
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Table 4. Comparison of calculatod moisture contents 
and experimental moisture contents for 
isotherms of beans. 

Desorption Adsorption 
Material Temp. P/Pc m(exp) m(calc) m(oxp) m(calc) 

Red beans 700 F 0.8940 
0.7915 22.35 21.21 21.50 20.69 
0.6946 18.88 18.20 17.50 17.33 
0.5907 14.05 15.70 13.65 14.55 
0.4857 12.79 13.56 11.00 12.16 
0.3889 10.76 11.73 9.35 10.12 
0.3013 9.91 10.11 8.89 8.32 
0.2038 8.66 8.19 7.50 6.18 
0.1162 7.53 6.13 

800 F 0.8917 
0.7862 19.52 19.24 
o.6904 17.59 16.8? 16.93 16.32 
0.5899 14.29 14.56 13.61 13.92 
0.4862 12.06 12.51 11.06 11.81 

0.3902 10.00 10.77 9.68 10.01 
0.3o16 8.69 9.19 8,35 8.37 
012073 7.78 7.41 7.14 6.53 
0.1211 6.53 5.48 

900F 0.8951 
0.7895 
o.6939 18.28 17.31 17.90 17.04 
0.5934 14.33 14.81 14.04 14.46 
0.4900 11.66 12.62 11.56 12.21 
0. 3944 10.11 10.76 10.07 10.29 
0.3059 8.81 9.07 8.46 8.55 
0.2116 7.33 7.17 7.19 6.60 
0.1229 6.43 5.07 

1000 F 0.8981 
0.7924 
0.6975 18.37 17.28 17.78 16.69 
0. 5979 14.24 J.4.68 13.39 14.17 
0.4955 11.95 12.41 11.48 11.9 
0.40wY 9. 4 10,43 9.35 10.10 
0.3119 8.91 8.71 8.15 8.39 
0.2165 6.39 6.73 7.74 6.47 
0.1266 5.59 4.53 
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Table 4 (continued) 

Material Temp. P/Po 
DWoorption 

m(exp) m(calc) 
Ad.,orption 

m(exp) m(c,]c) 

Pinto beans 700 F 0.8940 
0.7915 
0.6946 

23.23 
18.70 

22.03 
18.85 

22.95 
17.77 

21.78 
18. 14L 

0.5907 15.61 16.22 14.12 15.13 
0.4857 12.93 13.96 11.6i 12.53 
0.3889 i!.6b 12.03 10.22 10.32 

0.3013 
0.2038 

9.38 
8.61 

10.32 
8.30 

8,38 
7.32 

8.30 
6.05 

0.1162 7.73 6.13 

800 F 0.8917 
0.7862 22.69 21.68 
o. 6904 18.46 17.67 17.60 18. (4 
0.5899 15.06 15.22 14.08 15.06 
0.L462 12.43 13.06 11-51 12.44 

0.3902 10.32 11.22 10.12 10.20 

o.3o16 9.04 9.55 8.27 8.16 
0.2073 7.86 7.66 7.28 5.83 
0.1211 6.89 5.63 

900 F 0.8951 
0.7895 22.53 21.74 
0.6939 18.33 17.31 17.29 17.39 
0. 5954 14.96 14.92 14.00 14. 
0.4900 12.00 12.84 11.44 11.97 

0.3944 
0.3059 

10.23 
8.94 

ii.06 
9.45 

10.08 
8.17 

9.61 
7.48 

0.2116 7.73 7.65 
0.1229 6.74 5.65 

1000 F 0.8981 
o.7924 22.08 21.17 
0.6975 18.29 17.29 17.16 
0.5979 14.40 14.83 14.00 14.t,6 
0.4955 11.84 12.67 11.35 12.10o 
0.4007 2o.16 10.85 9.43 9.93 
0,3119 
o.;e15 
0,1266 

8.80 
7.65 
6.29 

9.18 
7.30 
5.23 

8.07 
7.05 

7,94 
5.7i 
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Table 4 (continued) 

Desorption Adsorption 

Material Tdmt. P/PG 

Baby lima 
bean 

700 F 0.8940 
0.7915 
0.6946 
0.5907 
0.4857 
0.3389 
0.3013 
0.2038 
0.1162 

800 F 0.8917 
0.7862 
o.6904 
0.5899 
0.4862 
0. 3902 
0.3o16 
0.2073 
0.1211 

900 F 0.8951 
0.7895 
o.6939 
0.5934 
0.4900 
0.3944 
0.3059 
0.2116 
0.1229 

1000 F 0.8981 

0.6975 
0.5979 
0.4955 
0.4007 
0.3119 
0.2165 
0.1266 

m(ex) 

2 
23.34 

19.69 

15.01 

13.21 

11.20 

10.79 

9.54 
.7.50 


18.71 

15.09 

12.39 

9.69 

8.85 
7.95 

6.79 


18.55 
15.63 

12.14 

10.14 

9.04 

7.34 


18.08 

14.52 
12.36 

10.06 

9.14 

8.15 


m(!Ilc) 

22.24 

19.09 

16.49 

14.25 

12.34 

10.64 

8.64 
6.49
 

17.68 

15.19 

13.00 

11.13 

9.43 
7.51
 
5.45 

18.05 

15.29 

12.87 

10.81 

8.94 

6.84 

17.22 

14.80 
12.68 

10.89 

9.24 

7.40
 

m(exp) 

21.75 

17.96 

14.00 

11.40 

9.80 

9.05 

8.05 


21.50 

17.50 

13.96 

11.40 

9.61 

8.57 


18.20 

13.90 

11.26 

9.65 

8.53 


17.42 

14.16 
11.25 

10,02 

8.33 


m(calc) 

20.98
 
17.65
 
14.91
 
12.51L 
10.53
 
8.74
 
6.63 

20.94
 
17.42 
14.52
 
11.97
 
9.80
 
7.83
 

17.144
 
14.52
 
11.96

9.73 
7.82 

17.14 
14.35 
11.90
 
9.83
 
7.92 
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Heats of adsorption and desorntion for various beans 

The heat of adsorption or desorption is tidicative of the
 

intermolecular force between the molecules of water vapor and the
 

molecules of water vapor and the surface of absorbont. If water vapor
 

isadsorbed on a surface, a quantity of heat has to be released Which
 

is known as the heat of adsorption. In the same way if water vapor
 

is desorbed, a quantity of heat is taken up, which is called the heat 

of desorption.
 

The method of determining, the heats of desorptlon is W.sed 

on thermodynamic principles. The isosteric heat of zortjon is expressed 

by the following equation 

AHst =('T2 In P2/ (16) 

where P1 and P2 are equilibrium vapor pressures at the absolute temperatures 

T, and T2, respectively. In the evaluation of isosteric heats of 

adsorption and desorption of beans, relative humidities PI/Po and P2/Po 

were obtained from Fir-ures '3through 1? at constant values of m. The 

relative humidities were converted to the equilibrium;i vapor pressure 

P and P2 The .alues of AiHst finally were calculated by equation 16 

with substitution of 1)2 and P1 at corrorpondint constant m. 

For each kind of bears the isosteric heat of adsorption and 

desorption was calculated. The values of isosteric heats of adsorption 

and desorption that iere calculated ranged from 2,000 BrI/ib to 1,000 

BTU/lb as shoun in Table 5. From these tables we can see that the 

va.luo: eL ho; o.' tI,-t:orpt on arL lru:.Iter ti:,rn tho( oJ h1'.Vt of adsorption. 

This means that the energy involved in the desorption process of beans 
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Table 5. Values of heats of desorption and 
adsorption for various beans
 

Desorption Adsorption
 
m A Hst Hst 

Material %BIU/lb. B'IJ/lbo 

Red beans 	 5 1889.18 1568.42 
7 1676.03 1461.34 
9 1186.85 1174.56 

T1 - 800 F 11 1111,55 1106.92 
and 13 1095.94 1083.54 

T2 " 1000 F 	 15 1077.94 1076.36
 
17 1074.35 1073.05
 
19 1072.00 1071.58
 

5 1864.50 1474.63 
7 1798.88 1402.10 
9 1574.24 1112.84 

TI - 700 F 11 1265.23 1060.45 
and 13 1089.15 1057.73 

T2 - 900 F 15 1070.01 1056.05 
17 1067.62 1043.45 
19 1065.77 1054.49 

Baby lima 5 1914.64 1680.49 
beans 7 1502.16 1389.77 

9 1191.45 1154.08 
° 
T 80 F 1 1170.89 1067.26
 

and F 13 1063.60 I065.48
 
T2 = 100 F 	 15 1065.22 1064.33
 

17 1062.89 1062.13
 
19 1061.42 1060.92
 

5 2068.62 1447.38 
7 1942.92 1616.73 
9 1942.92 1291.21 

T 1 700 F 11 1468.89 1096.15 
and 13 1202.71 1072.67 

T2 - 900 F 15 1084.14 1066.46 
17 1057.03 1055.49 
19 1048.63 1054.89
 



Table 5 


Material 

Pinto beans 

009 
T, 80° F 


and 
T2 = 3.00 F 

° 
T 70 F

and 


T2 ' 900 F 

(continued) 

m 

5 

7 


11 

13 

i5 

17 

19 


5 

7 

9 


1

13 


15 

17 

19 
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Dc:;orption 
AHt 

"'/1b. 

1741.53 
1433.49 
1214.81 
1162.9? 

1131.e4 

1093.02 

1093.00 

1072.54 

1999.82 

1997.32 

1454.81 

1237.33

1160.45 


1112.44 

1092.90 

1066.24 


Ad o';f.LO
A at 
W"/rt. 

16. I.3
 
1150. 25
 
1127.5
 
1106.92 
1091.13
 
1066.15 
1062.1 j 
1060,00
 

1332.71
 
127 5. 83
 
ll8l.'-0
 
1099.O6

1059,99
 

1057.78
 
1053.76
 
1050.63
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is greater than that in the adsorption process. For the purpose of 

illustration in Figure 18 we can observe that the heats of adsorption 

and desorption decrease continually with increasing moisture content 

and also that the heats of desorption and adsorption of beans are
 

higher than heat of vaporization of pure water. 
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CONCLUSIONS
 

From the results of this investigation, the following
 

conclusions were made:
 

I, The equilibrium moisture content for beans investigated
 
decreases with an increase in temperature.
 

2. 	 The Type II isotherm or sigmoid isotherm for beans is 
consistent with those for other grains found by earlier 
investigators. 

3. The equilibrium moisture content for beans increases
 
with an increase in relative humidity.
 

4, 	Hysteresis, for beansg decreases with an increase
 
in temperature.
 

5. 	 The rate of desorption for beans is a function of the 
relative humidity and temperature. 

6. 	 The rates of desorption for beans were higher in the 
first two days of storage period.
 

7, The isotherm equation developed by Chung and Pfoct 
will predict the equilibrium moisture of beans for a 
wide range of relative humidity at a given temperature. 

8. 	Isosteric heats of desorntion and adsorption continually 
decrease vrith in-reasing moisture content, and the 
values of -\list for desorption are greater than those 
of adsorption.
 

9. The heat of desorption for beans was found to be 
greater than that of the latent heat of vaporization
 
of 	pure water.
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