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he of Moi e on Pharmaceutical Solid

The interaction of water with pharmaceutical solids
*wurs in virtually all stages of manufacture, from
ynthesis of raw materials to storage of the final dosage

rm. This water may arise from several sources, such as:
1) water vapor sorbed! from environmental

surroundings;
i
; 2) water introduced during processing procedures such

:g; wet granulation, spray drying, lyophilization or
;reeze—drying, and aqueous film coating procedures; and

‘ 3) formation of crystal hydrates.

-The different components which comprise a solid dosage
;orm can vary considerably in their respective capacities to
l@old water. For example, microcrystalline cellulose at 6%,
?:orn starch at 12%, and gelatin capsules at 18% are

%@pproximate water content values which might be expected

"

1 Uptake onto the surface of a solid is generally defined as
“adsorption, while uptake into a solid structure is generally
‘defined as absorption. When both processes occur the term

" sorption is used. Since most of the excipients used in
ﬁpharmaceutical systems take water vapor up by both
‘adsorption and absorption, the general term sorption will be
‘used throughout this thesis when referring to the uptake of
- water vapor by solids.



tive humidity. The moisture in a final product may

.se from three sources:

1) moisture initially introduced with the individual
mponents ;
2)

moisture present in the vapor state within the
‘ﬁjuct container; and

1 3) 1if the container allows permeation of water vapor,
Eisture which may enter or leave through the container.

| Both physical and chemical properties of a finished
5*oduct may be affected by the moisture content of

components in the formulation. Several examples describing

iter's effect on bhysical and chemical properties follow.

Van Campen, Amidon, and Zografi (1) have reviewed the

fcharacteristic,of the solid and equal to the equilibrium

fwater Vapor pressure over a Saturated solution of the solid,

:above Wthh deliquescence will occur. Suppose a solid was

- placed in some atmospheric relative humidity, RH;, such that



water vapor adsorbed onto the surface of the solid. This

to dissolve and to saturate this surface film. This would

' maintain the relative humidity at the surface at RH,.

"Equilibrium eventually would be established with RH; once

ftotal dissolution of the solid and some degree of solution
{dilution had occurred.

Moisture may also affect flow properties and
ﬁcompaction characteristics of powders. Armstrong and
EGriffiphs (2) showed that the presence of moisture caused a
 deterioration of powder and granule flow properties due to
;increased internal cohesion between particles. Hiestand
1(3), however, indicated that the presence of some moisture
{could aid granule flow by providing sufficient surface
gconductivity to reduce the electrostatic charge on the
iparticles. Armstrong and Griffiths also suggested that
;during compaction high moisture contents should cause
.fadhesidn_of powders to punch faces, whereas lamination of
Jtablets would be expected with low moisture contents. This

A

;’latter suggestion was supported by Tabibi (4) with



é-ressible sugar and by Huttenrauch and Jacob (5) with
frocrystalline cellulose. Zografi and Kontny (6), using
3ase data, showed that a reduction of sorbed water just
v;ow the amount necessary for a single molecular layer of
1?erage was enough to impair the direct compaction
racteristics of these materials.

Khan, Musikabhumma, and Warr (7) examined the effects
f various tablet properties,due to different moisture
els of microcrystalline cellulose included in the

‘ﬁrmulation. It was shown that an increased crushing

tﬁrength was achieved as the moisture content of the

The reduced tablet porosity apparantly
;auses a decreased penetration of water into the tablet
itructure(_ Many other studies have examined the effects of
Fater on the crushing strength of tablets. Nakabayashi,
}‘himamoto, and Mima (8), for example, studied the crushing
' strength of lactose-corn starch tablets. In all instances,
fﬁhe grushing strength decreased as the moisture content was

lincreased over the range of 22% to 82% relative humidity.

JShotton and Rees (9,10), Down and McMullen (11), and Lordi



i;d Shiromani (12,13) in work with compacts of water-soluble
Ihlts showed an increase in crushing strength with an
}gcrease in water content. Shotton and Rees attributed this
5?creaée to recrystallization of high energy crystal lattice
defects in the presence of moistufe imparted during the
ﬁ.mpactién process.

Chemical degradation of a drug via hydrolytic
yéxocesses in the presence of moisture is another concern of
1%rimary importance. In 1958, Leeson and Mattocks (14)
studied the'hydrolytic decompostion of aspirin in the
{@résence of moisture. In treating their data, two
}Iﬁndamental assumptions were proposed: a) multiple layers
;6f water were adsorbed onto the aspirin surface in an amount
jdependent on the water vapor pressure, and b) this water
ffilm.rapidly formed a saturated solution of drug dissolved
afrom the surface. Decomposition then occurred by
;écid—catalyzéd hydrolysis. These workers were able to
Sprovide a kinetic model for aspirin degradation which made
:%it possible to adequately predict the stability of aspirin

. under known chditibns of temperature and humidity.
IVCarstensen and Pothisiri (15) showed similar decomposition

V.patterns for p-aminosalicylic acid in the presence of very

low moisture. Their data supported the sorbed moisture



:#ory of Leeson and Mattocks.

Another stability study using aspirin was performed by
ﬁudhane, Contractor, Kim, and Shangraw (16). These
E;earchers investigated decomposition of aspirin tablets
;%ch had been formulated with one of the following fillers:
lcrocrystalline cellulose, corn starch, or compressible -
carch. These excipients provided a range of moisture
sntents from 5% (microcrystalline cellulose) to 12%
:gmpressible starch). It was found that the decomposition
$ aspirin by hydrolysis was comparablé for all three
:1lers and hence independent of moisture content. It was
éigested that all of the water associated with each
”uipient, therefote,_was not readily available for
;ﬁomposition of the activé ingredient.

Perrier and Kesselring (17) examined the stability of
ét;azepam in binary mixtures of various common tablet
;cipients. These workers hypothesized that the
f&ailability of wéter as a solvent was the important

,}rametér affecting the stability of samples and that the

tical factor.

Several reviews have been published concerning the

ﬂfects of moisture on the stability of solid



k. aceuticals. Monkhouse (18) reviewed stability problemns
;{rmined by excipient-drug combinations. It was suggested
the excipient itself was often times inert, but that
;iwatef adsorbed onto the excipient surface was the actual
}ction component. Carstensen (19) and Monkhouse and Van
mpen (20) reviewed several previous theories concerned
gh.water—mediated drug decomposition. Carstensen (21) has
ﬁlied kinetic equatiohs to the decomposition of solid
}}age forms due to excess moisture.

The potential for microbial contamination also must be
é;ressed when moisture is involved. Vos and Labuza (22)
lggested that microbial growth was most important when the
elative humidity éf a food system exceeded 90%.

It is frequently observed that extreme moisture
igntents, excessive wettness or excessive dryness, are often
;}trimental to the quality and integrity of the final
product. It should thus.be a major objective of the
farmaceutical formulator to determine a reasonable final
E'istufe conﬁent for a formulation such that an optimization
ﬁf these physical and chemical properties is achieved. The
;wportance of uhdefstanding the effects of water in
%harmaceutical solids may be summarized in a statement by

‘Monkhouse (18): "Moisture uptake is perhaps the sihgle most



sture from one component to another via the vapor phase,

it

is essential to first develop a basic understanding of
- vapor adsorption process.

Vapor adsorption studies are most commonly performed at

{re'the amount of vapor adsorbed is plotted as a function
H?elative vapor pressure. There are several shapes that
!>isotherm may'assume (23,24,25). For many solids

mmon 1y utilized in pharmaceutical systems where multilayer
vysical adsorption occurs, the isotherm is frequently
}racterized by a sigmoidal shaped curve (Figure 1). As

;} vapor pressure is progressively increased, molecules
j;orb onto the solid.adsorbent approaching monolayer
iimation. It is generally acknowledged that complete
;;olayer formation is approached somewhere within the early
gltion of the linear intermediate range of the isotherm.

5é kneé or inflection point is usually used as the value

}rresponding to this monolayer coverage for calculation

urposes. As the vapor pressure is increased further
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the linear portion of the isotherm, new vapor

wles adsorb onto molecules of the monolayer resulting

'?ltilayer coverage.
~ The adsorptién process is commonly separated into two
%al classes: physical adsorption and chemical

orption (sometimes referred to as physisorption and

f?sorptlon, respectively) . 'Physical adsorption is

leered to be the result of non- spec1f1c intermolecular

eractions such as van der Waals forces oOr London

persion forces between a gas molecule and a solid

fce. It generally occurs at temperatures near the

iling point of the adsorbate. Its effects are usually

%y reversible (i.e., the adsorbate may be removed by

%fring the pressure Or raising the temperature without

fQCting the adsorbent surface structure) . Equilibrium

jally occurs rapidly for physical adsorption since

1gntialiy no energy of activation is required. Chemical

sorption, as its name implies, suggests full chemical

tion potentials.

nce a high chemical specificity exists between adsorbate

§ adsorbent molecules, the chemisorbed adsorbate is

Desorption often leads to
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Chemisorbed molecules are limited to a simple

ﬁmlayer of coverage, whereas molecules physisorbed may
ﬁ?py several layers. Both typeS‘of adsorption may occur
:w.ltaneously, with phySical adsorption occurring on top of
uialong,side of a chemisorbed layer. Further, it is

)ssible for a molecule to rapidly adsorb in a physical

1$cussion of physical and chemical adsorption is presented

y Adamson (23) and Lowell (24).

Many models describing vapor adsorption have been

ﬂ:eloped throughout the years. Langmuir (26) in 1918

fSes, which accurately described vapor adsorption up to a
ingle monolayer of coverage. The Langmuir equation may be

xpressed as:

Wﬁ CL (P/PO)

W =
1+ CL (P/PO)

shere W is the amount of vapor sorbed onto a solid (usually

xpressed as grams of vapor per gram of solid) ét a



12

}ﬁCular relative pressure, (P/Po), W is the mass of

at monolayer coverage, and Cy, is the Langmuir

ant. Since chemisorption is restricted to monolayer
verage, it can often be described by the Langmuir

ation. The multilayer coverage attainable in physical

In 1938, Brunauer, Emmett, and Teller (27) extended

;LWOIk of Langmuir by developing a model (BET model) which

yer in thickness. As in the Langmuir model, this model
eorized that vépor molecules in the first molecular layer
?e tightly bound to identical sites of the adsorbent and
,?t no interaction between sorbed molecules occurred.

}ond this first molecular layer, it was assumed that the
econd and higher layers reflected the characteristics of

e bulk liguid phase. One form of the BET equation is

ritten as follows:

Wﬁ CB (P/Po)

" = TTI=(3/P0) 1T1-(8/Bo)7Ca(P/Pa)]
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ion and Cz is the BET constant expressed by:

Cg = k exp[(H; - Hy) / RT] (3)

re k is a constant related to the entropy of adsorption,
Qmost often assumed to approximate unity. H; is the heat

éﬁsorption of the first molecular layer, H; is the heat

liquefaction or condensation of the molecule, R is the
?constant,'and T is the absolute temperature. The BET

uation can be rearranged to a linear form:

1 - 1 Cg -1
W(P,/P-1]  Wm CB + W e CB(P/PO) (4)

) that the constants W, and Cy can be calculated directly

*fthe foilowing expressions:

1
= ‘ 5
v Slope + Intercept =

€, = T 4 [—m ) (6)

B Intercept
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E&ence with a wide range of vapors and solids (23,24,25)

p ‘-‘:“

shown that the BET model holds only over the relative
sure range 0.05 < P/P, < 0.35. This is partially so

use the 'BET theory assumes that the second and higher

rs of adsorbate are all equivalent to the liquid phase.
,;ugh this assumption may indeed be justified for

;ulés several layers away from the surface, its
fidability may be somewhat questioned with layers closer
the surface. |

E Various mbdifications have been made by researchers to
EBET model over the years which promote a better fit to
}Eption’data over the entire range of relative pressures.
;ie (28) , Venkateswaren (29), and van den Berg and Bruin
)) have presented reviews of several models which have

% dérived to better fit such data.

One such model, the so-called GAB model, which

i
|
f
i

:@ines ?revious work by Guggenheim (31), Anderson (32),
i;deBoer (33), was proposed by van den Berg (34) for
'}ribing water vapor sorption by various starches. The
;emodei extends the BET model and provides a more accurate
ébription of adsorption data over a wider relative

issufe range. The advantage of the GAB model is that it

;ows for a third thermodynamic state of adsorbed vapor
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iate to that of the tightly bound monolayer and the
iﬁquid. In this way there is no distinctive separation
the bound vapor and the bulk liquid, but instead a

¢ of vapor is included which is in an intermediate
‘;dyhamic state. The GAB equation ié written in the

i?ing form:

W = Wm Cg K (P/P,)

= (7)
[1-K(P/P,) ] [1-K(P/P,)+CgK(P/Py) ]
1"W, Wm, andv(P/Po) are described in the previous
otion theories, and Cy and K are constants associated
h the heats of the three thermodynamic states of
‘rbate. Cg and K are given by the equations:
Cqy = k' exp[(Hy - Hp) / RT] (8)
K =k'' exp((Hy - Hp) / RT] (9)

H”Hl, H;, R, and T have also been described previously,



Let us now consider water vapor as the specific
ate molecule. For many solids, the water vapor uptake
rm exhibits a typical sigmoidal shaped curve when the

?ibrium amount of sorbed water vapor is plotted as a

tion of thermodynamic water activity, a,. Since we

that ideal gas conditions exist at the temperatures

- study, a, can-be approximated by the relationship:

A, = P/Po (10)

pperature. Hence, the equilibrium uptake of water vapor
‘%ften reported as a function of one of the following:

1) water vapor pressure, P;

2) relative water vapor pressure, P/P_;
3) relative humidity, 100(P/P,); or

4) thermodynamic water activity, a,.

ﬁshould be noted that for water-insoluble solids, as the
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%%er activity of one. For water-soluble solids, however,

squilibrium water vapor pressure equivalent to RH, (i.e.,

?ipressure‘above a saturated solution of the solid, the
:»‘of déliquescence).

1 Corn starch and microcrystalline cellulose are two
;}n excipients utilized extensively in pharmaceutical

s and are components of primary focus in the present

ch. For these. reasons, the interactions between water

| these excipients deserve closer examination. Zografi

;ches and celluloses in which they described the

&tence of at least three thermodynamic states of water.
low relative pressures, water is bound directly to
%lable anhydroglucose units throughout the starch grain
7fin the amorphous'régions of cellulose with a
9chiometry of 6né water molecule per anhydroglucose unit.
;ntermediate.relative pressures, polymer-polymer hydrogen
éus’can break pfoViding an increase in primary binding

es évailable. Thié allows water to bind to other water
:}culés already bound to anhydroglucose units. Finally at

{h higher relative pressures, water can now also bind to

ler water molecules, including those not bound to primary
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The authors further provide evidence to show that

3iermediate state or states of water exist out to about
itimes the value of W, . This water is not directly

‘tto the‘primary site, yet it is still influenced by the
é;al'structure of the anhydroglucose unit.

ﬁSince the sorption of water vapor generally involves
Fuoiecularbforces on the order of that of hydrogen

ling, (rather.than stronger chemical bonds), it can

y be desqribéd by one of the physical adsorption

f@s described above. In work with a wide range of
l'céuticél excipients, Kontny (35,36) showed that water
sorption data adhered well to the GAB model in which
ﬂﬁhree thermodynamic states of water described above were
;'ed. Figure 2 shows a typical example for corn starch
re the GAB modellproduced a more accurate representation
;fhe sorption data than the BET model. Based on this

- as well as'preéent studies ongoing in this laboratory,
%LGAB model will be used where applicable in the present
Ei to describe the sorption of water vapor onto the
iuﬁaceutical soiids under study. It should be pointed
ﬁj.hbwevér, that other multiparameter equations can also
;used to fit such data. This is discussed in detail by

Qrafi and Kontny (6).
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corn starch at 20°C.
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ion studies is the hysteresis loop exhibited by many

_fnces. As shown in Figure 3, the hysteresis loop is

}Tor sofption into hydrophilic polymers. Lowell (24)

5

fﬁbed several shapes that the hysteresis loop may assume

rous systems and provided a brief explanation for

ellulose and starch} aé being due to conformational

nges in‘the polymer chain when moisture enters the

ymer structure. Bryan (37) used a thermodynamic approach
discussing the hysteresis effect in water-biopolymer

ms. The presence of hysteresis yields an undesirable
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Figufe 3: Sorption-desorption hysteresis.
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ﬁﬁt us now concern ourselves with the movement of water
Ehe location to another during storage of a

?mceutical product. First, consider the transfer of

;ﬁré between a closed product container and the outside
;@nment. Moisture may enter or leave the container by
both of the following mechanisms:

gl) If the coﬁtainer is impermeable to water vapor

j.» glass), then moisture enters or leaves only when the
»;inef is' opened to the environment or by leakage through
Ele capé. |

';2) If the container is permeable to water vapor (e.g.,
ﬁQerié films), then moisture transfer may occur by

éion through the film.

?_Moisture transfer always proceeds in a direction from

relative water vapor pressure to low relative water

or pressure (i.e., moisture enters the system if the

i

iside relative water vapor pressure is higher than the
%;em, and ﬁoisture leaves the system if the outside
U"jive water vapor pressure is lower than the system).
: extreme cases may be considered:

1) If the dosage form is composed primarily of

drophobic components and the outside environment is
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mely dry (i.e., the relative water vapor pressure in
vironment is significantly lower than within the

ﬁer), a drying out of the dosage form resulting in
eness would be expected.

‘7)  If the dosage form is composed pfimarily of

1whilic and/or hygroscopic components and the outside
onment is extremely wet (i.e., the relative water vapor
sure in.the environment is significantly higher than

fh the coptainer), a considerable softening of the

form would be expected. Further, in the case of a
{&hich undergoes hydrolytic decomposition, these

ions would additionally potentiate chemical

;ﬁ'ility.

‘jWater vapor transmission through product containers
ibng béen recégnized as a prevalent mechanism by which
';cts become eprsed to excess moisture. In 1958, Blaug,
jﬂén and Lach (38) étudied the permeation of moisture
?agh a varjety of closures frequently employed to seal
ceu£ical containers. More recently, Peppas and Khann:
)). have examined the importance of water vapor

ion through polymeric films commonly used as packaging
';iéls for food systems. Several of the films considered

‘%lso used as pharmaceutical packaging materials. These



-s developed mathematical models which allow shelf-life
;tions of food products based on the diffusion

cteristics of the particular polymeric packaging film

»ﬁl as the sorption characteristics of the food product .

gater publication (41), Peppas applied this work to

“gceutical systems.

~ Another source of moisture which may affect the

ility of pharmaceutical products 1is the moisture

L‘ly associated with the components of the formulation.

s desirable to know and understand whether or not a

jonent which is introduced to a formulation with a high

,fure content may have the ability to lose some of its

ture to a component which was originally introduced at a

) lower moisture content. Two possible means for this

sture transfer exist:
1) via the vapor state, oOr
. 2) via diffusion of bulk liquid water.

ghdinq.upoﬁ the specific storage conditions and the
al moisture contents of the various components, it is

ﬁsible that a combination of these two processes OCCurs

?ltaneously. The present study will focus and discuss in

}iderable detail moisture transfer solely via the vapor

ate in a closed system (i.e., the system has no
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sraction with the outside environment) and the resulting
}lishment of thermodynamic equilibrium among all
;;nents.

it review of the literature produced several studies

. examined moisture transfer among formulation

fpnents within a closed system. Strickland and Moss (42)

1 hygroscopic medicinals. After allowing each sample to
élibrate separately at desired relative humidities, pairs
.‘amples were placed in closed containers. It was found
fi a moisture loss was exhibited by the sample initially
;ilibratéd at the higher relative humidity and that

;sture was correspondingly gained by the sample initially

;ilibrated at the .lower relative humidity. Ito, Kaga, and

}sule—starch and‘gelatinlcapsule—microcrystalline

;hiulose combinétions. The components were individually
f}ilibrated over saturated salt solutions then placed in
jiré»in séaled glass containers. It was found that water
;énsfér-proceéded from the capsules to the powders, whose
5ﬁtiél‘equilibrium relative humidities were lower than that
f'thé capsules.

In a study using soft gelatin capsules (which may
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?;n 30-40% water), Serajuddin, Sheen, and Augustine (44)
»;that water migrated into the fill material. The fill
1@al consisted of a poorly water soluble drug dissolved
géyethylene glycol 400. After 3 to 4 weks of storage,
;ﬁicant crystallization was observed and attributed to
;igration of water into the fill material.

”;Bond, Lees, and Packington (45) demonstrated that

'éure transfer was possible between gelatin capsules and
711 material consisting predominantly of cephalexin.

on the sorption 1sotherm, it was necessary to maintain
capsules between 20-60% relative humidity. Below 20%
icapsules became brittle and fractured, while above 60%
apsules softened. Examination of the cephalexin

»ation isotﬁerm showed that relative humidities of 20% and
}borreéponded to 5.7% and 7.5% moisture, respectively.
s e, to ensure acceptable physical characteristics of the
psule, these workers empirically chose the cephalexin to
étain 5.7-7.5% moisture, thus minimizing deleterious
;Sture tranéfer effects.

f_iBell, Stevenéon, and Taylor (46) studied moisture
:ﬂsfér petween gelatin capsules and a fill material

msisting of a sodium cromoglycate-lactose blend. These

rkers equilibrated both the capsules and powder blend at
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lcal relative humidities and found that this simple
v?g of equilibrium moisture activities did not
ﬂate moisture transfer effects. In fact moisture

QEr occurred from capsules to powder. This effect was

.

I

gﬁuted to unusual hysteresis exhibited by the sodium
1;lycate. Sodium cromoglycate samples which had been
essively cycled between 20% and 44% relative humidity

ed consistent weight increases during each cycle rather
vﬁa return to original weight as would be expected in
sical hysteresis. This finding was used to explain the
ture loss of the capsules and corresponding moisture
Zfby the powder'blend. A similar finding was reported Dby
C (47) in studies of gelatin capsules containing either
;évstarch—barbitone or maize starch-sodium barbitone

%er blends. In each case é cycling of the filled gelatin
?ules between 33% and 75% relative hﬁmidity showed a
Lgressive loss in moisture from the gelatin capsules with

, powder blends acting as a sink for it.

_ Previous Moisture Transfer Models

3. From the several examples presented in the previous
ction, it should be evident that moisture transfer among

mponents may indeed play a prevalent role in instability
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ﬁted by pharmaceutical solids. It is desirable,
ﬁwre, to have the ability to predict a priori the
ﬂﬁmisture activity of a product based upon initial
“Qties of the individual components.

TOSS (48), in studies with solutions, proposed a simple
ﬂgén which related the final water activity, (a,) gr Of a
%Component solution to the individual activities of the
‘iate components:

(Ag) e = (8% 1(a®)o(a,®) 5 . . . (11)
ffequation assumes that each component is dissolved in

‘of the water in the system and that each also behaves

Chirife (49) sought to apply the Ross equation to
f‘icomponént mixtures of intermediate moisture foods which
“;uded water-insoluble materials. The insoluble materials

7ded to bind water and thus lowered water activity. In

is case an "a,®" factor was assigned to each insoluble
mponent assuming that all the water in the system was
rbed separately to each solid. This "a,°" factor was also

ﬁlective of the component's sorption isotherm. By
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j@ng the "a,°" factor for each insoluble component in

ion 11, the author was able to reasonably predict the
 moisture activity of various compositions of
lediate moisture foods. Due to the high water content

e intermediate moisture foods, hoWever, the work was
ed to the very high moisture activity region (a, >

). Many water soluble materials used in pharmaceutical
Ects would be expected to undergo deliquescence in this
, water activity region.

JIn a_series of papers, Lang and Steinberg (50,51,52)
_%ed a model for predicting‘water activity in

ticomponent food systems. As a basis for the development

their model, these workers used a mass balance concept

s additive total of water provided by each individual

ponent . This was described by the equation:

ire‘M_= moisture content of the mixture (g water/g solid),

total dry weight of mixture, m; = moisture content of
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f}ent (g water/g solid), and w; = dry weight of
;;ent. Since m; was unknown, Lang and Steinberg
fie empirical Smith equation which relates m;, to
ﬁ&ity, a,.- The Smith equation can be expressed as:
my = bilog(l—aw) + a

N (13)

i‘slope and a; = intercept. Combining equations 12

{?and‘Steinberg showed good results for their model
TWatér activity range 0.30 < a, < 0.95 for binary

9iy mixtures of starch, casein, soy flour, salt, and
;IThe model was limited, however, in that linearity
Lith'equation did not exist at water activities less
.30 .

QMq and Toiedo (53) derived an equation to predict
;ﬁbrium moisture activity in binary mixtures of

.

Their approach was based on work by Norrish (54)
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ssured the activity of binary sugar solutions. Chang
%do proposed the following equation to describe the

activity of a single component:
log (a/N;) = K(S;)% + b (15)

. = water activity, N, = moles water/100g solution, S,

lute/100g solution, K = slope, and b = intercept. A

1

such that more than one slope (K) and intercept (D)

i for the same component. Using equation 15 for each

re activity of binary mixtures was derived (the

is not reproduced here due to its considerable

f'predicted and experimental results for several
-wheat mixtures, there are several problems in their
Firstly, for each component in the mixture, the

‘the same line segment of the multiphasic linear plot

ition 15. This limitation restricts the ability to

u§, an assumption in their model requires the final
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brium water contents for each individual component €O

51. While this may have been a reasonable assumption

-

iiies are equal, equilibrium water contents necessarily
tt. Finally, these workers did not allow for inclusion
é moisture present in the vapor state, which may be

ant in some cases.

1959 Salwin (55) and Salwin and Slawson (56) studied
‘ifects of moisture transfer of dehydrated foods used as
2}serve meals by the Armed Forces. These workers

;béed a pfedictive'model based on the moisture sorption
ﬂerms of the individual components. Figure 4 depicts
gaisturé sorption isotherhs for two arbitrary |

sonents, A and B. Components A and B have been stored at

ative humidities of R, and Rg, respectively, and have

tial moisture contents of MA; and MBy, respectively

@ressed as per cent of dry solid). Salwin and Slawson
posed that if A and B are packaged together, then a
insfer of water from B (higher relative humidity) to A

wer relative humidity) will occur until a final

it

ilibrium relative humidity resulted, designated Rg. At
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Re

RELATIVE HUMIDITY

Figure 4: Salwin and Slawson's graphical
representation of changes in moisture during
equilibration.

(Reproduced from reference 55.)
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s final relative humidity, components A and B will have

I moisture contents MA, and MBp, respectively. Since the

1ge of relative moisture activities (initial to final) 1is

_fFigure 4) . The slopes of these lines are given by:

4

_ May - My _ My - M

he weight gain of A is calculated by:

(MA2 — MAZ)WA (Rg = Ry)SpWp

Weight gain of A = = (17)
100 100

where W, = dry weight of A. Similarly, the negative weight

gain of B is:

(MBz - MBl)WB (R - Rg )S3%
Weight gain of B = = (18)
100 100

“"fhere'WB = dry weight'of B. In a closed system a mass

balance of zero exists such that:
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(Re - Ry)SpWa  (Re - Rg)Sg
+
100 100

=0 (19)

gain by A and B =

RaSAWA + RgSgip
= (20)

Rg =
SpWa + SgWp

in: Rps and Ry are all parameters which are known or can

stermined experimentally, and Sy and Sy are functions of

. given by equation 16.
;@aking a preliminary estimate of Rg allowed Salwin and

?Qn to calculate the slope values, Sp and Sg. These
es were then placed into equation 20 so as to obtain a
estimate of Rg. The new R value was then replaced

finto equation 16. This iterative cycling between
ions 16 and 20 was continued until the final
librium relative humidity was determined. Although this

ﬂ:was described for only two components, it could easily
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ywer moisture activity range (a, < 0.37). Their

sted results agreed closely with observed results in
res of up to 5 components of dehydrated foods.

ﬁhe Salwin-Slawson approach is a useful one in that it
zes the entire isotherm of each component, hence

;re transfer over the entire water activity range can
,2pribed. In its present form, however, several

yacks exist whep applied to the type of pharmaceutical
onents used in this study. First is the assumption of
j:linearity between the initial and final relative
w?ties. Although this may be a valid assumption when
;ure transfer occurs over a narrow range in the isotherm
was the case in Salwin and Slawson's work), a high

ée of'error can result if the moisture transfer is over
f;e range, where curvature in the isotherm exists.

ljd is the hysteresis exhibited by most compounds being
létigated. Since at least one component involved in the
i?ure transfer must experience desorption, it is not

ely correct to use only the sorption branch of the
iherﬁ as described by Salwin and Slawson. Lastly,

ount was not taken of the amount of moisture in the vapor
ie. For example, as indicated earlier, there are some

uations where this could be important for many components



37

pharmaceutical systems which pick up only small

s of water. In such cases the concentration of water
;:vapor state may add a considerable effect to the

":'s "

et. al. (43) applied the Salwin-Slawson model

}t modification to binary mixtures of gelatin-starch
jelatin-microcrystalline cellulose. Extrapolated

‘%l relative humidities for each component were

mately: gelatin (64%), starch (24%), and
ocrystalline cellulose (7%). Their predicted values of
for gelatin-starch ang 41% for gelatin-microcrystalline

lose were in reasonable agreement with experimental



following objectives and goals are necessary for
Ping this study:

To generate moisture sorption and desorption versus

Ld (microcrystalline cellulose, corn starch, gelatin
;és and silica gel) ;

f) To measure the vapor pressure above physically

ed individual components, then after allowing their
f-aces to come in contact and equilibrate, measure the
?pressure above the entire system; and

f) To develop a predictive model that allows the
;;ination of the final moisture content in a mixture of
onents so long as certain initial characteristics of the
fidual components are known (e.g., weight, temperature,

|-space volume and relative vapor pressure) .



39

Sorption-Desorption Moisture Transfer (SDMT) Model

the following theoretical discussion, moisture

port will be assumed to proceed solely via transmission

the vapor state. Consider a closed system in which

olid components, A and By, have been placed (as will be
flater, the proposed modei can be extended to more than

%nmonents, though for simplicity only two will be

ered at this time). The two components remain

ically separated, though their head space volumes may Or

ot be allowed to interact. From Figure 5a, it is
rved that when the two components are isolated from one

’

}er, a separate relative humidity, Ry ©r Rpy exists

e each solid component in its respective head space

me, Vp Or Vg. The precise relative humidity exhibited

ch chamber is dependent on the total amount of water

gﬁ the individual chamber, the amount of dry solid, and

?inding affinity of the solid for water. In Figure 5b,

50
L

fwo.chambers are now i

n contact allowing vapor to mMove

1y from one to the other. A redistribution of moisture

sxpected resulting in a new final equilibrium relative
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b) head spaces allowed to interact

Figure 5: Schematic for two component moisture
transfer.

\
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f;y, Re, in the total head space volume, V.. Not only

the moisture in the respective head space volumes
 &ibute, but moisture sorbed onto the solids will
ise redistribute depending on the relative affinity of

ﬁmmlecules, as well as the relative number of binding

s on the solids. Since initial conditions indicate Ry >

is likely that some of the molecules sorbed onto

i?ent B will desorb into the vapor space and

J;uently sorb onto component A. This transfer of water
i;les will continue until equilibrium is attained.
ﬁ?igure 6 describes the same system using the moisture

tion isotherms for the two components, A and B,

;“li respectively. Once the two components are exposed

;e another, a redistribution of moisture occurs until a

;.equilibrium relative humidity, Rg, is established. Rg¢
’abé soméwhere in between the two initial relative

idities, R, and Ry. The moisture associated with A and B
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RELATIVE HUMIDITY

Figure 6: Sorption isotherms for two component
moisture transfer.




43

’ﬁlibrium can likewise be determined from the isotherms

, and MBj, respectively.

rince the system 1is closed to the external environment,

ital amount of moisture within the system remains

ant, though moisture concentrations associated with the

idual components will be subject to change until a

:dynamic equilibrium is established. It shoud be noted

thermodynamic equilibrium does not imply each

fbnt will have an equal water content, but rather each

nent will exhibit the same activity of water (or
ive water vapor pressure) .

lodifications to the Salwin-Slawson Approach

'Jhe Salwin-Slawson (56) approach to predicting the

relative humidity above a mixture of components where

;ure transfer is expected has been described preViously

e;s.the51s. The primary usefulness of this approach 1is

" one is able to utilize the entire sorption isotherm for

onents under study, and hence, there are no limitations

We m01sture activity range OVer which transfer can be

Although these workers obtained good results for

most of their studies
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fperformed in the lower moisture activity range (a, <

,ﬁSeveral drawbacks to the Salwin-Slawson model were also
?sted'previously, namely:

i;-"1) The assumption of slope linearity between initial
ﬁinal relative humidities,

‘f2)‘ The neglect of any effect of hysteresis since only
[Sorption isotherm was considered, and

- 3) Moisture in the vapor state was not included.

;ough the assumption of slope linearity may be valid when
;tﬁre transfer occurs over a narrow range in the

fherm, a high degree of error may result if the moisture
?sfer is over a wide range, especially where curvature in
';isotherm exists. This potential error, however, can be
@ﬁmized with the fit of sorption data to an equation
%pribing the complete isotherm, such as the GAB equation.
Unless the desorption isotherm is identical to the
fptionvésothérm (i.e., no hysteresis), it is not entirely
ﬁrect to use only the sorption branch of the isotherm.

%s is so becduse at least one component must experience
?brption in the moisture transfer process.

Although the amount of moisture in the vapor state is
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o

re contents, it may have a profound effect with

%nts of very low moisture contents. For general

Qtions, therefore, it is desirable to account for this

state moisture.

ivation of the SDMT Model

b

“onsider again two arbitrary components, A and B, as

f}ed by Figures 5 and 6. Initial moisture contents

first be determined. The total moisture in chamber A
ﬁAsum of the moisture associated with the solid

onent A and with the vapor state in the volume V,. This

\'vdescribed by the equation:

-

M, = WpGRAB + IGLa (21)

e M, = the total amount of moisture in chamber A, W, =

y weight of component A, GAB, = the amount of moisture

ciated with component A as given by the GABR equation for

Bits initial relative humidity Rp, and IGLp = the amount

loisture in the head space volume, V,, as given by the

al gas law. When written out in its entirety, equation

\
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tes the form:

( vima Cgp Kp (P/Po)p > B o AlP/Bo)p (18]
, + {22]

[T-Kp (P/Po) A1 [1-Kp (P/Po) p*CapKA (P/P) ] RT

g’ and K have been described pfeviously, (BIP )y

00 = the relative water vapor pressure, P, = the

;te of pure water vapor at temperature T, and R = the
tlstant. The second term on the right side of equation
;[been multiplied by 18, the molecular weight of water,
iain the amount of water vapor in grams. A similar

ion can be written for the total amount of water in

'ﬁnce the total amouants of moisture have been determined
‘ﬁch individual chamber, the total moisture in the

%w Mp, can be expressed by:

My = WpGAB, + WRGABp + IGLVp (23)

.;the‘ideal gas law term is now written for the total

f%pace volume, Vg, for the two chambers. Equation 23

ten in its entirety takes the form:



C K P/P

;{I—KA(P/PO)][l-KA(P/PO)+CgAKA(P/PO)]

y | Wimg Cgg Kg (P/Pg) > P Vp(P/P,) (18)
+ +
B\ [1-Kg(P/Py) 1 [1-Kg(P/Py)+CopKg(P/Py) ] RT

(P/P,) is now the final relative water vapor pressure

fequilibrated system following exposure of the two

to one another. Rearranging equation 24 and
g (P/P,), the relative water vapor pressure, equal to

ifth root polynomial equation is obtained.

x5 + Cyx? + Cpx3 + Cax? + Cyx - C5 =0 (25)

r Cor C3, Cyr anq Cg are constants. The constant

=

To solve equation 25, the real root between (P/P,) = 0

?VPO) = 1 must be found. Newton's method and an

1

tive technique have been used.

Newton's method utilizes the equation:

Xop = X, - [E(xg) / £'(x,)] (26)
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5x4 + 4C;x3 + 3C,x? + 2C3x + C4 = 0 (27)

e Newton's method, a reasonable estimate for x; in

ion 26 must first be chosen. The point on the x-axis

b

. the tangent line to the function f at x; crosses gives

vﬁxt estimate, x,, to be used in equation 26. The

snce of x, values converges to the desired root of

ion 25. A BASIC computer program for an Apple II
ster has been written which calculates this root
fédix 2). A further description of Newton's method 18

yle in most Calculus texts.

- component added in the moisture transfer process, an

;ase of two additional roots result in equation 25.
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5

gh it is mathematically

{ﬁt values for a higher order system,

possible to determine the

the computation

j@d makes this method somewhat impractical.

iterative technique, therefore, was used toO

nvent the necessity of converting equation 24 into the

ical polynomial notation as given by equation 25.

Lmh remains constant in a closed system, an estimate

relative water vapor pressure, (P/Py) estr in

1¥on 24 can be used to determine MTcalc, a calculated

. moisture content in the system if the relative water

;pressure equals (P/P,) st If MTcalc > Mg, then a

ik
”{eétimate must be chosen for (P/P)egr: If M3 < My,

a higher estimate must be chosen for (BIB,) ast T£

€ = My, then (P/Py)est 1S the predicted final relative

¢ vapor pressure in the system following moisture
sfer.

‘A detailed description of the iterative technique using

)(omponent system will now be presented. Figure 7

ides a flow chart for this description. It is known
fthe final relative water vapor pressure must lie within

N\



50

START
SQ; ;'I;il;iél Vgiggs
PHIGH = 1.0
PLOW = 0.0
PNOW = 0.5
Compute moisture contents
Mlcalc = GAB]_
Mzcalc = GABZ
e =
M cale = GAB_
Mvqc3ie= IGLvq
MTcalc = Mlcalc + Mzcalc G + Mncalc + MVTcalc
l .
MTca c > MT 27 MTcalc < 'MT
Kahy
oose lower PNOW Choose higher PNOW
H = PNOW PLOW = PNOW
| = (PNOW + PLOW) /2 PNOW = (PNOW + PHIGH)/2

calc =
MT MT

PNOW = predicted final (P/P,)

END

\

Figure 7: Flow chart for computer calculation
of final relative water vapor pressure.
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ge 0 < (P/P,) < 1. Hence, high and low relative

limits are given initial values (PHIGH = 1.0 and

. 0.0). PNOW is the relative pressure estimate,

A

osts being used to calculate Mpc3l¢. PNOW is given an

] estimate in the middle of the (p/P,) range (i.e.,

B0.5) . Using this value of PNOW, the moisture content
iated with each component in the system is computed

to give M;calc values, and

oisture content in the total vapor head space is

calc, The GAB

ption mode for the individual components. Mn

ned by summing the moisture contents of the individual

MTcalc = (2 Micalc) + Mvgcale ‘ (28)

};Calc and M; are compared. If M cale > My, then a lower

iate is chosen midway between the present values of PLOW

\ \
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1f Mpeale < My, then a higher estimate is chosen

fbetween the present values of PHIGH and PNOW. This

s of choosing higher or lower estimates of PNOW

ds until the desired root has been converged upon.

(,calc = My, the present value of PNOW becomes the

sted final relative water vapor pressure in the system.

:'computer program for the Apple II computer which

ibs this iterative technique is available in Appendix
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-ﬁe following solids were used as sample components for

{;ental determinations of moisture transfer:
;éystalline cellulose?, corn sﬁarch3, éelatin

ﬁ;s4, and silica gel®. All components were stored
iﬁmbient conditions.

able 1 provides a list of water soluble salts which

o
1

‘used in saturated solutions to produce various relative
%ties. The relative humidities indicated are average

3s taken from several literature sources at 25°¢C.

QJ 1ipme .
fA schematic representation of the glass rack used for
iure transfer and sorptiop experiments is given in

;es 8a and 8b. The apparatus provides working vacuum

sures in the range of 1075 to 1077 torr. Apiezon®

J;m’érease was used for all detachable ground glass

ricel PH101, FMC Corporation

go, Best Foods

ze no. 3, Eli Lilly Company

.12 mesh, Fisher Scientific Company
ype N, Apiezon Products Limited
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Table 1

?elatlve Humldltles of Saturated Salt Solutions

at 25°C
5RH Refexence
~0 o
11.6 57-64
‘ 21.5 57,58,60,61
}ium Chloride’ 32.8 57-64
{1um Carbonate!® 43.2 57,58, 60-62
‘Eium Nitrate'! 552 57,58,60,61, 64
5; Nitritel? 63.1 59,60, 62
Chloride’ 75.5 57-61,64,65
ibium Brpmide13 i 80.5 59,64
gsium Chloridel® 84.4 57-60, 64-66
" i
ssium Nitrate'? 93.1 57-61,63,64,66
@sium Dichromatel* | 98.0 59, 60

olumbus Chemical Industries, Inc.
\isher Scientific Company

imend Drug and Chemical Company
WT Baker Chemical Comapny

CB Manufacturing Chemists, Inc.
allinckrodt Chemical Works

\llied Chemical

fallinckrodt, Ing.
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Eigure 8b

cuum pump #11°

.1l diffusion pump!®

quid nitrogen cold trap

L1l manometer

sture transfer sample cells-
ocel pressure sensor!
lectronic manometer?!®
elative humidity chambers
elative humidity chambers
ani-type thermo gaugel®
ization gauge??

lonization gauge controller?!
irani-type convection gauge??
Convection gauge controller?’
uum pump #2°2¢

!iquld nitrogen cold trap
llectrobalance?’

Gravimetric sample pan
Gravimetric tare weights
Electrobalance control unit?®
Chart recorder?®

odel 1400, Sargent-Welch Scientific Company

yjpe VMF-10, CVC Products, Inc.

ype 600, Datametrics, Dresser Industries, Inc.
ﬁpe 1400, Datametrics, Dresser Industries, Inc.
odel 260009, Granville Phillips Company

)del 274002, Granville Phillips Company

}rles 260, Granville Phillips Company

ype 275, Granville Phillips Company

leries 275, Granville Phillips Company

lenco Hyvac 7, Central Scientific Company

lodel RG-2002, Cahn Instruments, Division of Ventron
Corporation

fiode]l 901, Altex Scientific, Inc.

56

;ﬁnts of the Moisture Transfer and Sorption Apparatus
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ings connected to the rack apparatus?’: The apparatus
esigned so that moisture transfer experiments and

.jon experiments could be performed simultaneously.

?QIndividual components of the rack include:

ump #1 was a mechanical

Vacuum pumps. Vacuum p
ing pump for the oil diffusion pump. Vacuum pump #2 was
s a roughing pump to reduce the pressure in the system

ess than 0.5 torr prior to using the diffusion pump.

011 diffusion pump.  The stainless steel diffusion

as filled with silicone 0i12® and was capable of

x}cing an ultimate vacuum pressure of about 10°% tore.

was water cooled.

«

373._ 0il manometer. A glass manometer was filled with

lote: To facilitate the flow of grease when connections

a?re made, the grease was first softened by heating with
. hand-held heat gun to a temperature of about 65°C.

ﬁpe 704, Dow Corning Corporation
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Moisture transfer sample cells. 50 milliliter

léottom Pyrex glass flasks with 14/20 ground glass

f}s were used to house samples for moisture transfer
};ents. The design of the sample cell, which allowed
‘Hent of the cell while under vacuum, Qill be discussed
er_detail in the Methodology section. Each flask

mmersed in a constant temperature water bath contained

gater—jacketed vessel. Mercury thermometers, with

increments, were placed into each of these

Barocel pressure sensor. This pressure transducer

fonnected directly to a small manifold which
;connected the three moisture transfer sample cell
s. It hgd a range of 100 torr, a sensitivity of 0.001
and an accuracy of 0.15% of reading. Since the
jgdpcer was_sensitive to room temperature fluctuations,
’%é encloséd by a water-jacketed vessel. Void space in
4

?@ater—jacketed vessel was packed tightly with glass

The sensor was connected to an electronic digital

smeter which displayed in units of torr. The primary

p-jacketed vessels to monitor actual sample temperature.
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}ressure during moisture transfer experiments.

Relative humidity chambers. Saturated salt

{es. Double or triple distilled water was the
it, and a sufficient quantity of salt was used such

sxcess solid remained undissolved. The saturated salt

yround glass fittings and connected to the glass rack
‘Apiezon vacuum grease. To maintain constant
;ature, the flasks were immersed in a temperature

olled water bath.

Pirani-tvpe gauges. Two Pirani-type pressure

?ucers capable of pressure measurements from 1073 to
iOrr we;e‘mounted to the glass rack to monitor

léres in‘different areas. FEach was connected to an
outputtdevice. Due to the relative inaccuracy of the
readoﬁt, these pressures were used strictly tor

rence ﬁurposes, and not in any subsequent calculations.
i

iﬁmpgrtantly, these two pressure devices were used to

}t the occurence of leaks and as an indication of when

fﬁessure was sufficiently low to allow the use of the
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ffusion pump.

onization gauge. The ionization gauge contained

;ium‘filament and provided pressure measurements from
3710 to 1073 torr. It was the only device capable of
i&e‘measurement below 1073 torr. The ionization gauge
b

fﬂnected to the ionization gauge controller which gave

g pressure readings.

O ation gauge controller. This device was used

"
A
I

g

1i-type pressure transducers.

alog readouts of the ionization gauge and one of the

'10. Convection gauge controller. This device was used

analog readouts of one of the Pirani-type pressure

sducers.
i -

E r lance. The electrobalance components

=
| ,
. contained in a vacuum belljar, and the sample pan and

' weight pan were suspended by fine stainless steel wire
?ngdown tubes. The balance had a weight capacity of one
; Sample weights were monitored continuously on a

jle pen chart recorder’®.  The electrobalance control

it
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hrov1ded adjustments for the mass range and recorder

s as well as controls for initially calibrating the

-robalance.

compartments. Figure 9 depicts

”ﬁ2. Moisture transfer

ents of the moisture transfer apparatus.

;arlous compartm
s was capable of holding three sample cells.

‘pparatu
f lumes of these cells varied with the sample size and

ﬁ»are reported on an individual basis. The other

artments, labeled V4 through V,, were used as head space

s, to which the moisture transfer cells could be
sed. In .a practical sensé, this provided the ability to

late various product container sizes.

-

1. Det®rmination of relative humidities. &S given in

relative humidities of saturated salt solutions

available.from several literature sources at 25°C. The

fmanometer was prev1ously calibrated (35) at 25°C based

;hese llterature values, and a linear regression equation

7fobtained:

fiodel 155/MM, Altex Scientific, Inc.
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MAIN MANIFOLD

—V,=60. 145cm3

3=27.819cm3

Electronic |

Manometer
Barocel v,=12.015am3 ke
Pressure
Sensor . N P
v,=57.183am’

Figure 9: Moisture transfer compartments.
® denotes stopcock locations

shaded areas indicate water-jacketed vessels
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RH,s = (3.2926 x Pg;)) + 0.2522 (29)

‘RH,; is the relative humidity at 25°C and P_;; is the

ﬁbrium height difference between the two sides of the

enter (in centimeters) when exposed to water vapor

2iature of 23°C, it was necessary to adjust equation 29
%ﬁt relative humidities at 23°C could be determined.
S{ng that water activity is independent of temperature,
h is a reasonable assumption in this narrow temperature
a simple conversion was made by multiplying equation
k the ratio of water vapor pressures of pure water at
éalibration temperature to that at the experimental

5rature:‘.

(P,)%° _ 23.756

=3 =~ 31068 1.128 (30)
, PA o o

RH,y = (3.713 x P_;;) + 0.284 (31)



52 lists the relative humidities at 23°C of the

;ted salt solutions calculated from equation 31.
Bach time a relative humidity chamber was opened and
ﬁéd«to a sample or the oil manometer, its head space
was purged at least three times to assure an
KQnment of pure water vapor. This prdcedure was
¥¥med as follows:

;a) isolate the sample from the system;

evacuate the main manifold;

open the desired relative humidity chamber and
T‘lt to expand into the evacuated main manifold volume;

close off the relative humidity chamber; and

repeat steps b through d at least twice.

. 2. Desiccator moisture isotherms. A series of ten

?x glass desiccators were prepared with saturated salt
utions which provided the following relative humidities
23°c: ~0, 11.3, 23.9, 34.1, 43.0, 54.6, 64.9, 75.2, 81.7,
;99.4 (all values in per cent). Desiccators and‘covers

‘ sealéd with Apiezon type N grease. Samples were placed
} glass weighing bottles and weighed using a Mettler

[00 analytical balance®® with a sensitivity of 0.0001

j'ttler Instrument Corporation
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Table 2

ﬁtive Humidities of Saturated salt Solutions at 23°C

: ted Salt Solution Poil RH23
;Em Chloride 2.97 11.
L;ium Acetate 6.35 23.
ﬂ?ium Chloride 9.12 34.
ssium Carbonate 11.50 43.

esium Nitrate 14.62 54.

Nitrite . 17.40 64.
Chloride 20.18 75
‘}sium Bromide 21.93 81.
j%sium Chloride 22.67 84.
%@sium.Nitrate 24.93 92.

assium Dichromate 26.70 98
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the samples

At approximately one week intervals,

D .

removed from their respective desiccators, reweighed,

ediately returned to the desiccator. Equilibrium was

gﬂd when no more than about a 0.0050 gram weight change

occurred from the previous measurement . Once

;ibrium was established, the samples were transferred to

her relative humidity desiccator for a subsequent data

i toxbe described in later subsections.

' Since all moisture uptake values will be reported as

s of water per gram of dry solid, it was necessary to be

ﬁtc calculate the dry_weight of each sample. This was

?.ined pased on the weight loss of a sample placed over

ﬁhorous pentoxide (~0% relative humidity). Samples of

‘gcomponent were placed in duplicate in a desiccator

;ining’phosphorous pentoxide. After equilibrium was

;?ned, the percent weight loss was calculated:

pefcent weight loss = [(W; - We) / Wil x 100 (32)

3@ W; and We are initial and final weights, réspectively.

average percent weight loss was then determined from the

licate samples. The dry weights of all other samples in
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tudy were calculated by subtracting this average
snt weight loss from the initial net sample weights.

Sorption isotherms. Individual samples were placed

t;tely into each of the ten relative humidity

R

Qators. Once equilibrium was attained, the amount of
f;per gram of dry solid was determined. These ten data

ts produced the moisture sorption isotherm.

ﬁl; Desorption isotherms. Nine samples were placed
;xhe 99.4% relative humidity desiccator. When
?iibrium was established, the samples were removed and
;d separately into‘each of the other lower relative

{ity desiccators. Once equilibrium was attained, the

ﬁt of water per gram of dry solid was determined. These

-

iproduced the moisture desorption isotherm.

'o. Desorption mini-isotherms. Samples used to obtain

;orption isotherms were also used for the desorption
{@sothérms. When a particular sample reached

v .. '

librium, it was sequentially transferred to the next
i_relative humidity desiccator. This provided

‘i-tiqn isotherms beginning at intermediate points along
;ain sorption isotherm.

e, Isotherm cvcling. A sample of each component was
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- 3. Gravimetric moisture isotherms. Sorption and
Tlption isotherms were also obtained gravimetrically

the Cahn electrobalance. Sample weights were chosen

Ecalibrated for each sample using class M high precision
g»:ation weights3!. Samples were placed on an aluminum
ﬂie‘pan then dried using heat (> 100°C) and high vacuum
?bﬁ3 torr). The dry weight was calculated directly from
ichart recorder output and settings on the control unit.
ssamples were then sequentially exposed to a series of
?gasing relative humidities in increments of

;}#imately 10 percent. Since the moisture uptake process
'{ﬁohitbred continuously on‘the chart recorder,

:fiibrium was determined when no further weight increase
iobserved. Desorption. isotherms were similarly obtained
-%équentially exposing the samplés to a series of

;zeasing relative humidities.

Cahn Instruments, Division of Ventron Corporation
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g of isotherm data. Paramount toO

Computer fittin

sdictive capabilities of the SDMT model was the

igto determine the quantity of water associated with a

int at any given relative humidity. For

iystalline cellulose, corn starch, and gelatin

es this was achieved by applying the GAB equation

Fon 7) to the sorption and desorption experimental

prpendix 4 lists the Fortran computer program

fd for a VAX/VMS computer which was used to accomplish

isk.‘ The program reads a data file which contains X,X¥

%orresponding to relative humidity and moisture uptake

?iespectively. Using the GAB equation and a non-linear

5sionganalysis subroutine, the program iterates to find

hree parameters (Wor Cg, and K) which provide the best
matical fit to the experimental data.

éilica gel exhibited a hyperbolic curve which followed

o L 8
angmuir equation (equation 1) . The Langmuir eguation

earxanged to a linear plotting form:

. (P/Py) _ 1 1
~ = + — (P/Po)
W WL Mmoo

% W and Cp, could be obtained from the slope and
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Once all constants were available,

jept, respectively.

e content associated with a component at any

i}istur
ermined by application

,%relative humidity could be det

respective isotherm equation.

5. Moisture transfer.

ha Determination of sa

mple dry weights. In order to

orm these moisture transfer studies, it was necessary to
the samples under vacuum conditions, then reweigh each
jle without exposure to atmospheric conditions. Figure

spicts the sample cell assembly used for these

The assembly consists of a sample cell and a

‘ée cell holder which can pe attached to the noisEare

1sfer apparatus of the glass rack.

f?Samples were weighed directly into 50ml round bottom

{le flasks on a Mettler H315 analytical balance3? having

500 gram capacity and a 0.0001 gram sensitivity. An

7y 150ml beaker was labeled as a "tare beaker" and used

maintain the round bottom flasks in an

all weighings to

ight position on the balance pan. The weight of the
ple at this point was denoted "net weight before drying"

s attached to the sample cell holder

1, the sample cell wa

Jettler Instruments Corporation
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\

Mercury
Thermometer

Design of the moisture transfer sample
cell assembly .

&) denotes stopcock locations

shaded areas indicate water-jacketed vessels
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Qweighed to obtain a gross weight of the assembly

drying. This assembly was then attached to the glass

Wlth the moisture transfer apparatus under wvacuumn,

ening of stopcock #2 connected the sample cell holder

glass rack, while opening of stopcock #1 connected

mple cell €O the sample cell holder and began the

?g process. .Drying was facilitated by heating the

ole to > 100°C with a heating mantle while under high

gum. When drying was finished, stopcock #1 was closed to

iletely isolate the sample, then the assembly was

ﬁbhed from the glass rack and reweighed so as to obtain a

is weight of the assembly after drying®®. The net weight

was determined as:

W (34)

net weight loss = Wp.frore - "after

.
ere Wbefore is the gross weight before drying and Wigrey 18
ﬂ,groés weight after drying. Finally, the sample dry

yghﬁ was calculated as:

‘vote Residual grease remaining in the joint which
I ected the assembly to the glass rack was completely
moved u81ng toluene prior to reweighing.
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?y weight = net wt pefore drying - net wt loss (35)

' b. Determination of head space volumes. Head space

'}es were determined using helium gas, assuming ideal gas

;itions, and utilizing the relatidnship:

P1V1 = Ptotalvtotal (36)

re P and V denote pressure and volume, respectively,

}cript 1" denotes compartment 1 of the moisture transfer
zgratus, and subscript "total" denotes the sum of
Since

;éartment‘l plus the sample assembly compartment.

i o34
ﬁwas known>® and P4 and Pygpa1 WEre measurable, Vigtal

vV, was filled with helium to a'

uld be calculated.

}ssure‘between 30 to 40 torr. The pressure P, was

» .

asured d essure Sensor.

irectly using the Barocel pr

}pcock7#2 was then opened allowing the helium €O expand

50 the sample cell assembly. This produced a new

d been experimentally determined previously by first

sing a calibration cell which was filled with water. The
olume of water was calculated by dividing the net weight of
ter by its density at the experimental temperature. With

he calibration cell volume known, the volume of V. was

stermined by applying equation 36.

V4 ha
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Bire, P, ia1r 1D the new volume, Vigrai- since Vigral =

icell’ equation 36 can be rewritten:

P1V; = Peoal ¥ (V1 + Veeld) (37)
ing for V.g;;s the following equation results:
o Veell = B4¥ / Piotal) T V1 (38)

inimum of three helium expansions were performed for each

| determination.

Ec. Moisture equilibration of samples. Samples were

idually exposed to various relative humidities prior to

2nning the moisture transfer process. Stopcocks #l and

5f the desired sample cell were opened, with all other

Ele qﬁlls‘closed, and exposed to a relative humidity

mbe r through the moisture transfer apparatus and the main

»fold: Equilibration was allowed to occur overnight

nger times were necessary in some instances), and the

ssure was measured directly using the Rarocel pressure

gort, Stopcock #2 was then closed to isolate the sample
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'so that the other sample cells coﬁld be equilibrated in

pilar manner.
e cells

%h. Moisture transfer orocess. Once all sampl
3équilibrated to the desired relative humidities,
~ock #2 for each cell was opehed allowing the head

es of each cell to interact. Equilibration often

o, Calculation of relative humidities. Although the

srimental temperature was controlled, slight deviations

ble temperatures. These deviations seldom exceeded *1°C

fwere apparantly caused by room temperature fluctuations.

fverage"temperture of the two or three sample cells in a

en experiment, therefore, was determined. The vapor

ssure of pure water, P, at this average temperature was

d to calculate the experimental relative humidity as

n
lows:

RH = (P/P,) x 100
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The percent of water

. £. Calculation of percent water.

jciated with a particular solid component was obtained

cgthe GAB equation for microcrystalline cellulose, corn

.ch, and gelatin capsules or the Langmuir equation for

ica gel. Using the appropriate constants in the isotherm

ftion, the amount of water associated with one gram of

[solid component could be attained at a given relative

?sure. Multiplying the result by 100 yielded the percent

g. Calculation for the SDMT model. To proceed with

|
\

é propoéed model, equation 22 was first used to calculate

;initial amount of water in each chamber. In this

sjation the GAB constants for the sorption branch of the

stherm were used since experimentally the components were

sroughly. and fully dried before allowing initial moisture

 equilibrate in the chamber.

A total moisture content,

ﬂ in the system was then obtained by summing the initial

isture contents in the individual chambers. Since it was
A :

flosed‘system} Mo did not change. By placing this wvalue

-

- Mg into egquation 24, then all terms were known except the

;al relative water vapor pressure, (P/P,). It should be

ted that in equation 24, since one of the components will
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rience desorption, the GAB constants for, the desurpE:en

:h of the isotherm were used for this component.
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. Figures 11, 12, 13, and 14 provide moisture isotherms

ained gravimetrically for microcrystalline cellulose,
i starch, gelatin capsules, and'silica gel, respectively.

nally provides the moisture isotherm

ure 11 additio
ine cellulose which

2ined in desiccators for microcrystall
lded good agreement with the previous gravimetric data.

hough the gravimetric isotherms for microcrystalline
?ulose and corn starch were performed at 20°C, Kontny

i sture uptake of these component

) showed that the mo1l s was

e over the range 20° to 50°C.

}pendent of temperatur
tion purposes in the predlctlve model, GAB

ce, for calcula

étants at 20°C were used for these two components when

}experlmental temperature was 23°C. Since previous

I

{herms wer atory for

e not available from thlS labor

wtln capsules and 81llca gel, grav1metr1c moisture

;.herms were obtalned at the experimental temperature of

Only the sorption isotherm is presented for s lica

| since its purpose in these studies was as 2 desiccant
ich only experiences the uptake of water.
t wvarious

Table 3a lists the GAB constants a

peratures for microcrystalline cellulose, corn starch,
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DESORP (gravf®
SORP (desic)
DESORP (desic)

SORP (grav) * +

00—

0.0 0.2 0.4 0.6 0.8 1.0

RELATIVE PRESSURE

Figure 11: Sorption and desorption isotherms for
microcrystalline cellulose.

Gravimetric, 20°C
Desiccator, 23°C

*Gravimetric data from reference 35.
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2 Figure 12: Sorption and desorption isotherms

for corn starch.

Gravimetric, 20°C (data from reference 35).
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Figure 13: Sorption and desorption isotherms
for gelatin capsules.

~ Gravimetric, 23°C
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ption isotherm for silica gel.

1.0



nits = grams of water per gram of dry sample
com reference 35

rom present work (gravimetric study)
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4 Table 3a
GAB CONSTANTS
MPONEN MODE TEMP(°C)  Wa Cq
Sorption 20 0.0299 55.7
Desorption 20 0.0429 24.7
Sorption 25 0.0285 49.5
Desorption 25 0.0403 16.6
rn starch® Sorption 20 0.0753 67.0
i Desorption 20 0.114 26.9
ﬁatin capsules™ Sorption 23 0.169 3.47
Desorption 23 0.186 22.3
Iable 3b
LANGMUIR E€ONSTANTS
PONEN MODE TEMP (°C) Wn
lica gel® Sorption 23 0.572

[e =)

il

.870
.820

.893
.844

.804
.641

.650
« 377

78



84

id gelatin capsules. The Langmuir constants for silica

el are given in Table 3b.

Tables 4 through 9 give predicted versus experimental

2sults for various binary combinations of microcrystalline

fllulose, corn starch, and gelatin capsules. The initial

Iy weights and experimental temperatures are also given.

ince the pressure in the system was the actual measurable

uantity, results are given as percent relative humidity,

ﬁ/Po) x 100. Since the beércent water gives a better

ndication of moisture actually associated with a particular

olid component, it was also calculated based on both the

redicted and experimental results. The GAB constants used

or these calculations reflect sorption or desorption

epending upon the mode the component was exhibiting during

ne.transfer process. This is clearly seen in Table 4 where

Oth sample cells contained microcrystalline cellulose.

lthough the percent relative humidity of the final mixture

'1S the same for each sample, the percent water values differ

3
]

nce MCC-1 experienced sorption while Mcc-2 experienced
lesorption during the transfer process.

: Table 6 provides an additional column for the predicted
esults using the Salwin-Slawson approach (equations 16 and

The respective GAB equations for the sorption
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Iable 4

~ Predicted versus Experimenta

1 Moisture Transfer Results
"€en Microcrystalline Cellulos

€ and Microcrystalline Cellulose

FEINA L
- INITIAL

% RH of MCC-1 MCC-2
MCC-2 FINAL MIXTURE % H20 basedon % H20 based on
ZRH  %H20 Predicted Expl  Predicted Expl - Predicted Exp'
503 5.0 282 316 3.6 3.8 44 4.7
65.1 6.7 46.6 49.2 4.7 5.0 6.1 6.4

eights: Microcrystalline cellulose-1 = 3.3855g
Microcrystalline cellulose-2 = 5.2133g
rature: 25°C
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Iable 5

Predicted versus Experimental Moisture Transfer Results
between Microcrystalline Cellulose and Corn Starch

’ F I NAL
 INITIAL
% RH of MCC Corn Starch
ICC Corn Starch FINAL MIXTURE % H20 based on % H20 based on
%H20 %RH %H20 Predicted Exp'l Emlls.tﬂi Exp_l Emu_t:d Exp'l
- 148 ~0 ~0 280 245 49 8 8
35.7 245 8.8 642 49.0 8.7 6.8 15 3 12.1
15.5 49.0 12.1 70.8 63.3 9.9 8.6 17.3 15.1
- 17.6 63.3 15.1 789 74.7 11.9 10.8 204 18.7
~0 93.8 304 777 56.2 9.1 57 21.9 16.7
S.7 99.2 37.0 933 849 158 114 27.7 24.3

veights: Microcrystalline cellulose = 4.9506g
Corn starch = 5.3209¢g
ture: 23°C
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Table 6

Predicted versus Experimental Moisture Transfer Results
between Microcrystalline Cellulose and Corn Starch

. F I N A L
INITIAL
% RH of MCC Corn Starch
& Corn Starch FINAL MIXTURE % H20 based on % H20 based on

mmmmmmm‘ﬁmmm

11.4 ~0 ~0 2.7 6.1 10.7 6.1

B0 107 7.1 36.7 39.4 28.0 5.8 4 9 10.7 9.2
109 280 92 48.4 48.9 44.7 6.8 6.3 12.1 11.4
215 447 115 72.5 75.0 725 10.9 10.3 18.8° 179
208 725 179 83.3 83.8 840 135 13.5 229 230
~0 128 74 6.6 3.5 6.9 2.3 25 5.9 6.6
~0 789 204 69.5 55.2 41.7 5.6 45 165 14.1
~0 83.1 225 74.4 62.7 49.8 6.5 5.2 18.1 15.5
45 80.0 209 5.5 67.4 56.8 1 5.8 19.1  16.8
RS 978 35.1 92.3 91.4 86.6 14.5 12.1 26.8 249

veights: Microcrystalline cellulose = 5.0968g
Corn starch = 7.4013g
ture: 20°C

icted using the Salwin-Slawson model.
icted using the SDMT model.
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Iable 7

Predicted versus Experimental Moisture Transfer Results
between Microcrystalline Cellulose and Corn Starch

F I N A L
INITIAL
% RH of MCC Corn Starch
™ Corn Starch FINAL MIXTURE % H20 based on % H20 based on
%H20 %RH %H20 Eﬁdlslcd Exp'l Predicted Exp'l Predicted Exp'l
229 ~0 ~0 5.1 0.6 2.3. 2.3 5.8
~0 97.8 35.0 96 0 78.6 18.1 9.4 29.0 222
4.1 62.3 149 456 48.9 4.8 S5il 148 154

ights: Microcrystalline cellulose = 1.5292¢g
Corn starch = 14.8028g
ture: 23°C
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Table 8

Predicted versus Experimental Moisture Transfer Results
between Microcrystalline Cellulose and Corn Starch

F I N A L

INITIAL

% RH of MCC Corn Starch
CC Corn Starch FINAL MIXTURE % H20 basedon % H20 based on

18.1 ~0 ~0 88.3 38.7 153 5.8 258 10.6
44 61.2 146 40.0 46.3 44 49 13.8 149
8.1 32.3 100 56.6 63.4 76 8.6 13.6 15.1
~0 95.2 319 8.6 25.8 26 3.6 74 115

veights: Microcrystalline cellulose = 14.3760g
Corn starch = 1.5408¢g
ture: 23°C
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Iable 9

~ Predicted versus Experimental Moisture Transfer Results
between Microcrystalline Cellulose and Gelatin Capsules

FE I N A L

% RH of MCC Gelatin Capsules
Gelatin Capsules FINAL MIXTURE % H20 basedon % H20 based on

R 17.2 ~0) ~0 748  72.1 108  10.2 25.2 240
~0 72.1 240 16.1 153 3.1 3.1 11.7 114
54 80.2 279 663  63.8 7.0 6.6 219 215
~0 99.7 415 540 347 33 4.1 19.9 165

eights: Microcrystalline cellulose = 7.0041g
Gelatin capsules = 1.7848¢g
ture: 23°C



TOTAL WATER IN SYSTEM (grams)

Figure 15: Moisture transfer between microcrystalline
cellulose and corn starch where microcrystalline
cellulose desorbs.

----- Salwin-Slawson prediction
SDMT model prediction
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100

80

60 -

40 -

20 -
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Figure 16: Moisture transfer between microcrystalline
cellulose and corn starch where corn starch desorbs.

————— Salwin-Slawson prediction
SDMT model prediction
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therms were used to calculate the moisture content values
;équation 16. Figures 15 and 16 are graphical
resentations of the results given in Table 6 where the
rcent relative humidity is plotted as a function of total
1;: in the system. Figure 15 presents results from the

> five rows of Table 6 where microcrystalline cellulose
sorbs in all transfers, and Figure 16 presents results
%m‘the bottom five rows of Table 6 where corn starch

;orbs in all transfers. In Figure 15, the Salwin-Slawson
%vl predicts slightly higher relative humidities than the
model where the desorbing component, microcrystalline
Flulose,‘exhibits relatively minimal hysteresis. 1In

re 16% however, the deviation between the two models
comes greater since the desorbing component, corn starch,
ﬁibits more significant hysteresis. Fit, in all cases

ih the SDMT model, appears as goqd and better.

Table 10 gives the predicted versus experimental

2sults for a ternary mixture of microcrystalline cellulose,
_iatin capsules, and silica gel. Since silica gel was

ound to follow the Langmuir equation, it was necessary to
dify equation 24 to include this third solid component. A

ourth term was added to the right side of equation 24:

CL. (P/Pg) \
()

1+ Cp, (P/By)

(40)
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Iable 10

dicted versus Experimental Moisture Transfer Results among
icrocrystalline Cellulose, Gelatin Capsules and Silica Gel

INITIAL
MCC Gelatin Caps Silica Gel
%RH %H20 %RH ZH20 %.RH%HZQ

6.7 20.7

755 8.6 75 5 25.6 ~O ~0
9.3 78.3 26.9 ~0 ~0
1.2 845 30.3 ~0 ~0

FEINATL

' % RH of MCC Gelatin Caps Silica Gel
K FINAL MIXTURE %H20 basedon %H2Obasedon %H20O based on

Expl EM_G.tﬂi Expl  Predicted Expl  Predicted Exp'l
20.5 2438 4.6 13.1 143 153 17.6
31.6 315 5 2 52 159 1538 20.6 20.6
355 41.2 55 60 16.6 17.7 22.2 242
470 41.8 6.6 6.1 18.7 17.8 26.1 244

- Dry weights: Microcrystalline cellulose = 5.5200g
Gelatin capsules = 2.4698g

] Silica Gel = 2.0934¢g

Temperature: 23°C
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ire We is the dry weight of silica gel and all other terms

e described previously in the Langmuir theory.

The results obtained in these moisture transfer
}-riments have, in general, produced good results between
perimental observations and SDMT model predictions. The
‘esent model is able to more accurately predict the final
%ative humidity when compared to the previous

5win—Slawson approach.

Possible Sources of Error

Although many of the predicted results are in excellent
jreement with the experimental observations, there are
feral instances where deviations occur. These deviations
pear to be most prevalent when one component is initially
filibrated at a very high relative humidity, while the
her is equilibrated at a very low relative humidity. It
'5suggested that two possible effects may account for these

ccurrences.

l. Error at very high and very low relative pressures.
igure 17 depicts the potential error that is possible at
e extreme portions of an isotherm, where the change in

tount sorbed with a change in relative pressure is great.
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Figure 17: Error associated with extreme portions
of isotherm.
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:small experimental error, AX, in the intermediate range

f the isotherm, where the moisture content is not
 gnificantly changing as relative pressure changes,
roduces a minimal error in the moisture content estimated
or the component. An identical experimental error,

owever, in the upper or lower extremes of the isotherm,
?ere the moisture content is :apidly changing, may produce
lconsiderable error in the estimated moisture content of
he component. Further, error may also result from curve
itting of the GAB equation or any other equation in these
xtreme regions of the isotherm. It is these regions in
?ich a relatively poorer fit usually occurs.

Errors attributable to extremes can be clearly seen in
ables 7 and 8 where predicted versus experimental results
?ow significant deviations-when the initial relative
idities are in the very high or very low isotherm

‘egions.

2. Error due to hysteresis. Figure 18 shows the

{ysteresis loop as that area between the main branches of
the sorption (curve A) and desorption (curve B) isotherms.
s described previously, each of these sigmoidal shaped
“rves can be described by the GAB equation where GAB

ionstants are separately obtained for each curve. So long
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o
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0.0 0.2 04 - 0.6 1.0

(P/Py);

RELATIVE PRESSURE (P/Po)

Figure 18: Graphical representation of desorption
beginning at an intermediate point along the
sorption isotherm.
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desorption begins from the highest point along the

fsorption in the SDMT model can accurately be described by
éé desorption GAB constants. However, in most practical
ircumstances, sorption will not reach the highest point,

ut will instead reach some intermediate relative pressure,

P/P,) ;s giving rise to a different desorption isotherm.

herefore, some important questions to ask are: What is the

Ppearance of the desorption curve beginning at (P/Py) 32

f's desorption follow curve C, whereby a constant moisture
Fntent is maintained as the relative pressure is decreased
Etil the main desorption curve is reached, or does it
éilow curve D, whereby a unique desorption curve results?
;ichever is the case, it should be apparant that desorption
eginning at an intermediate point along the sorption curve
fnnot be accurately represented by the GAB constants for
he main desorption curve. The error associated with these
urves should become more pronounced with components
‘ ibiting higher degrees of hysteresis.

Figures 19, 20, and 21 show the results of desorption
lini-isotherms for microcrystalline cellulose, corn starch,
and gelatin capsules, respectively. (Since the desiccant

characteristics of silica gel only allowed sorption in these
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0.10 -
0.05 1
Desorption begins at P/Po:
a 239
8 430
x 546
o .649
+ 752
o .817
0.00 r T r T T T T T
0.00 0.20 0.40 0.60 0.80

RELATIVE PRESSURE (P/Po)

Figure 19: Desorption mini-isotherms for
microcrystalline cellulose. Desorption beginning
at intermediate points along the main sorption
isotherm (bold line).

Lines drawn by eye for convenience of the reader.
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0.20

0.15 +

0.10 - /

0.05 1
Desorption begins at P/Po:

a .239
.341
430
546
.649
752
.817

O+ oxm@x

0.00 T T T T T T T T
0.00 0.20 0.40 0.60 0.80

RELATIVE PRESSURE (P/Po)

Figire 20: Desorption mini-isotherms for corn
starch. Desorption beginning at intermediate points
along the main sorption isotherm (bold line).

Lines drawn by eye for convenience of the reader.
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0.10 4
’ Desorption begins at P/Po:
@ .239
0.05 - »x 341
8 .430
x 546
o .649
| + .752
o .817
0.00 T T T T T T T T
0.00 0.20 0.40 0.60 0.80

RELATIVE PRESSURE (P/Po)

Figure 21: Desorption mini-isotherms for gelatin

capsules. Desorption beginning at intermediate
points along the main sorption isotherm (bold line).
Lines drawn by eye for convenience of the reader.
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‘udies, desorption mini-isotherms were not performed for

1is component.) Desorption isotherms were commenced from
irious intermediate relative pressures along the main
orption branch. From these curves, it is apparant that
}ique desorption curves result depending on the relative
essure at which desorption is initiated. The error which
,?ults from using GAB constants for the main desorption
‘}therm to describe these mini-isotherms is probably not
f}nificant, however, when compared to the error at very

gh and very low relative pressures.
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Relatively good agreement has been established between
redicted and experimental values of water vapor transfer
imong solids in a mixture using the SDMT method of
drediction. It may be of some interest to provide a few
ase study examples of how this method might be used in
%actical situations. The primary usefulness of the
ipproach is that by knowing the moisture content, dry
eight, temperature, head space volume, and water vapor
orption-desorption isotherm of each solid in the mixture,
ne can determine the final relative humidity over the
;xture and hence the reequilibrated amount of water sorbed

each solid. More importantly, one can vary parameters
juch as initial dry weight, temperature, and head space
olume, and by computer simulation determine which
ombination of conditions bring about the desired
fstribution of moisture among solids and vapor phase.
ielow are given three case studies designed to illustrate

he general value of this approach.

Example 1: Capsule Formulation. Hard gelatin capsules

lave a critical moisture content range of about 10 to 18%

ater. From the water vapor sorption isotherms, it can be
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}wn that these moisture content values correspond to about
;to 60% relative humidity, respectively. Capsules stored
low 20% RH exhibit a drying out which results in
fttleness, whereas capsules stored above 60% RH sorb
gficient water to cause softening of the capsule.

B consider the formulation given in Table lla. One
fd;ed gelatin capsules are to be filled with a mixture of
émg microcrystalline cellulose and 100mg corn starch, and
len stored in a 60ml tightly closed glass container. The
l&d space volume in the container is estimated to be 15ml.
:; capsules have been previously stored in an
1 ironmentally controlled room at 50.0% RH giving an

13tial water content of 15%. Microcrystalline cellulose

d corn starch, however, have not been stored under
;=trolled conditions, and the initial relative humidity
;sociated with these components is 90.0% RH giving initial
ater contents of 14 and 27%, respectively. After combining
{ese components, it can be intuitively determined that the
inal equilibrium relative humidity of the product will be

? ewhere between 50.0 and 90.0% RH. In fact the SDMT

;del, using known GAB constants for these components,
fedicts 82.1% RH. Since 82.1% RH is in excess of the upper
aitical limit (60%) for the capsules, it is expected that

psule instability due to softening will occur. It .is
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Table 1lla

~ Final Equilibrium Relative Humidity
for 100 Gelatin Capsules Filled with
- Microcrystalline Cellulose and Corn Starch Mixture (1:1)

COMPONENT INITIAL %RH INITIAL DRY WEIGHT
elatin capsules 50 .0 4.0g
icro. cellulose 90.0 10.0g
orn starch 90.0 10.0g

emperature = 23°C, Head space volume = 15ml
inal Equilibrium Relative Humidity” = 82.1%

Table 11b

Increase of Head Space Volume to Reduce
Final Equilibrium Relative Humidity

FINAL EQUILIBRIUM

HEAD SPACE VOLUME (ml) RELATIVE HUMIDITY
15 82.1
1,000 81.9
10,000 80.4
100,000 65.2
130,000 60.6
Table 1llc

Addition of Silica Gel' to Reduce the
Final Equilibrium Relative Humidity

QUANTITY OF SILICA FINAL EQUILIBRIUM
GEL ADDED (grams) RELATIVE HUMIDITY"
2.0 732
4.0 63.4
4.7 60.0
15.0 26.3
19.8 20.0

22 .10 18.1

Predicted values using SDMT model. »
0% initial relative humidity was used for silica gel.
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iéirable, therefore, to reduce the“final equilibrium
elative humidity in the container to within the acceptable
bpsule range.

One possible method of reducing the relative humidity
ithin the container is by increasing the head space volume,
gnce moisture will desorb from the components and into the
;creased volume. Table 11lb shows, however, that the head
;ace volume needed to reduce the relative humidity below
0% must exceed 130 liters.

A better method to effect a reduction in the relative
lmidity is the incorporation of a desiccant (e.g., silica
el) in the product container. A sufficient quantity of
ilica gel must be added to reduce the relative humidity
?low 60%, however not so much that the relative humidity is
‘educed below 20%. Table 1ll¢ shows the predicted final

' ibrium relative humidities using the SDMT model for
jarious quantities of silica gel. As can be observed from
he table, the quantity of silica gel used should be between
1.7 and 19.8 grams to maintain the final equilibrium
telative humidity within the acceptable capsule range of 20

o 60% RH.

Example 2. Stability of a Drug Hydrate. Figure 22

oresents the moisture isotherm of an arbitrary drug compound
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arbitrary drug hydrate.
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Figure 22: Moisture sorption isotherm for

100



109

gich may exist in one of four hydrate forms: anhydrous,
énohydrate, dihydrate, or trihydrate. The most stable form
the drug is the dihydrate which exists over the relative
idity range of 40 to 60%.

Suppose a tablet formulation is to be prepared
;ntaining 25mg of drug in a total tablet weight of 100mg.
'he remaining 75mg is to be composed of microcrystalline
ellulose and corn starch in any proportion. One hundred
';;iets are to be stored in a 50ml tightly sealed glass
ontainer with a head space volume estimated to be 30ml.
3ince the drug has a critical moisture range between 40 and
b% RH, the optimum relative humidity for formulation is
assumed to be 50%. Thus, the drug is stored in a desiccator
;Ver a saturated salt solution at 50% RH so as to maintain
'he dihydrate. Given that the initial moisture contents, as
determined by loss-on-drying, for microcrystalline cellulose
5-d corn starch are 4.4% and 17.0%, respectively, what
ombination of these two excipients will produce a final
squilibrium relative humidity of 50%7?

Table 12a provides the initial information necessary to
formulate a container of 100 tablets. For the drug, the
amount of water associated with the solid is always equal to
¢5g water at 50% RH (2.5g drug x 0.2g water per g of drug

it 50% RH). Since the initial percent water is given for
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Table 12a

Initial Conditions for Tablet Formulation
Containing Drug Hydrate

COMPONENT INITIAL %H20 (%RH) INITIAL DRY WEIGHT"
20.0 (50) 2.5g
>. cellulose 4.4 (40) total
Corn starch 17.0 (70) 7 +5g

[emperature = 23°C, Head space volume = 30ml

Table 12b

Final Equilibrium Relative Humidity
Using Various Combinations of
Microcrystalline Cellulose and Corn Starch

- COMPOSITION (grams)
: FINAL EQUILIBRIUM
- MCC cS DRUG - RELATIVE HUMIDITY"™
7.0 0.5 2.5 42.9
6.0 1.5 2.5 47.1

5.5 2.0 2.5 48 .7

5.0 2 :5 2.5 50.0

" Per 100 tablets.
' Predicted values using SDMT model.
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'crocrystalline cellulose and corn starch, the amount of
ater for these solids can be readily determined for any
nitial weight without the need for equation 22.

To solve this formulation problem, the dry weights of
icrocrystalline cellulose and corn starch, W, and Wy,

fspectively, in equation 24 need to be obtained. Since the
otal weight of microcrystalline cellulose and corn starch

ist equal 7.5 grams for 100 tablets, the following equation

:-'be written:
Wy = 7.5g9 - Wa (41)

gplacing Wy in equation 24 with equation 41, an iterative
rocess can be used which varies the value of W, until the

esired final relative pressure, P/P,, of 0.5 is obtained.

Table 12b shows results obtained using various
Tmbinations of microcrystalline cellulose and corn starch.
, final composition of 5.0g microcrystalline cellulose, 2.5g
}rn starch, and 2.5g drug provides the desired final

relative humidity condition of 50%.
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le 3. hilized F lati £ Low Moi

In example 1 it was shown that an increase in the
head space volume was an impractical method for reducing the
 elative humidity to an acceptable level. This was so
pecause the amount of moisture in the vapor space was
fegligible when compared to the moisture associated with the
;olids. The same is not true, however, for crystalline
solids having relatively low surface areas, and hence take
up only very small amounts of water. For example Kontny,

Grandolfi, and Zografi (67) showed that crystalline sodium

chloride takes up no more than about 5 x 1075 g H,0/g NaCl

at a relative pressure near its deliquescence point (P/P, =

.75) . In this case the vapor state may provide a
significant source of moisture.

For this example, consider a mixture of two solids,
component A and component B, found in a lyophilized product
each of which contains very small amounts of moisture. Let

us assume the following isotherm constants from the GAR

equation: Wn Ca K
Component A .00754 .0322 .168
Component B .00962 —20.1 1.27

Each of these solids is water soluble and has the following

relative humidity at saturation and 20°C:
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Component A RH, = 75%

Component B RH, = 84%

When mixed together, however, the equilibrium relative
humidity above a saturated solution of these solids falls to
63% as predicted by Ross (equation 11) for any mixture of
water soluble solids. Hence, in order to maintain
acceptable stability in a dosage form containing these
components, the equilibrium relative humidity must be kept
below 63%.

Consider a lyophilized dosage form containing 0.95g of
component A and 0.05g of component B in a glass vial with an
;estimated Sml head space. Following the freeze-drying
process, a residual moisture content remains associated with
each of the solids which produces a final relative humidity

'in the vial of 65%. To what size must the head space be

~increased such that the relative humidity is reduced below
‘the acceptable value of 63%7?
Table 13a provides the initial information needed to

complete this problem. Using equation 24, it is necessary

to solve for the term Vp, the total head space volume, at

P/P, = .63. Table 13b gives the final equilibrium relative

humidity results for various head space volumes. Clearly, a
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Table 13a
Initial Conditions for Lyophilized Dosage Form
- COMPONENT INITIAL %RH INITIAL DRY WEIGHT
- Component A 650 0.95g
- Component B 65.0 0.05g

 Temperature = 20°C, Head space volume = 5ml

Table 13b

Increase of Head Space Volume to Reduce
Final Equilibrium Relative Humidity

FINAL EQUILIBRIUM

HEAD SPACE VOLUME (ml) RELATIVE HUMIDITY"
5 . 65.0
10 64.7
20 64.1
30 63 .5
38 63.0
40 62.8

* Predicted values using SDMT model.
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vial providing a head space in excess of 38ml is necessary

fo maintain an acceptable relative humidity below 63%.
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The empirical approach first used by Salwin and Slawson
for predicting the final equilibrium relative humidity above
a mixture of components was modified in the present work to
broduce the Sorption-Desorption Moisture Transfer (SDMT)
model. This model utilized an equation describing the
;moisture isotherm so that the moisture content of a
particular component could be determined over the entire
relative humidity range as a function of various parameters.
The SDMT model provided reasonable results for moisture
transfer among several components when only transmission
through the vapor state was assumed to take place. It was
shown that by including the desorption isotherm and vapor
state moisture, improved results were obtained as compared
.fo previous models.

=,

It should be emphasized that although this work

" primarily used the GAB equation to describe the moisture
isotherms (and indeed a wide number of excipients are

:

is not a limitation of the model as shown when silica gel

‘described by the GAB equation as given in Appendix 5), this

was a constituent of the mixture. The iterative process
‘used for the predictive calculation is flexible enough to

~allow the incorporation of any equation which describes a
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moisture isotherm.

Most importantly, the SDMT model has the significant
‘advantage over previous work in that simulations are
' possible for multiple component systems. In this way a
priori predictions can be obtained for final equilibrium
moisture conditions, thus minimizing unnecessary preliminary
experimentation. This should provide a tool for the
pharmaceutical formulator to minimize much of the empiricism
in formulating moisture-sensitive solid dosage forms. The
only data necessary in proceeding with the model are initial
ETconditions such as dry weight, moisture content,

temperature, head space volume, and water vapor

- sorption-desorption isotherms for all components.
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VIII. APPENDICES

Appendix 1. Constant terms for equation 25.

3 1 1 TSR 4 S|
2T QR D |BlED K B[ Bl K|k

o aWwCOn - WeMnaOon | Mo rl g L
VPo(18) | Ka(Cgpa-1) = Kg(Cgp-1) | = VPo(18) |Kg (Cgg-1)

VPo(18)

+ Mp [ Ka(Cga-1) (Kp+Kg(2-Cap) ) +Kp(Ky+Kp) (Cap-1)KKg]

1 ) 1\
+ — —
Ka (Cap-1)

= [KA(CgA—2)+KB(CgB—2 )] +WpWIACGAKAKp (Cag-2) + WghimgCapKaKg(Cap-2)

(KaKg)?(Cga-1) (Cgg-1) VP, (18)

C3 =
(KK XCgp-1) (Cgg-1) YEQII8)
18
Eslie) + WAWMACGAKA + WBWmB CggKp+ Mp [KA(2-CgA) + KB(Z-CgB)]
Cy =
2 VP, (18)
(KyKp)“(Cgp-1)(Cog-1) —%x
MpRT
C =
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Appendix 2. BASIC computer program to calculate moisture
transfer using Newton's method.

10 REM ITERATION PROGRAM FOR
11 REM TWO COMPONENT SYSTEM

12 REM USING NEWTON'S METHOD
17 REM

20 REM WRITTEN BY G. GRANDOLFI

zZ1 REM MARCH 14, 1986

30

40

S0 R = 82.0562

40 HOME : VTAB 15§

70 N = 2

80 DIM V(N),W(N),RP(N) ,WM(N) ,h CG(
N) ,K(N) MS(N)} MV(N)

90 HOME : VTAB 15

100 INPUT "“TEMPERATURE (centigra
de)? ";T

110 T =T + 273.15

120 HOME : VTAB 15§

130 INPUT "“Po AT THIS TEMPERATUR

E ? ";PO

135

136 : “

137 REM ENTER PERTINENT DATA FO

R EACH COMPONENT

138

140 PR# 0

150 FOR X = 1 TO N

160 HOME : VTAB 10

170 FLASH

180 PRINT "“INFORMATION FOR COMPO
NENT " ;X

190 NORMAL

200 VTAB 13

210 INPUT "“INITIAL VOLUME (ml) *
VXD

220 INPUT "“INITIAL DRY WEIGHT (g
rams) " ;W(X)

230 INPUT "INITIAL RELATIVE PRES
SURE “;RP(X)

240 INPUT "GAB CONSTANTS: Wm, Cg

, K ", WMOX) ,CG(X) ,K(X)
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(Appendix 2 continued)

2350
300
310
320

330
340
350
360
370
390

400

410
420
430
450

460

470

480
490
500
510
S20
1000
1010
1020

1030
1040
1050

1060
1070

1080
1090
1100
1110
1120
1130
1140

1150

NEXT X

REM PRINT OUT THE INITIAL I
NFORMATION

PR# 1

PRINT Ye e e em e e = - "
PRINT *“ INITIAL DATA"
PRINT Y"—cemmmmmee e == "
PRINT “TEMPERATURE = "“;T - 2
73.15;" deg C" )
PRINT "Po AT ";T - 273.15;"
deg C = ";PO

PRINT

FOR X = 1 TO N

PRINT "“COMPONENT " ;X

PRINT * INITIAL VOLUME =
AT §)

PRINT * INITIAL DRY WEIG

HT = ",W(X)

PRINT " INITIAL RELATIVE
PRESSURE = " ;RP(X)

PRINT * Wm = ", WM(X)

PRINT * Cg = ";CG(X)

PRINT * K = “";K(X)

PRINT

NEXT X

REM FOR fACH COMPONENT, CO
MPUTE THE WATER ON THE SOLID
AND IN THE VAPOR SPACE

PRINT

PRINT "cccmmcmcm e e e e =
PRINT * CALCULATED DATA"
PRINT "cemmemcmc e e e e = =

MT = 0
FOR X = 1 TO N
P = RP(X)
GOSUB 9500
GOSUB 9000
MT = MT + MS(X) + MV(X)
PRINT "“INITIAL AMOUNT OF WA
TER FOR COMPONENT " ;X
PRINT * MASS OF WATER O
N SOLID = ";MS(X);" grams"
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(Appendix 2 continued)

1140 PRINT * MASS OF WATER I
N VAPOR = ";MV(X);" grams"

11740 PRINT

1180 NEXT X

1200 PRINT “TOTAL WATER IN SYSTE

M = ";MT;" grams"

2000 :

2010 :

2020 REM BEGIN CALCULATIONS FOR

NEW EXPANDED VOLUME

2025

2030 PR# 0

: 2040 HOME : VTAB 15

} 2050 INPUT “"EXPAND TO A NEW TOTA

' L VOLUME OF ?? *“;VT

: 2051 INPUT “"WHICH COMPONENT TO D

’ ESORB (1 or 2)?";Y

2053 INPUT "Wm, Cg, K FOR DESOR
PTION" ;WM(Y),CG(Y) ,K(Y)

2060 PR# 1 )

2070 PRINT

2080 PRINT "“SYSTEM EXPANSION TO
NEW TOTAL VOLUME OF "“;VT;" m
I "

2081 PRINT “COMPONENT *“;Y;" TO D
ESORB CON EXPANSION"

2082 PRINT " Wm o= " WMOY)
2083 PRINT * Cg = ";CGCY)
2084 PRINT " K = ";K(Y)
8000 : .

8010 :

8020 REM BEGIN NEWTON'S METHOD
8030

8040 C1 = (1 / (K(2) * (CG(2) - 1
Y)Y = (1 / K(2)) + (1 /7 (K(1
Yy % (CG(1Y - 1)) - (1 [/ K1

¥) - ((MT * R *x T * 760) / (

VT * PO * 18))

8050 D1 = ((1 / (K(1) * (CG(1) -
1))) * ((1 / (K(2) * (CG(2) -
1)) - (1 /7 K(2)) - (1 / K1
Y3

8060 D2 = ((1 / (K(2) * (CG(2) -
1)) * (1 / K€2)) + (1 /7 K¢
1)y

8070 D3 = (1 / (K(1) * K(2)))

8080 D4 = ((R * T * ?760) / (VT X
PO * 18)) % (((W(1) * WM(1) ¥
CG(1)Y)Y / (K(1) * (CG(1) - 1)
)Y o+ ((WC2) * WM(2) % CG(2))

/] (K(2) * (CG(2) - 1))))
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(Appendix 2 continued)

8090 D5 = ((MT * R * T * 760) / (
VT * PO * 18)) * (((1 / K(2)
y ®* (1 - (1 / (CG(2) = 1))))
+ (1 7 KC1y)y *» (1 - (1 [ (
CG(L)Y - 1))

8100 C2 = D1 - D2 + D3 - D4 + DS

8110 E1 = ((VT * PO * 18) / (R *
T * 7240)) % ((K(1) * (CG(1) -
2)) + (K(2) * (CG(2) - 2)))

8120 E2 = (W(1) ® WM(1) * CG(1) *
K(1) * K(2)) * (CG(2) - 2)

8130 E3 = (W(2) * WM(2) * CG(2) *
K(1) * K(2)) * (CG(1) - 2)

8140 E4 = ((K(1) * (CG(1) - 1)) *
(K(1) + (K(2) * (2 - CG(2)))
Y)Y + (K(2) * (K(1) + K(2)) *
(CG(2) - 1)) = (K(1) * K(2))

8150 ES = ((K(1) * 2) % (K(2) * 2
y * VT * PO * 18 * (CG(1) -
1) * (CG(2) - 1)) / (R * T *

760)
8160 C3 = (E1 + E2 + E3 + (MT * E
4)) [/ ES

8170 F1 = ((VT * PO * 18) / (R *
T * 760)) + (W(1) * WM(1) *
CGC1)Y * K(1)) + (W(2) * WM(2
y * CG(2) * K(2))

8180 F2 = MT * ((K(1) * (2 - CG(1
Y¥) 4+ (K(2) * (2 - CG(2))))

8190 C4 = (Fi + F2) / ES3

8200 CS = MT [/ ES

8300 PRINT : PRINT

8309 PRINT "----cememmmmmmm e = mm =

8310 PRINT " NEWTON APPROXIMAT
ION METHOD"

8311 PRINT "-e-meemmmm e e e m e ==

8320 FOR J =1 TO 0 STEP - 0.1

8325 Z = (J * 5) + (C1 * (J * 4))

x (J * 3)) + (C3 * (J
*2)) + (C4 * J)y - CS

8330 IF Z ¢ = 0 THEN 8380

8335 NEXT J

8380 X = J + 0.1

8393 PRINT "X= ";X

8400 FOR I =1 TO 10

8410 C = (X * S) + (C1 *» (X * 4))

+ (C2 * (X * 3)) + (C3 * (X
“ 2)) + (C4 * X)» - CS



| 8420

8430
8440
8450
8451
8452

000
9010
2020

9030

92040
9050

9060
9500
9510
9520
9530

9540
9350

9360

' (Appendix 2 continued)

Gl = (5 * (X * 4)) + (4 * Ci
* (X * 3)) + (3 * Cz2 * (X °
2)) + (2 * C3 *» X) + C4
X = X - (G / G1)

REM PRINT I,X

NEXT I

PRINT

PRINT "CALCULATED FINAL REL
ATIVE PRESSURE = " ;X

REM IDEAL GAS LAW SUBROUTI
NE

REM RETURNS MASS IN VAFOR
STATE

MV(X) = (P * PO * V(X) * 18)
/ (760 * R * T)
RETURN

REM GAB SUBROUTINE
REM RETURNS MASS OF WATER
ON SOLID OF COMPONENT N

MS(X) = (W(X) * WM(X) * CG(X
Yy * K(X) * P) / ((1 - (K(X) *
P)) * (1 - (K(X) *» P> + (CG(
X) * K(X) * P)))

RETURN

-
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Appendix 3. BASIC computer program to calculate moisture
transfer using iteration technique.

10
11
12
13

14
15
20
21
25
30
338
40
41

43
43

47
50
$0
70

e

135
136
137

138
140
150
1460
170

178
180
190

200

REM ITERATION PROGRAM FOR
REM MULTICOMPONENT SYSTEM
REM

REM WRITTEN BY G. GRANDOLFI

REM MARCH 14, 198¢
REM
REM MODIFIED OCT 10, 1986

REM MODIFIED NOV 12, 198%

Q= 9

DIM C1%(Q),T1¢(Q) ,P1(Q),W1(Q),
c1¢Q) ,K1(Q)

FOR X = 1 TO Q

READ C18(X),T1(X),P1(X) ,Wi1(X)
,C1(X) ,K1(X)

NEXT X

R = 82.0562

HOME : VTAB 13§

INPUT "NUMBER OF COMPONENTS T
O BE USED ? " ;N

DIM V(N) ,W(N),RP(N) ,WM(N),CG(
N) ,K(N) MS(N) MV(N),T(N),PO(
N),Cs$ (ND)

REM ENTER PERTINENT DATA FO
R EACH COMPONEINT

PR# 0

FOR ¥ = 1 TO N

HOME : VTAB 5§

FLASH : PRINT “INFORMATION F
OR COMPONENT " ;X: NORMAL
PRINT : GOSUB 9500

HOME : VTAB S

FLASH : PRINT "“INFORMATION F
OR COMPONENT " ;X: NORMAL
PRINT : PRINT "“COMPONENT = "
;Cs¢X): PRINT "“TEMP = " ;T(X)
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204
206
210
220
230

250
300
310
320

330
340
350
360
370
420
430

435
440
450

460
470

480
490
500
510
520
1000
1010
1020

1030
1040
1030

10460
1070

1080
1090
1100

PRINT "Po = "“;P0O(X): PRINT "
Wm = " ;WM(X)

PRINT “Cg = "“;CG(X): PRINT "
K = ";K(X): PRINT

INPUT "INITIAL VOLUME (ml) "
VXD

INPUT "INITIAL DRY WEIGHT (g
rams) " ;W(X)

INPUT "INITIAL RELATIVE PRES
SURE " ;RP(X)

NEXT X

REM PRINT OUT THE INITIAL I
NFORMATION

PR# 1

PRINT Y"mccmemmmm e e === "
PRINT *
PRINT "-cccmeme e e m e e = "
FOR X = 1 TO N

PRINT "“COMPONENT ";X;" = "“;C
$(X)

PRINT TEMP = " ;T(X)
PRINT * Po = ";PO(X)

PRINT " INITIAL VOLUME =
"LVEXD

PRINT *“ INITIAL DRY WEIG

HT = " ;W)

PRINT " INITIAL RELATIVE
PRESSURE = ™ ;RP(X)

PRINT " Wm = “;WM(X)
PRINT * Cg = ";CG(X)

PRINT * K = ";K(X)
PRINT

NEXT X

REM FOR EACH COMPONENT, CO
MPUTE THE WATER ON THE SOLID
AND IN THE VAPOR SPACE

PRINT PRINT
PRINT "mcmcmmemm e e e e ==

"

PRINT * CALCULATED DATA"
PRINT Yo mce e e = =

MT = 0
FOR X =1 TO N
P = RP(X)
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1110
1115
1120
1121
1128
1130
1140

1150

1160

1170
1180
1190
1200

1201
1202

1203

1204

2000
2010
2020

2025
2030
2040
2050

2051
2053

2055
2060
2062
2063
2064
2066
2075

2080
2081
2082
2083
2084
2085

GOSUB 9000
IF K(X) = 0 THEN 112535
GOSUB 8000
GOTO 1130
GOSUB 7500
MT = MT + MS(X) + MV(X)

PRINT “INITIAL AMOUNT OF WA

TER FOR COMPONENT " ;X;" =
Cs (X)

PRINT *“ MASS OF WATER
N SOLID = ";MS(X);" grams"
. PRINT * MASS OF WATER
N VAPOR = ";MV(X);" grams"

PRINT

NEXT X

PRINT

LU
{4

0

PRINT “TOTAL WATER IN SYSTE

M= ";MT;" grams"
PRINT : PRINT

PRINT "cemcmmmm e e =

REM BEGIN CALCULATIONS FOR

NEW EXPANDED VOLUME

PR# 0
HOME : VTAB 15

INPUT "EXPAND TO A NEW TOTA

L VOLUME OF ?? "“;VT
FOR X =1 TO N

PRINT “WILL COMPONENT ";X;"

= ";Cs(X);" DESORB??"
INPUT " (Y/N)";AS$

IF AS = "¥Y" THEN 2044
IF A$ = “N" THEN 2090
GOTO 2055

HOME : VTAB S5: GOSUB 9500

PR# 1
PRINT “COMPONENT ";X;" =
$(X)

PRINT * TEMP = ";T(X)
PRINT " Po = ";P0O(X)
PRINT " Wm = ";WM(X)
PRINT " Cg = "“;CG(X)
PRINT " K = ";K(X)

PR& 0

llC.
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(Appendix 3 continued)

2090
2100
2110
2120

2200
2210
2220
2230
2240
2250
2260
3000
3010
3020
3025
3030
3031
3035
3040
3050
3059
3060
3070
3080
3200

3210

3220
3230
4000
4100
4101
4110
7000
7010
7020

7030
7040
7050
7060

7070

NEXT X

PR#& 1

PRINT

PRINT "SYSTEM EXPANSION TO
NEW TOTAL VOLUME OF ";VT;" m
lll

REM BEGIN THE ITERATION

PNOW = .5
PHIGH = 1.0
PLOW = 0.0
P = PNOW
MCALC = 0
FOR X = 1 TO N
IF K(X)> = 0 THEN 3035
GOSUB 8000
GOTO 3040
GOSUB 7500
MCALC = MCALC + MS(X)
NEXT X
X = 1
V(X)) = VT
GOSUB 9000
MCALC = MCALC + MV(X)
IF INT (MCALC * 100000000)
= INT (MT * 100000000) THEN
7000
IF INT (MCALC * 100000000)
> INT (MT * 100000000) THEN
4000
PLOW = PNOW
GOTO 4100
PHIGH = PNOW
PNOW = (PLOW + PHIGH) [/ 2
PRINT PNOW
GOTO 3000

REM FINAL RELATIVE PRESSUR
E HAS BEEN CALCULATED

PRINT : PRINT

PRINT Ycemmmmmem e e e e e = ==
PRINT “CALCULATED FINAL REL
ATIVE PRESSURE = " ;PNOW
PRINT Y- cmcemmmm e e == =
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(Appendix 3 continued)

7100
7497
7498
7499
7300
7501

7502
7510

7320
8000
8010
8020
8030

8040
80S0

8060
9000
9010
9020

9030
9040

9050

2040
2400
9410
92420
9500

93510

9320

2530
9540

9550
9560

END

REM LANGMUIR SUBROUTINE
REM RETURNS MASS OF WATER
ON COMPONENT N

MS(X) = (W(X) * WM(X) * CG(X
Y *x P)Y [/ (1 + (CG(X) * P))
RETURN

REM GAB SUBROUTINE
REM RETURNS MASS OF WATER
ON COMPONENT N

MS(X) = (W(X) * WM(X) * CG(X
) * K(X) * P) / ((1 - (K(X) *
PY) * (1 - (K(X) * P> + (CG(
X) * K(X) * P)))

RETURN

REM IDEAL GAS LAW SUBROUTI
NE

REM RETURNS MASS IN VAPOR
STATE

MV(X) = (P x PO(X) * V(X)) *
18) / (760 * R * (T(X) + 273
.15))

RETURN

REM LIST THE GAB CONSTAN
TS

PRINT “LINE COMPONENT

TEMP"

PRINT "---e —cceeee=-

- —

FOR I = 1 TO Q

PRINT TAB( 2);I; TAB( é);C
1$(IY; TAB( 23);TIi(I)

NEXT I

PRINT : INPUT “CHOOSE LINE
# FOR THIS COMPONENT";L
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9570 IF L

9580 Cs$(X) = C1$(L) :T(X) = Ti(L):
PO(X) = P1(L)

9590 WM(X) = WIi(L):CG(X) = C1(L):
K(X) = Ki(L)

92600 RETURN

9700 :

?710

9720

9900 REM CHARACTER STRING MAX=
15 :

9910 REM CHANGE LINE 40 FOR "Q

9920 DATA “MCC-ADS-MK",20,17.53

1 OR L > Q THEN 9560

5,.0299,55.7,.870

9930 DATA

"MCC-DES-MK",20,17.53

$,.0429,24.7, .820

9935 DATA

“MCC-ADS-MK",25,23.75

6,.0285,49 .5, .893

9936 DATA

“MCC-DES-MK",25,23.75

6,.0403,16 .6, .844

9940 DATA

“CS5-ADS-MK",20,17.535

,.0733,67,.804

9950 DATA

"CS-DES-MK",20,17.535

,.114,26 .9, .641

9960 DATA

“GELCAP-ADS-GG",23,2

1.068,0.237,2.95,0.50°9

9965 DATA

"GELCAP-DES-GG" ,23,2

1.068,0.150.,25.1,0.543

9970 DATA

“SILICA-LANG",23,21.

068, .5722,1.784,0
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Appendix 4. Fortran non-linear regression computer

program. Written by John Davis, Madison Academic
Computing Center, University of Wisconsin-Madison.

FARAMETER
A2 Cr

"
s 4

A s D EMP 2 RENO+SRNF

NOURLE FRECIGION S4LS)

arURLE PFRECISION THOMF)Y s TENDY s Y(NDY»TOLCED
DOURLE FRECISION EFSHMOD/LD~-10/
THTEGRER TOFPT(AY QeCo0a1/0

A MERT(A/1s1CeLr Ly dummy
CHARACTERY72 TITLE
CHARACTERY4L TITLEA
hzrzeter¥20 INFILE

COMMON ARLEAT

aaTa TOLA0s0207

natTA THAG . N9R2:27.3:0.681/

ol ERNaL 20U

HEORG =

PRl fE (e ‘Enter filename. cvimum set to 210 ahzervations.’
AEADIS 7SYINFILE
P CORMATIAZOD
WRITE(&s ¥ Enter title -- limit is 40 characters.
REANCS 303 TITLEA
TITLE=TITLEA// Dataset = f//INFILE
80 FORMATIATZ
UPEN{10,FILE=INFILEsSTATUS='OLB’)
o 200 I=1eMO .
REﬁn(lchrENnm300)T(I):Y(I)
NEDRS=MNROREL
CONT I MUE
writelasrtitle
ol NREG??(NHGBSyNPvTH:YwEQU:DUMMYyEPBﬁQD,
%IQPT!TOL!NQXMDEsNPRT!INFU!S!LS)
WHITE (S 400y INFQ
ann FORMATOS THFD UALUE I8 7,I1s7. SEE FAGE 2-4 OF ™MANUAL.,
STOF
EMD
SiekRTINE EQU (MRORS s MF Y2 THo R
PNURLE PRECTSION Y(QlO)yTH(QlO?sRinO)yT(ElODaX
roMMON SRLEAT
i W= FHOLY s C=TH2) s K=THOS?
oy a0 I=1sMRORE
Xx=TCL)
RiI)t(THil)#TH(Q?*TH(S)KK)X
+ (£1—TH£E)£X}*(1—TH(3)#X+TH(2>#TH(33#X))—Y(I}
o CONMTEMUE
f IR

QD

i b
7 ™
Fe )




Appendix 5. GAB Constants for various excipients.

COMPONENT

Bentonite N.F.

Cellulose Acetate Phthalate N.F.
Cellulose, Powdered N.F.
Croscarmellose Sodium (Acdisol)
Croscarmellose Sodium (Acdisol)
Cross Linked Dextrose (CLD-2)
Cross Linked Dextrose (CLD-2)
Dextrose U.S.P.

Ethylcellulose N.F.

Gelatin U.S.P.

Hydroxpropyl Cellulose
Hydroxypropyl Methylcellulose Uusp
Magnesium Aluminum Silicate N.F.
Magnesium Stearate N.F.
Polyplasdone XL

Povidone U.S.P.

Pregelatinized Starch i
Pregelatinized Starch (Starch 1500)
Sodium Carboxymethyl Cellulose
Sodium Starch Glycolate N.F.
Sodium Starch Glycolate (Explotab)
Sodium Starch Glycolate (Primojel)
Sucrose U.S.P.

Wm Cg

.0494 8.38
.0495 6.94
.0569 1.65x104
.0936 5.81

.0622 179
.0725 448
.0979 64.7

.0368 5.90x103
.0125 2.36
.0671 8.17x103
.0420 2.46

.0299  11.1
.0481  42.3
.0223 1.24x10%4
.133 14.1
.0893 -4.92x103
.0496 -132
.0737  27.3
.103 229
.0699 3.34
.0807  10.9

.0918 4.39
.24x107% -4.34

131

K

.812
.662
.672
. 930
. 985
.968
.950
.939
.835
.850
.880
951
. 8175
.686
.708
.865
.860
.801
.833
.891
~975
. 983
.07

Ref

68
68
68
69
70
70
69
68
68
68
68
68
68
68
68
68
68
71
68
68
70
70
68
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