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ABSTRACT 
Adsorption-desorption studies and immersional calorlrnetry 

were used conjointly to characterize the surface properties of 

two dislntegrants - Ac-DI-Sol and CLD-2. Adsorptlon-desorptlon 

isotherms were utilized to calculate the Integral and different 

Glbb's free energies. Non-isothermal calor lmetry was employed 

to quant I f y the energ les of 1 nteract ion between the adsorbate 

and the adsorbent and obtain the differential enthalpy. These 

Interactions were determined to be -7.5 and -7.8 kcal per mole 

for Ac-D I -Sol and CLD-2, respect I ve I y. The premature decrease 

In the differential enthalpies and entroples and -the observed 

immersional a n d  adsorption-desorption hystereses were 

hypothesized to be the result of an irreversible swelling 
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a34 GORDON, PECK, AND KILDSIG 

process. Di f ferences were. observed between CLD-2 and Ac-Di-.-Sol 

which were be1 ieved to be due to the higher degree o f  cross- 

I Inking in Ac-Di-Sol. 

l” 
The interaction of water with pharmaceutical excipients is 

usual ly of considerable importance to the u I timate release of 

the drug from the dosage form. This is particularly true for 

the water-disintegrant interaction. Recently, the water 

sorpt ion propert ies of a number of newer d is 1 ntegrat i ng agents 

have been i nvest I gated n2. I n the present i nvest 1 gat I on, a 

more complete characterization of Ac-Di-Sol and CLD-2 has been 

achieved using aqueous immerslonal calorimetry. 

EXPERlMEMAL - 
The water vapor adsorption-desorption studies were 

necessary to characterize thermodynam ica I I y the I ntegra I and 

dlfferential Gibb’s free energies for the adsorption process of 

water vapor on to Ac-Di-Sol and CLD-2. Ac-Di-Sol and CLD-2, 

approxlmately 60 to 80 grams, were initial l y  vacuum drled (0.1 

m m  Hg) at 6OoC f o r  f lve days to remove al I the adsorbed gases 

from their respective surfaces. Each of the drled 

dlsintegrants, approximately 1 to 3 grams, were placed in 

previously weighed petrl dish tops and transferred to relative 

humidity chambers ranging from 7 to 100% relative humidity. 

These chambers were prepared by filling Pyrex desiccators with 
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AC-DI-SOL AND CLD-2 SURFACE INTERACTION 835 

a s a t u r a t e d  s a l t  s o l u t i o n  which would m a i n t a i n  t h e  d e s i r e d  

r e l a t i v e  h u m l d l t y  a t  25OC. The chambers were s t o r e d  I n  an 

env I ronmenta I contro I room ma i n t a  1 ned a t  25OC 2 0.05OC. 

The adsorpt ion o f  water vapor by t h e  d r ied  d i s in teg ran ts  

was fo l lowed g r a v i m e t r i c a l l y  as a func t ion  of time; weighings 

were performed approx 1 mate I y every 48 hours. The grav i metr i c  

d e t e r m i n a t i o n  o f  t h e  change i n  we igh t  r e s u l t i n g  f r o m  t h e  

adsorption o r  desorpt ion processes was determined by d i f f e rence  

uslng a M e t t l e r  balance w i t h  a s e n s i t i v i t y  of 0.1 mg. 

The desorpt lon s tud ies  were performed I n  a manner s i m i l a r  

t o  t h e  a d s o r p t i o n  s t u d i e s  w i t h  t h e  e x c e p t i o n  t h a t  t h e  d r i e d  

d ls ln tegran ts  were f l r s t  equi I ib ra ted  a t  100% r e l a t i v e  humld i ty  

before being t rans fer red  t o  var ious r e l a t i v e  humid i ty  chambers. 

Welght determlnat lons were made approximately every 48 hours. 

The r e v e r s i b i l i t y  of t h e  a d s o r p t i o n  process  f o r  b o t h  

d l s i n t e g r a n t s  was i n v e s t i g a t e d  by combin ing  an adso rp t i on ,  

d e s o r p t l o n  and r e - a d s o r p t i o n  sequence i n t o  one s tudy.  The 

d r i e d  d l s i n t e g r a n t s  were l n l t l a l l y  e q u i l i b r a t e d  a t  100% 

r e l a t l v e  humld i ty  (adsorpt ion process), then d r ied  a t  6OoC i n  

the vacuum oven f o r  f i v e  days (desorpt ion process), and f i n a l l y  

re -equ l l lb ra ted  i n  var ious r e l a t i v e  humid i ty  chambers f o r  seven 

days (re-adsorption process). The t o t a l  ne t  change I n  weight 

incurred dur lng the  7 day re-adsorption phase was compared w i t h  

t h e  t o t a l  w e l g h t  change o f  t hose  samples wh ich  had undergone 

the adsorpt ion process on ly  once. 
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836 GORDON, PECK, AND KILDSIG 

ous IIJIWXS~M~I C a l o r i m e u  

Heats o f  lmmers lon  o f  Ac-Di-Sol and CLD-2 c o n t a l n l n g  

var ious amounts o f  adsorbed water and water remaining a f t e r  fhe  

d e s o r p t l o n  p r o c e s s  were  d e t e r m i n e d  I n  a non lso the rma l  

calor imeter.  The design of t h i s  ca lo r ime t ry  and aspects of I t s  

operat ion were presented prev lous ly3. 

A t h i n - w a l  l e d  g l a s s  sample b u l b  was t a r e d  and p a r t i a l  l y  

f I I led  w l t h  powder equ l  I1 b r a t e d  under one of t h e  p r e v i o u s l y  

described condltlons. The welght o f  the sample was obtained by 

the d i f fe rence between t h e  f i l l e d  and empty sample bulbs. 

The c a l o r l m e t e r  c e l l  was f i l l e d  w i t h  an a c c u r a t e l y  

measured q u a n t i t y  o f  d i s t i  I l e d  water  ( e i t h e r  200 o r  250 m l ) ,  

and the e n t l r e  u n i t  was assembled. S t i r r i n g  was I n i t l a t e d ,  and 

the temperature o f  t he  ca lo r lmeter  contents, 0, was adJusted t o  

approximately 25' by ac tua t lon  of t he  ca l  l b r a t i o n  heater. 

Thermal e q u i l i b r a t i o n  o f  the  system was assumed complete 

when t h e  observed A 0  / A t  va lues  were n o t  g r e a t e r  t h a t  2 

0.0002°/ i n t e r v a  I. (The d i g l t a l  thermometer  r e p o r t s  t h e  

temperature a t  1 0-sec 1 nterva I s  when operated a t  a reso l  u t  ion 

o f  O . O O 0 l o ) .  A f t e r  s t a b i  I I z a t i o n ,  a p reprocess  p e r l o d  o f  a t  

l e a s t  5 mln  (30 I n t e r v a l s )  was obta ined.  The sample b u l b  was 

then f ractured by a r a p i d  depresslon and re lease o f  t he  beaker 

rod. 

When t h e  w e t t  I ng process  was comp l e t e  as I n d  i c a t e d  by a 

tempera tu re  change per  I n t e r v a l  approachfng those  observed 
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FIGURE 1. A c - D i - S o l  

83 7 

dur I ng the In It I a I preprocess per lod, a ca I I brat ion was 

accompllshed by  actuatlon of the reslstance heater In the 

calorimeter cel I for approximately 10 sec, during which the 

voltage across the heater was measured. After termlnatlon of 

the heating process, the duration of the actuation was 

recorded. 
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A 5-minute post  a c t u a t i o n  p e r i o d  was recorded  b e f o r e  

termination of the experlment. This procedure was employed for  

a l  I samples. 

I n t r i n s i c  t e m p e r a t u r e  changes  f o r  t h e  w e t t i n g  and 

c a l i b r a t i o n  processes were computed us ing  t h e  d f f f e r e n t l a l  

t ransformat ' lon  method descr 1 bed prev lous  Iy3r4.  The h e a t  
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AC-DI-SOL AND CLD-2 SURFACE INTERACTION 839 

capaclty used to compute the heats of wettlng was obtained by 

averaglng the results of all calibrations wlthln the same set 

of experlments. The accuracy of al I heats of wetting is 

related to the accuracy of the heat capaclty determlnatlon for 

the system which was approximately 5 0.6%. - 
The Integral and dlfferential Glbb's free energy changes 

assocfated wlth the adsorption of water by Ac-Di-Sol and CLD-2 

were calculated from molsture content and relatlve humidlty 

(part la I pressure) va I ues taken at selected I nterva I s from the 

water vapor adsorptlon Isotherms (Figures 1 and 2). The 

integral Gibb's free energy change was then calculated by the 

followlng equatlon: 

Po p/Po 
AG = -RTI nd(ln p) - nRT In p/Po 

0 
( 1 )  

Evaluation of this equatlon i s  compl icated, however, by  

the fact that data at low pressures, whlch are seldom 

avallable, are requlred for quantification of the Integral 

term. Also of maJor concern was the requlred extrapolatlon of 

the n VS. In P/Po curve to zero pressure which Is tedious and 

subJect to large errors. However, an equivalent form of the 

Integral term which substantially reduces the error incurred Is 

P Po n ( T  1 d ( -  1 -nRT In - P 
p/Po Po 

AG = -RT lo 
Po 

(2) 
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FIGURE 3. Modified Adsorption Isoltherm for Ac-Di-Sol- 
Water System 

Construction of the n (Po/P) vs. P/Po graph can be easlly 

extrapolated to zero pressure using linear extrapolation, as 

i I I ustrated in Figures 3 and 4. 

The integral can be evaluated by determlnlng the area 

under the curve, which was accomplished uslng the trapezoldal 

rule. The results of this method are displayed In column three 

o f  Tables 1 and 2. 

The differential Gibb's free energy change was calculated 

from 
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AC-DI-SOL AND CLD-2 SURFACE INTERACTION 84 1 

I 1 I 1 .""" 
.ooo .250 .500 .750 1 .ooo 

P/Po 

FIGURE 4 .  Modified Adsorption Isotherm for CLD-2-Water 
System. 

- 
A G  = RT in P/PO ( 3 )  

The enthalpy changes ( HLI, as calculated from the heats 

of wett i ng3p4, were obta i ned for both d Is 1 ntegrants conta 1 n i ng 

various amounts of water vapor followlng attainment of  

equllibrlurn from the adsortion and desorptlon processes. These 

data are presented in Table 3 and 4 and Illustrated In Figures 

5 and 6. 
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MOISTURE CONTENT (G.1100G.) 

FIGURE 5. Heats of Wet t ing  of Ac-Di-Sol SAmples Conta in ing  
Var ious  Amounts of Water Vapor f o r  t h e  Adsorp- 
t i o n  and Desorp t ion  P rocesses .  
0 -Adsorp t ion  p r o c e s s  
A-Desorpt ion p r o c e s s  

One immedia te ly  n o t i c e s  i n  F i g u r e s  5 and 6 t h a t  t h e  

adsorption and desorptton curves a r e  not coincidental and, as 

such, a hysteresis loop Is present. This was surprising sInce 

Morrtson and DzIectuch5 d i d  not observe any differences I n  the 
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FIGURE 6 .  Heats of Wetting of CLD-2 Samples Conta in ing  
Various Amounts of Water Vapor f o r  the Adsorp- 
t i o n  and Desorption Processes .  
0 -Adsorp t ion  p rocess  
A-Desorption p rocess  

heats of  Immersion of cel luloslc samples whlch contalned 

equivalent amounts of water vapor lrrespectlve of the process 

by whlch the e q u l l  Ibrtum water vapor was acquired-adsorption or 

desorptlon. The presence o f  a hysteresls l oop  can be 
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GORDON, PECK, AM> K I L D S I G  850 

rat iona lzed by lnvestlgatlng the processes contrlbutlng to the 

total e..thaIpfc change. The change In enthalpy resultlng from 

the fmmerslonal process Is composed of contributlons from two 

opposlng processes. Flrst, a conslderable amount of energy Is 

released d u r i n g  lnteractlon between water a n d  the 

dlslntegrant's polar functlonalltles - hydroxyl and carboxyl 

groups. This exothermic Interaction predomlnates and accounts 

for the observed negatlve heats of wettlng for the 

dlslntegrants lnvestlgated. However, If swel I Ing occurs, an 

endothermlc process results due to rupture of solld-solid 

bonds, and the magnitude of the total negatlve enthalpy change 

would ba reduced. Thus, the presence of swel I lng In a sample 

has been reported to be responslble for the hysteresls loop3r6. 

The heat of adsorptlon, or the net Integral enthalpy, 

assoclated wlth the adsorptlon process was calculated for both 

dislntegrants uslng the following equation 

where 

AH1 (SL) - Is the heat I lberated on lmmerslon of 

the clean,dry solld In water, 

AH1 - Is the heat Ilberated on Immersion In 

water of the sol id contalnlng lrnrr moles 

of adsorbed water vapor, 

and 
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AC-DI-SOL AND CLD-2 SURFACE INTERACTION 85 1 

AH - i s  t h e  h e a t  l i b e r a t e d  due t o  t h e  

adsorption of "n" moles of water vapor. 

The entropy change associated w l t h  t h e  adsorption process 

was determined by so lv ing the  f o l l o w i n g  equatlons f o r  entropy: 

AH - AG 
T AS = 

and 

- -  
AH - AG 

T 
- 
AS = (6) 

where the  bar over the  thermodynamic s ta te  functions (Equation 

6) rep resen ts  d I t f  e r e n t  I a I va I ues and t h e  thermodynam I c 

functlons i n  Equation 5 are in tegra l  values. 

F igu res  7 and 8 II l u s t r a t e  t h e  r e l a t i o n s h i p  between t h e  

in tegra l  thermodynamic functions and the  amount o f  water vapor 

adsorbed. As expected, a l l  cu rves  ( F i g u r e s  7 and 8 )  show a 

smooth Increase a s y m p t o t l c a l l y  approaching a l i m i t i n g  va lue  

wh ich corresponds t o  t h e  maximum moisture adsorbed. However, 

t h e  r e p r e s e n t a t i o n  of  these va lues  (AG, A H  and AS) i n  i t s  

current form does no t  d i f f e r e n t i a t e  the  e f f e c t  t he  adsorption 

o f  each n mole of water  vapor has on t h e  change o f  t h e  

thermodynam I c  s t a t e  func t lons .  Therefore, the  thermodynamic 

s ta te  functions were d i f f e r e n t i a t e d  w i t h  respect t o  the  amount 
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FIGURE 7. Integral Thermodynamic Properties of Adsorption 
for the Water-Ac-Di-Sol System. 

o f  water  vapor adsorbed, and t h e s e  va lues  a r e  I i l u s t r a t e d  i n  

F lgu res  9 and 10. 

Because a l i n e a r  r e l a t i o n s h i p  was observed between t h e  

heats of immersion, Hi, and the  amount of water vapor adsorbed 

a t  low m o i s t u r e  c o n t e n t s  ( F i g u r e s  7 and 81, a c o n s t a n t  

d i f f e r e n t l a l  enthalpy o f  adsorption was l i kew lse  observed over 

t h e  same m o i s t u r e  c o n t e n t  range .  A l t h o u g h  t h e r e  i s  

disagreement over the s lgn l f i cance o f  the constant d i f f e r e n t i a l  
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FIGURE 8. Integral Thermodynamic Properties of Adsorption 
for the Water-CLD-2 System. 

entha I py p e r  lod9p O, t h e  energy r e  I eased on i mmers i o n  1 s 

c o n t i n g e n t  on t h e  amount o f  ba re  s u r f a c e  a v a i l a b l e  f o r  

i n t e r a c t i o n .  Therefore,  t h e  c o n s t a n t  r a t e  p e r i o d  would be 

e x p e c t e d  to e x t e n d  to c o m p l e t l o n  o f  t h e  BET m o n o l a y e r  

represented i n  Figures 9 and 10 by a dashed Ilne. If, however, 

t h e  adsorbed water  mo lecu les  beg ln  t o  i n t e r a c t  w l t h  t h e i r  

ad Jacent ne Ighbors ( I at rea  I adsorbate I n te rac t  ions) and/or the 

s o l i d  swe l l s ,  t h e  n e g a t i v e  d i f f e r e n t l a l  e n t h a l p l e s  would 
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FIGURE 9. Differential Thermodynamic Properties of the 
Water-Ac-Di-Sol System. 

decrease r a p i d l y  before completion of monolayer coverage. 

Because a ze ro  change I n  t h e  d i f f e r e n t i a l  en tha lpy  

indicates t h a t  the  hydrogen bonds formed between the  water and 

the d ls in tegrants  on Immersion have an energy equiva lent  t o  the  

hydrogen bond s t r e n g t h  of I I qu i d  water, t h e  d 1 f f e r e n t  l a  I 

en tha lpy  va lues  I n  F i g u r e s  9 and 10 a re  i n  excess, o r  above, 

the heat of condensatlon o f  l f q u i d  water. 
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FIGURE 10. Differential Thermodynamic Properties of the 
Water-CLD-2 System. 

An adsorbed water  molecule,  a t  low m o i s t u r e  c o n t e n t s  

(<0.28 and 0.34 moles H20/100 grams f o r  Ac-Di-Sol and CLD-21, 

i s  l i k e l y  t o  fo rm t w o  bonds w i t h  t h e  d i s i n t e g r a n t ' s  sur face.  

I n  these ranges, t h e  d i f f e r e n t i a l  enthalpy has a value o f  -6.0 

kca l /mo le  and -6.6 kcal /mole as i n d i c a t e d  by t h e  c o n s t a n t  

d i f f e r e n t i a l  e n t h a l p y  l e v e l s  i n  F i g u r e s  9 and 10. T h i s  

represents t h e  bond energy i n  excess of normal hydrogen bonds 
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856 GORDON, PECK, AND KILDSIG 

I n  water  and i s  due t o  t h e  f o r m a t i o n  o f  t w o  hydrogen bonds 

between each water  mo lecu le  and t h e  s u r f a c e  o f  t h e  s o l i d  

d i s l n t e g r a n t .  The excess energies, on a p e r  hydrogen bond 

basis, are the  -3.0 kcal/mole and -3.3 kcal/mole fo r  Ac-Di-Sol 

and CLD-2, respectively. The t o t a l  bond energy between water 

and e i t h e r  Ac-Di-Sol o r  CLD-2 were c a l c u l a t e d  by adding t h e  

energy fo r  one mole o f  hydrogen bonds I n  water (-4.5 kcal/mole) 

t o  the  exper I menta I 1 y measured excess 1-3.0 kca I /mole and -3.3 

kca I /mo I el. These va I ues are -7.5 kca I /mo I e and -7.8 kca I /mole 

fo r  Ac-Di-Sol and CLD-2. 

F o l l o w i n g  t h e  c o n s t a n t  d i f f e r e n t i a l  enthalpy,  a s teep 

decrease u s u a l l y  occu rs  f o l l o w e d  by an i n f l e c t i o n  p o i n t  

around t h e  ca I cu I a ted  B.E.T. mono I ayer  va I ue. The appearance 

o f  t h e  i n f l e c t i o n  p o i n t  i s  due t o  t h e  t r a n s l t l o n  f rom a 

s l t u a t l o n  where t h e  m a J o r l t y  of water  mo lecu les  i n t e r a c t  by 

fo rming  t w o  bonds w i t h  t h e  s u r f a c e  o f  t h e  d i s i n t e g r a n t  t o  a 

complete monolayer i n v o l v i n g  one s o l l d - l i q u i d  bond per water 

molecule (entropy ef fect ) .  The energies of In te rac t i on  between 

the adsorbed water vapor and the  surface of t h e  d is ln tegran t  a t  

the  In f  l ec t l on  po ln ts  were -2.1 kcal/mole and -3.15 kcal/moie 

f o r  Ac-Dl-Sol and CLD-2, r e s p e c t i v e l y .  Assumlng t h a t  t h i s  

e n t  1 r e  energy of i n t e r a c t  Ion I s  I n  excess o f  normal hydrogen 

bond f o r m a t i o n  i n  l i q u l d  water, t h e  c a l c u l a t e d  va lues  o f  

Interaction between water and e i t h e r  Ac-Df-Sol or CLD-2 were - 
6.6 kca I /mo I e and -7.65 kca I /mo I e. 
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AC-DI-SOL AND CLD-2 SURFACE INTERACTION 857 

A comparison of the energies of lnteractlon between water 

vapor and the surface of the disintegrants at the constant rate 

period and the corresponding inflection points would be 

interesting I n  evaluating the presence of swelling. For 

example, if swelling occurs, the energy value at the Inflection 

polnt would be reduced due to consumption of energy to break 

the solid-solid bonds. This results in a n  energy of 

interact ion lower than wou Id be obtained If the sol Id did not 

swell. Thus, based on the data already reported that Ac-DI-Sol 

and CLD-2 sue1 I considerably7, a -0.9 kcal/mole and a -0.15 

kcal/mole reduction in interaction energies for Ac-Di-Sol and 

CLD-2 was not a surprise. Although Ac-Di-Sol consumes 0.75 

kcal/mole more energy when compared to CLD-2, this was not 

unexpected since previously we demonstrated that u p  to 81.2% 

relative humldlty Ac-Dl-Sol exhibited greater swel I ing 

tendenc I es than CLD-Z7. 

The differential entropy represents the rate at which the 

system is moving toward or away from Its maximum degree of 

disorder and Is Influenced by four factors: 1. the change 

from three-dimensional, random, molecular motion to two- 

dimensional, restricted, motion; 2. the ordering of water 

molecules In the surface film; 3. the separation of water 

molecules In surface spreading; and 4. the swelling of the 

sol id. 

The dlfferentlal entropy at very low moisture contents is 
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85 8 GORDON, PECK, AND KILDSIG 

pos i t i ve  and r e f l e c t s  t h e  s e p a r a t i o n  e f f e c t s  predominance on 

the water molecules. This  region i s  seldom i i  lus t ra ted  since 

d a t a  i s  hard t o  o b t a i n  a t  e x t r e m e l y  low r e l a t i v e  h u m i d l t l e s .  

As more moisture Is adsorbed, however, t he  d l f f e r e n t l a l  entropy 

w i i I continual I y decrease and I s  1 I l us t ra ted  i n  Flgures 9 and 

10. The c o n t l n u a l  i n c r e a s i n g  v a l u e s  o f  t h e  n e g a t i v e  

d i f f e r e n t i a l  e n t r o p y  I s  a r e s u l t  o f  a d e c r e a s e  I n  t h e  

separation e f fec t ;  I n  other words, the  Increase i n  the  negative 

d I f f e r e n t  l a  I en t ropy  corresponds t o  a p e r  rod  o f  acce I e r a t e d  

o r d e r i n g ,  due p r i m a r i l y  t o  t h e  a p p r o a c h  o f  m o n o l a y e r  

completion. Maximum order ing occurs a t  0.28 and 0.34 grams of 

water per 100 grams of Ac-D1-Sol and CLD-2. 

Wahball has repor ted t h a t  a maximum order ing wl I I actual l y  

occur s I I ght  I y before mono I ayer comp I e t  1 on because there  w I I I 

undoubted I y be some premature mu It i I ayer f ormat ion. However, 

I f  swel I Ing occurs I n  t h e  sol Id, a considerable dlsturbance o f  

the  solld's surface r e s u l t s  and domlnates t h e  r a t e  o f  entropy 

change. Th Is d 1 sturbance, or  random I z a t  1 on, o f  t h e  so I 1 d's 

surface would mean t h a t  the  maxlmum value of the  d i f f e r e n t i a l  

entropy would occur s i g n i f i c a n t l y  pr ior  t o  monolayer coverage 

as can be observed i n  Figures 9 and 10. 

Despite the  swef I Ing process and continued adsorptlon, a 

smal I peak Is s t l  I I observed I n  t h e  t w o  d I f  f e r e n t l a l  en t ropy  

curve  (F igures  9 and 10) i n  t h e  r e g l o n  of t h e  B.E.T. monolayer. 

These peaks a t t e s t  t h a t  t h e  tremendous degree o f  o r d e r i n g  
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AC-DI-SOL AND CLD-2 SURFACE INTERACTION 859 

represented by monolayer completion is a significant event. 

The adsorption of water on both cross-I inked sodium 

carboxymethylcellulose disintegrants containing large amounts 

of moisture is similar In character to the adsorption of water 

on pure water. Such behavlor is characteristlc of fibrous 

solids. Fibers tend to confine the adsorption so that 

interactions between neighboring layers of adsorbate are 

inevitable. The heats o f  wetting of Ac-Di-Sol and CLD-2 

containing large amounts of water confirm this belief by  

showing a negligible change in the negatlve differential 

enthalpy. 
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