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The mechanism of drug release from tablets made from mixtures of drug and 
polyvinyl chloride particles was investigated. Experimental data were evaluated 
by me:ans of the Higuchi relationship for the process. The S-shaped nature of the 
amount released germs (time)'/z plots was studied, and it appears that this behavior 
was the result of the relatively slow release of air from the tablets. Matrix tortu- 
osities ranging from about 1.5  to 3.0 were found for these polyvinyl chloride matrices. 

T HAS BEEN previously s11own that polyviny-1 the techniques and the evaluation of parameters 
pe- described previously (1, 2 ) .  All studies were con- 

ducted using water as the release medium unless 

oll :I w/w basis, 

1 cllloride (pl~c) **latrices have 

(1). The drug release from the PVC tablets 
showed S-shaped curves which are contrary to  
t'he predicted linear plots when the amount of 

culiar "ompared to those of l'olyethJ'lene spccificci all percentagcs rcpo,-tcd are 

RESULTS AND DISCUSSION 
release is plotted zwsus the  square root of time. 
I n  addition, the PVC matrices did not show the 
surfactant effect observed with those of poly- 
ethylene. FinallyI the PVC release rates were 
4-6 times faster. These plots are shown in Fig 
1. Sincc this behavior may be representative of 
a general class of matrices, it was felt that  this 
phenomenon shnuld be thoroughly investigated. 

Comparison of PVC and polyethylene powders 
reveals that  the PVC powder has a much higher 
density (about 50%), a larger particle size (50- 
200 mesh as compared to  smaller than 270 mesh), 
and a larger particle size distribution. This 
suggested that  their respective matrices may also 
differ. The PVC powder should produce a more 
compact tablet due to its higher density and 
should be better bonded due to  its wider par- 
ticle-size distribution. Examination of their 
respective matrices shows that, although PVC is 
more compact, i t  exhibits poorer bonding. Poly- 
ethylene produaces a tablet which has a very 
smooth surface, appearing as a fused solid, but  
PVC tablets sccm rather friable and are easily 
rrpowdered by scraping. 

EXPERIMENTAL 

The release rates from PVC matrices containing 
solid drug as  well as solutions were studied using 

The relatively poorer bonding characteristics of 
P\TC may be partly responsible for its behavior. 
In an effort to improve its bonding characteristics, 
the effect of prcssurc was studied. Tablets con- 
taining 10% sodium salicylate wcre made a t  com- 
pressional forces of 2000-lb. increments between 
1000 and 20,000 lb. Thcir rclease rates were in- 
dependent of the compressional forcc. Figure 2 
displays the curve obtained from the composite of 
all data and shows the rangc of random variations 
for each point. These results indicate that PVC 
is elastic throughout this range of compressional 
forces, and, thcrcfore, its porosity should remain 
constant in these tablets. This was confirmed by 
the constancy of thc dimensional measurements of 
all tablets. 

Physical measurements of P\rC tablets not only 
showed thc presence of air, but also that the amount 
was considerably higher than in a similar matrix of 
polyethylene. Thc porosity of a 500-mg. 20% 
sodium salicylate tablet in PVC was 0.37, whereas 
the corresponding tablet made using a polyethylene 
matrix had a porosity of 0.22. The relatively 
large amount of air in the PVC tablet theoretically 
suggested that a large surfactant effect on the re- 
lease ratcs might be observed. However, no such 
effects were found. This lack of surfactant cffect 
implies that the surfactatits used did not increase 
the wetting characteristics of PVC and that the 
removal of air was not facilitated. The discussion 
of this aspect will be deferred to a later portion of 
this paper. 

Thc S-shapcd curvcs cxhibitcd by PVC tablets 
show that the slopes are not constant with time, 
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Fig 1.-Effect of surfactants on sodium salicylate 
release rates. Key: A, 5o/b w/w sodium salicylate 
in PVC matrix using water as solvent; B, 5% w/w 
sodium salicylatc in PVC matrix using O.i!yo w/w 
benzalkoniuin chloride as a solvent; C ,  5co w/w 
sodium salicylate in polyethylene matrix using the 
following solvents: 0,  0.27, berizalkoniurn chloride 
and 8, 0.2% sodium lauryl sulfate; D, 5% w/w 
sodium salicylate in polyethyicne matrix using 
watcr as a solvent. 

Jouvnnl of Plmrmnceulirnl Sciences 

releasc rate of a matrix whose surface was removed 
by scraping would yield a more rapid initial rrlease 
of drug and would display linear behavior. For 
this purpose, matrices containing 10% sodium sali- 
cylate were compressed from the same mixture and 
then treated in the following manner. From one 
.Lablet about 6% w/w was scraped from thr surface 
(surface to  be exposed to the leachiiig action of the 
solvent) so that a uniform Payer was rcrnoved and 
a new surface produced. Another had 12.5% 
w/w removed, and from a third 25% w/w was 
removed. As a control, one tablet utilized its 
original surface. Examination of Fig. 3 reveals 
that the release rates werc not affected by the above 
treat,ment. This indicated that thc physical 
properties of the surface and iuterior layers arc not 
different, and that this is not an important factor 
in the expcrimcnts. 

To further confirm this finding, the cffect of lubri- 

be the partitioning of drug between the PVC and 
the release medium. Theoretical considerations 
havc shown (2)  that thc rcleasc dependence remaius 
linear with respect to the square root of time if 
reversible drug partitioning should occur. If, 
however, thc ratc of partitioning is slow, then the 
linearity may be disturbed and the S-shaped curve 
may result. This possibility was ruled out on the 
basis of liquid leaching expcriments using thc samc 
tablets which showed linear release plots. If par- 
titioning was the causc of thc S-shaped curvc, the 
same result would be expected to occur in both 
solid and liquid kaching experiments. 

This S-shaped curve can be due to  any factor 
which governs thc release rates not remaining 
constant as required, but changing as  a function 
of time. A critical examination of all these factors 
clearly indicated that porosity would most likely 
be a variable. As an example, any swelling of the 
matrix due to the prcsencc of watcr would alter 
the porosity, decreasing it with time. This pos- 
sibility was investigated by accurately measuring 
the dimcnsions of tablcts prior to  and after soaking 
overnight in water. Blank P V C  tablets and PVC 
tablets containing 10% sodium salicylate were used 
for these experiments. No change was noted in 
their dimensions due to  the water exposure, and 
swelling was c l e d y  eliminated as a factor in this 
system. 

Anothcr possibility for porosity variation may be 
due to  a difference in the physical properties of the 
surface and interior portions of the matrix. This 
can be brought about by a differcncc in thc flow 
properties of the matrix components during coin- 
pression. If there is poor flowability, the effec- 
tive pressure is not uniformly distributed throughout 
the matrix. As a result, the surface portion would 
be subjected to  a greater pressure. This would 
produce smaller porosities and larger tortuosities 
a t  the surface and account for initial rates being 
slower. 

If the above is true, i t  would predict that the 
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Fiq. 2.-Effect of compressional force on release 
of 10% sodium salicylate-PVC tablets in water. 
Range of random spread of the data is iiidicatccl by 
the bars. 
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Fig. 3.-Effect of removal of the tablet surface 
layers on the release rates of 5% sodium salicylate 
tablets in PVC. Key: A, 6% w/w tablet surface 
removed; B, 12.5% w/w tablet surface removed; c, 257, w/w tablet surface removed. 
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cant addition 1.0 the matrix was studied. If the 
flowability of the PVC powder-drug mixture is not 
adrquate, the addition of lubricant would improvc 
flowability und(:r compression arid alter the iriatris 
release profile. Figure 4 shows the release of 10% 
sodium salicylal c matrices containing 3(% talc or 
niagnrsiurn stearate. Cornliarison of tlicsc curves 
with the inc1udcr.d plot of the matrix riot containing 
any lubricant confirm the previous finding of suffi- 
cient flowabi1il:y of the powder mixture under 
pressure. 

I t  was finally reasoned that the initial incomplete 
removal of air from the matrix may be the cause of 
the S-shaped curves. This view was supported by 
the fact that a resaturated matrix yielded a lincar 
plot. Such a matrix would have been exposed 
to  solvent for :i sufficient length of time to allow 
for the coii~~plrtc removal of air. 

I t  is believed that the availability of air channels 

I237 

28 

24 

20 

E -  0 ll> 

d 
3 12 

50 100 150 200 
TIMEl/z, sec. 

Fig. 4.--Effect of lubricant on the release of 10'j.L 
:iodium salicylate tablets in I'VC. Key: A, 
10% sodium salicylate; B ,  loc% sodium salicylate + 

talc; C ,  1 0 ~ ~ 1  sodium salicylate $- 3'jh magnesium 
stearate. 
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Fig. B.-Relt.ase of 20% calcium hcnznate ( A ) ,  
sulfanilamide (C) from caffeine (B), and 

PVC matrices into water. 
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Fig. 6.-Effect of K.>HPO, concentration on re- 
leasgof 10% salicylic k i d  in PVC tablets. 

K2HP04; D,  0.01 A1 K2HP04; E, water. 

Key: 
A, 1.00 M KaHPO4; B, 0.50 M KaHPOd; C. 0 10 M 

to  the solvent depends on the rate of liquid boundary 
movement which should be a function of the drug 
solubility and would be expected to  increase with 
an iucrease in solubility. If the drug is poorly 
soluble, the movement of the liquid bouudary 
may be sufficiently slow to permit the prior removal 
of air. This would provide the linertr plots pre- 
dicted by theory. If the drug is very soluble, on 
the other hand, the drug solution boundary may 
move faster than the process of air removal, pro- 
ducing an increasing porosity with time and causing 
thc observed curvature. 

To test this concept, the release rates of sulfa- 
nilamide, caffeine, and calcium benzoate tablets 
were obtained and the corresponding data are 
shown in Fig. 5. The respective solubilities are 
1.08 X 2.50 X and 3.08 X 1 0 F  Gm./ 
ml., as compared t o  65.0 X 10-2 Gm./ml. for 
sodium salicylate. In agreement with the previous 
discussion, the curves in Fig. 5 show the expected 
correlation between solubility and degree of curva- 
ture. As the solubility increased, nonlinearity 
also increased showing the most marked change 
for sodium salicylate. 

This correlation can be shown in another way. 
The solubility of a drug can be varied by using 
different concentrations of buffer in the release 
medium. In this manncr, the solubility of t h e  
drug can be varied and yet have the identical 
matrix properties operative in all cases. 

The release rate of 10% salicylic acid dispersed 
in PVC was studied in different concentrations of 
KzHP04 solutions. The results are givcn in Fig. 
6, and they show that the release rates increase as  
the concentration of KsHPOa is increased. In the 
presence of KtHP04, salicylic acid in solution is 
convcrtcd to  salicylate ion, the extent of the con- 
version being essentially proportional to the con- 
centration of KIHPOI. Again, as the effective 
solubility incrcases, each plot displays increasing 
curvature in the release patterns. The rates arc 
linear in water arid a t  low KzHPOn concentrations. 

If the rate of air removal is the controlling factor, 
then the complete removal of air by vacuum bcforc 
exposing the matrix to  solvent should produce a 
linear sqwarc root of time dependence. To tcst 
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Fig. i.-Schematic diagram of the apparatus 
used to study relcase rates after vacuum treat- 
ment. 
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Fig. %-Release of 5 ,  10, and 20% sodium sali- 
cylate in PVC tablets into water after vacuum treat- 
ment. Key: A ,  20y0 sodium salicylate; B, lof% 
sodium salicylate; C ,  Sc2 sodium salicylate. 

this, a modified apparatus was made, and its 
schematic diagram is shown in Fig. 7. A tablet in- 
serted in a glass tube as previously described (1) 
was mouuted 011 a 125-ml. conical flask with a side 
arm. Thc flask was jacketed to maintain a con- 
stant temperature. The side arm was fitted with 
a Y-joint. One of thc arms of the joint was con- 
nected to  a vacuum pump and the othcr t o  a flask 
containing a measured amount of water. Vacuum 
was also applied to the top of the glass tube by 
mcans of a T-tube so as to  maintain equal pressure 
on either side of the mounted tablet preventing any 
movement or damage of the tablet. Prior t o  thc 
final application of vacuum, the connecting tube 
and stopcock bore from the water supply to  the 
flask was completely flushed to  remove the entrapped 
air. All connccting joints were sealed with “Apie- 
zou” vacuum sealing material. A McLeod gauge 
was used to  measure thc pressure. A vacuum 
pressure of 0.9 mm. Hg was obtained before the 
water was allowed to  flow into the sample flask. 
Immediately after the addition of water, the mag- 
netic stirrer wdS started. The height of the tube 
containing the tablet had bccn previously adjusted 
to insurc complcte immersion of the tablet in water 
before the vacuum was relcascd. 

J o n  rnn I of Phn rrnn rautirci I Srisnces 

The results of the release of 5 ,  10, and 20yo sodium 
salicylate tablets, obtained by the above vacuum 
procedure, are plotted in Fig. 8. The release rates 
of 20y0 sulfanilamide and 20% calcium benzoate 
tablets under similar conditions are shown in 
Fig. 9. 

.ks predicted, all the rckase rates follow thr  
square root of time dependence, strongly suggesting 
that the S-shaped curve is produced by the proposed 
mcchanism. To further invcstiptc this, liquid 
release rates of Sulfanilamide and calcium benzoate 
kdbletS were carried out using proccdures previously 
described (1 ,  2), and these results are plotted in 
Fig. 10. Thc quantitative evaluation of tortuosity 
by solid and liquid leaching procedures were made, 
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Fig. 9.-Release of 207; calcium benzoate (A)  
and 20% sulfanilamide (B) from PVC matrices into 
water, aftcr vacuum treatment. 
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Fig. lO.-Rclcase data from matrices saturated 
with drug solution. Key: A, tablet originally 
contained 2OY0 calcium benzoate, which was com- 
pletely leached (the matrix was equilibrated with 
saturated calcium benzoate solution prior to study- 
iug the liquid rcleasc); B, same as A, except sul- 
fanilamide was used as the drug, and saturated 
sulfanilamide solution was used instead of calcium 
benzoate solution. 
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TABLE ~.---CA.LCULATION OF TnRrvnsr iEs  IK Pnr.yvrsur, C I r m R r D E  MATRICES C ~ N T A I ~ S G  SL~FASILAMIDE 
AND CALCIUM BENZOATE. SOIJII RELEASE STUDIEII IVITH \.ACUUM PROCEDURE 

____ ~__ .  _ ~ ~ _ _ _ _ ~ ~ ~  _ _  ~~ ~ _ _ _ _ ~ _ _ ~ ~  _ _ ~  __ ._~  . ~ ~ _ _ _ _ _  

7 BY By 
D CS Due in  C,, 10sQQ.'fU' 10sQ:tUx Solid Liquid 

106 cm.2 10' C m .  Val. o f  Air ;ind A Gm. l(P Gm. Sulid Liquid Leach- Leach- 
Tablet Cninpn scc -' 1111 ' Tablet ,  ml. Drug ml. 1 d - 1  Leaching Leaching ing ing 

:tmidr 12 .W 1.08 0.4311 0.3YO0.2319 0.80 6.21 9.60 %.ti 1 . 3  

benzoa t 1: 9.20 3 .08  0.4247 0.380 0.2354 3.2% 8 . 5  11.3 3 . 2  2 . 0  

20yo Sulfanil- 

?I,'% Calcium 

~~ 

5% Sodium 
silicylate 13.30 0.4385 0.0161 0.1093 0.286 0.023 0.200 1.79 1.7 

10% Sodium 
salicvlate 17.20 0.4293 0.0323 0.1006 0.309 0.050 0 . 3 7 6  4 . 3 4  1 . 6  

20% Sodium 
salicylatc 23 00 0 4189 0 O64d 0 0908 0 371 0 100 0 64-1 6 55 3 8 

and thc rcsu l ts  arc summarized in Table I. T h e  
~ ( ~ o d  agrwmcnt of the tortuosity valucs obtained 
by the two tnc'thods indicate that the total porosity 
is availablc whcn the vacuum procedure is followed. 

The T values were similarly calculatcd for the 
sodium salicyilate systems. The calculated values 
for 7 ,  however, were physiedlly impossible as they 
were less than unity. Analysis of the situation re- 
vealed that  when the vacuum procedure is used, 
the solid release equation should not be applicable. 
Under thwe conditions, the water is able t o  rapidly 
permeate a.ll available channels. Since the dissolu- 
tion rate of sodium salicylate is very rapid, the 
water which pcnetrated thc matrix i s  rapidly satu- 
rated. If the amount of drug in the matrix, how- 
ever, is not sufficient t o  produce a saturated solu- 
tion, then all of the drug will be rapidly dissolved. 
As a result, a matrix containing no solid drug but 
only its solution will be produced. In  these cases 
the releasc rates should follow the liquid release 
equation rather than that  of the solid release. 

The concentrations of the resultant solutions in 
the 5, 10, :and 20% tablcts were calculated on this 
basis assuming that  all the  volume of each tablet 
initially occupied by air and sodium d i c p l a t e  be- 
came occupied by  a solution containing all of the 
incorporated drug. The concentrations of the 
solutions in the matrix for 5 ,  10, and 20% tablets 
were calculatcd and found to  bc 0.20. 0.37, and 0.64 
Gtn./rnl., respectively. In addition, T values were 
calculated. using the above solution concentrations 
in the liquid leaching cquation and are listed in 
Table IT. These values are in excellent agreement 
with those obtained from the sulfanilamide and 
calcium benzoate studies and provide strong support 
for the concep1.s developed here. 

An interesting observation can be made by com- 
paring the migtiitude of the tortuosity v n l u ~ s  
obtained for tliese different drugs in a PVC matrix 
with those that were obedincd for the same drugs 
tlispersrd iii a polyc'thylene matrix ( 3 ) .  I t  i s  

seen that  the tortuosity valucs obtained for the 
P\'C matrix vary from about 1.5 t o  4, whcreas for 
t h r  polyethylene matrix they vary from about 7 
to  10. I t  has been shown ( 4 )  that  the value of 
T for a system composed of closely packcd spheres 
is generally above 1.5 t o  2.0. 'This indicates that  the 
structurc of a PVC matrix resembles that  of a closely 
pdckcd glass bead bed, and implies that  PVC 
particles are elastic, and, therefore, they are not 
permanently distorted when compressed. The high 
7 values of thc polyethylene matrix, on the other 
hand. indicate that  i ts  particles are plastic and are 
severely distorted wheu compressed. 

APPENDIX 

Thc equations uscd in the explanation of the rate 
process are : 

and 

where 
Q = amount of drug released per unit area of the 

D = diffusion coefficient of the drug in release 

C, = solubility of the drug in the release medium, 
C,, = concentration of the  solution in the matrix, 
e 

T 

tablet surface exposed a t  time, 1, 

medium, 

= porosity of the matrix, 
= tortuosity of thc matrix. 
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