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/ From an investigation of t he  kinet ics  of methanol sorption on 
coal, a new.sorption isotherm has been derived of t h e  form, 
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In  these equations, hie is the sorption usually expressed a s  moles of 
sorbed v a p r  per gram of solid,  c is t he  r e l a t ive  pressure of the 
vapor and po is  the vapor pressure af t h e  l i qu i f i ed  vapor at  t h e  tern- 
perature i n  question. The equation has three adjustable parameters; 
A, K ,  and K l .  

The equation has been applied t o  the sorption of polar vapors by 
Tie equation proteins, nylon and other  gels of the e l a s t i c  h a l l  type. 

agrees with experiment,over a range of r e l a t ive  pressures from 0 . 1 t o  
0.9, and also accounts f o r  t he  effect  of temperature changes. 

Since the equation was developed on t h e  assumption t h a t  surface 
adsorption i s  negligible r e l a t ive  t o  i n t e r i o r  absorption, it would appear 
t h a t  sorption of polar vapors by e l a s t i c  wal l  g e l s  of the protein and 
polysaccharide i s  m i n l y  a solution process. 
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&om an-.'investigation of the kinetics of methanol sorption on c o d ,  a 
new sorption isotherm has been derived of the form, 

In these equations, We i s  the sorption usually expressed as7 moles of sorbed vapor 
per gram of solid,  c i s  the re la t ive  pressure of the vapor and p" is the vapor 
pressure of the l iquefied vapor a t  the temperature i n  question. 
has three adjustable paramters ,  A, K, and K1. 

proteins, nylon and other gels of the e l a s t i c  wall type. 
w i t h  experiment over a range of re la t ive  pressures from 0.1 to 0.9 and also 
accounts fo r  the e f fec t  of temperature changes. 

The equation 

The equation has been applied to the sorption of polar vapors by 
The equation agrees 

Since the equation was developed on the assumption t h a t  surface ad- 
sorption is negligible re la t ive  to  in t e r io r  absorption, it would appear t h a t  
sorption of polar vapors by e l a s t i c  wall gels  of the protein and polysaccharide 
types i s  mainly a solution process. 

Introduction 

Recent ldne t ic  investigations made i n  t h i s  laboratory on the sorption 
of gaseous rethanol by coal(1) and cellulose(2) have shown t h z t  both coal and 

1. P. Fugassi, G. Ostapchenko, and R. Trammell, Fuel 
2. P. Fugassi and G. Ostapchenko, 

cellulose follow the sam r a t e  equation, 

In  t h i s  equation I? is the weight of alcohol taken up by one gram of solid a t  
time t, We i s  the corresponding weight a t  i n f in i t e  time, t i s  t h e  time and kx 
is the experimental velocity constar?t. 
l i t e r a tu re  and unpublished data from t h i s  laboratory it appears that a r a t e  
equation of this form would be expected i f  the gas is a polar compound and i f  the 
so l id  is  an e l a s t i c  wall gel composed of oxygen containing compounds. 

involves the fraction of surface sites holding two methanol molecules per site 
a d  from t h i s  f a c t  the adsorption of methanol on the surface of cellulose i s  

................................................................................ 

................................................................................ 
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On the basis of fragmentary data i n  +he 

For methanol sorption on cellulose the experimental velocity constant 
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known to bs of the multilayer type. 
holding two mzthanol molecules gave a new sorption equilibrium isotherm of the 

The depmdence of k, upon the surface sites 

following type. 
(0 be.. A W E  

I t W Z  

In equation 1. 1% i s  of so l id  a t  some 

i 
l! 

'i fixed temperature, A is a Eonstant being moles of i n t e r io r  sites per gram of 
so l id ,  and K i s  a dimensionless equilibrium constant. In  equation 2, Kl is an 
equilibrium constant (atm.-l) for  the adsorption of methanol on surface sites, 
p" i s  the vapor pressure (atm.) of the l iquefied vapor a t  the temperature i n  
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question, and c is the r e l a t ive  pressure of the vapor. 

The mechanism which leads t o  these equations i s  tha t  vapor i s  rapidly 
i adsorbed on the surface sites and then adsorbed molecules slowly migrate from the 

surface in to  the so l id  phase. 

The to t a l  amount of vapor held by the so l id  i s  obviously the sum of two terms; 
i Equation 1 rea l ly  gives the amount of vapor dissolved i n  the solid.  

I the adsorption on the surface and the absorption i n  the in te r ior .  Thus, 
(We ) to t a l  il (We ) in te r ior  + (we )surface 

For the t o t a l  amount of vapor held by the solid,  which is the experimental 
quantity measured, the f u l l  equation is ,  \ (  

(Vdel+ ,a  A K E  t afk) (31 
I f  W E  

In equation 3, B, represents moles of surface sites per ='am of solid.  

m e  nature of f ( c )  i s  not completely known. If f ( c )  is E , the full  
i s  r ea l ly  the equation would have four parameters; A, By K 1  and K. 

BZT equation fo r  an i n f in i t e  number of layers and approaches inf in i ty  a s  c ap- 
proaches 1. FGr t h i s  reason f ( c )  must be a modified BET equation where adsorption 
i s  res t r ic ted  t o  n layers. The use of a modified BET equation introduces f ive  
parameters and t h i s  number of parameters i s  meaningless when o n l y  equilibrium data 
ara  available. 
one of the parameters. However such data are not available fo r  most of the 
systems t o  be discussed here. 

However, \ 

Kinetic data i f  available would permit independent evaluation of 
l 

- 
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In applying the fhl equation (3) t o  the data i n  the l i t e r a tu re  the 
assumption wi l l  be made tha t  B approaches zero. 
t ha t  i n  the case of methanol sorption on cellulose t h i s  assumption is valid. 

than ten percent of the t o t a l  weight of methanol held by the cellulose. 
an assumption of t h i s  type would be expected t o  e f f ec t  the behavior of the equation 
a t  lorr values of c. AccordmgLy the discussion which follows uses the pa r t id l  
equation (1) and is  limited t o  a range of re la t ive \pressures  from 0.1 t o  higher 
values. Equation 1 will be applied t o  some of the data availzble in the l i t e r a tu re  
on the sorption of polar molecules by e l a s t i c  w a l l  gel's. 

Zxperimentally there i s  evidence 

I In th is  case,the amount of methanol adsorption on the surface appears t o  be l e s s  
However 

? 

I 
Sorption of Water by Proteins 
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equation up to re la t ive  pressures of 0.li-O.S excepting s u n  where two d i f fe ren t  
s e t s  o f  constants i n  the BET equation were required. 
the new equation shows tha t  the experimental data are followed up t o  re la t ive  
pressures o f  0.9 or greater, 
of We f o r  the sorption of water on wool are given i n  Table I. 

In general application of 

A comparison o f  experimental and cdlculated..ralues 

Table 2 
Calculated and Zxperimental Values We - Water on Wool 

0 3  2.36 moles/gram 2.06 moles/gram -0.3 mole s/gram 
0.2 3 .L7 3.56 +O -09 
0.3 4.57 b.54 -0.03 
0.5 6.35 6.38 +0.03 
0.7 8.67 8 .n +O.OL 
0.9 12.52 12 .&6 -0.06 

As previously mentioned the use of equation 3 would give be t te r  agreement a t  low 
values os c. 

- 
we (cdlc. - expt.) 

C x 103 (expt.) - we x Id (calc.) - 

Quation 1 has three parameters; A, K, and I$. A tabulation of the 
values of these parameters for the sorption o f  water on various proteins is 
given in Table 11. 

Table I1 

Protein K , A (moles sites/gram) - - 25'C. IrO'C. 
0.0155 m - 

Wool 173.18 X 0 2  m 3 3  iZi36 
Salmin 228.23 155.70 -.0052 -.0232 .a334 . l e 9  
GelaiAn 280.32 89.22 .2500 ,3286 .0289 ,0239 
Collagen 315.56 85.0L .21r73 .3057 .0317 .0273 
-Lactoglobulin 182.67 7l.99 .2117 .2l57 .02bO .0225 

Silk 213.53 80.03 .2772 3038 .0127 .0113 
C-Zein 305.67 ll4.72 .18h2 .2L01 .Ou8 All8 
B-Zein 283.lr7 132.86 .2308 2363 .0128 .Oils 

reaction, HpO(g) + S d S  . "0. In t h i s  equation S'represents surface sites. 
It w i l l  be noted that K 1  always decreases as temperature increases. 
of reaction associated with the change i n  K1  can be calculated by conventional 
methods. 
range from 9,hOO to 16,200 cdl. -permole excluding sal&, and the average value 
is about 12,000 cal. per mole. 
proteics are very similar as  would be guessed from the i r  similar chemical 
composition. 

f3 (crystals)  

The values of the equilibrium constant, K i n  Table I1 are for  the 

The heat 

When this is done it is f o y d  tha t  the calculated heats of reaction 

It appears t ha t  the surface sites on various 

The values of K i n  Table I1 are fo r  the reaction, A20 (surface) + I) e D . H20. Here D represents interfar sites. An increase i n  temperature 
gives an increase i n  K. However the change'is not great so t ha t  the heat of  
reaction is close to zero o r  i n  the  extreme case about 3,000 c d .  per mole 
endothermic. 
The behavior of s d ? n  is s ta ted  by Bull(3) t o  be d i f fe ren t  from tha t  of the 
other proteins. 

The values of IC for  salinin are negative which is an impossibility. . 

Salmin dissolves a t  a re la t ive  pressure of 0.7 and while f o r  

... . -  . .  -.._ . .  
. . .,- . i . 
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the other proteins the BET equation i s  followed t o  a re la t ive  pressure of 0.5, 
for salmin two BET equations are needed. Pauling(4) suggested thal; fo r  salmin 

4. L. Pauling, J. Am. Chem. S O ~ . ,  67, 555 (191rS) 
the nunber of sites increased with increasing sorption of nater.  
values fo r  K could e i ther  be blamed on experimental e r r o r s  i n  which case the t rue 
Value of K i s  a s m a l l  posi t ive nmber or  a modifi?d sorption equilibrium isotherm 
must be used. From experience with the equation s m a l l  values of K represent ad- 
sorption on a non-porous so l id  as will be shotm l a t e r .  
experimental error  i s  the cause of the negative value f o r  K. 
second possibi l i ty  seems more probable. 

................................................................................ 

................................................................................ 
The negative 

It i s  improbable that 
Consequently the 

In the derivation of the sorption equilibrium isotherm where K is the 

, and 

These formulations f o r  D and D . H 0 are equivalent t o  

equilibrium constant of the reaction, H20(surface) + D e D  . H20 
assumed t h a t  the effective concentrations t o  be used were E ’, 0’- 9) $ for  adsorbed water, enpty i n t e r i o r  sites (I)), and f i l l e d  in te r ior  sites 
( 
the  as$x;ption t h a t  the number of sites i s  independent of tge amount of sdsorption 
as found e,xperimentally fo r  the sorption of xaethanol by cellulose. If the Pauling 
suggestion i s  adopted t h a t  the nuiiber of i n t e r i o r  sites per gram increases as 
sorption increases then the effect ive concentration of unoccupied sites should 
be given by 
expressed a s&$  where i s  an adjustable parameter then the resul t ing values 
of K for  salmin are posit ive and the equation f o r  the scrption equilibrium isotherm 
becomes, 

it was 

. H 0 respectively. 

1 - 4 Cf($) . The nature of f@) is  unknown but if f[td) is 

1 4 -  apz(/- 4) 
To date only one example, t h a t  of salmin, has been found where K is negative 
with c? o and un t i l  other examples are found it seems unnecessary to  intro-  
duce the additional parameter, ,. 

/ The values of A, which i s  moles of i n t e r i o r  (D) sites per gram of so l id  
sfiiow a s m a l l  d%crease with increzse i n  temperature. 
change i n  A fo r  a 15 degree temperature in te rva l  is  of the order of 20%. 
average change i n  A i s  about half  of this .  
be independent of temperature or  change s l i g h t l y  with the temperature. 

Excluding salmln the m a x i m u m  
The 

It would be anticipated tha t  A would 

- _  > 

I n  discussing Bull’s results, Pauling (h)  correlated the nmber of 
water molecules held i n  t h e  f i r s t  layer as calculated f ro3  the BET equation with 
the nunibeqof polar side groups present XI the protein chain and found approxi- 
mately a one t o  one correspondence. Taking Pauline’s values f o r  the moles of 
polar side groups per gra3 of protein and dividing these values in to  the pre- 
viously l i s t e d  values f o r  A, r a t i o s  are obtained ranging fron 3 t o  5 .  These 
r a t i o s  are interpreted as meaqing t h a t  each polar s ide group introduces sup- 
f i c i e n t  disorder i n t o  a protein l a t t i c e  t h a t  3 t o  5; water molecules are held i n  
these disordered regions. Vith tinis modification the mechanism o f  the sorption 
of polar molecules by proteins a s  deduced from the new isotherm is essent ia l ly  
ident ical  with the concepts of B u l l  and Pauling. 

‘‘ :.,I Sorption of Polar Molecules by Nylon 

Nylon i s  a condensation polymer of the polypeptide type with no polar 
In  Table I11 are l i s t e d  the values of A, K, and K1 cdcula ted  f o r  side groups. 

the sorption of various polar vapors on Nylon 66. 



5 

\ 

Ref. Vapor - 7 

3 5 0  
3 
3 n 
3 n 
5 n 
5 
5 
5 c2 CN 

Table III 
Sorption of PoE7i'apors on Nylon 66 
state T ~1 (atan.-l) K A (moles sites/gram) - 

Unstretched 2 9 C .  0.T184 0.00688 
n IrO 27.63 0.3336 0 .00551 

Stretched 25 95.56 0.3n7 0.00473 
n 40 31.a 0.4235 O.OOhl7 

n 

n 30.15 0.2797 0 . 0 0 ~ 6  

? LO 32.65 0.1825 r 0.0075ll 
, 25 12 -66 0 . ~ 2 8  0.014l2 

n 25 22.96 0.22Iro 0.00695 

25 . 
/ --------,,--------------------------.-------------------------------------------- 

5 .  J. A. Cutler and A. I). KcLaren, Tappi, 2, b23 (1953) 
-----________c---___-------------------~---------------------------------------- 

For the results i n  Table 111 it w i l l  be noted t h a t  the sorption-of 
water by nylon is much l e s s  than the sorption of watcr by proteins as indicated 
by the l o m r  values fo r  A. 
known from other evidence t h a t  nylon has a high degree of order or a low degree 
of disorder. 
chain length of the nylon polymer is much smaller than the t  in natural  polymers. 
Each chain end can be considered as a disturbance center i n  the v i c in i ty  of which 
disorder m u s t  occur. The molecular weights of the par t icu lar  nylon samples are 
not knom but if the chains have an average mo ecular weight of 10,OCO then the 

the protein data it appears t ha t  each polar side group o r  one disturbance center 
furnishes sorption sites fo r  5 molecules Sf water. If we use the same assmiption, 
the value of A f o r  nylon would be 3 x 10' sites per grm i n  comparison with +he 
experimental value of 4 to 5 x 10- 
quire an average molecular weight for nylon of 2,000 t o  2,500. 

The lower values f o r  A for nylon indicate as is 

Part  of the disorder i n  nylon m u s t  a r i se  from the f a c t  that  the 

number of disturbance centers would be 2 x 10- t-  centers per  gram of nylon. From 

sites per gram. Exact agreement would re- 

In  the disordered regions complete hydrogen bonding between adjacent 
chains has not taken place. Sorption is probably limited to  such regions as it 
is unlikely t h a t  molecules of any vapor can permeate any region having high 
order. As shown from the data i n  Table 111, stretched nylon has lower disorder 
than the unstretched material. 

It is in te res t ing  to note tha t  the values of A vary with the nature of 
the vapor undergoing sorption. 
CH30H, C2H OH, and C2H5CN. 
i n  moleculL s ize  i n  going from CH3OH t o  C2H,&W. In other words a l l  types of  
disordered regions are present ranging from ose which can only be permeated by 
CH OH t o  those sufficiently disarranged to accommodate a l l  polar molecules whose 
s i i e  is equal t o  o r  l e s s  than t h a t  of the C2H5CN molecule. Although H20 as a 
small molecule Mould be expected t o  permeate as many disordered regions as any 
other molecule nevertheless the A values indicate tha t  it is  not a s  good as 
GH OH but i s  be t t e r  than C H OH. The reason for this discrepancy is not h o r n  
buz it may involve the f a d  &at  the H20 molecule can be considered multifunc- 
t iona l  With respec+, t o  hydrogen bonding if .the spacial  configuration is just 
right.  

The value of A decreases i n  going down the series;  
This change i n  A is probably caused by the increase 

Sorption\of Fsthanol on Various Polymers , \  

The sorption of methanol on c o d  and other natural  polymers has been 
under investigation i n  t h i s  laboratory for several years. 
sorption equilibrium isotherm. 
Table IV. 

These data f i t  the 
The values of A, K, and K1 are tabulated in 
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Ref. 
2 
- 

I t  

I1 

6 

1 
1 
1 

It 

Table IV 
Sorption of H 3 t m  Natural Polymers - Solid K (atm -1) K ii (moles si.t;Ss/gram) 

Cotton l i n t e r s  30'c. dit;r;- 0.7572 0.00261 
35 

KincaidLignita 45; b.13 0.5229 0 . 0 9 m  
16.0b 0.9037 0.00648 Wyoming Coal Il5 

F'ittsb-urgh Coal 30 . 21.61 l.89U 0.00170 
n n 35 29 .55; 1 .l859 0.00172 
H N 32.00 1.1700 0 .00180 40 

13.60 0,6505 0.00265; 
n n 45 9.91 0 S844 0.00264 

The so l ids  i n  Table IV have been l i s t e d  i n  order of decreasing oxygen 
Cellulose i s  considered a pre,yrsor of coal and if cellulose is  con- contsnt. 

sidered a s  the lowest rank coal having zero geologic age, then the solids are 
l i s t e d  i n  order of increasing rank. It Kill be noted tha t  A has a t  first a low 
value, r i s e s  t o  a high value and then decreases. 

~ is  due t o  high order being present. With increasing age and ran& order is de- 
stroyed and simultaneously oxygen content decreases. 
Pittsburgh Seain coal is not duz to  order but a r i s e s  fron the small amount of 
oqygen containing gel present i n  the coal. 
of K1 increase as temperature increases. 

The low value of A fo r  cellulose 

The low values of A fo r  

For Pittsburgh Seam coal the values 
This is the only system for  which this 

behavior has been found. < 
Other +terns -- 

Data are i n  the l i t e r a tu re  fo r  a wide var ie ty  of possible canbinations 

The sorption equilibrium isotherm has been applied t o  
such as polar and non-polar gases on non-porous solids,  polar compounds on porous, 
i ne l a s t i c  w a l l  gels, etc.  
such systems althotgh t h e  properties of these systems are not in agreement with 
those.assumed for  the deri-Jation of the equation. It is found tha t  the experi- 
mental data can be f i t t e d  t o  re la t ive  pressures of 0.9. 
data - given i n  Table V. 

A tabulation of these 

I S  

Table V 
Values of Parameters foF: Various Systems 

- 
7 Ref. Adsorbent A d s o r E t e  T - V J - - - i T  A (moles sites/gram) 

0.00112 
0.00093 

7 Charcoal n-caproic acid-H20 2 y C .  
It n-amyl alcohol-H20 68.8 0.5221 

It n o.ooll.2 phenol-!-120 27.3 0.7W6 
-78' 336.6 0.0282 0.0003& 

I1 1398.5 0.0161 0.00052 8 Ag 

11 
0.3E39 

II I1 

-------------------------------------------------------------------------------- 
7. R. S. Hanson, Y. Fu, and F. E. B a r t e l l ,  J. Phy. Chem., 53, 769 (1949) 
8. 3. T. Davis, Jr.; T. W. De'tlitt, P. H. Emmett, J. Phy. CGm., 2, 1232 (1947) ................................................................................ 

I 
i. 
fr' 

. For such systems the .equation m u s t  be considered as empirical. Ag is 
a non-porous so l id  and has a low value fo r  A. 
creases K 1  (n C4H10 r e l a t ive  t o  C H C ~ ~ F ) .  

Increased polar i ty  of the gas in- 
While the sorption equilibrium isotherm 
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m u s t  be considered as empirical for these systems, it is possible that such an 
equation might be valid for non-porous solids if the surface i s  heterogeneous 
and camposed of  two types of sites having properties similar t o  the S and D 
sites postulated for e?.astic wall ge l s .  I ,  

t 
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