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Influence of Temperature on the Adsorption of Water 
Vapor by Collagen and Leather 1 

By Joseph R. Kanagy 

The adsorption of water vapor by coll agen, commercial hide powder, and severa l leathe rs 

was determined at various relative humidities ranging from about 0 to 96 percent, at 28°, 

50°, and 70° C. Determi nations were also made on chestnut a nd quebracho tann ins at 

28° C at vari ous re lative humi dities. The results indicate that at 50-percent relative humidity 

the vari ation of moisture content for 1 degree change in temperature is equivalent to t hat 

for 1 perce nt cha nge in relative hum id ity. A specia ll y pu rified co llagen h as higher affinity 

for wate r than does hi de powder, showing that t he previous chemi cal treatment in fluences 

adsorption. The results obtain ed from t he experiments 011 t he tan nin s a nd t he h ide powder 

show that tanning does not decrease water vapor adsorption at relative humiditie below 

70 percent. 

From t he resu lts of t he adsorption measureme nts, heats of adsorption were calcul ated by 

means of t he Cla usius-Clapey ron and Brunauer, Emmett, and Teller eq uations. The leathers 

sh ow higher heats of adsorp tion for low moist ure regains th an does co llage n, indi cati ng that 

they co ntain so me groups t hat a re more highly act ive' toward water than t hose in coll agen . 

F ree energy and ent ropy values for the adsorption at 50° C are given. The efi'ect of hi gh 

temperatures on moisture adsorption is studi ed by subjecting specimens to elevated tem­

peratures and t hen determ ining th e adsorption at 28° C. Methods are given for est imating 

m oist ure eo ntent for condit ions t hat have not been st udied expe rimentall y. T he change of 

wate r adsorption wit ll tempe rature can be expressed by a simple relation involving th e log 

of the perce ntage of water adso rbed and t he inverse of the absolu te temperatu re. 

1. Introduction 

This is a continuat ion of the studies on the 
a dsorption of moisture by collagen and different 
types of leathers. In a previous report [1] 2 r e­
sults 'were presen ted on the adsorption of moisture 
by hide powder (commercial grade of collagen) 
and various leathers at 1000 F. The Brunauer , 
Emmett, and T eller equation ,vas applied to the 
·data to obtain an estimate of the magnitude of 
the surfaces . The significance of these surface 
magnitudes with regard to manufacturing proc­
·esses was shown. 

I 'l' his report is made as a part o[ the Leather Hesearch Program sponsored 
by t he Researcb aDd Developmellt Bran ch, M ili tn ry P lannlng Division o[ 
t he Office of tbe Quartcrmaster GeDeral, Departmellt o[ the Arm y. 'Th is 
-program is under t he Advisory Direction of the National Heseareh Council. 

' F igures lO brackets ind icate tbe literature refercnces at tbe end o[ this 
-paper. 

The exact nature of the protein surfaces on 
which water is adsorbed is not known. Caleu­
lated surface areas can , th erefore, be considered 
as h aving only comparative significance. It is 
most probable that adsorption occurs only at cer­
tain active places on the protein. These active 
points consist of the polar groups - OH,-COOH, 
-- CO- NH, and -NH z. The degree of aecur~ _.) 
with which the surfaces are estimated would then 
depend upon the distribution of th ese groups. 
These groups differ among themselves in activity, 
and their affinity for water would probably also be 
modified by th e gro up with which they are com­
bined. Because there is a continuous gradation 
in affinity of the various groups for water , neither 
the adsorption isoth erm nor its slope should have 
discontinuities . A theory similar to this h as been 
expressed by Pauling [2] . 
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Another approach to the study of protein sur­
faces and to th e gen eral nature of the adsorption 
process is through the calculation of th e energy 
values involved. In a study of th e energy values, 
an estimation of the range of activities of th e polar 
groups may be obtained. Heats of adsorption for 
collagen have been determined by Bull [3] and 
by Dole and McLaren [4] from calculations using 
Bull's data. Frey and Moore [5] calculated the 
heats of adsorption of water by several amino 
acids including glycine from adsorp tive data. 
These results are of considerable importance since 
they afford a comparison of a simple compound 
with that of a highly complicated protein system 
h aving a similar composition. 

Several valuable contribu tions to th e correla­
tion and interpretation of adsorption data h ave 
been made by John C. ,Vll itwell and his assoc iates 
[6 , 7, 8] of the Textile Foundation at Princeton 
Univers ity. This worl;:: was done principally with 
th e data obtained by Wicgerink [9] on textile 
materials. Among these contribu tions is a method 
for predicting moi.sLurc relation data for other 
conditions when data for only a few cond itions 
arc available. 

A study of adsorption is of particular interest to 
the leaLher industry since an adsorp tion process 
is involved in tanning, dyeing, and lubrication 
with sulfonated oils. Another important process 
in leather making is drying. A determination 
of the energy values involved in the take-up of 
moisture and of the amounts of moisture in the 
leather under various conditions of relative 
humidity and temperature should be valu able in 
developing proper drying conditions. Moistme 
also has an effect on the physi cal properties and 
on the deterioration of leather. 

In this study a determination of the amounts of 
water adsorbed by collagen and different types of 
leather at various relative humidi ties aL 28°, 
50°, and 70 ° C was made. Heats of adsorption, 
surface areas, and other physical constan ts were 
calculated from th e data by the methods of 
thermodynamics and by some other methods that 
have been recommended by workers in other 
fi elds. 

The effect of heating at elevated temperatures 
on the adsorption of water by collagen and dif­
ferent types of leather was also determined. 
In these experiments the samples were heated for 
a definite period of time at an elevated tempera-
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ture, and then the adsorption at 28° C was deter­
mined. 

II. Materials 

The collagen used in this work was a specially 
purified material. It was prepared from a 
freshly flayed hid e by the method described by 
Cassel and Kanagy [10]. Data were also 
obtained wi th a less pure collagen known as 
Hide Powder. This material is prepared com­
mercially and is used in th e leather industry in 
tannin analyses. Some of the analytical data, 
together with other constants of these two types 
of collagen, are compared in table 1. 

TABLE 1. Analyses oj collagens (dry basis) 

M aterial 

Co llagcll ____________________ . __ 

Hide powder (commercia l co l-
lagen preparation) __ ._ . _. _ ... 

Amide 
nitrogen 

Tota l as pcr-
nitrogen centage 

P ercent 
17.97 

17.40 

of tota l 
nitrogen 

4. J4 

2.46 

Ash 
COIl­
tent 

Percent 
0.10 

. 24 

I so· 
elec­
tric 

point 

pll 
7.0 

5.1 

The leathers for which data arc given in this 
repor t include sole, belting, chrome, and ehrome­
retanned with vegetable. Sole and belting leath­
ers are tanned entirely with vegetable tannins_ 
Chrome leather is tanned with a basic chromium 
sulfate, and the chrome-retanned leather is pro­
duced by a combination tannage of chromium and 
vegetable. It is tanned first wi th a basic chro­
mium sulfate. After this process is complete, it 
is retanned wi th vegetable tannins. The chemical 
analyses of the leathers used in this study are 
gi.ven in table 2. 

TABLE 2. Chemical analyses of leather (dry basis) 

Material 

Hide su bstance . _____ .. __ _ . . . 
Ash ._ . . _ .. __ __ . . _. ___ . _ .. _ . . 
Grease . ____ ___ . __ 

Chrom ic oxide (C,, 0 3) . " _'" 
Epsom salts (MgSO. 7H,O) . 
Water solublcs ___ ____ . __ _ . __ . 
G luoose. ___ . _____ . __ ._ . . __ . __ 
Moisture ... ______ . __ . ______ . . 

I I Re. 
Sole C h rome tanned 

upper 

Percent Percent Percent 
32.7 Ti.J 34.2 
6.2 7.1 2.6 

14.2 7.1 39.1 
4.8 2.0 

4.2 ---.- -- - -- - -- -----_ . 
28.2 .- - - - - . - . . ----- - --_ . 

6.9 ----- - - - - - - -- - --- --
10.7 15.0 8.5 

Vegeta· 
hie· 

tanned 
belting 

Percent 
48.2 
0.4 

10.9 

12.1 
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The samples are from the same lots as were 
used in a previous investigation [15]. It has been 
shown that the variation of the amounts of mois­
ture adsorbed by these samples when eq uili bra ted 
at 50-percent relative humigity is within ± 0.1 
percent. The results given in this report were 
obtained on approximately 5-g samples of the 
leathers after they had been degreased with 
chloroform. 

III. Method of Procedure 

The water adsorption data were obtained by 
exposing the samples in a cabinet in an atmosphere 
maintained at various constant relative humidi­
ties , using equipment similar to that describ ed in 
a previous publi cation [1]. 1'he relative humidity 
was obtained by the use of a aturated salt solu­
tion, and the samples were held at each consLan t 
condition for sufflcient time to r each eq uil ibrium. 
The cabinet was so constructed that the samples 

could be weighed without removal and while in 
equilibrium with the atmosphere. 

The experiments were started with the samples 
held in an atmosphere maintained as closely to 
zero relative hwnidity as possible with phosphoru 
pentoxide. The relative humidity was then in­
creased stepwise at intervals of abouL 10 per­
cent. The samples were brough t to equilibrium 
at each relative humidity. Eight to ten determi­
nations of equilibrium adsorption were made oyer 
the range from zero to 100-percent relative 
humidity at constant temperature. The tem­
perature was maintained constant within ± 0.5 
deg and the relative humidity maintained within 
± 0.5 p ercent. The adsorption was assmned to 
be at eq uilibrium under any set of conditions wh en 
the change in the weight of the sample was not 
more than 0.001 g for a 24-111' period. 

Th e moisture adsorption is based on the "dry" 
weigh t of the material as determined by heaLing 
separate amples in an oven Lhrough which dry 

T A ELE 3. 'Water adsorbed by collagen, hide powder, and various leathers at diller-ent teml)em tures 

Rcl ,, · R ela· Rela- Re la.! Hela· R ela- Rela- Hcla- Rela-
tive tive t i ve Lj\'C Li ve tive ti\·c Li ve t iyc 
hu· ~/IOOg hu- g/100 g hu- g/ IOO g hu- g/ IOOg hu- g/i OO g hu- g/ IOO g hu- g/ IOOg hu- g/ IOOg hu- g/ IOO g 
mid- mid- mid- mid- mid- mid- mid- mid- mid-
it)' it)' ity iL Y ity it y ity ity ity 

28° C 

Collage n ........ _ ...... ______ 14.2 6.57 2'1. 0 9.79 34.0 12.73 44.7 16. 00 53.6 20. 59 62.4 23. GJ 73.4 29. 18 83.6 35.80 96.0 53.35 
TI ide powder. .. ______ .. ______ 14.2 5.83 2'1. 0 8.31 34.0 10.34 44.7 12.62 53.6 15. g9 62. 4 18. 17 73.4 22.89 83.8 29.97 96.0 51. 22 
Vegetable-tanned be lting 

leather. ___________________ 14.2 6.28 24.0 8.42 34.0 10.20 44.7 12. 14 53.6 14.72 62.4 Hi. 21 73.4 19.27 83.6 23.17 96.0 32.62 
C hromc-reta n ncd uppe r 

leather ____ __ _ . _____________ 14.2 6.30 24.0 8.48 34.0 10.22 44.7 12.27 53.6 15.00 62.4 16.45 73.4 19.47 83.6 23.7g 96.0 33.82 
Sole leatheL ________________ 14.2 6.44 24.0 8.53 34.0 10. II 44.7 11. 67 53. 6 13.82 62.4 .1 5. 40 73.4 20.97 83.6 29. 56 96. 0 54. 59 
C hrome lea i.heL ____________ . 11 .2 7.43 24.0 10.03 34.0

1 
12. 13 44. 7 14.19 53.6 17. 09 62. 4 19.06 73.4

1 
23.84 83.6 31. 57 96.0 54.88 

1 

50° C 

Collagen . _____________ ._ . ____ 12.0 4.69 21. 0 7.33 28.5 9.44 44.5 12.50 49.0 14.67 58.0 17.58 71. 0 23.53 82.0 28.90 93.5 40.6G 
lUcie pDwciCl· _________________ 12.0 4.07 21.0 6.20 28.5 7.77 44.5 10.20 49.0 11. 82 58. 0 14.04 71. 0 19. 18 82.0 24.79 93.5 40. 12 
Vegetab le-ta nned belting 

leathel'. ____________________ 12.0 4.82 21.0 6.58 28.5 8.04 44.5 9.86 49.0 11. 07 58. 0 12.81 71. 0 16.20 82.0 19.07 93.5 24.73 
Chrom e-retanned upper 

Ica theL _____________ __ .. ____ 12.0 5.00 21.0 6.93 28.5 8.43 44.5 10.40 49.0 11. 69 58.0 13.50 71. 0 17.35 82.0 20.37 93.5 27.52 
So Ie Ie" tbeL ________________ . 12.0 4.53 21. 0 6.24 28.5 7.63 44.5 9.32 49.0 10.62 58.0 12.28 71.0 16.13 82. 0 23.72 93.5 45.77 
Chrome leather ______________ 12.0 5.67 21. 0 7.84 28.5 9.47 44.5 11. 87 49.0 13. 36 58.0 15. 77 71.0 21.35 E2.0 26.75 93.5 44.72 

70° C 

Collagen ______ _______________ 13.0 4.01 24.5 6.38 30.0 6.91 36.0 8. 75 47.5 11.26 67.0 17.10 75.0 20. 11 81. 0 24.59 - -. --- -- --_.-
Hide powder. ________________ 13.0 3.59 24.5 5.63 30.0 6. 12 36.0 7.66 47. ,5 9.92 67. 0 15.40 75.0 18.88 81. 0 24.41 .----- -------
Vegetable- tanned belting 

lea ther _____ ___ ___ ___ __ - ___ 13.0 3.41 24.5 5.14 30.0 5. 54 36.0 6.78 47.5 8.56 67. 0 12. 18 75.0 13.30 81. 0 15.44 - -. -- - ---- .- -
Chromo-retanned uppe r 

leather __________ ____ __ ____ _ 13. 0 3.81 24.5 5.65 30.0 6.13 36.0 7.41 47.5 9.48 67.0 ]2.75 75.0 14.99 81. 0 17.77 - ----- - -- - ---
Sole leather __________________ 13.0 3.49 24.5 5. 11 30.0 5.54 36. 0 6.84 47.5 8.45 67.0 12.86 75.0 13.70 81. 0 19.79 --.--- -------
C hrome leatheL _________ .. __ 13.0 4.48 24. 5 6.50 30.0 7.10 36. 0 8.77 47.5 11. 38 67.0 17.04 75.0 19.79 81. 0 24. 86 ------ -- - --- -
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air was passed at 100° C for 18 hr. Separate 
samples were used for this determination because 
subjection to high temperatures is believed to in­
fluence subsequent adsorption of moisture. Since 
the percentages of water adsorbed are based on 
the dry weights of the samples, the adsorption is 
expressed directly in grams per 100 g of the dry 
material. The results of the water adsorption 
measurements at different temperatures for colla­
gen, commercial Hide Powder, vegetable-tanned 
belting leather, chrome-retanned upper leath er, 
sole leather, and chrome-tanned leather are given 
in table 3. 

IV. Adsorption Isotherms 

In figure 1 are compared the adsorption iso­
therms of purified collagen, commercial Hide 
Powder, and vegetable-tanned belting leather at 
28° C. These results show that the collagen has 
a greater affinity for moisture than does the Hide 
Powder. 

As shown in table 1, the chemical analyses of the 
two collagens differ considerably, and the differ­
ence in the amide nitrogen content possibly 
accounts for a part of the difference in moisture 
adsorption. Moisture adsorption apparently is 
highly dependent upon the previous chemical 
treatments of the samples. The vegetable-tanned 
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FIG U RE 1. Comparison oj the adsorption of water vapor by 
collagen, 0 , hide 'powder, . , and vegetable-tanned belting 
leather X, at 28° C. 
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FIGURE 2. Corr:parison oj the adsorption oj water vapor by 
chestnut tannin, 0 , and quebracho tannin, . , at 28° C. 

belting leather shows equal affinity for water with 
collagen at low relative humidities; however, at 
the higher relative humidities, collagen shows 
much greater adsorption . 

The moisture adsorption isotherms for chrome, 
vegetable-tanned sole, and chrome-retanned 
leather are similar to those shown in figure 1. 
The amounts of moisture adsorbed by sole leather 
and chrome-retanned leather are almost identical 
at low relative humidities. These amounts are 
about equivalent to those for vegetable-tanned 
belting leather. Chrome leather shows more 
adsorption than the other leathers, probably 
because it contains a greater percentage of hide 
substance. At 96-percent relative humidity, sole 
leather adsorbs approximately the same amount 
of water as collagen. Sole leather shows an 
abrupt increase in adsorptive properties at a 
relative humidity of about 70 percent because of 
the salts that it contains [1]. 

Adsorption isotherms for quebracho and chest­
nut tannin extracts are given in figure 2. 

These resul ts indicate that these two tannins 
differ somewhat in their reaction with water. 
Chestnut tannin shows more adsorption at relative 
humidities under 20 percent. Quebracho tannin 
shows more adsorption than chestnut between 
25- and 60-percent relative hmnidity. Above 60-
percent chestnut tannin again shows greater 
adsorption. Both tannins adsorb less than col­
lagen or leather. The isotherms, however, are 
similar in shape to those of leather or collagen. 

In order to determine if the differences in the 
amounts of moisture adsorbed by leather and by 
hide substance were caused by the dilution effect 
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of the tannin, a calculation was made, based on 
the percentages of hide substance and of tannin in 
belting leather. The amount of adsorption attrib­
utable to the tannin was calculated on the basis 
of the mean adsorption for quebracho and chestnut 
tannin (fig. 2), and that for the hide substance was 
based on the results given for hide substance' in 
table 3. In figure 3, these calculated values are 
compared with the results obtained for belting 
leather. 

Up to about 75-percent relative humidity, the 
observed adsorption exceeds the calculated values, 
whereas at higher relative humidities the calculated 
values exceed the observed values. 

It may be concluded from these results that 
tanning with vegetable tannins does not decrease 
the attraction of the material for water at low 
relative humidities. It does, however, decrease 
the adsorption at high relative humidities, prob­
ably because the vegetable tannins prevent swell­
mg. These results indicate that one of the results 
of tanning is the prevention of swelling. 

The effect of temperature on the adsorption of 
water by collagen and vegetable-tanned belting 
leather is shown in figures 4 and 5, respcctively. 
As the temperature is increased, less moisture is 
adsorbed at any given relative humidity by both 
materials under the conditions studied. Isotherms 
at each temperature are nearly parallel and have 
approximately the same shape. Similar trends 
were shown by all the other material on which 
determinations were made. 

At 50-cent relative humidity, the change in 
moisture content per degree variation in tempera-
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FIG URE 3. Comparison oj the actual adsQ1'ption oj water 
vapor by vegetable-tanned belting leather, 0 , with that 
cal culated J or this leal her !Tom its content oj hide substance 
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Influence oj temperature on the adsorption of 
wateT-vapor by collagen. 
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FIG URE 5. Inflllence oj temperatuTe on the adsorplion oj 
wate?' vapOT by vegetable-tanned belting leather. 

ture is about equal to the change for a I-percent 
variation in relative humidity. These results 
show the importance of temperature in the condi­
tioning of leather to a uniform moisture content. 
Not only must the relative humidity be h eld 
constant, but it is equally important to hold the 
temperature constant. On the basis of these re­
sults, it may be observed that in a room main­
tained at the optimum constant temperature, 
which is about a l -deg variation, the moisture con­
tent will vary about 0.15 percent. This em­
phasizes the futility of attempting to determine 
or maintain moisture values to a greater precision 
than 0.1 to 0.2 percent. 
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V. Surface Areas 

By application of the following equation devel­
oped by Brunauer , Emmett, and T eller [16] 

(1) 

it is possible to make a calculation of the surface 
areas of the sample that is involved in the adsorp­
tion. It is realized that this equation was derived 
for adsorption on a simple surface und er ideal 
conditions, but it is of interest to find out to what 
exten t it might be applied to a more complicated 
surface, such as that of a protein. 

The calculationsaremade byplottingP/V (Po- P ) 
against PIPo. The straight line obtained from 
this plot will have a slope equal to (0- 1) IV mO and 
an intercept equal to I IV rnO. From these two 
quantities, values for V m and 0 may be calculated. 
V m is the volume of water vapor at 0° C and 760 
mm required to form a unimolecular layer and, 0 
is a constant that is related to the heat of adsorp­
tion. By multiplying 11m by 2.705, a value for 
the surface area of the sample is obtained when 
water is used as the adsorbate. The derivation 

of this constant is given in a previous publlcatlOn. 
The constant used is based on the size of the 

water molecule at 0° C, whereas the measurements 
are made at higher temperatures. This does not 
introduce any serious errol' since the size of the I 

water molecule, as determined from density values, 
does not change more than about 3 percent over 
the range 0° to 70° C. 

Values for Vm , 0, and the calculated surface 
areas are given in table 4. The r esults indicate 
less available surface as the temperature is in­
creased. Between 50° and 70° C the greatest 
decrease in available surface occurs. The de­
crease in the available surface with increase in 
temperature is no t cansed by any drastic irrevers­
ible change in the surfaces of the sample. This 
is demonstrated by the fact that if adsorption 
measurements arc repeated at 28° C on the sam­
ples on which determinations have been made at 
70° C, the amounts adsorbed approach those 
determined initially at 28° C. Nor is it caused 
by an increase in the size of the water mol ecule 
with increase in temperature as estimated from 
the decrease in density of water with increase in 
tempera t.ure. 

TABLE 4. Surface areas and values of C for collagens, leathers, and tanning materials at dijj'el'ent te mpeTatllres as dete1'1nined 
by the application of the BET eq1wtions 

Sample 28° C. 

C T'm 

mllo 
Colla~en _______ , _______________________ ........... 6.3 136.8 
H ide powder (commercia l collagen) ............... 9.8 103.3 
Belting leather ........................... . . . ..... . 14.3 96. 3 
C hrome leather _______ _________ _____ _______ _______ 13.9 115.4 
C hrome·retanned lea ther - .--------------------- 15.7 94.1 
Sa le lea ther ................. _ .... __ . __ .. __ . ...... 17.1 94.0 
Quebracho tannin .. ............ __ ....... . , ...... _ 1. 8 122.2 
Chestnu t tannin _________ . ________ ________________ 11.1 130.0 

The decrease in the calculated available surface 
as the temperature is increased may be explained 
by (1) inadequacy of the BET equation when 
applied to a complicated protein surface, (2) a 
reversible change in the surface, or (3) a combina­
t ion of both factors. Since the calculated surface 
areas depend upon the amount of gas adsorbed , 
it is obvious that they decrease with an increase 
in temperatm·e. The BET equation is therefore 
no t rigorously applicable under these conditions, 

36 

Temperature 
-----

50° C . 70° C. 

Surface C 10m 
Surface C I 'm Surface 

area area area 

m'lo mila m'!/u milo m'!/u 
370 5.2 124.2 340 9.3 76.3 2J1J 
280 7. 1 92.4 250 12_ 7 M.3 170 
2130 10.8 87.4 240 12.2 58.3 160 
310 11.1 103.0 280 13.6 n5 200 
2130 10.9 91. 8 250 9.3 68.2 180 
200 10.0 85.0 no 13.6 58.0 160 
330 
1130 

and any surface area determinations are strictly 
relative, and comparison should be limited to 
surface areas calculated fot' a constant t empera­
ture. 

VI. Heats of Adsorption 

In order to obtain more fundamental informa­
tion on the nature of the adsorption of water by 
collagen and leather , studies of the heats bf 
adsorption were made. 
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A numb er of methods for studying heats of 
adsorption for the system 

water vapor P water vapor adsorbed, 

may be applied. 
The differential heat of adsorption may be 

calculated by means of the Clausius-Clapeyron 
equation 

,6,H= R2 .303 log ;2- l~g PI, (2) 

1\ - T2 

where ,6,H is the differential heat of adsorption, 
R is the gas constant, and P2 and PI arc the vapor 
pressures of water in equilibrium with the samples 
at the absolute temperatures T2 and TI , respec­
tively. P 2 and P j are the vapor pressures of 
water in equilibirum with the same amount of 
adsorbed water at the temperatures T2 and T I • 

In making the calculations, the log of the vapor 
pressure is plotted against the amount of water 
adsorbed. Such a plot for collagen is shown in 
figure 6. 

The differences between the log of the vapor 
pressur es at any two temperatures for constant 
water adsorption are obtained from the graph 
and substituted into the equation given above. 
The results obtained are the change in the heat 
content involved in the process 

H 20 (g) P H 20 (adsorbed) . 

The results for collagen, hide powder, and four 
different samples of leather are given in table 5. 

Adsorption of Water Vapor by Collagen and Leather 

No data for heats of adsorption for less than 5 
percent of water are given since the adsorption of 
lower amounts of moisture was not studied. The 
curve showing the change of moisture adsorbed 
with the log of the vapor pressure at 28°C was 
extrapolated t.o the 5-percent point. 

Heats of adsorption may also be calculated from 
a relation derived by Brunauer, Emmett, and 
T eller [16] 

(3) 

where C is the constant calculated from eq L 
Values for C for each experimental material arc 
given in table 4. EI is the heat of adsorption in 
the first layer , and E£ is the heat of condensation. 
By the addition of the heat of condensation to the 
value obtained for EI - EL , the heat of adsorption 
for the first layer is obtained. This should be an 
approximate vn.lue of the heat of adsorption at 
low vapor pressures. The results of these calcu­
lations arc given in table 5. 

It may be observed that these values arc nearly 
constant for all three temperatures, with some of 
the samples showing a slight decrease as the 
temperature is increased. These res ults consist 
of average values for the heats of adsorption over 
the partial pressure range 0 to 0.3 or for the 
adsorption of up to about 10 percent of water. 
These results indicate that the values 0 btai ned 
wi th the BET eq uations arc lower than those 
obtained from the equation of Clausius-Clapeyron. 
A similar trend was noted by Dole and McLaren 
[4]. The cLifferential heats of adsorption (h eats 
of adsorption calculated from the Clausi us­
Clapeyron equation) arc highest for the lower 
amounts of moisture adsorbed but approach the 
heat of condensation as Lhe amounts adsorbed 
increase. On the average, the d ifferential heats 
of adsorption are lower in the temperature range 
50 0 to 70 0 C than in the range 28 0 to 50 0 C. 

In figure 7 the differential heats of adsorption 
for collagen, chrome leather, and vegetable­
tanned belting leather are plotted against V /V m ' 

The results indicate that th e heats of adsorption 
drop abruptly at a V /V m value of about 1 and 
become constant at about 3. For less than one 
monomolecular layer the increase in the heat of 
adsorption is even more rapid with decreasing 
amounts of water adsorbed for vegetable and 
chrome-tanned leather. Collagen shows the lowest 
heat of adsorption for low percentages of water 
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TABLE 5. H eats of adsorption (calories/mole) 

L __ _ 

Methods Collagen 

Calcnlated from Clansius-Clapeyron 
equation: 
5-Percent adsorption: 

28° to 50° C _______________ __________ 14,000 
50° to 70° C ______ ______ ____ _____ ____ 13, 100 
Average 28° to 70° C. ____ ___ ________ 13,600 

6-Percent adsorpt ion : 
28° to 50° C __________________ __ _____ 13,600 
50° to 70° C _________________________ 13,300 
Average 28° to 70° C ______________ __ 13,500 

8-Percent ad sorption: 
28° to 50° C _____ _____ ___ ___ __ _______ 13,500 
50° to 70° C ___ __________ ___ ________ _ 13,100 
Average 28° to 70° C ________________ 13,300 

lO-Pm-cent adsorption: 
28° to 50° C _____ ______ ______ _____ __ _ 13,600 
50° to 70° C ___ ______ ____ ________ __ __ ]2,500 
Average 28° to 70° C. _______________ 13, 100 

15-Percent adsorption: 
28° to 50° C _________ ____ ______ _____ _ 12, 400 
50° to 70° C ___ ______________________ 11,900 
Average 28° to 70° C __ __ _____ _____ __ 12,200 

20-Percent adsorption: 
28° to 50° C _____ ___ ___________ ___ ___ 12,000 
50° to 70° C ___ ______________ ______ __ 11,300 
Average 28° to 70° C __________ ______ JI,700 

25-Percent adsorption: 
28° to 50° C ___ ______ ______ _____ ____ _ 11,500 
50° to 70° C _____________ __ __________ 10,800 
Average 28° to 70° C ________________ 11,200 

40-Percent adsorption: 
28° to 50° C _____________ ____________ 11 ,200 

From BET equation : 
28° C __ _________ ____________ __________ 11, 600 
50° C ____________________ _____ ___ __ __ _ 11,300 
70° C ______ ___ ________________________ !l ,600 
Average 28° to 70° C _____ _____________ ll , 500 

vapor adsorbed; whereas that for vegetable­
tanned leather is highest, and that for chrome­
tanned leather is intermediate. 

The differences between the heats of adsorption 
of water by collagen, chrome, and vegetable­
tanned belting leather for less than unimolecular 
take-up may be explained on the basis of different 
electronegativities of the carboxyl ions and car­
boxyl groups. Results of electrophoretic meas­
urements [13] on these three materials indicate 
most strongly negative groups- for vegetable­
tanned leather, intermediate for chrome, and least 
strongly negative groups for collagen, which is 
precisely the order of decreasing heats of adsorp­
tion for water for a content of less than a mono­
molecular layer_ The strongest negative charges 
are assumed to arise from the ionization of the 
carboxyl group, RCOOH--7RCOO-+H+. Water 
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Hide Chrome- Belting Chrome- Sole 
powder tann ed leather ret anned leather leather lea_ther 

13,300 15,400 16,700 16,400 15,200 
13, 500 15,100 16,600 16, 200 15,200 
13,400 15,300 16, 700 16,300 15,200 

13,500 14,700 15,100 13,700 15,000 
12,800 15, 100 16, 200 16,100 15, 100 
13,200 14,900 15,700 14,900 15, 100 

13,600 13,600 13,500 12, 900 13, 900 
11,700 13,200 14,000 14,000 13, 100 
12,700 13,400 13,800 13,500 13, 500 

13,600 13,400 13,000 12,600 13,800 
10,700 12, 400 12,600 12,800 JI , 700 
12,200 12, 900 12,800 12,700 12,800 

12,000 12,100 12, 400 11,800 12,000 
10, 700 10,900 11,500 11, 100 10, fiOO 
11,400 11 ,500 12,000 11,500 1l ,300 

11,700 11 , 100 11 ,800 ll, 300 1l,700 
10,100 11 , 000 10, 200 
10,900 11, 100 11,000 

ll, 500 10,900 11,300 JI,300 11 ,400 
9,700 10,400 

10,600 10, 700 

10,900 10,800 10,900 

11 ,800 12,000 12,100 12, 100 12,200 
11,500 11 ,800 1l,800 ll,800 11,700 
11 ,800 1l,800 11 ,800 11 , 600 11,800 
ll, 700 11 ,900 11, _900 11,800 JI , 900 

combines strongly with the carboxyl ion by hydro­
gen bonding as follows: 

RCOO-+ H 2 0 --> 

O--H 

/ '" RC O. 

"" / O- H 

Unionized carboxyl groups also combine strongly 
by hydrogen bonding to water. 

The high heats of adsorption for low pickups~of 
water may be explained by the assumption that 
each molecule forms two hydrogen bonds. Since 
the energy involved for each bond may be as 
much as 6 to 8 K calories, the formation of two 
bonds would bring the energy values into the range 
actually observed. The fact that the high values 
are obtained for only small amounts of adsorption 
indicates that there are very few protein groups 
that combine with water in this way. It is doubt­
ful if either a single free amino or peptide group 
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FIGURE 7. Variation of the differential heats of adsorption 
for the range 28° to 50° C for collagen, 0 , vegetable-tanned 
belting leather, X, and chrome leather, . , with V / V",. 

Broken line, - - - , indicates beat of condensation of water at 50° C. 

is involved in this type of combination. How­
ever, there is a possibili ty of some cross linking 
between two such groups. 

The high heats of adsorption for the vegetable­
tanned leathers for low amounts of adsorption 
are probably related to the carboxyl groups in 
the tannin. Part of the water that combines with 
these materials is undoubtedly associated with 
these groups. 

Collagen contains both carboxyl and amino 
groups. The amino group is known to be less 
active in the formation of hydrogen bonds than 
the carboxyl group. It is also probable that a 
certain amount of interaction exists between 
these two groups in the native protein and there­
fore their reaction with water would not be highly 
energetic. This explains why collagen has the 
lowest heat of adsorption for water of the tlll·ee 
materials. A further explanation for the higher 

Adsorption of Water Vapor by Collagen and Leather 
86245<1- 50- - { 

------- ----------------~ 

heat of adsorption for the leathers follows from the 
preceding hypothesis. If the tanning material 
combined with the amino group of collagen, it 
would tend to release strongly ionized protein 
carboxyl groups and consequently to increase heat 
of adsorption. This reaction is similar to that 
which takes place when amino acids are neutral­
ized by alkali in the presence of formaldehyde [17]. 

For V jVm values greater than one, the three 
materials show similar behavior with respect to 
the change in heat of adsorption with increasing 
water adsorption. It would, of course, be expected 
that the heat of adsorption would decrease as the 
number of layers increase. The results might, 
however, be eq ually well expla ined by assumillg 
that the part shown on the graph for less than one 
monolayer take-up was for adso rp t ion on the strong 
surface groups as described above. Beginning at 
a V jV 711 value of one where the three materials 
reach a common point, it may be assumed that the 
more active gro ups take up additional water by 
dipole-dipole attraction with decreasing energy. 
At a V jVm value of about 2.5 the curves tend to 
Hatten out and to become parallel with the line 
representing the heat of cond ensation for water. 
The d istance from the heat of condensation line 
to that for chrome leather and collagen, respec­
tively, might be related to the heat of swelling for 
these materials. However, i t is most probable 
that the lines are app roaching the heat of conden­
sation asymptotically, as would be expected for 
the adso rption of an infini te number of layers of 
water. 

VII. Graphical Presentation of Water 
Adsorption Data 

The plot given in figure 8 shows the relation 
between the log of the moisture adsorbed and the 
inverse of the absolute temperature . It is pos­
sible to estimate from this relation the amounts of 
moisture adsorbed at equilibrium at temperatures 
and relative humidities no t studi ed experimentally. 
A similar relation was shown to exist for textile 
materials by Wiegcrink [9] . 

Another valuable method for the representation 
of moisture relation data has been applied by 
Whitwell and Toner [6] to textile materials. 
They adapted this method from a basic relation 
first used by Othmer [11] for representing the vapor 
pressure of pure liquids. The Clausius-Clapeyron 
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FI Gl" RE 8. Variation of the log of the pacentage of moistw'e 
adsorbed fa?" sale leathe?", e , and collagen, 0 , with the 
"ecip?"ocal 0/ the absolute tempemtw·e. 

equation representing the equilibrium between 
pure water and its vapor may be wri tten as follows: 

(5) 

where Po is the vapor pressure of water, and t1Ho 
is the ' heat of condensation. For water vapor 
over the adsorptive material in question, the 
equation may be written as follows: 

(6) 

where P is the vapor pressure of water over the 
material, and t1H is the heat of adsorption. 
Tbese two equations may be combined to give the 
following relation: 

t1H 
log P = MIo log Po+C. (7) 

A plot of log P against log Po should yield a straight 
li ne if t1H is proportional to t1Ho in the temperature 
range of interest. Lines representing constant 
regains (constant moisture contents) over a range 
of temperatures and relative humidities are ob­
tained in this way. The temperature dependence 
is expressed in terms of log Po. 

40 

In figure 9 the water adsorption relations of 
collagen are plotted according to this method, and 
in figure 10 a similar plot is shown for vegetable­
tanned belting leather. . The graphs indicate that 
the water adsorption data for both of these 
materials are accurately represented by eq 7. 

o 0.5 1.0 1.5 2.0 2.5 
lOG P 

FIG URE 9. Equilibrium moistw'e contents of collagen plotted 
as a junction of log P o and log P. 

Numbers on curves indicate moisture contents in percentage. 

o 
a. 

2.5 ,-----,-------r-----,---,---___., 

2.0 1---------,;7c...--A7"~~._L-/------1 

1.5 1----r:..---~__"7.L--7'''--_/_'-------__I 

1.0 I-,,.L--:;;.L---;,.L-_/_~----------+ 

0.5 --"L----/-----------------j 

O ~ ___ ~ __ ~ ___ ~ ___ _L ___ ~ 

o 0.5 1. 0 1.5 2.0 2 .5 
lOG P 

FIGURE 10. Equilibrium moi:;ture content of vegetable­
tanned belting leather plotted as a j1tnction of log Po and 
log P. 

Numbers on cnrves indicate moisture contents in percent. 
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Lines representing constant moisture contents are 
obtained. ' The water refer ence line is obtained 
by plotting the vapor pressure of water as a 
function of P against P o. As the amount of 
water adsorbed increases , the lines approach 
more closely the water reference line. It may be 
noted that the slop es of the lines change with 
i nCl'easing amounts of adsorption. This indi­
cates changes in the heats of adsorption. These 
lines may be extrapolated as shown, and adsorp­
t ion values obtained for other conditions for which 
no data were obtained. 

The lines, when extended in the direction of 
increasing log P , approach intersection at a 
"common po int. " The position of this point is 
assumed by "Whitwell [6] to be related to the 
swelling characteristics of the material. It may 
rnadily be seen that th e lines given for leaLher 
will meet in a common point at a lower value of 
log P than those for collagen. This can be demon­
strated by obsC' l'ving the ratios of Lhe distances 
between two correspo nding Jines at P values of 
log 0.5 and log 1.5 . According to this hypothesis, 
collagen, as expected, shows the greater amoLlnt of 
swelling. 
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FIG U RE 11. Change of fTee eneTg y tJ.F1, . ; ent!'opy tJ.S1, 

~ and heat of adsQI'ption tJ.Fi 1 , 0, wilh V / V m fOT collagen 
at 50° C. 

VIII. CoJculation of Free Energy and 
Entropy 

From the free energy values for the system ancl 
the differential heats of adsorption calculated by 
the Clausi us-Clapyron equahon, i t is possible to 
calculate the entropy change for the process 

H 20 (liq uid)+=±H 20 (adsorbed) , 

- P 
I1Fl for the system= RT 1n= P o' (8) 

l1H.l is the difference between the differential 
heat of adsorption and the hea,t of liquefaction. 
The entropy change 1181 is then calculated from 
the equation 

118[ (9) 

Values of I1PI , I1H1, and 118[ for collagen, hide 
powder, and four samples of leather at 50° Care 
given in table 6. In figure 11 , the results of 
I1Ji\, I1H[ , andl1S, for collagen are plotted against 
17/17m • Th e !:J.H[ values sh ow a rapid drop near 
the ordinate \\'he1'e 17/11", is equal to 1. At the 
same point the entropy (L~8[ ) , whi ch is always 
negat ive, becomes smaller. 

The results given in table 6 show mu ch larger 
I1S1 valucs for 5-percc nt watcr adsorption for the 
leathcl's than fol' collagen and hide substance. 
Between 5 and 10 pcrcent adsorption, 8111, for all 
the samples except collagen decreases. 

The values of 116\ and !:J.H, for the adsorp tion of 
water by collagen, given in table 5, are of the same 
ordcr of magnitude as those given by Frey and 
Moore [5] for glycine, leucinc, and diketopipera­
zine. The energy wi th which an unbydl'olyzed 
protein binds water appeal'S, thereforc, to be 
similar in magni tude to that of its individual 
components. 

IX. Effect of Preheating on Adsorptive 
Properties 

Since the results of the studies on the adsorption 
of water vapor at 500 and 70°C indicated de­
creasing BET surface areas wi th increasing 
temperature, experiments were made to obtain 
more information on the effect of exposure at 
elevated temperatures on adsorption. Samples of 
cl1l'ome leather, chrome-retannedleather, vegetable­
tanned belting leather, and collagen were heated in 
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TABLE 6.-Heat af adsorption (tJ. H, ), free energy (tJ.F,), and 
entropy (tJ.S, ) values at 50°C 

Hide powdeL _______________ _____ _ 
Collagen __________________________ _ 

Sole leather _______________________ _ 
Belting _________ __________________ _ 
Retan ___________ ___ _________ ____ _ _ 
Chrome ___________________ _______ _ 

Hide powder __ _____ _______________ 
Collagen _______ ____________ ________ 
Sole leather ________ ________________ 
Belting _______________ _____________ 
R etan _____________________________ 
C hrome ___________________________ 

Hide powder ______________________ 
Collagen ___________________________ 
Sole leatber. ____ _____ ___ ___________ 
Belting _______________________ _____ 
Retan __________________ ___________ 
Chrome ___________________________ 

For &-percent H 20 adsorption 

"ilir, 

cals 
-3, 160 
-3, 260 
-5, 060 
-6, 460 
-6, 060 
- 5, 060 

Ll.F, 

cal. 
-1 , 225 
-1,310 
-1, 250 
- 1. , 325 
-1, 380 
-1. 520 

cal. 
-6. 0 
-6.0 

-11. 8 
-15.9 
-14.5 
-11.0 

For IO-percent H 20 adsorption 

-1, 960 -540 -4. 4 
-2,860 -725 -6.6 
-2,560 -480 -6.4 
-2,560 -545 -6.2 
-2, 460 -605 -5.7 
-2, 660 -735 -6.0 

For 15-percent H 20 adsorption 

- 1,160 -320 -2. 6 
- 1, 960 -435 -4.7 
- 1, 060 -250 -2. 5 
-1 , 760 -250 -4.7 
- 1, 260 -280 -3.0 
-1, 260 - 390 -2. 7 

For 20-percen t H 20 adsorption 

H ide powdeL ________ _____________ -660 
Collagen.__________________________ - 1, 460 
Sole leatber________________________ - 760 

-190 
-290 
- 155 

-1.5 
- 3.6 
-1.9 

Belting ___________________________ _ - 1. 560 - llO -4. 5 
Retan ____________________________ _ -1, 060 - 125 -2. 9 
Chrome ___ ___ __ ____________ ______ _ - 860 - 255 - 1. 9 

For 2&-percent H 20 adsorption 

Hide powder __ ______ ___ _____ _____ _ . - 360 - 120 -0.7 
Collagen __________________________ _ -960 -195 - 2. 4 
Sole ____________ ______________ __ __ _ - 1, 160 - 120 -3.2 
Belting _______________ ____________ _ -1 , 060 - 40 - 3.2 
R etan ______ ___________________ __ _ _ -1.060 - 55 - 3. 1 
Chrome __________________________ _ -460 -165 - 0.9 

air at 100°, 120°, and 140° C for 24 hr. Since it 
was supposed that the collagen might be affected 
by a temperature lower than that required to 
affect the leathers, a sample of collagen was 
heated also at 80° C for 24 hr . Adsorption 
measurements were made on the heated samples aL 
28° C by the method described in section III. 

The results of the adsorption measurements are 
given in table 7, and typical sets of isotherms for 
the heated specimens of collagen are given in 
figure 12. It may be noted that heating at 80° C 
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had practically no effect on the adsorption. This 
indicates that little deterioration occurs below this 
temperature R esults for vegetable-tanned leather 
are given in figure 13. These results show con­
siderable decrease in adsorption, the decrease 
depending on th e temperature of preheating. 

In figure 14 the water adsorbed by the h eated 
samples at 14-percen t relative humidity and 28° C 
is plotted against the temperature of preheating. 

The results indicate that the adsorptive capacity 
of the leathers for moisture decreases more rapidly 
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Effect of preheating on moisture ads01'ption by 
collagen. 
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FIGU R E 13. E.tJect on preheating on moistUl'e adsorption by 
vegetable-tanned belting leather. 
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TABLE 7. l'Vater adsorbed at 28° C by collagen and vaI·ious leathers after heating at different temperatures 

Tcm-
pera· 

Material ture 
of 

heati ng 13.8 22.6 

-------------------------
° c li/ l 00 U g/ IOO II 

Collagen - _____________ ____ _____ __ ___ .. j 80 6.38 9.28 
100 5.39 8.23 
120 4.52 7.19 
140 3.59 5.81 

Chrome-retanned upper leather. __ __ __ { 
100 3.81 5.70 
120 1. 97 3.80 
140 1. 74 3.38 

Vegetable-tanned belting leather. __ ___ { 
100 3.06 4.92 
120 2. 83 4.60 
140 2.51 4.06 

Chrom e-leather __ •. ____ ....... .. .. .. . _ { 
100 4. 88 7.37 
120 3. 86 6.36 
140 2.57 5. 27 

than does that of collagen. It has been shown in 
previous work [14] that leathers decompose to 
give off carbon dioxide and water more readily than 
does collagen. It may be that active groups in 
leather are removed in this way, thus accounting 
for the fact that the leath er adsorbs less moisture 
after heating. It was shown in section IV that 
the tanning of leather did not appear to change its 
affinity for water vapor at low relative humidities. 
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F IGURE 14. Adsorption of water by the preheated samples 
at 14-percent )·elative humidity and 28° C. 

Collagen, O : vegetable·tanned belting leatber, " ; chrome leather, . ; and 
chromC-Ietanned lca lhcr, t6. . 

Relativ e humidity 

---,:_6 _1~_ 33. 1 43. 1 73.5 83.2 95. 0 
------ ----------

U/ l00 g g/ IOO g U/ l00 g 1!l100 g U/ l00 g I//JOO II U/l00 g 
12.29 15.88 20.76 23. 37 28. 35.45 51. 96 
11.24 14.85 19.69 22.24 27.77 34.43 SO. 96 
10.08 13.45 17.96 20.28 25.48 31. 88 48.81 
8. 39 11. 62 15.55 l7. 32 21. 58 26. 69 48.41 
7.57 10.01 13.22 14.69 17.96 22.16 31.40 
5.6 1 8.02 11.1 6 12.65 15.78 19. 82 28.82 
5.06 7.40 10.49 11. 95 14 .82 18. 46 26.65 
6.76 9.04 11.94 13.34 16.M 20.35 29.36 
6.39 8. 64 II. 46 12.76 15.67 19. 15 27.54 
5.66 7.84 10.74 12.06 14 . 76 .1 7.84 24 .92 

10.00 13.11 17.11 19.10 24.33 31. 42 54.09 
9.01 12. 18 16.29 18.31 23. 56 30.56 53.00 
7. 85 10.98 14.88 16.78 21. 69 28. 28 51.11 

I 

It is possible, however, that during heating, 
tanning materials may combine with eertain 
groups in the collagen of the lea ther, thus resul ting 
in the loss of the activity of these groups for water. 
These two possibilities arc suggested to explain the 
differences in behavior between leather and col­
lagen. The changes occurring in the collagen, as 
shown by water adsorption, are most pronounced 
between temperatures of 120 0 to 140 0 c. 

In figure 15 the calculated surface area of the 
four samples afLer prehea ting are shown. It is 
interesting to no te that the chrome-tanned leather 
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FIG U RE 15. Change of the surface areas with femperature 
of preheating 

Coilagen, 0 ; chrome leatber, . ; vegetable·tanned belting leather, " ; and 
chrornc-retanncd leather, O . 
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FIGU RE 16. Effect of preheating on moisture adsorption by 
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shows no decrease in surface area even when heated 
at 140° C, whereas all others show a decrease in 
surface area. This is an indication of the greater 
stability of chrome-tanned leather over tha t of 
other leathers . This greater stability is also 
demonstrated by the higher shrinkage temperature 
of the former in water. The adsorption isotherms 
for heated chrome-tanned leather are shown in 
figure 16. It may be observed that in the relative 
humidity range 60 to 80 percent, the curves for all 
the heated samples approach fairl y closely to the 
unheated one. By comparing this observation 
wi th that for the same range for collagen in 

figure 12 and that for vegetable- tanned leather in 
figure 13 , it is obvious that chrome- tanned leather 
behaves in a different way from these two samples. 

Adsorption at relative humidities up to 20 per­
cent occurs on the more active surface groups. 
The results wi th chrome-tanned leather indi cate 
that these groups have been altered. However , at 
the higher r elative humidities , adsorption is 
believed to take pl ace by multilayer formation 
between the polypep tide chains at the carbonyl 
groups. The behavior of collagen in this region 
indicates collapse of the poly peptide chains or the 
fibrils r esulting in a decrease in the number of 
layers of water that may be adsorbed. Chrome­
tanned leather maintains a high activity toward 
water in this region , which shows that there is no 
collapsing of the chains. This is an indication that 
the chromic oxide combines in such a way as to 
stabilize the polypep tide chains and thus main­
tains the high activity of this type of leather 
toward waleI' vapor. 

The heats of adsorption calculated from the 
BET equations for the heated samples are given 
in table 8. For all specimens the heats of adsorp­
tion are much lower after being subj ected to 
heating . These heats of adsorp tion are in contrast 
wi th those obtained for the samples in the adsorp­
tion measuremen ts at 50° and 70° C, where the 
values remained high and nearly constant. This 
seems to indicate that the decrease in adsorption 
of the preheated samples was caused by a decrease 
in the attraction of the active groups for water as 
well as (except for chrome- tann ed leather) a 
decrease in the number of the active groups. 
This may be due to the preferential destruction of 
the more active sites. 

T A BLE 8. Heat of adsm'ption at 28° C for leathers heated at various tempemtures 

Collagen Retan Boltinp: Chrome 
rrcm perature of preheating 

e E , E )- EI. e E , E l-EL e E , E J-EL e E , EJ-H:L 
- -------._----._---------------- - - -

Not preheated . . .... ... .. . ..... . . . .. 16.3 11, 600 1, 100 15. 7 12, 100 1,600 14.3 12, 100 1,600 13.9 12, 000 1,600 
80° C ........... . ........... . ..... .. 6.8 11, 600 1, 100 
100° C .... ........ . ....... . ........ . 4.8 11,400 900 6.1 11,600 1,100 4.0 11, 300 800 5.2 11, 500 1, 000 
120° C ... ......... . ................. 3. 8 11 , 300 800 3. 1 11, 100 700 3.7 11 , 200 800 3. 3 11,200 700 
140° C . . .. ... ... ............ . .. ... .. 3. 2 11, 200 700 2. 8 11, 100 600 3.5 11, 200 800 2.6 11 , 000 600 
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