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Influence of Temperature on the Adsorption of Water

Vapor by Collagen and Leather'’

By Joseph R. Kanagy

The adsorption of water vapor by collagen, commercial hide powder, and several leathers
was determined at various relative humidities ranging from about 0 to 96 percent, at 28°
50°, and 70° C.

28° (' at various relative humidities. The results indicate that at 50-percent relative humidity

Determinations were also made on chestnut and quebracho tannins at

the variation of moisture content for 1 degree change in temperature is equivalent to that
for 1 percent change in relative humidity. A specially purified collagen has higher affinity
for water than does hide powder, showing that the previous chemical treatment influences
adsorption. The results obtained from the experiments on the tannins and the hide powder
show that tanning does not decrease water vapor adsorption at relative humidities below
70 percent.

From the results of the adsorption measurements, heats of adsorption were calculated by
means of the Clausius-Clapeyron and Brunauer, Emmett, and Teller equations. The leathers
show higher heats of adsorption for low moisture regains than does collagen, indicating that
they contain some groups that are more highly active toward water than those in collagen.
Free energy and entropy values for the adsorption at 50° C are given. The effect of high
temperatures on moisture adsorption is studied by subjecting specimens to elevated tem-
peratures and then determining the adsorption at 28° C.  Methods are given for estimating
moisture content for conditions that have not been studied experimentally. The change of

water adsorption with temperature can be expressed by a simple relation involving the log
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of the percentage of water adsorbed and the inverse of the absolute temperature.

I. Introduction

This is a continuation of the studies on the
adsorption of moisture by collagen and different
types of leathers. In a previous report [1]* re-
sults were presented on the adsorption of moisture
by hide powder (commercial grade of collagen)
and various leathers at 100° F. The Brunauer,
Emmett, and Teller equation was 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.

1 This report is made as a part of the Leather Research Program sponsored
by the Research and Development Branch, Military Planning Division of
the Office of the Quartermaster General, Department of the Army. This
program is under the Advisory Direction of the National Research Council.

2 Figures in brackets indicate the literature references at the end of this
paper.
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The exact nature of the protein surfaces on
which water is adsorbed is not known. Calcu-
lated surface areas can, therefore, be considered
as having 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,. The degree of accurs _
with which the surfaces are estimated would then
depend upon the distribution of these groups.
These groups differ among themselves in activity,
and their affinity for water would probably also be
modified by the group with which they are com-
bined. Because there is a continuous gradation
in affinity of the various groups for water, neither
the adsorption isotherm nor its slope should have
discontinuities. A theory similar to this has been
expressed by Pauling [2].
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Another approach to the study of protein sur-
faces and to the general nature of the adsorption
process is through the calculation of the energy
values involved. In a study of the energy values,
an estimation of the range of activities of the polar
groups may be obtained. Heats of adsorption for
collagen have been determined by Bull [3] and
by Dole and MeclLaren [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 adsorptive data.
These results are of considerable importance since
they afford a comparison of a simple compound
with that of a highly complicated protein system
having a similar composition.

Several valuable contributions to the correla-
tion and interpretation of adsorption data have
been made by Jobn C. Whitwell and his associates
[6, 7, 8] of the Textile Foundation at Princeton
University. This work was done principally with
the data obtained by Wiegerink [¢] on textile
materials.  Among these contributions is a method
for predicting moisture relation data for other
conditions when data for only a few conditions
are available.

A study of adsorption is of particular interest to
the leather industry since an adsorption 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 valuable in
developing proper drying conditions. Moisture
also has an effect on the physical 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 humidities at 28°
50°, and 70° C was made. Heats of adsorption,
surface areas, and other physical constants were
calculated from the data by the methods of
thermodynamics and by some other methods that
have been recommended by workers in other
fields.

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 hide by the method described by
Cassel and Kanagy [10]. Data were also
obtained with a less pure collagen known as
Hide Powder. This material is prepared com-
mercially and is used in the 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 of collagens (dry basis)
Amide
nitrogen Nl Iso-
" Total as per- g 3 elec-
Material nitrogen | centage ;‘?Irll{ tric
of total - point
‘ nitrogen
S SR, _— —
‘ Percent Percent, pH
Collagen____________________ = 17. 97 4.14 0.10 720,
Hide powder (commercial col- | |
| lagen preparation) i 17. 40 2.46 | .24 | 5.1
‘ | |

The leathers for which data are given in this
report include sole, belting, chrome, and chrome-
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 with a basic chro-
mium sulfate. After this process is complete, it
is retanned with vegetable tannins.  The chemical
analyses of the leathers used in this study are
given in table 2.

TaBLE 2.  Chemical analyses of leather (dry basis)
— —— 7:'5
’ Re- | Vegota- [
Material Sole | Chrome | tanned MO_€3
| upper tanned
i belting
Percent | Percent | Percent | Percent
Hide substance.__---_____ ---| 32.7 ol 34.2 48.2
‘ 6.2 7.1 2.6 0.4
14.2 7l 39.1 10.9
Chromic oxide (Crz08) - - - |-.______ 4.8 200 |2 iiiiin e
Epsom salts (MgSO47H;0)- 4RO S N, | SN | S
DWATCHSOI U] CS U 2R 2 I e P
Glucose - - ... 6.9 | SR ]
Moisture_.__- .-~ e 10.7 8.5 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 equilibrated
at H0-percent relative humidity 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.

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 humidity as possible with phosphorus
pentoxide. The relative humidity was then in-
creased stepwise at intervals of about 10 per-
cent. The samples were brought to equilibrium
at each relative humidity. Eight to ten determi-
nations of equilibrium adsorption were made over

III. Method of Procedure the range from zero to 100-percent relative
humidity at constant temperature. The tem-

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 described in
a previous publication [1].  The relative humidity
was obtained by the use of a saturated salt solu-
tion, and the samples were held at each constant
condition for sufficient time to reach equilibrium.
The cabinet was so constructed that the samples

perature was maintained constant within 40.5
deg and the relative humidity maintained within
+0.5 percent. The adsorption was assumed to
be at equilibrium under any set of conditions when
the change in the weight of the sample was not
more than 0.001 g for a 24-hr period.

The moisture adsorption is based on the “dry”
weight of the material as determined by heating
separate samples in an oven through which dry

Tasre 3. Waler adsorbed by collagen, hide powder, and various leathers at different temperatures

Rela-| m-lu-} ! Rela-| ; Rela-| Rela-| | Rela- | Rela-| Rela- | Rela-|
tive | tive | tive tive tive tive | tive | tive | tive
hu- | ¢/100g| hu- | g/100g hu- | u/](ll)g‘ hu- | g/100g| hu- g/100g| hu- | g/100g| hu- | 2/100g| hu- | g/100g| hu- | g/100g
mid- mid- | mid- | mid- | | mid- mid- | mid- | mid- | mid-
ity | ity | ity | ‘ ity ‘ | ity ity ‘ i ity | ity “ ity
| | | | |
28° C
| | | e B o
| | | [
Collagen_________ e 14.2| 6.57| 24. U} 9.79| 34. 0| 12.73| 44.7| 16.00| 53.6| 20.59, 62.4] 23.61| 73.4| 29.18/ 83.6/ 35.80| 96.0/ 53.35
Hide powder_ ______________ - 14. 2| 5.83| 24. 0] 8.31 34.0| 10.34| 44.7| 12.62| 53.6| 15.99 62. 4} 18.17| 73.4| 22.89| 83. h‘ 29. &)Ti 96.0| 51.22
Vegetable-tanned belting | | | | | [

leather___________________ 14.2|  6.28) 24.0 8.42| 34.0/ 10.20| 44.7| 12.14| 53.6| 14.72| 62.4| 16. 211 73.4| 19.27| 83.6] 23.17| 96.0| 32.62
Chrome-retanned upper | ‘ | | [ | [ | |

Jenthersfass R s | 14.2| 6.30[ 24. 0| 8.48/ 34.0| 10.22 44. Ti 12. 27‘ 53.6| 15.00| 62.4| 16.45| 73.4| 19.47| £3.6| 23.79 96.0| 33.82
Sole leather ... __ --| 14.2 6.44| 24.0| 8.53| 34. (); 10.11) 44.7| 11.67| 53.6| 13.82| 62.4| 15.40| 73. 4‘ 20.97| 83.6 29.56) 96.0| 54.59
Chrome leather_ ____________ i 14. 2‘ 7.43| 24.0| 10.03| 34.0/ 12.13| 44. Ti 14.19| £53.6| 17.09 62.4| 19. ()(i} 73. 4‘ 23.84| 83.6; 31.57] 96.0| 54.88

| | | | | |
50° C
\ ‘ \ | ‘ ‘
Collagen____________________. 12.0 4.69) 21.0 7.33| 28.5| 9.44| 44.5| 12.5 49.0| 14.67| 58.0/ 17.58| 71.0( 23.53| 82.0| 28.90| 93.5| 40.66
Hide powder_________________ 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
Vegetable-tanned belting

jeatherc-tes - e ri i Ziat 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
Chrome-retanned upper [

)31 1) e SR R B N 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
Sole leather_________________ 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| £2.0; 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
Hide powderses Sanugsnuniton 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
Vegetable-tanned belting

leather-.._________________ 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| _____|-______
Chrome-retanned upper

Jeathersetem mie el tesy 13.0 3.81| 24.5 5.65 30.0, 6.13| 36.0 7.41| 47.5 9.48/ 67.0| 12.75| 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| 81.0f 19.79|- _____|----___
Chrome leather_____________. 13.0 4. 48‘ 24.5 6. 50| 30.0 7.10f 36.0| 8.77| 47.5 11.38| 67.0| 17.04| 75.0| 19.79| 81.0f 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 leather,
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° (. 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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Ficure 1. Comparison of the adsorplion of water vapor by
collagen, O, hide powder, @, and vegetable-tanned belting
leather X, at 28° C.
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Ficure 2. Comparison of the adsorption of water vapor by
chestnut tannin, O, 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 results 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 humidity. 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-
ing. 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, respectively.
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 materials on which
determinations were made.

At 50-cent relative humidity, the change in
moisture content per degree variation in tempera-
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Fiaure 3. Comparison of the actual adsorption of water
vapor by vegetable-tanned belting leather, ), with that
calculated for this leather from its content of hide substance
and tannin, @.
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Ficure 4. Influence of temperature on the adsorption of
water-vapor by collagen.
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Ficure 5. Influence of temperature on the adsorption of
water vapor by vegelable-tanned belting leather.

ture is about equal to the change for a 1-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 held
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 1-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 Teller [16]

P C—1P 1
VP,=P)~V,.C P, V0 W
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 under ideal
conditions, but it is of interest to find out to what
extent it might be applied to a more complicated
surface, such as that of a protein.

The calculationsaremadeby plotting P/V(P,— P)
against P/P,. The straight line obtained from
this plot will have a slope equal to (C—1)/V,,C and
an intercept equal to 1/V,,C. From these two
quantities, values for V,, and ¢'may be calculated.
V. is the volume of water vapor at 0° C and 760
mm required to form a unimolecular layer and, €'
is a constant that is related to the heat of adsorp-
tion. By multiplying V,, 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 publication.

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

Values for V,,, ', and the calculated surface
areas are given in table 4. The results 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 not caused by any drastic irrevers-
ible change in the surfaces of the sample. This
is demonstrated by the fact that if adsorption
measurements are 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 molecule
with increase in temperature as estimated from
the decrease in density of water with increase in
temperature.

TasLe 4. Surface areas and values of C for collagens, leathers, and tanning malterials at different temperatures as determined
by the application of the BET equations
Temperature
00 ° -0
Sk 28° C. 50° C. 70° C.
y Surface y - Surface ~ - Surface
c Vim area c Vm area c Vm area
ml/g m2/g mllg m2/g mllg mg
(E 0] Te g Ty N 6.3 136.8 370 5.2 124. 2 340 9.3 76.3 210
Hide powder (commercial collagen) . _.__________ 9.8 103.3 280 ol 92. 4 250 12.7 64.3 170
Belting leather___________________________________ 14.3 96.3 260 10.8 87.4 240 1282 58.3 160
| Chromeleather___________________________________ 13.9 115.4 310 11.1 103. 0 280 13.6 73.5 200
Chrome-retanned leather . ________ 15.7 94.1 260 10.9 91. 8 250 9.3 68. 2 180
Sole leather . __________________ _____ . ____ (171! 9.0 250 10.0 85.0 230 13.6 58.0 160
Quebracho tannin . ________.______________.______ 1.8 12259 SSO N | P 2P | IO | S | IR | SRR
Chestnut tannin__________________________________ 15001 60.0 8 e e e | e e e

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-
tion 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 temperature. The BET equation is therefore
not rigorously applicable under these conditions,
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and any surface area determinations are strictly
relative, and comparison should be limited to
surface areas calculated for a constant tempera-
ture.

VI. Heats of Adscrption

In order to obtain more fundamental informa-
tion on the nature of the adsorption of water by
collagen and leather, studies of the heats of
adsorption were made.

Journal of Research



2.5
70°
2.0 b
50° |07
Oﬂ/O"
1.5, |—& W
28° (O/O

LOG P
o

0.5

0 10 20 30 40 50 60
WATER ADSORBED , G/I00G

Frcure 6. Variation of the percentage of water adsorbed by
collagen with the logarithm of the vapor pressure.

A number of methods for studying heats of

adsorption for the system
water vapor 2 water vapor adsorbed,
may be applied.

The differential heat of adsorption may be
calculated by means of the Clausius-Clapeyron
equation
log P,—log P, 0

T ) &
1 1

I

AH=R2.303

where AH is the differential heat of adsorption,
R is the gas constant, and P, and P, are the vapor
pressures of water in equilibrium with the samples
at the absolute temperatures 7, and 7}, respec-
tively. P, and P, are the vapor pressures of
water in equilibirum with the same amount of
adsorbed water at the temperatures 7, and 7.
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
pressures 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,0 (9) 2 H,0 (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 to the 5-percent point.

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

5 —H=RTIn C, (3)

where (' is the constant calculated from eq 1.
Values for ' for each experimental material are
given in table 4. £ is the heat of adsorption in
the first layer, and £, is the heat of condensation.
By the addition of the heat of condensation to the
ralue obtained for /£, — F,, the heat of adsorption
for the first layer is obtained. This should be an
approximate value of the heat of adsorption at
low vapor pressures. The results of these calcu-
lations are given in table 5.

It may be observed that these values are nearly
constant for all three temperatures, with some of
the samples showing a slight decrease as the
temperature is increased. These results 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 obtained
with the BET equations are lower than those
obtained from the equation of Clausius-Clapeyron.
A similar trend was noted by Dole and MecLaren
[4]. The differential heats of adsorption (heats
of adsorption calculated from the Clausius-
Clapeyron equation) are highest for the lower
amounts of moisture adsorbed but approach the
heat of condensation as the amounts adsorbed
increase. On the average, the differential heats
of adsorption are lower in the temperature range
50° to 70° C than in the range 28° to 50° C.

In figure 7 the differential heats of adsorption
for collagen, chrome leather, and vegetable-
tanned belting leather are plotted against V/V,,.
The results indicate that the heats of adsorption
drop abruptly at a V/V,, 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

31



TasLe 5. Heats of adsorption (calories/mole)

e Chrome- Beltin Chrome- it
Methods Collagen p%)wdor }:}:{;ﬁf} lcatheg r%;i{lhne(;d lea(t)hcr
Calculated from Clausius-Clapeyron
equation:
5-Percent adsorption:
28°t0 50° C__ .. 14, 000 13, 300 15, 400 16, 700 16, 400 15, 200
50°t070° Co 13,100 13, 500 15,100 16, 600 16, 200 15, 200
Average 28°to70° C._______________ 13, 600 13, 400 15, 300 16, 700 16, 300 15, 200
6-Percent adsorption:
28°t050° C_ o 13, 600 13, 500 14, 700 15,100 13, 700 15, 000
G0 SRTOR7 () S 13, 300 12, 800 15,100 16, 200 16, 100 15, 100
Average 28° to 70° C 13, 500 13, 200 14, 900 15, 700 14, 900 15, 100
8-Percent adsorption:
2821015024 € NN RSP 13, 500 13, 600 13, 600 13, 500 12, 900 13, 900
G0ZAE0R7 028 C NN 13, 100 11, 700 13, 200 14, 000 14, 000 13, 100
Average 28° to 70° C________________ 13, 300 12, 700 13, 400 13, 800 13, 500 13, 500
10-Percent adsorption:
2801502 @ N s T 13, 600 13, 600 13, 400 13, 000 12, 600 13, 800
50°t070°Co_ 12, 500 10, 700 12, 400 12, 600 12, 800 11, 700
Average 28° to 70° C________________ 13, 100 12, 200 12, 900 12, 800 12, 700 12, 800
15-Percent adsorption:
28°t050° C__ . 12, 400 12, 000 12, 100 12, 400 11, 800 12, 000
50°t070° C_ 11, 900 10, 700 10, 900 11, 500 11, 100 10, 600
Average 28° to 70° C_______________. 12, 200 11, 400 11, 500 12, 000 11, 500 11, 300
20-Percent adsorption:
28° 0 50° C oo 12, 000 11, 700 11,100 11, 800 11, 300 11, 700
50°to 70° C . 11, 300 10, 100 11X 000 R R | 10, 200
ALV eragei28 At 087028 C SuSNRER ST 11, 700 10, 900 Wil (| cecces |l ceeeo 11, 000
25-Percent adsorption:
28°t050° C_ . 11, 500 11, 500 10, 900 11, 300 11, 300 11, 400
50S8£0K702 G/ NN 10, 800 9, 700 10,400 |  ooooon | eeeen | aeoaeo
Average 28° t070° C______ ... 11, 200 10, 600 10,700 | coooon | emmeee | aioaol
40-Percent adsorption:
28250016024 C NN 11, 200 10, 900 10/ SO0 N S | . 10, 900
From B E T equation:
28° C e 11, 600 11, 800 12, 000 12,100 12,100 12, 200
5028 C S S 11, 300 11, 500 11, 800 11, 800 11, 800 11, 700
(02 C 11, 600 11, 800 11, 800 11, 800 11, 600 11, 800
Average 28° t070° C__________________ 11, 500 11, 700 11, 900 11, 900 11, 800 11, 900

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—RCOO-+H"*. Water
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combines strongly with the carboxyl ion by hydro-
gen bonding as follows:
0—H
7 N
RCOO-+H,0 —— RC 0.
AN /

O0—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. Itis doubt-
ful if either a single free amino or peptide group
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Ficure 7. Variation of the differential heats of adsorption
for the range 28° to 50° C for collagen, O, vegetable-tanned
belting leather, X, and chrome leather, @, with V|V .

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

is involved in this type of combination. How-
ever, there is a possibility 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 three
materials. A further explanation for the higher

Adsorption of Water Vapor by Collagen and Leather
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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/V,, 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 equally well explained by assuming
that the part shown on the graph for less than one
monolayer take-up was for adsorption on the strong
surface groups as described above. Beginning at
a V/V, value of one where the three materials
reach a common point, it may be assumed that the
more active groups take up additional water by
dipole-dipole attraction with decreasing energy.
At a V/V,, value of about 2.5 the curves tend to
flatten out and to become parallel with the line
representing the heat of condensation for water.
The distance 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, it is most probable
that the lines are approaching the heat of conden-
sation asymptotically, as would be expected for
the adsorption of an infinite number of layers of
water.

VII. Graphical Presentation of Water
Adsorption Data

The plot given in ficure 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 not studied experimentally.
A similar relation was shown to exist for textile
materials by Wiegerink [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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Ficure 8. Variation of the log of the percentage of moisture
adsorbed for sole leather, @, and collagen, O, with the
reciprocal of the absolute temperature.

equation representing the equilibrium between
pure water and its vapor may be written as follows

(/1 o At )
TRT?’ &

where Py is the vapor pressure of water, and A,
i1s the heat of condensation. For water vapor
over the adsorptive material in question, the
equation may be written as follows

AP AHdt
P RT? ©)

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

log P*AII og Py+C. (7)

A plot of log P against log Py should yield a straight
line if AH is proportional to AH, 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 P,.
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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.

2'5) T T T T

f° //

(]

: /
o
S
20 WATER
|.o
05 4
0 ! L 1 !
0 05 10 15 20 25

LOG P

Fiaure 9. Equilibrium moisture contents of collagen plotted
as a function of log P, and log P.

Numbers on curves indicate moisture contents in percentage.

2.5 T T T T

(0] it I L ]
0 0.5 1.0 X5 2.0 2.5
LOG P

Ficure 10. Equilibrium moisture content of vegetable-
tanned belting leather plotted as a function of log P, and
log P.

Numbers on curves indicate moisture contents in percent.
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Lines representing constant moisture contents are
obtained. The water reference line is obtained
by plotting the vapor pressure of water as a
function of P against P,. As the amount of
water adsorbed increases, the lines approach
more closely the water reference line. It may be
noted that the slopes of the lines change with

increasing amounts of adsorption. This indi-
cates changes in the heats of adsorption. These

lines may be extrapolated as shown, and adsorp-
tion values obtained for other conditions for which
no data were obtained.

The hnes, when extended in the direction of
increasing log P, approach intersection at a
“common point.”” The position of this point 1s
assumed by Whitwell [6] to be related to the
swelling characteristics of the material. It may
readily be seen that the lines given for leather
will meet in a common point at a lower value of
log P than those for collagen.  This can be demon-
strated by observing the ratios of the distances
between two corresponding lines at P values of
log 0.5 and log 1.5.  According to this hypothesis,
collagen, as expected, shows the greater amount of
swelling.

SN

ENERGY , K, CALORIES
1
N

ENTROPY UNITS

0 ! 2 3 4
V/Vm

Ficure 11. Change of free energy AF,, @; entropy AS;,
@ and heat of adsorption AH,, O, with V|V, for collagen
at 50° C.

VIII. Caolculation of Free Energy and
Entropy

From the free energy values for the system and
the differential heats of adsorption calculated by
the Clausius-Clapyron equation, it is possible to
alculate the entropy change for the process

H,0 (liquid)2H,0 (adsorbed),

AF, for the system:RTln:g‘ (8)
0

AH, is the difference between the differential
heat of adsorption and the heat of liquefaction.
The entropy change AS, is then calculated from
the equation

AS, ::4”‘;9” 9)

Values of AF, AH,, and AS, for collagen, hide
powder, and four samples of leather at 50° C are
given in table 6. In figure 11, the results of
AF,, A, and AS, for collagen are plotted against
VIV,. The AH, values show a rapid drop near
the ordinate where V/V,, is equal to 1. At the
same point the entropy (AS)), which is always
negative, becomes smaller.

The results given in table 6 show much larger
AS, values for 5-percent water adsorption for the
leathers than for collagen and hide substance.
Between 5 and 10 percent adsorption, SA,, for all
the samples except collagen decreases.

The values of AS, and AZ, for the adsorption of
water by collagen, given in table 5, are of the same
order of magnitude as those given by Frey and
Moore [5] for glycine, leucine, and diketopipera-
zine. The energy with which an unhydrolyzed
protein binds water appears, therefore, to be
similar in magnitude 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 50° and 70°C indicated de-
creasing BET surface areas with increasing
temperature, experiments were made to obtain
more information on the effect of exposure at
elevated temperatures on adsorption. Samples of
chromeleather, chrome-retanned leather, vegetable-
tanned belting leather, and collagen were heated in
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TasLe 6.—Heat af adsorption (AH)), free energy (AF:), and
entropy (AS:) values at 50°C

For 5-percent H20 adsorption
AL AF, a8
cals cals cals
—3, 160 —1,225 —6.0
—3, 260 —17310; —6.0
—5, 060 —1, 250 —11.8
—6, 460 —1, 325 —15.9
—6, 060 —1, 380 —14.5
—5, 060 —1, 620 —=11.0
For 10-percent H,O adsorption
Hide powder__ .. __________________ —1, 960 —540 —4.4
Collagen___________________________ —2, 860 —725 =56
Sole leather - —2,560 —480 —6.4
Belting__ .| —2,560 —545 —6.2
Retan_ __ | —2,460 —605 =5.7
Chrome. .. _______________________ —2, 660 —1735 —6.0
For 15-percent H20 adsorption
Hide powder______________________ —1, 160 —320 —2.6
Collagen___________________________ —1, 960 —435 =47
Sole leather. —1, 060 —250 —2.5
Belting__ —1, 760 —250 —4.7
Retan_____________________________ —1, 260 —280 =3.0
Chrome._ ... ______________________ —1, 260 —390 =005 ]
For 20-percent H20 adsorption
Hide powder " —660 —190 —1.5
Collagen._____________ —1, 460 —290 —3.6
Sole leather. —760 —155 —1.9
Belting____________________________ —1, 560 =0 —4.5
Retan_____________________________ —1, 060 —125 -2.9
Chrome._._________________________ —860 —255 -1.9
For 25-percent H,0 adsorption
Hide powder______________________ —360 —120 —0.7
Collagen_.____________ —960 —195 —2.4
Sole_ __ —1, 160 —120 —3.2
Belting____________________________ —1, 060 —40 —3.2
Retan_____________________________ —1, 060 —55 =351
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 at
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 Results for vegetable-tanned leather
are given in figure 13. These results show con-
siderable decrease in adsorption, the decrease
depending on the temperature of preheating.

In figure 14 the water adsorbed by the heated
samples at 14-percent 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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(0] 20 40 60 80 100
RELATIVE HUMIDITY , %
Ficure 12. Effect of preheating on moisture adsorption by

collagen.

Temperature of heating: Not heated, X: 80° C, O; 100° C, @; 120° C, @;
140° C, M.
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Ficurk 13.  Effect on preheating on moisture adsorption by

vegetable-tanned belting leather.
Temperature of heating: Not heated, O; 100° C, @, 120 C, ®; 140° C, .
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TasrLe 7. Water adsorbed at 28° C by collagen and various leathers after heating at different temperatures
‘l)((g_ Relative humidity
Material tl(l)gc i S
heating| 13.8 | 22.6 } 33.1 ’ 43.1 ‘ 56.6 ‘ 61.6 73.5 83.2 95.0
S (@ g/100 ¢ | ¢/100 g | ¢/100¢g | ¢/100¢ | ¢/100 ¢ ‘ g/100¢g | ¢/100¢g | ¢/100¢g | g/100 ¢
80 | 6.38 | 9.28 | 12.29 | 1588 | 20.76 | 23.37 | 28.88 | 35.45 | 51.96
Collagen 100 | 5.39 | 823 | 1124 | 14.85 | 19.69 | 22.24 | 27.77 | 34.43 50. 96
""""""""""""""""" 120 | 4.52 | 7.19 | 10.08 | 13.45 | 17.96 | 20.28 | 25.48 | 31.88 | 48.81
140 3.59 5. 81 8.39 11. 62 15. 55 17.32 21. 58 26. 69 48. 41
100 3.81 5.70 7.57 10.01 13. 22 14. 69 17. 96 22.16 31. 40
Chrome-retanned upper leather_______ 120 1.97 3. 80 5.61 8.02 11. 16 12. 65 15.78 19. 82 28. 82
140 | 1.74 | 3.38 5.06 7.40 | 10.49 | 11.95 | 14.82 | 18.46 | 26.65
100 | 3.06 | 4.92 6.76 9.04 | 11.94 | 13.34 | 16.54 | 20.35 | 290.36
Vegetable-tanned belting leather______ 120 2.83 4. 60 6.39 8. 64 11. 46 12.76 15. 67 19.15 27. 54
140 2. 51 4. 06 5. 66 7.84 10.74 12. 06 14.76 17. 84 24. 92
100 4.88 7.37 10. 00 13.11 17.11 19.10 24. 33 31.42 54. 09
Chrome-leather_ .. ____________________ 120 | 3.86 | 6.36 9.01 | 1218 | 16.29 | 1831 | 23.56 | 30.56 | 53.00
| | 140 2. 57 5. 27 7.85 10. 98 14. 88 16.78 21. 69 28.28 51.11
\

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 leather 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.

WATER ADSORBED, G/I00G
»

: -

. | 1 1 | |

40 60 80 100 120 140
TEMPERATURE ,°C

0

20 160

Froure 14.  Adsorption of water by the preheated samples
at 14-percent relative humidity and 28° C.
Collagen, O); vegetable-tanned belting leather, @; chrome leather, @; and
chrome-retanned leather, A.

Adsorption of Water Vapor by Collagen and Leather

It is possible, however, that during heating,
tanning materials may combine with certain
groups in the collagen of the leather, thus resulting
in the loss of the activity of these groups for water.
These two possibilities are suggested to explain the
differences in behavior between leather and col-
lagen. The changes cccurring in the collagen, as
shown by water adsorption, are most pronounced
between temperatures of 120° to 140° C.

In figure 15 the calculated surface areas of the
four samples after preheating are shown. It is
interesting to note that the chrome-tanned leather

140 T T T T T

120 - \

£100
<@
80
N
60 1 | | 1 | fl
20 40 60 80 100 120 140 160

TEMPERATURE ,°C

Change of the surface areas with temperature
of preheating
Collagen, O; chrome leather, @; vegetable-tanned belting leather, @; and
chrome-retanned leather, (1.

Ficure 15.
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Ficure 16.  Effect of preheating on moisture adsorption by
by chrome-tanned leather.

Temperature of heating: Not heated, X; 100° C. O; 120° C, @; 140° C, B.

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 that 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 fairly closely to the
unheated one. By comparing this observation
with 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 with chrome-tanned leather indicate
that these groups have been altered. However, at
the higher relative humidities, adsorption is
believed to take place by multilayer formation
between the polypeptide chains at the carbonyl
groups. The behavior of collagen in this region
indicates collapse of the polypeptide chains or the
fibrils resulting 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 polypeptide chains and thus main-
tains the high activity of this type of leather
toward water vapor.

The heats of adsorption calculated from the
BET equations for the heated samples are given
in table 8. Ior all specimens the heats of adsorp-
tion are much lower after being subjected to
heating. These heats of adsorption are in contrast
with those obtained for the samples in the adsorp-
tion measurements 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-tanned leather) a
decrease in the number of the active groups.
This may be due to the preferential destruction of
the more active sites.

TaBrLe 8. Heat of adsorption at 28° C for leathers heated at various temperatures
Collagen ‘ Retan . Belting |
Temperature of preheating - — — S _
c E | BE-BL| C . I c ‘ B ‘ o

| |

Not preheated .. 16.3 | 11,600 | 1,100 | 157 | 12,100 | 1,600 | 14.3 | 12,100 | 1,600 | 13.9 | 12,000 | 1,600

R0 28 - OO 6.8 11, 600 1,100 I | S e AR [ e

4.8 11, 400 900 6.1 11, 600 1, 100 4.0 11, 300 800 5.2 11, 500 1, 000

3.8 11, 300 800 3.1 11, 100 700 3.7 11, 200 800 3.3 11, 200 700

3.2 11, 200 700 2.8 | 11, 100 600 3.5 11, 200 800 2.6 11, 000 600
|
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