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ABSTRACT: The knowledge of the factors involved in the water transmission through collagen fibrous network of skin and leather is
essential in the manufacture of materials that will give improved service and maintain a sufficiently high level of breathability and
permeability to assure comfort to the wearer. The study of the structure and connectivity of the pores in the skin and leather is essen-
tial since it influences the heat and mass transport processes. This research study focuses on the porous structure and water vapor
permeability of animal skin after it has been subjected to different treatments, such as pickling or tanning with chromium salts, or
vegetable tannins. The obtained data indicated that surface groups, inorganic matter, and pore size distribution have influence on the
water transmission. Water vapor adsorption isotherms showed pickled skin to have a greater adsorption capacity at a higher relative
humidity, whereas vegetable-tanned leather was found to be the sample with the lowest adsorption at higher relative humidity
probably due to its greater density, lower accessibility of the functional groups, and wider distribution of pore sizes than the other

materials. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 18121822, 2013
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INTRODUCTION

The most characteristic feature of animal hide is the enrichment
of non-collagenous compounds in the papillary layer, so-named
because of the presence of hair papillas. This layer contains
sweat glands, fat cells, elastin (around the papillas), and muscle
fibers located beneath the hide surface that carry out both me-
chanical and biological functions. In the leather industry, after
these compounds have been removed in the beamhouse a very
open collagen fibrous structure remains, giving the grain leather
surface (the outside of the hide or skin consisting of the pores,
wrinkles, and other characteristics which constitute the natural
texture of the leather) its characteristic soft feel. Each fiber is
composed of elemental fibers and these are made up of groups
of collagen fibrils. The structure of the fibrous network is char-
acterized by continual branching. Each elemental fiber branches
into two parts and each of these joins with another to form a
new elemental fiber strand. It is the branching of the collagen
structure that gives the corium layer its woven appearance and
the leather its characteristic strength. In making leather, the ori-
entation and thickness of the collagen fiber is of the utmost im-
portance. The structure and connectivity of the pores in the
skin influence the heat and mass transport processes associated
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with both the thermoregulatory function of the organ and the
crosslinking of the collagen network in the tanning stage. It is
thought that the pore structure of the skin matrix can be used
to control adsorption, diffusion phenomena, fluid flow, and
thermal conductivity, and its study is very important for under-
standing the processes of diffusion and/or adsorption through
skin in both biological and industrial applications'™.

It is an arduous task for the tanner to convert raw hides and
skins into leather, which has a three-dimensional matrix with
excellent porosity. Many of the properties of leather such as
visco-elasticity, plasticity, breathability, and resistance to water
are related with its porosity (volume, size, and connectivity
between pores and interfibrilar spaces), and a pore size ranging
between 7 A and 150 pm. Leather is a unique material with an
ability to breathe through its porous network and readjust to
volume fluctuations. Some of its properties are believed to arise
from the nature of its collagen fibrous network. For example,
the great resistance to flexural fatigue exhibited by leather may
be attributed to the ability of individual collagen fibers to reor-
ient themselves under stress. It can be noted the study carried
out by Catalina® where tanning wastes from leather processing
are valorized to tailor-made collagen biopolymers with diverse
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shapes (fibers, gels, films, and sponges), which can have impor-
tant and promising applications in the fields of cosmetics,
medicine, or veterinary.

It has been recognized that the transport of moisture under con-
ditions of transient humidity is a key property that influences
the dynamic comfort of a leather garment due to the breathabil-
ity and permeability properties of leather. The amount of mois-
ture that leather adsorbs or loses is determined by temperature,
relative humidity, functional surface groups, degree of porosity
and the size of the pores, and interfibrilar spaces. Moisture is of
great importance because the amount of moisture affects the du-
rability of leather, and in articles such as shoes, gloves, and other
garments, the comfort of the wearer. A high moisture content
accelerates deterioration and promotes the action of mildew. On
the other hand, a small amount of moisture is necessary to keep
leather properly lubricated and prevent cracking. From the data
obtained from a study of moisture adsorption by leather and
untanned hide at various stages of relative humidity, knowledge
about the nature, and magnitude of the surfaces may be
obtained. Such concepts may be of great value for improving the
tanning process, and other related processes such as fat liquoring
and dyeing, performing appropriate adjustments to get better
functional properties of the final leather.

The characterization of the porous or interfibrilar space inside
the collagen matrix was performed by mercury intrusion poros-
imetry and nitrogen adsorption.®” Mercury injection porosime-
try is a commonly used method for the characterization of
porous materials and is widely used in industry.>*™** This tech-
nique allows the characterization of the porosity of different
kinds of materials in order to determine the distribution of po-
rosity over the macropore (pore sizes higher than 50 nm) and
mesopore (pores of 2-50 nm) range in addition to other impor-
tant parameters such as total porosity, total volume of mercury
intrusion, bulk density, skeletal density, etc. Mercury porosime-
try is a very popular technique because it is relatively straight-
forward to use and also because it can be used to study a wide
range of pore sizes between 360 pm to 6 nm. The measurement
range of high-pressure mercury porosimetry is wider than that
of nitrogen adsorption (0.3-300 nm). The smallest pores that
are outside the range of mercury porosimetry were determined
by nitrogen adsorption. Many parameters that describe the pore
structure of a sample, for example, pore volume, specific surface
area, and pore size distribution can be determined by nitrogen
adsorption at 77 K. The information on the porosity of skin
and leather gained by these different experimental techniques
shows that they complement each other. Furthermore, water
vapor adsorption isotherms gave us information of the breath-
ability and permeability of the skin and leather, relating the
adsorption capacity with the porosity, inorganic content, and
surface chemistry of the biocollagenic materials. This study also
employs another technique, scanning electron microscopy which
is very useful for the examining and characterizing the surfaces
of all kinds of materials.

In the literature, several studies have been carried out on the
porous structure of skin and leather,”'* in addition to adsorp-
tion and transmission of water vapor in leather.*'>™'® Worthy
of special mention are the studies carried out by Fathima et al.
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regarding the influence of shrinkage on the porous structure of
skin and leather by means of mercury intrusion porosimetry,
nitrogen adsorption, and scanning electron microscopy,™ the
effects of tanning process steps upon pore size distribution,'
and of crosslinking on the hydration structure of collagen.?

MATERIALS AND METHODS

The solid materials used for this research were two pre-tanned
skins: a dehydrated and degreased skin (Biomaterial Collagenic
Dehydrated, BCD), and a pickled skin (PS); and two tanned
skins: a chromium-tanned leather (Wet Blue, CTL), and a vege-
table-tanned leather (VTL). BCD was a delimed and bated skin
that had been treated with acetone in order to degrease and
dehydrate it for conservation; PS was a skin that had been
treated with saline solutions and acids in the same bath to pre-
pare it for the tanning operation or for preservation. A sample
of skin tanned with vegetable tannins [mimosa (Acacia deal-
bata), quebracho (Schinopsis lorentzii and balansae), and chest-
nut (Castanea sativa)] was also examined (VTL). Wet-blue
leather was a skin that had been tanned with chromium salts
(CTL). Pickled skin, wet-blue leather, and skin tanned with veg-
etable tannins were used as samples of semi-processed leather
and they are available on the market. Dehydrated skin was an
experimental sample. All the materials were of bovine origin.

The samples that arrived in the form of strips or as one large
piece were converted into the appropriate size for the different
analyses. In order to obtain a representative sample of the pre-
cursor for chemical analysis they were ground to a very fine
particle size. For the mercury porosimetry, nitrogen adsorption
at —196°C, water-vapor sorption at 25°C, and scanning electron
microscopy experiments, small pieces of skin with maximum
measurements of up to 1 X 1 X 0.2 cm were used. Prior to
their analysis the samples were degassed under vacuum at 50°C
overnight up to constant weight so as to remove any adsorbed
moisture and/or gases. A low temperature was chosen so as not
to denature the protein of the skin, and prevent the shrinkage
of the skin. The porosity measurements have to be done on
dried sample because the porosity has to be empty for filling
with nitrogen (nitrogen isotherm at —196°C), mercury
(Mercury Intrusion Porosimetry), or water-vapor (water-vapor
sorption at 25°C).

Chemical Characterization

A proximate and ultimate analysis of the samples was con-
ducted following the procedures usually applied to coals. The
ash content was determined according to norm UNE 32004.
The ultimate analysis was carried out on a LECO CHN-2000
and LECO Sulphur Determination S-144-DR instrument. The
oxygen content was calculated by difference.

Textural Characterization

Mercury Porosimetry. Mercury porosimetry was carried out on
a Micromeritics AutoPore IV 9500 Series apparatus, which pro-
vided a maximum operating pressure of 227 MPa. The mercury
porosimetry was conducted as follows: the sample was weighed
in a penetrometer, degassed and then filled with distilled
mercury at a low pressure. The mercury was then subjected
to different pressures and the corresponding volumes of the
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intruded mercury in the samples were determined. The pore
diameter was calculated from the pressure values, the surface
tension of the mercury and the wetting angle using the Wash-
burn equation,”’ assuming a mercury surface tension of 480
N m '* and a mercury contact angle of 140°. The following
parameters were calculated: bulk and skeletal densities (p, and
P, respectively), the specific total pore volume corresponding to
the intruded volume of mercury at maximum pressure (V7),
the porosity (¢), and the pore size distribution.

From the skeletal (p,) and bulk (p,) densities the total pore
volume (V) was calculated from:

Vi=(1/pp=1/p;)
and the open porosity, ¢, from:

e=(1=p;/p,) <100

Nitrogen Adsorption Isotherms. Nitrogen adsorption isotherms
were performed at —196°C in a Micromeritics ASAP 2420
automatic apparatus. The isotherms were used to calculate the
specific surface area Sgpp, parameter C, the volume of the
monolayer and total pore volume, Vrop, at a relative pressure of
0.95. The pore size distributions, i.e., microporosity and meso-
porosity, were obtained by applying the density functional
theory (DFT) model to the N, adsorption data, assuming
slit-shaped pore geometry.*?

SEM-EDX. The materials were examined using a Scanning
Electron Microscope (ZEISS Model DMS-942) equipped with
an Energy-Dispersive X-Ray analyzing system (Link-Isis II).
Iridium was present because the samples had been metalized for
examination by SEM-EDX so as to avoid the accumulation of
electric charge on the surface and to make the samples electri-
cally conductive.

Water-Vapor Sorption Isotherm at 25°C. The moisture adsorp-
tion isotherms of the samples were determined at 25°C for
water activity (a,,) from 0 to 1. Water activity was evaluated by
means of a Hydrosorb HS-12-HT model instrument (Quantach-
rome Instruments). The equilibrium moisture content was
expressed as grams per g of dry solid.

RESULTS AND DISCUSSION

Chemical Characterization

Figure 1 shows the results of the proximate and ultimate analy-
sis of the samples. The results of the chemical analysis of these
materials reveal a low ash content; being wet blue-CTL the ma-
terial with highest value in mineral matter (ash: 9.15%), which
is attributed to chemical reagents used in the process of tan-
ning; the dehydrated skin has the lowest ash content, 1.23%. All
of the samples contain a high carbon content in the range of
40-50% and a substantial nitrogen content with values up to
18% (17.89 for BCD). Similar results for the chemical composi-
tion of tannery wastes of vegetable-tanned leather and chro-
mium-tanned leather have been reported by Cem Kantarli
et al.,** Yilmaz et al.,” Oliveira.”®

The vegetable-tanned leather shows a lower nitrogen content
(8.33%) and a higher oxygen content (29.58%) than the other
materials because of the large amount of vegetable tannins
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Figure 1. Proximate and ultimate analysis of the samples (units: wt %, db).

needed for the tanning process (Figure 1). In the leather
obtained at the end of the process, vegetable tannins are present
in concentrations of around 30%.

The chemical composition of these materials makes them suita-
ble bioprecursors for obtaining activated carbons. Several studies
on the physical activation of tanned leather wastes with CO,**~**
or steam,” and on the chemical activation of leather shaving
wastes”** and leather buffing dust wastes®' are reported in the
literature. Gil has published several works related to the chemical
activation of vegetable-tanned leather solid wastes by means of
alkaline hydroxides and carbonates.**~® Furthermore, the high
nitrogen content of these materials makes them very useful for
producing activated carbons that can be employed in H,S and
SO, adsorption®” or CO, capture.”®*

Textural Characterization

Mercury Intrusion Porosimetry. Table I shows the results of
the textural characterization of the samples by mercury poros-
imetry. The total intrusion volume, total surface area, median
pore diameter (volume), median pore diameter (area), average
pore diameter (4V/A), bulk density at 0.0045 MPa, bulk density
at 0.1013 MPa, skeletal density at 227 MPa, and porosity were
determined by mercury porosimetry.

The results vary widely for the different samples. The materials
present a total pore volume of mercury intrusion of between
0.7 and 1 mL g~ ', except for pickled skin which has the lowest
value (0.14). This is attributed to the reduction or blockage of
porosity resulting from the chemical treatment to which the
pickled skin was subjected. Such preservation treatment protects
the skin against external agents. The porosity values—17% for
pickled skin and 50-61% for the other samples—confirm the
above findings. The bulk density value recorded at a pressure of
0.0045 MPa for pickled skin, 1.19 mL g~ ', was twice as high as
that of the other samples, i.e., around 0.6 mL g~ '. All the
results suggest that the chemical treatment to which the pickled
skin was subjected reduced its porosity.

There are numerous studies in the literature on the pore struc-
ture of different materials. Fathima et al.” have studied the
influence of crosslinking agents on the pore structure of skin.
They also studied the effect of thermal shrinkage on the pore
structure of native skin and chromium and vegetable treated
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Table I. The Intrusion Data From the Mercury Porosimetry Technique

ARTICLE

Dehydrated Pickled Wet blue Skin tanned with
skin skin leather vegetable tannins

Total intrusion volume, V7, (mL/g) 0.992 0.141 0.671 0.682

Total surface area (m?/g) 10.1 56 3.7 20.9

Median pore diameter (Volume) (nm) 3251.5 1431.9 8585.4 691.1

Median pore diameter (Area) (nm) 26.0 10.4 34.2 33.8

Average pore diameter (4V/A) (nm) 392.0 100.4 727.8 130.6

Bulk density at 0.0045 MPa, pp, (g/mL) 0.60 1.19 0.74 0.75

Bulk density at 0.1013 MPa, pp, (g/mL) 0.63 1.23 0.82 0.81

Skeletal density at 227 MPa, ps, (g/mL) 1.46 1.43 1.46 1.55

Porosity, &, (%) 59.2 16.8 495 514

skin. They observed that the percentage reduction in porosity
was greater in the vegetable skin than in the chromium treated
sample.

The cumulative pore volume and the pore volume size distribu-
tion obtained by mercury porosimetry for each sample are pre-
sented in Figure 2. The cumulative pore volume represents the
total volume contained in pore sizes of that diameter or less.
The pore volume size distribution curve represents the pore vol-
ume in function of pore size, commonly is given as percentage
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or a derivative, and highlights the differences in the pore sizes
of the samples.

The mercury porosimetry measurements show a significant
macroporosity development in the case of the dehydrated skin.
The macropore volume development in this sample was more
than seven times greater than that of the pickled skin as can be
seen in the cumulative pore volume in Figure 2. The latter was
subjected to chemical treatment to reduce its porosity for
purposes of preservation. In contrast, wet-blue leather (the skin
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Figure 2. Cumulative pore volume and pore volume size distribution by mercury porosimetry for the samples of this research: (a) dehydrated skin, (b)

pickled skin, (c) wet blue leather, and (d) skin tanned with vegetable tannins.
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Figure 3. (a) Mercury intrusion and extrusion curves. (b) Pore size distribution by mercury intrusion porosimetry.
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Figure 4. (a) Nitrogen adsorption isotherms at —196°C. (b) Pore size distribution by DFT.

tanned with chromium salts) and the skin tanned with vegetable
tannins showed a moderate macroporous development. It is
evident from these results that in general the development of
macroporosity also depends on the tanning agent. There are
numerous studies on the macropore volume development of
different materials. Ruiz et al.'® studied the effect of oxidation
on macropore volume development in carbonized coals.
Fathima et al. studied the porosity of native and shrunken sam-
ples of skin by means of the cumulative intrusion volume of
mercury. It can be seen from their results that the cumulative
intrusion of mercury is greater in the case of native skin than in
that of the shrunken samples.”

Table II. Equivalent Specific Surface Area-BET, Parameter Cgpy, Mono-
layer volume (Q,,), Total Pore Volume at P/Py: 0.99 and P/P,: 0.95, and
Mesopore Volume of the Materials

BCD PS CTL VTL
Surface area-BET (m?/g) 4.9 0.7 1.8 6.5
CgeT 32.0 56 18.2 225
O (Cm3/g STP) 1.13 0.16 042 1.48
Vy, P/Po: 0.95 (cm3/g) 0.011 0.001 0.003 0.017
V4, P/P3:0.99 (cm?®/g) 0.030 0.002 0.010 0.057
Ve (2-50 nm) 0.016 0.001 0.005 0.031

@Data from DFT.
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The pore volume size distribution highlights the differences in
the pore sizes of the samples (Figure 2). Dehydrated skin and
wet blue leather show bimodal volume pore size distributions
with two maximum peaks at 7500-1500 nm and 13,000-1700
nm, respectively. The skin tanned with vegetable tannins shows
a wide distribution pore size with three maxima at approxi-
mately 10,000, 300, and 40 nm and it is the only material that
presents narrower pores between 100 and 10 nm. Finally, pick-
led skin exhibits the lowest volume mercury intrusion with a
maximum at 2000 nm on the pore size distribution curve. The
chemical treatment to which this sample was subjected seems to
have eliminated macropores or interfibrilar spaces larger than
5 microns.

Figure 3 shows the mercury intrusion and extrusion curves
[Figure 3(a)] and pore size distributions [Figure 3(b)] for all
the samples with comparative purposes.

Figure 3(a) demonstrates BCD is the sample with a highest
intrusion values whereas PS is the material with lowest intrusion
values. All the samples showed a hysteresis loop due to the pen-
etration of mercury into pores and interfibrilar spaces where it
remains trapped. Figure 3(b) shows the different pore size dis-
tributions of the materials: bimodal (BCD and CTL), wide dis-
tribution (VIL) and low volume mercury intrusion (PS).

Nitrogen Adsorption Isotherm at —196°C. Nitrogen adsorp-

tion analysis confirms and complements the results obtained by
mercury porosimetry (Figure 4). The nitrogen isotherms are of
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Figure 6. SEM cross-section micrographs of the materials: (a) BCD (5000X); (b) PS (1000X); (c) CTL (10,000X); (d) VTL (10,000X).
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type III which is typical of non-porous or macroporous solids.
This type of isotherm is convex to the P/P, axis over its entire
range and indicates that the attractive adsorbate—adsorbent
interactions are relatively weak and that the adsorbate—adsorbate
interactions play an important role. Hysteresis loop of type H3
for VIL and BCD is observed, indicating a condensation phe-
nomenon. This hysteresis loop does not exhibit any limiting
adsorption at high P/P, and is normally observed with aggre-
gates of plate-like particles that give rise to slit-shaped
pores.*>*' The desorption branch contains also a steep region
associated with a (forced) closure of the hysteresis loop, which
was attributed to the so-called tensile strength effect. VTL
presents the highest values for the equivalent specific surface
area-BET (6.5 m?/g) and the total pore volume at P/Py: 0.95
(Vi 0.017 cm®/g), as seen in Table IL

The parameter Cggpr provides an indication of the strength of
the adsorbent—adsorbate interactions but cannot be used to
quantitatively calculate the enthalpy of adsorption. The decrease
in Cgpr value indicates that the net heat of adsorption in the
case of the skin matrix decreases on tanning. The heat of nitro-
gen adsorption is probably influenced by changes in the surface
and by the level of hydrophobicity.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39365

Figure 7. SEM micrographs of the grain surface of the materials (140X): (a) BCD; (b) PS; (¢) CTL; (d) VTL.
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Information about structural changes in the samples can be
obtained by analyzing the pore size distributions of the native
and tanned samples [Figures 3(b) and 4(b)]. All the materials
have mainly meso and macroporosity. VIL has a higher meso-
porosity and macroporosity of small pore size than the other
materials, as can also be observed by mercury porosimetry. The
mesoporosity and macroporosity of small pore size decrease in
the following order: VIL > BCD > CTL > PS, with PS show-
ing almost negligible amounts. CTL presents the largest pore
size as can be observed by mercury porosimetry, whereas PS
shows no significant porosity in any of the porosity ranges.

SEM-EDX. Figure 5 shows SEM cross-section micrographs of
the samples at several magnifications. The dehydrated collagenic
biomaterial presents a compact and dense fibrous structure,
where the spaces between fibers have been caused by dehydra-
tion and degreasing with acetone [Figure 5(a)]. The spaces are
suitable for subsequent treatments such as pickling, tanning,
etc., for which the solutions need to penetrate into the fibrous
structure. The micrograph of the pickled skin [Figure 5(b)]
shows that the spaces seem like they were filled with the acid
and salts added to the skin matrix to prepare it for the tanning
process.
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Figure 8. SEM micrographs of the internal surface of the materials (16,000X): (a) BCD; (b) PS; (¢) CTL; (d) VTL.

Vegetable tanning results in the filling up of void spaces®?
accompanied by the formation of hydrogen bonds and the
coating of fibers [Figure 5(d,e)], whereas chrome tanning is a
non-filling type of tanning process, leading to coordinate
covalent crosslinking, where the fibrous structure does not
show much compactation [Figure 5(c)],**** so the density of
vegetable-tanned leather will be higher than other tanned
skins.

400
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5 == CTL
8
= 200 - — PS
e — BCD
]
£ 100 4
Cr
o4 - 2
0 1 2 3 4 5 6

Energy (KeV)
Figure 9. EDX spectra of the skin materials.
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Figure 6 shows the micrographs of the materials taken at higher
magnification in order to relate the results from the study of
mercury intrusion volume and nitrogen adsorption with the po-
rosity or interfibrilar spaces of the samples under study. BCD
shows the elemental fibers that constitute the collagen network,
together with the fibrils that constitute the elemental fibers [Fig-
ure 6(a)]. It can be seen that PS does not have any significant
porosity [Figure 6(b)]. BCD is the material with the largest
porosity [Figure 6(a)]. The void spaces in VTL are filled by
tannins which are also coating the fibers [Figure 6(d)]. CTL is
illustrative of a non-filling type of tanning process with larger
spaces between the fibers than in the case of VIL [Figure 6(c)].

Figure 7 shows the grain surface of the different materials. The
tanned materials of bovine origin present a similar pore shape.
These pores are a consequence of the removal of surface hairs
from their roots due to the stages of dehairing, liming, delim-
ing, and bating.

Figure 8 contains micrographs of the internal surfaces of the
materials. BCD shows spaces between the fibers caused by dehy-
dration and degreasing with acetone, resulting in a high poros-
ity [Figure 8(a)]. Figure 8(b) also shows the low porosity of PS
probably because the gaps are filled by the acid and salts added
in the pickling process. VTL reflects a lower porosity than CTL
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Figure 10. Water vapor adsorption isotherms of the materials: (a) BCD; (b) PS; (c) CTL; (d) VTL.

because the void spaces are filled and the fibers are coated by
vegetable tannins.

Figure 9 shows the EDX spectra of the samples. It can be seen
that structural carbon, nitrogen, and oxygen are present in all
the samples. Sulphur is present probably in the form of sulfates
such as magnesium sulfate which is used in vegetable-tanned
leather production as a co-adjuvant (the addition of magnesium
sulfate makes the leather softer, promotes the fixation of tannin
to the skin, and increases the weight). The materials may also
contain small amounts of sulfide, calcium hydroxide, sodium
chloride, potassium chloride, carbonates, etc, due to the chemi-
cal agents employed in the tanning process. Heavy metals are
absent in the tanned leathers except in the case of CTL which
contains chromium, originating from the tanning agent.

Water Vapor Adsorption Isotherm at 25°C. A knowledge and
understanding of sorption isotherms is essential in science and
technology for the design and optimization of drying equip-
ment and packages, for predicting quality, stability, shelf-life,
and for calculating moisture changes that may occur during
storage. Several preservation processes have been developed in
order to prolong the shelf-life of products. These involve reduc-
ing the availability of water to micro-organisms and preventing
certain chemical reactions. The shape of an isotherm can reflect
the way water is bound to the system. Weaker water molecule
interactions generate greater water activity. The product then
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becomes more unstable. Water activity depends on the composi-
tion, temperature, and physical state of the compounds.

It is well known (Bull in 1944," and Dole and McLaren in
1947% that water is related to collagen in four different proc-
esses, which are dependent upon vapor pressure (relative hu-
midity) (Kozlov and Burdygina in 1988*. A specific amount of
water is necessary for the molecular stability of the tropocolla-
gen structure. The role that water plays in ensuring stability is
demonstrated in the region from <1% to 25% of relative hu-
midity. This water, bound by high-energy sorption centers,
occurs inside the collagen triple helix and plays a stabilizing role
through intramolecular hydrogen bonds that form a monomo-
lecular layer. From approximately 25% to 60% of relative hu-
midity, the water is absorbed onto hydrophilic sites in proteins.
This water, which is directly bound to the protein (both inside
and outside helical fragments) by H-bonds and is considered as
structural water, also contributes substantially to the stabiliza-
tion of the collagen helical structure. The amount of water pres-
ent in the collagen probably corresponds with the amount
contained in the so-called monomolecular layer. From 60% to
90% water is absorbed on polymolecular layers or entrapped in
the material by capillary, Van der Waals forces, etc. The mono-
molecular layer is transformed into a polymolecular layer, which
covers the triple helix structure. Above 90% R.H. (near satura-
tion) free water exists in the structure. Water molecules in this
region are much less strongly bound than in the previously
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mentioned regions. This fraction of water is available for the
growth of mold or the dissolution of soluble solutes.

Furthermore, the tensile properties of collagen are dependent of
moisture content. Water sorption is also intimately involved in
dimensional changes and the swelling of the material.

Figure 10 shows the water vapor adsorption/desorption iso-
therms at 25°C of the samples. The isotherms are composed of
adsorption (down) and desorption branch (up). Hysteresis
loops are present in all the samples probably because the ad-
sorbate penetrates pores with narrow entrances where it remains
trapped, i.e., factors that could involve the ink bottle theory, the
molecular shrinkage theory, the capillary condensation, or the
swelling fatigue theory. The first adsorption region ranges from
a relative pressure of 0-0.2. It can be seen that the sample with
the highest adsorption in the first region is BCD [Figure 10(a)]
while the sample with the lowest adsorption is PS [Figure
10(b)]. This is because of the greater accessibility of the pore
structure (high porosity and surface area-BET) and the presence
of functional groups on the surface of the material (BCD), that
facilitate the formation of H-bonds between the functional
groups of the aminoacids of the collagen (-OH, -COOH, —-CO—
NH, and NH,) and the water. The second region ranges from a
relative pressure of 0.2-0.6 and is considered as structural water.
The third region (P/Py: 0.6-0.9) is characterized by the high
amount of water vapor adsorbed by PS [Figure 10(b)] followed
by CTL [Figure 10(c)]. BCD and VTL also adsorb water vapor
in this region but to a lesser extent. The last region (P/Py: >
0.9) shows a similar adsorption trend to the third region. The
water adsorbed in these regions is more available and therefore
the samples with a higher degree of adsorption (PS) are more
permeable and unstable, favoring the growth of mold, and the
dissolution of soluble solutes. The high adsorption of PS in
these regions is ascribed to the presence of salts and acids (hy-
groscopic and deliquescent materials) used in the pickling pro-
cess. VIL is the material with the lowest adsorption at higher
relative humidity probably due to its greater density, lower
accessibility of the functional groups and wider distribution of
pore sizes than the other materials, and therefore is the most
suitable for applications such as shoe soles [Figure 10(d)].

CONCLUSIONS

The mercury intrusion porosimetry, nitrogen adsorption at
—196°C and scanning electron microscopy are proposed as suit-
able techniques for the characterization of the porosity of these
kinds of materials and they have shown how different skin
treatments cause changes to the porous structure, being essen-
tially macroporous materials.

Water vapor adsorption provides information about the func-
tional surface groups and water transmission of the samples.
The obtained data indicated that degreased and dehydrated skin
has the highest water vapor adsorption at low relative humidity
(<60%) because of the active sites (hydrophilic sites in pro-
teins) and its bimodal pore size distribution. Tanned skins pre-
sented nearly the same adsorption in this region, while pickled
skin had the least adsorption due to its low porosity. Pickled
Skin, with great content of hygroscopic and deliquescent matter,
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noted for its high adsorption from 60% of relative humidity.
Chromium Tanned Leathers, which presented an increase in
pore size, kept a high level of water vapor transmission neces-
sary to make the wearer comfortable, while Vegetable Tanned
Leather emphasized by a wider pore size distribution with pres-
ence of a certain amount of mesopore volume and macropores
of small pore size, being the material with lowest adsorption at
higher relative humidity and suitable for shoe soles. Thus, we
propose the water vapor adsorption isotherm as a suitable tech-
nique for the study of breathability and permeability in skins
and leathers.
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