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Influence of Temperature and Moisture on the Electrical

Properties of Leather

Charles E. Weir

Apparent, or bulk, dielectric constants and power factors of chrome and vegetable
leather and untanned hide are reported for moisture contents up to 30 percent, at tempera-
tures of 23° C, 0° C, and —70° C over the frequency range 0.75 to 96 kilocyeles. Dielectric
constants of fibers determined on dry material at 3 kilocyeles and 22° C are: chrome 5.4;
vegetable 6.4; and kangaroo tendon 5.1. Apparent direct-current resistivity decreases from
values 10! ohm-cm when dry to values <10° ohm-cm at 30-percent moisture. Apparent
dielectric constant decreases with frequency and temperature at all moisture contents, the
frequency dependence increasing with moisture content. Apparent power factors generally
exhibit similar behavior. At —70° C at high moisture contents, a diffuse absorption maxi-
mum observed may be due to ice or to permanent dipoles of collagen which are freed by

moisture.

Observed behavior is interpreted as probably arising from a combination of inter-
facial polarization at surfaces existing in the fibrous leather and dipolar polarization.

Results

indicate electrical measurements in this frequency range are probably not reliable for precise

quantitative moisture analyses.

1. Introduction

Adsorption of moisture by hygroscopic materials
generally causes a marked change in the electrical
properties (conductivity, dielectric constant, and
power factor) of such substances. This effect is gen-
erally attributed to the high dielectric constant and
conduectivity of the adsorbed moisture as compared
to the much lower values exhibited by the dry ad-
sorbate. In view of the large electrical effects pro-
duced by the moisture and the rapidity, relative sim-
plicity, and nondestructive nature of electrical meas-
urements, such determinations have been proposed
as methods for quantitative moisture determinations
[3, 14, 41].* Unfortunately, the materials of par-
ticular interest in this connection are usually powders
or fibrous materials that possess large adsorption
surface areas and, therefore, the results of electrical
measurements are not easily interpreted because of
the complex physical structure of the specimens.
Recently, interest has arisen in application of dielec-
tric measurements for the determination of moisture
in leather [27].

This report describes the results of critical studies
of the effects of moisture and temperature on the
dielectric constant and power factor of leather in the
audio and low intermediate frequency range.

In most measurements dealing with a porous mate-
rial such as leather, two experimental values are
recognized, a ‘“real” value associated with the fibers
alone, and an ‘“‘apparent” value that refers to the
bulk material including the air in the interstices. To
avoid confusion between the former and the real part
of the complex dielectric constant, the term “fiber
dielectric constant” will be used instead. Apparent
values as used are understood to refer to the bulk
material.

1 Figures in brackets indicate the literature references at the end of this paper.

2. Experimental Method

2.1. Electric Apparatus

Measurements of capacitance and resistance were
obtained with a shielded resistance-capacitance
bridge containing a Wagner-earthing circuit. The
bridge is shown schematically in figure 1. A detailed
discussion of this bridge has been published pre-
viously [29]. High-stability input signals in the fre-
quency range 0.75 to 96 kc¢ were provided by a
variable frequency oscillator. Bridge balance was
ascertained through direct use of earphones at all
frequencies as high as 12 ke, while at higher frequen-
cies a regenerative, all-wave receiver was used to
detect and amplify the output signals.

Fiber dielectric constants were determined by the
immersion method [42, 45] in a completely shielded,
cylindrical, guard-ring condenser. This condenser
was constructed of heavy brass, and all surfaces were
given a fine machine finish. The guard was located
near the top of the condenser below an opening fitted
with a reservoir that was used as an overflow. A
second opening at the bottom of the condenser was
fitted to permit introduction of liquids and suspen-
sions. The capacitance of the empty condenser was
40.22 puf, a value that was reproducible to within
+0.01 upf.

All measurements with this condenser were
carried out at 22.2° C at a frequency of 3 ke in the
following manner: The condenser was filled with a
suitable solution of ethylene dichloride in benzene.
Choice of these liquids resulted from previous
studies [26] indicating negligible interaction between
leather and liquid. The solution was then circu-
lated through the condenser by using the two open-
ings until a stable and reproducible value of capac-
itance was obtained. Upon attainment of equilib-
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Ficure 1.—Capacitance-resistance bridge used for
ments of dielectric constant and power factor.

measure-

rium, a suspension of finely ground dry leather or
collagen was made up by using a portion of the
excess liquid, and this suspension was introduced so
as to displace the liquid in the condenser. A change
in capacitance upon introducing the suspension was
indicative of inequality of liquid and solid dielectric
constants. The composition of the solution was
varied until the dielectric constant of the suspended
material was closely bracketed between values for
two solutions. The usual method of linear inter-
polation to determine dielectric constants by the
immersion method [11] was difficult to apply with
this apparatus as the finely ground solid material
used to minimize anisotropic effects tended to
settle out or surface slowly and render the sus-
pension nonuniform.

Measurements of apparent dielectric constant
were made by using a shielded, parallel-plate,
guard-ring condenser. Electrodes were made of
heavy brass plates % in. thick, which were given a
fine machine finish. The measuring electrode was
5% in. in diameter, and the normal (empty) plate
separation was approximately 0.04 in. The air
capacitance was approximately 37 uuf. This con-
denser was used at all frequencies in the range
studied and at temperatures varying between -20°
to —70° C. At lowest frequencies balance was

obtained to a precision of 4+0.15 uuf and 4-0.0002
obm, whereas at highest frequencies balance was
obtained to within 4+0.01 wuf and +0.001 ohm.

The condenser was equipped with two sets of
three projecting ears spaced at angles of 120° on its
periphery, one set on the top or movable plate, the
other directly below on the frame of the condenser.
These ears were used to measure the plate spacing,
measurements being made to the nearest 0.0001 in.
by means of micrometers. Such measurements
were made at the conclusion of electrical studies on
each specimen. Three set screws mounted in the
top plate, equidistant between the ears, permitted
resetting the empty condenser to the same spacing
measured when the test specimen was in the con-
denser. The spacings were reproduced to within
40.0002 in. at each ear, and the average of the
three settings was reproduced to +0.0001 in.
Measurements on the empty condenser under these
conditions were used to determine the air capac-
itance—assumed equal to the vacuum capacitance.
In all measurements the top plate of the condenser,
which weighed 15 1b, was loaded with an additional
20 1b to improve the contact between specimen
and plates.

The real part of the dielectric constant, desig-
nated as ¢, was obtained as the ratio of the capac-
itance of the condenser containing the specimen to
that of the empty condenser with the same plate
separation. The power factor, designated as cos
¢, was obtained from the relationship

cos ¢=1/y1+(R,wC,)?,

where R, is the equivalent parallel resistance of the
condenser containing the specimen, (), it’s capac-
itance, and » the angular frequency. The empty
condenser exhibited no losses in this frequency
range, therefore all losses observed were associated
with the test specimens.

2.2. Test Specimens

Finely ground specimens of kangaroo tail tendon,
chrome hydraulic-packing leather, and vegetable
crust leather were used in suspension studies. All
specimens were degreased and washed after an
initial grinding and then reground. Specimens
were dried by exhaustive evacuation at a pressure
of less than 1 mm of mercury for at least 72 hr.

Disks 6% in. in diameter of chrome hydraulic-
packing leather, vegetable crust leather, and un-
haired cowhide were split to a uniform thickness of
approximately 4-4-0.02 mm by removing portions
of grain and flesh layers on a band-knife splitting
machine. The disks were degreased, washed, and
dried exhaustively in vacuum.

Initial measurements were made on dry specimens,
which were then permitted to adsorb moisture from
the air to obtain moisture contents as high as ap-
proximately 15 percent. For higher moisture con-
tents specimens were exposed to vapors existing
above suitable saturated salt solutions or water.
Moisture contents below approximately 10 percent
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were obtained by short (a few minutes to as much
as 1 hr) exposures to conditioned air. Uniform
moisture distribution was unlikely under these cir-
cumstances, but no appreciable change in capac-
itance or resistance that might be attributed to
vedistribution of adsorbed moisture was noted
during measurements that required as long a period
as 48 hr. Above 10 percent of moisture, exposures
to conditioned atmospheres were conducted for at
least 18 hr. Despite the longer exposures, appre-
ciable variations in both capacitance and resistance
were noted in periods of less than 1 hr. Moisture
contents were obtained by weighing specimens in a
sealed container made of polyethylene film and are
based on the dry weight of the specimen. At low
moisture contents specimens gained and at high
moisture contents lost moisture during introduction
and removal from the condenser. Therefore, weights
were obtained before and after study, and the aver-
age of the two weights was taken to represent the
moisture content during measurement. In most
instances change in weight noted corresponded to
less than 0.1 percent of moisture.

2.3. Effect of Temperature

All measurements below room temperature were
made in a double-walled insulated container. The
parallel-plate condenser and its external loading
weight were placed in the innermost container,
which was then covered. An ice-water bath, or a
dry ice-acetone bath was placed in the outer container
to obtain the desired low temperature. Tempera-
tures were measured with a copper-constantan ther-
mocouple mounted inside the condenser. The refer-
ence junction of this thermocouple was maintained
at 0° C. Measurements on specimens were generally
made after exposure to the desired temperature for
6 hr, and although thermal equilibrium was usually
not attained in this time, the change in temperature
during the time required for measurements was neg-

ligible.
3. Results

3.1. Dielectric Constants of Dry Leather and
Collagen Fibers

The results of measurements of dielectric con-
stants of leather and collagen fibers by the immer-
sion method are given in table 1.

Duplicate measurements on each specimen are
designated as run 1 and run 2. Following run 1,

Tasre 1. Dielectric constants of dry collagen and leather fibers

Temperature 22.25° C, frequency 3.0 ke

5.
Material

Run 1 ‘ Run 2 ‘ Avg

Kangaroo tendon collagen________________ 5.12 5.12 5.12

Hydraulic chrome leather_________________ 5.37 5.41 5.39

Vegetableflegther:L-=te set v U DET Soi 6.20 6. 30 6.25
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specimens were exposed to conditioned air at 72° F
and 50-percent relative humidity for 14 days, then
redried in vacuum and the dielectric constants rede-
termined. Data obtained on the second measure-
ment are referred to as run 2. The agreement
between these duplicates indicates that the drying
technique employed is reasonably reproducible or
that very low moisture contents have little effect on
the dielectric properties. The data in table 1 were
obtained by bracketing the unknown dielectric con-
stants between solutions differing by not more than
0.15 unit in ¢. The values given are considered to
be accurate to within 4+-0.05 unit in €.

The value for collagen is about the same as the
value reported by Errera and Sack [11] on wool—5.4
at 8 ke—as well as in general accord with data of
Kremen [26] (¢/=4.2 for untanned hide, and ¢ =4.6
for chrome leather at 11 Me¢). It is to be noted that
chrome leather exhibits a value of ¢ slightly higher
than that of collagen, but considerably lower than
vegetable leather. These data agree with the order
reported by Kremen on chrome leather and hide.
The values reported here and by Kremen are con-
siderably larger than those calculated from the indices
of refraction at optical frequencies of approximately
1.5 as observed by Marriot [30] and Newman [37].
This fact was also mentioned by Errera and Sack
[11] in connection with nylon, silk, and wool.

3.2. Apparent Dielectric Constant and Power Factor
a. Effect of Moisture

Measurements on chrome, vegetable, and un-
tanned leather disks of various moisture contents are
given in tables 2, 3, and 4, while a portion of the data
on chrome leather is shown in figures 2 and 3.

The following behavior is noted in the data of
tables 2, 3, and 4: ¢’ increases with increasing mois-
ture content at all frequencies; ¢ decreases with
increasing frequency at all moisture contents, the
frequency dependence being least for dry material
and greatest for moisture contents of 15 percent or
more; cos ¢ increases with increased moisture con-
tent; cos ¢ appears to be relatively frequency inde-
pendent until high moisture levels are reached, that
1s, 15 percent or more; cos ¢ decreases strongly with
increasing frequency at higher moisture levels.

For moisture contents below approximately 15
percent, all measured capacitances and resistances
appeared to be independent of time, being reproduc-
ible to within 0.1 percent after several hours. At
moisture contents greater than 15 percent, definite
time dependence was noted, the effect being an in-
creased capacitance and in most instances a decreased
power factor at a constant frequency with increasing
time. Such effects caused no appreciable error in
the measured values, because the changes occurring
during the hour required for measurement were
generally much less than 1 percent.

b. Direct-Current Resistance

To ascertain the resistivity of the test specimens
and the magnitude of corrections to the effective a-c
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resistance of the condenser containing the specimen,
d-c¢ resistance measurements were carried out on
chrome and vegetable leathers immediately follow-
ing the dielectric measurements. A commercially
available megohm bridge containing a guard circuit
was used in these studies, all measurements being
conducted at room temperature (20° to 25° C) with
an applied voltage of 500 vde. The results of these
measurements, calculated in terms of resistivities,
are shown graphically in figure 4.

TaBLE 2. Apparent dielectric constant and power factor of hydraulic-packing chrome-tanned leather at 22.25° C
Dry | 289 mo 4.91% H.0 1 7.28% H:0 9.23% H,0 15.03% H:0
Frequency | ‘ e I

¢ | cos ¢ | e | cose ok cos ¢ ‘ ¢ cos ¢ ¢ cos ¢ € cos ¢

w i

ke | | | | |
0.75 2.19 0.0182 ‘ 2. 46 0.0110 2.50 0.0154 2.74 0.0163 2.94 0.0226 3.63 0.0546
15 2.18 .0136 2.45 .0153 2.49 0147 2.72 0174 2.92 0185 3.59 .0404
3.0 2.16 .0136 2.44 0153 2.48 0148 2.70 0171 2.89 0181 3.54 L0329
6.0 2.15 .0140 2.42 0160 2.47 0157 2.68 0173 2.87 0177 3.50 .0289
12.0 2.14 .0139 2.40 0173 2.45 0167 2.66 0166 2.84 0185 3.46 L0265
24.0 2.13 .0140 2.38 0179 2.43 L0179 2.64 0187 2.82 0191 3.43 L0250
48.0 2.11 L0138 2.36 0187 2.41 0191 2.62 .0202 2.80 .0203 3.39 L0252
96.0 2.10 L0132 2.34 L0185 2.39 -0196 2.60 .0208 i .0212 3.35 L0251

17.56% H20 t 26.2% H:20 28.2% H20 31.1% H20 17.65% H20

e ‘ cos ¢ ) ¢ cos ¢ € cos ¢ ¢ cos ¢ ¢ €os ¢
0.75 4.11 0. 0990 8.75 0.479 13.74 0. 621 21.00 0.743 4.60 0.1270
15 4.01 L0714 7.56 .397 11.25 . 540 16. 69 .675 4.44 L0918
3.0 3.94 .0338 6.69 .319 9.52 .455 13.52 . 589 4.34 . 0650
6.0 3.87 .0429 6.11 .255 8.30 .368 11.33 .495 4.25 . 0529
12.0 3.82 . 0361 5.71 .183 7.44 . 289 9.77 .407 4.18 L0431
24.0 3.77 .0322 5.41 .138 6.84 .221 8. 64 .323 4.11 0365
48.0 3.72 . 0305 5.19 .107 6.41 .171 7.84 .254 4.06 L0338
96.0 3.68 . 0293 5.03 . 085 6.11 .130 7.30 .193 4.01 . 0305
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TaBLe 3. Apparent dielectric constant and power factor of vegetable tanned crust leather at 22.3° C
Dry 2.32% H20 4.31% H20 6.85% H,0O 9.98% H20 12.17% H,0
Frequency — ]
€ CoS ¢ 4 coS ¢ tf cos ¢ oy coS ¢ ¢ Cos ¢ 4 cos ¢
ke
0.75 2.12 0. 0095 2.26 0. 0204 2.45 0.0153 2.87 0.0309 3.61 0. 0526 3.84 0. 0972
1.5 2.12 0151 2.25 0150 2.43 L0183 2.84 L0231 3.56 . 0421 3.75 . 0763
3.0 2WLT 0142 2.24 0161 2.42 L0169 2.82 .0210 3.52 . 0335 3.67 . 0538
6.0 2.10 0144 2.23 0160 2.41 . 0168 2.80 . 0204 3.48 L0294 3.62 . 0420
12.0 2.09 0141 2.99 0164 2.39 L0175 2.79 L0201 3.44 . 0266 3.56 . 0346
24.0 2.07 0137 2.20 0168 2.37 L0182 2.76 L0204 3.41 . 0246 3.52 L0297
48.0 2.06 0132 2.19 0173 2.36 L0191 2.74 L0215 3.37 . 0246 3.48 L0277
96. 0 2.05 L0124 2.18 0169 2.34 ’ L0192 2.74 L0220 J 3.34 . 0236 3.47 L0253
13.67% H20 l 15.3% H20 17.8% H20 22.7% H20 r 25.5% H20 27.4% H0
e cos ¢ e ‘ cos ¢ ¢ ’ cos ¢ € coS ¢ ‘ ¢ cos ¢ € cos ¢
0.75 4.19 0. 1432 4.82 0. 2200 6.31 0.329 10. 36 0.396 ‘ 14.35 0. 480 15.40 0. 602
1.5 4.01 L1042 4.51 . 1642 5.61 . 266 9.46 .392 12.80 .422 14.12 474
3.0 3.90 . 077 4.30 1190 5.00 . 211 7.95 . 366 10. 88 . 407 12.62 .412
6.0 3.81 . 0575 4.15 0870 4.84 154 6.83 .318 9.00 .390 10.78 . 398
12.0 3.75 . 0449 4.05 0658 4.63 .113 6. 21 . 255 7.65 344 9.03 .379
24.0 3.70 . 0369 3.99 . 0505 4.49 . 0824 5.64 .191 6.75 . 280 7.69 . 331
48.0 3. 64 . 0325 3.91 L0415 4.38 . 0626 5.34 . 141 ’ 6.15 .216 6.76 .272
96. 0 3.60 . 0301 3.86 . 0343 4.31 L0478 5.14 . 0996 [ 5.80 .153 6.22 . 200
TaBrLe 4. Apparent dielectric constant and power factor of untanned hide at 22.25° C
Dry 2.83% H,0 { 5.64%, H,0 ’ 8.52% H20 | 11.3% H:20
Frequency |
e ‘ cos ¢ ‘ € cos ¢ ’ € ’ cos ¢ ‘ e l Cos ¢ ’ ¢ cos ¢
|
ke 1 . ‘
0.75 1.91 0. 0132 2.04 0.0119 2.23 0.0182 | 2.47 0.0205 2.79 0. 0256
L5 1. 90 L0135 2.03 0153 2r%2 L0180 2.46 . 0224 2.76 L0251
3.0 1. 88 L0129 2.02 0159 ‘ 2.21 ‘ L0180 2.44 ‘ L0202 2.73 0241
6.0 1.87 . 0132 2.00 0161 2.19 L0182 2.42 . 0206 2.71 L0238
12.0 1. 86 L0124 1.9 0164 2.18 ’ L0190 ‘ 2.40 L0212 2.68 . 0249
24.0 1.85 L0117 1.97 0168 2.15 L0196 2.37 L0219 2.65 . 0253
48.0 1. 84 L0112 1. 96 0173 2.13 L0208 | 2.35 0234 | 2.60 0267
96.0 1.83 L0101 1. 94 0163 2.12 ‘ . 0206 ‘ 2.33 \ . 0232 ‘ 2.58 L0248
14.9% H.0 19.7% H;0 31.7% H:20 } 40.3% H20
|
|
¢ 4 Cos ¢ ¢ cos ¢ € cos ¢ i € Cos ¢
0.75 3.27 0.0261 4.33 0. 0757 10. 58 \ 0.578 | 19.80 0.897
L5 3.24 . 0245 4.24 L0572 10. 29 L 428 16. 52 .810
3.0 3.22 .0234 4.17 . 0445 7.80 [ .388 ‘ 13.81 .707
6.0 3.18 0236 4.12 ’ . 0380 6.94 .309 ‘ 11. 60 .593
12.0 3575 I R 4.06 ‘ . 0335 6.35 ’ .235 10. 02 .478
24.0 3.12 L0247 4.01 L0322 | 5.95 i 171 ‘ 8.86 . 367
48.0 3.09 . 0265 3.95 . 0328 5.69 .126 | 8. 04 . 274
96. 0 3.05 . 0265 3.90 ‘ . 0316 5.51 1 L0911 ’ 7.50 .192

It will be noted that the resistivities are rather
high, even at higher moisture contents. The mag-
nitude of these values is such that at room tempera-
ture no significant correction for d-c resisistivity is
required, since a-c resistivities were invariably much
less than the d-c¢ values. It was also observed that
the resistance was independent of time at low mois-
ture contents, but at higher moisture levels a time
dependent drift of resistance to higher values was
noted.

c. Effect of Temperature and Moisture

To obtain further information on the phenomena
responsible for the observed behavior of ¢ and cos ¢
at room temperature, as well as data on the temper-
ature dependence of these quantities, measurements
were made at room temperature and at approxi-

mately 0° C and —70° C. As noted previously,

thermal equilibrium was generally not attained at
reduced temperatures so that measurements were
conducted with a very slowly decreasing temperature,
the actual temperature being measured thermoelec-
trically. Prior to each measurement at a reduced
temperature, a set of data was obtained at room
temperature, in order to ascertain any hysteresis
effect resulting from a previous cooling. In general,
measurements were conducted at 0° C before cooling
to —70° C, but in some instances this order was re-
versed because the experiments indicated that hys-
teresis effects did not affect the general nature of the
results. The results of these experiments are given
in tables 5, 6, and 7, the sets of data obtained at
room temperature being given in the columns to
the left of the succeeding data obtained at reduced

temperatures.
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Apparent dielectric constants shown in these tables
were obtained by use of the air capacitance of the
condenser as measured at room temperature, since it
was not feasible to measure the plate separation
while the condenser was subjected to low tempera-
tures. A measure of the error involved in this pro-
cedure may be obtained by manipulations of the
equation for the capacitance of a parallel plate con-
denser and use of the coefficients of thermal expan-
sion of brass [17] and leather [47]. For the experi-
mental quantities involved here such calculations in-
dicate an error of 1.4 percent in capacitance for a
temperature change of 100 deg C. The correspond-
ing error in € is also 1.4 percent. As the expan-
sivity of leather in air is probably smaller than the
expansivity used in the calculation [47], the probable
error is expected to be less than 1.4 percent. Such
an error will in no way affect the following con-
clusions drawn from these data: ¢ decreases with
decreasing temperature at all frequencies and mois-
ture contents, and is strongly temperature dependent
at high moisture levels; ¢’ decreases with increasing
frequency at all temperatures and moisture contents;
cos ¢ generally decreases with decreasing tempela-
ture at a fixed frequency for very low and very high
moisture contents, being strongly temperature depen-
dent at higher moisture levels.

At intermediate moisture contents cos ¢ may in-

0.5

/

7

0.3 \
N S
o0
o <
2 \O\q 5
) 232;22
ke \&
w 2;0
O'OGLQ,N__.WLVV\L\,\M 12320
« lo——F "‘\u 232: -74"
w Lo—| \
Ed Lo—|
o 006
a e
i \.\ \.\
’:8; o s 11.6;0°,
U 00— e 1.6;23
002 11,65 -74° -
i 87i%
i @ ® & D "0:7;-es°
000 '
1 2.5 5 10 25 50 100 250
FREQUENCY, KC
Ficure 5. Effects of moisture and temperature on dielectric

constant of vegetable leather.

23.2 percent H,O: @ 22°C; @, 0°C; @, —74°C. 0.7 percent H;0: @, 23°C;
O, 2°C; ©, —68°C. .

16
14 e\

; 12

<

-

w

g o <

o

2

2 )

i N

) 6 —
4

e a O*'—MHM

Z_B;__:§=:§__ T3 —

0.5 I 28, 5 10 25 50 100
FREQUENGY, kC

Ficure 6. Effects of moisture and temperature on power factor
of vegetable leather.

23.2 percent H:O: @, 22°C; @, 0°C; @, —74°C. 11.6 pelcent H?O @, 23°C;
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crease or decrease with decreasing temperature de-
pending on frequency and temperature.

At low temperatures and high moisture contents
cos ¢ (as well as €’) exhibits a somewhat broadened
but unmistakable absorption maximum for hide and
vegetable leathers, and such a maximum would ap-
pear to be present in chrome leather at higher mois-
ture contents. Representative data are shown in
figures 5 and 6.
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TaBLE 5. Effect of temperature and moisture on apparent

: A TaBLE 6. Effect of temperature and moisture on apparent
dielectric constant and power factor of hide collagen

dielectric constant and power factor of chrome leather—Con.

Dry hide 21.5% Hz0
Fre- o o
dieney .. 2080 —70.0° O 22.0° C 2210 25° C —65° C 24° C 20
e cos¢ | e’ cos ¢ %7 cos ¢ o cos ¢ &L cos¢ | €’ cos ¢ L cos ¢ 3 cos ¢
ke 0.75 | 6.53 | 0.347 |3.58| 0.0309 | 6.31 | 0.314 | 5.05 | 0.137
0.75 | 1.8 | 0.00976| 1.74 | 0.00198 | 1.88 | 0.00912| 1.84 | 0.0155 15 5.8) | .227 |3.53| .0327| 577 .237 | 4.86| .0995
15 1.88 | .0155 | 1.71 | .00365 | 1.88 | .0137 | 1.84 | .0113 3.0 546 | .199 |3.48| .0340 | 542 | .172 | 4.71 | .0741
3.0 1.87 | .0153 [ 1.71 | .00400 | 1.87 | .0148 | 1.83 | .0139 6.0 516 | .143 |3.43| .0368 | 517 | .126 | 4.63 | .0593
6.0 1.86 | .0147 [ 1.70 | .00473 | 1.86 | .0145 | 1.82 | .0130 120 | 4.96| .105 |3.36| .0395| 5.00 | .0945 | 4.54 | .0494
12.0 1.84 | .0140 [ 1.70 | .00474 | 1.85 | .0140 | 1.81 | .0123 24.0 4.81 | .0792 | 3.30 | .0439 | 4.86 | .0727 | 4.45 | .0429
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4, Discussion

4.1 Electrical Properties of Collagen and Leather

The data obtained here are quite similar to results
that have been reported for other fibrous materials,
some of which might not be expected to be electric-
ally comparable. With due consideration to the
frequencies involved, values of dielectric constants
of leather and collagen fibers are of the same order as
values of silk and wool [11] as previously noted, as
well as values on cellulose [7] obtained by Dakin.
Earlier values on cellulose [4, 9, 43] are slightly
different but of the same general order. The higher
values for vegetable leather reported here are to be
expected, since the appreciable amount of incorpor-
ated vegetable tannin probably has a higher dielec-
tric constant than collagen, as shown by measure-
ments of Knoke [25]. The reported dielectric con-
stant of dry gelatin, 2.68 at 512 ke [13], appears to be
less than might be expected in view of its being
derived from collagen.

Resistivity data are likewise similar to results
previously reported on cellulose products that have
been extensively studied in view of their widespread
electrical applications. However, results obtained
here for leather exhibit no linear relationship between
logarithm of resistance and any simple function of
moisture content as has been reported for textiles and
cotton [34, 36, 46]. This divergence may be associ-
ated with the greater adsorptive capacity of leather
for moisture.

Apparant or bulk dielectric constants of moist
leather have been reported by Compton [6], who used
a bridge method at 1 ke. His experimental values
are much larger than those reported here at com-
parable moisture contents. This fact, together with
his extremely high values of dielectric constant—e¢’
as high as 4980, will be discussed later. Neither
Compton nor Kremen [26, 27] investigated the effects
of temperature or frequency on € and neither studied
power losses, although Compton concluded that re-
sistance measurements made during his measure-
ments showed such little concordance that their use
did not seem justified.

The data obtained here are similar in many re-
spects to previous reports of effects of adsorbed
vapors on the electrical properties of other porous
materials [1, 8, 22, 23, 24, 31, 35,44]. In view of the
similarities in results and the characteristics of the
materials, the interpretations of the present data
will be patterned to some extent along the lines of the
conclusions of previous workers [8, 12, 13, 22, 34, 35,
38, 43], who have emphasized the importance of
considering interfacial polarization in electrical meas-
urements on nonhomogeneous materials of this type.

Leather must possess a large adsorption surface
area by virtue of its fibrous structure. This area
has been calculated by Kanagy [20] from adsorption
data. Since the fibers are composed of submicro-
scopic fibrils and moisture appears to penetrate the
fibers, it would appear that the fibrillar surface area
must play a role in these data. The filaments that
make up the fibrilsfmay also be involved, but quali-

tatively the conclusions reached here will be inde-
pendent of the units involved. There are probably
three phases present in moist leather—the leather
substrate, which may contain combined or dissolved
moisture; a surface layer of adsorbed moisture; and
the surrounding air. The interface between any two
of these phases is an obvious source of Maxwell-
Wagner polarization effects. The behavior of such
types of interfacial polarization has been considered
in detail and developed quantitatively for simple
systems by other workers [32, 38, 39]. In leather
the vast number of these interfaces present, the com-
plexity of the interconnections of the physical matrix,
and the unknown conductivities and dielectric con-
stants of the phases involved present a problem that
permits no quantitative analysis. The only facts
available are that the dielectric constants of the three
phases are quite different in bulk form, while the
conductivity of the air will be much less than that
of either the moist substrate or the adsorbed moisture
layer. Wagner [39] has shown that a necessary con-
dition for minimizing interfacial effects is that

I_ ’
0y €,—03 &,

where ¢ and € are conductivity and dielectric con-
stant, respectively, and the subscripts refer to the
phases that form the interface. In the present situa-
tion it is extremely improbable that such a relation-
ship will hold at the three possible interfaces at all
moisture contents studied.

A somewhat different type of polarization, known
as electrode polarization, may exist at the disconti-
nuity between specimens and the condenser plates.
In the present experiments no differentiation between
electrode polarization and the interfacial polarization
existing within the specimen is possible, and the
electrode polarization will be considered as lumped
with the interfacial effects.

The other important type of polarization arises as
a result of the numerous permanent dipoles present
in the basic protein by virtue of its amino acid
composition. These dipoles will represent sources of
Debye polarization, an effect that is qualitatively
similar to interfacial polarization. The extreme
difficulty in distinguishing between these two phe-
nomena has been emphasized previously [32, 38].

The qualitative interpretation of the data in tables
2 to 7 appears to require at least two polarization
processes, one being freely operative only at very low
frequencies at high moisture contents and in all
probability associated with interfacial effects, the
other being effective up to much higher frequencies
and probably arising from dipolar effects. The rel-
ative importance of these two effects is determined
by the moisture content of the specimen.

The strong absorption region at low frequencies
predominates at moisture contents above approxi-
mately 15 percent, except at low temperatures.
This gielectric absorption is attributed to interfacial
polarization phenomena. The rapid decrease of ¢
and cos ¢ with increasing frequency and decreasing
temperature may be logically attributed to this
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effect. The dependence of capacitance and resist-
ance on time at a constant frequency is suggestive
of charging currents and therefore of polarization at
a discontinuity. The data of Compton [6], who
worked in this frequency range, can be interpreted
to a large extent as arising from interfacial effects.
The specimens used by Compton in all probability
had a much lower resistivity than those prepared
here. This increased conductivity permits a larger
charging current and an apparent increase in dielec-
tric constant [39]. Thus Compton’s dielectric con-
stants at comparable moisture contents and fre-
quency vary from at least three to several hundred
times the present values. The extremely high values
of ¢ reported by Compton—e’ as high as 4980 on
chrome leather containing only 26 percent of mois-
ture—can be logically interpreted only on the basis
of interfacial effects arising from appreciable con-
ductivity in the test specimens. For the foregoing
reasons 1t 1s believed that at high moisture contents
the present data are obtained on the descending
slope of a large interfacial power absorption region
that persists to very low frequencies.

At low moisture contents—that is, below approxi-
mately 15 percent of moisture—the electrical be-
havior is quite different. In this region it would
appear that the data is obtained in a region between
two dielectric absorption maxima, the interfacial
region at low frequencies, which diminishes in im-
portance with decreased moisture content, and a
second dielectric absorption region with a maximum
at high frequencies far beyond the experimental
range of frequency. 'This second dielectric absorp-
tion maximum would account for the increased
losses with increasing frequency observed in this
moisture range, as well as the increase in loss ob-
served on decreasing the temperature. This latter
effect arises as a result of the analogy between fre-
quency and temperature, a reduction in temperature
being experimentally equivalent to increasing the
frequency of the measurements or to shifting the
dielectric relaxation effects to lower frequencies.

At high moisture contents at —70° C the inter-
facial effects have virtually disappeared as a result
of reduced conductivity at low temperatures [39],
but a distinct dielectric absorption maximum in cos ¢
appears in two specimens in the experimental fre-
quency range—the corresponding maximum in €’
appears for all three specimens. This dielectric
absorption maximum is not observed under similar
conditions for dry leather or at low moisture contents,
so that the moisture appears to be largely responsible
for the observed effect. Since a dielectric absorption
maximum has been indicated at high frequencies at
room temperature, this maximum may have been
shifted to the experimental frequency range by the
temperature reduction. However, since a similar
effect is not observed at lower moisture contents, it
would be necessary to assume that the frequency of
the absorption maximum is dependent on moisture
content. It is also possible that this dielectric ab-
sorption maximum is attributable to ice, which is
known to exhibit such a maximum in this frequency

range, but at a somewhat higher temperature [10,
33, 40].

As a result of the foregoing considerations, the
following general picture may be given. In the dry
condition in this frequency range, leather may be
considered to have a dielectric behavior that is
characterized by a moderate power absorption with
slight frequency dependence. As the moisture con-
tent of the leather increases, two dielectric absorp-
tion maxima—one at very high, the other at very
low frequencies—appear and increase in magnitude
with increasing moisture content. The high-fre-
quency maximum grows the more rapidly at low
moisture contents, and at very low moisture contents
largely determines the behavior of the leather. As
moisture is added the low frequency, or interfacial
effect, grows at an increasing rate, and in the mois-
ture range 5 to 15 percent, losses due to both types
of dielectric absorption are determining factors.
In this moisture range the data may be pictured as
being taken in the trough between the two dielectric
absorption maxima. As the moisture content rises
above about 15 percent, the rate of growth of the
interfacial region accelerates tremendously, and at
high moisture contents the enormous size of the
power absorption arising from interfacial effects
completely overshadows the smaller but probably
still important maximum at higher frequencies.
The source of the low-frequency losses has been
attributed to interfacial charging phenomena, and
it remains to consider the causes of the losses at
higher frequencies. The high-frequency absorption
may be due to dipolar polarization or to a different
type of interfacial phenomenon. Since dipoles are
known to be present in the protein, it would seem
that the power absorption may be due to such
causes. The increasing importance of this absorp-
tion with inereasing moisture content, noted at low
moisture contents but probably occurring even at
high moisture contents, may be considered as due to
increased mobility of the existing dipoles conferred
by the imbibed moisture. The dipoles in the dry
material may be thought of as being largely immo-
bilized by the compact molecular structure of dry
collagen with correspondingly large restraining
forces. Since the compact structure relaxes in the
presence of moisture, these bound dipoles may be
freed to some extent, the degree of freedom increas-
ing with increasing moisture content.

The interpretation of these data given in the fore-
going implies a somewhat different role of moisture
in the low and high-moisture ranges, with a gradual
shift of the effect centering at approximately 15 per-
cent of moisture. This behavior is clearly shown by
¢ and cos ¢ in the tabular data. The gradual transi-
tion region occurs at lower moisture contents in
vegetable leather than in chrome leather or in hide,
and may be directly related to that moisture content
range in which the slope of the heat of adsorption
curve is undergoing its greatest change [20]. The
apparent difference in effects of moisture in the low-
and high-moisture range may be considered to bg
due to the decreased binding energy of the moisture
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with increasing moisture content. Such concepts
have been advanced previously [1, 35].

This difference in behavior of moisture in the two
moisture ranges may be related to concepts of ““bound
water”’, which have been discussed by numerous
workers [2, 15, 16, 18, 19], and with particular refer-
ence to leather by Compton [6], Kremen [28], and
Cheshire and Holmes [5]. These latter workers
conclude that between 30 and 50 percent of moisture
on a hide substance basis can be considered as bound
water. The present studies were conducted prin-
cipally in the range of moisture contents in which
these workers would consider all moisture present to
be bound.

The present data show that the moisture present
in small amounts produces a markedly different
effect than that present in large quantities. Below
a rather ill-defined transition region centering at
about 15 percent of moisture, the principal effect is
the enhancement of the high-frequency dielectric
absorption, while interfacial polarization is effected
to a rather small degree. In this range the moisture
might be considered to be mainly intimately associ-
ated with the protein, probably by means of chemical
forces through hydrogen bonding. Relatively little
moisture is therefore available to act electrically as
one might expect water to behave.

At the higher moisture contents the effect of mois-
ture on the high-frequency dielectric absorption is
masked by the rapid growth of the interfacial polar-
ization. In this range the principal effect appears to
be on the surface of the structural units involved, so
that conducting layers are rapidly built up to produce
the interfacial effects observed. In this range the
moisture produces electrical results that might be
expected of water.

It is possible, therefore, to distinguish between
these two essentially different roles of moisture, even
in the range in which all moisture has been considered
to be bound. It must be concluded that there is
considerable difference in binding of the so-called
bound water.

5. Determination of Moisture in Leather by
Electrical Methods

From the data obtained in these studies it follows
that in this frequency range electrical methods cannot
be expected to yield precise results in quantitative
analyses for moisture. To test this conclusion an
experiment was performed on similar specimens of
commercial, fat-liquored, chrome upper leather that
were cut from corresponding areas of different hides
of the same tannage. All specimens were cut from
similar positions in the shoulder region, and were
selected for uniformity of thickness over the area of
the test piece. Following initial measurements, the
specimens were degreased and rerun to ascertain the
effects of inequalities in grease content. The results
of these measurements are given in table 8.

Thickness measurements are the average of 15
determinations distributed uniformly over the area
of the test specimen. These measurements were

TABLE 8. Reproducibility of electrical data on specimens from

different hides of the same tannage *

o for ¢ commercial=0.10; o for ¢ degreased=0.13

Commercial leather Degreased leather
Islgee% = Condens- ey Condens-
nick- | er plate hick- | er plate

ness | separa- | ¢ | ®59¢ | ness | separa- | ¢ | 5@

tion tion

in. in.b in. in.b
1 0.093 1.1057 3.29 | 0.0275 | 0.094 1.1079 | 3.26 | 0.0521
2 .094 1.1040 | 3.35 0356 . 094 1.1071 3.18 . 0485
3 .094 1.1059 | 3.43 0382 094 1.1075 | 3.41 . 0805
4 .090 1.1078 | 3.18 0269 . 092 1.1037 3.10 . 0448
5 . 094 1.1060 |.3.42 0444 . 095 1.1087 3.38 . 0599

* Measurements at 3 ke.
b Measured from arbitrary zero.

made to the nearest 0.001 in. Condenser plate sep-
arations are the average of three measurements made
as described previously, and are accurate to the
nearest 0.0001 in. Differences noted in ¢ aod cos ¢
are real, since the experimental capacitances and
resistances involved were measured to at least four
significant figures.

Variations noted in ¢ and cos ¢ indicate that use
of these quantities to characterize or measure the
moisture content would be subject to considerable
uncertainty in an arbitrary piece of leather. Meas-
urements of moisture contents of these specimens
have not been made, since all specimens were sub-
jected to identical treatments throughout, and
experience in this laboratory has shown that a
moisture content of approximately 12 percent with a
variation of less than approximately 1 percent may
be expected for such specimens from the same loca-
tion of different hides of the same tannage. Since
some differences in apparent density or fiber orienta-
tion exist, the variations observed in ¢’ and cos ¢ are
not considered excessive.

It is concludad, therefore, that in this frequency
range electrical methods are not expected to produce
precise quantitative determinations of moisture in
leather. Although this conclusion is reached largely
as a result of data accumulated using alternating
currents, it is believed that the same considerations
apply to direct-current measurements. This exten-
sion of the conclusions appears to be valid as a result
of observations made previously concerning behavior
of the direct-current resistance of specimens con-
taining moderate amounts of moisture. For rapid,
nondestructive estimates of moisture content, par-
ticularly for control work, such methods may be
adequate, provided the effects of temperature and
salt content are recognized and controlled.

The author is indebted to C. G. Malmberg and
A. A. Maryott for use of the capacitance bridge that
made these measurements possible, as well as for the
stimulating discussions directed toward this problem.
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