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Dielectric properties of Douglas-fir (Pseudotsuga menziesii

(Mirb.) Franco) heartwood with copper sulphate retentions of 0 to

27%, based on oven dry weight of untreated wood, were measured at

100 Hz to 100 KHz.

At oven dry conditions, loss tangent (D) of wood with the above

retentions ranged from 0.0034 to 0.0033, dielectric constant (k)

ranged from 2.05 to 2.16.

At 7% moisture content, D and k increased from 0,046 to

0,235 and from 2.92 to 3.72 respectively as the retention of chemical

increased from 0 to 27%.

At 15% moisture content, D and k of wood increased from

1.42 to 3.1 and 53.5 to 64.2 respectively as retention increased from

0 to 4%, but
RAC

decreased from 2,41 x 108 to 0.904 x 108 ohm-cm.

When the chemical retention increased above 4% to 20%, D and k
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decreased from 3.1 to 1.3 and from 64.2 to 30.1 respectively and

RAC
increased from 0.904 x 108 to 4.6 x 108 ohm-cm. This

anomalous behavior was attributed as resulting from the hygroscopic

nature of the copper salt in wood. The moisture in the wood-salt

matrix was considered as divided into moisture associated with

wood and that associated with the salt as water of hydration. The

water of hydration was found to add little to the dielectric properties.

Therefore the amount of water associated with would should be less

for a given moisture content when the chemical retention is high

and therefore result in the anomalous behavior.

Activation energy of conduction of wood treated with copper

sulphate was 12.0 Kcal per mole whereas that of untreated wood was

12. 3 Kcal per mole. It was concluded that water continued to main-

tain the major role in the conduction mechanism.

The A. C. resistivity at 100 Hz was the dielectric property

which displayed the greatest change resulting from copper sulphate

treatment of wood. The changes in this property resulting from re-

tention could however not be reliably used to segregate among

specimens with copper retentions of 1,03, 2.01, 3.49 and 6.82%.



Dielectric Properties of Wood Treated with Copper Sulphate

by

Bernd-Olaf Robert (liarielt) Knezevic

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

June 1973



APPROVED:

Professor of Forest Products
in charge of major

Dean of Graduate School

Date thesis is presented

Head of Department of Forest Products

n 1, I ci'73

Typed by Cheryl E. Curb for Olaf Robert Knezevic

Redacted for privacy

Redacted for privacy

Redacted for privacy



ACKNOWLEDGEMENTS

I wish to gratefully acknowledge the help of the following persons;

Dr. R. T. Lin for his gentle guidance and assistance throughout

the course of this investigation and preparation of the manuscript. I

shall remember Dick for his never-ending patience and will always

remain indebted to him for nurturing in me that fundamental desire to

delve deep for understanding in that never-ending quest to discover

why;

Lynda, my friend of nine years past, who for three years so

unselfishly devoted herself to me, giving me strength, support and

determination so necessary to carry on;

Pam Blower for her encouragement,. understanding and typing

of the all too numerous "rough drafts";

Mr. R. D. Graham for his valuable suggestions and reading of

the manuscript;

Lastly, my parents, without whose understanding, love and

direction I would not have been in the position to perform this task.



TABLE OF CONTENTS

Chapter Page

I INTRODUCTION 1

II- LITERATURE REVIEW 3
Loss Tangent 3

Dielectric Constant 4
A. C. Resistivity 5
Activation Energy 6

Inorganic Salts in Wood 6

III DIELECTRIC PROPERTIES 9

IV EXPERIMENTAL 14
Materials Preparation 14
Copper Sulphate Treatment 14
Electrical Measurements 15

A. C. Measurements 15
D.C. Measurements 16

Determination of Chemical Content 17
Gravirrietric Technique 17
Photometric Technique 18

Determination of Moisture Content 19
Untreated Specimens 19
Treated Specimens 20

Statistical Analysis 20

V RESULTS AND DISCUSSION 22
Retention of Copper Salt 22
Physical Interpretations 24

A. C. Resistivity 24
Loss Tangent and Dielectric Constant 28

Effects of Moisture Content,
Untreated Wood 28

Effects of Frequency,
Untreated Wood 31

Effects of Moisture Content,
Treated Wood 38

Effects of Frequency,
Treated Wood 40

Activation Energy 46



TABLE OF CONTENTS (Cont. )

Chapter Page

V RESULTS AND DISCUSSION (Cont.)
Statistical Interpretations 47

First Estimate 47
Second Estimate 48

Effect of Density 49
Validity of the Model 51

Separation of Moisture Content
Effects 53

Treatment Effects 55
Analysis of Error 58

V1 SUMMARY 62

VII CONCLUSIONS 64

BIBLIOGRAPHY 66



LIST OF FIGURES

Figure Page

1 Equivalent circuit, loss angle(S), and-phase
angle 0. 9

2 The dielectric constant, RAG and D at 100 Hz,
of wood at 7% MC (eqn, 11) compared to percent
copper retention based on oven dry untreated wood. 25

3 The dielectric constant, RAG and D, at 100 Hz,
of wood at 15% MC (eqn. 11) compared to percent
copper retention based on oven dry untreated wood. 25

4 Natural log of D as a function of moisture content
(MC) at 100 Hz. (a) represents untreated wood;
(b) represents treated wood. The numbers 'l through
9 indicate number of points represented while *
indicates more than 9 points. 29

5 Natural log of D as a function of moisture content
(MC) at 1 KHz, (a) represents untreated wood;
(b) represents treated wood. The numbers 1 through
9 indicate number of points represented while *
indicates more than 9 points. 32

Loss tangent of wood at treatment levels 1 through 5
over the frequencies of 100 to 100 KHz at 0% MC. 34

7 Loss tangent of wood at treatment levels 1 through 5
over the frequencies of 100 to 100 KHz. (a) at MC
of 7%; (b) at MC of 15%. 35

8 Dielectric constant of wood at treatment levels
1 through 5 over the frequencies of 100 to 100 KHz.
(a) at MC of 0% lower group of five curves and
7% upper group of five curves; (b) at MC of 15%. 37

9 Scatter diagram of residuals of 1nRAc2 at 1 KF1z
for all untreated specimens. 52

10 Histogram of residuals of lnRAc regression onto
moisture content. 52



LIST OF FIGURES (Cont. )

Figure Page

11 Effect of treatments on electrical properties of
Douglas-fir heartwood at 20% MC EMC calculated
according to equation (11)]. (a) in of D at 100 Hz;
(b) ln of A. C. resistivity at 100 Hz; (c) In of A. C.
restivity at 1 KHz. o represents the value of the
dependent variable. represents the extent of
the 95% confidence interval around the dependent
variable. 56



LIST OF TABLES

Table

1 Average retention of copper or CuSO4. 5H20 for
treatment groups 1 through 5.

2 Analysis of variance of 1nRAc1 versus moisture
content of treatment two specimens.

3 Analysis of variance of 1nRAc1 versus moisture
content and density of treatment two specimens.

4 Slopes of regression lines, values of 1nRAc1 from
regression lines and 95% estimation intervals for

1nRAC1
for all treatments at 20% moisture content.

5 Slopes of regression lines, values of 1nRAc2 from
regression lines and estimation intervals for InRAcz
for all treatments at 20% moisture content.

6 Slopes of regression lines, values of InDi from
regression lines and estimation intervals for lnDi
for all treatments at 20% moisture content.

Page

22

49

50

54

54

55



DIELECTRIC PROPERTIES OF WOOD TREATED WITH
COPPER SULPHATE

I. INTRODUCTION

A rapid method for monitoring wood moisture is essential to

the production of dry lumber, paper, laminated wood and composite

products such as fiber board, flake board and particle board which

may contain chemical additives to enhance their resistance to biologi

cal deterioration, fire or mechanical wear. Moisture content of wood

can be determined accurately by oven drying (1) or by distillation

techniques such as the Fisher titration method (19) which are too

slow for modern production practices. Only the electrical moisture

meter provides a method for measuring moisture content that can be

automated for high production of wood products.

Electrical measurements of moisture are limited to certain

ranges of moisture content which may be further reduced by the pre-

sence of chemicals added to improve the properties of wood products.

Some limitations of the electrical moisture meters also are associated

with the fundamental principles upon which the meters are based,

while other limitations derive from the variation in the electrical

properties of the wood.

In view of the heavy demands on wood products and their steadily

increasing cost, I chose to investigate the effects on the electrical
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properties of wood of a water-soluble copper salt used commercially

to preserve this valuable material and, at the same time, to provide

clean, paintable wood products. My preliminary experiments indi-

cated a large change in electrical properties with changes in chemical

content of the wood that might make possible rapid determination of

both moisture content and retention of chemical in wood products

treated with such chemicals.

The present investigation was undertaken to determine that di-

electric property, frequency and moisture content combination which

shows the greatest sensitivity to the presence of copper sulphate in

Douglas-fir (Pseudotsuga menziesii (Mirb. ) Franco).



II. LITERATURE REVIEW

Electrical properties of wood are influenced by many factors

including moisture content, density, temperature, grain direction,

chemical content and frequency of applied field (12, 13, 17, 20, 21,

22, 23, 28, 32, 35),

James (13) found that inorganic salt preservatives caused high

readings with electrical meters used to measure the moisture content

of wood whereas creosoted caused low readings; he considered a

moisture level of 9% the maximum for reliable readings in wood

treated with water soluble salt-type preservatives. However, no

information is available on the effects of quantity of such salts on

electrical properties of wood.

Loss Tangent

The relation between loss tangent and moisture content depends

on the applied frequency (32, 33), Generally loss tangent at a given

frequency increases with increasing moisture content (34), At 10 and

100 MHz, the plot of loss tangent increases with increasing moisture

content to a maximum and then decreases. At 1 MHz the loss tangent

increases continuously with increasing moisture content (12). At

20°C, oven dry wood exhibits a maximum dielectric loss around

10 MHz (32, 34) whereas wood at 15% moisture content shows a

maximum around 10 KHz and 100 MHz (33).



The relationship between density of wood and the loss tangent

seems less clearly defined. Hearman et al, (12) reported that the

correlation between loss tangent and density was significant for very

dry wood, but that density became less significant as moisture content

increases, Above 15% moisture content, no evidence of relationship

between the two quantities existed.

Although loss tangent of inorganic salt treated wood increases

(13), the relationship between loss tangent and chemical treatment is

not known.

Dielectric Constant

The dielectric constant was found to increase with increasing

moisture content (12, 17, 20, 21, 22, 27, 32, 33, 34). The dielectric

constant of wood above the fiber saturation point was shown to have a

linear relationship with moisture content but below the fiber satura,

tion, the relationship varied exponentially (27). The dielectric con-

stant was found to decrease especially rapidly between 10 KHz and

100 KHz at a moisture content of about 15% (12, 33), Hearrnan and

Burcharn (12) reported that the variation of the dielectric constant

with frequency was small at high frequencies,

Skaar (27) reported that the dielectric constant of wood at a

given moisture content was directly proportional to its density

irrespective of species, other things being equal, Similarly, Hearman

4



and Burcham (12) reported a close relationship between dielectric

constant and density of wood at a moisture content of 9% when mea-

sured at 10 KHz, 1 MHz, and 100 MHz. Vermass (37) showed that

dielectric constant was not influenced by the amount of alcohol-ben-

zene soluble extractives in wood.

A. C. Resistivity

The resistivity of wood decreases as its moisture content in-

creases (12, 27) but is more sensitive to moisture content at low

frequencies than at high (12). Resistivity of wood is always higher

at 2 MHz than at 15 MHz, other things being equal (27). A negative

correlation was reported between the resistivity and density of wood

(27).

Hearman and Burcham (12) reported the mechanism of electrical

conduction in wood to be both dipolar and ionic in nature. They stated

that the former mechanism leads to a frequency dependent resistivity

while the latter leads to a frequency independent resistivity. At 0 to 15%

moisture content, ,resistivity was due to a dipolar mechanism while at

70 to 75% moisture content the resistivity was much less dependent

on frequency and was probably due mainly to ionic conduction (12).



Activation Energy

Lin (16) concluded that electrical conduction through wood was

primarily ionic in nature and occurred principally in the amorphous

region of the cell wall, Resistivity at a given moisture content de-

creased with the presence of inorganic salt at commercial loadings

of approximately 0, 55 lbs. per cubic foot (13).

Activation energy of conduction can be determined from a rela-

tionship between temperature and resistivity (16). Apparent activa-

tion energies of oven dry wood ranges from 22 to 24 k cal/mole in

transverse direction (16) to 9,6 k cal/mole for Sigi in longitudinal

direction (20),

Inorganic Salts in Wood

Wood destined for use in conditions favorable to deterioration

by biological agents frequently is treated with copper-containing

preservatives to extend its service life. A maximum concentration

of 0, 802% copper, based on the weight of the oven dry wood, is

required for prolonged protection from marine organisms and decay

(29). Chromated copper arsenate`t-Type A (Wolman, Salt CCA) pre-

servative contains 56. 6% potassium dichromate, 33. 3% copper sul-

phate and 11.1% arsenic pentoxide (3). Commercial loadings of the

CCA salt are approximately 0.52 pounds salt per cubic foot of



Douglas-fir which is estimated to be 1, 6% salt, based on weight of

oven dry untreated wood (13).

The location of the copper in wood has been the objective of

several investigations (3, 7, 24, 25, 26), Belford, Preston, Cook

and Nevard (5, p. 1081) reported that copper penetrated into the cell

wall, the copper being concentrated in the middle lamella and distri-

buted throughout the primary and secondary walls. They concluded

that a copper-cellulose complex formed in wood treated with chromated

copper arsenate (Tanalith C), They also theorized that the copper is

located within the paracrystalline regions of the microfibrils where it

links the cellulose chains laterally into an ordered space lattice. In a

later article (6, p. 200) they concluded that constituents of Tanalith C

in Douglasfir were located in the cell wall as sub-microscopic

deposits containing random groups of crystals distributed irregularly

throughout the wall, while a portion of the metallic components corn-

plexed with the cellulose on the surface of the microfibrils. Belford

et al. (4) observed that the copper uptake concentration curve of cellu-

lose follows a Langmuir adsorption isotherm so that a suilace

phenomenon is hypothesized. This uptake was accompanied by a fall

in the pH of the solution so that cations appeared to be exchanged for

hydrogen ions (4). Bland (7) presented evidence that most of the

copper taken up by the cell wall was attached to the lignin. Rudman

(25), using an electron probe x-ray microanalyser on Eucalypt treated



with Tanalith C, showed that copper, chromium and arsenic moved

into the cell wall without significant separation, Petty (24, p. 176)

using Tanalith C reports that within individual walls there occurred

no screening effect so that at each point of the wall the relative concen-

trations of copper, chromium and arsenic were similar to those in the

impregnating solution.



III. DIELECTRIC PROPERTIES

A dielectric substance such as wood placed in an A. C. field will

dissipate a certain amount of the impinging energy. The behavior of

wood under an A. C. field is described by loss tangent (D) and the

dielectric constant (k) (I2). wood, an imperfect dielectric, is often

regarded as a combination of a cpndenser and resistor in parallel

(Figure la) (12, 27). The flow of current in such a system is made

up of two parts, that through the condenser, (Ia) and that through the

resistor (Ir) The current Ir is in phase with the applied field

whereas Ic leads the applied field by 90o. The net current (I) is the

vector sum of Ir and I (Figure lb).

9

a

Figure 1. Equivalent circuit, loss angle (S) and the phase angle (0).

The angle ci between I and Ir is the phase angle while S = 904

is the loss angle (12). The loss current (Ir) is caused by leakage

through the parallel resistance and/or due to loss of energy as heat



10

from internal friction as dipoles in wood attempt to orient themselves

along the A. C. field. From Figure lb, the loss tangent can be

mathematically defined as

Ir
D = tan S = (1)

Ic

Every capacitance can be expressed in terms of either series

or parallel components. Regardless of the physical arrangements,

the resistive and reactive components can be measured in series or

in parallel depending only on the configuration of elements in the

impedance bridge used to make the measurement (9). In a series

equivalent case, D is given by;

D =co CsRs (2)

Cs and Rs are the equivalent series capacitance and resistance while

wis equal to 2Trtimes the frequency of measurement (10).

In a Parallel equivalent case, D can also be given as:

1D = tan S =
CpRp

C and R are the equivalent parallel capacitance and resistance (10).

The series equivalent and parallel equivalent values can there-

fore be related to one another by:

(3)



Cs (4)

where C is the capacitance in farads, A is the area of the plates in

Loss tangent can be considered as representing the portion of energy

which is absorbed as heat when an electrical field passes through a

material. This absorption is related to the number of dipoles in the

material (37). From equations (2) and (3) absorption also is related

to the resistivity of the material. The energy loss through molecular

friction as well as the Joule heating effect results in heating the

material, The larger the polarizability of constituents of a material,

the greater this absorption and the greater the loss tangent. Should

a particular treatment increase mobility and/or concentration of

dipoles and ions, the material should absorb more energy which is

reflected by a larger loss tangent compared to untreated material.

The dielectric constant is defined as the ratio of the capacitance

of a condenser with the test material as a dielectric, to the capaci-

tance of a similar condenser with a vacuum as a dielectric. The

dielectric constant of a material in a parallel plate capacitor in which

the thickness is small compared to the length and width can be

calculated by:

11.3 C d x 1012
k= A (5)
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square centimeters, and d is the distance between the plates in centi-

meters (27),

The equivalent electrical parallel A. C. resistivity RAG, is also

a function of D, k, and frequency of the applied field. The relationship'

is given by Skaar (27) as:

18 x 1011 ohm_
f k D onm cm (6)

where f is frequency of measurement. From equation (6), all else

being equal, RAG should decrease with an increase in frequency.

D. C. resistivity (RDc) is the resistance of a body of material

which is of unit cross-sectional area and of unit length measured

across a constant potential difference. This resistivity can be

calculated as;

R x ARDC ohm cm

where R is resistance of material, A is cross sectional area in square

centimeters and d is thickness in centimeters.

When an external ID. C. field is applied, the majority of charges

in wood are believed to be carried by ions. Energy is required to

activate ions from their stable position to a less stable position where

they become charge carriers. This amount of energy is called the

activation energy of conduction. If the curve of log Rpc versus

(7)
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1/T (T = absolute temperature) is a straight line, the apparent activa-

tion energy is identical with the true activation energy (E) and can be

calculated according to (16):

d(log
RDC)E = (2.303) (1.987) d(1/T)

where 1.987 is the universal gas constant, and T is absolute temper-.

atu.re (16); E is usually given in the units of Kilo calories per mole.

(8)



IV. EXPERIMENTAL

Materials Preparation

Quarter sawn nominal 1" by 6" moulding grade Douglas-fir

heartwood was collected from Willamette Industries, Inc., Sweet

Home, Oregon. The boards were selected on the basis of freedom

from visible defects, best edge grain, specific gravity (between

0.45-0.48) and number of annual rings per inch (15-20). The lumber

was kiln dried to 8%. Twelve boards were machined so that each con-

tain five end-matched edge grain 0.2 by 10 by 10 cm long specimens.

One specimen from each board was assigned to each of five test groups.

Specimens labeled untreated were conditioned first by oven dry-.

ing, then stored at 22°C and 50% relative humidity and finally at 32°C

and 90% relative humidity. All specimens were treated and condi-

tioned as before. The electrical properties of both treated and un-

treated specimens were measured at three moisture levels attained

at the above conditioning. Each specimen was ashed and its retention

of copper determined.

Copper Sulphate Treatment

Five solutions of copper sulphate 0, 1, 5, 10 and 20% concen-

tration by weight were prepared by dissolving CuSO4. 5 H2O crystals

in distilled water. Test specimens were placed in a desiccator, the

14
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air was evacuated, and a solution was introduced with the specimens

under vacuum. The vacuum was alternately released and applied until

all test specimens sank (within 12 hours). The saturated specimens

were removed, their surfaces were wiped with paper towels, and they

were conditioned to a moisture content of 20% in a Tappi standard

before being oven-dried to prevent checking.

The treatment groups, consisting of 12 specimens each, were;

Group Treatment

1 Soaking wood in water (control)

2 Soaking wood in 1% solution of copper sulphate

3 Soaking wood in 5% solution of copper sulphate

4 Soaking wood in 10% solution of copper sulphate

5 Soaking wood in 20% solution of copper sulphate

Electrical Measurements

Each specimen was sandwiched between two 9. 75 centimeter

square 0. 5 centimeter thick brass electrodes and clamped in a teflon

insulated double clamp jig. Capacitance, loss tangent and D. C.

resistance were measured.

A. C. Measurements

A. C. measurements of ten specimens from each group were

made at 100 Hz and 1 KHz. Dielectric properties of the remaining two
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specimens from each group were scanned over the frequency range

from 100 Hz to 100 KHz. For specimens with loss tangent below

0.56, the series capacitance and loss tangent were measured using a

General Radio 716-C capacitance bridge. The series capacitance

values from the 716-C bridge were converted to equivalent parallel

values according to equation (4), For specimens with loss tangent

above 0.56, the parallel capacitance and loss tangent were measured

using a General Radio 1650 A impedance bridge. The capacitance and

loss tangent were obtained directly from the bridges. The capacitance

and loss tangent values were always measured in the order of

increasing frequency.

The thickness of the specimen was the average of the thicknesses

at each of the four corners of the clamped specimen at time of test.

The dielectric constant was calculated according to equation (5).

A. C. resistivity was calculated from values of frequency, dielectric

constant and loss tangent using equation (6).

D. C. Measurements

To determine the activation energy of conduction D. C.

resistances were measured with a General Radio 1644 Megaohm

bridge at a constant applied voltage of 100 volts which produced a

potential gradient of approximately 500 volts/cm, Since calculation

of the activation energy requires the resistance of wood at different
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temperature, resistances of specimens sandwiched as in the capaci-

tance measurements were determined at three temperatures. The

temperature range was less than 15oC. Resistivity was calculated

using equation (7) and the activation energy of conduction calculated

by equation (8) using the slope of the curve of log resistivity as a

function of the reciprocal of absolute temperature as d(log RDC) /d

(1/T).

Determination of Chemical Content

The concentration of copper in treated specimens was deter-

mined by gravimetric and spectrophotometric techniques.

Gravimetric Technique

The difference in oven dry weight before (WOD
before) and

after (WOD after) treatment was used to estimate the amount of salt

picked up. The percent chemical pick up was calculated as follows:

WtOD after -
WtOD

before
% Chemical pick up - x 100% (9)

WtOD
before

The percent chemical pick up was converted to percent copper and

copper sulphate pick up by multiplying by 0.3576 and L.405, respec-

tively.



Photometric Technique
18

Each specimen was broken into small splinters. The splinters

and bits of wood were placed in a quartz crucible and with lid set

slightly ajar, ashed at 600°F in a muffel furnace. After five hours,

the temperature of the furnace was raised to 800°F for 15 hours. The

residue in the crucibles was allowed to cool and was dissolved in a

nitric-hydrochloric acid solution, then made up to 250 ml with distilled

water,

Copper contents of specimens from treatment groups 1 to 4 were

determined with a Unicam model Sp 90 Atomic Absorption Spectro-

photometer at the Western Forest Products Laboratory, Canada

Department of Environment, Vancouver B. C.

The calibration curve for copper was established by use of

stock solutions containing 10, 7. 5, 5, 2. 5 and 1 part per million

(ppm) of copper. The atomic absorption of copper was measured at

the following condition:

lamp: copper

slit width: 0. 1 mm

wave length: 322. 8 nanometers (nm)

air flow rate: 5.5 liters per minute

acetylene flow rate: 1 liter per minute

A 10 cc sample was taken from the 250 ml solutions and diluted

with known amounts of distilled water until the absorbance fell within
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the calibration curves. Copper and copper sulphate concentrations

were then calculated.

The Beckman spectrophotometer, being less sensitive to copper

concentrations than the Unicam instrument, demands less dilution of

concentrated copper solutions and thus is suitable for solutions con-

taining higher concentrations of copper (groups 4 and 5). The

absorbance of solutions from these two groups was observed at 760

nanoxneters. Samples of dissolved residues of the ashed specimens

from treatment groups 4 and 5 were diluted until the absorbance fell

within limits of the reference curve, and the percent of copper and

copper sulphate was calculated based on untreated oven dry wood.

A check for reproducibility of results consisted of re-running

tests for several specimens. Results of atomic absorption and

Beckman techniques were compared.

Determination of Moisture Content

Moisture content of each specimen was calculated from its oven

dry weight before and after treating as follows:

Untreated Specimens

%MC Test weight - OD weight x 100%
OD weight



Treated Specimens

% MC Test weight - OD weight treated
OD weight untreated

% MC -
Test weight - OD weight treated

OD weight treated

Moisture content calculated from equation (11) was used in dis-

cussion of physical considerations whereas the moisture content

calculated using equation (12) was used mainly for the discussion

headed statistical considerations.

Statistical Analysis

In most moisture content determinations, industry usually has

weight at test and oven dry weight of treated wood but no information

of oven dry weight before treatment. To be more directly related to

the industrial situation, the moisture content was based on oven dry

weight of treated wood using equation (12) for the following statistical

analysis which attempts to relate dielectric response to treatment,

The statistical analysis was performed, first, to determine the

combinations of dielectric variable, frequency, and moisture content

that is most sensitive to copper sulphate treatment (first estimate) and

second, to determine if this combination is sufficiently sensitive to

discriminate between wood containing differing amounts of copper sul-

phate (second estimate).

20

(12)
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Wood density, moisture content, and frequency of impinging

electric field are treated as independent variables while the electrical

properties (which include D, k, and RAC) are dependent variables.

Of the independent variables, moisture content and density of wood

are related; the higher the moisture content the higher the density.

To select the combination of dielectric property and frequency

that is best suited to determine the effect of chemical treatment level,

the influences of water in wood and density of wood on these properties

must be assessed and statistically resolved.

The statistics presented_were obtained in 1971 at Oregon State

University from a CDC 3300 computer utilizing the developmental

Star Sips program from the Department of Statistics.



V. RESULTS AND DISCUSSION

Retention of Copper Salt

Gravimetrically and photometrically determined retentions of

copper salts resulting from treatments one to five are given in

Table 1,

Table 1, Average retention of copper or CuSO4. 5 H20 for treatment
groups 1 through 5.

22

1 A. A. represents the retention obtained through atomic absorption
measurements.

2 Beck. represents the retention obtained through use of Beckman
Spectrophotometer.

3 Loss of extractives as a result of soaking in water is estimated from
equation (9) to be 0.22% for Group 1 specimens. This value is added
to retentions calculated by equation (9) and the sum multiplied by
0. 3576 and 1.405 is shown as the copper and copper sulphate reten-
tion.

Group Treatment

Salt retention based on untreated OD wood
Gravimetric 3 Photometric

Cu CuSO4. 5 H20 Cu CuSO4. 5 H20
To To To To

1 Saturation in dis-
tilled water 0 0 0, 00 0. 00 A. A. 1

2 Saturation in 1%
solution CuSO4 0,325 1.28 1. 03 4. 03 A. A.

3 Saturation in 5%
solution CuSO4 1.79 7.03 2, 01 8.28 A. A.

4 Saturation in 10%
solution CuSO4 3.59 14.12 3.49 13. 72 A.A.

3.62 14.36 Beck?

5 Saturation in 20%
solution CuSO4 6. 82 26. 7 6. 82 26. 7 Beck.
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In the gravimetric method, oven dry weight is determined before

and after the treatment. Since loss of water soluble extractives occurs

to some degree whenever wood is saturated and left soaking in water

for a period of time (see footnote. 3, Table I) the amount of woody

material lost and the exact amount of salt retained cannot be accurately

estimated. The estimation of copper sulphate concentration by gravi-

metric means is subject to an especially large error when the reten-

tion of salt is low. For instance, the retention due to treatment two

predicted by the gravimetric method is one third of the retention

obtained by the photometric method. The relative error due to loss

of extractives decreases with increased retention. For example, the

retention as measured by both methods for Group 5 specimens shows

a difference which has now dropped to less than 1%.

Atomic absorption spectrophotometers are very sensitive to

copper. To avoid large dilution and therefore retain accuracy it is

best to use samples which contain small amounts of copper. A com-

parison of several copper determinations with the Beckman D. B.

spectrophotometer was good. The variation in successive determina-

tions on the same solution varied by less than 2%. Copper concentra-

tion determined by atomic absorption for Group 4 specimens was

compared with the Beckman results (Table 1). The concentrations

were found to differ by less than 5%. Atomic absorption results were

considered the more accurate at lower copper concentrations as these



determinations are less sensitive to formation of copper complexes

and other impurities in the solution.

Physical Interpretations

These interpretations are based on the average values observed

from untreated wood and wood subjected to the five chemical treat-

ments. The moisture content referred to in this section is based on

oven dry weight of untreated wood as calculated from equation (11).

A. C. Resistivity

The 1nRAc1 of treated wood at 7% moisture content decreases

as the level of treatment increases (Figure 2).

Figure 3 shows the relation between lnRAci and copper reten-

tion of wood at the 15% moisture level. LnRAG decreases until

treatment three. At higher treatment levels, (treatments four and

five), lnRAci increases. The result is contrary to the accepted

concept that as concentration of inorganic conducting material such

as copper increases, the number of potential charge carriers increases

and electrical resistivity of the treated wood should decrease.

However, copper sulphate in a partially anhydrous state was

found to reduce A. C, resistivity only below a critical concentration.

From Figure 3 this critical concentration could occur below treatment

level two. Above this critical concentration the copper salt in effect

24



Figure 2. The dielectric constant, RAI_ and D at
100 Hz, of wood at 7% M. C..--(eqn. 11)
compared to percent copper retention
based on oven dry untreated wood.

% Copper

Figure 3 The dielectric constant, RAC and ID at
100 Hz of wood at 15% M.G. (eqn.. 11)
compared to percent copper retention
based on oven dry untreated wood,
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may "rob" wood of moisture thus increasing resistivity. Conse-

quently, below the critical concentration, addition of copper salt to

the wood-water aggregate decreases resistivity of treated wood. The

decrease in resistivity should initially be large and become smaller

and smaller in proportion to additional salt. The critical concentra-

tion probably occurs at a copper retention of around 1. 03%, treatment

two.

Since water in wood above 5-6% moisture content (multilayer

sorption) is not as tightly held as the water which composes the mono-

layer (0-6%),wood below 5-6% moisture content may, compared to

partially anhydrous copper sulphate, preferentially adsorb water.

It would be informative to estimate where the moisture in a wood-

salt-water aggregate should go; to the wood, to anhydrous salt or to

both, Two reactions are considered, one the take-up of moisture by

wood and two, the take-up of moisture by the salt, i. e
Wood (Oven dry) + H20 --4Wood H20 Reaction 1

CuSO4. 3H20 + 2H20 CuSO4'51-I20 Reaction 2

The salt is assumed to be. onthe inside of the lumen as well as in

the cell wall. For reactions one and two to proceed to completion,

water needs to diffuse through the salt as well as the wood. All else

being equal, the salt, being both on the inside and outside, should

have the greatest opportunity to take up water. Further, assuming

the kinetics in reactions one and two are such that both reactions go
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easily to completion, then the change in Gibbs free energy may offer

an estimate of the tendency to proceed spontaneously. Change in

Gibbs free energy AG is given by:

AG =, !NG° RT in Keg (14)

whereAG0 is free energy of formation, R is the universal gas constant,

T is absolute temperature and Keg is the equilibrium constant of the

reaction.

For a reaction allowed to proceed to a state of equilibrium, it

will reach a position for which no further driving force is operative.

The free energy will be minimum, and small changes in the state of

the system must be accompanied by a zero free energy change,

Therefore AG = 0 and equation (14) on rearrangement becomes

= RT ln Keg (15)

From equation (15) it can be seen that the more negative the

AG°, the larger the equilibrium constant, (2).

Under isothermal conditions AGO for Reaction 1, according to

Kelsey (14) is -2.43 and according to Stamm (30) is -2.88 Kcal per

mole of water absorbed onto oven dry wood, The AGO of wood at 7

and 15% moisture content, adsorbing water as in equation 1, drops to

approximately 0.36 and -0,036 Kcal/mole, respectively (30). The
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change in Gibbs free energy for Reaction 23 is -7. 43 kcal per mole of

water taken up. Therefore, from a strictly thermodynamical point of

view, both reactions are expected to proceed spontaneously, but

Reaction Z would have a greater tendency to proceed spontaneously.

Water available for sorption beyond the rnonolayer, having G

even less negative than that for the monolayer, could be even more

likely to be taken up by the CuSO4. 3H20 as water of hydration. As a

result the actual moisture content of wood could, as moisture

increases beyond 7%, be substantially less than the calculated or

apparent moisture content. The greater the amount of salt in wood,

the lower the moisture content of the woody material, The lower the

moisture content the higher the resistivity, all else equal. It is there-

fore possible for A. C. resistivity to apparently increase as degree of

treatment increases beyond a critical level. This increase as seen in

Figure 3 is a result of wood in heavily treated specimens having an

effective moisture content less than that of untreated specimens.

Loss Tangent and Dielectric Constant

Effects of Moisture Content, Untreated Wood. The relationship

between loss tangent and concentration of water is nonlinear (Figure 4),

As concentration of water increases up to 20% loss tangent increases

31n this experiment Reaction 2 could just as well have been with
CuSO4,1-120, In this case AG° would be -11. 6 Kcal/mole. There-
fore, Reaction 2, as shown in text, gives a minimum value for 14,01.
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Figure 4. Natural log of D as a function of moisture content
wood; (b) represents treated wood. The numbers
represented while * indicates more than 9 points.

0 5 % MC 15
b

(MC) at 100 Hz. (a) represents untreated
1 through 9 indicate number of points
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exponentially. At 100 Hz and 1 KHz a logarithmic transforMation of

loss tangent yields a reasonably linear relationship with moisture

content between 0 and 20%. At 100 Hz the correlation between mois-

ture content and in D is 0, 997 but a slight discontinuity appears

occur around 6% moisture content. This discontinuity, undoubtedly

reflects a shift from monolayer to multilayer sorption of water by

wood, The water in the rnonolayer is generally considered as being

held by hydrogen bonding.

The major factor contributing to the exponential response of D

to moisture content is probably the interaction between water and

wood. Water continuously adsorbed by wood is held by progressively

weaker forces. At fiber saturation (about 28% moisture content)

Stamm (31) reports that the adsorbed water in wood has a thickness

equivalent tó:-six or eight water molecules. The number Qf layers of

water (each layer considered as one molecule in depth) on wood from

0 to 15% moisture content could be estimated as ideally ranging from

zero to four layers. The sorption mechanism is such that the most

energetic sites are filled first. As a result the first sorbed molecules

would be held tighter by the wood or interact with the wood more

strongly than additional molecules. The stronger the interaction

between wood and a water molecule the weaker the response of

adsorbed water molecule to an electric field. Therefore the greater

such interaction the lower the effect of water on D and k. Adsorbed
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layers of water beyond the monolayer are held by weaker long range

molecular forces which are less than 1 Kcal/mole compared to

primary hydrogen bonds which a,re in the order of 5 Kcal/mole (31);

These long range molecular forces decrease as the inverse of the

sixth power of the separation distance. Therefore interaction between

wood and water decreases non-linearly with additional layers of water.

The loss tangent and dielectric constant of the wood-water matrix will

also be affected non-linearly by addition of water until the cumulative

thickness of the layers of water is such that the interaction approaches

zero due to the inverse sixth power law. Water in wood beyond this

point should affect D and k in an additive manner.

The two strengths of interaction between adsorbed water and

wood are reflected by differences in slopes between 0 and 6% and 6 to

15% moisture content. This difference is shown particularly well in

Figure 5a with in D and moisture cantent)at 1 KHz. This figure is

similar in nature to that of Figure 4a for untreated wood at 100 Hz,

except that the slope between 7 and 14% moisture content at 1 KHz is

steeper than when observed at 100 Hz. Such behavior is probably due

to differences in wood's dielectric response at different frequencies,

Effect of Frequency, Untreated Wood. On approaching frequen-

cies of relaxation absorption, the curve of loss tangent as a function

of frequency should approach a maximum due to interfacial and dipole

absorptions. Such absorption maxima can occur in the audio, and
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a
Figure 5 Natural log of D as a function of moisture content (MC) at 1 KHz. (a) represents untreated

wood; (b) represents treated wood. The numbers 1 through 9 indicate number of points
represented while * indicates more than 9 points.
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radio frequency regions corresponding to interfacial, dipole absorption,

respectively (36).

Figure 6 shows loss tangent as a function of the log of frequency

for untreated and treated specimens all at 0% moisture content. Line

one represents wood with control treatment. The loss tangent

increases with frequency and should reach a maximum somewhat

beyond 100 KHz. Such a maximum and the trend of D increasing with

frequency agree with the observations by Trapp and Pungs (32),

Tsutsurni (33) for wood, and Norimoto and Yamada (23) for cellulose

and rnannan.

Figure 7b shows loss tangent as a function of log frequency for

treated and untreated specimens at 15% moisture content. Line zero

is for untreated wood showing solely the effects of frequency at 15%

moisture content. A maximum could conceivably occur just below

100 Hz or above 100 Hz but definitely below 500 Hz. Tsutsumi (33)

shows a maximum at approximately 500 Hz for Japanese cherry at

15% moisture content and 20°C. This maximum is due to interfacial

polarization. The other curves of treated wood at 15% moisture

content(Figu.re 8 ) show no evidence of a dipole polarization maximum

occurring between 100 and 100 KHz.

Wood soaking in water loses mass which may be in the form of

low molecular weight extractives and a dilution of ionizable minerals.

Curve one of Figure 7b, representing Douglas-fir specimens soaked
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Figure 6. Loss tangent (D) of wood at treatment levels 1 through 5
over the frequencies of 100 to 100 KHz at 0% MC.
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Figure 7. .Loss tangent (D) of wood at treatment levels 0 through 5 over the frequencies of
100 to 100 KHz. (a) at MC of 7%; (b) at MC of 15%.
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in distilled water, indicates such soaking has an effect on the loss

tangent at lower frequencies. Statistically, this soaking in distilled

water is significant at the 95% confidence level. A maximum, as

shown by the unsoaked specimens (line zero), could still appear in

curve one if this loss tangent response were similar to that in curve

zero but only shifted in the direction of lower frequency. Here the

shift of the spectrum of ln D to a lower frequency resulting from

soaking may be due to removal of low molecular weight water solubles

which have a higher interfacial polarization frequency.

Figures 8a and 8b show the dielectric constant as a function of

frequency for various degrees of treatment at 0, 7 and 15% moisture

contents. The dielectric constant of untreated wood at all three mois-

ture contents showed a frequency response essentially identical to that

represented by line one, specimens soaked in distilled water.

Figure 8a the portion representing wood at 0% moisture content shows

the dielectric constant to decrease from 2.18 to 2. 09 as frequency

of measurement increases from 100 Hz to 1 KHz. At 7% moisture content

the dielectric constant decreases in the same frequency range, from

2, 88 to 2, 70, while at 15% moisture content (Figure 8b) the dielectric

constant decreased from 53. 5 to 3 over the same frequency range.

The frequency dependent behavior of the dielectric constant of un-

treated wood as seen above is similar to that shown by Trapp and

Pungs (32).
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Figure 8. Dielectric constant of wood at treatment levels 0 through 5 over the frequencies of
100 to 100 KHz (a) at MC of 0% lower group of 5 curves and 7% upper group of 5 curves;
(b) at MC of 15%.
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Effects of Moisture Content, Treated Wood. In a study on effects

of wood preservatives on electric moisture-meters, James (13) used

chromated copper arsenate (CCA) loadings ranging from 1. 6 to 1.76%.

Only treatment two compares to this concentration. Treatments 3, 4

and 5 are more severe and yield greater retention. Treatment two

specimens are the only group which show dielectric changes compar-

able to those found in James' study.

Comparing Figure 4a with Figure 4b, two points should be noted.

First, the slope of the curve of in D as a function of moisture content

is not as steep in treated wood between 7 and 15% moisture content

compared to untreated wood. Furthermore there is a discontinuity

in the plot of ln D versus moisture content near 6%. Secondly,

perhaps less obvious, the "equilibrium" moisture contents of the

treated specimens seem to range higher than untreated specimens.

The highest moisture content of untreated specimens was 16% while

treated specimens under similar relative humidity conditions ranged

to 20%. Both of these observations are related by the same phenom-

enon. Cupric sulphate (CuSO4. 51420) loses two moles of water of

hydration at 45°C and two more at 110°C (38). On placing samples

of cupric sulphate in a 900 oven for 12 hours it was observed that

cupric sulphate could lose between three and four moles of water a

this temperature. Furthermore this form of the salt is hygroscopic.

Since treated wood was oven dried, we can assume that the cupric
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sulphate in the wood lost)under those conditions between three and

four moles of water. On being exposed to humidity, this salt may

compete with wood for available water. The mass of water taken up

by this wood salt mixture can be determined by weighing. However,

it is difficult to determine whether the water is associated with wood,

the salt, or shared between the two. Water taken up by the salt reacts

differently to an electric field than water taken up by wood. At 1 KHz

the loss tangent of CuSO4. 5H20 was found to be 0. 0025, that of

CuSO4' H20 was found to be 0. 0017, and the loss tangent of the wood

at 15% moisture content was found to be 1. 9. In the range of 100 to

100 KHz, D of both CuSO4. 5H20 and CuS0 H20 was observed to be

practically independent of measurement frequency,

A thermodynamically based discussion as to where the water

might preferentially go has been given in the discussion of A. C.

resistivity. From those arguments it follows that water may possibly

be competitively captured by wood up to about the 6% moisture content

level. However, at a given moisture content level above 6%, water

associated with wood in treated specimens is probably less than that

of the control since the apparent moisture content of treated wood

includes the water taken up by the salt, The dielectric response of

treated wood as a result of being at a lower true moisture level, could

be less than that of the control. This tendency of treated wood being

at a lower true moisture content than apparently indicated by moisture
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content calculations should be observed primarily above 6% moisture

content.

Comparing In D values in Figures 4a and 4b, at 15% moisture

content, in Di of treated material appears to be 0. 8 which is lower

than 1, 4, the value from untreated wood. The true moisture content

of treated wood is probably lower than that indicated by Figure 4b.

If the response of in D shown in Figure 4b could be adjusted to true

moisture content of wood, the observations at moisture levels above

6% would probably shift to corresponding lower moisture levels and

a new response line (dotted line) would emerge, This new line may

be similar to that of untreated wood (Figure 4a). Figures 4b and 8b

indicate that addition of large amounts of copper sulphate at least

superficially, reduces the loss tangent response of treated wood which

has been oven dried and allowed to attain a moisture content around

15%.

The dielectric constant of treated wood appears to be influenced

most when the moisture content is 15% or higher and the frequency is

100 Hz (see Figures 8a and 8b), Moisture content, treatment and

frequency show a complex interaction to the dielectric constant of

wood.

Effects of Frequency, Treated Wood, Wood at 0% moisture

content shows loss tangent to decrease with increasing degree of

treatment at frequencies of 100 Hz through 100 KHz (Figure 6). The
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loss tangent of untreated ovendry wood was found to be approximately

0, 004 while that of CuSO4' F120 was 0. 0017. As frequency increases

loss tangent of CuSO4! H20 decreases slightly. Here the dry salt adds

little to the loss tangent through either a conductive or dipole orienta-

tion mechanism, As a result of simple mixing, the more CuSO4' F120

in the wood the lower the loss tangent of the aggregate. Belford (3)

reports that copper exists not only in the cell wall but is also closely

associated with cellulose. At oven dry conditions some of the

CuSO4. H20 could therefore sterically interfere with the aligning of

cellulosic hydroxyl groups along the A. C. field. The operation of such

a mechanism would tend to further reduce loss tangent. Curves one

through five show an increase in loss tangent with frequency. This

indicates that ID of treated wood approaches a maximum at a frequency

above 100 KHz when no absorbed water is present.

Figure 7a shows the average loss tangent as a function of fre-

quency for the control and four treatment groups all at 7% moisture

content. Average loss tangent is consistently higher with greater treat-

ment, The loss tangent of a crystal of copper sulphate (CuSO4. 5H20)

was found to be . 0025 or slightly higher than 0.0017 of CuSO4. H20

both measured at 1 KHz. If the effects of salt in wood are strictly

additive, the salt in wood at the 7% moisture level should display a

loss tangent somewhere between these two limiting values. Since

additivity can not account for the large increase in loss tangent
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resulting from treatments, the increase must be due to a water-salt-

wood interaction.

A part of the increase in loss tangent could be attributed to an

increase in charge carriers. This effect will decrease if treatment

is continued beyond a critical concentration of copper sulphate.

The greater the concentration of salt the greater the amount of

water taken by the hygroscopic salt. Although water of hydration

of the salt did not significantly add to loss tangent, D is known to

increase with increased conductivity. Water which is taken up by

the salt as water of hydration may not be available for the ionic

conduction mechanism. At the critical salt concentration the addition

effects of an increase in charge carriers due to salt is countered by

the effect of the decrease in water available for conduction. Since

Figure 7a shows loss tangent to consistently increase with treatment,

ionic conduction is considered as the most active mechanism responsi-

ble for loss tangent of treated wood at 7% moisture content.

At 15% moisture content (Figure 7b), treatments will not consis-

tently increase the loss tangent of wood as they did at 7% moisture

level. The cause of the difference between curves one and zero, the

result of soaking in distilled water has been discussed earlier (see

p. 36). Wood treated in a 1% solution of copper sulphate (group two)

and later allowed to attain 15% moisture content is likely to contain

more charge carriers than untreated wood. Here the concentration of
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salt is low compared to moisture content. The increase in loss tangent

of group two specimens probably reflects an increase in conductive

loss. The additional ions resulting from the presence of the salt and

the proportionately high level of water undoubtedly tend to orient or

polarize somewhat in an electric field. Therefore this dipolar

mechanism also adds to the value of the observed loss tangent.

Loss tangent of treatment three (line 3) is lower than that of

treatment two (curve two, Figure 7b) which was unexpected. However,

if as a result of the increasing salt concentration, true wood moisture

content decreases, loss tangent could indeed decrease with increasing

salt beyond a certain critical concentration. The critical concentra-

tion would be a function of moisture content and, for the 15% level,

could be considered as occurring near a retention of 1. 03% copper.

The trend of loss tangent decreasing with increasing treatment levels

beyond level two is consistent with the results shown by curves four

and five.

The loss tangent appears to be more sensitive to small initial'

amounts of salt which could add charge carriers rather than large

amounts of salt which in effect reduce both the moisture content and

loss tangent.

The dielectric constant of treated wood at 0% moisture content

(Figure 8a) appears to decrease slightly as copper sulphate concentra-

tion in wood increases. The dielectric constant at 1 KHz of copper
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sulphate was determined as 7. 7. This value varied little over the

frequency spectrum used and is in agreement with a k of 7.8 at 60

MHz reported in the Handbook of Chemistry and Physics (38). The

Handbook gives a value of 10.3 at 60 MHz for the anhydrous salt.

Since the value of k of salt in wood at oven dry conditions is probably

close to that of the anhydrous salt, the value of k attributable to the

salt under these conditions should be closer to 10.3 than 7.7. If the

salt contributes to the dielectric constant of the wood salt mixture the

resultant k should increase with increased degree of treatment. The

dielectric constant of oven dry wood in Figure 8a appears to decrease

with increasing degree of treatment. However, this decrease resulting

from treatments one to four is less than 5%. This is of the same

magnitude as the estimated experimental error. Therefore the signi-

ficance of the trend is in doubt. On the other hand, at the highest

level of treatment, the expected increase (curve five) does occur.

Here the dielectric constant increased by up to 20% as a result of

treatment.

The upper lines in Figure 8a are the dielectric spectra of

treated wood at 7% M. C. Generally speaking, the dielectric constant

of treated wood increases with increasing degree of treatment at 100

Hz. This increase is probably due to interfacial polarization between

wood water and salt. This interfacial polarization effect diminishes

as the applied frequency increases. In fact, above 50 KHz treatment
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appears to reduce the dielectric constant.

According to Figure 8b, the lower the frequency the greater the

difference between the dielectric constant of wood at various treatment

levels. The dielectric constant at 100 Hz resulting from treatments

tends to decrease in the following order: Treatment two, treatment

three, treatment one and treatment zero, treatment four, treatment

five. Sin,ce line zero and one coincide, soaking specimens did not

markedly change the dielectric constant and frequency curve. Soaking

wood in a 1% solution of copper sulphate (treatment two) appears to

yield a 20% increase in the dielectric constant at 100 Hz while the

dielectric constant of wood treated with a5% solution of copper sul-

phate does not increase significantly. Treatments four and five

reduced the dielectric constant by 13 and 42%, respectively.

Such observations appear to be in conflict. However, when a

small quantity of salt is added to the wood-water aggregate, the salt

in this mixture with an apparent moisture content of 15%, could

"ionize". Thus the overall effect of addition of salt is to increase

interfacial polarization. On the other hand, as seen in the discussion

of RAC and D, large amounts of salt in wood may reduce the amount

of water availa.ble to wood by tending to form crystalline salt. The

specimens then have true moisture content below 15%. Since k of salt

alone or salt-wood-mixture is probably less than 11, and k of the total

mixture including water is greater than 30 and less than 65, then the
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true moisture content of wood, provided the salt does not "ionize",

is the major factor which governs the value of k. The higher the

degree of treatment beyond a critical concentration above which "ioni-

zation" does not significantly affect k, the more water is tied up as

water of crystallization by the salt. Therefore the true moisture

content of wood decreases and k will appear to decrease as a result

of treatment. Curves 3, 4, and 5 in Figure lib show such a decrease.

Activation Energy

The activation energy of crystalline copper sulphate was deter-

mined as 29 K cal per mole. The activation energy of untreated

Douglas-fir specimens at oven dry conditions ranged from 10.7 to

13.9 K cal per mole. These values agree favorably with an apparent

activation energy of approximately 10 Kcal per mole for Sugi and

Hoonoki reported by Norimoto and Yamada (20). Treated specimens

under these same conditions gave values ranging from 11. 5 to 12,5

Kcal per mole. At higher moisture levels despite the high activation

energy of copper sulphate the activation energy of treated and untreated

specimens remained essentially the same. Therefore there does not

appear to be a change in the conduction mechanism due to treatment.

The water can still be considered as occupying the major role in the

ionic conduction mechanism.



Statistical Interpretations

The results and trends indicated by this statistical analysis

should be similar to those found in the physical analysis. Moisture

content here was calculated according to equation (12) rather than

equation (11), Specific values obtained from physical interpretations

and this statistical analysis are therefore not directly comparable.

The moisture content calculated according to equation (12) can be

considered as conservative.

First Estimate

47

Plots of points corresponding to the dependent variables as a

function of moisture content were prepared for all treated and un-

treated specimens. The best visually estimated fitting curves drawn

through the scattered points showed at 15% moisture content, that:

At 100 Hz

The largest changes all occurred at the highest moisture level.

Loss tangent before treatment was generally greater by a factor

of two. Dielectric constant after treatment was generally

greater by a factor of 0.2. A. C. resistivity after treatment

increased by a factor of six.

At 1 KHz

The largest changes all occurred at the highest moisture level.
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Loss tangent showed little overall change. Dielectric constant

after treatment was generally greater by a factor of 0.3. A. C.

resistivity after treatment increased by a factor of two,

These first approximations indicate that the dielectric constant

at 100 Hz and 1 KHz (1(1 and kz) and the loss tangent at 1 KHz (Dz) are

relatively insensitive to the treatment. A, C. resistivity at 100 Hz

(RAC)), loss tangent at 100 Hz (Di) and A. C. resistivity at 1 KHz

(RAC2) is most sensitive to the treatment of wood by copper sulphate.

Therefore, only RAcl, RAcz, and D are presented in the second

estimate.

Second Estimate

Scatter diagrams, which are discrete point plots, of D1, RACi,

Dz, and RAca (both treated and untreated) against moisture content

showed that a logarithmic transformation of the dependent variables

should relate linearly to moisture content.

A regression model is proposed to consist of:

lnY = B + BiXi +132,X2 + Ee

where Y is a dependent variable (dielectric variables), X1 is moisture

content of wood, X2 is density of wood, Bo is the Y intercept and Ee

is the error. (A 95% confidence interval can be constructed around

such a regression line. )
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Effects of Density. The regression model of lnY = Bo +

B1X2 + Ee can be simplified if the effects of density were not statis-

tically significant.

To determine the significance of density, lnY is regressed in a

forward stepwise manner first onto moisture content, then density,

and an F test is performed to establish the statistical significance of

density.

As an example:

When ln RAci of treatment two specimens is regressed onto

moisture content, the model is:

in R.Aci = Bo + B (M. C.) + Ee

This model resulted in Table 2.

When density is considered after moisture content, the model becomes

IflRAC Bo + B1(M. C.) + 13 (X2) + Ee

This model resulted in Table 3.

Total 25 4,3197E02 17.2787

Regression 1 4.1334E02 413.3407

Residual_ 1.8627E01 0.7761

R Square = . 9569

Table 2. Analysis of variance of in RAci versus moisture content
of treatment two specimens.

Source DF Sum of Squares Mean Square



Comparing Tables 2 and 3 it becomes immediately apparent that the

addition of density in the regression hardly affects R2. An F test to

establish if density is a significant variable when considered after

moisture content in the regression gives;

SS Reg (Moisture Content and Density) - SS Reg (Moisture Content)
MS of residual (Moisture Content and Density)

4.134 4.133F 0,806 -0.120

This F value is less than F1,23 and therefore density is not statis-

tically significant. Further analysis of variance tables with the other

dependent variables at all levels of treatment similarly showed that

the addition of density after moisture content is not statistically signi-

ficant. If, however, Y were regressed onto density first, density

accounts for up to 31% of the variability as was found for in RAG1.

This analysis shows density and moisture content to be not sta-

tistically independent, As was pointed out earlier, density is a

50

Table 3. Analysis of variance of In RAci versus moisture content
and density of treatment two specimens.

Source DF Sum of Squares Mean Squares

Total 25 4.3197E02 17.2787

Regression 2 4.1344E02 206,7179

Residual 23 1.8532E01 0.8057

R Square 0,9571
OM, IMINN
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function of moisture content. Therefore, density and moisture content

should not be independent. This comparison shows physics and statis-

tics to be in agreement.

A more appropriate and simplified model for regression is

therefore;

in Y Bo + Bi X1 + Ee

where Xi is moisture content.

Validity of the Model. The model validity can be seen in the

behavior of the residuals of a regression (11). If the equation for a

regression line is Y = Bo + Bi X + E then the residuals of a good

regression model should have approximately a normal distribution

and should be un.correlated with Y. The behavior of the residuals

from regressions of in RACi; in RAcz; and in Di onto moisture

content was compared to the above criteria.

Figure 9 shows a typical example of a scatter diagram of the

residuals from regression of in RACE from untreated specimens

onto moisture content. It shows no outliers and little evidence of a

pattern. Flomoscadasticity holds and the correlation coefficient, R,

is 0.181. The variance of Y around the regression line varies but

little for all values of X. A histogram of the residuals shows a near

normal distribution (Figure 10).

The residuals of in RA..-.l; in RAcz and in Di both untreated

and remaining treated specimens were analyzed identically as given
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Figure 9 Scatter diagram of residuals of
In RAG at I KHz for all untreated

Figure 10. Histogram of residuals of in RAG
regression onto moisture conten?:

specimens.



53

above. The results of the scatter diagrams and histograms were quite

similar except that here there was a greater indication for homo-

scadasticity. The equation of:

In Y = Bo + B1 X1 + Fe

is therefore considered a statistically valid model for both treated

and untreated specimens to describe the relation of in RAC',

in RAC and in Di with moisture content.

Separation of Moisture Content Effects, With In Y = Bo +

Bi X1 + Fe as a model, the regressions of in RAcl, in RAc2 and

In Di were performed for all the specimens before chemical treat-

ment and for each of the five treatments (18 regressions). At each

regression, estimates of in Y and 95% estimation limits were deter-

mined at 0, 5, 10, 15, and 20% moisture levels. In order to mini-

mize error and keep the 95% estimation limits as narrow as possible,

the estimates of in Y were interpolated values rather than extrapolated

ones. (It was found that the highest moisture level offered the best

confidence interval separation. Since all lower moisture levels gave

poorer separation, only the results from the 20% moisture level are

presented. except the 20% values which required extrapolation. )

The slopes of regression lines, values of the dependent variable

and estimation limits at 20% moisture content for all treatment levels

appear in Tables 4 to 6, The separation between 95% confidence

intervals of the dependent variables in RAC 1, in RAG and in Di
2



from treatments one to five can be seen graphically in Figure 11.

Table 4. Slopes of regression lines, values of in RAGi from
regression lines and 95% estimation intervals for in RAci
for all treatments at 20% moisture content.
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Table 5. Slopes of regression lines, values of in RAG9 from
regression line and estimation intervals for rn RAG2 for
all treatments at 20% moisture content.

Treatment
Group

Slope of
Regression line

In RAC' at
20% MC

Estimation interval
for In RAG].

at 20% MC

All specimens
untreated -0.329 11.07 . 10.80 to 11.35

1 -0,654 5.91 5.33 to 6.50

2 -0.718 4,58 3.66 to 5.49

3 -0.700 5.01 4.78 to 5,25

4 -0.642 5.79 5.49 to 6.08

5 -0,573 6. 60 6,15 to 7.05

Treatment
Group

Slope of
Regression line

in RAG at
zo%i1C

,

Estimation interval
for in RAGz

at 20% MC

All specimens
untreated -0.222 11.21 11.12 to 11,31

1 -0.546 5.84 4.93 to 6.75

2 -0.618 4,60 3.58 to 5.62

3 -0.586 5.10 4.72 to 5.47

4 -0,542 5.62 5.36 to 5.89

5 -0.496 6.24 5.97 to 6.51
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Table 6. Slopes of regression lines, values of in Di from regression
lines and estimation intervals for in D1 for all treatments
at 20% moisture content,

Treatment Effects. When the confidence intervals of the mean

square line for in Y and moisture content from different treatments

do not overlap, the difference in in Y due to treatment is statistically

significant. This would indicate that with such a dependent variable

we could segregate treated from untreated specimens with a certainty

of 95%. Further, if similar regressions are performed for each of

the treatment groups and should none of the confidence intervals over-

lap we could say that the particular dependent variable can be used to

discriminate between treatment levels. The sensitivity of this

discrimination should it exist, is determined by the apparent distance

between the confidence intervals. The greater the distance the

greater the sensitivity. This sensitivity is seen in Figure 11 as the

Treatment
Group

Slope of
Regression line

in Di at
20% MC

Estimation interval
for in Di
at 20% MC

All specimens
untreated 0.453 3.41 3,31 to 3.51

1 0.476 3,64 3.44 to 3.84

2 0.487 3.63 3.31 to 3.94

3 0.457 3.28 2.95 to 3.61

4 0.401 2,51 2.21 to 2.81

5 0.365 2,05 1.44 to 2.67
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Figure 11. Effect of treatments on electrical properties of Douglas-fir heartwood at 20% MC (MC
calculated according to equation (11) ). (a) in of D at 100 Hz; (b) in of A. C. resistivity
at 100 Hz; (c) In of A. C. resistivity at 1 KHz. 0 represents the value of the dependent
variabld. represents the extent of the 95% confidence interval around the dependent
variable.
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vertical distance between the confidence intervals.

Figure 11 shows that simply soaking the specimens in distilled

water decreases in RA1 and In RAcz of specimens at 20% moisture

content by a factor of two and is statistically significant at the 95%

level, The confidence intervals of in RAci and In RAc2 of all

treated specimens showed considerable separation from that of the

unsoaked specimens but little separation among themselves, More

specifically, the confidence intervals of in RAG1 and in RAcz for

treatment two and treatment three are seen to overlap (Figure 11).

Treatment two and treatment three cannot then be separated by use of

these two variables. However, since the confidence intervals of

in RAci for treatments two and three do not overlap treatment five,

treatment five could conceivably be separated by dielectric means

from treatments two and three. Other combinations for separation

through use of in D1 between treatments can be similarly obtained by

referring to the confidence intervals in Figure 11:

a difference in In D1 due to treatment one and treatment five

a difference in in D1 due to treatment one and treatment four

a difference in in D1 due to treatment three and treatment five

a difference in in D1 due to untreated specimens and treatment four

a difference in in D1 due to untreated specimens and treatment five

Although the differentiation of various treatments as described

above is statistically signifiagnt, the effect of adjacent treatments
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usually is not significant.

Analysis of Error

The experiment was designed to reduce effects of the variability

of wood by comparing the electrical properties of wood before and

after treatment. However, some error in experimental observations

are unavoidable and will be analyzed.

Sources of error can come from the specimens or instruments.-

tion.

Specimen induced error stems mainly from wood's hygroscopic

nature and resulting anisotropic dimensional instability! The speci-

mens, although originally planed,flat, warp a little during the experi-

ment. To keep the electrode contact area constant the specimens

were clamped between two brass electrodes. Clamp pressure was

adjusted to exert a pressure of approximately 200 lbs. pressure on

oven dry specimens. The higher the moisture contents the thicker

the specimen became. Since the clamps were not readjusted the

clamps compressed higher moistuxe content specimens more than

lower moisture content specimens. To determine the magnitude of

this compressive effect on the electrical properties, some specimens

were measured in the above manner as well as by adjusting the

clamps to compensate for dimensional change. Results showed the

dielectric properties to vary by less than 4%. This error is common
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to treated and untreated specimens since the salt had little dimen-

sional stabilization effects.

Thickness was determined by measuring four corners of the

brass electrode and specimen assembly to the nearest 0. 01 mm and

the average thickness calculated. The average thickness of the elec-

trodes subtracted from this value was taken to be the specimen thick-

ness. Resistivity is particularly sensitive to variation in thickness,

The error due to variation in thickness was estimated not to exceed

+ 3%. This value was arrived at by finding that specimen which had

the greatest thickness variation, calculating resistivity and dielectric

constant based on the thinnest portion of that specimen and comparing

this value to that obtained using an average thickness.

Specimens overlapped the electrode less than .1 cm at one side

only)at oven dry condition. As the moisture content increased the

overlap increased due to swelling. Error due to edge effect developed

by the overlap was estimated as + 2%. This value was arrived at by

taking dummy specimens and comparing dielectric constant before

and after trimming of overlap. Skaar (27) found a linear relation

between capacitance and edge effect.

Relatively small, possibly undetected moisture content changes

during activation energy data collection could result in large errors,

Changes in moisture content up to 1% caused errors up to + 6% in

activation energy: This value was arrived at by allowing specimens
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to change moisture content by 1% and comparing activation energy

values.

Polarization of wood which occurred during D. C. resistivity

measurements could also account for some error. Since the resis-

tance was taken consistently five seconds after application of the

constant external electric field, the error due to polarization became

a constant experimental error. The activation energy calculated will

be free from the error due to polarization since it is calculated from

the slope of the plot of in (resistivity) versus 1/T.

The error due to exchange of water soluble extractives and ions

during treating will also affect the experimental result. This error in

chemical pickup determinations was discussed in the section on

Retention of Copper Salt, The distilled water used was found to have

a pH of 5. 5, This indicates that the distilled water contains ions

which could cause problems. The magnitude of the effect of such ions

on wood was not evaluated.

The instruments used in this experiment were of excellent quality

and performed well, The General Radio 716-C capacitance bridge

used for capacitance and loss tangent on specimens below 12% moisture

content measured capacitance to at least + 0, 1% and loss tangent to

+ 2% (9). The General Radio 1650 A impedance bridge used for

capacitance and loss tangent of specimens above 12% moisture content

was certified to measure capacitance to + 1% and loss tangent to +



(8). The General Radio 1644 A Megaohm bridge for resistivity is

rated as + 1% for 1 K to 1 Tera ohm, + 2% for 10 Tera ohm and + 10%

for 100 Tera ohm range (10).

All series capacitance values from the 716-C bridge was con-

verted to equivalent parallel values according to equation (4). From

this conversion the accuracy of the converted parallel capacitance

obtained from the 716-C bridge is limited by the accuracy of loss

tangent D which is + 5%. Since the 1650 A bridge gives parallel

capacitance values all parallel capacitance errors are not expected

to exceed + 5%,

61



VI. SUMMARY OF RESULTS AND DISCUSSION

Copper retention in Douglas-fir heartwood specimens ranged

from approximately 1 to 7% while retention based on copper sulphate

ranged from 4 to 27% (Table 1), Such retention was considerable

compared to retentions of 1, 6% CCA salt found in commercial use

(13).

At the higher retention levels, moisture content used for

physical interpretations [ equation (11)] and that used for statistical

considerations [ equation (12)] may differ considerably. For treatment

group five, as an example, equation (11) or (12) could result in

moisture contents of 20. 5 and 17%, respectively. From Figure 4b,

in D1 corresponding to 20. 5% moisture content was 1, 7 while that

for 17% moisture content was 1.2, Nevertheless, trends indicated by

physical interpretations should be similar to those trends shown by

statistical interpretations.

At oven dry conditions, the dielectric properties were found to

be virtually unaffected by the copper retention. At 7% moisture

content, k and D increased but RAG decreased with increasing reten-

tion. It was interpreted that the copper salt adds to the charge

carriers, thus increases conductive loss and contributes to the inter-

facial polarization around 100 Hz, At an apparent moisture content

of 15%, k and D increased while RA decreased as copper retention
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reached 1%. Above this retention, additional salt caused k and D to

decrease while RAG increased, It was theorized that the apparent

moisture content displayed by the wood-salt aggregate could be divided

into moisture associated with wood and that associated with salt as

water of hydration. The water of hydration was found to add little to

the dielectric properties. Hence at a constant apparent moisture

content the amount of water associated with wood diminished as treat-

ment increased. As a result, at high salt concentrations, the effect

of the increase in charge carriers was cancelled out by loss of effec-

tive water in wood. The net result was a decrease in loss tangent and

k while RAG increased,

Changes in the dielectric properties were statistically analyzed

to determine if these properties could be of use to segregate specimens

of different treatment levels. Only limited success was achieved.

The A. C. resistivity of wood at 20% moisture content and 100 Hz was

found to be the dielectric property which was most sensitive to changes

resulting from copper sulphate treatment. Within the limitations of

this experiment, even RAG was not deemed sufficiently sensitive to

estimate retention of copper sulphate in wood,



VII. CONCLUSIONS

The following conclusions were reached relative to the dielectric

properties of untreated and copper sulphate treated Douglas-fir which

had been oven dried and is at 0, 7, and 20% moisture content when

measured at frequencies of 100, 1K, 10K and 100 KHz.

The dielectric properties of wood are affected by small quanti-

ties of copper sulphate. Treated wood at an apparent moisture

content of 7% shows the dielectric constant and loss tangent to

increase while A. C. resistivity decreases as copper concen-

tration based on untreated oven dry wood, increases from 0

to 6, 8%.

The A. C. resistivity of wood between 15 and 20% moisture con-

tent measured at 100 Hz was found to be the dielectric property

and frequency combination showing the greatest sensitivity to

treatment with copper sulphate.

None of the dielectric properties investigated is sufficiently

sensitive to quantitatively serve as a sound basis for a non-

destructive test to determine degree of copper sulphate treat-

ment of Douglas-fir with copper retentions ranging from 1. 03

to 6, 82% based on untreated oven dry wood.

From activation energy analysis, water continues to maintain

the major role in the conduction mechanism through treated

wood.
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An interaction exists between,frequency and treatment, the

lower the frequency the greater the sensitivity of the dielectric

property to treatment.

More research is needed in the 0 to 100 Hz frequency range on

wood with copper sulphate retention of less than 4. 03%.
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