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ABSTRACT

A preservative system consisting of boron, the 

biological toxicant, in a water-miscible carrier solvent, 

mono-ethylene glycol has been studied. The formulations 

contained 4-0? of disodium octaborate tetrahydrate 

(Polybor or Timbor), N a ^ B g O ^ .4.H^0 known as Boracol 40

and designated B^q .

The system provided a wood preservative solution for 

diffusion impregnation of wood from the site of 

application. Various solutions of B^q diluted with water 

or ethylene glycol can be made for non-pressure or 

pressure treatments. The prime advantage of the system 

over alternative diffusion formulation was found to be the 

potential for the B^q to establish a dynamic diffusion 

process as a result of its hygroscopicity, total water 

miscibility and the relatively low vapour pressure. The 

solution appeared to penetrate fast into wood and to be 

effective within a large spectrum of wood moisture 

contents. Moisture contents at or just above the fibre 

saturation point seemed to be the lower limit for a 

satisfactory treatment with B^q solution.

Among tne incidental benefits of the formulation,

was the micro-bulking of the treated wood and this aspect

was investigated. The bulking was largely due to chemical

interaction between ethylene glycol and wood. The

reduction in sorption sites resulting therefrom, reduced
wood/

the swelling of the Boracol treated with increases in 

moisture content and reduced its hygroscopicity below that 

of the untreated wood.



Boracol UO is very hygroscopic and precipitates Polybor 

from the solution by hydrolytic breakdown due to the 

presence of water or absorbed moisture.

The formulation was effective against Coniophora 

puteana and Coriolus versicolor, however slightly higher 

loading would be required for comparable effectiveness to 

the aqueous formulation.

A modified Boracol 4-0 formulation designed for in 

situ remedial treatment did not perform satisfactorily.

The formulation consisted of aqueous ethylene glycol 

solutions with J\5% Polybor. The 20% and 30% solutions did 

not penetrate to sufficiently effective depths and the A0% 
and 30% solutions bulked wood more than was required to 

prevent distortion on drying.

Virtually all the boron in Boracol treated wood was 

found to leach out of the wood under conditions of severe 

leaching. However, the mobility of boron could have an 

important additional protective effect if the water in 

movement in the wood was moving the toxicant to the site 

of the initiation of fungal decay.
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1 .0 INTRODUCTION

1 .1 Preservative Formulation

Wood preservative formulations have evolved from the 

known biocidal activity of a solvent or a compound in a 

dispersing, carrier solvent. Water borne preservatives 

which are part of the latter were the earliest formulated. 

Perhaps more variants of these preservatives than any 

other have been listed in the literature. (Hunt and 

Garrat, 1967; Van Groenou*Richen and Van der Berge,

1951).

Presently, only a relatively few well tested preser

vatives have been accepted based on reasons of economy, 

effectiveness or health and environmental hazard. Thomas 

(1 9 68) estimated that on the average, only 1 in J+,000 
chemicals tested as potential biocides is commercially 

accepted. The development of wood preservative 

formulation has required more than just knowledge of bio

logical efficiency but also the method of treatment, the 

treatment plant and condition of wood before and after 

treatment.

Indeed, any wood preservative should be formulated 

with the most appropriate characteristics for a particular 

use in mind and before the new preservative formulation 

could be accepted, it must have undergone rigorous perfor

mance trials.

A general practical requirement of any wood preser

vative is given by Baechler (1951):-

1. It must be toxic to wood-destroying organisms.

2. Its value as preservative must be supported by field
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and/or service data*

3. It must possess satisfactory physical and chemical 

properties which govern its permanence under the conditions 

for which it is recommended.

It must be relatively free from objectionable 

qualities in handling and use.

5. It must be subject to satisfactory laboratory and 

plant control.

6. It must be available under the provisions of current 

patents.

Conceivably, two main approaches were open to the 

development of new preservative formulations. These are:

(1) Speculative screening of new chemicals - has very low 

success rate and sometimes cost prohibitive. (2) An 

examination of existing preservatives to introduce 

improvements in the formulation.

1•2 A water-miscible carrier formulation - BORACOL

The ineffectiveness of the relatively capital 

intensive pressure treatments of some non-durable 

refractory species has led to the search for a simple and 

more efficient preservative system that can be the key to 

the utilization of refractory timbers at a low cost.

Diffusion treatments of suitable formulation have been 

known to be one of the possible solutions of the problem.

The economy of time makes a diffusion process less 

attractive as passive diffusion (no carrier) slows down 

rapidly in the course of time. A search for a formulation 

able to establish fast and dynamic (with carrier) 

diffusion and to be effective at lower moisture contents
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(cf. about 50% by BWPA Standard 105) is the goal.

Boron was the selected active ingredient for such a 

formulation by virtue of its preventive and control role 

against wcod destroying organisms; the high solubility of 

Boron compounds; its very low mammalian toxicity and 

other properties, all of which have caused it to be used 

as a diffusing preservative.

Some commercially available solvents with good 

penetration (as reported by Hockman, 1971 and other 

workers) have properties of high water solubility and low 

vapour pressure which are important to the diffusion 

process. Solvents with the above properties include 

cellusolve, dimethyl formamide, m-ethylene glycol, 

propylene glycol and hexylene glycol in decreasing order 

as good penetrants into wood.

Screening out potential fire and toxic hazards 

imposed by the chemicals indicated that m-ethylene glycol 

was the suitable solvent candidate for the formulation 

(Appendix A, Tablel/0). The potential formulation 

therefore consisted of the biological toxicant, BORON, in 

a water-soluble and water-miscible carrier, m-ETHYLENE 

GLYCOL.

The formulation was developed after consultations 

and discussions with Dr. H. Greaves (CSIRO, Australia) and 

Mr. C. Bechgaard (Denmark) and is prepared as a solution 

of the following composition;

U0% of hydrated disodium octaborate (Na2Bg0.j
or Timbor or Polybor)

51% of m-ethylene glycol (C H ^ O H - C ^ O h ) and
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9% of water (H^O)

The above formulation is named BORACOL and desig

nated An incidental benefit of this system is

purported to include anti-corrosive properties, fire 

retarding capacity, and a micro-bulking agent.

The research work is therefore centred around the 

performance, versatility and improvement of the above 

diffusing wood preservative formulation.

1.3 Boron in wood preservation
ox\k

Water-borne boron compounds (originally Boric^and 

Borax) have been commercially used for wood preservation 

since World War II and have become an established building 

preservation practice in Australasia and some developing 

countries. Gunn (1933) patented "CelcuH mixtures which 

contained Boric^and Borax. The toxicity of Boron to wood 

decay fungi was probably first determined in the 

laboratory by Baechler in 1937. Its effectiveness against 

basidiomycetes and other fungi has been demonstrated in 

several service situations and laboratory trials including 

PRL (UK), Madison (USA), CSIRO (Australia) and in New 

Zealand with notably test fungi that have been found to be 

tolerant to Copper (e.g. Coniophora puteana, Poria 

monticola and Poria vaillantii); arsenate and 

pentachlorophenol (Gloeophyllum (Lenzites) trabeum); 

creosote (Lentinus lepideuj and to tributyltin oxide

(e.g. Coriolus versicolor). Failures in Boron treated 

timbers are usually brought about by fungal attack which 

occurs after the Borate has been removed by leaching.
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Boron is also used in control of wood boring insects. 

Toxicity to Lyctus beatle was first reported by Cumins and 

Wilson (1936) and Cumins (1939) in Australia. Later 

Spiller (194-8, 1961) found that Boric acid was effective 

against larvae of Anobium ounctatum and Ambeodontus 

trjstis (the longhorn borer). Later (1957) work at PRL 

confirmed that Boron was toxic to Hylotrupes ba.julus.

Borax solution is reported to offer some protection 

against sapstain. Current practice is to use a mixture of 

pentachlorophenol and borax to obtain better protection at 

low cost (Findlay 1959; Fenton 1962; Momoh and Oluyide 

1967). However, the use of boron alone against some 

moulds and stain has been met with some failures (McQuire 

1959> Jacquiot et al 1960, personal observation). It 

appears to have selective fungicidal action for moulds.

Boron compounds have been effective against certain 

species of termites, notably Cryptotermes (McNulty and 

Wilkinson, 1958; Gay et al, 1958).

References to laboratory evidence of the effective 

toxicity of Boron to wood destroying organisms are shown 

in Appendix A, Tables \\ andl*3.

In view of its effectiveness, Boron compounds have 

been incorporated into other preservative formulations. 

Among them are the organoboron compound - Trihexylene 

glycol biborate (Anon, 1969); Copper chrome borate (CCB), 

marketed under the names of "Celcure M n and Wolmet CB), 

which is now much used in Germany (Cockcroft and Levy,

1973) and in Sweden in preference to

Copper chrome arsenate (CCA). Copper-flourine-boron (CFB)
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formulation has been investigated by Johansen (1974.), 

Arsenic-Boron formulations by Johansen (1975) and 

Boroflouride - chrome-arsenic (BFCA) formulations by 

Tamblyn et al (1968).

Boron compounds used for wood protection are not 

volatile. Aqueous Boric acid solution however is volatile 

in steam without decomposition (Borax Consolidated Tech. 

Bull. 35)• Loss of preservative therefore takes place 

only by leaching. The leaching is by diffusion of the 

chemicals from wet treated wood into the surrounding 

moisture medium with which the wood is in contact. Such 

conditions of exposure and leaching hazard rarely occurs 

with timber used in houses or similar structures protected 

by roof and paint. For these purposes Boron can be 

expected to be permanent.

Literature abounds on the techniques of impregnating 

wood with Boron compounds (Bunn, 1974.; Cockcroft and Levy, 

1973). Initially only aqueous solutions of Boric otcIA, cucv-dt 

Borax was used, then mixture of the two and lately the 

very soluble disodium octdborate, also called Polybor or 

Timbor when used as preservative (BWPA Standard 105). The 

Borate rods (Remtox nTimbor Rods" U.K.; Impel, Sweden) 

are also available.

Aqueous solutions of Boron compounds can be applied 

to dried timber by the normal vacuum pressure methods.

This practice is however restricted to a relatively few 

permeable species. The main requirements of a good 

preservation, namely adequate absorption, deep penetration 

and even distribution of preservative is often not met by 

this method, especially with certain hardwood species.
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The main commercial method of treatment with Boron 

is by diffusion impregnation of green timber to achieve a 

through and through penetration with uniform distribution 

of chemical even in resistant timbers (Tamblyn et al, 1959 

Smith and Cockcroft 1961, Fo.ugerousseet al, 1962). 

Diffusion occurs in timber through the medium of the water 

(or the sap) present in wood, essentially the "free water” 

In its simplest form, a requisite quantity of preservative 

is introduced into the periphery of the green timber and 

held there under retarded air drying conditions for an 

adequate time to allow diffusion of the solute in depth 

into the wood.

The moisture content of the wood is the most 

important factor involved in diffusion treatment.

According to Becker (1976) the main precondition is 

moisture content above 4-0$. For Boron treatments, 

moisture contents higher than 50 or 60$ are recommended 

for satisfactory treatment and for moisture contents above 

100$, the diffusion rate does not change significantly 

with moisture content (Smith and Williams, 1969). Stamm 

(1967) reported the diffusion coefficient (a measure of 

the rate of diffusion) to increase exponentially with an 

increase in average moisture content.

Diffusion impregnation is also faster at elevated 

temperatures and obeys Arrhenius equation (Kumar and 

Jain, 1973; Christensen, 1951):-

D,p = Do exp(-E/RT) where D^ is diffusion coefficient 

at temperature T°K, D q is the pre-exponential constant,

R is the gas constant and E, the activation energy.
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Advantage has been taken of high temperature 

diffusion in some treatments to cut down the storage 

diffusion period (Waren et al, 19&8; McQuire and Coudie, 

1972).

Diffusion is also dependent on the concentration of 

the salt in the applied "paste" or solution and on the 

timber thickness. The inter-relationship is described by 

Fick!s First Law of steady diffusion (Christensen and 

Williams, 1951). Rewritten mathematically as:

Q = - D. A. AC/AX .............  (1)

where

Q is the quantity of diffusant (e.g. Boron)

—1 —1transferred per unit time (gm s or kg m )
2 —1 2 —1D, the diffusion coefficient (cm s or m s )

A, the area through which diffusion occurs 

(cm or m )

C, the concentration of the diffusant

—3 —3(gm cm or kg m )

X, the thickness of the section (cm or m) and

AC/AX is the concentration gradient across a 

thickness, AX..

However, only in limiting cases such as diffusion in 

high dilution and self effusion can the diffusion 

coefficient (D) be considered constant for a given medium, 

temperature and pressure. In all other real systems 

including wood, "D" depends more or less markedly on 

concentration and the assumption that "D" is constant is 

to be considered as an approximation.

Diffusion going on under unsteady conditions where
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the concentration gradient per unit distance changes with 

time (t) may be described by Fick's Second Law:

dc
dt

for

Sc
St

= -D
f2 S c
T~?Sx

• •••••

Cartesian co-ordinates

= D S c
, 2 Sx

<L_c + 5_c_
2 ? Sy Sz^

(2)

Since wood is anisotropic, the diffusion coefficient 

(D) is variable, the diffusion coefficient in the 

radial, in the tangential, in the longitudinal 

direction must be introduced, thus modifying the equation 

to the form:

S c 
St (3)

Various solutions have been derived from Fick’s Laws 

depending on the boundary conditions (Barren , 19415 

Crank, 1956; Jost, 1952). Specific solutions of 

equation (3) under boundary conditions better adapted to 

the diffusion impregnation problem have been reported by 

McNabb and Taylor (1953). The influence of concentration 

on diffusion of Boron preservatives was investigated by 

Harrow (1951 ) .

The rate of diffusion differs among species and 

within species. Within some species, penetration is slow 

in samples of high density, while in general flat sawn 

timber treats more readily than quatersawn timbers. The 

diffusion coefficient of a species can be determined 

experimentally (Behr et al, 1953; Christensen, 1945).
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The rate of diffusion of Boric acid in tangential, radial and axial

directions was reported to be in ratio of about 1:1.34*5*83 respectively 

for the species investigated (Kumar and Jain, 1973)* The 

difference is related to anisotropy of wood structure.

Fig.1*1 illustrates the differential pathways of a 

diffusant in cell walls of conifers.

The rate and depth of penetration is often impaired 

by additional barriers to permeation, such as plugging by 

extractives and air blockage of pit membranes, which may 

hinder diffusions to the cell wall, such that depth of 

penetration ratios are different from absolute diffusion 

coefficient ratios.

At a given solution concentration and wood species,

the depth of penetration to a particular zone where a

given concentraiton of chemical is found is, according to

Harrow (1952), approximately proportional to the square

root of the diffusion time by the relationship.
*

Soln. cone. % x / time _ x A
loading or detention = constant U )

He showed that retention or loading would be inversely 

proportional to the thickness of timber, thus 

Soln. cone. %x J time , ,
loading x thickness(ws)constant ..... (5'

Three different methods of diffusion are in commercial 

use, namely: steaming and cold quench method - eminently

suitable for partially-dried timber, the "hot immersion" - 

designed for green timber and the most popular, the "momentary 

immersion" process. The last two methods are governed by the 

principles of equations 4 and 5. The latest method is the 

Borate rod diffusion technique used for in-situ treatment of 

joinery (Dickinson, 1980).

Boron compounds have long been recognised as good
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fire retardants and have therefore been constituents of 

many fire retardant formulations (Am. Wood Preserv. Assoc. 

Standard P10-68, 1969* Chromated zinc chloride, manalith 

and pyresote). Borax reduces flammability without causing 

premature charring, but is not particularly effective in 

reducing afterglow. Boric acid in formulation reduces 

after glows and flammability (Truax et al, 1935). However, 

the high retention of borate salt in fire retardant 

requirements has been observed to make hardwood hard and 

brittle. In Bilge water treatment, Borax slightly reduced 

the strength of treated white oak and mahogany (Scheffer 

1953).

In fire retardant formulations, the presence of Boron 

is believed to inhibit corrosion (Van Kleek, 194-2). This 

property has been well exploited in liquid systems, 

particularly in anti-freeze solution for internal 

combustion engines (alcohol anti-freeze composition,

U.S. Patent 1,911,195* 1933 and 1,927,84-2, 1933; ethylene 

glycol anti-freeze solution, U.S. Federation specification

O-E-7719 (1952) and British Standard 3152: 1959).

Boron compounds are safe to handle. There has not 

been any reported health or environmental hazard since its 

prolific commercial use in the 194-O's. Comparative 

toxicity with other chemicals are presented in Appendix A, 

Tablel*2.

1 .4- Solvency in formulation

Solvency forms an invaluable part of any formation. 

Today, preservatives are formed by mixing commercial 

chemicals, and the solubility characteristics of the
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active ingredient largely controls the kind of 

formulations that are possible. Formulations are there

fore related to the chemistry of the component compounds,

i.e. the more or less permanent toxic compound and the 

(often inert) ephemeral dispersing medium or carrier 

solvent.

While the intrinsic toxicity of a formulation is 

important, solvency controls the overall effectiveness of 

a preservative system. It directly or indirectly deter

mines the retention or loading, micro- and macro

distribution of the preservative, the depth of penetration, 

the chemical affinity between preservative and wood and 

the permanence of the preservative.

The extent of the solubility of the active compound 

in the carrier solvent with or without accompanied 

synergistic or antagonistic effect largely determines the 

toxicity of the preservative. Preservatives are generally 

effective because of their ability to accumulate in the 

organism through solubility either in water or in the 

organism. If the nature of the solvent is such that the 

distribution coefficient* of the active chemicals is 

exceedingly small due to high solvent power and inter- 

molecular bonding, the leaching of the active chemical 

species from the solvent may be so slow as to prevent 

adequate toxic concentrations in the water phase where it is

* Foot note: K or Distribution coefficient: the
distribution or equilibrium concentrations of active
chemical species present in two immiscible phases.
K = L

N at a
B

dissolved in 

phase B (the

fixed temperature.

phase A, Ng = chemical 

solvent solution).

chemical spp.(N) 

spp.(N) dissolved in
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active against, the decay organism or if the solution is 

not absorbed by the decay organism then the active 

chemicals may be ineffective as a wood preservative. The 

concentration of the treating solution must be adequate to 

obtain loadings or retentions high enough when applied to 

inhibit decay. Certainly, the solvency must be sufficient 

to permit penetration under the treating conditions.

1.4.1 Non-aoueous solutions

The penetration and retention of non-aqueous 

solution preservatives behave differently from that of 

aqueous solutions or water-borne preservatives (Nicholas,

1971 ; 1972 FPR Record 31, 1961) . Ron-polar liquid

penetrates wood much more readily than water. The

chemical in nature whereas non-^S systems are largely

physical. The physical properties of the solvent, 

therefore, determines the effectiveness of non-aqueous 

preservative systems. The main factor governing 

penetration is viscosity. Surface tension however, does 

not vary significantly and can be lowered by a few drops 

of surfactants. It has been shown that the initial 

penetration during non-pressure treatment (i.e. immersion 

or spraying) accounts for about 80# of the final 

penetration (Kyte, 1970) and is inversely proportional to 

the square root of viscosity, i.e.

mechanism of preservative treatment is

where P = penetration

C = constant 
y = surface tension 

n = viscosity
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For pressure impregnation, the volumetric flow (V) 

of the preservative or solvent is also inversely 

proportional to viscosity as predicted by Hagen-Poiseuillp1s 

Law:

-1
V = C -pj- (all letters remain as defined)

Impregnation of wood with low viscosity penetrating 

solvents have the advantage of effecting deeper uniform 

penetration and in the case of swelling-type solvents 

deposition in the cell wall.

A combination of high solvency of a carrier with a 

tendency of the carrier to migrate due to its volatility, 

viscosity and surface tension will lead to a considerable 

depletion of the preservative. On the other hand, if too 

little solvency is available to the more permanent toxic 

portion of the formulation or if there is rapid loss of 

solvency by evaporation (high volatility) during and after 

treatment then the preservative may be carried to the 

surface as the carrier migrates and be volatilized with 

the carrier or the preservative may bloom from the wood at 

the surface.

The choice of auxiliary solvents to improve or 

provide the desired properties is available. This 

includes the selected property for solvents that swell 

wood to effect greater cell wall penetration, solvents 

that are anti-bloom, solvents that lower the vapour 

pressure of the more volatile formulations and solvents 

that have synergistic toxic effect against wood decay 

organisms.
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1.4-.2 Aqueous solutions

The role of solvency in aqueous preservative for 

diffusion treatment has not been so important to be 

investigated. This is because, virtually all inorganic 

preservatives (water borne preservatives) are carried in 

water which is the same as the wood sap, hence 

compatability is already established with the diffusion 

medium.

However, in formulating water-miscible or water 

soluble solvent-borne preservatives for diffusion treat

ment, solvent effect cannot be overlooked. A high solvent 

power for water and the active compound is desirable for 

rapid penetration and high equilibrium loadings since 

diffusion is concentration dependent according to Fick’s 

Laws. A lowering of vapour pressure of water (is in 

proportion to the fraction of less volatile molecules of 

the solvent mixture - Raoult’s Law) is necessary to provide 

a relatively longer contact time of water with the wood 

matrix to enhance deeper cell wall penetration against 

evaporation.

The main obstacle to cell wall penetraiton due to 

solvency is steric hindrance (Stamm, Arsenault, 1973).

The effect will be very significant in treating low 

moisture content materials where the solvent may be seen 

to act as an opening wedge to precede or for simultaneous 

chemical diffusion.

In diffusion, the diffusion coefficient is dependent 

on the friction factor which, in turn is related to the 

particule size and shape (the steric factor). The rate of
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penetration of a large molecular-size solvent into the 

cellulose matrix may be significantly impaired. The law 

of diffusion connects the diffusion coefficient to 

friction factor of a particle.

D KT
¥

where ¥ 
K 

T

friction factor 
Boltzmann’s constant 

absolute temperature

The role of water in the cell wall penetration of 

such a water-miscible mixture is very significant. It has 

been observed that a small amount of water added to 

swelling-type solvents increased their ability to enter 

and swell the cell wall (Stamm and Tarkow, 1950; Oberg 

and Hossfield, 1960; Waters and Cote, 1960). Cell wall 

penetration may indirectly effect reduced rate of preser

vative loss by leaching in addition to improved effective

ness of the preservative system against decay. White rot 

organisms are inhibited more by cell wall treatment than 

by cell lumen treatment, whereas with brown rot organisms, 

both cell wall and lumen treatment are apparently equally 

effective (McKnight, 1957).

1.4-.3 General requirements

The following properties, (by no means exclusive), 

are necessary for a solvent for wood preservative 

formulation.

1. It must be well in excess of that required for 

saturation at storage and treating conditions.

2. It must provide adequate penetration of wood.

3. Capable of controlled volatility to allow sufficient 

diffusion time for effective penetration to occur.
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4. Non-corrosive.

5. Freedom from industrial hazard.

6. Paintability of treated wood, if so desirable.

7. Resistance to sludging in storage and during 

treatment.

8. Low cost and generally available.

A mixture of an effective stable compound and a 

penetrating carrier or solvent system (with or without 

auxiliary compounds) capable of depositing the toxic 

component in the cell wall would be a desirable 

formulation.

1.4*4 Ethylene glycol properties

m-Ethylene glycol (EG) or 1, 2 ethanediol also often 

called glycol is the most important commercial solvent of 

the glycol or diol series and is manufactured in greatest 

quantities by hydration of ethylene oxide.

Chemically, it exhibits the characteristics of 

dihydric primary alcohol (which does not differ, in most 

cases, from that of general alcohols) with certain 

peculiarities, as a result of the vicinal position of the 

hydroxyl group, with the tendency to form cyclic compounds.

Some pertinent physical and chemical properties 

determined on the substantially pure compound and on its 

aqueous solutions are summarised below:

1.4*4*1 Formulation: C^H^O^ or ^^2^^ CH^OH or

H H 
I I

H - C - C - H 
I 1 

OH OH

Molecular wt. 62.07
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1.4-4-2 Form and hygroscopicity: Slightly viscous, liquid,

colourless and possesses slightly sweet taste.

Density (true)at 20°C: 1.11336g/ml. It is very

hygroscopic. li times as hygroscopic as glycerol and 

absorbs 2 times it weight of water at room temperature and 

100? RH (The Merck Index, 1983)- The table below contains 

relative humectant values for EG. It is the composition 

of an aqueous solution that will remain in equilibrium 

with air of a given temperature and relative humidity (RH).

RH
EG

? by wt 
in water

RH
EG

? by wt 
in water

% 20°C 25°C %

I
o o o 25°C

20 92.5 92.5 60 63.5 65.0

30 88.5 88.0 70 52.5 53.0

40 81.3 81 .0 80 38.5 40.0

50 73-0 74-0 90 23-5 25.0

1.4-4-3 Freezing point is about -13°C. EG in water forms 

an eutectic mixture at the range 58-80? by wt. of glycol in 

water of-48 .

1.4*4.4 Boiling point of EG is 197.6°C and aqueous EG at 

1 atmosphere is as below:

EG
? by wt

B 6pt
°C

EG
? by wt

B.pt
°c

0 100 50 107

10 101 60 110

20 102 70 114

30 103 80 122

40 105 90 137
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1.4«4*5 Vapour pressure; A relatively low vapour pressure 

is important for a diffusing wood preservative solvent in 

order to provide long contact time for penetration. The 

vapour pressure at 20°C of EG is 0.06mm Hg and that of 

water is 17.5mm Hg.

1.4.4-6 Viscosity of ethylene glycol and its aqueous 

solutions at 27°C are presented below.

EG
% by wt

Absolute
viscosity

(Centipoise)
EG

% by wt
Absolute
viscosity

(Centipoise)

0 0 .8 6 60 4.03

20 1.39 80 7.58

40 2.32 100 15.82

17.3 at 25°C

1.4*4.7 Flammability was determined on commercial product 

rather than on the pure chemical. Available data 

indicates that EG has a flash point of 115*5°C (24-0°F) and 

fire point of 121°C (250°F). It is also reported that 

inhibited EG antifreeze containing 40$ by volume of water 

did not burn when sprayed onto wood or gasoline.

I.4.4 . 8 Surface tension of EG at 20°C is 47.7, water at 20°C 

is 72.7. The surface tension of aqueous solutions of EG 

is shown graphically from carbide and Du Pont data.

SURFACE TENTION OF AQUEOUS SOLUTION OF ETHYLENE GLYCOL-AT 25 C.
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1.4.4.9 Solubility/Miscibility: EG is completely miscible

with water and lower aliphatic alcohols, glycerol, acetic 

acid, ketones and aldehydes. Slightly soluble in ether. 

Insoluble in benzene chlorinated hydrocarbons, petroleum 

ether and oils. Comparative solubility of Borax, Boric 

acid in EG at 2$°C is given below:

Ethylene glycol {% w/w) Parts in 100gm of water

Boric acid 18.5 4.95 (Borax Consolidated)

Borax .4-1.6 4.94 tt

Polybor - 9.50 1!

1.4..4.10 Toxicity: It is a relatively non-toxic substance.

It does not exhibit significant degrees of absorption via 

the intact skin, skin irritation, or eye injury.

LD^q (oral) rats 8.54 g/kg (The Merck Index, 1983) 

Lethal dose in humans is about 1 . 4  ml/kg or 100 ml 

(The Merck Index, 1983).

1.4.4.11 Absorption spectrum: The infra-red absorption

spectrum by the Dow Chemical Company of pure liquid using

0.010mm cell is presented below

INFRARED ABSORPTION SPECTRUM OF ETHYLENE GLYCOL AT 26 C 
(CELL LENGHT 0.010.mm.)
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1.4.4*12 Uses: The biggest outlet for ethylene glycol is

in antifreezes for internal combustion engine cooling 

systems. For this purpose it has almost, if not 

completely, supplanted the use of other substances. 

Consumption is significant in softening agents (to make 

rather brittle and fragile cellophane, fibres, paper and 

leather more flexible and/or resistant to mechanical wear), 

hydraulic fluids, adhesives and electrolytic condensers 

(often consisting of a paste of borate compound and 

ethylene glycol. Some early claims are: Dutch patent

61,138 (1948); U.S. Patent 2,505,180 (1950); U.S. Patent 

2,444,725 (1948).

The high flash point and fire point, low vapour- 

pressure, low toxicity and substantially non-corrosive 

ethylene glycol makes handling and storage straight 

forward.

Footnote: Unless otherwise stated, data on Ethylene
glycol were obtained from: Curme G.O and
Johnson F. (1952) "Glycol” ACS Monogram 
series 114* Reinhold N.,Y.
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2.0 PRELIMINARY STUDIES

2.1 Biological Materials

Sapwood of Scots pine (Pinus svlvestris) ex Paddock 

Hurst, kiln dried, was cut into 680 blocks, radially and 

tangentially orientated and finished to the size of 

30 x 30 x 30 mm. The blocks were of average growth rate 

(i.e. showing 15-19 annual rings to the 25mm) and had a 

range of density of 0.4-5 - 0.54- at 8$ moisture content 

without knots nor excessive or unusual resin content.

2.1.1 Distribution of Test Blocks

The blocks were numbered and randomly divided into

(a) Two sets of 160 blocks for establishing 

conditioning curves for moisture contents below and above 

the fibre saturation point.

(b) 4-80 blocks for the main experiment (Section 3.2.1)

(c) 4-0 blocks for preliminary tests to establish the 

criteria to be used in the main experiments.

2.1.2 Conditioning of test blocks before treatment

680 test blocks were oven dried at 105°C for 18 hours, 

cooled and weighed to the nearest 0.001g. The actual 

volume of 50 test blocks were measured and weighed before 

drying to determine the densities of the test blocks.

The blocks were stored for treatment.

2.1.2.1 Moisture Contents Conditioning treatments

A set of blocks (80) were vacuum impregnated with 

water according to BS 838: 1961. The surfaces were wiped

lightly, immediately weighed and air dried by spreading 

them on a supported rack in the laboratory conditions 

(average relative humidity of 15$ and temperature 23°C)
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for desorption.

Another set of oven dried blocks (80) were 

conditioned over sterilised water by standing them in a 

humidity chamber (made from polythene cake containers 

swabbed down with 95? alcohol) which created water-vapour 

saturated micro-environment of 100? RH. All operations 

were performed in a laminar flow bench to prevent any 

form of contamination during the incubation period.

Ten blocks of each set were randomly selected at 

suitable intervals and stored separately in polythene bags 

for 24. hours to equilibrate. They were then weighed and 

the average moisture contents determined to plot a 

moisture content-time curve in Figures 2.1 and 2.2. The 

curves gave a rough estimate of the time required to reach 

a desired moisture content. The exact moisture contents 

were always determined from the ’’wet” weights and oven dry 

weights.

The remaining 520 blocks were divided into five 

groups labelled A, B, C, D and E and conditioned to 8?, 

15?, 26?, 37? and 55? moisture contents respectively by 

the two conditioning methods. Forty conditioned blocks 

( 8 x 5  moisture contents) were used for the preliminary 

studies. The rest were stored deep frozen until needed.

2.2 Preservatives

Boracol solutions designated B^q and B^q were 

prepared from Boracol 4-0 (B^q ) by diluting with ethylene 

glycol. The ratios of the solution composition consisting 

of Polybor (Na£Bg0,j-^^O), ethylene glycol and water were:
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40 : 51 : 9 = B40
20 : 76 s k = B20
10 : 88 : 2 = B 10

2.2.1 Penetrability treatment - Drop and Spread Method

Drops of test solution (B-j q ' ®20' ^4.0^ were evenly 

placed on the exposed surface of each block while resting 

on a weighing machine and spread over uniformly with a 

small paint-brush until a specified weight of solution had 

been registered. The blocks were carefully transferred 

into a container and covered with the lid to prevent loss 

of water from the system by evaporation. Sets of blocks 

were stored for specified periods for unilateral 

penetration.

2.2.2 Detection of Preservatives

2.2.2.1 Modified Procedure of Boron Spot Test

The procedure according to BWPA (Standard 105)» 

McMullen (1953), Williams (1968) was modified and used for 

spot testing of Boron.

0.12g of curcumin and 6g of salicylic acid are 

dissolved in 200 ml of 95$ ethanol with 20 ml of 

concentrated hydrochloric acid by boiling water under 

reflux condenser for one hour. The solution is cooled, 

and stored in polythene bottles.

2.2.2.2 Dyes/Indicators

2% solutions of tetrazine yellow and patent blue 

were prepared. Five or ten drops of each solution were 

added to 25 grams of separate solutions of B^q , B2q » and

B.n . The Boracol solutions were applied by the "Drop and 

Spread Method" on the tangential face of the various



moisture content blocks. In all tests, the dyes were 

poorly discernable, especially above 15$ moisture content. 

Tetrazine yellow was masked by the colour of the wood.

To prevent introduction of a probable interaction 

with a highly concentrated dye, Boracol and wood, which 

might thwart the actual potential penetrability of the 

formulation, the established spot test for boron (the 

toxic ingredient of the formulation) was resorted to. The 

spot test had the added advantage of showing a bright red 

indication of boron penetration of concentration greater 

than 0.2$ boric acid equivalent, the minimum Timbor (or 

Polybor or Na^BgO^^H^O) loading requirement of BWPA 

Standard 105.

However, the extent of glycol penetration in Boracol

is not empirically shown by the above test and may not be

the same as the Boron.

2.2.2.3 Ethylene glycol Indicator
(Curme and Johnson, 1952, pp.328-32; Alber, 1929)

The qualitative method explored to identify glycol 

penetration was a colourimetric test. Different tests were 

adapted to find a spray solution for spot testing of the 

glycol in wood but without success.

The colourimetric tests were based on the oxidation 

of glycol to compounds that form characteristic colour 

with various reagents. The test therefore consisted of 

two complete separate reactions: oxidation and detection

reactions•

The lack of a direct method made the test less 

convenient for these investigations in addition to the 

following set-backs:



1 . The use of concentrated acid media in some tests 

chars the wood, though the media is an indispensable part 

of the test,

2. Many a time, a complete reaction could not be 

ascertained making it impossible for the colour to be 

seen. This may be due to the fact that reaction 

conditions could not be and were not met during the spot 

testing on wood.

The reactions explored were:

1. Oxidation with bromine and permanganate solution

2. Oxidation with periodic acid

3. Oxidation with nitric acid

The resulting reaction mixture was detected either 

by its reducing properties or the colour it gave in a 

concentrated sulphuric acid medium to different phenols.

All tests were positive in vitro.

Though chemical test methods have not been 

exhaustively explored, determination of the degree of 

Boron and glycol separation, if any, and the extent of 

glycol penetration will be left for future studies.

2.3 Sealant

"ABS,f (Acrylonitrile - butadiene - styrene) 

co-polymer dissolved in acetone proved a very successful 

sealant. It is also insoluble in Boracol or glycol 

solvent. For high moisture content blocks, a slightly low 

consistency (less viscous) solution of nABS" gave a better 

sealing effect. The sealant penetrated to about 0.5 or 

1mm and on drying, due to the rapid evaporation of acetone, 

adhered so tenaciously to the wood as to prevent any end-



grain and unwanted lateral penetrations. For low moisture 

contents, any consistency sealed well but high consistency 

(more viscous) was preferred to avoid a second coating and 

overhandling of test blocks.

2.4- Penetration test with Boron spot reagent

Treated blocks were cleaved into four equal parts 

after a desired incubation period had elapsed from the 

opposite untreated face. Blocks of moisture contents 

above FSP were air-dried under forced convection in a

fume cupboard for 30 minutes or oven dried below 60°C for 

3 minutes. The cleayed faces were sprayed generously but 

not running with the Boron reagent and left for about 5 

minutes for the colour to develop.

The boron reagent changes the yellow curcumin 

(diferylomethane or CH2 (C0-CH=CH-C6H,(qH)0CH3 )2 ) into the 

isomeric red brown to bright red resocyanine. The bright 

colour given to the reagents formulation (Section 2.2.2.1) 

indicates a concentration greater than 0,2% boric acid. 

Thus a well defined homogeneous bright zone was marked for 

penetration. Two depths (10mm from the edges) was 

measured to the nearest 0.5mm for each of the three 

different cleaved faces per block, giving (2 depths x 

3 faces x 8 blocks) or 4.8 measurements per set. The mean 

penetration was computed.

2.5 Post-treatment storage time assay

This test was performed to find the approximate 

limit to a post-treatment storage times for the 30 x 30 x 

30mm blocks, in order to set suitable times for 

penetration-time curves since the rate of diffusion of



- u

Boron in ethylene glycol has not yet been explored.

A unilateral penetration test was performed with 

31% and 55% moisture content blocks from the tangential 

face. Both axial and radial faces were sealed. 0.5gm 

Boracol solution of B^q was applied by the "Drop and 

Spread Method". Complete penetration occurred between 7 

and 1 4- days .

Appendix B, table 2.1 and 2.2 contain the data for 

the air drying and water vapour absorption conditioning 

curves respectively.



FIG. 2.1 VARIATION OF MOISTURE WITH TIME OF AIR DRYING 
WATER SATURATED SCOTS PINE SAPWOOD BLOCK 
(30 30 30 ram.) AT 23 C AND 15% RH.



FIG. 2.2 VARIATION OF MOISTURE CONTENT WITH TIME OF ADSORBING 
OVEN-DRIED SCOTS PINE BLOCK (30 30 30 mm.) AT 23 C

AND 100 % RH.

I

cr»
i
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3.0 PENETRATION STUDIES

3.1 General Introduction

The preliminary experimentation on Boracol has 

suggested that an ethylene glycol based formulation will 

diffuse relatively freely into Scots pine sapwood - being 

influenced in its penetration by:

(a) Wood moisture content, and, indirectly environment 

RH.

(b) Solution concentration and reservoir effect (ie, 

thickness of the solution applied and remaining on the 

wood surface.

(c) Length of post-treatment storage.

(d) Wood substratef including density, species, type 

(sap - or heartwood), and orientation of surface.

(e) Temperature of treatment solution and/or storage 

condition.

The literature on diffusion confirms the likely 

validity of these observations, for truly aqueous 

solutions of chemicals, although according to some results 

of Harrow’s work (1951-55) the effect of wood density (in 

radiata pine) can be insignificant.

3•2 The interactive effect of the wood moisture content 
treatment solution concentration and post-treatment 
storage time on the penetration of the Boracol 
solutions into Scots pine sapwood

3.2.1 Method and Design

Sets of 96 replicated Scots pine blocks of 

30 x 30 x 30mm conditioned to 8$, 15$» 26$, 37$ and 55$ 

moisture contents respectively (Section 2.1.2) were thawed 

and equilibrated for 24- hours for use.
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Each set was treated by the "Drop and Spread method" 

by painting the unsealed tangential face with 0.5g of B ^ ,

B20* B40 (i,e# 32 x B 10. 32 x B9Q, 32 x B^Q ). The 

subgroup of 32 consisted of 8 blocks for each of the 4 

post-treatment storage times (8 x 4). The times were the 

desirable intervals between 3 and 28 days. There were 8 

blocks in each enclosed container of 4-0 x 115 x 175mm size. 

The set up was kept in an air-conditioned room of 65? RH 

and 23°C. The arrangement is shown below:

Moisture content

00 and 15% 25? 37? and 55%

Cone. B 10 8 8 8 8 8 8 8 8 8 8 8 8

B20 8 8 8 8 8 8 8 8 8 8 8 8

B40 8 8 8 8 8 8 8 8 8 8 8 8

Post
time

treatment
(days) 7 14 21 18 5 7 10 14 3 5 7 10

The blocks were carefully assessed for penetration 

after the desired period has elapsed by splitting into 

4 equal parts and using Boron reagent (Section 2.4-). The 

depth of penetration was marked and measured. The average? 

range and SD of penetrations are presented in Appendix C, 

table 3•1•

3.2.2 Results

Histograms to illustrate the variation of penetration 

with moisture content, post-treatment storage and 

concentration is shown in figure 3.1 and the actual data 

presented in Appendix C, Table 3.1. From these results the 

penetrations achieved in 7 days by the different 

concentrations (B.j q , and B^q ) are plotted in figure 3.2
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against moisture content. The range and SD of the 

moisture content of the conditioned blocks used in the 

test are presented in Appendix C, Table 3.2

Discussion and Findings

It is evident from Figure 3.1 and 3.2 and reported 

by many workers such as Fuse and Nishimoto (1961), Torres 

(1969) that dilute solutions penetrate lower moisture 

content materials below the FSP faster than concentrated 

(more viscous) solutions. The dilute solution effect was 

greater up to the 26$ moisture content and was not 

increased when the moisture content was above the FSP.

It is also clear from Figure 3.2 that the penetration of 

B 1q and B^q are not significantly different below the FSP.

The concentration ratio 1:2:4- of ®'jo:^20:^40 mac^e 

B20 a favourable solution at all moisture contents. The 

relatively low viscosity and high concentration made it 

suitable for flow and diffusion across the localised 

diffusion barriers in the cell wall matrix of wood below 

the FSP.

The FSP occurs within the limits of 25-30$ in most 

woods and is illustrated in Figure 3.2 to coincide well 

with the zone where the effect of concentration on 

penetration was reversed from B-jq> B^q ^ B^q ^20^ ^10

with increasing moisture content (i.e. penetration was much 

increased for the higher concentrations). Schulze and 

Thedan (1950) also observed that dilute aqueous 

penetration was greatest at 20$ moisture content and was 

severely inhibited when the moisture was well above FSP 

(above 50$).
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Above the FSP at 37% and 55% moisture contents the

rate of penetration increased so much for concentrated

solutions that blocks treated with were completely-

penetrated well before the 10th day.

From the moisture contents of 26% to 37%, the

average depth of penetration increased about two-fold for

B 1q and B^q and four-fold for B^ q to 18mm, 22mm and more

than 30mm respectively at the 10th day. Moisture content at 37

or just above the FSP appears to be a lower limit for a

successful and economical treatment with Boracol and B^q

the most favourable concentration.

The depth: of penetration paralleled with ..the rate of

penetration from the surface of the blocks. B^q solution

applied to 8% and 15% moisture content blocks looked wet

(i.e. not all the solution had penetrated) even at the 7th

day. The 26% and 37% moisture contents appeared dry after

and before the 2nd day respectively. The 37%, 26% and 15$

moisture content blocks treated with B^q or B^q had no

visible solution on the applied surface before 21 hours.

All other combinations of treatment had the applied

solution penetrated from a few minutes to hours, the

fastest being the 8% moisture content blocks and B^q .

At the moisture contents below FSP, the depth of

penetration was even obvious and highly marked (before

splitting and spraying with the Boron reagent) by

undesirable localised.swelling and/or bulking. This

illustrates the swelling and bulking capability of B*o

solution and the need for complete or deeper penetration

with B.n to prevent this localised effect (See Figure 3-3).4U



N ------- ------------- -----------------
.1 _______________ 1

1 1 1 !i
i

j

Moisture
content(%)

Storage 
Period(days)

15 26,37 and 55

28 14 or 10

Fig. 3.3 Diagrammatic representation of Scots pine sapwood 
applied with Boracol 40 for unilateral penetration 
indicating localised swelling and bulking of penetrated 
depth.
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A modification of 'B^q to reduce the swelling and 

bulking is desirable, if it should ever be used for in 

situ remedial treatments. The extent of B^q swelling and 

bulking and modified B^q solutions, proposed for remedial 

treatments, are investigated in Sections U»2 and 1.7 

respectively.

It is worth noting that, although as much as 
2 2556 gm/m (i.e. 0.5gm on 3 x 3 cm ) of Boracol was applied 

during the test, greater quantities could be applied to 

yield even higher loading of boron at the ambient 

temperature. In addition, the penetration was determined 

for a minimum loading of 0.2% or more Boric acid 

equivalent. The treatment therefore satisfies the 

requirement of BWPA Standard 105.

Moisture content being the overriding factor 

controlling diffusion of chemicals in wood, any refractory 

species or wood with moisture content above the FSP would 

be expected to be adequately treated by the formulation, 

probably well before the recommended time for other aqueous 

boron compound formulations.

3.3 The effect of wood substrates on diffusion of
Boracol

3.3.1 Introduction

The effectiveness of pressure treatment is influenced 

by the penetration and distribution of the preservative in 

wood. Generally, for maximum benefit from a preservative 

system, it is desirable to select species for which good 

penetration is assured.

The permeability classification of wood species
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(Maclean, 1935, in the U.S.A.; Redding, 1971 , in the U.K.) 

based on practical impregnation trials by a defined 

vacuum/pressure schedule is effected by species or wood 

variability.

Wood variability also imposes some limitation on the 

rate of diffusion of chemicals in wood. Nevertheless, any 

wood of suitable moisture content is permeable to diffusion 

in the long run.

However, the long time required to hold stock for 

successful diffusion treatment makes the process less 

attractive. For example, the minimum diffusion storage 

period for Timborising 25mm softwood timbers is four 

weeks under the BWPA Standard 105, and that recommended 

for aqueous Boric acid treatment of 25mm radiata pine and 

tawa (Beilschmiedia tawaj are 3 weeks and 4-6 weeks 

respectively (Harrow, 1955) in New Zealand. The need for 

any means of reducing the long storage periods is 

important for cutting down the cost of stockholding.

In diffusion impregnations, close stacking together 

of different species (of the same dimensions) without 

knowledge of the fastest and slowest diffusible species 

could lead to treatments of shallow penetration and 

substandard distribution, which will reduce the protection 

to be offered to wood in service.

This section therefore evaluates the depths of 

penetration of Boracol 40 in different species of wood at 

FSP for 7 and 14 days storage periods, in order to find 

out the ,extent of the effect of species variability on 

diffusion at a low moisture content (FSP) and to identify



- 56 -

the different diffusibilities•

3.3.2 Test species

Scots pine (Pinus svlvestris)« heart-and sapwood

Sitka spruce (Picea sitchensis), heart-and sapwood

Western hemlock (Tsuga martensiana), sapwood only

Beech (Fagus sylvatica), heart--and sapwood were not 
distinguished

Birch (Betula pubescens), heart-and sapwood were not 
distinguished.

3.3.3 Preparation of test samples

A good specimen board was selected from each stock of 

species. Each board was machined to obtain tangentially and 

radially oriented and almost straight-grained sticks of 30x30 

x600mm size. Sticks were cross-cut to 30x30x30 sized blocks. 

Sixteen blocks per species were obtained. The blocks were 

numbered sequentially by end-matching and oven dried at 

105°C for 24. hours. Six random samples of each set were 

weighed to determine the nominal densities. The average 

nominal density of each species is reported in Table 3.1.

Each set of blocks were conditioned to the fibre 

saturation point in water-vapour saturated humidity 

chambers by the method of Section 2.1.2.1 paragraph 2.

The moisture content for constant weight recordings 

represents the fibre saturation point.

The conditioned blocks were coated with "ABS” 

sealant except the tangential faces. The blocks were 

again returned to the conditioning chambers for 24. hours 

to equilibrate by picking up any loss of moisture during 

sealing.
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3.3.4- Treatment

The blocks were treating by applying 0.5g of on

one tangential face by the "Drop and Spread Method" and 

stored for 7 or 14 days to effect radial penetration.

Eight blocks from each set of end matched blocks were 

assessed for depth of penetration by splitting and spraying 

with Boron reagent (Section 2.4).

3.3.5 Results and Discussion

Table 3.1 shows the average penetration, nominal 

densities and the equilibrium fibre saturation moisture 

contents for the species at 95% confidence limit.

The movement of B,n into test blocks at the FSPs was

mainly by diffusion. The tortuous lateral (radial) flow
cwuL

path of wood,^the relatively high viscosity of the 

solution would limit movement practically to diffusion as

would be severely impeded.

According to Stamm (19&7), chemicals pass through 

the bound water of the swollen cell wall under the 

motivation of concentration gradient and that the depth 

of penetration at any point in time is partly determined 

by the frequency of localised diffusion barriers encoun

tered, such as submicroscopic voids and extraneous 

materials or extractives.

For extractive free woods, species of high cell wall 

to void volume ratios would be expected to enhance 

diffusion. The closely packed water swollen cell walls 

would provide a continuous and nearly uniform medium for a 

steady diffusion. The converse would apply to loosely 

packed cell-wall as movement across voids would be mainly



58

TABLE 3.1

Radial penetrations of BORACOL (B , q )'
in different substrates of FSP in

STORAGE PERIOD - DAYS
SPECIES AV. M/C AV. DENSITY 7 14

AV. PENETRATIONS

SCOTS PINE 
(sapwood)

28(+0.2) 0.48(+0.02) 6.900.3) 8.3(+0.6)

SCOTS PINE 
(heartwood)

26(+0.3) 0.41(+0.10) 4.2(+1.0) 6.0(+0.4)

SITKA SPRUCE 
(sapwood)

29(+0.4) 0.32(+0.01) 3.2 (+ 0.4- > 5.1(+0.3)

SITKA SPRUCE 
(heartwood)

29(+0.3) 0.34(+0.02) 2.500.2) 5.0(+0.1)

W. HEMLOCK 
(sapwood)

2500.3) 0./2(+0.01) 2.9(+0./) 4.6(+0.1)

BEECH* 28(+0.3) 0.58(+0.01) 5.6(+0.4) 6.800.5)

BIRCH* 29(+0.5) 0.67(+0.01) 4.3(+0.5) 6.0(+0.3)

* Sapwood and heartwood not distinguishable.

95% confidence limits in brackets.

Density, or M/C % and penetrations are established for 
6 and 4-8 replicates.

(8 samples x 3 parallel cleaved faces x 2 measurements) 
respectively.
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by circumvention. Wood of high density would provide a 

rapid diffusible medium at low moisture contents, just 

above or at FSP,

On the contrary, and in practice, low density species 

have relatively high green, moisture contents due to much 

Mfree-water" in the cell cavities and low cell-wall 

volume (cell wall may act as baffles) are more readily 

penetrated. It appears that density affects diffusion 

penetration indirectly through moisture content and that 

density per se may have an insignificant effect in 

diffusion impregnations at high moisture contents (Harrow, 

1955 $ in radiata pine).

Although this work was limited to a few species and 

shows no clear correlation between density and depth of 

penetration, there was a general deeper penetration for 

the high densities at the FSP. Species variability seems 

to be the overriding factor for the differences in 

penetration. The heart and sapwood of Sitka spruce were 

equally penetrated to about 3mm in 7 days and 5mm in 14- 

days (See Table 3.1).

Superimposed upon the density is the adverse effect 

of extractives, especially when it is insoluble in the 

carrier solvent. The amount and type of extractives 

present in the wood will retard accordingly the rate of 

penetration. In addition to blocking, extractives may 

decrease the solubility of the toxic chemicals in the 

penetrating solution by salting out due to the high 

solvent power of the carrier for some extractives.

Though this phenomenon may not be of much practical
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significance in permeability to diffusion, uniformity in 

microdistribution of the toxic chemicals could be impaired 

From Table 3.1 » three main groups of species may be 

recognised in terms of diffusibility of depth of 

penetration. in 14- days. Group 1 consists of the fastest 

diffusible species which was Scots pine sapwood with 8.3mm 

Group 2 - species of intermediate penetration 

(6.0 - 6.8mm) was represented by Birch, Beech and Scots 

pine heartwood, and

Group 3 - the slowest with 4-*6 - 5.0mm depth of 

penetration were Sitka spruce and the Hemlock.

The groupings apparently parallel the permeability 

ratings by the vacuum/pressure methods, though no green 

species is impregnable to diffusion. The two systems 

(pressure and diffusion methods) are affected largely by 

the same anatomical features but the relative importance 

and the exact effect of the features may differ to the 

systems. For example, pit aspiration can be conceived to 

enhance or have no significant effect on diffusion but it 

is the main cause of refractoriness of some wood species 

to pressure impregnations.

3.4- Comparative test: T,n with B.~ at various moisture
contents ^ ^

The Boracol formulation has been shown to give

effective penetration into wood under a range of moisture

contents and at ambient temperature. The rate of

penetration at moisture contents above the FSP appears to

be rapid, but has not now to be compared with that of

Timbor treatments.
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3.4-* 1 Introduction

The difference between the two formulations is the 

type of carrier solvent used. Timbor is Polybor 

(Na^BgO^^H^O) in water and Boracol is Polybor in ethylene 

glycol. Any observed comparable treatment difference is 

justifiably attributed to the role of the solvents.

Solvents of low molecular weights and low volatility 

(vapour pressure) at ambient temperature and capable of 

hydrogen bonding diffuse more readily and deeper into 

wood (and the cell wall matrix) with the toxicants they 

carry so long as there is no break down of the solution 

phase. High molecular weight polar solvents, on the other 

hand, diffuse into wood with difficulty due to size effect 

(Tarkow et al, 1966; Banch, 1 964.; Stamm, 1964$.

Theoretically, aqueous Borate Solution should 

diffuse faster because of fewer interactions. However, in 

practice other factors may preclude this advantage, 

especially at low moisture contents below the FSP, as 

noted in Section 3.2. For most general cases of a polar 

solvent (EG) and ions (Borate) diffusing in polar medium 

(water in wood), three interactions may be considered, 

probably in the following order of importance:

(1) Hydrogen boding between water molecules and solvent,

(2) Competition for water molecules between solvent and 

the surrounding ions, and (3) Special dipole field inter

action between the polar solvent, the water and the ions. 

The effect of these interactions and other gross 

properties of water and ethylene glycol in diffusion 

impregnation is assayed by the comparative penetration
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Fig. 3.4 SAMPLING OF TEST BLOCKS FOR T4q  vrs. B4Q IMMERSION TEST.
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test below. The effect of water and ethylene glycol on 

the penetration and absorption of Polybor into Scots pine

Uosapwood from solution T^q {A0% Timbor solution) and B

respectively is evaluated.

The low solubility of Timbor in water necessitates 

warming to bring all Timbor into solution at comparative 

concentrations. Both solutions were maintained at 

55-60°C during the test.

3.4-.2 Preparation and sampling of test blocks

Two selected boards of Scots pine sapwood from the 

same stock were machine finished to 30 x 150 x 500mm (end 

grain 30 x 150mm). Board nA n was allocated for samples 

for radial penetration test and board nB n , for tangential 

penetration.

Each board was split cut into 4 sticks of 30 x 30 x 

500mm, and a stick cross-cut into 30mm sizes to give 12 

end-matched blocks and numbered sequentially. Each T^q 

treatment block was selected adjacent to that of B^q .

Thus from each stick, T^q blocks were made up of 6 odd- 

numbers and B^q , 6 even-numbers as shown in Figure 3.4* 

Forty-eight blocks were maintained for each treatment. 

Blocks from the same stick were conditioned together to 

any of the test moisture contents. This approach was 

adopted to reduce variability among sample blocks as much 

as possible.

3.k.3,Conditioning of test blocks

The following moisture contents were tested:

(a) 7*5? was the initial moisture content of the blocks.

(b) 20/5 was obtained by conditioning oven dried blocks
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by the saturated-water vapour method (Section 2.1.2.1 

paragraph 2).

(c) 38.9% and 53.3? moisture contents were obtained by 

saturating the blocks with water and drying for a desired 

period (Section 2.1.2.1 paragraph 1).

All blocks were frozen stored and later thawed for 

coating with nABSn sealant, leaving the desired tangential 

or radial faces to effect radial or tangential penetration 

respectively.

3.4*4 Immersion treatment

Blocks were immersed with the unsealed faces down 

for three minutes into a 500gm preservative solution 

maintained at 55-60°C in a thermostatic water bath. They 

were wiped clean at the coated surfaces and immediately 

weighed to find the uptakes. The treatment was repeated 

after 24. hours to increase the uptake, the average of 

which is reported.

Six blocks from the same moisture content group, 

treated tangential or radial face with T^q or B^q were 

stored together in polythene bags to effect penetration.

Blocks of 53-3 and 38.9? moisture contents groups were 

stored for four days, the 20? moisture content blocks for 

seven days and the 7.5? moisture content for 14 days.

At the end of the period, each block was split into 

four equal sections and sprayed with Boron reagent to 

assess depths of penetration (Section 2.4). The six 

replicated blocks gives 3 x 6 x2 depths or 36 -replicated values 

the average is reported as the penetration value for the

set.



3.4-.5 Statistical Analysis

The penetration data were subjected to statistical 

analysis to assess the reality of the difference between 

the two sets of mean values. Under the test, a Null 

hypothesis (i.e. ^1 - Po = 0, P2 - Po = 0) is set up so

that the two sample means are from the same populations 

in regard to the mean of the population (Xp) and tested 

this hypothesis by determing the probability of ” t” ; 

where ’ t ! is the ratio of the difference between the two 

sample means to an estimate of the standard error of the 

difference between the two means.

t and df or n = + N^ - 2

The significance was j'udged at a probability level 

of 99? or P - 0.01. Thus declaring significance all 

differences having P+ < 0.01, when the Null hypothesis is 

discredited, i-e. the difference is real.

P+ is the calculated level of significance.

Such a high significant level was necessary to give 

sufficient assurance that the observations will be 

realised in practice.

3-4.6 Results and Discussion.

Tables 3.2, and 3.3 show the average uptakes of B^q 

and T.n based on the dry weights of untreated wood and the 

average depth of Boron penetration for 4-> 7 and 14- days at 

the various moisture contents. The statistical

test of significance between the B^q and T^Q average
penetrations are presented in Table 3.4-
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above as shown in Table 3«2. At 7.5$ moisture content, 

more T^q was absorbed than B^q by the Scots pine sapwood, 

but the latter penetrated further. Water-borne preser

vative treatment results in relatively high absorption but 

slight penetration at low moisture contents below the 

fibre saturation point (Bryan and Purslow, 1961).

Below FSP and especially at the 7.5$> pure diffusion 

is minimum and flow by capillary take up is superimposed 

on diffusion (Stamm 1964c). The extent of capillary take 

up depends primarily on the viscosity, surface tension and 

the liquid-cell wall interface effect (the contact angle), 

as described by Poiseuille-JU/rln? s equation.

There was no significant difference between the
uptakes of and T^q at moisture contents of 20% and

h = cos 0
T̂]

where h = height of capillary rise

r = radius of capillary

y = surface tension

t = time

n = viscosity

e = contact angle

The extent of absorption and penetration of any 

treatment also depends on the time for which timber was 

immersed. The three minute-dipping-treatment probably 

curtailed capillary flow early enough (in case moisture 

contents below FSP) by breaking the solvent stream. This 

effect may be exacerbated by pit aspiration, plugging by
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Comparability treatments of TIMBOR (T^q ) and BORACOL (B^q ) 

formulations at 55 - 66 C in the sapwood of Scots pine of 
different moisture contents.

Table 3.2

AVERAGE UPTAKE IN GMS

M/C % TAN. RAD. TAN RAD.

53.3 0.22(0.07) 0 .1 5 (0 .0 6) 0.16(0.00) 0.16(0.02)

38.9 0.16(0.04.) 0.29(0.06) 0.17(0.00) 0.30(0.12)
20.0 0.16(0.02) 0.16(0.02) 0.15(0.02) 0.17(0.03)
7.5 0.3/(0.05) 0 .2 0 (0 .06) 0.20(0.06) 0.12(0.01)

Table 3.3

M/C % AV. PENETRATIONS IN MILLIMETERS

AV. RANGE TAN. 4'° RAD. TAN. i0 RAD.
PERIOD
DAYS

53.3 47-57 1 0 .7 (0 .7 ) 1 0 .5 (0 .7 ) 11.0(0./) 1 1 .(0 .6) 4
38.9 35.44 10.4-C1.1) 9 .8 (0 .6) 10.2(0.7) 1 1 .0 (0 .7 ) 4
20.0 19-23 2.9(0.7) 2.2(0.3 ) 5.2(0.6) Z.1(0.9) 7

7.5 7.3-7.7 1.3(0./) 1.2(0.A) 2 .6 (0 ./) 1.8(0.4) 14

Standard Deviations in brackets.
The density of Scots pine at 1,5% M/C = 0.4-8 + 0.001 g/cc.
Uptake and penetration values are averages of 6 and 18 
replicates (6 samples x 3 parallel cleaved faces) 
respectively.

Table 3.4-

Statistical test of significance of the difference between 
the average penetrations of B^ q and T^q at a limit of 
significance corresponding to P = 0.01 i.e. P^0.01, 

significant; P^0.01 not significant.

M/e. %
RAD.

p+
TAN.

P +T40 B/o T40 B/o

53.3 _1 0 VJl 1 1 . 9 <0.001 10.7 11.0 ?>0.1

38.9

00•
0

11 .0 <0.001 10.4 10.2 - 0 . 5
20.0 2.2 4.1 <0.001 2.9 5.2 -40.001

7.5 1 .2 1 .8 <0.001 1.3 2.6 0 • 0
 

0
 

_1.

Values taken from "Statistical tables for Biological, 
Agricultural and Medical Research", by R.A. Fisher and 
F. Yates.

+* Probability of the difference between the two sample means.
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extractives and air blockage.

Both solvents being polar, inter cell-wall diffusion 

motivated by concentration gradient as a result of 

solutions absorbed \nLixoJUhja

At this stage, migration 

favoured ethylene glycol of lower vapour pressure with 

longer contact time. Moreover, the water carrier in T /n 

breaks from the Timbor mainly due to the low solubility of 

Timbor at the ambient temperature and the relatively high 

vapour pressure for water to evaporate. Ethylene glycol 

is therefore a better penetrant of wood than water (Hockman, 

1971). The difference in penetration at the 14 days was 

significant.

Above the 20% moisture content (or FSP) the

preservatives moved mainly by diffusion with reduced

effect of flow. Pure diffusion increases as the moisture

content increases to saturation (Stamm, 1964c). It is

apparent from Table 3.3 and confirmed by the significance

test that ethylene glycol (or B,n ) penetrated deeper than

water (T^q ), more so at 20% where B^q penetration was

about twice as much as that of T.n (i.e. 2.2 vrs4»1 for
4o

radial penetration and 2 . 9 vrs. 5.2 for tangential). The 

absence of free water in the voids confines migration to 

inter-cell wall diffusion, a condition for a relatively 

rapid ethylene glycol movement.

Deeper penetration was found at high moisture 

contents. The capillary water provided an additional 

continuous medium for diffusion. At the 38.9 and 53.3/5, 

the difference in penetration was statistically significant



for only radial penetration, though in practice such a 

difference (1-2mm) would be ignored. The advantage of B4-0
over T.n was realised at low moisture contents. Neverthe- 

4-U
less, appeared as a better penetrant than T^q at all

the moisture contents tested.

At high moisture contents (above about U0%), it 

appears that ethylene glycol does not provide practically 

any significant advantage over water in comparable 

diffusion impregnations. The free water at this level of 

moisture content would provide equally effective medium for 

the two formulations.

The rapid penetration observed with Boracol treat

ments could be attributed only to concentration effect as 

described by Fick’s Law (Equation 1). A high concentrated 

solution at ambient temperature {J+0% Polybor in Boracol 

solution ;cf 9*5$ of Polybor soluble in water) and a 

reservoir on the wood surface needed to effect rapid 

penetration is obtainable only with Boracol.

3.5 Method of Application

Treatment with Boracol, so far, has been done 

successfully by non-pressure of diffusion impregnation. 

However, it seems that the nature of the solution will 

make it more versatile and suitable for other treatment 

methods of both pressure and other non-pressure processes.

Boracol solution can be classified into any of the 

three main groups of preservatives, viz. organic solvent, 

Tar oil and water-borne in terms of the chemical nature, 

application or performance. The low volatility at ambient 

temperature, the high flash, fire and boiling points of
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ethylene glycol and the variable viscosity of the solution 

depending on the concentration will make possible for it 

to be applied at elevated temperatures, at least up to 

60°C without chemical breakdown of the solution (personal 

observation).

The solubility of Boracol solution in water and the 

tendency to leach from wood (discussed in Section 4-.5.4) 

will restrict its service performance to inside buildings 

and for painted joinery. It is not suitable for timber in 

ground contact and other leaching situations.

Investigations have been undertaken to find the most 

effective treatment methods for application and performance 

of Boracol 4-0 in sapwood of Scots pine at room temperature.

3.5.1 Materials

Scots pine sapwood and heartwood sticks 30 x 30 x

ZOOmm.

Brown rot test fungus,. Conionhora nuteana (PRL No.11E) 

White rot test fungus, Coriolus versicolor (PRL No.28A) 

Boracol (B^q ) solution 

Boron spot test reagent

Test vessel of type given in EN 113* page 13 

Culture medium: 5% malt / 2} agar solution

3.5.2 Method and Design

Four sticks of 30 x 30 x 200mm dimensions were sawn 

with a clean surface finish from each of the three kiln 

dried boards of Scots pine sapwood and heartwood. The 

specimens were knot-free with no unusual resin. All 

sticks were marked for respective boards and oven dried at 

105°C for 20 hours and weighed (WT) to the nearest 0.001gm.
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They were end coated with l’ABS,! sealant, oven dried for 

one hour and weighed again (W^) .

Three sticks (i.e. a stick from each board) of heart 

and sapwood were treated together in B.n solution from a 

pilot vacuum/pressure treatment plant. Treatment 

schedules were as below:

Schedule A : Double Vacuum

600mm Hg, 10 mins; Flood; 1 bar pressure, 30 mins;

drain; 500mm Hg, 20 mins.

Schedule B : Modified Ruping

3 bar pressure, 20 mins; Flood; 5 bar pressure,

30 mins; drain; 700mm Hg, 10 mins.

Schedule C : Modified Bethel

700mm Hg, 15 mins; Flood; 6 bar pressure, 35 mins;

drain; 700mm Hg, 10 mins.

Schedule D ; Immersion in treating solution for

60 minutes.

All sticks were wiped and weighed (Wg) to find the 

average uptake. The uptake B^ q was calculated over the 

oven dry weight as percentage, thus:

Uptake % = W B ~ WF x 100

The treated sticks were sampled schematically as shown 

below:
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Each stick was cross-cut at the centre and 5 x 10mm 

blocks cut from each of the newly exposed ends. The ten 

blocks were allocated as follows:

Random pairs were selected from each stick of the 

same treatment (i.e. total of six blocks) for the 

following tests.

1. Agar/wood block decay test using C puteana and 

C_ versicolor separately.

2. Penetration studies for one week in 65$ RH and 

another in saturated water-vapour (100$ RH) exposure.

3. Assessing the penetration fresh from treatment 

schedule and after two weeks of storage in polythene bags.

Two randomly untreated blocks from each board were

labelled and used as virulence control of the test fungi.

Each test was therefore performed with six replicates.

3.5.2.1 Treatment effectiveness against C puteana and 
C versicolor

The treated and untreated blocks were oven dried for 

18 hours at 105°C, cooled in a desiccator over silica gel 

for 12 hours, weighed to O.'OOIgm (W^) and then sterilised 

by gamma irradiation of cobalt-60 source. The Ruping and 

Bethel treated blocks were wet to touch even after drying. 

Storing for 12 hours over the silica gel dried the 

surfaces.

5% malt / 2% agar culture medium was prepared and 

70ml dispensed into the test bottles. The medium, block 

support plastic mesh were steam sterilised at 15 psi for 

20 minutes.

Inocula of the subcultured test fungi were 

transferred asceptically onto the set malt/agar in the
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bottles and incubated at 22°C and about 65% RH for 2 weeks 

when the fungal growth was well established. The pre

sterilised plastic mesh was laid flat on the mycelia.

Three blocks of either heart or sapwood from the same 

treatment schedule were introduced into a bottle of test 

fungi (i.e. 3 blocks x 2 bottles for the set of 6 

replicates). The bottles were incubated at 22°C and 65% RH 

for 6 weeks.

After the fungal exposure period, blocks were 

carefully cleaned of the adhering mycelium. They were 

then air dried in a fume cupboard overnight, oven dried at 

105°C for 18 hours and weighed (W^). The weight loss of 

the blocks was expressed as percentage of the oven dried 

treated weights. The average is reported in Table 3-5.

W. - W
% weight loss = ■--1 ---  x 100

v l

3.5.2.2 Penetration assay of treated blocks at 6S% and 100% RH 
for 1 week exposure.
The samples blocks for the test were kept over silj_ca 

gel for 4.8 hours to dry and weighed (W^) . The two opposite 

cross-sectional faces were sealed with silicone rubber 

sealant and the block reweighed (Wg). This sealant was 

preferred to "ABSn because it could be easily peeled off, 

as required in this test.

Six replicates per treatment method of heartwood and 

that of sapwood were exposed to 65? RH in the environ

mental chambers of PRL (Princes Risborough Laboratory).

Another set were exposed to 100? RH by the same 

method used for conditioning blocks to FSP (Section 2.1.2.1
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paragraph 2).

The exposure was maintained for one week, after which 

the blocks were weighed (W^) and the silicone sealant 

peeled off. The blocks were air dried for about 20 

minutes, oven dried below 50°C for 10 minutes and sprayed 

with the Boron reagent. The depth of Boron penetration 

was measured for radial and tangential penetrations. Two 

measurements (10mm from the edges) were made at each of 

the two opposite sides per directional penetration. Thus 

a total of 24- measurements (1 face x 2 opposite sides x 

2 measurements x 6 replicates) were obtained for each 

treatment method per type (heart or sapwood) per 

penetration direction (tangential or radial). The 

moisture content was computed as percentage of the dry 

treated weight.

W - W
Moisture Content {%) = — -t?----  x 100

WD

The averages of penetrations and moisture contents 

are reported in Table 3*5.

3.$.2.3 Treatment penetrations

The depths of penetration of the blocks fresh from 

the treatment schedules were visible without the Boron 

spraying reagent. The depths were marked before storing 

in polythene bags for two weeks. There was no measurable 

change in penetration from the previous markings after 

spraying with the Boron reagent.

3.5*3 Results and Discussions

It is clear from Table 3.5 that uptake and 

penetration increases with the severity of the treatment



Table 3.5

The efficacy of different treatment techniques with Boracol 40

AV. Uptake Treatment Penetration Av. Penetration after 1 week Decay Rate Visual obsen

%ODW mm. exposure to different RHso (mm) Weight loss at 1002 RH.

65% 100% %0DW

SAPW00D TAN RAD M.C TAN RAD M.C TAN RAD 11E 28A

IMMERSION 1.9 — c 0.5--- 8.2 -1.0-2.0- 27.9 4.3 5,3 nil nil clean

DOUBLE VAC. 11.5 —  1.0-2,0— 8.1 2.4 3.5 35,6 7.0 10.8 nil nil clean

MOD. RUPING 24.5 2.7 4.8 6.3 8.1 ____u nil nil sweating

MOD. BETHEL 56.8 3.3 5.2 10.8 4.9 7.3 _ J. nil nil sweating
profusely

UNTREATED CONTROL - - - - - - - - 21.2 5.2 clean

HEARTWOOD

IMMERSION 1.6 — c 0.5— 7.1 -1.0-1.5- 26.2 3.8 5.1 1.2 0.9 clean

DOUBLE VAC. 10.6 — 1.0-1.5— 7.8 2.0 2.7 37.1 6.5 8.7 nil nil clean

MOD.RUPING 8.4 -1.0-1.5— - 2.0 3.5 29,7 5„7 8.1 nil nil clean

MOD. BETHEL 20.4 1.6 2.3 9.5 3.1 4.3 - 5.3 7.8 nil nil sweating

UNTREATED CONTROL “ .. - - - ■ 21.6 3.4 clean

+■ Indicates complete penetration
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methods. The lowest amount was absorbed by the simple 

immersion method (1.9? for the sapwood and 1.6$ for the 

heartwood) and highest by the Modified Bethel method 

(56.8$ for the sapwood and 20.4$ for the heartwood). The 

heartwood was obvious iy more refractory to impregnation 

than the sapwood. The large amount of extrative deposit 

in the heartwood causes occlusion and incrustation of 

pits. The pronounced effect of occlusion and incrustation 

of pit membranes on permeability of wood was postulated by 

Krahmer and C&te (1 9 6 3) and verified by many workers 

(Koran, 1964; Siau and Shaw, 1971).

The radial direction was seen to offer relatively 

low resistance to flow or impregnation. The ray tracheids 

and ray parenchyma cells offer a major flow path in this 

direction. Flow in the tangential direction occurs 

primarily through the bordered pit pairs in series and 

tracheid lumina. Species, such as Scots pine, that 

possess resin canals and parenchyma cells have additional 

paths of flow but the relatively small number and the 

possible occlusion with resins may minimise their 

contribution.

The treatment penetration values more or less 

doubled at the 65$ RH exposure and either increased much 

farther or was completely penetrated (in the case of 

Modified Bethel and Ruping treated sapwood blocks) at 

100$ RH for one week. Notably, for immersion treatments, 

the initial penetration of about 0.5mm increased to 4 or 5mm 

(eight or tenfold increase) at 100$ RH and 1 - 2mm at 65$ RH 

exposures. It should be mentioned that the exposed blocks



were not in equilibrium with the humidities and that 

deeper penetration could be achieved at the would-be high 

EMC than was recorded for the one week exposure period.

A notable feature of high retention values for 

treated seasoned wood by these methods was the high 

moisture absorption at 100# RH (even though it may be less 

than the EMC). Concentrating the high retention of B^q in 

the outer sections made the blocks "sweat". This was 

because the hygroscopic nature of EG absorbed water more 

rapidly than could be transferred into the block. It made 

the "Ruping" and "Bethel" treated blocks look unsightly 

and felt tacky. The moisture content reached by the 

Double Vacuum retentions at 100# was too high (35.6 and 

37.1# for sap and heartwood respectively) to be accepted. 

Such a high EMC will reduce, dramatically, the strength of 

the treated wood with the possible exception of toughness 

(Wood Handbook, 1955). The immersion treatment can be 

termed satisfactory though not acceptable. The shallow 

depth of penetration would need to be improved by long 

storage (more than one week) in high humidities or in 

periodic water spray and later conditioned for end use.

The process could be cost ineffective in commercial 

preservation. For a DIY (Do it yourself) enthusiast, the 

brushing on (alternative to immersion) of Boracol B^q and 

waiting for effective penetration may not be preferred to 

simpler to apply alternative preservatives.

The retention or uptakes achieved by all the methods 

proved effective against the test fungi, even though the 

treatment was just at the outer sides of the blocks. This

- 76 -
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was because the rate of penetration of Boron with the 

absorbed water was fast and permeated the whole block at 

sufficient toxic levels before the conditions were right 

for fungal attack.

The exposed pressure treated blocks (ie Double Vacuum, 

Mod. Bethel and Ruping) showed variable weight losses from 

5 - 15$> even though they were clear of any attack. The 

surrounding mycelia retreated. The reduction in weight 

was due to leaching of the preservative as a result of high 

moisture uptake by the hygroscopic EG and some unavoidable 

loss of EG during conditioning. The high moisture 

absorption of the "Ruping" and ’’Bethel" treatments (blocks 

were waterlogged) created unfavourable conditions for 

decay in addition to the potency of the Boron.

The only weight loss due to attack was that of the 

immersed heartwood where 1 ,2% and 0.9$ were recorded.

Though, the values were insignificant, the loss may be 

attributed to poor distribution of Boron instead of 

overall low retention or toxic levels.

The virulence control test proved that Scots pine 

was not as susceptible to degradation by Coriolus 

versicolor (PRL 28A) (weight losses 3,A and 5.0) as it was

to Coniophora puteana (PRL 11E) with about 21$ weight loss.
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3.6 CONCLUSIONS OF PENETRATION STUDIES

The performances of Boracol from the penetration 

studies depended on and differed for moisture contents 

above and below the FSP, with regard to the influence of 

glycol or Boracol penetration into wood. Thus:

1. Ethylene glycol enhanced diffusion by the Increased 

solubility of Polybor in the solvent system, and thereby 

motivated rapid diffusion from the initial high 

concentration gradient.

2. The ability of the glycol to cause wood to swell 

opened up the wood cell wall matrix and provided a 

medium for the cellular movement of Boron.

3. The relatively low vapour pressure of glycol 

compared with water provided a long contact time against 

evaporation (drying) which favoured prolonged movement for 

deeper penetration.

4.. The localised swelling and bulking which accompanied 

the penetrated depth of 2mm and 4-mm at Q% and 15$ moisture 

content respectively indicated that B^q would not be 

suitable for In-situ treatment of wood at these moisture 

contents.

5. The deeper penetration and the relatively quick 

surface "feel-drying" time of B^q and B^q at 8$ and 15$ 

moisture contents suggests the need to modify the Boracol

4.0 formulation for pote n t i a l  use for treatment of dry 

timber, which is not part of an assembled structure since 

there is always the unavoidable bulking.

6. To contain the bulking for treatment of dry wood 

below FSP, a complete penetration is desirable in order to

\
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distribute the bulking effect uniformly over the entire 

cross-section.

7. Bulking seems to be due to the effect of retained 

glycol so that dilution of Boracol 4.0 with water as a 

recommendation for a modified Boracol 4-0 solution meant 

for in situ treatment may reduce the bulkiness to 

"acceptable" levels without much loss of Polybor 

solubility. (The presence of water will increase the 

vapour pressure and decrease the viscosity of Boracol 

solution in proportion to its amount, consequently much 

glycol will be lost to evaporation.)

8. Generally Boracol 4-0 (B^q ) appears to penetrate 

deeper and faster than Timbor 4-0 (Timbor at 40# solution 

strength or T /n) at all moisture contents. In a comparable 

immersion test at 55° - 60°C (the high temperature 

immersion was necessary to get 4-0# Timbor in aqueous 

solution if solubility of Timbor is 9.5# at 20°C) the 

depth of penetration of B^q was twice as much as that of

T.n at moisture contents below FSP and was not practically

different from T.n at moisture contents above 4-0#.4 U
9. Depths greater than 30mm were achieved by the tenth

day of post-treatment storage for B^q and B^q treatments

of medium density Scots pine at 35# and 55# moisture
2

content respectively, using $56gm/m of Boracol applied by 

unilateral radial penetration.

10. Boracol 4-0 appears to be suitable for diffusion 

treatment of low moisture content timber at or just above 

the FSP.

11. The 4-0# solubility of Polybor in Boracol formulation
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and the nature of the system make it versatile in 

application for low and very high loadings of Bor •u> 

without heating (i.e. at ambient temperature).

12. Boracol 40 seems to diffuse laterally fast r Inir 

sapwood of Scots pine, followed by the hardwood, Beech and 

Birch, then the Spruces and Hemlock.

13. The best treatment technique for B^ q is the 

diffusion impregnation method of brushing and imaersirm of 

wet (green) timbers.

14* Dry wood may be treated by brushing and .immersion and 

Double Vacuum method. However, post treatment storage at 

above 65# RH will be necessary to improve the shallow 

depth, of penetration attainable. In the laboratory trials 

the loadings achieved from 2.0mm and 0.5mm penet 

Double Vacuum and Immersion (60 minutes) respec' ciy 

inhibited the attack of C. puteana and C. versicolor:.

15. Other pressure methods were not suitable 

40 treatment of dry wood. The high retentions r. i ine 

hygroscopic glycol per se made the surface of t! ■■ ireai.e i 

wood feel tacky and wet.

Drying of the treated wood was virtually 5^possible „
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4.0 FUNDAMENTAL STUDIES 

4• *1 General Introduction

The hygroscopicity of Boracol ra'ises -the question 

of the performance of Boracol treated wood in changing 

environments.

Ethylene glycol (EG), a component of Boracol is 

known to be very hygroscopic. It is indicated to be 

times as hygroscopic as glycerol and can absorb more than 

twice its own weight of water at room temperature at 

100$ RH. Boracol might therefore enhance the water 

absorption of treated wood,

and the equilibrium moisture content (EMC).

In consequence, the susceptibility of wood to micro

organisms could be high and migration of the non-fixed 

Boron might result in localised subtoxic loadings.

The loss in strength properties at high moisture 

contents is well known and the hygroscopicity of wood with 

associated movement has been a notable disadvantage in the 

use of wood as an industrial material.

Storage of Boracol 40 (e.g. in the laboratory) over 

some period has given rise to the eventual precipitation 

of Boracol or some component of it (personal observation, 

Greaves and Bechgaard communications). The nature of the 

precipitate and the probable cause were investigated and 

suggestions made to prevent or delay the precipitation 

phenomenon in order to improve the "pot life" of the 

preservative.

The following work generally investigates the nature 

of Boracol 40 and the performance of Boracol treated wood
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by the interaction of Boracol with wood or water in various 

environments and its effectiveness against microbiological 

degradation.

An attempt is also made to modify the formulation 

for use for remedial or in situ treatments.

4. 2 The effect of Boracol 4-0 on the hygroscopicity and
EMC of wood

4-.2.1 Introduction and Review

The hygroscopicity of Boron compounds used as fire 

retardants or biocidal wood preservatives have aroused 

some controversy regarding the contribution of the salts 

or compounds to the water absorption of the treated wood.

McKnight (1962) and later Bendsten (1966) reported 

that the hygroscopic nature of Boric acid and Borax 

enhanced the moisture absorption of treated wood over the 

entire relative humidity range.

Dulat (1980) refuted this observation and 

attributed the observed higher moisture uptake to the 

failure to consider the inherent water of hydration of 

the compounds (Boric acid, 43.7$; Borax, 47.24$) which 

may not form part of wood moisture and insufficient 

conditioning time to achieve equilibrium moisture contents. 

He asserted empirically that Borate preservatives do not 

increase the hygroscopicity of treated wood and that Boric 

acid might even lower the equilibrium moisture content 

slightly.

The ability of Boron compounds to complex with 

organic hydroxyl groups is known, as reported by Boeseken 

(1949); Khym and Zill (1952); Anon (1969); Wesser (1967),
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Nies and Campbell (1964-) and others. This fact even 

throws some doubts and complicates explanations as to how 

much of absorbed water can be attributed to hydration of 

the compounds. Nevertheless, the practical importance of 

any excess moisture in the treated wood compared to the 

untreated control, whether caused entirely by the salt or 

calculated as part of the gross wood moisture should be 

looked at in the context of its effect on the physical and 

strength properties of wood for a particular end use.

The conceivable interaction among Borates, EG and 

wood and the hygroscopicity of these substances in their 

own right, will not make it any easier to account for the 

observed hygroscopicity of Boracol treated wood than to 

speculate and report the overall effect of this interaction.

In this research the observed moisture content 

percentage is based on the gross moisture uptake and the 

oven dry weight of the untreated wood. This permits 

better comparison between chemical effects and between 

treated specimens and untreated controls. The equation for 

computing the moisture content is:

W m - W
M = 100 TD

WD
..... (4.01)

where

M = moisture content, %> .

W,p = wt. of treated specimen in equilibrium moisture 

content under consideration.

W TD = dry weight of the treated specimen.

WD = dry weight of the untreated specimen.



4-.2.2 Method and Design

Wood blocks measuring 15 x 25 x 50mm (end grain 

15 x 25mm) knot free, with even grain and no excessive or 

unusual resin were cut from a single kiln dry batten of 

Scots pine (Pinus sylvestris L .) sapwood. Blocks were 

oven dried at 105°C for 18 hours and weighed, then 

saturated with de-ionised distilled water under vacuum. 

Six replicated blocks were allocated to different 

immersion treatments of 5 to 120 mins as shown below:

Treatment solutions

Immersion 
treatment 
(mins)

Boracol 40 EG de-ionised
water

5 6 replicates - -

20 6 n 6 replicates 6 replicates

60 6 11 - -

120 6 11 6 "

Test blocks were wiped lightly and stored in polythene bag 

for two weeks for the chemicals to diffuse through and 

through. Afterwards, blocks were air dried for one week 

and then dried at 105°C for 18 hours and weighed. The 

uptake or retention was calculated as a percentage of the 

untreated oven dry weight.

Sets of blocks were then exposed to 4-5?, 60$, 75% 

and 90$ RH in succession for 3 weeks to compute their 

equilibrium moisture contents (EMC). (Equation 4.01)

4.2.3 Results:

Table 4«1 shows the summary of moisture absorption

at various retention levels of Boracol 40 (B ) and EG.40
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Details of treatment loadings, calculated as kg/m and as 

$ oven dry weight (ODW) at various immersion periods and 

the moisture absorptions at the relative humidities (RH) 

with standard deviations are presented at Appendix D,

Tables 1.1 and 1.2.

Figure 1.1 shows the relationship between the 

moisture absorption and retentions of B.n treated wood 

exposed to various RHs and Fig. 1.2 shows absorption of 

the treated wood at 25°C with changes in relative humidity.

The apparent direct proportional behaviour of 

Fig. 1.1 is described by the following equations.

3

M = n 90 - 0 . 1 1 L + 19.1 , r = - 0.98 ... (4 .0 2)

m 75 = 0 . 1 1 L + 1 2 . 0 , r = + 0.99 .. ... (4.-03)

M60 = 0 . 1 0 L + 9.0 , r = + 0.99 .• ••• ( A . 0 A )

M 45 = 0 . 1 1 L + 7.1 . r = + 0.98 ... (4.05)

where in M , M = Moisture content ($) at subscript X of X
the relative humidity (RH). L = Loading or retention as 

$ ODW and r = coefficient of correlation.

1.2.1 Discussion

It is clear from the curves (Fig.1.2)that Bxo and 

EG fall into separate groups based on their apparent 

hygroscopic effect.

EG absorbed less moisture throughout the 15 to 90$ 

RH range at the retentions considered, whilst B^q showed 

an increase in moisture contents up to 75$ RH and then a 

decrease at 90$ RH compared to the control.

The decrease in moisture content of EG treated wood 

is obviously due to reduction in the sorption sites of the



MO
IS

TU
RE

 
AB

SO
RP

TI
ON

86

«

FIG. 4.1
THE RELATI OSH IP BETWEEN MOISTURE CONTENT

WOOD WEIGHT RATIO.
AND B40“

20 f-

x
CD»—■*
UJ

>-cco 90%

Mgo=-0-14 L+19.4

75%

^75 L + 12-0

60%
W60 = 0-T0 L + 9-0 

—  45%

mA5 =0-11 L +7-1

UPTAKE - % O F  D R Y WEIGHT.



EQ
UI
LI
BR
IU
M 
MO
IS
TU
RE
 C
ON
TE
NT
 -
 %
 O
VE
N 
DR
Y 
WE
IG
HT

87

F i g . 4.2
MOISTURE UPTAKES OF SCOTS PINE SAPWOOD OF DIFFERENT

RELATIVE HUMIDITY - %



88

wood substance. It is supposed to be the effect of
Or j)W^5\co-*cKe^vfc«L

cheinicalAinteraction between the EG and wood. This 

supposition is further evidenced by the decrease in EMC at

7.0 to 11.5 retention levels. The high retention level of 

EG is a consequenceof more interactive effect with 

concomittant reduction in sorption sites which results in 

a higher reduction of EMC.

The moisture absorption behaviour of B^q treated 

wood may be regarded as a result of three chemical species 

interaction i.e. wood substance, EG and DOT (disodium 

octaborate tetrahydrate or Polybor).

The formation of Boracol complex by the esterifi

cation reaction of borates and diols and the hydrolytic 

breakdown of the complex are reported to be rapid (Roy et 

al, 1957; Nies and Campbell, 1964; Boeseken, 1949; and 

Knoeck and Taylor, 1969). Furthermore, EG will readily 

esterify with any organic or inorganic acid that may be 

present in the wood to form mono esters or diesters 

depending on the molar ratios of the reactants.

Acid catalysed reaction of EG with Ketones and 

Aldehydes of wood substances to form dioxolane is also a 

possibility. The reaction products are fairly stable as 

are the insoluble high molecular weight compounds that 

could be formed with wood substances.

Zill et al (1959)> Deuel and Neukom (1949)» Zittle 

(1951) are among the early reporters of the reactivity of 

Borates or Boric acid with highly polymerised poly

saccharides with adjacent -OH group in cis position. The 

stability of Borate or Boric acid-polysaccharide is of a
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much lower order of magnitude than the reversal reaction 

to be of no or very little practical importance in terms 

of amount of interaction product present in wood. Besides 

the state of the chemical species may not be very 

conducive to effective interaction.

Dulat (1976), however, believed the bonding between 

Boric acid and wood to be electrostatic not chemical in 

nature.

From the above chemical reactions, a likely 

explanation may then be given for hygroscopicity of b40 

treated wood as observed in this work.

During treatment and conditioning of treated wood, 

there is likely to be a release of some components of the 

Boracol complex. The reaction may be regarded as 

hydrolysis. Some EGs react with wood, some unavoidably 

escape with water (a mixture of relatively high vapour 

pressure and low boiling point compared to EG) by 

evaporation. Since the treated wood was dried, there was 

no EG per se retained but a derivative of its reaction 

with wood substances.

The observed water absorption of B^q treated wood 

was then partly due to the available, wood sorption sites 

and probably the water of hydration of the free DOT (Dulat,

1980). However, it will be more plausible as reported by 

Bendsten (1966) to assume that the hygroscopicity of the 

treated wood as due to a superposition effect, that the 

wood and the salt (DOT) mutually affect the hygroscopicity 

of the other. Furthermore, DOT in the cell wall will be 

extremely subdivided and one would expect somewhat
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different capacity for water absorption.

Assuming Dulat’s evidence then the extra moisture 

absorbed over the control may be attributed mainly to that 

taken up by DOT over 4-5$ to 75% RH. The theoretical 

equilibrium water of hydration of DOT is 4-3 • 1% (by wt of 

DOT) and is attainable at about 60$ RH (Dulat, 1980,

Fig. 7c). It is very probable from Fig. 4-*2, that at 

80-85% RHs, the maximum hydration must have been reached, 

thereafter, less water is absorbed for incremental change 

of RH to the extent that the EMC at 90% is below that of 

the control. In addition, the potential water absorption 

capacity of the wood is reduced by the fewer sorption sites 

as a consequence of EG and wood interaction.

Figure 4-.1, indicates a uniform proportional increase 

in moisture content over the range of retentions and RHS.

As in the equations, the equilibrium moisture content 

increases by 1 % for every 10$ increase in Boracol retentions 

(expressed as % of the untreated dry weight) from 7-19$ 

and at RH of 4-5 to 80$. Beyond this range of RHs and 

specifically at 90$ RH, there is a 1$ moisture content 

decrease for every 7$ increase in retention.

That the regression equations (4-02, 03; 04-; 05)

may be used to predict changes in moisture content is 

consistent with and validates the application of the 

equation due to Bendsten (1966) i.e. M = 100 (Bx + A) to 

Boracol treatments, where A and B are proportionally 

constants, and M the EMC of the chemically treated material. 

The coefficient A represents the EMC of the untreated 

material or species.

Deduction of A values from equations (4-.02, 03> 04-*



Table 4»1

Treatment Re tention 
% ODW

Summary of moisture absorptions of various

retention levels of B.n and EG4u

Equilibrium moisture Contents ($) 
at various R H 's

. 45$ RH 60$. 75% 90%

B40 7.1 8.0(7.5) 9.8(9.1) 12.8(11.9) 18.3(17.1)

9.0 8.1(7.5) 9.8(4.0) 13.0(11.9) 18.2(16.7)

14.3 8.6(7.6) 10.3(9.0) 13.6(11.7) 17.5(15.2)

19.0 9-4(7.8) 10.9(8.8) 14.1(11.8) 16.5(13.9)

EG 7.0 6.1(5.8) 7.7(7.3) 10.6(9.8) 16.4(15.3)

11.5 5.6(5.0) 6.7(6.0) 8.9(8.6) 13.7(12.3)

CONTROL - 7.3 9.3 12.4 18.7

Figures in brackets were calculated on the combined weight of wood and treatment chemicals.
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0$) was practically the same as experimental values:

RH Observed EMC Deductive EMC

90% 18.7 19.X

15% 12.X 12.0

60% 9.3 9.0

A5% 7.3 7.1

L or X, is the ratio of weight of salt to weight of dry 

wood and in this work is limited to retention level of 

19? or 0.19.

C o e f f i c i e n t  of . L or B represents the hygroscopicity 

of the chemically treated materials and may be used to 

rank different chemical treatments and their response to 

various environmental conditions or RHs.

Calculation of moisture contents on the basis of 

untreated dry weights is fundamental for better comparison 

of data as to how much of moisture absorption is contributed 

by the treatment chemicals and their retention levels 

compared to that of the untreated control.

However, moisture content values are believed to be 

more realistic, if they are calculated on the combined 

weight of wood and treatment chemicals. Values lower than 

that for untreated wood signify that the (chemical) 

preservative system is less hygroscopic than wood at that 

humidity. In treatments which exhibit higher moisture 

content values than untreated wood, it is obvious that the 

system is more hygroscopic.

In Table X«1 moisture content values in brackets are 

calculated as percentages of the combined weight of
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Boracol and wood. It is clear that Boracol or EG does not 

enhance the hygroscopicity of the treated wood and that 

the system especially EG could bring about significant 

lowering of the EMC of treated wood.

Dulat’s method of subtracting the theoretical 

moisture associated with the salts or DOT may be employed 

■to interpret Table 1.1 or Fig. 1.2 for the effect of B^q 

on EMC of untreated wood. Though the exact amount of DOT 

in the blocks were not determined, the values of EG 

retained in 20 mins and 120 mins immersions in pure EG 

subtracted from the corresponding uptakes of B^q (10$ DOT, 

51$ EG, 9$ ^ 0 )  same immersion period should g;ive

a very conservative value of DOT retentions.

Dulat, (1980 Fig. 7) showed that the EMC of oven 

dried DOT exposed to various RHs is about as below:

30$ RH 16? or 0.16 (by wt of DOT)

60$ uo % or 0.10 n

90$ 50% or 0.50 "

The product of the above factors and conservative 

retention levels of DOT subtracted from the observed EMC 

of Boracol treated wood (Table 1.1) at the various RHs. 

should give theoretically maximum EMC as in the table 

below:
Retention 

* B10

Conservative 
Retention of DOT ($)

EMC 
60$ RH

% at 
90? RH

9.00 1.96 9.02 17.17

18.99 7.50 7.86 12.76

Untreated control — 9.32 18.69
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It appears from all these considerations that B^q may 

bring about insignificant to slight lowering of EMC of 

untreated wood depending on the loading and the
f

atmospheric conditions.

It was also noted from Fig. 1+.2 that the rate of
vArdk, \û JtcAc 4x> R'H'

change of moisture absorption^over the entire range of 

RHs was less in B^q treated wood than in that of the 

water treated control. EG parallels that of the control.

From view point of influence on strength of wood 

members, it means that the strength properties of B,n 

treated wood will decrease less rapidly than those of the 

untreated wood with increase in moisture content. The 

strength-moisture relationship of EG treated wood may be 

assumed to be similar to that of untreated wood. However, 

the absolute strength values for EG treatment would be 

expected to be higher than both B^q treated and untreated 

wood for increase in moisture content as EG treatment 

equilibrates at lower moisture contents.

The alkalinity of high retentions of borate used in 

fire retardants has been reported to make hardwood 

slightly brittle (Find]ay, 1959), due most likely, to 

hydrolytic breakdown of and the wood

loses some flexibility. The presence of such high 

retentions also impart some hardness to the wood.

However, the more or less neutral solution used for 

preservation and the relatively low retentions do not 

impart such deleterious effects.

Increased hardness and brittleness are however 

unlikely to be found with Boracol treatments. The
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presence of EG or EG derivatives has been felt (non 

quantitatively) to make wood slighly soft and pliable, 

which might even offset or reduce any of the mentioned 

deleterious effects. This property of EG has long been 

realised commercially in its use as plasticising agent 

for making cellophane, papers, other fibres and leather 

more flexible (Curme and Johnson, 1952).

4.3 The Dimensional Changes in Wood Treated with B ,̂  and EG■ 4 w
(a) Swelling and Shrinkage characteristics of 

treated Scots pine sapwood.

(b) Wood-treatment-moisture interactions.

4.3.1 Introduction

Boracol is expected to impart a microbulking 

effect on wood. The EG and DOT constituents are 

independently bulking agents as implied by the literature 

review below.

Salts have been known to increase dry dimension 

size and restrain shrinkage upon drying (Stamm, 196ka; 

McKnight, 1962; Goldstein and Deher, 1961; Brendsten,

1966).

Stamm, (1962) and Stamm and Loughborough, (1962) 

explained the abnormally low volumetric shrinkage of some 

wood species and their deviation from the linear 

relationship between specific gravity (G) and volumetric 

shrinkage or swelling (S) (i.e. S = Gf where f is the 

moisture content at the fibre saturation point, G is the 

oven-dry density or swollen volume density) by a high 

content of water soluble extractives. According to Stamm, 

the extractives reduce shrinkage of wood in proportion to
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the fraction of the transient cell-wall capillary 

structure that is occupied by the solute. Wood high in 

soluble salts or extractives invariably shrink less than 

predicted.

There is a dearth of information on the use of EG 

per se as a bulking agent. This is primarily due to its 

liquid state at ambient temperature. However, PEG 

(polyethylene glycol which is a polymer of EG) has been 

proved empirically and commercially to be the most widely 

accepted non-polymerizing bulking agent.

EG, however, has been used as replacement agent for 

water due to its complete miscibility and swells wood as 

much as water (Stamm, 1964-b). The use of EG for 

dimensional stability is seen mainly in patent claims as a 

component of PEG or EG derivatives or other chemical 

formulaitons. (Patent Nos. 1,180,685 . 1970, British;

1»089»527, British). Ono Y. et al., (1979) observed that 

free EG considerably affects the Anti-shrinkage efficiency 

(ASE) and Moisture exclusion efficiency (MEE) and bulking 

and that the removal of free EG decreases remarkably the 

ASE and MEE.

Below the fibre saturation point (FSP) wood takes up 

water from the vapour phase entirely by adsorption on the 

available sorption sites in the amorphous regions of the 

W j3 — ■. The water is held from monomolecular

layer to polymolecular layers of 7 or 8 in the transient 

capillaries until the EMC, or FSP is reached with the 

ambient conditions (Skaar, 1972).

The concept of polymolecular adsorption is
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synonmous with surface bound water.

The enlargement of these transient capillaries 

causes the cell wall to swell and is limited by the extent 

of the dispersion of the amorphous regions or sorption 

sites. The maximum swelling and the accompanied moisture 

content are termed the fibre saturation point (FSP). The 

FSP of most species fall within the range of 25-30% M/C. 

Conversely, desorption of the surface bound water causes 

the amorphous cellulose structure to contract and the 

shrinkage of the wood ensues.

Swelling and Shrinkage are anisotropic. The greatest 

dimensional changes occur in the tangential plane. Radial 

shrinkage is appreciably less than tangential shrinkage, 

while shrinkage along the grain (longitudinal shrinkage) 

is so slight that it can be neglected in most sound wood.

Volumetric shrinkage or swelling can be computed 

from linear shrinkage or swelling as thus:

B Bx + B + B, - B , + BV t r 1 t

Vv = yt + yT r + Y1 " y t
+ Y

(5.01a)

(5.01b)

where B is shrinkage and y is swelling.

The subscripts, v, t, r, 1 represent nature of 

shrinkage or swelling; volumetric, tangential, radial and 

longitudinal respectively.

Generally, the swelling and shrinkage are higher for 

the heavier wood.

The shrinkage of wood from green to oven-dry 

dimensensions varies from about U to 14% tangentially,

2 to 8$ radially, and 0.1 to 0.2$ longitudinally, and the
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volumetric shrinkage varies from about 7 to 21$ (Wood- 

Handbook 1955). Shrinkage or swelling at intermediate 

moisture contents is proportional to the amount of 

moisture removed or absorbed below the fibre saturation 

point. Dimensional changes on swelling and shrinkage do 

not show the hysteresis characteristic of the amount of 

water absorbed. With water as the swelling agent, wood 

normally exhibits a relatively constant Tangential/Radial 

(T/R) swelling or shrinkage ratio of approximately 1 . 5 - 2  

(Pentoney, 1953; Kelsey, 1963). T/R i s an index of 

transverse shrinkage or swelling anisotropy.

A number of theories have been proposed to explain 

the variations between and within species and in the three 

principal mutual directions. No single cause has been 

shown for this shrinkage differential and it is the 

concensus that several mechanisms have joint influence. 

Pentoney, (1953) forsaw the problem of ascribing the 

explanation to one mechanism and summarised clearly that 

"Due to the complexity and diversity of the structure 

found in wood, it is believed that the mechanism of 

greatest influence depends upon the wood under 

consideration, and that this mechanism is modified by one 

or several of the other mechanisms". The theories have 

been reviewed by Pentoney, (1 953)» Kelsey, (1963)» Stamm, 

(1 964-a), Kollman and Cote, (1968) and others.

The swelling in water-free organic liquids are 

usually less than that of water (Hasselblatt, 1926) and 

there is a trend for increased swelling with increased 

polarity of the liquid. There are, however, many



99

exceptions. In addition, within a functional group, 

swelling decreases with increasing molecular weight 

probably due to steric hinderance (Stamm, 1964b).

The amount of water in equilibrium at any humidity 

after adsorption or desorption depends on the effective 

sorption capacity of the constituent wood substances.

Both lignin and hemi-cellulose in addition to cellulose 

contribute to the hygroscopicity of wood. The general 

sorption properties of wood constituents at 25°C, 

specifically of Eucalyptus regnans (Christensen and Kelsey, 

1958) are summarised below:

Constituent EMC at 100$ Sorption capacity Fractional
RH relative to wood contribution

Lignin 30$ 0.60 0.16

Cellulose 50% 0.94 0.47

Hemi-cellulose 80$ 1.56 0.37

Wood - 1 .00 1 .00

Swelling of wood in water as well as sorption are

believed to be due mainly to inter-hydrogen bonding

mechanism among the hydroxyl groups until limited by physio- 

chemical restraint. It therefore appears that a method of 

reducing sorption and dimensional instability would be to 

replace all or some of the free hydroxyls within the wood.

Both physical and chemical methods have been sought 

to dimensionally stabilise wood or to reduce movement in 

cyclic environmental conditions.

Physical melthods do not alter the chemical 

constituents of wood and generally the EMC of the wood is 

not affected. These include: Controlled service condition
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and design; balanced grain orientation; coatings 

(externally and internally); filling of cell lumina and 

bulking of cell walls with nonvolatile polymerizable or 

non-polymerizable chemicals, thereby reducing their 

capacity for water.

Chemical methods reduce the hygroscopicity of wood 

either by displacement or replacement of the hydroxyls by 

grafting of additional polymers by direct attachment or 

radical forming mechanism with wood substances or cross- 

linking of wood substances (mainly the cellulose chains) of 

the microfibril so that separation by water adsorption is 

minimised. These methods have been reviewed in detail by 

Stamm (1964-d) Sebor et al, (1962), Palka, (1970) and 

others.

It appeared from Section 1.2 that the role of Boracol 

in dimensional stabilization would be both physical and 

chemical bulking of the cell wall. Though the dimensional 

change was not evaluated, it could be inferred that the 

reduction in EMC of EG treated wood would be exptected to 

be accompanied by reduction in dimensional change. DOT 

may be deposited physically to hinder adsorption of water 

to some extent.

1.3.1 .1 Measurement of Stabilization:

The extent of swelling of wood is usually determined 

from the increase in gross volume of specimen. Browning 

(1967) reported Saechtling and Zoker (193-4) findings that 

the magnitude of swelling is affected by the size of the 

specimen, Risi and Arseneau, (1957) and later Palka, (1970) 

observed that the larger the sample size the greater the
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dimensional stability.

Kelsey and Kingston, (1957) also demonstrated that 

specimen shape affects shrinkage of wood. The different 

specimen sizes used makes it impossible for precise 

comparison of published results. The need for a standard 

size is therefore paramount. Some specimen types and 

sizes reported in the literature have been reviewed by 

Palka (1970) and Browning, (1967).

Early measuring tools have been venier calipers and 

micrometer dial guages which measure accurately to 0.001 

ins or 0.005 cm. Measuring microscopes accurate to 0.0001 

ins have also been used. Innovations include the modified 

swellometer or swellograph which with the aid of variable 

inductance through transducers record the rate of swelling 

in the three principal directions simultaneously.

There are several ways of evaluating potential 

stabilization agents. The most commonly used and relevant 

indices to this work are defined below:

The external dimensional changes during desorption 

or adsorption at any humidity are usually expressed as a 

percentage {%) of the swollen or oven-dry dimension.

100(Sg - Sd)
% Shrinkage = ..............■ ..... (5*02a)

Sg

100(Sg - Sd)
% Swelling = .............  ..... (5.02b)

Sd

r a d i a l
where Sg and Sd are either tangential,Aor longitudinal 

measurements when the sample is green or water swollen and 

dry respectively.

The degree of reduction of swelling and shrinkage 

imparted by a treatment is indicated by the Anti-Shrink
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Efficiency (ASE) also termed Anti-swelling efficiency, 

Dimensional stabilizaiton efficiency or simply reduction 

in swelling. (See equation 5.03). This relative value 

is computed by comparing the absolute swelling (equation 

5.02b) or shrinkage (equation 5.02a) of the treated wood

with the dimensional change exhibited by the 

control (equation 5.02).

untreated

Thus,
100(Sc - ST )

ASE (?) = ------------ —  _____
Sc

. (5.03)

where is shrinkage of swelling of treated wood (%) and

Sc is shrinkage of swelling of control or untreated wood.

ASE is usually used for computing volumetric changes, but

it can also be used for radial or tangential 

(Kenaga, 1966).

changes

The relative effectiveness (RE) of treatments is 

measured as the ratio of ASE to the amount of chemical

retained by a unit of wood substance. It is designated RE

RE = -------------— ------------j
Retention (% w/w or kg/nr)

...(5.04)

The increase in oven-dry volume of treated material 

or wood is measured by the Bulking coefficient (B).

vT - V
B = c x 100 ____

V c
. (5.05)

where V is the volume of the control specimen and c
Vj the volume of the treated sample, both oven-dry.

The effect of Boracol and EG on the swelling and shrinkage 

of wood is evaluated as complementary to the observations
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of Section 4-.2 where EG appeared to offer some reduction 

in EMC.

4-. 3.2 Method and Materials

Scots pine sapwood wafers measuring 25 x 25 x 5mm 

(end grain of 25 x 25mm) were employed in the test. 110 

comparable specimens were chosen from wafers cross-cut 

from four selected straight and even grain sticks with the 

cross-sectional faces oriented radially and tangentially. 

Those with excessive resins or unduly fast or slow grown 

were rejected. All sticks were obtained from a single 

kiln dried batten.

Ten replicates vrere randomly selected per treating 

solution (B^q and EG) and per immersion time (7 days,

7 hours, 2 hours, 30 minutes and 60 seconds) to obtain 

different retention levels. Water treated controls were 

also included.

Blocks were then treated in the order below:

1. Oven dried, weighed to the nearest O.OOIgm and the 

tangential and radial dimension measured to 0.005cm 

with a venier caliper.

2. Vacuum impregnated with de-ionised water, left 

overnight to insure saturation and then

3. Stored in polythene bags for 25 hours to equalise 

the bound water and allow for some distribuiton of 

free water by internal capillarity.

4. The tangential and radial dimensions were 

measured for the swollen water treated controls.

5. Different sets of 10 blocks were immersed in

k0different 4-OOml solutions of B or EG for either



7 days, 7 hours, 2 hours, 30 minutes or 60 seconds.

6. The blocks were then lightly wiped and each set held 

separately in polythene bags for two days. The 

tangential and radial dimensions of few randomly 

selected treated blocks from each set were measured. 

There was no measurable dimensional change between 

the water-swollen and EG or B^q swollen wafers, a 

condition indicating that the uptake of solutions by 

the cell wall involves complete replacement of an 

equal amount of water.

7. The blocks were dried slowly at room temperature in 

a desiccator (no drying agent) with the stopper of 

the lid removed for 7 days. (A small beaker of 

xylene was placed in the desiccator to check 

microbial infection.) then with the lid removed for 

3 days. On the third day the set up was kept in a 

fume cupboard and dried by forced convection. The 

air dried blocks were then finally oven dried at 

10$°C for 18 hours.

The very slow initial drying of treated wafers was 

essential to prevent excessive redistribution and to 

avoid stresses in the material due to shrinkage.

8. Tangential and radial sizes were measured. The 

blocks were then weighed to compute the retentions 

or uptakes of EG and B ^ .

The following computations were made:

Uptake or Retention as percentage of untreated oven 

dry weight is given by:

- 104- -
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W - ¥
Uptake or Retention = — ----- —  x 100 ..... (5.06)

and

the moisture content (MC$) percentage is:

nc% = TE T x 100 ..... (5.07)
Wu

Where W,j, = wt of oven dry treated block

Wu wt of oven dry untreated block

W TE = wt of block at EMC under consideration

f0 Tangential, radial shrinkage ..... (5.02a)

% Volumetric shrinkage   (5.01b)

Anti-shrink efficiency (ASE) ..... (5.03)

Bulking coefficient (B) ..... (5.05)

Relative effectiveness (RE ..... (5.04)

9. The oven dried EG and B^q treated blocks including 

the water treated control were exposed to successive 

adsorption and swelling for 2-3 weeks at 45 > 75» and 

90$ relative humidities (R H ) tby courtesy of the 

Princes Risborough Laboratory in their environmental 

chambers). The blocks were weighed and measured - 

after each equilibration. The absolute tangential, 

radial and volumetric swelling were computed by 

equation 5.02b .

4.3.3 Results

It is usual in utilization to express the moisture 

content and swelling values as a percentage of the combined 

dry weight of salt or treatment chemical and wood and as 

percentage of treated dry wood dimension respectively as
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presented in Table 5*4- and Appendix D, Table 5.3.

However, moisture content, shrinkage and swelling 

are also expressed as percentage of untreated dry weight 

or dimensions. This will allow in depth comparison among 

treatments levels, chemical effects and controls. Data 

based on untreated wood are presented in Tables 5.1 > 5.2 

and 5-3 and Appendix D, Tables 5.1 and 5-2.

The average results of the replicates (data were 

subjected to statistical Q-test at 90$ confidence level, 

odd values were rejected) for each treatment at various 

equilibrium moisture contents and retentions are presented 

graphically in Figures 5.2 to 5.6.

4-. 3.4- Discussion

4-.3.4-.1 Chemical Retentions

The retention values were calculated from the oven 

drying technique. Alternative methods such as using pick 

up data and concentration of treating solution and the 

most accurate chemical analysis could not be applied to the 

above test due to the following constraints.

1. Boracol is recommended for diffusion treatments.

Water present in the green wood mixes at all proportions 

with EG, therefore making it erroneous to use concentration 

values of EG and DOT for the various immersion periods to 

compute retentions.

2. Some aqueous EG or pure EG is unavoidably lost during 

conditioning, some is retained as modified EG in the dried 

wood. Immersion pick-up data will over-estimate retention 

of EG. DOT, however, is not lost (Dulat, 1980).

3. Chemical analysis will involve prior leaching of
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representative samples of DOT and EG. The uncertainty of 

the nature of EG present in the wood makes this method 

unattractive.

In view of the constraints, the oven drying 

technique where the difference between the dry weights 

before and after treating was determined as the weight of 

Boracol or EG present.

The 7 days and 30 minutes immersion periods were 

fixed arbitrary points to set the upper and lower limits 

for the retentions. The former period was to maximise 

retention by take up of B^q solution in displacing the 

water which diffuses out. The final concentration attained 

in the wood will be a little short of B^q concentration 

since large volumes of B^q solution were employed. The 

supposed retention was 114.6$ or 1.15gm of B^q taken up by 

1gm of wood substance.

The immersion time required for wood to take up the 

desired amount of chemicals depends upon factors such as 

thickness, grain direction, the concentration and temp

erature of the solution, density of the specimen and the 

initial moisture content of the wood. Uptake is controlled 

by capillary tension and diffusion. For the water 

saturated test blocks, B^q and EG was taken up entirely by 

diffusion. As all the above factors were the same for the 

blocks, the time taken to achieve a degree of treatment 

will vary as the square of the concentration attained 

within the wood. This follows from the Boltzmannforms of 

Pick’s diffusion equation (Prager and Long, 1951; Stamm 

and Nelson, 1961 and Stamm, 1964c).
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D = 

t.

2„2
tt a. E

l6t~~ 

2

or t =

2^2 ira E

1 6D

thus 1 E

t, E,2 ~2

where D is the average integral diffusion coefficient

’a 1, the thickness of the wood, and

TE 1, the concentration of the chemical attained in 

time 11 * expressed as fraction of the final equilibrium 

value.

The intermediate immersion periods of 30 minutes,

2 hours, 7 hours were such as to obtain the corresponding 

loadings of 24-.7/5, 39.7! and 68.9$ respectively, (Table

5.1 of Appendix D.).

Blocks for EG treatments appeared to have reached 

diffusion equilibrium with the surrounding liquid about 

the 7 hours immersion period with a retention of 2.8$ and 

after 7 days this still remains at 2.5$. The rapid £6 

into the wood was enhanced not only by the 

exposure of much end grain to the liquid of relatively 

very low viscosity, but also the strong affinity between 

EG and water and between EG and the hydroxyl groups of the 

wood substances. The rapid uptake may also be responsible 

for about the same retention levels at 60 seconds and 

2 hours immersion periods. 3.5$ appeared as the maximum 

retention level of EG by Scots pine sapwood of density 

about 0.50g/cc and 25 x 25 x 5mm, cross-cut size under the 

experimental conditions.



Table 5.1

Shrinkage characteristics of Scots pine treatments 

Sample size: 25 x 25 x 5 Density: 0.51 g/cc

Uptake 
t ODW

Tan. 
Shr,(%)

Rad. 
Shr.(%)

Vol. 
Shr.(%)

Bulking
% R E 1 =

JJ

PF - ASE
' Uptake T/7r

115 0.9 0.4 1.3 15.4 5.9 0.8 1.9

69 1.6 0.6 2.3 13.8 6.1 1.2 2.5

B40 40 2.5 1.4 3.8 12.6 6.0 1.9 1.8

25 3.3 2.1 5.5 11.1 5.8 2.6 1.6

13 5.3 3.4 8.5 8.0 5.5 3.4 1.5

EG
2.5 7.2 5.1 11.9 3.1 7.0 8.3 1.4

3.5 6.9 4.9 11.5 4.2 5.8 6.9 1.5

Untreated
Control 8.5 6.1 15.1 -■ - - 1.4

60
 L
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4-.3.4-.2 Shrinkage characteristics

Shrinkage data based on untreated wood for EG and 

B40 "krea'kment,s are listed in Table 5.1 » Appendix D, Table 5.1 and in 

Figures 5.1 and 5.2.

offered shrinkage restraint of about 91? with 

the 15.4? of Bulking coefficient. Much of the retained 

B^q therefore occupied the cell lumen to give an RE of

0.80. The very small volumefctric shrinkage of 1.3? 

indicates an almost maximum bulking effect for the 114*6?

B.n retention. Though deposition in the cell lumen is 

inevitable, the maximum effect of any chemical bulking is 

realised when much of the chemicals penetrate the cell wall 

to inhibit as much cellular shrinkage as possible.

Pure DOT recovered from solutions are reported to be 

amorphous and even in its crystalline species of Borax and 

pentaborate, the crystals are so small to be indetectable 

by X-rays (Dulat, 1980). Such a substance may not be very 

effective in blocking capillaries like growing crystals do.

The reaction of DOT (through its constituent Boric acid 

and Borax) with polysaccharids is also so unstable (Zittle,

1951; Deuel and Neukom, 1949) to be important. The ASE 

values may then be attributed mainly to EG or Boracol-wood 

interaction or both and not to deposited DOT per se.

Boracol diffuses into the cell wall matrix. The 

polarity of EG (dielectric constant, 37.7; cf. water 78.54 

at 25°C) and the minute crystals of DOT will not be 

expected to hinder penetration into the swollen cell wall, 

though the structure of Boracol complex will affect the

rate.
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For all levels of retention considered, shrinkage 

restraint occurred. Specific reduction in volumetric 

shrinkage caused by 13? B^q retention was 8.$?, which is a 

little over half the shrinkage capability as indicated by 

the water treated control value of 15?.

The RE of the treatment levels is better for the 

lower retentions (13.1 and 24-. 7? with an RE value of about 

3). It seems that the definition of RE (equation 5*04) may 

not be suitable for ranking dimensional stability among 

levels of treatment since much of the chemicals may be 

deposited in the lumina. The relative effectiveness 

would best be evaluated by how much shrinkage was 

restrained (ASE) by chemicals occupying or blocking the 

cell wall capillaries. An alternative would be to use the 

Bulking coefficient as the denominator in RE calculation. 

The Bulking coefficient (B) is a better assessment of the 

bulkiness of the cell wall. Thus, the reduction in 

shrinkage attained by the Bulking coefficient will be a 

better index. That is:

ASER E ’ = —  with both ASE and B remain as previously

defined. The RE' index appears to be constant for all 

levels of retention, indicating a steady proportional 

increment of ASE with B (Figure 5.2c). R E ’ may be a 

property of the chemical treatment. RE, however, will be 

necessary in assessing the cost effectiveness of 

stabilization agents.

Expectedly, the greatest dimensional shrinkage 

occurred in the tangential direction.
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FIG. 5.2 THE STABILIZATION EFFECTED WITH CHANGES IN RETENTION LEVELS

FIG. 5.2b
EG UPTAKE - /oODW
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FIG 5 2c THE RELATIONSHIP BETWEEN SHRINKAGE 

RESTRAINT AND BULKING(B) OF SCOTS PINE

■ I--------- 1---------- 1_____________ I_________ I___________t I
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BULKING COEFFICI ENT(B) - %

FIG. 5.3 THE MOISTURE ABSORPTION AT VARIOUS



T h e  t a n g e n t i a l  shrinkage was about 1.7 (from

1.5 to 1.9) times as great as in the radial plane. Thus, 

the degree of anisotropy of transverse shrinkage was 

insignificantly to slightly increased compared to that of 

the water treated control of T/^ value 1.4-. The T/^ 

values for EG treatment were about the same as those of 

the controls.

The low retentions of EG treatments ranging from

2.5 to 3.5? bulked the cells to restrain shrinkage to ASE

values of 22 to 24-?. The Bulking coefficient ranged from 

3 to 4-?. It appears that increasing the retentions will 

improve the ASE remarkably. All the retained EG will be 

present as derivative substance and none deposited in the 

lumen unlike the B,n . The R E 1 index was practically

constant, averaging 6.4-.

It can be seen from Figure 5.2 that the Bulking 

coefficient and the ASE increase exponentially with 

retention. About 15? appears as the maximum bulking 

effect for B^q . The ASE imparted by B^q is best discussed 

conveniently at 3 levels of retention (Fig. 5.2a).

Below 20?, the average rate of increase in ASE with 

retention is very high. This was accounted for by about 

10? Bulking coefficient.

From 20-4-0?, there is a moderate gain of ASE by 

about U% Bulking coefficient.

Above 4-0?, the ASE increases steadily with retention 

but at a much slower rate due to levelling off. Any 

additional chemical retained contributed very little to 

the bulking of the wood as the evidence infers that it was
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deposited in the lumina.

The clustered retention values of EG plotted in 

Fig. 5.2b could not be used for any sound extrapolatory 

deduction. 3,5% seems to be the maximum retention level 

under the test. The corresponding volumetric increment or 

Bulking coefficient was about k% and the associated 

volumetric shrinkage restraint (ASE) 24$,

In the following adsorption test, retention level 

of 114--6% of B,n was eliminated because the speciment felt 

wet to touch at the ambient conditions and that a long 

equilibrium conditioning period was anticipated.

The retention of EG was restricted to 2.5 and 3.5$ 

as the others simply replicated either of these retentions. 

In addition, only a reasonable range between retention 

levels will exhibit a clear cut differential response to 

this subsequent test.

4-.3.A*3 Adsorption characteristics

The EMC of wood at any relative vapour pressure 

depends on the past history of the wood. The EMC is higher 

at a given vapour pressure when equilibrium is approached 

by desorption than when it is approached by adsorption 

(Spalt, 1958). Repeated desorption-adsorption cyclying 

results in sorption isotherms forming closed hysteresis 

loops which essentially coincide except for the first 

desorption. The hysteresis coefficient A/D ranges from

0.8 - 0.9 for complete desorption-adsorption cycle. The 

existence of a substantially higher initial desorption 

isotherm at high relative vapour pressures demonstrate an 

irreversible loss of hygroscopicity during initial drying.



Summary of Swelling Characteristrics of Treated Scots Pine Sapwood 

in B^0 and EG Based on Untreated Dry Wood

Table 5.2

45% R »H . 15% R.H.  90% R.H.

TREATMENT UPTAKE 
% ODW M.C. VOL.

SWELLING M.C. VOL.
SWELLING M.C. VOL.

SWELLING

68.9 7.6 18.2 8.2 18.8 11.1 20.7

39.7 6.7 U . 9 10.7 16.5 16.6 18.4

■to 24.7 5.9 12.3 10.4 14.8 16.2 17.9

13.1 6.3 10.2 10.0 13.7 . 15.9 17.5

2.5 6.0 6.2 9.0 9.0 14.4 12.4
EG

3.5 5.6 6.3 9.1 9.2 14.5 12.6

WATER TREATED
CONTROL 7. 5 5.5 11.7 8.0 16.4 11.2

Unless otherwise indicated all figures- are in percentages.

9 
L 

L
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It was therefore important that the control and test 

blocks were subjected to the same conditioning treatment.

4. 3.4- • 3 • 1 Hygroscopicity

Table 5.2 confirms the observation that B^q and EG 

treatment does not confer any hygroscopicity on wood over 

the retention levels considered. Any difference in EMC 

between Table of Section A*2 and Table 5.1 at the same

relative humidity may be attributed to size effect, which 

determines the redistribution, the extent of wood-chemical 

interaction and the relative retentions of DOT and EG 

during conditioning. All of which will influence the EMC 

of the wood. A high DOT to EG ratio retention will 

increase the EMC of the treated wood; the converse is 

also true. The relatively low EMC at all RHs of B.n and 

EG treatments indicated that permanence of DOT or Boracol 

at these humidities would be satisfactory and that the 

strength properties might be improved.

Table 5»A represents values based on oven dry 

treated dimensions. These values are lower for all treat

ments than those based solely on wood content and reaffirm

the observaiton that EG and B.n treatments are less40
hygroscopic and wood so treated swells less at those 

humidities than untreated wood.

From Fig. 5*3» it was clear that the EMC increased 

uniformly with retentions up to about A0% B^q except the

45# RH curve which showed a continuous steady increase.
OJvAs Ivv.;

Obviously, above 40# ^ A at o8.9#» the retention levels 

offered a much reduced sorption site in addition to the 

fact that maximum EMC of DOT must have been reached to

account for the large drop in EMC. Theoretically, the 

maximum EMC of DOT occurs



Wood-Treatment-Moisture Interaction

Table 5.3

k5% R.H. 15% R.H. 90% R.H.
Treat
-ment

Uptake
%

Bulking
(B)

M.C.
%

Hygros.
Swelling

Ex. Vol. 
Swelling

Interact
Effect

M.C.
%

Hygros
Swelling

Ex. Vol. 
Swelling

Interact
Effect

M.C.
%

Hygros. 
Swelling

Ex. Vol. 
Swelling

Interact
Effect

68.9 13.8 7.6 4.4 12.7 + 0.1 8.2 5.0 10.8 -3.5 11.1 6.9 9.5 -5.3

B40
39.7 12.6 6.7 2.3 9.4 -0.8 10.7 3.9 8.5 -1 .0 16.6 5.8 7.2 +0.2

24.7 11.1 5.9 1 .2 6.8 -1.6 10.4 3.7 6.4 -1.3 16.2 6.8 6.7 -0.2

13.1 8.0 6.3 2.2 4.7 -1 .2 10.0 5.7 5.7 -1.7 15.9 9.5 6.3 -0.5

2.5 3.1 6.0 3.1 0.74 -1.5 9.0 5.9 1.0 -2.7 14.4 9.3 1 .2 -2.0
EG

3.5 3.8 5.6 1.8 0.83 -1.9 9.2 5.3 1 .2 -2.5 14.5 8.9 1.4 -1.9

Water
Treat ed 0 7.5 5.5 0 0 11.7 8.0 0 0 16.4 11 .2 0 0
Control

(Hygroscopic Swelling)= (Volumentric Swelling) - (Bulking Coefficient) 
(Excess Vol. Swelling) = (Actual Vol. Swelling) - (Vol. Swelling of Control) 
(Interaction Effect) = (M.C. of Treated Wood) - (M.C. of Untreated Control)

All figures are in percentages.



Table 5.4
Summary of swelling characteristics of treated Scots pine 

with Boracol (B.n ) and m-ethylene glycol (EG)4U

Average swelling as % of oven dry treated dimensions

45$ HH 75$ RH 90$ RH
Treatment Uptake M/C Vol. Tan. Rad. M/C Vol. Tan. Rad. M/C Vol. Tan. Rad.

68.9 5.2 2.3 1 .3 0.9 5.9 2.7 1 .8 1 .0 6.7' 4.1 2.7 1.6

39.7 4.8 1 .8 0.7 0. 6 7.7 3.4 2.0 1.6 11.8 4.8 2.7 2.0
B40 24.7 4.5 1 .2 0.7 0.6 8. 4 3.7 2.1 1.5 12.9 6.0 3.3 2.6

13.1 5.6 1 .7 0.9 0.7 9.2 4.8 2.6 2.0 14.5 8.7 4.8 3.7

EG
2.5 5.9 2.8 ■ 1.5 1 .2 8.9 5.3 3.0 2.4 14.0 8.7 4.8 3.5

3.5 5.3 2.8 1.5 1.3 8.7 5.4 3.1 2.4 13.9 8.8 4.9 3.7

Water untreated 
control 7.5 5.5 3.0 2.4 11.7 8.0 4.3 3.6 1 6 . 4 11.2 6.0 4.8
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between 60 and 90$ RHs in its pure state.

-4.3--4.3-2 Volumetric swelling

The volumetric swelling (designated actual 

volumetric swelling in Table 5.3) is the sum of the bulking 

coefficient and the swelling associated with moisture 

uptake. The volumetric swelling data under adsorbing 

conditions are plotted as a function of retention in 

Figure 5.4. Increased swelling occurred in all treated 

specimens and this effect generally increased with 

increasing chemical retention. The swelling was 

considerably more than that of the water treated control 

largely because of chemical bulking. Bulking as noted 

from Figure 5.2, characteristically increased with 

retention up to 40$ B^q . EG treatment maximised at 3.5$ 

retention.

For a given RH, the swelling-retention relationship 

(Fig.5.4) appeared as linear, though the correlation 

curves fitted best to the retention levels below 40$. The 

rate of swelling with retention was relatively high at the 

low humidities, as shown by the slope of the curves. The 

curves again demonstrated that at 90$ RH the treated 

specimens were approaching saturated swelling levels and 

as such did not show much differential swelling between 

retentions.

Much hygroscopic swelling occurred at the low 

retentions; 5.7 and 9.5$ at 13.1? retention levels 

exposed to 75 and 90$ RHs respectively. It was also noted 

from Figure 5.4 that at 75 and 90$ RHs, there seemed to be 

a general decrease in hygroscopic swelling of the various
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retentions with increase in moisture content. This 

paradox reflected the fact that moisture contents were due 

to combined absorption of the chemical (DOT or Boracol) 

and the wood whereas swelling was largely caused by the 

wood. The high retentions absorb so much water to 

commensurate the amount of DOT or Boracol present but 

swell less due to fewer sorption sites. At the lower 

vapour pressures or at 45$ RH, hygroscopic swelling 

increased with moisture content. At this condition, the 

absorption by the wood and DOT seemed to be equally 

limited by the vapour pressure.

4- - 3.4- • -4 Wood-Treatment-Moisture Interaction 

4-3-4-4-'l Dimensional stabilization

The relationship between hygroscopic swelling and 

moisture content at retention levels exposed to various 

vapour pressures are plotted in Figures 5.5 and 5.6.

Here, the hygroscopic swelling (i.e. swelling due to water 

absorption) of the treated materials are less than that of 

the control at any selected moisture content. The 

uniformity of the slopes of EG treatments and the 68.9 and 

38.7$ treatment levels of B.n with control demonstrate 

that bulking in general is not an indication of improved 

dimensional stability with respect to moisture content. 

However, the lower slopes of 24*7$ and 13.1$ B^q curves 

indicate considerable dimensional stabilization. This 

observation is also reflected in Figure 2 where retentions 

below 20$ B.n appear to offer the highest stability rate 

which would partially offset any dimensional change due to 

moisture absorption.
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FIG. 5.5 THE RELATIONSHIP BETWEEN MOISTURE CONTENT AND SWELLING
OF SCOTS PINE TREATED WITH BORACOL 40.

FIG. 5.6 THE RELATIONSHIP BETWEEN MOISTURE CONTENT AND SWELLING OF



4..3.4»4-»2 Excess volumetric swelling

It is the difference in swelling between treated and 

untreated specimens under adsorption conditions. These 

values increased with retention at a rate much less than 

that between retention and Bulking coefficient. This, in 

addition to the small increment of swelling due to moisture 

confirms that swelling by B^q and EG are largely due to 

chemical bulking. These observations are usually 

exhibited by non-hygroscopic chemicals (Bendsten, 1966 and 

Goldstein and Deher, 1961).

Interaction effect; DOT. EG and wood

Interaction effect is shown by the difference in 

moisture content between treated wood and the water 

treated control (Table $.3). The negative values indicate 

that the observed moisture contents of B^q and EG treat

ments are less than that of the control, while positive 

values indicate moisture content of treated wood to be 

higher. The negative interaction, suggests:

(1) that there is probably a mutual sharing of water by 

the chemicals (DOT and EG) and wood or

(2) that the chemicals react with the hygroscopic 

components of wood and chemically satisfy portion of the 

sorption sites or

(3) the interplay of both (1) and (2).

EG is the lowest of glycol homologous series and 

therefore most reactive and occurs as liquid at room 

temperature.

EG treated wood is bulked. That EG is retained in 

dry wood is a clear indication of its presence either as a
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reactive product or a derivative of it. Bulking of EG 

treated wood is therefore hypothesised to be a chemical 

process.

In contrast, PEG (polyethylene glycol) is a polymer 

of the glycol series, solid, soluble in water and readily 

deposited in wood during drying and readily^leached out 

with water. It has a reputation as a good stabilizing 

agent, having been used for conventional and archaeological 

wood (Ptoren, 1964).

Wood is therefore bulked by some chemical reaction 

of the EG or a derivative of it with the cell wall 

substances (holocellulose or/and lignin).

The reactivity of dihydroxy function groups and 

their derivatives suggest some probable EG reactions with 

wood. In vitro, EG forms acetal or ketals with carbonyl 

groups (RCHO, R-jR^CO) by acid catalysed condensation 

reactions.

A typical reaction is represented as thus:

The 1-3 dioxolane is completely miscible with water but 

solubility decreases with increasing chain length of the 

carbon in position 2 (Kirk Othmer, 1966).

With wood substance represented as R^R^CO where R 

can be aryl, alkyl groups or Hydrogen atoms, similar 

reactions could take place with a chain link in position 2.

x The ' ketonic and aldehydic functional groups occur veiy sparsely

in wood. This reaction must be expected to occur to a very small 

extent.

Acetone

c h 3c h o +

2-methyl-1-3-dioxolane
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Hydrogen ions (H ) provided by the Boracol solution.

Dioxolane is also reported to be intermediate in the 

formation of glyoxal (dialdehyde). Gfyoxal can also be 

prepa red by oxidation of EG. This compound is commercially 

useful in the cross linking (or insolubilization) of 

protein materials, hydroxyl containing polymers and other 

systems (Weaver et al. 1960, Miller, 1969).

EG and its derivatives may then be supposed to 

provide ketal or acetal link with cellulosic hydroxyl 

groups on adjacent chains and carbonyl compounds and that 

the bonds prevent further shrinkage of the microfibrils 

and reduce the hygroscopicity of the treatment system.

Obviously, the effectiveness of EG in preventing 

substantial shrinkage and moisture absorption is deter

mined by the retention which in turn is limited by the 

extent of interaction with the wood substances or 

vice versa.

B.n treatment may then be thought of as deposition 40
of DOT and chemical reaction of EG and B^ q with the cell 

wall. The very small negative interaction values suggest 

some absorption of moisture by the B^q treatment, probably 

through deposits of DOT.

A.3.A»5 Movement of B,^ and EG treated wood40'
The accompanying dimensional changes of wood in 

response to normal cyclic changes in environmental 

condition is termed ’movement* by Stevens (1963). Movement 

is usually evaluated for the changes moisture content from 

normal ’d ry’ wood about '12% to the ’wet’ condition at the 

FSP or above. For untreated normal wood longitudinal
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movement is only about 0 .1 ?; 3 to 5? for radial direc^ on 

and 5-15$ for tangential direction (Richardson 1978)*

Movements of B /n treatments at lower retentions than 

24.7? B^q from 75 to 90? RH would seem not to differ 

significantly from the untreated material. Generally 

movement decreased with retention. The volumetric

movement of water treated control from 75 to 90? RH was 

3 .2?, the equivalents for 13*1?, 24.7? and 39.7? 

retentions were 3.9> 2.7 and 1.4 respectively. The EG 

treatment was 3 .4?•
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4.4 Chemistry of Boracol Concentrates 

I: Solubility of Boric acid (H^BO.,), Borax (Na^B^O^.

10Hq Q) and DOT (disodium octaborate tetrahydrate,

NaoB„0„„. 4H^0) in water mixtures of ethylene glycol—  2 o I ----2 --------------------------------*------ -— ----
(EG)

I I : Interaction of Boracol 4-0 - water mixtures

4*4.1 Introduction

Preliminary experimentation and eventual salting out 

in stored B.n solutions indicate that there is a critical 

solubility rate above which Boracol or some component of 

it begins to precipitate.

The phenomenon has been observed in Borate 

solubility studies by Suhr (1937), U. Sborgi et al. (1931) 

and (1932) and later Harrow (1955). They highlighted the 

effect of Sodium oxide to Boric oxide molecular ratios 

(Na^O/B^O^) on the optimum solubility of sodium borate 

solutions.

This section then examines firstly, the solubility 

of Boric acid, Borax and DOT and their Na^O/B^O^ molar 

ratios in water mixtures of EG and then to identify the 

critical solubility of B^q in water at the incidence of 

precipitation. Deductions will be made for a more stable 

Boracol formulation.

Solubility measurements were carried out by the 

shaking method. The salt concentrations were established 

by titration.

4.4.2 Experimental: Preparation of Analytes

4 .4.2.1 Reagents

Hydrochloric acid; (AR grade) standardised to 0.2628N
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Sodium hydroxide (AnaLAR) free of 00^ and standardised 

to 0.4921N.

Methyl red indicator, 0.1? in Ethanol (GPR grade) 

Phenolphthalein indicator, 0.1? in 50/50 Ethanol/water• 

Polybor ( N a ^ g O ^ .  4.1^0), 99.4? purity. (DOT)

Borax (Na^B^O^. lOH^O), GPR, Assay 98? min.

Mannitol (neutral) AnaLaR

Ethanediol or ethylene glycol, GPR 99? (EG).

Z.4-.2.2 Procedure: Solution I

Mixtures of m-ethylene glycol and deionised water 

were prepared in proportions by weight as 1 0 ?, 20?, 30%,

4-0?, 50?, 60?, 70?, 80? and 90? of the organic solvent.

Pure water (0?) and pure EG (100?) were also included in 

the studies.

20gm of the solvent mixtures were placed into 4.0ml 

round polypropylene centrifuge tubes with plastic screw 

caps. To avoid too much waste of salts, the solubility 

values of the salts in EG and water as indicated by the 

literature were used as a rough guide as to the amount of 

appropriate salt to be added to the mixtures. Small 

quantities were added at a time and shaken until some undissolved 

salt remained in the solution. More salt were then 

added and the mixtures in the stoppered tubes warmed in 

water bath at 4-0-4-5°C for one hour to dissolve and then 

finally shaken on a whirlimixer. All solution were stored 

at 22°C for 7 days and then centrifuged at 1000g for five 

minutes.

5ml of the supernatant (weighing about 5-6gm) was 

carefully pipetted, to avoid picking up undissolved
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particles, into weighed 1 00ml volumetric flasks and made 

up to the mark with deionised water freed of C0^ hy boiling. 

Appropriate analyses were made for the various salts.

4.. U . 2.3 Procedure: Solution II

Mixtures of freshly prepared B^q and water at 

various w/w proportions of 1 0 ?, 2 0?, 30?, 4-0?, $0?, 60?,

70?, 80? and 90? of were made in 4.0ml polypropylene

centrifuge tubes and shaken to mix on a whirlimixer and 

kept at 22°C for 6 weeks. There was immediate precipitation, 

in 30?, 60? and 70? of B,n mixtures. The mixtures were centri- 

fuged at 1OOOg for $ minutes. 5 ml g the supernatant made up 

to 1 00ml of solution with water was analysed.

4.. 4..3 Analytical Method

Analyses were done by titrimetric method 

4-. 4- • 3.1 Theory

In titrimetric analysis, Boric acid is too weak an 

acid to be titrated in the normal way. Solutions of Boric 

acid are neutral to p-nitrophenol and methyl orange 

indicators. Though acidic towards phenolphthalein the pink 

colour of the indicator is developed before all the Boric 

and is neutralised. The ionization of aqueous Boric acid 

which acts exclusively as monobasic acid by hydroxyl ion 

acceptance rather than proton donation can be described by 

the following equation:

B(0H), + 2H20 * B(0H)" + H30+ ..... (6.1)

and the equilibrium constant is

(H 0+ ) (B (OH)~)
K = — 2------------ 4-
a (b (o h 3 ))
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The pK value of this dissociation is about 9.0. However, 

the acidic property of Boric acid is augumented by the 

presence of sufficient polyhydric alcohol. The Boric acid 

reacts with the polyhydroxy alcohols to form much more 

strongly acidic monobasic complexes which can be titrated 

with carbonate free alkali solution using phenolphthalein 

indicator.

For the commonly used polyols, the pX values of the 

complexes lies in the order sorbitol < mannitol < fructose 

«. glycerol < ethylene glycol (Belcher et al. 1970).

For 0.01 M solution of Borax-mannitol, pK is 1.98 

and for Boric acid - borate - mannitol equilibrium pK is 

2.79 (Knoech and Taylor 1969» Torssel 1 952). Thus, a 

solution of Boric acid containing sufficient polyol react 

as strong acid with strong base such as NaOH to form 

metaborate.

the end-point really coinciding with the pink colour of 

the phenolphthalein.

Borax and DOT are extremely weak acids and strong 

bases and react strongly alkaline in aqueous solution due 

to hydrolysis and may be titrated by HCL using methyl red 

indicator to give the alkali bound to the Boric acid 

hence Na2 0 content.

NaOH + H3B03 2H20 + NaB02 (6.02)

Na2V 7
+ 2HG1 + 5Hn0 = 1H oB0 q + 2NaC1 <■ j 5 (6.03)
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When the free Boric acid is formed, it may be titrated with 

NaOH in the presence of the polyhydroxy alcohol to

Borax, DOT and Boric acid were determined empirically.

4.4.4 General procedure

2ml of the appropriate solutions were pipetted into 

250ml conical flask and titrated with standard HC1 and 

NaOH with 6gm of mannitol according to the procedure of 

BWPA standard 105» Appendix C, Section 3*1. The titration 

was repeated until the burette readings for three 

consecutive titrations were within 0 .10ml or less of each 

other. The average values were used for the calculations.

4.4.4.1 Calculations

At neutralization,

1gm eqt. of Base reacts with 1gm eqt. of Acid

evaluate the amount of B^O^ and H^BO^ present in the 

solutions. In this study, the values of Na^O, B^O^,

donated per molecule or ion 

The equivalent weight of Boric acid is 61.84-gm;

The percentage of the above chemical species were 

calculated as below:

% h 3b o 3
6 . 184  x T  ̂ x

..... (6.05)
W

t Bo0
3 . 4 82 x T^ x . . . . (6.06)

2 3 W

3.0997 x T 1 x N 1
..... (6.07)

W
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19.072 x T1 x N 1
$ hydrated Borax = ................... . ..... (6.08)

W

20.624- x T1 x N 1
$ hydrated DOT = ... ................ ..... (6.09)

W

where

N.

N,

W

Volume of HC1 required for methyl red 

neutralization

Normality of HC1 used (0.1.314- N).

Volume of NaOH for phenolpthalein end-point. 

Normality of NaOH used (0.4-921 N).

Weight of Boracol (Solution I) and DOT 

(Solution II) in 25ml of solution (mixture).

4-.4-• 5 Results

The solubilities of the various Boron compounds in 

water - ethylene glycol mixtures are summarised in Tables

6.1 - 6.4- and plotted in Figures 6.1 - 6.4-.

4-. 1.6 Discussion: Solution I

The solubilities of Boric acid and Borax increase 

exponentially as the water content decreases. DOT behaves 

in a similar fashion up to 50$ EG. Between 50 and 60$ EG, 

there is a minimum dissolving or solution rate, thereafter 

an apparent sigmoid relation with further decrease in 

water content up to the maximum solubility of about 4-6$ in

100$ EG.

Solubility of Borax and Boric acid in aqueous EG at 

22°C from 10$ EG is described by the following 

exponential equations:

x

or In S

6.19 exp (0.019 M) 

1 . 8 0 +  0.019 M r + 0.99 (6.10)



Table 6.1
Solubility of Boron Salts in Water Mixtures of 

m-ethylene glycol ( EG) at 22°C

Solubility, % (w/w) of solution

Wt % organic 
( EG)

Boric Acid (b (o h )3 ) Borax (Na2B4°7 10H20 Polybor (Na2B8°13« 4H20) or DOT

B2°3 b (o h ) 3 Na2 0
B2°3 Borax Na2° B2°3

DOT

0.0 2.7$ 4.89 0.93 2 .0$ $.71 2 . 1 1 6.54 18.93
1 0 . 0 2.63 4.68 1 .2 $ 2.7$ 7.66 2.97 6 . 2 1 19.74
2 0 . 0 2.$9 4.$9 1.4$ 3.24 8.94 2 .8$ 5.86 18.9$
3 0. 0 2 . 68 4.76 1 .79 3.9$ 11 .01 3.1$ 6. 01 20.94
40.0 2.79 4.92 2.13 4.74 13.87 3.63 6. 48 24.19
$0. 0 2.94 $ . 2 2 2 . 5 6 $.71 13.73 4.68 7.80 31.13
60.0 3.34 $.94 3.16 6.93 19.42 4.82 9.30 3 2 . 1 1
70.0 4.0$ 7.19 3.9$ 8.88 24.43 $.81 11 .8$ 38.64
80.0 $.32 9.4$ 4.36 11.09 30.37 6.24 13.92 41.38
90.0 7.32 1 3 .0$ 5.86 13.19 36.08 6.43 16.53 42 . 81

1 0 0 . 0 10.18 18.08 6.77 13.09 41.7 6.95 13.79 4 6. 2
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S. = 3.09 exp (0.015 M)

or In S = 1.13 + 0.015 M r = + 0.92 ..... (6.11)

where

S is the solubility of Borax in solution as $ w/wX
is the solubility of Boric acid in solution 

as $ w/w

M is the $ of EG in the mixture from 10$ EG to 

100$ EG.

The solubility of Borax is accountable by a 

constant molar ratio (Na^O/B^O^) 0f 0.5 in solution 

while the irregular behaviour of DOT is influenced by the 

varying molar ratios from 0.4-7 to 0.67.

The experimental NaO^/B^O^ molar ratio of Borax is 
to

obviously equal the stoichiometric value of 0.5. However, 

according to Nies and Hulbert (1967) the ratio is not 

always 0.5 due to the probable presence of various 

composition of borate.

From Figures 6.1 and 6.2, the irregularity of DOT 

curves exhibit the effect of the molar ratios on 

solubility in aqueous EG as recognised by Harrow (1955)

Nies and Hulbert (1967) Kemp (1956) and Gale (1964-) in 

water.

DOT is a sprayed mixture of boron compounds of stoichiometric 

composition, probably a mixture of H^BO^ and Borax or 

Borax and pentaborate. It is therefore not surprising that 

DOT exhibits various forms of isolable or inisolable 

borates corresponding to the various peaks in Fig.6.2. The peak

0.67 (Na^O/B^O^) ratio in 50$ EG coincides with the
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Table 6.2

Solubility of Molar Ratios of Borax (Na^B^O^,. 10H^0) 
and Polybor (Na^B^O^ ̂ . 4-Ĥ O) in water mixtures of 

m-ethylene glycol ( EG) at 22°C

wt of organic Polybor Borax
( EG) Na20/B2°3

Na^O/B^O

0 O • ô 0.509

10 0.537 0.510

20 0.54-6 0.509

30 0.588 0.502

40 0.629 0.504

50 0.674 0.503

60 0.570 0.512

70 0.550 0.499

80 0.503 0.441

90 0.4-97 0.499

100 0.494 0.503

Molar Ratio
% Na20 Molecular weight of
-------  x --------------------------- -
% Molecular weight of Na^O

t Na20 69.6
62

%
x
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beginning of the kink in the curve at 50% - 60% in 

Figure 6.1, where s o l u b i l i t y  makes the least 

increment from 31.1 - 32.1$ for a 10$ decrease in water 

content.

It is clear that solubility of DOT is high in low aqueous

EG solution and will be stable in more acidic solutions. This

can be attributed to the esterification of the EG and Boric

acid to form chelate complexes ( Roy et al » 1957, Boeseken,

194-9; Weser, 19&7; Nies and Campbell, 1 964-). It

therefore appears better to formulate solution from the

right-hand-side of the curve (Figure 6.2). The relative

stability of the solution and the high concentration input

will, motivate rapid penetration in diffusion treatment.

However, there is an inevitable hydrolysis of the ester

or the complexes in the presence of even small amounts of

water such as atmospheric moisture, which will destabilise

the formulation- and eventually precipitate the solute.

or some component of it.

In view of this hydrolytic instability, it was

decided to study the effect of water on solubility of B n4U
and to identify the critical solubility where there could

be homogeneous solution phase at all water mixtures.

Incidence of precipitation will result in

insolubilization of some component of Boracol in pot during storag 
and in wood/
during treatment. On diffusion treatment, which depends 

on the moisture content of the wood, precipitation could 

directly impede the ionic mobility and flatten the 

diffusion gradient, though the former may not be 

practically important. More importantly, a non-uniformity
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4 .4-.7 Hydrolytic Instability

The breakdown as evidenced by precipitation in B^q 

solutions in water will best be understood by knowing the 

nature of the B.n complex itself.

Intensive research into the nature of diol (or

polyol of which EG is a typical example) and boric acid

and borax interaction began in the late 19th century. To

the present time, there has been conflicting reports and

opposing hypotheses about the nature of Boron, whether it

is the co-planar trigonal boric acid (Kustin et a l . 1969;

Gardner and Lucas 1950) or the tetra hydroxy borate
1969;

(Knoeck and Taylor,A Hubert et al. 1961) that interact with

1,2 diols or both.

The argument seems to stem partly from the nature of 

boric acid in solution. Nevertheless, the existence of 

tetrahydroxy borate has been established by Raman spectra 

data by Edwards et a l . (1955). Most of the work on diol- 

boric acid reaction has therefore included the assumption 

that diol reacts with the borate ion and not with 

undissociated boric acid. The ionization of boric acid is 

therefore often described by equation 6.1.

Though the argument seems to favour the presence of 

borate ion-diol reaction, some evidence suggests trigonal 

reaction too.

It has also been concluded from pH studies (Ingri N, 

1963) that dilute borax solutions ‘( ^ 0.025 M) are 

dissociated into essentially free boric acid molecules,

in the distribution of Boron might result in localised
subtoxic threshold retentions.



- n  1 -

B(OH)~, and equal members of monoborate ions B(0H),.J 4-
Probably dilute boric acid solution contains, as does 

borax, 2 boroxy species, trigonal boric acid and tetrahedral 

borate ions.

H2° - + 
Na2B4°7 = 2B(oh)4 + 2H3b03 + 2Na (6 .1 2 )

The nature of B.n will therefore be linked with the most 

widely accepted reaction concept.

Herman (1938) and Boeseken et al. (1921)

independently postulated the co-ordination compound 

structure of cis vicinal diolboric acid/borate complex from 

data derived from measurement of optical rotation, 

conductivity, acidity, freezing point and solubility.

The equilibrium was later established by Boeseken (194-2) 

and verified by Knoeck and Taylor (1969); Conner et

al (1967); Weser (1967) and others, that diol boric acid 

ester or complex can have diol to boron ratio of 1:1, 2:1 

or both and that the rate of esterification and hydrolysis 

of these complexes is rapid.

Diol and boric acid or borate interact by 

elimination of water between the reactants and can be 

formulated as follows:

b (o h )a +
rOH

L-OH

,0H

* B
X

- 0 0H_

+ H20 ..... (6.13)

mono-diol (II) 
weakly acidic
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bis-diol (III) 
or spirane 
strong acid

neutral (I)

(6.13)

(6.1$)

Evidence from Isabell (194-8) suggests that when the three 

types of the complex are possible, they are in equilibrium 

this equilibrium is dependent upon pH, ratio of borate to 

diol and the absolute concentration of the diol. Fig. 6.4- 

represents a hypothetical equilibrium diagram for a 

tetraborate-diol system (after Isabell 194-8).

F i g . 5   ̂4  H yp oth etica l equilibrium  diagram  for the teLrahurate—diol Hysttro.
I------O OH f----- O O------, ------0I \ y I \ / !  l \

S -  m  D  r  H O K O H ,  E I r -  e- R  b -  CD," = R  B K- EI> t p. £ O E
I / \ I V  V t | /
* “O 0 H - O O- * ■ ■ O
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Infrared spectrometrical analysis of B^q was 

performed through the Analytical Service of the Department 

of Geochemistry of Imperial College, in an attempt to find 

the type of Boron complex. Perkin Elmer model 621 Double 

beam spectrometer was used.

The spectrum of B.n showed that the borate had added40
— 1 —1 —1main peaks In the region 14-4-0 cm , 1320 cm and 1160 cm 

to the spectrum. Though peak positions from the experi

mental evidence were not precise, (reference to the spectra 

attached) it would appear that spectrum includes a strong

peak at 144-0 cm of the type

0. ^ 0  

0 ^  ^ 0

The pH of the solution (B^q ) was 6.4 (weakly acidic).

B /n is present in the 1:1 ratio of Boron to EG.

From Fig. 6.4 it can be assumed from the predominance of

Type II over Type I, that Type III is very likely to be

absent from the solution and that all the EG reacted.

Having identified the probable chemical species in

solution, the stability of B.n - water mixture can be40
associated with the tendency of these species to hydrolyse 

in the presence of water.

B-0 compounds, like the complexes,as a general class 

are hydrolytically unstable in the presence of even the 

smallest amount of water.

The mechanism-Involves nucleophilic displacement by 

water on boron, with B-0 cleavage and not the alkyl-oxygen(Othmer,

1966,page 655). Trigonal compounds are therefore more prone to
hydrolysis due



to the vacant p-orbital which readily co-ordinateS with the 

unshared electron of the water molecule to form the 

hydrolytic intermediate structure.

Type I compounds are therefore easier to hydrolyse 

than the tetrahedral derivatives of diols.

OH + 2HpO

j---OH

R + H_B0o ____ (6.16)
| 3 3
‘---OH

I diol

Another very important effect in determining the 

relative rate of hydrolysis is usually the steric require

ment of the hydrocarbon moieties. This probably shields 

the boron atom from attack by water.

The critical stability constant of boric acid —  EG 

interaction for Type III (bisdiol boric acid) as deter

mined by Nazarenko et al. (1967) is pK 8.33. Bi dio- 

borates are generally known to be very stable in water.

In view of the above characteristics, the relative 

instability of the probable chemical species of B^q is in 

the order of

Type I »  Type II > Type III

and that total or partial hydrolysis depending on the 

chemical species and amount of water present is possible to form 

an equilibrium mixture.

4.. A . 8 Discussion: Solution II

Table 6.3 plotted in Figure 6.3 illustrates the 

instability of B^q solution in its water mixtures.

For the six weeks incubation period at 22°C,



Table 6.3
Solubility of BORACOL 4-0 in water at 22°C 

and 6 weeks incubation period

Solution composition (w/w)
Mixtures % Boracol 4-0 % de-ionised Soluble amount of % of DOT
Number water DOT in Solution precipitated

%
0 0 100 0.00 0
1 10 90 99.44 0
2 20 80 99.96 0

3 30 70 99.68 0

4 40 . 60 99.77 0

$ 50 50 83.98 16.03
6 60 40 75.60 14.41
7 70 30 • 70.15 29.85
8 80 20 42.93 57.07

63.772 36.23

88.541 11.46

9 90 10 54.71 45.29

00 00 00 00 rs
j

11.13

94. U 1 5.56
10 100 0 100 0

1 1 week incubation period
2 4- weeks it ii

145
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FIG.6.3 SOLUBILITY OF DOT IN MIXTURES OF BORACOL 40

AND WATER AT 22"C AND 6 WEEKS INCUBATION PERIOD

100 80 60 40 20 0

%(w/w) OF WATER IN MIXTURES



147

mixture 8 or 80? B^q precipitated the largest amount of 

DOT of about $7%. The precipitation, which may designate 

the relative instability, generally increases with 

decrease in amount of water added. There was no precipi

tation from 10 to 40? B.n mixtures. This is obviously due 

to more water present in the mixture and that even 

though total or partial hydrolysis might have taken place, 

the water present was enough to keep the DOT in 

homogeneous solution phase. This is confirmed from Table

6.4, where the amount of DOT present with water in the 

mixture is calculated.' The % DOT is either less than the 

solubility of the DOT at 22°C of 18.9? or not significantly

different. Beyond 40? B /n, there was more precipitated4U
DOT than can be dissolved by the water present.

The precipitation of 50 to 70? solution was

immediate but that of 80-90? was observed after overnight. 

Though the latter solutions precipitated most of their DOT 

the rate of hydrolysis was slow due to little water added. 

It was not surprising that B^q with only 9? water, appeared 

stable for some time and precipitated with time.

Reference to the relative humectant values of EG 

(i.e. the limiting concentration of water that will be 

absorbed when EG is in contact with air at specified 

temperature and humidity) of Section 1.4»4»2

indicate that formulating solutions of high EG to water 

ratios (e.g. B^q is 85? EG) will mean a large absorption 

of moisture at the atmospheric conditions to equilibrate. 

The solubility values of Table 6.1 must be at equilibrium 

with its moisture (or water) and that any additional
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Table 6.1

wt l B

10

10

Precipitation of Na^BgO^. IH^O in water 

mixtures of B0RAC0L 10 at 22°C

Amount of DOT present
wt % DOT precipitated with water in the mixture

of B^q and water

%
0 1.2

20 0 8.9

30 C 11.2

10 0 20.1

$0 16 26.8

60 21 34.6

70 30 13.5

80 57 51.1

36z

121

90 15 81 .6

112

6J

100 0 0

1 1 week incubation period

2 1 weeks n M

Solubility of DOT in water at 22°C was 18.9%
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water will initiate the hydrolytic effect.

Formulations of Boracol with EG-water ratios less

than the corresponding relative humectant values at the

humidities encountered will be stable. Exposed Boracol

solution of 20% EG will be stable from 0% to about 95$ r h

whereas exposed B n with 85% EG will only be stable from4-U
0$ to about 35% RH.

The observations also throw light on the probable 

state of Boracol solutions during diffusion into green or 

wet wood. It may be postulated that either all or some of 

the Boracol solution is hydrolysed to release Borate ion 

and EG to diffuse independently. The rate of diffusion of 

boron would be expected to be impeded as a diolborate ion 

due to steric hinderance than as borate ion.

The general enhancement of boron diffusion from 

applied Boracol in trials may then be attributed mainly to 

the high concentration gradient and that on treating lower 

moisture content materials the presence of the glycol 

provides a significant longer time nwet” wrood medium for 

Boron diffusion.

The hydrolytic instability of the esters can be used 

to advantage. Short et al. (1976, US Patent 4*076,871) 

impregnated hardboards with esterfied borate and later 

hydrolysed the ester to deposit the boric acid.

Undoubtedly, proper selection of certain steric 

factors could produce esterified species with phenomenal 

hydrolytic stability. In the case of Boracol, the sole 

presence or the presence of bisdioborates Type III in 

solution could be an asset, and that the absence of the
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9% water in the formulation would increase the half-life 

hydrolysis. The hygroscopicity of EG also indicates the 

proper care needed in handling Boracol 40 to the exclusion 

of moisture.
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4.•5 Attempt to find by IR spectroscopy the type of 
Boron complex

4-.5.1 Introduction

The literature reports generally of cis vicinal diol 

and borate or boric acid reaction to form complexes. 

Research in this area has used Boric acid and Borax as the 

inorganic reaction species with the diols. The findings 

apply to DOT (disodium octaborate tetrahydrate) as well., 

which hydrolyse to release boric acid and tetrahydroxy 

borates ions and probably some polymeric borate ions.

The complexes formed may be either or combinations, 

or all of the Type I, II and III. In view of these 

chemical species that can be present in solutions, this 

work attempts to identify by Infra red spectroscopy the 

type of complex present in Boracol 4-0 solution.

Knowledge of the complex will aid in the explanation 

to the hydrolytic instability of the solution.

Three different diluted solutions of B^q with EG 

were used in the test.

4..5.2 Method and Material

Freshly prepared solutions of Disodium octaborate 

tetrahydrate with EG and water at three concentrations:

M, M/10, M/100 where M is Boracol 4-0.

The solutions were found to be wet to IR windows (KB2 an<3 

NaC1) particularly M. In addition, since the relevant IR 

absorption bands were particularly strong, no way was 

found to using accurate double beam difference spectro

metry. Sample cell transmission spectra were taken of the 

three solutions using Perkin Elmer Double Beam Spectro-
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phometer model 621.

4-.5.3 Results and Discussion

Spectrum Number 675 Solution of cencentration H

" 674 " M/10

" 673 n M/100

The spectra are attached.

The region of interest for wavenumber (B-0) linkages
_ i

is 1500 - 1200 cm , although broadband absorptions were 

expected and found in the range 1500 - 800 cm , no 

reference spectra have been found for the complexes with 

the exception of the Type I

—  C ---0^
i

for which two bands would be expected, are in the range 

1350 - 1300 cm and the other of unkown location.

The region of interest for (B-0) wavenumber is also 

a region of strong Glycol absorption bands at 1458 (6),

1364 (6), 1325 (5), 1251 (3), 120 (4), 1082 (10), 1040 (10) 

and 862 (7). The figures in brackets indicate intensity on 

a scale to 10.

The spectrum of Solution M shows broad band

absorption for region 1500 - 800 cm with peaks at 
-1 —1 -1

140$ cm , 1315 cm and 1175 cm and a series of small

absorption peaks in the range 950 cm to 700 cm . By

subtraction of the glycol peaks, the DOT has added main
—  1 1 1peaks in the region 1440 cm , 1 3 20 cm and 1160 cm to 

the spectrum.

The spectrum for Solution M/10 shows enhancement at
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—1 —1 —114-00 cm , 1320 cm and 1170 cm on the glycol spectrum.

The spectrum for solution M/100 shows slight
-1enhancement at 14.00 cm on the glycol spectrum.

The structure of DOT is not known to me but is 

expected to be cycl ic or linear polymers formed by linking 

B0^ or B0^ units by sharing oxygen atoms. The B0^ 

grouping is electron deficient in general. In the 

formation of complexes by such salts with EG the steric 

considerations are very important (Cotton and Wilkinson, 

1 9 6 2).

Peak positions from the experimental evidence are

not precise, given the interference and method available.

However, it would appear that the solution M includes a

strong peak at 14-4-0 cm not present in M/10 or M/100.

Whether there is a peak at 14-00 cm is not clear. Since

this peak is outside the range mention for a complex or

grouping of the type ___q » it is assumed to be due
0 ^ "

0 ^  ^ 0
to a grouping of the type B whether associated

0^  '"'-0

with a complex or a B0. unit of the octaborate.
4

The pH of the solutions were:

M , 6.3; M/10, 6.1 ; M/100, 6.0.

4.5.4 Conclusion and Recommendation

The investigation on the basis of the IR evidence 

only has made a suggestion as to the type of complex that 

is involved. Further work is required, particularly with 

well characterised samples of the sodium borate to provide 

reference spectra - (frequency/intensity) of characteristic 

groupings or linkages. This work needs to be done using
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IR transmitting windows that are tolerant to moisture. 

Finally, it would be valuable to do all further work 

with a spectrometer that allows storage, normalisation 

and subtraction of spectra.
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4.. 6 The Effectiveness of Boracol preservative system 

I : Evaluation of aqueous Ethylene glycol solutions of

Boric acid, Borax and DOT against monocultures of 

Coniophora puteana and Coriolus versicolor.

II: Leachability of Boracol treated wood

4-.6.1 Introduction

The chief characteristics of any good preservative 

are toxicity and permanence, i.e. the resistance against 

invading decay organisms and its evaporation or leaching 

from wood.

Boron is an effective poisonous ingredient in water

borne preservatives to all major wood destroying insects, 

termites and fungi (reference to Section 1.3).

However, the only major service disadvantage of 

Boron compounds to date is the ease with which they can be 

leached out of timber under wet conditions. Consequently, 

wood treated with Boron is used only under non-wet 

conditions. Fixation of Boron would therefore widen 

considerably the field of its application’.

Boracol, as already noted, is a modification of 

aqueous Boron salt preservative, by replacing the aqueous 

carrier medium with ethylene glycol (EG). While this 

modificaiton is advantageous from the point of view of 

relatively rapid diffusion, among others, the EG in wood 

may provide an additional source of nutrient for some 

microbial organisms especially moulds and bacteria. For 

example, Penicillium s p . and Acremonium sp. were isolated 

from degraded 10$ v/v ethanediol by Dale et al (1982); 

and EG was oxidised by Clostridium glvcolicum. Lamont and
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Stadtman (1963); lower alkanediols generally appeared to 

support the growth of Aspergillus niger, Trichoderma. 

viride and Mvrothecium verrucaria. Gersham et al (1980).

EG in wood supported luxuriant growth of Coriolus versi

color (personal observation). EG may then raise the toxic 

values of Boron against wood degradation.

In addition, the chemistry of Boracol and the 

hypothesised Boracol-wood interaction may not be conducive 

to fixation of Boron. This investigation was therefore 

conducted to verify the above suppositions by evaluating 

the teachability and fungicidal efficacy of Boracol 

treated wood.

4..6.2 Experimental Procedure 

4-.6.2.1 Method of Testing

The chemical treatment and conditioning of test 

blocks were carried out as in EN 113 (1983) Section 6 and 

7 and leaching was undertaken by a modified method 

according to Williams(1970).

Whereas in the standard methods (e.g. EN 84.) the 

assessment of results after leaching is carried out on the 

effectiveness of the residual chemicals in the blocks by 

bio-assay, in the present test the degree of leaching was 

assessed by determining the amount of Boron in the 

leachate expressed as a percentage of the initial Boron 

retentions.

Many laboratory block test methods are available for 

evaluating fungicidal activity of wood preservatives using 

mono-cultures of basidiomycete fungi. The most common 

method involves exposing sterilised wood blocks to mono
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cultures of actively growing fungi on malt-agar for a 

specified incubation period (in EN 113» 16 weeks) and 

decay is assessed by the weight loss of the test blocks.

A similar method, employing much smaller block samples of 

30 x 10 x 5mm instead of 50 x 25 x 15mm (EN 113)» was 

developed by Alliot (194-5) with 6 weeks incubation period, 

and later improved by Bravery (1978, 1983).

Alternative methods (to EN 113) have been put 

forward (IRG, Peebles, 1978) but only a few appear 

comparable to EN 113 (BS 6009 : 1982) like Bravery’s 

method. This method is currently being considered for 

inclusion in a draft European Standard. Other methods 

are time saving too but are procedures for screening of 

potential fungicides and are not suitable for an 

evaluation of toxic limits against wood destroying fungi.

A modified block test - soil/block melthod - was 

developed in America and has formed the basis of ASTM H 1 3  - 

1961. This method replaces the malt-agar with sterile soil 

and test blocks are infected via inoculated wood feeder 

strips which rest on the soil and an incubation period of 

twelve weeks.

The standard methods are time consuming, with large 

sample sizes and need special test vessels. The method 

due to Bravery (1983) was, therefore, employed for this 

test due to its simplicity to set up (i.e. no need for any 

special test vessel but involves petri-dishes or similar 

small containers). Small block size was used to reduce 

variation among samples. The relative rapidity of the six 

weeks incubation period and the comparability of observed



toxic valves with that of the standards were other points 

in its favour.

4-.6 .2.2 Test Blocks

Scots pine sapwood (Pinus sylvestris L) and 

Beech onterwood (Fagus svlvatica L) were used for 

the test.

4 .6 .2.2.1 Dimension

Battens of kiln dried wood were machined to 

30 x 10 x 5mm blocks (10 x 5mm, end grain).

4.6 .2.3 Test Fungi

Coniophora puteana (Schum ex Fr.) Karst, FPL No.11E, 

an obligatory test fungi on softwood (EN 113)*

Coriolus versicolor (L extr.) FPL No. 28A, an 

obligatory test fungi for hardwoods (EN 113).

4.6 .2.4 Preservatives and Solvents (dilutents)

Three Boron based preservative compounds in water or 

aqueous ethylene glycol solution were tested:

Boric acid, H oB0o

Borax (di-sodium tetraborate decahydrate), 

Na2B ^ 0 7 .10H 2 0.

Polybor or Timbor (di-sodium octaborate tetrahydrate) 

Na2B8 ° 1 3 '^ H2°*

Aqueous ethylene glycol solutions

4.6 .2.4.1 Treating Solutions

The concentraitons of treating solutions were chosen 

so as to yield loadings expected by calculation (knowing 

the maximum water uptake and volume of blocks from trial 

blocks), to provide supertoxic, subtoxic and toxic 

thresholds based on the ultimate Boron content (Appendix A
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Table 1.1). The concentrations of stock solutions in 10?
aqueous EG solution are presented below:

Compound ? of Boron 
in Compound

? of compound 
in 10OOg of 4-0? 
a q . EG solution

? of Boron 
equivalent 
in solution

1 . h 3b o 3 17.50 0.157 0.08

2. Na2B 0? .10H20 11.35 0.70$ 0.08

3. Na2Bg0 .iH20 20.98 0.381 0.08

4. Na2Bg01 3 U H 2 0 20.98 0 .3 8 1* 0.08

* In de-ionised water only 

10? of EG or 100g of EG in 900g of water

20? of EG or 200g of EG in 800g of water

4.0? of EG or 4-OOg of EG in 600g of water

Serial dilution of the stock solutions were made with 

4-0? aqueous EG to give concentrations from 0.08? to 0.005? 

w/w of Boron equivalents of the treating solutions of each 

compound. The respective concentrations and wood 

replicates used are shown below:

Boron 
cone.
(?)

Concentrations 
______(?) in 4-0? aq EG_____
Boric acid Borax DOT

Replicates (Pine or 
Beech) for treatment 
per Boron Compound

0.08 0 .457 0.705 0 . 3 1 8 18

0 . 0 1 0.229 0.352 0.191 18

0 . 0 2 0 . 1 U  0.176 0.09$ 12

0. 01 0.057 0.088 0.018 12

0 .00$ 0.029 0 . 0 U 0 . 0 2 1 12

A0% Ethylene glycol (EG) 6

2 0% tt 6

1 0 ? ft 6

De- ionised water 6
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4-.6.2.5 Preservative Treatment of Test Blocks

306 kiln dried Scots pine sapwood or Beech outerwood 

test blocks were oven dried at 10$°C for 18 hours, cooled, 

weighed (W^) to the nearest 0 .0 0 1g and grouped into sets 

of 18 or 1 2 , or 6 per concentraiton per treating solution 

as indicated above.

Sets of blocks per species per concentration were 

treated together by the vacuum-soak procedure (EN 113* 

Section 7.1.22) wiped lightly and weighed.

4-. 6 .2 .6 Retentions

Retention of Boron compounds were calculated from 

individual uptakes and the mean block volume of 20 

randomly selected samples - measured with venier callipers 

to the nearest 0.025cm. The time of volume measurement, 

which was after treatment and conditioning, was important 

since there was induced swollen volume due to bulking 

whenever wood was treated with Boracol or EG. The 

density of the wood would be reduced and net retentions 

calculated on the basis of the initial volume (slightly 

lower) would, therefore, be erroneous.

concentration ($) x uptake (gm) x 10 Q
Retention = 3

volume (cm )
= kg/m'

Retentions of EG in 4-0$, 20$ and 10$ aqueous EG treatments 

was not determined, given the experimental conditions and 

objectives. The aqueous EG treatments, especially the 40$, 

were supposed to simulate the effect of EG in Boracol on 

the test fungi independent of the active Boron compounds. 

Hence, for a better comparison both Boracol and aqueous EG
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treatments had to be subjected to the same conditioning 

process.

J+. 6 .2.7 Conditioning

Treated blocks were dried slowly to minimise 

re-distribution and conditioned at 65% RH and 22°C'for four 

weeks, weighed (W^), and the volume of 20 blocks per 

species measured.

Sets of blocks were packed in heavy guage polythene 

envelopes, heat sealed and sterilised by gamma irradiation 

of 2.5 megaradfrom a cobalt source. This was the available 

and preferred method rather than ethylene oxide or 

propylene oxide based sterilants which are unsuitable for 

Boron containing products (EN 113 Annex C) and EG treat

ments .

4-.6 .2 .8 Fungicidal Bio-assay

Six replicates of treated test blocks were exposed 

to actively growing pure cultures of the appropriate test 

fungi cultured in petri-dishes (measuring 90mm diameter by 

1 6mm deep) which contained approximately 20ml of 5% malt 

and 2% agar medium. Another six replicates were allocated 

to uninoculated dishes to determine the correction factor 

of the variation in mass of fungi-exposed treated test 

blocks resulting from factors other than attack by the 

test fungi. There were no correction test blocks for the 

aqueous EG and water treated controls. Three test blocks 

from the same set were kept in each petri-dish over pre

sterilised pieces of plastic mesh. The mesh and the volume 

of malt/agar media were such that water-logging was 

prevented. Socts pine and Beech test block were exposed
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to Coniophora outeana and Coriolus versicolor respectively 

The dishes were incubated for six weeks at 2 2 °C and 65% RH 

At the end of the incubation period, the extent of 

overgrowth and decay was noted, blocks were cleaned of 

adhering mycelium, conditioned at 25°C and 65% RH (by 

courtesy of PRL Environmental Chambers) for 6-7 weeks and 

weighed (W^) to determine the loss in mass. Contaminated 

blocks (mainly due to moulds, e.g. Trichoderma and 

Penicillium) were rejected.

4-. 6 .2.8 .1 Evaluation of Toxic values

The loss in weight was expressed as a percentage of 

the initial dry mass and the average calculated for each 

set of replicates. The values were corrected by the 

appropriate correction factors. From these the toxic 

valves of a particular Boron concentration, in terms of 

weight loss, could be determined. Thus:

loss in weight =
1 V  i o o ( w 3 -  w2 )
n W.

- c  ..... (7.1)

where

= Initial conditioned dry wt at 22°C and 65% RH 

W2 = Final " " " " 25°C and 65? RH

= Oven dry wt. of untreated blocks 

n = number of replicates

c = average correction factor under consideration

The toxic limits derived from the test are defined 

as the interval between the concentration of Boron 

toxicants and its associated loading in the wood which 

permitted significant decay and that which prevented decay
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Significant decay is defined as the average weight loss of 

four blocks of at least 3% or the weight loss of an 

individual block of 3% or more (EN 113* Section 8).

1.6.2.9 Leaching Method

The six test blocks of each species treated with

0.08 or 0 .0/+% Boron equivalents of Borax, Boric acid and 

DOT were oven dried at 50°C for 21 hours and weighed. The 

drying was necessary because the presence of water in wood 

could introduce some factor of error in calculating the 

amount of Boron in treated wood since the moisture content 

of the blocks were unknown.

There are two recognised methods of leaching Boron 

compounds from treated wood. Thin sections have been 

successfully leached of all Boron with M. NaOH solution 

warmed to 50°C for 10 minutes (Williams, 1968/70). This 

severe leaching procedure is suitable for only analytical 

work since both fixed and unfixed Boron are leached. It 

is therefore not realistic for the leaching of wood in 

service, which one attempts to simulate. Water, the usual 

environmental leaching agent was then used as the 

extracting medium for this test. The method used differed 

from that of the standard (EN 81) in that the large 

amount of the leaching solvents (water) added to saturate 

the thin sections were not changed periodically but 

incubated over a period to attain the concentration by 

effusion due to the amount of non-fixed ingredients. Only 

the readily soluble non-fixed Boron would be removed and 

the fixed portions retained.

The total retentions of Boron in each set of blocks
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Retention of Boron (RB) = % of Boron x Sum of x 10^
in treating uptakes 
solution of a

set (gm)
..... (7.2)

4..6 .2.9*1 Extraction of Boron preservatives

A set of blocks for the aqueous leaching were split 

and broken into small pieces less than 2mm thick, and 

transferred into polythene bottles and weighed. Care was 

taken not to lose any particle of wood.

About 60g of water was added to each bottle. The 

mixture was exposed to a vacuum impregnation cycle to 

expel some air and facilitate rapid saturation of the 

sections. Bottles were capped tightly over polythene 

cling film to prevent significant loss of water due to 

evaporation and kept at 22°C for more than four weeks when 

the concentration of leached Boron in the solution was 

ready to be determined. The bottles were shaken every day 

to enhance effusion of non-fixed Boron and finally 

reweighed to compute the weight of the solution (¥) (Ref. 

Appendix D, Table 7.4)• Equation 7.2 divided by nW n gives 

with very good approximation the Boron content in parts per 

million (ppm). The calculated values compared with the 

corresponding analytical experimental values of Boron in 

the leachate would indicate the extent of Boron

fixation or leaching.

The leached solutions (leachates) were poured into 

polypropylene centrifuge bottles and centrifuged at 1000g

were computed in micrograms from the uptake and solution
concentration data, prior to leaching, such that
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for five minutes. The clear solutions were carefully 

decanted into 60ml polythene bottles for Boron analysis 

with Inductively coupled plasma spectiometry (ICPS).

4.. 6 .2.9 • 2 Quantitative analysis of Boron by (ICFS)

Many methods are available for quantitative deter

mination of Boron (atomic No.5). Methods which are often 

used include titrimetry, colourimetry, atomic absorption, 

spectrometry (AAS) and atomic emission spectrometry of 

plasma excitation source, particularly coupled inductive 

plasma (Pinta, 1978, Thompson and Walsh, 1983).

Trace element analysis preclude titrametric methods. 

AAS is insensitive and subject to serious interferences. 

Most analysts, therefore, have relied on the colourimetry, 

especially those based on curcumin/tumeric (

Hayes and Metcalfe, 1962; Williams, 1968/70 and 

others). Colourimetry detection of Boron with curcumin 

involves many steps of procedure and would be so tedious 

for large sample tests. The ICPS was therefore the tech

nique of choice because of its simplicity and speed. 

Sensitivity and accuracy are exceptional, providing low 

detection limit, typically in the parts per billion (ppb) 

range A detection limit of Boron at 2/9.7nm wavelength was

0.005 ug/ml (Fassel and Kniseley, 197/).

In the simplest form of the equipment, a solution 

of an element whose concentration is to be determined is 

introduced into the ICPS torch (Fig. 7.1) as an aerosol 

and excited.

The plasma or excitation source is a partly ionised 

gas, formed electromagnetically by radio-frequency
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Figure 7.1 Schematic configuration of induction-coupled 
argon plasma (ICAP) torch.

induction coupling of argon gas and produces temperatures 

as high as 9000 - 10,000°K which break down the chemical 

compounds. The spectrum or the light emitted by the atoms 

or ions are converted to an ele ctrical signal by photo

multiplier in the Spectrometer. The intensity of this 

electrical signal is compared with a previous measured 

intensity of known concentration of the element, and the 

concentration of the unknown computed.

1.6 .2.9•3 Preparation of Boron Standards

Series of standard solutions were prepared with 

Borax so as to contain 10, 20, 4.0, 60, 80, 100 and 120 ppm 

of Boron and a bank of 0 ppm with de-ionised water. The 

range of concentration was determined from the knowledge of 

the calculated Boron content in test samples (equation 7.2).
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The 120 and 100 ppm standard solutions were 

prepared by dissolving 0.1058gm and 0.08818gm of Borax 

(AR) respectively to 100ml solutions in volumetric flasks. 

Other standards were made up by diluting 2.5> 5> 10, 15 or 

20ml of the 100 ppm solution to 2 5ml solutions with water 

corresponding to the concentration sequence above.

The required concentration of Borax in solutions 

was computed as below:

Borax (AR) = Na2B^07 .10H20

Mol. wt = 381 . 31 88g

% Boron = 11.34-06

A very good approximation is ppm = ug/ml

Y ppm of Boron = Y x 10 ^gm of Boron in 100gm of
Solution

- 100 x Y x 10 -k

11,34-06
= 0.0008818Y of 

Borax in 100gm of 
Solution

120 ppm of Boron = 0.1058gm of Borax in 100gm of
Solution

100 ppm of Boron = 0.08818 n n

4..6 .2.9.4- Determination of Boron in analytes

The standard solutions were stored in polythene 

bottles and with the unknown concentrations of leachates 

sent to Borax Consolidated, Chessington, where quantitative 

analysis of Boron was made with Inductively coupled argon 

plasma Spectrometer (ICAP). Calibration of the ICAP was 

made from a plot of intensity (mV signal from the photo

multiplier) against Boron concentrations of the standard 

solutions.
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4-.6.3 Results: Toxicity

Tables 7.1 and 7.2 present the toxicity values of 

aqueous DOT and aqueous EG solutions of Boron wood 

preservatives by different laboratory trials. The lower 

toxic values, where it was not sharp, has been estimated 

at 3l weight loss from the corresponding weight loss - 

retention curves of Figures 7 .k and 7.5.

The spread of the toxicity values expressed as
3

kg/m of dry active Boron compound and dry active Boron 

retentions are shown graphically in Figures 7.2 and 7.3.

The weight losses caused by decay of untreated and 

EG treated controls are summarised in Table 7.3.

General weight loss data are presented at the 

Appendix D, Tables 7.1, 7.2 and 7.3.

4-.6 .3.1 Discussion

The toxic values were compared among the determined 

values and the latter with those published by other 

workers, presented in Table 7.4-. The only direct 

comparable published result to this test were those of 

malt/agar wood block test, notably those of Timbor (DOT) 

where a similar technique has been used against the same 

fungi based on BS 838 : 1961 (EN 113). However, data 

from methods that employed soil/block test (DIN 52176 or 

ASTM 14-3 3 - 1961) have been included for contrast.

Caution was therefore exercised in comparing results from 

different methods. Variation in test methods have been 

reviewed by Hof (1962) and Cockcroft (1975).

Generally soil/block tests are more severe and tend 

to give higher toxic values (Carr, 1955; Baechler and
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Roth, 1956). In addition, tests for non-fixed water

borne preservatives sometimes are indeterminable 

(McQuire, 1960; Thedan, 1962).

4•6 .3-2 Toxic limits

Aqueous DOT exhibited slightly high fungitoxic

activity among the Boron formulations tested (Table 7.1
3

and 7.2). It required retentions less than 0.76 kg/nr
3

and 0.68 kg/nr for protection of Scots pine sapwood and 

Beech respectively, the former against _C_. puteana and the 

latter against _C_. versicolor. Inclusion of the 

interpolated (theoretical) values (the lower limits were 

not sharp enough, i.e. wt loss was much greater than 3%) 
gave these toxic limits;

O.64. - 0.68 kg/m for _C_. versicolor and

0.68 - 0 . 7 6 kg/m^ for _G_. puteana

Generally, the toxic limits of the Boracol solutions 

or aq EG and Boron compounds are within the range of each 

other against both test fungi indicating that toxicity of 

the formulation are in proportion to their Boron contents 

and that the suggestion that molar ratios (Na^O/B^O^) may 

affect toxicity is not clear.

The apparent decrease in toxic activity of DOT/ aq 

EG preservative below that of aqueous DOT formulation - 

commercial process of Timborising (even though the 

observed toxic limits of the former were wide and its 

lower value might fall below the upper value of the 

latter) gives a hint about the actual effect of the 

retained EG in wood by offering some degree of antagonism
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—  m-ETHYLENE GLYCOL TREATED CONTROLS (1M) APPEAR TO SUPPORT 

A MORE LUXURIANT GROWTH OF CORIOLUS VERSICOLOR (PRL No.28A)

THAN THE WATER TREATED CONTROLS (C T L ) .
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to Boron potency which may be in proportion to EG 

retentions.

EG may be seen not to detoxify but probably suppress 

the activity of Boron by increasing the palatability of 

wood. Consequently, higher loadings may be required for 

Boracol treatment than Timborising.

EG per se has been reported to be biodegradable by 

microbial organisms by providing a readily available 

carbon nutrition source. The mean losses in weight caused 

by the fungi in the blocks treated with aq. EG were higher 

than those of the water treated controls. (Table 7.3).

The significance of the difference is obvious when one 

considers than an average weight loss of 3% is used for 

determining the upper toxic limit. The plates (ref. page 170) show th 

comparative growth of Coriolus versicolor on water and EG 

treated controls.

Table 7.1

Toxic values of Boron preservatives treatment of Beech 

outerwood against C. versicolor 

Preservatives Toxic Values

Cone, of treating 
Solution (%)

Cone, in- 
wood (kg/nr)

a q . DOT C 0.095 ^ 0 . 6 8  (» 0.33) 

0.64*

DOT/aq. EG 0.095 - 0.191 0 . 7 0 - 1  .1

Borax/aq. EG 0.176 - 0.352 1.3 - 2.5

Boric acid/aq. EG ^ 0.228 ^1.7 (>>0.80) 

1 .5*
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Table 7.2

Toxic values of Boron preservatives treatment of Scots

dine sapwood against C. puteana

Preservatives Toxic Values

Cone, of treating Cone, in^
Solution (%) wood (kg/nr )

aq. DOT 0.095 ^  0.76 (»0.37) 
0.68*

DOT/aq. EG 0.191 C 1 .4 (>>0.7) 

1.3*

Borax/aq. EG 0.176 1.4- - 2.8

Boric acid/aq. EG o . i u 0.96 - 1.86

* Interpolation value at 3! weight loss from Fig. 7.4- or 7.5

The high activity of aqueous DOT is confirmed in 

Fig. 7.2 and 7.3 where comparative values of in terms of 

active Boron concentration are presented.

Table 7.3

Mean loss in wt. of control blocks

Treatment
Scots pine in 
respect of 
C. puteana

Beech in 
respect of 

C. versicolor
water 21.6 24.7

10? EG 28.3 38.2

20? EG 27.3 25.5

40? EG 2 8 a 31.8

As seen from Table 7.4-> the toxic values of Boric 

acid/aq. EG and Boracol/aq. EG were slightly higher than 

those of soil block test (designated SBT) and that
o

reported by Bechgaard (0.8 - 1.5kg/m of Boric acid
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FIG. 7 c2 TOXIC LIMITS OF TREATED SCOTS PINE SAPWOOD 

AGAINST CON IOPHORA PUTEANA (FPRL No. HE)
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against Basidiomycetes, Bechgaard et al, (1979) and

1.8 - 2.4- against C. puteana by Borax, Carr, (1957).

These observations also indicate an effect of increasing 

the toxic values of Boric acid and Borax by EG. It is 

very probable that the amount and the nature of EG 

retained in wood may be an additional determining factor 

on toxicity.

The treated blocks were conditioned to remove as 

much of pure EG as possible, (much of EG is always lost 

with water by evaporation) and to retain only the 

unavoidable derived EG since substantial retention of pure 

EG would increase the EMC to perhaps levels inhibitive to 

basidiomycetes but susceptible to microfungi and moulds 

attack. There was no unduly high moisture absorption or 

waterlogging and the moisture contents of the exposed block 

were not determined.

The toxic values determined by malt/agar block test 

for timbor or DOT treatments (Smith, 1962; Callagher,

1968; Bravery, 1978) agreed, within limits, with that of 

aqueous DOT of the test against C. puteana the values 

against C. versicolor were much higher than the 

corresponding value of 0.07 kg/m under BS 838 (Smith, 

1962). DOT/aq. EG toxic limits also fell within the range 

of the published results.
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Table 7./

The Toxicity of Boron wood preservatives

Fungus/
__freservative C. puteana '!. versicolor References

kg'/ w?. kg/m^

Boric acid i
H 3B° 3 !
(U .5% Boron) :

i

i

0.5 - 0.7 

0 .6 - 1 . 2  

—  1 .0 1 . 0

Becker, 1959 

Carr, 1957 (SBT) 

Findlay, 1959

1 . 9 2 - Harrow, 1950 (SBT)

0.8 - 1 .51 Bechgaard et al 1979

Borax
Na2 B4°7 -1 °H2 0 

(11 *355! Boron)
1 . 8  - 2 . 4

1 .8 - 3 . 0  
in oak

Carr, 1957 (SBT)

Baechler & Roth, 
1956 (SBT)

Timbor (DOT

Na2B 8 ° 1 3 ^ H2°
(20.98$ Boron)

0.74

0.54

0.07 Smith, 1962 (BS 838)

Callagher 1968 
(BS 838)

• 00 I • ro - Bravery, 1978 p 
(modified BS 838)

SBT = soil-block test

1 = General basidiomycetes inhibition limits from a

literature review (Bechgaard et al, 1979)

2 = Miniature block test, 30 x 10 x $mm and 6 weeks
incubation period

Although Boron compounds are highly toxic to wood 

destroying organisms, they are relatively harmless to human 

beings and livestock. Boron compounds have relatively low 

LD^q and has passed the test of time on health hazards. The 

presence of EG with LD^q of 854-0 mg/kg does not make the 

formulation any worse which indicates that Boracol is perfectly 

safe to handle (reference to Appendix A, Table 1.2).
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FIG, 7.4 The relationship between weight loss and

retentions of Scots pine sapwood treated v/ith DOT

and exposed to Coniophora puteana to extab^lish the 
3% weight loss retention levels.
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FIG. 7.5 The relationship between weight loss ahd
retentions of Scots pine treated with aqueous DOT
and Boric acid in aqueous EG solution and exposed

4o
to Coriolus versicolorAestablish the 3% weight loss 
retention levels.

aq. DOT

RETENTION
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4-.6.4- Results: Leachability of Boron

Table 7.5 presents the amount of Boron leached from 

Scots pine sapwood or Beech outerwood treated with aqueous 

EG solutions of Boric acid, Borax or DOT. Aqueous DOT 

treatments were included as a control.

4.. 6.4- • 1 Discussion

The Boron was not resistant to leaching in any 

significant extent in pine or beech at the concentrations 

considered. The percentage of Boron leached ranged from 

85 to 100% of the original retentions. The odd case was that 

of pine treated with 0.08$ concentration of Boric acid/aq EG 

solution, where a lower value of 65$ Boron was leached. The 

residual retention, however, would not be enough to inhibit

C. puteana which requires 0.96 - 1.86 kg/m of Boric acid 

toxic limits, in order to be significant.

It is known that Boron forms complexes with 

cellulose and polysaccharides but the Boron is held so 

loosely as to permit it to be readily soluble in water, 

precluding any significant fixation to wood substances.

The amount of depletion of Boron from the treated 

wood compares favourably with those reported for treat

ments with other Boron compounds and Boron in multi-salt 

formulations. To cite a few, Becker and Buckmann (1966) 

using a leaching test, carried out by the - method of DIN 

52176, found that 90? of Boron was lost. In fixation 

investigation on copper Borate, 60 - 90$ of B^O^ was 

leached (Chatto, Borax Consolidated).

EG, therefore, did not confer any significant 

fixation on Boron to wood. Boracol formulation would 

show the characteristics of a non-fixed soluble salt 

treatment and would readily leach completely in service or



Table 7.5
Water Leaching of Boron Preservatives from treated 

Scots Pine and Beech

Concentration of Solution 
Studied ($ by mass of 
Boron)

Calculated 
Retention 
of Boron 
(ppm)

Leachate 
cone, by 

ICAP 
(ppm)

$ of Boron 
Leached

Calculated 
Retention 
of Boron 
(ppm)

Leachate 
cone, by 

ICAP
(ppm)

$ of Boron 
Leached

Boric acid in 40% aq EG

0.08 103.4 68 66 1 00. 8 108 107

0.04 48.4 51 105 42.9 43 100

Borax in 40$ aq EG 
0.08 98.7 84 85 87.3 74 85

0.04 47.6 46 97 42.4 44 103

DOT in 40$ aq EG

0.08 101.7 91 89 90. 1 84 93

0.04 49.-4 49 100 43.2 42 104

DOT in water

0.08 95.4 80 84 84.0 75 89

0.04 46.8 42 90 42 42 100

180
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to subtoxic level when exposed to wet situations.

In all the formulations tested, the amount of Boron 

leached from treatments at 0.08$ Boron concentration was 

less than that of 0.04-$. The difference varied from 10 to 

34$. It will therefore be interesting to follow the 

treating concentration versus percentage leaching trend by 

further research work on high loadings.

From the observations so far gathered one may 

postulate that Boracol treated wood may leach or be 

insignificantly resistant to leaching due to wood 

anatomical factors and/or be partially bound to wood 

physically. It is very unlikely to be chemically fixed 

given the chemistry of Boracol preservation system.
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4.. 7 Potential formulations for remedial treatment

4-. 7.1 Introduction

Three principal factors may be conceived to 

influence the effectiveness and the suitability of a 

preservative fluid for remedial treatment. These are 

permanence, penetrability and/or distribution of the toxic 

ingredient and bulking of wood.

The non-volatility of Boron salts and the use of 

Boron treated wood in areas protected from wetting, 

assures permanence. Bulking or permanent swelling and 

penetrability complemented with distribution of Boron in 

wood would therefore influence the formulation of Boracol 

solutions for in situ treatment.

The significant bulking of wood and the shallow

penetrability preclude the use of B.n for in situ treatment4.U
of dry wood. The bulking phenomenon was also observed in 

treatments of B^q diluted with EG (i.e. B^q and B^q ). It 

appeared that the amount of bulking was increased with EG 

retentions and that reduction in the amount of EG in 

formulations might reduce bulking.

The rate of evaporation of single component liquids, 

such as EG and water, at constant conditions, depends on 

the vapour pressure which in turn is a function only of 

the temperature. Liquids of high vapour pressure 

evaporate fast. For multi-component liquids such as 

aqueous ethylene glycol, the vapour pressure is a function 

of composition as well as temperature. By Raoult’s Law, 

the vapour pressure of such miscible liquids may be 

lowered in proportion to the fraction of the less volatile
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molecules present. Consequently, deeper penetration into 

dry wood has been observed for aqueous ethylene glycol 

solutions than for water due to long contact time with 

wood or for ethylene glycol due to reduced viscosity.

This work, therefore, assesses the effectiveness of 

a proposed aqueous Boracol solution for in situ dry wood 

treatment, principally from the appraisal of penetrability, 

bulking and profile distribution of the Boron within 

treated Scots pine sapwood. The proposed aqueous 

solutions incorporate 15# Polybor as a stable concen

tration.

4.7.2 Penetration Studies

4.7.2.1 Preparation of timber samples

Blocks of kiln dried Scots pine (Pinus Sylvestris) 

sapwood averaging 8% moisture content of 30 x 50 x 120mm 

dimensions (30mm thickness) were cut from battens of the 

same stock to give lateral surfaces of true radial and 

tangential faces with a lightly sanded finish.

Each block was free from knots and other obvious 

defects. 36 blocks each were cut for radial and 

tangential tests.

A set of blocks were allocated as follows:

1 . 4- for Basic specific gravity (SG) determination

2. 16 for penetration studies

3. 16 for Profile distribution studies.

4.7.2.2 Basic Specific gravity

The four blocks from each set were cross-cut into 

three sections of approximately 40mm in length, to give a 

total of 3 x 4 x 2 or 24 samples. They were oven dried at
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105 C for 18 hours and vacuum impregnated to saturation with

water. The swollen blocks were immersed in tared weight of

water in a beaker on a digital balance to read off the weight

of water displaced during the immersion. Taking the density

of water as 1gm/cc, the specific gravity is defined as:
O.D. wt. of blockBasic SG = Wt. of displaced 
volume of water

..••• (8.01)

The average basic SG of the blocks was 0.41*

For the remaining 32 blocks in the set, 8 were allocated 

to each of the 4 proposed formulations. The end grain and 

the sides of each block were coated with 1ABS* polymer leaving 

the one desired tangential or radial (50x120mm) face for 

treatment.

4.7.2.3 Formulation

The proposed formulations were 20, 30, 40 and 50$ 

aqueous solutions of EG containing 15$ of Polybor or the 

following Polybor, EG and water proportions respectively.

Polybor ($) EG ($) h 2o ($)

•15 17 68
15 25.5 59.5
15 34 51
15 42.5 42.5

4.7.2.4 Treatment
2

2.5gm or 4l6.6gm/m of any solution were applied by the 

"Drop and Spread Method" to 8 different blocks for tangential 

or radial penetrations. Treated blocks were then kept in a 

constant temperature and humidity room (65$ RH and 22°C) 

for 4 to 6 weeks.

4.7.2.5 Depth of Penetration

After the fourth week, four treated test blocks per 

solution for tangential or radial penetration were cross

cut into approximately 20mm sections to give five end-grain 

surfaces. The surfaces were sprayed with the Boron reagent.



185

The limits of the penetration were marked and the depth 

measured to the nearest 0.5mm at 5 points on each surface, 

giving a total of 100 measurements (i.e. 5 depths x 

5 surfaces x U samples), 

k.7.2.6 Data Analysis

Histograms were drawn for the frequency of various 

depths of penetration for the four formualtions of radial 

and tangential treatments (Fig. 8.1).

To elucidate the best formulation/s from the 

penetration studies, the data was organised into cumulative 

relative frequency in order to estimate the depths for 90 

and 50/5 of the observed penetrations and to estimate what 

percentages of the observations penetrated deeper than 

3.0mm.

A straight line relationship was obtained by pro bit 

transformation of the cumulative relative frequency 

against depth, i.e. the cumulative frequency values were 

put into probit scale at the ordinate and the depths of 

penetration on the abscissa to give the linear curve (see 

Appendix D, Figure 8.1 and 8.2). The estimations for 

each formulation were then determined by interpolation and 

are presented in Figures 8.2 and 8.3. 

k.7.2.7 Distribution Studies

The remaining tangentially or radially treated four 

replicates of each formulation were sectioned into 50/>m 

thicknesses to a desired depth and the Boron extracted with 

molar NaOH solution at 50°C. The extract solutions were 

analysed with Inductively coupled argon plasma spectrometer 

(ICAP) for concentrations of Boron in parts per million or

ppm.
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4.7.2.8 Sampling of Treated blocks

A piece of wood, 16 x 30 x 10mm, whose top surface
2 1

measurement was 16 x 4.0mm area, corresponding to  ̂ of the 

treated surface of the block (see Figure 8.1).

Figure 8.1: Sampling of wood

was removed from each of the replicates and microtomed 

from top face down to provide a series of sections 

representing different depths of penetration within the 

block. These were 0.5mm or l.Omm increment cut to the 

limits of penetration. * The moisture content of the

off-cut samples were probed with a moisture meter, 

averaging 10.2$. The four replicates were sectioned for 

each test and the sections of the same depth put together 

in a weighed (W^) 60ml polyethylene bottles.

4-.7.2.9 Determination of Boron

The bottles and their contents were weighed (W^) and 

50ml of M. NaOH pipetted into each bottle, capped and 

incubated at 50°c for more than two weeks with occasional 

shaking, after which they were reweighed to determine the
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weight of the extract solutions. These were calculated 

by the expression below (Equation 8.02).

Wt. of dry section = 0.90 (W^ - ); 10$ was the

moisture content of the samples.

Wt. of extract solution = W^ - 0.90 (W2 - ) - W^

= W 3 0.90 W 2 - 0.10W1

...  (8.02)
The extract solutions were centrifuged, in poly

propylene bottles for five minutes at 1000g and decanted 

into 60ml bottles for ICAP analysis.

The concentrations of the solutions in ppm were 

converted to kg/m of Boron by the derived equation 8.03, 

i . e .

Retention of Boron 
in kg/nr

ppm of Boron x Wt of extract solution 
Total volume of sections

(8.03)

Equation 8.03 divided by 0.1135* 0.175* or 0.2098 gives 

the equivalent retentions of Borax, Boric acid and Polybor 

(Timbor) respectively.

The variation of Boron concentration with its depth 

of penetration into the wood is plotted in Figure 8.1.

4.7.3 Swelling Test

The extent of Bulking or permanent swelling of wood 

primarily determines the use of a preservative fluid for 

remedial treatment.

A notable property of most organic solvents, 

typically the non-polar, petroleum distillates, for use as
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carrier of preservatives for in situ remedial treatment, 

is that they do not swell wood as much as water, let alone 

bulk it. Hence the danger of permanent distortion 

associated with even dried water-borne remedial treatments 

is avoided.

Aqueous emulsion systems swell wood superficially 

but do not bulk it, in effect the wood members recover 

their dimensions simultaneously as the water evaporates.

EG, a polar, organic solvent, has been observed to 

bulk wood. In an attempt to reduce this effect to 

acceptable levels (not more than 2% linear swelling, 

personal communication with Prof. J.F. Levy, Imperical 

College, and Dr. H. Greaves, CSIRO Australia) the aqueous 

EG solutions were proposed. Swelling and bulking of the 

proposed formulations were then evaluated for their 

suitability as potential fluids for in situ remedial 

treatments.

4..7.3.1 Experimental Procedure

Scots pine wafers measuring 25 x 25 x 5mm (25 x 25mm 

end grain) were cut from sticks of the same stock used for 

the penetration studies for the true radial and tangential 

orientations. Four wafers were randomly allocated to each 

formulation 20, 30, 4.0, and 50$ aqueous EG solutions, water 

and EG solvents controls. All wafers were initially 

conditioned at 65$ RH and 22°C for more than two weeks 

before measuring the tangential and radial sizes with a 

venier caliper to 0.005cm. The sets of four wafers were 

impregnated to saturation with the appropriate solutions 

or solvents. The swollen sizes of only the water treated
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controls were measured. All treated samples were dried 

slowly for 7 days by the procedure described in Section

4.3.2 and finally conditioned in constant 65% RH and 22°C 

for two weeks, after which the conditioned sizes of all 

the samples were measured.

4-.7.3.2 Calculations

Tangential and radial swellings were computed by the 

equation below:

100 ST - S
Swelling {%) = ------------ —  ..... (8.05)

Su

where

Sy = the tangential or radial sizes of treated 

samples contioned at 65 RH and 22°C and 

= The tangential or radial sizes of untreated 

samples conditoned at 65 RH and 22°C.

Swelling of water treated controls were computed by 

Equation 4»02b.

The results are summarised in Table 8.1.

4*7.4- Discussion 

4*7.4*1 Penetrability

The depth of penetration achieved in the radial 

direciton was the greater of the two lateral possibilities. 

The difference in penetrability can be explained by the 

respective anatomical features traversed as represented 

diagrammatically in Figure 1.1

A noticeable characteristic of the penetration curves 

from Figure 8.1 was that the shape of the histograms were 

essentially a normal distribution with various modes. For 

the tangential penetration a mode arose at 2.0mm for the
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FIG. 8.2 FREQUENCY OF OBSERVATIONS OF PENETRATION DEPTHS
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20$ solution strength; a biomodal curve with a secondary 

peak at 3.0mm for 30$ solution and a single mode at 3.0mm 

for 4-0$ and $0$ solutions. The modal shift indicated a 

deeper penetration with increase in EG concentration in 

the treatment solutions. The penetration in the radial 

direction showed a mode at 3.0mm for all solutions with an 

additional peak at 4-.0mm for the 4-0$ solution.

From the histograms, the best penetrating 

formulation was not readily apparent. Probit analysis 

of the data was therefore performed for comparable 

estimations of the depths for 90$ (ED 90) and 50$ (ED 50) 

of the observed (100) penetrations. In terms of 

effectiveness, it was decided to estimate the percentage 

of the observations that penetrated further than 3.0mm.

The 3.0mm depth was the limiting penetration for 

effective treatment according to the work by Taylor (1971).

She suggests that a 3.0mm pine sapwood treatment containing 

an inhibiting or toxic concentraiton (in Taylor’s work on 

Y-BHC) is effective in preventing the emergence of 

Anobium punctatum. Eradication of insects’ infestation 

can therefore be achieved without deeper or complete 

penetration of the susceptible timber, since both deep- 

seated larvae emerging to pupate and emerging adults 

would eventually succumb when tunnelling towards the 

surface of the treated timber.

At ED 90 and shown in Figure 8.2, the radial 

penetration of the formulaitons except that with 20$ cone, 

strength were much the same, ranging from 2.6 to 2.7mm. 

However, the penetration at ED 50 was deepest for the 4-0$
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FIG. 8.3 ESTIMATED DEPTHS FOR 90X AND 502 OF THE OESERVED 

. .. PENETRATION'B.X BORON SPOT' TEST.
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solution with 3.9mm depth.

For tangential penetration, 50$ solution performed 

marginally better than the 40$. The ED 90 and ED 50 for 

50% solution strength were 2.5mm and 3.2mm respectively 

and that of 40$ solution were 2.3mm and 3.1mm. At all 

estimations the 20$ solution penetrated the least.

50$ and 4-0$ solutions appeared as better penetrants. 

Nevertheless, the overall penetration was poorer than the 

performance of organic solvent based preservatives •

(Morgan and Purslow, 1973» Orsler and Stone, 1981, 1982) 

even at the rate of application tested.

Figure 8.3 confirms 50$ and 4-0$ solutions as the 

best fluids for remedial treatment that might be effective 

against biodegradation beyond the depth of 3-0mm. 56$ and 

84- $ of the observed tangential and radial depth respectively 

was greater than 3.0mm when 40$ solution strength was 

applied. The corresponding figures for 50$ solution 

strength were 6496 and 81$.

Since the loading at these depths would not be 

depleted by evaporation unlike the organic solvent based 

preservatives, the long term effectiveness at these depths 

is assured. However, at high EMC above 20$ (a rare 

condition for the situations recommended to use a Boron 

treated wood) significant redistribution of Boron takes 

place and would increase penetration to improve the 

effectiveness at further depths.

4.7.4.2 Profile distribution

The efficacy of any remedial fluid is a function of 

inter-relationship between depths of penetration and the
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loadings. For any treatment, therefore, the ability of a 

fluid to inhibit or provide immediate killing of pests 

within wood is related to their patterns of penetration 

into wood which is expressed by the profile distribution 

as in Figures 8.5 and 8.6.

There seems to be a steady linear tangential 

distribution of boron up to the depth of 2.5mm, and is 

more pronounced for the 20$ and 30% formulation concen

trations .

The toxic values of aqueous Timbor solution against

Anobium punctatum and Hvlotrupes bajulus was reported by

Taylor (1971) as 0.4 - 7.6 kg/m^ (0.08 - 1.6 kg/m^ of
3 3Boron equivalents) and 0.39 kg/m (0.08 kg/nr of Boron)

•3
respectively (Appendix A, Table 1.3). 0.08 kg/nr of Boron

is then used as the limiting toxicity for the two insects 

and is indicated by the "loading line" of the curves in 

the Figure 8.6 and 8.7. There was no other known toxic 

values of Timbor or Polybor against the insects.

From the loadings of the tangential depths, 

treatment with 20$ and 30$ solutions would be effective 

against the insects up to 2.0 - 2.5mm penetration. The 

40$ solution would be inhibitive to the depth of 3.0 - 4.0mm 

and the 50$ solution, 2.5 - 3.0mm.

For the radial distribution, all the formulations 

would be effective up to 3.0 - 4.0mm except the 20$ 

solution which would be effective at 2.0 - 3.0mm penetration.

In applying the results, it must be borne in mind 

that the toxic limits due to Taylor (1971) was assessed 

for aqueous Timbor and that the presence of EG (like its
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FIG. 8.6 V a r i a t i o n  o f  Boron loa d ing  with i t s  depth w i th in

Sco t s  pine sapwood o f  8 %  moisture content by 40% and 50 

aqueous EG fo rm u la t i o n  at a p p l i c a t i o n  rate of  416.6 g m 

and c o n d i t i o n i n g  f o r  4 weeks at 65% RH.and 22 C.

DEPTH MM
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effect on fungi, Section 4*6) might provide different 

values for. the toxic limits to the insects.

4.7.4.3 Swelling

Results of swelling test is presented in Table 8.1.

It is clear that 20$ and 30$ solutions bulk the wood 

to levels less than might be acceptable for remedial 

treatments. The acceptable level is less than 2$ of 

linear swelling. The 40$ and 50$ solutions bulk the wood 

more, indicating a high risk of distortion for such 

treatments. The reduction in volumetric swelling of the 

40$ solution was 55$ and that of 50$ solution was 44$> 

expressed as the percentage of the maximum swollen volume 

of the water treated control. The tangential and radial 

swollen sizes were about 2$ or higher.

4.7.4*4 Recommendation

The 40$ and 50$ appeared as relatively good 

penetrants and effective at depths greater than 3.0mm. 

However, their bulking capabilities seems to preclude 

their use for in situ remedial treatment. The 30$ 

solution, though it penetrated poorly in the tangential 

direction, is promising. It is hoped that future work on 

potential Boracol solutions for remedial treatment would 

be done on solution concentrations less than 40$ and that 

finding means of reducing bulking is stressed.



Table 8.1

Swelling of conditioned treated ascots pine sapwood with the potential formulations,, 

Treatment concentrstions Average swelling after conditioning at 22 C
%(w/w) of EG.in aq, sol. and 65% RH.

Tan,% Rad.% Calculated Vol. % Reduction in swelling 
% of swollen volume

CONTROL

oi 0 0 0 100

OCM 1 o9 1.1 3.0 72

30% 2,3 1,4 3.7 66

40% 3,1 1,8 4.9 55

50% 3,8 2.3 6.1 44

EG - 100% 2,7 1,8 4.6 58

Average maximum swelling before conditioning
CONTROL - 0% 703 3.6 10,9

1
9
9
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4*.7.6 Conclusive summary of fundamental studies

The following conclusions can be drawn from the 

studies into the nature and the characteristics of 

Boracol treated Scots pine sapwood.

1. B^q or EG did not enhance the hygroscopicity of the 

treated wood but rather brought about slight to very 

significant lowering of the EMC depending on the loading 

and the environmental humidity (RH).

2. The relationship between the EMCs at various 

humidities varied in direct proportionality with retention 

levels. These were described by the equations 4-.02, 4-.03# 

and 4- .05. Thus, between 4-5? and 80? RHs and below 20? 

retentions, the EMC of the treated wood increased by 1 ? 

for every 10? increase in B^ q retentions. At the 90? RH, 

there was a 1? decrease in EMC for every 7? increase in 

retention.

3. Boracol and EG treated wood was always bulked. The 

maximum bulking effect (about 15?) was attained at 115? 

retentions with Anti-shrink Efficiency (ASE) of 91?• The 

very high retention for maximum bulking indicated 

considerable deposition in the cell lumen. Consequently, 

the relative effectiveness (RE) was low (0.80). The most 

favourable treatment level was below the 4-0? retention 

which accounted for about 14-? bulking with an ASE of 75?*

4-. Low levels of EG were always retained in the wood. . 

The retention levels depended on the extent of the EG - 

wood interaction which was apparently influenced by the 

size of the specimen.

5. At the 3.5? retention of EG, the ASE was 24-? and the
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Bulking 4-0$. Therefore, any means of increasing the 

retention would improve ASE considerably.

6. and EG treated^ bUc|c5 0- Chafer odC o x ^

moisture content because of the effect of Bulking.
\MhWwJC

However, theyyhygroscopic swelling at the various RHs was 

less. The interaction effect (Table 6.3) in addition to 

the above indicates that Bulking by B^q and EG was most 

probably chemical in nature.

7. Though swelling was less at high retentions, 

considerable dimensional stabilization was indicated only 

by retention levels below 25$.

8. The chemical bulking was a consequential interaction

among DOT, EG and wood. Most certainly the interaction of

EG and wood was a chemical process.
in EG n

9. The solubilityAat 22 C of Borax was 4-1.2$ (w/w) , 

that of Boric acid was 18.0$ and Polybor, 4-6.2$. The 

solubilities in various aqueous solutions of EG was 

described by exponential curves of the equations

InSx = 1.80 + 0.019M for Borax and 

InS^ = 1.13 x 0.015M for Boric acid 

The solubility curve of DOT, dented by the different 

Na^O/B^O^ molar ratio peaks indicated that various forms 

of borate were presented in DOT.

10. Boracol 4-0 is evidenced to be a complex of products 

of an esterification reaction between DOT and EG, which 

are largely monodiols.

11. The breakdown of B^q in pot with time was a 

hydrolytic reaction to precipitate DOT from solution. The 

causal agent was moisture or water present or absorbed
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from the atmosphere by the hygroscopic nature of the 

Boracol. The rate of prescipitation depended on the 

amount of water present within the B^q solution.

12. About 4-0$ aqueous solution of B^q appeared as the 

critical solubility, below which there was sufficient water 

present in solution to keep the precipitated DOT in 

solution. Above the critical solubility, there was 

insufficient amount of water for dissolution of the 

precipitated DOT.

13. It appears that dispensing with the 9$ water in

Boracol 4-0 formulation and storing the solution to the

exclusion of moisture would stabilize or improve the half-

life hydrolysis of B.n considerably.4-U
14-. The mechanism of Boracol diffusion into green (wet)

wood would appear to be, that the applied B^q hydrolyses
/ h ionsto release borate ions ( cf.. diofborateAfrom the complex 

solution) and EG for independent diffusion. The role of 

EG in diffusion impregnation appeared to increase the 

concentration of DOT in solution in order to effect a 

rapid diffusion from a high concentration gradient.

15. The toxic values of Boracol against Jl. puteana and
3 3_C.. versicolor were 1.3 - 1.4- kg/nr and 6.70 - 1.4- kg/nr

respectively. EG increased toxic values of boron, as such

slightly higher loading than timbor treatment would be

needed for Boracol treatments.

16. Boron in Boracol treatment was not resistant to 

leaching. Virtually all the boron in the treatments and 

the concentraitons studied was leached out.

17. The water diluted modifications of B.n for remedial



- 203

treatments showed a considerable bulking or shallow 

penetrations. The effective penetrants, 4-0$ and 50$ 

solutions, bulked the wood substantially to 2$ linear 

dimension or more. Solution concentrations less than 4-0$ 

bulked wood less and are more promising as remedial fluids 

for in situ treatment of dry wood (i.e. below FSP).
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Boracol solution is a colourless, viscous liquid.

The solutions may consist of complex product mixtures of 

three chemical species, the neutral trigonal (Type I), the 

weakly acidic monodiol (Type II) and the strongly acidic 

bisdiol (Type III). The pH of the solution is 6.4*

There is evidence to indicate the predominance of 

Type II in solution and that Type III may be absent.

The large presence of the monodiol gives the solution a 

moderate stability to hydrolysis. The mechanism for 

hydrolysis is supposed to involve cleavage of B-0 bonds 

through nucleophillic displacement by water on Boron.

Type I is therefore more prone to hydrolysis and Type III 

the least.

The solution as observed from Section 7-5-1» 

succumbed eventually to hydrolysis from the presence of 

small amounts of water. However, the rate of hydrolysis 

was rapid when large amounts of water was present. The 

hydrolysis leads to the precipitation of DOT which can be 

recovered.

Boracol solutions are very hygroscopic, storage from

water absorption would prevent or slow down the hydrolytic

breakdown of the solution.

B^q mixes with water up to about /+0% aqueous

solution of B.n , termed the critical solubility mixture,4U
after which precipitation is initiated as shown in Fig. 6.3.
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5.2 Application

Boracol 40 is applied successfully only to wet 

timber by the simple me thods of diffusion impregnation?of 

brushing immersion or dipping at the ambient temperature.

It can also be heated to at least 60°C and applied at 

reduced viscosity.

When applied to dry wood (moisture content below FSP) 

the associated localised swelling and bulking of the 

shallow penetrated depth makes such treatments unsatis

factory. For best performance, B^q is recommended for wet 

(green) timbers at moisture contents just above the FSP.

For pressure impregnation, a less viscous modified

B.n solution (diluted with water and not EG) may be used.
4 u

The extent of dilution is, however, limited by the desired 

concentration of DOT in solution since the solubility of 

DOT decreases considerably with very diluted EG solutions 

as seen from Table 6.1 (cf the solubility of DOT in water 

at 2$°C is 9.5 parts in 100 parts of water). About 20%

DOT dissolves in 20-30% aqueous solutions of EG at room 

temperature with much lower viscosity compared with B.n . 

Dilution with EG was not limited by solubility but had the 

disadvantage of relatively high viscosity, in addition the 

low vapour of the liquid made drying and conditioning of 

such treatments very slow.

The bulking of wood and the shallow depth of 

penetration of Boracol solutions preclude their use for in 

situ remedial treatments of dry wood.



-  206 -

5.3 Treatment characteristics

B.n appeared to penetrate faster into wood than 40
Timbor solutions at comparable impregnation trials, at all 

moisture contents. The difference was even more pronounced 

at the low moisture contents below the FSP. The mechanism 

of Boracol penetration appeared different between dry and 

wet wood. In dry wood, it may be hypothesised that the 

hydroxyl components of the solution swells up the wood and 

simultaneously penetrates with the borne Boron. However, 

in green wood the borate ion released by hydrolysis moves 

independently of the glycol into the already swollen wood 

matrix.

Boracol treatment therefore may reduce the long 

diffusion periods recommended for other boron compound 

treatments and is able to accept lower moisture content 

materials which otherwise would be declared uneconomical 

for diffusion impregnation.

The high proportion of DOT in Boracol 40 means that 

treatment loadings can be varied widely for different end 

uses.

Boracol treated wood is bulked. A large proportion 

of the swelling capability having been acquired, the 

treated wood moves less with changes in moisture content.

The bulking is due mainly to interaction of EG and 

wood. The contribution of DOT may be slight. Due to the 

reduction in sorption sites, the hygroscopicity of the 

treated wood was impaired to the extent that the EMCs at 

all levels was less than that of the untreated wood. It 

needs to be mentioned that insufficient conditioning of
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treated wood to retain considerable amount of EG per se 

may enhance the hygroscopicity. The moisture absorptivity, 

however, would fall with time as the treated wood 

eventually loses the EG through drying and to a desired 

form.

EG appeared to increase the palatability of the B
40

treated wood to micro-organisms. Consequently, a slightly 

higher loading than Timbor was observed to inhibit 

C. puteana and C, versicolor.

Boron in Boracol treated wood was completely 

leachable. Like all other boron treatments, it is 

recommended for use in situations protected from wetting.



Appendix A Table 1.0

HAZARDOUS PROPERTIES OF SOLVENTS

TOXICITY*

Acute Chronic
-f

Fire hazard Local Systemic Local Systemic

Cellosolve M 

(O^OHO^OC^)

1 2 U 1

Dimethyl formamide M 

(CH3) 2ncho

2 2 2 3

Ethylene glycol S

(c h2oh-ch2o h)

0 2 1 1

Propylene glycol M

(ch2ohchohch3)
1 1 1 1

Hexylene glycol M

(c h3gchch3ch2choch3

2 1 1 1

+ S Slight, Wien exposed to flame or heat.
M Moderate, Wien exposed to flame or heat.

* 0 None.
1 Slight, reversible.
2 Moderate, reversible.

3 High, permanent injury or death.
U Unknown.

Reference: Fire hazard and toxicity, data from "Dangerous properties 

of industrial materials” by N. Irving Sax. 1968 ed.
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Appendix A Table 1.1
TOXICITY OF BORIC ACID AND BORAX TO SELECTED FUNGI

Boric Acid Borax

H3B03
(17.5? Boron)

Na2B.0? .10H20 

(11.35? Boron) References

kg/ kg/m^

Serpula lacrymans 0.36-0.54- Becker 1959
*1.6 in pine Findlay 1959

Coniophora cerebella 0.5-0.7 Becker 1959
0.6-1.2 1.8-2.4 Carr 1957
1.0 in pine Findlay 1959
1.92 Harrow 1950

Gloeophyllum trabeum 0.5-0.7 Becker 1959
1.2-1.8 1.8-2.4 Carr 1957

*1.6 in pine Findlay 1959
1.92 Harrow 1950

Lentinus lepideus 0.5-1.4 Becker 1959
0.5 in pine Findlay 1959

Trametes versicolor *1.0 in beech n
1.12-1.92 in Baechler & Roth

oak 1956
Poria vaporaria 0.6-1.12 1.8-2.4 Carr 1957

0.5 in pine Findlay 1959
1.92 Harrow 1950

Moulds 15-17 in pine 
of HjBO, + Na2B 0? .10H20 Becker 1959

Toxicity is expressed as Toxic Limits (i.e. that concentration which 
just permits decay and the concentration, next highest in the series 
as tested, which inhibits all decay).

Appendix A Table 1.2

SUMMARY OF TOXICITY OF SELECTED CHEMICALS USED 
IN THE WOOD PRESERVATION INDUSTRY

Oral LD^q in rats (mg/kg)

Dieldrin 87
Aldrin * 55
Chlordane 457-590
As^O^ 180-200
Permethrin 1300
PCP 210
Copper sulphate 300
Timbor 2000
Borax 2660-5140
Boric acid 3000
m-ethylene glycol 8540
Hexylene glycol 4700

Reference sources: Merck Index; Pesticide Manual



TOXICITY OF BORON COMPOUNDS TO SELECTED WOOD ATTACKING INSECTS

Appendix A Table 1.3

Boric'" Acid 
H 3 BO 3

(17.5% Boron)

Borax
Na 2 Bi|0 y . IOH2 O 
(11.35% Boron)

Timbor
Na2Bg0x3.4H20 
(20.98% Boron)

Boric >Acid't -Borax 
1:1.5 .

(10,43% Boron)
References

Lyctus brunneus 0.12-0.14% Cummins 1939
0.5% *3 .
3 kg/mw in oak }Cann 1940

J
Anobium punctatum 0.04% Spiller 1949

0 .1 0 * McQuire 1974
0.10-1,9% equiv* O 0.4-7.7.kg/m 3 in pine* Taylor 1967
0,46% equiv 3,4 kg/nr in FPPL 1957

pine
4.2 kg/m 3 1
0.87% jfiecker 1959

Hylotriipies bajulus 0 . 3 4  kg/mJ FPRL 1957
0.09%
0.45 kg /m 3 jBecker 1959

0 .0 1 % equiv 0.39 kg/m in pine Taylor 1957
Ambeodontus tristis 0.09% Spiller 1948

0,07% Becker 1959
Nasutitermes exitiosus 8-15 tkg/m3 in eucalypt q Johanson & Howick 1975

16 kg/m Tamblyn et al 1968
>1.09% in pine & matai Gay et al 1958

Coptotennes lacteus 11
3

11

3.2 kg/m Tamblyn et al 1968
Coptotermes acinaciformis >1,09% in pine 8 matai Gay et al 1 9 5 8

3 3.2 kg/m Tamblyn et al 1968
Ijeterotermes indicola >5.0 kg/m in pine & Becker 1966

beech
Heticulitermes 5.8 kg/m^ in Dine 11

santonensis > 6 . 0  kg/m^ in beech , , 3
M

Cryptotermes sp 6-7 kg/m MacNulty . 8  Wilkinson 1958

•'High variability due to different test procedures, cgfegg laying v larval attack
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Appendix B Table 2.1 

Data for air-dry conditioning curve

Moisture Content - % Drying times 
(Hours)Average SD

1 4-2 7.3 0

97 5.0 16

73 3.6 24

62 2.4 31

36 2.0 41

22 0.7 68

18 0.5 80

13 0.2 116

11 0.1 183

Appendix B Table 2.2

Data for saturated air (RH 100$) conditioning curve

Moisture Content - % Exposure times 
(hours)Average SD

8.2 0.4 12

10.0 0.6 24

14*6 0.4 39

17.5 0.3 68

21.6 0.3 118

22.8 0.3 159

25.2 0.3 284

25.9 0.3 353
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Appendix C Table 3.1
Data on Penetration Test:

M.C Diffusion
B 10 B20 B40period

7 3 • 4 (* 4) 3•0 ( .5) 1.1(.2)

3 - 4 2.5 - 4 1 - 1 . 5

U 3.8(.3) 3.3(.2) 1 .7(.3)

3 - 4 - 3 - 3.5 1 . 5 - 2
8%

21 4.1(.2) 3.6(.5) 2(0)

4 - 4.5 3 - 4 0

28 4.4(.3) 4.4 (* 4) 2(0)

4 - 5 4 - 5 2

7 4-9(.3) 4.6 (. 5) 3.3(.5)

4.5 - 5 4 - 6 3 - 4

U 5.3 {- 5) 5 • 3 (. 3) 3.5(.4)
5 - 6 5 - 5.5 3 - 4

15.2%
21 6(0) 6.4(.4) 3.8(.3)

6 6 - 7 3.5 - 4

28 6.3(.4) . 6.9 (. 8) 4(0)

5.5 - 6.5 6 - 8 4

$ 8.3(.4) 7.4(1.0) 6.4 (* 4)
8 - 9 6 - 9 6 - 7

7 9.4(.5) 8.5(•5) 9(0)

9 - 1 0 8 - 9 7

2 5 .6%
10 9.8(.5) 9.1(.5) 7.6(1.1)

9 - 1 0 8 - 9.5 6 - 9

U 10.3(.4) 9 • 8(.3) 8.3(.4)
10 - 11 9 - 1 0 7 - 9

3 7.8(1.0) 10.3(•3) 12(1)

7 - 9 10 - 11 11 - 14
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(Appendix C Table 3.1 continued)

5 9.1(.7) 10.8(.8)
8 - 1 0 10 - 12

37.3?
7 12.6(1.9) 17.6(1.3)

11 - 15 16 - 19

10 18.1(1.6) 22(1.8)
1 6 - 2 0 1 9 - 2 4

4 10.8 ( .7) -

9 - 1 1

3 - 13.0(1.0) 

11.5 - 14

54.6? 5 - 17.3 ( .4) 
16 - 18

7 18.4(2.0) 22.0 ( .4)
17 - 22.5 21 - 24

10 25 - 30* 30

1 3 .1 (.8 )
12 - U

20.6(1.5)
1 9 - 2 3

30 (0 )

30

1 5 -3 ( - 8 )

U . 5  - 16.5

2 0 .9 ( .8 )

20 -  22

24.5(1 .1)
23 - 26

30

* 30 = complete penetration

Figure in brackets represents the SD 
and the row below, the range.



Appendix C Table 3.2

Actual moisture content of conditioned test blocks with
range and SD.

M.C: 54.6 37.3 25.6 15.2 8.0

Range: 49-64 36-4-0 26-25 U .  7-15.8 7.5-8.5

SD: 4 1.5
00•

O
9.41 0.10

Saturated water vapour 
(RH of 100$)

Treatment 
method: Air drying



Appendix D Table 4.1

Immersion 
Treatment 
(mins)

5

20

60

120

Treatment loadings at various immersion periods

Sample size: 15 x 25 x 50 mm

Density: 0.49 + 0.01 g/cc

Treatment Solutions__________________________________
M-ethylene glycol 

kg/m3 % ODW

35.42(1.99) 7.04(0.429)

57.32(1.68) 11.49(0.263)

Boracol 40

•kg/nr

34.47(1.78)

44.31(1.92)

73.02(2.97)

94.06(4.17)

% ODW

7.07(0.115) 

9.00(0.711) 

14.31(0.593) 

18.99(0.673)

Standard deviations are in brackets.
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Appendix D Table 4.2

Moisture absorption of B^q and EG treatments

Equilibrium moisture contents at 
Retention various relative humidities(RH)

% ODW 45? RH 60J5 RH 75? RH 90? RH

Boracol 4-0 7.07 8.00(0.045) 9.75(0.073) 12.78(0.092) 18.26(0.108)

9.00 8.14(0.137) 9.80(0.135) 12.98(0.166) 18.15(0.190)

U . 3 1 8.58(0.186) 10.29(0.261 ) 13.55(0.403) 17.54(0.398)

18.99 9.36(0.116) 10.86(0.107) 14.07(0.154) 16.51(0.322)

M. Ethylene glycol 7.04 6.14(0.082) 7.74(0.109) 10.56(0.237) 16.35(0.093)

11.49 5.59(0.069) 6.70(0.103) 8.87(0.155) 13.67(0.134)'

CONTROL
de-ionised water 7.30(0.067) 9.32(0.095) 12.40(0.126) 18.69(0.160)

i

i

All values are average of 6 replicates. 

Standard deviations are in brackets.
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Appendix D Table 5.1
Shrinkage Characteristics of Scots Pine Treatments

Immersion
period

Uptake 
t ODW.

Sample Size: (25 x 25 x 5)mm. cross-cut
Av. Density: 0.51 g/cc. SD = 0.043

B0RAC.0L (B;n) Treatments 
% Average $4Av. ~% Av. 
Tangential Radial Volumetric 

• Shrinkage Shrinkage Shrinkage

% Av. 
Bulking 

Coefficient

ASE pp ASE
Uptake

7 days (1 0 )1 1 4 .6 (2 .7 ) (7 )0 .86(0 .2 4) (8)0.44(0.06) (7)1.32(0.18) (8)1 5 .4 (0 .2 2 ) 91.3 0.80

7 hours (9)68.9 (1 .4 ) (9)1 .60(0 .1 9 ) (8)0.63(0.15) (8)2.30(0.25) (8)13.8(0.78) 84.9 1 .24

2 hours (9)39.7(1.0) (8)2.50(0.28) (8)1.42(0.25) (7)3.76(0.25) (7)12.6(0.48) 75.1 1.90

30 mins. (10)24.7(1.2) (10)3.34(0.20) (7)2.13(0.13) (8)5.46(0.22) (8)11.1(0.61) 64 . 1 2.55

60 secs. (10)13.1(0.77) (9)5.25(0.40) (9)3.42(0.21) (8)8.48(0.47) (7)8.0(0.64) 44.3 3.37

M-Ethylene Glycol Treatments
7 days (7)2.5(0.27) (7)7.2(0.26) (10)5.1(0.26) (7)11.9(0.36) (7)3.1(0.33) 21.6 8.3

7 hours (8)2.8(0.21 ) (10)7.1(0.27) (8)5.1(0.23) (8)11.8(0.33) (8)3.5(0.25) 22.5 7.9

7 hours (8)3.4(0.24) (8)6.9(0.27) (9)4-9(0.24) (8)11.5(0.33) (9)4.2(0.20) 24.4 7.2

30 mins (8)3.5(0.21) (10)6.9(0.34) (8)4.7(0.30) (8)11.5(0.17) (9)4.2(0.38) 24.3 6.9

60 secs. (8)3.5(0.28) (7)7.0(0.13) (7)4.8(0.31) (7)11.5(0.24) (8)3.8(0.27) 24 * 4 6.9

Untreated control (10)8.50(0.24) (10)6.14(0.34) (8)15.12(0.35) - — -

ASE = Anti-shrink efficiency. RE = Relative effectiveness of stabilizing agent, used for
ranking different treatments.

First bracket column of each character represents number of reolications 
and second represents the standard deviations. ^



Appendix D Table 5.2

Swelling Characteristics of Treated Scots Pine Sapwood

in B40 

4 5?

and EG Based 

RH

on Untreated 

75?

Dry Wood 

RH 90? RH

Treatment Uptake 
% ODW.

M.C
?

Vol.
Swelling

?

M.C
%

Vol.
Swelling

?

M.C
?

Vol.
Swelling

?

68.9 7.57
(0.254)

18.19
(0 .400)

8 . 1 6
(0.104)

1 8 . 8 3
(0.409)

11.08
(0.369)

20.72
(0.257)

B40

39.7 6.74
(0.262)

14.92
(0.339)

10.67
(0.312)

16.49
(0.330)

16.57
(0.246)

18.38
(0.200)

24.7 5.85
(0.258)

12.25
(0.225)

10.43
(0.192)

14.80
(0.295)

16.21
(0.392)

17.92
(0.349)

13.1 6.32
(0.272)

10.21
(0.154)

10.02
(0.199)

13.70
(0.265)

15.93
(0.391)

17.50
(0.233)

EG

2.5 5.96
(0.339)

6.24
(0.254)

9.04
(0.389)

9.00 
(0.301)

14.36 
(0.091)

12.38
(0.070)

3.5 5.62
(0.200)

6.33
(0.349)

9.05
(0.390)

9.22
(0.285)

14.53
(0.207)

12.58
(0.420)

Water-Treated 7.53 5.47 11.68 8.00 16.43 11.19
Control (0.195) (0.221) (0.205) (0.308) (0.395) (0.313)

Standard deviations in brackets.



Appendix D Table 5.3

Swelling characteristics of treated Scots pine with Boracol ( B ^ )  and m-ethylene glycol (EG)

A 57. RH

Average swelling as % of oven dry treated dimensions

75% Ril 90% RH

Off

Treatment
Up
take

M/C V o l . Tan. R a d . M/C Vol. Tan. R a d ., M/C Vol. ' Tan Rad.

68.9 5.18 
(8)(0.30)

2.29 
(8)(0.96)

1.33
(8)(0.11)

0.94 
(7)(0,10)

5 9?
(8)(0.28)

2.72 
(9)(0.21)

1.77
(8) (0.13)

0.98
(8)(0.13)

■6.68 
(10)(.24)

4.14
(10)(.16)

2.66
(10)(. 14)

1.57
(10) (.11)

IT

39.7 A.8 
(8)(.36)

1.80 
(8)(.14)

0.94 
(8)(.09)

0.69 
(9)(.06)

7.71
(10)(.21)

3.63 
(8)(.19)

1.97
(10) (.10)

1.62
(10) (.20)

11.84 
(10)(.20)

4.80 
(9) (.20)

2.74
(10)(.19)

1.98
(10) (. 10J

40
24.7 4.5 

(8)(.32)
1.16 

(8)(.17)
0.65 

(9)(.06)
0.57 

(8)(.05)
8.41 

(10)(.14)
3.66 

(10)(.14)
2.09 

(9)(.13)
1.54

(10X.11)
12.91

(10X.11)
5.98

(10)(.22)
3.32

(10)(,19)
2.55

(10) (.22)

13.1 5.6
(9X0.41)

1.65 
(8)CO,19)

0.89 
(7) (.09)

0.74 
(9)(.11)

9.20
(10)(.20)

4.81 
(9)(.24)

2.60 
(8)(.20)

1.98 
(9)(.24)

14.48 
(9)(.32)

8.67 
(10(.24)

4.84 
(9)(.15)

3.67
(lo.x.rjj

fLG

2.8 5.9 
(8)(.35)

2.16
(10) (. 16)

1.48 
(8)(.14)

1.21
(9)(.11)

8.90
(10K.11)

5.31 
(9(.25)

2.98 
(10(.16)

2.37
(9) (. 24)

13.98 
(9)(.09)

8.70 
(10)(25)

4.83
'(10)(.18)

3.49
CIO) (. lb)

3.5 5.3 
(8)(.29)

2.76 
(8)(.19)

1.52
(10)(.12)

1.27
(9)(.14)

8.68 
(8)(.17)

5.42 
(9) (. 17)

3.05
(10) (.09)

2.37
(10)(.16)

13.94 
(10)(.16)

8.75
(10) (.30)

4.94
(10)(.15)

3.72
(10)(.1|)

Vater
(rented
:ontrol

7.5
(10)(.20)

5.47
(10)(.22)

2.97
(9)(.08)

2.39 
(9)(0.10)

■ 11.68 
(10)(.21)

7.97 
(10)(.31)

4.39 
(9) (. 16)

3.57
(10) (. 19)

16.43 
(10(.30)

11.19 
(9)(.31)

6.03 
(9)(.08)

4.76 
(9)(.23)

The figures in the first baracket column represents the number of actual replicates after rejection by Q test at 90%
confidence limit. The second bracket column represents the standard deviation.
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Appendix D Table 7.1
Evaluation of Toxic Limits

Concentration Beech in Scots pine in
Studied

($ DOT in 
$ Boron aqueous 

soln.)

C. versicolor
Retention wt loss 

k g / $

C. Puteana

Retention wt loss 
kg/m3 %

0.08 0.381 2.7 0.46 3.1 0.8

0.04 0.191 1 .4 0.59 1 .6 1.5
0.02 0.095 0.68 0.75 0.76 1.9
0.01 0.048 0.33 28.1 0.37 22.7

0.005 0.024 0.16 31.0 0.19 39.6
$ DOT in 
40$ aq 
EG soln.

•

0.08 0.381 2.8 0.70 2.9 0

0.04 0.191 1 .4 0.90 1 .4 0

0.02 0.095 0.70 3.4 0.70 16.3
0.01 0.048 0.35 25.1 0.36 25.6
0.005 0.024 0.17 19.6 0.18 19.2

$ Borax 
in 40$ aq 
EG soln.

0.08 0.705 5.2 0.6 5.9 0.4

0.04 0.352 2.5 0.8 2.8 0.2

0.02 0.176 1 .3 7.3 1 .4 3.2

0.01 0.088 0.62 28.1 0.71 2 6 .4

0.005 0.044 0.22 24.7 0.36 30.4
$ Boric 

acid in 40$ 
aq EG soln.

0.08 0.457 3.3 0.5 3.7 0.8

0.04 0.228 1 .7 2.2 1.9 0.4
0.02 0.114 0.80 12.4 0.96 3.0

0.01 0.057 0.40 15.4 0.47 20.7

0.005 0.029 0.21 25.0 0.24 25.7
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Appendix D Table 7.2a 
Evaluation of test results 

Substance: Aqueous DOT
Test fungus: Coniophora puteana (FRL 11E)
Timber: Scots pine sapwood
Period of test: 6 weeks

Concen- 
| tration 
i .Studied 
{% by mass)

Absorp
tion of 
Solution

Retention 
(kg/m^)

Uncorrected loss 
in mass {%)

Mean
Correction

Factor
%

Corrected 
Mean Loss 
in the 
set %Specimen Mean Specimen Mean

1.27 3.22 7.8

1 .29 3.27 4.2

0.381 1 .26 3.20 3.11 7.1 6.3 5.5 0.8
1.22 3.09 5.8

1.10 2.78 6.5
1 .21 1.54 8.7

1.16 1 .48 7.5
0.191 1.19 1.51 1.55 6.9 6.8 5.3 1.5

1.25 1.58 5.3

1.25 1.59 6.9
1 .25 1.59 5.8

1 .23 0.78 4.1

1.13 0.72 - 4.4
1.18 0.75 6.3

0.95 1 .26 0.80 0.76 11.1* 6.2 4.3 1.9
1.18 0.75 6.6

1 .22 0.78 4.6
1 .20 0.29 36.1

1.17 0.37 31.5
0.048 1.19 0.38 0.37 30.5 32.4 9.7 22.7

1.11 0.35 32.6

1 .21 0.38 31.5
1.26 0.20 61.3'
1.18 0.19 41.8 •

0.024 1.30 0.20 0.19 34.2 A3.6 4.0 39.7
1 .09 0.17 38.3
1 .21 0.19 52.3

-------- — _____ --— ----- -
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Substance; DOT in 40$ aqueous ethylene gvlcol solution 
Test fungus: Coniophora„puteana (FRL 11Ej
Timber; Scots pine sapwood 
Period of test: 6 weeks

Appendix D Table 7.2b
Evaluation of test results

Concen
tration 
Studied 

($ by mass)

Absorp
tion of 
Solution

Retention
(kg/m3 )

Uncorrected loss 
in mass (%)

Mean
Correction

Factor
%

Corrected 
Mean Loss 
in the 
set %Specimen Mean Specimen Mean

1.10 2.79 0.75
1.15 2.92 0.70

0.381 1 . 1 4 2.91 2.85 0.70 0.79 0.85 -

1.15 2.91 0.89
1 .08 2.75 0.76
1.11 2.83 0.73

1.15 1 .47 0.90
1.12 1.42 0.49

0.191 1.16 1 .42 1 .41 0.75 0.73 1.1 -

1 .08 1 .37 0.50 '

1.09 1 .39 1 .00
1.16 0.74 .12.1

1 .13 0.72 14.7
0.095 1 .08 0.69 0.71 23.0 17.1 0.86 16.3

1 .05 0.67 18.7
1.10 0.35 20.8

1.13 0.36 28.6
0.04-8 1 .15 0.37 0.36 33.3 26.6 1 .0 2 5 . 6

1 .06 0.34 24.7
1.10 0.35 23.5
1 .21 0.38 28.7
1.10 0.17 28.1
1.12 0.18 31.8

0.024 1.09 0.17 0.18 24.5 29.5 0.36 29.2

1 .20 0.19 30.7
1.16 0.19 30.2
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■Substance: Boric acid in 40$ aqueous ethylene glycol solution
Test fungus: Coniophora puteana
Timber: Scots pine sapwood
Period of test: 6 weeks

Appendix D Table 7.2c
Evaluation of test results

Concen
tration 
Studied 
(% by mass)

Absorp- ■ 
tion of 
Solution

Retention

(kg/m3 )

Uncorrected loss 
in mass ($)

Mean
Correction

Factor

Corrected 
Mean Loss 
in the 
set %Specimen Mean Specimen Mean %

1 ,30 3.96 7.5
1.22 3.80 12.3

0.457 1 .23 3.78 3.72 7.1 8.9 8.1 0.8
1 .22 3.73 11.1

1.19 3.62 5.9
1 .13 3.43 8.6

1.19 1.81 5.6
1 .21 1 .85 5.5

0.228 1 .23 1 .88 1.86 4.6 5.1 4.7 0.4
1.18 1.80 5.2
1 .28 1.95 5.0
1 .21 1 .85 4.8 -

1 .22 0.93 8.9
1 .31 0.99 7.9

0 . 1 U 1 .25 0.96 0.96 7.7 7.7 4.7 3.0

1 .25 0.95 6.3
1 .28 0.49 28.8
1.19 0.45 29.5

0.057 1 .22 0.47 0.47 33.6 30.5 9.8 20.7
1 .23 0.40 27.9
1.20 0.4-6 32.8
1 .26 0.24 37.5
1.19 0.23 34.0

0.028 1 .27 0.27 0.24 27.7 33.8 8.1 25.7
1 .23 0.23 32.9
1 .25 0.24 32.9
1 .24 0.24 38.6
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Substance: Borax in J+0% aqueous ethylene glycol solution
Test fungus: Coniophora puteana (PPL 11E)
Timber: Scots pine sapwood
Period of test: 6 weeks

Appendix D Table 7.2d
Evaluation of test results

Concen
tration 
Studied 
(% by mass)

Absorp
tion of 
Solution

Retention
(kg/m^)

Uncorrected loss 
in mass {%)

Mean
Correction 

factor 
% ■

Corrected 
Mean loss 
in the 
set %Specimen Mean Specimen Mean

1 .24 5.81 6.6

1 .30 6.09 7.2
1 .20 5.64 5.5

0.705 1 .20 5.64 5.78
7.3 7.3 6.9 0.1

1 .21 5.85 9.0

1 .20 5-64 8.1

1 .31 3.09 9.2

1 .07 2.51 9.1
0.352 1 .21 2.91 2.81 8.2 8.9 8.7 0.2

1 .29 3.03 7.3
1 .13 2.65 9.8

1.19 1 .10 10.5

1.19 1 .10 8.1

0.176 1 .27 1.50 1 .11 9.7 9.1 6.1 3.2

1 .27 1 .19 8.6

1 .19 1.10 10.3

1.15 0.67 37.2

1 .25 0.73 28.3
0.088 1.18 0.68 0.71 10.1 38.5 11.6 26.9

1 .22 0.72 53.6

1 .29 0.76 33.3

1.19 0.35 36.1

1.32 0.39 10.8

1 .27 0.37 26.0
o . o u 1.17 0.31 0.36 27.0 31.8 1.1 30.1

1 .30 0.38 38.0
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Appendix D Table 7.2e

Evaluation of test results

Substance: Aqueous DOT solutions
Test Fungus: Coriolus versicolor (PRL No. 28A)
Timber: Beech outerwood
Period of test: 6 weeks

Concen- Absorp- 
tration tion of 
Studied Solution 
{% by mass)

Retention

(kg/m^)

Uncorrected loss 
in mass (%)

Mean
Correction

Factor
%

Corrected 
Mean loss 

in the 
set %Specimen Mean Specimen Mean

1 .06 2.70 1 .1
1.06 2.70 1 .1

0.381 1.09 2.76 1 .71 1 .2 1 .3 0.81 0.16

1 .09 2.76 1 .2

1 .03 2.61 1.5
1 .08 1.37 1.5
1.06 1 .34- 1 .3

0.191 1.10 1.39 1 .35 1 .1 1.1 0.81 0.59
1 .05 1.33 1 .5
1 .02 1.30 1 .1

1 .05 0.67 1 .1
1 .09 0.69 1 .7

0.095 1.07 0.68 0.68 1 .8 1.1 0.65 0.75
1 .09 0.69 1 .1

1 .03 0.65 1 .2

1.09 0.35 17.9

1.05 0.35 25.1
0.04-8 1.01 0.33 0.33 33.3 29.0 0.87 28.1

1 .05 0.33 20.7

1 .05 0.33 27.8
1 .02 0.16 25.1
1 .02 0.16 4.2.1

1 .05 0.17 0.16 27.3 31.8 0.82 31 .0

0.99 0.16 26.1
1 .01 0. 16 31.5
1 .05 0.17 35.6

- -
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Appendix D Table 7.2f 

Evaluation of test results

Substance: Boric acid in 4-0? aqueous ethylene glycol
Test fungus: Coriolus versicolor
Timber: Beech outerwood
Period of Test: 6 weeks

------ - ■ .....
Concen
tration 
Studied 
(% by mass)

Absorp
tion of 
Solution

Retention

(kg/m^)

Uncorrected loss 
in mass (%) '

Mean
Correction

Factor
%

Corrected 
Mean loss 

in the 
set %Specimen Mean Specimen Mean

1 .08 3.28 6.5
1 .07 3.27 6.7
1 .06 3.24 7.1

0.457 1 .08 3.28 3.28 6.7 6.8 6.3 0.5

1.10 3.34 6.8
1 .08 3.28 7.0

1 .07 1 .62 10.0
1.11 1.70 8.4

0.228 1 .08 1.64 1.65 10.1 8.8 6.6 2.2

1 .07 1.63 8.6
1.08 1.64- 6.9
1 .05 0,80 20.9
1 .08 0.83 22.2

0.114 1 .04 0.79 0.80 1 6.6 18.6 6.2 12.4
1 .05 0.80 17.0
1.04 0.80 16.3
1 .05 0.40 22.4
1 .06 0.40 22.4

0.057 1 .04 0.40 0.40 18.3 21 .7 6.3 15.4
1.05 0.40 21.8

1 .09 0.42 23.7
1.11 0.21 25.7
1.06 0.20 30.8

0.029 1 .04 0.20 0.21 39.0 31 .4 6.4 25.0

1 .08 0.21 28.6

1.11 0.21 28.0

1 .08 0.21 36.5
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Substance: DOT in U0% aqueous ethylene glycol solution
Test fungus: C_. versicolor
Timber: Beech outerwood
Period of test: 6 weeks

Appendix D Table 7.2g
Evaluation of test results

Concen
tration 
Studied 
(% by mass)

Absorp
tion of 
Solution

Retention 

(kg/m^)

Uncorrected loss 
in mass {%)

Mean
Correction

Factor
%

Corrected 
Mean loss 

in the 
set %Specimen Mean Specimen Mean

1 .10 2.79 6.9
1.13 2.87 7.2

0.381 1.15 2.93 2.82 6.5 7.0 6.3 0.7

1 .07 2.72 7.1
1.08 2.74 6.6

1 .13 2.86 7.4
1 .11 1 .4-0 7.2

1 .02 1 .30 6.7

0.191 1 .11 1.4-1 1 .38 7.2 7.2 6.3 0.9
1 .08 1 .37 7.5
1 .07 1 .36 7.5
1.12 1 .4-2 7.3
1 .07 0.68 9.7

1 .09 0.67 9.5
0.095 1 .14- 0.73 0.70 9.7 10.0 6.6 3.4

1.11 0.71 11 .3

1 .09 0.35 30.4
1 . 1 4 0.36 28.8
1.10 0.35 31 .3

0.04-8 1 .12 0.36 0.35 32.5 31 .4 6.3 25.1

1 .09 0.34- 32.3
1.06 0.34- 32.1
1.11 0.18 29.8

1 .09 0.17 40.5
0.021 1 .07 0.17 0.17 29.3 35.4 5.8 29.6

1.10 0.17 39.3

1 . u 0.18 38.3 '
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Substance: Borax in 1+0% aquious ethylene glycol solution
Test fungus: Coriolus versicolor
Timber: Beech outerwood
Period of test: 6 weeks

Appendix D Table 7.2h
Evaluation of test results

Concen
tration 
Studied 
{% by mass)

Absorp
tion of 
Solution

Retention
(kg/m^)

.Uncorrected loss 
in mass (%)

Mean
Correction

Factor
%

Corrected' 
Mean loss 

in the 
set %Specimen Mean Specimen Mean

1 . 1 4 5.35 7.4
" —- - ■ v

1.11 5.21 7.3

0.705 1.10 5.17 5.18 6.8 7.1 6.5 0.6
1 .08 5.05 6.6

1.09 5.11 7.0
1.10 5.16 7.3
1.07 2.51 6.5
1.10 2.58 6.9

0.352 1.06 2.50 2.51 7.1 7.0 6.2 0.8
1.05 2.1+1 7.1
1 .07 2.51 7.5
1 .05 1 .23 16.4
1.07 1 .26 14.1

0.176 1.11 1 .30 1 .26 15.6 14.5 7.2 7.3
1 .07 1 .26 14.5
1.05 1 .23 11 .8
1.06 0.62 34.4
1.06 0.62 42.9

0.088 1 .07 0.63 0.62 36.9 35.1 7.0 28.1
1 .01+ 0.61 34.9
1 .08 0.63 33.8
1 .09 0.35 3/1.6
1 .05 0.31 32.0

0.01+1+ 1.10 0.32 0.32 23.9 31.4 6.7 24.7

\ 1 .06 0.31 35.1
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Appendix D Table 7.3 

Loss in weights of control specimens

Scots pine in respect of 
(Strain ■ PSLL, 11E) 
Coniophora puteana

Beech in respect of 
(Strain PRL.28A) 
Coriolus versicolor l, e i v vliCl

Concen- Losses in Losses in
tration mass of Mean mass of Mean Visual
Studied Specimens Losses Specimens Losses Observation

% % % %

20.6 20.8
23.0 28.9

Water 19.6 21.6 26.0 24.7 Slight cover of test
only

24.5 25.6 blocks by the fungi 
mycelia.

21.8 23.5
20.2 23.5

28.3 35.3
31.6 31.0

40# aq 32.5 28.4 34.9 31.8
Very dense cover of

MEG only 23.0 34-1
test fungi mycelia

30.9 23.9
especially that of

2 4 .0 Coriolus versicolor 
for all aqueous

25.0 23.9 MEG treatments.

20% aq
28.3 24.0
30.0 27.7 29.4 25.5

MEG only 30.0 31.1
25.4 19.9

29.5 38.1

1 0% aq
29.3 39.8
26.7 28.3 37.4 38.2

MEG only 27.0 36.6
29.3 37.2

39.8
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Appendix D Table 7.4 
Evaluation of Boron Leachability 

SCOTS PINE

Uptake Wt. of Calculation Cone, of Cone, of leached
of treating leaching Wt. of Boron in Boron

Treatment Soln.
(gm)

Soln.
(gm)

Boron
(jug)

Solution
(ppm)

ICAP
(ppm

Boric acid 
in 40$

)1 7.592 58.756 60 7 3.6 103.4 68

aq EG ) 2 7.352 60.785 2940.8 48.4 51

Borax in 
i 0%

)1 7.481 60.607 5984.8 98.7 84

aq EG ) 2 7.195 59.651 2840.4 4 7 .6 46

DOT in 
A0%

) i 7.534 59-241 6 0 2 7 .2 101 .7 66

aq EG ) 2 7.522 60.825 3008.8 , 49.4 49

DOT
in

)i 6.915 37.932 5532.0 45.4 80

water ) 2 7.016 59.870 2806.4

BEECH

46.9 42

Boric acid 
in 40$

)i 6.571 59.561 6006.0 100.8 108

aq EG ) 2 5.481 60.332 2 5 9 2 . 0 42.9 43

Borax in 
40 %

) i 6.524 59.799 5 2 1 9 . 2 87.3 74

aq EG ) 2 6 . 4 1 1 60.517 2 5 6 4 .4 42.3 44

DOT in 
A0%

)1 6.606 58.669 5284.8 90.1 84

aq EG ) 2 6.536 60.566 2614.4 43.2 45

DOT
in

)1 6.336 60.332 5068.8 84.0 75

Water ) 2 6.322 60.176 2528.8 42.0 42

1 = Treatment solution of 0.08$ (by mass) of Boron concentration

2 = Treatment solution of 0.04$ n ” "
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Appendix D Table 8.1
o

Retentions of Boron (kg/nr) with depth interval

20$
Tangential Penetration 
30$ 10$ 50$Formulation 

Depth (mm)

0 - 0.5
0.5 - 1.0
1.0 - 1.5
1.5 - 2.0
2-0 - 2.5
2.5 - 3.0
3.0 - 1.0
1.0 -  6.0

Depth (mm) 
0 - 1 . 0

1.0 -  2.0

2.0 -  3.0

3.0 - 1.0
1.0 - 5.0
5.0 -  6.0

11.3(273)
6.9(169)
3.6(87)
1.1(27)
0.17(1.1)

0.0072(0.1) 

0 
0

7.5(259) 
2.3(78)

0.38(13)

0.033(1.5) 
0.0058(0.2) 
0.0058(0.2)

11.0 (269) 
8.8(215) 
5.7(138) 
2.11(76)

0.11(3.5)
0.031(0.8) 

0 .0083(0 .2 ) 
0

6.2(281)

3.1(156)
1.3(58)

0.11(5.1)
0 .0 1 3 (0 .6 )

0.0066(0.3)

7.9(193)
6.9(169)

1.9(119)
2.3(57)

2.2(55)
1.7(11)
0.37(18)

0 .0020(0 .2)

6.1(278) 

3.2(115)
1.1(67) 
0.15(7) 

0 .01 3(0 .6 ) 
0 .0085(0 .1 )

9.7(236) 
7.7(188) 
6.5(158) 
3.3(81) 

1.2(29) 
0.13(3.1) 
0 .001(0 .2) 
0 .0020(0 .1)

5.6(181) 

2.9(97) 
0 .96(32) 
0 .085(2 .8) 

0 .012(6 .1) 
0 .0060( .2)

Radial Penetration

Figures in brackets represent concentration of Boron (ppm) 
in samples determined by Inductively coupled argon plasma 
spectrometer (ICAP).
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PROBITS TRANSFORMATION AGAINST DEPTH OF PENETRATION

FIG. 8.2 Radial direction. FIG. 8.1 Tangential direction.
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Appendix E Figure 8.3

Infra-red spectrum of M*Boracol '40
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Appendix E Figure 8.4

Infa-red spectrum of M/10
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Appendix E Figure 8.5

Infra-red spectrum of M/100
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