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Summary 

This work was designed as a preliminary investigation into borate loss during the drying, and planing of 
wood. The objectives were to investigate borate losses from wood dried under different regimes and to 
investigate the effect of planing dried borate-treated wood on the retention or distribution of the 
preservative. 

Green nominal 1 x 2 inch amabilis fir was cut into 1015 mm long samples. The samples were pressure 
treated with disodium octaborate tetrahydrate and allowed to diffuse for two weeks. The samples were 
then cut into four end-matched sub-samples with three of the sub-samples being subjected to either 
dehumidification-, kiln-, or air-drying. The dehumidification and kiln-drying were done in a sealed 
chamber with a condenser attached. Condensed water was collected to check for loss of air-borne boron 
during the drying. The fourth sample was used for analytical and penetration data. 

Boron in borate-treated lumber was found to be air-borne at temperatures as low as SO^C with higher 
temperatures increasing the amount of borate found. However, the residual borate content after drying 
was not significantly reduced at 30°C or 50°C. 

The relatively rapid oven-drying of small borate-treated samples at 50°C prior to analysis resulted in no 
significant loss of borate. However drying samples at 105°C reduced the borate retentions significantly. 
This indicates that it would be preferable to dry at 50°C to reduce losses of boron prior to analysis, thus 
giving more accurate results. In practice Kiln-drying often occurs at temperatures between 50''C and 
105°C. Further information is needed on borate losses between these temperatures. 

Because surface layers after drying, contain higher levels of borate, planing borate-treated lumber will 
remove a disproportionate amount of boron from the treated lumber. This suggests that higher initial 
retention levels will be required to meet standards i f the wood is to be processed after treating. 

Borate-treated lumber stored under the temperature and relative humidity conditions that can prevail in, 
for example, the crawl space of a Japanese house, did not lose significant amounts of boron. 
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1 Objectives 
• To investigate borate losses from wood dried under different simulated commercial drying regimes. 

• To investigate borate losses during drying for chemical analysis. 

• To investigate the effect of planing dried borate-treated wood on the retention of the preservative. 

• To investigate the potential for borate losses via air-borne routes from borate-treated sill plates in 
service. 

2 Introduction 
Borate wood preservatives are readily soluble in water and because they are not fixed in wood they are 
classified as diffiisible preservatives. Borates in wood will move from areas of high concentration to 
areas of low concentration depending on the moisture content and temperature of the wood. This is the 
basis for penetration by diffusion of the whole cross-section of treated wood. Borates wil l also move by 
mass flow or capillary process when liquid water moves within the wood such as can occur in heating and 
drying. When water evaporates from borate solutions into the vapour phase, the borates can be deposited 
as solids (crystals) either in the wood cells or on the wood surface. In past Forintek trials involving 
production of borate-treated wood, there have been discrepancies between the amount of borate taken up 
during pressure treatment and the amount analysed after drying and/or after being in service. At what 
stage the apparent loss occurred could not be determined because the experiments did not anticipate this 
problem, and the experiments were therefore not set up to investigate it. In some circumstances boron 
can form volatile compounds (Feldman 1961) but there is little data on the extent to which this occurs in 
wood. Kininmonth (1960) recorded loss of borate from diffusion-treated wood and deposition of borates 
in kiln vents. Bergervoet et al. (1993) demonstrated losses of borate from kiln-dried borate-treated 
radiata pine, but pressure treated wood suffered little or no net loss. 

It is anticipated that some customers will prefer dried borate-treated wood. For some applications this 
might also require planing to restore good surface characteristics. Questions therefore arose about what 
happens to borates in pressure-plus-diffusion treated Hem-Fir during drying and planing. The availability 
of kilns and a laboratory scale dehumidification chamber that (with modification) permitted the collection 
of volatiles from the drying process enabled us to make preliminary investigations of borate movement 
and loss during drying and subsequent planing. 

A large proportion of coastal lumber exported to Japan is used for sill plates in traditional Japanese house 
construction. Temperatures and relative humidities in crawlspaces in Japanese houses can approach those 
used in some drying processes (Tanaka 1984). Part way into this project the need became apparent to 
evaluate borate loss through air-borne routes from sill plates in service. A small lab apparatus was 
therefore set up to simulate the highest temperature and humidity that typically occur in a crawl space in a 
Japanese house (30°C and 100% RH). 
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4 Materials and Methods 
4.1 Sample Preparation, Pressure Treatment and Analysis 

Amabilis fir (Abies amabilis [Dougl.] Forbes) samples 1015 mm long x 22 mm x 54 mm (183 samples) 
were end-sealed with three coats of epoxy resin. The sealing prevents the preservative penetrating along 
the end-grain and thus avoids over treatment at the ends of the samples. Each sample was weighed before 
and after pressure treatment to determine uptake retentions for individual samples (Table 2). The treating 
schedule used was: 30 min. initial vacuum, two hours constant pressure at 1035 kPa, followed by a 15 
min. final vacuum. The treatment targeted a retention of 4% boric acid equivalent (BAE) and a solution 
strength of 4.0% disodium octaborate tetrahydrate (DOT) or 4.8% B A E was used to achieve this. The 
samples were then individually wrapped in polyethylene sheeting and stored at 20''C for two weeks to 
allow diffusion to occur. Previous work had shown that after this period the amabilis fir would be fully 
penetrated by the preservative. 

Following the diffusion period, each sample was further cut into four 253 mm long end-matched sub-
samples, A , B, C and D, with sub-samples A , B and C being re-end-sealed. A 50-mm section from each 
sub-sample D was dried at 50°C for 48 hours, and a freshly cut slice from each section was sprayed with a 
two-part curcumin indicator to determine preservative penetration. A red or pink colour indicated the 
presence of boron. Part A was 0.28 g curcumin in 100 ml of ethanol and part B was a saturated solution 
of salicylic acid in 90% ethanol/10% concentrated hydrochloric acid. Fifty samples that had full cross-
section penetration and which had similar DOT uptakes were selected, the remaining 133 samples were 
discarded. The 50 selected A , B and C end-matched sub-samples handled as described in section 4.2. The 
cutting pattern and subsequent sample processing is illustrated in Figure 1. 

Boron analysis was carried out on the full cross-sections. Samples were ground to 30 mesh in a Wiley 
M i l l and individually stored in polyethylene bags. Then a known weight was extracted using hot water 
extraction at 95^0 for four hours. The leachate was then titrated using a mannitol titration method 
(Johnson and Ingram 1992, Winters, undated). Data was expressed as percent boric acid equivalent (% 
B A E ) by weight of oven dried wood. 



4.2 Simulated Commercial Drying of Borate-Treated Wood 

The three groups of end-matched sub-samples were dried using three different methods as indicated 
below. Following drying, the borate retentions of the samples were determined (as described in section 
4.1.). Statistical analysis of the retention data was performed using the analysis of variance method. 

4.2.1 Dehumidification Drying - Group A 

Preliminary Trials 

Preliminary trials were carried out in a small dehumidification chamber which was modified for the test. 
Attached to the chamber was a condensing unit which cooled the exiting exhaust vapours. The condensed 
water was trapped in a tray and further routed to a sealed vessel for collection. The chamber was 
controlled using a programmable logic controller (PLC) which was interfaced to an Operator Interface 
(01) panel (programmable touch screen controller). The PLC/OI panel was used to control the chamber 
environment using a heat source, humidifier, steamer and desicator. 

Following initial testing of the system, some deficiencies were noted which required correction before the 
set-up could be relied upon for the planned work. At the exit of the chamber, baffle plates were modified 
to direct airflow into the condenser. The software used to control the chamber was modified to complete 
the tests. Improvements in the seals of the chamber also had to be made to reduce air leaks. 

A variety of temperatures ranging from 30 to SO^C and relative humidities (RH) ranging from 10 to 50% 
were tested to find the conditions which gave the highest liquid condensate recovery. It was found that 
the conditions for maximum recovery of condensate were 30°C and 15%RH. Initial trials under these 
conditions gave a 97% recovery of liquid evaporated from the chamber. Tests at 50^0 and 20% R H gave 
only a 13% liquid recovery, which was mainly due to the incapacity of the condenser, at higher 
temperatures, to condense water vapour as fast as it was produced. 

Main Dehumidification Run 

The dehumidification run was then carried out using the constant set points of 30°C and 15%RH. Only 
dry heat was used during this run. No external water sources were used. A l l condensate water was 
collected, the volume measured and an aliquot was analysed for boron content using the mannitol titration 
method. Condensed water samples were taken at 22, 46 and 118 hours. Drying was complete after 118 
hours when the average moisture content of the wood was 18%. A 50-mm cross-section was taken from 
each sample after drying and this was used for moisture content determination and for boron analysis. 



4.2.2 Kiln-drying - Group B 

The Kiln-drying run was carried out using the following schedule listed in Table 1: 

Table 1: Kiln-drying Schedule for Group B 

Hours Dry Bulb 
(°C) 

Wet Bulb 
(°C) 

Relative Humidity 
(%) 

EMC 
(%) 

24 50 47 85 16 
24 50 43 62 10 
24 50 36 41 7 

The chamber's maximum temperature was 50°C; therefore the R H (schedules usually operate by 
manipulation of the wet bulb/dry bulb temperature differential) was changed to simulate a normal 
schedule for drying 1" x 2" amabilis fir. 

Condensate water from the chamber was collected, measured, and analysed for borate. Condensed water 
samples were taken at 24, 48 and 68 hours to check whether, as steam and water were added to the 
chamber to control humidity, the condensate sample would be gradually diluted or whether more borate 
was being accumulated. Drying was completed after 68 hours when the average moisture content of the 
wood was 16%. As for other groups, a 50-mm cross-section was taken from each piece for moisture 
content determination and borate analysis. 

4.2.3 Air-Drying - Group C 

Samples were forced air-dried between 19-21°C, and 50-70% R H , using fans in a closed shed. Drying 
was complete after 14 days when the average moisture content of the wood was 13%. As for other groups 
a 50-mm cross-section was taken from each piece for moisture content determination and borate analysis. 

4.3 Oven-drying for Analysis - Group D 

Each of the remainder of the Group D sub-samples was cut into three 50-mm labelled, analytical samples 
and handled as follows: 

i) Oven dried at 50''C for 48 hours, full cross-sections analysed for borate. 
ii) Oven dried at 105''C for 24 hours, full cross-sections analysed for borate. 
iii) Not dried. Full cross-sections splintered and analysed for borate. An adjacent cross-

, section was cut next to each previously analysed and used to determine M C permitting 
transformation of the analytical data to oven dried (OD) weight basis. 

4.4 Planing 

The effect of planing after air-drying was investigated to quantify the removal of boron concentrated at 
the surface of the wood. This information would be used to estimate the original retention required in 
wood that is to be planed or machined prior to finishing/product make-up (e.g. glulam, millwork). 



Following air drying and retention analyses, the remaining pieces of Group C were planed. With a 
planer, 1.5 mm was removed from all sides of the sub-samples with the shavings being collected and 
analysed for borate content. After planing, a 50-mm cross-section was talcen from each piece for moisture 
content determination and borate analysis. 

4.5 Simulation of Sill Plate Conditions 

After the main drying experiments were underway, the opportunity was talcen to confirm whether borate 
volatilized at the low levels seen in the main tests and whether prolonged storage at fibre saturation point 
also resulted in borate loss. This was done using wood samples held in an experimental set-up which 
enabled all the airborne borate to be collected. Two experiments were performed. 

The first experiment used conditions comparable to the oven-drying experiment. Ten borate-treated 
amabilis fir 150 mm x 38 mm x 19 mm samples, of known borate levels, were placed in an air tight 
chamber. Dry laboratory air was purged though the chamber, over the samples, and then sparged through 
two mannitol solutions upon leaving the chamber. The chamber was placed in an oven at 105°C for 54 
hours, with the mannitol solution being titrated, and replaced, after 4, 30 and 54 hours to check for boron. 
The total air-borne boron was then calculated. 

The second experiment was set up at 100% R H and 30''C. A i r entering the chamber was purged through 
water at 70°C, prior to entering the chamber, to increase its humidity to 100%. The exhausting air was 
purged through mannitol solutions as in the first experiment. The chamber was placed in an oven at 30''C, 
with the temperature and humidity within the chamber being monitored every 10 minutes using small pre-
programmed sensors. Borate-treated amabilis fir samples of known moisture contents and borate levels 
were placed in the chamber for 45 days with the mannitol solution being changed and monitored for 
borate periodically. The total air-borne boron was then calculated. 

Statistical analysis of the retention data was carried out using Scheffes test (Kleinbaum et al. 1988), to 
determine which individual means were significantly different from each other (results greater than 0.60 
are significantly different at the 0.05 level). 

Tables 2 and 4 show the summary of analytical data. Small variations between uptake measured by 
weight and retention measured by chemical analysis are commonly seen. Therefore it is not surprising 
that the borate content based on uptake and the analysis (based on wet freshly treated wood) differed by 
5%. This difference proved to be statistically insignificant (Table 3). Since the borate content by uptake is 
calculated using the measured sample volume and a standard density, this value is subject to error. The 
borate content determined by analysis of the wet samples has therefore been taken as the baseline data. 

5 Results and Discussion 
5.1 Baseline for Comparison 



5.2 Comparison of Simulated Commercial Drying Methods 

The dehumidifier-drying, low temperature kiln-drying and air-drying resulted in no statistically 
significant loss in borate content over that measured in the wet samples (Tables 2 and 3). However, air-
borne boron was detectable in the condensate. As the drying temperature increased, the amount of boron, 
in the condensate increased. The dehumidification run at 30°C and the Kiln-drying run at 50°C, resulted 
in collection of 0.00065 g and 0.0016 g B A E respectively. In the drying experiments done on groups A 
and B, mass balance equations could not be completed due to leaks in the chamber. 

Although there was a significant difference in borate content between the dehumidification-dried and 
Kiln-dried material, this was due to an apparent increase in borate content of the dehumidification-dried 
samples, which does not fit with the working hypothesis. 

Table 2: Borate Retentions Before and After the Commercial Drying Tests (n=50) 

~ . TTT" Borate content (% BAE*) 
Drying Method 

Mean Standard Deviation 
Uptake** 4.73 0.70 

Wet*** 4.95 1.39 
Dehumidification 5.44 1.40 
Kiln-dried 4.61 1.06 
Air-dried 5.17 1.28 

** - %BAE based on weight uptake, the remaining samples by chemical analyses 
*** - Used as baseline 

Table 3: Statistical Comparisons of Individual Groups - Commercial Drying (Scheffe's test) 

Group Uptake Wet Dehumid. 
(Group A) 

Kiln-dried 
(Group B) 

Air-dry 
(Group C) 

Uptake 
Wet 0.22 
Dehumidification 0.72* 0.49 
Kiln-dried 0.11 0.34 0.83* 
Alr-drled 0.44 0.22 0.27 0.55 
*- Differences significant at the 0.05 level 

5.3 Comparison of Oven-drying for Analysis 

Only the wood samples dried at 105°C differed significantly in borate content from the wet samples 
(Tables 4 and 5). This conforms to the hypothesis that i f some of the boron becomes air-borne during 
drying we might reasonably expect that higher temperatures would result in greater loss (Feldman 1961). 

It is common laboratory practice to dry samples at 105°C prior to analytical procedures (e.g. Fowlie 
Walcheski and Preston 1988). However, at Forintek we have used since 1995 a more conservative oven-
drying regime of 50^0 (dried for a longer period) prior to analysis. The results of the current experiment 



indicate thiat this is preferable as significant losses of boron can occur at 105°C, thus giving an inaccurate 
result. 

In practice, kiln-drying often occurs at temperatures between 50°C and 105°C. Further information is 
therefore required on borate losses between these temperatures. 

Table 4: Borate Retentions Before and After Oven-drying for Analysis (n=50) 

^ . . . . Borate content (% BAE*) 
Drying Method 

Mean Standard Deviation 
Uptake** 4.73 0.70 
Wet*** 4.95 1.39 

Dried @ 50°C 4.75 0.95 
Dried @ 105°C 4.29 0.84 

* - Boric acid equivalent 
** - %BAE based on weight uptalce, tfte remaining samples by ciiemical analyses 
*** - Used as baseline 

Table 5: Statistical Comparisons of Individual Groups - Oven-drying (Scheffe's test) 

Group Uptake Wet Dried at 
50 °C 

Dried at 
105 °C 

Uptake 
Wet 0.22 

Dried @ 50°C 0.02 0.20 
Dried @105°C 

* r^:£r * * 

0.44 0.66* 0.46 

5.4 Effect of Planing 

Planing the outer 1.5 mm of wood (on all 4 surfaces) significantly reduced (Table 6) borate retention 
compared to the original sample (air-dried). Planing resulted in a 16% decrease in mean retention 
compared to the original samples. The collected planer shavings had a retention of 5.6%BAE, 28% 
higher than the planed samples, and 8% higher than the original full cross-sections. 

A mass balance calculation was performed on the analytical data for the fiill cross-sections, and repeated 
for the planed samples and planer shavings (10 samples only), based on the volume each represented. 
The original mean borate level for air-dried samples was 5.17%. Based on the levels determined in the 
shavings and in the residual planed pieces, the recalculated borate level was 4.58%. This difference was 
not statistically significant. 

Overall, planing air-dried wood had a statistically significant effect on borate retention. This would 
indicate that a 19% higher initial retention level would be required i f the wood were to be planed to the 
degree used in this work after treating. 



Table 6: Affect of Planing after Air-drying (n=50) 

Processing % BAE* 
IVIean Standard Deviation 

Before planing 
After planing 

5.17 
4.35 0.93 

1.28 

* - Boric acid equivalent 

5.5 Simulation of Sill Plate Conditions 

The high temperature (lOS^C) experiment showed a loss of 1.5% of the boron present after 54 hours. 
This confirmed the results from the oven-drying tests. The low temperature/high humidity (30°C / 100% 
RH) run had a boron loss of only 0.014% after 45 days. This suggests that losses to air of boron under 
temperature and R H conditions typical of crawl spaces in Japanese houses would be negligible. 

The mannitol purging system appeared to be a useful way to trap the air-borne boron. 

5.6 General Discussion 

In this work, air-borne boron was detected at temperatures as low as 30°C, but losses were not found to be 
significant up to 50°C. In studies using conventional (70/60°C) and high temperature (120/70°C) kiln-
drying, Bergervoet et al. (1993) found 20 to 40% losses of boron from diffusion-treated radiata pine. 
Losses were lower at the higher temperature. Medium temperature (90/60°C) drying of pressure treated 
radiata pine resulted in little or no loss of borate, presumably because, with a shallower preservative 
gradient, less of the borate was near the surface. Bergervoet et al. (1993) suggested steam volatilisation 
as the mechanism of loss, however, no studies were done to confirm this. Since the mechanism is 
unknown, the term "air-borne boron" has been used here to denote loss of borate to the air. 

• Low levels of boron in treated lumber were air-borne at temperatures as low as 30°C; however, this 
did not result in significant loss of borate during drying at 30°C or 50°C. 

• The relatively rapid oven-drying of small borate-treated samples at 50°C prior to analysis resulted in 
no significant loss of borate. However, oven-drying samples at 105°C reduced the borate retentions 

• Planing air-dried borate-treated lumber significantly reduced the amount of boron within the 
remaining wood. This indicates that approximately 20% higher initial retention levels would be 
required if the wood were to be planed to the degree used in this work after treating. 

• Borate-treated lumber did not lose significant amounts of boron to the air, when stored at conditions 
of temperature and R H typical of that found in the crawl space of a Japanese house. 

6 Conclusions 

significantly. 



7 Recommendations 
• To minimize boron losses during Kiln-drying, treated wood should be dried at the lowest feasible 

temperature. 

• Further work is required to quantify the amount of boron lost during kiln-drying from pressure treated 
lumber, when temperatures greater than SO^C are involved. 

• Samples should be dried at no higher than 50°C, prior to being analysed for borate. 

• Borate-treated lumber which is to be surfaced (i.e. planed) before use, should be treated to a higher 
retention than the final retention called for in the final product. 

• The mechanism and chemistry involved in air-borne losses of boron during heating of treated wood 
should be investigated. 
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Borate Drying Test- Amabilis Fir 
(Target Retention 3 % B A E ) 

183 samples x 1015mm (25mm x 50mm cross-section) 
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Figure 1: Cutting pattern and subsequent sample processing 
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