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Abstract
High pressure (20  MPa), cyclic, supercritical carbon dioxide (scCO2) treatments 
can reduce the moisture content of green Pinus radiata sapwood from 150–200% to 
35–40%. Such treatments can be used as a dewatering pre-treatment before the kiln-
drying of timber. Kiln-drying can utilise various temperature and humidity sched-
ules, targeting around 10% moisture content, with a final stress-relieving steam-con-
ditioning step. After scCO2 treatment and kiln-drying of samples, kiln brown stain 
was evaluated using the CIE L*a*b* colour space while drying stress was assessed 
by stress-cup measurements. The most significant results of scCO2 pre-treatment 
of Pinus radiata sapwood followed by kiln-drying plus steam-conditioning were as 
follows: Drying from green (36 h from a moisture content (MC) of 164%) using a 
conventional temperature schedule (90 °C/60 °C) took 2–5 times longer than kiln-
drying scCO2 pre-treated boards (37.5% MC) to a target of 10% MC. Colour meas-
urements proved that kiln brown stain does not occur. The use of a steam-condition-
ing step in reducing internal drying stresses was important irrespective of whether 
or not there was a scCO2 pre-treatment step. Over all drying schedule combinations, 
internal drying stress of both green and scCO2 pre-treated timber was similar after 
kiln-drying plus steam-conditioning. However, using only 90  °C/60  °C schedule 
data, with steam-conditioning, drying stresses were lower using kiln-drying with-
out the scCO2 pre-treatment. This was surprising since the scCO2 step reduced the 
moisture content to around 37.5% without significant moisture gradients and so a 
secondary kiln-drying to 10% moisture content could have been expected to yield 
lower internal stress levels by preventing large moisture gradients to develop during 
drying. This result confirms the efficacy of the steam-conditioning step following 
standard kiln-drying. The colour data demonstrating the prevention of kiln brown 
stain using kiln-drying schedules offers a path to increasing timber quality for inte-
rior applications.
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Introduction

Timber generally needs to be dried before it can be used in the built environment. 
Kiln-drying of green timber is the dominant method of reducing water in timber 
down to about 10% moisture content (MC). In previous studies, supercritical car-
bon dioxide (scCO2) dewatering pre-treatments reduced MCs of green Pinus soft-
woods (150–200%)–(35–40%) (Dawson et al. 2015) and of green hardwoods such 
as Eucalyptus nitens (130–150% MC) to 80–100% (Dawson and Pearson 2017; 
Dawson 2019).

Kiln brown stain (KBS) occurs 0.5–2 mm below the wood surface during kiln-
drying of Pinus radiata sapwood (Kreber et al. 1999). The variable dark colour 
exposed by subsequent planing makes it unsuitable for some interior appearance 
applications. During kiln-drying of Pinus radiata, the timber surface dries and 
there is a drying front beneath the surface. Water-soluble stain precursors move 
to the subsurface drying front where they are concentrated by surface moisture 
evaporation. Traditionally, KBS is removed by planing off the top 2–3 mm from 
kiln-dried timber surfaces. While this is effective, it wastes a portion of the fully 
processed product. McDonald et al. (2000) reported that carbohydrates, cyclitols, 
proteins, and phenolics were present in Pinus radiata sap as were amino acids 
(glutamic acid) and reducing sugars (glucose and fructose). The reaction between 
amino acid and reducing sugar molecules is a non-enzymatic browning reaction, 
known as a Maillard-type reaction. Maillard-type reactions are one of the most 
important reactions in food science producing colour and flavour compounds 
called melanoidins (Wang et al. 2011) that give foods such as coffee, cocoa and 
bread their brown colour (Lindenmeier et  al. 2002). Franich et  al. (2019a) pro-
posed another theory for kiln brown stain, based on the acid-catalysed dehydra-
tion of pinitol (the main solid constituent of Pinus radiata sap). Such reactions 
can produce compounds that quickly react with formaldehyde that is produced in 
the wood on kiln-drying to form dark brown polymeric compounds which would 
contribute to kiln brown stain colour.

One of the challenges in manufacturing timber products is controlling water 
removal through the drying process while mitigating the release of growth stresses 
and minimising drying stress development which can cause wood deformation such 
as checking (Botter-Kuisch et al. 2020) or collapse (Redman et al. 2016).

Below the fibre saturation point (FSP), swelling occurs on wetting and shrinkage 
occurs on drying. Such responses are expressed to different degrees over the range 
from isolated S2 wood cell walls to macroscopic timber with multiple annual wood 
rings (Skaar 1988; Rafsanjani et al. 2014). Rafsanjani et al. (2014) examined the iso-
lated S2 layers of latewood cell walls of the softwood Picea abies with synchrotron-
X-ray nano-tomography, showing that volumetric swelling and shrinkage strains in 
the transverse direction were higher than those at the macroscopic level of wood. 
They concluded that in wood at the macroscopic level, the microfibril angles of the 
S1 and S3 cell wall layers, which are aligned roughly perpendicular to the grain 
direction, enable these microfibrils to resist shrinkage and swelling of S2 cell walls 
where microfibril alignment is almost parallel to the grain.
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Two types of wood shrinkage occur during drying. Anisotropic shrinkage 
(dimensional change) occurs as a result of different structural properties in the 
radial, tangential and longitudinal directions (Skaar 1988) while differential shrink-
age is caused by the formation of moisture gradients (Booker 2003; Redman et al. 
2016). Both anisotropic and differential shrinkage cause drying stresses. An ubiqui-
tous result of drying stress is casehardening which develops in two stages during the 
drying schedule. In the first stage, water evaporates from the wood surface causing a 
moisture gradient with low surface moisture and high core moisture content. As the 
surface moisture content falls below the FSP, it starts to shrink while restrained by 
the swollen core. The surface becomes stressed in tension, deforming plastically if 
sufficiently stressed, while the core is stressed in compression. As drying continues, 
stress reversal occurs as moisture leaves the core, which shrinks, as its moisture con-
tent lowers beneath the FSP, putting the core in tension and the surface in compres-
sion (Cassens 2002; Tarmian et al. 2009).

The case-hardening stresses must be removed otherwise defects such as warp 
and checking, will be present on sawing. For high-temperature kiln-dried softwood, 
steam-conditioning with saturated steam at 100 °C will remove stress and produce 
a uniform moisture content (Pang et al. 2001). Pang et al. (2001) reported two fac-
tors were necessary for successful steam reconditioning, namely a moisture content 
of 6% and cooling the timber to between 75 and 90 °C. Achieving these conditions 
allowed for adequate moisture uptake in the surface so that the moisture gradient 
and casehardening stresses were released.

The present work examines the interaction of wood quality parameters of Pinus 
radiata sapwood and scCO2 pre-treatments, followed by low, medium or high-tem-
perature kiln-drying schedules. Significant results were obtained for KBS and dry-
ing stress development which are reported for the first time. Preventing KBS has 
long been one of the goals in wood drying. Similarly, while kiln-drying plus steam-
conditioning of Pinus softwoods have been effective in achieving acceptable drying 
stress levels, questions need to be constantly asked about the evaluation of new tech-
nologies—are they efficacious and are they candidates for adoption?

Materials and methods

Wood specimens

A total of 171 Pinus radiata D. Don sapwood boards (4–6 m long; 100 × 50 mm; 
green, fresh, rough-sawn and without anti-sapstain treatment) were sourced from 
two local sawmills in Rotorua, New Zealand (38.1446° S, 176.2378° E). A total of 
60 boards with high variability in wood properties were chosen to be used in this 
study. The experimental work was undertaken in five batches of 12 boards each, 
with one being batch processed each week for 5  weeks, with each batch labelled 
after the week in which it was processed (week 1—week 5).

End-matched lengths, 1400  mm long (for scCO2 pre-treatment and second-
ary kiln-drying) and 2400  mm long (for kiln-drying only), were cut from each 
board along with a 30 mm biscuit (Fig. 1a) for density measurement. Density was 
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calculated using the volume of the green biscuits determined by volume displace-
ment. Green MC, maximum MC and % saturation were calculated according to 
the method in Kininmonth and Whitehouse (1991). The length of the scCO2 pre-
treated boards was limited by the dimensions of the pressure vessels used. For the 
boards that were kiln dried only, it was decided to dry these at the maximum length 
for the research kiln used (2400 mm), to ensure uniform and representative drying 
conditions.

For each board, grain angle (tracheid direction—deflection over 100 mm along 
board), ring width, distance from pith (estimated using the radiating circles method) 
and slope of grain were measured. Ring orientation of boards was classified as 
flatsawn, intermediate or quartersawn while compression wood was classified as 
none, low, medium or severe. Times of post-sawing before scCO2 pre-treatment 
were < 8 days for weeks 1, 3 and 5 and between 13 and 15 days for weeks 2 and 4.

Supercritical CO2 pre‑treatment

During the scCO2 pre-treatment of wood, scCO2 at 50 °C was dissolved into the sap 
in the wood and pressurised to 20 MPa (Tcrit = 31.1 °C; Pcrit = 7.38 MPa). After a hold 
period, the pressure was reduced and there was a phase change from supercritical fluid 
to gas phase with a corresponding volume expansion of the CO2 resulting in bubble 

Fig. 1   Sample preparation from 6 m Pinus radiata sapwood boards. a Board reduction for kiln-drying 
and scCO2 treatment; b scCO2 treatments and secondary kiln-drying; c stress-cup testing and d colour 
measurement



1131

1 3

Wood Science and Technology (2022) 56:1127–1148	

formation in cell lumens and voids, which forced sap out of the wood over a number of 
pressure cycles (Dawson et al. 2015; Franich et al. 2019b). The green 1400 mm length 
boards were treated with scCO2 in a manually operated high-pressure plant, with two 
17 L cylinders (120 mm internal diameter × 1500 mm length), in Patumahoe, New Zea-
land (37.1875° S, 174.8282° E). One board was treated in each cylinder at the same 
time following the same low/high pressure cycling schedule (Table  1); the pressure 
in the cylinders was alternated, with one being held at 20 MPa for 10 min, while the 
other was reduced to 4.5 MPa, with any excess CO2 being pumped to a storage vessel. 
The pressure was then increased in the second vessel and reduced in the first vessel, to 
give one pressure cycle. Sap was drained from each of the vessels during the low pres-
sure part of the cycle. A complete run with 7 pressure cycles took approximately 4 h. 
Four boards were pre-treated each day, and 12 boards were pre-treated each week for 
5 weeks.

Kiln‑drying

Kiln‑drying without scCO2 pre‑treatment

Each week twelve green 2400 mm lengths were kiln dried to a 10% moisture content 
(MC) target. The kiln schedule was a conventional 90 °C/60 °C (db/wb; dry bulb/wet 
bulb) schedule with 5 m/s airflow, 12-h fan reversals and 4 h of 98 °C/98 °C db/wb 
steam-conditioning. The endpoint was determined using a Wagner L612 moisture 
meter and board weights. The kiln drying was repeated each week for 5 weeks to coin-
cide with the scCO2 pre-treated boards.

The cutting pattern for the 2400 mm kiln-dried boards (Fig. 1a) produced 20 mm 
thick biscuits for MC, MC-gradient and stress-cup testing.

Secondary kiln‑drying following scCO2 pre‑treatment

Secondary kiln-drying is the second procedure for drying which is composed of two 
steps: scCO2 pre-treatment followed by kiln-drying.

Following scCO2 pre-treatment, the 1400  mm long boards were cut into smaller 
sample boards (labelled S1 to S5 in Fig. 1b), with 20 mm thick biscuits for MC, MC-
gradient and cup testing cut from between the sample boards. It should be noted that the 
cutting pattern for the sample boards varied between the first two weeks of this study 
and the subsequent 3 weeks. The board ends were sealed with epoxy before secondary 
kiln-drying. This prevents moisture loss from the board ends to better mimic the drying 
behaviour of a longer board. At the end of each day, the prepared sample boards were 
wrapped in plastic and couriered overnight to Scion for kiln-drying, along with the 

Table 1   Parameter set for scCO2 pre-treatment (Dawson et al. 2015)

Pressure min/max (MPa) High-pressure hold time (mins) # of cycles Cylinder temp (°C)

4.5/20 10 7 50
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20 mm thick biscuits which were measured immediately upon arrival. Samples were 
dried to a target of 10% moisture content using low temperature (70 °C/60 °C), conven-
tional (90 °C/60 °C) or high temperature (120 °C/80 °C) (db/wb) kiln-drying sched-
ules, with each schedule having one short board cut from each of the twelve 1400 mm 
boards pre-treated during that week. Following drying, biscuits were again cut for test-
ing as were 200 or 300 mm lengths and steam conditioned for 1-h at 98 °C/98 °C db/
wb. Further biscuits were cut and a 200 mm section retained for colour measurement. 
All boards were assessed for moisture gradients, drying stress and kiln brown stain 
development. The 70 °C/60 °C schedule was discontinued after 2 weeks due to long 
drying times which prevented workable turn-around times. This meant that there were 
only 24 boards dried at 70 °C/60 °C (2 weekly batches of 12 boards) compared to the 
other three drying conditions which had 60 boards each.

Residual drying stress

Residual drying stress can lead to distortion when timber is re-sawn for furniture or 
joinery. A steam-conditioning cycle after drying is required to prevent such distor-
tion. Drying criteria other than the variation in the mean MC of a board can be spec-
ified. One such criterion is for residual drying stress (AS/NZS 4787:2001 (Recon-
firmed 2016) Timber – Assessment of drying quality) where quality classes A, B, C, 
D and E are based on 90% of boards having stress-cup values below 0.5, 1, 2, 3 and 
4%, respectively.

Residual stress can be assessed by releasing stress forces and measuring resultant 
strain. The measurement of resultant cup after ripping does this but relies on each 
piece having a similar instantaneous stiffness distribution. For this reason, it is done 
with the piece equilibrated in MC and temperature before ripping. However, this 
precludes its use in measuring stress development during a process. Thus, if stress 
is to be assessed and compared during time-based processing, the state of the piece 
must be recorded and comparisons made only in comparable situations.

Residual drying stress was measured as the gap formed on ripping along the 
major axis of 30  mm thick cross-sectional biscuits (AS/NZS 4787:2001 (Recon-
firmed 2016) Timber—Assessment of drying quality; Fig. 1c). Cross sections were 
ripped in a plane parallel to the widest face through the centre of the thickness and 
measured on both hot and cold sections. The gap was measured within 5 min of rip-
ping. The degree of residual drying stress, called stress-cup (%), was calculated as 
100 * gap / board-width (Hsu and Tang 1975).

Stress-cup test conditions were defined by three parameters based on the wood 
temperature, either hot (h) or cold (c) when:

•	 The board was cut
•	 The biscuit was cut
•	 The biscuit was ripped for cup testing.

The three options in this work were cold-cold-cold (ccc), hot-hot-hot (hhh) or 
hot–cold-cold (hcc). The ccc data measure the final stress distribution in kiln-dried 
boards reflecting the situation normally found in practice. The stress-cup values 
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resulting from the three ccc, hhh and hcc options, expressed as stress-cup, were ana-
lysed statistically.

Colour measurement

After kiln-drying, lengths for colour measurement were immediately stored in the 
dark wrapped in black plastic to minimise further colouration. Surfaces for col-
our measurements were taper-planed: 0 mm (rough-sawn surface), 0.5–2 mm deep 
(planed-kiln brown stained surface) and 4 mm deep (deep-planed surface) (Fig. 2) 
with odd-numbered board surfaces facing the pith and even-numbered board sur-
faces facing the bark. Planed board surfaces were protected from light and colour 
measurement commenced within hours via either photographs and deriving the 
RedGreenBlue colour spaces coordinates (RGB) or direct colour meter measure-
ments of board surfaces which can be expressed as the CIE colour space coordinates 
(L*a*b*).

RGB

Each surface was photographed in a 2 m tall photo booth with a camera (Canon EOS 
5D Mark II; ISO 100) installed in the booth ceiling. The camera sensor resolution 
was 21 MP. Image resolution was 5616 × 3744 pixels. Two horizontal THORN eco 
JULIE 600 LED IP65 2200 840 light sources were attached outside the booth, near 
the top of two opposing walls, illuminating the samples being photographed with 
40 W indirect diffused light through slots in each wall. A light impervious blind was 
closed when photographs were being taken.

ImageJ (version 1.52P) (Schindelin et al. 2012) was used to calculate RGB values 
by selecting a target area within each of the three regions on the photographs for all 
kiln-dried and secondary kiln-dried boards. The RGB values were then used to cal-
culate mean greyscale values, mG, tristimulus values X, Y and Z and finally CIE L* 
a* b* (CIE 2018) (Fig. 1d).

L*a*b*

L*a*b* colour measurements were performed on a very small subset of the dried 
boards. A Minolta CR400 Colour Meter was used to measure the CIE L*a*b* 

Fig. 2   Taper planed surfaces for 
colour measurement
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coordinates of the three taper-planed regions of five randomly selected replicate 
sets of boards from weeks 1, 2, 4 and 5 for the kiln-dried and secondary kiln-dried 
boards (out of a total of 60 replicate sets of boards). Each replicate set contained 
end-matched boards from the following treatments: kiln dried only, scCO2 pre-
treated and secondary dried at 90 °C/60 °C, scCO2 pre-treated and secondary dried 
at 120 °C/80 °C. The batches from weeks one and two also included boards that had 
been scCO2 pre-treated, then secondary dried at 70 °C/60 °C. For the three regions 
on each board, 5 L*a*b* measurements were performed across the board using a 
template for consistency.

Statistical analyses

For the subset of boards where L*a*b* was measured, a linear regression compar-
ing ΔL* measured using the colour meter with L* derived from RGB values from 
photographs of the same five boards showed both data sets were strongly correlated 
(R2 of 0.977; p < 0.001). Data were log-transformed. For statistical analyses of all 60 
boards, the ΔL* values calculated from the photographs were used.

Least squares regression models were used in R (2019) to test for the effects of 
experimental treatments and predictor variables on % stress-cup measurements and 
differences in colour between the planed-KBS and deep-planed surfaces. Experi-
mental treatments were:

•	 Kiln-drying at 90 °C, with and without steam-conditioning
•	 scCO2 pre-treatment followed by secondary kiln-drying at 70  °C, 90  °C and 

120 °C, with and without steam-conditioning
•	 scCO2 pre-treatment at 50 °C without any secondary drying.

Comparisons between kiln-drying and the scCO2 pre-treatments at 90  °C were 
made. The effects of kiln drying temperature on boards with scCO2 pre-treatment 
followed by secondary kiln-drying were tested in a separate model. Predictor vari-
ables included in maximal models were total MC and the MC differential between 
inner and outer specimens, if cup measurements were taken hot or cold, sawing 
direction, ring width, slope of grain, distance from pith, basic density, compression 
wood and ring orientation. An automated step wise procedure was used to choose 
the minimum adequate model, with Akaike’s Information Criteria (AIC) as a selec-
tion criterion (R (2019). R 3.6. R Foundation for Statistical Computing, Vienna, 
Austria (https://​www.R-​proje​ct.​org/)).

Results

Wood properties

Wood quality evaluation was undertaken to understand the variation in feedstock for 
the experiments over the 5-week testing period. The boards selected were sourced 

https://www.R-project.org/
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from several local forests from a local timber mill in Rotorua. The mean of values of 
wood properties for the wood processed in each week of the 5-week testing period 
are given in Table 2. These are consistent with previously reported values for Pinus 
radiata sapwood (Dawson et al. 2015; Kininmonth and Whitehouse 1991).

Moisture contents

The MCs after scCO2 pre-treatment-only over 5 weeks showed consistent moisture 
distribution along and within boards providing a consistent feedstock for secondary 
kiln-drying:

•	 Averaging 37.5 ± 6.2% (mean ± SD) over all replicates
•	 Means and SDs for the three replicates along each board were very simi-

lar—38.2 ± 6.3, 36.8 ± 4.3 and 37.5 ± 7.5%
•	 The MC gradient between outer and inner board regions was 0.2 ± 2.7% 

(mean ± SD)

Drying times

Drying from green using a conventional 90  °C/60  °C temperature schedule took 
36  h, from an MC of 164%, to a target of 10%  MC. While the board moisture 

Table 2   Summary of wood property values by week—mean and standard deviation

1. The mass of dry wood volume per unit volume of green timber
2. The maximum possible MC
3. Actual MC as a per cent of MCmax

Week n Basic 
density1 
kg/m3

MC 
max2%

% sat3 MC green 
%

Ring 
width 
mm

Slope of 
grain

Dis-
tance 
from 
pith 
mm

1 12 Mean 417 174 89 156 13 3 290
SD 32 18 7 22 7 3 77

2 12 Mean 418 173 90 156 13 7 280
SD 28 16 10 20 5 4 64

3 12 Mean 391 190 90 171 13 5 260
SD 31 22 3 22 3 2 46

4 12 Mean 406 182 97 176 12 4 240
SD 40 24 3 22 3 3 69

5 12 Mean 429 170 83 141 12 8 270
SD 54 31 5 29 4 7 62

All weeks 60 Mean 413 178 90 161 12 5 264
SD 39 23 7 25 4 4 64
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contents were not measured in a systematic way during kiln drying, the boards dried 
in week 5 reached an average of 37.5% MC after half the drying time. This gives 
a total drying time that is 2–5 times longer than secondary kiln-drying of dewa-
tered boards (~ 37.5% MC) which took 14  h and 7  h with the 90  °C/60  °C and 
120 °C/80 °C schedules, respectively. The kiln drying time from ~ 37.5% MC was 
slightly longer than the board secondary dried at 90/60 °C. The 70 °C/60 °C low-
temperature schedule took 103  h to reduce the MC of scCO2 pre-treated boards 
down to 10% and was discontinued after 2 weeks as this timeframe was too long 
to manage the throughput of subsequent weeks. These results agree with those of 
Zhang et al. (2020) who found that water removal from Eucalyptus urophylla × E. 
grandis was nine times faster using scCO2 treatment (30  MPa) than conventional 
kiln-drying.

Colour

Colour data expressed as CIE ΔL* (lightness), ΔE or mG (grey in RGB grey-
scale = R/3 + G/3 + B/3), all gave equally significant results on statistical analy-
sis. ΔL* has been used in this study and was also used by Pang and Li (2006) and 
McCurdy et al. (2006). KBS was monitored as the colour change between the taper-
planed KBS and the deep-planed surfaces. Rough-sawn surfaces were poor surfaces 
to measure colour due to artefacts resulting from the non-uniform fibre surface. Sta-
tistical analysis showed there was no difference between kiln-dried and secondary 
kiln-dried boards of rough-sawn surfaces irrespective of the drying schedule. There 
was no difference in colour between pith- or bark-facing surfaces.

Table 3   Estimated marginal 
ΔL* means for kiln-dried and 
secondary-dried boards at 90 °C

1. Degrees of freedom; 2 95% confidence limits

Drying treatment EM mean SE Df1 Lower CL2 Upper CL2

KD.Dry −9.3 0.2 266 −9.7 −8.8
KD.Steamed −9.3 0.4 266 −10.1 −8.5
Sec.Dry 0.1 0.2 266 −0.4 0.6
Sec.Steamed 0.1 0.3 266 −0.6 0.7

Table 4   Estimated marginal 
ΔL* contrasts (differences) for 
kiln-dried and secondary-dried 
boards at 90 °C

Contrast Estimate SE df T ratio P value

Sec.Dry–Sec.Steamed 0.04 0.42 266 0.1 1.00
KD.Dry–KD.Steamed 0.00 0.45 266 0.0 1.00
KD.Dry–Sec.Dry −9.40 0.32 266 −29.0  < 0.001
KD.Dry–Sec.Steamed −9.35 0.41 266 −22.6  < 0.001
KD.Steamed–Sec.Dry −9.40 0.46 266 −20.6  < 0.001
KD.Steamed–Sec.Steamed −9.35 0.52 266 −17.8  < 0.001
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The key result was that ΔL* values for kiln-dried boards had large values whereas 
for scCO2 pre-treated boards it was zero, showing that scCO2 pre-treatment com-
pletely stopped KBS discolouration. Estimated marginal means from the minimal 
adequate model for ΔL* values of planed-KBS vs deep-planed boards (R2 = 0.81) 
(Table 3) showed significant differences (ΔL* = −9.4) between kiln-dried and sec-
ondary-dried boards at 90  °C (t266 = −18–−29; p < 0.001; Table  4; Fig.  3). Con-
versely, there were no differences (ΔL = 0) between either KD.Dry vs KD.Steamed 
or Sec.Dry vs Sec.Steamed (t266 = 0; p = 1).

Results of ANOVA for ΔL* for kiln-dried and secondary-dried boards at 90 °C 
(R2 = 0.82 for the minimal model) showed differences due to drying schedule, time 
post-sawing, ring width, compression and MC gradient (F = 12—390; p < 0.001).

For secondary-dried boards only at temperatures of 70/60  °C, 90/60  °C and 
120/80  °C, ANOVA showed that none of the factors in the minimal adequate 
model for ΔL* had any impact (p > 0.01), most likely because the model was poor 
(R2 = 0.03).

Residual drying stress

The only significant wood property factors affecting mean stress-cup were compres-
sion wood and ring orientation. However, the change in stress-cup due to maximal 
variation in both these factors was small (0.2–0.5%), with flatsawn boards having 
higher cup values than quartersawn boards. These differences correspond to differ-
ences in individual cup measurements of 0.1–0.25 mm, so they may not be meaning-
ful. There was more significant variation in stress-cup due to variation in the drying 
schedule (secondary and kiln dried, with and without steam-conditioning), tem-
perature and the stress-cup measurement method where the range in stress-cup was 
0.95–2.67% (Table 5). The drying schedule factor had the largest change in stress-
cup on kiln-drying at 90 °C (0.95–2.83%) heightened by variation between samples 
with and without steam-conditioning.

Fig. 3   Variation in ΔL* as a 
function of drying schedule. 
Closed ball and bars show raw 
data mean ± S.E
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Discussion

The average MCs following 20  MPa scCO2 pre-treatments of Pinus radiata sap-
wood were 37.5 ± 6.2% in the current work and 39.6 ± 5.4% (mean ± SD) in an ear-
lier study (Dawson et al. 2015). The MCs after scCO2 pre-treatments are important 
in wood-water interactions and the FSP. These have been reviewed (Hoffmeyer et al. 
2011; Engelund et al. 2013; Telkki et al. 2013; Yin and Liu 2021). There are two 
bands of FSP values centred around 30 and 40% MC. The lower FSP values repre-
sent the MC below which the physical and mechanical properties of wood begin to 
change as a function of MC. Examples are strength tests (Stamm 1964), anisotropic 
shrinkage of Pinus radiata (Pang and Herritsch 2005) and first desorption isotherms 
of Picea abies (Almeida et  al. 2008). The higher FSP values were obtained for 
softwood species based on solute exclusion (Hill et  al. 2005), pressure membrane 
(Hernández and Bizon 2007), relative humidity (Hoffmeyer et al. 2011), and NMR 
(Telkki et  al. 2013). These values are based on the amount of water in the wood 
cell wall at equilibrium conditions approaching 100% relative humidity (Engelund 
et  al. 2013). Engelund et  al. (2013) speculated that the addition of water to wood 
at less than 30% MC would require a breaking of hydrogen bonds in the wood cell 
polymer network whereas water additions between 30 and 40% MC would not dis-
rupt hydrogen bonds in the wood cell walls. The MC values after 20 MPa scCO2 
pre-treatments are consistent with the higher FSP values above. Not surprisingly the 
board dimensions remained unchanged following scCO2 treatment.

The present results showed that KBS was almost always present under the sur-
face in kiln-dried boards but was absent in scCO2-secondary kiln-dried boards, 
independent of whether boards were steamed or not. When a scCO2 pre-treatment 
is applied before secondary kiln-drying, KBS does not occur (Fig. 4) irrespective of 
the drying schedule used. Previous studies with different treatments have reported 
that KBS was prevented with various drying regimes. McDonald et al. (2000) and 
Kreber et al. (2001) dried Pinus radiata sapwood using sap displacement with water 
exchanges or high pressure compressed air treatment cycles, respectively. McCurdy 
et al. (2006) found that colour formation in Pinus radiata sapwood, occurred both 

Fig. 4   Typical kiln brown stain 
on kiln-dried boards (all board 
sections shown are from the 
same board). KBS is revealed 
after taper planing in the planed 
KBS region. If boards had 
scCO2 pre-treatment, KBS 
did not develop on secondary 
kiln-drying in the deep-planed 
regions. Left to Right–kiln dried 
90 °C, then secondary dried at 
70 °C/60 °C, 90 °C/60 °C and 
120 °C/80 °C
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above and below the FSP and at faster rates at higher temperatures. Pang and Li 
(2006) and Joščák et al. (2007) reported KBS prevention in surface discolouration 
and KBS formation in Pinus radiata and Picea abies, respectively, using oxygen-
free atmospheres to dry timber.

The absence of KBS in any of the dewatered samples of Pinus radiata sapwood, 
following secondary kiln-drying to 10% MC, suggests that the scCO2 pre-treatment 
prevented Maillard browning reactions from occurring (Wang et al. 2011; McDonald 
et al. 2000). This strongly implies the removal of the precursor compounds, along 
with the sap, before the kiln-drying process. The MC in the boards after scCO2 pre-
treatment averaged 37.5% over 5 weeks of treatments. This MC level precludes mass 
flow of water since bound water will be confined to wood cell walls or water vapour 
in lumens (Dawson et al. 2015; Dawson and Pearson 2017; Pearson et al. 2019) with 
diffusion-controlled moisture movement. McDonald et al. (2000) used ambient tem-
perature and then 70 °C water exchanges to displace sap from end-matched Pinus 
radiata sapwood samples which were then kiln dried with a 140 °C / 90 °C tem-
perature schedule for 12 h. When surfaces were planed to a depth of 0.5 mm, KBS 
was not present but was in control samples. Analysis of the water-extracted sap con-
firmed KBS precursor compounds were removed along with the sap.

Kreber et  al. (1998) showed that in kiln-drying, the sugars and amino acids in 
Pinus radiata sapwood are mobile and move into the drying front region. In the 
current study, the mean MC of 37.5% achieved also suggests that there will not be 
a drying front within the boards on secondary kiln-drying. Without a drying front, 
there will not be an evaporative subsurface region and consequently no accumula-
tion of KBS precursors will occur. The negligible MC gradient, between surface and 
inner regions, of 0.2 ± 2.7% (mean ± SD) demonstrates a uniformity of MC within 
dewatered boards confirming molecular moisture diffusion is the probable mecha-
nism to reaching the final 10% MC target on secondary kiln-drying.

Decreasing the MC down to 37.5% should preclude the alternative mechanism 
of KBS proposed by Franich et al. (2019a). The present results support those found 
previously (Kreber et al. 2001; McDonald et al. 2000). Kreber et al. (2001) reported 
that KBS was not formed in Pinus radiata sapwood in a cyclic high-pressure treat-
ment of green wood involving the use of compressed air (10 MPa; 85 cycles) fol-
lowed by oven drying. If 10  MPa air pressure was not achieved, KBS developed 
since the resulting MC was about 100%, which still allowed mass flow of water 
to occur, accompanied by a concentration of KBS precursors at a subsurface dry-
ing front. It is not known when the change to diffusion-controlled movement of the 
moisture occurs above the FSP, but it is likely to be well below 100 MC.

Drying stress

Kiln-drying is a preferred drying method for solid timber because it is a relatively 
fast and proven technology (Bond and Espinoza 2016). This study compared drying 
treatments and steam-conditioning on drying stress development with reference to 
a scCO2 pre-treatment compared to a standard industrial 90  °C/60  °C kiln-drying 
schedule. The current study used a practical stress-cup measurement method that 
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relates well to the wood drying industry. Such methods cannot be used to measure 
stresses and strains as drying is occurring (Yin and Liu 2021).

The present drying stress data are consistent with Pang and Haslett (2002) who 
studied drying flatsawn and quartersawn Pinus radiata boards using three sched-
ules—low temperature, accelerated conventional and high temperature. They found 
that stress-cup values increased from 1.3 to 2.0% with drying schedule temperature. 
The mean difference in stress-cup was largest in the low temperature drying with 
quartersawn boards having 0.63% cup and flatsawn boards 2.15% cup.

The present results agree with previous studies (Cheng et  al. 2005; Pang et  al. 
2001). Drying stresses can be released by stream-conditioning using a final condi-
tioning step of 100% relative humidity and 100 °C once the target equilibrium MC 
has been reached (Pang et al. 2001). Cheng et al. (2005) reported that drying stresses 
in wood decreased with increasing relative humidity when drying under superheated 
steam at 180 °C. They also found that residual drying stress persisted after super-
heated steam drying at 100% relative humidity. Paradoxically, Yang (2021) reported 
higher residual stress values in Eucalyptus wood treated with 30 MPa scCO2 than 
with 10 MPa treatments, followed by oven drying, even though both MC gradients 
and final MCs were smaller with the former.

The use of scCO2 as an alternative drying pre-treatment has been explored pre-
viously for both softwood and hardwood timbers (Dawson and Pearson 2017). 
A 20  MPa scCO2 cyclic pre-treatment at 50  °C eliminated the subsurface drying 
front by maintaining an even MC throughout the timber (Newman et al. 2016) and 
reduced the MC to 35–40% before kiln-drying. The absence of a moisture gradient 
when secondary kiln-drying from this MC could have been expected to retard or 
minimise the development of drying stresses. Shrinkage is not expected to occur 
until the FSP is reached. At this point, the tracheid lumens hold no water while 
the tracheid walls are fully saturated with liquid water (Berry and Roderick 2005). 
However, in the present work, a reduction in drying stresses relative to the standard 
90/60 °C schedule was not seen. This confirms that the standard 90/60 °C schedule 
with a steam conditioning step at the end is the most effective drying schedule and 
equipment for drying Pinus radiata sapwood since it also utilises existing equipment 
and does not require costly high-pressure facilities.

Internal stress as a drying quality criterion

Internal stress-cup classes for the factors of drying schedule, temperature and 
measure as well as their combinations have been calculated (Fig. 5; Table 6). Dry-
ing stress was lowest (Class B) after the scCO2 pre-treatment only (Table  6a). 
As these boards were above FSP with fully saturated wood cell walls, no drying 
stresses would be expected. The small amount of stress (0.8% cup—correspond-
ing to ~ 0.4 mm of deflection in each half of the specimen) measured may be due 
to measurement errors, or the specimens starting to dry and shrink during sawing 
and measurement (as they are very close to FSP, any moisture loss could lead to 
shrinkage of the cell walls). For the drying schedule factor, over all temperatures, 
(Table  6b), steam-conditioning improved the board stress quality class to C from 
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D/E for the unsteamed boards, confirming the efficacy of steam-conditioning fol-
lowing drying. The variation in temperature over all schedules (Table 6c) showed 
that the lowest temperature (70/60 °C) resulted in lower stress (class C) than did the 
two higher temperatures which both had the highest stress (class E). However, when 
only the 90/60 °C drying schedule data were considered (Table 6d), the KD.Steam 
schedule had the least stress (class C) while the secondary-dried Sec.Steam schedule 
retained more stress (class D). Combining data for all drying schedules, tempera-
tures and measurements (Table 6f, g) showed consistently that both KD.Steam and 
Sec.Steam yielded the lowest stress when combined with 70/60 °C, 90/60 °C and 
ccc/hcc options.  

There are implications from the measurement method results. Biscuit samples 
cut for internal stress measurement while the wood is hot are likely to overestimate 
stress-cup compared to when the sample is cold. The ccc measurements are impor-
tant because they are measuring the final stress distribution in the dried board. As 
shown in Table 6e, measuring stress while hot gave a higher measure of final stress 
than when measuring a cold board (as shown by the lower quality class for the hcc 
and hhc treatments).

These data show that kiln-drying of Pinus radiata timber at 90  °C/60  °C with 
steam-conditioning (KD.Steam) resulted in the lowest stress state (class C) of all 
schedules tested. The use of scCO2 pre-treatment followed by kiln-drying (Sec.
Steam), resulted in residual stress levels similar to those following traditional kiln-
drying followed by steaming (KD.Steam; Table 6) in some situations when assessed 
(1) by drying schedule alone; (2) drying schedule and temperature at both 70 and 
90 °C and (3) drying schedule when the sample biscuit was ripped and tested cold.

After reducing the MC of green boards to 35–40% with scCO2 pre-treatments, 
subsequent kiln-drying down to 10% MC results in the same internal drying stress 

Fig. 5   Mean ± 95% C.I. and distribution of individual raw stress-cup data grouped in three different 
ways: by: a Drying schedule; b Temperature; c Drying schedule and temperature. Quality classes A, 
B, C, D and E are based on 90% of boards having stress-cup values below 0.5%, 1%, 2%, 3% and 4%, 
respectively
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levels as kiln-drying from green to 10% MC. This supports the contention that 
steam-conditioning after kiln drying is effective. It does not, however, reduce drying 
stress to the extent of equalling the scCO2 pre-treatments level (Class B).

Bond and Espinoza (2016) predicted wood drying research will need to 
improve final wood quality and reduce both drying time and energy consump-
tion. New technologies will be a part of this. No high-pressure commercial scCO2 
dewatering plants have been built to date although Superwood A/S in Denmark 
(Superwood A/S 2021) operates a scCO2 impregnation plant—an environmen-
tally neutral plant for preservative impregnation of wood which does not leave 
residual organic solvents in the wood (Fernandez et al. 2012; Kjellow and Hen-
riksen 2009). In the future, scCO2 dewatering plants may be built if commercial 
biorefineries use scCO2 to (1) extract chemicals from sap, (2) reduce collapse in 
hardwoods such as eucalypts and (3) decrease wastage of wood conversion (Daw-
son and Pearson 2017; Dawson et al. 2020).

Conclusion

Supercritical CO2 pre-treatments are a cyclic pressure treatment alternating 
between 4.5 and 20 MPa CO2, to reduce the MC of green Pinus radiata sapwood 
from 150–200% to 35–40% in 6–7 cycles. Since the MC has not gone below the 
FSP, no shrinkage or drying stresses are incurred. The use of scCO2 pre-treat-
ment, before kiln-drying of green Pinus radiata sapwood to 10% MC, prevents 
the formation of kiln brown stain. A scCO2 pre-treatment precludes movement 
and concentration of stain precursors into the subsurface region during drying, 
preventing the formation of KBS to the extent that it is absent irrespective of sub-
sequent kiln-drying processes.

The effect of drying treatments on internal stress development regarding a 
scCO2 pre-treatment was compared to a standard industrial 90 °C/60 °C kiln-dry-
ing schedule with steam-conditioning. Supercritical CO2 pre-treatments of green 
Pinus radiata, followed by secondary kiln-drying at 90 °C/60 °C, did not result 
in lower internal stress compared to the standard 90  °C/60  °C drying schedule. 
There was considerable variation in internal stress due to the drying schedule, 
temperature (70/90/120 °C) and measurement method (ccc, hcc, hhh) following 
scCO2 pre-treatment. The drying schedule factor had the largest range in stress-
cup (0.95–2.83%) at 90 °C.

No high-pressure commercial scCO2 dewatering plants have been built to date 
due to costs. In future, this could change if drivers such as commercial biorefin-
eries using scCO2 to (1) extract chemicals in sap, (2) reduce collapse in hard-
woods such as eucalypts and (3) decrease wastage of wood conversion all worked 
in unison.
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