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Abstract
Thermal modification imparts desirable properties in wood, including increased dimensional stability and greater resistance 
to fungal decay. While there is a substantial amount of performance data for thermally modified wood, there is little data 
available regarding the airborne particle size distribution of dust produced when processing thermally modified wood using 
standard machining equipment. Therefore, utilizing a Micro-Orifice Uniform Deposit Impactor, this research analyzed the 
size distribution of airborne particles produced when processing 170 °C thermally modified yellow poplar, red maple, white 
ash, aspen, and balsam fir on an industrial table saw. Ultimately, the aim of this research was to provide preliminary data that 
may assist wood products industry manufacturers and environmental health and safety officials in identifying potential hazards 
of airborne thermally modified wood dust. The study revealed slight differences in airborne particulate matter (PM) by wood 
species. The unmodified yellow poplar, red maple, and white ash all had relatively similar amounts of  PM10 (~ 29%), while 
balsam fir (~ 10%) had the least amount. The unmodified yellow poplar also had the highest amount of  PM2.5 and  PM1, 14% 
and 10%, respectively, while the balsam fir had the least amount of  PM2.5 and  PM1, 2.00% and 1.45%, respectively. Thermally 
modified yellow poplar had the highest  PM10,  PM2.5, and  PM1. Statistical analysis revealed that none of the five wood spe-
cies had a significant difference (p < 0.05) in particle size distribution between unmodified and thermally modified forms.

1 Introduction

Thermally modified wood is currently used primarily for 
wood flooring, decking and railings, external cladding, and 
outdoor furniture and sauna products. Other uses such as 
for faces of cross-laminated timber (CLT) panels are also 
being currently researched. Thermal modification process-
ing imparts desirable properties in wood, including reduced 
equilibrium moisture content (EMC), reduced mass and 
density, and decomposition of hemicelluloses (Hakkou et al. 
2005; Repellin and Guyonnet 2005; Kocaefe et al. 2008). 
This result in wood products with increased dimensional 
stability when exposed to moisture, decreased swelling and 
shrinkage due to moisture changes, and increased resistance 
to biological decay (Tjeerdsma et al. 2002; Weiland and 
Guyonnet 2003; Esteves et al. 2006; McKeever et al. 2009). 
Annual European production of thermally modified wood 

was estimated at 400,000 cubic meters  (m3) in 2015, with 
17 North American producers manufacturing approximately 
100,000 m3 in 2012 (UNECE/FAO 2013; Scheiding 2016).

Despite some key improved properties, thermal modifica-
tion processing can reduce mechanical properties. It is pro-
posed that degradation of cell wall hemicelluloses leads to 
an overall weaker structure, resulting in reduced mechanical 
properties, such as bending strength. In general, an increase 
in the treatment temperature results in lower mechanical 
properties of the wood (Ates et al. 2009; Santos 2000; Ponc-
sak et al. 2006; Shi et al. 2007). The increased brittleness 
of thermally modified wood is suspected to be due to reduc-
tion of natural resins and an increase in cell wall cellulose 
crystallinity (Fengel and Wegener 1984; Aro et al. 2014).

While there is an increasing amount of performance 
data for thermally modified wood species, particularly 
in Europe, there is limited quantitative information on 
the machining and processing qualities (e.g., sawing) 
of thermally modified wood compared to unmodified 
wood. Studies have revealed that thermally modified 
oak (Dzurenda et al. 2010) and beech sawdust (Hlásková 
et al. 2015) is finer than unmodified oak and beech saw-
dust. When planed, Očkajová et al. (2016) found that the 
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amount of thermally modified beech particles smaller 
than 0.25-mm was seven times higher than in steamed 
beech wood. In general, thermally modified wood has 
increased fragility and brittleness, which results in the 
production of smaller dust particles than unmodified 
wood (Očkajová et al. 2016). This dust may necessitate 
further respiratory protection and require that facilities 
in which thermally modified wood is cut or sanded have 
upgraded dust extraction systems installed to ensure oper-
ators are not exposed to dangerous conditions. According 
to the U.S. Occupational Safety and Health Administra-
tion (OSHA), wood dust exposure has several hazards. 
When workers are exposed to excessive amounts of dust, 
a worker’s eyes, nose, and throat can be irritated, all lead-
ing to reduced pulmonary function. Wood dust can also 
cause asthma and is considered a human carcinogen. In 
addition, significant accumulation of fine wood dust par-
ticles can be a fire and explosion hazard (OSHA 2017).

There is very little quantitative data describing the par-
ticle size of airborne wood dust produced when sawing 
thermally modified wood, particularly aspen, red maple, 
white ash, yellow poplar, and balsam fir. The previously 
mentioned studies (Dzurenda et al. 2010; Hlásková et al. 
2015; Očkajová et al. 2016) analysed dust that was cap-
tured by exhaust piping/dust extraction systems attached 
to the machining equipment. However, there are no 
known studies analysing the airborne thermally modi-
fied wood dust that was not captured by exhaust systems, 
as described in this paper. Thus, this study was focused 
on generating preliminary data to allow for a direct com-
parison of the size distribution of airborne wood dust 
particles produced when sawing thermally modified and 
unmodified aspen, red maple, white ash, yellow poplar, 
and balsam fir. The particle mass concentrations were 
grouped into the following size fractions:  (PM10) particu-
late matter ≤ 10 micrometers (µm);  (PM2.5) ≤ 2.5 µm; and 
 (PM1) particles having an aerodynamic diameter of ≤ 1.0. 
This information can assist wood products industry manu-
facturers and environmental health and safety officials in 
identifying potential hazards of the airborne thermally 
modified wood dust.

In addition, the U.S. Forest Service’s Region 9 has 
high volumes of small-diameter aspen, red maple, white 
ash, yellow poplar, and balsam fir; many of these trees are 
considered low-value and potential wildfire fuels. These 
species were selected for this study because, if commer-
cial markets—such as thermally modified wood—develop 
and/or expand for these small-diameter trees, there may 
be new economic incentives to harvest them, leading to 
improved forest health and reduced wildfire hazards. Ulti-
mately, this data can help grow the market for thermally 
modified wood products in the U.S. and elsewhere.

2  Materials and methods

2.1  Materials

Aspen, red maple, white ash, yellow poplar, and balsam fir 
lumber was equilibrated at approximately 23 ± 2 °C and 65% 
relative humidity (± 5% RH) in the University of Minne-
sota Duluth Natural Resources Research Institute (NRRI) 
Mechanical Testing Laboratory to constant weight prior to 
thermal modification. The moisture content of the lumber 
was 12–14%. All lumber was either 25-mm or 50-mm thick 
(nominal) at random lengths from 1220- to 2240-mm.

2.2  Thermal modification procedure

Currently, the two main commercially available thermal 
modification processes are: (1) the “open” process, which 
heats wood in a steam environment at atmospheric pressure 
(e.g., as used to make  ThermoWood®), and (2) the “closed” 
hygrothermal process, which heats wood at lower tempera-
tures than the “open” process in a pressurized autoclave at 
elevated steam pressures (e.g., as used to make  PlatoWood®). 
This study utilized the “closed” process largely because 
NRRI has the research equipment and experience to reli-
ably produce thermally modified wood using this process. 
In this study, the lumber was thermally modified at 170 °C 
in the NRRI’s closed, pressurized thermal modification 
kiln; 170 °C was selected as it is considered to be a moder-
ate treatment intensity when using the closed process. To 
support more effective air flow inside the kiln, the lumber 
was separated with wood stickers. Figure 1 displays lumber 
entering the kiln. To protect the lumber from excess water 
spray during the cooling phase, cover sheets were placed on 
top of the lumber.

Fig. 1  Lumber entering the thermal modification kiln
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During the thermal modification cycles, the steam pres-
sure and temperature inside the kiln was monitored and 
recorded. The maximum pressure attained was 3.4 bars 
(absolute). When the 50-mm thick (nominal) lumber was 
thermally modified, the lumber remained at 170 °C for 
110 min; the 25-mm thick (nominal) lumber remained at 
the top temperature for 75 min. After the heating phase, 
the temperature was reduced using an automated fine water 
spray inside the kiln. The cycles ended when the final tem-
perature of 110 °C was maintained for 75 min for the 25-mm 
thick lumber and 110 min for the 50-mm thick lumber. The 
total cycles times were approximately 970 min and 1270 min 
for the 25-mm and 50-mm thick lumber, respectively. The 
density and oven-dry moisture contents of the lumber at the 
time of sawing were determined according to ASTM (2007), 
and are shown in Table 1.

2.3  Wood dust sampling

2.3.1  MOUDI sampling equipment

The airborne wood dust was sampled in ten separate sam-
pling events in a controlled setting using an industrial-
grade table saw. Similar work has been conducted by others 

(Ratnasingam et al. 2010; Chung et al. 2000). The wood 
dust was sampled using a ten-stage Micro-Orifice Uniform 
Deposit Impactor (MOUDI)-II developed by MSP Corp. 
(Shoreview, MN; Marple et  al. 1991) (Fig.  2a, b). The 
MOUDI samples aerosols by size fractionation with respect 
to the aerodynamic diameter of the individual particles, 
essentially impacting them into substrates on the stages with 
cut-sizes ranging from 18 to 0.056 microns (µm). Particles 
impacted on the substrates of the rotating MOUDI stages are 
radially symmetrical and firmly imprinted, thereby increas-
ing the accuracy and replicability of analytical procedures on 
different fractions of the substrates. The substrates used in 
the MOUDI (stages 0–10) were aluminum foil (MSP Corp. 
47 mm 0100-96-0573A-X) lightly coated with silicone oil 
(MSP Corp. 0100-96-0559A-X) and baked at 100 °C for 
2.0 h prior to pre-gravimetric analysis. A  Teflon® substrate 
(SKC PTFE, no support pad with PMP ring 2.0 µm: 47 mm 
225–1747) was used as the MOUDI after filter (stage F).

The vacuum pump was utilized to draw a flow rate of 
30 L/min through the MOUDI, and was calibrated both prior 
to and at the end of the sample period using a TSI (model no. 
4043) mass flowmeter developed by TSI, Inc. (Shoreview, 
MN, USA). The average of these two calibration readings 
was used to determine the total volume of air sampled and 

Table 1  Density and oven-dry moisture content of samples at time of sawing

Aspen Red maple White ash Yellow poplar Balsam fir Aspen Red maple White ash Yellow poplar Balsam fir
Density (g/cm3) Moisture content (%)

Unmodified 0.49 0.57 0.74 0.42 0.34 6.1 9.0 6.8 9.1 5.6
170 °C 0.47 0.60 0.61 0.44 0.32 3.3 5.0 5.6 6.7 3.9

Fig. 2  a Inside the MOUDI 
impactor showing the individual 
stages. b MOUDI impactor and 
flowmeter test setup
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calculate the concentrations of particulate matter (PM). Pre- 
and post-gravimetric analysis of the substrates produced the 
PM mass for the specific MOUDI cut sizes: 18, 10, 5.6, 3.2, 
1.8, 1.0, 0.56, 0.32, 0.18, 0.10, and 0.056 µm.

Sampling took place over a 30-min interval in a consist-
ent location 1.52 m feet downstream and off to one side of 
the operator, so that the instrumentation was not blocked. 
All sampling events were in the morning, prior to any other 
disturbances in the laboratory. No other activities were 
conducted in the laboratory during the aerosol testing. The 
laboratory had a ventilation system that was left on and the 
table saw had dust collection operating at the time of the 
experiments. Wood cutting commenced 10 min prior to the 
sampling and was maintained throughout the sampling. The 
same table saw operator and aerosol PM sampler were uti-
lized in all ten sampling events.

2.3.2  Laboratory equipment

The table saw used in the tests was a  Delta®/Rockwell Uni-
saw (model no. 126-600P) equipped with a general-purpose 
305-mm Freud Diablo D1244 × 44-tooth carbide-tip saw 
blade (maximum RPM 3000) (Anderson, SC, USA) [the 
authors acknowledge that saw blades with different configu-
rations (e.g., material composition, shape of teeth, number of 
teeth, and blade thickness and diameter) may have an effect 
on the size and shape of airborne wood particles produced; 
however, these variables were not studied in this research]. 
Dust collection for the equipment was accomplished using 
a Grizzly dust collector (model no. 8718046; Bellingham, 
WA, USA) with a maximum 65.2  m3-per-min air flow. The 
wood cuts were conducted on boards that were 25-mm and 
50-mm thick with random widths (ranging from 102 to 
204 mm) and lengths (all widths and lengths were simi-
lar), and were exclusively rip-cuts, parallel to the grain of 
the wood samples with an approximate feed speed of 12 cm 
per second. Between tests, the entire saw, surrounding floor 
space and the laboratory test area were thoroughly cleaned 
of dust with a vacuum. Both operator and sampling equip-
ment were located in the same marked areas for all tests.

2.3.3  Gravimetric analysis

Pre- and post-weighing gravimetric analysis was completed 
on all MOUDI substrates to determine particle mass by aero-
dynamic diameter size distributions in a dedicated particle 
laboratory. A Cahn 25 automatic electrobalance by Ventron 
Corp. (Cerritos, CA, USA) with a sensitivity of 0.1 µg was 
used for the analysis. Once the weight of aerosol PM was 
normalized using the air volume in which the particles were 
collected, the stage masses were then compared in terms of 
concentrations.

2.4  Statistical analysis

The distribution functions of mass percent for unmodi-
fied and thermally modified wood PM were statistically 
compared using a two-sample, non-parametric Kolmogo-
rov–Smirnov (K–S) test. The null hypothesis of the K–S 
test was that the PM samples were drawn from the same 
distribution—in other words, there was no significant dif-
ference in PM size distribution between the unmodified and 
thermally modified wood. The K–S test first quantified the 
maximum distance of the cumulative distribution function 
between both the unmodified and thermally modified wood. 
Then, the maximum distance was compared to the critical 
distance at a p value of 0.05. The critical distance was calcu-
lated to be 0.52 for the 12 selected PM size fractions. If the 
maximum distance of cumulative mass percent was below 
0.52, no significant difference of mass percent distribution 
functions could be detected between any of the unmodified 
and thermally modified wood PM distributions.

3  Results and discussion

The PM concentrations and mass percent pertaining to the 
12 cut-sizes measured by the ten-stage MOUDI impactor 
were determined and grouped into total PM and common 
designated PM sizes  (PM1,  PM2.5, and  PM10) for each of the 
ten wood species/treatments (Table 2). The raw gravimet-
ric data was divided by the volume of air sampled for each 
test so that the resulting concentrations could be compared. 
Concentrations are converted to mg/m3 to coincide with 
regulatory guidance for wood PM. Mass percent is reported 
to illustrate the relative amounts of dust compared to the 
total PM.

Graphs representing the distribution of PM concentra-
tions from each of the 10 wood species/treatment samples 
were generated using DistFit™ 2009.01 software (Chi-
mera Technologies, Inc. 1988–2012) and are presented in 
Fig. 3a–j. The fitted curve interpolates additional data points 
based on available information (usually coarser PM). While 
the graphs showing concentrations by MOUDI stages are 
helpful in understanding the distribution of PM by cut-size, 
the graphs of mass percent allow for comparison of the rela-
tive percentages of each size fraction of the total PM present.

3.1  PM differences by wood species

There were slight differences in PM by wood species. The 
unmodified yellow poplar, red maple, and white ash all had 
relatively similar amounts of  PM10 (~ 29%), while balsam fir 
(~ 10%) had the least amount (Fig. 4). The unmodified yel-
low poplar also had the highest amount of  PM2.5 and  PM1, 
14% and 10%, respectively, while the balsam fir had the least 
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amount of  PM2.5 and  PM1, 2.00% and 1.45%, respectively. 
The thermally modified yellow poplar had the highest  PM10 
(37%), while the other four species had approximately 19% 
 PM10 (Fig. 5). The thermally modified yellow poplar also 
had the highest amount of  PM2.5 and  PM1, 12.5% and 8.6%, 
respectively.

The cumulative distribution of wood PM between unmod-
ified and thermally modified wood showed slight differences 
for four of the studied five species. For yellow poplar and 
balsam fir, PM sizes from thermally modified wood were 
generally finer than the unmodified. In contrast, thermally 
modified red maple and white ash had coarser particle sizes 
than the unmodified wood. However, the distribution func-
tions between unmodified and thermally modified wood 
did not show statistically significant difference via the K–S 
test since the maximum distances for all five species were 
below 0.2, which is remarkably less than the critical distance 
(0.52).

4  Discussion

The purpose of collecting the airborne particulate matter 
(PM) in this study was to quantify and characterize the PM 
present within a typical industrial manufacturing location 
to address the fundamental question of “What is in the air?” 
This characterization included determination of specific con-
centrations of PM fractions through gravimetric analysis as 
related to the aerodynamic diameters of the unmodified and 
thermally modified wood particles.

While this study was not meant to assess human health 
risks due to exposure to airborne wood dust, it did deter-
mine what size fractions might exist in a zone adjacent to 
an equipment operator. Further study would be required 
to assess potential risks to human operators as it is known 
that fine PM can cause health problems. The US Envi-
ronmental Protection Agency (EPA) states that PM can 
be inhaled and cause serious health problems, and solid 

or liquid particles  PM10 and smaller pose the greatest 
risk to human health because they can get deep into the 
lungs and even possibly into the bloodstream (EPA 2017); 
thus, the EPA has implemented regulatory limitations on 
 PM2.5 (Pope III et al. 2002). Researchers have found sta-
tistically significant and consistent associations between 
exposure to fine particulate matter, including  PM2.5, and 
cardiopulmonary and lung cancer mortality. In addition, 
each 10 µg/m3 elevation in long-term average  PM2.5 con-
centration is associated with approximately a 6% and 8% 
increased risk of cardiopulmonary and lung cancer mortal-
ity, respectively (Pope III et al. 2002). It was also reported 
that exposure to wood dust is a risk factor for cryptogenic 
fibrosing alveolitis (CFA), an interstitial lung disease 
(Hubbard et al. 1996).

Based on the aerodynamic diameter of particles and the 
MOUDI stage in which the thermally modified wood par-
ticles were impacted, the size fractions can be related to 
general areas of the human respiratory system that would 
be affected by particles of this size (right side of Table 2). 
According to S. Monson Geerts (personal communica-
tion, 1 July 2010), it is important to note that these cutoffs, 
demarcating which parts of the human respiratory system are 
affected by inhaled PM sizes, are general and for purposes 
of reference only.

The results of this study suggest that enhanced dust 
extraction equipment/efficiency may not be necessary to 
effectively collect PM produced when sawing the wood 
species studied in this project when thermally modified 
at 170 °C. While the results do not show a statistically 
significant difference in PM concentration between the 
hardwoods (i.e., yellow poplar, red maple, white ash, 
aspen) and softwood (i.e., balsam fir), there is still a minor 
difference. The hardwoods, with the exception of aspen, 
generally have a higher concentration of finer dust parti-
cles, which is likely due to anatomical differences between 
hardwoods and softwoods. In hardwoods, the different 
types of cells are more tightly bound together, resulting 

Table 2  PM concentrations and 
mass percent pertaining to the 
12 cut-sizes measured by the 
ten-stage MOUDI impactor, 
grouped into total PM and 
common designated PM sizes 
 (PM1,  PM2.5, and  PM10) for 
each of the ten wood species/
treatments

PM concentration (mg/m3) PM mass percent (%)

PM1 PM2.5 PM10 Total PM PM1 PM2.5 PM10

Unmodified yellow poplar 1.05 1.48 3.10 10.5 10.0 14.0 29.4
Unmodified red maple 0.46 0.62 2.01 6.67 6.92 9.26 30.2
Unmodified white ash 0.45 0.74 3.32 11.8 3.84 6.29 28.2
Unmodified aspen 0.24 0.33 1.21 6.31 3.83 5.20 19.3
Unmodified balsam fir 0.19 0.27 1.47 13.4 1.45 2.00 11.0
Yellow poplar (170 °C) 1.05 1.53 4.50 12.2 8.60 12.5 36.8
Red maple (170 °C) 0.22 0.35 1.62 8.04 2.75 4.42 20.1
White ash (170 °C) 0.31 0.42 1.50 8.02 3.87 5.21 18.7
Aspen (170 °C) 0.09 0.19 1.52 8.52 1.00 2.21 17.8
Balsam fir (170 °C) 0.32 0.48 2.81 15.8 2.04 3.01 17.8
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in more shattering during cutting and other woodworking 
operations (Campopiano et al. 2008).

In addition, since the brittleness of thermally modified 
wood increases with increased treatment temperature (due, 
in part, to an increase in cellulose crystallinity) (Aro et al. 
2014), it may be possible that wood treated at higher tem-
peratures is more easily fractured when sawing, poten-
tially leading to creation of even finer airborne PM. While 
the preliminary data in this study is useful, much more 
research is necessary to determine the effect that differ-
ent treatment temperatures and wood species have on the 
airborne PM size fractions.

5  Conclusion

In this study, aspen, red maple, white ash, yellow poplar, 
and balsam fir were thermally modified at 170 °C in a 
closed, pressurized autoclave. These thermally modified 
and unmodified wood controls were then processed on a 
typical industrial table saw for 30 consecutive minutes 
while a ten-stage Micro-Orifice Uniform Deposit Impactor 
(MOUDI) collected wood particulate matter (PM) aerosol 
samples. The airborne PM distribution was then analyzed 
using a two-sample, non-parametric Kolmogorov–Smirnov 
test, which showed no statistical differences in particle 
size distribution.

Despite the relatively small sample sizes used in this 
study, these results suggest that thermal modification treat-
ment has minor effects on the wood PM aerosol size distri-
bution generated when the wood is processed on a typical 
industrial table saw. These results, when combined with 
previous work showing dimensional stability and biologi-
cal durability improvements in thermally modified wood, 
may help manufacturers better understand the performance 
opportunities and potential safety issues of manufacturing, 
processing, and utilizing thermally modified wood for a 
variety of end-use applications.
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