Shen et al. ] Wood Sci (2020) 66:34
https://doi.org/10.1186/510086-020-01882-3

| Journal of Wood Science

ORIGINAL ARTICLE Open Access
®

Check for
updates

Study of VOCs release during drying
of plantation-grown Pinus sylvestris
and naturally grown Russian Pinus sylvestris

Yulin Shen'", Xiaotao Zhang?", Qin He'", Xia Wang?, Zhe Wang', Junli Yang*, Zhangjing Chen?, Jianfang Yu'",
Huagiong Duo'” and Ximing Wang'"

Abstract

A study was carried out to investigate the release of volatile organic compounds (VOCs) during drying of plantation
Pinus sylvestris grown in China and naturally grown Pinus sylvestris from Russia. Our purpose was to provide basic infor-
mation that can help wood processing mills set their VOCs emission limits and control the exhaust gas within such
limits. During conventional drying of the plantation Pinus sylvestris, a total of 22 chemical compounds were detected
in the exhaust gas: 9 aldehydes including formaldehyde, 8 terpenes including a-pinene, and 3 additional compounds
including alkane, and propylbenzene. The VOCs released during both conventional drying and high-temperature dry-
ing were the same. However, large amounts of benzene were detected during the high-temperature drying process.
During conventional drying of the Russian Pinus sylvestris material, a total of 17 chemical compounds were detected:
7 aldehydes including formaldehyde, 6 terpenes including a-pinene, and 2 additional compounds. The VOCs released
during conventional drying and high-temperature drying were the same. However, large amounts of camphene were
detected during high-temperature drying. For plantation Pinus sylvestris, the release of VOCs primarily took place at
the later stage of conventional drying, and at the earlier stage of high-temperature drying. For Russian Pinus sylvestris,
the amount and the release rate of VOCs during conventional drying were extremely low, and the VOCs during high-
temperature drying were primarily released at the later stage. The total amount of VOCs released during drying was

much higher from the plantation Pinus sylvestris than from Russian Pinus sylvestris material.
Keywords: Pinus sylvestris, Volatile organic compounds (VOCs), Conventional drying, High-temperature drying

Introduction

The texture of Pinus sylvestris is straight, the pattern is
clear, the structure is moderately uniform, the material
is light and the density is small. It has a rosin smell, is
resistant to water and moisture, is resistant to fungal cor-
rosion, and has high durability. It is the main production
material of wood processing enterprises at present, most
of which are used as structural materials, and structural
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materials must be dried before use. During wood drying,
large amounts of VOCs are usually released and typically
include terpenes, aldehydes, and alcohols [1, 2], so the
discovery and solution of environmental pollution caused
by wood-drying process has received extensive attention
in recent years.

The US EPA defines VOCs as carbon compounds that
participates in photochemical reaction, except CO,, CO,
H,COj;, metal carbides, metal carbonates and ammo-
nium carbonate. VOCs could interfere with photosynthe-
sis of plants, and some may react with each other under
certain conditions resulting in secondary pollution,
which may negatively affect human health and the envi-
ronment during processing and utilization (3, 4]. Because
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of these factors, the “environmentally friendly” and
“human health and safety” of the wood-drying industry
have created new challenges, especially the promotion of
high-temperature and efficient drying methods and the
discharge treatment of VOC:s [5, 6]. In recent years, stud-
ies of the release of VOCs have been carried out and were
mainly focused on the effects of drying temperature,
wood moisture content (MC), and wood properties on
the amount and the constituents of the released VOCs.
It was found that the concentration of VOCs in drying
medium increased with drying temperature, and that
drying temperature had a particularly large influence on
the release of terpenes [1, 7, 8], because under the high
temperatures, to promote the degradation of the cell wall,
but also to accelerate the evaporation of low-molecular-
weight components (e.g., Volatile oil, etc.) [9]. It was also
found that the lower the final MC of wood, the higher the
total amount of VOCs released [1, 10]. The release rate
of VOCs quickly increased when drying continued under
12% MC [1]. The amount of released aldehyde, metha-
nol, methanoic acid, and acetic acid can be considerably
reduced by lowering drying temperature and ending dry-
ing at higher final MC [11, 12]. Some studies found that
the amount and constituents of VOCs released during
drying differed between softwoods and hardwoods, soft-
woods released more VOCs than hardwoods [12, 13],
and that heartwood released more VOCs than sapwood
[14-16]. The harvesting season also had some influence
on the release of VOCs [17, 18].

Since the end of 2018, China has promulgated and
implemented the national standard of “General princi-
ples for the assessment of green factories” (GB/T36132-
2018), indicating the government is paying more and
more attention to pollutant emissions from industrial
production. It is of great significance to report the VOCs
release. Different kinds of adsorbent materials can be
studied according to the components and selected to add
in the designated drying stage, so as to realize the intelli-
gent VOC capture technology in the drying process.

Materials and methods

Materials

Plantation-grown Pinus sylvestris trees 13—15 years old
were harvested in winter at Weichang Town plantation
farm, Manchu and Mongol Autonomous County, Hebei
Province, China. The diameter at breast height (DBH)
was 20-30 cm. The logs were sawn at a local sawmill. The
Russian Pinus sylvestris logs were purchased at a log and
wood market, Hohhot. It was known that the logs were
harvested from natural Pinus sylvestris forests in the Far
East of Russia in winter and the trees were 30—40 years
old at the harvest time. The logs were 4 m long, the aver-
age diameter at the large end was 40 cm, and were sawn at
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a local sawmill. From the sawn materials of both origins,
study boards were selected and immediately wrapped
after sawing, then transported and stored in a freezer at
Inner Mongolia Agricultural University, Hohhot. A total
of 24 specimens of 100 x 30 x 400 mm (R x T x L) were
prepared from the study boards and their average initial
MC and densities are given in Table 1. In Table 1, “At 12%
MC” and “Oven-dry” represent air-dry density and oven-
dry density, respectively.

Drying

A drier (GDJSX-120A, Shanghai Yuejin Company, China)
that facilitates alternating high or low drying tempera-
tures and varying humidities was used. The drying cham-
ber has 6 shelves and 4 specimens were put on each shelf.
The air flew primarily parallel to the shelves, not across
the shelves, and the fan speed was 1.5 m/s. For conven-
tional drying, the dry temperature was set at 90 °C. For
high-temperature drying, the dry temperature was set at
120 °C. It is worth noting that the dryer’s inside tempera-
ture is constant over time.

In order to ensure the accuracy of the experiment,
nitrogen was used to clean the drying kiln for 10 min
before drying and then discharged through the collection
device.

Collection and analysis of VOCs

A universal collection equipment (Laoying 2050, Qingdao
Laoying Environmental Technology Company, China) was
used to collect both air samples and the total suspended
particles (TSP). The collection speed was 0.5 L/min. The
exhaust gas from the drying chamber entered into the col-
lection equipment through two different adsorption tubes.
Formaldehyde was collected via 3-methyl-2-benzothia-
zolinone hydrazonehydrochloride hydrate (MBTH) located
in one tube. Other VOCs were collected simultaneously
via the other one, as shown in Fig. 1. The types of VOCs
were collected every 4 h for conventional drying, and every
3 h for high-temperature drying (because the drying time
at high temperature is shortened and the moisture content
changes quickly, the collection time interval is shortened).
Each collection lasted 20 min. The MC specimens were
taken out quickly from the dryer at the end of each VOCs
gas collection period, weighed, then returned back to the

Table 1 The Pinus sylvestris specimens

Origin Average initial MC  Density (kg/m3)
(%)
At 12% MC Oven-dry
China 85.32 440 390
Russia 70.74 480 410
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dryer. The initial MC, MC at different drying periods, and
the final average MC were determined.

Air samples were analyzed with a gas chromatography—
mass spectrometry (GC-MS) system (Clarus 580, PERKI-
NELMER). Formaldehyde analysis by phenol reagent
spectrophotometry with the GB/T18204.2-2014 Gas chro-
matography—mass spectrometry analysis is as follows.

Gas chromatography conditions: chromatographic
column, PERKINELMER Elite-624 Capillary column
(30 m x 0.25 mm x 1.4 um); split ratio, 50:1; injection port,
200 °C; carrier gas, ultra-pure helium; oven temperature
program, 40 °C for 5 min, to 100 °C at 8 °C/min for 5 min,
to 200 °C at 6 °C/min for 10 min; flowrate, 1 mL/min.

MS conditions: ion source, electron ionization; ioni-
zation energy, 70 eV; auxiliary heating zone, 280 °C; ion
source, 230 °C; quadrupole, 150 °C; data acquisition mode,
full scan; mass scanning range, m/z 50-550; solvent delay:
3 min.

The GC-MS spectra were analyzed via a computer-
based automatic search, the automated and manual analy-
ses of a mass spectral library (NIST), and a literature search
to identify each component. Finally, the relative contents of
each constituent were calculated using the peak area nor-
malization method [19].

Calculation
Concentration of VOCs (mg/m? of exhaust gas)

Ci

H=—7 i=123...,
2 x St

1)

where H; is the VOCs concentration in exhaust gas
at each stage (mg/m> of exhaust gas). C; is the VOCs

content measured at each stage (mg). S is the collection
speed, 0.5 L/min=0.5 x 107> m>®/min. ¢ is the collection
time (min).

Total (mg/m?® of wood)

C.
= 2 L i=1,23...,
Vw

Cr (2)

where C; is the VOCs content/m® of wood (mg/m? of
wood) and V,, is the total volume of wood (m?).

Release rate of VOCs
G123
= ) L= ) &y RIS )
Vots 3)

where R is the release rate of VOCs (mg/m? h) and t,, the
collection interval (h).

Results and discussion

VOCs released from plantation Pinus sylvestris

Constituents and amount of VOCs

The constituents and amount of VOCs released during
each drying period, and the average MC determined at
the end of each drying period, are given in Table 2 for
conventional drying, and in Table 3 for high-temperature
drying.

Table 2 shows that during conventional drying of plan-
tation Pinus sylvestris, the average MC dropped from the
initial 55.91% to 8.78%, a total of 20 compounds were
detected: 9 different aldehydes including formaldehyde,
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Table 2 Constituents and amount of VOCs released during each period of conventional drying (plantation Pinus

sylvestris)
VOCs and MC Concentration of VOCs (mg/m3 of exhaust gas) Total (mg/
m?3 of wood)
0-4h 4-8h 8-12h 12-20h 20-24h 24-28 h
Formaldehyde 0.74 0.54 1.00 037 0.72 0.84 292
Acetaldehyde 0.01 0.04 0.01 2.88 - 0.01 2.04
n-Propanal 1.14 21.03 7.85 6.49 0.32 0.02 25.59
n-Butyraldehyde 0.07 1.78 0.63 3.79 0.01 0.01 437
n-Hexanal 2.15 6.65 248 2647 092 0.02 26.86
Acraldehyde 0.25 1.54 042 3.72 0.02 A 4.14
Iso-valeraldehyde 0.02 0.02 0.01 0.07 0.01 A 0.09
n-Valeraldehyde 1.22 6.48 3.22 28.74 0.14 0.02 27.65
Benzaldehyde 039 0.09 0.11 0.05 0.92 A 1.09
a-Pinene 14.47 16.06 22.86 18.75 72.20 A 100.24
Camphene 037 0.75 0.75 057 253 A 346
Myrcene 0.46 0.07 0.09 0.03 1.08 - 1.20
-Pinene 2.09 0.08 0.10 0.05 1.26 A 248
a-Phellandrene 229 0.70 0.89 0.61 542 A 6.88
Limonene 241 0.55 0.09 033 5.86 - 6.41
r-Oilene 0.07 0.02 0.02 0.01 0.15 - 0.18
1-Heptene 033 1.69 046 333 0.02 A 405
n-Heptane 0.04 0.03 040 2.30 0.02 A 1.94
2,4-Dimethyl hexane 032 1.79 0.86 7.86 0.03 A 7.55
Propylbenzene 0.09 0.05 0.07 0.04 045 - 049
Average MC % 5591 43.06 24.70 13.66 10.79 878

“~"indicates VOCs undetectable.” A "indicates VOCs were detected, but less than 0.005 mg. This also applies to the following tables

8 different terpenes including a-pinene, and 3 additional
compounds including alkane and propylbenzene. Most of
the VOCs were terpenes (124.90 mg/m® of wood), such
as 80% was a-pinene (100.24 mg/m? of wood). From
Table 2, it also can be seen that large amount of a-pinene
was released at the early stages of drying and reached
the highest VOC concentration of 72.20 mg/m® around
10% MC. Similarly, the amount of other released terpe-
nes also reached the highest around 10% MC, as indi-
cated by the VOCs concentration values. The next large
release of VOCs was aldehydes (94.13 mg/m?® of wood),
which mostly included #-propanal (25.59 mg), n-hexanal
(26.864 mg) and n-valeraldehyde (27.65 mg). The concen-
tration of n-propanal, formaldehyde and all other alde-
hyde was relatively highest around 40% MC, 30% MC,
and 15% MC, respectively. The total amount of released
alkane and propylbenzene was 9.98 mg, and the concen-
tration of each of these VOCs also reached the highest
values around 15% MC. In conclusion, all of the above
results showed that the release of VOCs from the planta-
tion Pinus sylvestris during conventional drying primarily
occurred at the later drying stage.

Table 3 shows that during high-temperature drying, the
average MC dropped from the initial 62.58% to 5.18%,

and the released VOCs showed the same trends as during
conventional drying, whereas one more VOCs, benzene,
was detected in a large amount (84.99 mg/m? of wood).
The concentration of the released VOCs was between
20 mg/m® and 25 mg/m? in similar range as during
the conventional drying process. The total amount of
released terpenes was 899.35/m? of wood, not only again
higher than any other VOCs, but also was considerably
higher by more than 6 times compared to conventional
drying. The amount of released a-pinene, P-pinene,
myrcene, camphene, and limonene also increased con-
siderably compared to conventional drying. The concen-
tration of a-pinene and camphene reached the highest
around 10% MC, yet the concentration of other terpene
VOCs reached maximum around 50% MC. The total
released aldehyde per m® of wood was 417.43 mg, 3.4
times more than that during conventional drying, and
the main constituents n-propanal, #n-hexanal and #n-valer-
aldehyde were all considerably higher; n-hexanal in fact
increased by 8.9 times, reaching 267.10 mg. The amount
of released benzaldehyde also increased. The concentra-
tion of n-propanal was high at both the early and later
drying stages, but the other aldehydes were all released at
the early drying stage. The amount of released alkane and
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Table 3 Constituents and amount of VOCs released during each period of high-temperature drying (plantation P.

sylvestris)
VOCs and MC Concentration of VOCs (mg/m3 of exhaust gas) Total (mg/
m?3 of wood)
0-3h 3-6h 6-9h 9-12h 12-15h 15-21h
Formaldehyde 0.14 0.70 044 0.26 0.12 0.69 1.63
Acetaldehyde 1.77 1.52 1.11 0.53 0.34 0.16 3.77
n-Propanal 1773 18.05 15.75 6.72 23.33 16.35 68.00
n-Butyraldehyde 1.95 227 1.83 113 0.53 0.15 546
n-Hexanal 7853 208.36 7197 21.69 2.86 1.21 267.10
Acraldehyde 0.35 045 0.38 0.21 0.73 1.02 218
Iso-valeraldehyde 034 039 032 0.20 047 0.55 1.57
n-Valeraldehyde 2287 2535 11.35 5.90 161 1.02 47.30
Benzaldehyde 0.39 9.75 3.56 11.09 343 1.18 2042
a-Pinene 84.93 189.11 151.31 104.06 25032 118.58 623.83
Camphene 1.64 7.86 544 3.07 18.90 6.36 30.04
Myrcene 0.31 60.40 39.15 19.46 4.69 1.29 87.01
-Pinene 037 72.69 46.01 2262 553 642 106.68
o-Phellandrene 118 267 1.24 0.63 042 0.13 4.35
Limonene 0.26 16.60 1411 9.99 3.69 8.10 36.63
r-Oilene 0.03 2.54 1.65 1.03 047 0.18 4.10
1-Heptene 3.23 197 151 1.33 0.66 0.96 6.71
n-Heptane 0.56 0.68 0.55 0.34 0.67 0.83 2.52
2,4-Dimethyl hexane 6.27 7.68 3.55 1.85 045 0.27 13.94
Benzene 1212 20.04 27.37 18.88 17.71 26.26 84.99
Propylbenzene 0.25 2.28 1.301 0.83 2.54 0.67 546
Average MC % 62.58 4936 3352 2098 11.06 5.18

propylbenzene all increased compared to conventional
drying, with the total amount per m® of wood reaching
21.92 mg, and the concentration of each of these VOCs
also reached the highest values around 49.36% MC.
During both conventional and high-temperature dry-
ing, the primary VOCs released were terpene and alde-
hyde. In addition, large amount of benzene was released
during high-temperature drying. Terpene compounds
were mostly a-pinene and [-pinene. Aldehyde com-
pounds were substantial n-propanal, n-hexanal and
n-valeraldehyde. The total amount of VOCs released was
1423.69 mg during high-temperature drying, 6 times
higher than that (229 mg) during conventional drying.

Release rate of VOCs
Figure 2 shows respective release rate of formaldehyde,
n-propanal, n-hexanal, n-valeraldehyde, and other alde-
hydes during conventional and high-temperature dry-
ing. The release rate is represented by the weight of the
VOCs released from 1 m® of wood per hour; it can be
seen Eq. (3).

During conventional drying (Fig. 2a), the release rate
of formaldehyde remained relatively stable and low, and
reached highest merely at 0.25 mg/(m®h). The release

rate of n-propanal increased at the early stage of drying
(e.g., the first 8 h) reaching the highest value of 5.25 mg/
(m?h), then decreased during the rest of the drying. The
release rate of the other VOCs all increased during the
first 6 h, then decreased slightly at the mid-stage of dry-
ing, then increased considerably and reached highest
around 15% MC. The release rate of n-hexanal, n-valeral-
dehyde and other aldehydes reached highest of 6.61 mg/
(m?h), 7.18 mg/(m>h) and 2.62 mg/(m>h), respectively,
and gradually decreased until close to the end of drying.

During high-temperature drying (Fig. 2b), the varia-
tions and the ranges of release rate for formaldehyde were
relatively similar to those during conventional drying.
The release rate of other aldehydes all reached maximum
during the first 6 h of drying, then started to decrease as
drying continued. The highest release rate of n-propanal,
n-hexanal, n-valeraldehyde and the rest of the aldehydes
were 6.01 mg/(m>h), 69.45 mg/(m>h), 8.45 mg/(m>h) and
4.79 mg/(m?h), respectively. It is clear that high-tem-
perature drying resulted in considerable increase in the
release rate of aldehydes, in particular n-hexanal. Steam
and fog that contain hexanal could irritate eyes, mucosa
and upper respiratory tract, and cause coughing, head-
ache, retrosternal pain and breathing difficulties.
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Fig. 2 Variations of release rate of aldehydes during a conventional drying, and b high-temperature drying

Figure 3 shows respective release rate of a-pinene, cam-
phene, myrcene, -pinene, limonene and other terpenes
during conventional drying (Fig. 3a) and during high-
temperature drying (Fig. 3b). During conventional drying
(Fig. 3a), the release rate of terpenes increased gradu-
ally from the beginning, then raised considerably at the
later drying stage until reaching the maximum around
the 24th h, then decreased and dropped almost to zero
at the end of drying. The highest release rate of a-pinene,
camphene, myrcene, B-pinene, limonene and other ter-
penes were 18.04 mg/(m>h), 0.63 mg/(m>h), 0.027 mg/
(m®h), 0.315 mg/(m>h), 1.463 mg/(m>h), and 1.396 mg/
(m®h), respectively. During the entire drying process, the
release rate of a-pinene was much higher than any other
terpenes.

In the process of high-temperature drying (Fig. 3b),
the release rate of a-pinene gradually increased during
the first 6 h, started to decrease at the mid-stage of dry-
ing, then increased considerably at the later stage, finally

decreased again near the end of drying to almost the
same level as the mid-stage of drying. It reached the high-
est of 63.03 mg/(m>h) during the early stage, and highest
of 83.44 mg/(m>?h) during the later stage of drying. The
release rate of camphene remained stable at 5-7 mg/
(m?h) during the mid-stage of drying, and reached high-
est at the later stage of drying. The release rate of other
terpenes gradually increased at the early stage of drying
and reached highest around the 6th h, then decreased
during the remaining hours of drying. The release rate
of terpenes during high-temperature drying were higher
than those during conventional drying, especially for
B-pinene, which showed a considerably higher release
rate.

Figure 4 shows respective release rate of alkane and
benzene during conventional drying (Fig. 4a) and during
high-temperature drying (Fig. 4b). During conventional
drying (Fig. 4a), the release rate of the VOCs increased
gradually and reached the highest at the later stage.
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During high-temperature drying (Fig. 4b), the release
rate of benzene was far greater than other VOCs, it grad-
ually increased during the early stage of drying, reached
the highest of 9.12 mg/(m?h) around the 9th hour, then
decreased, but slightly increased towards the end of dry-
ing. The release rate of other VOCs all reached highest at
the early-to-mid stages of drying.

Figure 5 shows variations of release rate of the total
amount of VOCs (TVOCs) during conventional and
high-temperature drying. The release rate of TVOCs
during conventional drying showed an opposite variation
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pattern compared to high-temperature drying (Fig. 5).
During conventional drying, TVOCs increased slightly
at the early stage, followed by a decrease, then increased
considerably at the mid- and later-stages of drying,
then quickly decreased towards the end of drying. Dur-
ing high-temperature drying, the release rate of TVOCs
increased quickly at the early stage, followed by a fast
decrease, then had a small increase at the later stage of
drying. It is clear that the VOCs were mainly released at
the mid- and later-stages during conventional drying, but
mainly at the early stage during high-temperature drying.
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The degree of thermal degradation of the chemical com-
position of wood is directly related to the drying tem-
perature [20]. There is a minimal degradation of cellulose
above 200 °C [21, 22]; hemicellulose can basically degrade
above 120 °C [23]; extracts are easily degraded and vola-
tile, such as rosin, grease, etc. [24]. Therefore, given the
relatively low drying temperature and drying speed dur-
ing conventional drying, the chemical composition and
degradation of rosolic acid, extractives, cellulose, etc.,
were relatively slow, resulting in a lower release of VOCs.
High-temperature drying, however, resulted in fast and
near-complete chemical decomposition and degradation
of rosolic acid, extractives, cellulose, etc., and subsequent
release of large amounts of VOCs. In a word, the release
rate of TVOCs was greater at every stage of high-temper-
ature drying compared to conventional drying.

VOCs released of Russian Pinus sylvestris

Constituents and amount of VOCs

The constituents and amount of VOCs released during
each drying period, and the average MC determined at
the end of each drying period, are listed in Table 4 for
conventional drying, and in Table 5 for high-temperature
drying.

Table 4 shows that during conventional drying of Rus-
sian P sylvestris, the average MC decreased from the
initial 55.86% to 10.2%, a total of 15 compounds were
detected: 7 different aldehydes including formaldehyde,
6 different terpenes including a-pinene, and 2 addi-
tional different compounds. Most of the VOCs were
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terpene (102.93 mg/m® of wood), 88.19% of which was
a-pinene (90.50 mg/m?® of wood). As shown in Table 4,
large amount of a-pinene was released at the early stage
of drying, reached highest around 40% MC, with a VOCs
concentration of 42.90 mg/m3. Similarly, the highest
VOCs concentration of B-pinene was observed around
40% MC. Aldehydes ranked as the second group in terms
of the amount of VOCs released, the total was 18.32 mg/
m?® of wood and contained 3.47 mg, 4.49 mg, 3.24 mg/m>
of wood, for n-propanal, n-hexanal and benzaldehyde,
respectively. The concentration of n-propanal, n-hexa-
nal, n-valeraldehyde and acraldehyde reached maximum
around 40% MC, whereas the concentration of formal-
dehyde and iso-valeraldehyde reached highest around
30% MC. The combined amount of released alkane was
2.371 mg/m® of wood, and their concentration reached
highest around 40% MC. The above results clearly
showed that for the Russian P. sylvestris, the VOCs were
released mainly at the early stage of conventional drying
as indicated by both the amount released and the VOCs
concentration.

Table 5 shows that during high-temperature drying, the
average MC dropped from the initial 51.45% to 9.64%,
the same 16 VOCs were released as during conventional
drying, and a large amount camphene was detected. The
amount of released terpene was higher than any other
VOC:s, the total was 229.57 mg/m3 of wood, and was 1.2
times higher than that during conventional drying. The
amount of a-pinene, B-pinene, limonene and 1-hep-
tene were all considerably higher. The concentration

Table 4 Constituents and amount of VOCs released during each period of conventional drying (Russian Pinus sylvestris)

VOCs and MC Concentration of VOCs (mg/m3 of exhaust gas) Total (mg/
m? of wood)
0-4h 4-8h 8-12h 12-20h 20-24h

Formaldehyde 047 0.51 0.71 0.10 0.12 133
n-Propanal 1.50 350 - - - 348
n-Hexanal 0.34 3.70 1.79 034 0.31 449
Acraldehyde 0.87 0.87 0.24 052 052 2.10
Iso-valeraldehyde 044 048 0.12 0.30 0.22 1.09
n-Valeraldehyde 0.32 244 0.40 0.26 032 259
Benzaldehyde 0.08 1.31 1.77 0.90 061 324
a-Pinene 4.05 42.90 26.66 40.50 16.22 90.50
Myrcene 0.03 0.96 1.54 0.58 0.76 2.68
-Pinene 1.55 2.19 1.03 1.62 0.81 5.00
o-Phellandrene 0.04 0.15 - 0.12 - 0.22
Limonene - 1.63 242 0.38 0.35 3.32
1-Heptene 0.50 0.54 0.13 0.34 0.28 1.24
n-Heptane 0.67 0.76 0.19 0.44 0.39 1.70
2,4-Dimethyl hexane 0.08 0.69 0.1 0.06 0.04 0.67
Average MC % 55.86 4228 31.98 16.44 10.2
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Table 5 Constituents and amount of VOCs released during each period of high-temperature drying (Russian Pinus

sylvestris)
VOCs and MC Concentration of VOCs (mg/m3 of exhaust gas) Total (mg/
m?3 of wood)
0-3h 3-6h 6-9h 9-12h 12-15h
Formaldehyde 0.60 0.52 040 0.77 0.71 2.08
n-Propanal 0.99 0.26 0.23 523 0.86 526
n-Hexanal 1.88 8.61 3.1 49.88 3.67 46.64
Acraldehyde 1.94 3.74 1.28 5.05 4.07 1.7
Iso-valeraldehyde 1.26 1.81 045 10.02 223 10.96
n-Valeraldehyde 2.00 4.92 0.60 51.89 1.89 42.57
Benzaldehyde 6.98 7.37 3.14 4.59 279 17.28
a-Pinene - 3269 12.67 11.66 108.58 115.00
Camphene 0.33 1.38 142 - 2.59 397
Myrcene 1.33 1.93 0.70 1.40 0.61 4.14
B-Pinene 0.62 11.31 17.66 6.75 9.00 3149
a-Phellandrene 1.27 125 0.53 - 0.81 267
Limonene 24.33 2832 1231 17.29 361 59.63
1-Heptene 137 2.70 0.80 10.52 257 1247
n-Heptane 1.77 2.73 0.74 333 325 8211
24-Dimethyl hexane 0.70 1.25 - 14.50 0.56 11.81
Average MC % 5145 325 20.36 14.06 9.64

of a-pinene, camphene and 1-heptene reached high-
est around 10-15% MC (later stage of drying). The con-
centration of other terpenes reached highest at 20-30%
MC (early-to-mid stage of drying). The total amount
of released aldehydes per m* of wood was 136.39 mg,
increasing by 6.4 times compared to conventional drying.
The amount of n-hexanal, n-valeraldehyde, acraldehyde
and benzaldehyde were all considerably higher, espe-
cially n-hexanal increased by 9 times (total release reach-
ing 46.636 mg/m®) and n-valeraldehyde increased by 15
times (total release reaching 42.567 mg/m?). The concen-
tration of benzaldehyde was highest around 30% MC at
the mid-stage of drying, whereas the concentration of
other aldehydes reached highest around 15% MC at the
later stage of drying. The amount of released alkenes and
propylbenzene were all higher compared to conventional
drying, and their total amount was 20.02 mg/m?3. The
above results clearly showed that for Russian P. sylvestris,
the VOCs were released mainly at the later stage of high-
temperature drying as indicated by both the amount
released and the VOCs concentration.

For both conventional and high-temperature drying,
the VOCs released from Russian P. sylvestris were pri-
marily terpene and aldehyde similar to the circumstances
for plantation P sylvestris. The terpenes were primar-
ily a-pinene and B-pinene. The aldehydes were primar-
ily n-hexanal, n-valeraldehyde and benzaldehyde. The
TVOCs was 385.77 mg/m?> 3.5 times higher than the

TVOC:s released during conventional drying (111.18 mg/
m°).

Release rate of VOCs

Figure 6 shows the release rate of aldehyde VOCs for
the Russian Pinus sylvestris during conventional and
high-temperature drying. During conventional drying
(Fig. 6a), the release rate was low and under 1 mg/(m>h).
The release rate of all aldehyde VOCs were highest at
the early stage of drying, but because these values were
all low, their differences during the entire drying process
were small as well. Also the release rate of some aldehyde
VOCs was close to zero. Therefore, the release rate of all
aldehyde VOCs may be considered as having more or less
the same trend.

During high-temperature drying (Fig. 6b), the variation
patterns of aldehyde VOCs were approximately similar,
gradually increasing at the early stage, slightly decreasing
at the mid-stage, then increasing again afterwards, espe-
cially the release rate of n-hexanal and n-valeraldehyde
increased considerably at the later stage of drying. For
other aldehyde VOC:s, the variation in release rate during
the entire drying process was small. The variation pattern
for the Russian Pinus sylvestris was opposite to that for
the plantation Pinus sylvestris. Under high temperature,
the Russian Pinus sylvestris was probably more difficult
to degrade and also take longer time to degrade than the
plantation Pinus sylvestris.
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Figure 7 shows the release rate of other VOCs for the
Russian P sylvestris during conventional and high-tem-
perature drying. During conventional drying (Fig. 7a), the
release rate of a-pinene increased quickly during the first
8 h and reached 10.72 mg/(m°h), then decreased during
the rest hours of drying. The release rates of all other ter-
pene VOCs were very small and slightly varied during the
complete drying process.

During high-temperature drying (Fig. 7b), the release
rate of a-pinene and limonene gradually increased dur-
ing the first 6 h, then decreased, then the release rate of
a-pinene had a large increase at the later stage of drying
and reached 36.19 mg/(m>h). The release rate of B-pinene

increased gradually during the first 12 h and reached the
maximum of 5.88 mg/(m>h) at the mid-stage. The drying
rate of 1-heptene had a considerable increase at the later
stage, but was small and varied little at the other stages of
drying.

Figure 8 shows variation of release rate of the total
amount of VOCs (TVOCs) during conventional and
high-temperature drying of the Russian Pinus sylvestris.
During conventional drying, the release rate of TVOCs
increased quickly at the early stage (the first 6 h), then
decreased until remaining stable close to the end of dry-
ing. During high-temperature drying, the release rate
of TVOCs gradually increased at the early stage, then
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started to decrease, with a very large increase subse-
quently between the 9th and 12th hour, followed by a
decrease at the later stage of drying. The above results
showed that during conventional drying, the VOCs were
released mainly at the early stage. During high-tempera-
ture drying, the VOCs were mainly released at the later
stage.

Comparison of the amount of primary VOCs

between plantation Pinus sylvestris and Russian Pinus
sylvestris

Table 6 is a summary of the total amount of primary
VOCs released per m® of wood during conventional
and high-temperature drying for both plantation Pinus
sylvestris and Russian Pinus sylvestris. These values cor-
responded to 8-10% MC, and have been presented in
several previous tables.

Table 6 shows that during the entire process of con-
ventional and high-temperature drying, more alde-
hyde VOC:s, especially n-propanal and n-hexanal, were
released from the plantation Pinus sylvestris than from
the Russian Pinus sylvestris. Very large amount of terpene
VOCs, in particular a-pinene and B-pinene, were also
released from the plantation Pinus sylvestris and were
much greater than those from the Russian Pinus sylves-
tris. However, the amount of limonene and 1-heptene
released from the plantation Pinus sylvestris was less than
those from the Russian Pinus sylvestris. Benzene VOCs

Page 11 of 13

was detected from the plantation Pinus sylvestris, but not
obtained from the Russian Pinus sylvestris.

During conventional drying, the amount of aldehyde
VOCs (except benzaldehyde) released from the planta-
tion Pinus sylvestris was higher than those from the Rus-
sian Pinus sylvestris. The released n-propanal, n-hexanal
and n-valeraldehyde were 7.36, 5.97 and 10.66 times as
much as those from the Russian Pinus sylvestris, respec-
tively. However, benzaldehyde released from the Russian
Pinus sylvestris was 2.97 times as much as that from the
plantation Pinus sylvestris.

During high-temperature drying, the amount of alde-
hydes, a-pinene, [B-pinene, camphene, and myrcene
released from the plantation Pinus sylvestris were higher
than those released from the Russian Pinus sylvestris.
The n-propanal and n-hexanal released from the planta-
tion Pinus sylvestris were 12.93 and 5.72 times as much
as those from the Russian Pinus sylvestris, respectively.
The n-valeraldehyde and benzaldehyde released from the
plantation Pinus sylvestris were 1.11 and 1.19 times as
much as those from the Russian Pinus sylvestris, respec-
tively. The a-pinene, B-pinene, camphene and myrcene
released from the plantation material were 5.42, 3.38,
7.55 and 20.99 times as much as those from the Russian
Pinus sylvestris, respectively. More limonene and 1-hep-
tene were released from the Russian Pinus sylvestris,
which were 1.62 and 1.85 times as much as those from
the plantation P, sylvestris, respectively.
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Fig. 8 Variation of release rate of TVOCs during conventional and high-temperature drying of the Russian P, sylvestris
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Table 6 Total amount of primary VOCs released per m*® of wood during conventional and high-temperature drying

for plantation Pinus sylvestris and Russian Pinus sylvestris

VOCs Amount of VOCs (mg/m3 of wood)

Plantation Pinus sylvestris Russian Pinus sylvestris

Conventional High temperature Conventional High

temperature

n-Propanal 25.59 68 348 5.26
n-Hexanal 26.86 267.1 449 46.64
n-Valeraldehyde 27.65 473 259 42.57
Benzaldehyde 1.09 2042 324 17.28
a-Pinene 100.24 623.83 90.5 115
B-Pinene 248 106.68 5 3149
Camphene 346 30.04 - 397
Myrcene 1.2 87.01 2.68 4.14
Limonene 6.41 36.63 332 59.63
1-Heptene 4.05 6.71 122 1247
Benzene - 84.99 - -
Propylbenzene 049 546 - -

Overall, the VOCs released from the plantation Pinus
sylvestris were much greater than those from the Rus-
sian Pinus sylvestris. The difference of VOCs content
between the two is mainly due to the difference of tree
age and growth conditions, which leads to the difference
of extraction amount and material quality.

Conclusions

1. From the plantation Pinus sylvestris, large amount of
aldehyde, terpene, alkane and benzene VOCs were
released during drying. The aldehyde VOCs were
primarily n-propanal, n-hexanal and n-valeralde-
hyde. The terpene VOCs were primarily a-pinene,
B-pinene and myrcene. Large amounts of benzene
VOCs were released during high-temperature dry-
ing.

2. From the Russian Pinus sylvestris, the primary VOCs
released during drying were terpene VOCs (in par-
ticular a-pinene and limonene), followed by aldehyde
VOCs (in particular n-hexanal, n-valeraldehyde and
benzaldehyde). No benzene was detected.

3. For the plantation Pinus sylvestris, the VOCs released
during conventional drying primarily occurred at
the later stage, but the VOCs released during high-
temperature drying primarily occurred at the early
stage. For the Russian Pinus sylvestris, the amount of
released VOCs and the release rate were very small
during conventional drying. During high-tempera-
ture drying, the VOCs were released primarily at the
later stage.

4. Overall, the VOCs released from the plantation Pinus
sylvestris were much higher than those from the
Russian Pinus sylvestris. High-temperature drying
resulted in considerable increases in both the amount
of VOCs and the release rate.

Abbreviations
VOCs: Volatile organic compounds; TVOCs: Total volatile organic compounds.
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