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Emiss ions  f rom wood dryers  have  been of  some concern
for a number of years, and recent policy changes by the
Envi ronmenta l  Protect ion  Agency have  p laced emphasis
upon the  gaseous emiss ions that  lead  to  the  format ion  of
particulate matter as small as 2.5 pm diameter. In this
qual i ta t ive  s tudy ,  camphene,  AQarene,  l imonene,  and
a-terpinene were thermally degraded in the presence of
airto determine the number and kind of oxidative degradation
products  that  might  be  expected under  dry ing condi t ions
used in processing wood productsvarious chromatographic
methods were  used to  iso la te  the  products  for  proof  o f
st ructure  by  NMR and/or  GC-MS.The  degradat ion products
resul ted f rom dehydrogenat ions,  epoxidat ions,  double
bond cleavages, allylic  oxidations, and rearrangements. A
number  of  compounds not  prev iously  associated wi th
the  thermal  degradat ion  o f  these  terpenes  were  ident i f ied .

Introduction
Monoterpenes and their  derivatives are commonly found in
trace amounts in the troposphere. In addition to being
emitted by many species of vegetation (biogenic sources),
they are also introduced into the atmosphere in a variety of
act ivi t ies  associated with wood processing industr ies  (an-
thropogenic sources).  I t  has been estimated that  the annual
global  volat i le  organic compounds (VOC) f lux  i s  1150 Tg C,
of which 11% is thought to be monoterpenes (I) .  Whereas
such compounds are normally recovered from wood pulping
processes and used in a variety of chemical markets, they are
not generally  recovered in solid wood or wood composite
manufacture.

Emissions from wood dryers have been of some concern
for a number of years (2). Although these emissions may
include particulates,  of more interest  are the hydrocarbons
that make up the bulk of the effluent.  The hydrocarbons are
of concern, not because of intrinsic toxicity or corrosiveness,
but because of their potential for the production of both
particulates and oxidants downwind from the source (3).
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The hydrocarbon emissions are typically divided into two
categories: (a) the condensed hydrocarbons of higher
molecular weight that are responsible in part for the blue-
haze plume characteristic of dryer emissions and (b) the
lower molecular weight hydrocarbons (C+&), generally
referred to as volatile hydrocarbons. Both nongaseous
(condensed) and gaseous (volati le)  hydrocarbons emitted
by wood dryers have been analyzed by a number of workers
(2-s).  In general, the nongaseous fraction consists of a
mixture of resin acids and fatty acids and their esters as well
as some sesquiterpenoid compounds and undefined oxida-
t ion products.  The gaseous fraction is  primari ly made up of
monoterpenes present in the wood and some of their
oxidat ion products .  Comparat ively l i t t le  is  known about  the
yields, structures, and biological properties of oxidation
products  of  monoterpenes.

Cronn  et al. (3) studied the gaseous emissions from a
number of veneer dryers at mills in the northwest and
southern U.S. From a plywood veneer dryer in the southern
U.S.  using a mixture of  loblolly and short leaf  pines,  i t  was
found that terpenes accounted for 98.9% of the total gaseous
hydrocarbon emissions. The authors also found that for
loblolly and shortleaf pines the total emissions were pre-
dominated by terpenes (86-93%  and 56-62%, respectively).
For s lash pine,  the nongaseous fract ion const i tuted the bulk
of emissions with only 42% gaseous.  I t  was est imated that
the terpenlc hydrocarbons were emitted at a rate of about
4 lb/h, which would be the equivalent to the emissions of
125 acres of coniferous forest at  noon (9).

Some defini t ive work has also  taken place regarding the
fate of these hydrocarbons in the atmosphere. Graedel (IO)
reports that the oxidation of the terpenes in the lower
atmosphere is  ini t iated by react ion with the ozone molecule
or hydroxyl radical.  After measuring the rate constants for
these reactions,  he was able to calculate the tropospheric
lifet imes for a number of terpenes after  assuming constant
atmospheric concentrations for ozone and the hydroxyl
radical. The lifetimes ranged from under 1 min to slightly
less than 8 h,  leading one to expect that  most would react
near  the point  of  emission.

Most of the studies on the atmospheric oxidation of
terpenes have been carried out utilizing smog chambers,
although a few suspected oxidation products have been
detected in ambient air. Smog chamber experiments have
been performed using ozone, hydroxyl radical, and NO,.
Terpenes studied include a-pinene (5, II), B-pinene  (5, 12,
13),  A3-carene  (6, 12),  limonene (5, 6,  14),  and terpinolene
(6, 14) among others.  I t  seems to be typical  that ,  when the
terpenes react with ozone, hydroxyl radical, or NO,, the
products generated form aerosols; it is in these aerosol
particles that  the products are identified.  The degradation
products are usually oxygenated,  and i t  has been estimated
that  80% of the terpenoid carbon is  converted to part iculate
matter within several hours (15).

The occurrence of terpenes in wood has been thoroughly
investigated (16) with considerable work directed toward
those in southern pines (I  7,  18).  I t  has been shown that  the
hydrocarbon effluent from drying kllns closely resembles
the hydrocarbon content of the wood and smog chamber
experiments on those hydrocarbons illustrate the fates
of those hydrocarbons ln  the atmosphere.  However,  although
reference is made to terpene oxidation products in the
effluents, little work has been done to identify those products.
This work takes a qualitative look at the nature of oxidation
products that might be generated in the drying of wood
products with the anticipation that knowing some of the
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products actually generated under such contitions  and, in
the least, the nature of oxidation reactions occurring will
faci l i tate  the identif icat ion of  materials  emit ted from wood
dryers.

Exper imenta l  Methods
Terpenes were used as obtained from Aldrich Chemical Co.:
(+)-camphene, 95% (91% by GC); A3-carene,  90% (89% by
GC); R-(+)-limonene, 97% (99% by GC); and a-terpinene,
85% (86% by GC). The thermal degradations were carried
out by placing 4.0 g of terpene (0.029 mol) into a 4-L screw-
cap bottle. Thus, the bottle contained 0.036 mol of 02 to give
a ratio of terpene to 02 of 1:1.24.  The bott le was then sealed
and heated at 120”Cinagas  chromatographovenforvarying
lengths of t ime, depending on the reactivity of the terpene.
Upon cooling,  the reaction vessel  was r insed with CHQ
and acetone to remove oxidation products and any unreacted
terpene. No attempt was made to analyze gaseous products
that  may have escaped upon opening the reaction vessel .
After removal of the solvent under reduced pressure, the
reaction mixture was subjected to f lash chromatography (19)
over s i l ica,  elut ingwith increasmglypolarmixtures ofhexanel
ethyl acetate. The eluted fractions were monitored using TLC
on si l ica plates and visualized by their  UV absorbance and/
or their color reaction with anisaldehyde spray (20). The
combined fractions usually required further purif ication by
column and/or preparative thin-layer chromatography, also
using si l ica gel  as the adsorbent.  Because several  separate
chromatographic procedures were typically used in order to
obtain materials  for  identif icat ion and each purif icat ion step
resulted in loss of sample, quantitative results are not
reported.

Unheated terpene samples were also subjected to flash
chromatography and compared to the heated samples using
GC-MS in order to be certain that the products isolated
were not artifacts resulting from the exposure of the terpenes
to silica.

Resul ts  and Discuss ion
The tit le monoterpenes were selected for their occurrence
in wood dryer emissions (3) and/or their structural char-
acterist ics (mono- vs bicyclic,  conjugated vs nonconjugated,
etc.) .  After beginning the study, i t  was learned that  similar
work with a- and /?-pmene  had already been carried out
(21),  so work on these two common monoterpenes was
minimized. Punsuvon (21) heated a-pinene in the presence
of air at temperatures of 90-  130 “C  and reported that between
23 and 37% of the a-pinene had been rearranged or oxidized.
Productsincluded&pinene, a-pinene oxide, a-campholene
aldehyde, verbenol, pinocamphone, myrtenol, and ver-
benone.  Similar air oxidation ofj3-pinene  resulted in the loss
of 22% of this  compound,  and myrtenol  was identif ied as a
major product .  In our study,  the amount of  oxidation of  the
terpenes roughly paralleled the atmospheric l ifet imes of the
terpenes reported in the literature (1).  The percent degrada-
tion of the terpenes (estimated by GC on the reaction
mixtures) and the length of heating time at 120 “C  were as
follows: a-terpinene, 100% in 4 h;  limonene, 50% ln 24 h;
A3-carene,  7% in 24 h and 36% in 72 h;  and, camphene, 38%
ln  72 h. Although none of the degradation products identified
were new compounds, many of them had not been reported
as thermal degradation products of the respective terpenes,
being generated instead in smog chamber studies by various
oxidizing agents  or  isolated as  natural  products  themselves.
The products isolated from the thermal degradation of A3-
carene are examples of this (22-24).

The use of ambient air in this study means that any of the
oxidizing agents used in the smog chamber studies previously
referenced-ozone, hydroxyl radical, and nitrate radical-
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TABLE 1. Thermal Degradation Products of Camphene
mxw Metbad

I-Methyl-2-(1-methykthyl)bmzmc
Ipcymenel

33-Dimetbylbicyclo[22.llhcptan-2-one
[camphenilme]

4,6,6Trimethylbicyclo[3.l.l]hqX-3-en-2-one
Iv&-l

W-MS  achd

OC-MS library

Nhm

CC-MS:  NMR

might be present. This makes it difficult to assign any
particular product or series of products to a specific oxidation
process but  does more closely mimic wood-drying ovens or
kilns.

The degradation products of the terpenes are shown in
Tables 1 (camphene), 2 (A3-carene),  3 (l imonene),  and 4 (a-
terpinene). The method of identification is also shown as
NMR (compound was isolated and analyzed by lH NMR, 13C
NMR, and various 2D NMR techniques), GC-MS actual
(compound identified by GC-MS by comparing retention
time and mass spectrum to those of  the actual  compound),
and GC-MS library [compound was identif ied by comparing
mass spectrum to mass spectral terpene database (540
compounds) and/or NIST database (10 000 compoundsll.

The products identified in this study indicate that the
thermal degradation of the terpenes leads to four types of
oxidative reactions. First, six-membered rings containing  one
or two double bonds readily undergo dehydrogenation to
form aromatic systems. This was observed with a-terpmene
(Figure 1) and l imonene in the formation of p-cymene and
thymol, respectively. In addition, both camphene and A3-
carene yielded aromatic compounds among their  degradation
products, resulting from rearrangement accompanied by
dehydrogenation.

A second common reaction is  the oxidative cleavage of
carbon-carbon double bonds. This  was observed with the
formation of camphenilone from camphene and the genera-
t ion of two keto aldehydes by cleavage of the double bonds
ln  a-terpinene (Figure 2).  Smog chamber studies on numer-
ous terpenes using ozone and/or hydroxyl radical  showed
the major degradation products  to be those result ing from
oxidative cleavage of the oleflnlc bond (22,25,26),  similar
to  the  resul ts  f rom this  s tudy.

The third reaction that was characteristic of the thermal
degradations was epoxide formation.  This was observed with
A3-carene,  limonene (Figure 3),  and a-terplnene. The A3-
carene and limonene products were the expected 1,2-epoxy
derivatives, but the products isolated and identified from
a-terpinene were 1,4-  and 1,8-ethers  (1,4-cineole  and eu-
calyptol,  respectively).  Epoxides are readily generated in the
laboratory using peracids  (27). Their formation under
atmospheric condit ions has been at tr ibuted to the presence
of nitrate radicals and peroxy radicals (28).



TABLE 2.  Thennaf  hqjradation  Products of AJ-Came
Brtdw MdbOd

\

43 3,7,7-Trimetbylbicyclo[4.l.O]hept-3-en-2-one
[3-caren-2-a]

\

-B- 4,7,7-Trimetbylbicyclo[4.1.O1hept-3-en-2~one
[3saren-smel

P 3,4-Epoxy-3,,7~7-trimetbylbicyclo[4.I.O]heptane
[3arene  oxldel

NMR

GC-MS library

W-MS  library

GC-MS; NMR

GC-MS; NMR

N M R

I 3,7.7-Trimethylbicyclo[4.l.O]hept-3-en-2,5lione  GC-MS; NMR
[3Carene-2&lione]

rmp~-2-Hydmxy-3-caren-5-one NMR

Allylic oxidation to form alcohols, ketones, and aldehydes
represents the fourth oxidation reaction observed under the
conditions investigated. The majority of the identified
degradationproductsfromA%arene  (Figure4)  andlimonene
resulted at  least  in  part  from such oxidat ion.  Singlet  oxygen
reacting with alkenes can lead to oxidation of the carbon
adjacent to the carbon-carbon double bond (allylic oxida-
tion) (28). Jay and Stieglitz have identified  the allyllc  oxidation
product verbenone in smog chamber studies with a-pinene
and ozone (29).

In addition to the above oxidation reactions, some
degradation products resulted from carbon skeleton rear-
rangements.  These products also incorporated at  least  one
of the previously described oxidation reactions, and it is
unclear whether the monoterpene or i ts  oxidation product
underwent the rearrangement. In such manner camphene
yielded verbenone, A3-carene  produced o-cymene and
4-hydroxy-2-methyl-2-cyclohexenone,  and eucarvone was
generated from limonene (Figure 5).

TABLE 3. Thermal #e#radation  Products of limonene

H

4MethyL  I-(  l-metbyletbenyl)bcnzene
[gcymenenel

1-Metbyl4(1-metbyletbyl)bcnzene
[pcymene]

W-MS  library

CC-MS acti

ZMetbylS(  l-methyle~nyl)-1~cyclohexadiene CC-MS library
~mentha-L58trienel

3-Methyla(l-methylethylidenet2-
cyclohexen-l-me

GC-MS library

3-Methyl~l-methylethenyl)-2-
cyclohexen-l-one

2.6.6Trimethyl-2,4-cyclobeptadiemme
[encarvonel

W-MS  library

GC-MS library

G c - M S  actual

GC-MS library

4(I-Methyl~yl>l-cyclohe~ylmct
[pdyl alcohol]

G c - M S  libnvy

I t  is  not  possible  to  accurately mimic the condit ions of
drying of wood flakes for manufacture of oriented strand
board,  drying wood veneers used in production of plywood,
or even drying of lumber in a simple bench-scale experiment.
However, knowledge of the reactions of these comounds  at
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TABLE 4. Thermal ffegradation  Products of a-Terpinene

Fz!.ha MdlOd

GC-MS actual

GC-MS actual

NMR

‘X-MS;  NMR

NMR

W-MS:  NMR

FIGURE 1. pCymene  from a-terpinene.

H,C*CH3 H,CACH3

FIGURE 2. 3,7-Dimethyl-&oxo-2-octenal  from a-terpinene.

120 “C  (representing modest temperatures) together with
the availability of 1.24 mol of Ollmol  of terpene (representing
low levels of available oxygen) do provide a reasonable
reference point from which to consider what can happen in
a8  these wood-drying operations. For example, a typical
oriented strand board plant might dry 20 green ton/h of
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FIGURE 3. Limonene oxide from limonene.

FIGURE 4. Pans-2-Hydmxy-3-caren-5-one  from I-cerene.

FIGURE 5. Eucarvone from limonene.

wood flakes (at  90% moisture content  dry basis)  in a rotary
dryerwith 40 000 cfm of air at an inlet temperature of between
400 and 550 “C. The temperature in the dryer would be
expected to drop to an outlet temperature of loo-130  “C
over a residence t ime of about 15 min. Evaporation of water
from the flake holds the temperature of the wood flake low
until the free water is removed (about 30% moisture content).
However,  the wood temperature rises as i t  is  dried over the
range of 30-5%  moisture content in the later part of the
drying per iod.

When drying woodveneers for manurfacture  of  plywood,
a typical plant might dry 20 green ton of veneer (at 90%
moisture content), with air flowing over the veneer at
temperatures between 180 and 200 “C  over a drying period
of 8-15 min.  As in drying wood flakes,  temperatures of the
wood veneers do not increase until  the wood reaches the
fiber saturat ion point ,  and this  zone gradually moves back
from the surface to the center of the veneer as it dries. Because
air  is  only vented periodically from the drying chamber,  the
volat i l ized compounds are exposed to high temperatures but
also probably low oxygen levels  unti l  they are vented to the
atmosphere.  Probably the most  severe oxidat ion condit ions
may be associated with veneer drying even though the initial
temperatures are much lower than for flake dryers because
of the comparatively long time periods the volatilized terpenes
are held in the vapor state at high temperatures.

When drying  lumber with “high temperature” schedules,
kiln temperatures above 100 “C  can be employed over a period
of 24-30 h. Alternatively, low- temperature drying of nominal
2 in. framing lumber can involve a gradual increase in
temperature from about 70 to 90 “C  over  a  to ta l  drying t ime
of 130 h. As in wood veneer drying, the lumber kiln is vented
intermittently to control the relative humidity throughout
the process. Because of the increased mass of porous material
involved,  residence t ime for the terpenes within the drying
wood,  probably with l imited oxygen,  is  comparat ively long.

To interpret  these results  relat ive to actual  wood-drying
operat ions,  one must  consider  what  proport ion of  volat i le
terpenes remain within the porous wood structure and what



proportion has been volatilized and entered the dryer air
stream at various levels through the course of the drying
process. The rate at which the air stream is vented to the
atmosphere is  also important .  The condit ions studied here
most closely represent the condit ions seen by the terpenes
in lumber and veneer drying proceses.

The compounds selected for study provide models for
the structures of many other terpenes that  may be subjected
to thermal oxidative rearrangement in processing wood or
other plant  materials .  Some generalizations may be useful
in providing clues to the type of products one might look for
in the vent gases from wood-drying operations,  and such an
endeavor is  the next logical  step to take.  Dehydrogenation
to form aromatic systems is  a reaction shared by al l  of  the
model systems studied.  When a monocyclic six-membered
ring system with existing unsaturation is present, as in
a-terpinene and limonene, aromatization appears to be the
most common oxididation process. Oxidative cleavage of
double bonds to form the carbonyl compoundswas observed
with three of these model compounds. Surely, where
aldehydes are formed, the corresponding carboxylic acids
would be expected and could probably be isolated as the
methyl esters by altering the workup procedure.  All  of the
model  terpenes also showed some form of  al lyl ic  oxidat ion,
and this  suggests  that  such compounds should be expected
in the dryer  eff luents .  Although not  observed in our s tudy,
the formation of epoxides, as seen with 3-carene  and
a-terpinene,  wouldprobablylead to diols underwood-drying
conditions with the presence of acids and high moisture
found there.
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