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Abstract Batch experiments were conducted to assess
the biotransformation potential of four hydrocarbon
monoterpenes (d-limonene, a-pinene, c-terpinene, and
terpinolene) and four alcohols (arbanol, linalool, plinol,
and a-terpineol) under aerobic conditions at 23°C.
Both forest-soil extract and enriched cultures were used
as inocula for the biodegradation experiments conduc-
ted first without, then with prior microbial acclimation
to the monoterpenes tested. All four hydrocarbons and
two alcohols were readily degraded. The increase in
biomass and headspace CO

2
concentrations paralleled

the depletion of monoterpenes, thus confirming that
terpene disappearance was the result of biodegradation
accompanied by microbial growth and mineralization.
Plinol resisted degradation in assays using inocula from
diverse sources, while arbanol degraded very slowly.
A significant fraction of d-limonene-derived carbon was
accounted for as non-extractable, dissolved organic
carbon, whereas terpineol exhibited a much higher
degree of utilization. The rate and extent of monoter-
pene biodegradation were not significantly affected by
the presence of dissolved natural organic matter.

Introduction

Monoterpenes — the simplest class of terpenes found in
nature as a major component of the essential oil of
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plants— are synthesized from units of isoprene through
different stereoregulated processes and often possess
characteristic organoleptic properties (Erman 1985).
Commonly found monoterpene structures are acyclic,
monocyclic, and bicyclic. Hydrocarbons constitute
the majority of these complex structures, although
various oxygenated derivatives such as alcohols,
ketones, and carboxylic acids also occur in nature
(Erman 1985). Monoterpene emissions are comparable
to or exceed those of non-methane, organic compounds
from anthropogenic sources and contribute to the
formation of tropospheric ozone in urban and rural
environments (Corchnoy and Atkinson 1990; Hakola
et al. 1993).

Monoterpene hydrocarbons and alcohols are the
predominant components of turpentine, which is de-
rived from the wood used in the pulp-manufacturing
process (Landry et al. 1985). Effluents discharged by the
pulp-and-paper industry contribute to the release of
monoterpenes in the environment (Hrutfiord et al.
1975; Wilson and Hrutfiord 1975; Keith 1976). At least
nineteen different monoterpenes were identified in
aerated lagoons treating Kraft mill wastewaters
(Wilson and Hrutfiord 1975).

Traditionally, monoterpenes have been extensively
used as flavoring agents in the food and perfume indus-
try and a few monoterpenes possessing medicinal
values are used by the pharmaceutical industry (Erman
1985). However, large-scale industrial use of monoter-
penes— such as d-limonene, a-terpineol, a-pinene and
linalool—has only recently begun in an attempt to find
substitutes for chlorinated solvents and chlorofluoro-
carbons which are involved in the depletion of the
stratospheric ozone layer (Kirchner 1994; Brown et al.
1992). With the increased industrial use of mono-
terpenes, release of monoterpene-bearing wastes into
the environment cannot be ruled out. Recently, d-
limonene and other monoterpenes were identified at
a major municipal wastewater treatment facility (Con-
nor et al. 1993).
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Table 1 Sources and properties
of selected monoterpenes. CAS
Chemical Abstract Service

Name CAS no. Source Purity Molecular Molecular Specific
(%) formula mass gravity

Hydrocarbons:
d-Limonene 5989-27-5 Aldrich 97 C

10
H

16
136.23 0.840

a-Pinene 7785-70-8 Aldrich 99# C
10

H
16

136.23 0.859
c-Terpinene 99-85-4 Aldrich 97 C

10
H

16
136.23 0.853

Terpinolene 586-62-9 Glidco 97 C
10

H
16

136.23 0.859

Alcohols:
Arbanol 7070-15-7 Glidco 93 C

12
H

22
O

2
198.31 0.995

Linalool 78-70-6 Aldrich 97 C
10

H
18

O 154.24 0.865
Plinol 72403-00-7 Glidco 90 C

10
H

18
O 154.24 0.926

a-Terpineol 10486-56-1 Aldrich 98 C
10

H
18

O 154.24 0.939

The atmospheric reactions of b-pinene, d-limonene
and sesquiterpenes with ozone, hydroxyl and nitrate
radicals have been extensively studied and their reac-
tivities assessed (Grosjean et al. 1993). However, be-
cause of low aqueous solubility and the high volatility
of monoterpene hydrocarbons, less attention has been
paid to their fate in aquatic and terrestrial environ-
ments. Biological treatment in aerated lagoons
achieved an overall 90% reduction of terpenes. How-
ever, the various classes of terpenes showed different
degrees of degradability: alcohols, 99%; hydrocarbons,
75%; and ketones, only 12% (Wilson and Hrutfiord
1975). Biodegradation and air stripping were respon-
sible for the high removal of anethole and dipentene in
a bench-scale activated-sludge system (Schwartz et al.
1990). Previous investigations on the biodegradation of
monoterpenes have shown that both fungi and bacteria
perform aerobic transformations of monoterpenes.
Transformations such as hydroxylations at allylic posi-
tions, oxygenations on double bonds, oxidations of
alcohols to carbonyl compounds, rupture of carboxylic
rings and carbon-carbon bond cleavages have been
observed (Dhavalikar and Bhattacharyya 1966;
Trudgill 1990, 1994). Fungi (Cladosporium sp.) have
been identified that can use 1- and 3-menthene and
d-limonene as sole carbon sources with the production
of glycols (Mukherjee et al. 1973).

In general, information on the biodegradation of
monoterpenes, especially under conditions prevailing
in natural systems, is lacking. Because of the increased
industrial use of terpenes, as well as the lack of informa-
tion on the environmental fate of these compounds,
a growing need exists to study the environmental fate of
terpenes. The objective of this paper is to report on the
biodegradation, as well as mineralization potential of
selected monoterpenes under aerobic conditions.

Materials and methods

Monoterpenes

Eight monoterpenes were selected for this study, including four
hydrocarbons (d-limonene, a-pinene, c-terpinene and terpinolene)

and four alcohols (arbanol, linalool, plinol, and a-terpineol). All
monoterpenes were obtained from Aldrich Chemical Co. (Mil-
waukee, Wis.) except terpinolene, plinol and arbanol, which were
supplied by SCM Glidco Organics (Jacksonville, Fla.). The purity, as
well as other pertinent information for these monoterpenes are
included in Table 1. These compounds were used without further
purification. The chemical structures of all eight monoterpenes are
shown in Fig. 1.

Media

Minimal media were prepared in distilled, deionized water and
consisted of the following salts (in mg/l): KH

2
PO

4
700, K

2
HPO

4
2000, NH

4
Cl 150, CaCl

2
· 2H

2
O 15, NaCl 10, FeCl

2
· 4H

2
O 10,

MnCl
2
· 4H

2
O 10. The pH of the media was 7.1. Pure oxygen was

bubbled through the media for at least 1 h. All controls contained
sodium azide at a concentration of 2.5 g/l.

Inocula

The primary inocula for this study were prepared from extracts
of soil samples collected from a coniferous forest (soil A) and mixed
hardwood forest (soil B) watersheds at the Coweeta Hydrologic
Laboratory, Otto, N.C. The two soils were chosen to represent
two diverse ecosystems. Soil extracts were prepared by passing
soil/water mixtures through a 500-lm sieve, followed by 2 h
settling. The resulting supernatants were used as the inoculum.
Soil A was used in the initial biodegradation experiments because it
was expected to have had prior exposure to the target monoter-
penes. However, preliminary experiments carried out with inocula
derived from both soils did not show any significant difference
in their ability to degrade the target monoterpenes. Therefore,
subsequent experiments were carried out only with soil-B-derived
inocula.

Preparation of cultures

Glass flasks (2 l) equipped with two glass/Teflon valves and a
septum-sealed port were used in the first biodegradation experiment.
The reactors were flushed with pure oxygen and then 1.4 l oxygen-
saturated minimal medium was added. Hydrocarbons and alcohols
were tested in two separate groups at concentrations in the range
0.5—3 mg/l and 5—40 mg/l respectively. After the addition of the
undiluted monoterpenes, the reactors were then crimp-sealed with
Teflon-lined septa. After 24 h equilibration, soil A extract was
added to the two reactors at 1% (v/v) through the bottom
glass/Teflon valve. Two sodium-azide-amended controls (one for the
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Fig. 1A,B Skeletal structures of selected monoterpenes

hydrocarbon and one for the alcohol terpenes) were also set up.
Incubation took place in the dark at 23°C with continuous mixing
using magnetic stirrers (at approx. 300 rpm). At regular intervals,
duplicate gas and liquid samples were removed and analyzed for
monoterpenes and CO

2
.

A second biodegradation experiment was performed using repli-
cate, 18]150-mm (26 ml volume) serum tubes (Bellco Glass, Vine-
land, N.J.). The tubes were flushed with pure oxygen and crimp-
sealed with Teflon-lined septa. Oxygen-saturated minimal medium
was added to a 2-l glass reactor, along with undiluted d-limonene,
terpinene and terpinolene. Inoculum drawn from the monoterpene-
hydrocarbon-fed reactor used in the previous experiment was added
to the glass reactor and continuously stirred to dissolve the terpenes.
Aliquots of 10 ml reactor contents were transferred to serum tubes,
which were then quickly crimp-sealed. The initial terpene concentra-
tion in the replicate tubes was uniform. Because of the low water
solubility and high volatility of pinene (2.5 mg/l and 4 mm Hg at
23°C respectively; Li et al. unpublished), this terpene was directly
injected into replicate serum tubes from a microsyringe. Azide-
amended controls were also prepared and incubated following the
procedures used for the live cultures. Headspace gas analysis of
serum tubes showed an oxygen content of up to 90%, which was
sufficient for the complete mineralization of the terpenes at the levels
tested. The serum tubes were continuously rotated (at 1 rpm) and
incubated in the dark at 23°C. At different intervals analyses were
performed by sacrificing duplicate serum tubes.

Mineralization assays

The degree of d-limonene and a-terpineol mineralization was as-
sessed using sacrificial 120-ml serum bottles and inocula taken from
two enriched cultures (derived from soil B extract), semicontinuously
fed with the respective monoterpenes, which served as single carbon
sources. The carbon content of the substrate, biomass, liquid phase
(both dissolved organic and inorganic) and gas phase were measured
at time zero and at the end of the incubation (i.e., immediately after
substrate depletion and leveling-off of both the CO

2
and biomass

production) and the carbon mass balance was assayed. Biomass was
measured as volatile suspended solids.

Preparation of dissolved natural organic matter

Soil collected from the Oe horizon (soil with organic matter moder-
ately decomposed) of a mixed hardwood watershed at the Coweeta
Hydrologic Laboratory was used to prepare dissolved natural or-
ganic matter as follows. A 5-kg soil sample was transferred to
a plastic container, mixed with 10 l deionized water, and then left
undisturbed at room temperature (23°C). After 5 days, the soil
leachate was filtered through a membrane filter (0.47 lm), concen-
trated by vacuum evaporation and stored at 4°C for use in sub-
sequent experiments on the preferential degradation of terpineol.
The dissolved organic carbon content of the concentrated soil
leachate was 290 mg/l.

Analytical methods

Quantification of the monoterpenes was achieved by liquid/liquid
extraction and gas chromatography. Liquid samples were transfer-
red to serum tubes containing isooctane spiked with bornyl acetate
at a concentration of 20 mg/l, which served as the internal standard.
An isooctane-to-sample volume ratio of 1 : 10 was used. The serum
tubes were sealed with Teflon-lined rubber septa, agitated with
a vortex mixer and centrifuged at 3000 rpm to allow phase sepa-
ration. The solvent extract from each tube was transferred to an
autosampler vial with a disposable pasteur pipette and subsequently
analyzed. A gas chromatography unit (HP 5890 series II; Hewlett-
Packard Co., Palo Alto, Calif.) equipped with a flame ionization
detector was used for the monoterpene analysis (30 m long,
0.321 mm inner diameter, DB-5 capillary column with 0.25-lm fused
silica stationary phase; J & W Scientific, Folsom, Calif.). The follow-
ing oven temperature program was used: 70°C for 3 min; 10°C/min
to 180°C where it was held for 2 min. The injector and detector
temperatures were maintained at 210°C and 220°C respectively.
Calibration curves for each monoterpene were prepared with pure
monoterpenes dissolved in isooctane spiked with bornyl acetate.
The monoterpene extraction efficiency from aqueous solutions was
determined by directly injecting aqueous and extracted monoter-
pene solutions separately into the gas chromatography unit and
comparing the corresponding peak areas. Single extractions for the
hydrocarbon terpenes resulted in more than 94% recovery. How-
ever, the alcohol terpenes were extracted three times and their
recovery varied from 89% to 103%. The detection limit of the
method for each monoterpene was 0.1 mg/l.

Gas-phase hydrocarbon monoterpenes were analyzed as follows:
2 ml headspace gas was transferred with a gas-tight glass syringe
fitted with a Teflon valve (Dynatech; Baton Rouge, La.) into an
autosampler vial containing 0.5 ml isooctane/internal standard mix-
ture and the resulting extract analyzed following the above-
described chromatographic procedure. CO

2
and O

2
were analyzed

using a gas chromatography unit (HP 5890 series II; Hewlett-
Packard Co., Palo Alto, Calif.) equipped with a thermal conductivity
detector and two columns (25 m long, 0.53 mm inner diameter,
PoraPlot Q for the quantification of CO

2
; 10-m long, 0.53-mm inner

diameter Molsieve 5A for the quantification of O
2
; Chrompack,

Raritan, N.J.). Helium was used as the carrier gas at a column flow
rate of 5 ml/min, and the oven was maintained at 30°C. Calibration
curves were prepared using different molar ratios of ultrahigh-purity
gases and helium.

Dissolved total carbon (by catalytic combustion) and dissolved
inorganic carbon (by acidification) were measured using a carbon
analyzer (Shimadzu 5050A series; Shimadzu Scientific Instruments
Inc., Columbia, Md.). To determine dissolved carbon, liquid samples
were filtered through 0.2-lm membrane filters. The dissolved or-
ganic carbon fraction was calculated as the difference between total
and inorganic carbon. Calibration curves were prepared following
standard procedures (APHA 1989).

Relatively high concentrations of biomass were measured
gravimetrically following the Volatile suspended solids method
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Table 2 Conditions and results
obtained in three monoterpene
biodegradation experiments.
The normalized degradation
rate is the maximum
degradation rate normalized to
biomass concentration
expressed as volatile suspended
solids. CSR1, CSR2, CSR3 2-l
continuously-stirred reactors;
NM not measured because of
lack of accurate biomass data

Experiment/ Reactor Inoculum Lag Maximum Normalized
compound type period degradation degradation

(h) rate rate
(mg l~1 h~1) (h~1)

Experiment 1
d-Limonene CSR1 Unacclimated 182 0.044 NM
a-Pinene soil A extract 200 0.029 NM
c-Terpinene 168 0.039 NM
Terpinolene 174 0.053 NM

Arbanol CSR2 Unacclimated 40 0.038 NM
Linalool soil-A extract 102 '0.48! NM
Plinol —" —" —"

a-Terpineol 94 '0.10! NM

Experiment 2A#

d-Limonene Serum tubes Acclimated 15 0.40 0.076
a-Pinene (from CSR1) 98 0.63 0.042
c-Terpinene 13 0.27 0.056
Terpinolene 28 0.47 0.089

Experiment 2B$

d-Limonene Serum tubes Acclimated 23 0.137 0.034
c-Terpinene (from CSR1) 19 0.101 0.025
Terpinolene 25 0.120 0.030

Experiment 3A
Linalool Serum tubes Acclimated 24 0.55 0.014

(from CSR2)

Experiment 3B
a-Terpineol CSR3 Terpineol-enriched 0 13.6 0.255

Soil-B extract

! Limited data available
" Lack of degradation
# Four hydrocarbon terpenes tested individually
$ Three hydrocarbon terpenes tested together

(APHA 1989). ATP measurements (Stanley 1989) using a lumino-
meter (model TD-20e; Turner Designs, Sunnyvale, Calif.) and/or
absorbance at 500 nm were used for experiments where low levels of
substrate resulted in low biomass concentrations that could not be
quantified by the volatile suspended solids method. Calibration
curves correlating volatile suspended solids with ATP as well as with
absorbance were used in low-biomass-yield experiments.

Results

Biodegradation potential

A summary of the conditions (i.e., reactor type, in-
oculum source) used in the biodegradation experiments
is given in Table 2. The first monoterpene biodegrada-
tion experiment lasted more than 30 days (Fig. 2). Vari-
able lag periods were observed— ranging from 160 h to
200 h, see Table 2 — and then, within a relatively short
period (about 30 h), the total mass (sum of both gas and
liquid phase) of each hydrocarbon terpene dropped
from the initial level to below the detection limit. In
contrast, the terpene mass in the azide-amended reac-
tor remained unchanged throughout the incubation

period. Repetitive additions of hydrocarbon monoter-
penes to the active reactor resulted in terpene degrada-
tion with rates similar to those depicted in Fig. 2 (data
not shown). However, in subsequent terpene additions,
the lag time was insignificant. In order to simulate
degradation processes taking place in natural environ-
ments, the inoculum used in the first experiment was
soil A extract, further diluted and used directly without
any prior enrichment. Therefore, the lag phase ob-
served with the first monoterpene addition was not due
to any acclimation of the culture to the test compounds
but rather could be attributed to the very low initial
microbial population density. Preliminary experiments
with soil-B-derived inocula resulted in a similar pattern
of monoterpene degradation (data not shown). CO

2
was produced in the actively growing culture, but,
because of the lack of equilibrium as a result of frequent
sampling and the small amount of monoterpenes used,
an accurate measurement of the CO

2
production rate

was not possible.
After about 100 h of incubation, linalool and ter-

pineol were depleted to levels below the detection limit
(see Fig. 3). The observed lag period was shorter than
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Fig. 2A–D Profiles of monoterpene hydrocarbons over the incuba-
tion period (soil A extract was used as inoculum). A Total mass in
the azide-amended control; B, C, D gas-phase, liquid-phase concen-
trations, and total mass in the live culture respectively

Fig. 3A,B Liquid-phase monoterpene alcohol concentrations as
a function of incubation time (soil A extract was used as inoculum)
A Azide-amended control; B live culture

that of the hydrocarbon terpenes (see Table 2). How-
ever, plinol was not degraded over a long incubation
period (in excess of 40 days) whereas arbanol was
degraded very slowly compared to the degradation
rates observed for both linalool and terpineol. Sub-
sequent repetitive additions of both linalool and ter-
pineol to this reactor resulted in complete biodegrada-
tion without any appreciable lag period and with
degradation rates similar to those observed with the
first addition of alcohol monoterpenes (data not
shown). The alcohol concentrations in the azide-
amended reactor remained unchanged over the entire
incubation period. From these observations it is
evident that plinol was not degraded by the culture
derived from the soil A extract. Arbanol was degraded

slowly, whereas linalool and terpineol were readily
degraded.

Another inoculum obtained from the wastewater sta-
bilization pond of a pulp-and-paper facility was used to
test the degradation of plinol further. A culture with
minimal medium and 10% (v/v) inoculum was main-
tained in a 2-l batch reactor with an initial plinol
concentration of 83 mg/l. After an initial 15% depletion
of the plinol concentration within the first 30 days of
incubation, its concentration remained unchanged for
the remainder of the incubation period of 110 days
(data not shown).

Plinol and arbanol had the lowest purity (90% and
93% respectively; see Table 1) of all monoterpenes
tested in this study. It was postulated that the observed
recalcitrance of both monoterpene alcohols might be
attributed to the presence of impurities in the commer-
cially available monoterpenes, which may be inhib-
itory. In order to ascertain the potential inhibitory
effect of these impurities, another batch biodegradation
experiment was performed by using three reactors con-
taining the following carbon sources: glucose, glucose
plus arbanol, and glucose plus plinol. An aerobic,
mixed culture derived from the soil B extract and en-
riched on glucose/acetate was used as the inoculum,
without prior acclimation to monoterpenes. On the
basis of the dissolved organic carbon, plinol, and
arbanol measurements over the incubation period,
neither the impurities nor the plinol or arbanol had
any significant inhibitory effect on the aerobic bio-
degradation of glucose (data not shown).

In another terpene biodegradation experiment,
limonene, terpinene and terpinolene were tested both
separately and together using serum tubes. Pinene was
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Fig. 4A,B Linalool (A) and terpineol (B) concentrations and bio-
mass profiles over the incubation period (alcohol-monoterpene-
acclimated and terpineol-enriched cultures derived from soil A and
soil B extract, respectively, were used as inoculum)

only tested separately. Mixed liquor from the hydrocar-
bon-terpene-amended reactor used in the first bio-
degradation experiment served as the inoculum. A
relatively high level of pinene was used in this experi-
ment to facilitate measurements of biomass and CO

2
.

Extraction of the entire contents of duplicate tubes
was practiced at different incubation periods to quan-
tify the hydrocarbon monoterpenes. Depletion of
limonene, terpinene, and terpinolene to levels below
the detection limit took place within 40 h of incuba-
tion without any lag period (see Table 2). Complete
degradation of pinene at a much higher initial con-
centration required a longer incubation time (approx.
170 h; data not shown). All azide-amended controls
showed insignificant terpene variation throughout
the incubation period (data not shown). The increase
in biomass and CO

2
concentrations paralleled the

depletion of pinene, further confirming that terpene
depletion was the result of biodegradation accom-
panied by microbial growth and mineralization. A
similar experiment was performed with linalool
and terpineol. Owing to the relatively high water solu-
bility of these terpenes, higher initial terpene concen-
trations were used in this experiment. The two alcohol
monoterpenes were quickly depleted without any lag
period. Increase in biomass (measured by absor-
bance) was the mirror image of terpene depletion, again
confirming that the loss of these compounds was due
to biodegradation accompanied by microbial growth
(Fig. 4).

Monoterpene mineralization

The d-limonene mineralization experiment lasted for
4 days. Final carbon measurements were performed
when the CO

2
production rate became negligible for

three consecutive measurements after the depletion of
d-limonene below the detection limit. At the end of the
experiment, the following carbon distribution was
found, based on the limonene-derived carbon initially
added (mean$standard deviation; n"3): gas-phase
CO

2
, 15.8$0.4%; dissolved inorganic carbon,

24.4$0.8%; dissolved organic carbon, 16.8$2.7%;
biomass, 31.1$2.3%. The overall carbon recovery was
88.1$3.6%. Therefore, a significant fraction of d-
limonene-derived carbon was accounted for as non-
extractable, dissolved organic carbon which was not
degraded within the 4-day incubation period. In a sim-
ilar terpineol mineralization experiment, less than 5%
of the initial organic carbon was found as dissolved
organic carbon at the end of the incubation period — in
contrast to 16.8% observed in the case of d-
limonene — which indicates a higher degree of terpineol
utilization.

Effect of other carbon sources on monoterpene
degradation

To assess the effect of dissolved natural organic matter
(dNOM) and other carbon sources on the biodegrada-
bility of terpineol, an experiment was conducted with
2-l batch reactors where terpineol alone or in a mixture
with other carbon sources was subjected to aerobic
degradation. Five reactors were set up with different
substrate combinations as follows: terpineol, terpineol
plus dNOM, terpineol plus glucose/acetate, dNOM,
and glucose/acetate. Each reactor was inoculated
(10%, v/v) with an enriched culture (derived from soil
B extract), semicontinuously fed with terpineol as the
sole carbon source. Glucose and acetate served as eas-
ily degradable carbon sources to assess further the
potential for preferential use of other carbon sources at
the expense of terpineol. The dissolved organic carbon
and terpineol concentrations were monitored over the
incubation period. The concentration profiles of ter-
pineol, glucose/acetate (as dissolved organic carbon),
and dNOM over the incubation period are shown in
Fig. 5. The degradation of the glucose/acetate mixture,
when used as the only carbon source, was complete
within 70 h of incubation. The degradation of terpineol
proceeded faster when the terpineol was present as the
only carbon source as compared to when dNOM or
other more degradable substrates (glucose and acetate)
were present. On the other hand, the dNOM degraded
very slowly and the presence or absence of terpineol did
not appreciably affect the rate and extent of dNOM
degradation (Fig. 5B). The observed decrease in the
terpineol degradation rate in the presence of dNOM
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Fig. 5A,B Terpineol, natural organic matter dissolved organic car-
bon (DOC), and glucose/acetate biodegradation profiles as affected
by the presence of other carbon sources. dNOM dissolved natural
organic matter

can not be attributed to dNOM sorption —which in
turn could lead to a reduced substrate bioavailability
— for two reasons. First, terpineol has a relatively low
octanol/water partition coefficient (log K

08
"2.975)

and its partition coefficient to dissolved organic carbon
is even lower (log K

$0#
"0.614; Li et al. unpublished).

Secondly, the decrease in the terpineol degradation rate
was higher when the glucose/acetate mixture was pres-
ent as compared to the terpineol degradation rate in
the presence of dNOM.

Discussion

The four hydrocarbon monoterpenes (d-limonene, a-
pinene, c-terpinene, and terpinolene) and the two alco-
hols (linalool and a-terpineol) were readily degraded
under aerobic conditions at 23°C by mixed cultures
derived from forest soils. The detection of CO

2
, the

increase in biomass concentration and lack of any
substantial change in the concentration of terpenes in
the azide-amended control reactors demonstrated that
biodegradation of the six monoterpenes took place and
that their disappearance was not the result for hydroly-
sis or any other physicochemical process (e.g., volatil-
ization of the hydrocarbon monoterpenes). The
observed low biodegradation rates of arbanol and lack
of biodegradation of plinol are not attributed to
any inhibitory effects (neither by the impurities of the
commercially available monoterpenes nor the mono-
terpenes themselves), but rather point towards the
molecular recalcitrance of these two compounds.

Synthesized from camphene, arbanol is not a natural
product, which might explain its observed very low
biodegradation rate. On the other hand, plinol is pre-
pared by pyrolysis of linalool, although it has been
reported as present in a natural oil (Boelens 1995).
Maximum monoterpene biodegradation rates, as well
as biomass-normalized rates are reported in Table 2.
A significant increase in the biodegradation rate of
hydrocarbon monoterpenes was achieved as a result of
prior inoculum acclimation (experiment 1 versus ex-
periment 2A). Testing of the hydrocarbon monoter-
penes individually or together (experiment 2A versus
2B) did not result in significantly different biodegrada-
tion rates. Long-term enrichment of the soil-B-derived
inoculum on terpineol resulted in about a tenfold
increase in the normalized biodegradation rate of
terpineol (experiment 3B; see Table 2).

The results of this study indicate that biodegradation
of terpineol resulted in a higher degree of mineraliz-
ation as compared to that of d-limonene. In previous
research, when the aerobic biodegradation of monoter-
penes was tested at concentrations as high as 2% (v/v),
significant portions of the original monoterpenes were
converted to intermediates and side-products, which
either degraded slowly or were recalcitrant (Dhavalikar
and Bhattacharyya 1966). It has been reported that
biotransformation of monoterpenes under nitrate-re-
duction conditions was accompanied by the formation
of trace levels of monoterpenes (e.g., a-terpinene from
either limonene or a-pinene; geraniol and geranial from
linalool) indicating that rearrangements of the carbon
skeleton take place (Harder and Probian 1995). Similar
rearrangements have been proposed for the aerobic
degradation of a-pinene involving a prototrophic re-
arrangement to form limonene, followed by methyl-
group oxidation and ring cleavage mediated by a b-
oxidation cycle (Shukla and Bhattacharyya 1968;
Shukla et al. 1968). However, in subsequent investiga-
tions of a-pinene biotransformation under aerobic con-
ditions, a different catabolic pathway was proposed
involving formation of a-pinene epoxide, ring cleavage
and formation of cis-2-methyl-5-isopropylhexa-2,5-
dienal, formation of cis-2-methyl-5-isopropylhexa-2,5-
dienoic acid and b-oxidation (Trudgill 1994).

On the basis of the above results, it can be concluded
that the monoterpenes used in this study —with the
exception of arbanol and plinol — are readily degraded
under aerobic conditions. Sorption of monoterpenes to
dissolved natural organic matter is not expected to
affect the rate and extent of monoterpene biodegrada-
tion significantly in natural aquatic systems.
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Biodegradation Regulatory Statement 
 

 

These products are all natural essential oils extracted from Citrus, Rutaceae.  Each is a mixture of 

monoterpene hydrocarbons with d-limonene as the predominant component.  These by-products of the 

Orange Harvest and Juicing Process are sustainable and biodegradable.  

 

 

 

 

 

 

 

 

 

 

Biodegradation: 

Due to volatility and water solubility issues, d-limonene is not a good candidate for the standard 

biodegradation test  (40CFR 796.334 Ch. 1 7-1-92).  However a number of 28Day Shake Flask Ready 

Biodegradability tests have been performed on emulsified d-limonene blends (these products are up to 

90% d-limonene content).  Once emulsified the d-limonene can undergo the standard testing 

procedures.  Test results indicate that these type products degraded 75.6% as determined by Total 

Organic Carbon reduction and 209% by CO2 evolution within 28 days and thus met the criteria for 

readily biodegradable. 

  

Limonene was shown to be readily biodegradable (41-98% degradation by biochemical oxygen 

demand in 14 days) under aerobic conditions in a standard test (OECD 301 C "Modified MITI Test 

(I)";OECD, 1981) (MITI, 1992).  Also in a test simulating aerobic sewage treatment (OECD 303 A 

"Simulation Test - Aerobic Sewage Treatment:Coupled Units Test"; OECD, 1981), limonene 

disappeared almost completely (>93.8%) during 14 days of incubation. (Schwartz et al) 

  

Additional studies in extracts and slurries prepared from soils of coniferous and deciduous forest 

indicate rapid and complete biodegradation of limonene in a closed bottle test.  Soil extracts from 

coniferous and hardwood watersheds were added to sealed flasks containing oxygen-saturated media 

that were preconditioned with limonene for 24 hours.  Limonene underwent 100% biodegradation after 

approximately 1 day in acclimated medium and after day 8 in non-acclimated medium. The authors 

concluded the limonene is completely degradable in extracts prepared from watershed soils of 

coniferous or deciduous forests [Misra et al., 1996]. 
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FCC Product Code Description Grade 

301000 Citrus Terpenes Technical 

302000 Orange Terpenes Food 

302001 High Purity Food HP 

302002 Ultra High Purity Food UHP 

330000 Orange Oil Midseason 

331000 Orange Oil Valencia 
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PROCESS CALCULATIONS 

Hearing Demonstration by Barclay Cuthbert 
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