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Abstract The respirometric BOD OxiTop method was
used to monitor the biodegradation of different chain
oils (mineral, rapeseed and tall oils) over 28 days in
groundwater, as well as in standard conditions described
by OECD 301 F. The aim of the study was to gather
more information about the biodegradability of forestry
oils in groundwater, as well as about the suitability of
the automatic OxiTop method for biodegradation
measurements. The BOD OxiTop method proved to be a
precise and reliable technique for determining the bio-
degradations of different oils. Some comparative studies
were also made using a traditional IR method in order
to clarify the total oil concentrations. The results show
that if biodegradation only is to be monitored, the Ox-
iTop method is preferable. This is due to the influence of
other reactions aside from biodegradation on total
hydrocarbon concentrations when using the IR method.
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Introduction

Environmentally sound operations are demanded in
modern forestry. Because groundwater is often used as a
drinking water source, the protection of forestry soil and
especially groundwater areas against contamination
from oil hydrocarbons is an important issue. The

potentially harmful effects of different oils on nature and
on forestry workers have been discussed recently [1].
Assuming that a total of 50 million cubic meters of
wood a year are logged in Finland, it has been calculated
that the total annual amount of chain oil discharged into
Finnish forests is as much as two million liters [2]. The
demand for the use of biodegradable oils in wood pro-
curement is therefore justified from an environmental
viewpoint. However, some harmful effects of biode-
gradable oils on forest machines have been reported [1].
Therefore, there is obviously a need to study the
behavior of forestry oils in nature. Our research group
has previously studied the environmental effects of for-
estry hydraulic and chain oils using biodegradation
studies and tree planting experiments [1]. Biodegrada-
tion of oils has been traditionally evaluated using dif-
ferent IR methods [3, 4]. However, IR measurements are
laborious and often contain sampling problems. They
also sometimes require a poisonous extraction solvent,
such as CCl4. In addition, evaporation of volatile com-
pounds and foaming can cause errors in determination.

The aim of the present study is to find good methods
of simulating the biodegradations of different types of
forestry oils—hydraulic, motor and chain oils—in a
groundwater environment and in forest soil. The aim of
this work was to evaluate the applicability of the respi-
rometric BOD OxiTop method for monitoring oil bio-
degradation in groundwater, using different chain oils as
model compounds. In addition, we also wanted to
gather more information on the biodegradations of
forestry oils. A comparative study was carried out using
the traditional IR method. Correspondingly and simul-
taneously, we have already used different forestry
hydraulic oils as model compounds in an earlier study
[5]. As far as we know, the BOD OxiTop method is a
highly reliable method for determining the BODs of
chemicals. The BOD OxiTop method can be used to
study aerobic biodegradation. Other phenomena affect-
ing the total concentrations of the studied chemicals do
not affect this measurement (chemical degradation,
evaporation, foaming), or they can be prevented
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(anaerobic biodegradation, nitrification). However,
published information on the use of the BOD OxiTop
method in environmental studies is still scarce [6–8].

It is worth noting that various studies regarding the
biodegradations of oils and petroleum products have
been carried out with methods other than BOD OxiTop
over the past few years. To mention a few, research has
been carried out by studying contaminated site bio-
remediation [9–13], method development [14, 15], com-
parison of aerobic and anaerobic biodegradation [9],
and comparison of different physical properties of oils
and oil biodegradation [16–18].

Experimental

Studied substances

The studied samples were common forestry chain oils.
Some of them were bio oils (rapeseed oils and tall oils)
and some were traditional mineral or recycled mineral
oils. The exact chemical compositions of the studied oils
were not determined. We examined the effect of oil type
(bio oil/mineral oil) on its biodegradation in groundwa-
ter. A smaller comparative study was carried out between
the use of the IR method (SFS 3010) [4] and the BOD
OxiTop method. Extra information on the behaviors of
these oils was gathered by carrying out tests in conditions
described by the OECD 301 F standard [19].

Groundwater experiments

A certain amount of oxygen is consumed during aerobic
biodegradation reactions of organic compounds. Car-
bon dioxide is produced at the same time and readily
absorbed by solid sodium hydroxide pellets. The respi-
rometric WTW BOD OxiTop method is based on very
accurate pressure measurement, and the consumption of
oxygen can be observed as diminished pressure. The
exact procedure for the BOD OxiTop method is de-
scribed in more detail in our previous article [5]. The
BOD value is calculated by the OxiTop instrument, by
applying the following equation:

BOD ðmg l�1Þ ¼ MðO2Þ
RTm

ðVtot � VlÞ
Vl

þ aTm

T0

� �
DpðO2Þ

ð1Þ

M(O2) is the molecular weight of oxygen (32,000 mg/
mol), R is the gas constant (83.144 l hPa mol�1 K�1),
Tm is the measuring temperature (K), T0 is 273.15 K,
Vtot is the bottle volume (ml), Vl is the liquid phase
volume (ml), a is the Bunsen absorption coefficient
(0.03103) and Dp(O2) is the change in partial oxygen
pressure (hPa).

The OECD 301F standard [19] is based on the idea of
providing the biodegradation process with favorable
conditions due to the relatively high concentration of the

chemical compared to that present in the environment.
Therefore, it is believed that if a chemical degrades sig-
nificantly in a laboratory-scale experiment, it will most
likely degrade in the environment too. We simulated the
conditions of a natural groundwater resource, and so no
nutrients, inoculum or nitrification inhibitors were ad-
ded to the groundwater. The OECD standardization
organization has labeled these tests as ‘‘simulation tests’’
[19]. The medium used in our studies was groundwater
supplied by the Paavola water treatment station [5]. A
blank test was always carried out when a new batch of
groundwater was used. The measurements were made at
a constant temperature of 20.0±0.2 �C.

Oil concentrations of 80–140 mg/l were used in the
groundwater experiments. The carbon contents of the
samples were determined in order to calculate the degree
of biodegradation. Two different methods were used: use
of a Perkin Elmer 2400 series II CHNS/O analyzer based
on combustion and determination of carbon as carbon
dioxide, and a COD method based on oxidation with
potassium dichromate.

Conditions described by OECD 301 F

Measurements were carried out in a nutrient solution
which contained KH2PO4, K2HPO4, NaHPO4Æ 2H2O,
NH4Cl, CaCl2, MgSO4Æ 7H2O and FeCl3Æ 6H2O in
concentrations given in OECD 301 F [19]. Waste water
was added as a microbe source, and nitrification was
prevented with n-allylthiourea. Oil concentrations of 90–
140 mg/l were used.

Infrared spectroscopy

Samples were prepared by mixing oils and groundwater
to obtain 50 mg/l solutions. A small amount of Triton
X-100 surfactant was added to the samples. Three rep-
licates were made from the oils. The sample bottles were
held in an incubation cabinet at 20.0 �C during the test
period. Measurement of total oil hydrocarbon concen-
tration was carried out according to the Finnish stan-
dard SFS 3010 [4]. The samples (50 ml) were extracted
using carbon tetrachloride (25 ml), and smaller subs-
amples were taken straight from the CCl4 layer for IR
measurements, which were carried out with a Bruker
IFS 66 infrared spectrometer. Absorbances at wave-
numbers 2,960 and 2,925 cm�1 were detected and inte-
grated. Calibration solutions were made from the same
oils as the samples.

Results and discussion

Carbon contents of the oils studied

The carbon contents of the oils, as determined by dif-
ferent methods, are presented in Table 1. The COD
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method gave somewhat different carbon contents to the
CHNS/O analyzer. The biggest differences can be seen
with mineral oil 1, tall oil 1 and mineral oil 3; 7.92, 3.96
and 2.97%, respectively. In our opinion, the CHNS/O
analyzer is a more suitable method for determining
carbon content.

Effect of oil type on biodegradation in groundwater

The biodegradations of different chain oils (mineral, tall
and rapeseed oils) were determined using the OxiTop

method in a groundwater environment. The biodegra-
dations of mineral oils and bio oils (tall and rapeseed
oils) are presented in Figs. 1 and 2; respectively. The
degree of biodegradation is defined as the ratio of the
biological oxygen demand (BOD) to the theoretical
oxygen demand (ThOD).

The degrees of biodegradation of the mineral chain
oils studied were mainly lower than those of the bio oils
studied in ground water. However, tall oil 1 biodegraded
only slightly better than mineral oil 2; the values of
BOD/ThOD after 28 days were 9.5 and 8.9%, respec-
tively. Mineral oil 2 was surprisingly biodegradable, al-
though it is not sold as an easily biodegradable oil!
Mineral oils 1 and 3 hardly biodegraded over 28 days.
Mineral oil 1 is almost non-biodegradable over the short
time period of 28 days; its degree of biodegradation was
as low as 0.7%. There were no big differences between
the biodegradability of tall oil 2 and rapeseed oils 2 and
3, for which the values of BOD/ThOD were 14.2, 12.9
and 11.9%, respectively. The biodegradation was still
effective after 28 days. In the same time period, rapeseed
oil 1 reached a BOD/ThOD value of 26.2% (Fig. 2).

The differences between the biodegradations of the
different oils can be explained by the different chemical
compositions of the oils, and therefore their different
biodegrading components. The slow biodegradation of
mineral oils shows that these oils contain components
that are difficult to biodegrade and even possibly haz-
ardous to the microbial population or a part of the
population (especially mineral oil 1), at least over a short
time period. Therefore, it is suggested that mineral oils
cause a substantially higher risk of endangering the
environment by contamination than bio oils do. How-
ever, mineral oil 2 is a moderately biodegrading oil. It is
a recycled oil which is produced from collected waste
mineral oils. This might have some effect on its biode-
gradability; some of its compounds degrade easily. The
reason for the better biodegradation of rapeseed oil 1
may be connected to its method of production (for in-
stance, no antioxidants are used). Although fast bio-
degradation is preferred from a natural point of view, it
can be harmful during use.

It is important to note that all the oils studied
exhibit some degree of biodegradation in groundwater
over the 28 day period (except mineral oil 4). This is
desirable, because all of the power chain oils used are
deposited directly into the environment during use.
Because they even biodegrade in a groundwater envi-
ronment, it is obvious that they should biodegrade
more effectively in forest soil, where there are more
minerals and microbes. This means that only small
amounts of the chain oils will reach the groundwater
layer, and that diminishes the risk of contaminating
groundwater. However, it has been noted that fast
biodegradation can produce some harmful degradation
products in high concentrations, which can cause a
contamination risk [20], but this requires more struc-
tural research on the degradation products to provide
proof in each case.

Table 1 Carbon contents of the forestry chain oils studied

Sample Carbon content (%)
CHNS/O analyzer

Carbon content (%)
COD methoda

Tall oil 1 78.64 82.6
Tall oil 2 79.82 78.9
Tall oil 3 77.20 –
Rapeseed oil 1 77.39 78.4
Rapeseed oil 2 77.27 78.7
Rapeseed oil 3 76.39 74.0
Rapeseed oil 4 76.95 –
Mineral oil 1 85.22 77.3
Mineral oil 2 80.19 79.7
Mineral oil 3 83.63 86.6
Mineral oil 4 85.22 –

aPotassium dichromate method

Fig. 1 Plots of BOD/ThOD versus time for mineral chain oils in
groundwater

Fig. 2 Plots of BOD/ThOD versus time for bio chain oils in
groundwater
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Precision of the respirometric BOD OxiTop method

We determined the precision of the BOD OxiTop
method earlier with hydraulic oils, and the relative
standard deviation of the degrees of biodegradation of
three replicates of the same hydraulic oil was only 1.06%
[5]. The precision of the WTW BOD OxiTop method
was tested and it also proved to be good enough when
determining the biodegradabilities of chain oils (Ta-
ble 2). The RSD values of two or three replicates were
generally small. The only large difference between the
results was observed with rapeseed oil 3. The reasons for
the high precision of the BOD OxiTop method are
accurate pressure measurements, relatively homogenous
groundwater, accurate temperature control, and no
problems with sample-taking.

Determining the biodegradations of chain oils
in conditions described by OECD 301 F

Standardized biodegradation tests, like OECD 301 F
[19], demand the use of extra minerals and microbes in
order to speed up biodegradation. We wanted to study
the biodegradation of chain oils in more optimal con-
ditions (Fig. 3). It is apparent from Figs. 1, 2 and 3 that
faster biodegradations occur for all of the chain oils in
conditions where extra microbes and minerals are pres-
ent. Rapeseed oils biodegrade most effectively. The ra-
peseed oils 2 and 4 had BOD/ThOD values of 60 and
63% after 28 days, and rapeseed oils 1 and 3 biode-

graded even quicker, with a BOD/ThOD value of 70%
after 28 days. Rapeseed oil 1 had not even reached the
stable phase after 28 days. Tall oils also biodegrade
effectively in these conditions. Their degrees of biodeg-
radation after 28 days varied between 47 and 54%. Tall
oils 1 and 2 are products from the same company, and
they probably have quite similar compositions, pro-
ducing similar biodegradations in these conditions.
However, the degrees of biodegradation of these oils are
not as close to each other in groundwater conditions;
significant differences can be seen between the behaviors
of these oils. Mineral oil 2 is also moderately biode-
gradable under these conditions, and this strengthens the
observations made in the groundwater tests. Mineral oil
4 also biodegrades in these conditions, whereas it does
not biodegrade at all in groundwater.

Abiotic degradation can also be a significant method
of degradation, especially with rapidly degrading sub-
stances. This property was previously tested with
hydraulic oils [5] and observed to be only minor. The
most rapidly biodegradable chain oil (rapeseed oil 1) was
selected for the abiotic degradation test. A test sample of
rapeseed oil 1 in distilled water was boiled for 15 min in
overpressure to kill microbes. This water–oil sample was
cooled to room temperature overnight and then a BOD
OxiTop measurement was carried out at 20 �C for
28 days. The degree of abiotic degradation of rapeseed
oil 1 was 7.6% after 28 days. So, abiotic degradation can
have some influence on degradation, but it is not major
and it is probable that abiotic degradation is signifi-
cantly minor for oils that degrade more slowly than
rapeseed oil 1.

Comparison of the BOD OxiTop method
with the traditional IR method

One traditional way to measure biodegradation of sub-
stances is to use IR spectroscopy. However, the sub-
stances studied should not contain volatile or foaming
compounds, because they can cause loss of the studied
substance without biodegradation. A standardized

Table 2 BOD/ThOD values (%) of chain oils after 28 days in a
groundwater environment

Sample Result 1 Result 2 Result 3 Average SD RSD
(%)

Rapeseed oil 1 26.19 26.36 26.06 26.20 0.12 0.48
Rapeseed oil 3 11.87 10.80 – 11.34 0.54 4.72
Mineral oil 2 8.94 8.60 – 8.77 0.17 1.94
Tall oil 2 14.20 14.36 – 14.28 0.08 0.56

Fig. 3 BOD/ThOD values of
chain oils in conditions
described by OECD 301 F
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method for determining the biodegradation of oils in
optimal conditions using IR is CEC L-33-T-82 [3].
However, in our IR measurements we used the Finnish
standard SFS 3010 [4], which has been developed for
determining the amount of oil and grease in water and
soil. Extra microbes were not added, which is why the
CEC standard was not used in our measurements. Three
chain oils (mineral, rapeseed and tall oil) were used as
test substances to compare the traditional IR method
(Fig. 4) with the OxiTop method (Fig. 5).

It is apparent from the results that the change in
the hydrocarbon content was much bigger than the
degree of biodegradation over the same time. The
reason for this observation is quite obvious; these two
methods do not measure exactly the same parameter.
The OxiTop method gives the degree of biodegrada-
tion: the amount of oxygen used in the degradation of
organic carbon compared with the theoretical oxygen
consumption, in percent. The biodegradation observed
is only due to aerobic biodegradation. The IR method
gives the total concentration of hydrocarbons in the
samples. It gives no information about why the
hydrocarbon content has diminished. The IR method
does not separate aerobic and anaerobic biodegrada-

tion, evaporation of volatile compounds, nitrification,
and so on. This is very obvious with the mineral oil
sample. Mineral oil 4 did not biodegrade at all in
groundwater over 40 days when the measurement was
performed with the OxiTop method. However, the
hydrocarbon content of the mineral oil diminished by
about 25% at the same time. The BOD values of the
groundwater and mineral oil 4 were almost the same;
the BOD value of mineral oil 4 was even slightly
smaller. Therefore, no degree of biodegradation could
be calculated for mineral oil 4, whereas tall oil 3 and
rapeseed oil 4 are moderately biodegradable, having
BOD/ThOD values of over 12% after 28 days in
groundwater. Of course, if no volatile compounds are
present and reactions other than aerobic biodegrada-
tion are not probable, then the IR method is however
suitable for determining the biodegradation of sam-
ples.

Conclusions

The respirometric BOD OxiTop method proved to be a
reliable method for monitoring the biodegradations of
power chain oils under different conditions. Our results
support the known fact that plant-based bio oils are
generally rapidly biodegradable. What should be noted
is that almost all oils exhibit some kind of biodegrada-
tion in the groundwater environment, which is impor-
tant, because all of the chain oils used pass into the
environment during their use. It is a totally different case
with hydraulic oils, which are only deposited into the
environment by accident.

The results show that there is a need to study the
biodegradation of forestry chain and hydraulic oils in
typical forest soils, and to study drifting processes of
forestry oils through the soil layer (using leaching
experiments for example). Also, degradation products
and microbial activity should be studied in more detail.
These studies enhance our understanding of the behav-
iors of forestry oils spilled into the environment.

Fig. 4 Change in hydrocarbon contents of chain oils as a function
of time, as determined by IR spectroscopy

Fig. 5 Plots of BOD/ThOD
versus time for chain oils, as
determined by the BOD OxiTop
method
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