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ABSTRACT

The btodegradability  of various  biodiesel fuels including Neat Rapeseed oil (NR) and Neat
Soybean oil (NS) as well as their modified products Rape Ethyl Ester (REE), Rape Methyl
Ester @ME), Soyate Ethyl Ester (SEE), and Soyate Methyl Ester (SME), and the blends of
REE/diesel  at different volumetric ratios in the aquatic environment was determined by the
standard CO2  evolution method (EPA 560/6-82-003)  and calibrated by gas chromatography
(GC) analysis. The results were compared to those of Phillips 2-D reference diesel. The
biodegradation rates of REE at varying concentrations were also tested by both methods.
The results demonstrate that all the biodiesel fuels are readily biodegradable compounds.
Moreover, cometabolism was observed in the biodegradation of the mixture fuel. In the
presence of REE, the degradation rate of diesel increased three times that of diesel alone as
the sole carbon source. The biodegradation pattern in the mixture is discussed; the reasons
why biodiesel is more readily degradable than diesel is discussed; and the results from both
CO2  evolution and GC methods are compared.

INTRODUCTION

As biodiesel fuels are becoming commercialized (Peterson et al., 1995). their fate in the
environment is an area of concern since petroleum oil spills constitute a major source of
contamination of the ecosystem. Among these concerns, water quality is one of the most
important issues for living systems. Even through biodiesel consists of mainly fatty acids, it
is not desirable if it accumulates in the waterways. As early as the 1970s.  investigators
(Novak and Kraus, 1973) reported that long chain fatty acids, either free or combined,
comprise about 80 percent of the grease fraction in sewage. Grease has been found to make
up 23 to 52 percent of the total organic fraction in sewage. Therefore, it is important to
examine the biodegradability of biodiesel fuels and their biodegradation rates in natural
waterways in case they enter the aquatic environment in the course of their use or disposal.

Cometabolic biodegradation (cometabolism) is a term used to describe the process in which
microorganisms use a second substrate (readily degradable) as the carbon (energy) source to
degrade the first substrate which otherwise is scarcely attacked by the microorganisms when
it is the sole carbon source. It is especially significant for degradation of resistant substances.
The biodieseVdiese1  mixture fuel is a common fuel in use. It is therefore of interest to
investigate the degradation pattern of the blend. Cometabolism is expected. If it occurs,
biodiesel would promote and speed up the biodegradation of diesel.

’ The authors are Graduate Assistant, Professor, and Engineering  Technician, Department of Agricultural
Engineering and Director and Project coordinator, UI Analytical Science Lab., Food Science and Toxicology
respectively. All are at the University of Idaho, Moscow, Idaho, USA.



There are many test methods for biodegradation. Among them, CO2  evolution test (shaker
flask system), which is based on ultimate degradation (mineralization), is relatively simple,
economical, and environmentally safe in the sense that there are no toxic reagents involved.
Under aerobic conditions and nutrient supply (N, P), microorganisms will metabolize a
substance to two final products, CO2 and water. Therefore, CO2  is presumed to be the
prevalent indicator of organic substance breakdown. If the substrate is the only carbon
source, the amount of CO2  evolved will be proportional to the carbons consumed by
microorganisms from the test substrate. Thus, the percentage of COz  evolution is
proportional to the percentage of substrate degradation. However, it is an indirect method
since it does not directly measure substrate disappearance. In contrast, gas chromatography
(GC) analysis is a direct  method but it detects primary degradation which can be associated
with a changed structure only (Lyman, et al., 1990). Most biodegradation research employs
only one of them. It is more economical if the majority of biodegradation experiments are
based on the COs  evolution method and calibrated by GC method under the same
experimental conditions.

This report tested the biodegradability of various  biodiesel fuels and diesel fuel; exammed
the biodegradation pattern in the PEE/diesel blend, investigated the biodegradation rates for
REE and compared them with those for the diesel in the aquatic environment by the CO*
evolution method (EPA, 1982) and calibrated the results by GC analysis.

MATERIALS AND METHODS

Shaker flask system. A specially equipped 2 liter Erlenmeyer flask (Fig. 1) (EPA, 1982)
contains 100  ml of inoculum, 900 ml deionized and distilled water (DIW), 1 ml of each
stock solution (Table l), and the required amount of test substrate. A reservoir holding 10 ml
of barium hydroxide solution is suspended in the flask to trap COz.  After inoculation, the
test flasks are sparged with CO2  free air (flasks were aerated with compressed air that had
been scrubbed free of CO?  by passage
through a series of three 2-  liter bottles
each containing 1000  ml of 5N NaOH)  to
ensure aerobic conditions and that CO?  is
trapped only from microorganism’s
metabolizing the test substrate. The flasks
were sealed and incubated with shaking in
a dark room.

Inocuium. 1000 ml DIW dissolves Ig of
organic matter rich soil, 2 ml of activated
(aerated) sewage mixed liquor, 50 ml of
raw domestic sewage water, 25 mg/L  of
Difco  vitamin-free casamino acids, 25

2 L Erlcnmcycrflask

1000  ml of media:
100 ml inaculum

1 ml each  stock
Y mg C of substrate

00 ml dd water

mg/L  of yeast extract, and 1 ml of each
stock solution I, II, III (Table 1). For test
system I and II (Table 2),  test compounds

Figure 1. Shaker Flask System
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were added at concentrations equivalent to 4,8,  and 8 mg carbon/l  by calculation on days 0,
7, 11, respectively. At day 14, refilter the inoculum through glass wool. The inoculum is
ready for use. For test system III. the acclimation period is 2 to 3 days to simulate a real oil
spill situation.

Measurement of CO2  evolution. Periodically, the 10 ml of Ba(OH) a plus 10 ml rinsing
water (DIW) is removed for COa  measurement by titration with 0.1 N HCl  to the
phenolphthalein end point. The reservoir is refilled with fresh Ba(OH) a.  All the samples are
analyzed at time zero and at least four other times in a 28 day period to allow for a smooth
biodegradation plot for test system I and II and in 6-21 days for test system III (because the
purpose of test III is to obtain the maximum CO1  evolution rate for each concentration). 3 ml
of 20% HSO,  are added on the day prior to terminating the test. The percentage CO?
evolution-is based on the following formula:

% C O ,  evolulion  = TF-CF x 100%
C

(1)

where,
TF = ml of 0.1 N HCI required to titrate Ba(OH),  samples from the test flask;
CF = ml of 0.1 N HCl  required to titrate Ba(OH)I  samples from the control flask;
C = A constant which is equal to the theoretical amount of O.lN HCl  required to
titrate ah the CO2  evolved from metabolizing total carbons in the test substrate by
bacteria. For example, for 10 mg carbon: C = 16.67 ml of O.lN HCl.

GC analysis method. The GC method involves extraction of the samples with solvent and
injection of a portion of the extract into a gas chromatograph.  Quantification  is
accomplished-by using internal and
external standards. In the extraction, the Table 1. Medium employed for assay of CO, evol.

sample is first  acidified to about pH  2.0 or
lower by adding 5 ml hydrochloric acid
(1: 1) to the sample flask. 1 ml of internal
standard is added to the sample and it is
shaken to mix well. Then, 30 ml of
extraction solvent are added and the
mixture is vigorously shaken for 2 minutes.
The layers are allowed to separate. The
solvent layer is passed through a funnel
containing sodium sulfate to extract water
out of the solvent. The process is repeated
several times if there is still moisture in the
extract. The extract is transferred to a vial,
sealed, and kept in a refrigerator (4°C)
prior to GC analysis.

stodt  Solution Campound
I NH.CI

WO.
KHP0..3H,O

NaH,PO,.H.O
II* KC1

WO.
FeS0..7H,O

III Cd.

ZnCl,

MnC1,.4H,O

CUCI,

cocl,

H&Q
MOO.

Cone. (g L’)

3 5

1 5

7 5

25

10

2 0

5
0 . 0 5

0.5
0 . 0 5

0.001

0.001

O.CGQ4

The parameters of GC analysis were 1) For
* = Final pH is adjusted to 3.0 with HCI.



biodiesel: methyl 17:0 acted as the internal standard (concentration = 0.003 g ml-‘) and
hexane  was the solvent. The instrument used was an HP 5890 series II GC equipped with a
flame ionization detector @ID), J&W DB-23 (30m x 0.25 mm I.D. 0.25 pm film thickness)
column. The temperatures were: injection port 250°C.  detector 300°C. oven initial 215°C
for 3 min.  and final 230°C by a rate of 3Vmin.  For time 0 samples, injected 1 1.11  of the
extract at 100: 1 split ratio. For the rest of the samples, injected 5 ~1  of extract at 50: 1 split
ratio if concentrations were too low. 2) For biodieseYdiese1  mixture: the internal standard
was 2-fluorobiphenyl  and the extraction solvent was methylene chloride. The instrument
used was an HP series II 5890 gas chromatograph  equipped with a capillary fused silica DB-
5MS  column (25 m by 0.21 mm by 0.33 pm; J&W Scientific, Folsom, Calif.)  and MS
interface. The interface temperature was set at 280°C. The MS detector was set initially at
250°C. A linear gradient of the oven temperature from 100°C to 320°C at 20°C /min  was
used. The concentration of substrate at time 0 (initial concentration) minus the concentration
at sampling time over the initial concentration will yield percentage of degradation.

Test system design. A total of three test systems were conducted (Table 2). System I was to
compare the biodegradability of different biodiesel fuels and diesel. System II was to test the
biodegradability of mixtures of RElYdiesel  at different ratios (v/v). In system III varying
concentrations of REE and diesel from low to high were tested to obtain the biodegradation
rates. All the results from CO2  evolution were compared to those from GC analysis. Dextrose
was the reference compound and the three flasks which contained HgQ  were for inhibition
control of microbial activity.

The composition of test substrates. The test substrates included: Rape Ethyl Ester (REE),
Rape Methyl Ester (RME), Neat Rapeseed Oil (NR), Soyate Ethyl Ester (SEE), Soyate

Table 2. Test system design

Svstem Substrates~.
me  c&al  L”

IA REE, RME. SME IO co1
SEE, NR. NS, D-2

IB REE IO G C

IIA

IIB

IllA

IIIB

REWdiesel  blend2 co2
v/v = 80/20.  so/m IO

20/80
REE, REE50/dSO,  D-2 10 G C

4, II. 16.32,40.50,60, CO1
REE and D-2 80, 100.  120,  150,  180,

zoo. 3cQ500,  lcoo
REE 50, loo. 2ca  500. loou CC

Methyl Ester @ME),  Neat Soybean Oil @IS),  and Phillips 2-D diesel (diesel or D). The
composition and specific properties of biodiesel fuels are listed in Table 3 and of Phillips 2-

2Biodiesel/diesel  at different ratios (v/v), i.e.,  SO/20  = 80% of REE : 20% of diesel, and etc.



D diesel in Table 4. REE and RME were made by the Department of Agricultural
Engineering (Peterson et al., 1991) from neat rapeseed oil and SEE and SME from neat
soybean oil using a transesterification  process. A more complete description of the process
and a complete set of fuel characterization data is given in Peterson et al. (1994).

Table 3. Composition3 and main specific propertie~~,~  of Biodiesel

Rapeseed RME REE Soybean
Fatty acid components ConcenrIation  (%)

Palmitic  (16:O) 2.6 2.2 2.6 10.0
Stark  (18:O) 1.0 0.9 0.9 3.8
Oleic  (1a:l) 13.5 12.6 12.8 19.0
Linoleic  (18:2) 11.7 12.1 11.9 55.7
Linolenic  (Ia:3) 7.4 a.0 7.7 10.2
Eicosenoic (20: 1) 8.5 7.4 7.3 0.2
Erucic  (22: 1) 48.9 49.8 49.5 0.0

Major specitic  properties

Specific gravity, 60/6O 0.910 0.880 0.876 0.921
Viscosity CS @  4OT 46.7 5.65 6.17 32.58
Net heat combustion, MJ/kg 40.4 37.77 38.00 39.02
Carbon. wt% 79.48 78.7 76.83 82.10
Hydrogen, wt% 11.81 12.66 11.80 N/A
Percent esterified 98.02 94.75

SME SEE

9.9 10.0
3.8 3.8
19.1 la.9
55.6 55.7
10.2 10.2
0.2 0.2
0.0 0.0

0.886 0.881
3.891 4.493
37.04 37.44
82.44 83.4
12.90 11.87
98.17 94.54

Table 4 Composition and major physical properties of Phillips 2-D reference fur&

Components (hydrocarbon type) Volume (%)
Saturates 66.2

Aromatics 29.9

OktiIlS 3.9

Physical properties RWdt.5 Specifications Method

Specific gravity, 60/60 0.8466 Repon ASTM D-4052

Flash point “F, PM 152 130 min ASTM D-93
Viscosity, cs  40 C 2.7 2.0-3.4 ASTM D-445

Net heat of comb., BTU/lb 18452 Report ASTM D-3338

Net hent of comb., MJkg 42.90 Report by UI

Carbon. wt% 86.8

Hydrogen, wt% 13.2

Determination of biodegradation rates. Determination of biodegradation rates from COz
evolution (mineralization rates) employed the Warburg method used by Novak and Kraus
(1973),  but the method was modified. Varying substrate concentration of REE were added

‘The analysis was made by Plant Science Lab, University of Idaho.
‘The analysis was made by Chemical Lab of Agricultural Engineering Lab, University of Idaho.
5  Reece. 1995.
6The  analysis was made by Specialty Chemicals. Phillips 66 Company, A division of Phillips Petroleum
Company.



into test flasks and the rates of CO2 evolution were measured. Initial slopes of all CO2
evolution curves are taken to represent
the rates of CO* evolution for the initial
substrate concentration. These rates

CO2 evolution Vs tims (canc.=lO  rig/L)

were multiplied by the initial
concentrations of the test substrate to
convert CO2  evolution rates to
mineralization rates, qM s (mg L-’  day- - R E E

‘). The rate for each concentration -RtvF

obtained as previously described will - S E E

be plotted against the initial substrate
-SM

concentration in each flask to determine
the maximum mineralization rate qMmax. --#2

0 5 10 rirpe’5w)  20  25 30

biodegradation from GC analysis was
done by subtracting the substrate Figure 2. CO2 evolution from seven  biodiesel and diesel

concentration at sampling time from the
fuels  in 28 days when font.=  10 mg/L

initial substrate concentration, and the result was divided by the initial concentration. The
biodegradation rate determined from GC analysis is expressed as the term of specific
substrate removal rate, q, (mg L-t  day-‘), which equals the initial slope of the substrate
disappearance curve.

RESULTS

Biodezradabilitv of different biodiesel fuels (System  1)

The percent accumulated CO, evolution of six biodiesel fuels REE, RME, SEE, SME, NR,
and NS and the diesel in 28 days is summarized in Table 5 (All triplicates are averaged and
an arithmetic mean, standard deviation, and RSD% is calculated). The maximum percent
CO?  evolution from the flasks of REE, RME, SEE, SME  were between 85.54-

Table 5. CO*  evolution from different substrates (cont. = 10 mg/L,)

Days co,  evolutton  R)
REE RME SEE SME N R N S 2-D dextrose

0 0% 0 % 0 % 0% 0 % 0% O.CG% O.OJ%
7 6 9 . 0 1 %  66.32% 67.68% 68.4% 58.3% 60.57% 13m% 59.84%

1 4 79.15% 80.72% 78.40% 77.83% 70.47% 70.12% 21.04% 80.19%
28 06.92% 8B.A9% 86.40% 85.54% 78.45% 75.95% 26.24% 87.79%

88.49% in 28 days, the same as that of dextrose. It indicates there is no difference in their
biodegradability. The maximum percent CO, evolution from neat rapeseed oil and neat
soybean oil flasks were 78.45 and 75.95% separately, which are slightly lower than their
modified products. Yet, the CO, evolution from the diesel flasks was only 26.24 %



(average). The increase of the percent accumulated CO, evolution with time is graphically
shown in Fig. 2. The data fits the exponential model well (Equation 2).

Table 6. Substrate disappearance Vs time by
GC analysis

R E E Diesel
d a y s  cont. d e g .  (%)  cont. deg.

(mzL/L) (m& f%)
0 IO.00 0.00 I0.W 0.00

I 3.82 61.80 8.37 16.27
0 1w.00 6.41 35.90

4 0 4.65 53.54

Substrate disapperance  Vs time
(Cone  = 10 mgL)

-PE
i t ciese,

k

L

A

0 1 Time?days)  3 4

obvious that the primary biodegradation
rates of REE and the diesel are much
faster than the rates of mineralization (by
CO, evolution method).

Biodegradation of biodieseUdiese1
mixture fSvstem  II>

The percent CO?  evolution from

y=a(l-e-b=)  f o r  x>c (2)

where, y = the accumulated percent CO?
evolved at day x; x = time in days; a =
asymptote of CO2  evolution curve (percent
total CO& b = rate constant of CO*  evolution,
day-‘; c = lag time before CO2 evolution
begins, days.

The substrate (REE and diesel) disappearance
versus time and percent degradation by GC
analysis are given in Table 6 and plotted in
Fig. 3. As they illustrate, within one day,
6 1.83% of fatty acids in REE disappeared
while diesel was 16.27%. All the fatty acids in
REE were not detectable after day 2. It is

,oo%C02  ewlution  Vs time (concA0  mgL)
T90% 0

SO%

$$70%

g 60%
= 50%
9
a 40%
; 30%

20%
10%
0%

0 5 lo Time’$ays)  ” 25 3o

Figure 4. CO2 evolution from REFJdiesei  mixtures after
non-linear regression when cone.=  10 mg/L

REE/diesel  mixtures increased with the increase of REE concentration in the mixture

Table 7. CO2 evolution from REE/dieseI  mixtures

days cot  evolution (%,
REElOO RWd20 R50ld50 R20ld80 dlO0

0 0% 0% 0% 0% 0%
7 M.fx?G 52.33% 37.85% 25.24% i 2.08%
14 77.51% 61.26% 45.74% 31.5% 14.96%
28 84.37% 67.82% 51.90% 35.67% 18.18%
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proportionally (Table 7 and Fig. 4). Higher REE concentration in the mixture produced
higher percentage of CO1  evolution, and therefore, better biodegradability. This relation can
be described by a linear equation Y = 0.596 X +0.207  with R2 = 0.970 (95% confidence

Table 8. The dynamic constants of CO, evolution for different
REFIdiesel  mixture.?

REEIOO RSO/dZO R50/d50 R?O/dSO  D i e s e l 1 0 0

a 0.8163 0.6419 0.4870 0 . 3 2 2 7 0 . 2 2 1 4

b 0 . 2 3 3 6 0.2259 0.1745 0 . 1 7 0 9 0.1169

limit), where X = the concentration of RFE in a biodiesel mixture and Y = the maximum of
CO?  evolution after 28 days). The CO2 evolution data fit the exponential model (Equation 2)
very well by SAS non-linear regression (Fig. 4). The constants a and b for different mixtures
are given in Table 8.

Again, GC analysis shows much faster degradation
rate in the mixture. At day 1,  61.63% REEfdiesel

Table 9. Tbe disappearance of diesel
in different media

mixture was degraded and about 95% disappeared
after day 4. A interesting result is that the diesel in days diesel in diesel alone
the mixture was degraded three times faster than mixture
diesel alone, 56% versus 16.27% at day 1 (Table 9 0 0 0

1 56.49% 1 6 . 2 7 %
and Fig. 5). It suggests that in the presence of 4 94.7946 53.5490

REE, microorganisms use the fatty acids as an
energy source to promote the degradation of diesel. A comparison of GC identification in
these two cases is shown in Fig. 6. From the GC peak identification of diesel (top part), there
is no significant change in the peak counts between time 0 and day 1 when diesel alone was
the sole carbon SOL&.  However, the diesel
peaks in the REE/diesel  mixture (bottom part
of Fig. 6, the peaks for fatty acids of REE are
at the right and so do not show) decreased
significantly within one day (only the internal
standard peak, retention time = 7.072  min.,
remains the same which indicates the same
extraction efficiency).

Degradation of disel  in biodieseildiesal
m ixtura  and diesel alone

-diesel  in  mixture
t diei alone

The biodegradation pattern of the mixture can
be learned by comparing the percent
degradation of REE and diesel in the mixture
at day 1, 61.81% Vs 56.4%. It is clear that the
microorganisms attacked the fatty acids in
REE and alkane  chains in the diesel at the

0 1 Tim&days) 3 4

same time and at almost same rates  instead of Figure 5. Degradation  of diesel in biodiesel  /diesel
favoring the fatty acids only. mixture shows three times faster then  diesel alone

as  sole carbon source (when cow.  = 10 mg/L.)



GC Identification of Diesel (10 mg/L)

GC Identification of Diesel in the Mixture

4 s d lb
Thlc <min.,

Figure 6. GC identification of diesel components at time U and day 1. The
top part is the case of diesel alone as the sole carbon source and shows
almost no difference at the area counts between time 0 and day 1:  the
bottom part shows the case of diesel in biodieseYdiese1  mixture and
demonstrates the significant change in area counts. In both cases,
concentration of die.4  is 10 m&
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Biodegradation rates of biodiesel
(Svstem  III).

The mineralization rates (qM)  for REE
determined by the CO2  evolution versus
REE concentrations is shown in Fig. 7
When the REE concentration is below
180 mg L-‘,  the rates increase with an
increase in REE concentrations linearly
(R” = 0.95). However, when REE
concentration is greater than 200  mg L-‘,
the qMs  stay almost constant. The
maximum mineralization rate for REE
was approximately 25 mg L-’  day“. The
pattern of the CO, evolution rates of the
diesel changing with the concentration
was almost the same as that of REE (Fig
8),  but the maximum mineralization rate for
the diesel was about 12.5 mg L-’  day-‘,  half
that of REE.

REE disappearance with time and volumetric
substrate removal rate, q.,,  for each REE
concentration are summarized in Table 10.
The maximum degradation rate, qVW.  for
REE is about 160 mg L-’  day-‘, which is 6.4
times higher than the maximum
mineralization rate, qivrrnU  (= 25 mg L“ day”),
obtained by CO1  evolution. The q, s plotted
against REE concentrations is illustrated in

.
125 A-*

i
,000

Figure 9. The dynamic response of
biodegradation rates of REE determined by
GC analysis to the increase of REE
concentration (O-1000 mgIL)

Mineraliiation  rates Vs REEconc.

0
%k .A%"*r~~~  (mgly 'OoO

Figure 7. The dynamic response of mineralization
rates of REE determined by CO>  evolution to the
increase of REE concentration (O-1000 mg/L)

Mlneraliiation  rates  Vs diesel corn.
1 4

T

*
12 - .

so
.

-8
2

A A

Es .

g4

2

0i’:

:A

.’ :’
’ &?z  die@1  &#ntA?Pon  &$L)  4~’

Figure 8. The dynamic response of mineralization
rate  of 2-D diesel determined by CO1  evolution to
the increase of die.sel  concentration (O-500 mg/L)

Fig. 9 . By

Table 10. REE disappearance with  time
by GC analysis

days REE concentration (mg/L)
0 50 lco zca 93 1KKl
2 10.59 23.45 31.54 213.78 682.02
5 0.09 2.62 13.55 153.36 598.80
1 4 0.W 0.87 3.23 18.76 40X0

%deg.  lW.O%  99.1% 98.4% 96.3% 60.0%
q” 19.71 38.25 84.23 143.11 158.99



comparing Fig. 6 and Fig. 9, one can  see that both follow the same pattern.

Calibration

A comparison of percent REE degradation
in 14 days by CO?  evolution and in 5 days
by GC method (because both have different
rates) is summarized in Table 11 and
schematically shown in Figure 10.
Apparently, they have the same trend. Their
relation could be described by linear
equation with slope =l: % degradation = %
CO?  evolution + 11.0% (Fig. 11). From a
comparison calibration curve (Fig. IZ),  one
can see that both maximum CO2 evolution
rate and substrate depletion rate happen
within 5 days.

Calibrat ion curve
105% T

30% 50% 70% 9 0 %
%CO2  evolution

Figure 21. Calibration curve (REE concentration
= 100 mglL“.

DISCUSSION

The experiment shows that biodiesel is much
easily and faster degraded than diesel. There
are several reasons explaining this. Fist, the
rate of a catalyzed reaction is regulated by the
amount of catalyzing enzymes that are present
in the cell. In other words, for a biochemical
process to occur rapidly, appropriate enzymes

A comparison of GC and CM

-A-GC
-CO2

0 2M)
F&E:%en*rat,o”

600.  800 IWO

Figure 10. A comparison of percent degradation
fmm CO2  evolution in 14 days and GC analysis in
5 days when REE concentration = 100 q/L-‘.

Table 11. A comporfwn  of degradation

CO”C. % degradation
(mg  /L) CO, On 14  days) GC (in 5 days)

50 8 8 . 4 5 % W.838

1W 8 7 . 1 1 % 9 7 . 3 0 %
2w 8 0 . 5 9 % 9 3 . 2 2 %

x0 55.66% 6 9 . 3 3 %
ICC0 32.z% 4 0 . 1 2 %

Comparison calibration

0 5 days  IO 15

Figure 11. A comparison calibration (REE
concentration = 100 mpn-‘.
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must be available. Biodiesel is a natural product consisting of pure fatty acids, the enzymes
responsible for their breakdown also naturally exist. All the fatty acids are even hydrocarbon
chains in ester form with two oxygen atoms attached which makes them very biologically
active. The enzymes such as Ace@-CoA dehydrogenase can recognize and attack them
immediately. In the process of degradation, fatty acids are oxidized at the p carbon (hence p
oxidation) and degraded to acetic acid and a fatty acid with two fewer carbons (&bay,
1993). On the other hand, diesel consists of a large amount of alkane  and alkene
(hydrocarbon chains from CIO-C20)  without oxygen attached, therefore, they are not
biologically active. The natural enzymes may not recognize them. However, bacteria have
very strong adaptability. They can either produce new enzymes or mutate the original genes
of enzymes to adapt new products, especially during times of starvation. According to Pave1
Pitter (Pitter and Chudoba, 1990),  initial m-oxidation of the terminal CH, group to the
carboxylic group is the main metabolic pathway during the biochemical oxidation of alkanes
(monoterminal oxidation). This is followed by P-oxidation of the aliphatic chain. Finally, the
composition of diesel is much more chemically complicated then biodiesel. Except for
alkanes and alkenes, it also contains aliphatic cyclic hydrocarbons, polycyclic aromatic
hydrocarbons (PAHs), and alkylbenzenes,  as well as their  derivatives such as toluene,
xylenes, PCBs (phenyl and biphenyls), and so on. Alkylbenzenes  are toxic to
microorganisms. Benzene itself is very stable, and therefore, needs more energy for
microorganisms to open the ring (Cole, 1993).

Another theoretical question to address is why mineralization rates determined by CO*
evolution method is much slower and lower than the degradation determined by GC
analysis. There are at least three reasons accounting for this. First of all, microbial
breakdown of fatty acids to CO2  and Hz0 is a complex process and consists of a series of
reactions. It begins in the cytosol and completes in the mitochondrion and involves totally
different enzymes located in different places within the cell. At the first stage of
metabolism, substrates are transported across the plama  membrane of a cell by specific
enzymes. At the second stage, they are transported again into the mitochondrion where
degradation of fatty acids occurs by P-oxidation with two carbon atoms less in each
degradation cycle. Apparently, it takes some time for cells to digest 16-22 carbon chains.
The GC method detects only the result of the first stage (substrate disappearance) and CO2
method examines the latter one (digestion). Secondly, a portion of the carbons from the
substrates will be assembled into cell structure instead of being converted to COz  Higher
substrate concentration, more significant cell growth, more carbon incorporated into cells,
and therefore, less CO2 detected. Thirdly, it is possible that some fatty acids are broken
down to intermediates accumulated in the media so that there are no fatty acids detected by
GC but degradation of these intermediates continues by the microorganisms. Hejalar and
Chudoba (1986) found that organic substances excreted by activated sludge microorganisms
into the cultivation medium can be both end products and intermediates. Whereas
intermediates are readily reassimilated during the growth of a mixed culture. Why are
intermediates accumulated? According to Dawes (Hejzlar and Chudoba, 1986),  some
bacteria, e.g. Pseudomonas aemginosa,  can metabolize glucose in two ways. At low
concentrations glucose is completely oxidized inside the cells whereas at high concentrations



1 3

it blocks itself from this method and it is instead oxidized via the extracellular pathway (by
periplasmatic enzymes) to gluconic acid which released from the cells.

It was noticed from the result of System I that neat rapeseed oil and soybean oil have slightly
lower percent degradation. Their higher viscosity may limit their solubility, therefore. limit
their biodegradability.

CONCLUSION

1. All the biodiesel fuels are “readily biodegradable” compounds according to EPA standard
(EPA, 1982) and have a relatively high biodegradation rate in the aquatic environment. The
maximum mineralization rate for REE determined by CO2 evolution is 25 mg L-’  day-‘,
while the diesel is 12.5 mg L-i  day-i, only half of REE’s. The maximum volumetric substrate
removal rate for REE obtained from GC analysis is about 160 mg L-’  day-i.

2. Biodiesel can promote and speed up the biodegradation of diesel. The more biodiesel
present in a biodieseYdiese1  mixture, the faster the degradation rate. The biodegradation
pattern in a biodieseudiesel  mixture is that microorganism metabolize both biodiesel and
diesel at the same time and at almost the same rates.

3. The mineralization rate for a compound determined from COa  evolution is much slower
than its primary degradation rate from GC. However, the results from CO2 evolution method
have good correlation with that from GC analysis. It is therefore possible to use the COa
evolution method to estimate the biodegradation rate for an organic compound and it is
economical and environmentally safe.
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