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ABSTRACT 

Curie-point  p y r o l y s i s  mass spectra o f  twelve low-rank U.S. coals w i t h  var ious 
degrees o f  na tura l  weathering were co r re la ted  w i t h  the  r e s u l t s  o f  b i o s o l u b i l i t y  
screening t e s t s  i nvo l v ing  s i x  selected microorganisms as we l l  as w i t h  a 
spec ia l l y  designed a l k a l i n e  s o l u b i l i t y  t e s t .  
was t o  determine which mass spec t ra l  cha rac te r i s t i cs ,  i f  any, co r re la te  w i t h  the  
degree o f  b i o s o l u b i l i t y .  The r e s u l t s  i n d i c a t e  the  poss ib le  presence o f  two 
b i o s o l u b i l i z a t i o n  t rends, a main t rend which cor re la tes  p o s i t i v e l y  w i t h  the  
presence o f  severe ly  ox id ized  aromatic moiet ies i n  the  coal and apparent ly 
enables b i o s o l u b i l i z a t i o n  by a l l  s i x  microorganisms, and a second t rend which 
cor re la tes  w i t h  r e l a t i v e l y  h igh  concentrat ions o f  ac id  components and enables 
b i o s o l u b i l i z a t i o n  by on ly  two o r  th ree  o f  t he  organisms. The chemical and 
b io log i ca l  s ign i f i cance  o f  these trends i s  no t  y e t  completely understood. 
F ina l l y ,  i n  agreement w i t h  previous repo r t s  a strong p o s i t i v e  co r re la t i on  was 
observed between b i o s o l u b i l i t y  and a l k a l i n e  s o l u b i l i t y .  

The main ob jec t i ve  o f  t h i s  study 

INTRODUCTION 

Few areas o f  coal science a re  more chal lenging and i n t i m i d a t i n g  t o  ana ly t i ca l  
chemists than the  study o f  coal b io l i que fac t i on  phenomena. I n  recent years, 
powerful chromatographic and spectroscopic techniques have begun t o  shed more 
l i g h t  on the  s t r u c t u r a l  chemistry o f  coal .  However, the  added complexity o f  
bioconversion phenomena puts coal b i o l i q u e f a c t i o n  processes we l l  out  o f  the  
reach o f  most a n a l y t i c a l  methods. 

A f u r t h e r  compl ica t ing  f a c t o r  i s  the  l ack  o f  standardizat ion w i t h  regard t o  
su i tab le  coal samples, microorganisms and experimental condi t ions.  Although 
several coal sample and data banks are i n  operat ion w i t h i n  the  USA, none o f  
these banks c u r r e n t l y  provides the  type  o f  r e l a t i v e l y  s t rong ly  weathered, low 
rank coals which have been used i n  near ly  a l l  coal b io l i que fac t i on  experiments 
reported t o  date. Moreover, many o f  the  var ious s t r a i n s  o f  microorganisms used 
are not ava i l ab le  f o r  general d i s t r i b u t i o n  and/or incompletely characterized. 
F ina l l y ,  there  i s  no general agreement as t o  what cons t i t u tes  " b i o l  ique fac t ion"  
o r  how t o  measure i t  ob jec t i ve l y .  

I n  order t o  he lp  so l ve  some o f  these problems Idaho Nat ional  Engineering 
Laboratory has assembled a m u l t i d i s c i p l i n a r y  task group inc lud ing  researchers a t  
several d i f f e r e n t  u n i v e r s i t i e s .  The present communication represents one o f  
several repo r t s  d e t a i l i n g  t h e  r e s u l t s  o f  s tud ies  ca r r i ed  out dur ing the past 
year and p r i m a r i l y  aimed a t  ob ta in ing  an improved d e f i n i t i o n  and understanding 
o f  coal b i o l i q u e f a c t i o n  phenomena. 
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A strong correlation between the bioliquefaction yields and alkaline 
solubilities of a series of low rank U.S. coals was reported by Quigley et al. 
[1,2]. Together with the observation that the more "successful" microorganisms 
tend to produce substantial alkalinity of the culture medium, this suggested 
that simple acid-base solution processes might play a significant role, 
especially in strongly acidic, e.g., highly weathered coals. Consequently, one 
of the key questions in any future coal bioliquefaction studies should be 
whether proof of covalent bond scission can be obtained or not. 

In a separate paper, Ward et al. [3], describe a novel bioliquefaction screening 
and quantitation method which uses objectively measurable product diffusion 
zones around standard-sized coal sample "disks" imbedded in solid media. After 
inoculation with selected microorganisms, characteristic "bioliquefaction 
profiles" can then be obtained. 

Here we report the results of a study of 12 low rank coal samples (representing 
several different U.S. provinces as well as degrees of natural weathering), each 
of which was submitted to the new "bioliquefaction profiling" procedure using 
six different strains of microorganisms. Suitable aliquots of each coal sample 
were further analyzed by means of Curie-point pyrolysis mass spectrometry, using 
techniques described by Meuzelaar et al. [4]. Also, alkaline solubilities were 
determined according to Quigley et al. [2]. 

Finally, biosolubility profiles, pyrolysis MS profiles and alkaline solubility 
data were compared by means of canonical correlation analysis, a powerful 
multivariate statistical analysis approach capable of determining common sources 
of variance between related data sets .  

The primary objective of this study was to search for key structural features of 
coals (as reflected in the pyrolysis MS profiles), directly associated with 
bioliquefaction response (as reflected in the "bioliquefaction profiles"). 
secondary objective was to obtain information on reaction mechanisms, e.g., with 
regard to the role of acid-base solubilization 
processes. 

A 

covalent bond scission 

EXPERIMENTAL 

Sample Preparation - Suspensions of each of the 12 coals (5 mg of -200 mesh coal 
per ml of spectrograde methanol) were prepared. A 5 ul drop of each suspension 
(25 ug of coal) was applied to a 610oC Curie-point wire. 
evaporated under continuous rotation of the wire. 

Pyrolysis Mass Spectrometri - Py-MS was performed with the MS inlet at 25OC 
and using low voltage (12 eV) electron ionization. 
total number of scans was 100 and the total scan time was 23 seconds. Each 
sample was analyzed in triplicate. 

Data Analysis - The Py-MS data were first normalized to 100% total ion 
intensity. For the normalization of the total ion intensities, mass peak 
signals with high variance were temporarily excluded. 
"characteristicity" (outer variance/inner variance ratio) values were used for 
factor analysis. Furthermore, these Py-MS data were correlated with 
biosolubility data and alkaline solubility data by canonical correlation 
techniques. 

The methanol was 

For each Py-MS analysis, the 

159 mass peaks with high 
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8 i  os01 ub i  1 i t y  
Chrysosporium, 
types was used 

- A s e t  o f  s i x  selected fungal s t ra ins ,  e.g., ACL-12, DML-12, p- 
RWL-40, YML-1 and YML-21, represent ing a d i v e r s i t y  o f  taxonomic 
f o r  a l l  b i o s o l u b i l i t y  assays. The general methods used f o r  

I n  b r i e f ,  2-3 mm diameter mounds o f  s ized coa ls  
standardized assays (i .e., the  " d i f f u s i o n  zone assay") o f  coal b i o s o l u b i l i t y  
were described elsewhere [SI. 
(0.25-0.50 mm) were placed w i t h  uni form spacing on the  surface o f  Sabouraud 
Dextrose 1.5% agar ("SDA" D i f co  Laborator ies,  U.S.A.). Medium depth was 5.5 mm 
i n  100 mm diameter Pyrex-glass; deep-well c u l t u r e  dishes. Two r e p l i c a t e  
preparat ions o f  f i v e  coal u n i t s  were used f o r  each coal type. Spores o r  hyphal 
fragments o f  each organism were inocu la ted  onto the surface o f  the n u t r i e n t  
medium a f t e r  which the  cu l tu res  were incubated i n  the  dark a t  3OoC, 70 2 2% RH 
f o r  17 days. C i r cu la r  zone diameters were measured and averaged t o  g ive  values 
f o r  comparisons o f  degree o f  b i o s o l u b i l i t y  f o r  each coa l .  

A lka l ine  s o l u b i l i t y  - One h a l f  gram o f  s ized  coal (0.25 - 0.50 mm) was placed i n  
a 250 m l  Erlenmeyer f l a s k  conta in ing  50 cc o f  a pH 8, t r i s  bu f fe r .  
shaken (140 rpm) f o r  24 hours a t  25OC. 
f i l t e r i n g  through 0.2 micron f i l t e r s .  Where necessary, d i l u t i o n s  were made 
using f resh  TRIS b u f f e r  and absorbances a t  400 nm measured. 

Flasks were 
Supernatants were obtained by 

RESULTS AND DISCUSSIONS 

The wide range o f  d i f f e r e n t  coal types included i n  t h i s  study i s  i l l u s t r a t e d  i n  
Figure 1. A t  f i r s t  s i g h t  t he  low vo l tage py ro l ys i s  mass spectrum o f  North 
Dakota Hagel l i g n i t e  appears t o  be f a i r l y  cha rac te r i s t i c  o f  Northern Great 
Plains l i g n i t e s ,  i.e., dominated by homologous ser ies  o f  dihydroxybenzenes and 
phenols representa t ive  o f  f o s s i l  l i g n i n s  [5]. 
i n t e n s i t i e s  a t  m/z 45, 46, 60, 87 p o i n t  t o  the  presence o f  carboxy l i c  mo ie t ies  
cha rac te r i s t i c  o f  ox ida t i ve  changes [6]. 
obtained from the Penn State Coal bank (see Table 1 ) .  these ox ida t i ve  changes 
are probably due t o  long term exposure t o  ambient a i r  i n  the  labora tory .  
comparison, t he  M iss i ss ipp i  Claiborne l i g n i t e  (see Figure l b )  shows a much more 
pronounced homologous ser ies  o f  a l i p h a t i c  hydrocarbon components. 
i n  agreement w i t h  e a r l i e r  Py-MS s tud ies  o f  l i g n i t e s  represent ing the  Gu l f  
Province [5] i n  which higher r e l a t i v e  abundances o f  a l i p h a t i c  hydrocarbons were 
found t o  co r re la te  w i t h  aquat ic depos i t iona l  environments. I n  t h a t  study, 
longer chain a l i p h a t i c  hydrocarbon moie t ies  i n  Gulf  Province coals were thought 
t o  represent l i p t i n i t i c  macerals p r i m a r i l y  der ived from a lga l  mater ia ls .  
F ina l l y ,  the  spectrum i n  Figure IC, obtained from an Arkansas Lower Hartshorne 
"bituminous" coal, appears t o  be t o t a l l y  d i f f e r e n t .  L i t t l e  o r  no aromatic 
compound se r ies  a re  seen whereas a l i p h a t i c  ser ies  a re  no t  very d i s t i n c t  e i t h e r .  
I n  fact ,  t h i s  spectrum i s  almost t o t a l l y  dominated by the  ( o f f  scale) 
i n t e n s i t i e s  o f  small mass peaks i n  the  m/z 28-45 range. 
coal sample, co l l ec ted  from an o l d  roadcut i n  highway 7 (see Table l), has 
undergone severe chemical d e t e r i o r a t i o n  and should perhaps be considered as a 
humic ac id  type ma te r ia l  ra the r  than a coal .  The wide range o f  s t ruc tu ra l  
chemical d i f f e rences  between j u s t  th ree  o f  the  twelve coals i n  our study 
i l l u s t r a t e s  the  magnitude o f  the a n a l y t i c a l  problem. 

I n  order t o  ob ta in  a more systematic overview o f  the var ious chemical components 
and trends i n  our da ta  se t  we performed a f a c t o r  ana lys is  o f  a l l  36 coal spectra 
(each sample was analyzed i n  t r i p l i c a t e ) .  
described by the  f i r s t  11 fac to rs  w i t h  eigenvalue >1.0 i s  given i n  Table I 1  
whereas a score p l o t  o f  f ac to rs  I 1  and I 1 1  (Figure 2a) was found t o  d isp lay  some 
o f  the most i n t e r e s t i n g  chemical informat ion.  

However the r e l a t i v e l y  h igh  peak 

Since the Hagel l i g n i t e  was o r i g i n a l l y  

By 

This i s  again 

I n  our opinion t h i s  

A desc r ip t i on  o f  the  variance 

A more complete desc r ip t i on  o f  
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the information in Factors I and IV will be provided in the final publication of 
the results. Chemical interpretation of the clustering trends in Figure 2a is 
facilitated by inspection of the so-called variance diagram plot [7) i n  Figure 
2b which reveals the presence of at least 4 major chemical components. These 
components can be shown in mass spectral form using a "factor spectrum" 
technique described by Windig et al. [ 8 ] .  Inspection of the factor spectra in 
Figure 3a-d shows two vitrinite-like patterns (component axes B and C in Figure 
Zb), an aliphatic hydrocarbon pattern (component axis E )  and a sulfur compound 
pattern (component axis F). Comparison with component spectra found in earlier 
Py-MS studies [5,9] of U.S. lignites and coal maceral fractions, respectively, 
indicates that, whereas components B and C may be regarded as primarily of 
terrestrial origin, components E and F can be thought to represent a stronger 
aquatic influence on the ancient depositional environments involved. 

In other words, Factors I1 and 1 1 1  appear to be primarily correlated with 
differences in depositional environment. Not unexpectedly, Factor I was found 
to be dominated by differences in the overall degree of oxidation and/or 
weathering (factor spectrum of component A not shown here because of space 
limitation). In contrast to the apparent differences in "reported rank" shown 
in Table I, no obvious rank dependent influence was observed other than the 
presence of two distinct, possibly rank dependent, vitrinite-like patterns in 
components B and C. 
coal (Lower Hartshorne "bituminous") was severely degraded and that the 
difference in Py-MS patterns between "1 ignites" and "subbituminous" coals tend 
to be relatively minor [ lo ] .  

After examining the major chemical components and trends in the Py-MS patterns 
o f  all twelve coals we undertook a thorough analysis of the "biosolubility" data 
obtained by systematic studies with a panel of six microorganisms (listed in 
Table 1 1 1 )  using a novel technique developed by one o f  us (8. Ward) and reported 
in more detail elsewhere [3]. The biosolubility data shown in Figure 4, can be 
regarded as a multidimensional biological response surface obtained by measuring 
the diameter of dark diffusion zones of soluble coal components surrounding 
small disk-shaped coal pellets imbedded in solid culture media inoculated with 
selected microoganisms under carefully standardized conditions. 

Factor analysis of the biosolubility data shown in Figure 4 reveals that the 
true dimensionality of the biological response surface is close to 2 with the 
first two factors explaining more than 97% of the cumulative variance (see Table 
IV). In other words, no more than two independent sources of variance can be 
present i n  the biosolubility data. 
Figures 5a and b. All microorganisms appear to be more or less successful in 
solubilizing coals 3 and 9 (or, less completely, 8 and l o ) ,  whereas only 
organisms c and e (and to some extent b) succeed in solubilizing coals 2 and 1 1  
(or, less completely, 4 and 12). 

This can also be seen in Figure 4 where the two response patterns have been 
arranged to show the differences in the upper and lower rows, respectively. No 
significant biosolubilization response was observed for coals 1, 5, 6 and 7. It 
should be noted here that the two distinct biosolubilization patterns were only 
observed upon factor analysis o f  the microbiological data but were not 
immediately apparent in the foregoing examination of the Py-MS data. 

This prompted us to resort to the powerful canonical correlation approach in 
order to determine which, if any, Py-MS signals correlated with the 

However, it should be pointed out that the highest rank 

Both trends are clearly identified in 
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biosolubilization trends. Moreover, in view of earlier observations by one of 
us of a strong correlation between biosolubilization and alkaline solubility 
under abiotic conditions, we decided to include the alkaline solubility values 
for all twelve coals in the biosolubilization data set. 

Two significant canonical correlation functions were found with correlation 
coefficients 0.99 and 0.92, respectively. Together these two functions 
explained 25% of the total variance in the Py-MS data set and 92.4% of the total 
variance in the combined biosolubilization/alkaline solubility data. 
in agreement with the earlier reports by Quigley et al. [1,2], alkaline 
solubility was found to correlate strongly (correl. coeff. = 0.93) with 
biosolubilization. Inspection of the scores and loadings of the two canonical 
correlation functions, as plotted in Figures 6a and b, reveals the same two 
trends already noticed in Figures 5a and 5b. This brings up the key question: 
what is the chemical and biological meaning, if any, of these two trends? In 
order to help answer this question we calculated the two factor spectra 
correlating with these trends (a further impression of the most important mass 
peak contributions can be obtained from the combined loadings plots in Figure 
6b). 
biosolubilization (and alkaline solubility) by all microorganisms (Figure 7a, 
310° component axis) and with good biosolubilization by microorganisms c and e 
(Figure 7b, 40° component axis), respectively. 

At present, we are unable to provide an unambiguous chemical interpretation of 
these two trends. However, spectrum 7b is dominated primarily by fatty acid and 
carboxylic moieties, such as commonly observed in coals weathered in a 
laboratory environment [6]. Spectrum 7a, on the contrary, exhibits a variety of 
additional aromatic or polyunsaturated aliphatic signals suggestive o f  oxidative 
products of aromatic compounds. One hypothetical explanation could be that 
Figure 7a represents severe oxidative destruction by natural weathering 
phenomena enabling a broad range of microorganisms to start solubilizing the 
coal matrix, e.g., by producing alkaline compounds, as suggested by Quigley et 
& [I,.?], whereas Figure 7b points to a more extreme accumulation of carboxylic 
acids, and thus a strongly acidic pH, possibly allowing only some of the 
microorganisms to produce sufficient alkaline compounds to solubilize the coal. 

In line with this interpretation, the alkaline solubility vector in Figure 6b 
can be seen to be intermediate between the two trends. 
conditions produce an equal degree of solubilization in the presence of an 
unlimited amount of alkaline buffer. 
acid concentration in Figure 7a could have been caused by secondary natural 
phenomena, such as the loss of water soluble acidic constituents through 
leaching, rather than by a different oxidative mechanisms. 

Presently, we are investigating possible other explanations, e.g., involving 
metal chelating agents or the possible involvement of enzyme-mediated bond 
breaking mechanisms. 

Moreover, 

Figures 7a and b show the two mass spectral patterns associated with good 

In other words, both 

If this explanation is correct, the lower 

CONCLUSIONS 

Multivariate analysis of pyrolysis mass spectra of twelve samples of low rank 
coals exhibiting different degrees of biosolubility revealed a high level of 
heterogeneity, apparently associated with differences in rank, depositional 
environment (e.g., as reflected in maceral composition) and degree of 
weathering. 
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Multivariate analysis of "biosolubility profiles", obtained by measuring the 
relative biosolubility response of twelve coal samples to a panel of six 
different microorganisms, strongly suggests the presence of at least two 
biosolubility mechanisms. One o f  these mechanisms is exhibited by all 6 
microorganisms whereas a second mechanism appears to be associated with only 3 
of the microorganisms. 

Canonical correlation analysis of the pyrolysis mass spectrometery and 
biosolubility profile data sets produced two canonical variate functions with 
correl. coeff. 0.99 and 0.92, respectively. Together these functions explain 
approx. 25% of the total variance in the Py-MS data and 92.4% of the 
biosolubility data. 

Coal samples exhibiting good biosolubility appear to have in common a pronounced 
oxidative degradation of aromatic structural components, thought to represent 
vitrinitic and related maceral constituents. Besides increased biosolubility, 
the most obvious effects of these oxidative changes are: ( 1 )  an apparent 
increase in low MW, oxygen containing pyrolysis products; (2) a notable increase 
in alkaline solubility; and (3) a markedly reduced abundance of characteristic 
vitrinitic signals in the pyrolysis mass spectrum. 

The observed correlations between the biosolubility and pyrolysis MS profiles 
further suggest that oxidation of a coal sample (evidenced by strongly increased 
pyrolysis yields of C02 and CO) does not produce biosolubility for all six 
microoganisms. An additional structural change, characterized by the increased 
evolution of pyrolytic benzene (presumably derived from benzenecarboxyl ic acids) 
may be needed to induce biosolubility for all six microorganisms and thus 
achieve maximum alkaline solubility levels. 

A strong linear correlation (corr. coeff. 0.91) was observed between alkaline 
solubility (as determined by absorbance of the solution at 400 nm) and the two- 
dimensional canonical variate space obtained by canonical correlation analysis 
of the pyrolysis MS and biosolubility profiles. 
previous reports by Quigley et al. [1,2]. 

This is in agreement with 

ACKNOWLEDGEMENTS 

The work reported here was supported by Idaho National Engineering Laboratory 
(INEL) under DOE Contract #DE-AC07-76ID01570. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

Quigley, D.R., Wey, J.E., Breckenridge, C.R., Stoner, D.L. and Dugan, P.R., 
in "Processing and Utilization of High Sulfur Coal 11," Y.P. Chung and R.D. 
Caudle (eds.), Elsevier, N.Y., pp. 315-322, 1987. 
Quigley, D.R., Wey, J.E., Breckenridge, C.R., and Stoner, D.L. Resources, 
Conservation and Recycling, 1988 (in press). 
Ward, Bailey, in "Biotechnology Applied to Fossil Fuels," D.L. Wise, (eds.), 
Chap. 25, CRC Press, Boca Raton, FL, (in press). 
Meuzelaar, H.L.C., Haverkamp, J., Hileman, F.D., "Pyrolysis Mass 
Spectrometry of Recent and Fossil Biomaterials," Elsevier, Amsterdam, 1982. 
Metcalf, G . S . ,  Windig, W., Hill, G.R. and Meuzelaar, H.L.C., Int. J. Coal s, 1, (1987) 245-268. 
Jakab, E., Yun, Y .  and Meuzelaar, H.L.C., in "Chemistry of Coal Weathering", 
C.R. Nelson, (ed.) chapter 6, in press. 

617 



7. Windig, W. and Meuzelaar, H.L.C., Anal. Chem., 56, (1984) 2297-2303. 
8. Windig, W., Jakab, E., Richards, J.M., and Meuzelaar, H.L.C., Anal. Chem., 

59, (1987) 317-323. 
9. K u z e l a a r ,  H.L.C., Harper, A.M., Pugmire, R.O. and Karas, J., I n t .  J. Coal m, 4, (1984) 143-171. 
10. Meuzelaar, H.L.C., Harper, A.M., H i l l ,  G.R. and Given, P.H., E, 63, 

(1984) 640-652. 

FACTOR # EIGENVALUE %TOTAL VARIANCE CUMULATIVE VARIANCE 

1 88.85 57.86 57.86 
2 22.60 14.71 72.57 
3 14.99 9.76 82.58 
4 8.06 5.25 87.58 
5 6.42 4.18 91.77 

93.62 
95.18 
96.38 
97.44 

1.28 98.28 
1.06 98.96 

. 
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Table I 1 1  
L i s t  o f  Microorganisms and Desc r ip t i on  o f  Six Fungal S t r a i n s  

I IBacter ia  # - Code F u l l  Name 

ACL-13 Candida sp. 
DML-12 Acremonium sp. 
e.  chrysosporium 
RML-40 !n u n i d e n t i f i e d  Bkid:omycetel 

hanerochaeta ch r  sos orium 

Cunnin hamella sp. 
a Cunngnghamella - l i k e  1 
Hyphomycete 

YML-1 
YML-21 

- -.-. ..__.I-____ 

Table I V  
Factor Analysis Results o f  B i o s o l u b i l i t y  Data 

I I __-lll__________~_I..^ _I --.--1_1“------ 

EIGENVALUE % TOTAL VARIANCE CUMMULATIVE VARIANCE 
5.19 86.43 86.43 

.64 10.59 97.03 

.14 2.34 99.37 I 

.03 .49 99.86 i 

.01 .12 . 00 .Ol l-2 _̂-I ----I--- - --- ---- -- 

I b l  17 Claiborne IMSl 

Figure 1. Pyro l ys i s  
mass spect ra o f  ( a )  
North Dakota l i g n i t e  
( b )  Miss i ss ipp i  C la i -  
borne l i g n i t e  ( c )  
Arkansas “bituminous” 
coal. 
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Figure 2a. 
factor 3 of MS data. 

I I I I l I I I l  
-1.1851+10 2.4BBi 

Fsco 
Score plot of factor 2 vs 

'I" 
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Figure 2b. Variance diagram 
showing the presence o f  four 
major component axes B,C,E,F, in 
the space spanned by factors I 1  
and 111. 
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Q 

~,~ Figure 3. Comparison of numeri- 
m, . 

caily extracted factor spectra of 
(a) component B (low rank vitri- 
nite pattern), ( b )  component 
C (higher rank vitrinite pattern) 
(c) component E (liptinitic 
pattern) and (d) component F 
(sulfur component pattern). 
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Figure 4. 
expressed by zone diameter (mm). 
on coals nos. 1, 5, 6 or 7. 

Biosolubility o f  8 coals as a function of six microorganisms, 
None o f  the microorganisms shows biosolubility 

b? 

\ 
\ 
\ 
\ 11 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

Figure 5a. Score plot o f  factor I vs.  
factor I1 of biosolubility data. 
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Figure 5b. Variance diagram o f  
factor I vs. factor I1 of 
biosolubility data. 
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Figure 6a. Combined score p l o t  o f  the f i r s t  Figure 6b. Loading p l o t  o f  t h e  
two canonical v a r i a t e  func t ion  o f  the  Py-MS 
data and the b i o s o l u b i l i t y  data, respect- 
i v e l y .  

mass values and b i o s o l u b i l i t y  
parameters con t r i bu t i ng  most 
s t rong ly  t o  the f i r s t  t w o  canoni- 
cal va r ia te  func t ions .  
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