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Abstract The methods of preparation of fatty acids from
brewer’s yeast and its use in production of biofuels and in
different branches of industry are described. Isolation of fatty
acids from cell lipids includes cell disintegration (e.g., with
liquid nitrogen, KOH, NaOH, petroleum ether, nitrogenous
basic compounds, etc.) and subsequent processing of extracted
lipids, including analysis of fatty acid and computing of bio-
diesel properties such as viscosity, density, cloud point, and
cetane number. Methyl esters obtained from brewer’s waste
yeast are well suited for the production of biodiesel. All 49
samples (7 breweries and 7 methods) meet the requirements for
biodiesel quality in both the composition of fatty acids and the
properties of the biofuel required by the US and EU standards.

Introduction

Some biofuels use as input raw materials food crops such as
camelina, canola, coconut, corn, jatropha, palm, rapeseed,

safflower, soybean, sunflower oils, etc. All these plants con-
tain readily available saccharides including starch or are pro-
ducers of plant oils. Obtaining biofuel from them is thus
relatively simple since fermentation of the saccharides gives
rise to bioethanol (used as gasoline replacement) while
transesterification of triacylglycerols yields biodiesel.

These known oilseed plants contain mostly five major fatty
acids (FAs), i.e., saturated palmitic and stearic acid, and un-
saturated acids, namely oleic, linoleic, and α-linolenic acid.
Another, less common but industrially important fatty acid
biosynthesized in various plants is palmitoleic acid (Po, Δ9-
16:1 or 16:1n-7), which is a valuable renewable resource for
the production of industrially important chemicals such as 1-
octene, a highly valued material in the production of linear so-
called low-density polyethylene, and can be advantageously
used also for the production of biodiesel (Wu et al. 2012),
which is defined as a mixture of mono-alkyl esters of fatty
acids originating mainly from vegetable oils or animal fats.
While biodiesel has many advantages because it is biodegrad-
able, is made from renewable raw materials, and has low
toxicity in most ecosystems, technical problems facing bio-
diesel include its low oxidation stability and poor filterability
at low temperatures. Methyl palmitoleate is considered the
ideal candidate to solve these problems, because it has a low
melting point (about −34 °C) (Murray et al. 2010) and at the
same time an acceptable oxidative stability. Its cetane number
is 54.

A common negative feature of all commercially grown and
available oilseed plants is that they either do not contain
palmitoleic acid or its content is a mere 1–2 % of the total
fatty acids. As palmitoleic acid cannot be produced from
natural sources in large amounts and at a reasonably low price,
interest has focused onmetabolic engineering of oilseed plants
for the production of palmitoleic acid. In recent years, research
in this area focused on two main topics, a genetic manipula-
tion in order to increase the content of Po, which most often
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involves transferring a gene encoding Δ9desaturase from
Saccharomyces yeast. The other option is to search for alter-
native natural sources of Po, i.e., organisms producing 10% or
more of Po based on the total fatty acid content (Khoomrung
et al. 2012).

As mentioned above, low concentrations of Po are virtually
ubiquitous, but few plants produce oils containing more than
10 relative percent of palmitoleic acid. In fact, there are only
two plants available with this property, i.e., Macadamia
integrifolia nuts (Knothe 2010) and sea buckthorn
Hippophae rhamnoides (Rüsch et al. 2004). Other sources
(see, e.g., Table 1) are very exotic, so even though the oil
from the Kermadecia sinuate seeds contains up to 70 %
palmitoleic acid, this plant cannot be used for commercial
purposes, as it is an endemic flowering plant of the
Proteaceae family growing only in New Caledonia.

Biofuels of the next generation are produced by microor-
ganisms from lignocellulosic materials that include agro-
wastes such as corn stalks (cellulose) or waste effluent from
the production of cellulose (lignin) to monomeric compounds,
which are subsequently fermented. It should be noted, how-
ever, that the conversion of this biomass to fermentable low
molecular compounds requires costly technologies including
preprocessing with special enzymes, and this generation of
biofuels cannot be at present produced on a large scale
(Brennan and Owende 2010).

The attention has therefore been focusing on the next
generation of biofuels that are considered as a viable energy
source free of the main drawbacks associated with the previ-
ous generations of biofuels (Nigam and Singh 2011; Chisti
2007; Li et al. 2008).

Yeast are unduly neglected in this regard, if only be-
cause most genetic experiments (Seip and Zhu 2011;
Brillhart 2001) allowing expression of Δ9desaturase make
use of genetic material from yeasts of the genus
Saccharomyces. The variability of fatty acids in yeast,
specifically in Saccharomyces ones, is relatively large

(Rezanka et al. 2013a). Nevertheless, one can say that it
features five major fatty acids, i.e., palmitic, palmitoleic,
stearic, oleic, and linoleic acid, which make up to 90 % of
the total acids (Rezanka et al. 2013b; Sarris et al. 2011;
Sarris et al. 2013). Many other minor acids present in-
clude medium length acids, e.g., caprylic, capric, lauric,
and myristic acids. Arachidic and α-linolenic acids and
very long chain acids, i.e., behenic, lignoceric, cerotic,
and many others have been identified as minority acids
(see, e.g., Welch and Burlingame 1973). Among other
constituents are also acids with an odd number of atoms,
such as pentadecanoic or pentadecenoic (Bravi et al.
2009).

It is known that certain yeasts, e.g., Rhodosporidium
toruloides, Cryptococcus curvatus, Lipomyces starkey, and

Table 1 Content of palmitoleic
acid in natural sources (relative
proportion in lipid fraction)

Scientific name Po (%) Scientific name Po (%)

Kermadecia sinuata 70 Gevuina avellana 25

Dolichandra unguis-cati 64 Embothrium coccineum 25

Telopea truncata 45 Lomatia hirsuta 24

Hippophae rhamnoides 43 Androsace septentrionalis 21

Orites diversifolia 41 Cardwellia sublimis 20

Hicksbeachia pinnatifolia 41 Grevilea robusta 15

Orites revoluta 38 Hakea salicifolia 15

Telopea speciosissima 33 Isopogon anemonifolius 11

Cenarrhenes nitida 33 Beauprea neglecta 11

Roureopsis obliquifoliata 32 Asclepias syriaca 9

Macadamia integrifolia 30

Table 2 Names of FAs
isolated from yeast, in-
cluding their abbrevia-
tions, carbon numbers
(CN), and double bond
(DB)

Trivial name Abbreviation CN:DB

Caprylic Cy 8:0

Capric C 10:0

Lauric La 12:0

Myristic M 14:0

Palmitic P 16:0

Palmitoleic Po 16:1

Stearic S 18:0

Oleic O 18:1

Linoleic L 18:2

α-Linolenic Ln 18:3

Arachidic A 20:0

Gadoleic G 20:1

Behenic B 22:0

Erucic E 22:1

Lignoceric Lg 24:0

Nervonic N 24:1

Cerotic Ce 26:0
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Yarrowia lipolytica accumulate lipids to more than 20 % dry
weight (Feofilova et al. 2010; Papanikolaou and Aggelis
2010; Thiru et al. 2011; Wild et al. 2010; Wu et al. 2011).
However, the industrial use of lipids produced by these yeasts
encounters the problem of low productivity (Feofilova et al.
2010). Oleaginous yeast growth is much slower compared
with Saccharomyces yeast and production of lipids by oleag-
inous yeasts therefore takes a long time to reach the maximum
of produced lipids.

Since palmitoleic acid (Po) cannot as yet be produced
from natural sources in large quantities and at low cost,
the need has arisen to find such resources that would
enable its production, for instance brewer’s yeast, espe-
cially the top-fermenting Saccharomyces cerevisiae (top
fermentation) and the bottom fermenting Saccharomyces
pastor ianus . Within the genus Saccharomyces ,
S. pastorianus and S. cerevisiae belong to the species
complex Saccharomyces sensu stricto. The waste from a
brewery with the production of 1 million hectoliters of
beer per year includes 1000 t of brewer’s yeast paste (15–
17 % dry weight) which contains up to about 50 % of Po
in the lipid fraction (Sigler and Matoulková 2013). The
ratio of palmitoleic acid to total lipids is thus much higher

than with commercially used oils and is comparable to
commercial oils derived from sea buckthorn or
macadamia.

The amount of palmitoleic acid is to some extent in-
fluenced by the technological process used for beer pro-
duction (e.g. , top vs. bottom fermentat ion (see
Experimental)) and yeast strain. Fermentation temperature
also has a significant effect on the production of
palmitoleic acid. Bottom and top brewer’s yeast differ in
their flocculation properties, and in the final stage of
fermentation, bottom yeast forms flocks and sediments
at the bottom of the fermentation vessel, top yeast after
fermentation rises to the surface where it forms thick
foam. Bottom fermentation takes place at a temperature
of 8–15 °C. S cerevisiae tolerates higher temperatures
than S. pastorianus; top fermentation is usually carried
out at 18–22 °C (Boulton and Quain 2001). Separation of
yeast biomass after fermentation is already well resolved
in the context of brewing technology. Subsequent centri-
fugation can be used for greater reduction of its water
content. Even after lipid extraction, the biomass still con-
tains up to 48 % protein and can therefore be used as
livestock feed.

Table 3 Method A. Mechanical
disintegration with liquid nitrogen
and glass beads

Brewery

Fatty acid A B C D E F G

Cy 0 0.1 0 0.6 0 0 0.2

C 1.8 1.1 0 4.0 0 0 1.3

La 1.7 2.6 3.5 1.3 3.8 4.2 3.1

M 0.8 0.5 1.4 2.0 1.7 1.6 1.7

P 9.2 16.9 23.8 22.8 16.8 17.2 22.0

Po 41.2 49.2 39.1 25.8 50.6 54.1 40.8

S 4.1 5.6 13.9 9.7 16.7 13.4 12.3

O 33.2 22.4 10.3 21.9 6.4 4.2 11.6

L 2.7 1.2 8.0 7.0 2.6 3.3 6.0

Ln 0.6 0.2 0 1.4 0.4 0.7 0.7

A 0.2 0.1 0 0.3 1.0 1.3 0.1

G 1.2 0 0 0.5 0 0 0

B 0.7 0 0 0.7 0 0 0

E 0.6 0 0 0.6 0 0 0

Lg 0.5 0 0 0.7 0 0 0

N 0.8 0 0 0.4 0 0 0

Ce 0.7 0.1 0 0.3 0 0 0.2

AU 84.2 74.6 65.4 67.4 63.4 67.0 66.5

Kinematic viscosity (mm2/s at 40 °C) 4.67 4.74 4.79 4.78 4.81 4.78 4.79

Density (kg/L at 40 °C) 0.8772 0.8767 0.8762 0.8763 0.8761 0.8763 0.8763

Cloud point (°C) 8.7 10.0 11.2 10.9 11.5 11.0 11.1

Cetane number 57.26 57.90 58.51 58.38 58.65 58.41 58.44
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Yeast is commonly used for industrial production of ergos-
terol, i.e., provitamin D2 (Buehler 1958; Feeney 1956). The
most important step in the process of isolation is either me-
chanical or chemical disruption of cell walls followed by
further processing. Moreover, in terms of economy, brewer’s
yeast is in fact waste material and the cost of its cultivation is
part of the cost of beer production.

In this study, we compare different types of disintegration
of yeast cells used in the manufacture of beer and subsequent
extraction of lipids, including the calculation of important
characteristics of the biodiesel produced from the waste yeast,
i.e., average unsaturation, viscosity, density, cloud point, and
cetane number.

Results and discussion

The effect of fatty acids produced by yeast on the quality
of the biofuel has been known for some years (Knothe
2008, 2009). Gas chromatography–mass spectrometry
analysis of yeast samples from individual breweries re-
vealed relatively small differences in the proportions of
FAs (see below). The major FAs in many strains of
brewer’s yeast are mostly C16 and C18 FAs, particularly

P, Po, S, O, and L (Rezanka et al. 2013a) (for abbrevia-
tions see Table 2). Other FAs including both short-chain
(Cy, C, La, and M) and longer-chain FAs with more than
20 carbon atoms (A, G, B, E, Lg, N, and Ce) are present
in very small amounts far below 10 relative percent of the
total FAs (Rezanka et al. 2013b). It should be noted that
both these groups have positive effect on the properties of
biodiesel. Shorter-chain FAs (i.e., C8–C14) lower the
cloud point; saturation is more important for the value
of the cloud point than unsaturation, see Tables 3, 4, 5, 6,
7, 8, and 9. FAs with chains longer than C18 raise the
cetane number. For instance, the methyl ester of behenic
acid has a cetane number of 106 (Anitescu and Bruno
2012).

The lipid production and proportions of individual fatty
acids in waste yeast from individual breweries are given
in Tables 3, 4, 5, 6, 7, 8, and 9. As a reference method for
lipid extraction, we used the commonly used procedure
according to Bligh and Dyer (1959), which, for walled
cells like yeast, has to be complemented by cell disruption
with glass beads in liquid nitrogen (Uppuluri et al. 2007).
This procedure is the most gentle of all methods in use
but it cannot be used for biodiesel production on indus-
trial scale due to a high cost. Its usefulness as a reference

Table 4 Method B. Disintegra-
tion by boiling in butanol with
KOH

Brewery

Fatty acid A B C D E F G

Cy 0 0.1 0 0.7 0 0 0.2

C 2.1 1.4 0 4.7 0 0 1.6

La 2.0 3.3 3.9 1.5 4.1 4.6 3.7

M 0.9 0.6 1.6 2.4 1.8 1.8 2.0

P 10.7 21.6 26.8 27.2 18.1 18.9 26.5

Po 41.2 54.5 39.2 26.1 49.9 53.8 37.7

S 4.9 7.3 15.8 11.5 18.1 14.8 14.9

O 31.9 10.7 8.9 18.6 5.1 3.4 9.9

L 0.9 0.3 3.8 3.4 1.8 1.3 3.2

Ln 0 0 0 0 0 0 0

A 0.2 0.1 0 0.4 1.1 1.4 0.1

G 1.4 0 0 0.6 0 0 0

B 0.8 0 0 0.9 0 0 0

E 0.7 0 0 0.7 0 0 0

Lg 0.6 0 0 0.8 0 0 0

N 0.9 0 0 0.5 0 0 0

Ce 0.8 0.1 0 0 0 0 0.2

AU 77.9 65.8 55.7 53.3 58.6 59.8 54

Kinematic viscosity (mm2/s at 40 °C) 4.71 4.79 4.85 4.87 4.84 4.83 4.87

Density (kg/L at 40 °C) 0.8769 0.8762 0.8757 0.8755 0.8758 0.8759 0.8756

Cloud point (°C) 9.5 11.2 12.5 12.8 12.1 12.0 12.7

Cetane number 57.68 58.49 59.16 59.32 58.97 58.89 59.28
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method is demonstrated by the data it yielded on the
amount of α-linolenic acid in waste yeast from brewery
D (for the list of breweries see Table 10), which was up to
1.4 % total FAs (Table 3). With all other methods, the
content of this acid was somewhat lower. A similar drop
in the efficiency of fatty acid extraction was noted also
with other unsaturated FAs, especially with linoleic acid.
Extraction with boiling NaOH solution (method C) caused
its degradation in all seven yeast strains (Table 5).

Another two methods, i.e., B and C, are relatively
drastic since they include extraction with butanol or water
under reflux at a high pH. They were originally developed
for an industrial acquisition of ergosterol (provitamin D2)
from yeast (Feeney 1956; Buehler 1958). As seen in
Tables 4 and 5, they cause a complete degradation of α-
linolenic acid, method C brings about also the degradation
of linoleic acid. On the other hand, the removal of fatty
acids with two or three double bonds does not appreciably
affect the quality of biodiesel (see Tables 4 and 5), since
acids with multiple double bonds, or their methyl esters,
have very low cetane numbers (cetane number is 42 for L
and 22 for Ln, respectively) (Anitescu and Bruno 2012).
The use of these two methods offers the advantage that

the technological problems of processing large volumes of
material (thousands of liters) have already been solved as
part of ergosterol production while their drawback is the
presence of high salt content after acidification of hydro-
lyzed yeast. When using hydrochloric acid, the salt is
sodium chloride, which prevents the further use of the
waste yeast as livestock feed.

Method D is based on yeast extraction by petroleum
ether (Tarasova et al. 1976) and has been originally de-
veloped for the production of ergosterol and also 9-ubi-
quinone. The results of the extraction given in Table 6
show that the method provides satisfactory recovery of
fatty acids and the properties of the biodiesel meet the
required standards.

Methods E, F, and G (Green and Edwin 1961) use for cell
disruption the fact that water-soluble amino compounds hav-
ing a dissociation constant between 10−2 and 10−6 (e.g., aque-
ous ammonia, aliphatic alkyl derivatives such as
diethylamine, and cyclic amine compounds, such as piperi-
dine or cyclohexylamine) cause degradation of cell walls.

Based on the patent, we chose as most convenient
three nitrogenous compounds, i.e., cyclohexylamine
(method E), ammonia solution (method F), and

Table 5 Method C. Disintegra-
tion by boiling in aqueous NaOH
solution

Brewery

Fatty acid A B C D E F G

Cy 0 0.1 0 0.8 0 0 0.3

C 2.4 1.4 0 5.5 0 0 1.8

La 2.3 3.3 4.5 1.8 4.9 5.9 4.2

M 1.1 0.6 1.8 2.7 2.2 2.3 2.3

P 12.3 21.7 30.7 31.6 21.8 24.3 29.8

Po 38.9 47.4 36.1 20.5 44.2 43.8 33.8

S 5.5 7.4 17.9 13.5 21.7 19.1 16.6

O 33.6 17.9 9.0 20.5 3.9 2.8 10.8

L 0 0 0 0 0 0 0

Ln 0 0 0 0 0 0 0

A 0.3 0.1 0 0.4 1.3 1.8 0.1

G 0.5 0 0 0.1 0 0 0

B 0.9 0 0 1.1 0 0 0

E 0.3 0 0 0.4 0 0 0

Lg 0.7 0 0 1.0 0 0 0

N 0.3 0 0 0.1 0 0 0

Ce 0.9 0.1 0 0 0 0 0.3

AU 73.6 65.3 45.1 41.6 48.1 46.6 44.6

Kinematic viscosity (mm2/s at 40 °C) 4.74 4.79 4.92 4.94 4.90 4.91 4.92

Density (kg/L at 40 °C) 0.8766 0.8762 0.8751 0.8749 0.8752 0.8752 0.8751

Cloud point (°C) 10.1 11.2 13.9 14.4 13.5 13.7 14.0

Cetane number 57.97 58.52 59.87 60.10 59.67 59.77 59.90
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diethylamine (method G). The resulting differences in the
composition of fatty acids and in the biodiesel properties
were minor (Tables 7, 8, and 9). A considerable advan-
tage of these methods is the fact that the amount of the
nitrogenous compound added to the yeast is tenths to
units of percent relative to the biomass, which positively
affects the overall economy. Moreover, as pointed out in
Conclusion section, the waste biomass can be further
used as livestock feed.

The only difference in the content of FAs was in the
brewery using top-fermenting yeast S. cerevisiae, not the
bottom-fermenting S. pastorianus used by the remaining
six breweries.

To determine various properties of biodiesel, i.e., rele-
vant values characterizing its properties, it is necessary to
have considerable amounts of lipids or methyl esters, and
also special devices, which causes considerable difficul-
ties. Mathematical methods were therefore developed for
identifying important physical quantities (Ramirez-
Verduzco et al. 2012; Hoekman et al. 2012; Knothe and
Steidley 2011). The mathematical method was also suc-
cessfully used for various types of oleaginous yeast
(Tanimura et al. 2014). By using these methods, we

calculated and characterized the relevant properties of
waste yeast lipids from the breweries under study. Our
calculations were based on six values, viz. average
unsaturation, viscosity, density, cloud point, cetane num-
ber, and iodine value. The resulting values of the yeast
fatty acid content from the seven breweries and seven
kinds of disintegration and extraction are presented in
Tables 3, 4, 5, 6, 7, 8, and 9. All our results appear to
be in the range of allowed values of EU and US standards
(ASTM 6751; EN 14214).

Conclusion

We have concluded that fatty acids in the form of methyl
esters obtained from brewer’s waste yeast are well suited for
the production of biodiesel. All 49 samples meet the require-
ments for biodiesel quality in both the composition of fatty
acids (Knothe 2009) and the properties of the biofuel (e.g.,
viscosity, density, cloud point, cetane number, etc.) required
by the US and EU standards.

After lipid extraction, yeast can be used as fodder (cell
envelopes and other constituents) since its constituents contain

Table 6 Method D. Extraction
by petroleum ether Brewery

Fatty acid A B C D E F G

Cy 0 0.1 0 0.5 0 0 0.2

C 1.6 1.0 0 3.6 0 0 1.1

La 1.5 2.3 3.1 1.2 3.4 3.7 2.7

M 0.7 0.5 1.2 1.8 1.5 1.4 1.5

P 12.7 20.8 25.8 24.9 17.7 19.2 23.6

Po 37.4 44.3 34.8 22.9 44.8 47.2 35.6

S 8.2 8.9 18.8 14.8 22.9 19.6 18.7

O 30.1 20.2 9.2 19.4 5.7 3.7 10.2

L 2.5 1.1 7.1 6.2 2.3 2.9 5.3

Ln 0.5 0.2 0 1.2 0.4 0.6 0.6

A 0.8 0.5 0 0.9 1.3 1.7 0.3

G 1.1 0 0 0.4 0 0 0

B 0.6 0 0 0.7 0 0 0

E 0.5 0 0 0.5 0 0 0

Lg 0.5 0 0 0.6 0 0 0

N 0.7 0 0 0.4 0 0 0

Ce 0.6 0.1 0 0 0 0 0.2

AU 76.3 67.3 58.2 59.6 56.3 58.5 58.2

Kinematic viscosity (mm2/s at 40 °C) 4.72 4.78 4.84 4.83 4.85 4.84 4.84

Density (kg/L at 40 °C) 0.8768 0.8763 0.8758 0.8759 0.8757 0.8758 0.8758

Cloud point (°C) 9.8 11.0 12.2 12.0 12.4 12.1 12.2

Cetane number 57.79 58.39 58.99 58.90 59.12 58.97 58.99
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about 40 % of digestible proteins, saccharides and especially
the vitamin B complex.

Materials and methods

Yeast

Top brewer’s yeast S. cerevisiae and bottom brewer’s yeast
S. pastorianus were obtained from selected breweries (see
Table 10).

Method A

Ten grams of yeast dry matter content of 15–17 % was mixed
with 2 mL of 0.1 M Na2CO3 and the mixture was briefly
triturated with glass beads (diameter 0.2 mm) in a mortar,
covered with liquid nitrogen, and triturated again. This pro-
cess was repeated three times and 50 mL of 0.1 M Na2CO3

was finally added (Uppuluri et al. 2007). Crushed yeast was
extracted with chloroform to methanol ratio of 1:2 (Bligh and
Dyer 1959), centrifuged, and the lower phase was evaporated
and saponified with 10 % KOH solution in methanol at room
temperature overnight. The aqueous solution of fatty acids

was acidified to pH 2 and the free acids were extracted into
hexane.

Method B

Ten grams of yeast was extracted with 3×60 mL of
butanol containing 200 mg of KOH. The mixture was
heated to boiling with stirring for 1 h, filtered hot, diluted
with water (150 mL), and then concentrated to 50 %
(Feeney 1956) of the original volume. The aqueous solu-
tion was acidified to pH 2 and further processed according
to method A.

Method C

A mixture containing 10 g of yeast was mixed with 10 %
NaOH solution and refluxed for 1 h, filtered hot, and then
processed as in method B (Buehler 1958).

Method D

Lipid extraction was carried out with petroleum ether.
Seven grams of yeast was suspended in 30 mL of petro-
leum ether and extracted for 7 h (Tarasova et al. 1976).

Table 7 Method E. Disintegra-
tion with cyclohexylamine at
50 °C for 1 h

Brewery

Fatty acid A B C D E F G

Cy 0 0.1 0 0.6 0 0 0.2

C 1.0 1.1 0 2.1 0 0 1.3

La 1.7 2.7 3.6 1.4 3.9 2.0 3.2

M 0.8 0.5 1.4 2.1 1.8 2.0 1.7

P 11.1 18.4 25.5 25.1 17.6 18.3 23.4

Po 40.4 48.0 37.8 25.1 49.7 52.9 38.7

S 5.2 6.1 14.3 10.5 17.6 15.3 14.2

O 32.3 21.5 9.2 20.9 5.2 4.1 10.2

L 2.7 1.2 8.2 7.5 2.8 3.4 6.1

Ln 0.6 0.2 0 1.1 0.4 0.7 0.7

A 0.2 0.1 0 0.3 1.0 1.3 0.1

G 0.7 0 0 0.5 0 0 0

B 0.7 0 0 0.8 0 0 0

E 0.6 0 0 0.6 0 0 0

Lg 0.5 0 0 0.7 0 0 0

N 0.8 0 0 0.4 0 0 0

Ce 0.7 0.1 0 0.3 0 0 0.2

AU 82.0 72.5 63.4 65.8 61.7 65.9 63.2

Kinematic viscosity (mm2/s at 40 °C) 4.69 4.75 4.81 4.79 4.82 4.79 4.81

Density (kg/L at 40 °C) 0.8771 0.8766 0.8761 0.8762 0.876 0.8762 0.8761

Cloud point (°C) 9.0 10.3 11.5 11.2 11.7 11.1 11.5

Cetane number 57.41 58.04 58.65 58.49 58.76 58.48 58.66
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Filtration and evaporation in vacuo at a temperature not
exceeding 40 °C were followed by further processing as
in method A.

Method E

Ten grams of yeast was mixed with 2 mL of 10 %
aqueous solution of cyclohexylamine and the mixture
was heated at 50 ° C for 1 h (Green and Edwin
1961). After cooling, 40 mL of methanol was added
and the mixture was filtered. Yeast was washed with 3×
30 mL of methanol, and the combined liquors were
evaporated to dryness and further processed according
to method A.

Method F

Ten grams of yeast was mixed with 4 mL of ammonia solution
obtained by fivefold dilution of commercially available solu-
tion (25 % solution) (Green and Edwin 1961). The mixture
was heated with stirring for 1 h and further processed as in
method A.

Method G

Ten grams of yeast was mixed with 40 mL of diethylamine
(diluted five times in water), the mixture was allowed to stand
at 20 °C for 24 h (Green and Edwin 1961) and was then
treated according to method A.

FAMEs analysis

Fatty acid fractions (~5 mg) obtained by methods A–G were
dissolved in hexane and were methylated using BF3/MeOH
(Vancura et al. 1987, 1988).

Gas chromatography–mass spectrometry of FAME was
done on a GC-MS system consisting of Varian 450-GC,
Varian 240-MS ion trap detector with electron impact ioniza-
tion, and CombiPal autosampler (CTC, USA). Splitless injec-
tion was at 100 °C, and a fused silica capillary column
(Supelcowax 10; 60 m×0.25 mm i.d., 0.25 mm film thick-
ness; Supelco, Prague) was used. The temperature program
was as follows: 100 °C for 1 min, subsequently increasing at
20 °C/min to 180 °C and at 2 °C/min to 280 °C, which was
maintained for 1 min. The carrier gas was helium at a linear
velocity of 60 cm/s. The structures of FAMEs were confirmed
by comparison of retention times and fragmentation patterns

Table 8 Method F. Disintegra-
tion by ammonia for 1 h Brewery

Fatty acid A B C D E F G

Cy 0 0.1 0 0.6 0 0 0.2

C 1.9 1.2 0 4.2 0 0 1.3

La 1.8 2.7 3.6 1.4 4.0 4.3 3.1

M 0.8 0.5 1.4 2.1 1.8 1.6 1.7

P 12.6 19.9 26.9 26.5 18.7 20.3 25.4

Po 38.8 47.1 37.2 23.4 48.9 50.8 38.5

S 4.3 5.9 14.4 10.3 17.4 13.6 12.5

O 31.6 20.8 8.2 19.4 5.1 4.0 10.2

L 2.8 1.4 8.3 7.4 2.7 3.4 6.1

Ln 0.6 0.2 0 1.0 0.4 0.7 0.7

A 0.2 0.1 0 0.3 1.0 1.3 0.1

G 1.3 0 0 0.5 0 0 0

B 0.7 0 0 0.8 0 0 0

E 0.6 0 0 0.6 0 0 0

Lg 0.5 0 0 0.8 0 0 0

N 0.8 0 0 0.4 0 0 0

Ce 0.7 0.1 0 0.3 0 0 0.2

AU 80.5 71.3 62.0 62.1 60.6 63.7 63.0

Kinematic viscosity (mm2/s at 40 °C) 4.70 4.76 4.81 4.81 4.82 4.80 4.81

Density (kg/L at 40 °C) 0.8770 0.8765 0.876 0.876 0.8759 0.8761 0.8761

Cloud point (°C) 9.2 10.4 11.7 11.7 11.9 11.4 11.5

Cetane number 57.51 58.12 58.74 58.73 58.83 58.63 58.67
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with those of the standard FAMEs (Supelco, Prague) (Juzlova
et al. 1996).

Concentrations of individual fatty acids produced by yeast
from different breweries are given in Tables 3, 4, 5, 6, 7, 8, and
9.

Calculation of biodiesel properties

The biodiesel properties (i.e., average unsaturation, vis-
cosity, density, cloud point, cetane number, and iodine

value) were estimated based on the equations of
Hoekman et al. (2012). Average unsaturation (AU) was
calculated from the compositional profiles in Tables 3, 4,
5, 6, 7, 8, and 9 as AU=ΣN×Ci, where N is the number
of carbon-carbon double bonds of unsaturated fatty acids
and Ci is the concentration (mass fraction) of the
component.

Each property was calculated using the following equations
(Hoekman et al. 2012).

Viscosity mm2=s at 40�C
� � ¼ −0:6316AUþ 5:2065

Density kg=L at 40�Cð Þ ¼ 0:0055AUþ 0:8726

Cloud point �Cð Þ ¼ −13:356AUþ 19:994

Cetane number ¼ −6:6684AUþ 62:876

Acknowledgments The research was supported by the project GACR
P503/11/0215 and by the Institutional Internal Projects RVO61388971
and RO1914 (Ministry of Agriculture of the Czech Republic).

Table 9 Method G. Disintegra-
tion by diethylamine at 20 °C for
24 h

Brewery

Fatty acid A B C D E F G

Cy 0 0.1 0 0.6 0 0 0.2

C 1.9 1.2 0 4.3 0 0 1.4

La 1.8 2.8 3.8 1.4 4.1 4.5 3.4

M 0.9 0.5 1.5 2.2 1.8 1.7 1.8

P 8.6 15.0 22.5 21.6 15.1 15.9 19.6

Po 40.7 49.0 38.8 25.4 50.4 53.9 40.2

S 4.8 6.5 14.1 10.3 17.4 13.9 13.4

O 32.9 23.2 10.7 21.7 6.9 4.5 12.6

L 2.9 1.3 8.6 7.6 2.8 3.5 6.3

Ln 0.6 0.2 0 0.9 0.4 0.7 0.8

A 0.2 0.1 0 0.3 1.1 1.4 0.1

G 1.3 0 0 0.5 0 0 0

B 0.7 0 0 0.9 0 0 0

E 0.6 0 0 0.7 0 0 0

Lg 0.5 0 0 0.9 0 0 0

N 0.9 0 0 0.4 0 0 0

Ce 0.7 0.1 0 0.3 0 0 0.2

AU 84.0 75.4 66.7 66.6 64.1 67.5 67.8

Kinematic viscosity (mm2/s at 40 °C) 4.68 4.73 4.79 4.79 4.80 4.78 4.78

Density (kg/L at 40 °C) 0.8772 0.8767 0.8763 0.8763 0.8761 0.8763 0.8763

Cloud point (°C) 8.7 9.9 11.0 11.1 11.4 10.9 10.9

Cetane number 57.27 57.85 58.43 58.43 58.60 58.37 58.35

Table 10 List of breweries and their basic characteristics

Brewery Yearly beer
output (hl)

No. of pitchings
(yeast generations)

Waste yeast
(t dry weight/year)

Aa <200.000 1× 16.0

Bb >200.000 4× 672.0

Cb >200.000 7× 1360.0

Db <200.000 6× 0.2

Eb <200.000 5× 25.6

Fb <200.000 4× 11.2

Gb >200.000 2× 192.0

a Top fermentation with S. cerevisiae
b Bottom fermentation with S. pastorianus
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