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Table 2. Standard Gibbs Energy and Ethalpy of
Formation

Compound name Composition

01DGf

(kJ/mol)
DHf

(kJ/mol)

Biomass CH1.8O0.5N0.2 �67 �91
Water H2O �237.18 �286
Bicarbonate �HCO3 �586.85 �692
CO2 (g) CO2 �394.359 �394.1
Ammonium �NH4 �79.37 �133
Proton H� �39.87 0
O2 (g) O2 0 0
Oxalate2� C2

2�O4 �674.04 �824
Carbon monoxide CO �137.15 �111
Formate �CHO2 �335 �410
Glyoxylate� C2O3H� �468.6 —
Tartrate2� 2�C H O4 4 6 �1,010 —
Malonate2� 2�C H O3 2 4 �700 —
Fumarate2� 2�C H O4 2 4 �604.21 �777
Malate2� 2�C H O4 4 5 �845.08 �843
Citrate3� 3�C H O6 5 7 �1,168.34 �1,515
Pyruvate� �C H O3 3 3 �474.63 �596
Succinate2� 2�C H O4 4 4 �690.23 �909
Gluconate� �C H O6 11 7 �1,154 —
Formaldehyde CH2O �130.54 —
Acetate �C H O2 3 2 �369.41 �486
Dihydroxyacetone C3H6O3 �445.18 —
Lactate �C H O3 5 3 �517.18 �687
Glucose C6H12O6 �917.22 �1,264
Mannitol C6H14O6 �942.61 —
Glycerol C3H8O3 �488.52 �676
Propionate� C3H5O2� �361.08 —
Ethylene glycol C2H6O2 �330.50 —
Acetoine C4H8O2 �280 —
Butyrate �C H O4 7 2 �352.63 �535
Propanediol C3H8O2 �327 —
Butanediol C4H10O2 �322 —
Methanol CH4O �175.39 �246
Ethanol C2H5O �181.75 �288
Propanol C3H8O �175.81 �331
n-Alkane C15H32 �60 �439
Propane C3H8 �24 �104
Ethane C2H6 �32.89 �85
Methane CH4 �50.75 �75
H2 (g) H2 0 0
N2 (g) N2 0 0
Nitrite ion �NO2 �37.2 �107
Nitrate ion �NO3 �111.34 �173
Iron II Fe2� �78.87 �87
Iron III Fe3� �4.6 �4
Hydrogen sulfide (g) H2S �33.56 �20
Sulfide ion HS� �12.05 �17
Sulfate ion 2�SO4 �744.63 �909
Thiosulfate ion 2�S O2 3 �513.2 �608

Note: pH � 7, 1 atm, 1 mol/L, 298 K.

enthalpy, and the Gibbs energy balance). This means also
that there must exist mathematical relations between YDX,
YAX, YCX, YQX, and YGX (see Fig. 2b). These relations are
addressed in a later section (see equations 9a–9e). It is
obvious that this knowledge of the complete growth stoi-
chiometry provides essential engineering information with
respect to reactor design on the amount of O2 that must be
transferred (aeration capacity), the amount of carbon di-

oxide that must be removed (ventilation), the amount of
heat to be removed (cooling capacity), or the amount of
fermentation products (in anaerobic growth). The amounts
of the required N source and (autotrophic growth)�HCO3

also follow from these stoichiometric calculations.

MEASUREMENT OF GROWTH STOICHIOMETRY

As shown earlier, the measurement of one stoichiometric
coefficient suffices, in general, to calculate all the other
stoichiometric coefficients using the conservation rela-
tions. This measured stoichiometric coefficient requires
the measurement of two conversion rates because, by def-
inition, a stoichiometric coefficient is the ratio of two con-
version rates. For example, YDX � rX/�rD. The most sim-
ple growth system contains eight conversion rates
(biomass, N source, H�, H2O, CO2, electron donor, electron
acceptor, heat production) and six conservation equations
(C, H, O, N, enthalpy, charge). Measurement of two con-
version rates is then sufficient to calculate all other rates
and, hence, the complete growth stoichiometry. Currently,
the most common measurements are biomass production
and substrate (equal to electron donor) consumption. For
aerobic growth the on-line measurement of O2 consump-
tion and CO2 production by the analysis of O2 and CO2 in
the off gas in air-sparged fermentors is becoming more and
more routine. Especially for autotrophic growth, the on-
line measurement of CO2 consumption by off-gas analysis
gives direct and highly accurate information on microbial
growth (because all consumed CO2 appears as biomass).
This method was very successfully applied to study the
growth stoichiometry and kinetics of solid pyrite oxidation
by Fe2�-oxidizing bacteria (12,13) and of Methanobacter-
ium thermoautotrophicum on H2/CO2 (14).

Most recently, it was also shown that on-line measure-
ment of heat production during microbial growth can be
used to explore growth stoichiometry and kinetics (15–17).

However, such a simple approach of measuring only two
conversion rates often makes certain assumptions:

• Each chosen pair of measured conversion rates will
allow the complete calculation of all other conversion
rates.

• All measurements are reliable within a certain sta-
tistical error but without a systematic deviation.

• The assumed description of the growth system is cor-
rect, which means that by-products or additional sub-
strates are assumed to be absent.

All these assumptions are subject to critical considera-
tions, which are dealt with extensively in a recent series
of publications (18–21). Here, simple examples are pro-
vided to illustrate the points of interest. The reader is re-
ferred to Refs. 18–21 for a more elaborate introduction,
including the full mathematical and statistical aspects.

Noncalculability of Stoichiometry

Suppose that in Example 1a the chosen two conversion
rates to be measured are biomass production (rX) and
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Table 3. Calculated c, , and Values for Chemical Compounds under Standard Conditions01 0DG DHe e

c

Degree of reduction per C-mole
for organic and per mole for

inorganic compounds in
electrons/(C)-mole

01DGe

(kJ/e-mol)

0DHe

(kJ/e-mol)

� N source�biomass/NH4 �4.2 �33.840 �26.1
Biomass/NO3 � N source �5.8 �14.820 �44.2
Biomass/N2 � N source �4.8 �32.948 �26.3
N source for growth 0 0 0

�HCO3 0 0 0
Oxalate �1 �52.522 �20
Formate �2 �39.186 �15.50
Glyoxylate �2 �48.229 —
Tartrate �2.5 �39.577 —
Malonate �2.67 �28.976 —
Fumarate �3 �33.662 �31.60
Malate �3 �33.354 �32.20
Citrate �3 �32.282 �33.90
Pyruvate �3.33 �34.129 �23.60
Succinate �3.50 �28.405 �36.30
Gluconate �3.67 �39.106 —
Formaldehyde �4 �45.326 �0.10
Acetate �4 �26.801 �33.50
Lactate �4 �31.488 �28.90
Glucose �4 �39.744 �25.75
Mannitol �4.33 �38.777 —
Glycerol �4.67 �37.625 �24.30
Propionate �4.67 �26.939 �33.80
Ethylene glycol �5 �37.292 —
Acetoin �5 �32.625 —
Butyrate �5 �27.000 �33.30
Propanediol �5.33 �33.177 —
Acetone �5.33 �28.718 �30.90
Butanediol �5.50 �31.374 —
Methanol �6 �36.032 �23
Ethanol �6 �30.353 �28.90
Propanol �6 �29.144 �32.50
n-Alkane �6.13 �26.694 —
Propane �6.66 �25.948 �31.90
Ethane �7 �25.404 �31.40
Methane �8 �22.925 �31.50
CO �2 �47.477 �1.5
H2 �2 �39.870 0

2�SO4 0 0 0
2�SO3 �2 �50.296 —

S0 �6 �19.146 �55.2
S2

2�O3 �8 �23.584 �27.5
HS� �8 �20.850 �43.9

�NO3 0 0 0
�NO2 �2 �41.650 �108.5

NO(g) �3 �96.701 —
N2O(g) �8 �57.540 �124.55

�NH4 �8 �35.109 �101.9
N2 �10 �72.194 �136.4
Fe3� 0 0 0
Fe2� �1 �74.270 �46.8
H2O 0 0 0
O2 �4 �78.719 �143

Note: pH � 7, 1 mol/L, 1 atm, 298 K.
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