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Abstract
Textbooks in physical chemistry start from the treatise of the ideal gas. Gaseous compounds are important reactants and 
products of (bio)chemical reactions, and thus their absolute amounts are needed to establish mass balances. However, in 
contrast to solid, for dissolved and liquid compounds, their qualitative and especially quantitative analysis is less widely 
established in biological and chemical laboratories. This can be mainly ascribed to the seemingly simple chemical nature 
of gaseous compounds that is in contrast to the effort needed for their precise quantification. In this article, we will guide 
the reader through the considerations and steps needed to perform a meaningful analysis of multicomponent gas mixtures, 
which are reactants for or products of (bio)chemical reactions in aqueous solutions in the laboratory environment and scale. 
After a brief introduction, special focus is set on the methods for quantification and calculations needed to derive absolute 
amounts of gases in a mixture. The overall concept will be exemplified by biogas production as well as by an electroorganic 
reaction (Kolbe electrolysis of n-hexanoic acid), and general pitfalls will be highlighted.
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Abbreviations
C∗
i
   Conversion factor of a pure substance i in a 

mixture
Ci   Partial conversion factor of component i in a 

mixture
Cmix   Average conversion factor of gas mixture
ci   Mole concentration of component i
c∗
p,i

   Specific heat capacity of a pure substance i
M   Molecular weight M =

m

n
M∗

i
   Molecular weight of a pure substance i in a 

mixture
M   Average molecular weight of a mixture

m   Mass
ṁ   Mass flow
mi   Partial mass of component i 

∑

mi = m

n   Amount of substance
ni   Partial amount of substance of component i 

∑

ni = n

ndead,i   Amount of substance of component i in the dead 
volume

ntotal,i   Total amount of substance of component i
p   Pressure
pi   Partial pressure of component i 

∑

pi = p

p
sat,∗

i
   Saturated vapor pressure of the pure component i

T    Temperature (Kelvin)
V    Molar volume V =

v

n
V∗
i
   Molar volume of a pure substance i in a mixture

Vi   Partial molar volume of component i in a mixture
Vmix   Average molar volume of a mixture
v   Volume
v̇   Volume flow
vi   Partial volume of component i 

∑

vi = v

vdead   Dead volume
�   Temperature (°Celsius)
�i   Mass fraction of component i 

∑

�i = 1
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xi   Mole fraction of component i in condensed 
phases 

∑

xi = 1

yi   Mole fraction of component i in gas phases 
∑

yi = 1

�∗
i
   Mass concentration (density) of a pure substance 

i in a mixture
�i   Partial mass concentration (density) of compo-

nent i in a mixture
�   Average density of a mixture
�i   Volume concentration of component i
�i   Volume fraction of component i 

∑

�i = 1

*  Pure substance
i   Substance
mix  Gas mixture
norm   Outdated standard temperature and pressure con-

ditions (273.15 K; 1.0132 bar)
output  Via mass flow meter measured volume of gas 

mixture
real  Real volume of the gas mixture
x  Ambient conditions
STP   IUPAC standard temperature and pressure condi-

tions (273.15 K; 1.0 bar)

Introduction

Gas analysis can be defined as the qualitative and quantita-
tive determination of the composition of a gas phase. This 
gas phase can either be pure, that is, containing one type of 
gas molecules, or it can be a multicomponent system, mean-
ing that it comprises several gaseous compounds in different 
proportions (see Fig. 1).1 Often we know the (bio)chemistry 
that leads to the consumption or production of gaseous reac-
tants. Thus, the identity of the components in a multicom-
ponent mixture is known or we are interested only in one or 
a few specific gaseous compounds. If the chemical identity 
of a compound needs to be determined, this information can 
be gained by different methods including chromatography, 
mass spectrometry or spectroscopy [1–3]. This identifica-
tion of gases is not discussed in this article, and we refer the 
reader to the literature, for instance [4, 5]. In the following 
we assume that all gaseous components are known.

Quantitative measurements of gases are often an analyti-
cal challenge, especially when multicomponent systems are 
investigated and data of absolute gas quantities are required 
[7]. The acquisition of absolute gas quantities is indispensa-
ble to establish mass balances of (bio)chemical conversions 
involving gaseous reactants or products. To obtain absolute 

quantities of a gas mixture requires both information about 
the quantitative gas composition (absolute or relative val-
ues, see Table 1) and the total amount of gas (which usually 
means volume, v , or rarely mass, m).

When looking at the quantitative chemical analysis of 
condensed phases, scales are extremely important. They per-
mit the measurement of the mass of a sample as an absolute 
value at the given conditions. Normally, this gravimetric 
measurement is not possible for the analysis of gases. This 
is due to their low densities and hence masses as well as the 
lack of a defined volume and shape of the system to be ana-
lyzed. This means that there are only limited possibilities to 
weigh a gas phase. Gas mixtures can often be complex, but 
per se reach a chemical equilibrium quickly and then repre-
sent a homogeneous phase. This opens up the possibility of 
using volume instead of mass for quantitative gas analysis. 
Like masses, volumes can be measured precisely, provided 
that the compressibility of gases is considered. In addition 
to the number of moles of a gaseous component, the volume 
of a gas depends strongly on temperature and pressure. In 
many cases, especially under ambient conditions, we can 
describe the relation between these state variables by the 
ideal gas law (Eq. 1) [8].

According to the model of an ideal gas, gas molecules are 
not affected by intermolecular attractions. This is somewhat 
true for most gaseous compounds being analyzed in biologi-
cal and chemical laboratories. Like all equations shown in 
this article, Eq. 1 is only valid when thermodynamic equi-
librium is in place, including for instance the equilibration 
between the gas and liquid phases. Notably, it is not identical 
to steady state, and, strictly speaking, thermodynamic equi-
librium is often not the case when gas analysis is performed. 
However, assumption of thermodynamic equilibrium is 
needed when performing gas analysis for practicability as 
well as to facilitate calculations. Therefore, time invariances 
are often leveled off by sequential analysis (see Sects. 4.2 
and 4.3). In all cases, some particularities have to be consid-
ered in any analytical workflow for gas quantification. Gases 
spontaneously fill any free space and are often invisible and 
odorless. Therefore, the safe and defined containment of 
the measuring volume and the prevention of gas leaks for 
all experiments are of utmost importance, but often a chal-
lenge. Likewise, dead volumes, meaning the extra volumes 
of the experimental setup that do not contribute to the func-
tionality of the system or that are not recorded by the used 
gas sensor, are always a source of uncertainty and error for 
gas quantification. Dead volumes must be recognized and 
avoided whenever possible when setting up the system. If 
this is not feasible, dead volumes need to be included in cor-
rective calculations as we will illustrate below. As already 

(1)p ⋅ v = n ⋅ R ⋅ T

1 Within this article, we define a system in accordance with physical 
chemistry as a body of matter confined in space by walls that separate 
it from its surroundings, which is the environment.
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mentioned above, the high compressibility of gases is an 
important property with effects that we cannot overestimate 
for precise gas measurement. Compressibility means that 
the volume of a gas changes as a function of the pressure 
it is exposed to [8]. Hence, any change in pressure has an 
immediate impact on the volume. As a consequence, tem-
perature and pressure must be (1) known, (2) well defined 
and (3) constant during the entire gas analysis. Moreover, 
it must be ensured that temperature and pressure during the 
measurement are kept in a range in which the homogeneity 
of the gas phase is maintained. This means that condensa-
tion of components has to be avoided, which can be assured 

beforehand by estimating the dew point of the gas mixture 
to be analyzed (see Sect. 2.3) [9].

An arsenal of methods for the analysis of gases exists. 
Many of these are selective, meaning they are suitable to 
detect only one or a few gaseous compounds. This is par-
ticularly typical for industrial applications where only a few 
mostly known gases are of interest. These compounds are 
often determined in the process volume or volume stream 
without any separation from the gas mixture. This implies 
that the component to be determined exhibits a specific 
property that makes it suitable for selective detection in the 
industrial environment. Typical fields of application are heat 

Fig. 1  Chemical composition of 
different dry multicomponent 
gas mixtures: air, natural gas, 
biogas (see Sect. 4.1) and prod-
ucts of the Kolbe electrolysis of 
n-hexanoic acid (see Sect. 4.3) 
[6]

Table 1  Composition 
variables of individual gaseous 
components i to describe gas 
mixtures

Symbol Unit

Absolute composition values (extensive values)
 Partial pressure pi [Pa]

∑

pi = p(ideal gas)
 Partial volume vi [m3], [L]

∑

vi = v(ideal gas)
 (Partial) mass mi [kg]

∑

mi = m

 (Partial) amount of substance ni [mol]
∑

ni = n

Relative composition values (intensive values)
 Mass fraction �i [kg  kg−1] �i =

mi
∑

jmj

;
∑

�i = 1

 Mole fraction
  Gases yi [mol  mol−1] yi =

ni
∑

jnj
;
∑

yi = 1

  Liquids xi

 Volume fraction �i [m3  m−3] �i =
vi

∑

jvj
;
∑

�i = 1

 Mass concentration (density) �i [kg  m−3], [kg  L−1] �i =
mi

vmix

 Mole concentration (molarity) ci [mol  m−3], [mol  L−1] ci =
ni

vmix

 Volume concentration �i [m3  m−3] �i =
vi

vmix
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gas industry for domestic use or natural gas industry [10] 
and chemical processes that involve the consumption or evo-
lution of gaseous reactants, e.g., [11]. Since the handling of 
gases can generally be associated with considerable dangers, 
monitoring of diverse risk potentials (pressure, explosion 
limits, toxicity, etc.) is also important to provide workplace 
safety. Whereas specialized and routine methods dominate in 
industry, laboratories in academia require rather versatile but 
still very precise methods and workflows for gas analysis. 
Often mass balances have to be established to obtain infor-
mation about reactions with gaseous reactants and unclear 
or unknown stoichiometry. In this case, we must reliably 
quantify all gaseous components.

In this article, we consider the quantification of multi-
component gaseous systems that are gas mixtures in biologi-
cal and chemical laboratory experiments at ambient condi-
tions and aqueous environment. The examples are selected 
to illustrate a typical workflow for converting gas mixtures 
to reference conditions and 0% humidity (see Sect. 4.1) as 
well as multicomponent gas analysis in a laboratory (see 
Sect. 4.3). The workflow starts from sampling and concludes 
with the calculations needed for setting up a mass balance 
(Figs. 2 and 10).

Quantification of gas mixtures—basic 
principles

The focus of this contribution is on the quantification of gas 
mixtures. Therefore, we will first give a short overview of 
basic principles to be considered when gas volumes and the 
quantities of gaseous components are determined.

Pure substances

In thermodynamic equilibrium, the thermal state of any pure 
matter can be described unambiguously by its associated 
state variables volume ( v ), temperature ( T ), pressure ( p ) and 
mass ( m ) or amount of substance ( n).

Changing the state variables independently from each 
other is impossible. The number of independent intensive 
variables needed to determine the system’s state, i.e., the 
number of degrees of freedom (F) , depends on the number 
of components (C) and the number of phases in equilibrium 
(P) according to Gibbs' phase rule F = C + 2 – P [8, 12]. For 
a pure phase and given amount of substance, two intensive 
state variables are sufficient for the unambiguous descrip-
tion of such a system (note that extensive variables are 
not degrees of freedom in the sense of the phase law). For 
instance, when considering the simple case of the ideal gas 
(Eq. 1), if temperature and pressure are given, the volume is 
automatically set and cannot be varied.

The mathematical expression for the relations between 
the thermal state variables for pure homogeneous systems 
are thermal state functions in the form f (p,T , v, n) = 0 . This 
means that we cannot change a state variable without effect-
ing at least one of the other three variables. For a general 
description of state changes, the total differential of the state 
function can be applied. For volume changes, this results in 
Eq. 2:

For a given amount of substance n of a gas, the change 
in volume due to changes in p at constant T  (which is iso-
thermal) and due to change in T  , at constant p (which is 
isobaric) can be calculated stepwise. Therefore, the partial 
differentials need to be known, which can be complex for 
real gases.

For the ideal gas, the partial differentials can be easily 
derived, and hence the state function can be represented 
explicitly and in a particularly simple way as an equation 
of state, also known as the combined gas law (Eqs. 1 and 
3). It allows calculating all states of an ideal gas as the 
empirically found laws of Gay-Lussac/Charles, Amontons, 
Boyle/Mariotte and Avogadro are unified therein (see also 
Table 2) [8].

(2)dv =
(

�v

�T

)

p,n
dT +

(

�v

�p

)

T ,n

dp +
(

�v

�n

)

p,T
dn

Fig. 2  Typical workflow for a 
multicomponent gas analysis 
that is discussed in this article 
and exemplified for biogas pro-
duction (Sect. 4.1) and Kolbe 
electrolysis of n-hexanoic acid 
(Sect. 4.3)
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R is the universal gas constant. It is the product of the 
fundamental constants of nature, Avogadro's constant and 
Boltzmann's constant, and thus, since the redefinition of the 
SI base units in 2019, also exactly defined, precisely to R 
= 8.31446261815324 J  K−1  mol−1 = 8.31446261815324 Pa 
 m3  K−1  mol−1 [13].

We have to note that for the ideal gas the molar volume 
V = v∕n is independent of the gas type. Thus, one mole of 
gas at the same temperature and pressure has the same vol-
ume (Avogadro's law) and there is proportionality between 
amount of substance and volume. For the reference point of 
IUPAC standard conditions (STP), which are T = 273.15 K 
and p = 100,000 Pa , the molar volume of any ideal gas is 
VSTP = 22.711 L mol−1 [14], see also Box 1.

Box 1: The correct standard pressure is p = 1 bar!

Standard conditions for temperature and pressure are 
important reference points for describing a gas state (see 
Eq. 1). Consequently, referring to standard conditions 
is also indispensable for any gas quantification that can 
only be carried out properly with appropriately calibrated 
devices and methods. Therefore, we strongly appreciate 
the efforts to define suitable and worldwide binding val-
ues for defining standard conditions, including a uniform 
terminology for their scientific use. In this publication, 
we consistently refer to the current IUPAC standard con-
ditions for temperature and pressure (STP) [14]. They are 
well justified, internationally accepted, widely used and 
future-oriented.

While the IUPAC standard condition for temperature 
has remained unchanged at T = 273.15 K , the IUPAC 
standard pressure was redefined in 1982. Until 1982, the 
standard pressure was p = 1 atm = 101,325 Pa . Accord-
ing to the old definition, 1 atm refers to the mean air pres-
sure at sea level. This reference state is poorly defined, 
the unit is not compliant with the system of SI units, 
and in calculations the converted value of 101,325 Pa 

(3)
p ⋅ v

T
=

p0 ⋅ v0

T0
= R

always had to be used. Therefore, starting in 1982, the 
standard pressure condition was redefined by IUPAC to 
p = 100,000 Pa = 1 bar . This is a freely defined fixed 
value, which, because of the unit 1 bar, has the advantage 
of being numerically well suited (as it was 1 atm previ-
ously) for describing the standard state of gases as simply 
as possible. Moreover, the newly defined standard pres-
sure has the metrological advantage that it corresponds 
to the mean atmospheric pressure at an altitude of 105 m 
above sea level and is thus closer to the global mean alti-
tude of human habitation (194 m) [15].

Actually, there is no scientific reason to continue using 
the old definition of standard pressure. However, many 
gas meter manufacturers still calibrate their devices to 
1 atm. Thus, it is no wonder that people often want to 
continue using the old IUPAC definition for metrologi-
cal reasons and ease of operation and calculation. We 
have decided to use the old IUPAC definition in the 
exceptional case of raw data acquisition with mass flow 
meters. For clarity, we mark the data obtained with the 
index "norm" instead of "STP" to indicate the changed 
reference conditions. Ultimately, for scientific clarity, we 
relate and report all results strictly to the STP conditions 
with p = 1 bar . We strongly advocate the reader to do so 
as well to assure clarity and allow easy comparison of 
gas quantities.

Homogeneous mixtures

Gas phases with more than one component are homogene-
ously mixed phases. In addition to p, T , v, n composition 
variables for each component i are required for their descrip-
tion. Absolute values or relative values can be used to char-
acterize the chemical composition of mixtures (Table 1).

Absolute composition values are extensive, i.e., they 
change with the size of system and hence the amount of 
substance changes. The absolute values are partial values 
of the component (in the system), such as partial pressure 
or partial volume. In a narrower sense, masses and amounts 
of substances can also be referred to as partial. The gen-
eral advantage of all partial values is their additivity. This 
means that the total sum for all components of a partial value 
describes the corresponding overall property of a system (for 
volumes, however, this is only valid under ideal conditions). 
Of special importance in gas analysis is the use of partial 
pressures. Again, the sum of all partial pressures is equal to 
the whole pressure in the system (Dalton's law, Eq. 4) [8].

In contrast to the absolute values, the relative composi-
tion values are intensive values. This means that they are 
not proportional to the size of the system (see also Box 2). 

(4)
∑

i
pi = p

Table 2  Overview of gas laws for interconversion of p, T and v of 
gases as well as conversion of gases to standard conditions

v
[

m3
]

,T[K], p[Pa] , n[mol]

Gas law Formula Note

Ideal gas law p ⋅ v = n ⋅ R ⋅ T Eq. (1)
Combined gas law p

1
⋅v

1

T
1

=
p
2
⋅v

2

T
2

Eq. (3)

Boyle’s law p
1
⋅v

1
= p

2
⋅ v

2
T = const. Eq. (20)

Charles' law v1

T1
=

v2

T2
p = const. Eq. (21)

Gay-Lussac’s law p1

T1
=

p2

T2
v = const. Eq. (22)
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Intensive values describe the content of a defined compound 
in a mixture irrespective of the system size using the con-
cepts of fraction values or concentrations.

Fraction values are dimensionless and defined as the pro-
portion of a certain component in relation to the entire mix-
ture. Thus, values between 0 and 1—or 0% and 100%—are 
possible. A fraction of 0 means absence of the respective com-
ponent, whereas 1 means that a pure substance is present. 
Logically, the sum of fractions of all components in a mixture 
must be 1. Therefore, for C components, only (C − 1) fraction 
values are sufficient to fully describe a composition. Fraction 
values are mostly used for m, n and v , but the concept is also 
useful for p . This allows us to provide “pressure fractions” 
or synonymously “relative partial pressures” of a component 
(see above). For an ideal gas, these are equal to the mole frac-
tions, but not for a real gas, where mixture-dependent appar-
ent or excess properties such as apparent molar volumes must 
be taken into account (see also Sect. 4.1). Here, the expression 
of pressure fractions does not make sense and is often inap-
propriate or even misleading.

Concentration values are mostly given as the ratio of an 
extensive variable such as m, n, v to the total volume. This 
has the consequence that, because the volume of gases is 
strongly dependent on environmental variables, these quan-
tities are strongly dependent on temperature and pressure 
as well. The general advantage, however, is that intensive 
variables are created, i.e., the homogeneous mixture can be 
described independently of the size of the system. It should 
be noted that the volume concentration, �i , only coincides 
with the partial volume fraction, �i , for an ideal gas. In all 
real gas phases and even more in condensed phases, these 
two values are not identical. This is because by definition the 
total volume in volume concentrations always refers to val-
ues after mixing, while the total volume in volume fractions 
refers to values before mixing. Again, this illustrates the dif-
ference between intensive and extensive properties [8].

Now let us consider that the volume of the system 
increases by factor 20 to 10 L. According to the volume 
change, the pressure changes as follows:

We see that yi remains constant, while pi and vi scale 
with the size of the system.

vN2 = 0.5 ⋅ 0.5 L = 0.25 L, vH2 = 0.5 ⋅ 0.5 L = 0.25 L

pnew =
p ⋅ v

vnew
=

198,000 Pa ⋅ 0.5 L

10 L
= 9900 Pa

y
N2

= �
N2

= �
N2

=

(

pi

p

)

N2

= 0.5,

y
H2

= �
H2

= �
H2

=

(

pi

p

)

H2

= 0.5

pN2 = 0.5 ⋅ 9900 Pa = 4950 Pa, pH2 = 0.5 ⋅ 9900 Pa = 4950 Pa

vN2 = 0.5 ⋅ 10 L = 5 L, vH2 = 0.5 ⋅ 10 L = 5 L

Box 2: Example calculations on intensive 
and extensive values

We assume now a gas volume of 500 mL that is filled 
with a mixture of  N2 and  H2 with each yi = 50% at 
p = 198, 000Pa . This means:

y
N2

= �
N2

= �
N2

=

(

pi

p

)

N2

= 0.5,

y
H2

= �
H2

= �
H2

=

(

pi

p

)

H2

= 0.5

pN2 = 0.5 ⋅ 198,000 Pa = 99,000 Pa,

pH2 = 0.5 ⋅ 198,000 Pa = 99,000 Pa

The composition of gas mixtures in a system can 
be described in different ways. For each component, a 
partial pressure, a partial volume or a partial amount of 
substance (mass) can be stated. The total sum (over all 
components) of amount of substance and molar volume 
of the pure components leads to the total volume in ideal 
systems:

For mixtures of real gases, the partial volume of a 
compound is not identical to the molar volume of this 
compound in pure state. Thus, Eq. 5 cannot be used. The 
deviation of the volume from the ideal behavior can either 
be taken into account by including a so-called excess vol-
ume or the system has to be described by means of partial 
molar volumes, Vi . The latter are the partial molar coef-
ficients of the components in the total differential of the 
state function v:

The partial molar volume is not a fixed characteristic 
property of a component. The partial molar volume is a 
change function of the volume when the amount of sub-
stance of a component changes under the conditions of 
a quasi-constant composition of the mixed phase under 
isothermal and isobaric conditions. This means we have 
different Vi for the same component in different mixtures. 
Using Vi , the volume of a mixed phase can then be calcu-
lated additively again (Eq. 7):

(5)
∑

i
vi =

∑

i

(

niV
∗
i

)

= v

(6)

(

�v

�ni

)

T ,p,nj

= Vi
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It is often advantageous not to describe the compo-
sition of mixed phases with extensive values. Instead 
intensive values such as mass fraction, mole fraction or 
volume fraction could be used for this purpose. For a 
component of an ideal gas, according to the proportional-
ity of n, v and p , the ratios of the different partial values 
to the respective total quantity are always the same for 
a given state, i.e., all fractional values are equal in the 
system:

As with all fractional values, the same applies here:

With Eq. 10, it is possible to calculate partial pressures 
by mole fractions and vice versa:

Mean molar quantities such as average molar mass 
(Eq. 11), average molar volume (Eq. 12) and average 
molar density (Eq. 13) can be used to characterize a 
whole homogeneous mixture with a substance-related 
intensive average. These values can be calculated using 
the mole fraction, whereas volume-dependent quantities 
( V , �) are only easily available when assuming an ideal 
gas.

The gas density of ideal gases is proportional to the 
molar mass; it holds:

Heterogeneous mixtures

Heterogeneous mixed phases often play a major role in 
the analysis and description of gas phase compositions, as 
exemplified in Sect. 4.3. This applies in particular to the 

(7)
∑

i

(

niVi

)

= v

(8)
pi

p
=

ni

n
= yi =

vi

v
= �i

(9)
∑

i
yi =

∑

i
�i = 1

(10)pi = yi ⋅ p

(11)
�

i

�

yi ⋅M
∗
i

�

= M =
mmixture
∑

ini
=

∑

i

�

niMi

�

∑

ini

(12)
�

i

�

yi ⋅ V
∗
i

�

= V =
vmixture
∑

ini
=

∑

ivi
∑

ini

(13)
∑

i

(

yi ⋅ �
∗
i

)

= � =
M

V
=

mmixture

vmixture

(14)
MA

MB

=
�A

�B

coexistence of mixed phases of liquids and gases. Due to 
the vapor pressures of all components in the liquid phase, 
corresponding partial pressures of these components are to 
be expected in the gas phase. The vapor pressure is an intrin-
sic property for a substance and depends strongly on the 
temperature, but not on the gas volume. For an ideal liquid 
mixture and an ideal behavior of the gas phase, the partial 
pressure of each component is equal to the product of the 
saturated vapor pressure of the pure component and its mole 
fraction in the liquid phase. This relationship is Raoult’s law 
(Eq. 15) [8].

Raoult’s law applies if the liquid phase is nearly pure or if 
very similar compounds (size, shape, polarity) are mixed. In 
contrast, especially for mixtures including water and organic 
solvents, it cannot be used. Generally, for real conditions, 
two correction factors for molecular interactions need to be 
applied: (1) For real gas behavior, the partial pressure is 
corrected by a fugacity coefficient to obtain the effective 
partial pressure (fugacity f  of the component replaces partial 
pressure). (2) The non-ideal behavior of the liquid mixture 
is corrected by using an activity coefficient to describe the 
effective composition in a liquid phase (activity a of the 
component replaces its molar fraction). The interested reader 
can find more detailed information about this in literature, 
e.g., Wedler (1997) [16].

If ideal gases and liquids are in equilibrium with each 
other, the laws of Dalton and Raoult can be combined (with 
xi and yi as mole fraction in the liquid phase and gas phase, 
respectively) and lead to:

Equation 16 also allows the determination of the dew 
point of a gas mixture. The dew point is the temperature 
and pressure at which a first liquid droplet from a homoge-
neous gas mixture may condense. Knowing the dew point 
is of great importance, as gas analyses should generally be 
performed well above the dew point temperature (at a given 
pressure) or below the dew point pressure (at a given tem-
perature) to avoid phase separation during analysis. Dew 
points can be determined using a system of two linear equa-
tions deduced from Eq. 16 and the boundary condition for 
mole fractions [8]:

For dew pressure, the system of equations mentioned 
above can be solved for a given complete set of yi and psat,∗

i
 

at a specified temperature (Eq. 18).

(15)pA = xA ⋅ p
sat,∗

A

(16)
∑

i
pi = ptotal =

∑

i

(

xi ⋅ p
sat,∗

i

)

=
∑

i

(

yi ⋅ ptotal
)

(17)
∑

i
xi =

∑

i

(

yi ⋅ ptotal

p
sat,∗

i

)

and
∑

i
x = 1
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In contrast, the dew temperature can only be calculated 
iteratively. Using a given complete set of yi and psat,∗

i
 at sev-

eral temperatures around the assumed dew temperature, 
p
sat,∗,f (temp)

i
 has to be approximated until Eq. 19 is valid [8].

Methods for gas measurements in chemical 
and biological laboratories

In general, gases can be analyzed regarding their quantity 
(usually volume) and their quality (composition). There is 
a whole arsenal of methods to determine gas volumes in 
the laboratory experiments available; most of these rely on 
displacement and are discussed in Sect. 3.1.

The sampling methods for the qualitative determination 
of different components can be divided into active sam-
pling with or without enrichment, passive sampling or sam-
pling with simultaneous measurement (Fig. 3, Sect. 3.2). 
Which sampling technique is the most suitable depends 
on various factors such as the concentration and reactivity 
of the components, accompanying gases to be analyzed 
or the environmental conditions such as temperature and 
humidity as well as the availability of equipment. When 
taking samples with simultaneous measurement, a distinc-
tion can be made among the use of test tubes, sensors and 
spectroscopic or chromatographic methods [1]. The active 
sampling in laboratories is most often carried out using 
gasometers, gas collection tubes or similar gas collection 
containers such as gas bags. Another method of active sam-
pling is the collection of the compound of interest using 
adsorption materials [1, 17].

(18)
pdew =

1
∑

i

�

yi

p
sat,∗

i

�

(19)ptotal ⋅
∑

i

(

yi

p
sat,∗,f (temp)

i

)

= 1

How to measure the gas volume

Measurement of gas volume is commonly used. Reporting 
the gas volume is easy to understand and for process engi-
neering has many practical advantages as it facilitates data 
exchange from laboratory to technical scale, for instance for 
the biogas process (see Sect. 4.1). Walker et al. evaluated the 
potential errors associated with the measurement of volume 
and calculation for the quantitative analysis of biogas. These 
include the measurement inaccuracy due to gas diffusion and 
the potential errors of volume calculation when converting 
the obtained values to STP conditions [18].

As the following paragraphs show, a variety of methods 
exist for the measurement of gas volumes. Given that the gas 
volume is pressure- and temperature-dependent, as discussed 
above, it is indispensable that both values be reported for 
each data point.

For measuring the volume of a gas in laboratories in 
academia, liquid displacement devices are commonly used, 
since they are inexpensive and easy to set up. However, the 
operation of simple liquid displacement devices is labor 
intensive and the accuracy is highly operator-dependent 
[18, 19].

The liquid displacement method is used to determine 
the volume of gases independent of its composition. The 
basic principle is shown in the example devices presented 
in Fig. 4. Commonly, the gas produced in a reactor is passed 
at the same pressure and temperature into a displacement 
tank that is filled with liquid, the so-called barrier solution. 
This leads to displacement of the barrier solution, which is 
quantified. The difference between the initial and final vol-
ume of the barrier solution corresponds to the volume of the 
produced gas. Different complexities of measurement setups 
for the displacement method are feasible and also include 
gravimetric measurements, as Fig. 4B shows.

The accuracy of the measurement depends on the specific 
measuring device. Regardless of the complexity of the setup, 
the displacement method also permits the recording of the 
gas volume over time. Furthermore, the entire gas produced 

Fig. 3  Examples for sampling 
methods: active sampling 
without enrichment using a a 
syringe and b gas bags and c 
sampling with online measure-
ment using a sensor
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is collected in the displacement tank allowing determination 
of its composition (see Sect. 3.2). This allows the calcula-
tion of the absolute amount for each gaseous component. 
However, it is not possible to track the quantities of gase-
ous substances over time. Thus, whether the emission of 
certain components changes or remains constant over the 
duration of the measurement cannot be resolved. Further-
more, also intermittent gaseous reactants that are formed 
and subsequently consumed are not detected. An alternative 
to overcome this drawback is using more sophisticated and 
thus costly equipment. This comprises for instance Milligas-
counters (Fig. 4C) fitted with a tipping bucket that is also 
based on the displacement principle. In summary, displace-
ment methods are robust and yield the total amount for each 
gaseous component at the end of the experiment.

Another important point that should be noted using 
the displacement method for the quantification of the gas 
volume is the reactivity as well as the solubility of some 
compounds in the barrier solution, which depends, for 
example, on its pH value. The solubility can be predicted 
with knowledge of Henry's constants in different solu-
tions. Henry’s law states that at a constant temperature, the 
amount of dissolved gas in a volume of a specified liquid 
is directly proportional to the partial pressure of the gas in 
equilibrium with the liquid. Looking at Henry's law con-
stants of some species in water at ambient temperature  (CO2: 
3.6 ×  10–4 mol  m−3  Pa−1; n-hexanoic acid: 7.5 mol  m−3  Pa−1; 
n-butyric acid: 9.7 mol  m−3  Pa−1), the effect of gas solubility 
can be estimated. This effect can cause major errors, since 
the absolute amount of dissolved gas can be considerable 
[21, 22]. This needs to be considered when setting up the 

experiment and, according to the requirements, an acidi-
fied, alkaline or supersaturated saline barrier solution should 
be used. With an alkaline barrier solution, it is possible, 
for example, to dissolve the  CO2 from the gas stream as 
bicarbonate and thus exclude it from the volume measure-
ment. Furthermore, a correction to the ambient temperature 
and the ambient pressure is necessary for all gas volumes 
being determined by displacement methods. It must further 
be noted that when using aqueous barrier solutions, water 
vapor (humidity of the gas) also plays a role and has to be 
included in the calculations (see Sect. 4.1).

Still, the Eudiometer unit (Fig. 5) is an important exam-
ple for the widely applied displacement method that is even 
described in international standards and thus is of regulatory 
relevance [23, 24]. The apparatus consists of a reactor that 
is connected to a sealed graduated gas collecting tube and 

Fig. 4  Examples of displace-
ment methods used to determine 
the volume of gases [18, 20]: 
a volume gasometer, b weight 
gasometer, c gas flow meter 
(Milligascounter)

Fig. 5  Eudiometer unit [25]
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a reservoir tank that is open to the atmosphere. Biogas pro-
duced in the reactor (see Box 4) passes from the headspace 
of the bioreactor to the headspace of the graduated gas col-
lecting tube displacing the barrier solution in the reservoir 
tank. After pressure equalization, i.e., the same liquid level 
of the barrier solution, the volume of the displaced barrier 
solution is equivalent to the corresponding biogas volume. 
This method requires a specific adjustment of the barrier 
solution and allows achieving highly accurate results. Thus, 
it is a well established but labor-intensive method [21, 22].

Among the more advanced techniques, one alternative 
method that we want to highlight here to determine the gas 
volume is using thermal mass flow meters (MFM). These 
allow the measurement of the mass flow directly and in real 
time. This has the advantage that the measurement is inde-
pendent of temperature and pressure [26]. Yet, in contrast 
to the displacement method presented above, for the meas-
urement with MFM, information on the gas composition is 
required.

There are two main measuring principles of thermal 
MFM; one is the bypass principle and the other is constant 
temperature anemometry (CTA) [26]. Both principles are 
based on two temperature measurements located in the 
direction of flow inside the gas stream. By convection, the 
gas flow creates a difference in temperature between the 
two measuring points. Using the bypass principle this tem-
perature difference is directly correlated to the mass flow of 
the gas. For the CTA principle, the measurement sensors 
are kept at a constant temperature by heating. The power 
needed for keeping the temperature of the sensors constant 
is directly correlated to the mass flow. Depending on the 
gas composition and hence its heat capacity, the same mass 
flow influences the sensor temperature to a larger or smaller 
extent. Therefore, thermal MFMs are calibrated for a specific 
gas or gas mixture. If another gas or unknown gas mixture 
than the one used for calibration is analyzed with the MFM, 
a conversion factor is needed [27]. This can be easily done 
for pure gases. For gas mixtures, it is more tedious because 
each component needs its own conversion factor and the 
proportion of the components may change over time (see 
Sects. 4.2 and 4.3).

The output signal of mass flow meters is normally a vol-
ume flow and not mass flow because it is more common to 
use gas volume than gas mass. The volume flow refers to 
standard conditions, which means the mass flow is converted 
into a volume flow by using the specific density of the gas 
or gas mixture that the MFM is calibrated for at standard 
temperature and pressure (as requested by the manufacturer, 
see Box 1). In addition to mass flow meters, there are also 
mass flow controllers. These devices offer the possibility to 
fix the flow to a desired set point. The measured inflow mass 
flow is compared with the set point and is iteratively adjusted 
so that the outflow matches the set point.

How to measure the gas composition

Various methods are available for the qualitative and quan-
titative determination of individual components of a gas 
mixture. These methods can be grouped according to the 
principle of determination into chemical and physical meth-
ods. Chemical methods include volumetric and manometric 
gas analysis after the removal of specific gas components 
by specific reactions (e.g., precipitation, combustion) or 
specific absorption. The physical methods can be divided 
into condensation and distillation, fractional absorption and 
desorption and special methods exploiting specific physi-
cal properties of the gaseous components [17]. The latter 
include thermal conductivity, heat toning, magnetic proper-
ties and light absorption. Furthermore, gas chromatrography 
(GC) coupled to different kinds of detectors can be used 
(see below). In general, chemical methods for gas analysis 
offer the possibility to carry out a qualitative and quantita-
tive determination in a short time with little equipment and 
operational expenditure. At the same time, these are lim-
ited to only one or a very few compounds and can often not 
be automatized. The physical methods, however, are more 
complex but are often considered to possess higher accuracy 
[17].

Chemical gas analysis

For chemical gas analysis that is based on precipitation, the 
gas mixture is passed through different barrier solutions one 
after the other. In each solution, a chemical reaction specific 
for a single component can take place and thus individual 
components can be determined [17]. Prominent examples 
are the determination of carbon dioxide using potassium 
hydroxide solution or oxygen using pyrogallol solution. 
The reactions lead to the formation of, for example, potas-
sium carbonate when KOH reacts with  CO2, precipitates of 
 BaCO3 if BaOH is used or a color change due to absorption 
of oxygen by alkaline pyrogallol. The formation of insolu-
ble compounds or the change in color primarily provides 
a qualitative indication of the presence of a certain com-
ponent. Since the gases are also bound (“trapped”) by the 
chemical reactions, they are removed from the gas mixture. 
For quantitative analysis, the chemical reactions have to be 
combined with volumetric or manometric analysis. Volu-
metric gas analysis means that the overall gas volume has 
been measured beforehand. When the overall gas volume 
changes because of the chemical reaction of one individual 
component, the volume of the individual component results 
from the difference in the overall gas volume before and 
after the reaction. A similar system is used for manometric 
gas analysis, except that it is not the volume difference after 
each chemical analysis that is determined but the pressure 
difference while the volume is kept constant. Since certain 



ChemTexts (2021) 7:27 

1 3

Page 11 of 25 27

gases such as hydrogen cannot be determined by chemical 
gas analysis based on precipitation, a different approach is 
needed—e.g., chemical analysis based on the combustion 
of gases. The volumes of the burned gases can be calcu-
lated from the gas volume after combustion and the amount 
of oxygen required. The Orsat apparatus combines both 
approaches in one device. However, the Orsat apparatus, 
which was registered for a patent in 1874 [28], is no longer 
used as gas chromatography offers more efficient and precise 
quantification. Another method for the analysis of different 
gaseous components is using test tubes [1]. Their working 
principle is also based on a chemical reaction of a specific 
component in the test tube. These test tubes are commer-
cially available and allow a simple and cheap qualitative 
analysis. The disadvantage of these test tubes is that no pre-
cise quantitative analysis is possible. They often only allow 
analysis with a large error range. For this reason, the test 
tubes are often only used to estimate the approximate con-
centration range in which a certain gaseous component is 
present.

Physical gas analysis

Gas analysis using physical methods offers many different 
options. In the context of this article, gas chromatography 
(GC) will be briefly introduced, since data from GC set the 
foundation for the example calculation shown in 4.3. GC 
is widely used because it can be automated, and the use of 
various separation columns and detectors enables the analy-
sis of many different chemical compounds [1]. As with all 
chromatographic methods, the gas mixture is separated by 
the interaction of the gaseous analytes (that is the gas mix-
ture) in the mobile gaseous phase with the stationary phase. 
The most commonly used columns today are capillary col-
umns with a liquid or solid stationary phase [4]. The analytes 
are passed through the column using an inert carrier gas as 
mobile phase. Their separation occurs depending on the dif-
ferent interactions of the components in the gas mixture with 
the stationary phase and results in different retention times 
depending on the intensity of the interactions. The individual 
components can finally be analyzed using a detector. The 
thermal conductivity detector (TCD) is commonly used to 
analyze gases. By comparing the heat loss of two heating 
elements, each in a separate measuring chamber, due to the 
gas flow (sample or reference gas) around them, gas compo-
nents can be quantified using a TCD. The amount of heat lost 
depends on the thermal conductivity of the gases. Hydrogen 
or helium is often used as reference gases because of their 
high thermal conductivity. Further detectors are: (1) infra-
red, (2) flame ionization, (3) mass selective and (4) flame 
photometric detectors, with the latter only being suitable for 
compounds that are combustible [4]. An important point to 
mention is that GC is a relative method for quantification 

meaning it requires calibration with external standards of 
different known concentrations (Box 3).

Box 3: Calibration of gas chromatographs for gas 
analysis—you have to accept the challenge

During calibration, the analyte signal, which means the 
peak area or peak height, is correlated with the analyte 
amount [1]. Thus, it is possible to create a calibration 
curve for each single gaseous component reflecting the 
correlation between signal intensity (seen in the chro-
matogram) and the amount of substance. Ultimately, the 
accuracy of this calibration determines the accuracy of 
the measurement of the analyte.

How to calculate the gas volume under STP 
conditions and the absolute amount 
of substance of gas components

A quantification of the absolute amount of gaseous compo-
nent is only possible if the measurements of the gas volume 
and composition are combined. This combination enables 
the derivation of the absolute composition of a gas on a 
molar basis.

To calculate volumes of gas mixtures, first it is necessary 
to convert the measured volumes to the respective refer-
ence conditions. If humidity plays a role, the volume of the 
gas mixture has to be converted to dry conditions, i.e., 0% 
humidity. Here, we convert all volumes to STP conditions 
TSTP = 273.15 K, pSTP = 1 bar and 0% humidity. Depending 
on the laboratory setup and the corresponding environmental 
conditions, the following scenarios with respect to the water 
vapor are possible: (1) assuming dry gases (described in 
Sect. 4.3), (2) water vapor saturated gases (Sect. 4.1.) or (3) 
gases with a specific water vapor pressure. In the first case, 
the gas is dried, e.g., by cooling and condensation or water 
adsorption. Water-saturated gases can be assumed in reactors 
with high retention times of the gas phase over the aqueous 
phase, e.g., batch experiments. A specific water vapor can 
occur in continuous experiments, e.g., in a continuous stirred 
tank reactor (CSTR), with short retention times of the gas 
phase. In the latter case, the correct water vapor is accessible 
by careful measurement, e.g., using humidity sensors.

Several empirical equations exist to calculate water vapor 
pressure in gases, e.g., Antoine’s equation (Eq. 24 [29]) and 
the Magnus equation (Eq. 25 [30]) or the less known but 
more accurate Wagner equation [31] or Goff-Gratch equa-
tion [32] (both will not be discussed here). It should be noted 
that these equations represent approximations that are valid 
for certain environmental conditions. Several forms of the 
Magnus equation exist depending on the aggregate state of 
water (solid or liquid) and for different temperature ranges. 
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Coefficients in Antoine’s equation to calculate pH2o,sat
 

depend on the temperature and pressure units that are used 
(e.g., [Pa], [mmHg], [°C], [K]) as well as on the basis of 
the logarithm. Therefore, it is vitally important to select the 
appropriate equation and correct coefficients that are valid 
for the conditions of the experiment and measurement.

If we want to analyze the quantity of single components 
from a gas mixture that includes water vapor (which is the 
case in almost all experiments under ambient conditions 
where the gas mixture has not been dried), it is very impor-
tant to consider the method of quantification itself. If the 
gas mixture is directly injected in a GC with TCD, the water 
vapor is part of the injection volume and therefore needs to 
be considered during data processing. In this case, the molar 
or volume fractions of all components can only reach 100% 
if water vapor is included therein. Sometimes measured val-
ues of individual components of specific gas mixtures are 
related only to the calibrated components, i.e., all calibrated 
compounds sum up to 100%. Since the calibration is usually 
carried out with dry gases, water vapor leads to an overesti-
mation of the individual components in gas mixtures.

Basic Example: Calculating the normal gas volume 
of biogas at 0% humidity

Box 4—The biogas process

The biogas process, i.e., anaerobic digestion of organic 
material, called substrate, is a four-stage process per-
formed by a wide range of anaerobic bacteria and 
archaea. In the first stage (hydrolysis), organic macromol-
ecules such as fats, proteins and polysaccharides are bro-
ken down by different microbial hydrolases, e.g., lipases, 

proteases and hemicellulases, into soluble components 
such as volatile fatty acids (VFAs) and glycerin, amino 
acids and monosaccharides. In the second stage (acido-
genesis), fermentation of monosaccharides, VFA and 
amino acids leads to the formation of different organic 
acids, hydrogen, carbon dioxide and alcohols. During 
the third stage (acetogenesis), the different fermenta-
tion products, e.g., longer chain fatty acids and alcohols, 
are converted to acetate, carbon dioxide and hydrogen. 
Finally, in the fourth stage (methanogenesis), archaea 
produce methane mainly from acetate (acetoclastic meth-
anogenesis) or carbon dioxide and hydrogen (hydogeno-
trophic methanogenesis). Further pathways exist using 
methanoate (formate) instead of carbon dioxide or meth-
ylated compounds for methane production [33].

The produced biogas is a mixture of mainly methane 
and carbon dioxide, e.g.,�CH4

∼ 0.5,�CO2
∼ 0.5) . The 

exact proportion of methane and carbon dioxide depends 
on the composition of the substrate used and the process 
temperature. A higher proportion of protein or fat in the 
substrate results in a higher proportion of methane in 
the biogas. Further trace gases in biogas are hydrogen 
sulfide ( 𝜑H2S

< 0.02 ), hydrogen ( 𝜑H2
< 0.02 ), nitrogen 

( 𝜑N2
< 0.02 ), oxygen ( 𝜑O2

< 0.02 ) and water (0.02–0.07 
at 40–60 °C) [34].

To give an overview on the principal workflow for vol-
ume calculation of multicomponent gas mixtures at ambi-
ent conditions, we will first use the example of biogas pro-
duction (Box 4, Fig. 7). To quantify the biogas production 
from, e.g., liquid manure, one first has to choose a measure-
ment method to determine the produced gas volume (for 
details, see Sect. 3.1). Let us assume a volume measure-
ment with a displacement method such as the eudiometer 

Fig. 6  Different devices for gas 
volume measurement com-
monly used in laboratories. 
a BlueVCount gas counter, b 
mass flow meter, c eudiometer, 
d drum-type gas meter, e Mil-
liGascounter
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unit (Figs. 5 and 6C) that gives the volume of the produced 
biogas in milliliters or liters at ambient conditions. Let us 
further assume ideal environmental conditions, that is, no 
change of temperature and air pressure over the time of 
the experiment. To compare the measured gas volume with 
standard values in the literature, the measured volume must 
be normalized to STP conditions and 0% humidity using the 
ideal gas law (Eq. 1). Several gas laws exist that derive from 
the ideal gas law and allow the conversion or calculation of 
volume, pressure, and temperature from each other. Table 2 
summarizes these gas laws.

As biogas originates from microbial processes in aque-
ous solutions, it contains a significant amount of water 
that needs to be considered. In this specific example, we 
use Antoine’s law (Eq. 24) and the Magnus equation 
(Eq. 25) to account for water vapor in the biogas (Fig. 7).

To illustrate the theory introduced above, in the fol-
lowing, some example calculations on biogas are per-
formed. Therefore, we use real experimental data (given 
values).

Given values

vbiogas = 1000 mL(�CH4
∼ 50%,�CO2

∼ 45%)

vbiogasis saturated with water vapor(100 % absolute humidity)

�biogas = 38 ◦C or Tbiogas = 311.15K

pbiogas = 99, 000 Pa (990 mbar, i.e. atmospheric pressure)

Unknown

• B i o g a s  vo l u m e  u n d e r  S T P  c o n d i t i o n s 
( TSTP = 273.15 K, pSTP = 1 bar) and 0% humidity (dry 
gas), i.e., vSTP, dry

biogas

To convert the biogas volume to STP conditions and 0% 
humidity, one has to consider two issues. The first is the 
choice of an empirical equation to calculate water vapor 
pressure in gases, e.g., the Magnus equation or Antoine 
equation (for details, see Sect. 4). In our case, both equations 
are well suited and differ only slightly (see example below). 
The second issue is the order of mathematical removal of 
water vapor and the conversion to STP conditions in a way 
that avoids mistakes introduced by condensation of water 
vapor. For details, see Fig. 8 as well as the discussion. In 
our example, we will focus on two possible pathways to cal-
culate the water vapor of biogas followed by converting the 
dry gas to STP conditions and afterwards shortly discuss 
possible sources of error.

First case: Calculation of the volume of water vapor vH2O,
 

in vbiogas using the Antoine equation (Eq. 24) or Magnus 
equation (Eq. 25) in combination with the equation for 

Fig. 7  Principal workflow 
for volume measurement of 
multicomponent gas mixtures 
at ambient conditions on the 
example of biogas production as 
presented in the basic example

Humid Biogas at
Standard Conditions

Dry Biogas at 
Standard Conditions

Dry Biogas at 
Measurement Conditions

Scaling of Volume

Scaling of Volume

Remove Volume
of Vapour

emove Volume
of Vapour

Condensation

Condensation Irrelevant

Humid Biogas at
Measurement Conditions

Fig. 8  Effect of condensation on conversion of humid gas mixtures to 
reference conditions and 0% humidity
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absolute humidity (AH, Eq. 23) followed by subtraction of 
vH2O

 from vbiogas and converting the residual volume vdry
biogas

 to 
STP conditions at 0% humidity vSTP, dry

biogas
 using the combined 

gas law (Eq. 3).
Second case: Using a direct combination of the combined 

gas law (Eq. 3) and Antoine equation (Eq. 24) to directly 
convert vbiogas into vSTP, dry

biogas
.

First case: Subtracting the volume of water 
vapor v�2�

 from v������ followed 
by converting the residual gas volume 
to STP conditions at 0% absolute humidity 
v
���,���

������

Step 1: Calculating the concentration of water vapor 
in biogas using the equation for absolute humidity 
(Eq. 23)

Absolute humidity (AH) is defined as:

with RH2O
= 461.52 J kg−1K−1 being the individual gas 

constant of water.
The partial pressure of water vapor in water-saturated 

biogas pH2O,sat
 is calculated here via (1) the Antoine equa-

tion (Eq. 24) or (2) the Magnus equation (Eq. 25).
Option 1: Using the Antoine equation (Eq. 24) with A, B 

and C being substance as well as pressure and temperature 
unit specific parameters [29, 35]:

For water at the given experimental conditions kPa and 
°C, the parameters A, B and C are tabulated, for instance, 
in Bierwerth 2011 [29] or Roizard 2014 [35], and Eq. 24 is 
solved as follows:

Note that multiplication with 1000 in the upper equation 
is due to the conversion of kPa to Pa.

Option 2: Using the Magnus equation (assum-
ing saturation vapor pressure over flat water surfaces at 
� ≥ −45 ◦C ≤ 60 ◦C , Eq. 22) [36]:

(23)AH =
mH2O

vbiogas
=

pH2O,sat

Tbiogas ⋅ RH2O

(24)pH2o,sat
= 10

A−
B

C+T

pH2O, sat
= 10

(7.19621−
1730.63

233.426◦C+�biogas
)

pH2O,sat
= 10

(7.19621−
1730.63

233.426◦C+38◦C
)
⋅ 1000 = 6609.13 Pa

(25)pH2O,sat
= 0.611213 kPa ⋅ e

(

17.62⋅�biogas

243.12◦C+�biogas

)

For the given example, it follows:

Again, multiplication with 1000 in the upper equation is 
due to the conversion of kPa to Pa.

As we clearly see, calculation of pH2O, sat
 using the 

Antoine equation (Eq. 24) or the Magnus equation (Eq. 25) 
results in only slightly different values because of the empir-
ical nature of both equations and their parameters. Both 
equations can be used without any limitation.

By inserting pH2O,sat
 (here we use the result of the Antoine 

equation) into the equation for absolute humidity (Eq. 23), 
we get:

If we now consider vbiogas = 1 L , it results in 
mH2O

= 0.046 g.

Step 2: Calculation of vdry
biogas

 by calculation of vH2O
 

using the ideal gas law (Eq. 1) followed 
by subtraction from vbiogas

our example becomes:

Note that multiplication with 1000 in the calculation 
above is due to the conversion of  m3 to L.

The water vapor in our specific example is vH2O
= 66.7mL 

and the volume of dry biogas under atmospheric conditions 
v
dry

biogas
 calculates as follows:

Note: One may wonder why we did not use the density of 
water to calculate vH2O

 out of mH2O
 . This should generally not 

pH2O,sat
= 0.611213 kPa ⋅ e

(

17.62⋅38◦C

243.12◦C+38◦C

)

⋅ 1000 = 6615.72 Pa

AH =
mH2O

vbiogas
=

pH2O,sat

Tbiogas⋅RH2O

=
6609.13Pa

311.15K ⋅ 461.52 J kg−1K−1

= 0.046 kg m−3 biogas

(1)p ⋅ v = n ⋅ R ⋅ T

(26)v =
n ⋅ R ⋅ T

p

(27)with n =
m

M

(28)vH2O
=

mH2O
⋅ R ⋅ Tbiogas

pbiogas ⋅MH2O

vH2O
=

0.046 g ⋅ 8.314 J mol −1K−1
⋅ 311.15 K

99,000 Pa ⋅ 18.02 g mol−1
⋅ 1000 = 0.0667 L

�
dry

biogas
= �biogas − �H2O

= 1000 mL − 66.7 mL = 933.3 mL
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be done as vH2O
 is part of a real mixture (biogas) and real gas 

mixtures have a non-ideal behavior. It has to be noted that 
for our specific biogas example (light gases, water, no car-
boxylic acids with vapor phase association), these effects are 
negligible. However, for other real gas mixtures, expansion or 
contraction effects may occur [8, 37] (see also the discussion 
of excess volume below as well as Sects. 2.2 and 2.3).

Step 3: Converting vdry
biogas

 to �STP, dry
biogas

 using 
the combined gas law Eq. 3 that derives 
from the ideal gas law (Eq. 1)

For our specific example, it has to be noted that pbiogas 
equals atmospheric (isobaric) conditions, meaning 
pbiogas = p

dry

biogas
 . Conversion of Eq. 3 to �STP, dry

biogas
 results in 

Eq. 29:

Thus, the combination of the equation of absolute humid-
ity (Eq.  23) and the ideal gas law (Eq.  1) yields 
�
STP, dry

biogas
= 811.13 mL.

Second case: Converting v������ directly 
to v���,���

������
 by direct combination 

of the combined gas law (Eq. 3) 
and the Antoine equation (Eq. 24)

In this example, the combined gas law (Eq.  3) and the 
Antoine equation (Eq. 24) are directly combined without 
intermediate conversion of pH2O, sat

 via mH2O
 to vH2O

 . This 
results in Eq. 30 [23, 38]:

(3)
p1⋅v1

T1
=

p2 ⋅ v2

T2

pbiogas ⋅ v
dry

biogas

T
dry

biogas

=
p
STP, dry

biogas
⋅ �

STP, dry

biogas

T
STP,dry

biogas

(29)�
STP, dry

biogas
=

pbiogas ⋅ v
dry

biogas
⋅ T

STP,dry

biogas

T
dry

biogas
⋅p

STP, dry

biogas

�
STP, dry

biogas
=

99,000 Pa ⋅ 9333 mL ⋅ 273.15 K

311.15 K ⋅ 100,000 Pa
= 811.13 mL

(30)

�
STP,dry

biogas

= vbiogas ⋅

(

pbiogas − 10

(

7.19621−
1730.63

233.426◦C+�biogas

)

+ ΔpGM

)

⋅ TSTP

pSTP ⋅ Tbiogas

Inserting the values of our example yields:

In this case, the volume of dry biogas under STP condi-
tions �STP, dry

biogas
= 811.07mL . The results of both calculations 

are summarized in Table 3.
The observed deviation shown in Table 3 of the first and 

second case is very little, only ~ 0.06 mL (or 0.07 ‰). This 
may seem negligible, but is a result of intermediate conver-
sion of pH2O,sat

 via mH2O
 to vH2O

 (rounding errors) in combi-
nation with the empirical nature of the equation for absolute 
humidity (Eq. 23) and the Antoine (Eq. 24) or Magnus equa-
tion (Eq. 25). From a practical point of view, the second 
case is easier to use as many fewer calculation steps are 
necessary, whereas the 1first case permits the calculation of 
parameters step by step, which may be necessary for further 
calculations.

Independent from the biogas example, several pitfalls 
exist when converting humid gas mixtures to the respective 
reference conditions. Here, we draw the attention again to 
the excess volume of real mixtures as already introduced 
in Sect. 2.2 and 2.3 as well the order of the conversion of 
humid gas mixtures to the respective reference conditions 
and 0% humidity.

Excess volume means the volume reduction or expan-
sion when combining pure substances in a real mixture. 
Due to intermolecular forces, e.g., van der Waals forces, 
the distances between single molecules does vary resulting, 
for example, in changes of the partial density of the single 
components compared to the pure substances. Therefore, the 
volume of a component in a real mixture, e.g., water vapor, 
is not accessible via its density as a pure substance. Hence, 
the calculation of partial volumes of single gas components 
via the partial mass of the gaseous component is only possi-
ble regarding the molar amount of the respective component 
[8, 37]. In such cases, the ideal gas model is not appropriate. 
For the given biogas example, these effects are negligible.

Furthermore, when converting humid gas mixtures at 
ambient conditions to the respective reference conditions 
and 0% humidity, the order of calculation can be important. 

ΔpGM = pressure loss of the measurements device

= 0 in this specific example

�
STP, dry

biogas
= 1000 mL ⋅

(

99 kPa − 10

(

7,19621−
1730.63

233.426◦C+38◦C

)
)

⋅ 273.15K

100 kPa ⋅ (311.15K)

= 811.07 mL

Table 3  Results of converting 
vbiogas = 1000mL of water 
vapor saturated biogas 
at �biogas = 38 ◦

C and 
p = 99,000 Pa(990mbar) 
atmospheric pressure to STP 
conditions and 0% humidity

�
STP,dry

biogas
[mL]

1st case 811.13
2nd case 811.07
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One should always first mathematically remove the water 
volume from humid gas mixtures before converting the gas 
to reference conditions; otherwise, the effect of water con-
densation may falsify the calculation result (see Fig. 8).

General procedure for the quantification 
of multicomponent gas mixtures

Since the measurement with MFMs is independent of tem-
perature and pressure, all that we need to do is convert the 
measured gas volume based on the gas composition into 
the real gas volume. This is presented below in general and 
illustrated in more detail using one case study in Sect. 4.3.

For quantification of individual components in gas mix-
tures using a MFM and gas chromatography, it is necessary 
to combine the data from both devices. The MFM gives 
vnorm
output

 as measured output volume of the gas mixture at norm 
conditions (see Box 1). The composition of the gas can be 
determined using GC in bypass, allowing to obtain the mole 
fraction yi of each individual gaseous component i . Since 
the MFM is calibrated for a specific gas, the nominally 
measured volume has to be corrected with a factor depend-
ing on the gas composition. Therefore, the first step is to 
convert the molar fraction of each gaseous component into 
a volume fraction �norm

i
 . For this conversion, it is necessary 

to calculate the average molar volume V
norm

mix
 of the real gas 

mixture (at the calibration conditions of the MFM: 
T = 273.15 K and p = 1.0132 bar) for each sampling point. 
Then, the molar volume V∗,norm

i
 of each gaseous component 

at norm conditions is calculated by dividing the molecular 
weight M∗

i
 by the gas density �∗,norm

i
 of the component i

(Eq. 31). Additionally, the molar volume V∗,STP

i
 of each com-

ponent at STP conditions is also calculated (Eq. 32).

By multiplying the molar volume V∗,norm

i
 of each compo-

nent with its molar fraction yi measured via GC the partial 
molar volume Vnorm

i
 of each component in the mixture at 

norm conditions is gained (Eq. 33). To derive the average 
molar volume V

norm

mix
 of our specific gas mixture at norm con-

ditions, we need to sum up all partial molar volume values 
of the different gaseous components (Eq. 34). It should be 
noted that, as the composition of the gas stream changes 
with time, this and all following calculations must be per-
formed for each sampling point individually.

(31)V
∗,norm

i
=

M∗
i

�
∗,norm

i

(32)V
∗,STP

i
=

M∗
i

�
∗,STP

i

(33)Vnorm
i

=
yi

100
⋅ V

∗,norm

i

The partial molar volume of a component in relation to 
the average molar volume of the gas mixture gives the vol-
ume fraction �norm

i
 of each component (Eq. 35).

As mentioned above, MFMs can be used for gas flow meas-
urements and are calibrated for a specific gas (or gas mixture). 
For MFM based on bypass measurements, the relationship 
between the signal output and mass flow or volume flow is:

with K as a device constant, cp specific heat capacity, ṁ 
mass flow and v̇ volume flow. To use the MFM for other 
gases than the calibration gas, a conversion factor C has to 
be defined.

in which the index cal stands for the calibration gas (indi-
cated by MFM) and the index meas for any gas to be meas-
ured (real gas flow). Thus, equal signal outputs of the MFM 
are related to different volume flows.

Example Using a  N2 calibrated MFM (mL  min−1) with 
an indicated output signal of 100, this means for a  N2 
measurement a volume flow v̇meas of 100  mL   min−1 
 N 2  (  c∗,norm

p
= 1045 J kg−1K−1,C = 1 )  o r ,  i f 

you measure  CO2, a real flow of 80  mL   min−1  CO2 
( c∗,norm

p
= 828.2 J kg−1K−1,C = 0.80).

Equation 38 shows that the conversion factor C∗,norm

i
 of 

a measured gas i in relation to the calibrated gas can be 
calculated as follows using the gas density and specific heat 
capacity at norm conditions. Sometimes also the manufac-
turers of MFMs provide the conversion factors for the most 
used gases.

For correcting the measured volume of the gas mixture, 
an average conversion factor C

norm

mix
 of the gas mixture has to 

be calculated.

(34)V
norm

mix
=
∑

Vnorm
i

(35)�norm
i

=
Vnorm
i

V
norm

mix

(36)Signal = K ⋅ cp ⋅ ṁ = K ⋅ cp ⋅ 𝜚 ⋅ v̇

(37)

Signalcal

Signalmeas

= 1 =
K ⋅ c∗

p, cal
⋅ 𝜚∗

cal
⋅ v̇cal

K ⋅ c∗
p, meas

⋅ 𝜚∗
meas

⋅ v̇meas

= Cmeas ⋅
v̇cal

v̇meas

(38)C
∗,norm

i
=

�
∗,norm

cal
⋅ c

∗,norm

p, cal

�
∗,norm

i
⋅ c

∗,norm

p,i

(39)
1

C
norm

mix

=
v̇cal,mix

v̇meas,mix
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If we assume an ideal gas mixture, the gas flows of the 
components are additive and v̇cal,mix (indicated gas flow at 
MFM) can be calculated as follows:

Finally, for gas mixtures a good approach is the following 
simplified Eq. 41. The volume fraction �norm

i
 can be used to 

calculate the partial reciprocal conversion factor for each 
component 1

Cnorm
i

 ; these are in the end summed up to the 
reciprocal conversion factor of the gas mixture 1

C
norm

mix

.

At this point, we need to consider whether the gas com-
position remains constant or changes over the course of the 
experiment. Depending on the answer, the next calculation 
steps differ. If the gas composition does not change, we can 
use a constant conversion factor for the gas mixture (Eq. 42). 
Since the MFM is calibrated for norm conditions and all cal-
culations so far are done for these conditions, a conversion 
to STP conditions is necessary to determine the amount of 
substance of each gaseous component (Eq. 43).2

However, if the gas composition does change over the 
duration of the experiment, samples at different points of 
time need to be measured. The time intervals between sam-
ples need to be adjusted to the speed of the change in com-
position and generally should be kept as small as possible. 
We determine the real partial gas volume Δvnorm

real
 via the aver-

age of the conversion factors of the gas measurements at the 
two consecutive time points tn and tn+1 and the measured 
partial gas volume Δvnorm

output
 (Eq. 44) in between these two 

points. In addition, in this case also a conversion of the vol-
ume from norm to STP is necessary.

(40)

v̇cal,mix =
v̇meas,mix

C
norm

mix

=
∑ v̇meas,i

C
∗,norm

i

=
∑ 𝜑norm

i
⋅ v̇meas,mix

C
∗,norm

i

(41)
1

C
norm

mix

=
∑ �norm

i

C
∗,norm

i

=
∑ 1

Cnorm
i

(42)vnorm
real

= C
norm

mix
⋅ vnorm

output

(43)vSTP
real

=
vnorm
real

⋅ pnorm

pSTP

(44)Δvnorm
real

=
C
norm

mix,tn
+ C

norm

mix,tn+1

2
⋅ Δvnorm

output

The next step is to calculate the real partial gas volumes 
of the individual components vSTP

i
 in the gas mixture. For 

this purpose, we multiply the average of the volume fractions 
of the two consecutive time points tn and tn+1 with the previ-
ously calculated real partial gas volume at STP conditions 
between these time points (Eq. 46).

The last step is the calculation of the partial amount of 
substance of each component ni using the calculated par-
tial gas volume at STP conditions and the calculated molar 
volume of the individual component at STP conditions 
(Eq. 47). The partial amounts of substance from each sam-
pling point can then be summed up and the absolute amount 
of substance of each component ntotal,i of the gas mixture is 
obtained (Eq. 48).

Additionally, an important point to consider is the experi-
mental setup. If there is a headspace of gas above the aque-
ous reaction solution that can be regarded as dead volume, 
we need to determine the corresponding amount of sub-
stance therein. It is calculated and added to the already cal-
culated amount of substance of the individual components. 
The gas composition in the dead volume can be considered 
to correspond to the composition of the terminal measure-
ment. The conversion of the determined dead volume vx

dead
 

into the dead volume vSTP
dead

 at STP conditions considers the 
ambient temperature Tx and the standard temperature TSTP 
(Eq. 49).

From the ratio of the dead volume at STP conditions and 
the partial gas volume between the last two measurements, 
including the partial amount of substance between these two 
measurements, the amount of substance in the dead volume 
ndead,i can be derived (Eq. 50).

(45)ΔvSTP
real

=
Δvnorm

real
⋅ pnorm

pSTP

(46)vSTP
i

=

(

�norm
i,tn

+ �norm
i,tn+1

2

)

⋅ ΔvSTP
real

(47)ni =
vSTP
i

V
*, STP

i

(48)ntotal,i =
∑

t
ni

(49)vSTP
dead

=
vx
dead

⋅ TSTP

Tx

(50)ndead,i =
ni ⋅ v

STP
dead

Δvnorm
output

2 Note that Eqs. 43 and 45 are special cases of Boyle’s law (Eq. 20). 
This illustrates both the interrelation of fundamental considera-
tions with practical measurements and that here again an ideal gas is 
assumed for each step.
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Further to ndead,i substances could still be dissolved or 
precipitated. To account for these amounts of the component 
i , it may be necessary to subject the liquid or solid phase to 
post-treatment and analysis.

Case study for the quantification of gas mixtures

Reaction scheme 1 shows the electrochemical decarboxy-
lation of medium chain carboxylic acids (MCCA) for the 
example of n-hexanoic acid [39, 40]. The anions of the 
MCCA are oxidized by a one electron transfer at the anode 
of the electrolysis cell followed by a decarboxylation lead-
ing to radical formation. Subsequently, the radical can take 
different reaction pathways. Two of the formed radicals 
can combine spontaneously leading to dimers and hence 
the formation of an alkane—this is called the Kolbe reac-
tion—or they can disproportionate, leading a short alkane 
and alkene. Alternatively, the radical can undergo a second 
electron transfer to the anode leading to the formation of a 
carbocation. This carbocation can react further to form an 
alkene, different alcohols or shorter chain carboxylic acid 
or lead to the formation of esters. All these side products 
are called non-Kolbe products. The overall reactions yield 
a complex mixture of products being soluble in an aqueous 
solution, but especially gaseous compounds, when starting 
from shorter chain acids such as n-hexanoic acid (see Reac-
tion scheme 1). Beside  CO2 from decarboxylation at the 
anode, hydrogen is evolved from water electrolysis at the 
cathode. Further gaseous components can be formed dur-
ing the reaction in the anode compartment such as 1-pen-
tene, 2-methyl-2-butene, 2-cis-pentene, 2-trans-pentene and 

n-pentane. All gases have to be identified and quantified to 
establish a mass balance.

To illustrate the quantification of individual components 
in a gas mixture in the following, a case study on the Kolbe 
electrolysis of n-hexanoic acid to produce n-decane is dis-
cussed. Electrolysis was performed similarly to Stang et al. 
[39]. We further performed analysis of the quantitative gas 
composition at different time points during the experiment 
by gas chromatography (microGC-TCD) in bypass. The total 
gas volume evolved from the reactor was measured continu-
ously with a MFM calibrated for  N2. Since the setup was 
purged with nitrogen before the start of the electrolysis,  N2 
is the most abundant gaseous component at the start of the 
experiment. The liquid products of such an electrolysis are 
of main interest as they can serve as fuel additives [41]. 
However, they are not of interest for the following consid-
eration. Here, we will focus on gaseous products that are 
produced during electrolysis, which are listed in Table 4 
together with the corresponding molar fractions measured 
with microGC-TCD and the gas volumes measured with a 
MFM at different time points. Many different gaseous prod-
ucts are formed in minor proportions during electrolysis that 
can hardly be distinguished using microGC-TCD, such as 
1-pentene, 2-methyl-2-butene, 2-cis-pentene and 2-trans-
pentene. Thus, they have been summed as Σ pentene for the 
sake of simplicity and also practical convenience.

Importantly and in contrast to case study 1 (see Sect. 4.1), 
in this example we did not consider the volume of water 
vapor in the total gas volume. Thus, we assume that the 
experimental setup is designed to allow drying the gas before 
the measurement. However, this is not always possible, since 

Reaction Scheme 1  Kolbe 
electrolysis of n-hexanoic 
acid. Components marked 
with a green box are measured 
via microGC-TCD and those 
marked with an orange box via 
GC-MS (Adapted from Stang 
et al. [39])
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the distance between the reactor and microGC-TCD needs 
to be increased, which leads to a time delay in the measure-
ment. Consequently, if the gas composition changes rapidly 
(which is not the case for the case study here), the real state 
inside the reactor is only reflected with delay.

As shown in Table 4, the produced gas consists of  H2, 
 N2,  CO2, Σ pentene and n-pentane. The distribution of the 
individual components changes over the course of the elec-
trochemical conversion. In the beginning, there is nearly 
only  N2, and in the last measurement after 240 min the main 
components are  H2 and  CO2.

Step 1: Calculation of the conversion factors

First, the parameters V∗,norm

i
 , V∗,STP

i
 and C∗,norm

i
 (see Eqs. 31, 

32 and 38) of the individual gaseous components are calcu-
lated (Table 5). For V∗,norm

i
 , V∗,STP

i
 and C∗,norm

i
 of Σ pentene, 

the average was calculated from the individual molar vol-
umes and conversion factors of the combined components.

To illustrate the importance of the conversion factor, 
n-pentane is used as example. The conversion factor of 0.249 
means that the real flow in mL  min−1 for n-pentane is only 
24.9% of the nominal flow readout at a device calibrated for 
 N2. Thus, if the MFM calibrated for  N2 provides a readout 
of 100 mL  min−1 for a pure n-pentane stream, it means that 
only a flow of 24.9 mL  min−1 is in place. The consequence 
of this is that the produced gas volume does not correspond 

to the nominal measured value when no correction for the 
different gases (actually their different thermal conductiv-
ity) takes place. This stresses clearly that it is important to 
correct the measured gas volume to quantify the individual 
gaseous components correctly.

Step 2: Calculating the partial molar volumes 
of components and the molar volume of the mixture

To calculate the partial molar volume Vnorm
i

 (Eq. 33) of each 
component for each time point, we used the mole fractions 
yi measured with microGC-TCD (Table 4) and the molar 
volume V∗,norm

i
 of the individual products at norm condi-

tions calculated in Table 5. Thus, we ultimately obtain the 
average molar volume of the gas mixture for each time point 
according to Eq. 34; these are shown in Table 6. This is 
shown using the example of  H2 after 20 min of electrolysis.

With the partial molar volume Vnorm
i

 of each component 
and the average molar volume V

norm

mix
 of the gas mixture both 

at norm conditions listed in Table 6, it is possible to cal-
culate the volume fraction �norm

i
 of the individual gaseous 

Vnorm

H2

=
yH2

100
⋅ V

∗,norm

H2

=
34.606 mol%

100 mol%
⋅ 22,42 L mol

−1

= 7.76 L mol
−1

Table 4  Measured gas 
volumes vnorm

output
 , partial gas 

volumes between successive 
measurements Δvnorm

output
 and 

molar fractions yi of the 
gaseous products  H2,  N2,  CO2, 
Σ pentene and n-pentane at the 
different points in time

Gas volume was measured with a thermal MFM calibrated for  N2, and molar fractions were determined 
with a microGC-TCD
a Note that this analysis does not account for the  CO2 being dissolved in the liquid phase
b 1-Pentene, 2-methyl-2-butene, 2-cis-pentene and 2-trans-pentene have been combined to Σ pentene

Time [min] vnorm
output

Δvnorm
output

yi

H2 N2 CO2 Σ pentene n-pentane

[mL] [mL] [mol %] [mol %] [mol %]a [mol %]b [mol %]

0 0 0 101.913 0.008 0 0
10 31.5 31.5 15.095 85.624 2.203 0.099 0.094
20 63.7 32.2 34.606 62.941 5.625 0.957 0.609
30 98.5 34.8 47.800 44.437 10.494 2.090 1.210
40 136.1 37.6 55.204 30.383 16.167 3.113 1.705
50 176.8 40.7 60.286 20.244 21.660 3.967 2.094
60 220.2 43.4 62.519 13.341 26.678 4.646 2.402
70 266.3 46.1 63.332 8.688 30.862 5.210 2.597
80 314.4 48.1 63.082 5.586 34.134 5.591 2.793
90 368.0 53.6 61.919 3.492 37.416 5.976 2.886
120 533.5 165.5 58.633 0.936 43.125 6.518 3.078
150 713.3 179.8 55.007 0.289 46.984 6.855 3.045
180 899.7 186.4 53.394 0.130 48.909 7.074 3.060
210 1091.8 192.1 51.584 0 50.462 7.213 3.028
240 1289.7 197.9 51.231 0 50.729 7.301 3.001
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products (Eq. 35) for each time point. Again shown for the 
example of  H2 after 20 min of electrolysis:

This means that 33 vol% of the gas mixture consists of  H2 
after 20 min of electrolysis. After calculating �norm

i
 for all 

components at all sampling points (Table 7), it is possible to 
convert the measured gas volume with the conversion factor 
into the actually produced gas volume (Eqs. 36–45).

�norm
H2

=
Vnorm
H2

V
norm

mix

=
7.76 L mol−1

23.50 L mol−1
= 0.330

Step 3: Calculating the real volume of the gas mixture

To convert the volume fractions into an absolute volume of 
each gaseous component at the different time points, we 
need to know the real gas volume produced during the 
experiment. Therefore, we calculate the average conversion 
factor of the gas mixture C

norm

mix
 . Considering the volume 

fractions and conversion factor of each gaseous component 
(in relation to  N2, which was used for calibration), the partial 
reciprocal conversion factor 1

Cnorm
i

 of each gaseous component 

Table 5  Calculated values 
for the molar volume and 
conversion factor of each 
component in the gas mixture 
corresponding to the calibration 
gas of the MFM  (N2)

a Values are taken from Fluidat (26.2.2021) software
b Components are not gaseous at TSTP = 273.15 , so the gas density and heat capacity at the phase transition 
point into the gaseous state are given and used for further calculation

V
∗,norm

i V
∗,STP

i
M∗

i
�
∗,norm

i �
∗,STP

i
c∗,norm
p

C
∗,norm

i

[L  mol−1] [L  mol−1] [g  mol−1] [g  L−1]a [g  L−1]a [J  kg−1  K−1]a

H2 22.42 22.72 2.02 0.090 0.089 14,280.00 1.018
N2 22.41 22.70 28.01 1.250 1.234 1045.00 1.000
CO2 22.26 22.56 44.01 1.977 1.951 828.20 0.798
1-penteneb 23.60 23.89 70.14 2.972 2.936 1608.00 0.273
n-pentaneb 24.24 24.55 72.15 2.977 2.939 1764.00 0.249
2-methyl-2-butenb 24.50 24.80 70.14 2.863 2.828 1614.00 0.283
2-cis-penteneb 24.65 24.35 70.14 2.846 2.880 1547.00 0.297
2-trans-penteneb 24.31 24.60 70.14 2.885 2.851 1640.00 0.276
Σ  penteneb 24.26 24.41 70.14 2.892 2.874 0.282

Table 6  Partial molar volume 
of the individual gaseous 
components at norm conditions

The sum of the partial molar volumes gives the average molar volume of the gas mixture at the individual 
time points

Time [min] Vnorm
i V

norm

mix

H2 N2 CO2 Σ pentene n-pentane

[L  mol−1] [L  mol−1] [L  mol−1] [L  mol−1] [L  mol−1] [L  mol−1]

0 0.00 22.84 0.00 0.00 0.00 22.84
10 3.39 19.19 0.49 0.02 0.02 23.11
20 7.76 14.10 1.25 0.23 0.15 23.50
30 10.72 9.96 2.34 0.51 0.29 23.81
40 12.38 6.81 3.60 0.76 0.41 23.95
50 13.52 4.54 4.82 0.96 0.51 24.35
60 14.02 2.99 5.94 1.13 0.58 24.66
70 14.20 1.95 6.87 1.26 0.63 24.91
80 14.15 1.25 7.60 1.36 0.68 25.03
90 13.89 0.78 8.33 1.45 0.70 25.15
120 13.15 0.21 9.60 1.58 0.75 25.29
150 12.34 0.06 10.46 1.66 0.74 25.26
180 11.97 0.03 10.89 1.72 0.74 25.35
210 11.57 0.00 11.23 1.75 0.73 25.28
240 11.49 0.00 11.29 1.77 0.73 25.28
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can be obtained and summed up to the reciprocal conversion 
factor of the gas mixture (Table 8).

This is shown with the example of  H2 after 20 min of 
electrolysis. First, we obtain the partial reciprocal conversion 
factor using Eq. 41.

1

Cnorm
H2

=
�norm
H2

C
∗,norm

H2

=
0.330

1.018
= 0.32

For converting the measured gas volume with the conver-
sion factor of the gas mixture into the real produced gas 
volume, it is important to consider that the distribution of 
components may also change between two successive meas-
urements. Therefore, in reality we may have a continuously 
changing conversion factor of the gas mixture that needs to 
be calculated by Eq. 41. To include this dynamics, we con-
sider the arithmetic mean of the conversion factors of two 
consecutive measurements to be representative of the cor-
responding interval. For the example of the measurement 
after 20 min, the real partial gas volume Δvnorm

real
 is calculated 

by using the average C
norm

mix
 of the measurements after 10 and 

20 min and multiplied with the measured partial gas volume 
Δvnorm

output
 as shown using Eq. 44. Since the MFM is calibrated 

for a temperature of 273.15 K and a pressure of 1.0132 bar 
Δvnorm

real
 has to be converted to ΔvSTP

real
 according to the STP 

conditions of 273.15 K and 1 bar.

To illustrate the importance of this correction, Fig. 9 
shows that the real gas volume deviates from the measured 
gas volume already after < 1 h of electrolysis, although there 
is still a large proportion of  N2 in the gas mixture. The lower 
the proportion of  N2 (the gas the MFM was calibrated for), 
the greater the deviation becomes. For the last measurement 

Δvnorm
real

=
C
norm

mix;t1
+ C

norm

mix;t2

2
⋅ Δvnorm

output
=

0.99 + 0.95

2
⋅ 32.2mL = 31.3 mL

ΔvSTP
real

=
Δvnorm

real
⋅ pnorm

pSTP
=

31.3 mL ⋅ 1.0132 bar

1 bar
= 31.7 mL

Table 7  Calculated volume fractions �norm
i

 of each gaseous compo-
nent during the experiment

Time [min] �norm
i

H2 N2 CO2 Σ pentene n-pentane

0 0.000 1.000 0.000 0.000 0.000
10 0.146 0.830 0.021 0.001 0.001
20 0.330 0.600 0.053 0.010 0.006
30 0.450 0.418 0.098 0.021 0.012
40 0.517 0.284 0.150 0.032 0.017
50 0.555 0.186 0.198 0.040 0.021
60 0.569 0.121 0.241 0.046 0.024
70 0.570 0.078 0.276 0.051 0.025
80 0.565 0.050 0.304 0.054 0.027
90 0.552 0.031 0.331 0.058 0.028
120 0.520 0.008 0.380 0.063 0.030
150 0.488 0.003 0.414 0.066 0.029
180 0.472 0.001 0.430 0.068 0.029
210 0.457 0.000 0.444 0.069 0.029
240 0.454 0.000 0.447 0.070 0.029

Table 8  Partial reciprocal 
conversion factors of each 
gaseous product 1

Cnorm
i

 , reciprocal 
conversion factor of the gas 
mixture 1

C
norm

mix

 and real partial gas 
volumes of the gas mixture 
Δvnorm

real
 corrected using the 

conversion factor of the gas 
mixture C

norm

mix
 and ΔvSTP

real
 with 

the correction to STP conditions

Time [min] 1

Cnorm
i

1

C
norm

mix

C
norm

mix
Δvnorm

output
Δvnorm

real ΔvSTP
real

H2 N2 CO2 Σ pentene n-pentane

[mL] [mL] [mL]

0 0.00 1.00 0.00 0.00 0.00 1.00 1.00 0 0 0
10 0.14 0.83 0.03 0.00 0.00 1.01 0.99 31.5 31.4 31.8
20 0.32 0.60 0.07 0.04 0.03 1.05 0.95 32.2 31.3 31.7
30 0.44 0.42 0.12 0.08 0.05 1.11 0.90 34.8 32.2 32.7
40 0.51 0.28 0.19 0.11 0.07 1.16 0.86 37.6 33.1 33.6
50 0.55 0.19 0.25 0.14 0.08 1.20 0.83 40.7 34.4 34.9
60 0.56 0.12 0.30 0.16 0.09 1.24 0.81 43.4 35.5 36.0
70 0.56 0.08 0.35 0.18 0.10 1.27 0.79 46.1 36.8 37.3
80 0.56 0.05 0.38 0.19 0.11 1.29 0.78 48.1 37.7 38.2
90 0.54 0.03 0.42 0.20 0.11 1.31 0.77 53.6 41.4 41.9
120 0.51 0.01 0.48 0.22 0.12 1.34 0.75 165.5 125.4 127.0
150 0.48 0.00 0.52 0.23 0.12 1.35 0.74 179.8 133.8 135.6
180 0.46 0.00 0.54 0.24 0.12 1.36 0.73 186.4 137.4 139.2
210 0.45 0.00 0.56 0.25 0.12 1.37 0.73 192.1 140.7 142.6
240 0.45 0.00 0.56 0.25 0.12 1.37 0.73 197.9 144.5 146.4
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after 240 min, the difference between the measured and the 
real gas volume is 294.02 mL, which corresponds to a rela-
tive error of around 22.8%!

Step 4: Calculating the partial volumes and absolute 
amount of substance of each component

Having the real produced gas volume of the gas mixture at 
STP conditions, we can now calculate the real partial gas 
volume of each component. Subsequently, we gain the par-
tial amounts of substance of each gaseous compound. These 
can be summed up to the absolute amount of substance of 
each component (Eqs. 46–48). Here, it is important to aver-
age the volume fractions of two successive measurements 
as described above, since within these two sampling points 
the volume fraction of each gaseous component in the total 
gas volume may change. For clarification, the calculation 
is shown using the example of  H2 after 20 min of electroly-
sis. We first use Eq. 46 to calculate the amount of  H2 after 
20 min of electrolysis within the measured partial gas vol-
ume. Comparing both results for STP and norm, we see that 
the difference for the partial gas volume of  H2 is 0.10 mL, 
which corresponds to an error of 1.3% already for this single 
compound at one time point.

vSTP
H2

=

(

�norm

H2;t1
+ �norm

H2;t2

2

)

⋅ ΔvSTP
real

=
(

0.146 + 0.330

2

)

⋅ 31.7 mL = 7.55 mL

Now, we have absolute values for each gaseous com-
ponent and do not rely on relative information anymore 
(Table 9). Summing up the real partial gas volumes of each 
component gives the total volume for the individual gaseous 
component that was produced during the experiment.

However, in (bio-)chemical and microbial experiments, 
the focus is usually on the quantification of the amount of 
components that are consumed or produced in the liquid 
phase. Thus, the entire process can only be balanced or eval-
uated if the values of the liquid and gas phase are combined. 
Therefore, it is necessary to convert the gas volume into the 
molar amount of substance. This is shown for the example 
of the conversion of the partial gas volume of  H2 produced 
between 10 and 20 min of electrolysis into the corresponding 
amount of substance using Eq. 47:

The absolute amount of substance of each component is 
obtained by summing the partial values (Table 10).

vnorm
H2

=

(

�norm

H2;t1
+ �norm

H2;t2

2

)

⋅ Δvnorm
real

=
(

0.146 + 0.330

2

)

⋅ 31.3 mL = 7.45 mL

nH2
=

vSTP
H2

V
∗,STP

H2

=
7.55 mL

22.72 L mol−1
= 0.33 mmol

Fig. 9  Readout of uncorrected volume of the gas mixture measured 
using a MFM calibrated for  N2 (black squares) and real gas volume at 
norm conditions calculated after applying the needed corrections (red 
dots) over the duration of the experiment

Table 9  Real partial gas volume of each gas component at STP con-
ditions

Time [min] vSTP
i

H2 N2 CO2 Σ pentene n-pentane

[mL] [mL] [mL] [mL] [mL]

0
10 2.33 29.08 0.34 0.02 0.02
20 7.55 22.66 1.18 0.17 0.12
30 12.75 16.63 2.47 0.51 0.30
40 16.24 11.79 4.17 0.89 0.50
50 18.69 8.20 6.07 1.24 0.66
60 20.23 5.54 7.90 1.53 0.80
70 21.24 3.72 9.64 1.80 0.91
80 21.68 2.45 11.06 2.00 1.00
90 23.41 1.70 13.30 2.34 1.15
120 68.10 2.50 45.15 7.63 3.64
150 68.35 0.74 53.80 8.70 3.98
180 66.87 0.26 58.71 9.29 4.07
210 66.30 0.08 62.30 9.76 4.16
240 66.76 0.00 65.23 10.19 4.23
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Another important point during quantification of gaseous 
components is the calculation of the amount of substance in 
the dead volume of the experimental setup. Depending on 
the extent of the dead volume, this can have a major impact 
on the quantification. In the example presented, the dead vol-
ume of the system was vx

dead
= 126 mL . If this is converted 

to STP conditions, it equals vSTP
dead

= 117mL . Knowing the 
dead volume of the setup, we can calculate the amount of 
substance of each gas component in this dead volume at the 
end of the experiment (Eqs. 49 and 50).

Summing this up, with the amount of substance measured 
during the experiment, we obtained the final quantitative 
value for all individual gaseous components (Table 11).

Conclusion

In this article, we have shown that the correct and precise 
quantification of gases in biological and chemical laborato-
ries can be a real challenge. This holds true for both meas-
urement and data treatment. Several pitfalls exist that lead 
to incorrect results and in most cases to an overestimation of 
the amount of gaseous compounds. This is of special notice 
as especially gaseous products from biological and chemical 
conversions are intensively researched in light of a biobased 
economy.

In addition to the design and operation of the experi-
mental setup that should avoid or at least minimize dead 
volumes, the instrumentation and methods have to be care-
fully chosen for the respective analytical task. Here, for 
pure gases and gas mixtures of well-known or even constant 
composition, (simple) chemical or physical methods can be 
an excellent choice, for instance, for quantification of biogas 
the use of eudiometers. The same device and method are 
rather unsuitable for the quantification of gases from other 
processes with an unknown composition. When it comes to 
less known mixtures of gases or those with fluctuating com-
position, more sophisticated instrumentation is required, 
for instance, the combined qualitative analysis using gas 
chromatography with quantitative measurements by thermal 
mass flow meters (see case study 2, Sect. 4.3).

In all circumstances, the quantification has to be per-
formed with extreme care, and the data obtained, e.g., 
measured volumes, need further treatment. Here, only 
re-calculating of the volume to a state of reference is une-
quivocal, and only reporting values converted to reference 
conditions allows comparison across studies. However, 
by developing and rigorously following a fixed workflow 
and evaluation process, this challenge can be tackled. Fig-
ure 10 shows a workflow that can be used as blueprint and 
thereby summarizes the step-by-step procedures presented 
in this article.

ndead,H2
=

nH2
⋅ vSTP

dead

Δvnorm
output

=
2.94 mmol ⋅ 117 mL

197.9 mL
= 1.74 mmol

Table 10  Partial substance quantities of each gaseous component

Time [min] ni

H2 N2 CO2 Σ pentene n-pentane

[mmol] [mmol] [mmol] [mmol] [mmol]

0
10 0.10 1.28 0.02 0.00 0.00
20 0.33 1.00 0.05 0.01 0.00
30 0.56 0.73 0.11 0.02 0.01
40 0.71 0.52 0.18 0.04 0.02
50 0.82 0.36 0.27 0.05 0.03
60 0.89 0.24 0.35 0.06 0.03
70 0.93 0.16 0.43 0.07 0.04
80 0.95 0.11 0.49 0.08 0.04
90 1.03 0.07 0.59 0.10 0.05
120 3.00 0.11 2.00 0.31 0.15
150 3.01 0.03 2.39 0.36 0.16
180 2.94 0.01 2.60 0.38 0.17
210 2.92 0.00 2.76 0.40 0.17
240 2.94 0.00 2.89 0.42 0.17
ntotal,i: 21.15 4.64 15.13 2.30 1.04

Table 11  Final amount of substance for each gas component calcu-
lated from the sum of the incremental substance quantities and the 
amount of substance in the dead volume

H2 N2 CO2 Σ pentene n-pentane
[mmol] [mmol] [mmol] [mmol] [mmol]

ntotal,i  
(Table 10)

21.15 4.64 15.13 2.30 1.04

ndead,i 1.74 0.00 1.71 0.25 0.10
nfinal,i 22.89 4.64 16.84 2.54 1.14
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