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A new method for membrane-based gas measurements
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Abstract

A method for gas measurement based on selective diffusion of gases through membrane tubes has been developed. Combining the element-
specific diffusion rates through a membrane set and Dalton’s principle of partial pressures, the gas concentration is determined through
measured physical quantities: pressure, time, and temperature. Since the procedure is based on the evaluation of an intensive thermodynamic
state variable, miniaturization of the sensor is possible. The gas sensor consists of several measuring chambers closed by membranes, where
each chamber has its own pressure sensor. One additional sensor is used for temperature measurement. The measurement is carried out after
the conditioning of the measuring chambers with a purge gas, which is used as internal standard. In order to determine thempartial pressures
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f the components byn pressure measurements, a system of linear equations has to be solved. The measuring method is demon
wo-component-gas phase (oxygen, nitrogen) for a partial pressure range from 0.1 to 100 kPa. The mean absolute error of abou
o the measurement value is acceptable and can be reduced further, if the technical deficiencies of the experimental set-up are im
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. Introduction

Membranes, particularly those based on polymers, gain in-
reasing importance for gas measurement. First, membranes
re used as agas-permeable phase boundary, e.g. between
water and a gas phase, i.e. as a window between test ob-

ect and measuring device, that can be passed only by gases.
his application of phase separating membranes is used since
ecades by applied sciences, medicine, and industry for gas
nalysis: (a) environmental gas analyses with lab gas chro-
atographs are based on the equilibration of the gas com-
osition of the relevant environmental compartment with

he interior of closed polymer bottles, (b) membrane-based
atheters for in vivo-analysis of blood gas composition[1],
c) membrane-based measurements for process control in the
ood industry, e.g. the adjustment of CO2 concentration dur-
ng beverage manufacture[2], or (d) solid-state gas sensors
re encapsulated with gas-permeable membrane films[3].

∗ Corresponding author. Tel.: +49 345 558 5209; fax: +49 345 558 5559.
E-mail address:detlef.lazik@ufz.de (D. Lazik).

On the other hand, thegas-selective propertiesof mem-
branes are increasingly used for direct gas analysis
cent efforts focus on the investigation and utilization of
gas-dependent electrical conductivity[4], the gas-depende
swelling behavior[5] and, the gas-dependent colour react
(e.g. in[6]).

For the estimation of the absolute gas pressure Weis[7]
develops a gas saturometer: the dissolved gas concen
in a liquid is measured behind a phase-separating sili
membrane at equilibrium. In case that only a pure gas
component) is dissolved in the liquid the saturometer g
the concentration of the gas by applying Henry’s law. T
principle is adapted since 1983, e.g. for estimating
controlling the CO2 concentration of beer[8]. Six years late
a flux-based method[9] was developed in order to overco
the relatively large equilibration times of the CO2-partial
pressure. For the estimation of the partial pressures of fu
gas components alternative methods are still in use.

In order to find a component-independent gas m
surement method we consider the gas-selective prop
of membranes. The developed method is based on
924-4247/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2004.06.015
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Fig. 1. Experiment illustrating the gas sensor working principle.

proportions in the permeation rates (permselectivity) of gases
through membranes, whereby a common internal standard is
used[10].

The measuring principle is explained by the following in-
structive experiment:

A gas-selective PTFE-membrane tube (lengthL = 8.57 m,
inner and outer radiusRi = 0.5 mm,Ra = 1.5 mm) is located in
a relatively large closed vessel. Through this membrane tube
oxygen (gas i) flows and discharges in a water-filled container
(left output) (seeFig. 1).

The vessel is simultaneously flushed with nitrogen (gas
j), which likewise discharges in the water container from the
right output. Therefore, the partial pressures of both gases are
equal and correspond to the gas pressure that is necessary to
compensate the hydrostatic pressure at the bottom of water
container. Oxygen (gas i) will diffuse through the membrane
into the container due to the concentration gradient, whereas
nitrogen (gas j) will diffuse into the tube interior, because of
the opposite gradient. After diffusive fluxes have reached the
stationary state, the nitrogen supply is interrupted.

Because of the large vessel volume the nitrogen partial
pressure remains nearly constant for the next hours, i.e. the
oxygen flux is driven by a nearly constant gradient. Then a
water-filled bottle (receptacle) is placed above the emerging
nitrogen gas bubbles. These bubbles are collected with the
r two-
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Fig. 2. The linear time dependence of the trapped gas volumeVgas(squares)
and O2 concentration in the 5 L vessel (triangles).

The combination of different membranes for a multi-
component gas system is the bases of our new measuring
method; its theoretical basics are derived in the following
section.

2. Theoretical basics

There are two physical pictures in the literature for the
permeation process of gases through membranes (a) for
porous membranes the gas flows through pore channels
(Hagen–Poiseuille-law) and (b) for dense membranes the
gas migrates via diffusion. All subsequent derivations are
based on the diffusion picture (b), i.e. the assumption that the
solution–diffusion model is applicable and that the diffusion
properties of the near-surface layer and the interior of the
membrane do not differ (dense symmetrical membrane).

According to the solution–diffusion model, permeation
proceeds in several steps. In the first step, gas is adsorbed from
adjacent space at the outer membrane surface (Ra, Fig. 3).

Once the gas molecule is adsorbed, desorption or absorp-
tion will occur depending on the energetics of the surface.
Absorption, which is considered as dissolution process (gas
molecules are dissolved into the membrane phase), is the
rate limiting step, compared to the fast adsorption process.
I rding
t us. If
t at
t es the
m e gas
p

2

d the
g red to
eceptacle and represent the volume increase for the
omponent-gas system (seeFig. 2).

The ordinate on the right ofFig. 2represents the O2 con-
entration measured in the 5 L vessel. Due to the high dilu
olume, the oxygen partial pressure remains low during
hole experiment and can be neglected. Therefore, th
ividual gas concentrations on either membrane side re
lmost constant during the test: pure oxygen gas inwar

ube and pure nitrogen outward the tube. The observed
me increase is caused by the different permeation flux

he two gas components—oxygen and nitrogen, i.e. b
ermeation-selective (permselective) property of the m
rane.
nside the membrane the gas molecules diffuse acco
o the concentration gradient along the membrane radi
he gas molecules reach the inner membrane surfaceRi ,
he mass transfer proceeds in reverse order: gas leav
embrane phase and is subsequently desorbed into th
hase.

.1. Single-component system

Since both the adsorption–desorption processes an
as phase diffusion process are fast processes compa
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Fig. 3. Schematic representation of the stationary concentration profileC(r)
in a tubular polymer membrane for given concentrations in the external (Ca)
and the internal (Ci) space.

the diffusion process within the solid membrane phase, an
adsorption–desorption equilibrium and constant concentra-
tions in both adjacent gas spaces can be assumed.

At sufficiently low concentrations, the in general non-
linear adsorption isotherm can be approximated by a linear
Henry isotherm

pa
k

RT
= Ca

k = Ha
kCk(r = Ra), (1)

wherepa
k [Pa] denotes the partial pressure of componentk in

the external space,Ca
k [mol/L] the corresponding gas concen-

tration according to the ideal gas law, andCk(r) [mol/L] the
concentration in the membrane phase (R= 8.31447 J/(K mol),
gas constant;T [K], temperature;r [m], radius).

The dimensionless Henry constantHa
k describes the solu-

tion equilibrium. The inverse Henry constant is referred to as
solubility Sa

k :

Ck(r = Ra) = Sa
kC

a
k (2)

The corresponding boundary condition for the interior
space is given by (pi

k [Pa],Ci
k [mol/L]—partial pressure and

concentration of componentk in interior space, respectively):

Ck(r = Ri) = SikC
i
k = Ci

k
i

= pi
k

i
. (3)

F e
(

H

T is
d

j

(Dk [m2/s]—diffusion coefficient of gas componentk in the
membrane). Assuming that both the solubility and the diffu-
sion coefficient are concentration independent, the stationary
flow Q [mol/s] through the membrane can be calculated an-
alytically:

Qk = dνk
dt

= jk(r)2πrL = SkDk

(pa
k − pi

k)

RT

2πL

ln(Ra/Ri)
= const,

r = {Ri, Ra},

(6)

(νk—amount of substance). As a result, the entire migration
process is determined by the product of two material parame-
ters, solubility and diffusion coefficient. This product is called
in the literature permeabilityPk [m2/s]:

Pk = SkDk. (7)

Eq. (8) gives the number of moles dνk that permeate in a
certain time dt through the membrane into the interior space:

dνk = Pk

pa
k − pi

k

RT

2πL

ln(Ra/Ri)
dt (8)

One can substitute the mol number inEq. (8)using the ideal
gas law:

V
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or a symmetrical membrane (index ‘M’) in a gaseous phas
index ‘G’) holds:

i
k = Ha

k ≡ HMG
k = 1

SMG
k

, (HM,G[m3
M/m3

G]) (4)

he flux densityjk(r, t) [mol/(m2 s)] through a membrane
escribed by Fick’s First Law:

k(r, t) = −Dk

∂Ck(r, t)

∂r
(5)
0(p0 + dpk) = p0(V0 + dVk) = RT (ν0 + dνk) (9)

hereV0 [m3] is volume,p0 [Pa] the pressure,ν0 [mol] the
umber of moles inside the measuring chamber, lower i

0’ indicates the initial state.
It obtains the following expression for the volume cha

nder isobaric conditions:

Vk = RT

p0
dνk = Pk

pa
k − pi

k

p0

2πL

ln(Ra/Ri)
dt, (10)

nd for the equivalent pressure change isochoric cond
e.g. a closed tubular membrane), respectively:

pk = RT

V0
dνk = Pk

pa
k − pi

k

V0

2πL

ln(Ra/Ri)
dt (11)

or a stationary isobaric processEq. (10)can be integrate
ver time, leading to a linear volume increase with time (c
are with the observed volume increase inFig. 2).

.2. Multi-component system

For a multi-component system—superposition of the
erent migrating gas components is assumed as a firs
roximation. According to Dalton’s law the total pressure
oth sides of the membrane is given by the sum of the p
ressures:

a,i =
n∑

k=1

pa,i (12)
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and the pressure change inside the tube is

dp =
n∑

k=1

dpk = g

n∑
k=1

Pk(p
a
k − pi

k) dt, (13a)

where the pressure changes ofn gas components are de-
scribed byEq. (11)and a geometry factorg [1/m2] of the
measuring chamber has been introduced:

g = 1

V0

2πL

ln(Ra/Ri)
. (13b)

Let us assume that at timet = 0 (start of measurement) the
measuring chamber contains only the purging gas (k = s)

n∑
k=1

pi = pi
s(t = 0) = p0 (14a)

and the partial pressures outside the tube are constant during
the measuring run

pa
k = const. (14b)

Using this,Eq. (13a)can be simplified and one obtains

dp(t)

dt

∣∣∣∣
t=0

= gPs

[
n∑

k=1

fksp
a
k − p0

]
, (15a)
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and Dalton’s law for the total pressure:

p(t) =
n∑

k=1

pi
k(t), (19)

a Taylor expansion ofEq. (18)for small times dt yields an
analytical expression for dp(t):

p(t) = p0 + dp(t) =
n∑

k=1

{
pi
k

∣∣
t=0(1 − κk dt) + pa

kκk dt
}
,

(20)

whereκk = gPk [s−1]. In order to prove that the steady-state
solution yields the exact limit, one has to insert the initial
conditionEq. (14)intoEq. (20), which leads again toEq. (15).

EquatingEq. (15a)with Eq. (17)gives the basic equation
for the measurement evaluation:
n∑

k=1

fksp
a
k = p0 + a1

gPs

; (21)

i.e. the unknown partial pressurespa
k are now functions of

the coefficienta1, which is determined by the experimental
pressure increase.

Usingmmembranes of different permselectivitiesfm
ns for

the measurement, them describing equations form a system
of linear algebraic equations:

I
try

o

2

e) of
t
b ppli-
c
g s
e

G

here the dimensionless permselectivity coefficientsfks were
efined with regard to the purging gas:

ks = Pk

Ps

. (15b)

ince the gas analysis is based on the evaluation ofEq. (15a),
ne needs the pressure change for the initial time (t = 0; star
f measurement). The main problem is that a priori this v

s not known and has to be determined by extrapolation
Recording the time-dependent pressure valuespi = p(ti) at

ubsequent timesti for t > 0, one can approximate the discr
ressure values using the polynomial:

(t) =
∑
p

apt
p [Pa], (16a)

n order to achieve the best fit, one has to minimize the
owing objective function:

i

(p(ti) − F (t = ti))
2 = Min. (16b)

or t → 0, the approximated pressure change is determ
nly by the coefficienta1:

imt→0
dF (t)

dt
= a1. (17)

sing the analytical solution for a very thin membrane
erivation seeAppendix A):

i
k(t) = pa

k + (pi
k

∣∣
t=0 − pa

k)exp(−κkt), (18)



f 1
1s f 1

2s ... f 1
ns

f 2
1s ... ... ...

... ... ... ...

fm
1s ... ... fm

ns






pa
1

pa
2

...

pa
n




=




p1
0 + a1

1

g1P1
s

p2
0 + a2

1

g2P2
s

...

pm
0 + am1

gmPm
s




, m ≥ n. (22)

ts solution determines then unknown partial pressurespa
k.

The factorsgi in Eq. (22)take into account the geome
f the measuring chambers.

.3. Test criterion

The sum of the partial pressures (total gas pressur
he multi-component gas phase is denoted bypequ and can
e measured simultaneously and independently. The a
ation of Dalton’s principle to the solution vectorEq. (22)
ives a performance and balance criterionG for the cautiou
valuation of the measuring error:

= 1

pequ

∑
j

pj
a − 1, (23)
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Fig. 4. Gas sensor: prototype (left) and test vessel (right).

3. Experiments

3.1. Sensor

The sensor consists of several membrane-covered measur-
ing chambers, where each of these contains a pressure sensor.
Two valves per chamber allow purge-gas flushing—for ex-
ample with nitrogen.

Figs. 4 and 5show the gas sensor prototype and the ex-
perimental set-up.

The membranes (in this study: polymer tubes, seeFig. 4
right) are located inside of a test vessel, so that the external
tube surfaces are in contact with the gas to be analyzed. The
test vessel consists of a stainless-steel cylinder with a screw-
on cover, which has six capillary tube connections (inserted

r).

capillary tubes:L = 10 cm,Ri = 0.5 mm) plus two additional
tube connections for flushing with the gas mixtures of inter-
est. Three commercially available polymer tubes (Table 1)
were connected with the capillary tubes and wound round
a rod passing axially through. Then the membrane tube-
equipped test vessel was closed.

The capillary tubes were connected to the pressure scanner
DSA 30171 and the valve block ZOK172 so that every mem-
brane tube, mounted between one valve of each component,
forms a lockable measuring chamber (Fig. 5).

About 90% of the internal volumeV0 of the measuring
chambers assembled in this way is determined by the tube
internal volume interfacing with the membrane. The addi-
tional dead volume located between the valves in ZOK 17
and DSA 3017 (Fig. 5) was about 160 mm3 for each measur-
ing chamberm and is implicitly considered in the geometry
factorgm.

Further pressure sensors serve for the measurement of air
pressure3 and the pressure inside the test vesselpa. In order to
record the temperature a Pt 1000-sensor was attached to the
test vessel. Experiments and data acquisition were controlled
by PC support.

3.2. Experimental set-up and gas analysis procedure

atios
a duc-
i

for
d both
t ws

,
d rence,
a

017.
S

sure,
a
Fig. 5. Experimental setup (illustrated for one measuring chambe
The sample gas mixtures with constant component r
re adjusted in a gas mixing cell through two pressure re

ng valves (seeFig. 5) using the laboratory gas supply.
The mixing cell was equipped with an outlet valve

osing the gas flow. The gas mixture was flushed through
he test vessel and a reference O2 sensor, where the gas flo

1 Scanivalve Corp., full range scales forpi: ±35 kPa, and forpa: 105 kPa
ifference pressure with respect to the air pressure with common refe
ccuracy± 0.05%fs.

2 Valve block, which is also used with the same structure in DSA 3
canivalve Corp.

3 HPB, Honeywell Corp., full range scale 50–120 kPa absolute pres
ccuracy± 0.03%fs.
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Table 1
Characteristics of membranes and measuring chambers

Measuring chambers Membrane tube Ri (mm) Ra (mm) L (mm) gm (1/mm2)

S1 Silicone 0.4 1.2 4082 10.55
S2 Tygon no. 3603 0.4 1.2 4019 10.54
S3 C-Flex 0.4 1.2 4020 10.54

were determined by the adjustment of gas counterpressures
(0–35 kPa water column + air pressure).

Reference O24 — and test vessel pressure sensors are used
for the independent analysis of N2/O2 mixtures with respect
to:

pa = pO2 + pN2. (24)

An analysis consists of the two steps: (1) membrane condi-
tioning and, (2) measurement of the time-dependent chamber
pressures.

3.2.1. Step 1: membrane conditioning
The test vessel is flushed with the unknown gas mixture,

whereas the measuring chambers, i.e. our lockable membrane
tubes, are flushed with nitrogen. In order to avoid elastical
deformations of the membranes, the pressures inside the mea-
suring chambers were fixed in correspondence to the test ves-
sel pressure by adjustment of the counterpressure (seeFig. 5).

After the relaxation timeτC [s] the steady-state flux is
achieved and the conditioning step is finished. This relaxation
or conditioning time depends on the membrane thickness,
on its permeability, and on the required precision of the gas
analysis, too. It can be estimated with respect to the lowest
permeabilityPmin of the gases of interest by:

τ

w dy
fl rre-
s
a for
ξ

3
flow

v e, and
t r afte
t uring
r r case
g

rp.,
f with
s
i s solu-
t nted
a

3.3. Experimental realization

Before each experiment the slope of the oxygen reference
sensor was calibrated against air. The reference measuring
values were recalculated into thepa—dependentO2 partial
pressures using previously performed measurements against
the test vessel filled with pure oxygen and the corresponding
absolute pressurepa.

The N2 partial pressure inside the test vessel was estimated
as difference to the O2 partial pressure according toEq. (24)
using the measured pressurepa.

Eq. (25)was used as the basis for estimating the time for
Step 1—conditioning of membranes withξ ≥ 2. The Mea-
surements (Step 2) were carried out over a time period of
about 200 s and a time resolution of 130 ms.

Fig. 6 represents an example of the difference pressures
(related to air pressure) as functions of time for the three
measuring chambers.

The test vessel contains an O2/N2 gas mixture of
53/49 kPa. The pressure increases were recorded with an off-
set at the start of measurement. This offset of about 10 s was
chosen uniformly for all experiments, in order to exclude
short term interference signals. Such interferences occur due
to equilibration of pressure difference inside the measuring
chambers, temperature equilibration, and relaxation of pres-
s

long
c pply,
t asure-
m ing
c

F ep.
E

C = ξ

Pmin
(Ra − Ri)

2, (25)

here the numberξ defines the deviation of the non-stea
ux from the steady-state ones. The solution of the co
ponding instationary diffusion equation yields forξ = 2 an
pproximation of 99% of the stationary flux respectively,
= 2.5 one obtains 99.7%, and so far.

.2.2. Step 2: measurement
The measurement starts by closing the purging gas

alves. Pressures on both sides of the membranes, tim
emperature are recorded. The measurement stops eithe
he pre-set measuring time has expired or if the meas
ange of the pressure sensor is exceeded. In the latte
as flow valves are opened.

4 Oxi 330 with galvanic measuring chamber CellOx 225, WTW Co
ull range scalepO2 < 100 kPa, accuracy: 1% of measurement value (
ufficient flow), steadying timet99 < 60 s. The electrolyte-filled O2 sensor is

ntended by the manufacturer to be used for measurement in aqueou
ions. To prevent the electrolyte from drying up, it was always dismou
fter measurements.
r

ure sensors.
Because of technical problems during the relatively

onditioning time (some hours), such as instable gas su
emperature and pressure changes, etc., 10 of the 78 me
ents (26 experiments× measurements in three measur

hambers) had to be discarded.

ig. 6. Time dependence of the pressurespi during the measurement st
xample for a O2/N2 gas mixture of 53/49 kPa.



D. Lazik, H. Geistlinger / Sensors and Actuators A 117 (2005) 241–251 247

Fig. 7. Time dependence of the pressure change dpi/dt during the measure-
ment step (example fromFig. 6).

3.4. Calculation method

Fig. 7shows the pressure derivative dpi/dt as function of
time for the experiment presented inFig. 6. Consider first the
measuring chamber S1, the dpi/dt-curvedrops significantly
and in a non-linear way and shows only slight oscillations.
This behaviour is consistent with our proposed model: Using
Eq. (18)one anticipates a monotonous decrease of dpi/dt with
time.

Compared to this the mean curves for the measuring
chambers S2 and S3 remain nearly constant over the con-
sidered time period. The second difference to the S1-signal
run are the strong oscillations. Note that the S2- and S3-
curves show the same (synchronous) signal variation (in-
terference signal), which is superposed with the signal of
interest.

Both cases provide suitable limit cases for proving the
efficiency of the measuring technique.

In order to evaluate the different signal runs over time, the
key parametera1, which determines fort → 0 the pressure
change, has to be calculated (see Eq.(17)).

For the S1-chamber (silicone membrane) the signal was
approximated by a polynomial of degree 7, whereas the sig-
nals for the S2 (Tygon)- and S3 (C Flex)-chambers were ap-
proximated by a second order approach.

tion
o ly to
a

3
ter-

m ent
o , we
h g
f

p

where we have substituted pN2 in Eq. (22)by pa − pO2 ac-
cording toEq. (24). In this case the balance criterionEq. (23)
is a priori satisfied.

3.4.2. Method 2
The more challenging method consists in an independent

evaluation of each gas component from the linear coefficients
a1 by solving the system of linear equations (Eq. (22)). If the
total gas pressure is known, one can prove, whether Dalton’s
law is satisfied (balance criterionEq. (23)). The use of two
membrane tubes for determining a two-component gas is the
equivalent to the “n gas components–n membranes”-sensor.

Method 1 was applied both for the parameter identification
of the membranes and for partial pressure measurement. Due
to its comparably greater number of parameters, Method 2
was used only for the partial pressure estimation.

3.5. Evaluation

One half of the experiments was taken for the calibration
of the gas sensor (dataset 1) and the other half for the gas
analysis (dataset 2), i.e. for the determination of the partial
pressures.

3.5.1. Calibration

m et
1 d
t

Fig. 8. Membrane calibration. (Top) permselectivity, (bottom) permeability.
In order to check the suitability for automated evalua
f the measurements this algorithm was applied uniform
ll data records.

Two calculation methods were used:

.4.1. Method 1
Applying Dalton’s law 1 gas component can be de

ined by then − 1 gas components and the measurem
f the total gas pressure. In our two-component system
ave only to determinea1 for oxygen. The correspondin

ormula is

a
O2

= 1

f k
O2,N2

− 1

{
pk

0 − pa + ak1

gkPk
N2

}
, (26)
During calibration, PN2 and fO2/N2 were fitted by
eans of the inverse solution ofEq. (26)using the datas
consisting of 12 records for thea1-determination an

he known partial pressurespO2 and pN2. Fig. 8 shows
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Table 2
Membrane calibration: parameter set of the best fit

Membrane PN2 × 1011 (m2 s−1) dPN2/dpN2 × 1011 (m2 s−1 kPa−1) fO2/N2 dfO2/N2/pN2 × 104 (kPa−1)

S1 23± 1 −0.01± 0.01 1.92± 0.03 −0.03± 4
S2 5.1± 2 −0.0008± 0.004 1.30± 0.01 −0.003± 2
S3 1.5± 0.2 0.00003± 0.003 1.27± 0.04 0.07± 5

the best fits (linear regressions) over the corresponding
permeabilities and permselectivities.Table 2 contains the
best fit parameters obtained for the gas sensor.

The main reason for the increasing spreading towards
lower O2 partial pressures is the varying air pressure (see
below).

The permselectivities of the used membranes are relatively
low. This restricts the accuracy as shown below. However,

membranes with considerably higher permselectivity values
are known from literature. For example, a O2/N2 permselec-
tivity of 28 has been found for poly-aniline membranes over
two hours[11], and O2/N2 permselectivity values of more
than 25 were forecast as early as in 1992[12].

According to the theoretical assumptions both the per-
meation coefficientsPN2 and the permselectivity coefficients
fO2/N2 are constant in the measurement range. Thus, only
Fig. 9. Measuring comparison: membrane-based gas sensor—referencer
sensor (2—squared Pearson’s correlation coefficient, lines—linear regressions).
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the partial pressure-independent absolute terms for both co-
efficients (Table 2, columns 2 and 4) were inserted into the
equations for the following measurement comparison.

3.5.2. Partial pressure measurement
The partial pressure analyses for validating the measure-

ment technique, which were carried out by means of the cal-
ibrated gas sensor, are represented inFig. 9.

Except for the gas sensor established by measuring cham-
bers S2–S3 according to Method 2, all sensor variants show
an unexpected high sensitivity to the concentration of both
gases.Note: The N2 partial pressure in the test vessel is really
determined from pressure changes in the measuring chambers
in Method 2 and without any additional information!

According to Method 2, the permselectivity is replaced
by the difference between the permselectivity of the different
membranes in the denominator of the equations to be solved.
Therefore this method is more sensitive to measuring errors.
Table 2yields for the membrane systems S1–S2:#fO2/N2 ≈
0.62, S1–S3:#fO2/N2 ≈ 0.65, and for S2–S3:#fO2/N2 ≈
0.03. Within the scope of calibration, permselectivity values
for the membrane system S2–S3 differ only slightly. Lacking
sensitivity of the sensor formed by S2–S3 proves that pressure
measurement errors are predominant, while sensor variants
using S1 provide usable results.
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Fig. 10. Method-dependent error distribution of partial pressure measure-
ments. The insensitive sensor S2–S3 (Method 2) is excluded. Remark: all
error calculations include the error of the reference of about 1% (see footnote
4) therefore holdspa ≈ pref.

Fig. 10shows the error plot of the single measurements
according toEq. (27a)as an O2 partial pressure function. The
non-sensitive measuring chamber system S2–S3 (Method 2)
shown inFig. 9was excluded. The method-dependent means
of the overall error were approximated through regression
lines. Both the low correlation coefficients and especially the
low linear regression coefficients indicate error independence
of scale for the range examined.

Table 3
Mean error (a) for sensor calibration and (b) for gas measurement in % of
the measuring value

(a) Sensor calibration Gas component

Sensor O2 N2 Mean

Method 1; dataset 1 S1 3.7 2.4 3.1
S2 4.3 3.7 4.0
S3 10.9 3.5 7.2

(b) Measurement comparison Gas component

Sensor O2 N2 mean

Method 1; dataset 2 S1 4.1 2.2 3.1
S2 6.2 2.6 4.4
S3 19.4 4.6 12.0

Method 2; dataset 1 S1–S2 6.4 2.8 4.6
S1–S3 8.0 3.0 5.5

M

The main reason for the error is the synchronous s
scillation (noise) shown inFig. 7, which occurs in measu

ng chamber 1, too. Due to its stronger signal to noise r
he interference exerts here only a minor effect on the la
he reason for the signal oscillation were fluctuations o
ressure (mainly due to the air-conditioning system of
uilding), which served as reference pressure for the se
sed.

.5.3. Error discussion
Due to the low number of measurement points and

nalysis range covering three orders of magnitudes, the
urement error was calculated in terms of the mean re
bsolute-error of the analyses:

dpa
ji

pa
ji

≈

∣∣∣pa
ji − pref

ji

∣∣∣
pref
ji

(27a)

pa
j =

¯(
dpa

j

pa
j

)
≈ 1

n

n∑
i=1

dpa
ji

pa
ji

(27b)

herepa
ji [Pa] is certain partial pressure of gas j in the

essel during measurement i,pref
ji [Pa] is corresponding re

rence measurement value.
The relative absolute-error according toEq. (27a)exhibits
potentially present error dependence on scale, be

f the independence of the expected measurement
estimated by reference measuring method) and, be
f linearity in Eq. (27a), does not lead to a disproportion
valuation of error differences.
S2–S3 106.0 33.8 69.9

ethod 2; dataset 2 S1–S2 5.0 2.8 3.9
S1–S3 7.5 4.2 5.9
S2–S3 171.2 56.2 113.7
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This allows the statement of an analysis error related to the
measurement value. The analysis error calculated according
to Eq. (27b)is indicated for individual sensors in per cent,
i.e. multiplied by 100%, inTable 3. The “mean” stated cor-
respond to the mean errors of gas analyses.

Besides the errors obtained for S1 and S2, which are rel-
atively low,Table 3shows the correlation of errors from cal-
ibration and measurement and that of error and permeability
(calibration: seeFig. 8). Moreover, the relatively constant er-
ror in Fig. 10 suggests that the examination range limited
by the experimental set-up does not reproduce the potential
measurement range of the sensor.

4. Results

In this study, a methodological basis of a new gas-
measuring principle was given and was demonstrated for a
two-component-gas phase: nitrogen and oxygen. Therefore,
a relatively low error range for gas measurement is shown in
the order of 5% of the measurement value. Limitations of the
considered measurement range are caused by the experimen-
tal equipment.

The relatively simple and robust gas measurement method
acts completely on the basis of physical principles. There-
f ose
a sive
m

sure-
m sitive
m /onto
o tative
m nsor
( f the
i

ch
E
b for
S ively.

nt
a to
t ore as
i

he
p igher
i hese
s ilable
a loga-
r ivity
( y by
t lly
c , H
O

me-
a fluid
t sen-

sor and measuring object one expects a strong independence
of the sensor from fluid movements along the outer sensor
surface.

5. Conclusions and further works

The general applicability of the method, its resolution and
detection limits are coupled onto the membranes available.
Further studies have to been carried out, in order to adapt
appropriate membrane sets for the measurement of different
multiple-gas systems.

Parameters and boundary conditions of measurements
(time window, offset, fit functions, etc.) and the elements
of the measuring chambers were selected empirically in this
study. Fundamental investigations are necessary to optimize
the measurement inclusive the application of the test criterion
according toEq. (23), and also temperature effects have to
be taken into account.

A suitable air pressure-independent reference system for
pressure measurement needs to be implemented. The perme-
abilities of the membranes used in the present study differ in
one order of magnitude but having the same thickness. From
Eq. (25)one realized both (a) the conditioning time differ in
the reciprocal order of magnitude and, also the time of refer-
e tios
o e lev-
e ane
t orter
c

A

se-
w stian
E
i nvi-
r nical
s

A

p
d ntial
e

w

κ

F on-
c and
ore, the method can be used theoretically in multi-purp
pplications and it is able to substitute other cost-inten
easuring techniques.
The sensor developed is suited for two types of mea

ent/monitoring tasks: on the one hand side large sen
embranes (tubes, networks) can be installed into
bjects to be observed in order to provide a represen
easure. On the other hand a miniaturization of the se

micro system) seems to be possible due to utilization o
ntensive state variable: pressure.

The general validity of the polynomial fit approa
q. (16)for estimation ofa1 according toEq. (17)was shown
y simultaneous applying of polynomials of the degree 2
2, S3 and a polynomial of the degree 7 for S1, respect
For a given geometryEq. (21)scales the linear coefficie

1 by the permeabilityPs of the purging gas. With respect
he measurement conditions the purging gas acts theref
nternal standard.

Eq. (21)show further: the lower the permeability of t
urging gas and the higher the permselectivities the h

s the resolution and the lower the measurement error. T
ensor properties are supported by the membranes ava
nd by the expected trend of development. A negative
ithmic correlation between permeability and permselect
so-called trade-off relation) was shown to exist generall
heoretical investigations[13]. The result was experimenta
onfirmed using 300 glassy polymers and six gases (He2,
2, N2, CO2, CH4).
In addition to the improvement of accuracy a low per

bility range results in low influences of the sensor on the
o be studied. Beneath the negligible interaction between
nce. In order to form a uniform time of reference the ra
f membrane thickness squared to permeability are to b
led out for further applications. In addition the membr

hicknesses are to be reduced generally for realizing sh
onditioning periods of time.

cknowledgements

Prof. Ludwig Luckner and coworkers, and Dr. Kamu
itz deserve our thanks for helpful discussions. Seba
bert supported us in software development, Carola Bönisch

n the preparation of tests. We thank the UFZ Centre for E
onmental Research Leipzig–Halle for financial and tech
upport of our work.

ppendix A

According toEq. (11)and taking into accountEq. (13b)the
ressure change inside the tube due to the componentkcan be
escribed through the inhomogeneous ordinary differe
quation:

dpi
k

dt
= κk(p

a
k − pi

k) (A.1)

ith

k = gPk. (A.2)

or very thin membranes with negligible curvature the c
entration gradient becomes linear within the membrane
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Eq. (A.1)holds exactly. Integration yields

pi
k = const(t) exp(−κkt) (A.3)

InsertingEq. (A.3)into Eq. (A.1)leads to:

const(t) = κkp
a
k ·
∫

exp(κkt)dt

= pa
k exp(κkt) + const(t = 0). (A.4)

Finally, the unknown integration constant const (t = 0) can be
determined by insertedEq. (A.4) into Eq. (A.3) taking into
account the initial condition

pi
k(t = 0) = pi

k

∣∣
t=0, (A.5)

and one obtainsEq. (18).
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