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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 thermodynami
state variable, miniaturization of the sensor is possible. The gas sensor consists of several measuring chambers closed by membranes, wher
each chamber has its own pressure sensor. One additional sensor is used for temperature measurement. The measurement is carried out aff
the conditioning of the measuring chambers with a purge gas, which is used as internal standard. In order to detenparéahpressures
of the components by pressure measurements, a system of linear equations has to be solved. The measuring method is demonstrated for a
two-component-gas phase (oxygen, nitrogen) for a partial pressure range from 0.1 to 100 kPa. The mean absolute error of about 5% related
to the measurement value is acceptable and can be reduced further, if the technical deficiencies of the experimental set-up are improved.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction On the other hand, thgas-selective propertiesf mem-
branes are increasingly used for direct gas analysis. Re-
Membranes, particularly those based on polymers, gainin- cent efforts focus on the investigation and utilization of the
creasing importance for gas measurement. First, membranegas-dependent electrical conductidly, the gas-dependent
are used as gas-permeable phase boundaeyg. between  swelling behaviof5] and, the gas-dependent colour reactions
a water and a gas phase, i.e. as a window between test obfe.qg. in[6]).
ject and measuring device, that can be passed only by gases. For the estimation of the absolute gas pressure Weé]ss
This application of phase separating membranes is used sincelevelops a gas saturometer: the dissolved gas concentration
decades by applied sciences, medicine, and industry for gasn a liquid is measured behind a phase-separating silicone
analysis: (a) environmental gas analyses with lab gas chro-membrane at equilibrium. In case that only a pure gas (one
matographs are based on the equilibration of the gas com-component) is dissolved in the liquid the saturometer gives
position of the relevant environmental compartment with the concentration of the gas by applying Henry’s law. This
the interior of closed polymer bottles, (b) membrane-based principle is adapted since 1983, e.g. for estimating and
catheters for in vivo-analysis of blood gas composifibh controlling the CQ concentration of bed8]. Six years later
(c) membrane-based measurements for process control in tha flux-based methof@] was developed in order to overcome
food industry, e.g. the adjustment of g@oncentration dur-  the relatively large equilibration times of the g@artial
ing beverage manufactufg], or (d) solid-state gas sensors pressure. For the estimation of the partial pressures of further
are encapsulated with gas-permeable membrane fldms gas components alternative methods are still in use.
In order to find a component-independent gas mea-
* Corresponding author. Tel.: +49 345 558 5209; fax: +49 345 558 5559, Surement method we consider the gas-selective properties
E-mail addressdetlef.lazik@ufz.de (D. Lazik). of membranes. The developed method is based on the
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Fig. 1. Experiment illustrating the gas sensor working principle. t [h]

. . . .. Fig. 2. The linear time dependence of the trapped gas volgngsquares)
proportions in the permeation rates (permselectivity) of gases 4,4 O concentration in the 5L vessel (triangles).

through membranes, whereby a common internal standard is

used[10]. The combination of different membranes for a multi-
The measuring principle is explained by the following in- component gas system is the bases of our new measuring

structive experiment: method; its theoretical basics are derived in the following
A gas-selective PTFE-membrane tube (ledgth8.57 m, section.

inner and outer radiug =0.5mmRy=1.5mm)islocated in

a relatively large closed vessel. Through this membrane tube

oxygen (gas i) flows and discharges in a water-filled container 2. Theoretical basics
(left output) (sed-ig. 1).

The vessel is simultaneously flushed with nitrogen (gas  There are two physical pictures in the literature for the
1), which likewise discharges in the water container from the permeation process of gases through membranes (a) for
right output. Therefore, the partial pressures of both gases argporous membranes the gas flows through pore channels
equal and correspond to the gas pressure that is necessary tgHagen—Poiseuille-law) and (b) for dense membranes the
compensate the hydrostatic pressure at the bottom of watemgas migrates via diffusion. All subsequent derivations are
container. Oxygen (gas i) will diffuse through the membrane based on the diffusion picture (b), i.e. the assumption that the
into the container due to the concentration gradient, whereassolution—diffusion model is applicable and that the diffusion
nitrogen (gas j) will diffuse into the tube interior, because of properties of the near-surface layer and the interior of the
the opposite gradient. After diffusive fluxes have reached the membrane do not differ (dense symmetrical membrane).
stationary state, the nitrogen supply is interrupted. According to the solution—diffusion model, permeation

Because of the large vessel volume the nitrogen partial proceeds in several steps. Inthefirst step, gasis adsorbed from
pressure remains nearly constant for the next hours, i.e. theadjacent space at the outer membrane surfage~g. 3.
oxygen flux is driven by a nearly constant gradient. Thena  Once the gas molecule is adsorbed, desorption or absorp-
water-filled bottle (receptacle) is placed above the emerging tion will occur depending on the energetics of the surface.
nitrogen gas bubbles. These bubbles are collected with theAbsorption, which is considered as dissolution process (gas
receptacle and represent the volume increase for the two-molecules are dissolved into the membrane phase), is the
component-gas system (séig. 2). rate limiting step, compared to the fast adsorption process.

The ordinate on the right dfig. 2represents the £xcon- Inside the membrane the gas molecules diffuse according
centration measured inthe 5 L vessel. Due to the high dilution to the concentration gradient along the membrane radius. If
volume, the oxygen partial pressure remains low during the the gas molecules reach the inner membrane surfaBg at
whole experiment and can be neglected. Therefore, the in-the mass transfer proceeds in reverse order: gas leaves the
dividual gas concentrations on either membrane side remainmembrane phase and is subsequently desorbed into the gas
almost constant during the test: pure oxygen gas inward thephase.
tube and pure nitrogen outward the tube. The observed vol-
ume increase is caused by the different permeation fluxes of2.1. Single-component system
the two gas components—oxygen and nitrogen, i.e. by the
permeation-selective (permselective) property of the mem-  Since both the adsorption—desorption processes and the
brane. gas phase diffusion process are fast processes compared to
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Fig. 3. Schematic representation of the stationary concentration pE@f)le
in a tubular polymer membrane for given concentrations in the exteZggl (
and the internal@;) 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
pi

o = Ci = H{Ci(r = Ra).

@)
wherep? [Pa] denotes the partial pressure of compotkent
the external spac€?2 [mol/L] the corresponding gas concen-
tration according to the ideal gas law, a@gr) [mol/L] the
concentration inthe membrane phaBeg.31447 J/(K mol),
gas constanfl [K], temperaturey [m], radius).

The dimensionless Henry constaiif describes the solu-
tion equilibrium. The inverse Henry constant is referred to as
solubility SZ:

Ci(r = Ra) = S2C2 (2)

The corresponding boundary condition for the interior
space is given by, [Pa], C; [mol/L]—partial pressure and
concentration of componekitn interior space, respectively):
Ci

Pl
Hl ~ RTH.

Ci(r = R;) = SLCL = ©)

For a symmetrical membrane (indeM”) in a gaseous phase
(index ‘G’) holds:

MG’
Sk

Hi = H}= HMC = (HMCm3, /m])

(4)

The flux densityj.(r, t) [mol/(m? s)] through a membrane is
described by Fick’s First Law:
Cy(r, 1)

or

Jk(r 1) = =Dy %)
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(Dx [m?/s]—diffusion coefficient of gas componektn 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:

doe (Pf—p}) 2nL
= — = 2nrlL = S D
Ok = Jk(r)2mr D R/ R)
= const ®)
r= {Riv Ra},

(vi—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 s called
in the literature permeability; [m?/s]:

P, = S Dy. (1)

Eq. (8) gives the number of molesvgd that permeate in a
certain time dthrough the membrane into the interior space:

2L

a i
k — Pk dr
In(Ra/R;)

RT

dv, = P, P 8
One can substitute the mol numbeilg. (8)using the ideal
gas law:

Vo(po + dpi) = po(Vo + dVi) = RT(vo + dvg) 9

whereVg [m3] is volume, po [Pa] the pressurey [mol] the
number of moles inside the measuring chamber, lower index
‘0’ indicates the initial state.

It obtains the following expression for the volume change
under isobaric conditions:

2nL

P —pi "
In(Ra/R;)

pPo

RT
dViy = —dv, = P (20)

pPo
and for the equivalent pressure change isochoric conditions
(e.g. a closed tubular membrane), respectively:

2L

pE—ph ”
IN(Ra/R;)

Vo

RT
dpk = — dl)k = Pk (11)

Vo
For a stationary isobaric procegs|. (10)can be integrated
overtime, leading to alinear volume increase with time (com-
pare with the observed volume increaséig. 2).

2.2. Multi-component system

For a multi-component system—superposition of the dif-
ferent migrating gas components is assumed as a first ap-
proximation. According to Dalton’s law the total pressure on
both sides of the membrane is given by the sum of the partial
pressures:

n
pa,z — Z paz
k=1

12)
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and the pressure change inside the tube is

dp=> dpc =g > B(pf — P
k=1 k=1

(13a)

where the pressure changesrofjas components are de-
scribed byEq. (11)and a geometry factay [1/m?] of the
measuring chamber has been introduced:

1 2#L

= Vo MR (30

8

Let us assume that at time= 0 (start of measurement) the
measuring chamber contains only the purging ¢as<)

n

> p'=pit=0)=po

k=1

(14a)

and the partial pressures outside the tube are constant durin
the measuring run
pi = const (14b)

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

WO _ [ ]
-0 s )

dr
where the dimensionless permselectivity coefficiptaere
defined with regard to the purging gas:
Py

_Ps,

n
Z fksplec1 — Po

k=1

(15a)

Jis (15b)

Since the gas analysis is based on the evaluati&gofl5a)

one needs the pressure change for the initial tirsed( start

of measurement). The main problem is that a priori this value

is not known and has to be determined by extrapolation:
Recording the time-dependent pressure vatyuep(t;) at

subsequenttimegfor t > 0, one can approximate the discrete

pressure values using the polynomial:

F(t) = apyt’[Pa] (16a)
P

In order to achieve the best fit, one has to minimize the fol-
lowing objective function:

> (ple) — Flo = ) = Min. (16b)

Fort — 0, the approximated pressure change is determined

only by the coefficiengy:

dr(s)
d

Using the analytical solution for a very thin membrane (for
derivation seé\ppendix A):

Iimt—>0

7)

ai.

P = P& + (Pi],_o — PDEXPrit), (18)

n
a ai |
= + 5 !
E JisPi = Po 2P,
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and Dalton’s law for the total pressure:

p()) =" pi()

k=1

(19)

a Taylor expansion oEq. (18)for small times dt yields an
analytical expression foruft):

p(0) = po+dp() =Y { pif,_o(L — Kk dr) + plics dr} ,
k=1
(20)

wherex, = gP [s~1]. In order to prove that the steady-state
solution yields the exact limit, one has to insert the initial
conditionEq. (14)into Eq. (20) which leads again t&q. (15)

EquatingEq. (15awith Eq. (17)gives the basic equation
for the measurement evaluation:

(21)
k=1

i.e. the unknown partial pressurg$ are now functions of
the coefficientay, which is determined by the experimental
pressure increase.

Usingm membranes of different permselectivitig¢§ for
the measurement, the describing equations form a system
of linear algebraic equations:

L £\ [P
it P4
11 s Pu
1
1 a
P+
1 Psl
2
2 ay
=| Pot 2p2 |, mzn (22)
am
1
po +
g Py

Its solution determines theunknown partial pressures.
The factorgy in Eq. (22)take into account the geometry
of the measuring chambers.

2.3. Test criterion

The sum of the partial pressures (total gas pressure) of
the multi-component gas phase is denotec®f and can
be measured simultaneously and independently. The appli-
cation of Dalton’s principle to the solution vectgq. (22)
gives a performance and balance criter@®for the cautious
evaluation of the measuring error:

S p-t
j

G=—

P (23)
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Fig. 4. Gas sensor: prototype (left) and test vessel (right).

3. Experiments capillary tubesL = 10 cm,R; = 0.5 mm) plus two additional
tube connections for flushing with the gas mixtures of inter-
3.1. Sensor est. Three commercially available polymer tub&ahle J)

were connected with the capillary tubes and wound round
The sensor consists of several membrane-covered measura rod passing axially through. Then the membrane tube-
ing chambers, where each of these contains a pressure sensaquipped test vessel was closed.
Two valves per chamber allow purge-gas flushing—for ex- ~ The capillary tubes were connected to the pressure scanner

ample with nitrogen. DSA 3017 and the valve block ZOK#7so that every mem-
Figs. 4 and 5show the gas sensor prototype and the ex- brane tube, mounted between one valve of each component,
perimental set-up. forms a lockable measuring chambErqg. 5).
The membranes (in this study: polymer tubes, Bge 4 About 90% of the internal volum¥y of the measuring

right) are located inside of a test vessel, so that the externalchambers assembled in this way is determined by the tube
tube surfaces are in contact with the gas to be analyzed. Thanternal volume interfacing with the membrane. The addi-
test vessel consists of a stainless-steel cylinder with a screw-ional dead volume located between the valves in ZOK 17
on cover, which has six capillary tube connections (inserted and DSA 3017Fig. 5) was about 160 mAfor each measur-

ing chambem and is implicitly considered in the geometry
factorg™.

Further pressure sensors serve for the measurement of air
___________________ " pressuréand the pressure inside the test vepddh order to
record the temperature a Pt 1000-sensor was attached to the
test vessel. Experiments and data acquisition were controlled

| Ty |
@_ ; @ : by PC support.
| DSA 3017 ;

Test 3.2. Experimental set-up and gas analysis procedure
vessel ~| Ny | T
____________________ The sample gas mixtures with constant component ratios
\ Counter _m i are adjusted in a gas mixing cell through two pressure reduc-
pressure ; ZOK17 ing valves (se&ig. 5 using the laboratory gas supply.
adjustment H T The mixing cell was equipped with an outlet valve for
dosing the gas flow. The gas mixture was flushed through both
Gas mixing cell the test vessel and a references@nsor, where the gas flows

B B<H D<H

1 Scanivalve Corp., full range scales fibr +35 kPa, and fop?: 105 kPa,
0O,-Source N»>-Source difference pressure with respect to the air pressure with common reference,
accuracyt 0.05%fs.

2 Valve block, which is also used with the same structure in DSA 3017.
P><H - Valve Scanivalve Corp.

3 HPB, Honeywell Corp., full range scale 50-120 kPa absolute pressure,
Fig. 5. Experimental setup (illustrated for one measuring chamber). accuracy+t 0.03%fs.
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Table 1

Characteristics of membranes and measuring chambers

Measuring chambers Membrane tube R; (mm) R, (mm) L (mm) g" (1/mn?)
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.3. Experimental realization
(0-35 kPa water column + air pressure).

Reference @ — and test vessel pressure sensors are used  Before each experiment the slope of the oxygen reference
for the independent analysis obKD,> mixtures with respect  sensor was calibrated against air. The reference measuring

to: values were recalculated into tp@—dependenO, partial
a pressures using previously performed measurements against
P” = PO, + PN, (24) the test vessel filled with pure oxygen and the corresponding

An analysis consists of the two steps: (1) membrane condi- 20SOIUte pressug.

tioning and, (2) measurement of the time-dependent chamber 1€ Ne partial pressure inside the testvessel was estimated
pressures. as difference to the ©partial pressure according Ex. (24)

using the measured pressypfe

Eqg. (25)was used as the basis for estimating the time for
Step 1—conditioning of membranes wih> 2. The Mea-
surements (Step 2) were carried out over a time period of

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 membram;;Jlbout 200's and a time resolution of 130 ms
tubes, are flushed with nitrogen. In order to avoid elastical Fig. 6 represents an example of the diffe.rence pressures
deformations of the membranes, the pressures inside the me 'relatéd to air pressure) as functions of time for the three
suring chambers were fixed in correspondence to the test Ves'measuring chambers
sel pressure by adjustment of the counterpressuré-{(ges. j

After the relaxation timerc [s] the steady-state flux is The test vessel contains any/8l; gas mixture of
) o C ne steady-stal . 53/49 kPa. The pressure increases were recorded with an off-
achieved and the conditioning step is finished. This relaxation

o : set at the start of measurement. This offset of about 10 s was
or conditioning time depends on the membrane thickness,

. - : . chosen uniformly for all experiments, in order to exclude
on its permeability, and on the required precision of the gas . . .
. . . short term interference signals. Such interferences occur due
analysis, too. It can be estimated with respect to the lowest

permeabilityPmin of the gases of interest by: to equilibration of pressure (_j_iffere_nce inside the measuring
min : chambers, temperature equilibration, and relaxation of pres-
£ sure sensors.
= Prin Because of technical problems during the relatively long
] o conditioning time (some hours), such as instable gas supply,
where the numbef defines the deviation of the non-steady temperature and pressure changes, etc., 10 of the 78 measure-

flux from the steady-state ones. The solution of the corre- ants (26 experiments measurements in three measuring
sponding instationary diffusion equation yields for 2 an chambers) had to be discarded.

approximation of 99% of the stationary flux respectively, for

& = 2.5 one obtains 99.7%, and so far.

T (Ra— R))?, (25)

4,0
12
3.2.2. Step 2: measurement
The measurement starts by closing the purging gas flow 10 35
valves. Pressures on both sides of the membranes, time, and =
temperature are recorded. The measurement stops either afteig 8 S2 30 &
the pre-set measuring time has expired or if the measuring *‘-E :‘
range of the pressure sensor is exceeded. In the latter cases ° S3 25 @
gas flow valves are opened. @ 4 a
s1 20
— 2
4 Oxi 330 with galvanic measuring chamber CellOx 225, WTW Corp., 1,5
full range scalepo, < 100kPa, accuracy: 1% of measurement value (with 0 50 100 150 200
sufficient flow), steadying timig < 60's. The electrolyte-filled £sensor is t[s]

intended by the manufacturer to be used for measurement in aqueous solu-
tions. To prevent the electrolyte from drying up, it was always dismounted Fig. 6. Time dependence of the pressyseduring the measurement step.
after measurements. Example for a @/N, gas mixture of 53/49 kPa.
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0107 \ s1 where we have substituted phh Eq. (22)by p? — po, ac-
W l s2 | 0.009 cording toEg. (24) In this case the balance criterigq. (23)
SR f ’ . . . . g
0.08 { /1 UK .“Im I‘J“,h"l,xlm ‘]1'] Wl - is a priori satisfied.
— | WA LIS S
\ 0,006 &
F o0 W £ 3.4.2. Method 2
= L AN J i 0,003 E_ The more challenging method consists in an independent
2 il "H‘IL‘ Alh,» sl .\W' ,'“|Hu' ML ’ & evaluation of each gas component from the linear coefficients
S 0,04 Iy 1“1' LTl @ . X )
o \ KA et a1 by solving the system of linear equatiofsy( (22). If the
@ . [T r 0,000 & total gas pressure is known, one can prove, whether Dalton’s
0,02 A B law is satisfied (balance criterideq. (23). The use of two
: - - - —- -0,003 membrane tubes for determining a two-component gas is the
0 50 100 150 200 : "
t[s] equivalent to thefi gas componentsHmembranes”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.

Fig. 7. Time dependence of the pressure chameliciuring the measure-
ment step (example froffig. 6).

3.4. Calculation method 3.5. Evaluation

~ Fig. 7shows the pressure derivgtivpith as function of One hallf of the experiments was taken for the calibration
time for the experiment presentecHiy. 6. Consider firstthe  of the gas sensor (dataset 1) and the other half for the gas

measuring chamber S1, thg'tiit-curvedrops significantly  analysis (dataset 2), i.e. for the determination of the partial
and in a non-linear way and shows only slight oscillations. pressures.

This behaviour is consistent with our proposed model: Using
Eq. (18)one anticipates a monotonous decreas@@éitivith
time

run are the strong oscillations. Note that the S2- and S3-
curves show the same (synchronous) signal variation (in-

3.5.1. Calibration
During calibration, Py, and fo,/n, were fitted by

Compared to this the mean curves for the measuring means of the inverse solution &fy. (26)using the dataset
chambers S2 and S3 remain nearly constant over the con- consisting of 12 records for the;-determination and

sidered time period. The second difference to the S1-signalihe known partial pressurego, and py,. Fig. 8 shows

terference signal), which is superposed with the signal of 2.0 581 o o o 0
interest. 1.9 4 . o

Both cases provide suitable limit cases for proving the __ 1,8 .
efficiency of the measuring technique. L %

In order to evaluate the different signal runs over time, the % 1,35 S2 A
key parametea;, which determines for — 0 the pressure  ° 1,304 L X A -y
change, has to be calculated (see Eq.(17)). 195 — % *—n A X

For the S1-chamber (silicone membrane) the signal was ‘ X g3 * X
approximated by a polynomial of degree 7, whereas the sig- 1,20
nals for the S2 (Tygon)- and S3 (C Flex)-chambers were ap-
proximated by a second order approach.

In order to check the suitability for automated evaluation 3x10™ .-.81 o o
of the measurements this algorithm was applied uniformly to 2x107° B B8 #—tg
all data records. - 1x10™

Two calculation methods were used: ‘E

=, 6x10™ S2 A a
3.4.1. Method 1 'y o'l e N

Applying Dalton’s law 1 gas component can be deter-
mined by then — 1 gas components and the measurement 2510 S3
of the total gas pressure. In our two-component system, we X —k ¥—* X **
have on]y to determiney for oxygen. The corresponding 0 20 60 80 100
formulais o2 [kPa]

a 1 { k a+ a]]c. } (26)
po = k p() 4 k 9
© fopn, 1L ge Py,

Fig. 8. Membrane calibration. (Top) permselectivity, (bottom) permeability.
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Table 2
Membrane calibration: parameter set of the best fit

Membrane Py, x 10t (m2s71) dPy,/dpn, x 10t (m? s kPa?) fou/N, dfo, N,/ PN, x 10 (kPat)
S1 23+1 —0.01+0.01 1.92+0.03 —0.03+4
S2 5.1+£2 —0.0008+0.004 1.36£0.01 —0.003+2
S3 1.5£0.2 0.00003t 0.003 1.240.04 0.04&5

the best fits (linear regressions) over the correspondingmembranes with considerably higher permselectivity values

permeabilities and permselectivitiegable 2 contains the  are known from literature. For example, @/, permselec-

best fit parameters obtained for the gas sensor. tivity of 28 has been found for poly-aniline membranes over
The main reason for the increasing spreading towardstwo hours[11], and Q/N> permselectivity values of more

lower O, partial pressures is the varying air pressure (see than 25 were forecast as early as in 19P2).

below). According to the theoretical assumptions both the per-
The permselectivities of the used membranes are relativelymeation coefficient®y, and the permselectivity coefficients

low. This restricts the accuracy as shown below. However, fo,/n, are constant in the measurement range. Thus, only

Method 1 Method 2
100 2 - 2 = 100
N2 N2
75 0,996 0,987 75
50 50
25 2 _ ) 25
ro2= (o=
0 0,996 0.992 0
S1 S1-S2
2 _
100 fﬁlf 2= 100
w 75 0,998 0,988 75
&
=, 50 5 &
@] ™
a 25 5 ) 25 =
f02= o= 2
o
0 0,998 0,094 0
S2
100 2= a2 100
75 0,984 0,57 75
A
50 50
25 5 5 25
ro2= oo™
0 0,983 065 | X 0
S3 S2-S3

Fig. 9. Measuring comparison: membrane-based gas sensor—reference Seasquéred Pearson’s correlation coefficient, lines—linear regressions).

25 50 75 100

A - pO2 - Measure

0 25 50 75 100
Ref. Sensor: pO2 [kPa]

o - pN2 - Measure
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the partial pressure-independent absolute terms for both co- 1,00 +  oxcluded
efficients {Table 2 columns 2 and 4) were inserted into the 0,75 Method 1
equations for the following measurement comparison. 0,50 . dp®/ p? =0,0409+1,0310°% p™f
0.25 * R?*=0,0113
3.5.2. Partial pressure measurement § + + i

The partial pressure analyses for validating the measure- 0.1 + & % % + + -
ment technique, which were carried out by means of the cal- i + - 1 *
ibrated gas sensor, are representelign 9. T 00{ *# ; ﬁ * i + *

Except for the gas sensor established by measuring cham®g
bers S2-S3 according to Method 2, all sensor variants showg =, 93
an unexpected high sensitivity to the concentration of both 5 + Method 2
gasesNote The N, partial pressure in the test vessel is really 0,2 + dp?/ 0% =0 041741 16410 5
determined from pressure changes in the measuring chamber * R?: 0p0151 ' ’ P
in Method 2 and without any additional information! 1 + +i I '

According to Method 2, the permselectivity is replaced ' :[ Lt + F t %
by the difference between the permselectivity of the different £ E # % 4;.
membranes in the denominator of the equations to be solved 00{ ¥ ¥ *

Therefore this method is more sensitive to measuring errors.

. 0 20 40 60 80 100
Table 2yields for the membrane systems S1-8%0, /N, ~ a  ref
0.62, S1-S3A fo,/N, ~ 0.65, and for S2-S3A fo,/N, ~ p ~p " [kPa]

0.03. Within the scope of calibration, permselectivity values _ o _
Fig. 10. Method-dependent error distribution of partial pressure measure-

for the membrane system S2-S3 differ only slightly. Lacking ments. The insensitive sensor S2-S3 (Method 2) is excluded. Remark: all

sensitivity of the sensor formed by 52_53 proves that PreSSUrror calculations include the error of the reference of about 1% (see footnote
measurement errors are predominant, while sensor variantst) therefore holdp? ~ p'f.

using S1 provide usable results.

The main reason for the error is the synchronous signal
oscillation (noise) shown ifig. 7, which occurs in measur-
ing chamber 1, too. Due to its stronger signal to noise ratio,
the interference exerts here only a minor effect on the latter.
The reason for the signal oscillation were fluctuations of air
pressure (mainly due to the air-conditioning system of the
building), which served as reference pressure for the sensor
used.

Fig. 10shows the error plot of the single measurements
according td=q. (27a)as an Q 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
%ines. Both the low correlation coefficients and especially the
ow linear regression coefficients indicate errorindependence
of scale for the range examined.

3.5.3. Error discussion

Due to the low number of measurement points and the Table 3
analysis range covering three orders of magnitudes, the meaMean error (a) for sensor calibration and (b) for gas measurement in % of
surement error was calculated in terms of the mean relativeth® measuring value
absolute-error of the analyses: (a) Sensor calibration

Gas component

f Sensor Q \P) Mean
dp?  |P5i— P
Pji 170 T (27a)  Method 1; dataset 1 s1 B 24 31
P2 prgf S2 43 37 4.0
Jt Ji
S3 109 35 7.2
o dp‘} 1 zn: dp?,» (27b) (b) Measurement comparison Gas component
p; = —_— x —
! P? ni3a P?j Sensor c] N2 mean
a . . . .. Method 1; dataset 2 S1 B 22 31
wherep G [Pa] is certain partial pressure of gas j in the test s2 62 26 44
vessel during measuremenpg‘;“f [Pa] is corresponding ref- S3 194 4.6 120
erence measurement value. Method 2: dataset 1 sl © . 6
The relative absolute-error according®q. (27aexhibits ethod <, datase 1o o %0 g
a poteptially present error dependence on scale, because S2-53 100 338 699
of the independence of the expected measurement value
(estimated by reference measuring method) and, becausé/ethod 2; dataset 2 S1-s2 .05 28 39
of linearity in Eq. (27a) does not lead to a disproportionate S1-S3 s 42 59
S2-53 172 562 1137

evaluation of error differences.
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This allows the statement of an analysis error related to the sor and measuring object one expects a strong independence
measurement value. The analysis error calculated accordingof the sensor from fluid movements along the outer sensor
to Eqg. (27b)is indicated for individual sensors in per cent, surface.

i.e. multiplied by 100%, iriTable 3 The “mean” stated cor-
respond to the mean errors of gas analyses.

Besides the errors obtained for S1 and S2, which are rel-5. Conclusions and further works
atively low, Table 3shows the correlation of errors from cal-
ibration and measurement and that of error and permeability  The general applicability of the method, its resolution and
(calibration: se€ig. 8). Moreover, the relatively constant er-  detection limits are coupled onto the membranes available.
ror in Fig. 10 suggests that the examination range limited Further studies have to been carried out, in order to adapt
by the experimental set-up does not reproduce the potentialappropriate membrane sets for the measurement of different
measurement range of the sensor. multiple-gas systems.

Parameters and boundary conditions of measurements

(time window, offset, fit functions, etc.) and the elements
4. Results of the measuring chambers were selected empirically in this
study. Fundamental investigations are necessary to optimize

In this study, a methodological basis of a new gas- the measurementinclusive the application of the test criterion
measuring principle was given and was demonstrated for aaccording toEq. (23) and also temperature effects have to
two-component-gas phase: nitrogen and oxygen. Therefore be taken into account.

a relatively low error range for gas measurement is shownin A suitable air pressure-independent reference system for
the order of 5% of the measurement value. Limitations of the pressure measurement needs to be implemented. The perme-
considered measurement range are caused by the experimerabilities of the membranes used in the present study differ in
tal equipment. one order of magnitude but having the same thickness. From

The relatively simple and robust gas measurement methodEq. (25)one realized both (a) the conditioning time differ in
acts completely on the basis of physical principles. There- the reciprocal order of magnitude and, also the time of refer-
fore, the method can be used theoretically in multi-purpose ence. In order to form a uniform time of reference the ratios
applications and it is able to substitute other cost-intensive of membrane thickness squared to permeability are to be lev-
measuring techniques. eled out for further applications. In addition the membrane

The sensor developed is suited for two types of measure-thicknesses are to be reduced generally for realizing shorter
ment/monitoring tasks: on the one hand side large sensitiveconditioning periods of time.
membranes (tubes, networks) can be installed into/onto
objects to be observed in order to provide a representative
measure. On the other hand a miniaturization of the sensorAcknowledgements
(micro system) seems to be possible due to utilization of the
intensive state variable: pressure. Prof. Ludwig Luckner and coworkers, and Dr. Kamuse-

The general validity of the polynomial fit approach witz deserve our thanks for helpful discussions. Sebastian
Eq. (16)for estimation ofy according tdeq. (17)was shown Ebert supported us in software development, Cardlaig:h
by simultaneous applying of polynomials of the degree 2 for inthe preparation of tests. We thank the UFZ Centre for Envi-
S2, S3 and a polynomial of the degree 7 for S1, respectively. ronmental Research Leipzig—Halle for financial and technical

For a given geometrizg. (21)scales the linear coefficient  support of our work.

a; by the permeabilityPs of the purging gas. With respect to
the measurement conditions the purging gas acts therefore as
internal standard. Appendix A

Eq. (21)show further: the lower the permeability of the
purging gas and the higher the permselectivities the higher AccordingtoEqg. (11)and takinginto accouriq. (13b)he
is the resolution and the lower the measurement error. Thesepressure change inside the tube due to the compéantbe
sensor properties are supported by the membranes availablelescribed through the inhomogeneous ordinary differential
and by the expected trend of development. A negative loga-equation:
rithmic correlation between permeability and permselectivity | ;

(so-called trade-off relation) was shown to exist generally by P _ kx(ph — p;{) (A1)
theoretical investigatior]4 3]. The result was experimentally

confirmed using 300 glassy polymers and six gases (Hg, H Wwith

02, N2, COy, CHy). _

In addition to the improvement of accuracy a low perme- ki = 8P (A-2)
ability range results in low influences of the sensor onthe fluid For very thin membranes with negligible curvature the con-
to be studied. Beneath the negligible interaction between sen-centration gradient becomes linear within the membrane and
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Eqg. (A.1)holds exactly. Integration yields [8] J. Kesson, Method of and apparatus for monitoring concentration of
. gas in a liquid, US Patent 4 550 590 (November 1985).
P;( = constf) exp(—«x?) (A.3) [9] J.M. Hale, E. Weber, Method and apparatus for monitoring gas con-
. . centration in a fluid, European Patent Application 0 429 397 A2
InsertingEqg. (A.3)into Eg. (A.1)leads to: (May 1991).
[10] D. Lazik, H. Geistlinger, Method for the measuring the concentration
constf) = Kkp/? . /eXchkt)dt or the partial pressure of gases, especially oxygen, in fluids and a
corresponding gas sensor, European Patent 1 157 265 (August 2003).
_ pZeXpQ(kt) + const( _ 0). (A.4) [11] Y.M. Lee, S.Y. Ha, Y.K. Lee, D.H. Suh, S.Y. Hong, Gas separation

through conductive polymer membranes. 2. Polyaniline membranes

with high oxygen selectivity, Ind. Eng. Chem. Res. 38 (1999) 5.
[12] H. Nishide, E. Tsuchida, in: N. Toshima (Ed.), Polymers for Gas

Separation, VCH Publishers, New York, 1992, pp. 183-220 (Chapter

Finally, the unknown integration constant corist Q) can be
determined by inserteHq. (A.4)into Eq. (A.3)taking into

account the initial condition 6).
; i [13] A.Yu. Alentiev, Yu.P. Yampolskii, Free volume model and tradeoff
pk(t = 0) = pk’;=o7 (A'S) relations of gas permeability and selectivity in glassy polymers, J.

and one obtain&q. (18) Membr. Sci. 165 (2000) 201-216.
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