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Determination of gaseous species by monosegmented flow systems.
Volumetric determination of oxygen and carbon dioxide
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Abstract

A Monosegmented Flow System was developed to determine the content of gaseous analytes in gaseous samples. The
proposed system, in contrast with previous monosegmented systems, employs the gas bubbles as gaseous samples. The volume
of the bubbles is assessed indirectly by counting the time elapsed by the passage (at constant flow rate) of the liquid-gas and
gas-liquid boundaries, defined for each bubble, through optical switches. Two optical switches are employed for bubble
volume measurement: one counts the bubble passage before analyte absorption and the other is positioned after the inlet point
of the reagent (added only into the liquid monosegment) and, therefore, can assess the bubble volume after the analyte
absorption. The ratio of the elapsed time intervals taken before and after the analyte absorption is used as analytical parameter
and inversely related with the content of the gaseous analyte. The instrument is controlled by a micro-computer. The principle
has been applied to the determination of O, and CO, (including when they are present in mixtures containing both specimens)
in gaseous samples together with an inert gas. The results show a mean absolute error of 0.1% and 0.3% for determination of
0, and CO; present in the range 5-50% and 5-15% (v/v), respectively, when calibration with standard gaseous mixtures is
employed. An alternative procedure that employs the volume ratio directly as the volumetric fraction of the gaseous species in
the sample was also evaluated. About 40 samples can be processed per hour with the proposed system.
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1. Introduction of sample and reagents, are less time consuming and

less prone to human factors of error.

Flow systems as Flow Injection (FI) [1] and Mono-
segmented (MSFA) [2] have demonstrated that con-
ventional batch methodologies as distillation [3],
liquid-liquid extraction [4—6], single-phase extraction
[7] and even gravimetry [8] can be adapted to be
performed with a high degree of automation. The
resulted flow methodologies require lower quantities
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Previous attempts to determine gaseous specimens
using flow systems were restrict to samples containing
low concentration of the gaseous analyte and were
based on the absorption of the gaseous specimens by a
reagent solution [9,10]. Spectrophotometric detection
of the reaction product was employed for analyte
determination. Among a variety of well established
analytical methodologies perhaps only the volumetric
approach to gas determination, based on thz absorp-
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tion of a gaseous analyte in a suitable reagent and
employing the reduction of sample volume as the
analytical propriety related with the concentration,
has not been adapted to any kind of flow system.

The Orsat volumetric procedure for determination
of gaseous specimens in gaseous samples [11] is still
one of the most employed methodologies for samples
with a high content (parts per cent) of a gaseous
analyte. However, it is a cumbersome batch procedure
requiring manipulation of large volumes of samples
and reagents. The miniaturisation and automation of
such batch analytical procedure, employing the flow
analysis concept, has not been found yet in the litera-
ture. It makes some sense to suppose that the reason
why such adaptation has not been tried before resides
in the fact that flow systems, as FI, cannot manage a
gas sample and a liquid reagent simultaneously in the
way as required by procedures based on volume
measurement of the gaseous sample. Flow systems
where this management would be conceived, as in the
Skeggs approach [12], employs fluid multi-segmenta-
tion by gas and restricts the observation of what is
happening with the gas phase during its passage
through the flow manifold.

The Monosegmented Flow Analysis (MSFA) has
been exploited for determination of analytes present in
the liquid sample monosegment found in between two
gas bubbles (air is usually employed) [2,13-18]. So
far, no work has considered the gas bubbles as sam-
ples. One remarkable characteristic of the MSFA is
that the integrity of the gas bubbles (or gas segments)
limiting the liquid monosegment is maintained
through the flow manifold from the point of introduc-
tion to the point of detection. A well defined pattern,
formed by a gas bubble/liquid monosegment/gas bub-
ble, is automatically produced by a simple arrange-
ment made in an injection port. MSFA systems allow a
reproducible introduction of gas volumes in the ana-
lyzer while the liquid monosegment, found in between
the gas segments, could be employed to supply a
reagent to absorb selectively one of the gaseous
analyte present in the bubbles.

In this work a MSFA system is proposed to quantify
a gaseous species present in high concentration (>1%,
v/v), using the volume contraction of one of the gas
bubbles resulting from the selective absorption of the
specimen, induced by a reagent added to the liquid
monosegment. The system has been applied to the

determination of oxygen and carbon dioxide indivi-
dually or in mixtures containing both the gaseous
specimens. Relevant parameters related to the reagent
composition and analyzer construction have been
investigated in order to optimise the volumetric flow
method for gas determination.

2. Experimental
2.1. Flow manifold and measurement principle

Fig. 1 shows the port employed for gascous sample
introduction in the flow manifold and the pattern
generated inside the reaction tube. The logical level
of the optical switch (OS) coupled to the valve is
accessed by the microcomputer in order to identify
when a monosegment is introduced. Two gas segments
of high reproducible volume (defined by the loops L,
and L) are introduced simultaneously and spaced by a
liquid monosegment of deionized water. Usually, L,
has a larger volume than L, and is taken as the gaseous
sample. Although the first gas segment (L;) do also
contain the gaseous sample, it has, in fact, the purpose
of trigger the reagent addition operation and to retain

carrier
—- —-
— — -
gaseous
sample
carrier ( sample

) monosegment ( samp® carrier
1

Fig. 1. (I) Injection port arrangement for gaseous sample
introduction in the MSFA manifold. OS, optical switch; L,, front
gas bubble loop; L,, gaseous sample loop, and Lj liguid
monosegment loop. The port is shown in the sampling position.
(IT) Flow pattern defined after the injection port is moved to the
sample introduction position.
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Fig. 2. Monosegmented flow manifold employed for volumetric
gas determination. V,_,, electromechanical micro-valves; OS,;_4,
optical switches; I, monosegment injection port; S, sample inlet;
R/, reagent solutions tubing; C, carrier liquid tubing; X, reagent
introduction point.

the reagent in the monosegment, limiting its disper-
sion and dilution.

Fig. 2 depicts the complete flow manifold as
employed for the volumetric determination of gaseous
analytes. A peristaltic pump (Ismatec, MP13R) and
Tygon pumping tubes were employed throughout. The
connection between the various parts of the flow
manifold was made of PTFE of 0.8 mm i.d. tubing.
The reaction tube was made of glass with 2 mm i.d.
and the outside diameter is such that it fits in the slot of
the standard optical switches (PCST-2103). A pulse
damper [19] was placed in the carrier line before the
injection port to smooth the liquid flow through the
glass tube.

After introduction the gas segment/liquid monoseg-
ment/gas segment arrangement is transported towards
the switch OS,. The time intervals (¢;; and ¢,,) elapsed
between the passage of the liquid/gas and gas/liquid
boundaries of both gaseous segments are counted and
stored by the microcomputer. The distance between
the OS; and OS, needs to be long enough to permit
that the first liquid/gas interface does not reach OS,
before the last gas/liquid boundary has passed OS;.
The logical state of OS; is then monitored and when
the gas/liquid boundary of the first gas segment is
sensed the addition of reagent is initiated by turning on
the electromechanical three way valves V, and/or V;
(NResearch - 161T031). While any valve is on, the
logical state of OS; is observed and when the liquid/
gas boundary, marking the start of the second gas
segment, is detected all valves are turned off. This
sequence of operations driven by the gas/liquid/gas

pattern ensures that the reagent is added, by conflu-
ence, only in the liquid monosegment. Therefore, the
distance between OS, and OS3 needs to be shorter than
the liquid monosegment. After passing point X, the
monosegment does contain a suitable reagent and the
sequence of segments is carried through the glass tube
for a path of length L. Since glass is a hydrophillic
material, a film of the aqueous reagent is formed in the
wall of the reaction tube. The first gas segment (L)
does not make to much contact with the reagent except
by the gas/liquid monosegment surface defined by the
radial section of the glass tube. On the other hand, the
second gas segment is forced to flow along a reagent
film left behind by the liquid monosegment. The
gaseous analyte is then rapidly absorbed by the
reagent layer and a volume contraction of this segment
is observed. Finally, the logical state of OS, is mon-
itored until both gaseous segments have passed, and
two new time intervals (¢ and t) are obtained. A
washing time interval is spent to remove most of the
products formed by the gas/liquid reaction and the
system is ready to a new sample introduction.

The parameter associated with the analyte content
of the gaseous sample will be always the ratio tp/1;,.
Because the first gas segment is only exposed to a
minor extent to the absorbing reagent it is only used to
trigger the reagent addition at point X. Therefore, the
sample is really defined by the second gascous seg-
ment.

2.2. Computer interface and complementary
circuitry

A home made computer interface that allows the
access to the logical levels transitions produced by the
optical switches and the control of the electromecha-
nical valves has been constructed as previously
described [20]. The pre-conditioning electronic circuit
employed to convert the signal generated by the
passage of the gas/liquid or liquid/gas boundaries
through the optical switches to TTL logical level
has been described elsewhere [21].

2.3. Reagents and reference gaseous samples
All reagents employed are of analytical grade and

deionised water has been used throughout. Solutions
of pyrogallic acid (Vetec, SP, Brazil) and potassium
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hydroxide (Synth, SP, Brazil) have been prepared
daily.

Primary standards of gaseous mixtures containing
0, and N,, C02 and N, and 02, CO, and N, (White
Martins Gases Industriais S.A., SP, Brazil) were
employed and have concentration values, expressed
in parts per cent in volume (%, v/v), certified by gas
chromatography. As used in this work, the % units
always refer to the volumetric percentage of the
analyte in a gaseous mixture.

3. Results and discussion

Initial experiments were carried out aiming to
assess the reproducibility of the time intervals mea-
surements and the behaviour of the gas segment L,
since its introduction in the system until it leaves it
after passing the OS,4. N; (99.99%) and no reagent was
employed in these experiments.

Table 1 shows some results obtained for sample
volumes (L,) changing from 100 to 500 ul. It was
observed that even in the absence of any reagent and
introducing both segments containing only pure nitro-
gen the ratio ry = t5;/t, and t;/t; are not always
equal to unity. The use of deionized water previously
saturated with N, did not show any effect over the ry
values.

The ry values are practically constant for measure-
ments taken during a period exceeding 8 h. Appar-
ently the ry value depends on how the glass tube is
positioned reflecting the difference in pressure
between the point where the sample volume is first
measured and the position at the end of the glass tube
where the gas is near ambient pressure and the second
time interval (¢) is measured. It was also observed that
the mean relative standard deviation for the ¢ (1.2%)

Table 1

is always greater than the one found for ry (0.7%).
There are three main variables whose alteration can
affect the ¢ value but that can be corrected by the ratio
rx : slow change in ambient temperature, the presence
of irreproducible droplets of liquid inside the loops L;
and L, that can alter the actual volume of the gas
introduced in the system and the change in the carrier
flow rate. In view of this fact, the ratio #,/t, was
adopted as analytical parameter.

Two procedures to be used with the flow system
developed have been investigated. The first one (Pro-
cedure I) considers the total absorption of the gaseous
analyte by the reagent and the ratio rsy = rs/rw,
where rs = #5, /1,7, obtained by measuring the volume
of the sample (L;) at OS; and OS,, is taken as the
volumetric fraction of the gaseous analyte in the
mixture. In this case a correction for the contribution
of the water vapour must be effected. The correction is
made considering the ambient temperature and the
atmospheric pressure at the instant the volume mea-
surement is performed. The corrected rsy value (rcsn)
is then calculated as:

resn = rsn — [(1 = rs8)(P/Pam)], (1)

where p is the water vapour pressure at the tempera-
ture of the measurement and Py, is the atmospheric
pressure. The second procedure (Procedure II) is
based on the construction of analytical curves
obtained by introducing standard gaseous mixtures
and taking rgy as the dependent variable.

3.1. Determination of O,

The volumetric determination of O, present in
gaseous mixtures can be performed by promoting
its absorption by a strongly alkaline solution of pyr-
ogallic acid. The effect of the analyzer parameters

Results for time measurements of the sample gas segment (L,) in absence and in presence of reagents” in the MSFA analyser

Vsample (ul) ry (& rsd, %), n=5

try, Arbitrary units (+ rsd, %), n=5

Water Reagent Water Reagent
100 1.052(£0.5) 1.074(£0.6) 201(=0.8) 199(£1.0)
250 1.029(£0.1) 1.040(x0.6) 434(x1.6) 426(£0.9)
500 1.018(£0.2) 1.037(£0.9) 781(%£1.2) 772(£0.9)

2.5 mol 17! pyrogallic acid and 10.0 mol 1"' KOH.
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such as the sample volume, carrier flow rate and the
length of the reactor tube were investigated in the
presence of a high concentration of reagents.

For the 60 cm reactor length the effect of the sample
volume (100—500 pul) on the rgy value is small for
samples containing O, in the range 5-50%. The choice
for a larger volume (500 pl) was based on the lower
relative standard deviation obtained for the volume
measurement of larger gas segments when gas absorp-
tion does occur.

The effect of flow rate (2.5-4.0 ml min™') on the
rsn is minor and the choice for a higher flow rate
should be made as it does not affect the precision of
the volume measurement, do not increase the reagent
consumption and, at the same time, allows a rapid
determination.

Changing the reactor tube length (L) from 25 to
80 cm, the effect on the oxygen absorption is signifi-
cant, mainly for samples with high oxygen content, as
shown in Fig. 3. However, linear calibration curves
with correlation coefficients at least equal to 0.9999,
were obtained for all four reactor lengths tested. The
60 cm reactor has been selected for further studies.

The effect of the reagent concentrations on the rgy
values are shown in Fig. 4. For a fixed and high
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Fig. 3. Effect of the reactor tube length on the rgy value. a,band ¢
for samples containing 5, 15 and 25% of oxygen, respectively.
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Fig. 4. (I) Effect of the KOH concentration on the absorption of
oxygen, concentration of pyrogailic acid = 2.5 mol 17}, (1) Effect
of the pyrogallic acid on the oxygen absorption, KOH con-
centration = 15 mol 17",

concentration of pyrogallic acid, the effect of the
KOH concentration is negligible. However, a high
concentration of KOH has been recommended to
avoid the formation of carbon monoxide during the
absorption reaction [22]. Changing the concentration
of pyrogallic acid has a severe effect on oxygen
absorption, mainly for samples with higher content
of this gaseous species.
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Table 2
Results found for the oxygen concentration by using Procedures I
and II and the MSFA volumetric system

Co,, % Absolute error, %
Real Found +sd
Procedure [ 5.0 5.1£04 0.1
15.1 14.5+0.3 -0.6
25.3 24.1+0.5 —-1.2
Procedure I 10.1 9.8+0.3 ~-0.3
15.1 15.0+£0.2 -0.1
20.1 19.8+0.3 -0.3

Based on the results shown above the best condi-
tions for oxygen determination in the proposed flow
system have been selected as: sample volume =
500 ul; reactor tube length =60 cm; carrier and
KOH flow rate = 4.0 ml min ™", pyrogallic acid flow
rate = 2.9 ml min~'; concentration of pyrogallic
acid =2.5mol ™' and concentration of KOH =
10.0 mol 17",

Table 2 shows the results obtained for the determi-
nation of O, in primary standard gaseous mixtures
containing O and N, made by using Procedures I and
II. For Procedure 1, a relative mean error of —3% is
observed for samples containing O, in the range 5-
25%. Procedure I is an absolute method for gas
determination in which the volume contraction, found
after absorption in the flow system, is directly taken as
the volumetric fraction of the gas in the sample. The
correction made by using Eq. (1) establishes that, after
introduction of the dry gaseous sample, a rapid liquid/
vapour equilibrium is established with the water. The
(1—rcsN) values approximate the expected true values
of O, volumetric fraction present in the samples.
However, the correction is not yet perfect. Factors
not considered at the moment surely should include
the increase of the temperature caused by the occur-
rence of the absorption reaction. This rise in tempera-
ture could not only increase the gas segment volume
after the #; measurement (made in absence of reaction)
but will also increase the vapour pressure of the water
and the volumetric fraction of this species in the
sample segment at the instant of the #x measurement.
Consequently the ratio #/¢; would be larger than
expected. The systematic negative error obtained for

the determination of O, based on Procedure I could be
explained on the basis of the above discussion. A more
accurate correction could be, in principle, introduced
on the rgy values by taking into account the real
temperature of the gas sample segment at the instant
of the second volume measurement or by dipping the
reaction tube in a thermostatic bath. However, this
would jeopardise the simplicity of the proposed sys-
tem.

Procedure II is implemented on the basis of a
calibration performed with the help of standard gas-
eous mixtures. A collection of rgy values obtained for
six standard gaseous mixtures of O, and N, containing
5, 10, 15, 20, 25 and 50% of O, shows a linear
behaviour with the O, volumetric fraction in the
standards (Cp,) given by the equation: Cp,=[113.99
(£0.75)]—-[114.54 (£0.91) rgy], with r=—-0.99987
and standard error of the estimate equal to 0.29. To
simulate a real calibration/determination procedure
two standard mixtures (5 and 25%) were employed
in a calibration and the prediction of the O, content of
other three mixtures reveals that the O, volumetric
fraction can be found with an absolute mean error of
0.1% in the range 5-25%.

3.2. Determination of CO;

The determination of carbon dioxide present in
gaseous samples is carried out in the proposed system
by employing a reagent solution containing potassium
hydroxide to absorb the gas, following the procedure
described in the experimental section.

The best conditions for the determination of CO,
were: sample volume = 500 pl; L=60 cm; carrier and
KOH flow rate = 4.0 ml min~' and concentration of
KOH = 10 mol 1! (the same concentration employed
for oxygen determination). The experiments demon-
strated that concentrations of KOH in the range
1.0-20.0 mol 1! influence slightly the values rgx.

The values of the rcsy do agree with the volumetric
fraction of the CO, present in sample with a systema-
tic absolute error in the range 0.6-1.6% for the
CO, content in samples in which its content varied
from 5 to 15%. The mean relative standard deviation
for 5 measurements of the rgy (for samples containing
CO, in the range 5-15%) was found to be 0.5%.
The equation for the analytical curve obtained by
introducing three primary standard gaseous mixtures
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Table 3

Results found for the oxygen and carbon dioxide concentration in mixtures containing both species by using sequential determination

procedure in the MSFA system

Co,. % Cco,, %
Sample

Real Found+sd Absolute error, % Real Found+sd Absolute error, %
1 10.1 9.840.5 -0.3 5.06 5.0+0.5 -0.1

20.2 20.2+0.4 0.0 9.88 10.3+0.4 0.4

containing CO, (5, 10 and 15%) and N, was:
Cco,=[120.27 (+1.36)]—[120.58 (+1.49) ren], with
a correlation coefficient equal to —0.99992 and stan-
dard error of fitting equal to 0.09 and where Cco, is the
carbon dioxide volumetric fraction present in the
sample.

The effect of the presence of oxygen in ternary
mixtures with N, and CO, was assessed by introdu-
cing, in the flow system, four primary standards con-
taining 10% of CO,, O, (10, 15, 20 and 25%) with the
mixtures completed with Nj,. The results show that
there is no significant difference among the rgy values
obtained in the presence of various amounts of oxy-
gen. Therefore, no interference of O, in the determi-
nation of CO, occurs in the proposed method.

The results obtained for the rgy values for CO,
absorption in pure KOH reagent solution and in the
pyrogallic acid/KOH reagent mixture employed for
O, determination show no significant difference.

3.3. Sequential determination of CO; and O,

The sequential determination of CO, and O, present
in gaseous mixtures can be performed because it has
been experimentally demonstrated that the CO, is
absorbed in presence of pyrogallic acid/KOH reagent
mixture as much as in pure KOH reagent solution, in
the same MSFA manifold. Therefore the CO, present
in a mixture containing O, can be first determined by
adding only the KOH reagent. The volumetric fraction
of the O, plus CO, can be further determined by
introducing the sample in the flow system an submit-
ting it to the absorption in the pyrogallic acid reagent.
The difference will be the volumetric fraction of O,.
The sequential determination can be performed in the
same flow monosegmented manifold that, under com-
puter control, will first add only the KOH reagent for
CO, determination and in the following sample intro-

duction both reagents (KOH and pyrogallic acid) are
added for CO; plus O, determination.

When Procedure 1 is to be employed for sequential
determination, analytical curves obtained for standard
mixtures containing only CO, or O, (with an inert gas
to balance the mixture to 100%) can be used. The rgy
obtained for CO, is employed for the determination of
this gas and then added to the rgy value obtained for
the determination in presence of pyrogallic acid. The
resulted rgn value is used for oxygen determination
employing the analytical curve obtained for oxygen
standards.

Table 3 shows the results obtained by using Proce-
dure II for determination of O, and CO; in two
gaseous primary standard mixtures.

4. Conclusion

The determination of gaseous samples, by using the
measurement of volume (a fundamental propriety of
gaseous samples), achieved for the first time in a flow
system, demonstrates the versatibility of the Mono-
segmented Flow Analysis approach. The system can
be viewed as a mechanised micro-Orsat gas analyser.
The use of selective reagents for gaseous analytes of
interest can extend the method to a series of gaseous
species as CO, SO, and H,S.

The previously described FIA system for spectro-
photometric determination of low concentrations of
gaseous analytes in gaseous samples [10] could also,
in principle, be adapted to use with the volumetric
approach here proposed. However, as the FIA system
employs only one sample gaseous segment the reagent
consumption will increase because the reagent solu-
tion need to be pumped most of the time required for
the determination and its dispersion cannot be
restricted.
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The selection between the two procedures proposed
in this work for volumetric determination of O, and/or
CO, should be made on the basis of the accuracy
required. The calibration method can achieve more
accurate results while the direct method can obtain the
volumetric fraction of the gaseous analyte with a mean
relative error of 3% for oxygen and 10% for carbon
dioxide without the use of any standard. Another
alternative is to find out the correction factor at the
conditions of determination and with the selected flow
manifold, employing only two standard mixtures and
then keep the measurement conditions constant. The
factor could be used to perform a more realistic
correction on the rcsy values and to reduce the relative
error of the Procedure I down to 1%.

The use of the MSFA approach to the determination
of gaseous species is being extended to the determina-
tion of analytes present in very low concentration in
gaseous samples at atmospheric air. In this case, the
analyte is being transferred from the gaseous segment
to the liquid monosegment were a suitable reagent is
present in a similar way as previously described [10].
A change in a physico-chemical propriety of the
monosegment, as conductance or absorbance, is
employed to quantify the analyte.
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