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ABSTRACT

The rate of carbon dioxide production is commonly used as a measure of
microbial activity in the soil. The traditional method of CO, determination
involves trapping CO, in an alkali solution and then determining CO,
concentration indirectly by titration of the remaining alkali in the solution.
This method is still commonly employed in laboratories throughout the world
due to its relative simplicity and the fact that it does not require expensive,
specific equipment. However, there are several drawbacks: the method is time-
consuming, requires large amounts of chemicals and the consistency of results
depends on the operator’s skills. With this in mind, an improved method was
developed to analyze CO, captured in alkali traps, which is cheap and relatively
simple, with a substantially shorter sample handling time and reproducibility
equivalent to the traditional titration method. A comparison of the concentration
values determined by gas phase flow injection analysis (GPFIA) and titration
showed no significant difference (p > 0.05), but GPFIA has the advantage that
only a tenth of the sample volume of the titration method is required. The GPFIA
system does not require the purchase of new, costly equipment but the device
was constructed from items commonly found in laboratories, with suggestions for
alternative configurations for other detection units. Furthermore, GPFIA for CO,
analysis can be equally applied to samples obtained from either the headspace
of microcosms or from a sampling chamber that allows CO, to be released from
alkali trapping solutions. The optimised GPFIA method was applied to analyse
CO, released from degrading hydrocarbons from a site contaminated by diesel
spillage.
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RESUMO: OTIMIZACAO DO METODO PARA MEDIR ATIVIDADE
MICROBIANA POR ANALISE POR INJECAO EM FLUXO EM
FASE GASOSA

A taxa de produgdo de diéxido de C é comumente utilizada como medida da atividade
microbiana no solo. O método tradicional de determinagdo de CO5envolve a captura do CO4
em solug¢do alcalina e determinagdo indireta por meio da titulagdo da base remanescente
em solugdo. Esse método é ainda comumente empregado em laboratdrios por todo o mundo,
devido a sua relativa simplicidade e ao fato de ndo ser dependente de equipamento caro e
especifico. No entanto, 0 método possui vdarias desvantagens: é demorado, utiliza-se grande
quantidade de reagentes quimicos e a consisténcia dos resultados depende da habilidade de
quem estd analisando. Desse modo, foi desenvolvido um método otimizado de andlise de
COy capturado em solugées alcalinas, de baixo custo e relativamente simples, o qual fornece
tempo de manuseio da amostra melhorado e com reprodutibilidade equivalente a do método
de titulagdo tradicional. Uma comparagdo dos valores de concentragdo determinados por
andlise por inje¢do em fluxo em fase gasosa (GPFIA) e titula¢do mostrou que eles ndo foram
significativamente diferentes (p > 0,05), porém o GPFIA teve a vantagem de utilizar um
décimo da quantidade de amostra do método da titulagdo. O sistema GPFIA ndo necessita de
equipamentos novos e caros, tendo sido construido a partir de itens comumente encontrados
em laboratorios, com sugestées para configuracées alternativas para outras unidades de
detec¢do. Além disso, o GPFIA para andlise de CO, pode ser igualmente aplicado em
amostras obtidas tanto de “headspace” do microcosmo como de amostragens em camaras que
permitem o COy ser liberado da solugdo alcalina de captura. O método otimizado GPFIA
foi aplicado para andlise de COj liberado da degradagdo de hidrocarbonetos de um local

contaminado por derramamento de diesel.

Termos de indexagdo: COs, respiragdo microbiana, titulagdo, infravermelho, FIA.

INTRODUCTION

The biological oxidation to CO, of natural and
introduced carbon sources in soil is known as
mineralisation, and results in the conversion of
organic carbon to inorganic carbon (Zibilske 1976).
The rate of COy production can therefore be used
as a measure of microbial activity in terrestrial and
aquatic oxic environments. However, measurement
of analytes in the gas phase can be complicated by
the need for specialised sampling techniques, sample
storage devices and analytical instrumentation.
When selecting a particular analytical approach,
a researcher has to consider existing available
equipment, funding for specialised analytical
equipment and the envisaged future use should
specific equipment be purchased.

Traditionally, CO5 evolution resulting from
microbial activity was determined by trapping CO,
with alkali solutions, followed by the precipitation
of carbonates with barium chloride and the titration
of any remaining hydroxide with standardised acid
(Stotzky, 1965). The principal advantage of this
technique is that the analysis of the alkali solution
may be deferred for short periods rather than
requiring immediate analysis. However, this method
has several drawbacks. The alkali trapping solution
may be contaminated by atmospheric COg prior to its
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analysis, requiring both reagent and method blanks
(Zibilske, 1976). To permit the selective titration
of hydroxide ions, carbonates are precipitated
using barium chloride thereby producing wastes
containing heavy metals. Furthermore, the titration
approach generally requires a large sample size,
which can involve the use of the entire sample,
thereby obviating the opportunity for re-analysis
or replication within a given sample, should a
particular result be questionable.

An extension of the alkali technique, the purge-
and-trap (or dynamic) system, was reported more
than 40 years ago (Stotzky, 1965). This adaptation
involves purging the reaction chambers with CO,-
free air, thereby allowing the CO5 generated in the
microcosm to be more comprehensively trapped
in alkali solution for quantification by titration.
This technique has the advantage of replenishing
Oy in the reaction chamber whilst removing CO,
immediately during periods of high soil microbial
activity. Although this enhanced method still
depends on the old titration method for the
quantification of trapped COs, it is still widely used.
A survey of work published in Revista Brasileira
de Ciéncia do Solo from 2004-2010 in which CO,
from microcosms was directly analysed, showed
that approximately two thirds relied upon the use
of alkali trapping and titration. Additionally, the
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last decade has seen numerous citations of the work
published by Stotzky (1965) by various laboratories
around the world, demonstrating the ongoing use of
this fundamental technique (Ferreira et al., 2003,
2008; Scelza et al., 2007; Giacomini et al., 2008;
Jacques et al., 2009; Suman et al., 2009; Vinhal-
Freitas et al., 2010; Oliveira et al., 2011).

More recently, methods employing gas
chromatography (GC) have been developed for
COg analysis, whereby the air in soil microcosms is
sampled directly without the reliance upon alkali
trapping. These methods may employ a thermal
conductivity detector (Rath et al., 1979; Chiaradia
et al., 2009; Siqueira Neto et al., 2009) or the
less sensitive electron capture detector (Thijsse,
1978) for CO4 detection. Whilst a simplified
experimental setup is offered by headspace
analysis, it does not prevent the accumulation of
COg in the microcosm, nor does it replenish any O,
consumed. Additionally, GC relies upon specialised
(and expensive) gas sampling ports, open bore
chromatography columns and detectors, as well as
requiring external calibration standards that can
be difficult to reproduce reliably. Likewise, the use
of commercially available dissolved organic carbon
(DOC) analysers, mass spectrometers (Granstrom
et al., 2002; Sherburne et al., 2005) and scintillation
counters (Fulthorpe & Schofield, 1999; Tuomela et
al., 2002) may allow CO, determination, but with
purchase costs greatly exceeding that of even GC.
Such instrumentation purchases are often beyond
the reach of many laboratories, particularly when
their use may only be for short-term or scoping
projects.

Flow injection analysis (FIA) is a simple and
cheap analytical technique in which a discrete
volume of liquid standard or sample is injected into
a flowing liquid carrier stream and passed through
a detector. Whilst samples containing gas analytes
may be analysed with specialised gas diffusion cells
coupled with colorimetric detection methods (Hall &
Aller, 1992), FIA is not commonly undertaken using
a gaseous mobile phase. Some reported methods do
rely upon a gas mobile phase for the analysis of gases
generated online, but none of these involved the
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direct injection of gaseous samples. For example, the
analysis of ammonium and nitrate in water samples
was achieved by converting each chemical species
present to ammonia, and diffusing the ammonia so
produced into a carrier gas stream through a gas-
liquid separator (Haghighi & Kurd, 2004). Likewise,
nitrate and nitrite were analysed in water samples
by conversion to NO, gases (Kanda & Taira, 2003).

The continued relevance of the method reported
by Stotzky (1965) is likely to be the result of several
factors, but is primarily due to its simplicity and
low cost compared to the considerable cost of
purchasing advanced instrumentation. The work
presented here describes a method for gas-phase
flow injection analysis (GPFIA) utilising infrared
CO, detection, coupled with the traditional purge-
and-trap system (dynamic) system that replenishes
microbially consumed O, and removes CO4 using
alkali traps. COq is released from the traps by the
addition of a strong acid in a specially developed
sampling chamber, with the gas evolved being
collected in a syringe for subsequent injection into
the GPFIA system. The instrumentation can be
easily assembled from materials present in many
laboratories and allows the user to perform cheap,
simple and reliable analyses of CO,, and permits
multiple injections of the same sample or standard,
if so required.

MATERIALS AND METHODS
CO, purge-and-trap apparatus

A purge-and-trap (or dynamic incubation)
system was constructed, based upon the apparatus
previously proposed (Zibilske, 1976). Laboratory
compressed air was passed through a series of
traps consisting of glass test tubes (200 x 26 mm)
fitted with rubber stoppers (Figure 1). A plastic
disposable pipette (1 mL) was inserted through
one of two holes in each stopper and a disposable
syringe needle was fitted to the end of the pipette,
ensuring the tip of this needle was near the base of
the test tube. A short length of plastic disposable

NaOH

air
syringe needle ——»
4mol L' Empty Distilled ImolL" 1molL"

Water

NaOH NaOH

Microcosm
containing soil

Figure 1. Purge-and-trap apparatus used to collect CO, produced by soil microbes.
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pipette (1 mL) was inserted through the second
hole in the stopper. The tubes were connected in
series with a microcosm chamber. The air passed
through 3 traps before entering the microcosm
chamber: trap 1 contained NaOH (4 mol L1,
50 mL) to remove ambient CO; trap 2 was empty
and acted as a moisture trap after trap 1; trap 3
contained deionised water (from which all CO,4
had been removed by sparging with N for 30 min)
and humidified the air stream, thereby reducing
evaporation from the microcosm chamber. The air
then passed through the microcosm consisting of a
conical flask (250 mL) containing soil (100 g). After
the microcosm, the air flowed through two further
consecutive alkali traps containing NaOH (50 mL,
1 mol L) before being vented to the atmosphere.
These last two alkali traps were removed weekly
for CO, analysis and immediately replenished with
fresh NaOH, while the CO4 scrubber trap containing
the 4 mol L'! NaOH was replaced every 3-4 weeks.

CO,; sampling chamber

A sampling chamber was constructed from an
Erlenmeyer flask (250 mL) connected to ultrapure
N (99.99 %) via the flask side arm (Figure 2). A
length of glass tubing was inserted through a rubber
stopper in the top of the flask, extending to within
15 mm of the base of the flask. A short length of
silicone tubing attached to the exterior end of the
glass tubing permitted the attachment of a syringe
(60 mL) for gas sampling.

Calibration and sample analysis

Before initiating the sample analysis proper, the
GPFIA method was calibrated employing the same
procedure as that used later for sample analysis.
Firstly, the sampling chamber was purged with N
(2 min, 2 L min‘!), after which time the N flow was
stopped and a syringe (60 mL) attached to the adaptor
in the top of the sampling chamber (Figure 2). The
stopper was then removed from the chamber and an
aliquot of standard was injected into the base of the

Figure 2. CO, sampling chamber used to regenerate
CO, gas from alkali traps for quantification.
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sample chamber (flask), ensuring the glass tube was
not contaminated, thereby minimising carryover
to the next sample. An aliquot of HCI (1.5 mL,
6 mol L) was added to the standard in the chamber,
the stopper immediately reinserted and the flask
swirled to ensure a complete reaction. After stirring
was completed, a slight N flow (~200 mL min!) was
recommenced, thereby filling the syringe at the top
of the sampling chamber with gas from the base
of the chamber (Figure 2). Once the syringe was
full (the plunger was fully extended), the syringe
was disconnected from the sampling chamber and
attached to the injection port of the gas sampling
valve on the FIA system. The sampling chamber
was then rinsed with de-gassed, instrument grade
water prior to re-purging and reuse.

For the calibration procedure, a single carbonate
standard (20 mmol L') was prepared by dissolving
sodium carbonate in instrument grade water
(100 mL) that had been purged with N (30 min) to
remove any dissolved CO,. Aliquots (0.5-3.0 mL) of
this standard were analysed for the preparation of
a calibration curve (Figure 3). For sample analysis,
each pair of COy sampling traps were removed
from the microcosm apparatus, the contents of
the traps combined and aliquots of this combined
sample analysed in relation to the standards. The
sample aliquot size was in the range of 0.5-5.0 mL,
the actual size depending on the anticipated CO,
concentration present.

Chamber flushing efficacy

The efficacy of the N flushing step in the COq
sampling chamber was confirmed by injecting
ammonia solution (1 mL, 2 mol L-!) into the
chamber followed by HC1 (1.5 mL, 6 mol L'1). The
resulting chemical reaction produced ultrafine
NH,CI particles that filled the chamber as smoke.
Subsequent flushing of the chamber with N cleared
the chamber of smoke within 10 s and visually
demonstrated the gas flow pattern (Figure 2). To
ensure that even trace levels of NH,Cl smoke (or CO4
during actual sampling) were flushed, the chamber
was purged for a total of 1 min. Furthermore,
injections which vacated chamber after flushing
during the sample analysis cycle indicated that no
detectible levels of CO, remained in the sampling
chamber, confirming that the potential for carryover
between samples was negligible.

Gas phase flow injection analysis

A GPFIA system was constructed from a
gas sampling valve from a Pye-Unicam gas
chromatograph, which was fitted with a larger
sampling loop (4 mL). The inlet side was connected
to ultrapure N (99.99 %) for the mobile phase
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Figure 3. Calibration curve for CO, analysis by
GPFIA (mean + SD, n = 4).

(200 mL min't). The injection valve was connected
to a tin/copper filter (to remove acidic vapours) and
then to an infrared CO, gas analyser (California
Analytical Instruments, Model 3300) salvaged from
a decommissioned total organic C analyser. The
detector collected light at 2.7, 4.4, and 14.1 mm
simultaneously, and while operable over two ranges
(0—500 and 0-2500 ppm), was used for the current
purpose only in the less sensitive range. The 0-1
volt signal from the IR detector was logged using
Star Chromatography v6.2 (Varian, Australia) to allow
peak integration. For sample analysis, the sample loop
(with the gas sampling valve in the “load” position) was
flushed with the contents of a syringe that had been
filled from the CO4 sampling chamber (see above). The
injection valve was then switched from the “load”
to the “inject” position for 5 s and subsequently
returned to the “load” position. A CO, peak was
recorded within 10 s of the sample injection.

Titrations

The concentration of CO, in each pair of alkali
traps was determined indirectly using traditional
titration methodology with HCIl to compare with
the results obtained using GPFIA. Aliquots of
alkali (10 mL) were added to Erlenmeyer flasks and
treated with BaCl, (3 mL, 3 mol L) to precipitate
carbonates. Several drops of phenolphthalein
indicator were added, and the solution titrated
against standardised HCI (0.5 mol L'1).

GPFIA Optimisation and Interferences

The effect of N flow rate through the GP-FIA
system on peak area, width and on reproducibility
as well as analysis time, was investigated. Flow
rates were varied between 100 and 500 mL min'!
using quadruplicate injections of CO, derived
from acidification of aliquots of sodium carbonate
standard (1 mL, 20 mmol L1).
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Interferences that normally plague the traditional
titration method of CO, analysis were tested to
determine the level of interference on the new
GP-FIA method. Diesel (10 mL) and/or ammonia
solution (100 mL, 2 mol Li'!) were added to the CO,
sampling chamber aside from an aliquot of sodium
carbonate standard (1 mL, 20 mmol L) and the
evolution of CO4 determined as previously described.

Determination of Microbial Activity using
GPFIA

To demonstrate the usefulness of the GPFIA
system, soil (100 g) from a diesel-contaminated site
was added to the microcosm chamber in several
dynamic incubation systems. Soils were amended
with sheep manure (5 g), sheep manure/urea
(5 g/60 mg) or sheep manure/glucose combinations
(5 g/500 mg). Additionally, uncontaminated soil
(100 g) collected immediately adjacent to the
contaminated site was added to additional chambers
as a control. CO,-free air was passed through the
dynamic incubation systems to purge any CO,
produced and trap it in in the dual NaOH traps.
Incubation of microcosms lasted for a total of 65 days
with traps being removed weekly for CO5 analysis
by GPFIA.

RESULTS AND DISCUSSION

In the development of any improved method, it
1s essential to investigate how various operating
parameters affect the sensitivity, accuracy and
repeatability of sample measurement. In addition,
since the major aim of our present method
development was to reduce reliance upon operator
skill while increasing sample throughput, it was
important that the optimised operating conditions
did not compromise these facets of the final
operation. To this end, the following aspects of the
gas phase flow injection analysis (GPFIA) method
were investigated: GPFIA carrier gas flow rate;
N purge of the CO, sampling chamber; and the
potential for other species (namely ammonia and
diesel) to interfere with the analysis.

Optimisation of GPFIA

Optimal conditions for GPFIA were established
by varying the flow rate of the N carrier gas through
the GPFIA system in an attempt to maintain high
sample throughput, adequate sensitivity, and
repeatability of standard and sample injections. FIA
generally results in a loss of sensitivity as the sample
slug passes through the detector before the detector
has sufficient time to respond fully. As carrier flow
decreases, the residence time of the sample in the
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detector increases, allowing the detector more time
to respond, resulting in a larger peak area (Figure 4).
However, as the flow rate decreased the magnitude
of the error increased - an effect which is believed
to be due to greater diffusion of the sample in the
carrier gas. A search of recent literature for FTIA in
which the carrier was a gas (eg N) indicated that
no work has been published in this area as gas in
gas analysis is not usually employed, and hence the
phenomenon is not commonly observed.

Figure 4 shows sample throughput of the
GPFIA system. While slower flow rates resulted
in a better detector response, it came at the cost
of both reproducibility (and hence the reliability
of the technique) as well as sample throughput.
Optimal efficiency for sample throughput was
obtained at a flow rate of 300 mL min'!. However,
200 mL min'! was chosen as the optimal carrier
flow rate for experimental work as it provided
a 50 % increase in detector response for a 10 %
loss in sample throughput, as well as adequate
reproducibility when compared to a flow rate of
300 mL min!. Figure 5 shows a typical sample
trace, demonstrating sample throughput of one
sample approximately every two minutes, as well
as illustrating the reproducibility of the technique.

Originally, a glass jar sealed with plastic film was
used as a sampling chamber. However, ambient air
containing COy was drawn into the chamber during
sampling thereby contaminating the CO5 generated
from samples and standards. To overcome this
problem, the sampling chamber shown in figure 2
was developed and provided two distinct advantages
over its predecessor; quick rinsing with instrument
grade water between samples allowed reuse of the
chamber, and permanent connection to a N source
allowed the chamber headspace to be flushed of
residual COy from the previous sample to eliminate
carryover.
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Figure 4. The effect of nitrogen carrier flow rate on
peak area and peak width at half height (mean
+SD, n = 4).

R. Bras. Ci. Solo, 36:349-357, 2012

Gregory Doran & Alek Zander

Potential Interferences for GPFIA

Ammonia and hydrocarbons in soils have
been identified as potentially interfering with
titrimetric determination of CO4 (Zibilske, 1976).
Consequently, their effect on CO, determination by
GPFIA was investigated. Ammonia and/or diesel
solutions were applied to the sampling chamber
prior to the addition of the sodium carbonate
standard and hydrochloric acid, and the determined
concentrations compared to the concentration when
only sodium carbonate and hydrochloric acid were
added. As can be seen in table 1, the addition of
ammonia and diesel to the sampling chamber prior
to the addition of the sodium carbonate standard
and hydrochloric acid, does not appear to interfere
with CO, determination. The concentration of COq
generated from spiked solutions did not differ from
the concentration of CO, generated from a sodium
carbonate solution alone (p > 0.05).

Table 1. Interference of ammonia and hydrocarbons
on CO, determination by GPFIA (Mean + SD,

n=4)
Solution CO, Concentration
mmol L1
NayCOg only 18.8+ 1.1
Nay,COg + ammonia 20.1+1.5
NayCOg + diesel 17.6 + 1.7
Nay,CO5 + ammonia + diesel 184+1.2

Initial injections with the GPFTA system resulted
in an increase in the baseline after the COy slug
passed through the detector when the injection valve
was left in the “Inject” position for the duration of
the injection, making integration of the peak area
difficult (Figure 6). This effect was likely due to the
increased path length through which the carrier
gas must pass when the injection valve is left in the
“Inject” position. The problem was eliminated by
switching the injection valve to the “Inject” position
for only 5 s, and then immediately returning it to
the “Load” position. Subsequent tests showed that
using this type of pulsed injection technique to
introduce the CO, sample/standard slug into the
carrier stream caused the detector signal to return
to the same baseline level as that existing prior to
the onset of the CO4 peak (Figure 5).

Comparison of GPFIA and Titration Methods

Four different alkali samples collected from the
CO, Purge-and-trap apparatus were analysed for
CO, via the new GPFIA method using quadruplicate
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Figure 6. Trace showing the effect of the valve
position on baseline detector response.

injections. The results obtained were compared
to those determined using a traditional acid-
base titration method (Table 2). From an initial
inspection of the results, it appears that for both
methods there are consistent differences between
the 1 and 2 mL sample volumes: for the 2 mL sample
volume GPFIA yielded consistently higher values
and the titration method consistently lower values.
However, these differences were not significant
(p > 0.05).
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The relative magnitude of the error was greater
when using GPFIA with a 2 mL sample volume
compared to those when using a 1 mL sample volume,
and is believed to be due to deviations from linearity
of light absorption at higher CO, concentrations.
This belief 1s supported by the fact that calibration
graphs tended to be slightly curvilinear. Conversely,
the error was lower when the larger 2 mL volume
was used for titrations. This outcome is to be
reasonably expected, since larger titres mean that
the small variations between replicate titrations
became proportionally smaller when 1 mL (0.5 mL)
sample volumes were used. Likewise, there was no
difference between concentration values determined
by GPFIA and titration for each sample (p > 0.05).

The analysis of CO4y from a trial involving
the microbial degradation of hydrocarbons in
diesel-contaminated soil is presented by way
of an illustration of the application of the
optimised GPFIA methodology (Figure 7). The
COy production rate in contaminated soil was
greater than in uncontaminated soil, showing
the use of the hydrocarbons as a substrate by
the microbial population. The degradation of the
diesel hydrocarbons for the production of this
CO, is further supported by gas chromatography
mass spectrometer analysis (data not shown). The
addition of sheep manure, as a source of microbial
organisms and additional nutrients, accelerated
CO,, production but this production was not further
enhanced by the addition of urea with the manure.
The addition of glucose, as a primary substrate in
the case of diesel degradation by cometabolism,
along with glucose shows increased CO, production
(p < 0.05) over the addition of manure alone.
These results demonstrate the usefulness of the
GPFIA method for determining differences in CO4
production from microbial metabolic cultures.
Analysis of quadruplicate samples for the five
treatments by GPFIA took approximately 1 hour
compared to more than 5 hours by traditional acid/
base titration. Additionally, all waste produced by
GPFIA was aqueous for simple disposal compared
to barium waste produced by the titration method.

Table 2. Comparison of CO, analyser and titration results (Mean + SD, n = 4)

CO, Concentration

Analysis method Sample volume

Sample 1 Sample 2 Sample 3 Sample 4
mL mmol L1
GPFIA 1.00 122 £ 3 48 +1 178 £ 3 1056+1
2.00 124+ 5 50+ 3 186 + 5 106 + 5
Titration 1.00 128 £ 4 47+ 3 186 £ 4 102 £ 4
2.00 125+ 2 46 + 3 184 + 4 100 + 2

R. Bras. Ci. Solo, 36:349-357, 2012



356

——=e—— Uncontaminated soil

40 oo O eevene Diesel contaminated soil (DCS)
———v—— DCS with sheep manure

—-=A.—-- DCS with sheep manure and urea

— —& — - DCS with sheep manure and glucose -

%/
20 E,/’E T

30 1

Cumulative COg trapped (mg)

s j T
10 y p. //§ R Goererreerersesnisnins 5
0 /’z P o : 4'/.—__.
0 0 20 0 40 50 60 70
Time (day)

Figure 7. Trace showing the effect of the valve
position on baseline detector response.

Any new analytical technique must offer
advantages over an existing technique to ensure
its adoption. The technique described in this work
is cheap, fast, simple and reproducible, and 1is
also less susceptible to operator variability than
the more traditional titration methodology. This
technique can be used to sample and analyse CO,
either directly from the headspace of microcosms
or from alkali traps by employing the sampling
chamber with the small sample volume required
readily permitting multiple injections per sampling
time. Samples with high concentrations do not
require dilution since smaller volumes of sample
can be injected into the sampling chamber without
variation in the determined value (p > 0.05). In
addition, analysis costs are reduced due to decreased
chemical consumption and sample throughput is
faster than by titration methods. Since the rate-
limiting step in the process is sample collection,
sample throughput could be increased further by
using two separate, identical sampling chambers to
minimise downtime between injections.

Importantly, the new technique eliminates two
common interferences (ammonia and hydrocarbons)
that require modification of the COy trapping
apparatus to minimise their impact when using
an acid-base titration method (Zibilske, 1976).
This occurs specifically because the new technique
measures CO, directly, rather than indirectly, as
is the case with acid-base titration methods. The
typical purchase cost of a CO4 flow analyser is
modest, compared to tens of thousands of dollars
for TOC analysers and GCs. While a dedicated
CO, analyser was used in the work reported here,
initial work was conducted using a standard
infrared spectrophotometer with a flow cell which is
commonplace in instrumental laboratories, allowing
the instrumentation described in this manuscript to
be replicated more readily.
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FINAL CONSIDERATIONS AND
CONCLUSIONS

The work presented demonstrates an improved
method for the measurement of CO4 produced by
microbial respiration in soil microcosms that does
not rely upon the purchase of expensive, dedicated
instrumentation. Gas-phase flow injection analysis
(GPFTA) has been shown to provide much faster
sample turnaround than the more traditional
titration method with comparable precision: GPFIA
shows a standard deviation of 3.1+1.7 % compared
to 3.5+2.0 % for titration. This improved method
has the added benefit of obviating the potential for
ammonia and hydrocarbons present in the sample to
interfere with the CO4 analysis, as is the case with
titrimetric determination of CO,. Our analytical
instrumentation was constructed from equipment
commonly available in research laboratories and
permitted a scoping study in soil microbial activity
to be undertaken without committing significant
funds to the purchase of new equipment, with a rate
of sample analysis more than five times faster than
the traditional acid/base titration method.
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