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November 3, 1993
Dr. Neil Andersen
Division of Ocean Sciences
National Science Foundation
1800 G Street, NW
Washington, DC 20550
Dear Neil:
Here is the annual report for Year 1 of our NSF research project. I realize that we are
somewhat late, but we needed more time to obtain the results contained herein (due to the very
late arrival of our carbon analyzer!). I am very pleased with the experimental results so far,
and look forward to the expenments that are planned for the coming year. It certainly seems
clear to me that oxygen is NOT required in these instruments (Jim Bauer has reached a similar
conclusion, but I don't know exactly what expedments he has done). I hope to present our
results at the ACS meeting in San Diego next March.
If this report needs to be in a different format, just let me know and I'll revise it accordingly.
Thanks for your support and for your patience.
Best regards,

E. Michael Perdue
Professor
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INTRODULIION
Upon receiving the capital equipment in late May 1993, the process of verifying that the carbon
analyzer was operating according to manufacturers' specifications was begun. Once standard
operation was achieved, we started our study of the mechanism of oxidation of organic carbon.
The Ionics 555 analyzer can determine the dissolved organic carbon (DOC) content of a sample by
either of two methods. The method recommended by Ionics (and the one for which the instrument
is designed) involves measuring the dissolved inorganic carbon (DIC) content in the lower temperature column of the analyzer in one injection of sarnple and subtracting this value from the total
dissolved carbon content (TC) value determined in a separate injection of sample in the higher
temperature, Pt-catalyzed column. Then DOC is calculated simply as TC-DIC. The second
method requires the removal of DIC by exhaustively purging an acidified sample with carrier gas,
leaving DOC to be detected directly by injection of the treated sample in the higher temperature
column (the TC column). In this research, DIC is removed from the samples by acidification with
phosphoric acid and sparging with C01.-free UHP nitrogen, as described elsewhere (Peltzer and
Brewer, 1993). Brief comparisons of me two methods indicate agreement of the DOC amounts.
We have chosen to focus mainly on the second technique for several reasons. Firstly, we are
interested in elucidating the combustion mechanism occurring in the TC column and thus would
rather avoid the time and maintenance needed to op<~rate the IC column in addition to the TC
column for every sample. Secondly, actual marine samples contain substantially higher levels of
DIC than DOC, and simple statistical analysis shows that small differences between large values of
TC and DIC are prone to uncertainties comparable in size to the DOC values themselves. Thus,
most current measurements of DOC in actual marine samples are made on acidified, purged samples. Lastly, the combustion mechanism of trace amounts of DOC may be affected by the presence
of large quantities of DIC.
It has been assumed previously (e.g. Sugimura and Suzuki, 1988) that 0 2 is the principal oxidant
for the combustion of organic material in the high temperature, catalyzea oxidation method
(HTCO). Furthermore, it is assumed that combustion is complete (i.e. C02 and ~0 are the only
cornbustion products formed from DOC), so that CO concentrations are a measure of the DOC
content of the sample. However, anecdotal evidence that these instruments could be successfully
operated without the use of 0 as the carrier gas gave rise to speculation as to the actual nature of
the oxidant within the combuslion tube (Perdue and Mantoura, 1993). In fact, the Ionics 555
manufacturers' specifications indicate that N , rather than 0 2 , is the preferred carrier gas. These
facts led to our proposal to investigate the roles of oxygen, water, and catalysts in the conversion
of DOC into C02 •

RESULTS AND DISCUSSION
The frrst mechanistic question to be addressed was whether 0 2 was required for the combustion of
DOC in the HTCO. The amount of CO formed by the combustion of the DOC within the 795
Pt-catalyzed column is measured with al-ioriba PIR-2000 non-dispersive infrared C02 analyzer at
4260 run. This question has been tentatively addressed by operating the instrument w1th ultrahighpurity (UHP) 0 2 , N2 , and He as carrier gases.

oc,

Results from standard solutions as well as from rnarine samples indicate that the Ionics 555 performs as well, and perhaps slightly better, with both UHP N2 and UHP He than with UHP 0~ (see
Table 1). If 0 2 is actually the primary oxidant, then the other UHP carrier gases (N2 and HeJ
would have to contain sufficient 0 2 (as a contaminant) to support the combustion reaction. For
example, consider the oxidation ot potassium hydrogen phthalate (KHP).
KC 8H50 4

+

15/2 0 2

--->

KOH

+

8 C02

+

2 ~0

To completely oxidize the DOC in 100 ~tl of a 5 mgC/1 solution of KHP (about 5 nmol of KHP) in
three minutes at a carrier gas flow rate of 100 ml!/min, the carrier gas would have to contain about

3 ppmv of 02" Although such levels of 02. contamination are difficult to measure accurately, our
UHP carrier gases appear to contain an oraer-of-rnagnitude less 0 2 • The very low level of 0 2 in
the N2 and He carrier gases and the fact that the C02 yield in these carrier gases is essentially the
same as when UHP 0 2 is the carrier gas indicates that 0 2 is not the primary oxidant.

To ensure that trace amounts of 0 2 possibly present as a contaminant in the UHP N2 carrier gas
were not biasing our results, an oxygen filter (Fisher Oxiclear Gas Purifier, < 50 ppbv 0 2) was
inserted in the carrier gas line just prior to the entrance of the carrier gas to the instrument. No
appreciable change in behavior was observed. Samples were also tested using UHP He as the
carrier gas; the results were identical to those obtained using UHP N2 • Small amounts of 0 2 may
be dissolved in the aqueous sample; however, sparging of the samples should remove the majority
of this 0 2 . The C02 yield from sparged and unsparged standard solutions varies very little. These
results support the iaea that 0 2 does not play the principal role in converting DOC to C02 •
The hypothesis that free radicals such as OH and H02 , formed by the thermolytic homolysis of
HzO from the aqueous sample, are the principal oxidants is indirectly supported by our current
results. Such a mechanism would be susceptible to interference via free radical scavengers which
would compete with the DOC for the oxidant, lowering the observed CO response. To test this
hypothesis, some preliminary experiments were performed in which UHP ~(an effective hydroxyl radical scavenger) was used as a carrier gas. For all samples, the observed C02 yield was lower
with the H.. carrier gas by over a factor of two, and for the KHP samples, the yielo was a factor of
8 smaller than with the other carrier gases (see Table O. The suppression of C02 formation is
consistent with the proposed free radical mechanisrn of DOC oxidation.
The current results clearly support the experimental hypothesis that OH and/or H02 are the primary oxidants in HTCO instruments and warrant continuation of the originally proposed research.
We are continuing to refine the techniques for ensuring the elimination of 0 2 in the system, including more scrupulous removal of 0 2 from aqueous samples and development of a sample injection
protocol that minimizes the entrainment of atmospheric 0 in the furnace during insertion and
removal of the syringe. Further work to be conducted in This laboratory includes modifying the
lonics 555 Analyzer to include a HP 5890A gas chromatograph with mass spectrometer and thermal conductivity detectors, a Trace Analytical RGA-1 HgO reduced gas analyzer for measuring
CO and H., formation, and a more effective ~0 trap in the product gas line. Additional analytical
instrumentation may also be incorporated to monitor nitrogen oxides, reduced and oxidized sulfur
species, speciated hydrocarbons, and principal ions in condensate. After completion of the instrument modifications, simultaneous measurement of CO and product analysis from the GC/MSD will
be used to confmn and elucidate the free radical oxidation mechanism.
The instrument performance will be optimized with sea water samples that were collected by Dr.
Rod Zika of the University of Miami, and tests will be performed on a wide range of potential
catalysts. Insight into the nature of the oxidation mechanism should allow more effective selection
of catalysts with low carbon leaching rates, which are resistant to fouling by highly saline sea
water samples.
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Table I. Peak Area Response of the lonics 555 Carbon Analyzer Using
0 2 , N2 , He, and Hz Can·ier Gases
Sample
Injected

Carrier
Gas

~~t)

0

~~/N2 t)
KHP
(N2 t)

t)

(H 3PO/N2 t)

± 0.02
± 0.05
± 0.00

~

w/filter

0.04 ± 0.01

0.68 ± 0.01

~ w/filter

0.20 ± 0.04
0.19 ± 0.02
0.22 ± 0.01

1.76 ± 0.02
1.61 ± 0.01
1.63 ± 0.01

~

w/filter

0.06 ± 0.02

0.70 ± 0.01

~ w/filter

1.43 ± 0.04
1.70 ± 0.02
1.68 ± 0.10
1.46 ± 0.03

1.87
1.96
1.66
1.59

± 0.01
± 0.03
± 0.02
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± 0.00

0.72

± 0.00

e w/filter
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~

w/filter

0.19

Hew/filter

2.72 ± 0.09
2.75 ± 0.08
2.24 ± 0.04
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~ w/filter
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Retention Time
(minutes)
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N~C03

Peak Area

( 108 counts)
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Thermostat calibration:
An experiment was done to monitor the temperature dependence of the product
gases evolved from the reaction chamber of thH lonics 555 carbon analyzer . Before
this experiment could be conducted, the furnace temperature controller in the carbon
analyzer was calibrated by inserting a type K thermocouple, purchased from Omega,
into the catalyst bed. The thermostat setting was varied and oven temperature
recorded. The control was found to be linear in the range of 250°C to 640°C (Figure 1).
Gas collection apparatus:
An apparatus (Figure 2) was constructed to collect the gas stream exiting the
carbon analyzer. This apparatus collected the gases after they passed through the
carbon analyzer's Non-Dispersive-Infra-Red (NDIR) detector. These gases were then
pressurized and injected into a gas chromatograph with a HgO detector (RGA-3 GC) to
analyze the combustion products for CO and H2 .
The apparatus consisted of a stainless steel chamber with a volume of
approximately 900 ml. Attached to the charr1ber with stainless steel Swagelok and
pipe fitting were four valves. The chamber was evacuated to 28" Hg vacuum using a
vacuum pump via a ball valve, V1. The gases were collected in the chamber through a
metering valve, V2, wbich had to be continually adjusted to prevent a backup of
pressure in the carbon analyzer system. Tbis backup pressure caused a large
increase in the size, shape and error of the NDIR peaks. After the peak gases had
been collected, the chamber was pressurized ~tith N2 to 2.0 psi above atmospheric
pressure via a ball valve, V3. The combustion ~~ases were then injected into the GC via
a ball valve, V4. The connection between the s.ample chamber and the GC was made
with 1/8" copper tubing and Swagelok fittings. Samples were injected into the RGA-3
GC through a 50 ul injection loop to limit injection volume error.
The gas collection apparatus was tested for vacuum and pressure leakage over
24 hrs and showed none. The empty chamber was pressurized with N2 and analyzed
for CO and showed none. To indicate stability of CO in contact with the steel vessel, a
small amount of CO mixed with N2 was pressurized in the chamber and showed no
change in the CO concentration over time.
Use of CO mixtures as carrier gases:
It has been proposed that the oxidant iin the HTC carbon analyzers is hydroxyl
radical, which is produced from injHcted water at high temperatures. To test this theory,
we decided to use CO as a carbon source in the carrier gas and introduce OH radicals
into the gas stream via injection of a carbon-free water sample. If OH was the only
oxidant, then CO would pass through the system unoxidized until the introduction of
water into the system. With the introduction of H2 0, CO would be converted to C0 2
and would be detected by the NDIH detector. Furthermore, increasing CO contents in
the carrier gas would lead to corresponding increased C0 2 production.
In this experiment, high purity N2 and three mixtures of CO in N2 were used as
carrier gases for·the carbon analyzer. The gas mixtures were obtained from Holox at
concentrations of 1, 5.4 and 8. 7 ppm. The carrier gases were analyzed for CO using
the RGA-3 GC. For this experiment, both the ascarite C0 2 and Oxiclear 0 2 scrubbers

had to be removed from the carrier line, because they appeared to remove CO.
Initially the mixtures were analyzed in triplicate, both directly from the cylinders
and after exiting the carbon analyzer system. Then 100 ul of carbon-free water
samples were injected into the system in triplicate for all four carrier gases. The
organic carbon-free water was obtained from reverse osmosis followed by deionization
and UV irradiation. The water treatment system was manufactured by Barnsted. The
water samples were acidified with Fisher 85% HPLC grade H3 P0 4 to an approximate
pH of 2 and purged with N2 for ten minutes.
The amount of CO remaining in the carriHr gas as it passed through the carbon
analyzer system without any water injected was reduced by a factor of 100 (Figure 4).
Though we have no definite explanation for this we see three possibilities. First, carrier
stream CO was possibly removed by the catalyst or one of the post furnace scrubbers.
Second, water vapor in the gas could be oxidizing the CO to C0 2 which would appear
as background to the NDIR. Finally, some ott1er oxidant, in addition to OH may be
involved.
There was no appreciable increase in the C0 2 peak detected by the NDIR
detector when H20 was injected into any of the CO mixtures (Figure 5).
There are two possible reasons for the failure of this experiment. Either the
proposed reaction mechanism in the carbon analyzer is flawed or the the experiment
itself is flawed. Because our previous research has pointed to involvement of OH as an
oxidant, the failure was most likely in the design of the experiment. There may have
been two flaws in the experiment. First, with the 100-fold loss of CO, there could have
been not enough CO present in the system to produce detectable amounts of C02
(Table 1). Possibly, the CO in the furnace was displaced by the steam generated
during an injection; a low Pco in the furnace when OH radicals were generated would
lead to no generation of C0 2.
The next experiment in this series will use dehumidified vs. humidified CO
mixtures as carrier gases and look for a decrease in the measured CO from the
humidified mixture with the RGA-3 GC. E.ven with the 100-fold loss of CO, this
experiment should indicate whether CO is being oxidized by water.
Use of water vapor to scrub catalyst:
High Temperature Combustion (HTC) carbon analyzers tend to develop high
instrument blanks when they have been left idle for any extended period of time. Many
carbon-free water injections must be performed to reduce and stabilize the blank before
low DOC samples can be analyzed. This initial blank is believed to be caused by
oxidation of carbonaceous impurities contained in the Pt catalyst, which slowly diffuse
to its surface. Instead of performing continuous blank injections, we proposed that
simply humidifying the carrier gas stream would clean the catalyst continually and
eliminate the need for any initial water injections.
To test this hypothesis, the carbon analyzer was operated for 1 week without
injecting any water samples, which in the past had been shown to be more than
sufficient time to increase the initial carbon blank. These conditions were: N2 carrier
gas flowing through the system at 100 mUm in and the catalyst bed at an operating
temperature of 730°C. After one week the carbon analyzer was repeatedly injected with

100 ul of organic carbon-free water, acidified and purged, until the recorded peak
area leveled off. The carbon analyzer was allowed to sit for another week, followed by
two days in which the carrier gas was humidified with water. To humidify the carrier
gas a gas bubbler was inserted into the carrier gas line after the ascarite C0 2 and
Oxiclear 0 2 scrubbers, immediately before the intake to the carbon analyzer's furnace.
The gas bubbler was fi lied with carbon-free water.
This experiment showed that, without the addition of water vapor to the carrier
gas, the initial instrument blank was high. The blank was only reduced after many
injections. However, with the bubbler in plact3, the blank injections started out low
(Figure 3). For unknown reasons, however, the variability in the peak area remains too
large for low-level DOC analysis. We are currently examining options to decrease the
standard deviation of our measurements.
This experiment showed an improvement in the instrument's operation which can
possibly be incorporated into future instrument designs. Furthermore, this water vapor
experiment supports the hypothesis that OH radicals are the oxidant in the HTC
instruments. With the use of repeated water injections to lower the initial blank, some
sort of physical washing mechanisrn could be conceived. However, with the use of
humidified carrier gas to lower the initial blank, some chemical process is more likely

involved. Since this experiment, the bubbler has been left in place continuously.

Measurement of CO yield at different furnace temperatures:
Another way to test for involvement of OH as an oxidant was to test the kinetics
of the reaction in the furnace. If OH was the oxidant, the production of C0 2 should
proceed through CO as a reaction intermediate. The oxidation of CO to C0 2 might be
the rate-limiting step. Therefore, lowering the~ reaction temperature should increase the
production of CO when injections are made.
In this experiment, the output of CO frorn the lonics 555 furnace was measured
at different temperatures. Five temperature points were used ranging from 41 ooc to
730°C. The carbon analyzer was injected with 50 ul of 450 uM C KHP solution,
acidified and purged, in triplicate for each temperature. For each sample injection, the
exhaust frorr1 the carbon analyzer was collected in the gas apparatus described above.
The apparatus was pressurized to 2.0 psi and the gases were injected with the RGA-3
GC for analysis in triplicate.
The results of this experiment showed that there was no change in the amount of
evolved CO over the temperature range (Figure~ 6). This suggests that, if the proposed
reaction mechanism is correct, either the conversion of CO to C0 2 is not the ratelimiting step or the temperature range is still too high to slow the kinetics.
Future Experiments:
The next series of experiments will be with 180 labelled H2 0. If the oxidant is
hydroxyl radical, 180 should be incorporated in the oxidation product, C0 2 . The degree
of enrichment of 18 0 in C0 2 will need to be si~~nificantly greater than the enrichment
that occurs simply through exchange reactions. At this time, the enriched water and
other apparatus have been purchased for these experiments. They will be conducted

as soon as time on a mass spectrometer is acquired. Another experiment that will be
conducted is to humidify the CO mixtures and look for loss through the system.
Presentations:
Dr. Perdue presented an invited lecture on this research at the 1994 meeting of
the American Chemical Society in San Diego, CA. The graduate student on this project
( Mr. Ed Moon ) has submitted an abstract on this research to the 1995 Goldshmidt
Conference, at which he hopes to make an oral presentation.

Table 1. Comparative amounts of carbon in a standard KHP solution vs. CO gas
mixtures.
Carbon Supplied:

Approx/Predicted C0 2
Peak Area:

100 ul of 100 uM C KHP
solution

1.OOe-8 mole C

2.6e7

1 ppm CO gas mixture

2.04e-9 mole C*

1.1 e?**

5.4 ppm CO gas mixture

1.1 oe ...8 mole C*

2.9e7**

8. 7 ppm CO gas mixture

1. 78e-8 mole C*

4.6e7**

Carbon Source:

*Carbon supplied values for CO mixtures are calculated for a 50 ml reaction column void volume.
**Peak areas are predicted for CO gas mixtures assuming total conversion of carbon to C0 2 and are
calculated based on the standard KHP solution peak area.
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