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Abstract

A direct ion chromatographic method of measuring carboxylic acids was modified and expanded to include measurement
of eight components at parts-per-billion levels. These components, listed by eluting order, were acetate, propionate, formate,
pyruvate, glyoxalate, dichloroacetate, oxalate and ketomalonate. The calculated method detection limits were 2—6 p.g/l.
Preliminary data were obtained by using California state project water from the filter influent of the Oxidation Demonstration
Plant of the Metropolitan Water District of Southern California. Oxalate was measured at levels above 200 p.g/l, formate
above 100 pg/l, acetate above 50 ng/l, pyruvate and glyoxaate at approximately 30 w.g/l and propionate and ketomalonate
at trace levels near the detection limits. This method utilizes a new preservative, benzalkonium chloride, as a substitute for
the environmentally unsafe mercuric chloride that had previously been used. Preservation studies indicate that al eight
compounds are stable for a testing period of 30 days when benzalkonium chloride is maintained at or above 30 mg/I in the

water sample. [ 1998 Elsevier Science BV.
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1. Introduction

Although separation of carboxylic acids has been
demonstrated by Révész et al. [1], using an AS4A
column and a sodium hydroxide (NaOH) eluent,
these authors did not apply their separation proce-
dure to the determination of carboxylic acids in real
samples with other anions such as fluoride, chloride
and sulfate. [The source waters of the Metropolitan
Water District of Southern California (Metropolitan)
contain chloride and sulfate at levels as high as 110
and 300 ppm, respectively.] Peldszus et a. [2],
using an AS10 column and a ‘‘heart-cut” column-
switching technique for carboxylic acids at ppb
levels, successfully developed a separation proce-
dure applicable to drinking water. However, a more
direct analytical procedure is needed for simplified
testing of large numbers of routine water samples.

Metropolitan, in developing a method of measur-
ing short-chain carboxylic acids in ozonated drink-
ing water by ion chromatography (1C), incorporated
three experimental phases into its overall bidfiltra-
tion project plan at the full-scale Oxidation Demon-
stration Plant (ODP) in LaVerne, CA, USA. Ozone
was utilized as the primary disinfectant, followed by
conventional treatment and biological filtration [3].
Ozone can bresk down a source water's natura
organic matter into biodegradable organic com-
pounds such as adehydes and carboxylic acids,
which are largely consumed by microorganisms dur-
ing the water treatment process [4]. ldedly, these
compounds are to be held to minimum amounts in
the distribution system to prevent regrowth of
microorganisms.

In order to study the carboxylic acids' formation
and removal efficiency, the first-phase study focused
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on the development of a direct method of measuring
three major carboxylic acids (acetate, formate and
oxalate) in the treatment process trains. The ana-
lytical method and some preliminary results from the
first-phase study were reported at the 210th National
Meeting of the American Chemical Society in 1995
[5]. The results of the first-phase study also indicated
that carboxylic acids measured by IC would be a
good surrogate for the biodegradable organic com-
pounds commonly referred to as assimilable organic
carbon; this measurement procedure requires at least
nine days to determine the removal efficiency of the
biofiltration process [6]. A high bidfiltration removal
efficiency would minimize the levels of carboxylic
acids in the distribution system and, in turn, mini-
mize the regrowth of undesirable microorganisms.

The second-phase study was conducted to expand
the method to include (1) measurement of additional
carboxylic acids and (2) a new preservative to
replace mercuric chloride. The changes made in the
analytical method between the first- and second-
phase studies are discussed in this paper. In the
third-phase study, the method will be tested on
different waters.

2. Experimental
2.1. Materials

2.1.1. Reagents

Standards were prepared by using reagent-grade
(>99% pure) carboxylic acids in the form of their
sodium salts (except for ketomalonic acid). Acetate,
formate, propionate, dichloroacetate and ketomalonic
acid were obtained from Aldrich (Milwaukee, WI,
USA); pyruvate and glyoxalate were obtained from
Fluka (Milwaukee, WI, USA); and oxalate was
obtained from Spectrum (Gardena, CA, USA). An
anti-biodegradation agent was prepared by dissolving
1000 mg of reagent-grade benzalkonium chloride
(from Fluka) in 100 ml of ultrapure water.

2.1.2. Sock and working calibration solutions
Individual stock carboxylic acid (acetate, propion-
ate, formate, pyruvate, glyoxalate, dichloroacetate,
oxalate and ketomalonate) solutions at 10 000 mg/|
were prepared in ultrapure water (double-deionized

Super-Q; Millipore, Bedford, MA, USA) and stored
in amber glass bottles at 4°C. An intermediate stock
standard solution of mixed acids (at concentrations
of 10 mg/l each), excluding glyoxaate and
ketomalonate, was prepared weekly from the in-
dividua stock solutions. Mixed intermediate stock
standard of glyoxalate and ketomalonate was kept in
a separate container. Working calibration standards
were prepared daily at concentration levels of 20, 50,
100, 250 and 500 pg/l from the 10 mg/l inter-
mediate stock solution. Fig. 1 shows a typical
chromatogram of a 100 wg/l standard.

2.1.3 Eluent

The procedure to prepare working eluents was
simplified as follows: the first NaOH eluent bottle at
approximately 1.0 mM was prepared by pipetting
and mixing 0.1 ml of the 50% NaOH solution into
2000 ml of helium gas-purged ultrapure water. A
second NaOH eluent at approximately 100 mM was
prepared by pipetting and mixing 10 ml of 50%
stock NaOH solution into 2000 ml of helium gas-
purged ultrapure water.

2.2. Sample preparation

2.2.1. Anti-biodegradation agents

Because (1) pyruvate could not be detected in the
mercuric chloride-preserved sample and (2) extra
costs and special procedures were required to handle
and dispose of mercuric chloride, the search for a
new preservative was set as a first priority in the
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Fig. 1. Chromatogram of a 100 g/l calibration standard.
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second-phase studies. Benzalkonium chloride was
the chosen preservative; it has been used as a
common disinfectant or preservative in food, phar-
maceutical and many other industrial applications,
and it has shown no apparent interference in car-
boxylic acids analysis.

2.2.2. Solid-phase sample pretreatment

A hydrogen cartridge (OnGuard-H ", PIN 39596;
Dionex, Sunnyvale, CA, USA) was attached in-line
between the autosampler outlet and the sample
injector loop to convert sample to proton form and to
remove cations (primarily the mercury that was used
as a preservative before switching to benzalkonium
chloride) from the sample matrix. However, it was
discovered that using the OnGuard-H " cartridge on
actual samples has an additional advantage: the H™
cartridge produces sharp, narrow peaks instead of the
broad, flat-topped peaks which, without the H™

cartridge, normally appear during the early detection
period (isocratic mode) of the chromatogram [5].
The AS11 column is a medium-capacity column, and
the peaks may not be completely resolved with
low-concentration eluents (0.1-0.2 mM NaOH) [7].

2.3, Analysis and maintenance

2.3.1. Analysis conditions

All samples were filled with a headspace in 40-ml,
PTFE septum-sealed, brown glass vials to which the
benzalkonium chloride had been added; they were
kept in a refrigerator at 4°C before analysis. All
samples were handled with extra care to avoid skin
contact and minimize contamination [2]. The IC
system setup and analytical conditions are summa-
rized in Table 1. The ratio of eluent—water can be
gradually adjusted from 20:80 to 10:90, if necessary,
to compensate for the forward shift of retention time

Table 1

IC system® configurations

Components Conditions

IC system Dionex 2000 IC
Autosampler ASM-2
Analytical column lonpac AS11
Guard column lonpac AG11
Detector output range 0.01 nS

Anion trap column lonpac ATC-1

Gradient pump
Stock eluent

GPM-2 a 1 ml/min
Eluent 1 approx. 1 mM NaOH

Eluent 2 approx. 100 mM NaOH
Eluent 3 ultrapure water

Working eluents
Eluent 1 20%
Eluent 3 80%

Isocratic mode 5 min, approx. 0.2 mM NaOH

Gradient mode 30 min, linear increase from approx. 0.2 mM to approx. 20 mM NaOH
Initial stage/final stage

Eluent 1 20/0%
Eluent 2 0/20%
Eluent 3 80/80%

Stabilizing mode 15 min, approx. 0.2 mM NaOH

Eluent 1 20%
Eluent 3 80%

ASRS in external water mode a 7 p.si. (1 p.s.i.=6894.76 Pa)

Controller current at setting no. 1; 50 mA

Suppression
Detection Conductivity detector
Sample size 50 pl

Sample pretreatment
Suppressor cleaning
Anion trap column cleaning

On-line H' cartridge
0.25 M H,SO, injected through eluent outlet
Highest concentration eluent for 15 min

#All components from Dionex.
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caused by gradual loss of the separation column’'s
active site with usage. Glyoxalate and ketomalonate
were run separately, without the H™ cartridge,
because the cartridge could possibly cause acid
hydrolysis.

2.32. Cleaning of ATC-1

The ATC-1 column was cleaned to acquire a
stable and low signal system baseline during analy-
sis. This cleaning step should be done before the
starting of the IC system and should not be omitted.
The procedures were as follows: (1) disconnect the
ATC-1 from the system inlet to prevent this high-
concentration NaOH eluent from being introduced
into the separation columns and the suppressor; (2)
pump the highest concentrations of NaOH through
the ATC-1 column for at least 15 min; (3) switch to
working eluent for a few minutes to flush out any
remaining high-concentration NaOH; and (4) con-
nect the ATC-1 back to the system and pump the
working eluent to stabilize the IC system until a
constant conductivity reading is obtained.

2.3.3 Jahility tests

Sample preservation stability tests were conducted
over a period of up to four weeks (testing was
stopped when a component showed a significant
decrease in concentration) with benzalkonium chlo-
ride at final concentrations of 2, 10, 30 and 50 mg/I.
The filter influent sample for the stability test was
spiked with 250 g/l of the carboxylic acids to
increase the background signals of the carboxylic
acids for a better observation of any downward drift
in concentrations. Samples were stored in a re-
frigerator at 4°C when not being analyzed and were
brought to room temperature before being prepared
for analysis.

2.34. ODP studies

At the ODP, two types of biological filters were
utilized: granular activated carbon (GAC) and anth-
racite coal-packed filters. Ozone dosages were 1.3 to
1.7 mg/l during the tests for the benzalkonium
chloride studies. The ODP water flows were in the
range of 4.5 to 4.8 million gallons per day (MGD) (1
galon=3.785 ). The pH values for the raw water
were approximately 7.9 to 8.3, and the water tem-
peratures ranged approximately from 15 to 24°C.

The turbidity varied from 3.8 to 8.6 NTU during the
testing period.

3. Results and discussion
3.1. Analytical parameters

3.1.1. Sability tests

The ozonated filter influent samples (no ozone
residue) containing benzalkonium chloride at 2 mg/|
showed a decrease in the concentrations of most
carboxylic acids on the second day of testing (Fig.
2), whereas the samples with benzalkonium chloride
at 10 mg/l stayed at fairly level concentrations of
carboxylic acids until the seventh day (Fig. 3). The
preserved ozonated sample showed excellent stability
throughout the 30-day test period when the sample
had more than 30 mg/l of benzalkonium chloride
(Figs. 4 and 5). For different types of matrix water,
adding 30 mg/l (final concentration) of benzal-
konium chloride may not be adequate. In this case,
low recovery of spiked values on samples could
indicate ineffective preservation rather than matrix
interference.

3.1.2. Anti-biodegradation agent

Fig. 6 represents the results of the comparisons of
acetate, formate and oxalate concentrations between
the samples preserved with mercuric chloride at 12.5
mg/l and those with benzalkonium chloride at 30
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Fig. 2. Stability of carboxylic acids in fortified filter influent
preserved with 2 mg/1 benzalkonium chloride.
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Fig. 3. Stability of carboxylic acids in fortified filter influent
preserved with 10 mg/l benzalkonium chloride.
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Fig. 4. Stability of carboxylic acids in fortified filter influent
preserved with 30 mg/l benzalkonium chloride.
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Fig. 5. Stability of carboxylic acids in fortified filter influent
preserved with 50 mg/| benzalkonium chloride.

Fig. 6. Comparisons of acetate, formate and oxaate in sample
preserved with mercuric chloride and benzalkonium chloride.

mg/l. There were no apparent differences between
the data obtained from these two preservatives.

3.2, Quality assurance

3.2.1. Calibration curves

Small amounts of oxalate (about 10 ppb or less)
were often observed in the reagent water; therefore, a
blank was included in the daily analytical run so that
blank-adjusted area values of the standards could be
used to construct the calibration curve. The cali-
bration curves of the carboxylic acids were linear
over the range studied (20-500 pg/l). The regres-
sion coefficient of the calibration curve was usually
0.999 or better for all carboxylic acids.

3.2.2. Method detection limits (MDLs) and
minimum reporting limits (MRLs)

MDLs for the carboxylic acids were determined
by measuring the 20 pg/l standard seven times
under the same analytical conditions and were
caculated a a 95% confidence level based on
tripling the standard deviation (S.D.) vaue. The
analytical results are presented in Table 2. The
caculated MDLs were 2-6 g/l for the eight
carboxylic acids. Currently, the MRL is set to 15
pg/l for al eight acids as a result of detection of the
analytes in the blank. The MRL of 15 g/l for some
carboxylic acids is probably over-conservative.
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Table 2
Method detection limits (p.g/l)
Mean (n=7) S.D. 3XS.D.

Acetate 27.62 0.636 1.907
Propionate 21.60 0.910 2731
Formate 26.27 1.360 4.081
Pyruvate 21.17 0.519 1.567
Glyoxalate 20.57 0.988 2.965
Dichloroacetate 19.86 0.868 2.604
Oxalate 29.00 2.001 6.002
K etomalonate 18.33 1.029 3.086

3.3 ODP studies

3.3.1. Preiminary carboxylic acid results

Fig. 7 represents a typica chromatogram of an
ozone-treated filter influent sample. Fig. 8 represents
a chromatogram of a prechlorinated filter effluent
sample, which showed an additional peak of dich-
loroacetate. Preliminary results for the carboxylic
acids from the ODP ozone contactor, filter influent
and filter effluents are presented in Table 3. Data
were obtained from stabilized operating conditionsin
the ODP and hiologically active filter beds.

The carboxylic acid that was produced in the
largest amounts from the filter influent was oxalate
(at approximately 250 p.g/l1), followed by formate (at
approximately 150 wg/l), acetate (at approximately
60 wg/l), pyruvate (at approximately 30 ug/l),
glyoxaate (at approximately 20 pg/l) and both
propionate and ketomalonate at trace amounts near
the detection limit. The sum of all carboxylic acids
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Fig. 7. Chromatogram of filter influent.
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Fig. 8. Chromatogram of prechlorinated filter effluent.

on a carbon basis was approximately 150 w.g/l. Fig.
9 represents the distribution of the carboxylic acids
in percentages calculated on a carbon basis.

3.3.2. Removal of carboxylic acids through filter
media

In general, the average percent removal of the
three carboxylic acids (acetate, formate and oxalate)
from either type of hiologically active filter was
approximately 80%, whereas pyruvate removal was
nearly 60% (Table 4). These removal percentages
are based on comparisons of the filter effluent and
influent concentrations. Glyoxalate and ketomal onate
were not detected in the filter effluent in most cases,
and they appeared in smal amounts near the de-
tection limit in the filter influent; therefore, they were
not used in the evaluation of media remova ef-
ficiency.

4. Summary and conclusions

IC is an excellent tool for the quantitative and
qualitative determination of low-molecular-mass car-
boxylic acids such as acetate, propionate, formate,
pyruvate, glyoxalate, dichloroacetate, oxalate and
ketomalonate in water treated with ozone. This
method uses a straightforward procedure (AS11
analytical and guard columns, isocratic and gradient-
stage separation modes, and conductivity detection)
with direct injection and in-line H" cartridge sample
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Carboxylic acids (ug/l) from ozonated®/bicfiltered California state project water”

Ozone Filter GAC filter Anthracite filter
contractor influent effluent effluent
Acetate 63.6 58.6 11.8 14.4
Propionate 37 4.7
Formate 149.1 146.7 271 354
Pyruvate 222 295 131 115
Glyoxalate 26.6 211
Oxalate 210.3 250.5 52.0 55.8
K etomalonate 145 6.8

#Ozone dose=1.6 mg/I, pH=8.3.
® Sample preserved with benzalkonium chloride.

Percentages Calculated
from Carbon Values

Oxalate
46%

Glyoxalate
5%

Pyruvate
8%

Ketomalonate
1%

R

Acetate
16%

Formate

22%

Propionate
2%

Fig. 9. Distribution of carboxylic acids in filter influent.

pretreatment processes. The samples can be analyzed
without the use of a column-switching technique.
The separation and quantitation of acetate, prop-
ionate and formate, analyzed at very low-concen-
tration NaOH eluents (0.1-0.2 mM), can realistically
be accomplished on protonated samples with the help
of an H" cartridge. For calibration standards pre-
pared with ultrapure water, pretreatment of the H™

Table 4
Percent removal of carboxylic acids between filter influent and
effluent

Filter media Percent removal

Acetate Formate Pyruvate Oxalate
GAC no. 1 88.3 79.4 61.5 81.1
Anthracite 81.1 715 60.9 80.9
GAC no. 2 78.6 80.0 55.6 83.6
Average 82.7 77.0 59.3 81.9

cartridge is not necessary. Metropolitan's source
waters have hardness and alkalinity at levels as high
as 330 mg/l (CaCO,;) and 130 mg/l (CaCO,),
respectively; the pH of the source waters is common-
ly in the range of 8.00—8.60. The drawback of this
procedure is that glyoxalate and ketomalonate must
be run separately, without using an H™ cartridge,
because of the possibility of acid hydrolysis when
the samples pass through the H™ cartridge.

The preservation of samples with benzalkonium
chloride (at a minimum amount of 30 mg/l) in water
samples eliminated biodegradation and allowed sam-
ples to be stored for analysis for at least 30 days. For
enhanced protection, 50 mg/I of benzalkonium chlo-
ride in the sample is recommended. Another advan-
tage of using benzalkonium chloride as a preserva
tive instead of mercuric chloride is that pyruvate can
now be determined, with excellent recovery.

In addition, cleaning of the ATC-1 and the anion
self-regenerating suppressor (ASRS) before each
analytical run was necessary in order to acquire low
baseline conductivity output and high area values
during analysis. Frequent cleaning of the deionized
water device is highly desirable to cut down con-
tamination in background blank water.

The preliminary ODP data showed interesting
results, which were comparable to the earlier re-
ported pilot-plant results [5]. At an ozone dose of 1.6
mg/l, the ozone effluent samples of California state
project water produced carboxylic acids at approxi-
mately 150 wg C/l. The oxaate was the major
product of all carboxylic acids, accounting for ap-
proximately 50% of all carboxylic acids, followed by
formate at 25%, acetate at 15% and pyruvate at 8%.
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There was approximately an 80% reduction of the
acetate, formate and oxalate through the biologically
active filter, whereas the pyruvate reduction was
about 60%.
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