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Abstract

The Wickbold decomposition method in combination with differential potentiometric detection via fluoride ion-selective electrode has
been applied to analysis of total fluorine in biological matrices. The performance of the method has been evaluated for determination of total
fluorine in rat blood. Total mineralization of the biological sample is achieved by combustion of the sample in oxygen/hydrogen flame and
subsequent absorption of the resulting fluoride in aqueous absorption medium. The fluoride is then quantified by highly selective automated
differential static potentiometry with fluoride ion-selective electrode. Total fluorine determination has been evaluated in terms of sample
carryover, reproducibility, precision, as well as feasibility to routine analysis of alternative biological matrices. Our results indicate that, up
to 100 ppm fluorine in blood, the method does not suffer from sample carryover. Limits of quantitation of 0.5 ppm and limits of detection of
0.24 ppm fluorine in 0.5 g blood samples were achieved by elimination of inherent limitations of fluoride ion-selective electrode detection via
automated differential static potentiometric measurements. The Wickbold decomposition method was found to be suitable for routine total
fluorine determination in blood samples despite its relatively low throughput and high operator skill requirements.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction difficult, impractical or impossible. In addition, the possi-
bility of analyte biotransformation and metabolism further
There is increasing interest in the source and fate of flu- complicates the development of targeted analytical methods.
orinated organic compounds in the environmghjt Total For these reasons the determination of total fluorine is an in-
fluorine measurements are an essential part of the study ofdispensable part of studies that examine the environmental
the environmental and biological fate of fluorinated materi- and biological fate of fluorinated materials. In cases where
als. Commercial fluorine-containing products such as fluo- compound-specific analytical methods are available, total
rosurfactants and surface protection products are often com-fluorine determination may be a valuable tool for establish-
plex mixtures containing many fluorinated compounds, and ing fluorine mass balance in the system under investigation.
in many cases, different distributions of oligomeric or poly- Blood can contain two different forms of fluorirjg, 3].
meric compounds. The nature of these materials can makeThese forms referred to by various names, are represented
the development of compound-specific analytical methods by inorganic fluoride and organic (or covalently-bound) flu-
orine. Total fluorine represents the sum of inorganic fluoride
msponding author. Present address: NWT, Inc., Tandem Labs and organic fluorine. S - . .
1121 East 3900 South, Salt Lake City, UT 84124, USA. " Methods for the dgte_rmmatmn_ of fluoride ion Ievels. in
Tel.: +1 801 293 2357; faxi+1 801 313 6495. blood, serum, and similar materials have been described.
E-mail address: vladimir@nwtinc.com (V.Capka). Due to its high selectivity and sensitivity, methods using
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the fluoride ion-selective electrode are most commonly usedtration levels. The original Wickbold decomposition appara-

[4-6]. Other well-described methods include spectropho- tus was later modified by Sweetd@0] by adding a bypass

tometry[6], gas chromatography after derivatizati@n7,8] valve that allows continuous operation as well as modifying

and furnace molecular absorption spectromf&@fyMany of the cooling system for air cooling that allows higher miner-

these methods are used in combination with reverse extrac-alization temperatures than the previously used water-cooled

tion [10], analyte additior{11], or flow injection analysis  version.

[12]. To our knowledge, the Wickbold decomposition method
Methods for determination of total fluorine in blood and has been traditionally applied to analysis of total fluorine at

other biological materials have been extensively reviewed high concentrations, and its application to trace concentra-

by Venkateswarl13,14]. Most of the methods follow the tion levels in a biological matrix such as blood has not been

same general approach consisting of mineralization of fluo- previously described. This paper demonstrates that the mod-

rine present in the sample to fluoride ion followed by deter- ified original decomposition method first described by Wick-

mination of the fluoride ion. Determination of total fluorine bold for analysis of haloger[48,19]and later modified by

in biological samples has been demonstrated using sodiumSweetsef20] for continuous operation and increased min-

biphenyl reageni6,9], open ashindb], oxygen plasma ash-  eralization temperatures can be successfully applied to anal-

ing [4], oxygen bomb combustiofi7], and pyrohydroly- ysis of total fluorine in blood samples at low concentration

sis using a tube furnaci8]. Inherent in any open ashing levels when combined with fluoride ion determination via

technique is the possibility of analyte loss or contamination static differential potentiometry using fluoride ion-selective

from extraneous sources. These problems can be avoided irelectrode.

closed thermal decomposition systems if adequate temper-

ature is achieved for complete sample decomposition and

complete fluorine release from the sample. A very useful 2. Experimental

sodium biphenyl methoé,9] requires total extraction of flu-

orinated compounds into an inert solvent that does not react2.1. Apparatus and instrumentation

with sodium metal and back-extraction of fluoride into the

aqueous phase after the digestion with the sodium biphenyl The Wickbold decomposition apparatus was custom

reagent and before the fluoride measurement. made. The quartz and glass components of the system were
Determinations of inorganic fluoride and total fluorine in purchased from H.S. Martin, Inc., Vineland, NJ, USA. The
the same sample have also been demonstf{a{&]. parts that were subjected to high temperatures or high ther-

Instrumental techniques for the determination of total mal stress were made of quartz (a burner nozzle, a flame
fluorine such as nuclear magnetic resonance spectroscopghamber, an elbow connector, a hand-held flame probe, and
and X-ray fluorescence spectroscopy are generally suitablethe coil in a coil condenser). The material for the rest of
for high fluorine concentrations while others such as neu- the apparatus was borosilicate glass. Routine consumable
tron activation and negative ion mode inductively-coupled glassware (burner nozzle, quartz elbow, and quartz coil
plasma-mass spectrometf¥5] require equipment which  condenser) was later supplied by Pesce Lab Sales, Kennett
is not readily available. These approaches have not beenSquare, PA, USA. Hydrogen, oxygen, and propane gases
applied routinely to biological samples such as blood. were obtained from MG Industries, Malvern, PA, USA. Hy-

Complete recovery of fluorine is a challenge due to the drogen and propane were reagent grade purity and oxygen
high bond energy of the carbon—fluorine bond. The compar- was ultra high purity. Vacuum in the Wickbold apparatus
ison of the bond energy between BRg (127 kcal mot 1) was maintained via use of a Leybold Trifa® vacuum
[16] and H-GHs (100 kcal mot 1) [17] highlights the diffi- pump model D4B equipped with an AF 4-8 exhaust filter
culty involved in the quantitative recovery of fluorine from both from Leybold Vacuum, Export, PA, USA. Samples
a highly fluorinated material. Extremely vigorous condi- were combusted during the mineralization process using
tions are needed for quantitative mineralization of fluori- 7mL porcelain combustion boats from CoorsTek, Inc.,
nated compounds due to the exceptional strength of theGolden, CO, USA.
carbon-fluorine bond. Conventional combustion conditions Direct potentiometric determination of fluoride ion in
used for determination of carbon and hydrogen in typical or- samples mineralized by the Wickbold apparatus was done
ganic compounds are not adequate for total fluorine determi-using a Metrohm Titrino 751 titrator. Automation was pos-
nation. Sample decomposition in a Wickbold decomposition sible via a 16-position Metrohm Sample Handler Model
apparatus where the product of sample vaporization or pyrol- 760-16 connected with the Titrino 751 and controlled by a
ysis is swept through an oxy-hydrogen flame is an extremely Brinkmann Workcell 4.3 software. The Metrohm 760 sam-
efficient means of fluorine mineralization even for perfluo- ple changer was later replaced with 136-position Metrohm
rinated material§18—21]. The method was demonstrated to 748 DH Sample Changer due to increased demand on
be compound independgig] for fluorine-containing com-  post-mineralization analysis automation. All Metrohm
pounds and has been previously applied to the analysis ofequipment, as well as the Workcell software, were pur-
total fluorine in relatively “clean” matrices at high concen- chased from Brinkmann Instruments, Inc., Westbury, NY,
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USA. Fluoride potentiometric measurements were done 2.3.1. Mineralization process

with a combination fluoride ion-selective electrode (F-ISE)
model 9409BN from Thermo Orion, Beverly, MA, USA.

Decomposition of biological samples was done using the
apparatus schematically shownhig. 1 (Wickbold Torch,

The electrode was polished as needed using F-ISE polishingWT). The WT can be operated in two modes: a Sample

paper obtained from Beckman Coulter, Fullerton, CA, USA.
2.2. Chemicals and reagents

All standard stock solution preparation was done using
sodium fluoride, >99% purity from Aldrich, Milwaukee,
WI, USA. Sodium fluoride was dried to constant weight at
110°C in a laboratory oven prior to use. Sodium acetate
(NaAc) pH 5 buffer was prepared using 30% NaOH solution
(prepared from 50% NaOH solution from E. M. Science,
Gibbstown, NJ, USA) and glacial acetic acid from J.T. Baker,
Phillipsburg, NJ, USA. NaAc buffer is prepared by adding
460 mL of glacial acetic acid to 2800 mL of deionized water
and adjusting, the pH to 5.0 with 30% NaOH, and diluting
to 4 L with deionized water. All total fluorine method valida-

Collection Mode and a Sample Transition Mode.

The Sample Collection Mode is active during the sample
mineralization process. In this mode, three-way stopcock
valves S-2, S-3, and S-4 direct the flow of gases and com-
bustion products through the collection tower, which is filled
with a small amount of deionized water (S-1 closed). A0.5g
blood sample previously placed in the volatilization cham-
ber is combusted for 30 min. The combustion is initiated by
heating the volatilization chamber using a hand-held hydro-
gen/oxygen probe and then heated with a propane-fueled
Bunsen burner. All external heating is stopped 5 min before
the system is switched to the Sample Transition Mode.

The Sample Transition Mode becomes active during sys-
tem preparation for analysis of the next sample. In this mode
valve S-1 can be open or closed, the three-way valve S-2

tion was performed using pentadecafluorooctanoic acid am-directs the gases and combustion products to waste via a
monium salt (>98% purity, Fluka, Milwaukee, WI, USA) as small drain vessel that collects the water then synthesized
a sample source of covalently bound fluorine. Water used for from oxygen and hydrogen. The air vent valve S-4 is open
any task associated with total fluorine ana|y5i5 was gener-to atmosphere. The Sample collected in the collection tower
ated using a NANOpure Diamond UV Ultrapure Water sys- can be expelled to an appropriate vessel for subsequent anal-
tem purchased from Barnstead/Thermolyne, Dubuque, IA, Ysis by detaching joint J-2 and applying positive pressure
USA, with resistivity values not less than 18.0 M (typi- with nitrogen. The collection tower is then rinsed with water
cally 18.2 MQcm) resulting in water with less than 0.1 parts  (the rinses combined), and re-filled with 20 mL of water to
per billion (ppb) F. All samples for total fluorine deter- ~ serve as an absorption medium for the mineralization of the
mination validation were prepared and diluted on a weight next sample. In this mode, after detaching joint J-1 and re-
basis and contained 90% of the whole blood matrix and moving the mineralization boat, the volatilization chamber
10% of the spiked solution. Blood for sample preparation is flame-cleaned using a quartz hand-held hydrogen/oxygen
was obtained internally from mature Sprague—Dawley strain Probe. New sample is then inserted and the supply of sweep
rats. To minimize sample target fluorine concentration vari- 0xygen re-established. The system is switched to the Sam-
ation whenever possible, extra care was taken to ensure thaple Collection Mode by re-attaching the joint J-2, switching
blood for replicate validation analyses was from the same vValves S-3 and S-4 to the Collection Mode positions, open-
animal, and the Samp|es were prepared in bulk volumes toing valve S-1, re-directing valve S-2 to the Collection Mode
ensure spiked F concentration consistency within a series ofand, finally, closing valve S-1. The timing is started at this
replicates. Sample size in our study was 0.5g of spiked rat point. To switch from the Sample Collection Mode back to
blood. the Sample Transition Mode, the reverse of the above pro-
cedure is performed.

Before the apparatus startup, the system exhaust gas
flow rate has to be set to approximately 2100 mLndin
(1900-2400 mL min! depending on the characteristics of

The experimental procedure for a total fluorine determi- the individual mineralization apparatus) via use of valve

nation by the Wickbold decomposition method consists of S-6- The exhaust gas flow rate must be equivalent in the
two distinct steps: Sample Collection Mode, Sample Transition Mode, and the

momentary change-over mode when gases flow via valve

Total mineralization of the organic biological sample via S-1. This balance is critical for smooth operation of the

an oxy-hydrogen flame in a quartz/glass enclosed appa-apparatus and is achieved by careful adjustment of valves

ratus under reduced pressure and subsequent collectiors-1, S-5, and S-6.

of the resulting free inorganic fluoride {ff in a suitable To start the apparatus, a small flow of hydrogen is in-

absorption medium. troduced and ignited at the burner nozzle of the volatiliza-

. Determination of fluoride resulting from the mineraliza- tion chamber while it is detached from the rest of the
tion process by a suitable analytical technique. Auto- WT. Gas flows are established {H-4000 mL mint, O,
mated static differential direct potentiometry with F-ISE  ~3000 mL mirr%, cooling air 30 psi, 206.8 kPa), volatiliza-
was used in this case. tion chamber attached to flame chamber, sample inserted,

2.3. Experimental procedure for a typical
sample analysis

1.
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Fig. 1. Wickbold decomposition apparatus (Wickbold Torch, WT).

sweep Q adjusted to~900mLmirm! and the system  solution and the F-ISE potential of sample (which has a stan-
switched to the Sample Collection mode as described above dard addition of 20 ppb F). The standards used for the cal-
At the beginning of each analysis batch, the background ibration were 100, 50, and 30 ppb Kmeasured in that or-
fluorine level has to be established via measurement of ‘Sys-der). Each standard solution contained 5 mL of NaAc buffer
tem Blank’ (SB). The SB is measured identically to the sam- per 100 mL of solution. Solutions were measured from the
ple using an empty combustion boat. If the SB shows higher highest standard concentration to the lowest, followed by all
than typical day-to-day values, the SB has to be re-burnedsystem blanks (for a batch of measurements), followed by
until stable steady-state values are achieved. This providesall mineralized sample solutions. A buffered 20 ppb fef-
a stable background fluorine level in the system that will be erence solution was measured prior to every measurement of
subtracted from all the samples during that day’s measure-sample, SB, or standard. Measurement of every solution was
ments. taken at exactly 10 min after the electrode was equilibrated
under constant propeller stirring. Timing and stirring were
2.3.2. F~ determination in mineralized samples controlled electronically. After every solution measurement,
After mineralized sample is collected in the Sample Tran- the electrode was automatically washed using a buffered
sition mode, a 3mL standard addition of 1 ppm Btan- 10 ppb F solution. The F-ISE was polished weekly using
dard solution is added as well as 7.5mL of NaAc buffer. a polishing paper supplied by Beckman Coulter, Fullerton,
Then each sample is filled with water to a constant weight CA, USA. The electrode was stored in 20 ppb Feference

of 150.0 g, which makes the concentration of &dded by

standard addition exactly 20 ppb. This process is followed

for each sample and each SB. Quantitation ofWas done
via a calibration curve of diersus log[F], where dEs the

solution when not in use.

2.3.3. Safety considerations
The WT uses a hydrogen/oxygen B,) flame which

difference between the F-ISE potential of 20 ppb reference when operated improperly can result in dangerous explosive
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conditions. Extra caution must be exercised while lighting log concentration, wherg is the electrode potential) at con-
and extinguishing flames. The entire apparatus was locatedcentrations of approx. 800 ppb Fand less. The non-linearity
behind a closed safety glass shield which remained closedwas compensated by quantifying within a narrow range of
whenever possible during the operation. In addition, a hydro- calibration standards. The quantitation limits were decreased
gen electronic shut-off valve allowed immediate shutdown by utilizing differential potentiometric measurements. This
of hydrogen to the burner nozzle by a remote switch located was accomplished by adding 20 ppb & samples and sub-
outside of the apparatus area and within the immediate reachtracting potentials of 20 ppbFreference standards (mea-
of the operator. This valve also prevented hydrogen flow to sured immediately prior to each sample) from the potential
the burner nozzle during a power failure in order to avoid of the corresponding samples. The difference in potentials
pressurization of the apparatus due to loss of vacuum. In-corresponds to the potential due to 1 the original solu-
dividual emergency shut-off valves were also installed for tion. This difference was then used in calibration curves.
each gas line leading to the apparatus. These valves were Mineralized samples were simulated by preparing NaF
located outside of the apparatus area but within immediate solutions in water with a F content at levels expected in
reach of the operator, enabling the operator to shut down all biological blood samples. For a blood sample, an aliquot
gases without reaching into the potentially hazardous appa-would be weighed out, mineralized, collected at the end of
ratus area during a possible malfunction. the burning cycle, have standard Bnd NaAc buffer added,

It is important to stress the critical nature of the sequence and be brought to a constant weight (150.0 g) as described
of switching the stopcock valves when switching the appara- in Section 2. For evaluation of the F-ISE determination, the
tus from the Sample Collection mode to the Sample Transi- same aliquots of NaF solutions were weighed, transferred
tion mode and vice versa. Itis critical that valve S-1 is always to appropriate containers, and treated the same way as the
open when manipulating valve S-2. An incorrect switching mineralized solutions (addition of Fstandard, buffer, fill-
sequence can cause an imbalance between the system va@g to constant weight). These steps were necessary to ac-
uum and the high flow of gases through the system. This count for the variability contribution to the F-ISE analysis
may lead to violent back-firing of the sweep oxygen supply from all procedures performed with a blood sample, exclud-
attachment and meltdown of the burner nozzle. ing the actual mineralization. As can be seen figection 2,

The WT apparatus contains hot surfaces that can causehe mineralization process results in 300-fold dilution of the
severe burns. It is also important to ensure that the cooling original sample (sample size 0.5g, final weight after min-
air and water are always on whenever the flame is presenteralization 150 g). The differential measurement was nec-
to avoid overheating of the apparatus. essary in order to improve the quantitation limits since the

Before total F determination by WT was started in our 20ppb F-ISE quantitation limit would only correspond to
laboratory, we conducted an extensive hazard review. Thisthe total F in a 0.5 g sample at 6 ppm concentration level, and
process was specific to our laboratory and resulted in theanalysis of samples with lower concentration was required.
safety measures mentioned above. Due to substantial differ- The potentiometric method forFdetermination in min-
ences between many laboratory facilities, additional precau- eralized sample solutions was evaluated in terms of its accu-
tionary measures might be necessary. Therefore, readers areacy and precision as indicated by relative errors and stan-
strongly encouraged to conduct their own facility-specific dard deviations of replicate measurements at different initial
hazard assessments when trying to set up a total F analy-sample concentrations. The results are presentédbite 1.
sis based on the description in this paper. The discussionAs indicated by these results, the accuracy and precision of
above can serve as a valuable source of ideas when trying tdhe method can be improved approximately two-fold when
do so. more accurate, volumetric glassware is employed for solu-

tion preparation and volume transfers during the analysis.
The accuracy and precision of the technique did not im-

3. Results and discussion prove when higher F concentrations were analyzed as in-
dicated by the standard deviation and %CV values for the

3.1. Determination of F~ in the mineralized samples by analysis of 100 ppm simulated samples. This is due to the

F-1SE fact that the F concentrations in the final simulated WT

solutions resulting form 100 ppm samples had to be diluted
Evaluation of total fluorine determination by WT with di- 20x to the calibration curve range.

rect potentiometric detection was accomplished in two steps. The 100 ppm series of measurements as showalite 1
In order to understand the extent of experimental and in- originally contained one significant outlier. This resulted
strumental variability of the F-ISE measurements, the F from the electrode resting in water (e.g. during, load-
determination in simulated mineralized samples was evalu-ing/unloading the sample changer) for an extended period
ated first. Limitations of any F-ISE potentiometric method of time (more than 30s). A similar effect was observed
come from the limitations of the F-ISE itself: (a) 20ppb F  multiple times during our method development. It occurs
limit of quantitation as specified by electrode manufactur- when the electrode entering the next sample solution (af-
ers, and (b) non-linearity of the electrode responseg(fsus ter resting in water) is polarized to very high potentials.
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Table 1

Precision and accuracy determination of the differential potentiometric determination iof $imulated mineralized solutions for total F determination

Actual F~ Operator # Operator P

concentration (ppm) Determined F Relative error (%) Determined F Relative
concentration (ppm) concentration (ppm) error (%)

1.0 (n=10) 0.98 + 0.09 (+9.64%) 72+ 6.0

5.0 (n=10) 5.31+ 0.18 (£3.47%) 6.1+ 3.7 4.92+ 0.09 (+1.87%) 22+038

100 (n= 10) 105 + 3.86 (+3.66%) 54+ 29 104 + 4.9C° (+4.73%) 55+ 2.0

8 Graduated glassware used for volume transfers and solution preparation.
b Class A volumetric glassware used for volume transfers and solution preparation.
Cc

n=09.

Consequently, the 10 min equilibration time was not suffi- and the standard angt is the standard concentration. Our
cient for that solution. In order to minimize this effect, a criterion for the working electrode was based on the devia-
10 ppb F solution was used as a wash solution in the auto- tion of the actual calibration curve slope from the theoret-
mated measurements, and 20 ppb solution was used for thécal one. The working electrode response slope should not
electrode storage. We found that the manufacturer’s recom-deviate more than five units from the theoretical electrode
mended storage conditions would significantly compromise response slope as defined by the Nernst equation at actual
the electrode performance at near-the-limit-of-quantitation room temperature. If all associated solutions were prepared
concentration levels. The manufacturer-recommended stor-properly, the value of 10"/, whereb is the calibration
age conditions were intended for electrode use in the linearcurve intercept, and is the calibration curve slope, should
portion of its response (above 800 ppb)F equal 0.02, because each point of the calibration curve is
A similar effect was observed for the 20 ppb reference the potential difference between 20 ppb reference and the
measurement measured right after 100 ppb standard. Aactual standard. This value was closely monitored, and, in
100 ppb standard (highest concentration standard) produce®rder to proceed with the analysis and assure day-to-day
relatively low electrode potentials compared to the rest of the result reproducibility, it had to be within 4% of the previous
standards and samples. Therefore, the next solution mightday’s value. If one of the aforementioned criteria failed, it
require a slightly longer equilibration time. It is critical for was an indication of changing electrode integrity or inaccu-
total F analysis that the 20 ppb reference corresponding toracy in the solution preparation. In such cases, the electrode
the system blank for a sample set is not influenced by this needed to be polished, because the accumulated deposits on
effect because all the results for that sample set depend orits surface had an adverse effect on its response time.
the value and accuracy of the measurement of the system Calculations of total F in the original sample before
blank (and its 20 ppb reference solution). To avoid this sit- the mineralization process were performed udshgs. (1)
uation, the standards should be measured in a descendingnd (2),
order, that is 20, 100, 20, 50, and 20, 30 ppb (where the (D x 109E-D/a _ 0.02) x Wg — BL

20 ppb samples were reference solutions measured before = (1)
each standard, s&ection 2). When standards are measured Wt
in this order, it is the 20 ppb reference corresponding to the g; _ (109EB—B)/a _ 0.02) x Wigp-py )

50 ppb standard which will be slightly affected and not the

system blank reference. The effect on the 50 ppb measurewherecr is the total F concentration in the original sam-
ment is minimized by means of linear regression performed ple (in ppm), dEis the potential difference between 20 ppb
on all three standards. This is also supported by the factreference standard and a sample (in mV)y dE the po-
that the correlation coefficients of our calibration curves tential difference between 20 ppb reference standard and a
from multiple days were higher than 0.999 (typically values system blank measurement (in mV), sWtand Wiin-p is
higher than 0.9999 were observed). Minimizing the effects the final weight of the sample and the system blank solution
described above is critical for the total F measurements atafter filling to the constant weight after the mineralization
low concentration levels (less than 5ppm) since the poten-process (typically 150.0 g is the dilution factor of the fi-

tial differences (20 ppb versus the sample, system blank, nal solution after the mineralization process but before the
etc.) of less than 2mV need to be measured accurately andF-ISE measurement (2 1), BL is the total F contribution
reproducibly. For this reason, the electrode was polished from the system blank measurement (ig), a is the cali-
weekly, when new, and after extended periods of storage.bration curve intercept, artlis the calibration curve slope.
Electrode-to-electrode variability of new electrodes was so The system blank measurement used in the calculation is
great that they had to be polished prior to initial use. A good reported on an absolute weight basis (ig of F~) rather
indicator of the electrode functionality is the evaluation of than as a concentration (in ppm) due to inapplicability of
the slope of the calibration curve of dférsus logr, where  sample weight during the system blank measurement. Con-
dE is the potential difference between the 20 ppb reference sequently, the concentration term would be inapplicable.
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Table 2

Evaluation of determination of Fduring extended, 24 h automated analysis

Actual F~ concentration (ppm) Determined F concentration (ppm) Relative error (%) 20 ppb F, E(1)-E(60) (mV)
1.0 (n=60) 0.91 + 0.03 (+3.35%) 9.0+ 3.1 1.3

20 (n = 60) 19.7 &+ 0.17 (+0.88%) 1.7+ 09 1.3

As clearly indicated by the above discussion, one has to was conducted in parallel by two independent operators per-
sacrifice sample throughput in order to achieve the best pos-forming the mineralization step in parallel and the analysis
sible accuracy and detection limits. Sample throughput lim- of the resulting samples using one automated potentiometric
itations were overcome by performing the mineralization analyzer as described earlier. The WT mineralization pro-
process in parallel by two independent operators each usingcess (described iBection 2) is a crucial step in the entire
their own WT apparatus. Due to the throughput limitations analysis and involves a number of manual steps and settings
of the potentiometric measurement, determination ofirr that are unique for each individual WT apparatus due to
mineralized samples was the rate-limiting step in our entire slight differences in their configuration and flow character-
analytical process. For these reasons, a 136-position sampléstics. Therefore, the evaluation of the technology was con-
changer was also evaluated for increased sample throughputducted individually for each operator and the corresponding
The evaluation was done in a similar manner as describedapparatus.
above. F determination in simulated mineralized solutions  The entire total F validation was done using pentade-
was conducted at 20 and 1 ppm concentration levels in thecafluorooctanoic acid ammonium salt (>98% pure) that was
original samples, which corresponds to 66.7 and 3.3 ppb F spiked into blank rat blood at appropriate concentrations.
in the mineralized solutions, respectively. Results are sum- Samples were then analyzed and the resulting data inter-
marized inTable 2. These samples were each analyzed 60preted for assessment of the method carryover, accuracy, and
times to evaluate instrument stability as well as the influ- precision. The compound contains all organically bound, co-
ence of sample evaporation on the analytical results duringvalent F to demonstrate that the mineralization process can
the time course of the analysis sequence. Due to extendedeadily and quantitatively disrupt strong C—F bonds. The
sequence run times, solution evaporation during the unat-compound was also selected for is high aqueous solubility,
tended operation was of a great concern. It can be seen froncommercial availability with a reasonable purity, and ease
Table 2that the potential of 20 ppbFreference standard of handling. All blood samples were spiked with an aqueous
decreased by 1.3mV from sample 1 to sample 60. This is solution of pentadecafluorooctanoic acid ammonium salt on
the indication that the solution evaporation is indeed taking a weight/weight basis. All spiked blood samples contained
place to a significant degree, however the same is true for90% blood matrix and 10% water from the standard solution.
sample solutions thus making the potential difference con- The extent of possible carryover during the sample min-
stant. Therefore, the 24 h sequence duration did not compro-eralization process was studied by comparing the absolute
mise the accuracy and precision of the method. An attemptfluorine mass yield from the system blank experiments that
was made to increase the sample throughput by measuringvere measured right after samples with increasing total flu-
the 20 ppb reference standard just once and using the resultorine concentrations. The resulting fluorine amounts were
ing electrode potential as a reference for all other samplescompared to the system blank that was established during
in a sequence of measurements. However, as can be clearlyhe routine system startup (as describe@®éaction 2). Re-
seen from the above discussion arable 2, this approach  sults from these experiments are summarizethiple 3. As
would result in approximately 1.3 mV electrode potential er- can be seen in this table, a slight increase in the background
ror over the 24 h sequence. This would in turn result in a fluorine was observed. However, we believe that the extent
gradual drift in measured concentration up to approximately of this increase is not significant enough to impact 0.5¢g
50% of the concentration value at 1 ppm total F. samples up to the concentration of 100 ppm F.

To maximize sample throughput, the total F determina-  Asindicated by results from replicate analyses of rat blood
tion in rat blood by the Wickbold decomposition method samples summarized ifable 4, the results obtained by both

Table 3
Evaluation of carryover of Wickbold mineralization process for rat blood samples
Actual F concentration (ppm) Determined F concentration (ppm) Relative error (%) System blank F conteniuf)
System blank 1 0.750
25.42 23.64 -7.0
System blank 2 0.769
101.36 96.04 -5.2

System blank 3 0.879
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Table 4

Accuracy and precision evaluation for the determination of total F in rat blood, with 0.5g sample size

Operator | Operator Il

Actual concentration Measured concentration Relative error Actual concentration Measured concentration Relative error

(ppm) (ppm) (%) (ppm) (ppm) (%)

235 (n=23) 22.5+ 0.87 (+3.86%) 4.3+ 3.7 25.6 (n= 3) 26.1+ 1.07 (+4.11%) 3.4+ 25

5.02 (n=5)? 4.92 + 0.09 (+1.88%) 2.9+ 1.7 4,96 (n=15) 4.86+ 0.08 (+1.59%) 214+ 1.5
1.01 (n=8)° 0.99 + 0.08 (£8.20%) 7.1+ 3.4
0.52 (n=15) 0.46 + 0.06 (+12.04%) 12+ 11

a Samples analyzed over 4-day period.
b Samples analyzed over 2-day period.

Table 5

Accuracy and precision evaluation for the determination of total F in rat blood at low concentrations for Operator I, with 0.5g sample size
Average actual Average measured Standard F content corrected for Relative
concentration (ppm) concentration (ppm) deviation (ppm) background (ppm) error (%)
Blank (n= 13} 0.24 0.099

1.03 (h=27P 1.18 0.069 0.94 -8.9
0.52 (n=9)? 0.70 0.061 0.46 -11.3

@ Samples analyzed over 5-day period.
b Samples analyzed over 10-day period.

operators at high concentration levels (5ppm and higher) blank blood of these samples already contained some back-
are relatively equivalent in terms of their accuracy and pre- ground level of F. If this is true and the operator performed
cision. At low total F blood concentrations (<5 ppm F), the the analysis in a consistent manner, standard deviations of
situation was different. The data at the concentrations belowthese measurements should be ideally the same. Indeed, the
5ppm F for Operator Il are also included Table 4. It is values of standard deviations of the replicate measurements
interesting to note that better reproducibility and accuracy for these levels are equivalent as indicatedTayple 5. In

were achieved at 4.96 ppm than at 25.6 ppm. This may beorder to evaluate the background F level for these samples,
because the 4.96 ppm samples were analyzed at a later timdlank blood samples were analyzed using the same blood
and the operator had the opportunity to gain more experiencethat was used to prepare these samples. As seen from the
with the combustion method in general. This would suggest results shown in this table, the blank blood contained on
that the operator technique while operating the mineraliza- average about 0.24 ppm F. The reproducibility of this mea-
tion apparatus is one of the important factors influencing the surement is not as great as for the other results shown, be-
accuracy and reproducibility of the method. The operator cause these results are very close to the method limit of de-
dependency may be explained by the fact that the operatordection (LOD, se€Table 6). As shown ifTable 5, after the
have great ability to control the rate of the initial combus-

tion and transport of initial combustion products from the Table6 o o o _

burner nozzle to the flame chamber for final combustion. Determination of limit of quantitation and limit of detection of total F

. . determination in rat blood (0.5g sample size)

These processes are associated with the degree of external
heating relative to linear velocity of the sweep oxygen and Average actual  Average standard
burner nozzle gases during the initial sample combustion. It concentration  deviation of

- . . m determination m
has been previously reported that the mineralization recov- (ppm) (ppm)
. Operator | Blank (n = 13) 0.099
eries are greatly dependent on rate of transfer of sample to 0.52 (n=9) 0061
the flame for combustiof22]. Since each apparatus has its 1.03 (n=27) 0.069
unique operating parameters and gas flow characteristics, the 5.02 (n=5) 0.093
above discussion would suggest that at low concentration pyerage 0.081
levels these validation data should be linked to a specific op-
. - . . LOD (3x average S.D.) 0.24
erator using a specific mineralization apparatus. Data from LOQ (6 average S.D.) 0.49
these experiments was generated using the same apparatus
. Operator I 0.52 (n=5) 0.055
that Operator | used to generate the result$ahle 4. The 101 (n=8) 0.085

resulting data are summarizedTable 5. Upon careful ex- 4.96 (n=5) 0.077
amination of the average measured concentration values, itAVerage 0.072
can be seen that the results are approximately 0.2 ppm higher '
than the targeted concentration of F spiked into the samples LOD (3x average S.D.) 0.22
The constant nature of this systematic error suggests that the©Q © x average S.D) 0.43
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correction of the applicable results for the background F in 350 -
blank blood, the results show acceptable accuracy. The de-

termined blank blood concentration was deemed to be due  30.0 -
to background F since the average blank value was at the ¢
LOD of the method (Table 6). It should be mentioned, how- & 250
ever, that the stated value is only an estimate because the §

value was under the limit of quantitation (LOQ). It is realis- § 2001

tic to expect some background level of F in blank rat blood g

because of the F content in their diet. The F-ISE method § 597

described in this paper was used to determine the concen-%

tration of ionizable inorganic Fin the water that is gener- o 1007

ally given to rats in our animal facility. The water contained 50

0.9 ppm F . In addition, the standard rodent diet also con-

tains F in the range of 8-15 ppm (data supplied by Purina 00 . . . . . .
Mills, diet supplier). Because of the great variation of the 0 10 20 30 40 50 60
F content in this diet, not all blood will contain the same Exposure Time (days)

background F concentration. The blood used by Operator |

for blank, 0.5 and 1 ppm levels was from the same batch of Fig. 2. Time-profile of total F concentration in rat blood from laboratory
animals T animals dosed with a complex mixture of fluorinated compounds over a

. ) 49-day exposure period at two dose levels (500 and 2000 my kgr
Assuming that the total F results produced by the Wick- gay). Each time-point represents concentration measured in five laboratory

bold decomposition method described in this paper with animals.

combination with F-ISE F determination behave statisti-

cally as normal distribution, the LOD and LOQ can be es- . i i i ) .
timated from the standard deviation of replicate measure- Solution and/or increasing the sample size being mineral-
ments of concentration levels close to the LOQ. LOD was 12€d- According to our experiments to date, the sample size
estimated as 3xhe average standard deviation at low F INcrease is a more viable option for matrices with very low
concentration levels. LOQ was established taking into ac- SClid content (such as water, serum). On the other hand, the
count the accuracy needed for the majority of applications Method performance might be improved for matrices with

for which this method was intended in our laboratory. LOQ Nigher solids contents (animal organs), which in turn yield
was estimated as 6x the average standard deviation at low F More controllable burning process.

concentration levels. LOD and LOQ data for total F deter- 1 he method as described in this paper has been success-
mination in blood by both operators are showrTable 6. fully used in toxicological support of various studies with
As indicated by the data, both operators achieved approxi-& number of fluorinated compoundsig. 2 demonstrates
mately equivalent LOD (0.24 ppm) and LOQ (0.5 ppm). Fur- the usefulnes; of the met'hod when it was used in support
thermore, these results, along with the results presented in®f @ toxicological study with a complex mixture of fluori-
Tables 4 and 5, indicate that both operators achieved approx1atéd compounds where the development and application
imately equivalent accuracy and precision, indicating that ©f compound-specific methods was impossible due to com-
the operators performed the analysis in an equivalent man-Plexity pf the mixture and the sam_ple matrix relative to the
ner. Although these data might be equivalent, the data areProperties of the compounds studied. The complex mixture
not inter-exchangeable nor applicable to other matrices. As ©f fluorinated compounds was dosed to laboratory animals

a result, one should apply these validation data to other than®Ver @ period of 49 days at 500 and 2000 mgkger day.
blood matrices only with great caution, since these matri- Total F concentrations in rat blood as functions of the expo-

ces might require adjustment in the burning technique due SUre time for the two dose levels are showrFig. 2. Each
to their different matrix composition. time-point represents the concentration measured in five dif-

It is clear from the discussion above. that the Wick- ferentanimals. The figure demonstrates that the time-profiles

bold decomposition method as described in this paper is _of total F_in rat blood for the two dose levels could be_: read-
operator-dependent, allows for low throughput, and is very |I_y established and 'Fhe ste_ady-state blood concentrations and
skill and experience intensive. All these attributes might times could be easily estimated.

be considered method disadvantages; however, when we

tried to compare the methodology to other publisf&d,9]

or commercially available techniques, we were unable to 4. Conclusions

reach acceptable accuracy, precision, and detection limits

for the complicated biological matrices required for our  Determination of total F by the Wickbold decomposition
applications. Improvement of detection limits of the current method with F-ISE differential potentiometric detection has
methodology as described here may be further achieved bybeen evaluated for rat blood samples in terms of its ana-
decreasing the final collection volume of the mineralized lytical performance. For maximum sensitivity, differential
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