Imernational Journal of

)

Mass Spectrometry

¥y

ELSEVIER International Journal of Mass Spectrometry 197 (2000) 131-137

Preparation of two synthetic isotope mixtures for the calibration
of isotope amount ratio measurements of sulfur

T. Ding?, S. Valkier®*, H. Kipphardf, C. Quetel, P. De Biare®, P.D.P. Taylo",
R. Gonfiantinf

Anstitute of Mineral Deposits, CAGS, Beijing 100037, People’s Republic of China
PInstitute for Reference Materials and Measurements, EC-JRC, B-2440 Geel, Belgium
CIstituto di Geocronologia e Geochimica Isotopica del CNR, 1-56127 Ghezzano, Pisa, Italy

Received 27 July 1999; accepted 28 September 1999

Abstract

Two synthetic isotope mixtures for the calibration of sulfur isotope amount ratio measurements were gravimetrically
prepared from high purity Ags materials enriched itfS, 23S, and®'S. The mixtures were made so as to closely resemble the
(natural) isotopic composition of the materials to be “calibrated”. This allowed a totally independent evaluation, on the same
samples, of the relative combined uncertainty of: (a) the procedure to perform direct measurements of the amount of substan
ratios of gas isotopes in the redetermination of the Avogadro constant and (b) the gravimetric preparation procedure. The resi
of both procedures, mass spectrometry and gravimetry, agree to a relative uncertainty ¥ 3 for sulfur amount ratio
measurements of the major abundant isotopes. Thus it seems that a direct measurement of isotopic gas mixtures (e.g. of nat
isotopic composition) is now possible for sulfur—and probably also for other gaseous isotopes—without necessarily having
to rely on “calibration” by means of values provided by measurements of gravimetrically prepared isotope mixtures. However
synthetic mixtures may be needed for validation and verification purposes, in particular for quality assurance. (Int J Mas:
Spectrom 197 (2000) 131-137) © 2000 Elsevier Science B.V.
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1. Introduction Sulfur isotope ratio studies have been concerned
with such problems as isotope fractionation [3] in the
Sulfur isotope geochemistry has been a particularly biological sulfur cycle, the sulfur-bearing gases of
rewarding field of investigation because of the relatively volcanoes, the isotopic composition of present-day
large percentage mass difference between the two prin-and ancient oceans, isotope distribution patterns in
cipal isotopes, the variety of chemical forms of sulfur, recent and ancient sediments and in coal and petro-
and their widespread occurrences in earth’s lithosphere,leum, the evolution of early life, and modes of
hydrosphere, and atmosphere. Sulfur isotope geo-formation and depositional histories of sulfide miner-
chemistry studies began in the late 1940s [1,2]. als.
Mass spectrometric techniques used for sulfur
isotope amount measurements make the determina-
* Corresponding author. E-mail: staf.valkiers@ping.be tion of differences in3'SP?S ratio samples more
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precise than the determination of the absolute valuesafter more than 30 years, the CDT material is
of the ratios for their sample [4]. Using approximately virtually exhausted and no longer available for
1 mg of sulfur, as sulfur dioxide, it is possible to distribution to laboratories. To establish continuity
compare samples with a precision on the order of of sulfur isotope measurements, the advisory group
0.1%o [5,6]. By means of inductively coupled plasma of |AEA on reference materials for stable isotope
double focusing sector field mass spectrometry (ICP- measurements [11], proposed a V-CDT scale, de-
SMS) sulfur isotope ratios could be determined at fined by a new reference material IAEA-S-1. The
concentration levels down to 1 ng gwith precisions  |ink between IAEA-S-1 and V-CDT,5(3%S) =

better than 0.1% [7,8], where as with quadrupole _g 3+ gy, was obtained by evaluating differen-
ICP-MS sulfur isotope ratios are difficult to determine tial measurement results from 15 laboratories all

due to interfering @ and NO™ molecular ions of high over the world [11]. This proposal was accepted by

. . . . 3
signal intensity at_ .lsotope?S and™'s [9]. ) CAWIA in 1995 [12]. From that point in time it is
The use of troilite from the Canyon Diablo mete- recommended that als measurements of sulfur

orite ((?DT) as a standard makes mterlaborgtory isotopic composition be reported vs. V-CDT be
comparison [10] of results much easier than if a

reported, i.e. in conventional notation
number of personal standards are used. However,

8('Shy-cor(%o) = {[N('S)/N(S)]sampid[N('S)/N(S)]y.cor — 1} X 10° (wherei = 33, 34, and 36, anf= 32)

To be independent of the consensus values for the Measurements of the isotope amount ratios of the
link between IAEA-S-1 and V-CDT, calibrated “ab- synthetic mixtures using the “Avogadro measurement
solute” measurements of tha(*3S)n(*?S) and procedure” [14,15] yielded independent values.
n(34S)/n(32S) ratios are needed. Those measurements
are traditionally called “absolute”, when a precise
comparison is made with two or more gravimetrically 2. Experimental
prepared synthetic isotope mixtures (in modern CCQM
language: using gravimetry as a “primary method of 2.1. The sulfur synthetic isotope mixtures
measurements”). Such values would also “anchor” the
(floating) & scale for sulfur isotopic measurements. Since elemental sulfur has four stable isotoJés:

Preliminary work on the calibration of the (94.93%), *S (0.76%), *'S (4.26%), and *S
n(32S)n(3*S) amount ratio of IAEA-S-1 and V-CDT (<0.015% abundant), it is essential to have at least

was done previously by Ding et al. [13] using syn- WO materials enriched in different sulfur isotopes.
thetic isotope mixtures. The absolut¢32S)/n(34S) However, we decided to make mixtures of three
amount of V-CDT obtained in their study was 22.649 isotopes in order to reduce the uncertainty on the
6(60), much higher than the assigned ratio of 22.22 for Meéasurement result$°S was not added because it
CDT [10]. Since this big change would influence the Was too expensive. These materials are only available
isotopic composition of the internationally agreed sulfur i rather small amounts in the form of elemental
standard by relatively 2%, an independent measurementSulfur. The elemental sulfur was converted to,8g

is needed for verification. Moreover, tmg*2S)h(33S) and then measured for chemical purity.

isotope amount ratio for the new conventional reference

sample IAEA-S-1 has not been calibrated and therefore 2.2. The preparation of AG

does not have an absolute basis. New synthetic

isotope mixtures were gravimetrically prepared from The material enriched itfS and®**S was converted
high purity Ag,S materials enriched if?S, *3S, and  via H,S to Ag,S [16] (Table 1) The reduction of S to
343, The AgS mixtures were converted into SF  H,S was performed by means of the reagent “KIBA”
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Table 1 Table 2
Specific experimental conditions for the preparation of3g Impurities (by ICP-MS: type VG Elemental P@2 Cheshire,
from the starting materials England) in the isotopically enriched 48§ materials used in the
preparation of the mixtures. The uncertainties are given in
M(AG:S)g Vil VoIl Vy/L m(SnCh)g V(H;PO,)L brackets and apply to the last two digits.= ku.(k = 2)
325 7.59 4 2 2 300 2 : a2 33 s
| t / Ag,>S Ag,>°S Ag,*'s
%435 0,952 2 1 1 200 1 mpurity (+9/g) e g2 g2
333 0.324 025 05 05 34 0.15 Mg 2.9(1.1) 2.6 (1.0) 2.4(0.9)
(as BaSQ) Al 4.1(2.1) 3.9(2.0) 3.9 (2.0)
Ti 2.1(0.8) 2.1(0.8) 2.2(0.8)
cr 0.34 (13) 0.34 (13) 0.30 (12)
. . Ni 4.5 (1.8) 4.6 (1.9) 4.1(1.7)
(SnClL, + H3PQ,) at boiling tempera.ture in glassware Cu 0.22 (08) 1.08 (40) 0.41 (10)
(V1). The H,S produced was carried by argon (30 zn 27 (10) 1.7 (0.7) 21.7 (8.6)
mL/min) through two washing bottlesv{ and V) As 0.87(39) 30(12 56(2.2)
- : i : Zr 0.65 (26) 1.5(0.6) 1.0(0.4)
filled .W-Ith de-ionized wgter, into a glass beaker 0.43 (17) 0.45 (19) 0.43 (19)
containing a AgNQ solution (3% w/w) in order to Ir 0.43 (17) 0.68 (21) 0.66 (22)
precipitate AgS. Due to sublimation some of the Hg 1.0 (0.4) 0.87 (40) 1.1(0.4)

sulfur was not completely converted. After complete

precipitation of AgS, the supernatant liquid was

decanted. Warm NEOH solution was added to dis through filter paper No. 587 and the precipitate
solve AgCl. Hot sub-boiling distilled water was washed ten times with sub-boiling distilled water. The
added, and the solution was shaken to resettle thefilter paper with BaSQ was put into a platinum
Ag,S precipitate. Then the solution was decanted. crucible and ashed in a Muffle furnace, where the
This procedure was repeated 12 times in order to {emperature was raised to 800 °C to remove all
remove as many Cland NG; ions as possible. AG organic material. The yield of BaSQvas 98+ 1%.

was transferred to a 50 mL beaker and dried in a  The chemical impurities were measured for all
vacuum oven at 70 °C. three materials. Results are listed in Table 2. Nonmet-

In order to reduce the loss 6fS material due to ~ &lS such as CI, O, and N have not been analyzed.
sublimation, it was first converted to BaSOrhere However, this is only of minor importance because
fore 49 mg of*3S was placed into a 400 mL beaker. the calculation of the isotope amount ratios of the
A small amount of sub-boiling distilled water was synthetic mixtures are only affected by the ratio of the
added, followed by the addition of concentrated impurities of the different starting materials. Because
HNO,. The beaker was heated gently on a water bath all three materials are processed in the same way and
and B, solution was added dropwise until all sulfur have the same chemical history, which means that
had disappeared. Heating was continued to remove their impurities are correlated, the absolute chemical
the excess Brand HNO,. When the volume of purity is not needed. However the uncertainty of the
solution was reduced so that mainly$0, remained, impurity statement has a small but significant influ-
5 mL of HCI were added three times to remove traces €NCc€ on the mixing ratio.
of HNO;. Sub-boiling distilled water was then added
to bring the volume of the solution up to 50 mL, 2.3. The preparation of synthetic sulfur isotope
before it was filtered through filter paper No. 587, mixtures
then washed with sub-boiling distilled water to bring
the volume up to 300 mL. The pH of the solution was The sulfur isotopic composition (Table 3) calcu-
adjusted to 6, and the solution boiled in a glass beaker. lated from the first measurements of the isotope
A boiling solution of 10% BaCJ (30 mol% in excess  amount ratios of the starting materials with larger
as required by K50, present) was added. Boiling uncertainty, enables us to estimate the mass ratios of
was continued for 45 min. The solution was filtered the different AgS precursor compounds required to
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Table 3
The mass abundancgsof Ag,®2S, Ag,>S, Ag,>*S, and Ag>®S (in %) in the different AgS starting materials. The combined
uncertainties are given in brackets and apply to the last two digits

Material 9(Ag,*>S)/% 9(Ag,>*S)/% 9(Ag,3*S)/% 9(Ag,%S)/%
Ag,*%S 99.906 40 (18) 0.049 66 (14) 0.043 505 (81) 0.000 435 (79)
Ag,*s 4,514 36 (17) 95.058 01 (22) 0.426 52 (11) 0.001 105 (34)
Ag,S 3.479 24 (14) 0.044 095 4 (70) 96.474 82 (23) 0.001 85 (19)

bracket the natural isotopic amount ratios. Two syn-  The amount of AgS used in each fluorination was
thetic isotope mixtures, M-1 and M-2, were prepared 20 umol. Ag,S was weighed in a small box made
by mixing Ag, %S, Ag, 3S, and Ag **S (according  from Al foil, then placed in a nickel reaction vessel
to Tables 4 and 5). M-1 closely resembles the natural and brought under vacuum. Bypurified by a tenfold
sulfur isotope ratios. Because insufficietlS was distillation was condensed into the reaction vessel by
available, the ratio ofi(*3*S)/n(®2S) in M-2 was much  freezing with liquid nitrogen. Then the reaction vessel
lower than in natural sulfur. was heated to 32@& 20 °C for about 14 h. After
Prior to weighing the precursor compounds were completion of the reaction, SFgas produced was
heatel 2 h at 70 °C in avacuum oven, and then separated by twofold fractional distillation (liquid
allowed to cool in a desiccator at room temperature. nitrogen and dry-ice/acetone), followed by fine puri-
The weighings were done at the IRMM Mass Metrol- fication using via gas chromatography. Based on the
ogy Laboratory. A Mettler electronic single plate experience described in [13,17] a gas chromatograph
balance was used for weighing. Standard weights from Interscience type 800687 with a 2 mlong and
were used for checking the accuracy of the balance. 6 mm diameter column packed with Poropack A
Substitution weighing was used for measuring the (80—100 mesh) was used. No indication for cross-
mass of the samples. Immediately after the weighing, contamination was found if processing one sample
the enriched isotope samples were put together andjust for conditioning. For every material 4 2 sam-
the materials isotopically homogenized by converting ples have been converted and no significant differ-
them to BaSQ[13,17] and then back to A& [16]. ences between the individual samples have been
found.

2.4. The preparation of SF
2.5. The “Avogadro Il measurement procedure”

Subsamples of all A materials were converted

to SK; by reacting them with Brf in vacuum at All sulfur isotope amount ratio measurements were
320 = 20 °C which is described in detail in [17]: performed using the “Avogadro Il amount compara-
tor” and the “Avogadro Il measurement procedure”
Ag,S + BrFs = 2 AgF + 4 BrF; + Sk [15,18,19]. The instrument was built by Finnigan
MAT as “MAT 271" and further developed at IRMM
Table 4 for the purpose of making high accuracy isotope ratio
The masses of different Ag,S starting materials used for the measurements on Sjin order to deliver improved

prepgratio_n of the isotope mixtures. The con_1b_ined uncertainties values for the molar mass of silicon in the framework
are given in brackets and apply to the last digit . .
of the redetermination of the Avogadro constant [14].

M-1 (m/mg) M-2 (m/mg) Gravimetric mixtures of isotopically enriched silicon
Ag,**S 17 374.7 (5) 18 635.9 (5) had been prepared to assess the performance of the
Ag,’’S 135.395 (5) 39.790 (5)  measurement procedure and software, leading to ratio
Ag*'S 796.16 (2) 797.94 (2)

measurements with a combined uncertainty of 3.0
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Table 5

The amount abundancésf 32S, 335, 343, 365 in enriched AgS materials enriched if?S, *°S and®S. U = ku, with k = 1

Sample £(325)/(%) £(3325)/(9%) £(34S)/(%) £(35S)/(%)

Ag,*%S 99.910 51 (17) 0.048 16 (14) 0.040 950 (76) 0.000 387 (70)
Ag,*®S 4.649 50 (18) 94.936 01 (22) 0.413 48 (11) 0.001 012 (31)
Ag,*'S 3.688 37 (15) 0.045 328 9 (72) 96.264 56 (23) 0.001 74 (18)

relative forn('Si)/n(28Si) ratios. The “Avogadro mea  consisted of six measurement cycles. In addition, long
surement procedure” led to a significant improvement duration measurements of more than 20 h were
of the absolute amount of ratio and molar mass values performed to investigate specific measurement param-
of silicon. Absolute ratio measurements of xenon [20] eters in more detail. For every cycle the logarithmi-
and krypton [18] have been made recently using the cally extrapolated observed values of the mean ion-
same procedure (inlet system control, software, masscurrent ratios] and corresponding uncertainties were
spectrometric measurement, data acquisition, treat- calculated and printed out as a function of tim@&his
ment, and synthetic isotope mixtures). enables us to calculate the mean ion-current ratio
During the isotope amount ratio measurement value at timet = t,, the moment when the gas is
“observed square-root-of-mass ratios” (Table 6) can allowed to enter the mass spectrometer, with its
be compared against theoretical values obtained from uncertainty. These values are listed for two synthetic
kinetic gas theory [14,15,18,20]. The experimental mixtures in Table 7.
verification of any deviations (i.e., possible isobaric
effects) from theoretical values of the effusion frac-
tionation factor is a powerful tool to measure the 3. Results and discussion

“degree of imperfection” of the Avogadro measure-
ment procedure. The isotope amount ratios of the synthetic isotope

The isotope amount ratio measurements of sulfur mixtures and their uncertainties were calculated using
in SF, gas were carried out in a scheme applying the IRMM isotope mixture program SPIRIT [21].
symmetrical scanning to eliminate short time effects. This algorithm is based on the principle of calculating
Within one measurement Cyc'e the magnetic field was ISOtOpe amount ratios fOI’ a mixture from two or three
varied from the lowest mass positiof$F) to the isotopically enriched starting materials. The required
highest position®SF) and vice versa. One measure NPt data in the case of sulfur were the isotopic
ment cycle consisted of 15 scans with an integration COMposition of the starting materials (49), the
time o 8 s in themeasurement of each ion current as Mmasses of the mixture components, and the impurities

well as a delay time fo8 s between measurements of of the starting materials all with stated uncertainties
the ion currents. and correlations.

amount ratios with all uncertainty components

Table 6
Experimental versus theoretical values for the “square-root-of-
mass-ratio” as predicted by KGT (kinetic gas theoky)= Table 7
kug(k = 1) The observed(33S£2S) andJ(34SF?S) ratios of M-1 and M-2.
U=ku(k=1

a = (‘MAM)¥2 as o' experimentally < )

predicted from kinetic observed (from M-1 Number of
Ratio gas theory and M-2) Sample  J(33SF%S) J(3*SF?s) measurements
33SF,/*2SF, 1.003 42 1.003 47 (89) M-1 0.007 8625 (12) 0.0441726(10) 9

34SE/P2SE. 1.006 83 1.006 86 (13) M-2 0.0025158(6)  0.0412978(11) 9
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Table 8
Calculated isotope amount ratios of synthetic isotope mixtures of sulfur with uncertainty contritbiitterku, with k = 1

10 ® times uncertainty contribution

Due to isotope

amount ratio Due to
measurement measurement of Due to the
Calculated isotope of mixture the chemical Due to atomic masses
amount ratio U component purity weighing [25]
M-1 n(®3S)n(32S) 15 14 0.16 0.34 0.01
0.007 862 9
n(®*S)n(32S) 1.8 0.80 0.98 1.30 0.01
0.044 163 2
M-2 n(®3S)(32S) 14 1.38 0.05 0.34 0.01
0.002 5189
n(®*S)(32S) 1.6 0.79 0.91 1.30 0.01
0.041287 3

[21,23], thus establishing a complete and fully ortho- Kion('E)/Kion((E) = accounting for different ioni

dox uncertainty budget. sation probabilities of different isotopic species (as-
The ion-current ratios of different A§ starting sumed equal to unity with I® rel. uncertainty)

materials used in the preparation of the isotope K, {('E)/K.'E) + residual conversion factor

mixtures are listed in Table 9. obtained from the synthetic isotope mixtures (i.e.
Although the direct measurement procedure used comparing observed ion-current ratio and prepared

(“Avogadro procedure”) is capable of yielding isotope isotope amount ratio values).

amount ratios of high metrological quality [15], small Values forK s are summarized in Table 10hey

residual systematic effects of unknown origin need to are very close to unity.

be quantified. The conversion of the observed ion-

current ratio into the isotope amount rafbcan be

described by the following formalism: 4. Conclusion

. = i j - - . . .
Ri) = n(E)/n(E) Two synthetic isotope mixtures for the calibration

= [Knmad E)Kmad E)] X [Kion('E)/Kion('E)] of measurements of sulfur isotope amount ratios and
. 4 . . molar mass were gravimetrically prepared from high
X [Kres'E)/Kiel'E)] X [I(E)/I(E)] purity Ag,S materials enriched if¢S, 33S, and®s.
where The isotopic compositions of mixtures were made

Kmad 'E)/Kmad'E) = accounting for mass frac  to closely resemble that of “natural” material. The
tionation at the inlet system (which can be derived combined uncertainties were estimated according to
from kinetic gas theory, effusion, and adsorption/ the ISO/BIPM Guide on Expression of Uncertainty in

desorption effects, Measurement [22].

Table 9

The observed(33S)1 (32S), 1 (3'S)A (32S), 1(36S)N (32S) ratios in enriched A materials®?S, *3S, and®S. U = ku, with k = 1

Sample 1(339)1 (329) 1(34S)1 (329) 1(359)1 (329)

Ag,*%S 0.000 482 0 (14) 0.000 409 87 (46) 0.000 003 87 (70)
Ag,>S 20.418 54 (82) 0.088 930 (23) 0.000 217 6 (66)

Ag,%s 0.012 289 7 (19) 26.099 5 (11) 0.000 472 (48)
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Table 10

Residual correction factor obtained from the mixture (i.e.
comparing observed ion current ratios and prepared isotope
amount ratios)U = k. u,(k = 1)

Correction factoK, ., = prepared
amount ratio/measured amount ratio

Ratio M-1 M-2
n(3S)h(32S) 1.000 04 (24) 1.000 91 (62)
n(3s)in(32s) 0.999 782 (46) 0.999 745 (48)

The conversion for residual systematic effects of
unknown origin in the SE measurements are very
close to wunity within a stated uncertainty of
+0.000 048 forn(**S)/n(32S) and +0.000 62 for
n(®*3*S)/n(32S). This observation is consistent with the
fact that Sk has close to ideal gas behavior. On that
basis a primary isotopic gas standard [21,23] has been
certified and“calibrated” measurements performed
on the IAEA sulfur isotope reference materials as
well as the two Chinese National Standards [24].
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