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SUMMARY

Elementa! sulfur exhibits a pronounced reversed-phase effect on styrene—
divinylbenzene packings and this selective interaction can be used for the analysis of
elemental sulfur by high-speed liquid chromatography. Absorption at 234 nm offers
sensitive detection (I-10 ng) and calibration curves are linear up to 10-20 pg. Ex-
amples are given for the analysis of sulfur in oil and in agueous media.

Some of the parameters (packing pressure, column diameter and pore size)
have been examined for this small (I15-37 um), spherical packing and a recommended
packing procedure is given.

INFRODUCTION

The analysis of elemental sulfur is of interest in many areas and numerous
methods have been reported! 3. Most of the available methods suffer from poor selec-
tivity and/or sensitivity. Struble*® has described a gas-liquid chromatographic (GLC)
method for elemental sulfur, but accurate GLC zaalysis of sulfur compounds is diffi-
cult and elemental sulfur vapour contains a number of different species®. The results
of an earlier investigation of molecular-sieve chromatography for the analysis of
organics in pracess waters from GS ™ heavy-water production plants showed there was
a selective interaction between elemental sulfur and the column packing, Poragel.
Since sulfur has an absorption maximum at 260 nm (e &~ 7200 in chloroform and te-
trahydrofuran (THF)), UV detection offers good sensitivity (<10 ng). This paper
describes a new, sensitive and selective method for elemental sulfur analysis based on
this selective interaction with divinylbenzene-polystyrene packings.

* Presented in part at the 1975 Pittsburgh Conference on Amalvtical Chemistry and Applied

Spectroscopy.
** Girdler-sulfide, dual temperature, water-hydrogen sulfide exchange process.



72 R. M. CASSIDY
EXPERIMENTAL

Reagents and materials

Where possible all solvents were spectra-quality. THF was distilled over molten
pctassium angd used within seven hours. Flowers of sulfur (USP grade}, heated to
100° for severzal hours, were used as a standard. The molecular-sieve standards were
C. to C o r-hydrocarbons (Chromatographic Specialties, Brockville, Ontario, Canada)
and polystyrene and polypropylene standards (Waters Asscc., Milford, Mass.,
UJ.S.A)). The column packings were styrene—divinylbenzene copolymers (trade-name
Poragel, Waters Assoc.) with controiled pore size distributions (60, 100, 200 and 500
A). The particle-size range of the packing was 15-37 gm.

Apparatus

The liguid chromatographs were custom-built from commercial components.
Three difierent pumping systems were used: reciprocating piston (M6000, Waters
Assoc.), screw-driven syringe (Model 314, Isco, Lincoin, Nebr., U.S.A.} and air-driven
censtant-pressure syringe (Model PIN 26890-4, Haskel Engineering, Burbank, Calif.,
U.S.A.). Sampies, dissolved in the mobile phase, were introduced onto the column by
either on-column stopped-fiow injection or by syringe injection intc a2 modified sampie
lcop which is shown in Fig. 1. Average sample loss was 1.5 gl for valve A and <<Q.3 g
for vaive B. The reproducibility (relative standard deviation of peak height) for sam-
plz injection with valve A was 49 for 40-ul samples ané 19 for sampie volumes
>100 g1, For valve B, sampling reproducibility was 29 for 5-xl samples and 0.4%
or better for sample volumes >25 ul.

The columns were constructed from 6.35-mm-0.D. 304 or 316 stainless-steel
tubing. Two internal diameters, 4.5 and 2.2 mm, were used. The tubing was washed
with detergent, water, nitric acid, phosphoric acid, water, acetone, chloroform and
meathano! in this order. All other tubing and fittings were 316 stainless steel. Column
terminators were 0.5- or 0.2-zm stainless-steel {rits. Eluted samples were detected
with one or more of the following deiectors: Model 2350 UV detector (Perkin-Elmer,
Norwalk, Conn., U.S.A.), Model 4306001-0¢ UV detector (Varian, Pzalo Alto, Calif,
U.S.A.). refractive index detector {Varian).

Column packing

Fines (< 13 um) were removed by sedimentation {ca. five times) in methanot
and the Poragel dried under vacuum for 12 h. The dry packing was then placed in a
53-m! flask (15 mi dry Poragel for 2 £.8-mm-E.D. column or 7 mi for a2 2.2-mm-L.D.
column} and made up to volume with the mobile phase. A clean I-m column was
connecied to a 30-ml reservoir and the column was filled with mobiie phase. The
Poragel slurry was placed under 2 partial vacuum to remove trapped air in the par-
ticies, mixed virogeusly for 5 min and then placed in the reservoir. The reservoir was
filled with mobile phase and then the slurry was forced into the column at § mi/min
for 4.8-mm-1.D. columns and at 2 mi/min for 2.2-mm-L.D. columns. When 150 ml of
the mobife phase had passed through the column. the column was disconnected and
the top of the column was sealed with & column terminator to prevent the packed bed
from shrinking due to evaporation of the mobile phase.
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Fig. t. Modified sample loops. Fill positions A and B refer to a2 Disc (Santa Ana, Calif., U.S.A))
Model 706 valve and a Valco (Houston, Texzas, U.S.4.) Model CU-6&UHP2-C-20 valve, respec-
tively.

Cofumn efficiency

Vaiues of height equivalents to a theoretical plate (HETP) were measured
with nitrobenzene and/or elemental sulfur as test sofutes. The retention time (fg)
corresponding to the total permeation limit was taken as #,, the retention time for an

unretained component.

RESULTS AND DISCUSSION

Column packing
Baoth the small size and sticky nature of Poragel eliminates coaventional dry-

packing techniques. Although balanced-density methods are preferred for packing
small particles, the choice of balanced-density solvents is limited. Since small changes
in solvent composition, which swell or shrink the packing, can reduce column effi-
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Fig. 2. Effect of packing pressure on peak shape for Poragel-504.

ciency ", Poragel must be packed as a slurry in the mobile phase to be used for analysis.
Consequently no attempt was made to achieve balanced-density conditions.

For all Poragel packings studied, packing pressures above 6.8¢ MN/m?
{1030 p.s.i.) decreased column efficiency by =109 relative to thatr observed below
3.45 MN/m?. The decrease in column =fficiency is greatest for high packing pressures
(869909 at 48.2 MN/m?). Fig. 2 shows the peak shape observed for two different
packing pressures. For columns packed at high pressures the peaks were very broad
and unsymmetrical at the peak front but the peak tail was snarp and gaussian.
In an attempt to produce dense and homogenecus column be._ 2 number of columns
were packed in 2 partially shrunken state and then conditioned with the mobile phase.
The resulis paralleled those found for changes in packing pressure, that is, the greater
the swelling of the support the brosader the ohserved peak froat. Attempts to con-
solidate the column bed by solvent cycling with selvents of different swelling factors
gave only slight improvements. For ail columns exhibiting badly skewed peaks, the
co’umn bed was noticeably compressed since column packing was extruded when
end fittings were removed. Column permeabilities also decreased as the packing pres-
sure increased. The above results suggest that the compressed packing restricts flow
in the column interior to such an extent that 2 significant fraction of the flow occurs
at the column walls where the average linear velocity is greater. This channelling wifl
broaden peak fronts but have Httle effect on the peak tail. It has been shown®” that
the mobile-phase velacity does vary across the column. To eliminate this problem of
asymmetrical peaks all columns were packed at pressures no greater than 3.45 MN/m?
(500 p.s.1.) and the pressure differential across any one l-m column was not alfowed
to excead 2.06 MN/m? (300 p.s.i).

Column efficiency

Fig. 3 shows the effect of pore size on plate height. The curves for sulfur follow
& similar pattern with values of HETP being 3G9 larger. As the 7y value for sulfur
decreases this difference also decreasss. These data show that analysis time can be de-

* It was found that 2 103 (v/v) change in sclvent composition could reduce column efficiency
by as much as £0%.
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Fig. 3. Variation of column efficiency with pore size and column diameter. Mobile phase is 309 (v/v)
methanol in chioroform and test solute is nitrobenzene (& = 0.30).

creased if larger pore sizes and large internal diameters are used. The larger difference
between the curves for P-60 and P-100 is due in part to a larger average size of particles
for the P-60 packing. The difference between 2.2-mm- and 4.5-inm-E.D. columns is
likely a reflection of the increased importance of wall effects for smaller-diameter
columans.

Calibration and derection limits

Sulfur is known to exist in many allotropes and this is of concern both for
calibration and analysis. This problem has been discussed elsewhere’. For calibration,
flowers of sulfur were heated at 100° for several hours to ensure complete conversion
of any amorphous sulfur into the soleble crystalline form. Calibration curves were
fournd to be linear from a few ng to several ug and the relative standard deviation
was excellent (<1 %} for standard samples. Fig. 4 shows the detection of 11 ng of
clemental sulfur. Detection limits can be [owered if the packing pore size is increased
and if the capacity factor, &' = (fx — ,}/%s, is reduced.
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Fig. 4. Detection of 1! ng of elemental sulfur. Experimertal conditions: column, 830 X 2.2 mm L.D.
P-100: mobile phase, 309 (v/v} methanol in chloroform; flow-rate, 0.5 ml/min; sample, 5 ¢l with
3.2 ng S/t
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Selzcrivity

To date no compound has been observed to have the same retention charac-
teristics on Poragel as does elemental sulfur. Part of the reason for this selectivity is
that Porage! is designed to be used for molecular-sieve chromatography. Under the
preper experimental conditions very few classes of compounds show any appreciable
interaction with Poragel and the bulk of the organics in the sample are eluted between
the exclusion limit and the total permeation limit (FPL}. Since elemental sulfur is
present as a relatively small molecule (8g) and interacts with the packing, it is eluted
after the TPL and thus separated from the rest of the sample.

Table I shows capacity factors observed for sulfur and some other sulfur-
contzining compounds. The only potential interferent is hydrogen sulfide but sepa-
ration was achieved in 30% {(v/v) methanol in chloroform. None of the other sulfur-
containing compounds interfered in any of the solvent systems studied.

Appvlicaticns

The above method was developed primarily for the anzlysis of elemental sulfur
in procsss waters from heavy-water plants. The chemical conditions in these plants
are very reactive (water saturated with hydrogen sulfide at 1900 kN/m?* (280 p.s.i.}
and 150° } and a large number of impurities are present (thiols, disulfides, alcchols,
oil, additives and npatural products in the feed water). Consequently selectivity was
important. Samples were collected in clean stzinless-steel sample bombs and extracted
with chloroform after the butk hydrogen suifide was removed with nitrogen. The
hydrogen suifide peak tends to tail and large concentrations of hydrogen sulfide
interfere. Recoveries (2%) and reproducibilities (<19} at the 10 ppm level
for standard samples containing known major contaminants are considered excellent.
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Fig. 5. Analvsis of elemental sulfur in process water from heavv-water plant. Experimental condi-
tions: column, [ m X 4.00 mm I.B. P-100; mobile phase, chloroform; flow-rate, 2 m!/min; sample,
408 u1 of 20 mi chloroform extract ffom 130 ml of process water.
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Fig. 6. Separation of sulfur in sample of cil from heavy-water production plant. Experimental con-
ditions: columm, 3 m X 4.5 mm I.D. P-60, mobile phase, tetrahydrofuran; flow-rate, I mi/min;

totzl sample, 1.8 mge.
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Fig. 7. Analysis of sulfur in oit. Experimentzl conditions: column, ! m x 4.5 mm [.D. P-830, mobile
phase, 159 (v/v) acetonitrile in tetrahydrofuran; flow-rate, £.0 mi/min, sample, 123 gl 20% (v/v) oil
(1.7 x 1032, S).

(The solubility of suifur in water at pH 6~7 was found to be ~50 ppb so most of the
sulfur is in suspension or dissolved in the oil present.) Results for actual samples have
been satisfactory with sample homageneity being the main problem. Fig. 5 shows 2
representative chromatogram for a procass-water sample.

Analysis of elemental sulfur in petroleum preoducts is of considerable general
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Fig. 8. Separation of extract from carbon fiiter. Experimental conditions: column, 3 m X 4.5mm
.D. P-100; maobile phase, chloroform:; fiow-rate,  ml/min; rotal sample, 2.2 mg.
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interest. In heavy-water plants the small quantities of bulk oil present can dissolve
and transport sulfur through the plant. Fig. 6 shows the separation of sulfur in oil
found in process water. Since this method also gives the molecular-size distribution
in the samplie, it can be used to follow changes in the bulk composition of the sample.
This chromatogram (Fig. 6} is characteristic of the oil found at a certain Iocation in
the plant and corresponds to fractionated pump-seal oil. Fig. 7 further illustrates the
potential of this method for the analysis of sulfur in petroleum products.

Carbon filters are used widely for the pre-concentration of organics in water
for subsequent analysis. Fig. 8 shows a representative chromatogram for an extract
from a carbon filter. The peak corresponding to sulfur was isolated and identified as
elemental sulfur. This chromatogram (Fig. 8} illustrates the excellent selectivity of this
method. Although this sample, and many others like it, contain large concentrations
of natural products, no interferences were chserved.

CONCLUSIGNS

The examples given in this paper illustrate the favourable selectivity of this
method for elemental sulfur analysis. UV detection offers good sensitivity and the tech-
nique can be easily adapted to a wide variety of samples without prior separation.
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