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Gas-Chromatographic Separation of Inorganic
Chlorides and Its Application to Metal Analysis.
lil. Determination of Silicon and Tin in Nonferrous Alloys

S. T. SIE, J. P. A. BLEUMER, and G. W. A. RIJNDERS

KONINKLD KE/SHELL-LABORATORIUM
SHELL RESEARCH N.V.
AMSTERDAM, THE NETHERLANDS

Summary

In this paper gas-chromatographic techniques are described for the deter-
mination of silicon in nickel, copper, and aluminum alloys. The methods
are similar to that developed earlier for silicon analysis in iron and steel,
comprising essentially a conversion of the alloy with gaseous chlorine fol-
lowed by gas-chromatographic analysis of the volatile chlorides formed.

An analogous but somewhat simpler procedure has been studied for the
determination of tin in common tin-containing alloys, such as solders,
bearing alloys, type metals, and low-melting alloys.

The gas-chromatographic techniques are rapid and are carried out on
the milligram scale. Analysis time is of the order of 15 min. Standard devia-
tions are between 0.01 and 0.03% for silicon determination on a level of
0.7%. For tin determination on a level of 10%, a standard deviation of about
0.2% is found. The analyses require very few manipulations.

The destruction of metals by gaseous chlorine proves to be fast and com-
plete, even for corrosion-resistant alloys such as Monel and Hastelloy.

INTRODUCTION

In previous publications the quantitative analysis was described
of volatile metal chlorides by gas chromatography and the applica-
tion of this procedure to the determination of silicon in iron and
steel (1,2). It was shown that the reaction of gaseous chlorine with
the heated metal sample produced silicon tetrachloride in stoichio-
metric amounts, thus constituting the basis for a rapid and accurate
method for silicon analysis in iron and steel.
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The present article deals with a few more analogous applica-
tions of gas chromatography, specifically in the field of nonferrous
alloys. The determination of two elements is considered, namely,
silicon and tin.

EXPERIMENTAL
Outline of Methods

The conversion of metal into the corresponding chlorides and
the subsequent gas-chromatographic analysis were carried out in
two ways, viz., by a direct and an indirect method.

Direct Method. The sample is introduced into a small heated
quartz tube upstream of the gas-chromatographic column. By means
of a gas-sampling system, a discrete volume of chlorine gas is
passed into the carrier gas stream. The volatile chlorides are swept
into the column by the carrier gas as soon as they are formed.

Indirect Method. The metal sample is brought into a small heated
quartz tube which is connected to a trapping column. Conversion
of the metal is effected by a continuous stream of chlorine gas pass-
ing over it. The volatile chlorides are collected in the trapping col-
umn, while the excess of chlorine is vented. Subsequently, the
trapping column is included into the chromatographic circuit. By
applying some heat, the chlorides are desorbed from the trapping
column, whereupon the gas-chromatographic analysis proceeds as
usual.

The direct procedure is indicated when major components of
alloys have to be determined. Since small samples are involved (of
the order of 1 mg), only a small volume of chlorine gas is required,
e.g., about 10 ml. The indirect technique permits the use of more
chlorine and is, therefore, more suitable for examining larger alloy
samples for minor constituents.

The indirect technique, as used for the determination of silicon in
iron and steel, has been described in detail in a previous paper (2).

Apparatus

The apparatus used in the direct procedure is shown in Fig. 1.
Nitrogen is used as the carrier gas. In addition to means for drying,
adjusting, and measuring the carrier and reference gas stream (1 to
8, 15 to 18), the apparatus comprises a chlorine introduction system
(12, cocks A and B), a chlorination tube (11), the chromatographic
column (13), and the detector (14).
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FIG. 2. Modification of apparatus for indirect technique. 5, Capillary re-
striction; 12, trapping column. Other figures correspond to those in Fig. 1.

The chromatographic column is a glass tube (200 X 0.8 cm i.d.)
filled with Kel F40 polymer wax® (15 wt. %) on Haloport-Ft
(30-80 mesh). The detector used is a gas density detector con-
structed from Monel.{

The chlorination tube is made of quartz. The central part of the
tube (1-cm i.d.) can be heated to a temperature of up to 1000°C by
means of an electric heater consisting of windings of bare nichrome
ribbon fed from a low-voltage transformer. Samples are weighed on
a microbalance and are kept in a sample boat in the unheated part
of the chlorination tube prior to analysis. The sample boat can be
introduced into the hot section by manipulation with a magnet from
the outside. The colder downstream part of the tube is loosely
filled with quartz wool (serving to retain solid deposits of heavier
chlorides) and is connected to the chromatographic column via a
heated capillary.

The apparatus used in the indirect technique consists mainly of
the same components, but in a slightly different arrangement
(Fig. 2). An extra part is the trapping column (a glass tube 30 cm
long and 8-mm i.d,, filled with the same material as the chromato-

* Minnesota Mining and Manufacturing Co., St. Paul, Minn.
1 F & M Scientific Co., Avondale, Pa.
{ Gow-Mac Instrument Co., Madison, N.]J.

———* TO MAIN COLUMN
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graphic column). With the inlet of the trapping column connected
to the chlorination tube and the outlet to the atmosphere, either
chlorine gas or nitrogen can be passed through (conditions pre-
vailing during the “chlorination” and “purging” steps, respec-
tively). Cock B (Fig. 2) permits the trapping column to be con-
nected to the main column which can then receive the volatile
chlorides collected.

A detailed description of the apparatus as used in the indirect
technique has been given previously (2).

RESULTS AND DISCUSSION

Determination of Silicon in Nickel and Copper Alloys

The procedure adopted is essentially the same as described
previously for iron and steel samples (2). However, it was found to
be advantageous to use a somewhat higher chlorination tempera-
ture to facilitate volatilization of the main products of chlorination,
which have low volatilities [NiCl;, sublimation point 987°C (3);
and CuCl,, bp 954-1032°C (4)].

The analyses were carried out under the following conditions:

Sample size: up to 40 mg of alloy (filings or turnings)

Furnace temperature: 900°C

Chlorination: 2-4 min with 1-2 liters/hr of chloride

Purging: 1 min with 3 liters/hr of nitrogen

Temperature of trapping column: 0-5°C during absorption; 90-
100°C during desorption

Temperature of analysis column: 75°C

Carrier gas flow rate: between 2 and 2.5 liters/hr (at 20°C)

Reference gas flow rate: between 3 and 4 liters/hr (at 20°C)

All metal samples examined (including several samples known
for their resistance against attack by halogens, such as Hastelloy,
Inconel, and Monel) proved to be readily and quantitatively con-
vertible. No problems were met with nickel alloys having a low
copper content, the analysis proceeding as smoothly as in the case
of iron and steel samples. However, a slight complication arose
with materials rich in copper, such as bronze, cupro nickel, or
Monel. In these cases we found that the chlorine peak tailed more
than usual, which detracted from the accuracy of the determination
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(see Fig. 3A). This phenomenon is probably caused by dissociation
of molten cupric chloride [mp 498°C (4)] deposited in relatively
hot parts of the chlorination tube. It is known (4) that the reaction
of copper with excess chlorine yields CuCl, in addition to CuCl,
while heating CuCl, to above 344°C in an inert atmosphere leads to
the formation of chlorine and CuCl. Thus, after the chlorination
proper, some chlorine is slowly given off to the nitrogen stream
flowing through the chlorination tube.

| 5 MINUTES {
A B
Cly Clz
SiClg SiClg

SAMPLE INTRODUCTION

FIG. 3. Determination of silicon in an alloy rich in copper. A, Chromato-
gram of 22.58 mg of Monel containing 0.67 wt. % Si. Heater of chlorination
tube kept on throughout analysis. Note the tailing of the chlorine peak. B,
Chromatogram of 24.43 mg of the same alloy. Heater switched off after the
chlorination. Note the improvement of the chlorine peak shape.

SAMPLE INTRODUCTION
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In agreement with the above we found that an improvement was
obtained by switching off the heater just after the chlorination step
(see Fig. 3B). This intermittent use of the heater presents no prob-
lems since the time constant of the bare nichrome ribbon windings
is very small.

As shown in Fig. 4, a proportional relationship exists between the
sample size and the areas of the silicon tetrachloride peaks for a
given sample. The absence of a blank value was proved on pure
nickel, which did not produce a detectable silicon tetrachloride
peak (i.e., Si content below 50 ppmw).

Table 1 presents some results obtained for a number of nickel
and copper alloys. For these analyses the apparatus had been
calibrated by means of a steel sample of known silicon content
(British Chemical Standards 255, Si content 0.625 wt. %). It can be
seen that the results of the gas-chromatographic analyses are in
satisfactory agreement with the values obtained by classical wet
analysis. The precision appears to be about the same as found
earlier for iron and steel samples.

Determination of Silicon in Aluminium Alloys

In view of the relatively low silicon content of most alloys of
interest, we applied the indirect procedure, as worked out for iron
and steel samples (2). However, in preliminary experiments with a
quartz sample boat, we obtained high and erratic figures. For an
aluminium alloy containing 0.7 wt. % Si, deviations ran as high as
50% relative. Whereas no detectable SiCl, peak was found on
analyzing spectroscopically pure iron, a pronounced peak was
obtained with pure (about 15 ppmw Si) aluminium. Examination
of the quartz boats after analyzing aluminium samples gave evi-
dence of attack by molten metal. Evidently some SiO; is reduced to
the element which yields SiCl, with chlorine vapor. It is known (5)
that silicon can be prepared from SiO, by a thermite reaction:
Upon ignition of a mixture of sand, sulfur, and excess aluminium
powder, aluminium sulfide forms with evolution of heat, which
brings the mixture to a temperature where SiO, is reduced by the
remaining Al. Since the reaction of aluminium with chlorine is also
highly exothermic, the sample in the present procedure can reach
temperatures far above that of the oven tube during chlorination.

In agreement herewith, the use of graphite or alumina as ma-
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FIG. 4. Linearity of response in silicon determination.
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terials for the sample boat gave improved results. However, the
blank value was still quite considerable and the results were still
systematically high (by anything up to 10% relative). We suspect,
therefore, that some additional SiCl, is formed by the reaction of
ALCl; with the hot inner surface of the quartz tube. Although we
could find no support for such a reaction in the literature, a thermo-
dynamic calculation of the equilibria

38i0,,,,., + 2ALCL,,, = 3SiCL _ + 2AL0,

g v solld

and

38i0, + 2ALCl, = 3SiCl, __ + 2AL0,

vitreous 'vapor, 1 atm vapor solid

from standard free energies (3) and heat capacity data (6-8) at the
temperatures involved showed that the amount of SiCL, which can
be formed in theory amply accounts for the quantity found.

An obvious way of eliminating the above trouble is to keep the
rate of SiCl, formation low by keeping the quartz surface cool. This
may be effected by employing an inductive or infrared means of
heating with, e.g., a graphite sample boat. However, it was found
that the same goal could be reached with only minor alterations in
the existing apparatus, viz., by inserting a sintered-alumina (corun-
dum) tube into the (slightly modified) quartz tube (Fig. 5), as a re-
sult of which the hot quartz surface was shielded from the reaction
vapors. Thus the blank value is reduced to about 100 ppmw Si fora
20-mg sample (with a graphite or alumina boat).

At 600-900°C a number of representative aluminium alloys were

GAS INLET

IRON
CORE NICHROME RIBBON ounn'rz\ wooL
/ H £ A

A
. 3 N WAVAVAYI W
v v v

/

0-24 v “ALUMINA TUBE
STOPPER WITH PUSHING SAMPLE INSERT CONNECTION
BLEED CAPILLARY ROD BOAT QUARTZ TUBING TO COLUMN
VIA HEATED
10 cm CAPILLARY
S|

}
r 1

FIG. 5. Chlorination tube with alumina insert for analysis of aluminium
alloys.



‘payiodor j0u 9, M 10 Mmo[oq SUOHERUAOUOO UT Jussaid SJUSWS[Y "d0ue[eq TV o
"SPIEpuelg [e0TWBYD) YSREY ‘SOF »

10 S0 41 121 € 60-9°0 2d 20 upunirg
SIS W
10°0— £0°0 ¥g0 r (] 4 L8608 UW €0 ‘0 70 I 572 Loqrv [e1oN
10°0— 100 170 10 £ 1524y 34 70 S ¢ wnuuny
S% [¥P4N
91°0— E1°0 £0°g 61°¢ £ 8TET SW g0 D ET Aojre Bunsen
34 ¥0 MS 92
€0°0— <0°0 69°0 Lo 01 L1-€1 ‘SN L0 UN 801D 9F wmuune 3994g
698 SO4d
00°0 100 01’0 010 (4 92-0% 1L T0 24 30 9N 9°0T Aojre wnrupmmy
ny 10 1) €0 £92 SO
€0°0 £0°0 LT0 ¥io € 9€-8% ‘@ d 70 ‘UWN S0 S 3¥ Loyre wniurny
IN 30 UZ €0 SN g0 912 S04
300 300 €L0 1L°0 9 L1-31 ‘UWN €034 800D TP Aoqre winrurwngy
9% W % M punoj anpea SUOREUNULISNSP Swx % W ajdureg
‘onfea ‘ueaul WIOX) D CET N umouwy Jo reqump ‘ofuex ‘uopisoduron)
UMOW Woxy uoneIAsp ySrom
uonerss( wnuxe % W 1§

,SAO[[V wnIuIwmy Ul UCDTI[IS JO UOHBUIULISII(

1102 Alenuer Sz v T

v pspeo jumog

w
N



14: 44 25 January 2011

Downl oaded At:

176 S. T. SIE, J. P. A. BLEUMER, AND G. W. A. RUUNDERS

chlorinated. No difficulties were experienced in the complete
destruction of metal samples up to 40 mg (consisting mainly of
turnings), except when magnesium was present in concentrations
of about 5 wt. % or higher. In the latter case, MgCl, [mp 714°C;
bp 1418°C (3)] was not volatilized and the conversion of metal was
retarded. By mixing the sample with graphite powder, an improve-
ment was obtained (probably because the formation of a continuous
thick layer of molten salt was avoided), and it was found that
magnesium-containing alloys could be converted at 900°C in less
than 10 min.

Figure 4 shows that the linearity of detector response is also
satisfactory for aluminium samples.

Some results obtained on a number of aluminium alloys are
collected in Table 2. With the exception of the chlorination condi-
tions already discussed, the analytical parameters are the same as
mentioned in the preceding part. Calibration of the apparatus was
also carried out with a standard steel sample.

Data on the repeatability of the method are given in Table 3.
From these figures it can be concluded that the present gas-chro-

TABLE 3

Repeatability of Gas-Chromatographic Determination
of Silicon in Aluminium Alloys®

Determination Si found,
no. wt. %
1 0.651
2 0.658
3 0.679
4 0.736
5 0.708
6 0.670
7 0.670
8 0.703
9 0.705
10 0.716
Mean value found 0.690
Maximum deviation 0.046
from mean
Standard deviation 0.026

@ Samples: 13-17 mg of aluminium filings reported to contain 0.72 wt. % Si.
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matographic method is less accurate than the corresponding method
for steel samples (2) (standard deviations on a 0.7 wt. % level about
0.03 and 0.008%, respectively). Nevertheless, the accuracy of the
gas-chromatographic method for silicon determination in alumin-
ium alloys is not much inferior to that of existing wet chemical
methods. For example, for the classical Regelsberger method
(which is generally regarded as the most accurate gravimetric
method) an accuracy of 0.01-0.03% is reported for 0.1-1% sili-
con (9).

Determination of Tin

Since in the more important tin-containing alloys (e.g., bronzes,
babbits, solders, type metals, low-melting alloys, etc.) this element
is a major constituent, we applied the direct technique. The follow-
ing conditions were adopted:

Sample size: up to 10 mg (usually 1-2 mg)

Volume of chlorine gas: 10 ml

Temperature of chlorination tube: 600°C

Temperature of analysis column: 100°C

Carrier gas flow rate: between 2 and 2.5 liters/hr (at 20°C)
Reference gas flow rate: between 3 and 4 liters/hr (at 20°C)

In addition to a number of previously analyzed alloys which were
available, we also examined a few simple binary alloys (lead-tin
and antimony-tin), prepared by fusing together accurately weighed
amounts of the pure metals in a nitrogen atmosphere. The homo-
geneous melts were rapidly frozen to avoid segregation during
solidification.

The conversion of the metal into chlorides was quantitative in all
cases examined. This follows from the visual absence of any uncon-
verted metal residue, as well as from the fact that repeated injec-
tions of chlorine failed to give additional SnCl, in detectable
gquantities.

Figure 6 is a typical chromatogram obtained with the present
technique. Figure 7 illustrates the proportional relationship be-
tween the area of the tin tetrachloride peak and the weight of the
sample.

Some results obtained on several alloys are presented in Table 4.
For these analyses the apparatus had been calibrated with a lead-
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5 MINUTES

1

SnCl, Cly

SAMPLE INTRODUCTION

FIG. 6. Chromatogram of & tin-containing alloy. Sample, 1.66 mg of Rose
metal (22.9 wt. % Sn); column temperature, 100°C.
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INTEGRATOR UNITS
3500

3000 |
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2500 :
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1500 |-

1000

500 I~

0 L 1 1 1 j
0 1 2 3 49 5
SAMPLE SIZE ,mg

FIG. 7. Linearity of response in tin determination.
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TABLE 5
Repeatability of Gas-Chromatographic Determination of Tin®

Determination Sn found,
no. wt. %
1 10.60
2 10.32
3 10.18
4 10.45
5 10.76
6 10.47
7 10.36
8 10.51
9 10.24
10 10.47
11 10.48
Mean value found 10.44
Maximum deviation 0.32
from mean
Standard deviation 0.17

¢ Samples: 1.0-6.0 mg of a lead~-tin alloy containing 10.2 wt. % Sn.

tin alloy of accurately known composition. In general, agreement
with established values is satisfactory.

Table 5 presents some results of a series of analyses carried out to
assess the precision of the gas-chromatographic method. From
these data a coefficient of variation of 1.6% is calculated.

Under the conditions stated above, the time required for an
analysis is 15-20 min (including weighing of the sample, but ex-
cluding periodic calibration of the apparatus). It is easy, however, to
reduce the analysis time to about 10 min or even less, for instance,
by raising the column temperature (see Fig. 8).

CONCLUDING REMARKS

The present study shows that the gas-chromatographic procedure
worked out earlier for the determination of silicon in iron and steel
is also applicable to nonferrous alloys with only minor modifica-
tions. As discussed before in relation to iron and steel analysis (2),
gas-chromatographic techniques offer important advantages over
classical wet chemical methods, such as short analysis time, sensi-
tivity, simplicity of operation, and adaptability to automation.
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SnClLg

cl,

5 MINUTES

SnClLg

L SAMPLE INTRODUCTION

Clp

SAMPLE INTRODUCTION

L
I

FIG. 8. Effect of temperature on speed of tin determination. A, 0.48 mg of
Sn; column temperature, 125°C. B, 0.32 mg of Sn; column temperature,
150°C. SnCl, peak attenuated by a factor of 2 in both chromatograms.
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As regards rapidity, there is a considerable difference between
the classical methods of silicon determination in aluminium and the
present one. A gas-chromatographic analysis can be completed in
about 15 min, whereas the classical Regelsberger method takes
about 3 hr (10) and involves numerous manipulative steps. Even the
more rapid Fuchshuber method still takes about 1% hr (10).

The simplicity of the gas-chromatographic method is particularly
well illustrated by the direct method, as exemplified by the deter-
mination of tin. Here manipulation consists only of weighing and
introducing the sample, followed by turning the cocks for the chlo-
rine gas introduction.

Another feature of the gas-chromatographic method is its versa-
tility with respect to sample type. The conversion of metals into
chlorides has been shown to be rapid and complete. This is even
true of Hastelloy C and Monel, which are among alloys known for
their resistance against attack by halogen vapors.
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