
Abstract The transition metals ions Cr(III), Mn(II),
Fe(III), Co(II), Ni(II), and Zn(II) in addition to Ca(II) have
been used as modifiers in the determination of silicon us-
ing electrothermal Zeeman atomic absorption spectrome-
try. Co(II) proved to be the best. Graphite tubes treated
with zirconium, in the presence of Co(II) as a modifier,
exhibit higher sensitivity by a factor of five than untreated
tubes. The modifier concentration and ashing and atom-
ization temperatures have been optimized. Also interfer-
ence of different inorganic cations and anions was studied.

Introduction

Recently faster spectrophotometric techniques have been
used for the determination of silicon [1, 2]. Flameless
atomic absorption spectrometry has been used for the de-
termination of trace amounts of silicon [3, 4]. Formation
of thermally stable silicon carbide and volatile SiO repre-
sents the main problem in graphite furnace atomization.
The following mechanisms have been suggested for the
formation of silicon atoms in the graphite tube: (a) reduc-
tion of silicon oxides by carbon [5, 6], (b) thermal decom-
position of either silicon oxides [7] or carbide [8] and (c)
a decomposition process of SiO2 to form intermediate
Si(g), then either of the following reactions occurs de-
pending on the partial pressure of O2 inside the tube [9].

C(g) SiO2 or SiOSi(g) SiC2 Si(g) + CO(g)
O2(g) 2C(s)Si(g) SiO(g) Si(g) + CO(g)

Impregnation of the graphite tube with solutions of metal
ions which form more thermodynamically stable carbides

than that of silicon, e.g. W, Zr, Ta, or La was found to en-
hance the silicon signal noticeably [10–12].

In another approach to improve the sensitivity of sili-
con determination using graphite furnace atomization,
metal ions were added to modify the matrix of the sample.
In this respect, Ca(II) has been added [13, 14] and the im-
provement of the signal was attributed to inhibition of sil-
icon carbide formation and also possibly to a decrease in
the oxygen partial pressure just above the sample cavity
by reaction with volatilized Ca atoms. Also, calcium was
successfully used [15] to raise the maximum char temper-
ature during the determination of silicon in plasma solu-
tions from 1200 to 1600°C, enabling removal of the or-
ganic matrix.

Palladium was used [16, 17] as a modifier in the deter-
mination of many elements including silicon, most proba-
bly because Si can react with Pd to form more stable
species than SiC and SiO. Alkali metal fluorides have also
been used [18] as modifiers to stabilize Si as (SiF6)2– com-
plex during its determination.

In the present work, the transition metal cations
Cr(III), Mn(II), Fe(III), Co(II), Ni(II), and Zn(II) in addi-
tion to Ca(II) were used as modifiers in Zeeman atomic
absorption spectrometric determination of trace amounts
of silicon. A highly sensitive method using Co(II) as mod-
ifier and Zr-treated tube is presented and successfully ap-
plied to the assay of silicon in the natural Moroccan phos-
phorite (2.09% SiO2).

Experimental

Apparatus

A Perkin-Elmer 4100 ZL atomic absorption spectrometer provided
with autosampler AS-70 was used. It utilizes the inverse longitudi-
nal Zeeman effect with an alternating magnetic field and has a
ramp heating rate of 2000°C/s at the atomization stage. The trans-
versely heated graphite furnace (THGA) equipped with fixed plat-
form was used.

The purge gas was argon (99.998% purity) and the Si-signal
was measured as the integrated peak area. The instrument is fully
controlled through the computer program provided by Perkin-
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Elmer. All the above characteristics of the instrument lead to accu-
rate background compensation, optimum analytical reliability, and
minimization of interference. The temperature program is given in
Table 1.

A Perkin-Elmer Intensitron hollow-cathode lamp for silicon
(30 mA, 251.6 nm) was employed at the minimum spectral band
width of 0.2 nm. With the above operating current, which is 75%
of the maximum recommended by the manufacturer, the same sen-
sitivity was obtained.

Tube treatment

The graphite tube was treated with Zr (IV) solution as previously
reported [18].

Reagents

Silicon standard solution (500 µg/mL) was prepared by digesting
0.1071 g of pure SiO2 with 1 mL 48% hydrofluoric acid (Merck)
and 2 mL 65% suprapur nitric acid (Merck) in a Bernas type
Teflon-lined bomb [19]. After complete digestion, the contents of
the bomb were quantitatively transferred into a 100 mL polypropy-
lene measuring flask and the volume was completed to the mark
with deionized water. Working solutions were obtained through
serial dilution. Special cleaning and handling precautions were re-
quired to prevent contamination of samples. All solutions were
stored and mixed in specially cleaned polypropylene bottles.

Preparation of reference material solution

Natural Moroccan Phosphorite (2.09% SiO2) certified by the Com-
munity Bureau of Reference [BCR Nr. 32], was analyzed. Solu-
tions of this reference sample were prepared by digesting accurate
weights of about 0.1 g in different volumes of HF and 2 ml 65%
suprapur nitric acid in the same way as those for standard solutions
of SiO2.

Procedure

For sensitivity studies, calibration graphs were constructed using a
series of solutions (10, 30, 60, 80 and 100 µg/L Si) using untreated
and Zr-treated tubes; 20 µL were injected in the graphite tube
throughout all the measurements. To investigate the effect of the
modifier, another calibration graph was constructed using solu-
tions containing, in addition to silicon, 20 µL of 50 mg/L of the
metal solutions. By applying regression analysis to the calibration
curves, the characteristic mass (pg), correlation coefficients, and
standard deviation in absorbance values (Sy/x) were determined.
For optimization of the procedure, the effects of charring tempera-
ture and charring time as well as atomization temperature on the
silicon signal were investigated.

To determine the limit of detection (3σs) of the proposed method,
the standard deviation was determined from 10 replicate determi-
nations of a blank solution (20 µL deionized water + 5 µL modifier).

For interference studies, solution mixtures containing 100 µL
of 1 mg/L Si and 100 µL of 1000 mg/L of the investigated ion
were diluted to 1000 µL with deionized water. A 20 µL aliquot of
these solutions along with 5 µL of 50 mg/L Co(II) solution (modi-
fier) was injected in the Zr-treated tube and the integrated peak
area was measured.

Results and discussion

Effect of tube treatment on silicon response

Calibration graphs for silicon obtained with untreated and
Zr-treated graphite tubes are shown in Fig. 1. For un-
treated tubes, the characteristic mass, correlation coeffi-
cient, Sy/x, and detection limit are 528 pg, 0.950, 3.08 ×
10–3, and 43 µg/L, respectively. For Zr-treated tubes, the
values are 195 pg, 0.994, 1.44 × 10–3, and 11 µg/L, re-
spectively. It is evident that the treatment increases the
sensitivity by a factor of 2.7. Also comparing correlation
coefficients, Sy/x, and detection limits indicates a substan-
tial improvement in the characteristics of the tube. The
improvement is most plausibly attributed to the formation
of a thermodynamically stable interstitial zirconium car-
bide on the surface of the graphite. This conclusion is in
accordance with previous investigations [3, 10, 18].

The Zr-treated tube was found to give reliable and re-
producible results for a large number of firings (around
500 firings) which is not the case for an untreated tube.

Transition metals as chemical modifiers

In the present work some transition metals in addition to
calcium have been used as modifiers for the silicon deter-
mination in order to complete all aspects of the stabilized
temperature platform furnace concept which are mostly
fulfilled by the advanced new Perkin Elmer 4100 ZL in-
strument. Figure 1 also shows the calibration graphs of Si
using a Zr-treated tube in the presence of Ca(II) and
Co(II). The characteristic masses calculated in case of us-
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Table 1 Furnace program for Si determination using Zr-treated
tube in presence of Co as modifier

Step Temperature Ramp Time Hold Time Argon Gas Flow
(°C) (s) (s) (mL/min)

1 110 1 20 250
2 130 20 40 250
3 1150 10 20 250
4 2350 0 3 0
5 2400 1 3 250

Fig.1 Effect of tube treatment and use of Ca and Co(II) as modi-
fier on Si determination with atomic absorption spectrometry. Sy/x
values: untreated tube 3.09 × 10–3, Zr-treated tube 1.43 × 10–3, Zr-
treated tube-Ca modifier 2.22 × 10–3, Zr-treated tube-Co modifier
1.9 × 10–3



ing Ca(II) and Co(II) were 142 and 100 pg reflecting an
increase in the sensitivity by a factor of 1.4 and 2.0, re-
spectively, compared to a Zr-treated tube without a modi-
fier. With both the tube treatment and the addition of
Co(II), it was found that the sensitivity of Si increases
about five times compared to an untreated tube.

Figure 2 shows the effect of the first series transition
elements, Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II)
and Zn(II) as modifiers on the silicon signal. These ele-
ments, except Zn, enhance the Si signal to variable extent.
It is noteworthy that Co(II) has the largest effect. The en-
hancement effect increases to a maximum for cobalt, de-
creases slightly for nickel, and then decreases sharply for
copper and zinc.

In order to account for the function of the modifiers,
two different silicon compounds, Na2SiO3 and hexa-fluo-
rosilicate complex (SiF6)2–, were used and the influence of
Co(II) on the signal enhancement of silicon was studied.
Since Co(II) was found to enhance the Si signal irrespec-
tive of the two different starting materials, there is no
doubt that the modifiers affect the final step, i.e., the for-
mation of Si atoms in the graphite tube. Therefore, all the
investigated transition elements would give interstitial
silicides MxSiy, with variable stoichiometric ratios de-
pending on the relative amount of Si and metal and the
temperatures prevailing at the charring step [20]. These
silicides would be responsible for the number of Si atoms
vaporized in the atomization step.

The melting points of the Mn, Fe, Co and Ni silicides
[20], which were used as a measure of their volatility,
range between 1075–1285, 1220–1410, 1277–1410 and
1000–1290°C, respectively. These temperatures seem fa-
vorable for the formation of the intermediate silicides on
approaching the final stage of atomization, as the charring
temperature actually used is 1150°C (the choice of this
temperature will be discussed later). As for Cr and Cu, the
melting points of their corresponding silicides range be-
tween 1500–1750 and 715–850°C, respectively [20].
These temperatures seem not suitable for proper decom-
position of the silicides at the charring step as a result of
early volatilization (Cu) or high stability (Cr).

In all successive investigations and measurements, Co
was used as modifier during determination of silicon.

Optimization of parameters

Effect of Co(II) concentration

20 µL of silicon solution (60 µg/L) and 5 µL of Co(II) so-
lutions (10, 50, 100, 200, and 500 mg/L) were injected
into the zirconium treated graphite tube. It was found that
the 50 mg/L Co(II) solution yielded the highest signal.
Therefore, this concentration was used for all other inves-
tigations. The same procedure was repeated for each mod-
ifier used and 50 mg/L modifier concentrations were
found satisfactory.

Charring and atomization temperatures

A typical absorbance vs. charring temperature curve is
shown in Fig. 3. It is clear that up to 1150°C, the peak
area exhibits a high degree of stability. At 1250°C, the ab-
sorbance decreases slightly attaining a second plateau of
stability. This stability continues to 1500°C, but a signifi-
cant decrease in peak area is observed at temperatures >
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Fig.2 Effect of the elements of the first transition series on Si de-
termination using atomic absorption spectrometry

Fig.3 Effect of charring temperature on Si signal (Zr-treated tube,
Co(II) modifier)

Fig.4 Effect of charring time on Si signal at 1150°C (A) and
1250°C (B) charring temperatures



1500°C probably owing to complete decomposition of
the silicon species. These results suggest an optimum
charring temperature between 1150–1250°C. However,
the relation between charring time (s) and peak area (Fig.
4) shows that 1150°C is the more suitable charring tem-
perature. Atomization temperature settings below 2350°C
produced a decrease in atomization efficiency, as shown
by a decrease in peak area (Fig. 5).

Interference tests

The results of the interference tests show that the pro-
posed method, using the concept of the STPF (Stabilized
Temperature Platform Furnace), is nearly free from inter-
ference. The strongest interference effect was produced
with Mo, V, Mg and HF. It seems that large amounts of
HF, when injected with the sample inside the graphite
tube, leads to the formation of silicon tetrafluoride, which
would be lost by volatilization.

Analytical figures of merit

Precision. The standard deviation in absorbance values
obtained from 10 determinations of a 60 µg/L Si solution
in presence of Co(II) modifier was 1.05 × 10–3 A–s for 
20 µL samples. Relative standard deviation was 1.64%.

Detection limit. The limit of detection established from 10
blank measurements (3σs) was calculated to be 37.3 pg Si
(1.86 µg/L for 20 µL sample) at a confidence limit of 95%.

Concentration range. The calibration graph shows a lin-
ear response up to a concentration of 400 µg/L Si.

Accuracy. To examine the accuracy of the proposed
method, the determination of silicon in the Moroccan phos-
phate rock certified reference material containing 2.09%
SiO2 (BCR Nr. 32) was successively accomplished with a
recovery of 103%. Because of the relatively small Si con-
tent in the reference sample (0.1 grams containing 2.09
mg Si), the amount of HF used in the digestion of the
sample should be carefully optimized. This effect is
shown in Fig. 6. It is clear that decreasing the amount of
HF added improved the recovery of the determination and
that the most suitable volume of HF acid is ≤ 0.1 mL.
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Fig. 5 Effect of atomization temperature on Si signal (Zr-treated
tube, Co(II) modifier)

Fig.6 Effect of the amount of HF acid used in the digestion of
SiO2 on silicon signal


