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ANALYSIS OF SULPHUR, PHOSPHORUS AND SILICA IN METALS,
ALLOYS, INORGANIC COMPOUNDS AND SOLVENTS

J.C.Upadhya, S.S.Naik, W.K.Khedikar, M.Sudersanan and P.KMathur
Analytical Chemistry Division

Bhabha Atomic Research Centre
Trombay, Mumbai 400 085

ABSTRACT

Procedures for the analysis of sulphur, phosphorus and silica in various metals and
alloys like mild steel, carbon steel and stainless steel as well as nickel base alloys are
described. Procedures were also developed for the analysis of sulphur in thoria pellets and
in other materials like crack check fluids, coal etc. Typical results obtained are
summarised.
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INTRODUCTION

Iron and steel are indispensible materials of modern age. Steels can generally be
classified into carbon steels, alloy steel and stainless steels (1). Addition of small amounts
of metals like Ni, Cr, Mn, Mo, V, Si and Al impart special qualities to steel such as
increase in hardness, tensile strength, resistance to corrosion and low coefficient of
expansion. These properties make steel a valuable material in various industrial
applications. Stainless steel refers to those iron-base alloys which have a very high
resistance to corrosion. They generally contain chromium or a combination of chromium
and nickel. Martensitic stainless steels contain Cr in the range of 12-17% and carbon upto
1.2%. They are ferromagnetic and are resistant to corrosion by water, weather and
chemicals. They are suitable for applications where high strength, hardness and resistance
to corrosion and abrasion are needed. Ferritic stainless steels contain 18-30% chromium
and carbon upto 0.25%. They are resistant not only to corrosion but also oxidation at
very high temperatures. They are useful for structural applications. Austenitic stainless
steels contain Cr in the range of 8-30%, Ni 6-20% and possess high ductility and work
hardenability. They are resistant to corrosion and scale formation even at high
temperature. However, they cannot be hardened by heat treatment. Stainless steel with a
composition of carbon upto 0.15%, Cr 17-19%, Ni 8-10%, Mn 2% and Si upto 1% are
used in petroleum equipments, food processing equipments, utensils, laundry equipment
etc. Various ferro alloys like ferrosilicon, ferro titanium, ferro vanadium and super alloys
containing Ni-Cr-Fe are also extensively used for various specialised applications(2).



The production of iron needs three main raw materials viz. iron ore, coal and
limestone. The main impurities present in iron ore are sulphur, phosphorus and arsenic in
addition to other materials like quartz, aluminium, magnesium, manganese and titanium
which are less objectionable. In iroh ore, sulphur and phosphorus are always present as
impurities in the form of FeS* CaSC>4, Ca3(PO4)2 or Fe3(PO4)2. Sulphur content may thus
vary from 0.01 to 1.5%. The steel should not contain sulphur more than 0.05% and
phosphorus > 0.05%. Sometimes sulphur can be removed by sintering but phosphorus
cannot be removed in this manner. Addition of Mn helps in removing sulphur by
formation of MnS.

Iron produced in blast furnace is referred to as pig iron. The composition of pig
iron depends on the quality of ore and consist of P, S, Si, Mn and C. The presence of
these impurities affect the properties of iron and hence there is a need to monitor their
levels in the finished products.

The percentage of carbon in pig iron may vary in the range of 2-4% and may be
present either in the free state or as graphite or in combined state as iron carbide. With
the increase in free carbon, the tensile strength of iron decreases.

The percentage of silicon present in cast iron or pig iron may vary in the range of
1-4%. If the content of silicon in cast iron is less than 2.5%, it makes the metal softer and
free from defects such as blow holes, sand holes etc. Silicon affects the hardness and
strength of iron. The presence of silicon in steel increases its electrical resistance and
promotes the decomposition of cemenite to form graphite.

Sulphur is introduced from the ore of iron and the amoutk of sulphur in the ore
may vary from 0.4 to 1.5%. Sulphur present in cast iron tends to convert free carbon or
graphite into combined carbon and hence the greater the percentage of sulphur, smaller is
the amount of free carbon. The sulphur present in cast iron also increases the rate of
solidification of cast iron and hence causes defects like blow holes and sand holes. Hence,
the amount of sulphur should be kept minimum as sulphur present in iron tends to make
iron hard and hence these materials produce poor castings. These materials also tend to
be brittle when hot.

The amount of phosphorus present in cast iron varies from 0.1 to 2%. Larger
proportion of P (1.0 to 1.6%) causes carbon in the cast iron to be retained as fixed carbon.
Hence, large amount of phosphorus adds to the hardness and strength of the metal. If
phosphorus is present in small amounts (0.05 - 0.5%) it causes the precipitation of carbon
as graphite or free carbon and hence a smaller proportion of phosphorus makes the metal
soft and weak.

In the case of steel, impurities like manganese, phosphorus, sulphur and silicon
affect the properties. The phosphorus content increases the tensile strength as well as
hardness of the steel. Phosphorus should not be present above 0.06%. Otherwise, the
steel becomes 'cold short' . Cold short effect is more pronounced in medium and high



carbon steels. Sulphur content affects the properties of steel considerably. The permitted
limit is about 0.5%. Above this percentage, the steel becomes very brittle and red short.
Silicon content varies from 0.1 to 0.35%. Silicon is used for deoxidising purposes.
Silicon removes dissolved gases and makes the metal sound and free from blow holes.
The effect of silicon on tensile strength and hardness is much less than that of manganese.
Silicon improves the grain size and deep hardening properties of steel.

' The presence of Si, P and S also affects the properties of other materials. In the
case of ThC>2, the specification for sulphur impurity is <50ppm. An increase in the amount
of sulphur leads to difficulties in pellet preparation.

Hence, it is essential to have accurate and precise analytical methods for the
estimation of these impurities in various metals, alloys and compounds (3>4). This report
describes the details of the various methods developed and used in Analytical Chemistry
Division, BARC and the typical results obtained for such samples.

Procedure for determination of silica in steels

Weigh 5g of sample containing less than 0.5% of silica and 2.5g for steels
containing more than 0.5% silica in a 400 ml beaker. Add 40ml of nitric acid ( 3:5),
cover and heat continuously until the sample is fully dissolved. If the sample still remains
undissolved, add 20ml of HCl and boil to dissolve the sample. Rinse the cover glass and
allow the contents to cool. Add 40ml of perchloric acid for 2.5g of sample and 60ml for
5g of sample. Evaporate to white fumes and then cover the beaker and continue the
heating so that HCIO4 fumes reflux on the walls of the beaker for 15 to 20 mins. Cool,
add 100ml of hot water and stir while crushing any remaining lumps with flattened end
glass rod. Filter through Whatman 41 filter paper. Wash with hot HCl and water
alternately 5 times.

Keep the filter paper in weighed platnium crucible. Burn off the paper on a low
flame so that a white residue of silica alone remains. Ignite to red hot for half an hour.
Keep in a desiccator and cool. Take the weight of the crucible containing silica and any
other impurities coprecipitated with it.

To estimate the silica alone, add 1:1 H2SO4 in order to wet the residue. Add 1/4
of the crucible of HF and keep on a sand bath. Allow it to fume and then heat it directly.
Silica gets volatised during this process. After the white fumes stop coming, cool the
crucible and find out its weight. The difference between the two weights gives the weight
of silica. The percentage of silica is obtained using the relation

%Si = A x 0.4675 x 100
B

where A =• gms of silica, obtained by the difference between two weighings before and
after the addition of HF + 1:1 H2SO4.
and B = weight of sample used in grams.



Procedure for determination of phosphorus

Take 2g of sample in a 500ml beaker. Add 65ml of nitric acid (1:3) and heat on
sand bath, add 15ml HC1O4 and fume for 10 min. Cool then add 40ml distilled water.
Filter on 540 or 40 filter paper. Wash with (3:5) HNO3 thrice and mark the level. Add
10ml of KMnC>4 (25g per litre) to oxidise phosphorus to phosphate. Boil for 2 to 3
minutes more. The pink brown precipitate is dissolved by adding H2SO3 or Na2SO3 drop
by drop to the boiling solution. This treatment converts ferric iron to ferrous iron. Boil
off excess of sulphur dioxide and adjust the volume to 60ml and temperature to 45°C.
Add 50ml of ammonical ammonium molybdate,heated at 45°C and stir for 10 minutes.
Allow to settle for two hours. Filter through a filter pulp. Wash with 2% HNO3 10ml
each 2 times. Finally wash with KNO3 till it is free from acid. Transfer the precipitate
alongwith the pulp into a beaker. Add some water and a measured amount of NaOH till
the precipitate gets dissolved in it. Add a few drops of phenolphthalein. The appearance
of a pink colour indicates an excess of NaOH. Titrate the excess of NaOH with standard
nitric acid. The end point is given by the disappearance of pink colour.

Carry out a blank by taking an equal amount of water and adding NaOH and a few
drops of phenolphthalein. Titrate NaOH using standard nitric acid. Calculate the
percentage of phosphorus using the relation

%P = (A-B) X 100 X C X 0.00135
D

where
A is the acid required for the blank titration containing the same amount of added
NaOH as in the case of sample.
B = Amount of acid needed for the sample
C = Normality of HNO3
D = weight of sample in gram

Determination of sulphur

Sulphur is determined using a furnace in which the sample contained in a vitreous
silica boat is heated to a temperature of 1400°C in a limited supply of oxygen. The flux
added is copper strips which helps in the complete conversion of sulphur to SO2 which is
then flushed into the titration chamber using a current of oxygen. Sulphur dioxide reacts
with iodine present in the titration chamber. As the SO2 reacts with iodine, more iodine is
introduced by the addition of KIO3 which generates iodine by the reaction with KI. The
titration is carried out as follows: A solution of KI, HC1 and starch is kept in the titration
vessel. A small amount of iodine is produced by the addition of KIO3 through a burette.
This produces a blue colour due to the formation of starch-iodine complex. As sulphur
dioxide is released by the oxidation of sulphur in sample it is driven into the reaction vessel
by oxygen gas. SO2 reacts with iodine by the reaction.

H2SO3 +12 + H2O ^==^ H2SO4 + 2HI



The removal of iodine tends to break the starch iodine complex and hence the
colour of the solution fades. At this stage more KIO3 is introduced into the titration vessel
which results in the generation of more iodine by the reaction.

5KI + KIO3

3K2O + 6HC1 - ^ 6KC1 + 3H2O

As the generated iodine is consumed by reaction with SO2, more KIO3 is added to
keep the required excess of iodine in solution. The end point of the titration is given by
the non-fading of the colour of starch-iodine complex after flushing of the reaction vessel
for 2 minutes. This indicates that all the SO2 produced has reacted with iodine. The
volume of KIO3 added is a measure of the amount of SO2 produced. The instrument is
calibrated using standard steel samples of known sulphur content. The sulphur content of
the unknown sample is calculated using the formula

% S = Ajsamplc X Cgtd

W

where
gives the volume of KIO3 required for lg of standard steel sample

gives the volume of KIO3 for the titration of sample,
gives the concentration of sulphur in standard steel

W gives the weight of the sample in grams.

A diagram of the experimental set up is shown in Fig. 1 . A large silica tube is
kept in the middle central part of the furnace. The sample is weighed into a small vitreous
silica boat previously heated to 800°C, to drive off any moisture. A few pieces of copper
strips are kept in the boat and lg of the sample is introduced. A few strips of copper are
also kept over the sample in the boat. The boat is then carefully introduced in the constant
temperature zone. The sample is allowed to remain in the hot zone for a period of about
two minutes for the oxidation of sulphur to SO2. In the meantime the titration chamber is
filled with a solution of HC1, KI and starch. A small known amount of KIO3 is introduced
into the titration chamber to generate a small known excess of iodine which reacts with
starch to give the blue colour. After two minutes, the SO2 is flushed into the reaction
vessel by oxygen gas. As SO2 reacts with iodine, more KIO3 is added to maintain a
constant excess of iodine. At the endpoint a faint blue colour due to excess of iodine
persists for more than 2 minutes. The amount of sulphur is calculated using the volume of
KIO3 needed for the analysis of lg of standard steel. Typical results are given in Table 1
and 2 for various types of materials.



Analysis of thoria pellets for sulphur

A similar procedure was adopted for the determination of sulphur in thoria pellets.
The pellets were powdered and lg of the sample was put into a vitreous silica boat as in
the case of steel samples. Copper metal foils were introduced and the boat was introduced
into the constant temperature zone of the furnace maintained at 1400°C. After two
minutes, the sulphur dioxide formed were swept into the reaction vessel by a current of
oxygen. The sulphur content was calculated from the amount of KIO3 consumed during
the titration. The apparatus was calibrated using standard steel sample of known sulphur
content. Some of the typical results are given in Table 3

Determination of sulphur in paints, cleaners, penetrants and coal

A procedure was also developed for the analysis of sulphur and chloride in various
materials like coal, crack check fluids and cleaner or penetrants. The determination was
carried out as follows:

lg of sample was taken with small pieces of filter paper in a clean silica crucible.
This was kept inside a high pressure oxygen bomb. 3ml of sodium carbonate and 5 drops
of hydrogen peroxide were taken in the oxygen pressure bomb. Tie the wire between the
two arms of the calorimeter so as to pass the current. Tie with cotton thread, a filter
paper strip which will dip in the crucible where the sample (oil or burnable organic
compound ) is taken. Fix the cover of the bomb and pressurise it with oxygen gas. Pass
the current by connecting the heating wires to a battery. This causes the filter paper and
the sample to burn. When the sample has completely burnt, switch off the current and
keep the bomb in a cool water bath for about 1/2 hour. Remove the bomb and release the
gas pressure. Open the bomb and transfer the liquid inside the vessel into a beaker. Wash
the crucible lid, side and bottom of the bomb and collect the washings in the same beaker.
Sulphur in the sample gets oxidised to sulphur trioxide which then dissolves in Na2CO3 to
form sulphate. Make the solution acidic with 1:1 HC1 and make upto 50ml after filtration.

Take 25ml aliquot and add 10ml of conditioning agent containing BaCl2. Digest
on water bath. Take 0.5, 1.0 and 2 ml of standard sulphate solution in 100ml beaker.
Add 10ml of conditioning agent containing BaCk and digest in a similar manner.

Prepare a sample blank using 3ml of Na2CO3 solution and 5 drops of H2O2,
neutralise with HC1 (1:1), add 10ml of conditioning agent and digest on a water bath.

Make up the solution to 50ml in all the cases and measure the absorbance at
500nm. Calculate the concentration of sulphate with respect to the calibration graph.
Some typical results are given in Table 4.

A similar procedure was used for other organic compounds or materials which
burn in an oxygen atmosphere. Coal samples were analysed both the methods viz. oxygen
pressure bomb and furnace combustion. Materials like catalysts or organic compounds



containing a higher percentage of sulphur were analysed by the combustion methods. In
the case of coal, results obtained by both the techniques were comparable indicating the
reliability of the value and the applicability of both the procedures.

Analysis of sulphur in oils is sometimes carried out by burning off the oil in a
crucible in an open container followed by the estimation. This procedure may result in a
loss of sulphur as SO2. In such cases, it is preferable to use the pressurised bomb method.
It was found that when this procedure was employed, the total sulphur value could be
obtained. If soluble sulphate is desired, it can be obtained as in the determination of
soluble chloride by shaking the sample dissolved in amyl alcohol with water and estimating
the sulphate by turbidimetric method. Some of the typical results are given in Table 4.

CONCLUSIONS

Methods were standardised for the analysis of S, Si and P in a variety of materials
like metals and alloys and of S in thoria pellets and crack check cleaner solutions. Sulphur
in other materials was also analysed by either pressure bomb calorimeter or by furnace
combustion, method depending on the materials. A large number of materials of nuclear
interest were analysed by these procedures.

Table-1
TYPICAL RESULTS FOR THE ANALYSIS OF STEEL SAMPLES

Material

Mild steel
Carbon steel
Weld metal
SS-17-14
SS-3O8
SS-302

Concentration (%) of
P

0.004
0.018
0.014
0.022
0.025
0.021

S
0.030
0.013
0.013
0.012
0.010
0.010

Si
0.15
0.26
0.34
0.21
0.09
0.24

Table - 2
TYPICAL RESULTS FOR ANALYSIS OF METALS ALLOYS

AND OTHER MATERIALS

Material

Inconel 600
Inconel 625
Ni Hard IV steel
Ni powder
Fe-Ni-Cr alloy
Coal (various grades)

Concentration (%) of
P
-

0.018
0.070
0.003
0.020

-

s
0.007
0.005
0.054
0.007
0.013

0.5 to 1.6

Si
-
-

1.55
0.015

-
-



Table - 3

TYPICAL RESULTS FOR ANALYSIS OF SULPHUR
IN THORIA SAMPLES

Description

TI1O2 (uncalcined)
ThO2 calcined at 1100°C for 4 hrs
ThOz calcined at 1100°C for 6 hrs
TI1O2 calcined at 1100°C for 8 hrs
ThOj calcined at 1100°C for 10 hrs
Sintered pellet fabricated from air calcined powder
MgO doped pellet sintered at 1250)C

Sulphur in ppm

750
120
100

: 90
80
145
40

Table - 4

TYPICAL RESULTS FOR ANALYSIS OF PENETRANTS

Company Code

Anand

Ferrochem

NPC

Material

Cleaner
Developer
Dye penetrant
Solvent FC-911
Developer top layer
After mixing the developer
Solvent

Soluble chloride
ppm
<10
<10
25
14
<10
90 (max)
15

Total sulphur
ppm
80
120
120
95
38
38
600
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FIG-1
APPARATUS FOR ESTIMATION OF SULPHUR IN METALS



+ve Electrical Connection

Oxygen filling & venting valve
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APPARATUS FOR ESTIMATION OF SULPHUR IN PENETRANTS
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