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ABSTRACT.  

In this thesis)work is reported,in which procedures 

for the determination of chromium in titanium dioxide 

pigments,at the part per million level,have been examined 

and developed.The chromium content of titanium dioxide 

pigments may adversely affect the colour properties on 

stoving and in other uses. 

In the preliminary work,difficulties were found in 

the dissolution of the samples.A sulphuricacid-alkali 

sulphate fusion and solvent system was developed to which 

all samples were amicable.During the preliminary work it 

was also shown that it was not possible to determine 

chromium(at the levels of interest)by atomic absorption 

spectrometry in the presence of titanium,In order to 

overcome this,separation procedures were examined.During 

this work the carbon filament atom cell was evaluated and 

shown,for this application,to be inferior to flame systems. 

Three procedures were investigated for the 

separation of titanium and chromium.These were solvent 

extraction,precipitation and ion exchange.It was shown 

that it was not possible to effect a separation by 

extracting either Cr(III) or the titanium.By extracting 

Cr(VI) it was possible to obtain an analytically useful 

separation.Procedures were investigated for the oxidation 

of chromium(III) to chromium(VI).This was necessary because 

the dissolution procedures produce chromium(III),It was 
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found that two procedures involving sodium bismuthate 

and perchloric acid were suitable. 

Additionally ion exchange and precipitation separations 

were investigated.The former was shown to be of analytical 

use and was evaluated for many samples.The use of radio-

tracers is given a brief theoretical consideration for 

improving the recoveries and efficiencies of various 

procedures. 

Two procedures are proposed for the determination of 

chromium in titanium dioxide pigments. 
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This thesis contains only original work, 

except where due acknowledgement has been 

made. 
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CHAPTER ONE: 	INTRODUCTION. 

1:1. Definition of problem and the necessity for the 

determination.  

In this work, the determination of 

chromium at trace levels in a matrix of titanium dioxide 

has been investigated. All the techniques considered have 

used measurements of atomic absorption for the measurement 

stage. It was found that the most difficult problems to 

overcome were those in the preliminary work leading to the 

atomic absorption measurement rather than in the actual 

measurement stage itself. However, the largest problem can 

really be considered to arise in the measurement stage, and 

all the other problems arise because this one cannot 

currently be solved by techniques readily available. This 

problem is that chromium cannot be determined in the 

presence of a large excess of titanium by atomic absorption. 

This is considered in more detail in section 3:15 (page 102) 

Titanium dioxide is used in industry as a 

paint and enamel pigment and clearly, for this type of use, 

it's colour quality is extremely important. It is found 

that many elements affect this colour quality, amongst 

them being aluminium, chromium, iron and vanadium2'3. The 

effect of chromium is to give an off-white colour to the 

pigment, which, if none was present, would be 'pure white'. 

Tne amount of chromium needed to cause this is small, 

especially for those pigments used in enamels. The firing 

of the enamel results in an enhancement of the dis-

coloration. The manufacturing limit for chromium in these 

pigments is of the order of five to ten micrograms per 

gram titanium dioxide, that is, chromium at the parts per 

million level. 

The analytical method developed is needed 

for quality control as well as research use. In quality 

control, analytica]results are needed in as fast a turn- 

around as is possible. As tne method is for quality control 
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use, it should fulfil many requirements, amongst them 

being:- 

(a) Simple technique. 
(b) No special instrumentation. 

(c) Rapid method. 

(d) No potentially hazardous stages in method. 

(e) Economical suitability for tne product. 
(f) Results of suitable accuracy and precision 

for the purpose for which they are required. 

Clearly, any one procedure may not fulfil all 	f  
these requirements and some of the requirements are 

compromised, while otners are fulfilled. An additional 
advantage would be if tne method could be easily adapted 

to the simultaneous determination of those other elements 
which affect the colour quality of the pigments2'3. It is 
considered that tne most important requirements for the 

final procedure are:- speed - ideally about thirty minutes 
- but in any case, less tnan about two hours - and 
accuracy and precision - plus or minus one part per 

million at the ten part per million level. 

1:2 Why is a new method needed? 

What of existing methods?  

It may well be asked why it is necessary to 

develop a new method, when several techniques already 

exist. The short answer to this is that there are no 

other methods by whicn this may be done. This does riot 

mean that samples of titanium dioxide have never been 

successfully analysed for chromium at these levels before, 

but that the existing procedures do not fulfil the 

requirements for the method discussed above. 

Chromium may be determined in many ways1. 
Amongst those involving chemical manipulation are 

solution spectrophotometry, -1)1arography1,4,5  

gravimetry, redox and complexometric titration. All these 

suffer from severe limitations in tnat they cannot easily 

handle tne very low concentrations of chromium involved 
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in this problem. This applies especially to the 

gravimetric and titrimetric methods. Both polorography5'3  

and solution spectrophotometry2 have been used in the 

analysis of titanium dioxide for chromium, but the 

techniques lack precision, accuracy or speed, as well as 

often being unable to reach the low detection limits 

required. 

There are many physicochemical techniques which 

may be applied, ranging from X-ray fluorescence6'7'8  to 

radio-activation-9,10,11  and related techniques12,13. 

However, even with these more exotic techniques, the low 

levels required cannot be reached without great difficulty. 

This often involves preconcentration in some form or other. 

This is the real problem whatever technique is used. 

Currently two techniques are considered, 

industrially, to be best. Tne simplest in equipment is a 

solution spectrophotometric method, whilst the other is 

spark source mass spectrometry. Neither of these fulfils 

the above requirements for the techniques, and tnus cannot 

be considered as quality control procedures. The first 

method will be discussed in more detail later (page 29). 

The second involves the use of rather expensive and 

sophisticated equipment for a considerable length of time. 

1:3 	Introduction to the simple theory of atomic absorption. 

Atomic absorption spectrophotometry is a valuable 

analytical technique which has been developed in the last 

twenty years14. As the name implies , this is a technique 

in which the atoms of the analyte element absorb light, and 
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in this aspect is very similar to solution spectrophoto-

metry. However, in solution spectrophotometry, the 

absorption bands are extremely broad in comparison to those 

found in atomic absorption. For example, a typical solution 

spectrophotometric band is of the order of 100 -150 

nanometres, whilst a typical atomic absorption band width 

is at the most 0.001 nanometre . This difference arises as 

two different causes exist for absorbance. In solution 

spectrophotometry, the absorbance is caused by electronic 

transitions in a molecular system whereas, in atomic 

absorption, it is caused by electronic transitions in an 

atomic system. As the electronic transitions are measured, 

the bands in the atomic system are very sharp as no 

mechanism is present to distort the ground and/or the 

excited• state energy levels, whilst in the molecular system, 

bond vibrations and rotations for example, can distort these 

energy levels. 

One of the main problems in the early development of 

atomic absorption spectroscopy was this very sharp 

absorption profile. This occurred because a typical mono-

chromator band-pass was about a nanometre, whilst the band-

pass width of the atomic absorption was 0.001 nanometre. 

The electronics were required to detect a very small change 

in light intensity reaching the detector. Until hollow 

cathode lamps and other 'line sources' were available, there 

was no economic way around this problem. A very good mono-

chromator could be used, but even here the light through-

put was so low, that the electrical noise resulting from 

the very large amplification of the signal from the 

detector, resulted in an analyte signal which was difficult 

to measure. A line source is one in which the band width 
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of tne light emitted is comparable to that of the atoms 

being considered as the absorbing species. Tnis effect 

about tne oand width may also be illustrated 

d1agramatically:-
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In this, the cross-hatcning represents lignt reaching the 

detector from a continuum light source {for a mOlJ.ocnromator 

having a band pass,of 1.0 nanome~~ ~, Whilst the double 

cross-hatched region represents light reaching the 

detector from a nypothetical line source having a widt4 

of 0.07 nanomeme's. This diagram can also oe used to 

illustrate why the line source snould not be subject to 

any self reversal. Self reversal is when the lamps profile 

changes and the 'key is missing'. This is illustrated 

overleaf in exaggerated form:-
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As the detector gives a signal proportional to the 

intensity of light reaching it (and not proportional to 

the intensity of light absorbed directly) a 100% 

absorption by the atoms only results in changing the 

average energy' reaching the detector from 100x1.0 to 

100x0.99 relative intensity - wavelength..units. That is a 

change of one percent. Consider the situation with the 

hypothetical line source - here it changes from 100x0.07 

to 100x0.06, a change of about 14%. Clearly, when a true 

line source is used, having a width of approximately 0.001 

nanometre (the same as the atomic absorption profile), the 

percentage change is much greater. 

Since line sources have been available, atomic 

absorption spectropnotometric techniques have very rapidly 

developed. In all developments, the fundamental layout is 

usually one of two forms, single or double beam. The 

advantages of double beam are mainly stability and further 
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details can be found in any of the usual texts on this 

technique16'17. In the single beam system, the layout is 

shown below in schematic form:— 

\ 	
ATOM CELL  

LIGHT  1/ \ 
SOURCE \ 	/ 

\ 	/ 
\ 	/ 

\\ 	
/ 

\ 	/ 
\ 	/ 
\ / ...-- 

light waves 

AMPLIFIER 

READOUT 

SYSTEM 

electrical 

signals 
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It is usual for the light source to be modulated and A/C 

coupled to the detector, so that only actual absorption 

by the atoms is measured, instead of (in the case of a 

flame atom cell) flame noise. This modulation will not, 

however, eliminate scatter, as this (if occurring) is a 

constant effect. Modifications have been introduced in many 

instruments whereby this can also be overcome or at least 

the effects reduced, by using a non-resonance wavelength 

near the resonance wavelength. This is possible as 

scattering will occur over a wide wavelength range whilst 

(as discussed earlier) atomic absorption does not. Often a 

deuterium continuum source is used for this. In this, the 

line source and deuterium continuum are alternated at a 

high frequency , and the resulting signal treated 

electronically to give an absorbance signal largely 

corrected for scatter. 

In any type of atomic absorption system some form 

of atom cell is required, that is, a volume of space in 

which the absorbing atoms may be produced from the sample. 

Many types of atom cell nave been used for various purposes 

and details are available in many reviews in the 

literature16,17,18.  The most usual one is some form of 

flame system. This has the advantage that, by using 

nebulizers, a continuous signal may be obtained from the 

analyte instead of a discrete transient signal which 

results from many of the other atom cells. Electronically, 

continuous signals can be amplified with ease when compared 

to transient signals. In a flame atom cell, both pre-mixed 

and turbulent flow burners may be used, but pre-mixed is 
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now used in nearly, if not all commercially available 

instruments. The flame type can have a very important 

effect on the sensitivity; For example, some elements 

require reducing flame conditions and high temperatures. 

Two types of flame are largely used, one being air-

acetylene, the other nitrous oxide-acetylene. Usually, the 

nitrous oxide-acetylene flame is used for those elements 

forming refractory oxides, which are broken down into 

atoms much more easily in this high temperature reducing 

flame. This flame has several disadvantages, however: the 

most important are:- 

(i) In this flame, a very high flow rate of 

acetylene is used, compared to the corresponding 

air-acetylene flame. This results in a lower 

atomic density in the optical light path, with 

a resultant decrease in sensitivity, if all other 

factors are equal for the two flame conditions. 

(ii)The nitrous oxide-acetylene flame can explode 

very easily. 

(iii) Due to the very high temperature of the flame, 

considerable ionization of the analyte can occur, 

thus reducing the concentration of absorbing 

species in the flame. This can, to a certain 

extent, be overcome by adding ionization 

suppressors, such as caesium or potassium salts, 

which themselves have very low ionization 

potentials. 

All these effects must be considered and the flame most 

suited to the analyte selected. Usually, the manufacturers 

of commercial instruments publish recommendations for 
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analytes in matrices which will cause no interference. 

The usual types of non-flame atom cells are based 

on a filament (made of carbon or a very refractory metal) 

or a carbon tube. The filaments give a much faster transient 

signal than the tube. Several types are commercially 

available and tne manufacturers recommend them for analysis, 

especially where the sample size is restricted. The use of 

the carbon filament, also known as the West filament, is 

discussed in more detail in sections3.7 to 3.14, pages 

66 to 102 . Recently, several reviews have been published 

and these should be consulted for details of the other 

types of non-flame atom cells18'19  

A technique which is closely related to atomic 

absorption is atomic fluorescence20. This technique is 

currently undergoing a considerable amount of development. 

In this, the atoms of the analyte are excited by very 

intense line sources. When the excited analyte atoms decay 

to their ground state, they emit a quanta of radiation. It 

is this radiation which is measured. in the usual 

experimental lay-out, the detector is at right angles to 

the excitation source. In cases where high intensity 

sources are available, the detection limits can, in some 

cases, be improved by up to 10 - 100'times. 

Currently, atomic fluorescence spectrometry is 

being developed in both flame and non-flame atom cells. 

However, due to the difficulties of obtaining intense and 

stable sources, it cannot be considered as a substitute 

for atomic absorption. 

Calibration curves and related matters for atomic 

absorption will be discussed in detail in sections 3.13, 
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3.15 and 3.16, pages 97 and 102-120. However, the 

relationship may be expressed briefly in an equation, of 

the form:- 

A =Sod 

where A is the absorbance, c the concentration of the 

analyte and d a factor giving tue dilution of the atom 

cell. This being comparable to the length of the cell in 

the conventional Beer's Law for solution spectrometry. 

In atomic absorption, it is not possible to consider 

(for a flame) the lengtn of the burner only, as the actual 

flame volume is tne controlling factor. This is especially 

relevant when the nitrous oxide-acetylene flame is compared 

to an air-acetylene flame. 

The former is a much larger flame for the same 

oxidant flow, this is due to the stoichionetry of tue 

reaction: -  

5N20 + 

10N2 + 2202 + 02H2 	 10N2 	20 + 2002 

This results in larger dilutiou and thus a smaller 

fraction of the effective atom cell is in the light path. 

more detailed discussion of this and related matters can 

be found in many texts and references16' 17  

In lion-flame atom cells, discrete samples are 

usually used with some form of pipette. In flame systems, 

a discrete sample is possible (e.g. Delves cup techniques 

16, l72 but by far tne more usual method is continuous 

sample introduction, with a nebulizer. Tnis is a device 

which uses the vacuum formed when a high pressure air, or 

other gas stream, flows past a narrow capillary tube, to 

2C02 + H2O + 5N2 
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introduce small droplets of sample solution, in a uniform 

manner, into the gas stream. Tnis is illustrated 

schematically below:- 

     

sample 

solution 

drawn in. 

    

    

    

     

      

      

high pressure gas stream. 

Expansion cnambers and otner methods are used to remove the 

large droplets, so that a cloud of very fine droplets reaches 

the burner. In most, if not all, commercial instruments the 

oxidant is used as the nebulizing gas. A severe dis-

advantage and limitation of nebulizers is that they will 

hot handle solutions having high solid contents satisfact-

orily. They become blocked very easily and are erratic in 

their behaviour. . 

1:4 	The cnemistry of chromium. 

chromium is an element which has considerable 

economic and military importance to the developed nations. 

It is used in tne manufacture of many commodities, ranging 

from steels to pharmaceuticals. Chromium is found in many 

naturally occurring forms at trace levels, the main 

commercial source being chromite. Chromite is a mineral, 

structurally similar to spinel, having the approximate 

formula FeCr204  It is because of tie properties and 

economic value of chromium that it is necessary to be able 

to determine it accurately at both tne macro and trace 

levels. Many references and texts are to be found with 

methods for this determinationl. In this work, the 
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determination at trace level (less than 10)Ugs chromium 

per gram titanium dioxide) has been considered. For 

various reasons (discussed elsewhere), none of these 

methods was thought to be directly applicable. 

Chromium is a first row transition metal having 

(in the free atom) the electronic configuration:- 

1s2 282 2p6 382 3p6 3d5 4s1. . Chromium may be found in many 

oxidation states in its compounds. However, only 

chromium (III), chromium (VI) and possibly chromium (II) 

have any real aqueous solution chemistry21. 

One well known property of chromium (III) is.the 

extremely slow kinetics of its reaction in solution. As 

an example, may be given the slow colour change when 

hydrated chromic chloride is dissolved in water. Initially 

it is a brignt green in colour but this slowly changes 

into a bluish green over a period of twenty four to forty 

eight hours. Thi8 is due to a change in the co-ordination 

about the chromium (III) atom. The violet blue colour 

formed is due to Cr(H2  0)3+  whilst the green colour is due 

to some of the water being replaced by chloride i.e. 

Cr(H 0) 	C13-x)-1-  2 6-x x 	. Another explanation is the formation 

of hydroXy bridge or polynuclear species. The true 

situation is probably some combination of all these. 

The concept of kinetic reactivity may be 

considered by using reaction co-ordinate energy diagrams. 

These are diagrams in which theenergy of the reacting 

species is plotted against the reaction co-ordinate 

(progress of reaction). These are especialy useful in 

seeing which stage in a reaction is rate determining in 
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reactions which involve many stages. 

RerhcrierN 
cocx-DwAUF 

The above diagram is for a mechanism in which the 

transition state has no real existence of its own. The 

larger the activation energy, the slower the reaction. If 

a metastable intermediate state were formed, the diagram 

would become:- 

leCAcTlon/ CocRPINFIT .>  
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Tne seven co-ordinate mechanism would possibly be more 

likely to form the metastable intermediate than would the 

dissociation mechanism (discussed below). However, it is 

clearly not possible to pick either type of energy-reaction 

co-ordinate diagram for either mechanism conclusively. Both 

could apply, or much more likely (as discussed elsewhere), 

an intermediate of the two. The important fact is why the 

activation energy in either case is high. For a rapid 

reaction the activation energy must be sufficiently small, 

so that it can be provided from thermal and other types of 

energy. Thus, consideration has to be given to the reasons 

why this activation energy is high for chromium (III), 

whilst for most of the other transition metals it is 

considerably lower. 

At this point, it is advisable to giVe some space 

to the subject of inorganic reaction mechanisms. No attempt 

will be made here'to duplicate what may be found in the 

many excellent texts on this topic22' 23. The reason for 

considering this,here is that it gives an insight into the 

difficulties encountered in this work. Inorganic reactions, 

especially those involving co-ordination compounds and 

related species can be divided into many types. For these 

purposes they can best be considered as either substitution 

or oxidation-reduction. In many cases, it will be some form 

of combination of both. However, giving consideration to 

the substitution reactions first, the reaction is of this 

form:- 

DAL6 + R 	
MRL

5 
 + L 

(charges have been omitted 

for simplicity and clarity). 
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The previous equation gives no information as to tne 

mechanism. Clearly the mechanism may be considerably more 

involved than the equation implies. Two extreme mechanisms 

may be postulated24, the first being a dissociation:- 

ML6 ----4 ML 5  + L 

ML
5 

+ X 	ML
5
X 

For this form of mechanism the transition state corresponds 

to ML
5 

and thus the rate determining step will be the 

formation of this transition state. This will be affected 

by tne energy of this species relevant to the starting 

species. The most important component of this transition 

state energy will usually be the bond cleavage of the 

L5M - L bond. Several additional factors are also involved, 

such as the change in hybridization in going from a six -

to a five - co-ordinated metal atom. 

The other extreme mechanistic pathway is one 

rather similar to the organic bi-molecular reactions, that 

is, where a seven co-ordinate transition state is involved:- 

* 	 ML R + L mL6 + R 	ML R 	5 6 

Usually the actual mechanism is thought to be some 

intermediate between these two, the general consensus of 

opinion seems to be that currently it is not possible to 

assign reactions to either class with certainty22, 23, 24 

This is not, however, a serious problem in this work as it 

is possible to explain the kinetics of chromium (III) in 

a qualitative way on either possible mechanism. This 

qualitative treatment is simplest if based on the concept 

of hybridization of atomic orbitals and the valence bond 

theory developed by Pauling. In the first row transition 
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elements the 4p, 3d and 4s atomic orbitals are of 

comparable energy and may be hybridized to form a set of 

equivalent orbitals. Tne orbitals hybridized in order to 

form octrahedrially displaced bonding atomic orbitals, are 

the three 4p's, one 4s and two of the five 3d's. These are 

suitable for hybridization as they are in the correct 

geometrical arrangement. This concept is developed in many 

of the references quoted here21. Thus, in the usual valence 

bond representation, the octrahedral complex has three 

unhybridized d orbitals (these being the dxy, dzy and dzx) 

and a set of six equivalent d2  sp.3   hybridized orbitals. The 

unhybridized d orbitals are available for metal electrons, 

whilst the hybridized d2sp3  orbitals are available for 

ligand electrons. This is represented schematically below:- 

3d_ 	 4p 

  

48 

    

00000 oo 
	  ■ 	  

unhybridized. 	hybridized. 

available 	available for 

for metal 	ligand electrons. 

electrons. 

If the electrons in, for example, Cr(NH3)6
3+ are shown, 

the diagram is :- (overleaf) 



3d 4p 

@@@ ® 
hybridized orbitals. 

This means that hexa-amino chromium (III) has three 

unpaired electrons which is expected to result in 

paramagnetic behaviour21 . This is indeed observed. To 

return to the reaction kinetics of chromium (III), first 

consider the seven co-ordinate transition state mechanism, 

where the incoming ligands electrons have to be 
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accommodated somewhere. The only way in which this can be 

done (without usi~g t~e.much higher e~ergy 4d or 5s orbitals) 

is to pair up the electrons in the unhybridized 3d orbitals. 

As this is a high energy process, the activation energy 

of a mechanism involving this will be high and thus the 

rate, low. 

This explanation does not explain why the rate 

of the other extreme mechanism (dissociation) is also very 

slow. Here, the energy needed to cleave the chromium - oxygen 

(or other) bond must be considered as rather high. It is 

not possible to say which of the possible extreme 

mechanisms applies to tne cnromium (III) system and indeed 

it is reasonable to expect some intermediate to apply. 

Edwards 23 gives a good discussion on this type of subject 

and reference should be made to his and other texts for 
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more comprehensive information. 

The aforesaid considerations are based on the 

concept of inner sphere complexes. More rigorous treatments 

involving the possibilities of outer sphere complexes, in 

which the hybridization results from the 4d orbitals 

instead of the 3d, could be given. However, all these 

treatments nave drawbacks, and other works2  b.gala4be 

referred to for details of tnis and related matters (such 

as ligand-field theory and molecular orbital theory). 

The remaining topic to be colisidered in this 

section, is the difficulty of oxidising chromium (III) 

to cnromium (VI) and tne increased reactivity of chromium 

(1a) when compared to chromium (III). An oxidation involves 

a transfer of electrons from the species being oxidized to 

the oxidant. Olearly, tnis is facilitated if tne oxidant 

and substrate can bond. in tne case of chromium kIII), as 

discussed above, tnis is difficult. Thus the transfer has 

to be via the ligands on the oxidants substate. Thus the 

ease of oxidation depends on the form of ligand. In tne 

case of water, whicil is a monodentate ligand, tne transfer 

will not be as efficient as for a polydentate ligand. This 

is because tne polydentate ligand could bond to both the 

oxidant and substrate. Other mechanisms involving "electron 

tunnelling" have been postulated and are discussed 

elsewhere22. The reactivity of chromium (VI) may oe simply 

explained, as the unnybridized d orbitals (discussed 

earlier) are available to receive tne reacting ligands 

electrons. In fact, the reactivity of chromium (VI) is 

often used to form chromium (III) complexes, the incoming 

ligand being oxidized. As an example, may be given the 
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reaction of diphenyl corbazide and chromate. 

1:5. 	The Chemistry of Titanium.  

Titanium is one of the, so called, new metals, even 

though it was discovered by the Reverend William Gregor in 

1790. It was many decades before it was used in industry. 

Titanium is one of the more abundant metals in the earth's 

crust (present to about 0.6 %). Titanium is distributed 

amongst nearly all rocks and those geological species 

derived from rocks (such as sediments). The commercial 

sources of titanium are usually the dioxide in one of its 

several forms (see below), or as titanates, especially 

ferrous titanate, otherwise known as ilmenite or calcium 

titanate (perovskite)26. 

Titanium finds many uses in industry, ranging from 

situations where high strength-weight ratios are needed, to 

waterproofing agents. The use with which this investigation 

is concerned is that involving titanium dioxide pigments. 

Titanium dioxide has found large scale use as a pigment, 

both in paint and enamel. These pigments are prepared by a 

variety of methods from either ilmenite or rutile and it 

has been found that trace metal impurities affect the col.our 

considerably2.The pure trace metal-free pigment is what can 

be called "pure" white. When impurities are introduced, the 

colour becomes less "pure" white and, depending on the 

impurity, takes on a blue or other colour2.The levels of 

metal needed to cause this are small, and the manufacturing 

tolerances are of the order of five to ten parts per million 

of titanium dioxide. Clearly, it can be seen that the 

determination of these trace metals is of considerable 

economic importance. 
There are many approaches to this problem, but 

they may, in general, be divided into two groups . 
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The first involves no chemical manipulation of the 

sample. Techniques coming into this group are activation 

analysis, certain types of mass spectrometry, X-ray 

fluorescence and such like. Those involving chemical 

manipulation form the second group. In general, those 

techniques in the first group involve much more elaborate 

equipment and thus, higher capital (though not necessarily 

running) costs than the techniques in the second group. 

Titanium dioxide thus presents a difficult 

analytical problem on the grounds of capital v. running 

costs of analysis, but no further consideration will be 

given to this matter in this work. 

In the methods to be examined, atomic spectrometry 

is to be used as the final measurement stage for the 

determination of chromium. Tnis means (this is didcussed 

elsewhere) that a solution of the titanium dioxide is 

needed, preferably in a solvent which can easily be 

handled. This matter has been given considerable 

consideration and is reported later. One property of 

titanium which has been the cause of considerable 

difficulty is the poor solubility of titanium (IV) in any 

solvent media, except those which are considerably acidic 

or contain complexing ligands. This behaviour is due to 

the formation of basic hydroxy species which can easily 

form insoluble hydrated hydroxides21. Indeed, even acidic 

solutions of titanium can reasonably easily be hydrolysed 

by boiling to precipitate titanium dioxide. Titanium (IV) 

forms a few notable complexes, two well known ones being 

- 
the fluorotitanate (TiF6

2 
) 
and the blood red peroxy complex. 

Titanium dioxide exists in at least three forms:- 
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Anatase, Rutile and Brookite. These are all high melting 

refractory materials. As pigments, the rutile form is 

usually used. Due to the very high purity needed for pigment 

grade titanium dioxide, it is usually made (especially for 

tne high quality grades) by oxidation of titanium 

tetrachloride. It is not known why traces of some metals 

cause sucn drastic cnanges in the pigment's colour. Often, 

the discolouration is enhanced when the enamel is fired. 

Many years ago, Ourisson2  discussed the influence of traces 

of cnromium on the quality of titanium dioxide as a pigment. 

A more recent review has been published by Rechmann27. 

1:6. 	Brief survey of the literature with respect to the 

determination of chromium and the analysis of titanium 

dioxide and related materials.  

If the literature is examined, many papers will be 

found which are relevant to the analysis of titanium 

dioxide for various elements. Very few of tnese papers, 

however, are concerned witn the determination of chromium. 

Laporte Industries have developed two methods for the 

determination of chromium at the part per million level in 

titanium dioxide. Tne first is a spark source mass 

spectrometric method. Tnis method has the drawback of 

being a slow technique. This slowness is due in part to 

the actual instrumental set-up (photographic recording) 

and in part to the inherent high vacuum needed in the mass 

spectrometric methods. it is possible to overcome the 

limitation of photographic recoraing of the mass spectrum 

by using electronic read-out systems. These are, however, 

rather costly and it is very difficult to justify this 
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expense, especially as the time to reach a very high 

vacuum remains unchanged. An additional probable 

limitation is the difficulty in ensuring that the sample 

selected for analysis and its mixing with silver powder to 

form an electrode is truly representative of the original 

sample. In order to overcome this, several'initial' 

samples should be analysed by this method and the mean 

results taken. This, however, does not comply with one of 

the important requirements for this analysis, namely time. 

This type of technique also cannot ce considered suitable 

as a routine quality control technique because the 

operators need to have considerable technical skill to 

handle the instrument and evaluate tne results. 

Laporte's other method is a chemical one. In this, 

the chromium is ultimately determined as its diphenyl-

carbazide complex, after oxidation with sodium bismuthate. 

In this procedure, the titanium dioxide is dissolved by 

fusion in sodium carbonate, followed by dissolution in 

14 M sulphuric acid. The chromium is oxidized by sodium 

bismuthate. The drawbacks to this method are primarily in 

the oxidation stage. here, the amount of sodium bismuthate 

used is very critical - it should be 100 mg exactly. If it 

varies from sample to sample, erratic results will be 

obtained. Furthermore, the time during which the sample is 

boiled with the oxidant must be exactly one minute. If 

more, low results are obtained. Tnese difficulties, 

combined with the fact that a very nigh temperature is 

needed for the sodium carbonate fusiorvesult in this 

technique for the determination of chromium, failing to 

fulfil the requirements given earlier for the method 
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developed for this problem. 

All tne methods to be found (for the analysis 

of titanium dioxide) in the literature, may be divided 

into two broad groups:- 

(i) chemical 

(ii) physical 

Each group will clearly contain some of the other group, so 

this classification is in a general sense only. Physical 

tecnniques will be nonsidered first. Atomic absorption will 

be dealt with separately a little later on in this work. 

X-ray fluorescence is a technique which has 

been widely used la the analysis of titanium dioxide. This 

technique has the advantage that, under favourable 

conditions, little or no sample preparation is needed and 

simultaneous multi-element analysis is possible. many 

elements have been determined in titanium dioxide using 

this technique by various workers, amongst them being 

Matsuimura et al2b, 29, 8, who determined aluminium, cobalt, 

chromium, copper, iron, manganese, tantalum, vanadium and 

zirconium. Denton30  and co-workers, wno used an automatic 

fourteen channel spectrometer, Hisano6 et al, mizuno
7 
  et al, 

in addition to Matsuimura, nave done work on the 

determination of chromium in titanium dioxide by tnis 

technique. Their detection limits are not sufficiently low. 

They determined levels of chromium from 0.1 to 15% whilst 

in this work, the levels of interest are several powers 

of ten lower. 

Several workerd have also used neutron 

activation for the analysis of titanium dioxide and 

related samples. in this technique, the sample is placed 
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in a high neutron flux for a set period. Tnis results in 

tne cnromium being transformed into a radio-active form. 

This is then measured in various ways. ileirinckx9WAT1'32  

nave develbped a comprehensive scheme for tne analysis 

of titanium dioxide and titanium. in their procedure, the 

sample is dissolved directly in hydrofluoric acid, or a 

solution obtained by a fusion procedure with potassium 

hydrogen difluoride. The titanium and chromium are tnen 

separated by using a strongly basic anion excnange resin, 

In this, only a very small sample is usea compared to that 

necessary in tne technique used in this work (Dieirinckx 

et al use 50 mgs, whilst at least 1 g. has been used in 

tnis woric). Witn iieirinckx's procedure, it is possible to 

determine manganese, indium, uranium, vanadium, aluminium 

and chromium in addition to otner elements. Uxbekov et al  11 

nave also developed procedures whereby several elements 

may be determined in titanium by neutron activation. 

Neutron activation would seem, from the above 

considerations,to be a good technique for the analysis of 

titanium dioxide for trace impurities. This is true, but 

tne drawback is the need for a hign neutron flux source, 

and tne well known hazards which arise in nandling 

radio-active materials. 

As already discussed above, mass spectrometry 

has been used for tne analysis of titanium dioxide. The 

technique is capable of reacning the low levels required 

and several workers have studied tnis tecnnique, amongst 

them being brown et a112, nitchen33, Pevtsov et al13. mass 

spectrometry, especially when used for solid samples, has 

made great progress in the last decade. Initially, with 
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spark source mass spectrometry, it was not possible to get 

standard deviations better than approximately b0%. With 

modern developments, especially the "ion beam chopper", 

, 
tnis can be reduced to about 5%12. Mass spectrometry still, 

however, suffers from tne disadvantages discussed earlier. 

Emission spectrograpnic analysis is a technique 

whicn nas had a great deal of use in the past, especially 

for steel and ferrous alloy analysis. many references are 

to be found in tne literature for its use in determining 

chromium in various matrices, especially steel. However, 

very few are to be found referring to,a titanium dioxide 

matrix. Pettsov et a113  nave investigated the determination 

of many metals by this technique in titanium dioxide, but 

does not consider chromium. Dotsenko et a134  have also 

examined tnis situation, but again, not for chromium. 

Similarly, Spindler35  has carried out a fairly 

comprehensive study of various parameters, but again, not 

for chromium. Codell36 reports that emission spectrograpnic 

methods for determing chromium in titanium can reach levels 

of 0.02%. Clearly, from the above discussion, it can be 

seen that this technique is not suitable for tne levels 

of chromium being examined in this work. Tnis does not 

exclude tne recent innovations, such as the d c plasma and 

continuous sample introduction. These new techniques can 

usually reach considerably lower levels than the 

conventional spectrograpnic techniques. 

Considering atomic absorption spectrophotometry 

next, this is a tecnnique which has rapidly developed over 

the last decade and is now very widely used as an 

analytical technique. As will be shown elsewhere, the 
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chromium signal is reduced severely by titanium (see 

page 1/3 ). Atomic absorption spectrophotometry has been 

directly used by 0dSnaugnessy37  and hodson et a138, to 

determine chromium in titanium dioxide and paints without 

any effective prior separation. However, the levels they 

were interested in are considerably more than those being 

considered in this work. Kudd et a139  and Meranger et al40 

haVe used AAS to determine several elements in titanium 

alloys and dioxide respectively. Of interest is the work 

of Fuller41, who used the graphite tube furnace to 

determine iron, copper, manganese and aluminium in titanium 

dioxide. In his procedure, the sample is dissolved in 

hydrofluoric acid, diluted with water and an aliquot 

introduced into the graphite tube. This technique seems to 

give good results for those elements considered when 

compared to results obtained by other procedures. However, 

what is not clear is tne actual instrumental set-up used. 

Was correction made for scatter and background? and, if so, 

how? On these points insufficient detail is available. 

Consideration will next be given to the 

penultimate part of this section: that is, chemical and 

related methods of determining chromium. As already 

discussed, these overlap to some extent with physical ' 

methods (some of which have been discussed earlier). In 

the literature, many methods will be found using the 

conventional macro scale tecnniques, such as gravimetric 

and titrimetric methods. These will not be, in general, 

discussed nere, as many excellent reviews are available, 

especially the one by Hartford. Cnromium (III) and chromium 

(VI) have suitable absorption spectra in aqueous solution 
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for solution spectrophotometry to be used , in some cases, 

directly. however, in botn cases there are drawbacks, one 

being the difficulty if the solutions are coloured, 

especially for chromium (11I) which nas a very low 

extinction coefficient. Additionally, both oxidation states 

'suffer drawbacks due to the equilibria involved. in the 

case of chromium (iii), it is due to the slow kinetics of 

equilibration, whilst for chromium (vi), it is the existence 

of more than one form. In the latter case, this may be 

overcome by working at a pH of about 9. 

Many chelating agents have been used for the 

spectrOphotometric determination of chromium, the vast 

majority reacting with chromium (VI), due to the kinetic 

inertness of chromium (III) which has already been 

discussed. Only a selection can be given here, due to the 

vast number which have been reported in the literature. 

Several workers hdve examined 8-hydroxyquinoline42'43,  

pyrocatechol violet44  and Brilliant Green45. One of the 

most important spectrophotometric reagents for chromium is 

s-diphenylcarbazide. This reagent has been widely used; it 

reacts with chromium (VI) in a reaction which probably 

involves reduction of the chromium (VI). Laporte use this 

reagent for the determination of cnromium in titanium 

dioxide and the method has been discussed earlier (see page 

29 ) and thus, will not be repeated. 

Other elements have also been determined in 

titanium dioxide by solution spectrophotometry, both with 

and without separation eitner of the analyte or matrix 

refs. 45,46,47,0,49. Many of the above methods include 

solvent extraction. Some of these solvent extraction 
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procedures nave also been used in analysing titanium 

dioxide by electro-analytical tecnniques. Polorography 

has also been used with and without otner separation 

techniques50'51'5. 

stabryn5 has used polorographic procedures 

to determine chromium in titanium dioxide. In this 

procedure, separation is necessary, as titanium gives a 

reduction wave36 which interferes with that of chromium (VI). 

separation is acnieved by precipitation of the titanium 

with sodium hydroxide, following sulphuric acid - sodium 

sulphate dissolution. This metnod of Separation cannot be 

considered satisfactory as cnromium is co-precipitated and 

it is not possible to determine less than 50 ppm of 

cnromium. This is discussed in more detail later, along 

with co-precipitation as a tecnnique to separate chromium 

(see chapter 6, pages /q-/76). 

The use of radio-active isotopes or chromium 

will finally De considered. Unromium has several isotopes, 

ranging from tnose wnose half life is less than a second 

to about twenty eight days. The longer half life species 

mainly decay by electron capture and are gamma emmiters. 

Tne 51 Or isotope is the one most commonly used in 

radiotracer and neutron activation work. It has a half 

life of 27/28 days. This nas been used by several workers 

to make studies of tne behaviour of cnromium in ion 

excnange, solvent extraction and co-precipitation52,53,54 

it does not appear to have been applied to any extent in 

complex matrix analysis, especially as a continuous monitor 

of separation efficiency. if it were applied, many 

difficulties could be overcome with varying recovery 
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efficiencies. For example, consider the methyl isobutyl 

ketone extraction of chromium (VI), discussed in detail 

later (pages 57 onwards); the poor statistics with this 

method could be improved by adding a known amount of 

chromium (III) (a few micrograms) containing 510r as a 

tracer. Tne enromium (III) added, ana that originatipg 

from the sample, would then be oxidized and extracted, as 

discussed later. The extract would then have its cnromium 

content determined by a suitable atomic absorption 

procedure. From a comparison of the counts (a measure of 

the activity) added initially, and tnat found ill the 

extract, the recovery efficiency could be calculated. Then, 

using tnis value, in conjuction with the atomic absorption 

result, the true amount of chromium in tne initial sample 

could easily be found. The main advantage of this type of 

procedure is that it does not matter if tne efficiency of 

one or more stages vary, as long as the counting of the 

activity and the measurement stages are accurate. The most 

serious drawback to this type of procedure is the handling 

of radio-active solutions. however, it is possible to 

reduce this danger to acceptable levels by the use of well 

designed laboratories. 

1:7. Separation Techniques. 

From the above considerations, it can easily be 

seen that it is not viable to attempt to determine chromium 

in titanium dioxide without some form of separation. in 

this work, several methods for separation are considered. 

A separation technique should give a complete and rapid 

separation, and involve no complicated experimental 
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techniques. various approaches to this end are discussed 

later. 
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CHAPTER TWO. 



ehAPTER TWO.  

THE DISSOLuTiOn OF TITANIUM DIOXIDE.  

As nas been discuSsed earlier, one of the ways of 

introducing the sample into an atom cell, for atomic 

absorption measurements, is as a liquid. A liquid may be 

obtaindd in several ways, tne two most obvious being either 

heating the sample until it melts, or using some form of 

solvent. As titanium dioxide melts at a temperature of 

18300026,  it is obviously difficult to use a direct molten 

sample introduction. nus, a solvent of some form must be 

used. One possibility which has not been considered here 

is the direct sample placement in the atom cell. This could 

be easily done for the non—flame atom cell. however, 

reproducible positioning would not be easy. In the case of 

the flame atom cell, it would be necessary to nebulize the 

solid sample. The samples being examined are in the form of 

very fine powders and it is possible that they could be 

introduced in this matter. however, it is extremely 

unlikely that the flame (even using nitrous oxide as an 

oxidant) will atomize and enable measurements of the atomic 

absorption of cnromium to oe made, due to the refractory 

nature of titanium dioxide. work is currently being carried 

out on the direct nebulization of very fine powdered clays 

into plasmas. These nave a much nigher thermal reserve of 

atomization power55. For tnese reasons, no consideration 

was given to tne direct introduction of the powdered sample 

into the atom cell. 

This chapter is concerned with the methods and 

techniques whereby a solution of titanium dioxide may be 



40 

obtained. However, it is of value to consider the problems 

Involved in holding titanium in solution. 

Due to the very high charge-radius ratio and hence, 

• .417 the very high charge density, the simple ion Ti does not 

exist in aqueous solutions. in aqueous solutions, hydrated 

ions exist whicn are easily hydrolysed. It is thought that 

the hydrolysed species are polymeric, and simple species, 

such as TiO(a
++  
q) 

do not exist21. Tile exact species present 

in solutions of titanium (IV) are not known, but a 

simplified picture is shown on page 41. 

clearly, in any series of equilibria of this form, 

tne higher the pH, the greater the tendency to form the 

species which involve a greater number of co-ordinated 

hydroxyl groups. In the case of titanium, it is expected 

that the relative concentrations of the various species 

will be nigher at lower pH values than those metals in 

which the cnarge/radius ratio is less. This is reflected 

in the difficulty in. keeping titanium in solution. It nas 

been found that very acidic solutions are needed. 

la the presence of complexing ligands other species 

will be present, either in addition to the hydrolysis ones 

discussed above, or to their exclusion. This will be 

dependent on the actual conditions of the system. In a 

solution of hydrofluoric acid, the predominant species is 
21 

TiF6
2- 	. In this work, it nas been found that complexing 

ligands sucn as fluoride, tartrate and citrate) have been 

of value. At first sight, this seems to De contrary to 

reports in the literature56. On further examination, 

however, the literature seems to be referring to 

quantities of titanium considerably smaller than those 

*Insert:little. 31: insert:except for fluoride-see Chapter 7. 
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involved in tnis work. It was found tnat if these ligands 

were to have any effect, vast quantities were needed (which 

were often not compatible witn other species present) and 

the pH could not be very high. They would not hold the 

titanium in solution even at the pH's needed for the 

complexation of chromium. A furtner very considerable 

drawback was that tney were easily oxidised (with the 

exception of fluoride), especially with the powerful 

oxidants being examined in the oxidation of chromium 

(e.g. hydrogen peroxide and sodium bismuthate). For these 

reasons, little specific work was done on them. They are 

mentioned elsewhere in this work, where they have been used, 

for completeness. 

Basically, there are three ways of obtaining a 

solution of titanium dioxide, the least usual being attack 

in the gas phase by highly reactive species, such as 

chlorine or fluorine. Tnis means of obtaining a solution 

has had little, if any, analytical application, except as 

a means of obtaining pure titanium dioxide. Tnis form of 

preparation is used considerably in industry, especially 

in the manufacture of pigments. The other more common 

methods are acidic solvents and fusion techniques. Clearly, 

there are many possibilities which have been, or can be 

examined. 

Titanium metal may easily be dissolved by a wide 

variety of techniques26, whilst on titanium dioxide, 

simple techniques such as mineral acids (hot or cold), 

concentrated or dilute, are found to be without effect. 

It was found that hot, concentrated sulphuric acid had a 

slight effect on the oxide, but not to any significant 
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extent in a reasonable time (see page 8). Aqua regia, which 

is reported to contain chlorine and nitrosyl chloride21 , 

which are very reactive species, was found to have no 

visible effect on the titanium dioxide, even after 

considerable boiling. hydrofluoric acid was examined and 

it was found that the effect was very much more dependent 

on the sample. Dilute hydrofluoric acid (ca 5%) had little, 

if any, effect on any of the titanium dioxide samples 

examined. 50% hydrofluoric acid would easily dissolve the 

so-called "pure titanium dioxide" (see chapter 8), by 

gentle boiling for five to ten minutes, whilst with pigment 

samples, only part of the sample would dissolve. with some 

pigment samples, this results in most of the specimen 

dissolving, whilst in others, very little. This is 

presumably due to the differing heat treatments21  of the 

samples. Some work was done (on pure titanium dioxide 

prepared from organic titanates by hydrolysis) with 

hydrofluoric acid, for the development of the ion exchange 

separation discussed later in this work (see chapter 7). 

All the samples, for which the analysis is intended, have 

been subjected to thermal treatment, and will not dissolve 

using this dissolution procedure. because of this, other 

dissolution procedures were also studied. 

In the literature, many references are to be 

found in which mixtures of sulphuric acid with alkali 

sulphates are used5'45,57,58. Also closely connected are 

the hydrogen and pyro-sulphate fusions. These will be 

considered together, as it is difficult in all cases to 

classify them into acidic dissolution or fusion. These 

may be used eitner alone or in conjuction with sulphuric 
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acid. Another possibility is fluoride mixtures. These will 

be considered later. 

in the sulphuric acid — alkali sulphate 

dissolution techniques, various workers nave used a variety 

of alkali sulphates. These nave been the sodium, ammonium 

and potassium salts mainly. Scheffer26  reports that 

ammonium sulphate is to be preferred to the other sulphates 

mentioned above, although in this work it nas been found 

that there is no real difference in them. This was not 

systematically investigated, the kinetics of this means of 
59 

dissolution have been examined by Savchenko and Chernov et al. 

in the acidic dissolution technique, it was 

found that 8g. of ammonium sulphate and 20m1. of 

concentrated sulphuric acid will easily dissolve 2g. titanium 

dioxide, if great care is taken not to overheat the mixture. 

if tne mixture is overheated, a precipitate forms which 

will not dissolve on further heating. The literature 

recommends that in this procedure, only 0.5g. titanium 

dioxide be used26. With this type of dissolution, the 

problem is what to do with the mixture of sulphuric acid, 

alkali sulphate and the dissolved titanium dioxide. As 

the dissolution involves sulphuric acid and alkali 

sulphates with no water, the viscosity will be very similar 

to, if not greater tnan, tnat of sulphuric acid. Clearly, 

very little dilution can be done by using water alone, 

because hydrolysis would result in hydrated titanium 

dioxide being precipitated. Tnis may be overcome by 

dilution with acids. it was also found that weak organic 

chelating acids (such as citric or tartaric acid) will 

not hold titanium in solution at the level of interest 
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(except, possibly, if vast quantities are used). The 

literature56 reports that these chelating agents will 

hold titanium in solution; however, this is at a much 

lower concentration of titanium than that involved in this 

work. The effect of sodium and ammonium fluorides on this 

problem was also examined. The addition of fluoride was 

made directly to the digestion mixture or to the slightly 

diluted digestion mixture. In either case it was found 

that precipitation still occurred ultimately, on dilution, 

for moderate amounts of sodium fluoride, unless additional 

acid was added. 

It was shown that a solution of one gram titanium 

dioxide could be obtained by using tne following 

procedure:-26'57  

Heat together 1g. titanium dioxide, 

i5g. ammonium sulphate and 20m1. 

concentrated sulphuric acid, until 

a uniform solution is obtained. Cool 

and add 120m1. water followed by 30m1. 

concentrated nydrochloric acid. 

In work discussed later 	ion-exchange (see 

page /id ), a solution of titanium dioxide in 12molar 
hydrochloric acid was required. Clearly, this could not'_, 

be obtained by dissolution of the sample directly in 

concentrated hydrochloric acid. It was found that the 

addition of hydrocnloric acid did not result in the 

required molarity, as the sulphuric acid displaced the 

nydrogen chloride in the nydrocnloric acid added (compare 

the preparation of hydrogen chloride from sodium chloride 

and sulphuric acid). The problem is that concentrated 

hydrochloric acid is only 12 molar and thus, no hydrogen 
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chloride can be lost. 

There are two possible ways around this problem:- 

(i) Repeated fuming with concentrated hydrochloric acid, 

followed by saturating the resulting solution with 

hydrogen chloride. This would not be very easy, even if 

it were possible to fume off the sulphuric acid without 

precipitating the titanium dioxide. 

(ii) Dissolution in sulphuric acid - sodium sulphate, 

followed by the addition of hydrochloric acid and sodium 

chloride, such tnat the required molarity is obtained. 

For reasons to be discussed, this was not pursued. 

As discussed elsewhere (pages3343),4t is not 

possible to determine chromium in tne presence of titanium; 

for tnis reason, separations are needed. These are discussed 

elsewhere in this work; however, in most of these, 

reduction of the extremely high acidity is needed. Stabryn5 

has combined reduction of tne hign acidity with a 

separation. he used a sodium sulphate-sulphuric acid 

dissolution, followed by a hydrogen peroxide-sodium 

hydroxide precipitation of the titanium (either completely 

or partially - full details are not available). Chromium 

is ultimately determined in the filtrate by polarography. 

it appears that he calibrates the method through the 

addition of standards before the precipitation, and in 

this way, overcomes any problems of loss in the 

precipitation stage. This type of procedure, however, 

suffers from tne disadvantage of co-precipitation problems 

discussed elsewhere. Also, the lower concentration limit 

is not small enough, and separations of this form have 

not been considered to any extent in this work. 
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If Stabryn's procedure is modified sligntly, and only 

25m1. 40% sodium hydroxide added, tne resulting solution 

is a deep reddish-brown in colour. This may be boiled for 

a considerable time without any precipitate forming; 

during this boiling, the solution becomes colourless. 

This solution is still strongly acidic and if further 

sodium hydroxide is added, precipitation occurs. 

in addition to tne above, it was found that if 

hydrogen peroxide is added to a solution of titanium 

dioxide in the alkali sulphate-sulphuric acid mixture, it 

was possible to heat the fumes. Tne residue would then 

dissolve in water without excessive difficulty. This was 

not subjected to furtner investigation due to the 

availability of other dissolution procedures. 

it was shown, for all the sulphuric acid-alkali 

sulphate digestions and sulphate fusions examined, that • 

chromium (VI) is reduced. That is to say, if a sample 

contained cnromium (VI), the solution resulting from 

tne dissolution contained cnromium (III). 

Since most separations involve cnromium (VI) and 

not chromium (III), a dissolution procedure is needed which 

results in no reduction of chromium 01). if chromium (III) 

is present in tne sample tne procedure should oxidize it. 

In an attempt to prevent the reduction of 

cnromium (VI) in the dissolution stage, and to oxidize any 

chromium (III), the addition of perchloric acid was 

examined. When a mixture of sulphuric, nitric and percnloric 

acids (25, 15 and 20m1. respectively) is used in the above 

procedure, it is found tnat the titanium dioxide will not 

dissolve. On heating this mixture initially, the nitric 
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acid vaporized (it is there to moderate tne oxidation of 

any easily oxidizable material60). This leaves a mixture 

of sulpnuric and perchloric acids, along with the sodium 

sulphate and titanium dioxide. On heating to fume, some, 

but not all of the titanium dioxide dissolves. If this is 

repeated in the absence of perchloric acid, the dissolution 

is complete in ten to fifteen minutes, whilst with 

perchloric acid present, the sample has not dissolved in 

tnirty minutes. 

Varidus metnods have been examined for the 

oxidation of chromium (111); these are discussed elsewhere 

in this thesis (chapter 4). However, it is convenient to 

consider tne percnloric acid oxidation here from the point 

of view of solubility and to extend the above discussion. 

For perchloric acid to function as an oxidant, 

it requires little, if any Water: for this, the solution 

of sulpnuric acid, sodium sulphate and titanium dioxide 

in the usual amounts (25 ml. 15 g. and 1 g. respectively) 

was not found satisfactory. When the perchloric acid was 

added and the mixture boiled to fumes (as is necessary 

for perchloric acid oxidation), the titanium dioxide was 

precipitated. This may be overcome by increasing the amount 

of sodium sulphate and sulphuric acid used (see overleaf). 
top of page 

The final solution may be boiled for at 

least twenty minutes with no precipitate developing. 
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From page 48:3rd line from the bottom. 

1 g. titanium dioxide 

20 g. sodium sulphate 

25 ml. conc. sulphuric acid 
} digest until clear 

yellow solution 

obtained 

Add 50 ml. conc. sulphuric 

acid, 20 ml. perchloric acid 

and 10 g. sodium sulphate. 
Continued from bottom of page 48. 

Of interest here is the dissolution procedure 

used to obtain solutions of titanium dioxide. in the 

sodium bismuthate oxidation work (section 4:5 page 137 ). 

Here, the basic dissolution procedure given above was used, 

but thd solution was diluted with water: it was found that 

a precipitate formed if 15 g. sodium sulphate was used:- 4' 

However, when the following procedure was used:- 

30 g. sodium sulphate 

	

1 	
Digest until a clear 

	

25 ml. conc. sulphuric acid' 	ye llow solution 

1 g. titanium dioxide 	results 

Dilute to 200 ml. 

the final solution may be boiled for a considerable time 

with no precipitate developing. From both of these 

procedures it is clear that sulphate has a considerable 

effect on the solubility of titanium. This is probably 

due to some complexing action altering the equilibria:- 

Ti02.2H20 r  4 OH + Ti4 k+ aq) + 3 SO4 	Ti (SO4)2-  
3 
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Clearly, from the procedures given, a large amount of acid 

is present and for any procedure to extract chromium (III), 

solutions which are neutral, or nearly so, are needed. 

Additionally, other separation procedures require solutions 

wnich are not as acidic as these are. In order to 

neutralize these solutions, vast amounts of alkali are 

needed (30 - 40 g. sodium hydroxide). Clearly, this 

quantity of alkali is not a satisfactory method of reducing 

the acidity on two counts. First - due to solubilities, it 

may not be possible to add this amount of sodium hydroxide 

witnout exceeding the solubility of one or other of the 

species present. secondly - this vast amount of reagent 

could lead to very high blank values and contamination. 

In order to find a better way around this problem, fusions 

were examined.' Pyro and hydrogen sulphate fusions will 

attack titanium dioxide and the resulting cooled melt can 

easily be dissolved by suitable acids. however, in general 

it was found that this type of fusion technique was much 

more difficult to handle than the following "digestion 

fusion":- 

1 g. titanium dioxide 

5 g. sodium sulphate 	fuse and dissolve  

5 ml. conc. sulphuric acid 	melt in acid  

This was found to be a very rapid dissolution technique 

and all forms of titanium dioxide could be used. if 

excessive amounts of sulphuric acid were used, foaming 

could occur. This was developed especially for the work 

done on ion exchange separations (chapter 7). in this, the 

melt was dissolved in 5% Hydrofluoric acid whicn forms the 

nexafluoro titanate ion. some work was done using 
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potassium nydrogen sulphate - sulpnuric acid fusions, in 

much tne same manner as for the procedure given above. One 

difference is tnat the sulphate sodium - sulphuric acid 

system seems to dissolve the titanium dioxide at a lower 

temperature. 

Another important difference between the alkali 

sulphates used in the dissolution process is due to the 

solubility of tne alkali fluorotitanates. sodium salts 

must be used due to the relatively low solubility of the 

potassium salt. Also tne solubility of tne fluorides 

themselves could be important. Data are tabulated below (g. 

6_ litre)1,62:  

sodium fluoride 	39.4 

potassium fluoride 	965 

sodium fluorotitanate 6.5g./100 ml. at 20°  
potassium fluorotitanate 1.3g./100 ml. at 20°  

From this, clearly the solubility of the fluorides 

is of little importance, out tne potassium fluorotitanate 

is clearly of low solubility. This means that it is 

necessary to use sodium salts in the dissolution 

procedures. indeed, if potassium salts are used, a 

precipitate is formed on cooling tne hot 5% hydrofluoric 

acid solution. No precipitate is formed if sodium replaces 

potassium. 

As has been mentioned before, all these 

dissolution procedures result in chromium being in the 

form of its lower oxidation state (that is chromium (III). 

Attempts were made to add oxidizing agents to the fusion 

mixtures. Clearly, the usual one of sodium nitrate could 

riot be used (due to the nigh acidity in the melt). Others 
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were examined, such as eerie sulphate. However, even under 

these oxidizing conditions, chromium (III) results. This 

occurred even wnen chromium (VI) was added before the 

fusion. Clearly in relation to chromium, these mixtures 
/very 

have reducing properties contrary to the/mild oxidizing 

63 properties reported. 

Fusion attack of titanium dioxide witn ammonium 

fluoride and potassium hydrogen difluoride, either singly 

or mixed with potassium hydrogen sulphate was found to be 

no better than potassium hydrogeh sulphate alone. In the 

case of ammonium fluoride, the titanium dioxide remained 

unattacked after all Ine fluoride nad vaporized. With the 

potassium hydrogen d fluoride - suipnate fusion, hydrogen 

fluoride is lost and ultimately a pyro sulphate fusion 

results. 

Basic fusions were also examined and it was 

found that boric acid - sodium hydroxide fused very easily, 

but would not form a melt which would attack titanium 

dioxide. Sodium carbonate fusions have been and are often 

used in analysis. Jackson64  has briefly examined the trace 

determination of cnromium in titanium dioxide by a sodium 

carbonate fusion - carbon filament atomic absorption. His 

system is shown scnematically overleaf:- 



TiO2 

Na2CO3 

NaNO
3 

sodium tita_nate 1 

sodium chromate 

WATER 
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TiO2  (precipitated) 

Na2Cr04 (solution) 

Filtrate 

Filter 

Residue 

 

Aa2Cr04 

(solution) 

TiO2 

(precipitate) 

Determine Cr 

directly oy AAS on 

filtrate 

in this procedure 3 g. sodium carbonate and 1.5 g. titanium 

dioxide were fused together with sodium nitrate. The 

purpose of the sodium nitrate present was to oxidize the 

chromium to chromate and prevent its precipitation when 

the titanium is precipitated. Several bunsen burners were 

. found to be necessary in order to fuse the mixture. 

When this procedure was examined, very poor 

recovery was found. A further disadvantage is that it is 

very difficult to get complete fusion of all the titanium 

dioxide. In the case of an incomplete fusion, cleaning of 

the platinum crucible was found to be very difficult. The 
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titanium dioxide was also found to creep up the crucible 

wall. Jackson eliminated scatter from sodium by pre-heating 

the carbon filament before the atomization stage. This was 

reported as being satisfactory. However, work reported 

here (section. 3:14, page 97  ) shows that this is not so. 

Another possible loss of chromium is in the separation 

procedure. This could come from one of at least two 

possible sources. In the precipitation - melt extraction 

stage, some chromium may be occluded in the titanium 

dioxide. The other alternative is that the chromium is not 

completely oxidized by the sodium nitrate and then 

precipitated in the "extraction of melt" stage as chromic 

hydroxide. 

It was considered best, in view of the 

disadvantages given above, and those concerning loss of 

chromium in the atomic absorption stage, to examine other 

dissolution procedures. 

Concluded by this section on methods of 

obtaining a solution of titanium dioxide, is a summary of 

the procedures reported above which were found to be best:- 

1. Hydrofluoric acid digestion - samples of non- 
(50%) 	 ignited type only 

in general. 

2. Sodium sulphate - sulphuric acid 

- liquid digestion (25m1. H2SO4) 

3. Sodium sulphate - sulphuric acid 

-"fusion" (5m1. H2SO4) 

usually followed by dissolving 

the melt in 5% hydrofluoric acid. 

Full details of these are to be found earlier in this 

chapter. 
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CHAPTER THREE  
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CHAPTER THREE. 	Atomic Absorption Spectrometry. 

3:1. Introduction.- 

In the first chapter, a general introduction 

to atomic absorption and fluorescence spectrometry has been 

given; in this section, certain aspects of this will be 

developed further. Also, results obtained will be given 

and discussed. Constant reference will be made to results 

obtained by atomic absorption spectrometry throughout this 

work. Unless otherwise stated, these have been obtained 

using a flame as the atom cell. Atomic absorption 

spectrometry (shortened to AAS for convenience) has been 

used as a"Service" technique, that is a technique by which 

the concentration changes of chromium may be followed. 

3:2. Sample introduction and atomization.  

Firstly, consider the sample introduction, 

in the formdfatoms, into the light path. This is usually 

called atomization, although here associated topics will 

also be considered. As mentioned already, the atomiser, in 

the broadest sense, converts the analyte sample, in 

whatever form it may beA(usually solid or liquid), into 

atoms in the ground state. A good atomization system will 

have to fulfil several requirements, some of which are 

listed below:- 

1. sufficiently high temperature and energy 

to convert sample into free atoms without 

any interference from the matrix. 

2. supply a stable and constant quantity of 

analyte, as atoms, to the light path. 

3. high transmittance at the wavelength of 

interest. 
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4. small and stable background to the 

analytical signal. 

5. nign efficiency of analyte introduction 

into the light path. 

6. in order that the innerently higher 

sensitivity of atomic fluorescence may 

be used, a low quenching factor. 

It has been found that no "atomizer" can provide 

all of these requirements. The more common atomizer, the 

flame will be given a more detailed treatment below. The 

flame has been used for many years as an atom cell in one 

form or another. The simplest example of the flame as an 

atom cell is probably its use in the platinum wire flame 

tests. 

3:3. Flame atomization.  

Many types of flames have been used, from the 

cool air-hydrogen diffusion flame to the very hot nitrous 

oxide-cyanogen flame. Of these, the more usual ones are the 

air-acetylene or nitrous oxide-acetylene flames. The nitrous 

oxide supported flame has considerable advantage over the 

air supported one when refractory materials such as 

aluminium and titanium are considered. However, due to its 

hign temperature, it also increases ionization of the 

analyte with tne corresponding reduction in at'oms available 

to cause atomic absorption. This can, to some extent, be 

reduced by the use of easily ionized atoms (such as 

potassium or cesium) which, by increasing the electron 

"concentration" in tne flame, suppresses the analyte's 

ionization, as shown overle'af:- 
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K 	K+ + 
	 Le][v.]  

Kl 

A A + EA+16-7  KA  - 
[ A] 

[Al 
	el 1-2 

KA 

[A] = 	
KK  UK] 

KA  [ K+] 

Clearly, from these equations, the concentration of analyte 

atoms (A) present is dependent on the relative ionization 

energies of the potassium and analyte atoms. If Kk  is much 

greater than KA, the presence of potassium is going to have 

an advantageous effect on the A-to-A+  ratio. This is 

discussed in detail in Ramirez - Munoz's book16. In general, 

the nigher temperature flames are able to overcome 

interferences which are due to difficulty, in atomization, 

that is breaking the "clotlets" (see later) into atoms or 

very small particles. However, they do not overcome the 

problems of scatter or other forms of interference in any 

CK)  

K+] 
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general way. One considerable disadvantage with nitrous 

oxide - acetylene flames is the fact that they use a great ' 

deal more fuel than the corresponding air-acetylene flame. 

This results in the nitrous oxide-acetylene flame being 

more dilute. The nitrous oxide flame is much larger than 

the air-acetylene flame; this means that the density of 

absorbing species in the light path will be less than for 

a comparable system using an air-acetylene flame. This does 

not, however, mean that for an analyte in a particular 

matrix, the nitrous oxide flame will not be the most 

sensitive. This is because tne nitrous oxide flame will 

atomize refractory matrices with a greater efficiency than 

the air-acetylene flame. 

From the above, it can be seen that the choice of 

flame type for a particular analysis is not easy. Many 

conflicting requirements are involved: a major one not 

discussed above is the reducing capacity of tne flame. For 

nitrous oxide flames, this is determined by tne flame 

stoichiometry and small changes often have very large 

effects on absorbance readings. These and other related 

topics have been discussed by several workers, amongst 

them being Bowman65, Shifrin et al66  , Uhristian and 

Feldman67 and Eutler and Fulton68. Similar remarks apply 

to the air-acetylene, and indeed all flames, but the 

effects are less pronounced. All flames nave some electronic 

noise, that is variation in tneir background emission and 

absorbance of lignt; for this reason, in all commercial 

instruments, tne source and detector are modulated. This 

overcomes to a great extent the variations mentioned above. 

This is, however, only possible (witn ease) for systems 
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having continuous sample introduction (see section 3:10, 

page 84 for non-flame atom cells) 

3:4. Sample Introduction = Nebulization.  

This leads on to a consideration of sample 

introduction. In the history of atomic absorption, two 

types of continuous sample introduction have mainly been 

used. One is the total consumption burner - this is shown 

schematically below:- 

FLAME 1 

OXIDANT 

FUEL 

I. SAlyIPLE 

This type of burner was used initially, but has since 

fallen out of use for many reasons, one of these being 

that all the sample enters tue atom cell, both the large 

and small droplets. It has been snown that a considerable 

number of these aroplets go through the flame unchanged 

and nave no effect on the' absorbance, except possibly to 

increase the noise. This has been aiscussed by Robinson69. 

Tne other type of burner - sample introduction 



BURNER 

NEBULIZER 

SAMPLE 

FLOW SPOILER 

DR1IN 

EXPANSION CHAMBER 
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system is rased on the Iundegardh burner, invented by Guoyin 

1872. In this, an expansion chamber is introduced and the 

fuel and oxidant pre-mixed. A schematic diagram is shown 

below:- 

FUEL 

With this type of system, all the sample drawn up the 

sample inlet tube does not usually reach the burner. The 

sample that reaches the burner is in the form of a fine 

aerosol, which can be broken down into atoms and thus 

give an absorbance in the flame. These are currently 

used to the exclusion of other types of sample uptake-

burner systems in commercial instruments. The actual 
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design varies considerably from one manufacturer to 

another, but fundamentally they.are all the same. 

The nebulizer is that part of the instrument in 

which the sample is drawn up into the expansion chamber. 

It works on the same principle as the filter pump. The 

nebulizer produces a stream of droplets from which the 

large ones are removed through the agency of the flow 

spoiler. Various forms of flow spoiler are used: in all of 

tnem the basic idea is to put an obstacle in the way of 

the droplets. This is done so that it has little effect on 

the fine droplets. Flow spoilers take the form of a baffle 

immediately in front of the nebulizeryo  or a series of 

baffles ih the expansion chamber 1. As these resulting 

small droplets pass through the expansion chamber they lose 

most, or all of tneir solvent water, so that only small 

_ clotlets reach the burner16  . however, as has been discussed 

above, all the sample reacning the nebulizer does not reach 

the flame. The efficiency of this type of atomization 

system is rather poor, ranging from 5 to 10% for the usual 

types. Occasionally, a type will be found having an 

efficiency of up to 30%. This is one of the limitations of 

this method of sample introduction; by using neated 

nebulizers and other modifications, efficiencies of up to 

100% nave been reported72. 

In this work, an even more important drawback was 

found to be the benaviour of nebulizers when spraying 

solutions naving high sold content (see page 107 ). 

liebulizers are usually very satisfactory for low solid 

content solutions (uelow 1%) and with aifficulty, can 
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handle solutions containing up to 3 to 4% solids, but when 

10% solid solutions are considered, considerable 

difficulties arise. This matter is given further 

consideration ill a later section of this chapter. 

Attempts are being made by various workers to 

overcome these difficulties by certain methods. These vary 

from ultrasonic nebulization techniques73'74'75, in which 

the difficulties of changing from one sample to another 

have been reduced. Another approach has been to heat the 

expansion chamber of the otherWise conventional 

nebulization set-up76'79; forced feed aspiration systems 

have also been examined77. Very few workers have considered 

the problems with solutions of very high acidity or high 

solid content. Hell and Ramirez-Munoz have designed what 

they call "The Autolam Burner" for this situation, but 

only a few details are available78. Fernandez, Manning and 

Kahn80 have developed a nebulizer and burner system which 

allows very acidic solutions (they used 50% aqua regia) 

and high solids (10% sodium chloride). These workers 

attribute the problems with the usual nebulizers, when 

used with high solid content solutions, to be due to sharp 

edges in the sample flow path. 

From the above discussion it is clear that work is 

needed to find a nebulizer which is completely reliable for 

high acidity and high solid solutions. Some of the 

nebulizers discussed above, especially those of Hell et al  

and l'ernandez et al, would seem to go some way to filling 

the "gap". 

5:5. Non-flame atom cells.  

A recent and possible very.important innovation 



64 

has been the regular use of non-flame atom cells of 

various types for many forms of routine analysis. The 

non-flame atom cell has really been in existence for many 

years, but the application of it to atomic spectrometry is 

a fairly recent innovation. The history of its development 

has been reviewed many times and the interested reader is 

referred to these for details18'81'8283 

-Bon-flame atom cells take many forms, ranging 

from those giving a continuous signal, such as cathodic 

sputtering, to the much more common transient signal type. 

Many different types of the transient signal type have been 

produced. These range from the filament giving a very rapid 

signal, to the furnace giving a signal which lasts for a 

few seconds. For details, the reader is again referred to 

the reviews mentioned above. Many workers have examined 

non-flame atom cells, and possibly the work of L'Vov, 

Massman, West and Donega, together with their co-workers 

stand out for having made various advances. Most commercial 

instruments in which it is possible to use non-flame atom 

cells, make use of either furnaces similar to that of L'Vov 

or Massman, or use filaments as developed by West et al. 

With some instruments it is possible to use either type 

of atom cell. 

The West filament has been examined using both 

carbon and metallic filaments: the otner furnaces are 

based on carbon in some form. 

One of tne main drawbacks of the use of non-flame 

cells has been due to tne 'transient nature of the signals. 

These are very rapid and thus amplification, especially if 

modulation of the source is used, is very difficult. This 
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scatter, whilst in flame work this can be done easily, and 

indeed modulation is used in most commercial flame 

instruments. Work is currently being done to overcome these 

limitations and some of the non-flame systems, having 

signals lasting a second or so are available with modulatioh 

for background correction. Some are also available having 

deuterium correction for scatter. 

At the present time, the range of applications of 

non-flame atom cells is not as. wide as that of the 

corresponding flame cells. ion-flame atom cells have 

considerable advantages when atomic fluorescence is 

considered, as argon can be used as the shield gas. This 

is very valuable as argon nas a very low quenching 

cross-section in comparison to flame gases. 

3:6. Line sources.  

Another very important component in any atomic 

absorption or fluorescence system is the source. In these 

two cases it serves two different purposes as has been 

discussed earlier (section 1:3.). A source needs to have 

several characteristics for use in this type of work. As 

it will be used for periods of several hours it should be 

stable, tnat is have low short term noise and little drift. 

For the reasons discussed in chapter 1 (pages 9to 12 ), it 

needs to be free from self reversal and to have a narrow 

line half width (especially for atomic absorption). If it 

is being used for atomic fluorescence or absorption with 

atom cells having large backgrounds (e.g. continuum 

emission), it also needs to be of high intensity. Another 

very important requirement for absorption work connected 
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wit ii the elimination of background is the ability to be 

modulated. This should be possible at as nigh a frequency 

as possible. 

Finally, the economics of the source must be 

satisfactory for the purposes for which it will be used. 

Ideally it should be of low c st, simple to manufacture 

and have a long life. Clearly, no one source will be able 

to satisfy all these requirements, especially if lamps for 

more than one element are. wanted. Possibly the nearest source 

to the ideal is a laser, but here, the cost currently is 

very high. Tne usual sources are hollow cathode lamps or 

eleatrodeless discharge lamps. Further detail can be found 

in reviews16,69,18,81,82 

3:7. The carbon filament atom► reservoir.  

The apparatus used was based on the Perkin Elmar 

2903 atomic absorption spectrophotometer. This is the 

experimental set-up which had previously been used by 

Jackson64'64'85. In this, the Perkin Elmer 290 Lis 

nebulizer and burner assembly was removed and replaced by 

the carbon filament atom reservoir. The actual CFAR used 

was that which had been developed by West and co-workers, 

modified to accept a 1cm. length of rod between the 

electrodes. The unmodified cell is shown in the diagram 

on page 67 and the modified cell on page 68 . The Perkin 

Elmer instruments height and lateral position control have 

been retained so that they may be used to adjust the CFAR 

position. The hollow cathode lamp was held, together with 

the lens and "pin hole" by laboratory clamps and 

scaffolding. Tne unmodified Perkin Elmer 290B uses a 
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Unmodified West CFAR.  

filament 

end-caps 

laminar-flow box 

'....M.6•■■••••• 

water connector 
tube 

stainless steel 
electrodes 
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Modified(Jackson)West CFAR.  

INCIDENT f RADIATION 

A. Carbon filament 
B. Tantalum end-caps 
C. Glass surround 
D,E,F. 	indows 
G. Collimating cylinder with aperture 
H. Transformer leads 
J. Cooling-water inlet 
K. Nitrogen shielding gas inlet 
L. Nitrogen laminar flow box 
,11. Cooling water link pipe (electrically 

insulated) 
N. Supporting stand 
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modulated system for the hollow cathode lamp and detection 

system, however, for this work, fast response systems were 

needed. In order to achieve this, the hollow cathode lamp 

was powered by a stabilized direct current power supply and 

a direct current detection system. The signal was displayed 

on a fast response amplifier storage oscilloscope which had 

a full scale response time of less than 100 m.sec if the 

light beam was instantaneously interrupted. The schematic 

layout is shown on page 70. 

Previous work nad shown that in this type of work 

(for chromium), it was best to run the hollow cathode lamps 

at their maximum recommended current, that is 20 mA for the 

lamps used. Tne reasons for this are twofold, firstly the 

noise at the detector is reduced to acceptable levels and 

secondly, the effect of the light emitted by the rod is 

reduced. 

During the course of this work. this apparatus 

was subjected to continuous modification in an attempt to 

remove any undesirable qualities shown up by use. 

Firstly, let us consider electrical noise in the 

system. By this is meant noise in the 100% transmittance 

or zero transmittance line. This was considered after the 

system had been aligned, such that the light was focussed 

on the pin hole at tne CPAR. The monochromator was also 

peaked on the chromium line at 357.8 nm . Attempts were 

made to adjust the potential applied to the photomultiplier 

tube but, as little variation was available, this was found 

to have no significant effect on the noise. 

As will become clear later, the stronger the light 

source used, the better the response, as the effect of the 
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continuum cut-off is reduced. For this reason all the 

chromium lamps available were examined (four in all). These 

were of two types, Hilger and Watts and Westinghouse 

manufacture. It was found that the Westinghouse lamps were 

considerably better, both in intensity and noise, than 

those manufactured oy Hilger and Watts. This is probably 

due to improved design and less use, as the Westinghouse 

lamps are fairly new whilst the others are not. The Hilger 

and Watts lamps have a noise of about 10%, compared to 3% 

for the Westinghouse lamps. All these results were obtained 

by operating the lamps at their maximum recommended current 

of 20 ma. To check that the Westinghouse lamps did not 

suffer self reversal (which would have a detrimental effect 

on the absorbance response), the absorbance of a 1 part per 

million chromium solutioh was measured. This was found to 

be at least equal to that of the otner lamps. In all future 

work westingnouse lamps were used exclusively. 

In a further attempt to reduce electronic noise 

the use of damping was investigated. This was done by 

inserting capacitors in the signal line to the oscilloscope. 

This connection is shown in the general electrical diagram 

shown on page 70 (fig. 1). In this investigation an 

additional property must also be considered in addition to 

the noise, tnat is the response time. It is well known that 

as the amount of damping is increased, so is the response 

time. As can be seen from the pnotographs (page 72)of the 

signal traces obtained on the oscilloscope, the signal is 

of the transient type having a half peak width of about 

0.2 seconds. various values of capacitance were used and 



72 

PHOTOGRAPHS: 

Upper: CFAR Signal with continuum cut-off. 

Lower: CFAR Signal without continuum cut-off. 
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the time for the transmittance to change from 100% to zero 

when tne light beam was interrupted was measured, in 

addition to the noise on the 100% transmittance line. The 

results are tabulated below:- 

Capacitance 
(MFD) NOISE 

Response time 
SEC. 

Zero 3.5 very rapid 

0.015 2.0 rapid 

0.022 2.0 rapid 

0.033 1.0 0.1 

0.047 1.0 0.25 

0.068 1.0 0.25 

0.1 1.0 0.25 

0.15 1.0 0.5 
0.22 1.0 1.0 

17rom tnese results a capacitance of 0.0613 MFD was selected 

and this had no marked effect on the signal obtained from 

5/pl. of a 0.1 ppm chromium solution. Even a 0.022 MFD 

capacitor reduced tne noise considerably and gave even 

faster response, but tne 0.068 EFD capacitor was still 

considered best for general use. 

It has been shown by earlier workers that 

restricted viewing leads to improved sensitivity: this 

has indeed been confirmed here. However, by restricting 

the field by a "pinnole" (as was done in this work) or by 

a slit, results in less light reaching the detector system. 

This results in greater amplification being needed, with 

its associated increase in electrical noise. However, the 

increased sensitivity easily overcomes any limitation due 

to this increased noise. 

One modification which was examined, which is not 

directly electrical but very closely associated with the 
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electrical response of the system, is the use of a "false 

Io". It was found that the linear range extended to about 

1 ppm; at this concentration the signal occupied only half 

the oscilloscope screen. As this was considered to be 

wasteful, attempts were made to introduce a false Io, as 

is shown on the following diagram:- 

zero 
transmittance o 

-------- false Io  

SIGNAL 

• 
100% 	. 
transmittance 

The false 10  must be selected in such a way that it is in 

a constant ratio to the true I°  even if the actual lamp 

intensity changes. In other words, it is of no use just 

using the scale expansion facility on the oscilloscope: 

another reference must be introduced. In order to do this, 

both microscope slides and cobalt glass were examined. It 

was found, as expected, that cobalt glass absorbed nearly 

100% of the light from the source. Three microscope slides 

taped together gave a transmittance of about 40%. This is 
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suitable for use with scale expansion. In this way 1)/ut 

of a 1 ppm chromium solution gave a peak of 0,) 50 mm high. 

However, this resulted in.the noise being increased to 

about 25%. It was shown that the relationship between the 

true and false To  valves was constant, the results having 

a standard deviation of ca 2;',. Due to the large amount of 

noise when used with this form of scale expansion, this 

system was not extensively used. 

As discussed above, the oscilloscope displays the 

signal which is directly proportional to the light intensity 

reaching the detector. This must be expressed in the form 

of an absorbance. Consider the diagram, which shows a 

typical signal with the symbols shown:- 

zero 
A transmittance 

SIGNAL so 

   

  

V  y 100% 
transmittance 

   

    

Consider first, however, a very small fraction of the light 

being absorbed by a very small number of absorbing species. 

This may be expressed:- 

-dI 	= k ap., 
I. 

where I is the light intensity and n the number of 

absorbing species: k is a proportionality constant. If a 
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system having a finite light absorption with a finite 

number of absorbing species is considered:- 

Io 

 

`n atoms I 

 

This equation can be integrated:- 

It  
dI 

I 
k

0 

 do 

Ie  
--{lnI 

Io  

This becomes:- 

-(ln It  - In I0) 	= 	kn 

In IV= kn 

log Io  if-r-  is defined as the absorbance, symbol A, thus this 

becomes:- 

17 	(where k now includes 
A = log 	kn 

a factor for In into 

log) 

Reverting to the CFAR case, in practice it was found easier 

to measure the light absorbed by the system than that 

transmitted (I rather than It in the diagram above), These 
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are related:- 

Therefore:- 

A = log = log 	1  
It 	I -I o p 

P 

Ip + It 

Io 	Io = log 

Any of these equations may be used to calculate the 

absorbance: in some of the work a computer programme was 

used. 

The mechanical stability of the optical layout 

was initially very poor, the slightest vibration or 

disturbance resulted in considerable changes in the light 

intensity reaching the detector. The optical system was 

held, as described earlier, by clamps and laboratory 

scaffolding. This type of system is not easy to adjust 

and align. modifications were made, to reduce the tendency 

to move. This was reasonably satisfactory, but not 

sufficiently stable for industrial use; currently, optical 

bars are being used by other workers. These were not 

considered essential in this work until the applicability 

of the CFAR to the determination of chromium had been 

evaluated. As will be discussed later(page119) ultimately 

flame techniques were thought to be more suitable and thus 

the CFAR layout was not adapted to an optical bar layout. 

The height and lateral position control on the 

original Perkin Elmer instrument was very coarse, the 

minimum adjustment being about one millimeter. In carbon 

filament work, the required adjustment is about 0.1 milli-

meter and thus the adjusting mechanism for the flame 
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instrument is not suitable. In order to overcome this 

limitation an adjuster mechanism was constructed which 

allowed adjustment to the required accuracy. 

3:8. 	Im rovements to the CFAR. 

The CFAR initially used was that as used by 

Jackson64'84'85: this is illustrated on page 68. This 

consisted of two vertical pillars on to which were placed 

the carbon rod sandwiched between two tantalum plates. In 

this the effective length of the rod was about 1 cm. This 

was for a 2mm. diameter rod: this gave a very fast heat-up 

rate and gave sharp signals. It had two main disadvantages; 

firstly, the rods were very easily broken and secondly, the 

rate of cooling between "flashes" was very poor. In an 

attempt to improve the number of "flashes" possible before 

the rod broke, floating endcap systems were tried. These 

experiments took two forms, firstly having one pillar loose 

such that alignment was automatic and secondly, using one 

pillar only, as is illustrated schematically below:- 
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Both of these modifications resulted in improved life from 

the rod breakage caused by expansion wnen heated. However, 

with tne free pillar it is very easy to break rods when 

clamping them, as tightening the screws twists the pillar. 

With the second method, the rod is supporting the weight 

(in the experimental set-up used, of about 12g.), and 

extreme care is needed in sample placement, otherwise the 

rod breaks. This system also has the disadvantage that 

cooling is only possible from one end of the rod. 

Work done by Oborne nas shown that a new system 

of "supported free rod" was much better, this is shown 

diagramatically below, and full details can be found in 

his publication86 

Diagram on page 79A. 
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This system was found to be much better, with respect to 

rod breakage but unfortunately, still very poor with 

regard to cooling. 

After this, the electrical system powering the 

carbon rod was improved, such that up to twenty four volts 

could be applied. With this increased power available, it 

was possible to use even a 3.2mm. rod between the original 

pillars64,87 which are separated by ca 2.5cm. This had 

vastly improved cooling. 

The rate of cooling between flashes is an 

important fact to consider, as the heating rate of the 

filament is related to its resistance, and the resistance 

is a function of the rods temperature. With this latest 

system (original cell powered by high power), a cooling 

time of about three minutes is needed. If faster rates are 

used, rod breakage is considerably increased as well as 

the precision of the results decreased. 

This is a convenient place to consider the whole 

question of timing sequence. Since the resistance of the 

rod is a function of its temperature and thus the initial 

temperature affects the heating rate, any pre-heating and 

cooling periods must be carefully controlled. Towards this 

end, attention was given to the construction of an accurate 

timer for this. However, due to the pressure of work on 

the electrical workshops, this was never evaluated. 

3:9. 	Statistics and Sample placement, for CFAR.  

In CFAR work very small samples are involved, 

usually between 1 and 5 'Ail'. Difficulties are found in 

reproducibly placing samples of this size on the rod. Two 

forms of sample placement have been used by workers in 
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this department. Initially "Drummond Microcaps" 1 or 5/pe 

pipettes were used: in this work they have been found to be 

very unreliable. Firstly it is possible to see visible.  

differences in sample placement and sample size delivered. 

Secondly reproducible volume delivery (even when those 

which were visibly different were excluded) does not seem 

to be possible. It is reported that if they are treated 

with "repelcote" (a silicone surface treatment agent), the 

delivery and reproducibility is improved. This was not 

found to be so. The standard deviation (on absorbance 

values) is about twenty per cent, whilst for a "Marlburg 

micro-syringe", it becomes ten per cent. Other workers 

have obtained better results but few details are available 

of what, criteria they have used. In this work a statistical 

sample has been used. These results (for the Marlburg) were 

obtained by excluding no significant proportion of the 

results (except those where a distinct error had been made 

in the actual sample placement). The precision could be 

improved by using criteria to exclude the results which are 

obviously in error. This is done by disregarding those 

which are a certain multiple of the standard deviation 

(for all results) from the mean. This was done for a 

0.5 ppm solution of chromium using a 5 
	sample (delivered 

from a Marlburg). No results were excluded for any reason 

initially. The results are tabulated overleaf along with 

a diagram to clarify the criteria used:- 
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x Mean value 

0.5 0.315 

1.0 0.311 

1.5 0.306 

2.0 0.304 

2.5 0.303 

3.0 0.303 

cs 0.301 

Standard 	percentage 
deviation 	of results 

(% of mean) 
	

excluded 

4 

6 

7 

a 

8 

8 

9 

28 

18 

8 

4 

2 

2 

0 
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Sample placement has been found to have a profound 

effect on the signals. It is essential to adopt a rigid 

procedure if any form of reproducible results are to be 

obtained. To this end the rod's notch must always be the 

same shape and size. 

In order to obtain the highest atom population. in 

a restricted volume over the atom cell it is necessary to 

use a narrow notch. Consider an equal amount of sample 

placed in both a narrow and wide notch:- 

volume for atoms to 
/fill after atomization 

1 	I 	4. 

BROAD NARROW 

Clearly there will be higher atom density over the narrow 

notch and this will result in higher sensitivity. The 

disadvantage of this is that for a narrow notch to hold A. 

1 
	or 5 
	

volume it must be rather deeper than for a 

broad no-ten. This means that the rod has little mechanical 

strength and breaks very easily. Some workers have overcome 

this by using a very small notch and placing the sample on 

ft gradually so that it all evaporates on one spot.72  This 

has the disadvantage that it is a very variable technique 

with poor precision. It does, however, result in a 

considerable increase in sensitivity and detection limit. 

These workers do not seem to have considered the statistics 

of this type of procedure. 

A severe problem can be, if the shielding of the 
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carbon filament from the air (or other oxidant) is not 

completely satisfactory, that of the sample spreading 

along the rod due to surface properties. This becomes very 

Pronounced with porous rods. TniS is one of tne main factors 

that limit the useful life of a rod. 

It has been found from experience, that if 

reliable analytical data are to be obtained, at least three 

flashes have to be made for every analytical solution. This 

can become a lengthy procedure due to the cooling time 

involved. 

improvements have been made such that the waiting 

time between flashes is reduced to zero by °borne86 and 
- Alder and Pincnes72  . 

3:10. ' 	Type of signal.  

As has been discussed earlier, the signals obtained 

with non-flame atomizers are not continuous but transient. 

These transient signals are of varying length dependent 

on the type of atomizer. In the case of the carbon filament 

atomizers, tne signal has the form shown in the photographs. 

The first photograph shows a signal obtained under 

conditions which result in no continuum cut-off. The second 

photograph shows a typical signal obtained, in which 

continuum cut-off is involved. 

The continuum cut-off is caused by the light 

emitted by the filament when it heats up. The extent to 

which this light will,be seen by the detector will depend 

on several factors. These can vary from tne height of 

viewing, wavelength, to atomization power applied to the 

atomizer. it will be important, in cases where an intense 
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continuum is produced to exclude stray light from reaching 

the detector. One possible way of overcoming the continuum 

is to modulate the hollow cathode lamp. however, as 

discussed earlier,(page 65), this would need to be at a 

very high frequency if it is not to have an adverse effect 

on the signal. Additionally it must be at a high frequency 

as the continuum itself is changing very rapidly. 

Consultation with the electrical workshop indicates that 

modulation at the extremely high frequencies needed in this 

type of application and its associated electronic 

amplifiers lead to complicated problems. For these reasons 

no consideration nas been given to this. Recently, several 

instrument manufacturers have produced instruments in which 

modulated sources are used for nor-flame work. 

ih an attempt to reduce the continuum, restricted 

fields of vie ing are used; this has been discussed to a 

certain extent above and, as will become clear later, 

sensitivity is better in restricted fields of viewing. This 

can be seen by considering the height dependence of the 

signal tsee section 3:11). In order to obtain very fine 

fields of viewing a special "pin hole" was constructed. 

Tnis is shown below:- 

0.5 men, 

This is such that it can be placed extremely close to the 
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carbon rod (about 3mm. at the closest). when as close as 

this, it is easily blocked by carbon particles from the 

rod. For this reason, it was generally used about 5 - 7mm. 

from the rod. 

The hollow cathode lamp was focussed on to the 

pin hole such that the maximum intensity reached the 

detector. Due to the construction of the hollow cathode (it 

is not a point source), a point focus could not be obtained. 

Indeed, higher intensity was obtained slightly off centre 

on the ring corresponding to the edge of the hollow cathode. 

3:11. Effect of height of rod in relation to "pin hole".  

Many, if not all workers in atomic absorptidn 

have found that the height of the atom cell in relation to 

the detection system has a profound effect on the sensitiv-

ity and detection limit64' 88,89,90.  This applies to both 

flame and non-flame atom cells. The flame cell will be 

considered later in this chapter whilst the non-flame cell 

will be considered below:- 

The amount of light reaching the detector is 

adjusted by moving lens, hollow cathode lamps and such like, 

such that it is a maximum, with the atom cell well out of 

the light path. One major problem is how to measure the 

height of the rod in relation to the detection system, that 

is, what point of reference to use, which is the same for 

all rods. A study was made for this purpose, and it was 

found that if a small pin hole was used, the light intensity 

reaching the detector varied, depending on the position of 

the rod. when the rod was in the light path, this became 

zero. With a sensitive height control (capable of being set 
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to at least 0.1mm) this cut-off point could easily be seen. 

This can be clearly seen from the graph:- 

Graph III-01  

I 0 

0 
2.5 2-o I -5-  I.0 0-5" 0 

figraHr sr PIN NOLC 
AlSoVE r I 1. A pi Exir 

The shape of the peaks also vary depending on the height 

of the rod. This is due, in the case of chromium, to the 

components in the peaks. The peaks consist of the absorbance, 

due to chromium and the continuum cut-off. For chromium, it 

is found that the closer the rod is to the source-detector 

axis, the sharper the peak. iiowever, the peak is not 

symmetrical; it will have a gradual rise, but an 

instantaneous cut-off. This can easily be seen in the 

photographs. 

The effect of rod height on absorbance was also 
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examined and found to be as reported earlier by Jackson64: 

this is shown on grapn III - 02, page 89 ). Tne best 

heignt is tnat of grazing, incidence, tnat position where 

tne rod is just starting to reduce tne intensity of light 

reaching the detector. At this point, the continuum cut-off 

is not so large as to obscure the signal, additionally the 

position of the rod is easily set by adjusting the rod 

height and observing the oscilloscope trace. 

Another matter.wnicn was given qualitative 

consideration is the size of the pin hole. It was found 

that the smaller the pin hole, the greater the sensitivity. 

This is to be expected as is tne effect of moving the pin 

hole away from the rod. in both cases, the lower sensitivity 

is obtained when a larger viewing area is considered. This 

is because the absorbance reaches a maximum as is shown 

on graph III - 02, page 89. 
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Graph 111-02  
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Tne preceding graphical-diagram was drawn for varying sizes 

of pin holes at a constant distance from the rod, butclearly, 

if tne pin hole size is held constant and the distance from 

the rod varied, a similar effect will be obtained. The fact 

that the larger the distance from the rod, the larger the 

area above the rod being considered, can be seen from the 

diagram on page 91. 

Thus clearly from these considerations, the smaller 

the pinhole and the closer the pin hole is to the rod, the 

more sensitive will the instrument be. This is, however, 

complicated by the loss of carbon particles from the rod: 

if the pin hole is only a few millimetres away, it becomes 

blocked very rapidly. Thus a compromise is taken: a pin nole 

of about 0.5mm, at a distance of about 5mm from the rod has 

been found satisfactory. If filaments made of other 

materials which do not lose small particles in use were to 

be used, it is probable that distinct advantage would come 

out of having the pin nole extremely close to the rod. 

Cantle91 has examined filaments other than carbon, but 

apparently this effect was not investigated. 

Whilst considering pin holes and their relevant 

advantages, it is probably best to re-emphasize the 

importance of allowing light to enter the monochromator 

through the pin hole only. This is important, as the 

continuum will heavily swamp any signal if it "leaks" into 

the monochromator. In order to eliminate any reflection 

into the monochromator, the burner chamber was lined with 

black card. Poor sensitivity was often found to be due to 

this form of light leakage. 



A 

e
ft e

sa
n t

  R
oD

  

91 

5 is  
clisicoico c/ p 1411101e  

20 

C fw rod 

 



100% 
transmission. 

continuum cutoff. 

92 

When working at positions nearer the carbon rod 

than those of grazing incidence, any expansion of the rod 

results in a change in the base line. This is equivalent 

to lifting the rod slightly so that it obstructs the pin 

hole more. At the position of grazing incidence this effect 

is found to be very small and leads to few, if any, 

difficulties. The diagram below illustrates this effect, in 

a considerably exaggerated form:- 

zero 
transmission. 

The height dependence effects discussed above 

for cnromium may, and indeed often do, vary from element 

to element92; this is due to many factors, amongst them 

being thevolatility of the element. For the less volatile 

elements, the absorbance falls off very rapidly as the 

viewing position becomes further from the surface of the 
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rod. This is because the temperature becomes le'ss the 

further removed from the rod the viewing position is. With 

the carbon rod atomizer, the only energy available is from 

the initial transient atomization (except for the energy 

available from a diffusion flame - this is very small in 

comparison to that from the rod.) The temperature profile 

of the space above the rod has been examined by Johnson93. 
It is for very similar reasons that interferences are 

usually found to be less in the area immediately above the 

rod94. 

3:12. 	Effect of Power applied to the atom cell.  

• This topic has been examined in some way or 

other by all the various workers who have studied the 

carbon rod. The results obtained here are qualitatively in 

agreement with the earlier workers. Clearly it is not 

Possible to compare in detail results obtained under 

different conditions. In tnis work, a detailed study was 

not considered necessary of the full power applied -

absorbance relationship. Only that region of the power 

applied - absorbance relationship where reasonable peaks 

were obtained was studied. The results are shown overleaf 

in graphical form (graph III - 04) for the 2 and 3.2mm 

rods at various different positions of the rod with respect 

to the pin hole:- 
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Graph 111-04 
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A:2mm rod 2.5cm long 0.5mm below pinhole 

B:3.2mm rod 2.5cm long 0.5mm below pinhole 

C:3.2mm rod 2.5cm long 0.3mm below pinhole 

D:3.2mm rod 2.5cm long 0.4mm below pinhole 
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One large difference exists between tne results 

for the 3.2 and 2mm rods, that is the behaviour of the 

absorbance as the applied power is increased. When the 

system is observed in operation it can clearly be seen that 

with the 2mm rod the heat-up rate is much more rapid than 

with the 3.2mm rod. This in turn leads to the continuum 

from the smaller rod appearing much faster and thus 

reducing the absorbance peak before it has reached its 

maximum value. 

Also examined was the length of signal due to 

the chromium atoms absorbing light (that is, the time of 

the absorbance signal). This is as expected and the results 

are shown overleaf, on graph III - 05. 

General points arising from this section of the 

work are the relative behaviours of the volatile elements 

(e.g. cadmium), with tne analyte of interest. Due to the 

relative low volatility of cnromium, hign powers must be 

used, witn the corresponding problems due to the continuum, 

whilst, due to the volatility of cadmium, low atomization 

powers may be used, with the result that no problems arise 

due to continuum. Indeed, if a study of atomization power 

against absorbance is made for cadmium, a maximum is to 

be expected. Tnis is indeed observed. 

It was found, for chromium, tnat 90% applied 

power was best, because this gave a sharp signal without 

excessive continuum interference. The drawback to this is 

that the signal is very rapid (as may be seen from graph 

iii - 05) and it is not possible to use modulated light 

sources with their associated detection systems and, due to 
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the extremely high modulation, frequencies will be 

required. This nas been discussed earlier in this chapter. 

	

3:13. 	Calibration Curve.  

Using the CFAR at the optimumized settings of the 

variables, calibration curves were prepared. In all cases 

they were linear at the start. However, they curved towards 

the concentration axis at higher concentrations. From the 

work done two calibration curves were prepared, one for 

the narrow 2mm rod and the other for the larger 3.2mm rod. 

It was found that the 2mm rod was about ten times more 

sensitive than the 3.2mm rod, but the standard deviation 

was worse by a factor of about two. These calibration 

curves are shown overleaf, on graphs III - 06 and III - 07. 

It was found, in general, that the larger rod was easier 

to use and, as has been discussed above, was used for most 

of the work reported here. 

	

3:14. 	The behaviour of the CFAR with Real Solutions.  

Much work has been done using the CFAR with pure 

solutions, that is, solutions containing the analyte (and 

its counter ion) only. However, in real analysis this is 

seldom, if ever the situation. In CFAR work the peaks 

obtained on the oscilloscope are usually reasonably sharp 

peaks. If very broad or multiple peaks are obtained, a 

malfunction of some form or other should be suspected. 

Tnis may be a true 'smoke' signal or a scatter signal from 

interfering species in tne solution being used. In the 

case of smoke signals, it is usually possible to see the 
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Graph 111-07  
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smoke if the atom cell is watched during heating. 

In this work, chromium is being determined in 

titanium dioxide. The titanium is present in a vast excess 

over the chromium (approximately 105  times more titanium 

than chromium). At this level of excess, the behaviour of 

the analyte solution cannot be expected to be as it is for 

pure chromium solutions. In fact the actual situation is 

worse than the above considerations indicate. This is due 

to the difficulty of dissolving titanium dioxide." As 

discussed elsewhere (chapter 2) in this thesis, in order 

to dissolve suitable amounts of titanium dioxide, very high 

acidities and/or salt concentrations are needed. For 

example, 25m1 sulphuric acid and 20 - 25g sodium sulphate 

or 5g sodium sulphate and a "trace" of sulphuric acid (5m1) 

are needed. Clearly, any solution obtained from this form 

of dissolution procedure will contain sodium at about a 

million fold excess over chromium. AS will become clear 

later titanium, at the levels at which it is present, 

interferes and a separation is needed. Some of these 

separations result in high levels of sodium salts. Because 

of this, and the very high sodium level in the solutions 

resulting from the dissolution of tile sample, the effect 

of sodium, as well as titanium on the chromium signal has 

been investigated. 

The effect of titanium was investigated by 

dissolving lg titanium dioxide in a sulphuric acid -

ammonium sulphate mixture (page 45), diluting to 100m1 and 

adding chromium (VI) at the level of 0.5ppm. The signal 

obtained from this solution was compared with tnat from a 

pure 0.5ppm solution of cnromium (VI). Tne absorbance 
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decreased in the presence of titanium by at least five fold. 

The signal in the presence of titanium was not checked for 

scatter, whilst tne pure chromium solution had been. Thus 

the titanium signal may have a scatter contribution which 

would decrease the absorbance still more. 

To ensure that this could not be improved upon 

by pre-heating, the above experiment was repeated with the 

previously evaluated ashing and pre-heating settings. This, 

however, resulted in no improvement, and the signal for a 

solution containing chromium at 25npm in tne initial sample 

was still very small in comparison to that obtained with 

pure solutions. 

Results of this type are to be expected, due to 

the very refractory nature of titanium. In flame atomic 

absorption, a very hot reducing flame must be used and 

because air-acetylene is not suitable, nitrous oxide-

acetylene is used. It is possible that, by heating the 

system to a much nigher temperature and using various 

methods to avoid spurious signals, analysis of this type 

of matrix would be possible. Similar matrices, based on 

refractory oxides have been analysed by iuller41 , using a 

Massman type furnace. In this, it is thought that a 

method of continuous background correction for scatter has 

been used. As discussed elsewhere, no facilities were 

available for background correction in this work. 

The effect of a mixture of titanium and ammonium 

sulphate on tne chromium signals was investigated during 

the work reported here. The effect obtained has been 

attributed to the titanium. This is because ammonium 

sulphate is comparatively volatile and one expects it to 
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be eliminated in the pre-heating. However, in the 

separation procedures, solutions are usually obtained still 

containing sodium iii vast.amounts. This is because either 

a reagent has been based on a sodium salt (as in the methyl 

isobutyl ketone extraction of chromyl chloride - section 

5:3), or due to the initial dissolution procedure. The 

effect of sodium was, therefore, examined. Preliminary 

work rapidly showed that sodium (at high concentrations - 
per 100m10  

1-5gA10-/50gilitre) caused signals which were very similar 

to smoke signals. Indeed it was, on many occasions, possible 

to see smoke above tne atom cell. This preliminary work 

also showed that the peaks obtained were very variable, 

both in shape and height. In order to overcome these 

drawbacks a study was made of the pre-heating conditions. 

It was found that With the optimium setting to remove the 

sodium, cnromium was also lost. Triis is illustrated by 

the following results:- 

ilot chromium 

0.4 
0.8 

Absorbance 

No sodium 	5% sodium 
hydroxide 	hydroxide 

	

0.12 	<0.06 

	

0.30 	0.18 

This loss is of chromium (VI), and chromium (III) has not 

been examined as, for the purpose of separation by this 

procedure, only hexavalent chromium is susceptible. The 

loss could be as chromium trioxide. Once again it might be 

possible to overcome tills limitation if methods were 

available in which the sodium scatter could be corrected 

for. 

A few comments about smoke signals conclude this 

section. These are signals which are caused by loss of 
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solid particles from the carbon filament. This loss may 

be due to several reasons. in the author's experience, 

one of the three main reasons is insufficient inert gas 

to shield the filament from the air. In this case the 

filament can be considered to burn in a small amount of 

air. The otner causes are rod overneating due to too 

rapid "flashing" sequences, or the age of the rod. By 'age 

it is meant that the surface is no longer smooth, but 

pitted. Usually witn tnese three causes, it is necessary 

to replace the rod. 

Smoke signals may take many forms and none are 

alike. They may be very broad and cover the whole 

oscilloscope screen or only a small part of it. 

3:15. 	Tne use of flame atomic absorption.  

Tne theory of atomic absorption has already been 

discussed (sections 1:3 and 3:1 to 3:6). All the 

experimental work involving a flame atom cell was done 

with a Varian Techtron AA 1000. Both fixed and variable 

nebulizers nave been used. At all times, the recommended 

burner head for the gas mixture being used was used. Two 

different flames were used in various parts of this work. 

These were air-acetylene (for cnromium) and nitrous 

oxide-acetylene (for titanium). 

As an introduction to the use of the Varian 1000 

as a service tecnnique in tnis work, a preliminary 

examination of tne variables was made. in tnis, tne 

following were examined:-, 

(a) fuel-air mixture 

(b) Height of burner 
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(c) Lamp current and noise 

(d) CalibratiOn curve and the 
effect of sodium cnloride at 
various slit widths. 

These are shown on the graphs III - 08 to III -12, pages 

104, 105 and 106, 

It is not proposed to comment on the graphs here 

as this has been done many times before in the numerous 

reviews available. However, one or two points deserve 

mention as tney are of importance or of interest. From 

graph III - 10 it is clear that variation of lamp current 

has no really significant effect on absorbance. However, 

in most of this work maximum scale expansion was used (due 

to tne low concentrations of chromium being considered). 

This leads to considerable noise and it was found that the 

noise was significantly less when the maximum lamp current 

was used. Por this reason most, if not all the work was 

done using a hollow cathode lamp current of 20mA. 

Another interesting feature is the calibration 

curve at the two slit widtns examined, both with and 

without added sodium chloride. These show firstly that a 

linear relationship exists between the absorbance and the 

chromium concentration (lines A and E especially on graphs 

III - 11 and III - 12). The other lines show that sodium 

chloride changes the sensitivity (slope of the line) and 

that the line does not always pass through the origin of 

the axis. This could be, and probably is, due to chromium 

in the sodium chloride used. It was found that straight 

lines could easily be drawn through the points obtained 

by standard addition techniques. This was so, for all the 

solutions used. This is clearly shown on graphs III - 13 

Iftz promsell C-fa 4 socLit. cuoriL 



Graph 111-08  

Fuel-air mixture. 
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Graph III-09. 
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Graph III-10  

Variation of lamp current with absorbance. 
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Graph III-11  

Concentration-absorbance. 

0.2_ 	0•4L 
	0.6 	o•ro 

i tgml chromium. 

A: 0.5nm slit no NaCl. 
B: 0.5nm slit 3% NaCl. 
C: 0.2nm slit no NaCl. 
D: 0.2nm slit 3% NaCl. 
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Graph 111-12  

Concentration-absorbance. 

E: 0.2nm slit no NaCl. 

F: 0.2nm slit 3% NaCl. 
G: 0.5nm slit no NaCl. 

H: 0.5nm slit 3% NaCl. 
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106 

Graph 111-12  

Concentration-absorbance, 

E: 0.2nm slit no NaCl. 
F: 0.2nm slit 3% NaCl. 
G: 0.5nm slit no NaCl. 
H: 0.5nm slit 3% NaCl. 
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to III - 16. As is clear from the graphs given earlier 

(graphs III - 11 to III - 12), little difference is to be 

found in the results obtained at either of the slit widths. 

A value of 0.2nm was, however, selected so as to avoid the 

neon line which is very close to that of chromium. However, 

it is suspected that, due to errors in the monochromator 

tuning, some Of the standard addition graphs referred to 

later, were obtained without the neon and chromium lines 

fully resolved. This line is reported in the literature as 

giving atomic fluorescence95  and it is possible that it 

could give atomic absorption. This was not, however, 

systematically investigated. 

The most important problem in this work was found 

to be tne nebulization of high solid content solutions, 

Reference has already been made to this (page 62). Briefly, 

many and indeed, most of the solutions sprayed had solid 

contents of up to 105. It was found that these rapidly 

blocked the nebulizer and thus gave rise to inconsistant 

and erratic results. This problem was partially overcome 

by nebulizing the solutions for the minimum time needed for 

a signal to be read. in order to do this, the minimum 

amount of damping was used. This results in higher noise 

(discussed above) which complicates reading the meter.. 

However, with a little practice tnis was found to be 

reasonably satisfactory. 

rl 	 Atomic absorption spectrometry has been used as 

a service technique throughout the work described in this 

thesis. 
. From the literature69 '

/0 '7116 "17 it is very 

clear that, for titanium, a nitrous oxide-acetylene flame 
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Graph 111-16  

a 	 3 4 5 G 7 

rg chromium added. 
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is needed and a cursory examination rapidly confirmed that 

an air-acetylene flame was not suitable. The monitoring of 
o  96 

titanium by measuring tne.liatomic emission" at 3998.6A 

was initially used due to tne non-availability of a 

titanium hollow cathode lamp. This was, nowever, rapidly 

dropped when it was found that a broad band (presumably 

molecular) emission was present as well. A further factor 

that made AAS more favourable was the sensitivity. From 

qualitative work it appeared that AAS was considerably more 

sensitive. Here it must be realized that the comparisons in 

the literature96 are made using very good monochromators. 

These have a greater resolution than the monochromator in 

the Varian 1000, used in this work. Hence, their. conclusions 

do not apply to this work. in monitoring titanium a hollow 

cathode lamp was used for the remainder of this work. The 

concentration changes being considered are quite large and 

often it was not necessary to use calibration curves. 

instead, tne initial and final absorbance values in an 

experiment are compared. However, in tnose cases where a 

calibration curve was used, it was found to be linear:-

(shown overleaf on graph III - 17). 

All solutions of titanium contained hydrofluoric acid, the 

amount depending on the origin of the solution (see chapter 

2). It was confirmed that without hydrofluoric acid the 

absorbance was very low in comparison to the values 

obtained in the presence of hydrofluoric acid. This effect 

is presumably due to the formation of the very stable 

. 	2- TIP6 
an ion, which prevents the formation of hydroxy 

species. These would lead to the formation of refractory 

titanium dioxide ilk tne flame and hence a low atomic 
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population. 

Mobt of the atomic absorption measurements were 

made in connection with monitoring the concentration of 

cnromium. it was not possible to make a direct comparison 

of tne maximum sensitivity of tne air-acetylene and 

nitrous oxide-acetylene flames as tne burners have 

different path lengths. The nitrous oxide-acetylene burner 

nas a light path through the flame of approximately half 

tnat of tne air-acetylene burner available. It was found 

that tnis alone affected tne sensitivity and the following 

tabulated results illustrate this:- 

Burner 
3017 

Gas mixture 	G romium 	Reading 
solution 	(Absorbance) 
sprayed 

Air-Acetylene Air-Acetylene 

Nitrous 	Air-Acetylene 
Oxide-Acetylene 

Nitrous 	Nitrous Oxide- 
Oxide-Acetylene 	Acetylene 

	

0.1 	10 

	

0.3 	10 

	

0.3 	5 

All these results were obtained with the system (flame 

composition and nebulizer) adjusted for maximum 

sensitivity. 

Clearly, with the instrument available, the air-acetylene 

sensitivity is about six fold greater than that of the 

nitrous oxide-acetylene system. Thus a nitrous oxide-

acetylene flame lacks the sensitivity needed for this work. 

in all the work On chromium, for these reasons, an air-

acetylene flame was used. Other workers have used the 
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nitrous oxide-acetylene flame for the determination of 

cnromium as it can significantly reduce interferences. 

ifowever, they have been working at considerably higher 

concentrations and are not concerned with obtaining 

maximum sensitivity. 

The effect of titanium on the chromium signal was 

investigated. It was found that the titanium reduced the 

absorbance due to chromium considerably, as the results 

illustrate:- 

CONCENTRATI ON 	 ABSORBANCE i- 	 of 
fok 

ri   • 
CHROMIUM 	TITANIUM 	 CHROMIUM 	CHROMIUM 

ONLY 	and 
TITANIUM • 

2 10,000 20 4 

1 100 59 28 

1 10 59 41 

These results were obtained in a slightly fuel rich flame 

which had been adjusted to give maximum sensitivity. Clearly, 
, 	I 

as in this work the level of interest is 0.1)nr-C chromium 

in tne presence of aboUt 15,000 pl v J  titanium, it is 

not possible to avoid a separation. 

3:16. The use of the standard Addition technique for the  

Determination of Criromium.  

Clearly, from the results given above and earlier, 

in atomic absorption work the composition of tree analyte 

solution can have a considerable effect of. absorbances. 

This may be clarified in a realistic analysis by 

CHROMIUM 



114 

considering the extreme case, an analyte containing both 

chromium and 	ana using calibration data obtained 

from pure solutions of chromium. Clearly, if both analyte 

solutions contain (for example) a true 10/TA 	of 

chromium, the analyte containing titanium will give a result 

considerably lower than this. In analytical chemistry this 

type of problem is often overcome by attempting to make 

the standards iaentical in composition with the unknowns. 

One convenient way of doing this is to use the technique 

of standard additions. The simplest way for this would be 

to split tne analyte into a set of equal volume aliquots 

and add a fixed weight of analyte to eacu. This is shown 

schematically on page 115. 

In using a procedure such as this, y would be 

selected such that it is approximately equal to x. 

Consider next tne calculation of the result. Assume that 

no volume change occurs on adding the analyte standard y, 

2y and 3y respectively. Let Ao, Al , A2  and A3  be the 

absorbances of the solutions obtained from the unknown 

sample and the standard additions of chromium (see diagram). 

Let the extinction coefficient for the atomic absorption 

of cnromium be, in this matrix 	, then:- 

A = 	c 

where A is the absorbance 

and c the concentration of chromium 

in.A i in v ml. 

From this, the following four equations can easily be 

written:- 



add no 	. add y/Ag add 2y ig add 3y ig 

analyte. analyte. analyte. anal34e. 

V V 
measure measure measure measure 
absorbance absorbance absorbance absorbance 

A0  Al A2 A
3 

calculate result. 

4v ml unknown sample 
solution containing 4x itIg 
analyte split into four 
equal aliquots. 

V 

report result. 

115 
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Ao = x 

• A1 	 = 	(x + y) 

A2 	+ 2y) 

A
3 

= j (x + 3y) 

These equations may be solved and the values obtained for 

x averaged, or, as is usually done, a graph constructed and 

the value of x found from the intercept on the concentration 

axis. Graphs in which this has been done have been given 

earlier (graphs III - 13 to III - 16, pages 104, 105 and 

106). 

As discussed here, this would give the 

concentration of analyte in the final aliquot and it would 

nave to be multiplied by an appropriate factor to correct 

for the original sample volume (in this case, a factor of 

4). In the above example it has been assumed that it is 

possible to add the measured amount of analyte without 

changing the aliquot volume. However, in many, if not in 

all cases this cannot be done. Often it is convenient to 

add tne standard as a solution. in this case the 

calculation is slightly more complicated, but the schematic 

diagram will still suffice. however, here one must assume 

that Beer's law applies even when tne analytical solution 

is diluted. To clarify tnis, consider an aliquot of volume 

ml. To this, add standard solutions of the analyte 

having volumes 1, 2 and 3m1 respectively. This produces 

solutions having volumes of v, v+ 1, v + 2 and v  + 3m1 

final volume. These are the solutions whose absorbances 

are measured. in the case of tne aliquot having no addition 

of chromium the absorbance will still oe given by:- 
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A = 	x 

iiowever, consider for example the case of tne aliquot 

having lml standard added. Here there is (x + y)//cg 

cnromium in ( v + 1)ml solution. The extinction 

coefficients () are expressed inrg in 	ml, thus a 

correction must be made:- 

v + lml contains x + y ittg chromium 

lml contains x + y  /kg chromium 
v + 1 

v ml contains (x + y) 
(v + 1) 	/4g cnromium 

Hence, 

Al 	v 
	+ . 3,r; 

In a similar manner tne equations for tne other solutions 

can be derived:- 

Ao 

A2 kV + 2 ) 

A3 	= v 	+ 3Y) 
3 (V + 3 ) 

Only if E0  = El  = 2 = E3  can these 

equations be solved, in this work it has been assumed that 

tney are. clearly, as nas been snown before (page 113) 

titanium has a pronounced effect on the absorbance of 

chromium. Thus it is necessary to maintain this constant, 

or as nearly so as possible. in practice it is not 

possible to maintain the titanium concentration constant, 

as to do so would mean adding the standard addition in 

zero volume. One thus attempts to reduce the volume change 

fo x 

v (v + 1 
v E. 	+ 2y) 
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to a minimum. 

Anotner way in wnicn tnis problem is overcome, 

is by taking a fixed volume of the unknown and varying 

amounts of the analyte standard (as above) and diluting 

the mixture to a fixed volume. This fixed volume is 

greater or equal to that of the sample plus standard 

volumes. This is satisfactory when sufficient sample 

volume is available at a suitable concentration. in the 

work reported here, dilUtion was not possible due to the 

very small quantities of chromium involved. 

= 	2 	5 
(as must be assumed), a 

graphical solution is also possible. In this case, the 

experimental absorbances are corrected to what they would 

be if all the analyte were condensed into the aliquot 

volume in this case V ml). This is best illustrated by 

an example. The results below were obtained in an 

experiment on the separation of titanium and chromium by 

precipitation of the titanium as K2TiF6. After the 

separation a solution containing about 25/14g chromiuminca 

60m1 was obtained. This solution also contained traces 

(or more) of titanium, hydrofluoric acid and potassium 

fluoride. This solution was split into four equal aliquots 

of 15m1. A standard solution of chromium containing 

25ttg ml-1 was used:- i   

Aliquot Volume of Weight of Absorbance Corrected 
Number standard. chromium Reading Absorbance 

added 	added 
ml 

0 0 0 6 6.0 
1 0.2 5 10 10.1 
2 0.4 10 14 14.4 
3 0.6 15 18 18.7 
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The "corrected absorbance" was calculated from:-  

Corrected absorbance . Absorbance„. 15 + Vol. std 
Heading 	/\ 	15 

These are plotted on graph III - 18 and the intercept 

gives tne amount of chromium in an aliquot of the initial 

solution. hence it is a simple matter to find tne amount of 

chromium in the initial solution. In this case the result 
* 

is 7.1 /g. in this example the volume change is very small: 

however, this is not always so. Elsewhere in this work, 

aliquots having a volume of 2m1 nave been used with a 

standard addition of 0.2, 0.4 and 0.6ml. here the volume 

change can cause a large change in absorbance. Graph III -

19 is prepared under similar conditions to the one 

mentioned above but 2m1 aliquots nave been used. The solid 

line is with no volume correction whilst the other line is 

with volume correction. 

In conclusion, this type of procedure has been 

used in nearly all of the work reported here and will not, 

in general, De specifically mentioned in the later stages 

of this thesis. The flame mode has been used exclusively 

for much of the work, due to its considerable advantages 

(as discussed earlier). These considerations have been 

based on flame systems,however, in principle they also 

apply to non-flame systems. indeed, they apply to many 

analytical techniques which involve a similar form of 

concentration analytical signal relationship to that in 

atomic absorption. 

*That is in the aliquot used,in the - initial solution it 
is 4 times this ie 7.1 x 4 =28.4 
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CHAPTER FOUR.  

The oxidation of chromium (III) to chromium (VI).  

4:1. 	Introduction. 

In this study, a separation of chromium from 

titanium was sought, such that it would be possible to 

determine the amount of chromium present accurately in the 

initial sample of titanium dioxide. As has been discussed 

elsewhere in this thesis (sections 1:6 and 1:7), one 

possible way of effecting this separation is by the solvent 

extraction of chromium, Since no satisfactory procedures 

are available for the extraction of chromium (III), the 

extraction of chromium (Vi) has been considered. Many 

extraction procedures are available for chromium (VI) and 

the one used extensively in this work is based on the 

extraction of chromyl chloride by methyl isobutyl ketone. 

This is discussed in detail elsewhere (see section 5:3). 

Also discussed elsewnere (chapter 2, page 47) is the 

observed fact that the procedures found to be best for the 

dissolution of the titanium dioxide sample, result in an 

aqueous solution containing cnromium (III) and not 

cnromium (VI). This chapter is concerned with the 

investigation of this necessary conversion of chromium (II]) 

into chromium (V1). Throughout this, reference will be made, 

in many cases without details, to the extraction of chromyl 

chloride. This extraction is assumed to be 100% efficient 

as discussed elsewhere (section 5:3). 

if the literature is examined, no significant 

references are to be found in which the determination of 

trace levels of chromium (III) nas been considered. Many 

are to oe found for the trace determination of chromium (VI). 

123 
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This is presumably due to the low toxicity of cnromium (III) 

compared to chromium (VI). 

It is a well known fact that chromium (III) is 

the most stable oxidation state of chromium. This is shown 

in many ways: e.g. oxidation and reduction potentials:- 

CT20 + 14 H1 + 6f ---- 2 Cr3+  + 7 H2O 	= 1.33 

Or3÷ + E 

 

Cr2+ = —0.41 

 

This stability has been attributed to a nigh crystal field 

stabilization energy resulting from the half-filled valence 

shell. 

In solution, chromium (III) reacts only slowly. 

Examples of this nave already been given (section 1:4). 

The slow kinetics have been explained by Taube25'97  on 

the basis of electronic structure. In analytical terms 

nowever, it has a'very clear effect:- .  many different 

species exist in solution, and it is not possible to force 

the equilibria to one extreme rapidly, as is often done for 

spectrophotometric measurements of concentration. 

In a solution of chromium (III) many species 

will be present ranging from the violet Or(H2  0)3+  to the 

green basic ions. in addition to these, such species as 

(3 - 2x) + 	(3-x)+ 
[Cr (H2 6-2x (SO4)x

} 
, [Cr(H20)6_x  Cld 

and hydroxy and oxy bridge complexes exist. 

there are two possible approaches to the problem 

of poor reactivity of chromium (III):- 

(a) oxidize it to the more reactive chromium (VI) 
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or (b) reduce it to the more reactive chromium (III). 

in preparative work both approaches have been 

used. Whichever method is used, the oxidant or reductant 

has to be of considerable power. If chromium (II) species 

are to formed, "nascent hydrogen" or hypophospnite type 

reagents are needed. This approach has been little used in 

analytical work, possibly because of the extreme reactivity 

of chromium (II). and the need to use oxygen free 

environments. in this work the oxidation approach has been 

used. Chromium (III) is easily oxidized to chromium (VI) 

in alkali media by weak oxidizing agents such as:- 

hypochlorite, hypobromite, hydrogen peroxide 

and oxygen under pressure. 

Oxidation in alkali media however suffers one major 

drawback:- 

the difficulty of holding the titanium dioxide 

in solution (see chapter 2). 

Because of this, oxidation in acidic media was only 

considered. 

For oxidation in acidic media, much more powerful 

oxidizing agents are needed. Amongst those tnat have been 

examined are:- 

chlorate, perchlorate, lead dioxide, 

sodium bismuthate, silver and persulphate 

and anodic oxidation. 

Hartford1 reports that hydrogen peroxide and 

chromic salts react to form an intense blue colour which 

may be extracted by ether at a temperature iielow 10°  U. 

It was not found possible to form any blue colour in this 
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manner, except if chromium (VI) was used initially (see 

also section 5:2). 

inany methods are to be found for the so-called 

"quantitative" oxidation of chromium (III) to Chromium (VI). 

However, when examined it is usually found that it is for 

considerably larger amounts of chromium tnan involved in 

this work. Additionally the extreme acidity needed in this 

work has not usually been used. 

Two of the most common methods used are sodium 

peroxide fusion and perchloric acid oxidation. Considering-

the fusion procedure first, attempts were made to obtain 

pure sodium peroxide, to no avail for a considerable time. 

Additionally this material, when used, attacks all crucibles 

to a considerable extent, with the possible exception of 

those constructed of zirconium98. It is known that sodium 

peroxide fusion at the semi-micro level quantitatively 

oxidizes chromium to chromium (VI); however, the titanium 

would be made insoluble. his leads to a possible source 

of error due to the possibility of chromium being either 

co-precipitated or occluded in the precipitate. In the case 

of similar attack on iron materials, it has been shown 

that chromium is occluded. Clearly in this case the 

stoichiometry is similar (Fe203  and 0r203); however, this 

does not preclude the possibility. Indeed, other work 

reported here suggests that co-precipitation does occur 

(see page 168). 

4:2. 	Perchloric Acid oxidation - Introduction.  

much_ work is done using perchloric acid, 

especially in steel analysis. Perchloric acid is one of 
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the most powerful oxidants and great care is needed if it 

is to be used with safety. If organic material is present 

the oxidation must be moderated by the use of nitric acid60. 

Hartford1 reports that perchloric acid is unsatisfactOry 

with microgram amounts of chromium. The use of silver has 

been suggested to improve the oxidation99, but the 

oxidation is still reported to be unsatisfactory1. Smith100  

reports that rapid cooling is necessary, as reduction occurs 

between 90 and 100°  C. 

Whilst considering perchloric acid oxidation it 

is of value to consider the distillation of chromyl chloride 

Cr02C12. In this, the chromium is oxidized to chromium (VI) 

by perchloric acid, followed by the addition of some form 

of chloride to form the chromyl chloride. However, at the 

high acidity needed for perchloric acid oxidation, some of 

the chloride is oxidized by the chromium (VI):- 

Or(VI) + 301 

 

0r(III) 	+ 3/2012  

 

This necessitates a re-oxidation of the small amounts of 

chromium (III) formed. It is found that traces of chromium 

cannot satisfactorily be removed by this method. However, 

if the chromium is volatilized as chromyl fluoride Cr02F2, 

this reduction does not occur, since fluoride-fluorine is 

a very powerful oxidation couple The disadvantage is that 

platinum apparatus must be used to avoid attack by the : 

fluorides involved 
 

4:3. 	Oxidation with other common oxidants - 

ceria221242haia.„ 

For the oxidation of chromium (III), prior to 
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titrimetric analysis ceric, permanganate, periodate, iodate, 

bismuthate and persulphate have been used by various 

workers in addition to those previously mentioned. These 

(with the exception of sodium peroxide) have been examined 

for the oxidation of chromium prior to its extraction: the 

results are reported below. 

Ceric salts are known to be very powerful 

oxidizing agents. For example, consider the following half 

cell potentials21:- 

Ceric salts in:- 	Half cell potential:- 

2M hydrochloric acid 
	1.28" 

1M sulphuric acid 
	1.44V 

1M nitric acid 
	 1.61V 

1M perchloric acid 
	1.71V 

Compare these values with those for the chromium (VI)/ 

chromium (III) couple:- 

8M sulphuric acid 

4M sulphuric acid 

1M sulphuric acid 

4M hydrOchloric acid 

1M hydrochloric acid 

1 .35 V 

1 . 1 5 V 
1 .03 V 

1 . 1 0 V 

1 . oo V 

Clearly, under suitable conditions it is possible to use 

the ceric system to oxidize chromium (III) to chromium (VI). 

Indeed, this has been used in volumetric analysis many 

times, also potentiometric titration of chromium (III) at 

the trace level has been done using ceric solutions in the 

presence of chromium (VI)104. In this, the oxidation of 

chromium (III) by the ceric is reported to be fast and 

quantitative. 
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Preliminary work on the MiBK (methyl isobutyl 

ketone) extraction of chromium, indicated that chromium 

(III) could be extracted if ceric sulphate were present. 
was 

From these results 27% of the chromiumAoxidized (based on • 

a value of 100% for the extraction efficiency). By using 

larger amounts of ceric sulphate the efficiency was 

increased to 39%. By waiting before extraction the 

efficiency became 72%. If this was done using 6M 

hydrochloric acid no extraction resulted. The results are 

tabulated below:- 

Solution extracted 	mg 	149 
Ce(SO4)2  Cr(III) oxidation 

25m1 

25ml 

25m1 
25m1 

2N Hell immediately 

2N HCl} 	extracted 

6N HC11 10 minute 
2N Ha 	wait before 

4 
8 

8 
8 

50 

50 

50 
50 

27 

39 

0 
72 

extraction 

In the case of the 6M hydrochloric acid system 

it is possible that the chloride is being oxidized, as the 

final and initial solutions are colourless. That is, before 

and after extraction they are colourless - i.e. ceric 

(coloured yellow) is being reduced. 

The next situation to be examined was oxidation 

in sulphuric acid media. Clearly, as discussed later, under 

solvent extraction (section 5:3) chloride has to be added 

before the extraction and this was shown to be necessary. 

The various experiments tried are shown schematically 

overleaf:- 
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Oxidation 

20m1 10M H SO 2 4 
200 
/j 
	Cr (III) 

20mg Ce(SO4)2  I

stand 10) Add 20m1 
-----> ' 	/ 	›. Extract 	11. 

	

minutes ) 	6M HC1 

20m1 10M H2SO4  

20mg Ce(SO4)2  

20m1 10M H2SO4  I stand 10) Add 20m1 
200/ 	Cr (IIIy - 	minutes f 6M Rel.? Extract 	11 

200Mg Ce(SO4)2  

Clearly, from these results, under these 

conditians of very high acidity ceric sulphate solutions 

will not oxidize chromium (III). It was thought that the 

20mg quantity of ceric sulphate used in the first two 

experiments could have been insufficient. For this reason 

200mg was used in the third; this lead to no significant 

change in the results. If, however, these solutions are 

left to stand overnight, it is possible to extract 

considerably larger amounts of chromium. This implies that 

the factor limiting the extractability is a kinetic one, or 

at least, part of the reason is kinetic. In support of this 

is the observation that 72% oxidation may be obtained with 

the following procedure:- 

200/14q Cr(III) 
/ 	Boil together) Add 40m1 

	

30m1 10M H2SO41 	for 	> Extract 

	

200,1 Ce(SO4)2) 	20 minutes 1  c HCl 

When this procedure is compared with the third one given 

earlier, it becomes apparent that a considerable effect on 

200/1 
	Cr (III)  	 13 Extract minutes 	6M HC1 

stand 35) Add 20m1 
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the poor extraction is the rate of oxidation. Under the 

conditions of lower acidity used in titrimetric analysis, 

rapid quantitative oxidation is reported. This presumably 

means that the kinetics are affected by the actual 

difference in oxidizing power between the two couples 

involved. Clearly this is a much over-simplified 

explanation, because the actual species being reduced and 

oxidized may well be different and another mechanism 

involved in the oxidation. 

Finally, with ceric sulphate as an oxidant, a 

fusion system was examined. From the above results, it 

appeared that a limitation to the oxidation efficiency was 

the kinetic reluctance of the chromium (III) to react. In 

order to overcome this, a "fusion" of the sample (titanium 

dioxide), ceric sulphate, potassium hydrogen sulphate, 

sulphuric acid and chromium (III) was tried. However, no 

chromium (VI) could be recovered. 

From these results it appeared that quantitative 

recovery of chromium (III) as chromium (VI) would only 

result from prolonged standing, or heating together of the 

analyte and oxidant. Since for the purposes being 

considered here, speed is important, it was thought best 

to abandon this avenue of attack. 

Potassium permanganate, either alone or in the 

presence of acids or alkali, is a powerful oxidizing agent. 

In the analysis of inorganic materials the most common 

applications are in acidic media, whilst in organic 

chemistry it is often used in alkali media. Hartford1 

reports that potassium permanganate is often used to 
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oxidize small amounts of chromium. This is best conducted 

in neutral or alkaline solution, as in acidic media the 

reaction is very slow. However, as discussed earlier it 

was not considered advisable to work in solutions which 

are other than acidic. In this work an attempt was made 

to oxidize about 200/1 chromium (III) in 10M sulphuric 

acid by boiling with potassium permanganate. However, when 

hydrochloric acid was added and the solution extracted 

with methyl isobutyl ketone, a green extract was obtained. 

When examined by atomic absorption procedures it was shown 

that no chromium was extracted. The green colour of the 

extract is probably due to oxidation of the extractant by 

the excess permanganate. Another possibility is interaction 

of the extractant with chlorine formed in any reaction 

between the oxidant and the hydrochloric acid present. As 

these results showed no promise, this approach also was 

considered no further. 

Periodate and iodate were also examined in a 

similar manner to the above examination of permanganate. 

It was found possible to reach 33 and 68% oxidation 

respectively in 10M sulphuric acid. Peroxy disulphate 

(also known as persulphate) was also examined, both with 

and without silver. In both cases it was found to be 

unsatisfactory. None of these avenues of approach were 

examined further, as preliminary work with both perchloric 

acid and sodium bismuthate appeared to offer a greater 

chance of success. 

4:4. 	Perchloric Acid oxidation.  

Perchloric acid was given a detailed examination 

which is reported overleaf, but first consider the general 
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details involving perchloric acid. _Ferchloric acid, when 

pure, is a very powerful oxidizing agent. However, at room 

temperature it has no really effective oxidizing power, 

whilst, when at high temperatures it is extremely powerful. 

Perchloric acid has long been used for many 

purposes as an oxidizing agent in analytical chemistry. 

Great care must be taken in its use, due to the great speed 

with which it can react with organic materials. For these 

reasons, when organic material is present, a prior 

oxidation is almost always used with nitric acid. This is 

usually supplemented by using a nitric-perchloric acid 

mixture in the final perchloric acid oxidation. The hazards 

of perchloric acid have been reviewed and ways suggested 

in which the dangers may be avoided.60  In this work, the 

use of "moderated" perchloric acid was not considered 

necessary because no organic material was present. if 

samples containing organic material (often added for 

surface treatment) were to be analysed, a moderated 

oxidation would be used. 

As diScussed elsewnere (chapter 2), one of the 

first problems to arise in the examination of perchloric 

acid as an oxidizing agent, was the effect of the perchloric 

acid on the stability of titanium dioxide solutions..This 

has been attributed to a reduction in the effective 

concentration of sulphate by dilution of the concentrated 

sulphuric acid. This problem was overcome by increasing 

the concentration of sulphate by adding extra sodium 

sulphate when the perchloric acid was added. Even when 

this is done, care must be taken to prevent overheating, 

otherwise precipitation will still occur. In the 
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literature the necessity for rapid cooling is stressed. 

Thus in line with this, following the perchloric acid 

oxidation, the flasks were cooled in air until they could 

be cooled under the tap without breakage. 

Preliminary work very rapidly showed that the 

oxidation was the inefficient stage. This can be seen 

easily from a schematic diagram of the whole procedure:- 

DISSOLUTION 

 

	-> OXIDATION 	7 EXTRACTION 

 

(TiO2 	Cr3+ 	:>Cr6+ 

Ti(aq)
4+ + Cr3+ 7)  

, + 	Cr  6+ ur
a
6
qCo) 

100% 
Back EXTRACTION 

Cr(a)  • 	6+ 
(0) 	

Cr(aq) 

Standard addition techniques were used to 

determine the efficiency of the extraction - oxidation 

stage fusing atomic absorption) for microgram amounts of 

chromium, whilst titrimetric procedures were used for 

larger amounts (iodine - thiosulphate). Finally, the 

following basic procedure was adapted for the dissolution, 

oxidation and extraction:- 

(see overleaf). 
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Add 
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20g iia2SO4  \ Mix and heat 
until a 

ig TiO2  
clear yellow 

25ml 2
SO4 solution results 

Reject Aqueous 

Extract 	Dilute tol 
with   ca 200m1 
miBK- 	 and add [ 

15g NaCl 

boil 
for a 
known 
time 

	Cool 
Rapidly 

organic 
phase 

	

Extract with 	I Determine 
2M.HC1 	Chromium 

-"land 10% Ascorbic."' 	by AAS 

	

Acid 	1 using Standard 
`Additions 

Following the perchloric acid oxidation, rapid. 

cooling has, in all cases, been used. Initial work rapidly 

confirmed that if cooling was not rapid, the oxidation 

efficiency was much lower than if rapid cooling had been used. 

This confirmed the results reported by Sandell105. In this 

work the flasks were cooled for five minutes in air 

following the oxidation, then cooled under running water 

for :a further period. Tne final reverse extraction is made 

for convenience in the atomic absorption determination of 

cnromium. me advantage of this fs that difficulties which 

would be encountered in using organic chromium standards 

are avoided. 

Initially the oxidation was done using 20m1 

perchloric acid: however, when tried, no chromium could be 
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extracted. The amount of perchloric acid was increased 

to 40m1 and it was then possible to extract 59% of the 

chromium. The extraction.(not oxidation) efficiency when 

computed from concentrations of chromium (VI) (as 

determined by iodiometric titrations) was found to be 

greater than 95%. When this was repeated, as outlined 

above, with careful:cooling using 0.5g chromic sulphate 

in place of the titanium dioxide, oxidation efficiency 

of 78% resulted. 

When the perchloric acid oxidation mixture was 

overheated results which have no meaning are obtained. 

For example 10 /-j chromium gave a result of 6//j , with 

no allowance for,the blank value (which was about 12 i 

chromium). 

When the procedure described above was used, 

with known amounts of chromium, the heating for oxidation 

was carried out for ten, then twenty minutes to see if 

this had any effect. The results are tabulated below:- 

Heating
Period 
minutes 

chrorda added el chro ium found 
Recovery 

% 

20 5 3.8 76 
10 10 4.8 48 
10 10 5.2 52 
10 10 5.7 57 

From these results it would appear that heating for twenty 

minutes leads to better results. However, no indication 

of blank values is given above. These are considerably 

larger for twenty minutes heating than for ten. It is 

possible that this would have no serious detrimental 

effect, however, when one considers the technique used to 
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obtain the results by standard additions, the larger the 

blank the greater must be the uncertainty in the results. 

Work on perchloric acid oxidation was stopped at 

this stage for several reasons, amongst them being:- 

(i) Sodium bismuthate of a purity sufficient 

for chromium determination had become 

available. 

(ii) It was thought that it would not be possible 

to increase the oxidation efficiency much 

beyond the 60 - 70% obtained in this work. 

This was supported by reports in the literature. 

(iii ) The co-operating industry involved in this 

work considered that oxidation involving 

perchloric acid was unsuitable for the 

situation in which the procedure would 

be used. This was due to the possibility 

of the method being used by unqualified 

personnel in quality control laboratories. 

For these reasons attention was finally directed to sodium 

bismuthate as an oxidant. 

4:5. 	Sodium Bismuthate oxidation.  

Sodium bismuthate is a powerful oxidant in acidic 

solution; it is usually formulated as 1, a.Bi03, but its exact 

formulation varies, depending on the method of manufacture. 

It ranges in colour from yellow to brown. Initially, a 

sample was qualitatively examined and found to contain 

considerable amounts of chromium. Later, it was possible 

to obtain material of 'Anala.10 purity and this has been 

used in the work reported below. 
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The procedures are those used for the perchloric acid 

oxidation, modified to a certain extent. The schematic 

diagram of tne procedure is shown below:- 

30g Na2SO4 Heat until a clear 

25m1 H2SO4 	yellow solution 	 

1g TiO2 	is obtained.  

Cool in air 	Boil for 

200m1 

Add 

Dilute 

antibumping 

to 

a few 

for 5 minutes 	15 minutes granules and 

5g NaBiO
3 

Cool under running 

water for 5 minutes 
Reject aqueous 

phase 

Add 15g Extract with LiBK Na01 

Determine 

chromium by 

Standard 

Additions 

Aqueous 

 

Organic phase 

Extract witn Ascorbic- 

phase . hydrochloric acid 

Organic phase - 

reject 

This procedure was found to be the best; it was 

rapidly shown that for identical results the timing must 

be identical for all samples and blanks. Blanks were 
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obtained by either omitting the titanium dioxide, or using 

a so-called "pure" titanium dioxide. This is commented on 

later (chapter 8). Further work showed that recovery 

decreased considerably if the oxidized chromium was not 

extracted reasonably rapidly, that is within an hour. when 

left overnight the recovery dropped to about 50% from 

normal values of more than 80%. it was found that two 

extractions by methyl iso-butyl ketone had no significant 

effect on recoveries. 

The whole procedure was examined in stages in an 

attempt to identify the inefficient stages. However, it was 

not possible to improve the oxidation efficiency or to 

reduce its variation. Removal of the excess oxidant was 

also examined (by filteration through a sintered funnel) 

and reducing the sodium chloride concentration, but to no 

avail. The amount of sodium bismuthate had no real effect 

either: 5g was found a convenient weight. 

Finally, the possibility of directly atomising 

the MiBK extract was examined. however, this gave a very 

noisy reading on the atomic absorption spectrophotometer. 

This, in conjuction with the difficulty of obtaining 

standards (for the standard addition procedures), soluble 

in organic solvents, lead to this not being examined.in 

detail. 

As can be seen from the sample standard addition 

graphs reproduced in this work (graphs III - 13 to III -16, 

III -18 and III 19) even the worst ones are very linear. 

The noise, on taking a reading on the spectrophotometer from. 

ascorbic - hydrochloric acid solutions, was moderately low 

(1 - 2 divisions on each reading). This could be reduced 
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(to about - 1 division) by washing the methyl isobutyl 

ketone extract, prior to the reverse extraction. however, 

it was not considered necessary to do this. 

As discussed elsewhere (section 3:16) in the 
the 

treatment of atomic spectrometry,Astandard additions techni- 

que is able to overcome effects which affect the slope of 

the calibration curve. This it does far better than any 

calibration curve can. In this work the possible use of a 

calibration curve was examined. but, as the results show, 

it was not satisfactory.:- 

Chromium 	STANDARD ADDITIONS 	CALIBRATION CURVE 
Addedij 

il
Found Recovery /pound Recovery 

8.6 	7.5 	87.5% 	9.1 	106% 

The high recovery is thought to be due to incomplete 

matching of the matrix: this is the methyl isobutyl ketone 

dissolved in the hydrochloric acid - ascorbic acid used 

for the final spraying into the atom cell( a,flame). It is 

possible that by more accurate matching of the matrix, 

more satisfactory results could be obtained. however, to 

get tnis mucn more closely matching matrix would not be 

easy on a routine analytical procedure, and thus it was 

not considered worth examining. A further fact, in support 

of standard addition calibration, is that in this case 

the recovery was less than 100%, whilst for the calibration 

curve it was greater than 100%. It is a well known fact 

that the oxidation of traces of chromium is difficult in 

acid media, and thus a result showing oxidation efficiency 
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greater than 100% must be suspect. 

Results obtained using the sodium bismuthate 

procedure given earlier (page 138) are tabulated in the 

tables on pages 142, 143 and 144. From these tables it can 

be seen that the average oxidation efficiency is 88% with • 

an absolute standard deviation of 6% and a relative 

standard deviation of 7%. Clearly this is satisfactory; 

this has been found for three different amounts of chromium. 

In the standard deviation calculation 14 results have been 

considered. From this table, it can also be seen what the 

effect of not rigidly following the timing sequence given 

is. The oxidation efficiency drops to considerably lower 

values. Using this procedure these recoveries were, mainly, 

determined in the presence of titanium dioxide. This 

titanium dioxide is reported to be free,from chromium. A 

blank containing an equal amount of "pure" titanium dioxide 

. was (in most cases) taken through the procedure. 

Wnen samples were analysed, no titanium dioxide 

was used in the blanks and from a comparison of the blank 

values (3.7 and 8.0 ppm Cr), it would appear that the upure" 

titanium dioxide contains about 4 ppm chromium. 

When calculating the chromium content of the 

samples, correction was made for the oxidation efficiency 

(8870) and when this is done, the results are satisfactory. 

Considering the average results:— 

Sample 	ppm chromium found 	ppm chromium 

expected 

V a 128088 7.4 7.5 

C 3518 7.6 8.3 

V C 3396 5.8 6.2 
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Recoveries using the bismuthate procedure:  

Effect of standing before extraction and 

using random timing for the oxidation stage. 

Results Identification  /Ittg Y . 
chromium Recovery Comment added found 

a Blank 0 5.75 1s 
a Standard 10 14.75 90%  z 

-_ 	O 

Z 	C-: 
b Blank 0 6.1 \-7: 	el, 	ka, 
b Blank 0 5.8 ><• 	tv 
b Standard 10 11.5 56% ° a 
b Standard 10 13.5 76% a O' 
b Standard 10 10.3 44%  
c Blank 0 7.75 

S
TA

N
D

IN
G
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og
  e
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w  

c Blank 0 8.25 
c Standard 10 13.0 50% 
c Standard 10 13.0 50% 
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Recoveries using final procedure.  

se 

, 

Results,Identification, Chromium 
Added.Found.Found 

-Blank, 

Recovery,Comment, 

d 
d 

Blank 
Standard 

0.0 
10.0 

7.25 
15.80 8.55 86 

3 	C) 
ta 
'Id 

d 	Leg 

e 
e 

Blank 
Standard 

0.0 
10.0 

8.00 
18.00 10.00 100 

f 
f 

Blank 
Standard 

0.0 
10.0 

8.25 
16.00 7.75 78 

g 
g 

Blank 
Standard 

0.0 
10.0 

8.0 
16.25 8.25 83 

o )7 0 
Zi," 

	

.4 	Z 

	

klI 	Z t- 

k.1) 

	

F= 
_,,_3 	z---) 

 ----- 

h 
h 

Standard 
Standard 

10.0 
10.0 

17.25 
16.25 

9.28 
8.28 

93 
83 

i 
i 

Standard 
Standard 

10.0 
10.0 

16.75 
17.75 

8.78 
9.78 

88 
98 

j 
j 
j 

Blank 
Blank 
Blank 

0.0 
0.0 
0.0 

7.50 
8.00 
8.25 

k 
k 
k 
k 
k 

Blank 
Blank 
Standard 
Standard 
Standard 

0.0 
0.0 
8.6 
8.6 
8.6 

3.25 
3.75 

11.00' 
11.00 
11.00 

7.50 
7.50 
7.50 

75 
75 
75 

Eak 

	

.z. 	■L ie 
o t.1) 	4.1  

'"- 
45 

	

D 	.k 

!u 	?.. 
- 

	

11) 	
1-- 

.- 	cz 

1 
1 
1 
1 
1 

Blank 
Blank 
Standard 
Standard 
Standard 

0.0 
0.0 
14.4 
14.4 
14.4 

3.64 
3.75 
16.20 
15.75 
15.75 

12.54 
12.09 
12.09 

87 
84 
84 

/tg
All chromium quantities in . 
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Results for the analysis of real samples.  

.Results.Identification.Chromium. ppmI . 
set 	found chromium 

found 
in 

sample 

Blank 
Blank 

3.25 
3.75 

VC128088 11.75 7.9 
VC128088 11.00 7.6 
VC128088 11.00 7.4 
Blank 3.75 
Blank 3.75 
VC128088 10.25 6.6 
VC128088 10.50 6.4 
VC128088 10.00 7.4 
Blank 3.75 
Blank 4.00 
VC128088 11.25 7.7 
VC128088 11.00 7.2 
VC128088 10.90 7.6 

. 	Blank 3.75 
Blank 3.75 
VC128088 10.75 7.4 
11C128088 10.75 7.8 
VC128088 9.50 6.6 
Blank 4.00 
Blank 3.75 
VC128088 11.75 7.7 
VC128088 11.50 8.1 
VC3518 10.50 9.0 
VC3518 11.50 8.2 
VC3396 7.5 4.5 
VC 	3396 9.75 7.1 
VC3518 9.75 6.9 
V03518 9.75 6.9 
V03518 10.25 7.4 

Corrected for sample weight and blank. 
Blanks do not contain any titanium dioxide. 

m 
m 
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m 
m 
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n 
n 
n 
n 

o 
o 
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q 
q 
q 
r 
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r 
s 
s 
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The expected results have been determined by spark source 

mass spectrometry, and here the results can vary easily by 

2 ppm. Doubt nas also been expressed about the manner in 

which tne chromium is spread throughout the sample. It 

may well not be uniformly distributed through the sample. 

Considering the mass spectrometry, it is reported that if 

two samples A and B were analysed and gave (for example) 

6 and 8 ppm chromium respectively, it would not be possible 

to say that B has more chromium with any certainty than A3. 
in view of these facts, the sodium bismuthate 

procedure is no worse than the mass spectrometric procedure 

and has considerable advantages. Using the proposed 

procedure, a result could be obtained on a sample using 

two blanks and duplicate samples in about, at the most, 

three hours. This compares to at least a day for some mass 

spectrometer systems. In a bismuthate procedure, the method 

can easily be used by any quality control personnel, without 

any necessity for special training. This cannot be said for 

the mass spectrometric procedure. Finally, in the mass 

spectrometric procedure, very sophisticated equipment is 

needed, with its associated expense, whilst for the 

proposed procedure an atomic absorption spectrophotometer 

is all the instrumentation needed. This costs considerably 

less than a mass spectrometer. 

If greater control of .the oxidation efficiency 

is needed, this can easily be obtained, if the laboratory 

has the facility for using radiotracers. This is discussed 

in detail later (chapter 8). 
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CHAPTER FIVE.  

Solvent  Extraction of chromium and titanium.  

5:1. 	Introduction.  

When the literature of solvent extraction is 

examined, a vast number of references are to be found 

relating to the extraction of chromium. many of the workers 

have used solvent extraction, in conjuction with atomic 

absorption, for the determination of chromium in various 

matrices106 to 112. Some workers in the field of solvent 

extraction have used atomic absorption as a technique with 

which to evaluate the extraction parameters (for example, 

Berger113), in much the same way as radiotracers are often 

used. 

Many workers have used solvent extraction in 

conjuction with solution spectrophotometry for the 

determination of chromium. In this field, a great many 

reagents have been used. Amongst those used are:- 

pyrocatechol violet44.)  

8 hydroxyquinoline42,117,43,118, 

4 - benzoyl - 3 - methyl - 1 - phenylpyrozo line - 5 - 
114 one 	bis(2 - ethyl hexyl) hydrogen phosphate115  

3 - thianapthenoyl trifluoroacetone116. 

Other workers have examined the so-called 

liquid in exchange resins, such as long chain amines and 

their quaternary ammonium salts, either alone or in 

conjunction with other chelating reagents119 to 122 

Several other workers have examined the usual solvent 

extraction reagents used in atomic absorption, such as 

dithlocarlznates124'125.Many other examples could be 

given, but reference should be made to the many procedural . 
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details published by various people and bodies. 

It is clear from the above that a great many 

methods are available for the extraction of chromium. This 

is also well illustrated by a cursory examination of the 

abstracting journals or any one of the monographs on 

solvent extraction126'127,128,  also it very quickly becomes 

clear that effective extraction of chromium is restricted 

to chromium (VI). If any of the standard texts on analysis 

at trace level are consulted, it will be found that all the 

procedures given are for the extraction of chromium (VI) 

species. Some of the texts give procedures whereby chromium 

(VI) is obtained from chromium (III) but as is discussed 

elsewhere, this is by no means satisfactory. This is 

further illustrated if the literature is examined - very 

few extraction procedures are to be found for chromium (III). 

For example, three texts on solvent extraction were 

examined126,127,128 and about fifteen extraction procedures 

for chromium (VI) were found and none for chromium (III). 

By this, it is not meant that chromium (III) chelates 

cannot be extracted. They can be extracted, but the 

difficulty arises in the formation of the chelates. Take, 

for example, acetylacetone - chromium (III) is not extracted 

by acetylacetone either pure, or dissolved in organic 

solvents under any conditions at room temperature. If, 

however, a mixture of pure acetylacetone and chromium (III) 

are heated together under reflux, at a pH of approximately 

6, for a considerable time, quantitative extraction can be 

obtained. This is pdssible over a wide pH range from 

strongly acidic , to a pH of approximately 6. Similar 

arguments apply to many, if not all ligands which will 
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chelate chromium (III). In the case of 8 - hydroxyquinoline, 

several workers have used solvent extraction, in which 

molten 8 - hydroxyquinoline is used, in order to ensure 

that the oxinate is fully formed118,43,148,129,42 . Ulearly, 

in this type of situation, the rate of extraction is 

dependent on the rate of formation of the actual species 

extracted. The kinetics involved in the reactions of 

chromium (III) are considered in broad outline elsewhere 

in this thesis (section 1:4) and more information, 

especially on the situation for acetylacetone, is available 

in the literature126. 

In recent years, much work has been done with 

liquid ion - exchange resins. These take the form of 

aliphatic tertiary amines or aliphatic quaternary ammonium 

salts. Much work has been done on these materials and they 

are used in commercial manufacturing procedures - several 

workers have considered the extraction of chromium126,128, 

123,130,121,120,119. From these workers' results, it 

appears that chromium (III) can only be inefficiently 

extracted. Indeed, procedures have been devised using 

liquid ion-exchangers in which the chromium is first 

oxidised to chromium (VI), then extracted131. This leads 

into the problem of oxidising trace amounts of chromium 

(III) which is considered elsewhere (chapter 4). During 

this work, one of these amines was examined. Unfortunately, 

its exact identity is not known. Trioctyl monomethyl 

ammonium chloride was ordered and tricaprylyl monomethyl 

ammonium chloride was supplied. Both these materials have 

the same catalogue number. The formulae of these are shown 

overleaf:- 
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Caprylyl chloride has the formula137:- 

O 

C 143 (e ti2) 6  C 
u 

.Thus, tricaprylyl monomethyl ammonium chloride will have 

the formula:- 
0 
C — (c1-12%,03 el-13  (co2j6  C 

cte  
CI-13 	(C 621,  043  

6 

whilst trioctyl monomethyl ammonium chloride will have the 

formula:- 

e co,(coz)c c H3  
G cH3 (coz)6  co, — NJ— el-13  

cH2(07)6  C 

dearly, there is little difference between these compounds, 

the most important difference being the carbonyl groups 

adjacent to the nitrogen in the caprylyl derivative. This 

may result in crowding of the nitrogen. It has been 
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observed for ferric iron that amines having substitution 

near the nitrogen can nave a profound effect on the 

extraction effieiency (reducing it)128. using the techniques 

of organic analysis, it would have been possible to 

identify which material was actually used. This was not, 

nowever, attempted. The extraction of chromium (VI) with 

this reagent was qualitatively examined using the 

characteristic colour of chromium (VI) solutions to monitor 

the extraction. In ammoniacal solution, using a methyl 

isobutyl ketone solution of the reagent, it was found that 

good extraction could be obtained. however, the rate of 

separation of the two phases was so slow as not to be of 

any practical value in this analysis. if sodium sulphate 

is added, the rate of phase separation is very good, but 

the extraction efficiency is very low. As the amount of 

sodium sulpnate added is increased, the extraction 

efficiency becomes lower. in acid solution, the extraction 

efficiency is high in the presence of sodium sulphate. If 

chloroform is used as the solvent in ammoniacal solution 

with no sodium sulphate, good extraction efficiency and 

good separation results. If sodium sulphate is present, 

the extraction efficiency is poor, as is the phase 

separation. Toluene was also examined as a solvent in 

ammoniacal media and the extraction efficiency is poor, 

botn in the presence and absence of sodium sulphate. The 

phase separation was good with sodium sulphate but very 

bad otherwise. 

It has been suggested that chromium (III) may be 

oxidised to chromium (VI) in alkaline solution if 

trietnanolamine is present131. In connection with this, 
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chromium (III) was oxidised by hydrogen peroxide in 

alkaline solution, followed by acidification and 

extraction. In this, the methyl isobutyl ketone extract 

was found to be blue (very similar to that of the peroxy 

complex - see section 5:2). Other evidence leads one to 

the conclusion that this would result in poor extraction. 

The chromium (VI) is probably extracted by the 

amine system, as an ion association complex in alkaline 

solution:- 

and hence, when sulphate is present, sulphate is extracted:- 

4!,3 RI° Cl°1 -4-  S°11Gir .c--- 
.°1-.1 • r 

) rg R )  1\161 so  1 	 a
CD 

L 	3 	2 	it f 	2 	cig, 
orj 	r 

This type of behaviour would explain why the amount of 

chromium extracted decreases as the amount of sodium 

sulphate is increased. In support of this, it is known 

that amines will extract mineral acids. Indeed, this was 

one of their first uses. however, it does not explain why 

this reagent in methyl isobutyl ketone will still extract 

chromium (VI) in the presence of sulphate in acid media. 

Here, the extraction is thought to involve the chloride 

ions, which react to form chromyl chloride (Cr02012). This 

is then extracted by the methyl isobutyl ketone. This 

extraction is considered later. 

Thus, extraction with liquid ion exchangers 
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would seem to offer no specific advantages, especially 

over the chromyl chloride extraction. 

5:2. 	Perchromic acid extraction.  

Chromium (VI) reacts with hydrogen peroxide in 

both acidic and basic solutions to form blue and red 

solutions respectively. These compounds have a very 

limited stability and rapidly decompose. The blue colour 

formed in acidic solution has been suggested as a means of 

extracting chromium1,128. In Hartford's
1 work, it is not 

clear whether chromium (III) is initially involved. Under 

the extraction discussion, he says that peroxide must be 

present to ensure oxidation to chromate, yet earlier he 

refers to chromate salts. Elsewhere, he says that both 

Or (III) and Cr (VI) form the blue peracid colour. Morr-

ison and Preiser128, in their work, extract chromium (VI). 

In this work, the extraction of chromium (III) using 

peroxide in acidic solution was examined (with ethyl 

acetate as extractant); No blue colour was formed or 

extracted. it would seem that Hartford's report is in 

error. An intensive chemistry is known of Cr (VI) -

peroxide species132, yet no chemistry of chromium (III) -

peroxide species was found in the literature examined. 

Hartford considers that the peroxy - species formed in 

both acid and alkali media are best considered to be 

derived from chromium (V), whilst Cotton and Wilkinson 

consider that chromium (V), chromium (VI) and possibly 

chromium (II) are involved. Clearly, the exact formulation 

of these species is not known. 
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In the literature, it is reported that milligram amounts 

of chromium (VI) may be extracted by using a peroxy system, 

the conditions for greatest extraction being:- 

pH 	1.7 
Hydrogen peroxide 0.02M 

Temperature below 	10°  C. 

This nas been examined in this work. Difficulty was 

experienced in identifying the phase boundary when 

separating tne two layers (aqueous and organic) in the 

separating funnel. After trying several dyes to enable a 

better separation, thymol blue was used. However, as the 

colour of the thymol blue masked any colours extracted, 

its use was abandoned and a slight inefficiency in 

separation accepted. In the literature, the ethyl acetate 

extract is back extracted into sodium hydroxide for final 

measurement by a spectrophotometric technique using 

diphenyl carbazide. In this work, the ethyl acetate phase 

was back extracted into sodium hydroxide for determination 

by atomic absorption. The use of diphenyl carbazide was 

also tried for a semi-quantatiVe monitoring of the 

extraction. This was however, rapidly abandoned, as 

diphenyl carbazide is oxidised by hydrogen peroxide. 

Preliminary experiments indicated that the extraction was 

very efficient. That is, when sufficient chromium was used 

to give a deep blue colouration to the aqueous phase, after 

extraction (at a temperature below 10°C), the organic phase 

was deep blue and the aqueous phase colourless. It 

transpired that work done a little later, illustrated that 

the extraction was not as efficient as first thought. 
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Following this apparently highly efficient extraction for 

large amounts of chromium (Vi), the system was examined 

with considerably smaller amounts of chromium. It was 

found that from 214 hydrochloric acid media having 24 /ti 

chromium present, that none was extracted. This seemed 

strange, considering the earler results discussed above. 

Because of this, the experiment was repeated, when very 

similar results were obtained. The same experiment was 

repeated with 100/1 chromium (VI). in this case 85% 

extraction was obtained. This implied that the percentage 

extraction is concentration dependent. This was tested by 

extracting varying amounts of chromium (VI) and using 

atomic absorption with a flame atom cell and standard 

additions to calibrate. 

The conditions used were 

10g. KH304  

10m1. 20 vol. ILO 2 2 

100m1. beaker crushed ice 

chromium (VI) 

50m1. H2O 

extracted with 

50m1. EtAc 

for 1 minute 

The results obtained are tabulated below:- 

Cr (VI) 

initially in aqueous phase 
	extracted 

	

3200 	 72 

	

3100 	 74 

	

3080 	 78 

	

260 	 31 

	

240 	 29 

	

200 	 50 

	

192 	 63 

	

42 	 34 

Consider also the results obtained for the hydrochloric 
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acid media using the CFAR for monitoring:- 

100/9 

24/ 9 

40:// 

85% 
0% 

40% 

All these results (with the exception of those obtained 

in hydrochloric acid media) were individually checked for 

absence of scatter by using the nearby iron line at 3582A . 

Clearly, from these results, the efficiency of extraction 

is dependent on the concentration of chromium. 

In this work, accurate control of pH has not 

been used. However, it was checked to ensure that it was 

constant throughout all experiments in each of the above 

groups. 

In the literature, this method of extraction has 

been recommended for the extraction of milligram amounts 

of chromium, tnat'is, amounts where the extraction 

efficiency is about, or greater than 70%. Thus, for this 

it is suitable. Insufficient information is available on 

the structure or formation of the extractable species to 

make any really positive explanations of the unusual 

concentration dependence of the extractability. 

However, it is reported in the literature1'21 

that tnese percnromic acids decompose to chromium (III). 

It has been proposed that the blue colour is caused by 

- 	- Cr2(Cr2010)3  158, which contains both chromium (III) and 

chromium (V1). Using this postulation, the following 

schematic diagram of extraction can be formulated:- 
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Clearly, from this postulated mechanism, a build-up of 

Cr (III) will occur in the aqueous phase which will not 

be extracted. This is due to the lack of oxidising power 

of hydrogen peroxide. This will not explain in any detail 

why the extraction efficiency / decomposition rates vary 

with concentration. 

5:3. 	The extraction of chromium by_methyl-isobutziketone. 

When the literature of analytical chemistry is 

examined, many references are to be found to tne use of 
methyl-isobutyl ketone in conjunction with organic 

chelating agents. Many of these are used in atomic 

absorption analysis where the organic extract is aspirated 

directly into the flame or other atom cell of the 

spectrophotometer. La the case of chromium, ammonium 

pyrroline-dithiocarbamate111 and diethyldithiocarbamate112 

are representative of the type of reagents which have 

been used. 
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in the preliminary work leading up to an 

examination of the suitability of reagents of this type, 

it was found that chromium (VI) could be directly 

extracted by methyl-isobutyl ketone from hydrochlo3ri44,  

acid. This has been reported on a few occasions 133,134,  

and similar extraction from bromide media135  has also 

been reported. A mixture of mesityl oxide and methyl-

isobutyl ketone has also been used136. Weinhardt and 

Hixson134 made a detailed study for the system at high 

concentrations and found that the extraction was efficient 

and that as tne concentration of cnromium decreased, so 

the amount extracted increased (in contrast to that found 

for perchromic acid - section 5:2). in 1957, Bryan and 

Dean133  published a paper using extraction from hydrochloric 

acid media with methyl-isobutyl ketone in which the chromium 

was quantitised by a flame spectrophotometric technique. 

Since that time, this method appears to nave been little 

used. it was thought that valuable results may come out at 

an examination of this system. 

Preliminary results indicated that more than 80% 

chromium (VI) could be extracted from 2m hydrochloric acid 

and that titanium (IV) was not extracted. Further work was 

done using the CFAtt atomic absorption system with differing 

amounts of chromium (VI) in tne aqueous phase before 

extraction:- 

Cr (VI) Absorbance of extract 

10 0.19 
15 0.31 
20 0.39 
40 0.53 
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As is shown clearly by the graph V - 01, the linear range 

extends to about 20/41 . Furtner work snowed that no 

cnromium was extracted on -tne second and subsequent 

extractions. This was checked two ways - firstly by CFAR 

on the organic phase and secondly by dipnenylcarbazide on 

the aqueous phase. The effect of a vast excess of TiC14  on 

the extraction of chromium was also examined. In this, about 

4g. of titanium tetrachloride, 25m1 of 2P1hydrochloric acid 

and 10 	of cnromium (VI) were extracted with 5m1 of 

methy -isobutyl ketone. The extract was examined and gave 

an absorbance of 0.26. This is equivalent to 13 ;+5  of 
-J  

cnromium. The extract gave no smoke or other unexpected 

behaviour. The nigh recovery was to be expected, as only 

a technical grade of tetrachloride was available, which 

probably contained chromium. 

During examination of the aqueous phase, before 

extraction, using the uFAR technique, interesting results 

were obtained:- 

//41 Or (VI) 	Absorbance 

4 0.00, 0.04, 0.05, 0.03, 0.06. 

6 0.00, 0.03, 0.12, 0.03, 0.10,0.05 

8 0.06, 0.08?i 0.07, 0.11. 

These clearly snow a wide scatter, shown to be due to the 

chloride present, which caused loss of chromium (VI) on 

drying. Probably tne chromium was being lost as chroMyl 

chloride Or02 Cl2f in which form it was also being extracted. 

the strange thing about this is tnat the absorbance of the 

extracts was not affected in this way. This would suggest 

that tne metnyl-isobutyl ketone stabilizes the extracted 
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species against volatilization. 

.the uehaviour of chromium LIII) with this 

extraction system was investigated and found to be non-

extractable. This was confirmed by both flame and non-

flame atomic absorption. Further, it was snown tnat for 

chromium (VI) to be extracted, chloride must be present. 

From sulphuric acid alone, it is not possible to extract 

chromium (VI), whereas this extraction is possible in the 

presence of chloride. 

Atomic absorption indicated that the extraction 

efficiency was about 80% or greater. In order to evaluate 

tnis more closely, solutions were analysed for their 

cnromium (VI) content by iodometry. 

As discussed elsewhere, a very suitable 

dissolution procedure for titanium dioxide involves using 

sodium sulpnate and sulphuric acid in considerable 

quantities (chap-6er 2). Since cAromitim (III) cannot be 

extracted whilst chromium (VI) can, a procedure is needed 

to oxidise the chromium (III) to cnromium (Vi). In the 

highly acidic solutions involved in this dissolution 

method, few oxidising agents are suitable. However, one is 

perchloric acid. For this experiment, a solution containing:- 

12% sulphuric acid 

20% perchloric acid 	in 200m1 water 

li% sodium chloride 

was prepared. It was shown that from tnis solution, 

cnromium (VI) at tne 5000 Ala  level was more than 95% 

extracted when calculated on the basis of chromium (VI) 

present in the solution oefore and after extraction. This 

is to oe compared to the value of 59% obtained by atomic 



absorption. This means that the oxidation is the 

inefficient part of this separation system. 

This experiment was repeated, taking extreme 

care in every stage, using a larger amount of chromium 

(III) before oxidation (aoout 100 mg) and here again it 

was shown that the extraction was more than 98% on the 

basis of cnromium (VI), yet only 78% when considered on 

the basis of total chromium. These last experiments were 

done under actual conditions which would result from the 

dissolution procedure. 

A large amount of work was done using the 

chloride metnyl-isobutyl ketone extraction system in an 

attempt to devise an efficient separation procedure. Tnis 

work, especially that concerned with the oxidation 

procedures, has been considered elsewhere. however, it 

appears that the difficulty with this procedure is in the 

oxidation and not. the extraction. This is for several 

reasons:- 

(i) The efficiency of extraction under actual 

conditions is greater than 98% - as Cr(V1) - for large 

amounts of chromium. 

(ii) The efficiency of extraction from 2M 

Hydrochloric acid at small quantities (10 - 207] ) is 

greater than 95%. 

(iii) Tne literature reports the difficulty of 

oxidising chromium (III). 

At this point, it is wise to consider whether a 

similar situation exists here as for the perchromic acid 

extraction of chromium, that is, as the concentration 

decreases, the amount extracted decreases. This is not 
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thought to be so in tnis case, in the light.  of Weinhardt 

and Hixson's work, referred to earlier. Also in this case, 

it is thought that Cr02012 is the extracted species, that 

is, no change in oxidation state is involved. If this 

species dissociated:- 

2 0r02012  + 3 H2O' 	Cr2  07  + 6 e + 4 Cl-  

ivo oxidation of chromium is needed for it to be re-formed. 

iione of this precludes the reduction of chromium (VI) by 

either the extractant or impurities, such as dust, 

entering the solution. It was found by Weinhardt and 

Hixson134  that the distribution coefficient increased 

considerably at lower temperatures and this they attributed 

to reduction of chromium (VI) at high temperatures. This 

was given a brief examination and no significant 

improvement was found. 

It was found that ascorbic acid - hydrochloric 

acid would very rapidly remove tne chromium from the organic 

stagewith an efficiency of 100%. This was found very useful 

as a method of determining the amount of chromium in the 

organic phase. Tnis enabled standard addition tecnniques 

to be used which were interstandardised, with the cnromium 

used as standard in the measurement of oxidation efficiency. 

5:4. The extraction of titanium.  

In tnis cnapter, many solvent extraction systems 

have been mentioned - a few have been considered in greater 

detail. No consideration.has so far been given to the 

extraction of titanium leaving the chromium in a suitable 

form for atomic absorption. if it were possible to do this, 
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it would be possible to determine the chromium with some 

ease in relation to the difficulty if titanium is there. 

In analytical chemistry, there are few cases where this 

approach is used, tne most well-known one being the use 

of ethyl ether to remove ferric iron in steel analysis. 

When the solvent extraction literature of titanium was 

examined, no example was found of this form of procedure 

having been used to macro amounts of titanium. It was 

considered that an examination of the extraction of 

titanium with the ammonium salt of N - nitrosopnenyl - 

hydroxylamine could be of value. Titanium is fully 

extracted by this reagent (also called cupferron) dissolved 

127 . in chloroform, in the pH range of 0 - 4 	. This is a very 

suitable ph range, due to the nigh acidity involved in 

effecting a dissolution of titanium dioxide. however, it 

was found tnat this was of no value, due to the vast excess 

of cupferron needed. A great number of extractions would be 

needed to remove all the titanium. 

5:5. 	summary of solvent extraction. 

Clearly from tne above discussions, if chromium 

is to be separated from titanium by solvent extraction, it 

is tne chromium which has to be extracted. If chromium is 

to be extracted, it has to be in the form of chromium (vI) 

and the difficulty in this has already been discussed and 

is continued elsewnere in this work (chapter 4). 

Consideration was briefly given to extractants sucn as 

ditnizone. This is reported by some workers to extract 

cnromium46  and the reverse by otner workers. The worker 

extracting chromium (VI) by this procedure uses 12 N 
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sulphuric acid (which is very favourable for tne 

dissolution of titanium dioXide). However, with dithizone, 

no oxidising agents must be present. Even hydrogen 

peroxide in acid solution destroys the dithizone in a 

chloroform solution when shaken with it. Clearly this 

extraction system has no value unless an efficient method 

of oxidising chromium (III) to chromium (VI) is found. 

In this work, some of the more unusual and 

eosteric extractants proposed in the literature for 

cnromium kIII) such as 3 - thianapthenoyl trifluoroacetla 

and 4 - benzoyl - 3 methyl - 1 - phenylpyrazdine - 5 - 

onel14 have not been examined. This is because of their 

lack of general availability and the conditions under 

which tne extraction is obtained (e.g. pH 3 to 6, neated 

for 30 minutes). 
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CHARTER SIX. 
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CHAPTER  SIX. 	The examination of the separation of  

titanium from chromium by precipitation.  

In classical analytical chemistry, on the macro 

or semi-macro scale, separation of an analyte is often 

acnieved by precipitation. This may be precipitation of 

either the analyte or some part of the matrix. However, at 

the trace level this form of technique is much less common. 

Consider the separation, by precipitation of an impurity 

present at the 10 ppm level, by using 1g sample it would 

be necessary to nandle a precipitate weighing 0.01mg. In 

gravimetric analysis precipitates weighing between 10 and 

100mg are usually handled. Clearly tne precipitates, which 

would be involved in trace analysis are well below this 

range. This leaves two possible approaches:- 

(i) Precipitate the matrix, leaving the 

analyte in solution. 

(ii) Precipitate the analyte on a carrier 

leaving the matrix in solution. 

Several workers have separated a large amount of 

titanium from analyte elements by precipitation of 

titanium dioxide5,47 or by precipitation of the titanium 

in some other form49. Beyermann139 has examined the 

precipitation of several compounds in the presence of trace 

amounts of chromium. This was done by using radiotracer 

techniques; it was shown that precipitation results in a 

loss of chromium ranging from one per cent upwards. 

Co-precipitation is a technique much used in 

concentrating traces of analytes, especially radio=active 
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elements. Beyermann139 has examined several systems and 

found high recoveries from neutral or alkaline solutions. 

However, in the systems he examined having acidic 

precipitation conditions, the recoveries were much lower 

(less than 15%). oo-precipitation has been used by several 

Workers as an analytical technique in trace analysis for 

chromium. Strohal et al have utilized co-precipitation 

with aluminium nydroxide in the pH range of 5 to_12140. 

Chau et al have used ferric hydroxide similarly141. Other 

workers have used strontium carbonate142 and oxine143. A 

severe disadvantage witn all tnese co-precipitation 

techniques in relation to the determination of chromium is 

due to the precipitation taking place in neutral or 

alkaline solutions. This will result in precipitation of 

titanium as well as chromium and thus no separation will 

result. For tnis reason, in tnis work no consideration has 

been given to co-precipitatiOn as a means of separation. 

Jackson, in his earlier work on the 

determination of chromium in titanium dioxide, used a 

separation based on the precipitation of titanium as 

titanium dioxide, following fusion in a carbonate-nitrate 

mixture64,d4,d5.  In his work he found very low recoveries. 

This was repeated and his low recoveries confirmed. Thought 

was given to the use of a more powerful oxidant in the 

fusion. In this method, the separation is based on tne 

fact tnat titanium is insoluble in alkali whilst chromate 

:is soluble. Tne use of sodium peroxide is often recommended, 

however, it was not readily available in a pure state and 

by the time some was obtained, a procedure was available 
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using sodium bismuthate for chromium in titanium dioxide 

section 4:5). 

Two systems of precipitating titanium were 

considered to offer some chance of a satisfactory 

separation witnout loss of the trace amounts of chromium 

being determined. Wiese methods are precipitation using 

cupferron and potassium (in a fluoride media). Considering 

the cupferron precipitation first, cupferron is reported 

to quantitatively precipitate titanium from highly acidic 

solutions (up to 40% sulphuric acid). Chromium is only 

incompletely precipitated even in neutral solutions by 

cupferron144. Clearly, if some means can be found to 

prevent or remove any chromium precipitated with the 

titanium, a viable separation may be feasible. 

Titanium cupferrate is soluble in chloroform 

and indeed, at pH's between zero and 4 can be completely 

extracted by chloroform127 whilst chromium cannot be 

extracted. This means that by extracting tne titanium 

cupferrate (or dissolving the precipitate in chloroform) 

it should be possible to effect a separation with the 

chromium remaining in, or reverting to, the aqueous phase. 

Experiments were carried out to explore this further. 

However, tne results showed that this was not a viable 

separation. This is because on adding chloroform to a 

precipitate of titanium cupferrate in acidic solution, the 

titanium cupferrate decomposes, cupferron being extracted 

and the titanium reverting to the aqueous phase or 

precipitating, depending on the pH. This system can be 

represented as:- (overleaf) 
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Ti(a
+  q)  + CUP(aq  TiCUP 	TiCUP (a  

precipitate 	
q) 

)1 	 1[ 

CUP(org) 
	 TiCUP(org) 

No data is known on tne relevant equilibria constants. 

However, it would seem that the equilibria:- 

CUP (aq) 	CUP(org)  

is very heavily in favour of the organic phase, to such an 

extent that it decomposes the titanium cupferrate. Clearly, 

from these results, this will not provide a viable 

separation procedure. 

Following this result, the potassium fluorotitanate 

precipitation was investigated. work had been done on this 

by Ourisson2  in 1934, but no results were reported. The 

basic principle behind this separation is that when titanium 

is obtained in hydrofluoric acid solution, it is in the 

form of fluorotitanate ions. This is due to the very high 

stability of the titanium-fluorine bond. The potassium salt 

has a very low solubility. It was found that if the titanium 

was separated by this metnod, it was possible to determine 

chromium in the filtrate at the levels of interest. This 

was shown by adding known amounts of cnromium to the 

filtrate and examining the resulting calibration curve. The 

sensitivity was comparable to that obtained in the complete 

absence of titanium. 



When a sample of titanium dioxide (3g) was 

dissolved in 50% hydrofluoric acid and 10m1 of a saturated 

solution of potassium chlbride added, potassium fluoro-

titanate was precipitated. This was filtered off and the 

chromium in the filtrate measured by standard addition 

techniques. This gave a result of 17ppm chromium, however, 

no allowance has been made for the blank. The standard 

addition calibration graph for this is shown on graph VI -

01. Also shown are realistic uncertainties for each point, 

from which the "extreme" lines have been drawn. Shown also 

are other possible lines for hypothetical samples of 

titanium dioxide containing the stated amount of chromium. 

It can easily be seen that there is a considerable 

uncertainty in the intercepts. That is, the result can 

only be given to -'2/43 . In all this, no allowance has 

been made for the blank, which can be expected to have a 

similar uncertainty. This would mean a sample containing 

7ppm chromium could give results in the range of 7 ±4ppm 

chromium. 

Following these results a similar determination 

was made using the "so-called" pure titanium dioxide 

(no. 7509), but this time using 20m1 of saturated potassium 

chloride solution instead of the 10m1 used; previously. This 

time a result of 5.9ppm chromium was found. This gave 

encouragement and a furtner three determinations were made. 

in this a saturated solution of potassium fluoride was 

used: this was to reduce dilution to the minimum (potassium 

fluoride has a greater solubility than potassium chloride -

only 6m1 were needed of the fluoride). The results obtained 

are shown on page-173. 

1 71 
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4.3, 4.3, 6.3 ppm chromium. 

in all these no allowance has been made for the blank, 

this is because, if the titanium dioxide is omitted, the 

composition of the final solution will be changed. For 

example, a higher concentration of fluoride and potassium 

will be present. Also, any possible loss of chromium or 

pick-up from the filter process would not be allowed for. 

next, recoveries were examined, the results are tabulated 

below:- 

Al 
Identification Sample Chromium added Chromium Recovery . 

found 

a 	Blank 

b 	Blank 

b 	Blank 

a 	Standard 

a 	Standard 

b 	Standard 

b 	Standard 

From these results it is easily seen that recoveries are 

greater than 1007, they range up to about 150%. If the 

'blank values are examined (which were all obtained on 

"pure" titanium dioxide 7509), the results are (inri in 

3g):- 

29, 20, 21, 13, 13, 19. 	, it is easily 

seen that they lack reproducibility. This could well be the 

cause of the wide spread of recoveries obtained above. In 

all the work concerned with recoveries discussed above, the 

blanks consisted of titanium dioxide and the standards were 

titanium dioxide, to which a known amount of chromium had 

173 

/(5  

0 29 

0 20 

0 21 

20 55 26 

20 49 28.5 

20 43 22.5 

20 51 30.5 



been added. In this way any problems arising from blanks 

not containing titanium dioxide (as discussed earlier on 

page 173) are avoided. One possible cause of error is the 

potassium fluoride, a saturated solution of this is of 

high viscosity. Since this may not contain chromium 

uniformly distributed, scatter of results could arise 

from this. Also due to the very high viscosity, it was 

not considered possible to use a pipette - instead a 

measuring cylinder was used. This could be another source 

of error. Attempts were made to obtain potassium fluoride 

of higher purity, nowever, no source of supply was found. 

in the above procedure the precipitate was 

allowed to stand for varying times before filteration. In 

order to see if a continuous procedure would make any 

difference, four determinations were made on a sample of 

titanium dioxide in which all stages were continuous. The 

following results were found (Alcnromium in 3g titanium 

dioxide):- 

22.6, 21.8, 19.2, 19.8 

Following this it was proposed to examine recoveries, but 

following filteration, the atomic absorption determination 

could not be made for 48 hours due to an instrumental 

malfunction. The results shown below are completely 

erratic and indicate that the solutions should not stand 

at all if possible:- 

Identification 	/1 chromium found  

Blank 	 26, 45, 34. 

Blank + 20/ Cr 	37, 30, 28. /  

174 
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During tnis standing a precipitate develops. In order to 

test if tnis was having any effect, the solutions (in 

another baton of experiments) were filtered twice through 

a fine paper. A precipitate still developed but tne 

results were an improvement:- 

Identification cnromium found mean 

Blank 17.5, 13.5, 11.0 14.0 

Blank + 20(g Or 29.5, 39.5, 34.0 34.5 

test various aspects and in order to trace any chromium in 

the precipitate. however, to date no results have been 

received from the co-operating industry doing the mass 

spectrometric analysis of tne precipitates, and thus, full 

results cannot be given. The known results are best shown 

scnematically. In this, tne procedure is as given above, 

except wnere 6g titanium dioxide has been used, in which 

case the amount of acid and potassium fluoride used wAs 

correspondingly increased. 

	

sample 	Onromium found  

in sample  

	

6g TiO2 	. 
43  tig  

6g TiO2  

	

i-20/kg Cr 	'). 56 tg 

	

3g Ti02 	%-17 7) 

3g Ti00  -  separate into  

	

' 	tw 'portions 	-> 19 ij 

l)  stand 12 hrs. 	)19  

here the recovery is about 100%. but tne possible error is 

at least ± 5 	g. 

A itner series of experiments was devised to 
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In obtaining tne previous date tne rapid, continuous 

procedure was used. Tnis involved two filterations and 

final measurement of chromium by AAS using standard 

additions. In the case of one of tne 3g samples, the 

filterate was divided into two and these fractions 

individually treated. one was subjected to the measurement 

procedure immediately, the other after standing.12 hours. 

Finally 3g samples of titanium dioxide_were 

treated on the rapid procedure individually, the results 

are given below:- 

Identification 	 4  g chromium found 

Blank 21, 34, 37 

Blank + 20 itkg Or 57, 55, 68 

Clearly from these results, this method is not 

satisfactory due to tne scatter of results. Consideration 

was given to the cause of the widespread results, but no 

further work was done pending tne mass spectrometric 

results referred to above. If the mass spectrometric. 

results had snown no significant amounts of chromium 

present, it was proposed to examine the use of 'Anala-RT 

potassium nitrite. This has a very nign solubility and is 

thought to give a saturated solution of low viscosity 

compared to that of the fluoride. 
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CriAPTER SEVEN. 
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CHAPTER SEVEA.  

The use of ion exchange resins to separate titanium and  

chromium. 

Ion excnange resins are available in several 

forms, the two most common being cationic and anionic. In 

this work both types have been examined. Cationic resins 

were examined as they absorb cations: this would be 

advantageous since in dilute hydrofluoric acid media it is 

believed that chromium (III) exists in a cationic form. 

This means that the column would absorb chromium (III) 

which could then be eluted into a small volume by a 

suitable elutant. 

This type of system was investigated with 

Zeocarb 325 using a column ili x 11" internal dimensions. 

Samuleson145 reports that molar hydrochloric acid will 

elute chromium frOm cation excnangers;however, in this 

work it was shown that 2M hydrochloric acid, even 

containing 5% hydrofluoric acid, would not. Further work 

showed that chromium was absorbed from 5% hydrofluoric 

acid on to Zeocarb 325 and eluted by 10% sulphuric acid. 

Elution curves are shown in graphs VII -01 and VII - 02 

for cnromium alone and chromium with titanium. From 

these it can be seen that the elution of chromium results 

in tailing and that some titanium comes through with the 

chromium, also some of the cnromium comes with the bulk of 

the titanium. This means that this form of separation is 

not satisfactory for two reasons:- 

(i) A complete separation of chromium from titanium 

does not result. The cnromium effluent is only 



179 

depleted in titanium. 

(ii) Tne effluent volume for cnromium is very 

large, indeed so.large that if a sample containing 

lOppm cnromium were to be analysed, the final 

solution of cnromium would contain less than 

0.05 ppm chromium. Concentration, by a factor of 

aboUt 5, would be needed if this type of procedure 

were to have any future.If this were done the 

final solution would consist of 50% sulphuric acid. 

As discussed elsewnere (section 3:4) this would 

cause very large difficulties in the atomic absorp-

tion stages. 

In an attempt to overcome this tailing, a smaller ion 

exchange column, having a dead volume of 1 - 2 ml as 

compared to the one discussed above (20.- 25 ml). was 

examined. However, here it was found that no significant 

quantities of chromium were retained. The use of other 

elutants such as hydrogen peroxide - sodium hydroxide has 

not been examined146. 

Following the failure of cationic exchane;ers 

anionic excnangers have been studied. with anion exchangers  

the principle is to retain the titanium on the column and 

determine the chromium in the elutant. In all this work 

measurement of chromium has been done by standard additions, 

to avoid any problem of matrix matching due to the traces 

of titanium remaining in the elutant after passage through 

the column. Clearly, if titanium is to be retained by an 

anion] exchanger it must be in the form of an anion. 

Initially the use of chloride media was examined. Titanium. 
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forms chloro complexes, this may be represented by:- 

4+ 
Ti(aq) 	

6 Cl 
WM. 2 - 

TiC16 

Clearly the chlorotitanate ion will be retained by an 

anion exchange resin to a certain extent, depending on 

the position of the equilibria. In the literature, it is 

reported that titanium is retained in 12m hydrochloric 

acid. Tne use of 10M hydrochloric acid was examined and 

found not to permit the retention of titanium. Consideration 

was given to the use of sodium chloride to increase the 

chloride concentration, but due to the high acidity (the 

sodium sulphate - sulpnuric acid dissolution procedure had 
was 

been used) hydrogen chlorideAevolved. On further 

examination of the literature it was found that the 

fluorotitanate equilibria was mush more suitable for ion 

exchange separation. indeed titanium nas been separated 

in fluoride media by various workers147.  

Initially a batch separation system was evaluated 

using Amberlite IRA 400. In this, lg titanium dioxide was 

dissolved by the fusion method (page 50), the melt being 

dissolved in 5% hydrofluoric acid. By using this procedure 

it was found that one thirty minute equilibration removed 

between 40 and 50 per cent of the titanium. It was found 

that two consecutive equilibrations would remove 60% of 

the titanium. Clearly this is not satisfactory as a 

complete separation. DeAcidite FF (SRA 64), a similar 

resin to Amberlite IRA 400, but much finer (smaller than 

200 mesh) was examined. This was washed with water, 

followed by concentrated hydrochloric acid, filtered and 
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dried. When 6g of the dry resin was used in three 

consecutive "extractions" 90% of the titanium could be 

removed, reducing the level to about 80 ppm. The single 

stage' efficiency was 55%, compared to between 40 and 50% 

for the larger resin. This increase is due presumably to 

better equilibria being obtained with the smaller rsein. 

However, the difficulty of filtering and effectively 

washing 6g of this resin makes its use, where volumes are 

restricted, very difficult. Due to this, the fine resin 

was not used to any significant extent in this work. In 

all the work on batch equilibration, about 10 milli-

equivalents of titanium were used and about 25 milli-

equivalents of resin in each batch equilibration. 

Following this a column separation was 

investigated, because in a column, much more efficient 

phase contact is obtained and hence, better equilibration 

results. Preliminary work illustrated that a column packed 

with Amberlite IRA 400 or DeAcidite FFIP having a diameter 

of 1.8 cm and a length of 27 cm would reduce the titanium 

concentration to about 8 ppm, in 5% hydrofluoric acid 

media. It was shown that it was possible to use standard 

additions for measurement of the chromium present. An 

actual standard additions calibration curve is shown in 

graph VII - 03. In this, one of the points lies slightly 

off the line. Usually the agreement is at least as good 

as this, and often better, as is shown on graph VII - 04 

for example. 

Due to the stability of the fluorotitanate ion, 

it is necessary to use several alternating mixtures of 

concentrated and dilute hydrochloric acid to remove the 
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retained titanium from the column. It was found that 100 

ml volumes of concentrated and 0.5 M hydrochloric acid, if 

repeated several times (2-to 3), followed by 100 ml 5% 

hydrofluoric acid, reconditioned the column suitable for 

further use. 

Using one column only, four determinations were 

made in which the first 50 ml of elutate were discarded 

and the next 35 ml analysed for chromium. By this procedure 

VC 128088 wab analysed and the following results obtained 

(ppm Cr):— 

15.8, 12.3, 12.3, 11.8 

In this, no allowance has been m ade for blanks or column 

efficiency (discussed later). However, these results 

indicated that furtiier work could lead to useful results.' 

At this stage five nominally identical columns 

were prepared and tneir dead volumes estimated by using 

tne deep blue colour of Cu (Nh ) +. This gave a diffusion 
3 +  4 

volume of about 21 ml for all the columns and retention 

volumes of between 63 and 72 ml. However, it was observed 

that on further conditioning, tne resin in the columns 

settled more. In use for the chromium — titanium separation 

the media is 5% hydrofluoric acid, whilst the media used to 

determine tne dead volume is ammonacial. 

Experiments were done using various amounts of 

titanium dioxide (tnougnt to be uniform in cnromium content). 

me results found are snown on page 187. 
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Weight of TiO2 	ppm Ti 	ppm 

taken ( 	in (Jr elutate  Or in TiO2 

   

• _ 

1 10 9.6 

2 60 5.7 

3 140 3.4 

The standard addition graphs obtained for these are shown 

on graph VII - 05. From these it can be seen that the 

sensitivity for cnromium decreases for tne larger sample 

size, also tne results are proportionately lower for the 

larger sample sizes. Because of this (in conjunction with 

the effect of titanium on the atomic absorption 

determination of chromium discussed on page 113), all 

future work was restricted to ig samples of titanium 

dioxide. 

Tne elution curve for all five columns was 

determined by passing 50m1 100 ppm chromium ( III) in 5% 

hydrofluoric acid, followed by 5% hydrofluoric acid. 

Following from these results (one of which is snown on 

graph VII - 06) it was thought best to collect 30m1 elutate 

after discarding the first 60m1. If this is done, it was 

shown that recoveries between 57 and 63% are obtained. 

Using calculated recoveries, standards and blanks 

were examined by the following procedure:- 

Dissolve 1g titanium dioxide in 18m1 50% 

hydrofluoric acid, reduce the volume to 

about 10m1. Dilute to approximately 50m1 

with 5% hydrofluoric acid and pass through 

an activated ion-exchange column. (Jollect 
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the 60 to 90m1 fraction and determine the 

chromium by standard additions. 

Tne results are tabulated below:- 

Results 	identification 	chromium found  
Set 	/g chromium added)*  

a 	Blank 	28- 

a 	Blank 	8.3 

b 	Blank 	6.2 

b 	Blank 	3.5 

a 	10 	22.7 

b 	10 	16.2 

b 	10 	13.6 

b 	20 	24.7 

a 	20 	23.2 

c 	Blank 	ii.4 

c 	Blank 	4.6 

c 	5 	10.9 

c 	5 	9.5 

c 	20 	26.7 

* In all cases 1g titanium dioxide (7509) was used, to 

which the state amount of chromium was added. 

Clearly, from an examination of the previous 

figures, the blank value of 28 g chromium is in error. 

fr  If this value is ignored the ollowing statistics may be 

extracted:- 
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identification Mean standard deviation 

//kg Cr /g Cr 

Blank 5.4 1.9 

5 /mg Cr added 10.2 1.0 

10 /1kg Cr added 17.5 4.8 

20 /Ag Cr added 24.9 2.5 

when the mean blank value is subtracted the following 

recoveries are found:- 

Amount of chromium  

taken Ai found 	Recovery  

5 4.8 96 

10 12.1 121 

20 19.5 97 

Tnis cannot be a true stshstical standard deviation due 

do tne small number of results considered, but it gives a 

guide to the reproducibility. 

clearly tnese results are of the correct order, the 

unsatisfactory aspect being tne poor reproducibility. Even 

with tne wide scatter, the results are still of value, 

especially as the uniformity of chromium in the blank is 

not known. indeed, other work reported here (chapter 8) 

suggests tnat tne chromium free titanium dioxide used may 

contain several parts per million of chromium. Following 

earlier discussions with tne co-operating industry it 

became clear tnat results, of this reproducibility would, 

to some extent, be satisfactory. Because of tnis, attempts 

were made to analyse actual samples of titanium dioxide 
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pigments. It was at once found tnat tney would not 

dissolve in 50% hydrofluoric acid in a realistic time (see 

also chapter 2). In order-to overcome this the sodium 

sulphate - sulphuric acid "fusion.' method was used, 

followed by dissolution of the melt in 5% hydrofluoric 

acid. sample VC 128088 was analysed twice by this method. 

Tne results are given below:- 

lie s ults 

identification 

Chromium 	Chromium 

Set found ( Mg) 	Mean yi 

/ 
a Blank * 16) 
a Blank 14  13.3 

a Blank 10 i 

a VC 128088 261 
a VC 128088 25 	25.5f 

b Blank 32) 

b  Blank 26; 	28.3 
b Blank 27J 

b VC 128088 421 

b VC 128088 321 	37 

Clearly there is a vast difference between the two sets of 

results, yet wnen tne overall results are considered, the 

sample is found to contain 12.2 and 8.7 ppm cnromium. This 

gives a mean result of 10.4 ppm cnromium. This compares 

witu a result of 7.5 ppm obtained by mass spectrometry. 

These results are thus satisfactory and fulfil most of the 

requirements for the procedure as discussed earlier (section 

1:1) 

* 
Blank - 1g "chromium free" titanium dioxide (7509) 



This technique is simple and would appear to 

give satisfactory results, out furtner testing is needed 

before it could be proposed as a general procedure. 

1 93 
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CHAPTER EIGHT . 
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CHAPTER EIGHT.  

Conclusions and suggestions for future work.  

in tne work reported here, consideration nas 

been given to metnods for the determination of chromium 

in titanium dioxide. It was shown that separation by 

precipitating the titanium was not satisfactory, although 

with further work it is possible tnat this could be a 

viable procedure, using potassium fluorotitanate as the 

precipitated material. It was snown that the final 

quantitization was best done by flame atomic spectrometry 

rather than flameless spectrometry. This is because with 

tne flameless facilities available in tnis work, less 

interference results from sodium in a flame system. Tnis 

is important as sodium salts result from the dissolution 

(and, in the case of solvent extraction procedures, from 

tne back extraction). 

Two procedures were evolved whicn it is felt go 

some way towards fulfilling tne requirements listed at 

tne beginning of this work. These are the anion exchange 

anana
d _sodium bismuthate procedures discussed earlier (chapter 

'7 Asection 4:5 respectively) it is not proposed to discuss 

tnese again in detail nere. Botn proCedures give results 

whicn are qualitatively in agreement witn the results 

obtained by mass spectrometry. As previously discussed, 

the mass spectrometric results can only be considered to 

give results to an order of magnituae. That is, a result 

of o ppm chromium may result from a sample containing 

between 6 and 10 ppm. 

Considering the two procedures they both fulfil 
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the requirements listed in cnapter 1 to a similar extent. 

The sodium bismutnate procedure is more suitable for use 

wnen many determinations.are needed intermittently. J'or 

regular analysis of large quantities, eitner procedure 

could be automated fully. The drawback to tne ion exchange 

procedure is the time involved in regenerating tne column. 

In automated systems this would not be a severe limitation. 

From the point of view of nebulizer functioning 

tne sodium bismutnate procedure would be more satisfactory, 

if it were modified by using a weaker ascorbic acid - 

hydrocnloric acid. Preliminary work indicates tnat this 

would be satisfactory with a 1% ascorbic acid - 	Molar 

hydrochloric acid. 

AS discussed several times earlier in this work 

titanium dioxide prepared from organic titanates and 

reported to be free from chromium was used as a blank. 

The results obtained by both sodium bismuthate and the 

precipitation studies suggest that this contains about 

4 ppm chromium. 

As will be clear from the results for both the 

sodium bismuthate and ion excnange procedures, the 

recovery is variable and tne results cannot be considered 

as very precise. That is an uncertainty of about ±2 ppm 

on a result of d ppm must be allowed for. Whilst tnis is 

no worse tnan tnat of other procedures available, it is 

not satisfactory. finis could be overcome by the use of 

radiotracers. Chromium is available in several radioactive 

forms - tnese all nave rather short half-lives but, by 

using low concentrations the facilities needed for their 
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use would not be difficult for industrial establishments 

to provide, if the increased cost was considered warranted 

by the improved results. Tne following schematic diagram 

suggests a possible procedure:- 

Sample 	>Dissolution 

Add x 
r 

 g Cr (III) 

labelled with radio 

chromium 

Determine chromium 

by separation/quantitiz- 
ion. 

By measuring the activity added and recovered, the 

analytical procedures efficiency could be determined for 

every determination. Due to the short half-lives it would 

be necessary usually to record the time taken, in order . 

that errors due to the decay could be allowed for. This 

type of insitu calibration would be applicable for both 

sodium bismuthate and ion exchange procedures. 

To summarize, in this work two procedures have 

been developed which are suitable for the routine 

determination of chromium in titanium dioxide. These 

procedures give results comparable with those obtained 

by other procedures. However, the procedures suggested 

here are, it is thought, better tnan previously existing 

ones as they involve no complex instruments (such as a 

mass spectrometer) or exacting analytical procedures. If 
would 

radio-tracers were introduced theyAbecome distinctly 

better than tnese otner procedures. 
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