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SUMMARY 

The crystallisation of barium chromate was investigated with the 
objective of producing crystals of 107 'm in size instead of the 
commercially available size of 2 x 10°%m. This was achieved by the 
method of controlled homogeneous precipitation from solutions of 
low pH. However, this was not an optimum operation. Two basic 
requirements were established for the quantitative study of the 
kinetics of barium chromate crystallisation. 

The first requirement was a knowledge of the overall solubility 
of barium chromate in acid solutions at different temperatures. The 
experimental results showed that it is possible to increase the 
overall solubility by V3 orders of magnitude to ~20g/dm3 of solution. 

The second requirement was a knowledge of the concentration of 
(CrO§~) ions in solution. A mathematical model was developed to 
predict this concentration. The results show that, although the 
overall solubility increased with a decrease in pH, the chromate ion 
concentration decreased by over an order of magnitude. 

As part of the study the equilibrium constants for the reactions: 

= Q= 
2HCr0), —- Cr 05 + HO 

and ~ 2- 
Hero, == HY + Cro, $ 

were evaluated independently at different temperatures by spectro- 
photometry and applying a different mathematical approach from that 
published in the literature. 

The work ended at this stage and although no quantitative 
crystallisation kinetics were carried out the feasibility of a method 
to produce the required size of barium chromate crystals was 
qualitatively demonstrated. 
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CHAPT:=R 1 

Materials which have a reasonable solubility in a solvent 

(typically of the order of 0.1 mass fraction)are comparatively easy to 

convert into crystals of the order of 10a in size. This is done 

principally either by cooling the solution or evaporating the solvent. 

However, materials having a very low solubility (typically of the order 

of 10 mass fraction), while they may be easily precipitated, often 

have a crystal size only of the order of 10a - If these low 

Solubility materials are to be produced with a erystal size of the 

order of 104m or more, then specialised techniques must be used. 

Several such techniques are qualitatively recorded in the literature from 

as far back as the early 1930's. They are usually developed for the 

primary purpose of "coarsening" precipitates to aid quantitative analysis 

but as yet there seems to have been no large scale industrial application 

of then. 

The particular system investigated in this work is that of 

barium chromate / water and the objective is to produce crystals of 104m 

in size instead of the commercially available size of 2x 10a 

In order to study quantitiatively the kinetics of the erystal 

growth process the first requirement is a knowledge of the solubility 

of the substance under various conditions so that, together with the 

actual solution concentration, the driving force may be computed. 

The second requirement is that the concentration of the 

crystallising species in the solution must be know. In order to 

calculate this for the barium chromate system it is necessary to 

know the equilibrium constants of the various complex equilibria 

in which the chromate ion takes part in solution.



The work reported here ended at this stage and although 

no quantitative crystallisation kinetics were carried out the 

feasibility of a method te produce the required size of barium 

chromate crystals was qualitatively demonstrated.
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CHAPTER (2) 

Literature Review on Barium Chromate (BaCxrQ),) 

2.0 Introduction 

The literature concerning Barium chromate is reviewed from 

the point of view of its aqueous solubility and aspects related to the 

control of supersaturation, and the effects of temperature, pH and 

additives on the solubility. Also considered is the generation of 

crop and barium chromate crystal growth in aqueous solution. 

2.1 Physical and Thermal Properties of Barium Chromate 

Barium chromate is usually obtained as a pale yellow 

precipitate when a soluble barium salt is added to a solution of an 

alkali chromate (1), | 

At ambient temperature it has an orthorombic crystal 

structure of lattice dimensions (2, 3) a, = 9-103, o, = 5.526, 

andc, = 7.337 (R). The molecular weight is 253.33 4). me crystal 

density at 15°c is 4.498 (g/cm?) (+), ana the Heat of Formation is - 

341.3 (ecal/uol)\>). 

Barium chromate is reported to lose oxygen at 1000°c (6, 7) 

and the surface energy is reported to be 120 ere/ om” (8), The 

coefficient of thermal expansion of the lattice co-ordinates have been 

Measured from ambient to 813° as (9) 

z <5: a, 1.65 x 10 

%, = 3.38 x 10 (°C) 

i 2 x, 2.04 x 10 

The lattice dimensions at 20°C given by these authors are 

slightly larger than those given in (2) being



he 

a = 9.105 & 

bd = 5.5418 + 0.004 

e = 7.3438 

No polymerphisn or decomposition was found up to 813°C. 

When prepared from melts, the chromate has been found to be 

isomorphous with barium sulphate over the whole composition range. 

The lattice dimensions of the sulphate are some 2% smaller than for 

the chromate (20) 

The heat of crystallisation of barium chromate has been 

experimentally determined (2) by isothermal calorimetry as - 6.4 + 0.1 

kcal/mole (exothermic) at 25°C and pH = 7 (assumed). This figure may 

not be reliable as the paper also gives data for strontium chromate 

which appears to be inconsistent in the use of the sign powancion 

for heats of reaction. The figure has, however, been quoted in NTIS 

Catch Tables. (12) Assuming that the figure is correct and that the 

dissolution is endothermic then the solubility would be expected to 

increase with temperature by c a. 4% / K. 

Barium dichromate does not crystallise out from solutions of 

barium and dichromate ions and is prepared either by heating moist 

barium with chromiun trioxide, (2) or boiling barium chromate solution 

with a mixture of nitric and chromic acids. 26) the crystals are 

slender needles, and are decomposed by water to the chromate and 

chromic acid. (23) The dihydrate BaCrO,, .2H,0 is obtained by evaporation 

of the acid solutions: it forms yellowish-brown rhombic crystals (2) 

2.2 Solubility of Barium Chromate in Water 

The published data on solubility of barium chromate in water 

are few and in poor agreement (see table 2.2). Most of those reported 

in the literature have been determined by direct or indirect con- 

ductivity methods. Waddie (14)studied the solubility of barium
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chromate in distilled water and various salt solutions at room 

temperature (assumed). He used a volumetric titration method to 

determine the chromate by the iodine released when adding potassiun 

iodide to the saturated chromate solution. There is a query con- 

cerning the method of preparing the solutions in that they were 

prepared by washing freshly made Bacro, with a constant volume of 

water and therefore there is the possibility that equilibrium was 

not reached. This gives rise to the conclusion that although the 

solubility he gives is approximately twice as great as that given 

by most other workers it is probably lower than the’ true solubility. 

The results of his work are given in table 2.1. 

As seen from table 2.2 the solubility data are conflicting. 

Mellor (6) reports values 10°? times larger than those given in table 

2.2. for ambient temperatures. A clue toa possible cause of this 

conflicting data may be found in the book by Vogal (26) where it is 

indicated that the solubility of barium chromate increases considerably 

as the pH falls. The only data found showing the change of solubility 

of barium chromate with pH is in the work done by Osawa, (21) who gives 

the effect of acetic acid addition on the Solubility as shown in table 

2.3. The pH values for acetic acid have been interpolated from 

published data. (24) Also reported in the literature are data 

available in the International critical tables (22) which gives us 

the solubility of barium chromate in high acid concentration at 18°C 

and 37°C and these are shown in table 2.4. Although Gorden and 

Firshing (23) give no data, they indicate that there is a minimun 

value for solubility at about pH 5.7. Therefore, without indicating 

the pH at which the above values in table 2.2 were determined, it is 

difficult to consider them very reliable. 

2.3 Chemistry of cx*6 in Solution 

In order to understand the solubility of barium chromate in



Table 2.1: Effect of various additives on the 

solubility on barium chromate in water 

  

  

  

at 20°¢ (14), 

Solvent Solubility 

(M/am?) x 10° 

Water 30.8 

1% aqueous ammonium acetate 110.7 

10% aqueous ammonium acetate 141.5 

20% aqueous ammonium acetate 200.0 

10% ammonium acetate + 10% 

acetic acid FH6.6 

10% aqueous ammonium nitrate 193.2 

10% aqueous potassium nitrate 70.4 

10% aqueous sodium chloride AS 

1% aqueous ac tic acid 436.4      



Table 2.2 Solubility of Barium Chromate in Water 

  

  

  

Temperature Solubility References 

2% Man? x 10° 

0 7.9 15 

0.88 8.1 26 

10 11.05 15 

16 13.4 3 

20 14.6,30.8,39.8 15,14,18 

25 11.5,15.0,12.6 17,16,1 

16.2 15 

28 17.4 3 

28.08 17.2 26 

30 18.2 15 

4o 14.9 17 

100 170.0 19        



Table 2.33 Effect of Acetic Acid on the solubility of 

  

  

  

Barium Chromate (21) . 

Acetic Acid Calculated Experimental 

conc. pH BaCr0,, Sol. Solubility 

(21)/aae? (Van?) (wan?) 

0.0 7 | 1.42 x 107 le Bs 

0.06 3.02 1.27 x 107 ; 52.5 x 10° 

0.12 2.88 1.87 x 10+ we x 10% 

0.18 2.78 = 160 x 10° 
0.30 2.67 2.78 x 10 220 x 10° 

0.36 2.62 - 309 x 10° 

0.48 2455 = 288 x 10~ 
0.60 2,51 - 357 x 10° 

2.40 2.20 8.01 x 107 428 x 10°       
  

Table 2.4: Effect of HCl concentration on the solubility of 

Barium Chromate ( 
  

  

  

18°c 37.1°C 

PH Cor] u fan? | pH Cor} w/an? 

0.69 0.0251 1.0 0.0202 

0.52 0.0355 0.69 0.0367 

0.40 0.0443 0.52 0.0535 

0.30 0.0548 0.40 0.0702 

0.22 0.0662 0.30 0.0875      
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acid solutions it is necessary to know more about ert6 in solution. 

Chromium (VI) does not give rise to the extensive and 

complex series of poly acids and anions characteristic of the 

somewhat less acidic oxides of V(V), Mo(VI) and W(VI). The reason 

for this is perhaps the greater extent of multiple bonding Cr = 0 for 

the smaller chromium ion. (25) The most common oxyacids(or anions) 

of major importance are those of the chromate and dichromate although 

trichromate (c2,055) and tetrachromate (exy055) have been reported (25 

The equilibria prevailing in acid aqueous chromium (VI) solutions 

have been investigated by various workers. As far back as 1838 Walden 

(26) and Oswald (27) using conductivity and freezing point measurements 

indicated that solutions of chromium trioxide contain mainly dichromate 

ions. Sherrill, (28) using freezing point depressions claimed the 

existence of the equilibriun! 

Dae - 
cr30, + HAO = eee 2.1 

Neuss and Rieman (29) postulated in addition to the above equilibrium 

the existence of the following equilibrium in the pH range 6.0 - 6.5:- 

i a 2.2 

Tong and King 2°) stated that both undiasoclated chromic acia 

molecules and hydrogen dichromate ions are present at high cat values 

(from 0.277 - 1.0M)and hence the following equilibria prevail 

simultaneously with equilibrium. 2.2 

+ 
Hjcro, === Herd, + 4H ees 

Her,0, === roe + ut 2.4 2-7, 27 ‘ 

Sasaki (32) confirmed the possible existence of the above 

equilibria, but he found no conclusive evidence to confirm the 

existence of the undissociated dichromic acid (H2Cr20,) in the very 

highly acid media. Nevertheless, data on the dissociation constant
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of the dichromic acid molecule are quoted by Freiser and remmandeeoe) 

Davies and Prue (33) and others (31, Hy 35, 36) stated that 

over the pH range 11 - 13 only the chromate ions exists, while Moore 

et al, (3?) claim the value is as low as pH = 8. 

It is believed that a number of acids form complexes with 

oxt® such as sulphuric acid to form oxsoe- (30, 38) ana Hol to form 

Gro,c1™ (30, 38, 39% Ho). Lee and Stewart (4) proposed that ions of 

the type Gr0,A~ do not exist in large amounts in concentrated acid 

solutions when the predominant cx*6 species are the monomer but that 

the molecule Hero, does. The equilibrium beings 

Horg, + Hoo+ HAO = HOr0;A + H,0 2.5 

where A = HoPO), Cir; HSQ,, Cloy, No; or OAc. 

However, many investigatérs (30, 31, Hs 38, 42) believe that perchloric / 

acid (HC1O, ) does not form any complexes with cxi®, Haight et a2 ,(38) 

found no evidence of reaction of the nitrate or acetate ions with 

orté species. 

Haight et al. (38) reported that cr*6 is slowly changed to 

ort3 if the solutions contained more than 1.0 M perchloric acid. 

tukkari (39) found this reduction both in the presence of hydro- 

chloric acid and perchloric acid - sodium chloride solutions. He 

claimed that both hydrogen and chloride ions and light were found to 

promote the reduction. 

It can be concluded that er*6 in acid aqueous solutions 

forms the following equilibria to a greater or lesser extent. 

HyCr0, a Hero, + H” 2.3 

2= + Hcxd Ky cog” + 2.2 

2- 
eucx0; Ka Gr,05" + H,0 2.1



i 

Hor,05 a2 or,08 +H 2.4 

- + 
HCr,0, ‘dl Her,0, +H 2.6 

In the presence of hydrochloric acid the following equilibrium can be 

considered in addition to the above. 

NGO, + 08 + cr + =%%o cro,cl + H,0 OG; ——s — 

The published equilibrium constants for these reactions have 

been tabulated in table 6.1. The original data have been extra- f 

polated to zero ionic strength for comparison purposes. The 

extrapolation was done on the basis of the equations given in appendix 2. 

The equilibrium constants from the above equilibria can be 

presented mathematically as follows:- 

  

Ho a (Horo, ) CH) ee 2.8 
1 

[HpCro,] £ 

- s 

eon Coro TCH] ty fp 2.9 
2 ea 

[Hero,] f) 

2: 
eo ic27el ees 2.10 

ee 2 Cicer o£? 

oe (Her,0F](H] fg fp 2.11 
al 

[Hptr07] fy 

2 he Cor.057] (ial owtens, oan 
‘a2 2— (Her,05" J z,



- 2p - 

ee (or0,01] f, a 

{Hero,] (H#*] [cr] -f, 2, = 

Where f; is the activity coefficient of the species i. 

2.4 Crystal Growth Rate of Barium Chromate 

The literature on the growth of barium chromate crystals 

from aqueous solutions is sparce and somewhat inconsistent. Bindra (43) 

has used the precipitation and growth method of Nielson (98) to 

investigate the growth kinetics of Baro, in neutral solutions at 

20 and 25°C. The final crystal size was ca. 541m and during the 

course of a test, growth rates changed by an order of magnitude fron 

ca.0.01 pn/sat Ac= 0.2 aM/dm to 0.001 pm/s at Ac= 

0.06 aMf/da?, The most reproducible tests at 20°C could be corredted 

by an equation of the form 

drfat = &k ( Ac)® 2.14 

where k = 0.080 + 0.018 n/s and n = 1,15 + 0.09. At 25°C the results 

were less reproducible and it was found that 100<k<1500 and 2<n<3. 

Induction periods were found to be ca. 100s at 25°C and 50s at 20°C. 

Packter (20) studied the crystallisation rates of barium 

chromate and other sparingly soluble salts at 20°. The approach was 

from the point of view of analytical chemistry and the methods of 

presenting the results did not readily permit extraction of linear 

growth rate data. However, based on some assumptions the growth rate 

varied from a/dt = 0.002 n/s at Ac = 0.00077 nole/dn? to 0.0054 m/s 

athe = 0.00184 mole/an? when the rate of development of the solution 

concentration R = 0.33 x 107° mole/an? sand nw 2.0 (Zgn 2.14). 

Using a similar technique to Bindra the work of Rychly (73) 

has shown that the growth rate of barium chromate crystals falls as 

they increase in size, other things being equal, which is contrary to



-B- 

expectations for a process controlled by surface kinetics. Crystals 

up to 10 y m were obtained, k + 0.02 and nw 1.4 (eqn. 2.14). 

Benez (102) found that the kinetics of precipitation of 

barium chromate are considerably affected by temperature when 

precipitating using EDTA as a complexing agents. 

Fiyohiyiel 7) cleus theta saint advantagenisl ce nee tn 

acidic solutions while Lewin et al (103) found that in solutions of 

high acid concentration crystals of stromiun sulphate were about 

200 times larger than those grown in neutral solutions. Bindra 

found that an increase in ionic strength increased the growth rate.
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CHAPTER 3 

Literature Review of Solubility Measurements 

3.1 The Phenomena of Solution 

The solubility of a solid in liquid depends on the difference 

between the energy used in separating the ions or molecules from the 

crystal lattice and the energy used in the solvation of these ions or 

molecules. 

In an ionic solid this energy is due to the interionic forces 

which favour the retention of ions in the crystal lattice. The 

Solvation energy (hydration energy in aqueous solutions) is due to the 

attraction between the ions or molecules and the Solvent molecules, 

whose job is to aid the separation of the ions or molecules of the 

Solid from the solid. The power of a solvent is dependent on the 

dielectric constant of the liquid. Water which has a high dielectric 

constant is a very suitable solvent for most ionic salts. Figure 3.1 

Shows a schematic diagram of the dissolution of an ionic crystal. 

With many electrolytes, the lattice energy is greater than 

the hydration energy so that the dissociation of the electrolytes is 

generally an endothermic process. Hence, the solubility of most 

Solids in water increases with increase of temperature of the system. 

Other factors, such as the nature of the bonding between adjacent 

particles in the crystals, the characteristic of particular lattice 

geometries and the cation-anion ratios involved, also affect the 

Solubility of ionic substances in water in ways that are difficult to 

estimate. In the absence of simple principles to predict the solubility, 

experimental determinations must be employed. 

3.2 Experimental Determination of Solubility 

Before carrying out any study of the solubility of any 

compound it is necessary to determine the technique by which the 

Solubility is to be measured and the time taken for an equilibrium to 

be reached.
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FIGURE 3.1: solubilisation of an ionic salt
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Owing to the low concentrations involved, in the study of 

the solubility of barium chromate a very sensitive analytical method 

is required and many factors have to be considered. Zimmerman (48) in 

a general review states that among the foremost of these factors is the 

purity of the materials used. Kolthoff (49) attributes the variation 

in published values of the solubility data of metallic sulphides, 

(which covers 10 orders of magnitude) to be due to the presence of 

co, and 02 impurities when using the conductivity method. Morimote (50) 

found that the electrokinetic potential of low Solubility salts is 

affected by the method of precipitating these salts. He found for 

barium chromate in excess of BaCl, the electrokinetic potential is 

+ 10.2 mV, while when an excess of KCrO, was used the electrokinetic 

potential is - 7.75 mV. He attributes this to the absorption of the 

excess crop” ions into the surface lattice of the crystals. 

Secondly, another important factor is whether the systen 

studied has reached equilibrium, Anderson et a1, (52) found that the 

published data on the solubility of arsenic trioxide were conflicting, 

and attributed this to the fact that the equilibrium is reached very 

slowly. In fact, they found that it took some 48 hours for equilibriun 

to be established at a temperature of 100°C and up to 2 weeks at a 

temperature of 0°c. friend (52) zouna that when studying the 

solubility of Neodynium sulphate he could not get reproducible results. 

He overcame this by checking the samples until the system reached 

equilibrium. This took some 24 hours of vigorous stirring. Zimmerman 

also states that to avoid problems of supersaturation it is important 

to have the system kept seeded with traces of the solute. In 

studying the solubility of silver nitrite Creighton and Ward (56) found 

it necessary to keep the system well agitated with excess solid for up 

to 14 hours when the temperature was below 40°C and for several hours
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when the temperature was above this value. 

A third consideration is the precise control of 

(48) temperature . Zimmerman states that it isfrequently not 

sufficient to know the temperature at any one instant but that 

precise control and measurement must be carried out throughout the 

entire period of equilibration. 

Fourthly, in the presence of more than one solid phase, 

Herriot (57) showed that there is a possibility that the solubility 

may not be constant (such as is in the case of the study of the 

solubility of proteins). However, as barium chromate has only one 

component in the solid phase = this effect is not 

relevant. 

Finally, the inertness of the vessel and equipment used 

must be considered. In the study of the solubility of sodium 

carbonate at high temperatures, Waldeck et a1 ,(% ) found that their 

system was being contaminated by a yellow colouring which they showed 

to be due to the formation of sodium chromate from the stainless 

steel vessel. Also, Harkins (59) found that when studying the 

solubility of silver Sulphate a slight darkening occurred on exposure 

to light and the solubility increased. Therefore, he had to ensure 

that the solutions were kept in the dark. 

3-3 Methods of Measuring Solubility 

These can be split into two categories: Those methcds 

which involve the removal of a sample for analysis and can be called 

"analytic" methods and those where no samples are removed and can be 

called "isosystic". (48) 

3.3.1 Sampling 

The primary consideration in these methods is to obtain a
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sample which reflects the true equilibrium composition. There are 

three methods of obtaining samples of a saturated solution free of 

solid phase:- 

a) filtration of a hetrogeneous saturated suspension, cr 

bd) settling and decantation, or 

c) percolation of solvent through a confined portion of solute. 

3.3.1.1 Filtration 

This is the most widely used method for the separation of 

phases in solubility studies. There are many types of filter 

materials used depending on the fineness of the solids and chemical 

inertness towards the system under study. 

Cloth fabrics (60) cotton wool and asbestos (62, 63, 64, 65) 

have been used in various forms of sampling apparatus. Harkins (64) 

found that he needed to reject the first 50cc of his filtrate to avoid 

errors of absorption when using cotton wool while Noyes et a2, (62) and 

Robinson (60) found it necessary to soak their filters in saturated 

solutions first. 

This precaution was not found necessary with the commonly 

used packed glass wool. (56, 66, 67, 68, 53), Parks and Campanella 

found that glass wool was more suitable than chamois leather or Jena 

glass crucibles, because it was more rapid. Sintered glass filters 

(69, #) have also been used successfully. 

3.3.1.2 Decantation 

Separation of the phases by decantation is useful when the 

saturated solution is sufficiently fluid and the solid phase is 

sufficiently granular to allow it to settle readily and various 

(48, 70, 72), suitable equipment is described in the literature The 

basic problem with decantation is that there is always a possibility
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of very fine particles not settling out or even being disturbed 

when sampling begins. The improvement of decantation by centrifuging 

has been suggested, (57, 72) but King (72) found that even 15 minutes 

at a speed of 3500 r.p.m. did not completely settle particles below 

10 yim. This suggests that this procedure is not suitable for the work 

with barium chromate which has an average particle size of 2 um. 

3.4 analysis of Samples 

ce a sample is obtained there are various methods for 

analysing the concentration of solute in the sample. These are:- 

3.4.1. Residue Weight 

This is the simplest and most straight forward method. It 

consists of evaporating a sample to dryness to find the amount of 

solute in solution. (74, 75s 76) However, this method is not very 

useful when the solubility to be measured is low such as in the case 

of barium chromate where the amount of solute is too small to be 

measured accurately unless very large quantities of solution are used. 

There is also the risk that a residue other than barium chromate may 

be obtained at low pH values. 

3.4.2 Chemical Analysis 

In this case the amount of solute in a knowm volume (or mass) 

of sample solution is estimated by some means. 

The actual technique used will depend on the chemical 

nature of the solute and the analytical equipment available. A 

number of methods have been used for the study of solubility of 

slightly soluble salts. [e.g titration with alkali (78> 79) soaometry 
80) for the study of the solubility of iodine (89), ana precipitation (77)], 

Seward and Schumb (77) determined the solubility of bariun



AUT 

nitrate by weighing as barium sulphate. However, they found that due 

to the very low solubility of the nitrate ( 40 a/am) and consequent 

small weight of barium sulphate, the results contained a considerable 

error. 

Purdum and Rutherford (81) studied the solubility of lead 

sulphate by mixing excess lead sulphate in 5 gallon pyrex bottles and 

then removing 6 litres of samples. These were evaporated in the acid 

media and the lead precipitated as lead chromate by titrating with 

potassium dichromate. However, no account of the solubility of the 

lead chromate had been considered and it would be interesting 

to see if these authors obtained a different answer had they 

neutralised the system (since a potassium dichromate solution is also 

slightly acidic). 

It is therefore concluded that although chemical analysis can 

be used to determine the solubility of slightly soluble compounds it 

gives rise to inaccuracies. 

3.4.3 Electrical Methods 

The two most common electrical methods for measuring concen- 

tration of electrolytes involve the measurement of the electromotive 

force and the conductivity. Both these methods depend on the presence 

of ions of the dissolved substances and are very useful in the study 

ot the solubility of slightly soluble salts where analytical procedures 

are of doubtful accuracy. (83, 84) These methods also have the advan- 

tage that the equipment is very simple. 

Kolthoff (49) discussed the work done on the solubility of 

a number of metallic sulphides with solubilities in the range 1079 to 

ste N/am?. He found that great inaccuracies arose with the use of 

conductivity methods as in many cases the conductivity of impurities
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(48) swamped that due to the salt in question. Zimmerman States that 

this method is extremely sensitive to conducting impurities and that 

their contribution must be known as accurately as possible. Glasstone 

anc Lewis (82) stated that if a sparingly soluble electrolyte ionises 

in a simple manner, it is possible to calculate the solubility from 

conductance measurements, However, no mention is made of the case 

When the ionisation is as complex as in the case of barium chromate. 

Zimmerman (48) states that the maximum errors encountered in 

the use of electromotive methods are only 3.7% for bivalent metallic 

salts, while the errors of the conductivity method depend on the order 

of magnitude of the solubility. If the solubility is 1079 nole/an? or 

less the error could be about 10%. The use of the electromotive method 

is limited to the availability of suitable electrochemical couples for 

a particular investigation. With non isosystic analysis these errors 

could be compounded with sampling errors. It is considered that with 

the great number of different ions involved in the acid barium chromate 

system that the above electrical methods are perhaps not the most 

suitable. 

3.4.4 Optical Methods 

Spectrophotometry is a very quick and convenient method for 

measuring concentrations, so long as the solutions under study obey 

Beer's Law in the range of concentration concerned (48, 85, 86, 89). 

This method relies on the plot of a calibration curve, which in dilute 

Solutions gives a straight line, according to Beer's Law, which states 

that-"the light absorbed by a solution is directly proportional to the 

concentration of the solution”, Mathematically it can be written as: 

& = eel
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where A = the light absorbed 

e = coefficient of molar absorptivity 

¢ = concentration of the material studied 

1 = path length. 

This method has the advantage that it is very sensitive to 

the solution being studied and can also be applied over a wide range 

of concentrations using a single calibration curve (87), It also has 

the advantage that even if there are more than one species their con- 

centrations can be determined separately provided a wavelength is found 

at which only one substance absorbs light (83) 

This method has been used in the study of the solubility of 

silica by converting the silica to silica-molybjdic acid and measuring 

the intensity of the absorbance (72), Gayer and Garrett (#) studied 

the effect of the pH and pOH on the solubility of Co(OH)o» which has a 

solubility of about 107? Man? Using spectrophotometry to analyse the 

cor concentration they found that the analysis was reproducible to 

+ 2%. However, they found that with water as solvent the results were 

not reproducible due to the collodial nature of highly purified samples 

of cobalt hyroxide. Richardson et a1,(55) used colour comparison to 

determine the concentrations of crop” in solutions and achieved an 

accuracy of 4% with the eye in daylight. However, Horn (102) in 

Studying the sensitivity of chromate solutions in colorimetric 

analysis using Kpcro, found that a change 0.02 ng/ an? cr*6 gave a 

detectable change in colour depth, and that the minimum detectable 

chromium concentration, in comparison with distilled water was 

0.26 mgfan? or*6 

3.4.5 Other Methods 

Although the above methods are perhaps the most commonly used
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in analysing the solubility of any salt in solution. There are a 

number of other special methods reported in the literature. 

3.4.5.1 Gloud Hethoa (99% 915 92) 

The principle of this method is to prepare a solute - solvent 

system of known composition and confine it in such a way as to prevent 

loss of the components. Then change the temperature in order to determine 

the temperature above which only the one phase exists and below which 

both exist. This method has been used in a large variety of systems (48) 

However, it has the disadvantage that it is not very applicable to very 

low solubility salts since they usually have metastable regions of up 

to 2 - 3 orders of magnitude of the solubility. 

3.4.5.2  _Dilatometer Method (48, 93) 

This method is based on the change in volume when one phase 

dissolves in another. Besides the fact that is is not suitable for 

low solubility salts it gives rise to a number of other errors (48, 4) ‘ 

3.4.5.3 Radio Active Tracer Methods 

The principle of this method requires the inclusion of a 

known proportion of a radio active form of one of the elements of the 

substance whose solubility is to be determined. This has been used in 

the study of slighly soluble salts such as strontium sulphate (95) by 

taking a sample of the solution evaporating to dryness and counting 

the 6 emissions of se using a Geiger-Muller counter. Also the change 

in solubility of zinc oxalate with pH was studied by measuring the 

emission of gamma rays from zn©> (96, 9) 

3.4.5.4 Chromatography 

There have been a number of methods developed for the study 

of solubility of slightly soluble materials, Krishnamurti and Dhareshvar (99)
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used filter paper dipped in agar gel as a chromatographic technique for 

determining the concentrations of various silver salts and chromates, 

They found that if the solubility of the silver salts is plotted against 

the distance diffused 4& Straight line plot is obtained and they claim 

that this is applicable to any group of metallic salts. 

Krishnamurti and Miraz (2°) sound that there is a shift in 
the peak of the absorption curves of a sparingly soluble silver salt 

from that of the potassium or sodium salt By plotting the peak 

shift versus the solubility of these silver salts they obtained a 

straight line and claimed that by using this method they could determine 

the solubility of the sparingly soluble salts. No mention was made in 

these two methods of the effect of additives, nor whether they could be 

used at higher temperatures and acidities. The Suitability is therefore 

doubtful for the present problen.
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CHAPTER 4 

Measuring the Solubility 

4.0 Introduction 

Of the methods reviewed in the last chapter the most 

commonly used with low solubility compounds such as barium chromate 

are the electrical methods (495 77 81, 83, 94) and the spectro- 

photometric (colorimetric) methods (55) 75, 72), 

The electrical methods have the advantage that they do not 

need a sampling procedure, removing all sampling errors or errors due 

to disturbing the equilibrium. The disadvantage of this method is that 

large errors could arise due to the swamping of the system by 

impurities (48, 87), also errors could arise due to the neglect of 

some of the reactions that occur in the solution 2). With the 

spectrophotometric method a wavelength could be chosen where only 

the ext6 absorbed light. This was considered to give the spectro- 

Photometric method a greater advantage over the electrical method 

in spite of the risk of sampling errors and hence was chosen to 

6 
measure the concentration of or* in saturated solutions. 

4.1 Solubility Apparatus and Material 

4.1.1 Materials 

a) De-ionised water; this was freshly prepared and used in 

all the solubility experiments and preliminary growth 

rate experiments. 

bd) Barium chromate; G.P.R. grade from Hopkin and Williams 

with an assay of 99% with a maximum limit of Na and K of 

0.02%. 

c) Hydrochloric acid; concentrated Analar grade acid from 

Hopkin and Williams. Density 1.16 g/en? (31-32% assay) 

was used and diluted to 1M according to the method outlined
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in Vogel. (142) The actual strength was then determined 

by titrating against freshly prepared Borax using methyl 

orange as an indicator. 

d) Sodium Hydroxide; G.P.R, grade pellets from Hopkin and 

Williams was used. 

e) Borax; (sodium tetraborate) crystalline Analar grade (F 99%) 

from Hopkin and Williams was used. 

4.1.2 uipment 

Four insulated water jacketed glass vessels of capacity 0.5 an? 

were connected up in parallel to a Townson and Mercer Thermo-circulator 

as shown in fig. 4.1. The vessels were continuously stirred by 

magnetic followers coated with PTFE, The temperature control was 

to + 0.03 K. 

The pH was measured with an SIL pH meter model 7010, range 0-14 

PH with a discrimination of + 0.04 pH and indicator accuracy + 0.14 pH. 

Drift was found to be typically less than 0.002 pH/ K. It has a normal 

temperature compensation. An SIL combination pH electrode (No. 1160-200) 

was used with the instrument. Samples were made up in grade A, 25 cn? 

glass stoppered volumetric flasks, having an accuracy of + 0.03 on? at 

20°c. 

The graduated pipettes used were grade A and subdivided into 

0.01 and 0.02 cm respectively, The 1 en pipettes have an accuracy of 

+ 0.006 cw. 

Samples were withdrawn through "Sinta Glass" immersion filters, 

of 10 mm dia and porosity 4, the sintered plates (maximum pore dia 

5-10 HM: pattern to BS 1428 part Fl). 

Analysis of solutions was carried out on a standard Pye- 

Unicam SP1800 UV Spectrophotometer. This is a manually operated double
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beam grating instrument with a solid state circuit measuring the 

logarithmic ratio of references and sample beam light intensities. 

AS source it uses air cooled dGteriun are and tungsten filament lamps. 

The output has four absorbance ranges, 0-2, 0-1, O-.5 and 0-0.2 and 

could be read from a meter and also recorded directly on a chart 

recorder. 

The instrument specification is given as follows:- 

Photometric Accuracy + 1% of full scale on all ranges. 

Photometric reproducibility = + 1% of full scale on all ranges. 

Wavelength accuracy = +0.5 nm, 

Wavelength reproducibility = +0.5 nn. 

Beam balance constant to within + 0.01 absorbance units over wavelength 

range. 

Stray light less than 1% at 200 nn. 

Precision optical cells (BS 3875) made from U.V. grade silica 

("spectrosil") with path lengths ranging from 0.5 nm to 40 nm. 

4,2 Procedure (Analytical) 

Before any samples were analysed the two cells were rinsed 

thoroughly with deionised water and placed in their holder in the 

SP1800. The zero on the meter was then set for the wavelength region 

required. 

The sample cell was then rinsed 3 times with the sample 

before finally filling and replacing in the holder. The same was 

done with the reference cell. The absorbtion was then read directly 

off the meter after adjusting to the appropriate scale, or a wavelength 

region was scanned and a print-out obtained on the chart plotter. 

The measurements on solubility samples were carried out with 

the cells kept at a temperature of 22°C,
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As the optical faces of the cells are very sensitive they 

were handled with extreme care and were carefully wiped on the out- 

side with absorbent tissue paper. After use the cells were inmediately 

placed in a weak cleansing solution specified for silica glass ware. 

During the use of the cells it was noticed that a slight build up of 

deposit occurred on the inner surface of the cells (especially the 

smaller ones). This was removed by periodically soaking them for a 

couple of hours in concentrated nitric acid. 

4.3 Procedure (Experimental) 

Before any solubility tests were carried out three 

preliminary experiments were done; 

(4) to determine the wavelength at which to measure 

the absorption; 

(41) to determine the calibration curve and; 

(444) +0 determine the equilibrium time required. 

4.3.1 Determination of Suitable Wavelength 
  

This experiment was to determine a peak at which only crt6 

had any absorbence. Samples of barium chromate, hydrochloric acid, urea 

and sodium hydroxide were prepared and their absorption was scanned and 

recorded as shown in figure 4.2. 

ae Barium Chromate 
  

A solution of barium chromate (0.592 x 107i) was prepared 

ina 0.1 an? volumetric flask. The sample was then analysed 

using 2mm path length cells and the procedure described in 

section 4.2.1. The results showed that barium chromate had 

absorption peaks at wavelengths 198nm, 258nm, and 360nm. The 

most sensitive was the 198nm wavelength having an absorption of 

84.2% or A = 4.21. The next sensitive at 258nm having an
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absorption of 26.6% (4 = 1.22) and at 360 the absorption was 

19.3% (A = 0.965). 

b. Urea:- A urea solution 1.993 M was prepared in a 0.1 dn? 

volumetric flask and analysed in the same way. It was found 

that urea absorbed strongly at 205nm in the region of 190 - 

230 nn, and had another very slight peak at 270 nm A = 0.03. 

Ce Hydrochloric acid 

A HC1 solution of 0.196M was prepared in a 0.1 dn? volunetric 
flask and analysed by the above method. It was found to give 

a peak at 194 nm A= 1.6 but then dropped rapidly at longer o> 

wavelengths to vary between 4 = 0.02 andA = 0.004. 

a. Sodium hydroxide 

A NaCH solution 0.5M was prepared and analysed as above. The 

absorption of sodium hydroxide varied from A = 4.0 at 210 nm 

to A= 0.4 at 250 nm with a small peak of A= 0.25 at 290 nn. 

It is concluded from the above that the wavelength to be used for measuring 

the absorption should be 360nm. 

4.3.2 Determination of Calibration Curve 

Barium chromate 0.5069g was accurately weighed and added to 

a 0.5 dm volumetric flask containing 0.05 dm of 0.995 MHCl. The 

solution was then made up to the mark. From this solution various 

concentrations of barium chromate were prepared in 0.1 an? volumetric 

flasks, by pipetting various volumes from the original solutions. 

HCl 0.995M was added to the samples in varying amounts (as shown 

in table 4.1) in order to keep the solution pH 1.24. The amount of 

acid added was based on mass balance calculations given in Appendix 

Al. The final pH of all the samples was checked on the BIL meter to 

be 1.24 + 0.02.
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Table 4.1: Variation of absorbance with 
concentration of Barium Chromate 
as pH = 1.0 and 22°C, 

  

  

Cone. of HCL Path Length 
Baro, fee en (i ) Absorbance 

(wWaw) < ) BH to 1.0 

0.040 9.94 10 0.0542 

0.100 9.8 lo 0.1365 

0.200 9-55 10 0.288 

0.400 9.05 10 0.561 

0.600 8.54 10 0.858 

“0.800 8.04 10 1.1135 

1.200 7.04 2 0.341 

1.600 6.03 2 0.458 

2.00 5.03 2 0.585 
  

from the above results a calibration curve was plotted by 

converting all values to path lengths 10 mm giving a slope s = 

6.94 x 107 W/: absorption unit. 

4.3.3 Determination of equilibrium time 

Barium chromate (c a. 2g) was added to de-ionised water 

(c a. 0.40 da?) in two of the jacketed vessels. The pH of the first 

was left at 7.6 while the pH of the second was adjusted to 6.4 by the 

addition of 0.2M HCl from a burette. Both Samples were stirred con- 

tinuously and maintained at 30.4°c. 

Samples of supernatant solution (1 on?) were withdrawn 

using a pipette with a filter attached to it, at hourly intervals for 

the first 4 hours, then bi-hourly for the next 4 hours. Two more 

Samples were taken after 24 hours and 48 hours. These samples were
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introduced into 25 om? volumetric flasks containing the appropriate 

amount of 0.995 M HCl to bring the total acid concentration to 0.1 M. 

(Appendix Al). They were then made up to the mark and analysed on 

the SP1900 

Table 4.2: Results of Equilibrium Experiments (30.4°C) 

  

pH 7.6 pH 6.4 

Time (h) Conc. 10? x W/am? Time (h) Conc. 10? x w/an? 
  

: 0.0472 1 0.036 

2 0.0523 2 0.0405 

3 0.046 2 0.0393 

4 0.0563 4 0.0394 

6 0.0568 6 0.0391 

8 0.0563 8 0.0392 

9 0.0570 9 0.0394 

10 0.0570 

24 0.0570 24 0.0401 

48 0.0580 43 0.0405 
  

It was concluded that the time needed to reach equilibrium in 

the neutral solution (pH = 7.6) is greater than that when there was acid 

in the system (pH = 6.4). 

a) 

b) 

pH 7.6: The change in concentration between 6 hours and 24 hours 

was about 2% which is within the estimated experimental error due to 

sampling and measurements. Therefore all further experiments carried 

out in the neutral solution were @llowed 6 hours to reach 

equilibrium before the samples were withdrawn. 

pH 6.4: As there was no significant change in the concentration 

within experimental error after 2 hours all experiments with acid 

were allowed at least 2 hours to reach equilibriun. 

4.3.4. Comparison of absorption through cells with 
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As a number of cells with different path lengths were used 

a subsidiary experiment was carried out to compare the absorption 

through the cells. 

A barium chromate solution of concentration 3.36 x 107" 

mi¥/ am? was prepared and the absorptionwas measured through cells of 

path lengths 40, 20, 10, 2 and 1 mm. The absorption was recorded in 

table 4.3. The 10 mm cell was then taken as standard and the 

absorption of the solution through the other cells was then compared 

to it by calculating the absorption had the measurement been done 

through a 10 mm path length cell. This then produced the equivalent 

absorption given in table 4.3. This ratio was then used to correct 

for the solubilities given in the next chapter. 

4.4, Determination of Solubility of Barium Chromate in water 
at different temperatures 5 

Barium Chromate (c.a. 2g) was added to 3 jacketed vessels 

containing de-ionised water (c a. 0.40 an?) and continuously stirred 

at approximately 30°C with the pH and temperature monitored. After 6 

hours a sample (1 on?) was withdrawn by pipette through the sintered 

glass filter tip from each vessel. The sample was then placed in a 

2.5 cm volumetric flask and the pH adjusted by adding2.52 cm? 

(appendix Al) of 0.995 M HCl and made up to the mark. They were 

analysed using 40 mm path length cells and the test was repeated at 

temperature of 40, 50, 60, 70, 80 and 90°C. 

4.5 Determination of Change of Solubility with pH 
and Temperature 

Barium chromate (c.a. 2 - 4g, depending on the acid content) 

was added to de-ionised water (c a. 0.4 an?) in the 4 jacketed vessels, 

the pH of the solutions Wereadjusted to the desired pH by the drop-wise 

addition 0.2 M HCl while the system was being continuously stirred at 

30°c. After 2 hours samples were withdrawn and analysed as described in the
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previcus section, using 10 mm and 2 mm path length cells, 

was repeated at temperatures 40, 50, 70 and 90°. 

Table 4.3: Ratio of absorption through cells to 

absorption through standard 10 mm cell. 

This 

  

  

  

une Absorbance Ratio 

40 0.480 0.996 

20 O.2h% 1.006 

10 0.1205 1.000 

2 0.0240 0.995 

i 0.0120 0.996        
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CHAPTER 

Results and Discussion 

In the first few solubility tests no great attention was given to the 

final pH of the sample analysed by the SP1800. This lead to a great 

scatter of the results and also to the solubility at temperatures 50 

and 70°C overlapping. The reason for this was attributed to the fact 

that as the samples had varying amounts of acid, the equilibriun 

composition varied. By the nature of these equilibria (section 2.3), 

if the cH is kept constant the proportion of the concentration of the 

species is kept constant (provided not too much of the dimer is formed). 

For this reason the pH of all the samples measured was adjusted to 1.25 

+ 0.02 pH units. 

5.1 Solubility of BaCr0, in Water 

The solubility of barium chromate in water is plotted in figure 5.1, which 
io obtained bom table 5.1 
This shows that the dissolution is endothermic and the solubility 

increases with temperature by about 3-4% /K. This agrees with the 

value calculated from the literature (12,12), 

However, it is also noticed that the solubility values 

obtained here are higher than most of those given in the literature 

(table 2.2) by a factor of*2, except for the values obtained by Waddel 

(table 2.1) which are much more in agreement with present results, 

dispite the fact that with his method results were obtained from 

solutions that might not have reached equilibriun. 

The difference between the present results and those published 

could therefore be attributed to the fact that the solubility of barium 

chromate is very sensitive to the pH value of the solution. 

5.2 Effect of pH and Temperature on the Solubility of BaCrO), 

The solubility data obtained are plotted in figure 5.2. It is evident



= 36)= 

 
 

 
 

                      
 
 

26°% 
H
e
t
 

€2*gt 
e/Se 

z900°T 
0g 

€z0°O 
92T0°T 

a
o
e
 

T6°2 
4°69 

c6°% 
Gert 

Te*st 
e
e
 

2900°T 
oz 

STz0"0 
92T0"T 

eS°S 
l
e
 

4°69 

lo°€ 
eel 

€g°et 
4/Se 

6566°0 
Ot 

0€0°0 
40T0°T 

G
2
 

96°4 
Zz 6S 

To°e 
cot 

Se°tt 
4 /Se 

6566°0 
On 

$2z0°O 
+0T0°T 

eG°% 
40°8 

6
s
 

Toe 
Gert 

+9°TU 
4/S2 

|
 

6566°0 
ot 

220°0 
HOTO°T 

|] = 
eS°2 

6E°2 
Z°6S 

or°e 
te°T 

62°0T 
4/Se 

6566°0 
On 

$z0°0 
2600°T 

"2% 
Gerd 

9°6h 

Ore 
te°T 

€9°8 
4
/
2
 
|
 

6566°0 
Of 

| 
00z0"O 

Z600°L 
| 

2S°z 
26°% 

9
°
 6 

or°e 
rt 

cH" 
4/S2 

6666°0 
Oh 

|
 
S6TO°O 

2600°T 
Gre 

gerd 
9°6h 

o2z°€ 
cSt 

Heed 
4/Sz 

6566°0 
Ov 

gT0*°O 
TS00°T 

G°t 
eed 

2°6€ 

ee 
te°T 

6S 
n/se 

|
 

6566°0 
0 

| 
SZTo°O 

TS00°T] 
2S°z 

werd 
2°6€ 

0z°€ 
ee 

+6°9 
nfse 

6566°0 
Ou 

9T0°0 
TS00°T 

e
S
 

02°2 
2°6€ 

ocre 
H2°T 

Z
a
g
 

a/c 
6566°0 

Ot 
zt0*O 

6T00°T 
e
S
 

C272 
6°62 

o€°€ 
(eAqi 

e
e
s
 

4/Sz 
6666°0 

on 
zt0°o 

6100°T 
S
e
 

02*2 
6°62 

oee 
H
T
 

82" 
4/Sz 

6566°0 
On 

Tto"0 
6T00°T 

eS°e 
Zg°d 

6°62 

up 
fi 

Jat 

ord! 
“e 

mE | Pit 
[emer] 

ov 
| eter] 

me] 
ow | 

cos 

szeyzem 
pestuotep 

ut 
“oayeg 

go 
AITTHAMTOS 

:1°S 
eTqeL  



-39- 

 
 

 
 

 
 

  

92°% 
ooh 

Te*S2 
S°et 

Z900°T 
0g 

0ze0°0 | 
TSd6°0 

a
e
 

o
n
d
 

9
°
&
 

94°% 
Soa. 

S9°8e 
Get 

2900°T 
02 

S2€0°0 | 
Téd6"0 

es°2 
Seed 

94°% 
Set 

S9°82 
Seer 

2900°T 
oz 

SZ€0°0 | 
Ted6°0 

woe 
16"9 

ce°z 
G2°Tt 

16°S2 
Scat 

2900°T 
oz 

0€0°0 | 
Teé6°0 

a
2
 

oars. 
T° 0% 

€°2 
Hee 

94° 
ee 

S°eL 
2900°T 

oz 
9z0°0 | 

Tg66°0 
S
z
 

dere 
T°0& 

€6°2 
Core 

463° 
e/se 

2900°T 
oz 

gz0°0 | 
Tg66°0 

osc 
T6°9 

T°08 

26°2 
te" 

QT 
6 

e/se 
z900°T 

02 
$2z0°0| 

9z0°T 
"2 

69°2 
47°69 

e
e
 

TO4ORy 
TOzOR, 

a
 

TOzo~e, 
poppe 

o
x
?
 

a
e
 

R
e
 

Tra 
rep 

o
e
 

Vv 
ovena 

a 
“
 

                    
 
 

panutyu0p 

   



 
 

 
 

                      
 
 

go°OT| 
Sz°T 

ze°6¢ 
Set 

8566°0 
@ 

6T00°T 
| 

gSt*O 
|
 

9ze°2 
09°0 

T°te 

g09*th | 
Sze°Tt 

gT°gt 
SZ 

000°T 
ot 

6T00°T 
0S0°T 

96°% 
G2°0 

ESTE 

HIS°E 
| 

Se°T 
28° €T 

SZ 
000°T 

ot 
6100°T 

TOg*o 
THz 

00°T 
rete 

H6U°Z 
| 

Se°T 
659°8 

Se 
000°T 

ot 
6T00°T 

00S *O 
Sue 

O€*T 
eae 

d€o°z 
| 

Se°T 
250°S 

Se 
000°T 

ot 
6100°T 

S9r"0 
94°% 

O
T
 

e
k
 

0417 L | 
Geet 

Tog"s 
Sz 

000°T 
oT 

6100°T 
GEC*O 

S
z
 

Go" 
THES 

STL] 
Set 

A
 

Se 
000°T 

OT 
6t00°t 

| 
+92°0 

|
 

6H*z 
G21 

Tete 

UId*O"| 
Bsere 

Sog*z 
G2 

000°T 
OT 

6100°T 
Z9T°O 

0S 
2 

oT’e 
ae 

Uk 

gety"O 
| 

S2°Tt 
0g9°T 

Se 
000°T 

oT 
6100°T 

260°0 
1S°z 

one 
Ete 

St2°o| 
S2°t 

6478 °0 
St 

000°T 
oT 

6100°T 
640°O 

are 
Oye 

L
e
 

2HT°O 
| 

Sze 
0gS°0 

SZ 
000°T 

ot 
6t00°L 

| 
S€Eo"o 

S
e
 

Gore 
SEG 

HE80°O 
| 

Se" 
6z€°0 

Se 
000°T 

ot 
6100°T 

| 
06T0°0 

Gre 
os*€ 

a
e
 

BTHO"O | 
Se"Tt 

S9T"O 
Sz 

000°T 
ot 

6t00°T 
| 

S600°0 
cSt 

O
E
 

REG 

66z0°O 
| 

Sz°Tt 
8TT°O 

SZ 
000°T 

oT 
6100°T 

| 
§900°O 

S
z
 

8T't 
ESTE 

Z 
Hd 

- 
u
e
 

IIOVORY 
o
y
o
R
y
 

a
i
s
e
 

z
o
y
o
e
y
 

v 
p
i
e
 

ud 
e
e
 

= 
peut 

€ 
Tta 

TTe8p 
Tred 

| 
eqedta 

Stu 
*ou0p 

“D,0€ 
Jo 

emyzereduez 
ve 

ye 
yd 

UyTH 
JO 

#2°S 
OTqey 

9 10 
Jo 

AVTTTAMTOS 
oy; 

Jo 
uoTZETTEA 

ou} 

 



-41- 

 
 

 
 

                  
  

Set 
gect 

49°06 
|6566°0 

z 
2600°T 

SO°T 
g0°% 

Se"o 
04°6% 

Set 
eeu 

go°2%d 
| 9566°0 

z 
2600°T 

Seg"o 
92°e 

09°0 
S2°6h 

Set 
Cgat 

29°64 
16566°0 

zg 
Z600°T 

225°0 
6€°% 

S6"0 
02° 6H 

Set 
(Ret 

€9°2E 
| ¥S66°0 

Zz 
2600°T 

&2€°0 
THz 

S6°0 
02°67 

G2 
e-L 

se°T2 
| 

000°T 
Ot 

2600°T 
Oe*T 

t
t
e
 

0g*T 
02°64 

Set 
é2°T 

9S°8E 
| ¥S66"0 

3 
2600°T 

STz°0 
94° 

On’ 
04°64 

SZ 
(
a
 

gH6°TL 
| 

000°T 
ot 

2600°T 
S69°0 

Sh’? 
S9°T 

Se 
*6t 

Se 
con 

d
e
d
 

000°T 
ot 

Z600°T 
z
e
"
 

647°% 
S6°T 

08°64 

Sz 
82°T 

eed°€ 
000°T 

ot 
2600°T 

0zz*o 
TS*e 

Sere 
GL°6h 

Se 
Le iu 

225°% 
000°T 

ot 
2600°T 

O2hT*O 
TS*z 

So*e 
08°67 

G2 
Zoek 

260°% 
000°T 

ot 
2600°T 

oz2t"o 
tre 

o
d
e
 

0g 
6H 

Sz 
22° 

€TS°T 
000°T 

ot 
2600°T 

0gg0*O 
TS*z 

06°2 
S6° 6H 

Se 
“et 

H
E
L
 

000°T 
ot 

2600°T 
0920°0 

S°e 
Ste 

06 
"6t 

Ge 
o
t
 

dt2°0 
000°T 

OL 
Z600°T 

477L0°O 
c
e
 

S
e
n
 

08°67 

t
/
a
 

e
e
 

y
e
 

remnce | woe | 
@t*] 

"ite | “msafemena| 
| 

cree]   
 
 

“0,05 
a
a
n
y
e
x
o
d
u
s
y
 

ye 
yd 

yyth 
gS 4
 

Jo 
AITTFANTOS 

our, 
t€°G 

OTqul,  



alors 

 
 

                    
 
 

eT 
+
h
 

6€] 
= 

S2t 
|
 

8S66°0 
z@ 

TSO0°T 
|
 

SS%"0 
6e°2 

$9°0 
S*0n 

He" 
+6°0' 

S2T_ 
| 

8S66°0 
2 

TS00"t 
| 

2S€°0 
LEZ 

g°0 
S*On 

Aen 
On" 

Ta 
Se 

000°T 
ot 

TS00"T 
He" 

Kare 
So" 

S*On 

Het 
2o°ty 

SZ 
000°T 

OL 
TS00°t 

| 
029°0 

day 
% 

Sa 
S*0H 

He°1 
TSE3S 

St 
000°T 

ow 
TS00°T 

Ote*o 
6
S
 

06°T 
S*0n 

tHe" 
Tzo°e 

Se 
000°T 

oT 
TSO0°T 

S21°0 
0S*z 

Gad 
S*0n 

Corr 
SHES 

Se 
000°T 

ot 
TS00°T 

SET*O 
°2% 

o
n
?
 

G
O
H
 

Garr 
2€0°% 

Se 
000°T 

Ot 
1S00°T 

gTL*O 
1S°% 

GG°% 
S*0h 

Se°T 
6t6°0 

Se 
000°T 

ot 
TS00°T 

SS0°0 
S
e
 

Sore 
G*0H 

Set 
S22°0 

Sz 
000°T 

ou 
TSoo°t 

| 
z0°O 

e
e
 

Gere 
S*0n 

Se" 
€gt7"0 

Se 
000°T 

ot 
TS00°T 

gz0°0 
w
z
 

oS*e 
S*On 

Sel 
662°0 

Se 
000°T 

ot 
TS00°T 

Stoo 
eS°e 

06°€ 
S
C
H
 

Gert 
Tzt"o 

SZ 
000°T 

OT 
TS00°T 

200°0 
Aes 

O
t
t
 

S*On 

Serr 
980°0 

Sz 
000°T 

ot 
TS00°T 

$00°0 
S
e
 

Gh"h 
S*On 

1 
690°0 

Se 
000°T 

oO 
TS00°t 

|
 

#00°0 
a
e
 

G°S 
S*0n 

tM 
ww 

peppe 

ho | 
ttre 

Pte 
|e 

fama | 
% | OBE] 

we | oo 

*0,$°Oh 
Fo 

emnzeroduez 
eye 

HI 
YITM 

| 
2) 

JO 
AZTTEANTOS 

O44 
Jo 

UOTZETAeA 
ey, 

JO 
#Hy"S 

STILT 
ot 

 



ekg 2 

 
 

 
 

  

Ge"T 
T6n' 

SS 
Set 

§S66°0 
z 

9Z10°T 
St9°0 

6€°z 
06°0 

G*69 

Set 
Sed 

Th 
Set 

6566°0 
i 

9210°T 
Sei" 

en’ 
Sort 

G°69 

G2'T 
egg" de 

Set 
|
 

9S66°0 
3 

geto"t 
| 

set"o 
t
e
 

ST°T 
$*69 

92°T 
tet 

dE 
Set 

gS66°0 
Z 

9210°T 
SEn"O 

a
t
e
 

S
t
 

G°69 

Gert 
680° 

He 
Set 

9S66°0 
zZ 

9eT0°T 
0gz*O 

ate 
6S°T 

G*69 

S
e
t
 

82S°TL 
Set 

$S66°0 
z 

9210°T 
HET"O 

0s*2 
Sete 

$°69 

ob 
Soi 

th 
Sz 

000°t 
OT 

g2to°t 
092¢°0 

S
e
 

So°% 
G°69 

Sou 
SEL°€ 

Se 
000°T 

ot 
92T0°T 

8Tz*o 
1S*2 

GL°% 
G*69 

Gert 
29t°2 

Se 
000°T 

Ot 
92T0"T 

4
t
h
"
 

O 
TS*e 

S6°e 
S°69 

Set 
662°T 

Sz 
000°T 

ot 
9eT0°T 

SOT'O 
S
e
 

ST°€ 
S°69 

Sor 
e
e
l
 

Ge 
000°T 

ot 
9z10°T 

690°0 
eS*% 

Si 
G°69 

Set 
S89°0 

Sz 
000°T 

Ot 
gzto°t 

| 
on0°O 

a
e
 

og°€ 
S69 

Set 
TUy"0 

Se 
000°T 

ot 
92T0°T 

47Z0°O 
Gre 

Gorn 
S*69 

Hd 
ae 

7
 

r
O
y
O
R
T
 

T
o
y
o
R
y
 

s
e
e
r
 

J
O
O
S
 

Vv 
p
e
p
p
e
 

Ha 
25 

Teuls 
a
 

Tita 
Tt99 

tts 
| 

e
e
d
t
a
 

sTu 
“dua, 

                  
 
 

“
2
,
0
2
 

go 
o
a
n
z
e
r
o
d
u
e
z
,
 

e 
ye 

yd 
YyQIM 

oF 9 
go 

£4TTEQNTOS 

  

 



 
 

 
 

  
  

  
  

  
  

  
  

  
  

  
 
 

S
e
l
 

4790°26 
Sel 

gS66°0 
ze 

92T0°T 
| 

O40°T 
92°% 

09°0 
S°69 

Se°t 
Bzt7 

de 
Set 

| 
8S66°0 

z 
9e10°T 

| 
006°0 

Te"? 
02°0 

S°69 

Set 
42°99 

Get 
9566°0 

S 
9gzt0°T 

| 
odd*o 

9e°2 
0g*0 

G°69 

T/it 
ww 

2 

Hd 
% 

OL 
| aCRO Sn 

Rro roar 
| itt 

cor 
siamese 

et 
Vv 

pappe 
Ho 

eae, 
Teuty 

*ou0g 
Tita 

Tr89 
Treo 

jerqedta 
sTu 

e 

penutzucy 
§=— 

86 °G_ 
a TQuy,



-45- 

 
 

 
 

                

TtO"T9 
e
T
 

Set 
2 

Ted6"0 
$89°0 

e
S
 

Ot°T 
G°ég 

880" try 
£o2E 

Set 
2 

18d6°0 
S6r°0 

Hite 
02z°T 

S68 

tEESS 
€z°t 

Sat 
z 

Tg26°0 
Sez"O 

6t7°? 
09°T 

G*6% 

S6S°6T 
coor 

Se 
ie 

T&26°0 
0¢z*0 

64°% 
SB°T 

S°68 

4hE°9T 
€z°T 

Set 
@ 

Ted6°0 
| 

S€BT*O 
oS*z 

00°2 
G*68 

GA 
€T 

te°T 
Se 

OL 
T626°0 

S22°0 
0S*2 

Obs 
G°68 

465 
4 

tee 
SZ 

ot 
Te26°0 

662°0 
TS°S 

Sere 
47°68 

OSS°€ 
42° 

SE 
Ot 

1e26°0 
00¢*0 

S*z 
G6°% 

G°68 

SLi 
e 

tee 
Se 

ot 
Ted6°0 

|
 

S6€T*O 
eee 

Cee 
9°66 

Se9°T 
ert 

Se 
ot 

Ted6°0 
$60°0 

rz 
og°€ 

5°68 

SIT’ 
Seu 

Se 
Ot 

|
 

Ted6°0 
£90°0 

w
e
 

sere 
9°68 

222°0 
Set 

Sz 
Ot 

|
 

Ted6°0 
THO*O 

Gre 
ST'h 

S*6y 

‘T9H7°O 
Set 

Ge 
OL 

| 
T826°0 

9z0°0 
Gre 

OS" 
9°68 

e 
e
a
 

ud 
r
o
q
o
r
y
 

a
s
t
 

O
y
e
 

P
e
e
 

yd 
Do 

=a 
Tela 

ug 
Tlep 

je770dta 
Vv 

zo 
STu 

due, 

  
 
 

"0,06 
emmyereduey 

ye 
yd 

yzTM 
9 420 

JO 
A4tTtanTos 

our, 
19°S 

oTARL  



 
 

 
 

                  
 
 

GE°90T} 
= 

-He°T 
Set 

Zz 
Ted6°0 

oz'T 
Gtr? 

S2'0 
G*6y 

St 
ZOT 

He" 
Set 

z 
T8d6"0 

F
L
 

gere 
0g*0 

S68 

g0g"0d 
42° 

7 
Set 

Z 
Te26°0 

Sed°o 
Sit 

00°T 
S°6g 

t/a 

x 
cot 

Ha 
z
o
z
O
R
y
 

yysueqy 
L
O
p
O
R
y
 

Vv 
F
o
r
t
e
 

Had 
Do 

*ouog 
Teuty 

|
 

Tita 
Tied 

§=e19edta 
70 

Stu 
*duog 

*penutzuop 
= 

#9"*G 
aTQeL  



BA
RI
UM
 

CH
RO
MA
TE
 

(M
/d
mg
) 

x 1
0° 

=
 

o
 

- 47 - 

  

8 

> a   ris 1 1. 1 1 1 4 1     

25 26 27 28 29 30 31 32 33 34 35 
3 

d(x) x 10 

FIGURE 5:1 CHANGE OF SOLUBILITY OF BARIUM 
CHROMATE IN DE-IONISEO WATER 
WITH TEMPERATURE 
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that the solubility increased with temperature and with the hydrogen ion 

concentration. These results (figure 5.2) are similar to Osawa's 

results (21) given in table 2.3. However, though his results are 

apparently slightly lower than these results, the pH values given in 

table 2.3 are based on pure acetic acid and do not take into 

consideration the equilibria existing due to the formation of Hero, 

This will give a higher pH value and thus give higher concentration 

values for a given pH, bringing his data nearer to the present values. 

53 Effect of pH 

The reason for the solubility increase with the hydrogen ion concentration 

is due to the formation of the protonated chromate ions, dichromate ions, 

protonated dichromate ions and chlorochromate ions, as the acid 

concentration increases. This causes the basic stabilisation reaction, 

BacrQ, 9 === Ba? + crop es 

to shift to the right, increasing the overall amount of Bacro, going 

into solution. Defining this amount as S and the hydrogen ion 

concentration as H. The solubility S can be related to the equilibriun 

constants (equations 2.8 to 2.13) by the following equation (appendix 4) 

  

So -) She = 0 bs2 

H ini 
where sex, [2+ +e ——+ He | 

i Eko 4k, 

4 
2K_2 K w H 

and ere a ‘a [ He a eet 

Kp Kaz Kankaa 

where the K's are the equilibrium constants and KD the solubility 

product.
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FIGURE 5:2 CHANGE OF SOLUBILITY OF BARIUM 

CHROMATE WITH TEMPERATURE 
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A Nelder and Mead algorithm optimisation program attempted 

to estimate the equilibrium constants from the experimental data using 

an optimisation of the function:- 

Y, = = (8, - Wat,)* 58 

where YVAL; is the calculated solubility (based on equation 5,2) at 

any PH, ~ and Ss is the experimental value of the solubility at any PH, 

The Nelder and Mead program is a package program and the YVAL 

subroutine is given in Appendix 4, 

However the optimisation was not successful. It was found that starting 

from different initial guesses gave different values for the equilibriun 

constant as shown in table 5.8. It was also noticed that only Kp kept 

optimising to the same value. The reason for this is the possible 

insignificance of some of the equilibria (postulated by equation 4.2) 

in the range of pH examined. A hurestic approach was then tried to see 

the effect of each of the K values on the solubility. 

A function 

  

was evaluated by choosing different combinations of the orders of 

magnitude of the equilibrium constants. The correct values of the 

equilibrium constants should give a value of F = 1. 

The following combinations (table 5.7) were taken on the basis 

of values reported in the literature. 

Table 5.7: Hquilibrium Constants used in Huristic approach 

Sh a K, % % K 

10% 10"? 10° ioe 107 107 

10ne 1 ict io sag 10;
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Table 5.7: Continued. 

a aD K. sa) Kp X> 

10° 1079 10° 10° = - 

= < = 10" & < 

ie a = 10% = = 

The hydrogen ion concentration cH was taken at two values 

(ao and 10) to cover the range of the experimental data. Defining 

the terms in A and B as follows; 

H x KP 
A = ae lt — + + coo e Salt 

we KK) BS 

Car] [a2] [a3] [a4] 

  

4 
2x? w H 

B= “32 | ee ] SS 
KD pe Kakao 

[32] [33] (e4] 

The calculations were carried out using computer programme SK22 

(Appendix 4). All combinations that gave 0.8 > F > 2 were discarded 

as being of too great an error. The results of this estimation are 

given in appendix 5 and summarised below. 

5.3.1. Components of the B Term 

When the hydrogen ion concentration was set at ao (table A5.2) the 

value of % varied from 10° to 10° ; this meant that at the best the 

value of the B term was 1% or less than the (AS) term. Whenever the 

1 
hydrogen ion concentration was set at 10 the ratio (table A5.1) 8 

varied from 10° to 10. It was found that even with the best 

Significant value of B, the term By (H3Cr20.) only contributed 0.1%
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of the value of B. Furthermore, varying Kay from 10" to 10” only 

changed F by 0.1%. 

This indicated that in the region of study, the data is 

not sensitive to the values of Kay and as B4 is of very small 

significance anyway of the terms in B only the 52 term need be 

considered in equation 4.2 without significantly affecting the accuracy. 

50302 Components of the A term 

When setting the hydrogen ion concentration to 10 AY (cro,c1 ) had 

at best a value 5 orders of magnitude smaller than the major term in A. 

While A3 (H,Cr0, ) at best contributed 1% or less to A. 

When setting the hydrogen ion concentration to 107}, A2 

(Hcro,) and A3 are of equal standing and A4 showed a contribution of 

about 10%. 

From the above analysis equation 5.2 may be simplified to 

; H H Ho 
gt ee ee eet Ree 

eS XK 

. Zot™ eta 
%
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CHAPTER 6 

Literature Review on Equilibria in or*? Solutions 

6.1 Introduction: 

The composition of chromate species in aqueous acidic 

solutions has been the subject of a number of investigations over the 

past 70 years as referred to in Section 2.3. However, as seen in Table 

6.1 a variation in the reported values of the equilibrium constants is 

noted in some cases the variation is as mich as an order of magnitude 

as in the case of Kao while in the cases of Ky and K, the variation is 

only by a factor of 2. As these equilibrium constants are of great 

importance in the determination of the crop” ion, the literature is 

reviewed here from the point of view of the experimental work carried 

out by these researchers. To follow their work an introduction into 

equilibria in solutions and the factors that affect it are outlined 

first. 

6.2 Equilibrium in Solutions (32) 82+ 104, 105) 

The concept of dynamic equilibrium provides a simple means for 

determining the relationship between the quantities of reacting sub- 

stances and products that are present at equilibrium. 

For one mole of a substance in a solution its free energy can be defined 

as, 

Oo + RT Ina ened Fo= F 

where R is the universal gas constant 

T the absolute temperature 

a the active mass 

By applying the free energy functions to the general reaction system 

in solution: 

aA + DB +... === pP + aQ + os. 
neue sOee
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the change in free energy of this system is: 

AF = (pF, + aFy tones Jin (are + DF, + vee) 200 006.3 

substituting from equation 6.1 and separating the concentration 

dependent terms from the others, 

AF = pFD + aF,° + cee = aR, = 6Re os 

00000605 

defining A\F° = DFP + aF° 

  

P 
Pe grcm hee + wry pees pases? 

Since at equilibrium AF = 0, 

p a 

tie =) Av = prin = 
a b 
ays ag ove 

or Ar? 

- a Pp a RT 2 AX seee 
e = Ko = Seer Sg sett . necesOs0 

a b 
ay + ag vee 

The term K° is a constant at constant temperature and is know as the 

thermodynamic equilibrium constant. 

6.3 Factors that affect equilibriun 

One of the most well known principles that describe equilibrium 

chemistry is the Le Chatelier principle which states that: "If a change
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occur:s. in one of the factors under which a system is in equilibriun, 

the system will adjust itself so as to tend to annul, as far as possible, 

the effect of the change". The factors which affect complex formation 

in solution are the active concentrations in the solution, the 

temperature of the solution and the solvent used. 

6.3.1 Effect of active concentrations 

The departure of a solution from ideal behaviour is usually 

represented in terms of a property known as the activity as seen in 

equation 6.1. This activity is related to the actual concentration in 

solution by a quantity known as the activity coefficient. If the 

concentration of a solution is Cy moles, it is possible to express its 

activity ay by the relationship: 

ae cl 

where fy is the activity coefficient. 

The value of the activity coefficient is dependent on the total 

concentration of ions in solutions or, the "ionic strength" (32) which 

is given by the relationship: 

Me = oa 

where zy is the valency of the ions. 

In a solution of ionic strength 4 , Debye and Huckel showed 

that the activity coefficient fy can be given the relation: ‘2+? 

2 
4a YE 
  log f; = 

1+Ba /H 

The definition of the terms in this equation are given in 

appendix 2, Although the above equation predicts a decrease in the 
increase in 

activity coefficient with, ionic strength, in practice it is found that



2 6ote 

this only holds for ionic strength up to about 0.1 . Beyond this 

value the activity coefficient decreases more slowly, passes through 

a minimum and then increases with ionic strength. Allowance for this 

can be made by adding a term proportioned toy: thus, 

e 
‘a VB ‘ +e 

l+saQ 

  log fy = 

where c is an empirical constant and can only be evaluated from 

experimental values. 

The value of a is entirely dependent on the type of ions in 

Solution. As seen in appendix 2 the equilibrium constant for any 

reaction can be related to the ionic strength. e.g. for the 

dimerisation of the chromate ion at “low ionic strengths (up to about 

0.1 M): 

  

° 
log Ky = log Ka - 

At higher ionic strengths Lukkari (39) showed experimentaly (at 25°c) 

that, 

! 
awe 
  

° 
log K, = log K, + 

‘da ‘a 

l+B 2 

4 
where C = 0.06. 

If the last term is neglected, upto ionic strengths of 0.5 if, only 

a 5% error is introduced in the value of Kg- At ion strengths of 

1.0M an error of about 10% is introduced. This is probably within 

the experimental error of the measurement of Ka
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6.3.2 Hffect of Temperature 

The effect of temperature on the equilibrium constant is 

dependent on whether the reaction is endothermic or exothermic as 

Seen from the following mathematical relationships, from equation 6.8. 

AF? =RT In K, ConA ae) 

Differentiating equation 6.9 at constant pressure and substituting the 

Gibbs - Helmholtz equation (106) 

Aro = An? + 1%   

into 6.9. gives:- 

° ain kK, AH 

at Rr 
  

This is known as the Yan't Hoff equation and Ax° is the heat of 

reaction at constant pressure. 

6.3.3 Effect of Solvents 
  

Interionic forces in solids are of great magnitudes however 

in solutions a number of factors reduce these forces to enable the 

existence of ions. 

A major factor is the "dielectric constant" which is a result 

of an electric field being set up by the polarity of the solvent 

molecules. Water is distinctive from other solvents in having a very 

high dielectric constant ~ 79 at 25°C compared with 24 for ethyl 

alcohol and 4,2 for diethyl ether. The higher the dielectric constant 

of a solvent the easier it is for ions to be separated. 

A second factor can be seen from the fact that although, a 

number of solvents have a higher polarity than water their dielectric
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constants are not Shigh as that for water. This can be attributed 

to random thermal vibrations which tend to disrupt the orderly 

alignment of polar molecules between ions in most Solvents, thus 

reducing the observed value of the dielectric constant. Where as, in 

the case of water hydrogen ion banding between the slightly positive 

hydrogen of one molecule and the lone electron pairs of the oxygen 

of a neighbouring water molecule, aids the alignment of the water 

molecules thus, counteracting the effect of the random thermal 

vibrations. 

Another factor which accounts for the existence of ions in 

Solution is the solvation energy which results from the net attractive 

force between the ions and the dipole of the solvent molecules. 

6.4 Measurement of Hguilibrium Constants 

The most obvious method of measuring an equilibrium constant 

is to allow the system to come to equilibrium and to analyse the resulting 

Solution for each of the chemical species present without disturbing 

the equilibrium. Unfortunately, most analytical methods involve 

reacting the species to be analysed with some other compound, and hence 

disturbing the equilibrium. However, there are a number of methods by 

which the concentrations of some (or all) the species may be measured 

without disturbing the equilibriun. 

6.4.1 Rapid Analysis 

It may be possible to use conventional analytical methods to 

determine the equilibrium composition of a system if the system departs 

very slowly from equilibrium, and the analysis can be performed quickly. 

Bjerrun (107) in 1914 used direct chemical analysis to determine the 

equilibrium constants for the complexes of trivalent chromium with 

thiocyanate ion. He used a series of precipitations and extractions to 

Separate the various complexes. However, most systems reach equilibrium 

very quickly and seperations such as Bjerrums cannot be used.
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6.4.2 Spectrophotometric Methods 

Beer and lambert have proposed laws of light absorption 

well known in their combined form as the Beer-Lambert Law of light 

absorption. This states that the fraction of incident light absorbed 

is proportional to the number of molecules in its path. That is, ifa 

substance is dissolved in a solvent, the absorption by the solution 

will be proportional to its molecular concentrations, provided the 

solvent itself does not absorb light in that region. This law is 

expressed as: 

Absorbance (or optical density) = ogi ue = el 

I 

where I, is the incident light intensity 

I the transmitted light intensity. 

e is the absorption coefficient. 

C concentration. 

1 path length. 

Light absorption or spectroscopy is a powerful method for 

analysis of solutions in terms of the simplicity of the basic cal- 

culations of the Beer-lambert law. In single component solutions as 

long as no reactions take place (such as dissociation, ionisation or 

association) the light absorbed is directly proportional to the 

concentration. In multicomponent solutions with no reactions occurring, 

the total absorption is equal to the sum of the absorbtion of the 

(88, 108, 109) | Mixtures of substances can therefore individual species 

be analysed providing one of the two following conditions apply:- 

a) If the mixture of substances have absorption maxima at widely 

Separated wavelengths they may be readily analysed using the Beer's 

Law for each component independently, 

or 

b) if the mixture of substances absorbed in the same wavelength region
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they may still be analysed from observations of the absorption of the 

mixture at a number of suitable wavelengths. For this second 

condition it is necessary that the components absorb independently 

and that the extinction coefficients of each pure component is known. 

The measured optical density at any wavelength in this case can 

therefore be given by the equations 

D = log zt = (2,4 cy + 2% + wesedile ease s0s20 

In the literature there are a number of papers dealing with 

the general analysis of multicomponent systems by sSpectrophotometry 

(88, 110, 111, 2) However, they all depend on the knowledge of the 

coefficient of molar absorptivity of the individual components. 

This, as seen from equation 6.10, is a straight forward 

Solution of a series of equations depending on the number of components. 

However, in many equilibria in solutions it becomes very difficult to 

Separate out individual species for separate measurements of Qxr as in 

the case of ort6 complex’s in solution Cee without making assumptions 

and pushing the equilibria to the limits. Even then it is not possible 

to isolate all the species that could arise in any one set of conditions. 

6.4.3 Electrical Methods 

  

The two most commonly used electrical methods for measuring 

concentrations of electrolytes are the potentiometric method and the 

conductivity method. Both these methods depend on the presence of ions 

in solution. 

a) Potentiometric method: This method is dependent on the fact that 

the potential of a reversible electrochemical cell is directly related 

to the activity of the ions involved in the cell reaction. Harned (113) 

et al, give a good example in the study of weak acids. Using the 

following electrochemical cell:
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Pt / Ho¢g) / HA A, Bale / 010, [Age 

with an overall cell reaction: 

Ag Cl (s) + 3 H, (g) =—=™ Ag +H + C17 (° = + 0.222 volts) 

and according to the Nernest equation: 

B = E° - 0.0592 log [x] [c17]. 

By holding the activity of the chloride ion constant with potassium 

chloride and changing the concentrate of the weak acid the concentration 

Cut Jwill vary according tos 

K, = CA) Ca) / Cua. soe EL 

Hence, measurement of the potential difference across the cell yeilds 

the value of K,- 

6.4.4 Conductivity Methods: 

Ions in solution conduct electreity, therefore, the 

conductance of a solution can be used as a measure of the number of 

ions in solution. When the concentration in the solution approaches 

zero the activity approaches 1, and hence the conductance can be 

considered as a measure of the total number of ions in the system. 

The equivalent conductance of a system can be defined as: 

A. = 1000x /cz, e200 06.12 

where x = is the specific conductance of the system, and z = the 

total number of +ve ions in the system from one formula unit of salt. 

The advantages and disadvantages of these two methods were 

discussed in section 3.4.3.
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6.5 The study of cr? equilibria in solutions 

er 
Sh rill et al, used the fact that the freezing point of 

a solution of oxt6 will fall due to the presence of dichromate ion 

and hydrochromic acid to study the equilibrium: 

aacro, == HO + Cr205. 

They did this by studying the freezing point of various 

solutions of dichromate. By calculating the Van't Hoff factors) which 

is the lowering in freezing point divided by the calculated freezing 

point had there been no dissociation of the dichromate salt, and 

solving a series of simultaneous equations they obtained values of 

70 >Kq > 25 at 25°C. However, they found that their calculations 

were very sensitive to error and varation of < 3% in the value of i 

changed the value of Kg by as much as factor of the value of the 

dimerization constant. 

Neuss and Rieman (29) studied the equilibria between mixtures 

of potassium chromate and potassium dichromate to determine the 

equilibria constants: 

  

  

4 Conof] nbs 
(Hero, 

a 
me) oe he 3 seeee6el4 

(Hero, 7 

They assumed that all the potassium chromate forned only chromate ions 

and that only potassium dichromate gave rise to the HCr0, and cr,0, ions
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Substituting these two assumptions into equations 6.13 and 14 they 

obtained: 

cay op = 2 ok, - Kk, CHD) eeeebe15 

where 1) is the concentration of cro, ion, n the ratio of the chromate 

to dichromate salt, and cay the hydrogen ion concmtration obtained 

from pH measurements. By plotting cH 2D vs. cat] values of K, and 
Kj were obtained as 3.2 x 107” and 45.5 respectively (25°C, U= 0). 
However, their basic assumption that no HCr0), ions are formed fron 

the potassium chromate salt is questionable as all their pH measure- 

ments were in the region of pH = 6. In this region (as Ramette (114) 
Showed in a paper published in 1972) the Cro; ions and HCro, are at 
least in equimolar proportions and it is probable that HCro, may even 

be in greater proportion. 

Tong and King (30) used spectrophotometry to study a number 

of equilibria: 

Hocro, === Horo, + Ht ese 

2 Hera, === Gr,05 + #0 eseee 

- + HCr,0, — cr30, + H eoee2e4 

They took their measurements at the wavelengths 370, 380, 

390 and 400 nm as the variation in absorption with concentration was 

 



es 

significant at these wavelengths. Their method of experiment was 

based on assuming dimer monomer relations. Using concentrations 

+6 varying fron 3.6x 10> - 2.7.x 10° M Gr® the first part of 

their experiment was to analyse the following relations: 

e= ey) (2-4) + 2 e oof Hague er ts) 

and AiG = a/ (L-a) 

where © is the overall coefficient of molar absorptivity and 

e and 29 the coefficients of absorptivity of Herd, and cr,05 

respectively. By an optimisation technique a value of Ky = 35.5 was 

obtained (25°C, = 0). 

It was noticed that this value of Ka and en varied with 

pH and it was therefore found necessary to consider HpCro, and Her,0,. 

From the calculations Ky was found to be 1.22 and Kao = 0.85. 

Davies and Prue (93) used a similar method to that of Tong 

and King and they obtained values of Ka = 37.7 at 20° and 33.0 at 25°C 

at ionic strength zero. 

Sazaki 1) ciuiled theleqiiiitria of the ione cro,” and 

Cr,05 by both aMF and spectrophotometric methods at 25°C and ionic 

strength = 3. His work was by measuring the hydrogen jon concentration 

resulting in changing the concentrations of the acid and the chromate 

salt, in a cell of the following structure: 

        

Ag | 4gc. | 0.0mm | 2.99 3M Naclo, glass 
or silver chromate 

Agclo, Naclo, Cr “solution Siecteoden
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His results gave values of Ka = 35-9 at ionic strengthU= 0 which is 

slightly lower than the values obtained by Davies and Prue. A value 

for Kp = 2 x 107? was also obtained which as seen from table 6.1 is 

lower than those for most other workers. In these results errors 

could have arisen due to ions used to keep the ionic strength constant. 

These errors he believes were overcome when using the spectrophotometric 

method of analysis. In thespectrophotometric method he measured the 

absorption of solutions when varying the cH and the chromate salt 

concentrations. He found for every concentration of chromate salt and 

at pH < 3 the overall coefficient of absorption @ did not vary and he 

took this to be the coefficient of molar absorptivity of Hero, even 

though the coefficients of absorptivity did change with the change in 

the concentration of the chromate salt. This indicated the presence 

of the dichromate (or another) ion. Therefore, although his 

spectrophotometric results agree with the EMF results they could be 

questionable. 

Haight et al.(2°) studied the following équilitria 

spectrophotometricaly: 

HY +Hor0, ==> Hcro, eee 

wo +¢cl + Herd, <=> cr0,cl” + #, 0. Sees? 

They assumed that at certain pH ranges they could isolate the ion 

Heroy, and by using comparison techniques were able to determine the 

equilibrium for the above two reactions constants. Their value for 

Ky = 0.11 at ionic strengthW= 0 is very much lower than that of 

Tong and King, This is possibly accounted for by their assumptions that 

only HCr0,, ion existed in the reference solution, and by the fact that 

they used values of the coefficient of molar absorptivity of Hpcro,, 

obtained from dataat ionic strength = 3.0 to obtain their values at
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p= 2.0. 

Tong & Johnson (40) determined the equilibrium constant for 

Cr0,c1" in solutions of cr” with HCl acid. They kept a constant 

hydrogen ion concentration and varied the chlorine ion concentration. 

They then related the chlorine complexed ions to the uncomplexed ions 

by a constant K, = (uncomplexed cr*6) (C17) (complexed ort), ...6.17 

They obtained values of Ka which varied with the cat) and by plotting 

K, vs 1/ (H"] they deduced values for interpolated K, and K, at 

temperatures of 15, 25 and 35°C. (see table 6.1). Although their 

value of K, at 25°a is lower than that given by Haight et al (28) 

(6.2 compared with 9.6) their method seems to be a more rigorous 

one. 

Jain et ai, (47) studied the protonation equilibrium of 

crop and the dimerisation equilibrium by looking at the effect of the 

sodium chromate salt, at various conditions, on the transition 

temperature of Glauber's salt (sodium sulphate deghydrate). Although 

their results were similar to results by other workers (Ky = 231 and 

6 at 32 °C) they were not directly comparable as the K, = 1.1 x 10 

ionic strengths were very high (ca. HM = 10 ) and the simple Debye 

Huckel relationship tends not to hold at such high ionic strengths, 

thus making it rather difficult to reduce the values to zero ionic 

strength. 

Linge and Jones (116) using a method similar to that of Tong 

and King (30) and Davies and Prue (33) studied the dimerisation 

equilibrium constant in the temperature range 15 - 45°C, Their 

results are given in table 6.1 and show a definate‘decrease in the 

Value of Ky with increase in temperature. Their value for Ka 

(25°c,u= 0) is consistent with that given by Tong and King (30), 

In a further paper Linge and Jones (36) carried out spectrophotometric 

Measurements on solutions of chromate salts around 6 < pH < 7 to determine
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the first protonation equilibrium constant K, in the temperature range 

15 - 45°C. Their method of calculation depended on the coefficients of 

molar absorbtivity which they had previously (126) determined. Their 

results for the values of Ky are given in table 6.1 and show a decrease 

in Ky with increase in temperature. Their value (at 25°C) was consistent 

with that of Howard et ay CE) y and were also consistent with 

their earlier results obtained by the potentiometric technique (see 

table 6.1). 

Galia et ai, (4) used a potentiometric technique to determine 

the dimerisation constant at {= 3 and the temperature range 5 - 65°C. 

Their results were consistent with those obtained spectrophotometricaly 

by Linge and Jones (25), However, they found difficulties with their 

measurements at cert] < 107? M which they attribute to impurities 

formed from the dissolution of their glass apparatus. 

Lukkari (39) used spectrophotometry to study the effect of 

ionic strength on the dimerisation equilibrium constant. He used the 

same method as Tong and King (30) for the evaluation of Ky (at 25°C, 

M=1.0, 0.5 and 0.25). He fitted these values to the equation (similar 

to that used by Davies et ar,(227) in their work on the dissociation of 

HSO,): 

1.01 Yu 
  

° 
log Kj = log Ka + real wewenOete 

1+1.6 

where log KS = 154 (Kg = 35, 25°C) and the empirical constant 

C= 0.06 (25°C). Using the same mathematical and experimental 

technique as in the evaluation of Kye Lukkari went on to evaluate Ky 

by evaluating another constant, 

B (Total Dimers ] 

  

[Total Monomers | 

in solutions of acid concentrations > 1.0 M. K, was then evaluated



from: 

CH") 
a fat oa Bonosere) 
  

In evaluating K, Lukkari treated measurements from 

solutions containing chlorine ions in the same way as above and then 

calculated the value of K, from the equation: 

N(Ky/ kK’) - 21 a 
k= > CF 

cH") [or] K, Cor] 
  

His value for K ¢ Was consistent with that obtained by Tong. 

and Johnson (40),
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CHAPTER 7 

Determination of squilbrium Constants 

7.0 Introduction 
  

As seen in chapter 6, although a number of researchers 

have measured the equilibrium constants in aqueous solutions of at 

there is a considerable variation in the reported values of these 

constants. An attempt has been made here to estimate some of these 

constants independently and also to evaluate some of the reported 

methods used. The two most commonly used methods for determining the 

equilibrium constants in cnt 

(28, 133, 115, 116, 117) 

solutions were the electrical methods 

and the spectrophotometric method (30, 33, 115, 

36,116, , 39) as described earlier. 

Due to the fact that a spectrophotometer (SP1800) was 

available in the department and that the measurement of the absorption 

of light in solutions is straight forward, and involved less risk of 

interference from other ions in the solution when correct wavelengths 

are chosen, the choice of the spectrophotometric method was a matter of 

course. 

Using spectrophotometry, the simplest way to determine the 

constants for the equilibrium in a ext6 solution would be to apply the 

Lambert Law: " The absorption of a solution is the sum of the absorption 

of the individual species, at any one wavelength." From the literature 

the following species are assumed to exist in acidic cxté solutions 

(see section 2.3) in significant amounts. 

2= - es = - 
Croy, ’ Hero, ’ Hpcro,, or,0, * Her207, H30r2075 and also Gr0,G1 

in the presence of chlorine ions. A mass balance may be written 

(mole/ ‘an? )s
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[or] = G, = (H,Cro,] + (Hero, + aor,057) + Corog7) + [or0,c17] + 

au Gr20>], or, in simplified notation: 

coro) = [a] + [8] + 2c] +(D] +(e) + FI. a7 a 

By the Beer-Lambert law, the total absorption per unit length 

of solution for any given wavelength (A) is: 

Ays 30 = ey [a]'+ ®y3 [B] +e 44 [ce] +e,) (D]+e,5 (Ey 

+eyp (F]. 000702 

Once the coefficients of molar absorptivity (e ax? are known the 

concentrations of various species in solution may be determined and hence 

the equilibrium constants, In fact, as is shown in the following sections 

determining the e AX values is not straight forward, and results in the 

evaluation of some of the K values as a means to this end instead of 

vice-versa. 

7.1 Materials and Equipment 

7.1.1 Materials 

a) De-ionised water; this was freshly prepared and used in all 

spectrophotometric experiments. 

>) Hydrochloric acid; concentrated Analar grade acid was 

obtained from Hopkin and Williams (density 1.16 s/w, 31 - 32% assay) 

was used and diluted to 1M according to the method outlined by Voga\1#2), 

the actual strength was then determined by titrating against freshly 

prepared Borax solution using methyl orange as an indicator. 

c) Nitric acid; concentrated Analar grade acid obtained from 

B.D.H. was used (sp. gr. 1.42 at 20°, 69 - 71% assay): maximum limit 

of chloride, phosphate, silicates and sulphate #4 3-5 pepe.
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ad) Potassium chromate; Analar grade crystals obtained from 

Hopkin and Williams ( > 99.5% assay. Maximum limit of insoluble matter 

# 0.003%). 

e) Potassium nitrate; Analar grade crystals obtained from 

Hopkin and Williams ( 99.5% assay. Maximum limit of impurities # 

0.003%). 

f) Ammonia solution; Reagent for atomic absorption spectro- 

photometry obtained from Hopkin and Williams (sp. gr. 0.88 at 20°C 

assay 35%). 

7.1.2 Equipment 

Samples were made up in grade A volumetric flasks of volumes 

ranging from 1 an? to 0.1 am, The pH was measured with a Corning pH 

meter model 119, with a digital display readout, range 0 - 14 pH with a 

resolution of + 0.01 pH and accuracy of + 0.01 pH. Drift was found to 

be typically less than 0.005 pH/ K. It has a manual temperature 

compensator over the range 0 - 100°. A Corning glass electrode in 

combination with a Corning calomel electrode (No. 476109) were used with 

the pH meter. 

The absorptions were measured with a Pye-Unican SP1800 UV ~ 

Spectrophotometer, a description of which is given in section 4.1.2. 

7.2 Experimental 

All experiments were carried out by volumetrically preparing 

samples of various concentrations of pH and ionic strength from master 

Solutions of potassium chromate, nitric (or hydrochloric acid), and 

Potassium nitrate. The absorption of these solutions were measured in 

the SP1800 spectrophotometer. The procedure is described in the next 

section. 

7.2.1. Preparation of Solutions 

a) Solutions of potassium chromate (0.01M) were prepared as 

needed by weighing out accurately 1.942 g of potassium chromate,
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dissolving in deionised water in a l an? volumetric flask and making 

up to the mark. 

b) Solutions of potassium nitrate (1M) were prepared as needed 

by weighing out accurately 1.11 g of salt and making up into solution 

inal an? volumetric flask. 

c) Nitric and Hydrochloric acids of approximate strength 1M 

were first prepared by the method outlined by Vogal (142), they were 

then standardised against 0.01M borax solutions using methyl red as 

an indicator. Appropriate amounts were then pipetted from the 1M 

solutions to make up acid solutions of know strength ranging from 0.1M 

to 0.001 in 1 dm? flasks. 

7.2.2 pH Calibration 

Initial experiments showed that adding a constant amount of 

nitric acid (1 cn} of 0.1M HNO,) to a series of 0.1 dm solutions with 

tito 5x 107 M) different & v9 concentrations (varying from 2 x 10 

gave solutions in the range 6.5 > pH> 3.2. 

This indicated that to be able to measure the effect of the 

increase in ex*6 concentration without changing the pH it would be 

necessary to add different amounts of acid to the solution. It was, 

therefore, necessary to set up an experiment to determine the pH of 

solutions with different cxté concentrations and nitric acid concen- 

trations. 

Solutions were prepared by pipetting 4 ml of 0.01 M potassium 

chromate solution intoa 0.1 an? volumetric flask. To these flasks 

varying amounts of nitric acid were added as show in appendix 9. 

These solutions were left to stand for some 20 minutes in a water bath 

kept at 20°C. The pH of these solutions was then measured and the 

mm < [or'?] <4 x 102 M, results are presented in appendix 9 for 4 x 10 

The results plotted on a log-linear graph (figure 7.1) were used in 

absorption experiments to make up solutions of known pH. These results
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also indicate that in the range 2< pH <8 the protonated cxt® ions are 

not directly proportional to the unprotonated oxt6 ions but for pH<2 

the protonated cr*6 ions are proportional to the unprotonated cxt6 ion. 

7.2.3 Ionic Strength Calibration 

To keep the ionic strength constant in a series of solutions 

undergoing spectrophotometric measurements, varying amounts of potassium 

nitrate solution (1M) were added. This was necessary because each flask 

contained a different amount of ort6 and acid. The volume of potassiun 

nitrate needed in each case was determined by calculation using the 

general ionic strength formula: 

1 2 
HeD Bey 25 

where is the ionic strength 

Cc, concentration of ionic species i 

as charge on ionic species i 

Example:- To make a solution of LU = 0.253 

Assuming that all the er*6 was in the form of crops that the hydrogen 

ion concentration was constant at (H*] = 1x 10M for [or*®] = 

4x 0+ M and that the required final ionic strength U= 0.25 Ms- 

Let x = concentration of NO, needed to make the final solution 4 = 0.25 

(assuming 100% ionisation): 

0.25 = 5 ((oxdy ] x 4 +(K ] x 2+ (A) + [NOs] +2 x) 25735 

0.25 =2 (4x 104 x4 +4 x 104 x 241% 10541 x 10> + 2x) 

hence, x = 0.249 M. 

Therefore 24.9 cw of 1M NO; need to be added and the solution made up 

to 0.1 dm’. The results for other Cor*®] and ionic strengths are 

summarised in table 7.1. No significant difference was found for pH = 6,
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Table 7.1: Calculated amount of M potassium nitrate solution 

to be added to 0.1 am? of ort® Solution, at pH 5 and pH 6, to 

keep the stated ionic strength. 

  

  

  

  

cxté Ionic Strength 

ake 0.10 0.15 0.25 

4 9.94 14.90 24.90 

9.82 14.82 24.85 

8 9-76 14.76 2475 
10 9.70 14.70 24.70 
15 9655 14.55 24.55 

20 9.40 14.40 2h 40 
25 9.25 14.25 24.25 
30 9.10 14.10 24.10 
35 3-95 13.95 23.35 

40 8.80 13.80 23.80          
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therefore, the same results were used for that pH value also. 

7-24 Preparation of Samples 

For all experimental analysis samples of solutions were 

prepared by pipetting the required amount of potassium chromate solution 

into a 0.1 dm volumetric flask. To this was added the appropriate 

amount of acid (HNO,/HCL), it required to adjust the pH. The amount 

of acid required was determined by interpolating from figure 7.1. Also 

added was the appropriate amount of potassium nitrate solution(as 

determined from table 7.1) to obtain the required final ionic strength. 

The volumetric flasks were then made up to the mark, shaken well and 

placed in a water bath at the required temperature (usually 20, 40 or 

60°C) for 30 minutes. The pH of the sample was then measured, and if it 

varied from the required value by more than + 0.02 pH units the sample 

was discarded and reprepared. 

7.2.5 Absorption Measurements 

The technique for absorption measurements was similar to that 

described in section 4.1.3, except that only the graph plotter was used 

and the absorption spectra of the solutions were only recorded between 

the wavelengths 260 and 390nm, as shown in figure 7.2. It was noticed 

that when high concentrations of nitrate ions were used low energy output 

was registered in the wavelength regions, 280 to 310 nm, causing unstable 

measurement in that region, figure 7.2. This is probably due to the fact 

that the nitrate ion absorbed strongly in that region, figure 7.3. 

The setting for the zero reading was slightly complicated in 

comparison to the method described in section 4.1.3. The zero reading 

shifts slightly as the wavelengths are scanned. It was important to 

record the zero reading before every test as the error (example given in 

table 7.2) could be as much as 10% of the absorption values for low 

concentrations.
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Table 7.2: Zero Readings for 295<} < 430 nn 
at 5 nm intervals. 

  

  

  

a Reading Di Reading x Reading 

com) [gare | mm) | GMa | Gam | ONES) 
295 0.008 WAS 0.000 395 0.001 

300 0.008 350 - 0.001 4oo 0.001 

305 0.008 355 - 0.001 405 0.001 

310 0.007 360 - 0,001 415 0.000 

326 0.006 370 0.000 420 0.000 

325 0.001 375 0.000 425 0.000 

330 0.001 380 0.001 430 0.000 

335 0.000 385 0.002 

340 0.000 390 0.002               
Absorption values were obtained by reading the plotted graphs 

at 5 nm intervals; the values were then corrected for the zero errors to’ 

give the actual absorption A xr?’ for the solution over the wavelength range. 

Each value of A x was then divided in path length of the solution and 

the Cort} concentrations of the solution to give the overall coefficient 

of molar absorptivity, @ x 

Example: 

For a solution of 4 x 10 aE M cr*® (pH = 4.92, M= 0.25) the 

absorption reading is Ay = 0.105. From table 7.2. the zero reading at 
95 

that wavelength = 0.008 therefore Az95 = 0.105 - 0.008 = 0.097,
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and @505 * 0.097 / (2 x 0.000%) = 121.2 

The values of Big for all experiments are tabulated in 

appendix 10. 

7.3 Determination of the Coefficients of Molar Absorptivities,e r 

In evaluating the coefficients of molar absorptivity of a 

mixture of ions it is helpful if the individual ions absorbed light at 

different wavelengths. However, this is not the case with the complex 

ions of or*6 in acidic solutions. Figure 7.4. shows that, although in 

various acid concentrations different spectra are formed, no wavelength 

is found where only one of the species absorbs light. The method used 

here was to find pH regions in which only one or two of the complex 

ions exist and then attempt to separate them mathematically. As seen 

in section 3.2 a large number of ions are generated in the presence of 

hydrochloric acid. However, Haight et a.(38) claimed that in the 

presence of nitric and perchloric acids no similar complex ions are 

formed. This is probably due to the bigger clo, and Noy ions being 

more difficult to attach to the ong ion. The use of perchloric acid 

was not possible as very special facilities are required qs ) which 

were not available. Therefore, in the determination of e for ions, 
x 

other than Gr0,c1- and cree”, solutions containing nitric acid were 

used. 

7.3.1 Determination of ¢ , for Cro 

It is established in the literature (31+ 34» 35+ 36) snat in 

basic solutions (pH > 9.0) only the cro” ion exists and hence for a 

unit length solution: 

Ay? ®\0 (Dp) eseeeZ eth 

samples of potassium chromate solutions of varying concentrations were 

prepared as described in section 7.2.4 but, instead of adding acid,
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ammonia solution was added to adjust the pH of the solution to 9 - 10. 

The absorption of these samples at 20, 40 and 60°C was measured as 

described in section 7.2.5 and the values of e, » are presented in 
A 

tables Al0.1, 2 and 3 respectively. It can be seen that although the 

ie to 1.5 x 107 M no cx*6 concentration was varied from 1 x 10 

variation in the e ap 58 found. The values were then averaged and 

tabulated in table 7.3. It was observed from these values that the 

varation with temperature was not the same at each wavelength. This 

\ 

confirms the findings of linge and Jones. (36), 

7.3.2 Determination of e , = for [cro,c1™) 

It has been claimed in the literature (38) that solutions 

+6 
of Gr’ in hydrochloric acid solutions, with the acid concentrations 

between 1.0 and 8.0 M the U.V. spectrum for crt? is invariant. On this 

+6 
basis the conversion of Cr ~ to Gr0,¢1” was assumed to be essentially 

complete, 

A series of solutions with the same concentration of orié 

Osx 107), but different concentrations of hydrochloric acid from 0.1 M 

to 5.0 M were prepared as described in section 7.2.4 and the spectra of 

these were then measured and plotted. 

These results (figure 7.5) show that, there is a distinct 

difference between the spectra of a solution with 0.1 M HCl and solutions 

with the hydrochloric acid concentration > 1.0 M which are all similar. 

They also show that only at acid concentrations > 3M was no detectable 

change noticed in the spectra. Complete conversion of all the ext6 was, 

therefore, assumed to take place at an acid concentration of 3M and hence 

the values of ey 3 Were calculated in the same manner as used to calculate 

®yp in section 7.3.1. These values are given in table 7.4. 

Measurements of e at temperatures of 40°C and 60°C proved 
Az 

rather difficult as the spectrum of Gro,c1” changed too rapidly with
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Table 7.3: Values of ¢ ) » (for Grog”) at 20, 40, and 60°C 

  

  

  

      

Wavelength | Temperature (°C) 

(nm) 20 4o 60 

295 170.6 174.0 172.0 

300 95.0 102.0 103.0 

305 5343 57.0 56.0 

310 26.7 38.0 36.0 

315 25.6 | 30 31.0 
320 29.5 40.0 35.0 

325 46.3 57.0 51.0 

330 68.3 78.0 75.0 

335 105.3 109.0 109.0 

340 150.0 155.0 157.0 

B45 209.4 214.0 221.0 

350 275.9 282.0 290.0 

355 352.0 355-0 371.0 

360 4246 428.0 450.0 

365 485.0 494.0 514.0 

370 532.4 532.0 559.0 

375 534.6 546.0 568.0 | 

380 521.6 526.0 543.0 

385 460.4 | 466.0 481.0 

390 391.8 | 394.4 401.0 | 

395 307.6 307.0 311.0 

400 231.4 | 230.0 237.0 | 

405 170.9 | 167.0 173.0 | 

410 114.7 114.8 121.0     
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FIGURE 7:5 plot of the absorption curves of potassium 

chromate in Hydrochloric acid showing the 

formation of the Cr 03cr" ion 
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tame (figure 7.6 for 20°C). Iukkari (39) ana Haight et a1,9% > ciain 

that this is due to the change of erté to ox*3 due to oxidising the Cl. 

Table 7.4: Values of © ), (for Gr0,C1") at 20°c 

  

  

  

Wavelength S xB Wavelength z a Wavelength és na 

(am) (an) (nm) 

230 255.0 300 113.0 370 142.0 

235 244.8 305 77.5 375 104.5 

240 245.0 310 58.0 380 87.5 

245 250.0 315 47.0 385 70.0 

250 245.7 320 47.5 390 56.0 

255 235.0 325 5765 395 38.0 

260 215.0 330 70.0 400 28.0 

265 190.0 335 76.0 405 20.0 

270 180.0 340 H.0 410 15.0 

275 185.0 345 122.0 415 13.0 

280 190.0 350 146.0 420 13.5 

285 587.0 355 157.0 425 13.5 

290 177.0 360 156.0 430 14.0 

295 150.0 365 154.0 435 15.0 
|               

7.3.3 Determination of £43 (Zor Herd;) 

7.3.3.1 Theoretical Considerations 
  

For dilute solutions of cr’? (aot) ata pH of 5 - 7 the 

probable reaction in the solution is 

i a Qe 
Herd, === H + Cro, seeeete
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or 
with Ky = CH] Coro, ] _ #.D peewee 

(Hero, B 

If this is the case a mass balance on ext6 would give, 

Cy = B+D severed 

and the absorption balance would be, 

a, /2 = a + ey? woes? sO 

by substituting equation 22into 7.5, 

Cy 

ye ees) seeeele? 

1 + K/H 

Cn kK 

and Da|———_]}:' — o00ee7 08 

1 +K,/H H 

substituting for B and D into equation 7.6, 

K = S A(r+ ke) /a Sp (853 + &y 2) 
H H 

, x3 + 0 Ky /i 

oA LO 
Der ie Kp / H oeeee 09 

<5 -7 Ko <2 
if Hs 10 and K, = 10 (see table 6.1) then ——-% 10° and 

H 
equation 7.9 simplifies (with an error of only 1%) to 

ee 
ae oe00e7210 

4/1C., = © \B + ®\p = 

Hence, plotting men against & should give a straight line with 

1c H 

@ slope of K, e and intercept e 
2 AD AB
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733-2 Experimental 

Two series of solutions of potassium chromate the concentrations 

a Mto4x 107 Mand = 0.25 were prepared by the ranging from 4 x 10 

method described in section 7.2.3. The pH of the first series was set 

at about 5.5 by adding nitric acid in quantities interpolated from figure 

7.1. Similarly, the second series of solutions were prepared but with pH 

set at 4.8. The absorption of these solutions were then measured at 

20, 40 and 60°C as described in section 7.2.4 and the results are 

presented in tables Al0.4 - 9. 

7.30323 Calculations 
  

To determine the e AB values an average value of K, was 

determined first, then this value was used to obtain the e AB values. 

The following procedure was adopted. 

(e.g.) Temperature 20°C, at the concentration of orth y x 10+ M 

1 - 

PH, = 5652605 = 331131, eo = 124.7 (table Al0.4)& (A= 295 nn,) 

1 - 

PH, =4.94 .°. Tae 83176, e2° = 121.0 (table A10.7) 

Substituting these two pairs of data points into equation 7.10 yields. 

erp kp = 15x 1079 

fron table 7.3, yp = 170.6 (T = 20°c, A= 295 nm), 

note Ky = 0.90 x 10°”, 

These calculations were repeated and the results are presented in table 

Al0.10. It is noticed from the results that when the value of the slope 

(yp K5) was small the values of K, varied considerably. It was, there- 

fore, necessary to estimate the expected experimental error in the slope 

in order to eliminate those values of Kp which are subject to greatest 

error.
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7.3.3.4 Error Estimate 

A relationship for the error in the slope was developed 

(Appendix 11) which shows that the error is dependent on the hydrogen 

ion concentration as follows, 

1a 
ACe, 0%) = oe =e seeeee-All.10 

h 

1 1 
substituting the values of i and z 

h 2 

A(€ yy Kp) at 20° = 2.0x 10% 

similarly 4 (e), K,) at 40° = 24x 10° 

and A(eyy Kp) at 60% = 1.5x107 

This shows that at certain wavelengths the value of the slope 

(= ®\p K,) is swamped by the estimated error. On this basis all the 

values of Ky calculated from slopes with an error > 20% were disregarded 

and the remaining values were averaged as presented in table 7.5. The 

values of &) p Were then calculated from table Al0.10 by substituting 

back into equation 7.10 the value of Kp. The results are given in table 

7.6. 

7.3.4 Determination of ®x¢ (for or,05”) 

7.3.4.1 Theoretical considerations 
  

The results of the experiments described in section 7.3.3.2 

Showed that at a pH » 5.5, in the crt? concentration regions studied 

(table A10.3 - A10.5) the values of ey did not vary significantly with 

concentration, figure 7.7. While, the results at pH x 4.8 (tables Al0.7 - 

A10.9) the values of eas seen in figure 7.8, changed noticably with 

change in concentration. This indicated that at pH x 4.8 an equilibrium 

other than the one given by equation 2.2 is significant. This new
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equilibrium can only be due to the dimerisation reaction: 

= 2- 
2Hcro, ae Gr20, + HO eoeeetel 

since, with all the other equilibria, change in concentration of cr*© 

while the cH concentration is constant will keep the ratios of the 

4ons constant and hence the overall molar absorbtivity e 5 will not 

change. A simplified graphical approach similar to that in section 

723.321 was tried to determine the e16 and K, values as follows. 

From the mass balance of ont, 

cp = B+ 20 + D oseee feat 

From the absorption balances 

ay /t = e,,B + e, 9c + &, ps eoceeZ old 

But from equations 2.9 and 2.10 

2 c = KB ceecerelo 

kK, B fee Beem: soscoZold 
H 

Substituting into 7.14 

Ky B 
  

2 
Go = B+ KB + 

¢ H 

This is a quadratic equation in B the solution of which is: 

at trek : -(1l +/+ ot + & ye 
a= Gee ee veeee7018 

4K 

2 2 1 K k 
and Be a+ 4) + a+) + x,¢, 

H H ne Raeee 
16K3
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K. Kiee 4 
pee PES a t=) + & Cy) 

H 

Xx. K. K. - 

He A/a 3 + ey9 ca +8) + (2 +2)? + aryey)?) a 

4 Ag {a + 2 + Wag, - (2 2x0 + 22 + 8K 5Cp *} 
Ka 

expanding the terms by binomial series and truncating 

le 
Kp e Ky Cy 0206 Kp 

Ay/1 = (ex37e&yp 2o to eee 

2 Ke 

rearranging, 

A e G Kp a "x76 Ky e 

A= 0,5 + (esp - Af) 2- —( AX ) 
icy, 2 H Cc, o) H 

oeeeeZel9 

Ay ar 
Hence, by plotting ——— against — a straight line should be obtained 

“ 
and from the intercept “and slope = &Xc and Ka can be extracted as 

they are the only unknowns in equation 7.19. 

A calculator with a linear regression facility was used to 

calculate the slope and intercept for equation 7.19 using the data from 

table Al0.8. The results of these calculations are given in table 7.7 

below. 

However, when these values were substituted into equation 7.19 

negative values of ®dc were obtained (for example at wavelength A = 

385 nn), The intercept from (table 7-7), I = 109.0 from equation 7.19. 

e K, 
Ac 2. 

Ios e\3 + (exp + eee 4 = 109.0 o 00007020
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since, 

®3 (Table 7.6) = 75.5 

@p (Table 7.3) = 466.0 

K, (Table 7.5) = 4.3 x 107? 

a 
# 7 70795.0 

substituting into 7.20 

ech *6" 2 ((109 - 75.5) x 32.8 - 466) = - 1269.0 

As, this is physically not possible, a second look at the 

mathematical problem indicated that very severe constraints apply for 

the binomial expansion and consequent truncation of the terms in the 

Square root in equation 7.18. These costraints being (Appendix 6) 

0 < a << 0.1716 0000 0A6.6 

which under the conditions of the experiment would not be possible. 

It was necessary to develop a method of solving for Ky and e which 
AG 

would not simplify the basic equation. 

If the CoroZ7] ion is assumed negligible in amount the mass 

balance on crt? becomes:— 

Cc, = B+ 2¢ eeeeeZe2l 

and the absorption balances- 

Ay/l = 2 oy = 2) 38 + ®, 0% oseceZeee 

Assuming the fraction of (cro, ] in the mass balance is (1 - a) and the 

fraction of Cor.) is ( 3a). 

Substituting for B and C, in equation 7.22, in terms of a it can be shown 

that:-
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= 1 exe & e.g7 ®y3) a + 3 oasee7eed 

4K +1- } 1+ & 
where q = ee ee . 000007 ot 

Nk Sp 

Lukkari (39) and Tong and King (30) solved this by assuming values 

of Kj, solving for &y 3 and eng (using an averages method) then 

re-evaluating e ao and optimising on the difference between experimental 

and calculated ey . However, the averages method is dependent on the 

choice of groupings and different choices could lead to different answers. 

(19), 

An analytical approach, which did not depend on optimisation 

was considered here. This method developed in appendix 12, gives a 

function F(K,) which should give the value of K, when F(K,) =O. A 

computer programme was written (appendix 7), which solved for K, at 

different wavelengths using the Reguli-Falsi iteration method. The 

values of Ka obtained from 10 wavelength evaluations were then averaged 

as shown in table 7.74. The choice of these wavelengths was dependent on 

the fact that for these e x showed greatest variation with the 

concentration Ch. 

The estimated error that could arise in the values of the molar 

absorptivity €, was shown (appendix 8) to be not greater than + 1% in 
a 

the region of measurements carried out. Although, this was considered 

to be a small error, when some of the values of @ , were varied by that 
x 

percentage the values of Ka varied by as much as 100% at some of the 

Wavelength as seen in table 7.8. This indicates that the calculation 

of Ky is very sensitive to the absorption measurements and great 

accuracy is required in the measurements of @,, As the obtained values 
x 

of Ky were consistent within themselves and are in the same region as 

the values found in the literature, it is most likely that the estimated
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error in é . is in fact greater than the actual experimental error in 
x 

these experiments. 

The coefficients of molar absorptivity e @ of (crp08") were 
a» 

calculated from the data in tables Al0.7 to A1l0.9 by substituting the 

calculated values of Ka and the previously obtained values of e AB into 

equation 7.24 and 7.23. At each wavelength a value of e was calculated 
c 

for each concentration by the computer programme SK7 pee in appendix 

7. The values were averaged and tabulated in table 7.9. These values 

are reasonably consistent only with the range 405 A > 380-nm showing 

a dependency on temperature, contrary to the claim of Linge and Jones (36) 

However, the values in the wavelength range 375 > A > 340 nm show a 

random variation. This could have arisen due to the negligence of the 

(cr0,”) ion in this region in the calculations. AS can be seen in 

figure 7.4 this is the region where the (Gr0f”) ion has a high 

absorption peak.



= 10L = 

Table 7.5: Value of K, (x 10°?) at various 

wavelengths and temperatures 20, 40 and 60°C 

  

  

  

  

Wavelength Temperature °c 

a 
nm 20 40 60 

360 3.2 3.6 2.7 

365 3.5 3.8 3.1 

370 3.8 44 3.0 

375 3.9 44 3.2 

380 4.0 4.5 364 

385 4.3 4.7 3.2 

390 4,7 4.8 3.6 

395 4.9 4.9 3.6 

400 4.5 54 3.7 

Average Value 41 4,5 3.3 

Tn-1 £005 |£ 0.5 + 0.3            
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Table 7.6: Values of e QB (for Hero,) at 

temperatures 20, 40 and 60°C, 

  

  

  

          

Wavelength e AB at Temperatures 

= 20 uo | 60 

295 100.8 99.0 4.5 

300 86.2 83.7 76.8 

305 71.3 67.7 62.3 

310 61.0 59.3 52.0 

315 59.2 56.4 49.7 

320 64.9 61.5 58.1 

325 7704 742 71.0 

330 92.0 90.9 88.7 

335 11.0 | 108.4 | 107.0 

340 120.2 | 122.5 | 122.3 

B45 136.6 | 134.0 | 133.5 

350 141.7 | 139.1 | 139.0 

355 141.2 | 139.9 | 138.9 

360 135.8 | 133.8 | 132.9 

365 128.5 | 126.2 | 122.5 

370 115.4 | 114.1 | 113.9 

375 105.8 | 103.9 | 104.6 

380 90.9 90.1 90.1 

385 79 4 78.6 80.6 

390 65.1 64.8 67.7 

395 53.3 52.6 551 

400 41.8 42.3 443 

405 32.4 33.0 | 34.1 | 
| | 

| z| 
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Table 7.7: Values of Slope and Intercept calculated for 

equation 7.19 using data from table Al0.8. 

  

  

  

  

Wavelength Regression 
ae Slope Intercept ouete. 

295 - 0.015 131.8 - 0.90 

300 ° - 0.014 109.0 - 0.88 

305 - 0.013 89.0 - 0.90 

310 - 0.011 7505 - 0.90 

315 - 0.010 70.4 - 0.93 

320 - 0.005 72.9 - 0.90 

325 - 0.002 86.5 - 0.59 

330 0.0005 104.1 - 0.21 

335 - 0.0002 124.3 - 0.03 

340 - 0.0001 141.1 - 0.06 

345 - 0.0002 155.8 0.09 

350 0.0003 162.7 0.15 

355 - 0.0015 166.8 - 0.5% 

360 = 0.004 163.9 - 0.84 

365 = 0.005 158.7 - 0.83 

370 - 0.008 148.1 - 0.90 

375 - 0.008 137.7 - 0.88 

380 - 0.008 122.3 | - 0.86 

385 - 0.009 109.0 | = 0.85 

390 - 0.008 90.1 - 0.86 

395 - 0.008 7309 - 0.84 

400 - 0.008 59.5 - 0.88 

405 - 0.005 45.3 - 0.81         
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Table7.7A: Values of K, Side 6 obtained 

by using programme SK6 with data in Tables 

A10.7 - Al0.9. 

  

  

  

      

Wavelength Temperature °C 

a 
nm 20 40 60 

295 74.9 67.2 52.9 

300 Ply 65.5 51.1 

370 7507 56.7 HS 

375 74.9 59.2 46.6 

380 72.8 60.6 49.8 

385 74.5 62.2 49.4 

390 78.4 66.8 55-1 

395 66.3 573 52.2 

400 70.4 52.0 52.3 

405 69.7 57.1 51.1 

Average Value 
72.9 61.2 51.5 

of Ka 

| 

Gn-1 3.5 Ho | 2.5       
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Table 7.8: Values of K, (20°C) caloulated by 

subjecting o values to an error of +17 

Calculated from data in table Al0.7. 

  

  

  

  

Wavelength % Change © x 

me + 1% 0 -16 

295 133.8 74.9 28.0 

300 * - 71.7 a 

370 224.0 75-7 2.9 

375 180.8 749 22.8 

380 128.2 72.8 28.4 

385 116.0 74.5 44.8 

390 114.3 78.4 514 

395 95.0 66.3 38.8 

4oo 97-5 | 70.0 | 48.4 

405 96.7 69.7 48.7           
* For Wavelengths 365 > A > 305. 

The computer programme failed due to attempting 

to calculate the square root of a negative number, 

obtained as a result of the iteration procedure.



Table 7.9: Values of ®.¢ (for Crp0,) from tables 
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A10.7 - A10.3 using programme SK7. 

  

  

  

      

Wavelength Temperature a 

. 20 4o 60 

295 618.7 462.4 564.8 

300 477.2 316.7 Hg 

305 402.6 218.9 443.5 

310 347 4 149.3 413.4 

315 316.1 132.5 369.6 

320 331.0 226.0 337.8 

325 386.4 338.1 409.0 

330 418.0 486.9 474.9 

335 518.7 525.6 591.1 

340 673.3 606.0 663.6 

345 641.2 697.0 727.7 

350 981.0 768.0 738.3 

355 722.4 770.9 799.8 

360 718.9 73729 796.5 

365 699.4 750.2 836.1 

370 709.3 693.4 738.3 

375 665.5 649.9 658.8 

380 602.1 597.6 591.0 

385 536.1 495.7 | 472.3 

390 412.8 400.1 368.8 

395 332.2 295.8 272.7 

400 268.1 223.2 214.1 

405 200.0 165.6 225.5      
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CHAPTER 8 

Crystallisation Literature 

8.0 Introduction 

Since barium chromate has a very low solubility in aqueous 

solution two special problems arise in its crystallisation :- 

i) To obtain a reasonable crystal yield fron a given volume 

of solution (i.e. reasonable plant capacity) it is necessary to con- 

tinuously balance the loss of chromate by crystal growth with either 

the production of more chromate in solution,or if the material had a 

reasonably high solubility the reduction of chromate solubility in 

order to maintain the supersaturation necessary for growth to continue. 

ii) If the supersaturation is maintained by adding soluble 

chromate and barium salts there is serious risk of local concentration 

Fluctuations and gradients causing fresh ("homogeneous") nucleation 

rather than growth on existing crystal seed. 

Although very high turbulence in the solution May be a 

useful way of avoiding problem (ii), it encourages secondary nucleation. 

Also, even a highly turbulent solution must necessarily contain high 

local concentration gradients around the feed points of the make up 

solutions. There will, therefore, always be a risk of nucleation of 

more seed crystals. 

The literature here is, therefore, reviewed from the point 

of view of the methods of crystal growth study, and the method of 

generating the chromate chemically analogous to the method used to 

produce the sulphate ion from Sulphamic acid (222) | 

8.1 Crystal Growth Methods 

The crystal growth literature is extensive even when the 

Tield is restricted to solution growth only. The references quoted 

are therefore typical rather than exhaustive. A concise, although 

somewhat dated review of the whole Zield is given by ihite (122) |
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and Bostaris et me? 28 In the main the literature has been 

concerned with growing sound, inclusion free, crystals of the order 

ot lcm size. Since the kinetics are not usually investigated, one 

or more critical parameters are often not measured, let alone controlled. 

It is necessary to know (or to be able to deduce) in addition to the 

linear growth rate (dx/dt), the system temperature (T), supersaturation 

(AC), and relative velocity ( y) between the crystal and the solution. 

Hence, for example some of the ingenious techniques reported by Petrov 

et al (223) cannot be made use of here. Even the sophisticated apparatus 

described by Novotny (124) which includes a knowledge of the Reynolds' 

Number of the agitator, does not give the value for the suspended 

crystal nor the relative velocity. 

The different types of apparatus for measuring crystal growth 

kinetics may be conveniently divided into two groups; single crystal 

techniques and those involving crystal suspensions. 

8.1.1 Single Crystal Methods 

The advantages of this method are direct optical or mass 

measurements of the growth rate; virtually constant supersaturation 

even in the batch situation when relatively small amounts of solution 

are used, and thirdly, independent control of the relative velocity. 

Against this must be considered the fact that two apparently 

identical crystals may grow at different rates under the same conditions 

and (in the < 50 UM region) large crystals grow faster than small ones 

(this is quite a separate phenomenon from the low growth rate of crystals 

ofw1 MM size due to their increased solubility)and no satisfactory 

explanation has been offered . The second consideration against, is 

the difficulty of handling supersaturated solutions when pumping and 

metering them. Thirdly, the mounting of the crystal, especially in the 

case or those smaller than 50M as in the case of barium chromate.
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Even in the very careful work of Bennema (127, 128) the 

solution was only stirred and no relative velocity measurements could 

be made. Moving crystals through nearly static solution is a possible 

alternative but complicates the technique for size measurement (129, 408) 

Only in a few papers are all the variables under independent control 

(131, 132, 133, 134) | In a further two papers (135, 136) the relative 

velocity can be deduced from separate calibration tests. With very 

small crystals (~1QUM the diffusion flux is so great that the 

relative velocity is probably unimportant and Walton's epitaxial 

microscopic method may be suitable (337), For larger crystals and 

high growth rates, however, even this apparatus needs to be modified 

to a flow cell (138), 

8.1.2 Crystal Suspension Methods 

An important advantage of suspension methods is that the 

industrially important average growth rate for the population is 

determined. The masses of the initial and final beds of crystals can 

be determined with relative ease, The system can also be measured easily 

under steady state conditions. 

There are many disadvantages which may or may not be 

Significant depending on the particular circumstances. The change in 

supersaturation may be significant especially in a stirred batch cell. 

Using a fluidised bed ‘may overcome this problem either by having a 

complicated re-supersaturation system (139) or simply having a very 

(240), large hold up of supersaturated solution Further, not only is 

the relative velocity now a dependent variable but it will vary with 

the seed size distribution (242) and also throughout the course of an 

experiment. or consecutive (B.S.) sieves the size ratio of the 

apertures is at therefore for small crystals in the laminar flow 

regime the ratio of the relative velocities of the extreme seed sizes 

~1.4, For large crystals in the turbulent flow regime the situation
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is not so serious and the relative velocity ratio is *1.1. In fact, 

unless agitation is very intense, the Frossling (123) equation may be 

used to demonstrate that the velocity effect is negligible for these 

ratios and that the growth rate would be expected to be inversely 

proportional to the crystal size raised fe the power My. 

There are also two theoretical requirements which may not be 

met; the calculation of growth rate assumes that neither nucleation of 

new seeds nor elutriation (in a flow system) occurs and also that the 

growth rate is independent of crystal size (i.e. the "McCabeAL. Law"). 

Inspite of these possible difficulties the suspension method is a 

popular one. for a continuously monitored system the supersaturation 

change may in fact be advantageous, enabling a series of growth rates 

against supersaturation data to be collected from one test (M4, 145), 

Assuming relative velocity and size effects of growth rate to 

be negligible then a relatively new technique is available which does 

not involve the assumption of no nucleation. This method is referred to 

as "Mixed Suspension, Mixed Product Removal" (MSMPR), and not only is it 

not necessary to assume no nucleation, but the nucleation rate is 

ea (146, 147, 151) | 
determin The MSMPR technique has been successfully 

used on both soluble materials (248) and relatively insoluble calcium 

sulphate (Hg), However, due to the large crystal surface areas 

involved in the MSMPR technique the system tends to be one of low 

supersaturation, which might cause difficulties with solutions that are 

stable at high supersaturation, for example SrS0, have been found to be 

stable at concentrations up to at least twice the solubility value (150) | 

3.1.2.1. MSMPR Theory (10+ 151,152) 

The MSMPR crystalliser (see figure 3.1) is assumed to operate 

as an "ideal" mixed vessel (hold up volume = V) so that its liquid 

concentration and crystal suspension is constant throughout. The other
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assumptions made are a) steady state operation, b) no particles in the 

feed, c) no attrition of particles, d) growth rate independent of size. 

Then by setting up a population balance (153) in the system for an 

arbitrary size range LL to ly and time interval At, it can be shown 

that: 

v a(r n) 
  + On = zero teers kL 
dr 

where Q = rate of removal of crystal magma- 

8 a growth rate (dr/dt). 

3 a population density (dN/ar). 

and N number of crystals per unit volume. 

Since it is assumed that the growth rate is independent of crystal size 

(dt/dr = 0) then equation 8.1 solves to, 

n =n, exp ( - r0/xv) zeeeGse 

" size or where ny is the number of crystals per unit volume of "zero 

the nucleation population density. Hence a plot of the size distribution 

at equilibrium in the form of In (AN/Ar)v s.rshould give a straight 

line of slope = - o/xv and intercept nos Using the value of r extracted 

from the slope and since the nucleation rate, 

dN aN dr ‘ 
elie nor Meester) 

dt dr dt 

the nucleation rate can also be found. 

Canning (147) mentions that deviations from a straight line 

form of equation 8.2. might occur. due to: 

1) Differential fines dissolution which occur. in 

evaporative crystallisers, and also in cooling crystallisers if hot 

undersaturated solutions are added to the cooler vessel. 

2) Bulk diffusion limited growth which causes the growth to 

be size dependent.
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3) Crystal breakage. This would be expected to appear as 

(and be indistinguishable from) nucleation but there is evidence that 

small chips may behave dizferently from nuclei in their growth rate 

behaviour and so cause a build up in the very fine particle region 

of < 1OUM sizes (S 155), 

A number of papers (156, 157, 153, 159) have been published 

in connection with the problem of systems that violate the "McCabeAL 

lan" suggesting models that fit the experimental data for such systems. 

8.2 Generation of Supersaturation 

The basic problem with growing barium chromate crystals is 

that it has a low solubility ~ 0.02 - 0.3 e/an? at 20°C. This implies / 

that most of the conventional methods of growing the crystals such as 

evaporative cooling crystallisation are not, at any rate industrially, 

viable, because of the small amounts of material involved, There are 

therefore, three main systems that may be considered for the growing of 

barium chromate crystals. 

a) The double decomposition method of mixing a soluble bariun 

Salt with a soluble chromate salt. This method, aS seen in the 

discussion in section 3.0 has the disadvantage of local concen- 

tration gradients. 

b)  Blectrochemical process to generate chromate ions in the 

presence of barium ions by oxidizing ort in the solution 

(160) | electrochemically Although, a process of this type 

could promise ease of control, there is a risk of the electrode 

causing nucleation (161) » and therefore, introducing the problen 

of fresh ("homogeneous") nucleation in the solution. 

c) Homogeneous Precipitation solutions: The precipitating 

component is slowly generated throughtout the solution by a 

chemical reaction, allowing the crystals to grow while the
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undesirable effect of high concentration gradients is eliminated. 

3.2,1 Homogeneous Precipitation:- 

The precipitation of metal hydroxides and basic metal salts by 

carefully controlled change of the pH of a solution is a well established 

method in the literature. Vogal (162) gives a detailed method of 

precipitating barium chromate by forming an acidic solution of bariun 

and chromate ions in solution then adding urea C(NH,),¢07 to the 

selution and raising the temperature to 90 - 100°C. The urea hydrolysis 

giving ammonia and carbon dioxide which neutralises the acid and 

precipitates bariun chromate. Hobart and Gordon (164) in the separation 

of thorium in monazite sand used the hydrolysis of methyl omlate in 

acid solutions to precipitate the thorium as oxalate The authors also 

used the hydrolysis of urea to precipitate thorium oxide by changing the 

DH of a solution from 4,5 to about 5. 5. Although the authors mention 

that the solution was boiled for 95 - 97 minutes no actual temperatures 

were given and no attempt was made to actually measure the precipitate 

rate, They also did not give any reasons as to why they used formic 

acid. Gordon and Wroczynski (165) precipitated calcium oxalate by 

mixing methyl oxalate and calcium carbonate and reacting for 2 1/2 hours 

at 90°C. Their results again give no rates, only stating that the 

crystals obtained were readily filtered and easy to wash (and therefore 

large). 

Barrus (166) when precipitating calcium hydrogen phosphate 

from homogeneous solution by the hydrolysis of urea found the rate of 

precipitation was directly dependent on the rate of hydrolysis of urea, 

hence on theconcentration of urea. Further, by employing this technique 

he managed to vary the mean crystal size from about 3-7Um to 22m, 

Gordon et a1, (167) precipitated silver chloride crystals of size 2 to 

8MMdy the hydrolysis of ethylene and propylene chlorohydrins in the 

presence of the silver ion at 60°C. However, they also found that if
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the silver ion was also released by hydrolysis of an ammonia complex of 

silver by the action of the hydrogen ion released fron the hydrolysis of 

ethylene chlorohydrin, crystals of silver chloride of size up to 200m 

where obtained. No data or information on rate was given. 

Sheldon (268) found that when precipitating ferric hydroxide 

by the hydrolysis of urea the addition of carboxilic acids such as 

formic acid modify the rate of hydrolysis of urea to give a more even 

hydrolysis rate as seen in figure 8.2. Tong (169) found that when 

precipitating aluminium hydroxide by the hydrolysis of urea ammonium 

chloride regulated the decomposition of urea figure 3.3. 

Gordon and Firsching (263) precipitated barium chromate from 

an acidic solution (pH 1.7 to 1.8) of barium chloride and potassium 

dichromate by the hydrolysis of urea at 95°C in the presence of 

ammonium acetate and formic acid. However, they do not give any rates 

of, or the effect on the rates of, hydrolysis and precipitation, of the 

ammonium acetate and formic acid. 

It is therefore, necessary to consider the hydrolysis of 

urea and the factors that affect it in more detail. 

8.2.2 Hydrolysis of Urea: 

It has been suggested by Warner (270) that urea hydrolyss 

according to the following two reactions: 

K 
cOo(NH, ) = NH, + OcN” tee eBel 2/2 4 

aD 

= 4 oe 
and CONT + HAO" —-> NH, + CO, eaeleD 

When the pH <5 the hydrolysis of the cyanate ion is so rapid that its 

concentration is negligible and only the first reaction is the rate 

determing reaction. Hence, the kinetics may be assumed to approximate 

to the first order equation.
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d [urea] 
  = - K, [urea] +0008.6 

dt 

Values of Ky at 100°C in the presence of HCl are given in table 8.1. 

Table 8.1: Values of K, at 100°¢ (170) 

  

  

pH au(ha) 

- 0.59 0.0221 

- 0.22 0.0386 

0.08 0.0603 

0.41 0.0885 

0.71 0.120 

1.03 0.126 

1.5 to 5.0 0.145         

The velocity constant is very much temperature sensitive and 

at 66°C it was found to be Some three orders of magnitude smaller. 

Wemer (171) stated that the reaction rate is greater in the 

presence of sodium hydroxide than hydrochloric acid, because the 

Proportion of free urea in solution is greater in the former case. 

Bergman and Kuznetsova (172) found that fatty acids react 

with urea to give CO(NH, )o . 2RCO,H the stability of which decreases 

with the increase in the size of R. 

Vanda Velae(173) found that the chloride salts of sodium 

and potassium accelerated the rate of hydrolysis of urea while 

ammonium chloride retarded the reaction rate. 

These effects really need to be investigated quantitatively 

owing to the prime importance of the hydrolysis rate and its effect on 

the rate of generation of supersaturation.
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CHAPTER 9 

Crystallisation Experiments 

9.0 Introduction 

Two distinct areas of study can be recognised from the 

literature in connection with the study of growth rates of barium 

chromate crystals. 

Firstly, precipitation of barium chromate from homogenous 

solutions; although Gordon and Firsching (163) precipitated barium 

chromate from acidic solutions, they did not give any data on the 

precipitation rates or crystallisation rates or + factors control 

the process. This chapter reports the attempts which were made to 

determine the feasibility of producing barium chromate crystals from 

acidic solutions by the hydrolysis of urea. 

Secondly, growth rate of barium chromate crystals;various 

papers have been published in the literature regarding the growth rate of 

barium chromate in aqueous solutions (20,43,73,102) However, no one 

appears to have studied the growth rate in acid solution or by 

precipitation from homogeneous solutions. 

At the outset of experimentation the "Mixed Suspension and 

Mixed Product Removal" technique was considered the most appropriate 

for measuring the growth rate of barium chromate crystals at low pH. 

9.1 Materials and Zquipment 

9.1.1 Materials 

a)  De-ionised water; description in section 4.1.1. 

b) Barium Chromate; description in section 4.1.1. 

c) Urea; Analar grade crystals from Hopkin and Willians 

(assay £ 99.5%). 

d) Formic Acid; concentrated Analar grade reagent from
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Hopkin and Williams, specific gravity at 20°C 1.216 - 1.220 

and assay £ 98%. 

9.1.2 Zquipment 

9.1.2.1  MSMPR Crystalliser 

The MSMPR crystalliser (figure 9.1 flow diagram, fig 8.1) 

comprised of two circuits. A primary circuit for the circulation of 

the solution under study, and a cooling circuit. Construction was 

entirely from standard QVF glassware. 

i) Primary Circuit: This was made up of a crystallisation 

compartment (1) which is a 10 an? QVF sphrical vessel (No. VS10/M), the 

solutions were stirred with a polypropylene coated agitator driven by 

a variable speed motor. The solution magma drops into a dissolver (2) 

in which the temperature is raised byan immersion heater (rated at 

lkw). The solution next passes to the peristaltic pump (3) (Watson 

Marlow No. 8210) which pumps the hot solutions to QVF heat exchangers (4) 

(No. HE2) joined in series.In these heat exchanges the solution is 

cooled to below the equilibrium temperature and is then supersaturated. 

The supercooled solution then returned to the crystallisation compartment 

through an insulated pipe. 

ii) Cooling Circuit: This comprised mainly of a closed loop 

again of 5/8" QVF pipework in which water is circulated by a Schuco 

centrifuge pump (No. 3D). The temperature of the cooling water was 

kept constant by controlling the outlet from the heat exchangers with aid 

of an on-off solenoid action valve. (Alexander Controls No. ACONP25), and 

an Ether controller, 

Temperatures were measured at four points: 

a) In the crystallisation compartment, 

b) Just after the dissolver,
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FIGURE 9-1: M.S.M.P.R. crystalliser
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FIGURE 9-1: M.S.M.P.R. crystalliser
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c) The outlet cooling water from the heat exchanger 

and, 

da) The inlet feed to the crystallisation compartment. 

These temperatures were recorded using a 16 point 

Kent instrument Mark 3 chart recorder. 

The heat supply to the dissolver was controlled with a 

variable transformer and the current was monitored by an ammeter, 

9.1.2.2 Batch Crystalliser 

This crystalliser (figure 9.2) consisted of a 1 an? QUICKFIT 

Jacketed Reaction Vessel (No. JRVIL), covered with a Multi-Socket Flange 

Lid (No. MAF 2/2). This was fitted toa Handi-angle frame by a 

specially made coller fitted to the Multi-Socket Flange Lid with 

araldite. The Jacketed Reaction Vessel was further insulated by 

surrounding with a cardboard box filled with glass wool. 

Boiling water was circulated using a Townson and Mercer 

Thermo-circulator. 

The pH was monitored with a Pye Universal pH meter range 

O - 14pH with a discrimination of + 0.02 pH units. It has a manual 

temperature compensator. A specially made Pye combination pH electrode 

(No. 11067) was used with the Instrument. 

9.1.2.3 Crystal Size Measurement 

- Crystal size distritutions (CSD) of suspensions were measured 

ma Coulter Counter Model A. The electrolyte used was a 0.9% Nacl 

Solution saturated with barium chromate. Two orifice tubes were used, 

these were a 140 Hm tube and a 280 um tube. The tubes were calibrated 

with monosized lycopodium powder (23 um)obtained fron Coulter Counter, 

The calibration and use of the Coulter counter is outlined in the manual 

for Model A,
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Sieve analysis were also carried out on crystals obtained 

from the batch experiments. 

9.2 Experimental Procedure 

Before any crystallisation experiments were carried out a 

number of initial tests and calitrations were necessary as indicated in 

the following three sections. 

9.2.1. Calibration of Stirrer Speed 

The scale setting an the thyristor controller of the motor 

was calibrated by measuring the shaft speed with a stroboscope. 

9.2.2. Design and Use of Sampler 

To obtain a representative sample of crystals from the 

suspensions in the crystalliser, and to avoid non-isokinetic sampling 

a special J-tube and sampling probe (figure 9.3) was made from 5 mm glass 

tubing. This was connected to an ordinary 10 ew syringe which was then 

modified to give limited travel for reproducible sample size. 

The sample probe was tested with a suspension of known mean, 

skewness and kurtosis and the results (table 9./) showed that for a 

stirrer speed range of (310 - 880 rpm) the sample was reproducible to 

within + 4%. 

9.2.3. Choice of Stirrer 

Because of the nature of solutions being handled in the batch 

and MSMPR crystalliser (hot concentrated acid), great care needs to be 

taken in the choice of material the stirrer was made of. 

The commercially available stirrers were either glass or 

stainless steel propeller or polypropylene coated paddle stirrers.
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Table 9.1: Results of analysis of samples withdraw 

from batch crystalliser at various speeds 

of stirrer. 

Speed Mean Size Skewness Kurtosis 
XY.pm. (un) 

120 15.5 2.4 6.6 

310 17.5 2.2 5.5 

500 17.3 2.2 5-7 

690 17.3 2.2 5.6 

880 17.5 2.2 5.4 

1070 16.9 253 6.0 

Original 
Sample 17.6 2.2 5.6         

 



  FIGURE 9-3 

J-tube sampling probe connected to syringe 
with limited travel
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Since hot HCl was involved stainless steel shafts were out of the 

question as the corrosion products could act as an impurity, changing the 

crystal growth rate. However, shafts made from polypropylene coated 

steel were too pliable and caused whipping at high speeds (> 200 rpm). 

Glass stirrers were considered unsuitable and not used. 

Initially, shafts were made from stainless steel (5mm in 

diameter) and were coated in latex rubber and tested. This type of 

stirrer showed stability up to speeds of 800 rpm, but at 100°C the latex 

rubber soon stripped off within a period of one hour. Subsequent exam- 

ination of the stripped shaft showed that in any case the coating had 

contained pin holes and spots of corrosion were visible. 

A stainless steel shaft was coated by a local firm with an expoxy 

based resin containing special fillers in the hope of preventing corrosion. 

This coating lasted for a period of some 27 hours running. It then started 

to break up and disintegrate. Throughout this period signs of chemical 

attack were evident on the stem and propeller blades. It was also 

noticed that crystal habit changed to needle shape as discussed in 

section 9.4.3.3. It was therefore, concluded that this type of coating 

would not be suitable, 

Although the paddle type stirrer did not give as effective 

mixing as the propeller stirrer, these were the only suitable stirrers 

available at the time the work was carried out and therefore had to be 

used, 

9.3 Experimental 

9-3-1.  MSMPR Crystalliser 

9.3.1.1. Procedure 

The crystalliser was filled with 10 - 12 an? of de-ionised water 

The pH of the solution was adjusted by adding 1M, hydrochloric acid.
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The system was then switched on by first starting the stirrer followed 

by the peristaltic pump, and the water cooling circulation pump. 

Finally, the heating element was switched on and set to give a 

temperature of between 85 to 9c while the controller was adjusted to 

give a temperature of solution of about 30°C in the crystalliser. The 

system was then left running for about 60 minutes to reach thermal 

equilibrium. Barium chromate crystals of the required weight to give 

a supersaturated solution (obtained by interpolating tho solubility 

from figure 5.2 plus a pre-determined amount) were accurately weighed 

and carefully added to the crystalliser over a period of 10 - 15 minutes. 

Samples of 1 en? volume were removed at hourly intervals to measure solution 

concentration on the SP1800 spectrophotometer (as described in section 

4,2), samples of 4 on? were also removed to measure - the crystal size 

distribution (CSD) on the Coulter Counter. The results from the Coulter 

Counter measurements were plotted on a log-linear graph. 

9.3.1.2. Results of the MSMPR Experiments 

Tests on the MSMPR crystalliser at 30°C and 0.1 < pH < 1.0 

indicated that the crystalliser appeared to be operating in an unstable 

mode, and did not reach equilibrium. Over a 10 h period the seed 

crystals seemed to be slowly but continuously dissolving (figure 9.4) 

with little indication of having reached a steady size distribution, and 

the liquid concentration fluctuated at around the solubility value of 

barium chromate with a period of about half to one hour. 

The usual reason for unstable operation of this type of 

erystalliser is low crystal growth rate. Since, in principle the 

system is a low supersaturation one it is probable that insufficient 

supersaturation was being achieved by the dissolution method used. In 

order to maintain a constant low supersaturation, very great precision in
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FIGURE 9:4 CHANGE OF POPULATION DENSITY OF 

BARIUM CHROMATE CRYSTALS WITH 
TIME IN THE MSMPR CRYSTALLISER 
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temperature control would be required, In round figures, if the 

supersaturation was 0.1% an error of 10% in this value would be caused 

by temperature fluctuations of + 0.001°c. Temperature fluctuations in 

any case will alter the pH of the solution to which the solubility is 

very sensitive. 

Since this degree of precision in temperature control was 

quite unobtainable (only + 0.1 °C wes possible), this method of crystal 

growth rate measurement had to be abandoned, 

9.3.2. Batch Crystalliser 

9.3.2.1. Procedure 

A solution was made up in the (1.0 dm) batch crystalliser 

containing where appropriate barium chromate (c.a. 20g) and approximately 

20g urea. The pH of the solution was adjusted to pH ~ 1.0 with 1M 

hydrochloric acid. Concentrated formic acid (1 or 2 oe ) was added 

depending on the experiment. The temperature of the solution was 

brought to approximately 95°C. The pH and temperature were monitored 

and recorded every 30 minutes, over the first 3 hours of the experiment. 

The measurements were then recorded every 5 - 10 minutes for the 

remaining time until the pH of the solution did not change. Crystals 

obtained from solutions with barium chromate were filtered, dried, 

weighed and sieved. In experiments where growth rates were measured 

samples of (ca 2 en?) were removed at regular 30 minute intervals 

and the particle size distribution was measured using the Coulter Counter. 

9.3.2.2. Batch Crystalliser Results 

9+3.2.2.1. Preliminary Tests 

3 Initial experiments carried out in a nominal 1 dm’ beaker on 

a hot plate showed that precipitation from homogeneous solutions (by the
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urea hydrolysis method) of barium chromate was possible. These 

preliminary tests contained 10 g of barium chromate and 15g of 

urea added to 1 an? Solution of hydrochloric acid of initial pH = 1.0 

The duration of the precipitation was about 6 hours to a final pH 

5.50. It may be noted that 30 g of urea are equivalent to 1 an? 0.1N 

(= pH of 1) acid. 

The final precipitate contained crystals ranging in size from 

about 10MM to 350 Um. A typical sieve analysis is given in 

table 9.2. 

Table 9.2. Typical sive analysis of final precipitate 
of barium chromate crystals from hydrolysis 

of urea preliminary tests. 

  

  

Size Mass % f(a) 

um oversize (mass %/UM) x 10” 

212 a 2.6 

180 4 3.1 

150 1 3-3 

106 18 40.9 

90 4 87.5 

75 13 87.6 

a 24 109.1 

45 22 275.9 

pan 6 19-3         
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The third column in table 9.1 represents the value of the % weight of 

crystals in a size range per unit length. 

£(4) = frequency (2) / [af x ( a;)) Seen Qek 

where a, = a, -da 4 at the j-T point. 
J 

A plot of (4), a;) figure 9.44 shows the distribution 

to have a plateau in the size range 80pm to 100um. This could be 

caused by the sum of two unimodal distributions as showm by the dashed 

line in figure 9.4. This was probably caused by the initial nucleation 

being followed by a second nucleation due to the growth rate of crystals 

being slower than the rate of formation of supersaturation by the 

hydrolysis reaction thus causing the supersolubility limit 

to be exceeded, 

The crystals obtained from these preliminary tests ranged from 

pale yellow to amber in colour. When the darker coloured crystals were 

crushed the final colour was a pale yellow, indicating that the change 

in colour was a light effect. Figures 9.5. and 9.6. show crystals 

obtained in the preliminary tests photographed under a microscope. 

Although the literature gives the structure of barium chromate crystals 

grow fron the melt as orthorombic (7°3), it can be seen fron figure 9.7 

that the crystal has not taken an orthorombic habit. It is probable that 

the (001 ) faces have grown faster than the (010 ) and the (100) faces 

of the crystal leaving the (111) faces as shown in figure 9.3. 

9.4 Feasibility Experiments on Urea Hydrolysis Method 

9.4.1. Experimental 

The preliminary tests showed that barium chromate crystals 

could be grown under controlled release of the chromate ion in the 

Solution. However, there was also a strong indication that further
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Figure 9.53 Barium chromate crystals obtained from 

preliminary urea hydrolysis tests. Fraction retained 

on 45 Am seive. 
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Figure 9.6: Barium chromate crystals obtained from 

preliminary urea hydrolysis tests. Fraction retained 

300 {1m seive.
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Figure 9.73 Barium chromate crystal obtained fron 

preliminary urea hydrolysis test enlarged X 150.
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FIGURE 9.8: Scale drawing of the (111) form of ( ee chromate 
crystal (i) Clinographic projection 

(it) (vii) Views of the (Ill)and{III) faces, which 
are mirror images, as seen by a microscope and 

showing the true shapes of these two faces
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nucleation occurred when ever the supersaturation exceeded the metastable 

region. 

To avoid further nucleation would require the control of 

the hydrolysis of urea such that the metastable limit is not exceeded. 

sheldon (268) pas shown that the addition of formic acid in 

the precipitation of ferric hydroxide by the hydrolysis of urea changed 

the rate of hydrolysis giving rise to a coarser precipitate. A 

feasibility study was, therefore, carried out to find the effect of 

formic acid on the rate of hydrolysis of urea in the precipitation of 

barium chromate. 

These tests were carried out by monitoring the change in pH with 

time of solutions of hydrochloric acid and urea with the addition and 

exclusion of barium chromate and formic acid, as shown in table 9.2. 

Table 9.24 Experimental design for feasibility studies 

Experiment No. BaCrO, Urea Formic Acid 

(g) (g) (on) 

CUFO1O - 20 > 

curoll - 20 2 

CUF110 20 20 = 

CUFLI1 20 20 2 

9.4.2 Results and Discussion 

The results of the pH measurements from the hydrolysis of urea 

(table 9.3) can be divided into separate sections: 

i) hydrolysis without formic acid and, 

ii) hydrolysis with formic acid.
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FIGURE 9:9 graph showing the change in pH due to 
the Hydrolysis of Urea and the effect 
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94.2.1. Hydrolysis without formic acid 

As predicted from the literature the pH change, due to the 

hydrolysis of urea, changes slowly for the first 3 1/2 hours over the 

PH range 1 to 2; then a rapid change occurs in a period of 1 hour over 

the pH range 2 to 5. repeating the test with the addition of 20g 

of barium chromate a slight increase was noted in the rate of pH change 

over the first 3 hours but this rate was almost constant for a further 

1 1/2 hours up to pH = 2.0 followed by a much faster rate of change, 

(figure 9.9). This shift to the right indicates that the presence of 

crt6 
and Bate has a direct effect on the rate of hydrolysis of urea. 

However, this slight decrease in the rate of hydrolysis was not sufficient 

to stop the occurance of further nucleation as seen by the solid line in 

figure 9.10. 

9.4.2.2. Hydrolysis with formic acid 
The addition of 2 on? of formic acid to the reacting solutions 

showed that a slower rate of hydrolysis could be achieved over the pH 

range 2 to 5 which is emphasised in experiment CUF111 with bariun 

chromate being precipitated as seen in figure 9.9 Although, with 

3 2 cm” of formic acid added the rate of change of pH altered significantly, 

it is apparent that even the 2 om? added was not sufficient to stop further 

nucleation as may been seen in figure 9.10 ( dashed line). 

It is, however, noticed that a definate improvement has occured. 

With the crystals from the second nucleation showing an increase in size 

and the percentage of crystals caused by fresh nucleation decreasing by as mn 

much as 50%. 

The results of the CSD from the preliminary tests (Zigure 9.4A) 

Showed a different distribution pattern, than those obtained from the 

feasibility (figure 9.10). The latter giving rise to at least 3 

distinct peaks where as the former showed only 2 distinct peaks. This 

could be a possible indication that 3 or more, homogeneous nucleations
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occured. As the feasibility experiments were carried out with more 

barium chromate (20g compared to 10g) and more urea (20g compared to 

15g) the compounding effect of both the rate of hydrolysis and increase 

in supersaturation could have given rise to this phenomenon. 

94.3.3. Effect of Impurities on the crystal habit 

When barium chromate crystals were grown in the batch 

crystalliser, using the epoxy resin coated stirring shaft, the crystals 

grown were needle shape, figure 9.11, However, on the polypropylene 

coated paddle the crystal shape (figure 9.12) was similar to that 

grown in the preliminary tests figure 9.7). 

This effect on the crystal habit is probably caused by the 

impurities leached out of the resin.



  

Figure 9.11: Barium chromate crystals grown by the 

hydrolysis of urea using a mild steel stirring shaft 

coated with PIFE. 

  
Figure 9.12: Barium chromate crystals grown by the 

hydrolysis of urea using a mild steel stirring shaft 

coated with PTFE.
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Table 9.3: Change of pH with tine during the hydrolysis of 
urea in the feasibility experiments. 

Time oe 

Hautes cuF010 cUuFO1L CUFLIO curl 

0 0.90 0.90 0.88 0.90 

30 0.98 0.98 0.95 0.98 

60 1.04 1.05 1.08 1.05 

90 1.15 1.10 1.20 1.15 

120 1.25 1.20 1.35 1.23 

150 1.30 1.30 1.60 1.35 

165 1.39 - 1.70 - 

130 1.48 1,40 1.80 1.70 

195 1.55 - 1.88 1.85 

210 1.68 1.55 1.95 2.00 

225 1.82 1.85 2.00 2.05 

240 2.15 2.20 2.05 2.10 

255 2.85 2.80 2.20 2.35 

270 4.60 3.25 2.40 2.40 

235 5.15 3.65 2.70 2.55 

300 5.30 3.99 3.15 2.70 

315 5.40 4.30 3.65 2.90 

330 - 4.75 4.65 3.20 

HAS i 5.08 5.02 3.50 

360 - 5.28 5.15 3.60 

375 - 5.40 5.20 3.30 

390 4 5.50 = 4.10 

hos : : - 4.3 
420 - - - 4,81 

435 zs cs = 5.05 
1450 3 z = 5.22         
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Table 9.4: Crystal size distribution of precipitates 

from experiments CUF110 and CUF111 

  

  

  

  

Crystal % oversize (mass basis) 

size (um) CUF110 CUF111 

600 2.0 - 

422 3.5 0.5 

355 1.9 0.2 

300 1.8 0.6 

180 6.0 44 

150 2.9 ae 

105 8.6 25.8 

90 4.0 6.1 

53 13.4 18.6 

23 1.0 3.4 

18 3.5 5.3 

a5 9.6 6.9 

2 12.2 6.9 

9 n.0 59 

z 8.3 3.5 

6 4.7 1.9 

5 2.6 1.2 

4 1.6 10) 

3 0.9 0.5 

2 0.5 0.2       
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CHAPTER 10 

Discussion 

The principle objective of this study, to produce barium 

chromate crystals of the order of 107 4m in size, was achieved and 

the feasibility of this was demonstrated (Chapter 9). The method used 

was to dissolve the barium chromate in hydrochloric acid solutions 

(~0.1M) and recrystallise by the controlled homogeneous generation 

of supersaturation (by the release of ammonia from the hydrolysis of 

urea at temperature of about 100°C). The use of small quantities of 

formic acid, which has a buffering effect on the pH change,was found 

to reduce the amount of fines. In order to study the process 

quantitatively it was necessary to know not only the growth rate of 

the crystals but also the prevailing driving force. This requires 

a knowledge of the solubility and also the chromate jon concentration. 

This in turn requires a knowledge of the relevant equilibrium 

constants. 

The results obtained (Chapter 5) showed that it is possible 

to increase the overall solubility of barium chromate by~3 orders 

of magnitude by lowering the pH. Although this only increases the 

3 dissolved barium chromate to~20g/dm° of solution, it poses the 

possibility of producing barium chromate crystals by the urea 

hydrolysis method as an alternative to the double-decomposition method 

used in industry, which in any case only gives crystals of the size 

6 of ~2 x 10 °m. 

The solubility in neutral solution was found to be higher than 

published values determined electrochemically by a factor of ca.2.
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It is considered that the electrochemically determined results may 

be low as they are sensitive to impurities. The only known chemical 

analysis method (of Waddel (14)) does give a result which approaches 

the values found in the present work. The solubility was found to 

increase from 5 x 10> M/dm> at 30°C to 28.5 x 10> M/dm? at 90°C. 

The consequence of this higher solubility is that the solubility 

product (by extrapolation to 20°C) is £9610°(C1 Jad), which is some 

five times greater than the published values. 

The effect of pH on solubility is quite dramatic for pH<4. 

This is attributed to the shift in the solubility equilibrium due to 

the protonation and dimerisation of the chromate ion. The solubility 

at 30°C increases from 0.118 x 10.2 M/dm? at pH = 4.18 to 39.8 x 102 

M/dm at pH = 0.6. This is consistent with data which appears in the 

International Critical Tables (22). At 90°C the solubility 

3 increases from 0.461 x 1073 M/dm? at pH = 4.50 to 106.9 x 10°3 M/dm? 

at pH = 0.75. 

A theoretical equation was derived for the solubility in terms 

of the equilibrium constants. This was a cubic equation in terms of 

solubility (equation 5.2). However, possibly due to the large 

number of unknowns in this equation, attempts to extract values for 

the equilibrium constants were unsuccessful. 

A mathematical model was developed to predict the concentration 

of the chromate ion (appendix 13) giving: 

[ cro; | 2 
* 3 YO 3 2 2 (+ H/K, +H K/Ky) +°((1 + H/K, +H K/K,) + BHKC1/K5) 
  

ww? Ky/K? 
Z 

= Als
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In order to use this equation the equilibrium constants must 

be known as well as the pH value. 

The values of the equilibrium constants in the literature were 

found to be variable (Chapter 6). Therefore, the most critical ones, 

the dimersation equilibrium constant K, and the protonation equilibrium 
d 

constant K, were determined independently (Chapter 7) using 

spectrophotometry and applying a different mathematical approach to 

that used by other authors. The values of Ky determined in this 

work (figure 10.1) are within reasonable agreement with that of 

Pladziewiezet et al. (174) but are higher than those of Gelea et al. 

(44) and Linge and Jones (36). The value of K, obtained here 

(figure 10.2) is lower than those obtained by Galea (44) and Linge 

and Jones (38), but agrees with the value obtained by Sasak (31). 

Since these equilibrium constants were needed to calculate 

the chromate ion concentration at 100°C, it was necessary to 

extrapolate the values found. Based on the Van't Hoff equation this 

was done by straight line extrapolation of log K vs. 1/T as 

indicated by the dotted lines in figures 10.1 and 10.2. 

These values of equilibrium constants were used to calculate 

(programme SK10, appendix 13) the concentration of the chromate ion 

for the special case when the total concentration of crt© is equal 

to the solubility. The results (figure 10.3) show that, although the 

overall solubility increased with a decrease in pH, the chromate ion 

concentration decreased by over an order of magnitude. Further, 

these results are noticeably different from concentrations calculated
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from the solubility product. The dashed line (figure 10.3) is based 

on the solubility product obtained from the present work; the dotted 

line is based on a solubility product value from the literature. 

This discrepancy is probably due to (a) the solubility product 

changing over the pH range, (b) the effect of ionic strength, and 

(c) the fact that the solubility product theory only holds with 

slightly soluble salts. 

It is noted that when the solubility product is calculated 

from the chromate ion concentration, the value changes with pH 

2- 

207 
increased with (H*) (tables 10.1 to 10.5). The most significant 

=i 

(table 10.6). The concentration of Crocl , HCrO, and Cro 

increase is that of Cro,cl” which increased from< 10 M/dm? at 

pH = 4.18 and to 7 x 103 M/dm> at pH = 0.6,at . 30°C. This indicates 

that 20% of the solubility increase is due to the formation of the 

Cro,cl” ion.
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EFFECT OF TEMPERATURE ON THE 
CONSTANT Kg (y= 0) 

  

  
  

00-0 

4 

a 

% A 

ear g 

a 
10-0, 

{iG |Prty ae we Oe oe ie ye 
25 26 27 28 29 30 31 32 33 34 35 36 

Wiest 2 =(K x10 a ) 

o
p
e
 
e
o
 present work 

Linge and Jones (36) 

Galea et al (44) 

Pladziewieg et al (174) 

Arnek and Johnson (40) 

 



- 1488- 

FIGURE 10:2 EFFECT OF THE TEMPERATURE ON THE 
CONSTANT K, (y=0) 
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Table 10.6: Change in S39 with pH calculated from 

the solubility data at 30°C and the 

concentrations of crop” at 30°C not 

corrected for ionic strength. 

  

  

  

pH ne nie pH x, x10 

4.18 3.0 1.75 19.2 

3.80 2.5 155 20.3 

3.50 4.9 1.40 27.4 

3.05 5.7 1.30 25.1 

2.80 71 1.00 31.9 

2.40 a189 0.75 30.9 

2.10 16.0 0.60 83.6          
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CHAPTER _11 

Conclusions and Recommendations for Future Work 

11.1 Conclusions 

1. Crystals of barium chromate of the order of 1074 m in size 

can be produced by precipitation from homogeneous solution. 

2. The solubility of barium chromate in neutral aqueous 

solution was found to be approximately twice that of the values 

usually found in the literature. 

3. The solubility of barium chromate was found to increase by 

~~ 3 orders of magnitude as the pH of the solution changed from 

pH = 4 to pH = 1. 

4, In the presence of chloride ion the formation of (Cro3c1") 

ion has a significant effect in increasing the solubility. 

5. The equilibrium constant for the dimerisation of the 

(HCro),) jon was found to be of similar magnitude to those values found 

in the literature but was temperature sensitive. 

6. The equilibrium constant for the protonation of the 

(cro, ) ion was found to be lower than those values found in the 

literature. 

11.2 Recommendations for Future Work 

1. The effect of urea on the solubility of the barium chromate 

should be determined. 

2. The kinetics of barium chromate crystal growth in low pH 

solutions should be studied.
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3. The effect of additives such as ammonium salts on (a) the 

solubility of barium chromate, (b) the rate of hydrolysis of urea, 

should be studied. 

4, The crystallisation of barium chromate process using urea 

hydrolysis to produce a large crystal product of narrow size 

distribution should be optimised.
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APPENDIX 1 

The pH of a solution is defined as the negative logarithm of 

the hydrogen ion concentration in the system. 

pH = - log, [Ht] ed 10 eseceece . 

Let the final pH of any sample be - log [X] therefore the hydrogen ion 

concentration in that solution = x. 

Let y be the hydrogen ion concentration required in sample bottle. 

Let z be the hydrogen ion concentration of the acid used. 

2 Sample volume = 1 com 

volumetric flask volume = 125 om? 

On adding sample to volumetric flask and making up amount of hydrogen 

ion in volumetric flask: 

CH= */25 socsesee A1.2 

Amount of acid needed to make the hydrogen ion conc. y iss 

y = »/25, Tern ALS 

Volume of acid of conc. z needed to be added before the volumetric flask 

is made up iss 

Va = 25(y - x/25)/2. Reseceseoe eal 

Taking z = 1.0 Wan, 

if the pH of the sample is 1.0 then x = 0.1 and taking the final pH = 1.0 

3 y = 0.1 then Va = 25(0.1 - 0.1/25)/1.0 = 2.4 cm from titrations the acid 

concentration was found = 0.995 M/dm”’. 

* Va = 2.4/0.995 = 2.41 om?
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- 1636+ 
Similarly table Al.1 was constructed. 

Calculation of acid added to make up pH to 1.0 

pH of Sample 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.5 

2.0 

2.5 

3.0 

x 

0.398 

0.316 

0.251 

0.1995 

0.158 

0.1259 

0.10 

0.0366 

0.01 

0.00316 

0.0010 

x/25 

0.016 

0.012 

0.010 

0.00798 

0.0063 

0.00504 

0.004 

0.00146 

0.00040 

0.00013 

0.00004 

y-x/25 

0.084 

0.088 

0.090 

0.092 

0.0937 

0.095 

0.096 

0.0987 

0.0996 

0.09987 

0.09996 

ae 

2.10 

2.20 

2.25 

2.30 

2.35 

2.38 

2.40 

2.46 

2.49 

2.497 

2.499 

(aie 

2.1 

2.21 

2.26 

2.31 

2.36 

2.39 

2.41 

2.47 

2.50 

2.51 

2.51



3-0   

20 

3 
pH
 

of
 
su

pe
rn

at
en

t 
so

lu
ti

on
 

  

      

2-0 ZA 22 23 24 25 

HCI acid added in CM3 

FIGURE A1:1 plot of amount of HCl necessary 

to add to solution to make pH =1-25
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APPENDIX 2 

Correction of equilibrium constants for ionic strength. 

In any equilibrium reaction 

ake + bBo == cl + aD A2.1 

the thermodynamic equilibrium constant can be defined as 

"3 pos yee 
x 

a® 
A 

A2.2 

vo
l 

d
e
 

where a is the activity of the constituents of the reaction. 

Further, 

A2.3 

where fy = the activity coefficient of i 

Cy = the molar concentration of i 

Defining a second equilibrium constant in terms of the 

concentration of the reactants and products. 

cC a 

fy xX S Az. 

equation A2.2 can then be written as follows, 

oat Gs x #) A2.5 

(Rx #3)
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The activity coefficient of any species i can be defined by the 

Debye-Huckle equation (32). 

- log fi =   

where A is a constant dependent on the solvent and the temperature 

of the system and is given by (46), 

A = 1.823 x 10%/(pr)3/2 A2.7 

where T = absolute temperature K 

D = dielectric constant of solvent 

that temperature. 

B can be defined as (47), 

= 5.0, x 109(a/or)'/2 42.8 ow 

a is defined as the mean distance of approach of ions, and 

a; is the charge of ion i. 

Table A2.2 Variation of D, A and B with temperature when the 

Solvent is water, 075) for the Debye-Huckle equation. 

  

  

Temp (K) D A B 

273 98.15 0.488 0.325 x 10° 
288 82.23 0.500 0.328 x 10° 
298 73.54 0.509 0.330 x 10° 

303 76.76 0.514 0.332 x 10° 

313 73.75 0.525 0.333 x 10° 
523. 70.10 0.535 0.335 x 10°           
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Table A2.3 

The values of" a. for various ions of interest are tabulated in 

table a2.3 (22), 

  

  

        

Ion a (cm) x 10° 

ae 9.0 

Bet 5.0 
2= - 2= 

Cro), ’ Horo, ’ Gr305 

Her0,0, ’ Gro, cl 4.0 

C17 3.0 

Taking the equilibrium reaction 

- as 2= + 
HCrO,, —= Cry + oH 1.1 

2a5 pt “1 
KD = (ero, ] (H”) 5 1.9 
  

(Hero, 

where [ ] indicates concentration and ( ) indicates activity using 

equation A2.4, 

Ko = kK oa A2.9 2 2 Dh : 

substituting equation A2.6 into equation A2.9 

log KB = log Ky - 4AVEL A Vo + 
  

lta Be a + asa A2.10 
D
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pe)
 

a oa
 a 

n
o
 ui log Ky - 3A VE A212 

  

eee 28 VE 

inserting the values of A, Banda at the appropriate temperatures, 

the following relations for the six equilibrium constants at 

temperatures Oe, 40°, ey vishen 80° and 90°C were formed.
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Table A2.4: 

Values of the constants for equation A2.11 

  

  

      

Temperature Equilibrium 3A a, 5 

%% Constant 

30 & 0.514 | 1.324 

Ko 1.542 | 1.324 2 

xe 0.514 | 0.993 

Ky 1.028 | 1.324 

Oo ek 0.514 | 1.324 

oO 
Kao 1.542 1.324 

i) | 0.525 | 1.332 

KB 1.575 | 1.332 

oO 
K, 0.525 0.999 

KS 1.05 1.332 

° oe Koa 0.525 | 1.332 

2 Ree 1.575 | 1.332 

50° Ky 0.535 | 1.340 

K 1.605 | 1.340 

Ke 0.535 | 1.010 

0 

Ka 1.07 1.340 

ei 0.535 340     
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Table A2.4: Continued 

Temperature Hguilibriun 3A ay B 

%q Constant 

a Ke 1.605 | 1.340 

70 Ke 0.555 | 1.356 

1.665 | 1.356 

Ke 0.555 | 1.017 

a 1514 1.356 

et 0.555 | 1.356 

Ree 1.665 | 1.356 

80 Ky 0.565 | 1.364 

KS 1.695 | 1.364 

Ke 0.565 | 1.023 

KS 1.130 | 1.364 

oO iy 0.565 | 1.364 

Keo 1.695 | 1.364 

90 x 0.576 | 1.363 

res 1.723 | 1.368          



aol 

Continued 

  

Hquilibriun 

  

  

3A ay B 
% Constant 

90 Ke 0.576 | 1.026 

oO 
Ka dekde 1.368 

ve 0.576 | 1.368 ay ‘ 36 

eS 1.723 | 1.368       
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APPENDIX 3 

When barium chromate crystals are in suspension in water, 

Bae* and ord ions go into solution according to the equilibrium: 

BaCro, === Bt + cro,” A3.2 

Defining the fraction of crystal surface covered by the barium 

ions as z, the fraction covered by the chromate ions is then 1 - 2. 

The rate ry at which barium ions leave the surface is proportional 

to z and can be expressed as 

rT) = ka A3.2 

where ky is a rate constant. The rate rp at which barium ions are 

deposited from solution is proportional both to the concentration 

of barium ions in solution and the remaining available space, 

ty 2 = ky (1-2) (Ba) , 43.3 

at equilibrium 

er Se Chr) beacapes 43.4 

rearranging 

(ipeO"]) = a) it (a ~ 2), 43.5 

similarly 

[crof] = Enes) 43.6 

ky Z 

i © (rds) (eed <= Gt Xe A3.7 

ke ky
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where Ksp is the solubility product of the ions in solution. 

On adding HCl the equilibria given in (section 2.3 ) are 

formed. 

These equilibria can be represented mathematically as follows:- 

K, = (Hero,] (a*) / [H,0r9,] 3.8 

Ko = [erog] (HY) / (Hero) A3.9 

= [ar,02 7] / [Hoo 7° A3.10 

Kay = [iigtr, 07] ayy, [H.cr,0,] 43.11 

Kap) ice sOnil (Hed / [Hor,05] 3.12 

K, = ([ero,c17] / [Hero] (u*)(c17) A3.13 

Defining S as the total solubility of Cr(VI) in the solution and 

assuming that not all the BaCrO,, is ionised a mass balance on Cr(VI) 

gives:- 

S = [Bacro,] + [orog7] + [Horo,] + CH,cr0,] 

+ aLer,057] + 2[Hor,05] + 2[H,Cr,05] 

+ [ero,c1"] A3.14 

A mass balance on barium gives, 

S = [Bacro,] + (Bet) = rae. A3.15
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Defining @ as the fraction of Bacrd), not ionised. 

  

8 =[ BaCro, ] 43.16 

Ba 

eal Ban = S(t 18) 3.17 

from equations A3.9 

Qa rt: 
(Hero,] = [ero] (H”) / Ky A3.18 

similarly modifying equation A3.8 and equation A3.10 to A3.13 and 

substituting into equation A3.14, 

u W 
+ aorop J (ut)? xy /xs + aorog T° (Ht)? Ky / Kp Kap 

22 party 2 
Aoroy I CH)” ka / KS Kae Kay + 

+ Corof7] Cor} (w*)®. x, / Kp 
A3.19 

from equation A3.7 

Coro") Py / [=] = Ke, / s(1 - 8) A3.20 

substituting A3.20 into A3.19 

S = aS+K,/ (1-8) 5+x,, (a*) /x, (a-8) 8 

+ is (at)? / KK, (2-8) 8 +2 a Ka (H)?/«2 (a - 8) 

2 +\3 7 2 eae + 2 Ke, Ka @) / X& Kap (2 - BY S 

[Bacro,,] + Carog7] + [cr05” J (at) /x, + CorofgJcH*)*/K, K, 

2 2
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2 + 2 Bue 
+2 Ko, Xa (H M/S Kao Kay (1 -p)" Ss 

+ = ¢ +k, (H") (cl) K, Y Koul=B) 8 43.21 

taking the [Cl] concentration to equal (Ht) and rearranging 

equation A3.21 the following equation is obtained: 

S? (ga 6) o- 9S (1 = BA B= 0 A3.22 

where, 

2 As (1 + (H) /K, + (A) (AK,K, + (H) K, / Kp)) 43.23 

and, 

B= 2 Ke Ky (x)? + (ay? [Kao + at UE Kaz Kao) A324 

2 
K 2
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APPENDIX 4 

RSM PROGRAM TOR HURESTIC APPROACH 
PRINT 

pm E(5], ¢(5], ¥ (5), x [5], ¥ (5) 

pin H [5], §(5], ¢(5], D [5] 
PRINT " INPUT DATA H&S" 
FOR 1 =1702 

Input H [1], $ (2) 

NEXT 1 

PRINT " INPUT Kc, Kl & K2" 
FOR J = 1703 
mnpuT x (s], D[s], 2[s] 
NEXT J 
PRINT "INPUT KSP, KD1 & KD2 " 
FOR 1 =1T02 
Input ¢ (17, wf2], ¥ 019 
NEXT 1 
PRINT "INPUT KD " 
FOR 1 =1T05 
INPUT G [2] 
NaXT 1 
FOR P = 1702 
FOR1=1702 
FOR J = 1703 
FORK = 1702 
FOR L = 1702 
FOR M= 1705 
FOR N = 1703 

FOR O = 1703 

GOsUB 400 

GOSUB 510 

NEXT 0 

NEXT N 

NEXT 4 

NEXT L 

NEXT X 

NEXT J 

NaXT I 

P



390 
400 

410 

420 

430 

450 

460 

470 

480 

500 

Lia 

STOP 
Al = HPY=s (nN) 
A2 = (H[P] 2)/(E [NT * D (0]) 

a3 =x(o]* (H Cel 3)/)2 £9) 
A =O [1] # (1 +Al +42 + A3) 

Bl=2%((¢(1] 2)*¢([0])/(e[N] 2) 
B2=H[P] 2 

53 = (H(P] 3)/¥ [x] 
Bh = (H [P] 4)/(W Ok] * ¥ (1) 
B= Bl * (B2 + B3 + BY) 

r= (a#s(P]+3)/(S(P] 3) 
RETURN 
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APPENDIX 6 

Equation 7.18 section 7.3.4.1 gives, 

K 
-(1 +2) + 

  

o00ee7 18 

If the square root term is expanded by the binomial, 

es ae + 
Square root term = ((1 + zr vr XK jCy) 

K K. K, e 

= +P + @ Ry + P+ POD a+ PH (Ho? 

assuming SKaCy << 1, the third term and consequent terms can be neglected. 

Take the equilibriua, 

Zor, === O,05 + 0 

with, ae 

x eee 
(Hero), 7 

1 assume the fraction of Cor,05) =70 G, 

and the fraction [HCr0, ] = (1 - a)cy 

a Cy 2 

2,2 
(2 - a)"a, 

sie K, = ‘da 

a 
Bayly = 

(1 = 0)



and hey 

Sn ae A 
(i - a) 

now 0 < 5c, < 1 vcccecAbel 

Ye 
oa 0 < ———- <1 seeeeeAOee 

(1 - a)? 

Take the L.H.S. of the inequality A6.2 

4a 
0<——. => a>0 

(1 - a)* 

for the R.H.S. of the inequality 

4a 
a aL 

(1 - a)? 

2 i.e. 4a< (1 -a) 

2 
i.e. 4a<1l-2ata 

i.e. Cxtai6e ee eosescAb.3 

consider this case, 

o-& +10 eeceecAbe4 

Soars 6+ 736-4 

2
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as a<l 

aie a” -6a0+1>0 is equivalent to 

a-(3-2V%2]>0 

or <3 =e Vid = 0.1726 RensschOs5 

* oa Or 0 < Xe, <1 

this constraint on @ applies 

0< a < 0.1716 00000 0Abe6 

This is a very severe constraint for the expansion and consequent 

truncation to be valid.
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APPENDIX 8 

Determination of the experimental error in 2) 

The experimental procedure was to weigh out accurately 

approximately 2g of potassium chromate and make up a solution in 

2h am? volumetric flask. 

The samples for the absorptions were prepared by pipetting 

4 - 40 mls of solution into 0.1 dm volumetric flasks. From the 
absorption measurements the overall molar absorptivity was determined. 

A = A Sore ao 
a Cy 

let Mo = wt of K5Cro, 

V = Volume inl an? volumetric flask. 

v3.* Volume pipetted. 

Vp = Volume in 0.1 dm volumetric flask. 

  

, pagent cesses AGed 
x v Yo 

Ay / ae 
= sa = Ay VWv5 / MV. s0000eAS.2 but ey Cy Ee. 2 

2 e 2 2 2 2 Ae A AY AY. AM AV. ana AS - (44) (2) (23 (4 (2 
ON A Vv Vo M vy 

oe0e0cA8.3 
Now, 

the accuracy of the absorption readings, 

AAy 
—*= + 0.01 (section 4,12), 

AD 
the accuracy of the amount pipeted, 

Av, = Q.01. q ’ 
wi
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the accuracy of the 1 an? volumetric flask , 

AV 
— = +0.001, 
v 

the accuracy of the 0.1 an? volumetric flasks, 

AY. 
ee + 0.001 , 

2 

and the accuracy in the weighing, 

AM 
— = +0,0001 . 
M 

When the sample pipetted was 4 mls , substituting into A8.3; 

Ae : X 
(23) wy dix lovin aioe L104 Wx lous 2.5 x 107° 

es 
= 1.05 x ro 

Ae; 
wad A 5 o.ome = 1,088; 

“r 
and when sample pipetted was 40 mls 

ene 
Ae 

( sa a Lx to 

“A 

ee Ae 
= 
A 

= 0.01 = 1.0%. 

From this it can be seen that the accuracy of ey is dependent only on 

the absorption readings and is + 1%.
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Table A10.10: Calculation of Kos Temperature 20° 

Ionic Strength = 0.25 with =o 331131.0 and he 83176.0 

  

  

  

ay a 

Wavelength | = ~ Sp 2 K 
1 a 1 Se Pe 2 : 

295 124.7 2150. |* 25 170.6 0.9 

300 99-1 101.5 | 1.0 95.0 1.0 

305 73.5 84.0 | 2.2 58 4,2 

310 64.6 73.0 | 3.4 26579 | ee 

315 62.7 70.0 | 2.9 Boule 1h. 5 

320 68.9 7710 | 853 oni at Gablateal 

325 53.7 91.0 | 2.9 46.3 6.4 

330 101.2 | 109.0 | 2.7 63.3 4.0 

335 52518 aleiso1 \Lt9 105.0 1.8 

3H0 145.6 | 147.0 | 0.6 159.0 0.4 

345 165.0 | 160.0 | 2.0 209.0 1.0 

350 179.2. | 164.0 |. 6.1 275.9 Bee 

355 189.2 | 165.0 | 9.8 352.0 2.8 

360 193.5 | 160.0 | 13.5 heh.o 3.2 

365 1g4.2 | 152.0 | 17.0 483.0 oe 

370 192.8 | 138.0 | 20.4 532.0 3.8 

375 179.5° | 127.0 | 21.0 53.6 3.9 

330 161.3 109.0 2r60) 521.0 4.0              
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Table A10.10 Continued 

  

  

  

Wavelength ay Se yoke & Ke 

x10 x 107 

385 141.6 92.0 | 20.0 460.4 4.3 

390 118.0 72.0 | 18.6 391.8 4,7 

og5 7 57.0 | 15.2 307.6 49 

400 73.0 47.0 | 10.5 231.4 45 

405 55.5 35.0 | 18.3 170.9 4,8           
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APPENDIX 11 

The equation for the equilibrium between the Her 0, ion and 

crop” given in chapter 6 leads to:- 

A 
Z Lone me (ep Ky) “i eeell.l 

Ie, 

This is an equation of a straight line, 

witha (Y= Aw 

1G) 

z 
x on 

M 290 K 

Yy,-»% 
since, M = ~—i o2.11.2 

Se 

By the theory of the combination of random errors, the error in M is 

given by 

au\?, z Qu)? = A(eK,)* fee + (dy,)? + (34) x,)* +3) 

nu
 

» Ax)? +(gey 2 (5) Fo 1ie3 

Assuming that the error in the pH reading is 

ApH = + 0.02 

= + 0.05 

2 Aw = 4 203 = ax I+



- 227 - 

af (HY ae «(HY at (a2)? ad 
as 1 does not change A1 —b oO 

OA = 0,002 = 0.0027 

>
 a 

a ’ 

= 0.001 

| 

“AGe = (0,001) 2 

Se AYO ole ()° (0.002)* (te) (0.001) oa 

Oi a 

oy, Se 
  

es (Yio te )@pe Ga ae - 1%, - 
a it 1 2 di 

oy 7 > HN - 2)" 

  

  vat (2S) ]( SSF + (eH) iC, 

; ‘Ii case (| ‘| 

Gj i ‘a 10) ‘ 1Cy 

  
  

  

eoell 4 

eoell.5 

ooell.6 

oeell.7 

ooe11.8 

eeell 9
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But, 

(& - X%) >> (%y - Y5). 

therefore the two last terms in equation Al1.9 tend to zero, and 

equation All.9 becomes, 

1 \4f fo.oce¥ 0.001\" (ell esh: 4-98 
A, and A, have a maximum value of 0.1 for the concentration 

of ort? = 4 x 107 M. 

2 2 0.002 
ws We (3) CE) 

X- X 1c, 

Cy, = 0.0004 

andl = 2mm 

-. AM 2 

ea 

Pie .’. the error in the slope, (ep Ko), =+ sf a «eeAl11.10 

ay =u
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APPENDIX 12 

Calculation of K, from Absorption Data 

Assuming the only equilibrium in the solution is the 

dimerisation reaction. 

= oe 
2 Hero, —= cr30, me #20 Al2.1 

the equilibrium constant is given by 

2: 
cr,0; ze cee 
Cuero, 7° 

Assuming (1 - a) G, to be the fraction of HGr0, in the solution and 

de C,the fraction of ort", then at any concentration,i : 

2 Su) oe 
Kooy Qa) 

and hence 

    

1 i 
qeus Let - v(l + 8K gCps) Al2.2 

MKaCns — WKaSny 
As shown by Lukkari and Tong et al.the overall coefficient of molar 

absorptivity can be expressed at any one wavelength as:- 

eu = ‘a as +16 

e, ss 20 where m ( = + @4) 

and d = ®, where e), and Go are the coefficients 

of molar absorptivity of Hero, and or,05” respectively. 

Due to experimental errors:- 

e@, =na +a +he, 412.3
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where A€, is the error in e q let Ky = K,, when E ( Ae,)? is a 

minimum.consider what happens to © (ae,)* by changing K =K,, (1 +8) 

where © << 1 from Al2.2. 

als s 
ay = b+——— > 00 + 0, (2 +8) 

HK, Ong (2 +6) HK, Gn (2 +8) 

and using the binomial expansion 

  

  

1 Q+ Kc.) be whats i aE eg 
MK Cos Kao Sn 

1+ 4a, Spy ss 6 
Sedo Tt 
(2 + Bq, Ops)? Ka oons 

or a; = Oy + a6 oo ee AlZ4 

where M5 is Oy at Ky = Kao and, 

ing Ka ors 

Fy: 
Kars 

The normal equations for solving Go and a, are 

2 tay? = Bay, + 260 yy + 0 (6°) sukled 

a4 7 Inyo +6 ay 

and 

(ou 4)? = (Ea gg)? + 2 6 (Ea gy) (ay) + OCG )eeee-Al2.7
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2 2 2 
RM = WH + 2562 50a + 0(5 ~) os Al2.6 

my = WG, + tay 

and 

2 2 2 
(mw )” = (By) + 26 (fas) + 0(5%) --A12.7 

Tay, = Uoyyy + OLGY, -.A12.8 

De, Dy, = Dy, Dy, + S2a, Dy. +2A12.9 

“Now the slope 

n deyy, 7 Ey By 

  

  

Z 2 
n te; - (Zo, ) 

as é -f* Days 7 2g By, 2m Dh A TE Pad 
° 2 2 

1 DA oy, ~ Dey Pyy a Eay, ~ (Dy) 

Therefore =m, (1+ vd ) »A12.10 

ee. Ge eee en 
2 2 

n os 4 - Ei, tys oe (x,,) 
+ 0A12.11 

1 
now d=- (ty, - De, ) 

n 

1 no Cs Sh i> ae (1 +6 ) (x, + 5 Za;) 
a n 

ee 
cs 12 - M95 a Zyy ths (boa, + Za,) 
n n n 

a aa eg 
° ee (» mH, + Za;) 2



therefore d = d -g6 

no 
where 6, (baat Xa; ) 

now Ae. 

and Ag, =; = eae = 92 (1+ 06 )(a,, +a,6)- a, +68 

= 9, 75 Cro +6/fa, + bm/) aa ne < 

Aes = 95 -™ 4, = tg t Ole -m, (a; + O%,)), 

therefore A€, =A, +62, 
io 

Where f,=g -™) (a, + oe) 

2 2 me,“ = 5 @€,, +52,) 

=r G6, 7 + 25208, + 0(6*)) 

= we, ? + 26z8,A€,, +0 (6 zy ' 

The miniumum occurs when 

zee a0 

Therefore the condition for me ,* to be a minimum is:- 

= Aé = F(Kd.,) = EEA € 0 

--Al2.14 

+0A12.15 

eA12.16 

«Al2.17 

By choosing values of Kd and solving numerically by the R-eguli Falsi 

iteration method the actual value of Kd can be determined.
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ASPADIX 13 
Model for calculating [Cr0?7] concentration 

In section 5.3.2 it was shown that in acidic solutions of bariun 

chromate, the total cr*6 species can be accounted for by the ions, 

=. =. 2. - m - 
(Hero, 1, Corog ‘18 [er,05 J, (¢ro,c1 7 and CHor,05]. 

Neglecting [Her,07] as it is relatively small, 

a mass balance on the total concentration of cx*6 gives: 

Gp = (Horo,] + 2 Cor,05"] + Corof] + Cer0,c17] 

SB tO CO ee -oeeAl3.1 

Assuming the [C17] concentration = the [H*] concentration, and 

rearranging equations A3.9, A3.10 and A3.13 in terms of D and 

substituting into equation Al3.1 

  

    

HD ok, HD* K, 1D 
Cae an a et , 

2 ie Kp 

Aarne H x, # 
ae a = Dv + (l+- + reas eescAl3.e 

Ke K K 2 2 2 

This is a quadratic equation in D,the solution of which is 

  

  

Hee ees He kW © | Sued. 
-Q+- + + (G+e ts ) +5 

2 2 emake KS 
D= Be 

AB 
4k H” / Xo eA 

This is a general equation for the calculation of the concentration of 

CoroZ"}, using programme SK10.
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