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( i) 

SUMt1ARY 

Some properties of zirconium compounds in aqueous 

solution have been determined using physico-chemical 

techniques. Zirconium oxychloride was used as the s our ce of 

zirconium in a ll detailed investigations; zirconium sulphate 

was used in a few cases for comparative purposes . 

The Stokes diaphragm cell method has been used to 

determine the diffusion coefficient of zirconium in hydro-

chloric acid solution. It was found that the diffusion 

coefficient fell progressively with time, a limi ting va lue 

being reached 4 to 5 weeks after dissolving the salt, and i t 

was demonstrated that particles in the aged solutions were 

more homogeneous than in freshly prepared solutions. The 

limiting values were concentration dependent; dilute 

solutions had a lower diffusion coefficient than the more 

concentrated solutions when measured at the natura l pH . I n 

the presence of added acid the rate of diffusion was 

increased until a limiting value was reached in 0.5 M .qcid . 

The addition of alkali or complexing acids reduced the rate 

of diffusion. 

Since the r a te of diffusion is related to the size 

of the particle , approximate values for the radius, pPrticle 

weight, and degr ee of polymerisation can be determined. The 

limiting value of 3.2 for the degree of polymerisation i n 

0. ~ to 2M hydrochloric acid confirms the results from ultr8 -

centrifuge and complex formation studies which indic8te th~ t 



(ii) 

the zirconium is either a trimer or tetramer. 

concentrations below 0.2 M, zirconium is Tore highly poly­

merised, Rnd the nverage degree of polymerisation in 

solutions of maximum basicity is about 30. 

Potentiometric titration curves of zirconium in the 

presence of various organic reagents revealed that weak 

coordinate bonds are formed between carboxyl groups and 

zirconium oxychloride, but no coor~ination could be detected 

in sulphate solutions. There was no evidence of a 

coordination reaction between zirconium and amino groups. 

Paper electrophoresis measurements showed that in 

the presence of hydroxy acids the electronegativity of the 

zirconium was increased and high pH conditions favoured the 

formation of anionic complexes. 

An investigation of practical ap~lications showed 

that the rete of diffusion of small particles into hide is 

greater than tha t of the large mo l ecular weight species. 

A comparison of the rate of. penetn~tion of zirconium 

sulphate 8nd zirconium oxychloride showed that under simil ~r 

conditions of acidity and concentration zirconium sulphate 

always diffused more slowly into hide, but the rat e of 

penetration was also de~endent on solution condit i ons. It 

is therefore reasonable to conclude that the rate of 

penetration is dependent on the particle size. Application 

of this result enabled complete penetration of hide to be 

effected with smaller amounts of zirconium than has previously 

been possible. 



(iii) 

Significant deductions with regard to the mechanism 

of the reaction between zirconium and collagen have been m8de 

from the results of potentiometry and elect r ophoresis 

measurements in the presence of model substances containing 

the reactive groups which are present in hide protein. It is 

concluded that under normal conditions of tannage no 

coordination reactions occur with either the carboxyl eroups 

or the amino groups, tannage probably being effected by 

r eactions involving residual valency forces. Since the mos t 

stable tannage is obtained with anionic zirconium, the 

increased hydrothermal stability using these compounds m8y he 

due t o either increased stability of the zirconium to 

zirconium bridge by ring formation, or reinforcement due t o 

electrovalent bonds with positively charged basic groups on 

the hide protein. 

Since the work in this thesis required a l arge 

number of zirconium determinations to be made, a rapid 

accurate analytical method was developed which gave accurate 

and reproducible results ovef a wide range of zirconium 

concentrations and in the presence of other cations and 

anions. 
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CHAPTER 1. 

INTRODUCTION 

During the manufacture of leather, the fibrous skin 

protein, collagen, is tanned by irreversible combination 

with the tanning agent, which imparts certain characteristic 

properties to the collagen~ Criteria of tannage are, for 

example, resistance to putrefaction, increase in hydrothermal 

stability, and the retention of the fibrous structure. 

These a~e discussed in detail by Lollar(l). Numerous 

substances of greatly differing chemical nature can funct ion 

as tanning agents. Three well defined types of tanning 

reactions have been established: a) reactions involving 

coordination, e.g., chromium tannage; b) reactions involving 

covalent crosslinking, e.g., aldehyde tannage; and c) 

react ions involving linkages of a more general character , 

usually hydrogen bonding or van rer \llaals' forces, e.g., 

vegetable tannage. In addition a fourth type of react ion 

can occur involving salt links between oppos itely charged 

groups, but no conclusive example of this type has yet been 

given. 

The extensive use of mine r al salts as tanning 

agents for the manufacture of leather was introduced 
(2) 

comparatively recently, although aluminium has been ~sed as 

a pseudo tanning or "tawing" material for centuries( 3). Of 

the mineral salts that are known to have tanning ability, 

chromium sulphate is the most extensively used, and for this 
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reason chromium has been used in the majority of the 

investigations of the chemistry of mineral tanning( 4-B) •. The 

other mineral tanning materials are dealt with less fully in 

the literature(g,lo). Zirconium is the most recent of the 

mineral tanning materials to find commercial application, 

although its affinity for collagen had been discovered as 

early as l907(ll). The first patent for its use as a 

tanning agent was granted in 19~3(l2 ), and other patents 

followed(l3-l9), but it was not until the early 1940's that 

extensive practical use was made of this material. 

The general chemistry of zirconium has been 

investigated fairly extensively and has recently been 

reviewed by Blumenthal( 2o), but most of the published 

literature relating to tanning with zirconium is of a 

practical nature, and this has been reviewed by Somerville(g) 

and Williams-Wynn( 2l). Several mechanisms have been proposed 

to explain the reaction of zirconium with collagen, and these 

may be divided into two groups: those that postulate that 

the process is one of deposition· and adsorption, and those 

that assume chemical combination between the metal ion, 

usually a complex ion, and the collagen. The latter is the 

more generally accepted theory, but opinions differ as to the 

nature of the combination and the groups of collagen involved, 

since zirconium does not seem to fall exclusively into either 

of the above categories. For present ideas to be improved 

and extended, more fundamental knowledge of the properties of 

zirconium coordination compounds and the conditions of complex 
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formation is required . Some aspects of the chemistry of 

zirconium compounds relating to tanning have been investiga1 0d ) 

but before dealing with the results of the present work, a 

review of the chemistry of zirconium will be given. 

a) General Chemistry of Zirconium 

The chemistry of zirconium has been investicated 

fairly extensively, and the work summarised by Venable( 22 ) and 

by Blumenthal( 20, 23). Zirconium has a normal valency of 4 

and may realise valencies up to 8 by coordination. V8l encies 

of 3 and 2 are known, but zirconium occurs in its compounds 

almost exclusively as a quadrivalent element. It does not 

form the simple monatomic ion, although it may constitute part 

of ions or charged colloidal particles. 

Hydrolysis 

Although the zr4+ ion has been reported( 24 ) it is 

generally accepted that the quadrivalent zirconium ion does 

not exist in aqueous solution. Even in strongly acid 

solutions the zirconyl ion, Zro2+, is formed, which is very 

stable and r enains unaltered over a wide range of solution 

conditions. Blumenthal( 25 ) suggests the following mochanis~ : 
when anhydrous zirconium tetrachloride is dissolved in water, 

hydration and hydrolysis occur with the formation of the 

zirconyl ion. Hydration proceeds still further, and 

ultimately the zirconium atom becomes ass ociated by covalent 

bonds with the maximum number of atoms or groups that t he 

geometry of the zirconium atom and its ligands permits. 
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Under these conditions it is calculated that the zirconium 

atom attains a coordination number of 7, and the over-all 

reaction of zirconium tetrachloride with water can be 

represented by the equation: 

+ 

+ 

X-ray an8lysis of solid zirconium oxychloride showed 

that there were no zirconium halogen bonds( 26 ), and in aqueous 

solution any chlorine that was attached to zirconium is 

displaced by water or hydroxyl groups, and the zirconium 

exists in solution as a polyatomic cation. This is in direct 

contrast to ~he reaction of zirconium sulphate in water. 

Blumenthal( 23) has suggested that whilst this salt is ~lso 

hydrated, the su l phate radical is not d isplaced because it is 

bonded to zirconium through oxygen, and hydrogen ions are 

liberated with the formation of anionic zirconium. However, 

this is an over-simplification of the reaction, since cationic 

and nonionic complexes have been found in zirconium sulphate 

solution, see following section. 

Jonic nature of zirconium conplexes 

The charge of the zirconium complex has been studied 

by a number of workers using ion exchange resins and e lectro-

phoresis techniques, but ion exchange methods are of doubtful 

accuracy because of hydrolysis effects and displacement of the 
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equilibrium. La:sserre( 27 ) noted different reactions be tween 

zirconium sulphate solutions prepared at the boil and solutions 

prepared at room temperature, when these were passed through 

ion exchange resins. She found that the zirconium was mainly 

cationic in solutions prepared at room temperature, but not in 

the solutions prepared at the boil. Using resin columns, 

Ranganathan and Reed( 2B) determined the relative proporti ons 

of cationic, anionic , and uncharged zirconium in solutions of 

zirconium sulphate complexed with varying amounts of citr~te. 

Their results showed that an increase in the citrate 

concentration raised the proportion of anionic zirconium pr esent 

in the solution . This was confirmed by tho results of their 

electrophoresis experiments. In freshly prepared sulphat e 

solutions at pH 2 . 07 , the zirconium was mainly noni onic \..Jith 

a small proportion of cationic zirconium present . On the 

other hand, Portes( 2g) found that basic zirconium sulpha te was 

predominantly anionic be l ow pH 3.0 and cationic above, while 

zirconium oxychloride was cationic over the whole pH r ange 

2 .0 to 7 . 0 ! In the presence of acetic, formic, and lactic 

acids , the complexes became more electronegative, confirming 

tho observat i ons by Ranganathan and Reed on the effect of 

cit r ate complexing . The electronegativity of zir conium 

organic acid complexes is again demonstrated by one acetat e 

compound reported by Blumenthal( 23 ) , formula H2 .zro2.(c2H3o2 )2 , 

which was unaffected. on passing through a cation exchanger. 

Lister and McDonald( 30) came to the conclusion that in hydro-

chloric acid solution a complex equilibrium system exists 
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involving cationic, anionic, and uncharged species. :Slectro-

migration experiments showed very little migration in either 

direction, possibly indicating that uncharged species 

predominated. In sulphuric acid solution, anionic zirconiun: 

complexes predominated, and in 1.5 N sulphuric acid solution, 

cationic species had disappeared completely. 

Solution properties of zirconium complexes 

The presence of organic ac ids affects not only the 

ionic nature of zirconium in solution but also the pH at ,..,hich 

precipitation commences. However, few studies have been 

reported on the stability of zirconium solutions in tho 

presence of organic reagents. In the presence of most 

organic acid anions, the ~~ of precipitat~on is cpnsiderably 

higher than in inorgAnic acid solutions.( 23 729 ,3l-35), and an 

adequate quantity of some hydroxy acids may prevent 

precipitation altogether( 23, 31 , 36 ). It is apparent t1v1t onl;r 

organic reagents of the polydentate type are capable of forming 

chelate complexes with zirconium that are stable to high 

concentrations of hydroxyl ion. This is illustrated in the 

cases of lactate, citrate, glycollate, gluconate, and tartrnte, 

by comple te resistance to precipitation in strongly alka) i :1e 

solutions. Insoluble chelates are formed with some organi~ 

acid anions when the resulting complex contains no hydrophyllic 

groups ( 37 ) . For example, some ~-hydroxy acids form very 

sparingly soluble zirconium compounds in acid. solution when a 

large excess of the organic acid is present( 23), and some of 

these can be used as reagents for the quantitative 
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precipitation of zirconium for analysis(3B-40). M o s t d i bas i c 

organic acids which are capable of chelate formation produc8 

insoluble compounds with zirconium( 29,32 ,4l)_ 

The type of Rlkali used in b3sifying the zirconium 

solutions also affects the pH at which precipitation commences . 

Solutions basified with sodium carbonate precipitate at higher 

pH va lues than s imilar solutions to \>Jhich sodium hydroxide ..... as 

added. The resulting basic material differs depending on the 

alkali used. With l equivalent of - OH ions, ZrO.OH.Cl iB 

formed, but l equivalent of carbonate produces Zr2o3c12( 23 ) . 

Both basic salts are further hydrolysed because their soluti ons 

are acidic in reaction. It is stated that the polycation ca n 

for m in hal ide solutions only in the pre sene e of carbonic " c id ( 23 ), 

but the presence of polymers has been established oven in 

strongly acid co2-free solutions, see following section and 

Chap. 3a. 

Polvnorisat ion 

The hypothesis that zirconium forms polymers by 

hydrolysis is of long standing( 23, 42 ). The formation of 

basic zirconium polymers by progressive hydrolysis can be 

inferred from visual observations on t~e instability of 

qquoous solutions of zirconium salts< 43 , 44 ), but little is 

known of the structure of these complexes, or of the ultim~ te 

size which i .s attained before the polymer be comes insoluble. 

Blumenthal( 23) h3.s postulated various structural formulo.e~ 

in the case of sulphate solutions it is suggested th3t the 
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zirconium atoms are linked by sulphate groups, but this 

cannot explain tho presence of aggregates in zirconium halide 

solution, although the hydrolysis and aggregation of s ? lt s cf 

weak polyacid bases are affected in a specific manner by t hG 

an ion combined with the base or hydrolysis product( 45). ~ho 
generally acc epted theory for the mechanism of polymcrisation 

is the acgregation of zirconium atoms by hydroxide or oxide 

bridges( 23,46), and it has been shown that hydroxyl groups 

link the zirconium atoms in solid zirconium oxyhalide 

crystals( 26 ). 

That polymerisation takes place in aqueous solution 

has been deduced fro~ st~dies of conductivity changes(4-?), 

potentiometric studies(33), diffusion measurements(30,4-5), two 

phase distribution equi librium measuroments( 24 , 48 ), and ultra­

centrifuee techniques( 42 , 49). On the other hand, the 

presence of monomers has been reported in moderately acid 

solution of extromely low zirconium concentration( 24 ). 

From the above it will be seen that some of tho 

evidence is contradictory, and further information on the 

chemistry of zirconiu~ in aqueous solution , particularly nith 

r eferenc e to complex formation and particle size, appears to 

be es sential for deducing the reaction mechan ism of the 

zirconium tanning process, and to expla in earlier observations 

which are discussed below. 

b) Reaction of Zirconium With Collagen 

A fundamental study of the reaction of zirconium 

with mode l substances is important, since tho reaction ·~ ith 
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collagen is complicated by the physical st r ucture of fibrous 

protein and may le2d to erroneous conclusions. This is 

illustrated by thG criticism of Lasserre's work( 27) by 

Ranganathan and Recd(50) _ Lasserre found that normal and 

deRminated collagen contained similar amounts of Zro2 , P- nd 

concluded that amino groups played no part in the reac tion . 

This incorrect inference was reached because insoluble 

zirconium compounds were reteined by tho fibrous protein . 

Nevertheless, r esul ts of practical tanning experiments must be 

taken into account when a t tempting to deduce the mechanjsms 

of the reaction. 

The liter2ture relating to zirconium tannage bas 

been reviewed in detail by Somerville(9), Williams - Wynn( 2 l), 

bnd Rnnganathan and Reed (50) . The evidence indicates th ~ t 

the ~or e important factors affecting fixation and t Rnning 

action a re the following. 

Pickling 

The pretreatment of the protein, collagen, with 8 

mixture of acid and salt, a process known as "pickling", h r- s 

been shown to be important from the point of view of spued of 

penetration of zirconiu~ into hide. Whilst the amount Pnl 

type of acid . and salt recommendLd by different authors 

varies(32 ,5l-63), the most important factor found by most 

workers is the necessity for an equilibrium pickle for optimuF 

penetration of the zirconium salt . No increase in the a~ount 

of scid compensates for a short time in pickle. 
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Eff ect of pH and basicity on the tanning action 

Tanning with zirc onium occurs und er much the S!'lme 

conditions as with chromium, but the notable differ enc e 

between the two mineral tanning materials is the fixation of 

zirconium by collagen under strongly ac id conditions whe"'~. 

chromium is not fixed(5 6 ). Despite varia tions i n the acidity 

of zirconium tanning solutions. Lasserre ( 2? ) f ound thPt the 

zirc~nium complex fixed by the skin was always 35% basic, 

8lthough tho amount of zirconium fixed depended on the over ­

al l basicity , the greatest amount being fixed from 30% b~ sic 

solutions. Diff erent types of zirconium tannage are sai~ t o 

occur und er varying pH conditions(5B): a salt t a nnage qt pE 

va lues below 1.0; a coordination tannage with zirconium 

complexes in the pH r Rnge 1.6 to 2. 4; and a collOidal tqnn, ge 
. . 

with hydra ted zirconia ge l in the pH range 5 . 5 to 6 . 0. Thfl 
- . 

( 52 C:::8 6..1.) 
optimum pH for zirconium tqnnage is between 1.0 end 3.0 ' ,; ' · . 

pH af f ects the extent to which vari ous groups on t ho 

collagen are cha r ged or unchar ged , and if a chemical reaction 

\v i th these groups is involved i n z irc onium t annage , pH uight 

aff ect their reaction with zirconium. Th i s is unlikely r s it 

has been shown that zirconium fixation dobs not involve 

carboxyl groups( 2?, 43,50, 65- 6?) , and all amino groups -~ o-:. 1. l.c1 

be ful ly charged in the normal pH range of t annage . 

Ranganathan ( 44 ), however , c l a ims that tannage is due to ~h ~ 
entr y of uncharged amino groups into the zirconium complex! 

This i s highly improb8ble under the acid conditi ons of t 2nnage . 
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Influ8nce of zirconium concentr3tion ~nd neutral salts on 

penetration 

The zirconium concentration rr-;; been shown t0 .... ffPc t 

the rate of penetrat ion of the tAnning s a lts into pelt( 6 l , 6~): 

the more concentrated solutions penetrqting more r apidly th~D 

the less concentrAted . The presence of neutral salt - lso 

affects the rate of penet r at ion( 32 , 60 , 61 ), the optimu~ being 

in the r egion of 8% of sodium chloride, which is superior to 

neutrAl salt sulphates( 32 ) , but the addition of neutral s2lts 

to solut i~ns of zirconium salts reduces the uptake of 

zirconium by pelt( 27 , 60 ) . This is probably due to the 

i nhibit ion of swelling of the pelt which would otherwise occur 

at the pH at which tannage is eff ec t ed . 

Effect of s a lts on the f i xat i on of zirconium by collar,en 

Apart from the reduction of e l ec tr o-osmosis as is 

gener a l with salts , there is the add itiona l influenc e of the 

anion. The type of anion in the zirconium liquor has an 

effect on tho tanning ac tion and the qua lity of the lo- th0r: 

leather produced from chloride and nitrate s oluti ons a r c 

i nf erior to that obtained from sulphate solutions( l 2 ,l4, 6f-7l) . 

Whilst l ittle is known about tho reactions of amino acids qn·'l. 

proteins with zirconyl ions in aqueous solut i on , the differences 

in behaviour between sulphate and chl or ide so l utions of 

zirconium toward amino· ac i ds could be explained by the 

formation of a pseudo-chelate st r ucture in the case of the 

former, wh i ch docs not occur in chloride solution ( 72 ). 

Differe nt tanning action is also shown by zirconium so l utions 
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containing organic acid anions, known t echnically as ''masked" 

so l utions · (32 , 44 , 60- 63, 66 ) . Apart from raising the pH a t 

which precipita t i on commences, penetration is clai med to be 

improved in the presence of salts of these acids( 62 , 66 ), hut 

the effect is so small as to be of negligible importanre, ~n1 

if used in excess of the opt i mum amounts( 62 ) the r a t e of 

penetration is considerably reduced . Some oreanic acid ~ niuns, 

e . g. , lactnto and formate, have been found to be quite 

ineffective in promoting penetrat i on of zirconium into 

h ' d (60,62,63) 
1. e • 

The ionic nature of the zirconium t anning sqlt docs 

not seem to be criticnl for the satisf ec tory tannage of pGlt. 

Stable l eathers have be en produced from solutions which a re 

claimed to be predominantly cationic( 2?,55,56 ), but equally 

stabl e leathers cRn be obtained from solutions containing 

predominqntly anionic complexes( 44 , 50 , 67 ), whilst in norma l 

zirconium sulphate solutions a lar ge amount of the zirconiu~ 

i s uncharged( 2B) . Work on chemically mod ified collagen h3s 

indicated that tAnnage is not effected by r eaction v'i t h 

carboxyl groups( 2?, 43,50, 65- 6?) , and in most cases de~Min~tinn 

had little effec t on zi rconium fixation , but Ranganathnn and 

Reed(50) havr shown thAt this observation was based on poor 

experimental technique and that amino groups a re involved , to 

some extent, in the fixation of zirconium by hide protoin. 

Suggested mechanism of zirconium t8nnage 

Because of the rapid fixation of zirconium at low 
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pH, Wilson(?3 ) advanced the hypothesis that zirconium tanna~e 
is'due to salt links formed between amirno groups and ani0nic 

zirconium . Somerville, on the basis of the similarity of 

dyeing characteristics of zirconium and chromium t2nne~ 

leather~ mainta ined that part at least of zirconium fixati l'n 

is from cationic compounds( 55, 56 )~ a lthough he does n0t cl '1 j ;~ 

that a similar mechanism i s involved in each case. This is in 

direct contrast to results from other dyeing experiments in 

which ac i d dyes were shown to have less , and basic dyes 

greater affinity for zirconium tanned leather compare~ with 

chromium tanned le8ther(?4 ) . In this re spect , zirconium 

t annage resembles vegetable tannage, Hhich is the conclusi on 

r eached by Ranganathan and Reed(50), althoufh they have shown 

that omino groups appe8r to play 8 large part in the fixation 
( 7 5) ( 7r; l 

of zirconium to hide protein. Las.serre and Schvreikert 

suggested that tannage was prob~bly ~ue to reaction wi th 

peptide groups, fixation through hydrogen bonds bej n[ the T ost 

likely. However, since zirconium leather can withstanJ 

hydrogen-bond- breaking re3gents such as 8 M urea( (;?)~ R 

mechanism s imilar to vegetable tannage is unlikely, Pnd the 

high hydrothermal stability suggests strong crosslinking londs . 

Studies of zirconium reactions, particularly with 

amino ac i ds and proteins, may elucidate the mechanism of 

tannage, but on the evidence previ ously available, S omer v ill.e ( 9 ) 

summarised the situation as follows: -

" It is quite conceivable that the initial r 2rid 

react i on of basic zirconium sulpha te with hi des and skins, 
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giving high shrinkage tempera~ures at low pH values, m~y t 8ke 

place between anionic zirconium and the re 3ctive bRsic gr oups 

in the skin . However, in order to secure satisfact ory l eathr. r 

quality, the character of the compound initially forned h~8 t n 

be modified, and in the subsequent neutralisation step ma y 

become predomingntly cati onic in character , while at the s-me 

time polymerisation may occur 11
• 



Fig.2a 1 General view of diffusion appar atus. 
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CHAPTER 2 

EXPERIMENTAL METHODS . 

a) Techniques used i n the Pr esent Investigation 

Measurement of Diffusion Coefficients. 
Apparatus 

Diffusion coefficients were determined usinc the 

porous diaphragn method previously developed(?7 - BO) . The 

magnetically stirred diffusion cell employed in this v1orY.: '.vas 

similar to that described by Stokes(BO), except that the pore 

size of the sintered glass disc was 20- 40 microns instead of his 

recommended 5-10 microns . The larger pore size incrensed the 

effective cross - section over which diffusion took place, 

decreasing the tir.e required for d1ffusion measurements fror 

4 to 5 days, to 20 to 30 hours. Streaming(Bl) throur.h t~e 

re l atively coarse diaphragm was avoided by careful level linc cf 

the diaphragn, and by using the cell wi th the denser li ruin i~ 

the l ower c-ompartment, thus using gravity as a stabilis in,:- .:orce . 

Measurements of diffusion coefficients using this ce ll werr 

similar ·to those obtained from a cell with a No . 4 sintered 

glass porous diaphragm, see Ta~le 2a . I. 

Tabl e 2a . I. 

Diffusion coefficients of 0. 1 M ?.irconium oxychloride aced 
for 6 weeks, determined us ing diffusion cells with coarse 
and fine porous d iaphragm. 

D X 106 2 - 1 em sec. 
Coarse d iaphragm Fine diaphragm 

3. 407 3.393 
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Fig.2a 2 Magnetically stirred diaphragm-cell . 

A. Upper cell compartment. 
B. Lower cell compartment. 
D. Porous diaphragm. 
M. Pulley driven magnet. 
P, Q. Stoppers fitted with capillary outlets. 
R,S. Glass stirrers enclosing iron wire. 
W. Level of thermostat water. 
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The arrangemen t of the apparatus is shown i n Fig . 2a .l 

and 2a.2 . The cell wa s of resistance gl a s s , eac h compartment 

having a volume of about 50 ml. The diaphragm was of No . 3 

s in tered glass, 40 mm in diameter. Each compart ment contained 

a stirrer of gl ass tubing of l ength sl i ghtly l es s than t~e 

diameter of the diaphragm. A l ength of iron wire was sesl(l 

inside each st irrer; the thickness of the wire and the tub ; 

walls were so adjus ted that the stirrer in the upper 

compartment sank while that in the l ower compartment floate C. 

In this p osition they were rotated by a pulley driven 

permanent magnet mounted around the cell . A rate of sti.rri~r 

of 50 revolutions a minute was adopted, as r e commended by 

Stokes . 

Procedure 

In order to nullify the effect of the e l ec tric cha r re 

on the movement of the zirconium ion, a r elatively hi[h 

concentrat ion of supporting el ectro lyte was used as "swanpinc 

agent " ( 7 9 ' 8 2 ' 8 3 ) . In m o s t cas e s l. 0 M p o tass i urn nit r a t e w q s 

used as supporting electrolyte because no complex nitrat es of 

zir conium are known( B4) . Where the effect of ac i dity was 

investigated , the acid was used as support i nG electrolyte . 

The solutions of zirconium oxychloride and supporting e l ectro-

lyt e were made up in de ionis ed ni stilled water . 

In all determinations the deaerated zirconiu8 

solution was introduced into the l ower ce ll compartment v'l"il r 

the upper compartment was filled with supporting e l ectrolyt e 

of the same concentration and pH . The ce l l was suspendef in 
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a thermost8.t at 25 :!: 0 . 025°C at which temperature all 

determinations were made. Diffusi on was permitted to proceef 

until 8 to 12% of the diffusing material had entered the u~-~r 

compartment; each run was of between 20 and 30 hours dura t ;_on . 

The solutions we re then removed and analysed for zirc oniw"! by,._ __ 

the Alizarin-S spe ctrophoto~etric method(B5) to be descri1A~ . 

Calculation of the results 

The integral diffusion coefficients D we re c ':' l cul! t. r.d 

from the equat ion g iven by Stokes( 86 ): 

l 
D = pt log 

where ~ is the cell constant determined from standard 0 . 1 r 

potass ium chloride, the diffusion coefficient of which is 1. 873 
- 5 2. -l (8 7 ) . 

x 10 em. sec . ; t is th e diffusion time in second3; 

c 3 and _c4 are the conc entrations of the diffusing subst ~ nne 8 t 

the end of the run in the lower and upper cell compar t~ents 

re spectivelv , and c 1 and c2 the initial concentrat i ons in the 

two compartments. 

In this work c 2 is always zero, and, s ince t he ce l 1 

was constructed in such a way that the two compartments qre r ~ 

equal v ~ lume , the equation becomes: 

1 D = log j3 t 

when c1 is expressed in ter~s of c 2 ! c3 8nd c 4 according to tho 

conservati on equation of Gordon(B8 ) . 
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Calibration of the cell 

Calibration was carried out with 0.1 N potassiur 

- 5 2 -1 chl oride, f or which D was taken to be 1 .873 x 10 em . s8c . . 

Cell constants were found to change with each succes s ive 

diffusion due to wear on thA sintered glass disc, and it ~as 

necessary to check the cell constant every 200 hours . Th<:. 

relevant cell constant f or intermediate runs was determine~ 

from a graph . Values for four success i ve deterninations of 

the cell cons t ant at two diffe r ent periods a r e g iven in TPhle 

2a, II. These results i ndicate that reproducible meAsurE~cntG 

can be made with this type of ce l l . 

Table 2a . II 

Reproducibility of ce l l constant 

Run (3 l X 10 (: 2x 10 

l 2 . 58 2.679 

2 2.56 2 . 673 

3 2 . 53 2 . 668 

4 2 . 51 2 . 660 

r1easurements of the d iff us ion c oeff ic ients of 0 . 1 ,. 

hydrochloric ac i d and sodium chlor ide gave resul t s in clo~8 
. -

agreement with publ ished values( 86 ), see Table 2a . III. 

Table 2a. III 

Comparison of diffusion coefficients f or hydrochl oric , c i ~ 8nd 
sodium chloride with published va l ues . 

D X 10 5 2 em sec. -1 

Found Pub1 ishorJ 

0.1 N hydrochloric ac i d 3.064 3.066 

0.1 N sodium chlor i de 1 . 511 1.522 



Fig . 2a 3 General view of electrophoresis apparatus . 
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The figures given above indicate that streaminc 

through the r e latively coarse porous glass diaphragm is 

negligible. When one considers the effect of pore si ze on thr 

area in porous diaphragms, surface transport effects 1 if prr.s,nt, 

would be altered enormously from cell to cell, but the fact 

that the two cells gave similar results indicates that surf2 r r· 

transport along the walls of the pores was not a serious f ~ctor. 

There is no evidence from the literature which would innicatc 

that surface transport is sufficiently serious to invalidate 

the method(SS). 

Since surface transport and streami ng have been shown 

to be absent, and since the cell has yielded results in close 

agreement with published values for 0.1 N hydrochloric ~ cid 

and sodium chloride, the results obtained from measuremont s 

of zirconium oxychloride are thought to be accurate wit'tin t he 

limitations of the method. 

Paper Electrophoresis 

~paratus 

An apparatus essentially similar to that of 0 1'8.P '~ L:- :->n 

and Hanning ( 89) \<Tas cons true ted from 11 Perspex", and is fh 0 '. ·~ 

in Fig. 2a.3. A cross section of the apparatus is shown in 

Fig. 2a.4. Strips of Whatman No. 3 M M filter paper, 

2.5 em x 40 em were placed horizontally over a grid of fivo 

cross pieces shaped to knife edges at the points of cont ~ ct 

v.1i th the paper, The ends of the paper were dipped into 

double com~artment electrode vessels, the two compartments of 
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each electrode vessel being connected through a labyrint~ 

system to eliminate contact of the paper with the products of 

e lectrolysis. The whole apparatus was enclosed in a "Pors '•ex" 

box in which the atmosphere W?.s saturated with water va~ou~ to 

reduce evapor at ion from the paper. 

The current from the stabilised power unit of a 

Perkin Elmer Tiselius electrophoresis apparatus was appli r-d to 

platinum wire electrodes situated in the compartment of the 

electrode vessel remote from the compartment into which the 

filter p2ne r strips di pped. The apparatus was fitted witb a 

switch for reversing the polarity of the e lectrodes so that 

the buffer need not be replaced after each run. 

Procedure 

At the start of each run, the levels of the buff Gr 

in the electrode vesse ls were equalised by connecting then 

with a syphon tube for ten minutes. The paper strips, marke~ 

across their centres with a faint pencil line, were soaked in 

buffer solution a nd tho exc ess blotted off in the r esion nf 

the pencil line using dry filtor pa.per. Six strips '·J ere 

placed across the grid under a slight tension, with the e~ds 

dipping into the electrode vesse ls. Equal volumes (0. 0~ rnl. ) 

of the solutions under investigation were applied alon[ t he 

pencil lines, the width of applicat ion being not more thrn 

3 mm. A current of 0.8 rnA per centimetre width of paper 

was applied at 150 V.D.C. Each run was of 6 hours durqtion, 

at the end of which time tho strips were removed and air 

dried. 
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The 11buffer 11 used was 0.05 M sodium nitrate solution 

adjusted to the requisite pH with nitric acid or sodiul:l 

hydroxide. 

The dry papers were stained with a 0.1% solution of 

sodium alizarin sulphonate (Alizarin-S) in N/10 hydrochloric 

acid . The position of the zirconium was revealed by a ren 

coloration VJhich is extreme l y sensitive( 43,90) and specific for 

zir conium(go). The background colour is pPle yellow. 

0.1 M solutions of zirconium oxychloride were 

prepared containing equimolar amounts of twelve organic 

compounds as vJell as an unmasked zirconium solution . 

adjusted to equilibrium to seven pH values, viz . , 1 )2,3,4~ .:;, -,. 

and 10, and aged for several weeks, after which the char: e w~ ~ 

determined using the above technique. 

Potentiometr;y 

Apparatus 

The instrument employed was the "Cambridge Bench 

Type 11 pH !'1_cter with the dip-type glass calo:mel electro<lr:. 

system. A wide ranee glass electrode, ac cur ate up to pH 13, 

was used in all pH determinations. Tho apparatus consisted 

of a 150 ml. resistance glass beaker fitted with a n air driven 

glass stirrer. Alkali additions were made from a Gra<ln A. T~J?J. 

buret te, fitted with a soda-lime tube . 

The instrument was standardised using the followin~ 

buffer solutions . 

pH 9.2 : Cambridge buff er tablets 

pH 4.16 ~ potass i um hydrogen benzoate(9l) 

All measurements were made at room t enpera ture, approxime te l~r 
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Preparation of solutions and titration techn i que 

A stock solution of 0 . 2 M zirconiuc oxychloride w~~ 

prepared in deion i sed distilled water. Aliquots of th i s 

solution were taken, and solut i ons of the various organir. 

reagents , vi z ., acetic, glycollic, glycine, and o&J P-~ and ~­

amino- n-butyric Rcids, were added in such quantity th8t tte 

molar ratios of organic r eagent to zirconium were 1,2, ~~~ ~ . . 

Four separate a liquots were prepared at each molar r a ti.o for 

all the organ ic acids studied, and were adjusted by t he aid­

ition of N/1 hydrochloric ac i d or N/1 potassium hydroxide so 

that the equilibrium pH lay at one of tho four predcterminGJ 

val ues, v i z . , l, 1 . 9, 2 . 8, and 3. 7. Eauilibrium wcs 

attained by daily pH adjustments until no further adjus t J · ( ~t 

was required after seven days· standing. Each masked z i rconiun 

solution as prepar ed was then made up to volume so th:::tt t he 

final solution was 0.02 M with respect to zirconium. Durine 

the course of the pH adjustments the volume wPs increased to 

near the final solution volume s o that the fina l dilution 

made a negligible a lteration to the pH of the solutio11 . 

Titrations were carried out on 20 ml . aliquots of 

the zirconium solutions diluted to 50 ml . I n or der to 

minimis e the eff ects of dilution, the titrations were 

performed rapidly and at approximately simila r rates for 

comparative purposes. 
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Techniques for Small Sca le Tannages 

(i) Using electrophoresis solutions 

The solutions containing equimolar amounts of 

organic reagent were made 0.25 r-1 with respect to zirconhw:. 

Aliquots were taken for t anning trials before the rema in~er 

were diluted : or electromigration studios . Sodium chlori 1e 

was added to make the solutions l M. Rehydrated acetonG 

dehydrated goatskin pieces were shaken in each of the 

solutions, the ~mount of zirconium offered being 10% Zr0 0 on 

pelt weight (20% moisture). After 3 days in these solutions 

the pieces were well w~shed and dried before shrinkage 

temperature measurements were made . 

(ij) Practical ~pplication of partic l e size determine~ fr~1 

diffusion measur ements . 

The details of the tannaces linking particle size 

with the rate of zirconium penetration into pe lt is given in 

Chapter 4a. 

Preparation of Zirconium Salts 

Purifien zirconium oxychloride octahydrate 

The pure zirconium oxychloride was prepared usinf 

the method described by Lasserre( 43 ) from commercial zirconiu11 

oxychloride by repeated recrystallisation from 9 N hydrochloric 

acid a t which concentration the zirconium salt is l east 

so l ublo ( 92 ). 

The commercial salt was dissolved in the smallest 

amount of water to give compl ete sol ution, and filtered to 
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remove insoluble impurities . The filtrate was reduced in 

volume 9 and sufficient hot concentrated hydrochloric Reid ··ms 

added to make the solut i on 9 N. On cooling, needle - like 

crystal s of zir conium oxychloride octahydrate separatEd~ ani 

were removed by filtration . The crystals were taken up in 

hot 9 N hydroch l oric acid and recrystallised several h. ncs t o 

ensure the removal of all i mrurities . Final l y, the crysV' ln 

were a l lowed to dry in air and were then analysed for 

zirconiu~ , and the basicity determined, using the ne thods to 

be described. 

Tab l e 2a. I V 

Composition of zirconium oxychloride 

Z rO 2 con t en t , % 

Basicity 

Purified zirconium sulphate 

Found 

38.25 

51.4 

Theoret i_9.? l 

'38.23 

50 . 0 

The pure zirconium sulphate was prepared from thr; 

purified oxychloride by heating with 60% sulphuric aci~ to 

drive off all the chloride, and th.En cooling to allow tho 

Ei rconium sulphate to crystRll i se( 43 ) . The product w~s 
washed with 95% alcohol, and dried in air. The zirconj.uJ'l 

sulphate was recrystallised to ensure purity, and then 

analysed . 
Table 2a . V 

Comnosition of zirconium sulphate 

Zr02 content, % 

Bas-icity 

Found 

34.15 

- 0 . 87 

Theoretic2l 

34.66 

0.0 
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Analytical Methods 

Gravimetric determination of zirconium(93) 

The phosphate nrecipite tion nethod ~as used in the 

analysis of al l standard solutions and as a reference st~ndsrd 

for the colorimetric method to be described. 

An aliquot of the zirconium solution contgining 

about 0 . 1 g of zirconium was diluted to about 100 ml . ~ n~ 

sufficient sulphuric acid added so that the solution cont n i~e d 

about 15% by volume. 50 ml. of a 10% solution of diaui!'.oni1l!.t 

hydrogen phosphate was added and the resultinG solution 

digested at 50°C for several hours and allowed to coo l over-

night. The precipitate was filtered into a t a r ed i gnit ed 

Gooch crucible, washed with a cold 5% so l ution of arrnnonium 

nitrate, ignited at 900°C, and weighed as ZrP2o7 . 

Colorinetric determination of zirconium 

This method will be described in detail in Chapter 2b. 

Determination of basicity 

Basicity is defined as the percentage of zirconium 

which is combined with hydroxyl groups and not with acid. I t 

is determined 1;Jy estimating the amount of acid associc-te;:l. · ·j t}: 

the zirconium(g4) and the zirconium concentration, c?lcula tiYlg 

the amount of zirconium equivalent to the acid to make a 

normal salt , and applying the formula: 

Bas icity = 100 _ (% Zr equivalent to the acid x lOO) 
- % tota l Zr 

Determination of shrinkage temperatu~Q 

Shrinkage tempor et tures were meRsured using the 

American Leather Chemists ' l>ssociation apparatus( 150 ) with 

water as the medium. 
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b) Hodificstion of the Alizarin-S Spectrophotometric ~1~thod 

for tho Determination of Zirconiun( B5) 

In the course of an investigation of zirc onium 

compounds , a rapid , a ccur ate method for the determination rf 

zjrconiu~ i s essential. Several &nal yt ic e l procedures a£· 

available and a r e of the fol~owing t ypes: 

a) gravimetric(3B,39,93,95,96 ) involving ,recipitat i on, 

filtr a tion and ignition. 

b ) volume tric( 9?-gg ) involving titrPtion using e thyl ene-

digmine tetra - qcet ic acid . 

) 1 . t . (100-106 ) . 1 . 1 f t• :1 c co or1me r1c 1nvo v1ng co our orna 1on un( er 

standard conditions . 

Gravimetric methods, ? lthough accurate are by th ~ ir 

nnture involved and time consuming. Moreover , many of thP. 

methods are affecte d by other c~tions in solution. Tho 

phosphate precipitation method(93) is the one generally 

accepted, qnd therefore usod as standard in th i s work. 

Volumetric nethods are rnpid and usua lly qccur~te. 

but the conditions for these Me t ~ ods are often difficult to 

ma inta in. 

Colorimetric me thods are finding wide applic~tion 

and are being generally accepted. In the search for suit :tlo 
( 104) methods for zirconiun, that of Mayor and BrGdshaw w<s 

se l ected fo r investigation, a lthough other methods arc nr m1isi~c . 

The present work included an investigation of tho 

reaction of zirconium with organic ac i ds , amino acids , and 
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proteins which had to be dostroy~d qefore the deternination of 

zirconium. Earl i er methods(l07- l09) for the determinat i o~ 0f 

zirconium in leather (zirconiu:_l collagen compound) arG tcdiou~ 

r-md lencthy. All these m~thods involve ashing of the lc""'tb, r 

sample, fusinc '·Jith fusion T'lixture , and then dissolvin: in 

~.wid before determining the zirconium by gravir1e tric r:1e tho\~f'. 

The fusion method could equal ly well be used to obtain 

zirconiun in solution for volumetric end coloriMetric retho~l , 

but ,., idespread acceptance of the wet oxidation r.1ethod for 

chronium(llO), i . e . , trAatment of tho snmple with a mixture rf 

sulphuric, porchloric , and nitric acids, led to an investir:~tion 

of its usc for dissolving other minerPl tanning nnterials(lll) . 

The method w~s found to be very satisfactory and the 

advantages ovor the above fusion methods are obvious. 

Investiga tion of the use of Alizarin-S for the co lorimetric 

determination of zirconium 

Mayer and Bradshgw( l0 4) measured the opticnl ~en(i ty 

of the coloured complex fon"rJ.ed between zirconium and !l.liz'Jr;n-S 

in strongly acid. solution, but sulphate interfered in the 

development of the colour, and, as sulphate was inevit':1.b1~-

present 8fter degradat ion of the zirconium complexes, ~ 

modification was sought that would elimina te the sulph~to 

interference. 

In addition, another defect which limited the dirG ;t 

applica tion of the ncthod was the int ense colour proouced. 

For this reason solutions of very high dilution had to be v~rd 
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if the wavelength of ill8Ximun absorption, viz ., 520 ~' was 

employed. Mayer 2nd Bradshaw overcame this difficulty by 

working at a wavelength of 560 qu, but ~t this VPluo th~.;re is 

interference fro!Tl. other materials, e .g., triva l ent C'hr O""Ii H"! 

s?lts , '·Jhich absorb strongly at this wavelength . 

Use could be mRde of the differenti:~l method(ll?~ ~. ·1 

which the absorption density of the intensely coloure ~ 

solution is measured agains.t a stendard grey solution of 

known absorption density(ll3) in place of the reagent bl~nk 

usu2lly employed. 

The intensity of the colour formed by Alizarin-S 

with zirconium can be reduced by the addition of hydroxy ~:c i ds, 

for example , tartaric acid, which has the added advant · ~c ~f 

stabilising zirconium sol utions to prec ipit ~tion(9B ,ll4), 2n~ 

it was decided to investigate the use of this reacent in t hE 

above method. 

Prelinina~experiment to study the effect of variables on 

colour development and stability 

The method of Mayer and Bradshaw r equired the ~ liquot 

of zirconium solution to be added to a 100 ml. voluMetric flnst 

containing 2 . 5 ml. concentrated HCl, followed by the ed~it inr 

of Alizarin-S solution. The flask was then immers ed j n 

boiling water for 2.5 to 3.5 minutes , cooled and made up t0 

100 ml. The absorption density was measur ed against n hlank 

conta ining acid and Alizarin-S. To check on the above 

technique when tartrate is present, a i replicate of 28 
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factorial experimcnt( l l 5 ) was carried out in which the following 

factors were varied. 

AB A~ount of hydrochloric ac id added to 100 ul. voluTietrin 

flask. 

(l) 10 ml . N/1 HCl 

a 20 11 11 11 

b 30 11 11 11 

ab 40 11 11 II 

CD Interfering Rnions added to 100 ml. volunetric flaek 

( l) None 

c 0 .3 g Na2so 4 
d 0 . 15 g NaClOA 

- r 

cd 0 . 3 g Na2so4 + 0 .15 e NaCl04 
EF Amount of sodium tartrate a dded to 100 ml. vol umetric flask 

( l) None 

e l ml . 10% solution 

f 2 ml. 11 11 

ef 4 ml. 11 11 

GH Conditi ons for reaction after addition of reagents 

(l) Prepared at room temper:::: ture 

g 11 in boiling water for 2 minutes 

h II II 11 11 11 5 " 
gh 11 11 11 11 11 10 11 

The above statistical design gives 64 combinations, Pnd is 

a rranged with def ining contrasts ABDEFH and BCDFG. 
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Procedure 

It will be noted that the Pethod is applic able for 

fin3l concentrations of l ng zirconiu~ per 100 ml., 3nd t~Gr L -

fore a standard solution of zirconium oxychloride was c~do un 

containing 0.75 mg zirconium per 10 ml. 10 ml. Bligvots 

were run into each of tho 100 ml . volumetric flasks cont2inin~ 

the requisite amounts of hydrochloric acid and interferinr 

anions where necessary. The colour was developed by 3ddin~ 

10 ml. 0.15% Alizarin-S solut i on and then the tartrate where 

applicAble. The flasks containing the solutions th8t h~d to 

be heatod were immersed in boiling water for the required 

length of time, cooled and made up to volume. The SJbsorr tion . 

density at 520 rrp wc.s read inmodi'J.tely and after 24 hours' 

standing a t room tt:m.perature using as blank a solution 

containing the requisite amount of n.cid and Alizarin-S sol11tion . 

Summarised results of the preliminary experiment 

The amount of tartrnte added caused the ~ost 

significant reduction in colour intensity end eliminated tho 

precipitation which· wRs apparent in nost solutions containinG 

no tartrate . It was obvious that a small amount of t0.rtr['lte 

was sufficient to prevent precipitation and to reduce the 

colour, sec T~ble 2b.I. 

Table 2b.I 

Tartrate Absorption density 
Added Initia l Aged 

None 411 417 
l ml .lO% solution 189 193 
2 m1. 11 11 137 139 
4 m1 . II II 101 103 
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Ageing had lit~le effect, although the solutions 

without tartrate were affected more than those with tartrate. 

The presence of tartrate did not alter the wavelength of 

Tiaximun absorption, see Fig. 2b. l . 

The amount of acid added was unimportant, see Table 

2b . II, but the lo\.ver amounts of acid gave solutions which uere 

not optically clear after standing, although the change in 

absorption density was not affected . 

Table 2b.II 

Absorption density 

HCl added Initial Aged 

10 ml. N/1 solution 208 211 
20 It It If 211 214 
·30 II It If 209 213 
40 II If It 211 215 

As expected, sulphate interfered, but where tartrate 

was present, the interference was reduced. Perchlorate Has 

completely without effect. The interaction between tartrate 

and the interfering anion on absorption density is given in 

Table 2b. III. 

Table 2b.III 

Interfering anion 
804+ 

Tartrate added None 804 Cl04 CI o4 

None. 466 380 442 378 
l ml. 10% solution 202 178 200 177 
2 ml. " I! 146 129 144 129 
4 ml. I! I! 107 96 106 95 
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Heating the solution did not affect the absorption 

density, but all the solutions prepared cold or heated for only 

2 minutes were not optically clear . 

The effect of snall variations in the amount of added t8rtrRtc 

Fron the previous experinent it is seen tha t larre 

variations i n the a~ount of t ortrate added ~~de l arge 

differences in the absorption density. It was decided , 

theref ore , to t est the effec t of snall variations of tartrate 

of the order of : 10%, in order to determine the care needed in 

the preparation of the tartrate solution. 

The colour was deve l oped in 100 ol . voluoetric 

fl asks containing 25 rn1 . N/1 hydrochloric acid solution ~nd 

10 ml. standard zirconiun solution, by the addition of 10 or 

15 ml. 0.15% Alizarin-S solution, the variable amounts of 

t a rtra te being added before heating for 5 ninutes in boiling 

wate r. No signif i cant diffe r ence was found in the absor~tion 

d . t 1 t . d b l . f . ( 116) ens l y as ae ermlne y an ana ysls o V3rlance , 

see Table 2b.IV . 

Tabl e 2b .IY 

Alizar in-S Tartrate added , 1% solut i on 
-

added 9 ml. 10 ml. 11 ml. l'1EAN 

10 ml . 0.15% solution 203 2"01 200 201 

15 ol. " II 201 200 200· 200 

MEAN 202 201 200 201 
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Effect of sulphate concentration 

Chloride And perchlorate are without effect, but 

sulphate has been shown to interfere. In order to study the 

effect of the sulphate in detail, four series containing 

2,4 9 8 9 end 12 ~1. aliquots of the standard zirconium solution 

were prepared, and to each of these varying amounts of sulph~te 

were added. The result was that the absorption density 

increased with increasing sulphate content until the s olution 

was N/50 with respect to sulphate. With further addition cf 

sulphate, the abs~ption density of each series was const8nt 

until the sulpha te concentration reached N/20, and then 

decreased slowly, see Fig. 2b.2. It will be seen that curve 

D is erratic, confirming earlier observations that the ~Gt ho 1 

is applicRble to q maximun of 1 mg zirconium in the reactioD 

flask. 

Recommended Method 

From the above it is seen that fairly wide conditions 

exist for the reproducible development of a colour with 

zirconium and Alizarin-S, and this property cBn be used f or t he 

determin2tion of zirconium, and the following reagents 2nd 

procedure h3ve been found most suitAble. 

Reagents 

Perchloric/sulphuric 2cid digestion mixture(llO):­

mix 200 ml. 70% HC10 4 and 77 ml. conc.H2so4. 

Sodium alizarin sulphonate/sodium tartrate reagent:­

dissolve 1 g Alizarin-S end 5 g sodium tartra t e in 
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about 500 ml. of hot wRter, acidify with a few drops of 

concentrated HCl , filter through Whatman No . 42 filter paper 

8nd dilute to l litre. 

Procedur e 

Weigh into a 100 ml. Kjeldahl digestion flask 

approxi~ately 0 . 3 g of the zirconiu~ compound (lc3ther)of about 

10% Zro 2 content, or 3D aliquot of the solutio~ cont 8ining ?n 

equivElJ.ont amount of zirconiu'C" . Add 10 to 15 ml. perchloric/ 

sulphuric Reid digestion mixture and 15 ~1. concentr? ted nitric 

ncid. HeRt gently to ~igest organic matter, then he a t 

strongly until fumes of perchloric acid are given off. CooL 

di l ute with a bout 50 Ml . N/1 hydrochlor i c acid and boil for 

5 minutes. Transfer to a 500 ml . volumetric flask c:md r:al.re 

up to the mark with distilled wa ter . 

Run a 10 ml . aliquot into a 100 ml . volumetric fl ~ s k 

cont a ining 25 ml . N/1 hydrochloric acid. Add 20 ml. of the 

sodium alizarin sulphoriate/sodium tartrate reagent Rnd hen t in 

boilinc wcter for 5 minutes . All ow to cool f'l md make ur to 

100 ml . with water . Measure the absorption density 3t 520 ~ 

using a solution of 25 ml . N/1 hydrochloric acid Bnd 20 ml. 

Alizarin-S/tartra t e reagent made up to 100 ml . as blank. 

Where sulphate is present potass i um must be avoi<1 rr1 

because sparingly soluble double sulphates are formed with 

zirconiun(ll?). This means that Rochelle salt mus t not he 

used for the preparation of the Alizarin-S/tartrate reQ~cnt . 



Table 2b.V 

Comparison between spectrophot omctric and gravimetric .rne t lf . .9~~I:. 

Spectrophorometri c Phospha te grav i metric Differenc .:: 
method, Xl method,X2 (Xl - X2) 
mg Zro2 mg Zro2 mr Zr0, 

1 26.1 25.8 +0. 3 
2 42 . 6 ,42 . 4 +0. 2 

3 30 .l 30.1 . 0.0 

4 45.8 46.0 -0. 2 

.5. 35.6 35.6 0 .0 
6 32.4 32.2 +0 . 2 

7 51.9 51 .8 +0._1 

8 40.7 41.0 -0. 3 

9 27.6 27.4 +0. 2 
10 41.3 . -41. .2 -t-0.1 
11 44' .l 44 .3 ~o . 2 

12 41.9 42.1 - 0 . 2 

13 35.6 .35 .. 5 tO.l 
14 35.2 35.3 - 0 .1 

12 41.9 41.7 +0.2 

16 4.2. 4 42 .4 0 .0 

17 26.7 26 . 5 +0 . 2 
18 33.8 34 .3 - 0.5 

--
TOTAL 675.7 675 .6 +0.1 

MEAN 37.54 37.53 +0.00556 

A t-tcst(ll8 ) gave 3 v~lue of t = 0 . 109, ¢ = 17, wh ich 

indicGtes a conplete1y insignificant difference betwee!1 th,_, 

t wo methods . 
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Preparation of standard graph 

Dissolve 8 g zirconium oxychloride octahydr8t e in 

water, 8nd nake up to 250 ~1. .Standardise the solution 

gravit:r..etrically with phos phate( 93 ); 1 ml . of this solut~.on 
should conta in about 10 mg of zirconium. Dilute this solutinn 

100 tices, 2nd use aliquots of up to 10 ml . in 100 ml. 

volumetric flasks containing 25 ml. N/1 hydrochloric 8cid qn0 

5 ml. N/2 sulphuric 8Cid. Develop the c ol our as re c ommende~, 

and measure the absorpt ion density ot 520 rnp in a 1 em cell. 

Co~parison of results by grav imetric and spectrophotomet~iQ 

methods. 

Eighteen 8Xpe riment8lly prepared leathers were 

analysed by the above me thods. In order to avoid saMpling 

errors, aliquots for the two determinations were taken frou the 

same diluted digest i on solution. The results quoted in 

Table 2b.V are calculated back to the original aTiount of 

Zro2 taken. 

Interference from other ca tion~ 

Mayer and Br~dshaw(l0 4 ) have shown that a numlor of 

cations do not in t erfere, but, in leather, chromium, iron, 

Rluminium, and tit .-:nium may be present. To test the effect 

of these cations, the equivRl en t of 5% of Fe2o3 , cr2o3, ?nf 

Al2o
3

, and 10% Ti02 on leather we ight, the Maximum norma l l y 

found in l ea ther, was added. The effect of these addition.: 

are given in Table 2b.VI. Titanium, a luminium, and iron ~n 

not interfere, but hexavalent chromium seriously increases 



Table 2b. VI 

Absorption densities of zirconium solutions in the presenpe 
of i nterfering cations 

I:ll. standard zirconium soluticn 
~ -· ---. 

2 4 8 

Zirconium only 41 81 163 

Zirconium + titaniun 40 80 161 

Zirconiu~ + aluminiu~ 41 82 163 

Zirconiu:o + iron 41 82 163 

Zirc onium + chromiu~(VI) 117 158 239 

Zirconium + h . (III) c romlum 42 84 166 
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the absorption density . This interference can be overcome by 

reducing the chromium with sodium sulphite, boiling, and ~~king 

up to volume be fore taking aliquots for colour develop~ent. 

It is seen that trivalent chromium gives a smal l but negJ.i : ible 

incre3se in absorption density. 

Compositi on of the zirconium-Alizarin-S compound 

The composition of chelate compounds in solution ca n 

be determined by the met hod of continuous variation(ll9) . 

For a constant total concentration of metal a nd chelating 

agent, the concentration of chelate is greatest when the 

metal and chelating agent are brought together in the s~me 

r at i o in which they exis t in the chelate. In the case of 

zirconium the intense r ed colour formed with Alizarin-S 

enables a simple colorimetric method to be used to detect the 

equivalence point. 

0.005 M solutions of zirconium oxychl oride and 

Alizarin-S were prepared, qnd aliquots of eac h to a total of 

10 ml . were run into 100 ml. volumetric flasks cont a ining 

25 ml. N/1 hydrochloric acid. After heating in boiling 

water for 5 minutes and cooling, they were made up to the 

mark a nd the absorption density measured against the 

appropriate blank containing an equal concentra tion of 

Alizarin-S . The absorpt ion densities for each ratio of 

zirconium to Alizarin-S are plotted in Fig . 2b.3 as curve A. 

Curve B was obtained in an exactly similar nanner, but the 

100 ml . volumetric fl asks contained 10 ml . 1% sodium tartrate 
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in addition to the ~ydrochloric acid . It will be seen that 

the presence of tartrate, whilst reducing the absorption 

density , has no effect on the amount of Alizarin-S reacting 

with the zirconium. The peaks occur at a point corresuondinr 

to 5.59 ml . of Ali zarin-S solution and 4 . 41 ml. of zirconiure 

solution, i. e . , 1.28 moles of Alizarin-S per mole of zirconium. 

These results 2ppear to correspond with those obtained by rthGr 

workers. Mayer and Bradshaw , using a sl i ght ly differe nt 

technique, ~rrived at a r at io of 1.26(l04), and a value of 

1 . 24 can be calculated from the data given by Green(lOl). 

Conclusions 

Although this method was intended primarily for the 

determination of zirconiu~ in l e3 t her, or in solutions 

cont"ining organic reagents, it can be adapted for most 

zirconiur determinations; the conditions to be used are 

similar to those used in the prepar~tion of the st3nderd gr~ ph. 

This method has been used for the determinat i on of zirconiu~: 

in solutions from the diffusion experiment, see Chapter 3~ . 

In dealing with solutions of zirconium, it is necessary to 

depolymerise the zirconium in order to obta in the stoichio·- tric 

relationship botween zirconium and Alizarin-S. This ~tr3s 

discovered when a solution of standard zirconiuo oxychlori~ e 

was used t o check on the standard graph. The only 

modification to the 8bove method was the replacement of tho 

25 ml. N/1 hydrochloric ?c id with 2 . 5 ml. concentra ted 

hydrochloric ac id in the 100 ml. volumetric reac ti on fl2sk . 

Solutions obtained from the digestion of leather should, 

therefore, be analysed imme!Jiately, or given the above 

modified treatnent . 
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CHAPTER 3 

SOME EXPERIMENTALLY DETERMINED PRO:tlERTIE8 OF ZIRCONIUl': 

COMPOUNDS IN AQUEOUS MEDIA 

a. Diffusion Coefficients an~ Particle Weights of Zirc oniu~ 

Oxychlori de Determined at 25°C 

Details of the apparatus a nd procedure used in this 

study are given in Chapter 2a. The measurement of diffusion 

coeff i cients i s one method which allows the size of a co~ponent 

in so l ut i on to be estimated . The initial aim was to c0mrare 

the particle s ize of zirconium tanning complexes in ~asked and 

unmasked soluti ons to dete rmine whether observed differences 

in tanning behaviour and ability are purely chemical , or if 

changes in physical propertie s are a ls o involved, i.e., the 

inability of some zirconiuo complexes to penet r ate may be due 

to large particle size . 

During preliminary work, zirconium s-ulphate ,_.ras 

found t o precipitate i n the cell, and so , for basic i nfor r:·ntion, 

zirconium nxychloride ·Jas used. Exploratory dete rninat ions 

indicated that many factors, e . g ., concentration, age of 

solution, and acidity, influenced the diffusion coefficient , 

and to a large extent the work has been limited to a de tailed 

investigation of these factors. 

Limits of cond itions for the measurement of dif fusion 

coefficients 

Following pre liminary trials, the fi r st series of 



T:"~.ble 3a. I 

V~rintions with.Age of S olution in the Diffusion Coefficient, 
Radius, Particle Wei~ht, a nd Degree of Polymeris~ tion of 

Zirconium Oxychloride. Supporting electrolyte 1.0 M pot assium 
-3 nj~trat e , '(_ = 8.93 ~ 10 poise. 

- 2 6 (D in em . sec-l x 10- , r in em x 10-8 ) 

Zircon- Age of Heasur ed Computed 
i um so1n. Diffusion Par ticle Degree of 
concn. days coeff. Radius woirht po lymer-

D r is e. tion 
-· . 

ca.0.5H 1.5 4 . 30 5.69 800 4 .1 
II 4 3. 9.6. .6 .17 1020 5.2 

" 8 3.86 .6. 34 1110 5.6 
II 16 .3. 85 _6.)6 1110 5.7 
II 211, 3.85 6.36 1110 5 . 7 
II 28 3.84 .6. 37 li20 5.7 
II 40 3 . 78 6.47 1180 6.0 
II 56 3.81 .6. 42 1150 5.9 

" 84 ).80 6 .44 1160 5.9 

ca.O.lM 1. 5 4. 70 5.21 610 3.1 
II 2.5 4.55 5. 3'8 670 3. 4 
II 4 4 . . 39 5.58 750 3.8 
II .5 4 .30 5.70 800 4. 1 
II 6 .4 .11 .5 . 94 .910 4 .6 
II 14 3.65 .6 . 71 1300 6 .7 

" 21 3.54 6.89 1420 7.2 
11 28 .3 . ·17 7.05 1520 7.8 
II 35 3 .42 7.16 1590 8.1 

" 42 .3.40 7.20 1620 8.2 
11 56 3 . L'tO 7. 20 1620 8.2 
11 84 3. 40 7.20 1620 8.2 

Calculated monomer 6.87 3.56 . )..96. 2 1.00 
Calcula ted dimer 5 . 45 4 . 49 392.4 2.00 
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measurements of the diffusion coefficient was nade at varying 

time intervals. 0.5 and 0.1 M solutions of zirconium oxy-

chloride were prepared in 1.0 M potassium nitrate solution and 

diffusion neasurenents were made eight hours after preparation, 

and then a t intervals up to twelve weeks. 
+ 0 

The soluti0ns 

were prepar ed end stored at 21 - l C. 

The second series was an investieation of the effect 

of concentration of the zirconium on the rate of diffusion. 

The solutions, ranging in concentration from 0.05 to 0 . 85 M, 

were prepared in 1.0 M potassium ni tra te soluti on without ~H 

adjustment, and aged for 5 to 6 weeks before diffusion 

measurements were made . 

The effect of acidity on the diffusion c~fficient 

was investigated in the third se r ies of measurements. 0.05 

M solutions of zirconium oxychloride were prepared i n hydro · 

chloric acid solution up to a concentration of 5 M. In this 

series, acid was used as the supporting electrol yte, but when 

the concentration of the acid was less than 1 M, additional 

supporting electrol yte (potassium nitrate) was added to bring 

the total molar concentration to 1 M. 

In the fourth series, diffusion coefficients of 

basified zirconium solutions were measured over a range of 

zirconium concentrations. Two alkalies, sodium carbonate a~d 

sodium hydroxide, were used to basify the solutions. The 

zirconium concentration varied between 0 .05 and 0.5 M; the 

basicity varied between 50 and 75% for the solutions 

basified with sodium car bonate, and between 50 and 70% for 



T<::bl e 3a. II 

Distribution of Particle ~ize in Fresh an<'l Aged 0.1 M 
Zirconium Oxychl oride Soluti on . . Supporting electrolyte 
1.0 M pot A~sium n i tr3te , 'Tl::o 8 . 93 x 10-3 poise. 

( 2 -1 - 6 -8) D in CJll • sec x 10 , r i n em x 10 

Measured Computed 
Age of % Diff usi on 
so ln. diffused c oeff. Radius Particl e Degree 

- we i ght Poly-
of 

D r merisat i on 

5 days 2.8 4 .85 5 .05 560 ~ . 6 

5. 4 4.72 5.19 6.10 3 .1 
10 . 6 4 . 44 5. 51 7.30 3.7 
18 . 0 4 . 25 5.76 830 4·. 2 

5 1eeks 2 .0 3 . 40 7 . 20 16.20 8.3 

4 .0 ) . 46 7.07 1530 7 .8 
6.8 3 . 14 7.11 1560 7. 9 

14 .0 3. 4.1 7 . 18 1600 8 .1 
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those basified with sodium hydroxide. The upper limits of 

the basicity were the maximum that could conveniently be 

attained without precipitation. The solutions were aged for 

8 weeks before measurements were made . 

In the final series, diffusion coefficients of 

solutions of zirconium were measured in the nresence of 0rr.~nic 

reagents. Four organic reagents, acetic, gluconic and citric 

acids, and urea, were used at a 1 to 1 molar ratio. Two 

zirconium concentrations, 0.1 and 0.5, were used and the ~H 

was adjusted to match that of the unmasked zirconium solution 

of the same concentration. The solutions were aged for 10 

weeks before diffusion measurements were made. 

Results 

Diffusion coefficient as a function of time 

The diffusion coefficient decreased with increasinf 

time, and reached a limiting value after 4 to 5 weeks. 

These results are given in Table 3a.I from which it will 1ls o 

be seen that the more concentrated solution, (0.5M), attains 

equilibrium more rapidly than the dilute solution (O.lM). 

Furthermore, the equilibrium diffusion coefficient was not the 

same in each case and was a point requiring further study; 

this factor was subsequently examined in greater detail. 

Another factor of importance was the homogeneity of 

the particles in solution. Fresh solutions are likely to be 

poly~isperse and this wes confirmed in an exper i ment where 

runs were for short successive periods. Since the smaller 

particles diffused ~ore rapidly, diffusion of a solution 



T8ble 3a.III 

Varia tions with Conc entrntion of Soluti on in the Diffusion ~ 

Coefficient, RRdius, Pqrticl e Weight ~nd Degree ·of Polymer ­
isqt i on of Zirc onium Oxychlorid~. Suppor ting electr olyt e 
1.0 M potassium nitn'~ te 1, = 8.93 x 10-3 poise; solutions 
Rged 5 - 6 weeks. . · 
(c in moles/litre , Din cm2 . sec .-l x 10-6 , r in em x 10-8 ) 

Meesur ed Comput ed 

ZrOCi2· s-olution Diffusion Rad ius Partic l e Degree of Coeff. 
- we i ght polymer -

c pH D is r?. ti on r 

0.856 0.38 3.86 6.3 ~ 1100 5.6 
0 .564 0. 47 3.86 6.34 1100 5.6 
0.558 0.47 3.84 6.37 1120 5.7 
0. 494 0. 50 3. 84 6.37 1120 5.7 
0.281 0.65 3.71 6.60 l250 6.4 
0. 280 ·o. l55 3.71 6. 60 1250 6.4 
0.236 0.72 .3. 65 6. 7.1 1320 6 . 7 
0.185 0.86 3.69 6.63 1260 6.4 
0 .110 1. 00 3 . 1n 7.05 1520 7. 8 
0.097 1 .08 3. fl 8 7.03 1510 7. 7 
0.052 1.32 3.27 7. !,8 1810 9.3 

0.856 0.38 3 . 86 6.34 1100 5.6 
0.200 0.38 4.01 6.10 980 5.0 
0.110 0.38 IL 17 5 . 87 880 4 . '1 
0 .055 0.38 tL 49 5.45 700 3 .6 
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containing a range of sizes led to a concentration. of the 

larger particles in the original solution, and the value of 

the diffusion coefficient fell with each success ive diffusion. 

After ageing for 5 weeks, at which ti~e apparent equi librium 

had been reached as shown above, the particles were less 

heterogeneous, which is additional confirmation of the 

attainment of equilibr ium. Detailed results are given in 

Table 3a. II. 

Diffusion coefficient as a function of concentration 

The first experiment indicated that the equilibriur 

diffusion coefficients were concentration dependent, and ~he 

second series of measurements was made to investigate the 

effect of concentration on the diffusion coefficient in 

greater detail. The results are given in the upper part of 

Table 3a.III. Dilute solutions were shown to have a l0wer 

diffusion coefficient than the more concentrated solutions 

when measured at the natural pH after ageing for 5 to 6 weeb:- . 

It was thought that the higher pH might be responsible for 

greater hydrolysis qnd increase in particle s ize in the more 

dil ute solutions. Solutions of 0.05, 0 .1, and 0.2 M 

zirconium were therefore prepared while maintaining the pH ~ t 

the value of the 0.856 M solution (pH 0.38), by the addition 

of hydrochloric acid . The results of diffus i on measure~ents 

on these solutions are given in the lower part of Table 

3a.III. Under these conditions it was shown that dilut e 

solutions had a greater rate of diffusion than the mor e 

concentrated solutions 1 i. e . , hydrolytic polymerisation ~as 



Table 3a.IV 

V3riBtions with Ac i dity of Solution in the Diffusion 

Coefficient, Radius, Particle Weight snd Degree of Poly­

merisRt i on of 0.05 M Zirconiu~ Oxychloride. Solutions 
-:god 8 weeks. 
( . 1 /1. t D 2 -l 10-6 . . 10-3 c ln mo es l r e , in em • sec .x: ,Tt_ ln polses x , 
r in em x 10-8 ) 

Measured Computed 
---

J~cid Added Diffusion Viscos- Redius, PE> rticle Degree of 
KN0 3 Cocff. ity, weight Polymeris-- a t ion c c D 11 r 

5.0 - 4. 63 10.9 4 . 33 350 1.8 
2 .0 - 4.64 9.4 5.11 .5.80 2 .9 
1.0 - 4 .59 8.9 5.33 660 3.3 
0.5 0. 5. 4 .57 8 9 5.36 670 3.4 
0 . 37 0.63 4 . 49 8.9 5 45 700 3.6 
0 . 2 0.8 4 . 46 8.9 5 49 720 3.7 
0.1 0.9 4 .30 8.9 5.69 800 4 . .1 
0.0 1.0 3.27 8.9 7 .48 1810 9 . 3 

Alkal i 

c -
0 .. 02 1.0 2.75 8 .9 8.90 3060 15 . . 6 
0.04 1.0 2.44 8.9 10.03 4370 22.3 
0.05 1.0 2.21 8.9 11.07 5880 30.0 
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repressed by the presence of acid. 

· Diffusion coefficient as a function of acidity 

Since the results given in the previous section 

indicate that there is Pn interaction between the effects cf 

concentration 1nd acidity , a further series was run to 

dete r mine th e effect of acidity on the diffusion coefficient 

measured in 0.05 M solutions of zirconium oxychloride . The 

r esults are given in Table 3a.IV. Results for soluti 0 ns of 

decreased acidity brought about by basification are a l so 

included. 

The presence of ac id increased the diffusion 

coefficient of zirconium, but a limiting value W'"".S attained 

when the FlC id cone entra t i on was 0. 5 M or greater. Lister and 

McDonald(30) found no limiting value in nitric acid soluti on 

of comparable concentration, a difference that may be due to 

the lower coordination potential of the nitrate compa""ed 1 .. '~ . tl--

the chloride. 

The addition of alkali, on the other hand , rapidly 

reduce~ the rate of diffusion, and substantiates the view( ' 5 ) 

that highly aggregated hydro l ysis pr oducts are formed . 

Diffusion coefficient as a function of basicity 

Since the results of the basified so l utions 

desc ribed in the previous section showed a reduction in tho 

diffusion coefficient of zirconium in 0 .05 M solutions, and , 

since concentration has been shown to affect the diffusion 

coefficient, the effect of basicity on solutions of varying 



Table 3a.V (contd . ) 

Zr0C12 s ol n.bas i fied Measur ed Computed .. 

wi th NaOH Diffus i on Particle Deg:ree o£' 
Coeff. Radius Weight polymer -- isation c Basic i t;)! pH D r 

-

ca . 0 .50 50 0 . 50 3 . 84 6.37 1120 5 . 7 

II 60 1.07 3.67 6 . 67 1290 6 . 5 

.. 70 1 .27 3 . 27 7 .48 1810 9 .2 

ca .0.25 50 0 .71 3.65 6. 71 1320 6 . 7 

II 60 1. 21 3 . 51 6 . 97 1470 7. 5 

.. 70 l . 50 3.27 7 . 48 1810 9 . 2 

~ . 0 . 10 50 1.00 3.48 7 .03 1510 7 .7 

" 60 1. 48 3 . 22 7.60 1900 9 .7 

" 70 1. 77 - - - -

C8. ,0 . 05 50 1.32 3 . 27 7 . 48 1810 9.2 

" 60 1.80 2.83 8 . 65 2810 14. 3 

J1 r{O 2.07 2 . 45 9 . 99 4320 22.0 



Table 3a.V 

Variations with Basicity of Solution a t Four Conc ent r ations 
in the Diffusion Coef fici ent, Rad ius, Part i cle .We i ght a nd 
Degree of Polymerisat i on . of Zirconium Oxychl oride 
Supporting electrolyte 1.0 M potassium nitr a te, '1 -:: 
8 .93 x 10-3 poise; solutions ared·8 weeks . 
(c in mol es/litre, Din cm2 x sec-l x l0-6 , r in em x 10-8 ) 

Measured Computed 

<:I:,OC1_2· soln. ba.sified Diffusion RAdius Particle Degree 
wi th Na 2co 3 

Coeff. we i ght of poly-
- merisat -

c !Bas i c i tyl pH D r ion 

ca.0 . 50 .50 0 . 50 3 . 84 6 37 1120 5.7 
II 60 - 3.52 6.95 1460 7 .4 
I I 70 1.08 3.06 8.00 2220 11.3 
II 75 1.28 2.94 8 . 32 2490 12 . 7 

ca.0 .25 50 0 .71 3.65 6 .71 1320 6.7 

" 60 - 3.33 7.35 1720 8.8 
II 70 1. 30 2.98 8.21 2400 12.2 

" 7 5 l. 63 2 . 62 9.34 3530 18 .0 

ca .O.lO .50 1.00 .3.48 7 . 03 1510 7 . 7 
II 60 1.15 3.09 7 .92 2150 11.0 
ll 70 1.63 2.73 8.96 .3.120 15. 9 

I I 75 1.91 2 . 66 9.20 3380 17 .2 

ca .0.05 50 1.32 3.27 7. 48 .1810 9 .3 
II 60 - 2.75 8 . 90 306r 15 . 6 
II 70 1.89 2.42 10.11 4480 .22 . 8 
II 75 2 . 22 2. 21 11.07 5880 30 .0 

(see over for continu~tion of t a ble) 
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concentration was .investigated. Two alkalies, sodium 

carbonate and sod ium hydr oxide, were used for preparing the 

bas ifi ed solutions, as these a re claimeq to yield basic 

compounds of different compositions( 23). The results ere 

present ed in Table 3a.V. 

The d iffusion coeffici ent increased with increas ing 

c oncentration at all basic ities, and increase in basicity 

resulted in a lower r a t e of diffusion. The nature of the 

alkali used a lso aff ected the rate of diffusi on in the 

resulting basic solution. Solutions bas ifi ed with sodiu~ 

hydroxide had larger diffusion coefficients and hence small er 

particles than the equivalent solutions basified with sodium 

carbonate. Nevertheless, whe n us ing sodium carbonate it was 

p ossible to obtain clear solut i ons of higher basicity than 

when sodium hydroxide was used. The maximuTI basicities that 

could conveniently be obtained with sodium carbonate and sodium 

hydroxide were 75 and 70% respectively. 

The highly basic solut ions, particul arly those tha t 

were faintly opalescent, contained particles that were 

probably markedly a symmetric and of high molecular weight, in 

which case the calibration of the cell by l ow mo l ecular 

weight substances was not strictly valid( 120 ). Diffusion 

coeffici ents of particles in solutions of this kind can 

therefore be regarded as only approximate when measured i n this 

type of appa r atus, but the results are a t least qualitatively 

correct. 



Table 3a.VI 

Variations in the Diffusion Coefficient, Radius, and Particle 

~eight of Zirconiu~ Oxychloride masked with Eguimolar Amounts 
of Organic Reagents. Supportine electrolyte 1.0 M potassium 
nitratG,'1_ = 8 . 93 x 10-3 poise; solutions aged\Oweeks; 

pH adjusted to 0.50 . for 0.5 M, and 1.00 for 0.1 M solutions. 

- 2 -1 -6 (c in moles/litre; D in en . sec x 10 ; -8) r in em x 10 

Masking Zirconium Diffusion 
Coeff. Radius Particle Agent - Weight c D r 

None 0.5 3.81 6.42 1150 
0.1 3.40 7.20 1620 

--

Acetic 0.5 1.52 16,10 -
0.1 2.02 12.12 -

Gluconic 0.5 1.21 20.23 -
0.1 1.98 12.36 -

Citric 0.5 1.68 14.57 -
0.1 2.40 10.20 -

Urea 0 .5 3.69 6.63 -
0.1 3 . 20 7 .65 -
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Diffusion of masked zirconium solutions 

The addition o~ organic reagents to zirconiu~ 

solutions to increase the rate of penetration into hide has 

been advocated by a number of workers. The effect on thG 

rate of penetration of these masked solutions is small wbon 

compared with the enormous effect of masking of chromium 

solutions on the rate of penetration. In addition, an 

optimum amount of masking agent for zirconium was noted( 62 ), 

abov€ which the rate of penetration was actually reduced. To 

investigate the effect of masking on the rate of diffusion, 

four organic reagents, acetic, Gluconic, and citric acids, 

and urea, were added to solutions of zirconium oxychloride in 

equimola r proportions which is an excess by practicAl 

standards . The c oncentrati ons were adjusted to 0.5 and 

0 . 1 M and the pH was brought to the s~me value as unm8sked 

solutions of the s ame concentration. Potassium nitra te was 

added to make the solutions 1.0 M with respect to this 

reagent . Diffusion measurements were carried out aftertO 

weeks' ageing, and the results are given in Table 3i.VI . 

The most obvious effect was the very appreciable 

reduction in the rate of diffusion in the presence of the 

organic acids. In the presence of urea, the diffusion was 

virtually unchanged, and the small differences could be r ue 

to experimental error. Contrary . to unmasked solutions of 

zirconium oxychloride, the diffusion coeffic i ents of 

zirconium in the presence of organic acids were greater in 

the mor e dilute solutions. 
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In connection with the marked differences in the 

diffusion coefficient between masked and unmasked zirconium 

solutions, the possibility of acceleration or retardation of 

ions in the presence of other ionic species during diffusi~n 

measurements must be considered( 121 ). This effect would 

lead to erroneous results, and is a point requiring further 

investigation. 

General Discussion 

Advantages an~ limitations of the method 

The porous diaphragn cel l as used above for the 

determinat i on of diffusion coefficients has several 

advantages and limitations compared with other methods( 120 ). 

The main advantages of the method are: 

a) The cell is simple and inexpensive to construct, ~nd 

manipulation and calibration are comparatively easy. 

b) The relative insensitivity to convect i onal and 

vibrational disturbances ~ue to the stability of the 

concentration gradient in the pores of the sintered glass ~ isc. 

Against these advantages must be set sever al l imitations to 

which this method is subject . 

a) The calibration of the cell by low molecular weight 

substances is not necessarily valid for high molecular wei ght 

substances, especially if the molecules of the latter are 

rnarkenly asymmetric . The use of a known substance of high 

molecular weight for purposes of calibration would be more 

satisfactory, but even so, molecular shape effects might cquse 

difficulty. 
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Assuming the particle is spherical, from this radius 

it is possible to calculate its volume and , if the density is 

known, its weight. 

Particle Weight = 4/3 'TI (--R ..... T __ ) 3 N ;o 
6'11 T( DN 

where p is the density of the particle in the 1 iquid. (In 

this work the density is taken to be 1.72 g per c.c., see 

following section). The particle weights calculated from the 

diffusion data are nei ther weight nor number averages, but Rr c 

usually intermediate values( 124). 

The density of the diffus ing species 

When zirconium oxychloride is dissolved in water, 

hydration occurs, and ultimately the zirconium atom beco~es 

associated by covalent bonds with the maximum number of atoos 

or groups that the geometry of the zirconium atom and its 

ligancl.s permits. Although the maximum covalency of zirconiu~ 

is 8, this is not achieved due to steric effects, and only 7 

positions are filled( 25). The over-all reaction of zirconium 

oxychloride with water may be represented by the following 

equation. 

+ 

) + Cl- + HCl 

The ionic volume of the hydrat ed zirconyl ion cRn 

be calculated from the volumes of the constituent groups and 
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atoms using Kopps conclusions regar ding the approximate 

add itivity of molecular volume(l25). From Mellor( 126 ), the 

molecular or a t omic volume of H2o is given as 18.8,- OH as 

13. 3, and = 0 as 12·. 2. The atomic volume of zirc onium . . 

ca lculated from it s atomi c rad ius of 1.48 R( 127) is 13. 5, 

which is in close agr eemen t with the volume calculated from 

the a t omic weight and dens ity of the element. 

volume of the zircony1 i on is 114. 2. 

Thus the i onic 

The dens ity, ;o , of the ion is given by the ratio: 

Ionic we ight = 196.2 = 1.72 
Ionic volume 114 .2 

which can be compared with 1. 8 f or the hydr a t ed salt. 

Validi ty of derived radii and particle weights 

In view of the absence of complete theoretical 

treatment, there is some limita ti on of the absolute a ccuracy 

of the ca lculated values . The following are the more 

i mportant limitations: 

a) The relationship between diffusion coefficient and ra~ius 

as given by the Sut her l and-Einste i n equati on is valid only in 

the case of spherical par t icles, but it has been stBt od tha t 

small deviations from sphericel shape can be i gn ored( 83 ). 

For example, in the case of t wo particles of the same volur-:e, 

one spherical a nd the other a spheroid of axial rati o 2t~ l . 

the value of the diffusi on coeff i c i ent will differ by onl y 4~ . 

b) In calculating particle weight, D enters the expression 

as the 3rd power. Hence it is des irabl e to achieve the 

best possible accuracy, since an error in D will be 
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c onsiderably magnified when expre ssed in t erms of particle 

weight. 

c) In calculat ing the particle weight, the density of the 

d iffusing ~ar t icle must be used. Obvi ous ly , the density tr. 

be used is not that of the solid salt , but of the hydr~ted 

xirconyl ion, nnd this c an only be estimat ed from ato~ic ~ nd 

molecular volumes of the hypothetica l zirc onyl ion. 

Calculation of the degre e of polyrierisation of the 

zirconium i on 

From the above dens i ty calculati on it will r ead ily 

be seen th~t the monome r is the hy1rated zirconyl i on with an 

i onic we i ght , calcul3ted fr om atomic weights, of 196.2 . This 

figure affords the bas is f or the calculati on of the degree of 

polymerisation fr om the particle weights 1e termined from the 

diffusion 1ats . The degr ee of po lymerisat i on is the 

average number of hydrsted zirconium ions forming a co~plex. 

In strongly acid solution, hydrolysis will probably be 

reduced, and the degr ee of polymerisation calculaten on t ho 

basis of fully hydra ted i ons will be too l ow . 

Result s of computations of rAdius , particle weight and 

degree of polymerisation 

The calculated results are included with the 

diffusion data in Tables 3a .I- 3a.VI, and some of the r esults 

are also recorded graphically in Figs. 3a.l - 3a .3. The 

trends are the obv ers e of those prev iously described for the 

changes i n the diffusi on coeff ici ent. 
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Extrapo l at i on to zer o time of the curves in Fi g . 3e .l 

indicates a degr ee of pclymerisation of 3.1. At this point 

hydrolysis and polymerisation could not have co~menced, Pn~ 

the value of 3.1 represents the average number of zirc oniu~-~ 

a t oms in a compl ex. A similar va lue of 3.2 is the limi timg 

value in hydr ochl oric ac i d solution of concentretion between 

0.5 and 2.0 M, s ee Fig. 3a .3. This suggests tha t, un~er 

these conditions, hydrolysis and polymerisation are suppres s ed, 

and the zirconium complex has a form similar to that in 

freshly pr epar ed solution. In thes e s olutions it would a pnoar 

that zirconiurJ. exists predominantly as .trimers and t otrr-tmers, 

confirming results from st~dies under similar acid conditions 

using ultracentrifuge( 42 , 49 ) and complex formation( 24 ) me th ods, 

and i mplies a special structure for zirconium. In this 

connection, h owever , the finding of Clearfield and VAugh8n( 26 ) 

fr om an X-ray ana lys is of solid zirc on ium oxychloride, th~ t 

the zirconyl group appears as the tetramer in the form ~f ~ 

square, does not quite substant i ate the above r esu l ts . It 

is possible that the average VAlue of 3.1 result s fro u the 

opening of some tetranuclear rings t o for~ dimers. 

The degree of polymerisation in 5 M hydrochloric 

ac i d is appar ently lower than the limiting value, but the 

hydrati~n of the zirc onium ion may be reduced in ?cid of 

this concentration, resulting in a l ow particle weight, Ann 

thus giving a fictitiously l ow va lue for the degree of 

pol ymerisation . 

The a pp2rent degre e of polymer isat i on in the highly 
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basic so l utions lies between 20 and 30, see Fig. 3a . 3, but 

the results obtRined from diffusion data are likely to be 

inexact since zirconiuTI is very sensitive to precipitation and 

polymeric reactions are complicated at low ac i dities due not 

only to the formation of high molecular weight pro~l.ucts but 

also to the slow atta i nnent of equilibrium( 46 ) . It wa s not e ~ 
that in solutions which had initially been turbid after the 

add iti on of the alkPli, but cleared on ageing, the degree of 

polymeris8t i on was not ~ore than 30 with a partic le weight of 

about 6JOO, even though the qddition of further small Bnrunts 

of alkali caused imnedi~te irreversibl e precipitation. It 

would seem, therefore , that this i s the mRxi mum particle size 

prior to precipit8tion. 

The type of alkAli used for basifying the solutions 

also results in differences in particle size. The particle 

size of zirc onium in soluti~ns basified with son ium c~rbonate 

is greater tha n that in solutions of equivalent basicity 

obtained by the addition of sodiu~ hydroxide, see T8ble 3a.V. 

The basic sal.ts obtained fron the two alkalies differ in their 

composition( 23), but when sodium carbonate is used it is 

uncerta i n whether the radic~l produced is the basic zirconyl 

2+ cation, Zr2o3 , or whether a compound containing carbonate 

is obtained. This uncertainty arises because larger 

particles were found in these solutions than in soluti ons 

ba sified with sodium hynroxide, which would not be the case 

if ca rbon dioxide were eliminated from the radical as is 

indicated by the structures below. 
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Calculation of the partic l e size from the diffusion 

measurements of maslwd zirconium solutions reveals that in 

many cases the r ad i us is Tiore than doubled in the presenc e of 

organic r eagents, see Table 3a.VI, and may acc ount for the 

reduced r a te of penetration of acetate and l Rctate masked 

sol utions into hide( 62 ). The s~all effect of urea would 

tend to indi cate absence of reaction between this r eagent and 

zirconium, and this view is substantiated in the chapters on 

potentiometry an~ electrophoresis. 



53. 

b.Ioni.c Nature of Zirconium Determined from Electrophoretic 

Measurements on Solutions of Zirc onium Oxychloride in the 

Presence of Some Organ ic Reagents . 

Knowledge of the charge on the zirconium complex 

may be of assistance in determining the mechanism of the 

reaction between zirc on ium and collagen, since it is claimed 

that only s pecific i onic spec i es ere effective tanning agent s. 

Somerville( 55 , 56 ), fo r example, maintained thAt cationic 

. zirconiu~ is responsible for the tanning ac ti on, whilst 

Wilson< 73 ) and Gustavson( 6?) consider thqt most of the tann3ge 

is accompl i shed by fixation of ani onic complexes. Rangana than 

and Reed( 2B,50) have found tha t anionic zirconium conbines 

readily with collagen, but they do not preclude the t anninc 

acti on of complexes of a different char ge, whilst Lassorre(?5 ) 

has found tha t zirconium fixa tion is independen t of tho 

charge on the complex. Blumenthal(?2 ) suggests that the 

carboxyl groups of am ino acids and proteins t end to become 

bonded to the zirc onium atom in solution, And that in 

sulph~te solutions, which ar e excellent tanning agents, ~ 

pseudo-chelate structure may be formed. 

~o 
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The ionic nature of zirconium c·omplexes has not 

previously been investigated in great detail, so the charge of 

zirconium oxychloride was determined at a range of pH vRlues 

alone and in the pr esence of a number of organic reagents 

using the apparatus and technique described in Chapter 2a. 

The solutions used were 0 .1 M with respect to zirconium, and 

cont~ined the added organic r eagents a t a 1 t o 1 moler rqtio. 

The organic reagents used were acetic, glutaric, glycollic, 

tartaric, gluconic acids, glycine, o& ,~- ,~-ami~o-n-butyric 

acids, methylamine , ethyl ened iamine, and urea. An aliquot of 

each of the solutions was aged to equilibrium at one of the pH 

levels 1,2,3,4,6,8, and 10 before e l ectrophoretic measurements 

were made . 

The results and photogr aphic reproductions of the 

c l ectro~r?ns a re eiven overleaf. 
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Results 

2irconiun oxychloride 

At pH 1, the zirconium was predominantly ca tionic. 

There were no bands of varying mobility, the area between the 

front Rnd the origin being uniformly stqined . There "'·""s C1 

slight indic~ tion of migration tow2rds the anode . At pP 2 s 

the result was similar. At all other pH values the 

zirconium was insoluble qnd no novement fron the origin~l nre2 

of applicntion could be detected. 

+ 

- - --~-----------

ID 

r-:,,, 3b' 
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Zirconium oxychl or i de in the presence of acet ic acid 

+ 

'" 

Frt, 3b 2. 

I n the presence of acet ic ocid at pH l there was 

no evidence of Rn i onic zirconium. The sol ution was shown 

to be predooinantly c~tion ic . At pH 2, the cat i onic 

charac ter of the zirconium w~s r educ ed , and anionic zirconium 

wns shown t o be present. At pH 3, the migr~t i on in thr. 

direct i on of the enode had increased, whilst cat ionic 

zirconium h~d almost ent irely dis~ppeared . At h i gher pH 

va l ues, tho zirconiun wes insoluble qnd no mi gr at i on took 

plRce in ei the r direction . 
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Zirconium oxychloride in the presence of glutaric acid 

At pH 1, the gre2te r proportion of the zirconiuw 

remqined ::1t the origin, but a sm<~l l '1raount 1!li grnted in tho 

direction of the c8thode. At ~11 the other pH v~ltics thern 

was no migr ation, presum3bly because of the insolubility of 

the zirconium/glutDric 8c id complex . 

+ 

3 

10 
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Zirconium oxych l oride in thr presence of glycollic 8cid 

+ 

' 
It~ 

Glycollic '"~cid formed c!">..tion i c complexes Fith 

zirc oniun ~t pH values lower than 4. At pH 4, there was 

little migrction in either direction, and the solut i on qpplir.d 

to the paper w2s cloudy. At this pH the over -all chRrgo ~n 

the zirconium complex was zero, a nd it can be regqrded ns ~ 

nonionic complex. At pH vAlues of 6 and 8 the comrlcx \.JRS 

anionic, the olectronega tivity of the zirconium incra~sing 

with pH. At pH 10, al l the zirconium had precipita ted ~nrl 

there wa s no migr0 tion from the origin . 
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Zirconium oxychloride in the presence of tartaric acid 

In the case of the zirconiun solution complexed with 

t~rtrate 1 8 t pH l the zirconium was predominantly anionic, 

although thore w~s a small proportion of cntionic forms 

present. With incre3se in pH, Tioro 8nd more material 

travelled towa rds the anode, and no c3tionic forns could be 

detected ~bove pH 2. Although the zirconium became mnre 

electronegative with incre8se in pH, the area betwe en the 

front nf the migrating zirconium and the origin was unifor~ly 

stained, indicating a range of mobilities vJith no definite 

compounds nresent. Tho amount of zirconium rem?i ninc 3 t the 

origin was small a t high pH values, but nevertheless was ~ n 

indication of soluble n~nionic complexes under these conditions. 

The zirconium remnined soluble over the whole pH range studied. 

+ 

. ,, 



+ 

60. 

Zircon ium oxychloride in the presence of gluc on ic ac id 

I 

l 

It 

' 
10 

Gluc onic acid forms pr edominantly cRtion i c co~­

plexes with z irconium in solutions at pH l Pnd pH 2, but ~ 

small proportion of ~nionic materia l wa s ~lso present. At 

pH 3, ~ prec i p i tate f ormed, but nost of the zirc onium 

r emained in soluti on nainly in the a nicnic f orm; P very 

small amount t r avelled in the direction of the cathode. 

At pH 4 3nd higher, no cat i onic f or ms existed, and a t the hi gh 

pH va lues , viz . , 8 nnd 10, the zirconium was present 

entirely in the a nionic s t a te, no zirconium being l eft ~ t the 

oricin of the el ec trogram . 
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Zirconiun oxychloride in the presence of qmino acids 

Four ~mino qcids, glycine, C(- . j3-, 8nd \/ . 
0- 8m1no-n-

butyric RC ids were uscd , but the re2c t ions in ench CRS e \•Jero 

so similnr th~t they can be considered together . Only :- t 

pH 4 could Tiinor differences be detected Rnd this will be 

dis cussed le1ter. Tho rver-All nicture is th!l t 'Jt -pH vqlues 

up to 3, tho mobile zirconiuM is nAinly cationic with e very 

snall proportion moving towards the 8nodc. At pH vnlucs of 

6, 8, And 10, all the zirconiu~ hnd nrr-cirit8ted, Pnd there 

was no evidence of soluble ionic forms. No soluble 

zirconium was found in the presence of glycine ~t pH ~ ' whilst 

only a very small proportion was solubl e in the pres8ncr of 

o(-Gnino- n-butyric Reid and this did not nigrate. A nuch 

grester proportion of the zirconium wAs soluble in th r 

prcsence e f (J - amino- n- butyric nc id AnC. still nore vJ~s 

solublr. in the presence of the 6 isomer. This c~n pr ob:bl y 

be expl"linod by thfl incrc::1se of the pH of procipit8.tion 1<~ith 

increGse of tho pK v~luo of the four ~cids (s oe section rn 

potentionetry) with the resulting incrcPse in the a~ount of 
the 

unprecipitated zirconium at rH 4 in the presence o~rcenectivc 

qmin o ac id. In the cRse of ;G- and ~ -9.!'lin o-n-butyr ic 'lC i ds 

the soluble zirconium ~igr2te~ ~~inly in the direction of thG 

cnthcdo, 3lthou£h a sm8ll proportion of anionic coonloxes 

were pre son t . 
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Zirconium oxychloride in the presence of methylamine nnd 

ethyl ened i '.1mine 

Methylanine and ethylened i amine did not confer ~ny 

increased resistance to precipitation on solutions of zirc0niu~ 

oxychloride, and there was n0 evidence of soluble ionic 

complexes formed at pH va l ues of 3 and. above . At pH V<-!lues 

l snd 2, the soluti ons behaved in exactly the same manner as 

unmasked zirconium oxychl oride solution . 

Zirconium oxychl or i de i n the presence of urea 

No reacti on with urea could be 1etected . The 

solutions were sinilar to unmasked zirconium oxychloride 

solutions in every respect . This sinilarity extends ~lso to 

tho potentiometric titration of solutions of zirconium in the 

presence of urea, see Chapter 3c. In addition , urea h~ s 

little effect on the particle size of zirconium in s oluti r.ns 

(see section on diffusion mcRsurements, Chapter 3a). 

Although the zirconiun salt used in this wor~ w~s the 

oxychloride , the results be~r out the fin1ings of Rang8nath~n 

rnd Reed( 2S) in most respects where the wor k overl aps , but do 

not agree with tho results of Portes( 29 ) . Ra nganathan and 

Reed, using zirconium sulphate, found increased electroncgativity 

of the zirconiu~ with increased masking with c i trate. In the 
acids 

present work it was also found th~t in the presence of hytrrxyj 

the anionic nature of the zirconium was increased , (Fi[.3b.4 

to 3b .6), and at higher pH levels cationic species were ncn -
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existent. In the case of glycollic acid, Fig. 3b . 4, nnionic 

complexes did not form until a pH of 4 had been r eAched . 

Fortes foun~ tha t z i rconium oxychloride becaNe n0ru 

predominantly c~tionic with increase of pH up tc pH 7, the 

amount of migra tion being quite considerable qt this pH! This 

seeos unlikely s ince zirc oniu~ oxychloride is insolubl e nt r H 

v2lues ~bove 3. The electrolyte usod by Fortes was a 2% 

solution of hydrochloric acid and it seems probable thnt 

small amounts of zirconium were redissolved during tho cours e 

of the experiment, giving an erroneous impression. 

ln the presence of the amino acids, Figs. 3b . 7 to 

3b.l0, zirconium did not behave in the same wqy as it i id in 

the presence of acetic acid, Fig. 3b.2. The resultinr 

complexes were all positively charged, whereas the zirc oniun 

in the rr esence of acetic acid became n ore anionic in 

character, thus indicnting th a t the anino groups of tho ~cids 

had not bo on involved in the re~cti on with zirconiuw . The 

amines, Figs. 3b.ll and 3b.l2, and urea, Fig . 3b.l3, cnused 

no chango over the whole pH range , and it seens th~ t under 

these c onditions nitrogen is not coordina ted to zirconium. 



Table 3c . I 

The pH values a t which pr ecipita t i on occurred in 0 . 05 ~1 R oluti on~ of zir con i um oxychloride and 
z i r coniu1, sulphate i n t he presence of organic reagents on t i t r at ion with sodium hydroxi de and sodium 
car bonate . 

Molar Rat i o of Or ganic Reagent to Zirconium 

l . l 2 0 l 4 ; l 8 : l . 0 

NaOH Na2co
3 NaOH Na2co

3 
NaOH Na2co3 NaOH Na 2co3 

Zir conium oxychl oride 2.27 3 . 16 . 

Zr 0Cl2 + a cetate 3 . 34 - 4 . 47 5.00 5 . 02 5 . 00 5. 13 5. 17 

" + tar t rate ppt in ppt i n no no no no no no 
or ig orig pptn. pptn ppt n pptn PP.tn pptn 

II + lactate l0o8l no pptn 11.82 no pptn 12.16 no pptn 12. 31 no :pptn 
H + gl uconate no ppt n no pptn no pptn no pptn no pptn no pptn no pptn no pptn 
II + urea 2.30 3.36 2.47 3.63 2.52 3.65 2.90 4 . 00 

" + gl ycine 2 . 88 - 2o 82 4 .09 2 . 90 4 . 38 - 4 . 60 
II + methyl ami ne 4. 1 5 . 3 4 . 2 5.0 4 . 3 5 2 - -
II + ethylenediamine 3 . 6 4 . 6 3 . 8 4 . 4 4 . 5 4 . 5 - -

Zi rconium sulphate 1. 4 2.6 
Zr (so

4
) 2 + acetat e 2 . 4 3 . 4 3 . 2 5 . 0 4 . 3 5 . 2 4 . 9 5. 5 

II + tar t r ate ppt i n ppt in no pptn no pptn no pptn no pptn no pptn no pptn 
orig or ig 

II + lactat e 5 . 5 - 6 7 no pptn 8 . 2 no pptn 11.7 no pptn 
II + gl uconat e no pptn no pptn no pptn no pptn no pptn no pptn no pptn no pptn 
II + methylami ne cr ysta l s of basi c zir conium sulphate fo r med 
II + ethyl enediamine II '' " II II " 



64. 

c. Potentiometric Titration Studies on Solutions of 

Zirconium Oxychloride and Zirconium Sulphate in the 

Presence of Some Organic Reagents 

Potentiometric measurements provide evidence, ~hich 

cannot always be obtained by other means, concerning the nature 

of acidic and basic groups present in complex ions. Potentio -

metry also affords the means of determining which groups a re 

involved in reactions between organic reagents and metal ionf. 

The potentiometric method has been employed by a 

number of workers in measuring the stability of metal 

complexes with organ.ic acids, amino acids, and 

pept ides( 29,3l,l2B- l3B) and to study tpe hydrolysis and 

polymerisation of zirc onium salts(30,33,l39). 

Qualitative potentiometric studies 

The relative stabilities of so lutions of zirconium 

oxychloride or sulphate in the presence of various molar 

ratios of several organic reagents containing the reactive 

groups found in hide protein, viz . , carboxyl, amino, hydroxyl. 

etc., were determined by measuring the pH of precipita tion 

when solutions 0 . 05 M with respect to zirconium were titra t ed 

with N/5 sodium hydroxide or sodium carbonate. 

are given in Table 3c.I. 

The results 

It is interesting to note that zirconium precipitated 

from oxychloride solutions at a higher pH value than it did 

from sulphate solutions. If the pH of precipitation is ta ~Gn 

as a measure of the stability of the complexes formed, high 

pH of precipitati on indicating strong complex formation ~ th8 
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Above results 8ppe~r to indic~te thqt chloride formeo strnneer 

complexes than sulph~te. However , since zirconium sul rhrte 

solutions ~re known to be uns t 8blc due to the formrtion of 

insoluble bas i c compounds cont8ining sulphRte ( 44 ,75 ), the ~ tcve 

results cannot nece~sarily be taken as evidence that chlori1e 

is a stronger complexing agont than sulphAte . The published 

pr eciritat i on points of pH 2.40 and 3.50( 2l) are for 50% 

basic zirc on i um sulphate soluti ons titrated with sod ium 

hydroxide and sodium carbonate respectively, 8nd ar e · nore 

likely t o be c omparable with the oxychloride results. 

In genor ~ l , the greate r the amount of organic 

reagent J:~r esent , the higher was the pH at \vhich the zirconiur. 

was preciuitated, but the protection pfforded the zirconium 

varied considerably with th e organic re agent. 

rergents lis ted in Tqble 3c . I, only gluconate afforde d 

complete protect i on over the pH r~nge l to 13, with as little 

as l mole per mole of zirconium . TartrPte a ls o prevents~ 

r recipitntion '"'thigh pH V<"lues a t :: rr:tio C)f l mrlc per r:,cle , 

but in qcid soluti on ~ precipit~te 0ccurred whic~ w,s 

dissolved on addit i~n of ~ further mole or more of t~rtr~tc. 

LrctFte , tho 0ther hydroxy Reid ligqnd invest igqt ed , imp~rtr~ 

much i ncrc:1sed str.tbility to zircDnium. solutinns, but 

pr ecipitAtion w8s not entire ly prevented even when it wPs 

presen t in R lArge exces s . The differ ence between zircnniu~ 

oxychl oride 8nd sulphate solut i ons in tho pr esenc e of l8 ct~te 

was very marked, the zirconium T)rec ipi tat ing fr om sul ph:.. te 

solutirns qt q much l ower pH value even in the pr esence r;f 
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8 moles of lactate per mole of zirconium . 

Glycine which a l so has two reactive gr oups, 2ctu~lly 

imparts less stability thqn acetate to zirconium solutinns. 

Chel~ti on greatly increnses stability. as illustrAted by the 

reaction between glycine And copper(l30)' thus the qbove 

r esults in0icqte that chel8tion between r, lycine and zirconium 

does not occur under the conditi ons studied~ Pnd thet tho 

relative st~bilities may be a function of the acid dissrcintion 

constants. The ~ddition of glycine to zirconium sulphste 

soluti0ns resulted in immedia~ precipitation. 

Urea h2s very little effect on the pH nf precirit~ti~n 

of zirconium. The small incroPse in stability in the pros P. nce 

of a largo excess of ur oR mRy be due to some slight protc cti~n 

in the s~mo w3y thnt neutral salts incrc~se the pH nf 

precipitatirn(32). Ure~ complexes with zirconium aro ~t~ble 

only under anhydrous conditions, 3nd they decompose in w~tcr 

due to the greBter affinity of zirconium for the oxygen ~trns 

of the water than for the nitrogen atoms of urea(l40 , l ~ l). 

The 8dditi0n of methylamine hydrochloride and 

ethylenediamine hydrochloride imparted some stability to 

solutions of zirc oniun oxychloride, although there is no 

evidence of the combination of organic amines with zirconiu~ 

in aqueous solution( 140 ) . In zirconiuM sulphate scluti rns 

c ontaining the amines , cryst"J.ls of?. basic z irconiur: s~lt 

which contained no nitrogen are f0rmed after st~ndinf for 

24 hours. On titration with Rlkali these crystals 

decompr·sed at an inde t erminate pH with the form8tion of A 
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gelatinous precipitate . Crysta ls of basic zirconium sulph8te 

are not formed in sulphate solution unde r s i mi lar c onditi 0ns 

of pH and concentration, on ageing fer the same length of 

time. The above r esults incl icnte that only hydroxy acids 

a re effective cornpl exing agents , and this agrees wi th 

previous work(3l). 

Potentiometric titrati on curvos 

Potonti ome tric rnethnds appoar t o be of value in 

determininc th e r eacti on mechanism of zirconium with coll~:on . 

Unfor t unate l y the equilibrium time nec essary and steric 

hindrance effects produce difficulties , s o a study of the 

reaction be twe en zirc onium and amino ac i ds was undertaken. 

Since amino gr oups cito the cQrboxyl Groups a re not pres 8n t in 

collagen, a s ories of cX_-, p -, "'nn 6' - qm.in o 8Cids wAs used, 

as the l As t named is more likely t o r eflect the r e l a tivr. 

positions of the r oactive eroups in fibr ous prote i n . 

A series of aqueous so luti ~ns of zirconium cxy-

chl oride w~s made up 0.02 M with r espect t o zirconium 

containin? the org0 ni c aci~s ~ c e tic, glyc ollic , glycine, 

f/ - , (3- Rnd ~ - amin o-n-butyric in l, 2, or tlr t o l pr·lnr 

rati os . Each seriGs was adjusted to equil i brium pH va lues 

of 1.0, 1 . 9, 2.8 9 or 3. 7 with hydr ochl oric acid or s od ium 

hydroxide respective ly, and aged befor8 titra ting with N/5 
sodium hydroxide using the t echnique described in Chapter 2a. 

pH measurements wGro ~1d e with ~ wide r ange glass eloctrn1e 

a nd q c ompl ete titration curve plotted for each s ol uti rn. 

pH values a t which the s oluti ons be came opa l es cent , an~ ~t 



Table 3c.II 

pH val ues a t which opa~~ence and coagul a ti on were noted in 0 .02 M sol u t ions of zircon ium 
oxychl or i de in the presence of or gan i c and amin o ac i ds on tit r at i on with N/5 sod iu~ hydroxide. 

Equilibrium pH of Aged Soluti ons 

l . 0 l . 9 2 . 8 3 . 7 

Opal. Coag . Opa l. Coag. Opal. Coag. Opal. Coag. 

Zirc on i um oxychl oride 3.1 3.9 3 . 4 4.7 4 . 2 5 . 5 <.L , g 5 . 8 
Zr 0Cl2 + l mol e acetate 3 . 5 4 . 4 4 .0 4 . 9 3 . 8 5. 1 Opa-1:. orig . -

IT + 2 11 " 4 . 4 5 . 0 4 . 3 5 . 2 3 . 6 5 . 1 4 . 6 ·5. 3 
" + 4 11 If 4 . 9 5 . 8 - - 4 . 3 5 . 2 4.5 6 . 2 

- - -
II + l IT c l yc i ne 2.8 4 . 9 2 . 9 5.3 2 . 8 5.3 opal. orig . 4 . 8 
IT + 2 If 11 2.8 4 . 7 3 . 1 5 . 5 3.5 5 . 4 3.7 5.4 
11 + 4 11 If 2 . 9 5 . 0 3.9 5 . 4 4.0 5 . 6 4 . 2 5 . 9 

11 + l 11 ci"' NH2 butyric 2 . 8 4 . 6 2 . 9 5 .0 - 4.7 opaL orig . 4 . 5 
II + 2 If 11 2 . 7 4 . 2 3 . 4 5. 3 ·3 . 7 5.2 3.7 5. 4 
If + 4 11 " 2. 9 4 . 2 3 . 3 5 .2 3 . 9 5.3 4-2 6.0 

IT + l 11 P NH2 but yric 3 . 5 5.7 3 . 3 5 . 6 4 ' 7; 5 .·5 opaL orig . 5. 0 . -' 
II + 2 II II 3 . 5 5 . 8 3 . 5 5 . 7 3 . 8 ·5 . 6 3 : 9 ·5 . 8 
IT + 4 II 11 3 . 2 5. 6 3 . 5 5. '7 1). . 1 6 . 0 ,.., . 3 6.2 
11 + l IT ~ NH2 but yric 3 . 5 6 . 0 3 . 6 - ~· . 1 5 . 7 4 . 0 5. 8 
11 + 2 11 I" ~ . 2 6 . 2 4 . l 6 . 3 ~ . 3 -6.1 4 . 1 5 ,.g 
11 + 4 II n 4. 0 7 . 5 4.2 6 . 1 4 . 5 6.2 4 . 5 6 . 6 

II + l 11 g l ycol late no ppt n . no pptn . no pptn . no pptn. no pptn. no pptn . no pptn . no pptn . .. + 2 11 I ' ppt . or ie;. clear ppt . or ig . c l ear ppt. orig. clear 
6.3 4 . 7 3.9 

1: IT 

II + t). IT 1: II clear II c l ear 11 clear 11 II 

6.2 t1r . 0 2 . 9 I 

! i 
I 
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which the precipitate coagulate~ 1 wer e nOted and are rec~rdec 

in Table 3c. II. 

The most obvious difference in the behaviour of the 

organ ic acids investigated wa s that of glyc ollic . At l ow pH 

values and at a l to 1 molar r~ti o the solutions were cl en r , 

but , whP.n the pH was r a ised , insoluble n on- ge l at inous 

compounds were prec i pitated which di ssolved when more alkali 

was added. In soluti ons cont8ining 2 ~nd 4 moles of lig~n~ 

per mole of zirc oniut!l , at l ow pH , "Precipitates formed •vhich 

redissolved on r a ising the pH . This agr ees with Blurncnth, l ' s . 

statement on the reaction of(){_ - hydroxy a cids with zirc bniur:( 23 ) . 

No great differences between the rema ining acids 

wor e appcuen t. All soluti ons yielded a ge l atinous 

precipitate when sufficient a lkali W3S added t o r a i se the pH 

~bove 7.0 1 but minor differ ences in the pH of i ncipient 

precipitat ion were nGte~. At first s ight these pH values 

seemed t o be related to the acid d is socia tion constAnts of the 

acids , but a plot of the pH of prec i pitat ion against pK11 

see Fig. 3c . l, shows thAt Acetic ac id with the hi£hest pK1 

vql ue was no bette r than glycine with the l owest pK1 vAlue . 

This coul~ be expl~inrd by Monk ' s observation( 130 ) that the 

introduction of an amino gr oup increases chelation tendency 

wi th consequent incrc~se i n stability , ~lth ough the c issrci~t ion 

constant is reduced . No linear or curvolinear re lat i onshi~ 

exists between the stability and the pK1 va l ues of theso 

ac i ds , see Fig . 3c.l, but this is hardly to be expected sinc 0. 

the r e l at ionship between s t ability and the d iss ociat i on 
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constants h8S been shown to be more complicated than had 

hitherto ' been ~ssunedi 142 ). The s ame relationship does not 

hold for the S 9~e substituents on complexine agents of 

different nature. Hence in this investigat i on it is 

permissible to cooparo only the amino acids or more strictly 

the isomer ic ani~e-n-butyric acids. If this is done, B 

linear relationshi p is found between the stabilities and th~ 

pK1 values, see Fig . 3c . l . If the pH of precipitation is 

plotted against the pK2 vqlues , which a r e related to tho pE1 

va l ues , a simil ar result is found, see Fig . 3c . 2. 

Since the pH of precipitation is difficult to 

determine with any degree of a ccuracy, too much r eliance 

cannot be placed on these results . Tho determi nation of 

stability constants would be moro accurate if suitAble 

me t hods were available. The t it ration curves plotted in this 

work do not permit the calculation of stability constants, but 

it is possibl e to dcterr.:ine that complex format i on has taken 

pl8ce( 128). When a r.1ixture of two substances which do not 

outually form a complex is titra ted with alkali, the curve 

obt8ined reproduces the component cu r veR, i . e., the titrntion 

effect is additive when no compl ex formation takes place. 

When, however, the two substances form q complex, an entirely 

different picture i s seen . The new curve no longer 

traverses the component curves but follows a n independen t 

path. The extent of the displacement for~s a measure of ~h 

stability of the complex. 

A detailed investigation of the titrations 



Table 3c III 

Approximate pK ~8lue s of Organic Acids(l~ 3) 

Acetic ac id 

Glyc ollic 

GlycinG 

cJ_- NH2- n-butyric ac i d 

(J - NH2- n-butyric acid 

~ - NH - n -butyric 2 acid 

(+ EstimRted value 

pKl pK2· 

,1 . 70 -

(3 .83 )++ -

2. 31 9.72 

2 .55 9.60 

3 . 63 (10 .20 )+ 

t~ . 23 10 .43 

++ CAlculated fro~ the 

dissociation constqnt(l44 )) 
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performed on solutions equilibrf'ted -3t pH 1.0 will not be made 

because of the in~ccuracy of pH as R measure of hydrogen i on 

concentration a t this level . The co~plete r ange of titr~t i on 

curves on solutions oged to equilibrium at the other pH v8lues 

i s given in Figs. Al to A45 in the appendix. Thes~.: curV t1S 

are for zirconiu~ oxychl oride in the pr esenc e of acet ic ~ ci~, 

glycine, a nd c1:, (3- , and ~ -'J.~~n o-n-butyric acids are~ t r. 

equilibrium at pH va lues of 1 . 9, 2 . 8, and 3.7 using l , 2 ~nd 

4 moles ligand per mol e of zirconium when titt ated with N/5 
sodium hydr oxide. 

From the titra tion curves of zirconium oxychl orine 

in admixture with the organic lig9nds, Figs. Al - A45, it ~ill 

be seen that there is considerabl e d ispl a cenent from the 

blank curve, which is a composite curve der ived from the 

addition of the titration curves of the components ne rfor~ed 

independently. Since a ll the solutions wor e ?djustod to r ne 

of three prede t ermined pH values , the displacements r e?d fro~ 

t he titration curves for equimol?.r amounts of the various 

ligands are not strictly conn8rRble because of the ~ifferent 

pK1 values of the Acids used, s ee Table 3c. III . Thus 8 t 

any of the chosen pH v~lues , a greater proporti on of the 

ca rboxyl gr oups of acids with low pK1 values will have been 

titrated, than the carboxyl groups of acids with high nK1 

values. F or example, at pH 2 . 8 the gr ea ter porti on of the 

ca rboxyl groups of glyc ine and cl-ar-in o-n-butyric acid will 

have been titrated, whereas the carboxyl groups of the 

rema i ning acids will not have reache d the half-neutr8lisation 
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point. This will have to be taken into account when the 

r8lative displacement of the curves of the different liG8nds 

are considered. Thr displacements were measured at pH 

v~lues between 7.0 and 8 .0 Rt which point the cRrboxyl 

groups of ~ll the organic ~cids hrd been titrated. 

Consideration of Fig. 3c.3 (Fig . Al) shows tha t the 

displ acement of the titration curve of zirconium oxychlori~~ 

in the presence of 1 mole of acetate per mole of zirconiui 

is equivalent to approximately 1 mole of alkali, rogn Rt the 

endpoint of the titr~tion . This means that 1 mol e rf 

acetate liga nd is no longer available for titration ~nn ~as 

been coordinated to the zirconium. This displacement is 

slightly increRsed with increasine molAr rati~s of or gBn i c 

ligand, see Figs . 3c.4 Rnd 3c.5 . (Figs. A2, A3). 

In the presence of the amino acid ligands, see fo r 

exam~le Figs. 3c.6 to 3c.9 (Figs. AlO, n19, A28, A37) , si~il~r 

displacements are not ed, but there is no evidence th~ t tho 

amino groups have been involved in the r eaction with the 

zirconium. The a~ino croups ~r e free to titr8te, 2nd the 

portion of the curve at pH values in the reg i on of thr ~K?. 

Vt lues follows parallel to the bl ank . 

Interpretation of the titration curves of tho 

solutions equilibrated at higher pH V? lues, viz., 2.8 ~nd 

3.7, is more difficult, because sooe of the c3rboxyl grours 

of the org8nic acid ligands have been titrJted. However. ~s 

the titration curves of the ~irconium solutions containinc 

equimolar amoun ts of the complexing agents, but aged to 



Table 3c.IV 

Moles of Organic Acid Coordinated per Mole of Zirconiuo 

Moles Added 
--

1:1 2 ~ 1 4 : 1 
---··- ··-

pH pH pH pH pH pH pH pH pH 

1.9 2.8 3.7 1.9 2.8 3 . 7 1.9 2 .8 3 .7 

Acetic acid 1.0 1.0 0.9 1.1 1.1 1.2 1.8 1.7 1 (1 . . . 

Glycine 1.0 1.0 0.9 1.4 1.2 1.1 2, tr 1. 8 1. 7 

o( -A min o-n- 0.6 0.6 0.6 0.6 0.6 0.7 0.6 0 . 5 0 • . : 
butyric 

f3 II II 0.7 0.7 0.7 0.7 0.7 0 . 7 0.8 0 "7 0 . 7 

6 II II 0.8 0.5 0.8 1.0 0 .. 8 0.8 1.3 0 . 9 0 .7 
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equilibrium at jifferent pH VAlues, are r:t l most superin.pos""' rlr::, 

allowance c8.n be mRde for the aMount of orgsmic acid ::~ lrt:)::J.r1:· 

titrated F.lt the equil i brium pH. Fro~ this, the amoun t nf 

orwlnic acid th8.t has been c omr·lexed ;> t each pH can be 

cF.!lculated, 3nd these results ~re c iven in T3ble 3c.IV. 

ParticulPrly striking is the low amount of coordinRti Qn of 

c1:,(3- 8nd ~ -amino-n-butyric 8cid compared vlith acetic 

acid and glycine, which may be du e to steric hindrance. 

The results of these titrations indicate tha t 

carboxyl groups coordinate direct ly with tho zirconium, qnd 

there is no evidence of reaction with amino gr oups. This is 

contrary to what has been found in previ ous work, viz., thR t 

carboxyl. groups pl ay no pAr t in the re~ction between 

zirconium qnd coll~ren, and that amino groups arc res~onsihlc 

for at least a portion of the zirconium fixa tion(50). Thus 

the differences must lie in the type of zirconium SRlt us r ~ 

in the various investig8tions. Rangqnp.than and Reed(50) uso~ 

zirconiun sulpha te in the study of the reaction mechanism 

employing sm~ll sca le t8nnages, so this s a lt was investic~ t ~ l 

put enti ometrically in the presence of the organic acid 1 iz:::n;. s 

used ~bove at pH 1.9 And qt l to 1 molar r8.tio with zirc 0:1 iun. 

The results of these titrPtions are given in Figs. 3c.l0 to 

3c.l4 . 

It is interes ting to note that in the acid rnngo 

these curves almost exRctly duplicate the blank curve, 

indicRting that there is no ~pprec iable coordination of the 

carboxyl groups t o the zirconium under the condition studio~ . 
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This is quite iifferent from the curves ~erived from 

zirconium oxychloride under similAr conditions of 

concentration ?.nd pH . At higher pH vAlue s some displPce,ent 

does occur wi th a reducti on in buffering capa city . This ooos 

not prove that anino groups have been coordinat ed , bec~usP q 

s i milar trend is found in the presence of acetate where ther0 

are no ?mino groups to t~ke rart in the reqct i on. 

Discussion 

The differenc e in behqviour of the t wo zirconiu : 

S8lts invest ieated above r~y explain the different 

reacti ons of the SPlts with collagen . Coordina tion tr 

carboxyl groups is claimed to be the m?in rea ction in 

chromium t a nning ( 4) ; whilst similar co- ordinqtion h~s heRn 

shown with zirconium oxychloride, le8thers of poor stability 

are produced even th ouch the zirconium content is quite h i[h. 

This cP.n only mean eith8r that the chloride tanninc conDlcxos 

Pre not Dig nn ough to form crosslinking bonds? which is mos t 

unlikely in view of the finuines on particle size, see 

Chapter 3n, or that the polyme rs a re held together by we ~k 

bonds which a r e unable t o impart high hydrothermal stabilit~r . 

Zirconium sulpha te _on the other hnnd forms l a r ge aggr ega t es 

but does not re3ct with collaeen through the carboxyl croups 

and the re is little evidenc e for the r esction with qminc 

groups . The combination of zirc on iu~ sulph~ te with crll- -n~ 

mus t ther efcre be by some 8S yet undetermined rneqns . 

The over-all reaction of zirconium oxychloride ··itr 
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carboxyl groups is similar to th0t of chromium 1 but minor 

d ifferences in detail occur . The potentiometric evidence is 

not conclusive, but if the ext ent of the d ispl8cenent of 0ho 

titr•t ion curve from the compos it e bln.nk is SJ.n inc'lic'lti c: n v: 

the extent of coordination of the organic ac id lig2nd , tren 

solutions 9g ed to equilibrium El t pH 1.9 show a greater nur~l:,r. r 

of coordinated carboxyl groups than carboxyl groups in 

similar sclutions aged a t higher pH v~ lues , s ee Tabl e 3c . IV. 

Thus the rea ction, in the esse of the chl or i de, appe2rs t o 

involve unchqrged carboxyl groups, but this is not li~ely 

because no reactions of a similar kind have been reported ~nc 

it wouln ~ean that the sm~ll number of hydroxyl gr oups froM 

the ca rboxyl of the organic ligand hRd succ essfully c onmc toc1. 

with t he very l a r ge excess of water in the system. Th o 

reaction of chr omium ~nd or ganic a cids has been shown t o 

involve th e ch? r ged carboxyl groups ( 4 , l 45-l48 ) , and it is 

pr obsbl e that a similar reaction occurs with zirconim::. 

oxychloride. The most likely expla nation of the re~uc ed 

coor dina tion of c8rboxyl 8roups to zirconium a t tho hich 0 r 

pH value s is that, at these pH vAlues, compe tition fro~ 

hydroxyl groups, for which zirconium ha s gr e3 t a ffinity, hqr 

become cons i de r ab ly gr ea t er , and the resulting olat i c:n moY-es 

reacti on with carboxyl gr ou ps mor e diff i cult due t o steric 

effects . 

This work has shown that appr oximate estim? ti ons 

can be made of the amounts of or ganic acids coordinR t ed tn 

zirconium oxychloride from potentiome tr i c studies . I t is 
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also appar ent from the results in Table 3c.IV tha t there is 

no indicqtion of definite combining proportions; the 

pa ttern is typical ofa mP.ss- a ction re l a tionship, but the 

rel·~ tive c:~mounts bound beqr no simpl e relationship to th e~ 

pK1 or pK2 vnlues of thr ac ids empl oyed . 

appears to r eact quit e d iffe rently with the orga nic ac ids , 

presumably because of competition from the sulphAt e ra r1 ic 1 1. 

r:md) the attendant increase in ola ti on with the formnt i rm ·-·:! ..... 

stable six $ember od ring, if the r eaction is anal ogous t ~ 

chr omium( 149 ) . This ~ xplRins the absence of c oor nin?. ted 

carboxyl groups in syst ems of this kind . 
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CHAPTER 4. 

PRACTICAL APPLICATIONS 

a . The Effect of Particle Size on the Penetration of 

Zirconium into Hide 

The particle size of zirconium compounds detero i ned 

from diffusion measurements (see Chap. 3a) indicated th8t 

certain solution conditions resulted in a small particle size, 

and it was decided to determine whether the size of the 

zirconiu~ complex had any effect on the rate of penetration of 

zirconium tanning salts into hide - Hitherto, suitable 

conditions for zirconiun tannage had been determined by pure ly 

empirical nethods, and it was often found that complete 

penetration of zirconium tanning :1at erials into heavy hide '.vA.~ 

difficult to achieve. Certain factors which we re thou~ht t o 

affect penet r ation have been studied by a number of w0r ke rs 

and the results of these investigat i ons have been r eviewed( ?l) , 

and it is pos s ible to reconcile some of these findings with 

the results fro~ ·the investigation of particle size. From the 

publ i shed work the followi ng conclusions were drawn for the 

optimum rate of penetrat i on~ 

a) an equilibrium pickle, but not necessarily at low pH. 

b ) the add it i on of 7 t o 8% of neutral sa 1 t t o the tan 1 i q v or 

to repress the swelling, sodium chloride being the ~ost 

effective for the purpose. 

c) a minimum of 4 to 5% Zr02 on pelt weight. 
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d) sufficient mechanical action to squeeze tan liquor 

between the fibres before it has become exhaust ed 0f 

zirconium. 

Further, various masking agents, e . g., forma te, 

acetate, lactate, and citrate, have been suggested as sui t able 

additives to tanning liquors not only to assist durinf pH 

adjustments, but a lso to increase th e rate of penetration int o 

hide. Howeve~, the effect of these masking agents on the 

speed of penetration of zirconium into hide is small, and it 

is doubtful vJhether there is any real benefit to be derived 

from their use , although they may be of value because of the 

increased resistance to precipitation and added buffering \vhich 

may prevent accidental losses during pH adjustments . 

I n most tanning formulae 9 the zirconium salt is add od 

to the drum as a dry powder. It has he en found ampi:i:· .icA lly 

that it is bad prac tice to dissolve the tanning salt before ­

hand, particularly i f heat is used to aid solution, becnuse 

there is danc er of loss es occurring from the precipitation of 

insol uble basic compounds which are value less for leathe r 

manufacture. This property of zirconium salts in solutinn l ed 

to the investigation of partic l e size of zirconium under 

various conditions from measurements of the diffusion 

coefficient. 

The results of these diffusion studies indicate th ~ t 

there is a sound reason for adding the dry zirconium tanninr 

salt to the drun , because of the smaller and hence more qohile 

particle obtained in fresh solutions compared with aged 



78 . 

so l ut i ons .. Also, tannages conducted in a normal tannery 

float, 120 to 150% have been found to require a mininu~ of 5% 

Zr02 , which approximately correspon~s to a 0 . 3M soluti on . I: 

v1ill be renembered that in Chapter 3a , it was found thRt q 

0.3 M solution has a fairly snall particle, and that in rnoro 

dilute solutions the particle size is considerably incrc~G~d . 

This probably explains why attempts at obtaining penetration 

with smaller amounts, and hence more dilute solut i ons of 

zirconium, have failed in normal tannery floa t s, possibly ~ue 

to the large particle size obtained at lower concentrations. 

The addition of acid also has a marked effect , and the amount 

normally added in pickle l iquors is thought to be sufficient to 

ensure a relatively small zirconium partic l e in so l ution . 

As was mentioned above, zirconium sulphate solutions 

a r e much less stable than the chloride solutions, and, althoufh 

measurements of diffusion data of zirconium sulphate are 

i mpracticable, it is possible to compare the eff ects of v~ ri ous 

factors on the rates of penetration of zirconium su l phate snd 

chloride in s mall scale tannages. In this way the expected 

changes in p3rticl e size of zirconium in sulphate solution ern 

be deduced from the reactions of zirconium in chloride 

solution . 

Small scale laboratory tannages 

A small scale factorially planned tanning experir;cnt 

was carried out in glass bot t l es in a shaker to deter mine the 

similari t ies between zirconium salts . The fol l owing factors 

were var i ed: 
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A. Amount of zirconium offered. 

(l) 4% 

2% 
on delimed weight 

a 

B. Concentr3tion of zirconium solution. 

(l) 0 . 5 M sol ution 

b 0 . 1 M $ol ut i on 

C. Type of zirconium tanning salt. 

(l) 50% basic zirconium sulphate 

c 50% basic zircon ium chloride 

D. Addition of acid (type depends on tanning sal t) 

( l ) None 

d enough to make final solution 0 . 5 N. 

E. Type of neutral sal t pr esen t in tan liquor. 

(l) s odium chloride 

e sodium nitrate 

Details of treatments 

The butt area of a heavy hide was soaked and 

depi lated for 5 days with l~% sodium sulphide and 4% li~o in 

400% wate r , all based on hide weight . Pieces 6 inches by l~ 

inches were cut fr o~ the limed pelt and thoroughly delimed 

wi th 2% ammonium chloride and !% hydrochloric ac i d prior t~ 

the removal of solubl e sa l ts by exhaustive washing . The 

pieces were freeze dried to prevent col l apse of the structure 

and denaturing of the protein, and grain and f l esh l ayers ws r e 

spl it off to give a thickness of 4 om composed entirely of 

corium. At the beginning of the experiment, the pelt pieces 
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were rehydrated under vacuum, and allowed to soak in water for 

24 hours , after which their weights were adjusted to 10 C· 

The pelt was ~ickled in 100% water , 10% sodium chlori1e and 

l% sulphuric acid for 24 hours , when the liquid was drained 

off . Meanwhile the tanning solutions were prepared 

accord i ng to tho experimental pl~n given above, and 

immediately after so l ution of the z~rconium salt the pelt wa~ 

added, The bottles were shaken continuously, and depth of 

penetration into the pelt was checked l~ a nd 4 hour s after 

commencenent of the tannage, by staining a freshly cut edge 

with an acid solution of Alizarin - S. 

Results of laboratory experiment 

The nost significant effect was due to the 

concentration of the zirconium sa l t in the solution. Aft er 

l~ hours the dilute solution (0.1 M) had penetrated only 20~ 

of the thickness, whereas the concentrated so l ution (0 . 5 M) 

had penetrated 29.5%. After 4 hours the penetrat ion was 26~ 

and 36 . 5% respectively. The amount of zirconium offered h~d 

no sienificant effect on the rate of penetration . Tho 

re sults are given in Table 4a.I . 

The only other factor which had a signi ficant affec t 

was the type of neutral salt used in the tan liquor . The 

presence of sodium nitrate caused R higher r ate of pene tr8tion 

than sodium chloride. This may be due to the smaller 

tendency to coordination shown by nitrate( 4) and t ho f act th~ t 
l . t t f . . k ( 84 ) p t t . 0 no comp ex nl ra es o Zlrconlum are nown . ene r~ l . ~ 

of zirconium chloride was somewha t faster tha n zirconiu~ 
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sulphate, 26.9% and 22.5% aft er l~ hours, and 34.4% and 28 .1% 

respective ly after 4 hours, but this difference is not 

statistically significant a t the 1% l evel. 

Table 4a. I 

Effect of amount of zirconium of~ered and concentration of 
zirconium soluti on on rate of penetr a tion int o hide . 
Penetra tion after li h; per cent of total thickness p8netr8ted . 

C Qn.c_e_n..t .r..a-t-i-o 1'1-Gf---z-i-:r-e-e n-:i:-um- s-o-'trr:, 

AI!lount of z irconium 0.5 M 0.1 M He a n 
offere d 

2% on soaked pelt wt . 28 21 24.5 

----
4% on soaked pelt wt. 31 19 25 .0 

He an 29 . 5 20.0 
I 

i 

Complete penetration was not achieved under any of 

the cond i tions studied even aft er prolonged shaking, be~quse 

of the inadequacy of the mechanical act i on. These r esults 

were, however, used 9S a guide for an experiment on 8 l arger 

sca l e . 

b) Pil ot plant experinent 

De t ails of treatments 

The pieces used in this experiment were cut fron +h o 

t~tt area of heavy hides. After soaking they were pul p 

unhair ed in a drum using a calcium hydroxide/sodium sul phide 

paste followed by 24 hours in a calcium hydroxide suspension( 151 ) . 
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After scudding and fleshing , they were washed in running wa ter 

for 30 minutes , then de limed with 2% ammonium ch l orid e, and }% 

hydrochloric ~cid added af ter 2 hours. The pelt pieces wer e 

l eft i n this liquor overnight, by which time they were coEpl~ t e ly 

delimed. The delimed pelt varied between 6 and 7 mm in t hic' ~ness . 

T8nnages wore carried out in e ither 150% or 75% or 

O% float, ~nd the amoun t of zirc onium offe r ed was ei ther 2% or 

4% on limed weight. Tannage was eff ec ted by the addition of 

dry zirconium tanning salt (Zirc otan N) to tho exhausted p ic 1(l e 

liquor, viz. 1 l% s ulphuric acid and the r equisit e float of S% 

salt solution,for 24 hours except for the pieces which received 

a dry t annage. The latter were p i ckled in a 100% flon t of 8% 

salt soluti on with 1% sulphuric a cid for 24 hours, the n 

drained prior to tho addition of the zirconium salt. 

After ~' 8, 24, Rnd 36 hours tannage , Rnd then 3t 

daily interv3ls the extent of the penetrat i on into all 24 

pieces in each drum wa s assessed by sta ining a f r eshl y cut 

edge with Alizar in - S solution . When penetrat i on wa s c rDpl -te , 

or after 8 d3ys t a nnage, the le 3the r s wer e thor oughly wa~he~ 

and dried out in such a wqy that collapse of the unt8nned 

portions was pr evented (freeze- dried) . The dried leather w~ s 

split into 3 layers for s tratigr aphic analys i s . 

Results of_Bilot pl ant experime nt 

The perc entage pen etrati on is giv en in Table 4a. I I 

and 4a.III for tannine periods of ~and 8 hours r espectivLl y, 

and the time required fo r complete penetration is given in 

Table 4a .IV. 
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Table 4a.II 

Average percent penetration a ft er 4 hours drumming 

Length of tanning 
float 

Amount of zirconium 150% 75% O% Mean 
- -
2% on limed vlt. 13 23 82 39 

4% on litr'ed wt . 25 50 100 58 
-

Mean 19 36 91 

Table 4a .III 

Average percent penetration Rfte r 8 hours drumming 

Length of t anning 
float 

'-· 

Amount of zirconium 150% 75% O% lvJ:ean 
--

2% on limed wt . 37 flr4 94 58 

4% on l i med VJt 0 61 80 100 80 

Mean 49 62 97 
·--

Time in hours required fo r compl ete penetration 

Lengt h of t.qnn ing 
float 

A mount of z irconium 150% 75% O% 

2% on limed wt. >200 ~ 200 8 -2 4 
--

4 % on l i me d vi t . >200 24-36 <4 
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The results show thqt the dry tannage, i . e., very 

concentrated tanning li~uor, gives extremely rapid ponetrgtion 9 

and it is possible to obtain conplete penetration on thick pelt 

with as little as 2% Zr02 by this meAns. Penetrat i on is 

progressively slower wi th the longer floats, and was not 

complet e in the 1 50% float even after drumming for 8 days. 

The results of the analysis of the centre l ayers are 

given in Table 4a.V as percentage of Zr02 on hide substance. 

The r elative percentages of Zr02 on hide substance in the three 

layers are given in Fig . 4a.l, for each of the six tannRces. 

Table 4a . V 

Pore en tage Zr02 on hide substance in the r.'.iddl e 2 mm l eyc·r s 

Length of tanning float 

Amount of zirconium 150% 75% O% 

2% on limed wt. 0 0 4.3 

4% on limed wt. 3.1 6.0 12.0 

These results clearly indicate that penetration i~ 

more rapid with the dry tannage than with the other tannages 

and it is possible to obt a in conplete penetration of heavy 

hide (6 mm thic~-::) with as little as 2% Zr02 on lir:led weight . 

The average increase in shrinkage temperature for the 

three luyers of the pieces which had been given the dry 

t3nnages, see Table 4a .VI, shows that, although the amount of 

Zro2 in the centre is relatively small , the centre l3yers of 

pieces from both t Rnnages have a reasonably high shrink3:e 

tempera ture . 
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Table 4a . VI 

Average increase in shrinkage temperAture, °C, for the thrco 
layers of the pieces from the dry tannages 

Amount of zirconiurr: Grain Middl e Flesh 
--

2% 34 22 27 
--·--

4% 38 38 37 

Discussion 

Results of the practic8l tanning tria ls be?r out tho 

findings of the experiment on particle size. Whilst f : ct0rs 

other than particle size undoubtedly influence the r ate of 

penetration of zirconiun into pelt, the results indica te th~t 

particle s ize is one of the najor factors controlling 

penetration. 

A particu l arly i mportant observat i on to be E~fc frr~ 

the laboratory experirJ.ent is the essential sinilr-~rity vith 

regard to penetration between t8nnages with 50% h.asic 

zirconiun sulphate and zirconiun chloride. Althoue:h the 

chloride penetrated ~ore rapidly than the sulphate, a 

difference which was increased with time of tannage , the 

offocts of qll the other factors wore sioilar in each c ~ se . 

Therefore, it seeos reasonable to conclude that factors such 3S 

concentration, acidity! and tine, which, through diffusion 

oeasurcoonts, have been shown to affect the pRrticle size of 

zirconium chloride, affect zirconium sulphate in a s i r1ilar 

m2nne r. 
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b. Tannages with Solutions of Zirconium Oxychloride in the 

Presence of Some Organic Reagents 

The t echniqu e used in the snall scale t anna:es h~s 

been described in Chapter 2a . The solut i ons were 0.25 M w it~ 

r espect to zirconiuc 8nd contained the a dded organic ro~~ent s 

at a l to l nol a r r a ti o. The organic re aeen ts used were 

8Cetic, e lut qric , glycoll i c, tartaric, gluconic acids, 

glycine, C:f:: , (J-,-.md ~ ->-t!!!.ino-n-butyric acids, TYJe thylPmine, 

ethylcnedi9~in e, Pnd urea. An Rliquot of each solution w?~ 

8djusted to equilibrium. to one of the pH l eve ls l, 2, 3, ~ ' 

6, 8, or 10 before t an~ing strips of pelt. Aft er washinc, 

rwny of the pieces t anned at pH l wer e decidedly S\vo llon And 

tended to dry out r nthe r hard. On the whole the "loRthcrinnss" 

of the pieces was fa i rly good , those t ~nned Rt high ~H ho in~ 

somewhat softer Pnd more fl exibl e tha n the others, which 

indicated th8t le a thering W8S rather ~ore effect ive Rt pH 6 

3n~ ~bovo, thnn at l owe r v~ lues. This is substAntiAted hy 

the shrinkaco tomporAtures of le2thers t?nned in thei:e 

soluti ons comp:tred with those t Rnned a t lower pH values , see 

Tabl e 4b. I. The t ablo records differences i n shrink2ce 

temper ature , 6 Ts, be t \veen l e!:lther from the 

unF.~sked zirc on ium solutions. 

Trea t m.en t of pelt Hi th zirconiun, e ither mash:d or 

unn21.sked, increased the shrinkage temper ature Elbove t hr t of 

the control p i eces of pelt treated for the same length of 

time in sn lt solution of the SRme concentrPtit:- n Rnd pP bu t 

without zirconium salts . The shrinkage tomperaturos ~ rc in 

nost cases f e irly l ow , thus confirning tho relRtively poor 
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tanning ability of zirconiu~ oxychloride. It is interestinr 

to note that in unoRsked solutions at high pH, where zirconiur::. 

is known to be quantita tively ~r c cipitatod, h~drothe r~~ l 

stPbility is imparted to the pelt. This may be duo to th0 
~ 

supposed colloida l tannage sugrestod by Paquct( 58 ) and b y 

Schachowskoy 3nd Frohlich( 64). 

The shrinkage teo~era ture of the leather obt ? i ne d 

fro~ the zirconium solutions within the pH range 1 to ~ to 

which equi~olar amounts of the masking agents had been ~dded 

was lower than the shrinkage tenporaturo of tho leather t~nned 

in the unna sked zirconiu~ oxychloride solutions within the sQ~o 

pH range. At the higher pH values, there was little 

differenc e betwe en the shrinkaGe t emperRtur os of leathers 

tanned in Pny of the soluti ons exc ept th ose masked with 

hydroxy acids. The hydroxy acids, glycollic, t a rta ric, 8nd 

gluconic, gavo clear zirconiun solutions at pH v2lues of h, 8 , 

Rnd 10, 8ndpelt t ~nned in these solutions han ~ somewh8t 

higher shrinkRC e t emperature thnn l eA ther obt ? ined fDo~ the 

other zirc oniun solutions of corr esponding pH . 

In tho pres ence of tho hydroxy acids c t high nP 

v~. lues) zirconiun w!=ls pr odonin::> ntly Pnionic, --in th& pr osenr o 

of tartaric and g luconic 0cids no other ionic species were 

found, see Ch?.p t er 3b-1 f! nd it wa s un0er these conditi ons th ~ t 

l eather wi t h tho highest shrinkag e t cm~or8turo wa s produced . 

This suggests that the reaction n i ght be be tween the anionic 

zirconium and uncharged amino e roups on the prote in whi ch ~r e 

likely to exist a t thos e pH va lues, but not und er tho 

conditi ons a t which Ra nganathan( 4t ) worked. The char~o on 



Table 4b.I 
Difference in Shrinkage Temperature, ATs, of Pelt Tanned in Solutions of Zirconium Oxychloride in 
the Presence of Some Organic Reagents. (+, Ts greater than, - , Ts less than that of pelt tanned in 
Zirconium Oxychloride only) . 

pH l pH 2 pH 3 pH 4 pH 6 pH 8 • pH 10 

Raw pelt Ts - 45 47 50 50 51 48 

Pelt tanned in 
Zr0Cl2 clear 69 clear 69 clear 73 opal. 74 ppt. t6 ppt . 70 ppt . 70 

II " + ace tic clear -11 clear - 6 opal. - 9 ppt. -16 ppt. + 7 ppt. + 2 ppt . + 8 

" " + glutaric ppt . -12 ppt. -1 5 ppt. -16 ppt. -19 ppt. - 6 ppt. - 10 ppt. - 9 
II tT + glycol lic clear -15 ppt. - 3 ppt . -17 ppt. -14 opal.+ 9 clear+ 5 clear+lO 

gel 
II II + tartaric ppt. - 5 ppt. -13 ppt. -17 ppt. + 6 clear+ 8 clear+ 5 clear+ 9 
11 " + gluconic ppt. -10 clear -18 clear - 22 clear+l4 clear+l2 c lear+ 4 clear 0 
II II + glyc ine clear - 9 clear -ll opal. - ll ppt. + 4 ppt. + .l ppt. + 3 ppt + 3 
II II + o£.·NH2-butyric clear -14 clear -12 opal. -18 ppt. - 8 ppt + 3 ppt . + ? ppt . t 2 
II " {3- II II clear -13 clear -15 opal . -19 ppt . -15 ppt . 0 ppt . + - ppt 2 + '·· --' 

II II + ~-II II clear -13 clear -14 opal . -13 ppt. - 6 ppt. + 9 ppt. 0 ppt. + 3 
!I " + methylamine clear - 15 clear -:-14 ppt. -:-15 ppt . + l ppt 0 + 3 ppt . + l ppt . + 3 
II n + ethylene- clear -17 clear -14 ppt . -15 ppt . - 6 ppt. + 3 ppt. 0 ppt. 0 

diamine 
II " + urea clear -14 clear -13 ppt. -10 ppt. + 4 ppt. + 6 ppt . + 3 ppt. + 4 

i 

I 

' ! ' I 
i 
I 
I 

I 
I 
I 

i 
' I 

·-· 
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the zirconiu~ conplex may have no bearing on the reaction; 

the role of the organic ligand for the production of leqthors 

with high hydrothermal stability may not be in modifyinc tho 

charge of the zirconium complex, but in reta i ning the 

z ircon ium in solut i on so tha t it is more readily ava ilable for 

reaction with tho pe lt, because the organic a cids which , with 

zirconium, gavn cle ar solutions at high pH va lues Rl so 

produced the mos t stable leather, seo Table 4b.I. 

Reaction of zirconium with amino groups in ~qucous 

solution se ems unlike ly in view of the poor stqbility of 

solutions containing the amines , and treatment of pelt with 

these solutions r esulted in l eather with shrinkage tern.peraturr-s 

virtually unchanged from that of the blank, i.e., leather 

t a nned in unmasked zirconium oxychloride. 

It seems that in thG presence of carboxylic ~c i~s 

tanning nc tion of zirconium oxychloride is impa.:i.red duo to t.be 

conpetition with carboxyl g roups in tho collagen. 

Coordination of amin o e roups appears to be unlikely wherr~e 

r eaction of pelt with An i rnic zircomium yields leather with ~ 

relatively high shrinkaco temperature. 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

An investigation into certain aspects of the 

combinat i on of zir conium compounds with collagen was under-

taken because of the present considerabl e, and potentially 

extensive importanc e , of this reaction in l eather manufacture. 

Tanning agen ts do not foro a distinct group of compounds 

chemically , but they may conveniently be divided into two m~in 

classes: ~inera l tann i ng agents , and tanning agents of 

organic c omposition . It is generally accepted that tanning 

involves the formation of cross-links between ad jacent poly-

pept i de chains in the collagen fibres with increas e in 

r esista nc e to putrefaction and enhanc ed hydrothe rma l 

stabi lity(l), and irrespec tive of the type of t anning 

material used the mechanism of the reac tion may involve one or 

more of tho following bonds: 

( i) Electrov?.l ent or salt links. 

(ii) Non-polar adsorption. 

(iii) Residual VAlency forces; van der Waa ls ' f orc es 
or hydrogen bonds. 

(iv) · Coordinat e bonds. 

(v) Coval ent bonds . 

Hitherto, al l minera l t anning agents have been 

considered as one group 8nd reference was made to the 

properties of mineral salts in so far as it was r e levant to 

f or mulating a common theory of mineral t anning( 4); this was 
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based mainly on the observed behaviour of chromium. 

McLaughlin and Theis(l52 ) questioned the inclusion of 

zirconium in this group, and mor e recently the individuality 

of zirconium was recognised(g,l53). This arose from the 

observgt i ons thRt although ~irconium tannage is metallic in 

character, it 2ppears to have more in common with vegetRble 

tannac e than with chromium tannage(50). 

Some experiments have bGen performed to investig8te 

which reactive groups in the collagen are involved in 

zirconium tannage, but since much of the evidence presented 

in the lit erature is apparently contradictory, the present 

work was undertaken to ga in further information on the 

chemistry of zirconium salts in aqueous solution. In the 

experimentel work which has been descr i bed in this thesis, 

the ap~roach to the subject comprised an investigation 0f b r th 

physical and chemical properties of zirconium salts. It is 

proposed to discuss this work with a view to determininc 

possible nechanis~s of reaction between zirconiun and 

collacen, and to try to reconcile some facts that have been 

determined empirically with observed properties of t he 

zirconiuD salts. 

During practical tanning trials it had been found 

that penetration of zirconiun salts was often difficult to 

achieve, and, since zirconium was considered to be a ~iner~ l 

tanning naterial, the proble~ of obtaining satisfactory rapid 

and coMplete penetration was investigated by neans which are 

known to be effective with chronium tanning salts . In 

chroniu~ tanning, rapid penetration of small amounts of 
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chromium can be obta i ned by worki ng at pH values in the regi on 

of 2 at wh ich pH hydrolys i s of the chronium is prevented, or 

by nasking the chromium sal t by the addition of organic 

complexing acids. These neasures were singul arly ineffect i ve 

when 8pplied to zirconium, and the effective tanninr of 

c ollagen with small acounts of z irconiun remai ned a problen . 

CheQical means hav i ng appa r ently fa iled to overco~e 

the difficulty , it was thought that phys ical properties of the 

zircon ium tanning salt were responsibl e for the s l ow 

penetr ation of this material into hide. The molecular weight 

of vegetable tanning naterials h8s been shown to influenc e the 

rate of penetration into hide (l54), and it s eemed possible 

that the size of the zirconiun particle in the t a nning 

sol ution has an effect on the rate of penet r ation . The 

nor~~l me t hods of ~ole cular weight determinat i on (e. g ., 

elevation of the boiling po i nts, etc.) wer o impracticable for 

measu r ing the particle s ize of zir conium complexes, becBuse 

not only would these ~ethods yield a mean va lue for al l the 

mo l ecules or ions in solution , but a l so the el evated 

temperature would modify the co~ple xes, and in many cases 

would result in the formation of insoluble compounds. One 

method which a llows the s ize of an isol ated component in 

so lution to be est i~ated is the measurement of its d i ffus i on 

coefficient . 

Zirconium sulphate is the s alt usually used in 

t anning because s olutions of this salt have been shown to 

yield better quality l eather than other salts( l 2 ,l4 , 68-7l). 

Unfortunately, zirconium sulphate is rcletive l y unstable in 
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aqueous solution, and basic salts precipitate after a 

relatively short ageing period. On the other hand, soluti0ns 

of zirconiu~ chloride are stable except in very ·dilute or 

highly basic solutions. For this reason, the diffusi on 

me2surernents reported in this thesis were performed on 

solutions of the latter salt to obtain general informat i on uf 

the behaviour of zirconium in aqueous solution. From this 

work it was found that zirconium particles diffused most 

rapidly a) whr.n the solutions were fr esh ly prepared 1 

b) in concentrat ed so l ution 1 c) in strongly acid solution, 

and d) in the absence of conplexing agents. Since the rRte 

of diffusion is related to particle size , the bigger the 

particle the slower the rate of diffusion, solutions that had 

the highest diffusion coefficients contained the smallest 

particles . 

A coDparison of the r ate of penetra tion of 50% 

basic zirconiuM sulphate and zirconiun oxychloride int o hi1P 

has shown that a nu~ber of factors, e . g, ~cidity, concentr8t i on, 

etc., affected the two S8lts in a similar manner, but under 

similar conditions zirconium sulphate a lways diffused into 

hide more slowly than the oxychloride. Thus it seems 

reas onabl e to conclude that differe nces in the rate of 

penetration of zirconium sulphate can be ascribed to particl e 

size 1 since rapid penetration was obtained under solution 

conditi~ns which in the case of oxychloride have been found 

to give pArt icles of sm3ll size. 

The alteration of physical properties of zirconium 

compounds caused by che~ical changes in the tanning solutions, 



93. 

e . g., increase in the degree of polymerisation with 

increase in basicity, or th& l a rger particle size of 

zirconium in su lphate solution compared with that in chlori~o 

soluti on, mny a l so af f ect the re activity of the z irc rniuy~ 

tanning s ~lt to collagen if tho mechan i sm of the reacti on is 

multipoint at tRchment of the t nnning material by r es i duq l 

valency forces . These results emphasise that the phys i cRl 

properties of zirc oniun part icles in soluti on play an 

inport~nt r ol e in tho t qnn ing process. 

Some of the conditions which have been f ound 

empiricAlly to be the optimun for pene trAt i on of zirc on iu~ 

into hide have sound scient ific reasons for their effectiv eness , 

based Dn the particl e s ize of the tanning ma teria l in 

solut i on, if zirconium sulphate behaves in a sinilar r~~ nn c r t0 

zirc on ium oxychloride AS is indicated i n the small sc3le 

t ann ing experiments. For example, it is often recmmendld 

that the dry zirconium tanning sa lt be Rdded to the 0rum 

contAining the pickled pe lt. Under these conditions th0 

solution of the zirconium salt i s as f r esh as possible, n n~ 

it has been shown that particles in fr esh so luti ons a r e s~~ ll 

compared with those in aged solut i ons. Similar ly, the 

necessity for Rn equilibriun pickle eRn be expl~ined. 

During a n equilibriu~ rickl e tho acid binding capacity of the 

collage n is compl e tely satisfied and zircon ium so luti 0ns ~r~ 

less likely to be affected by changes in degr ee of hydrclysis 

on co~ing into contac t with the ski n. However, if the 

collagen has not t aken up all the ac i d of wh ich it is 

capeble , some of the hydro lised ac i d from the zirc onium s3l t 
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may be absorbed in the surface layers of the pelt causing oore 

basic and hence larger particles to be formed which then 

di ffuse mor e slowly into the centro of the hide . 

The importRnce of particle size on the r ate of 

penetration c~n a lso be shown to a ccount for the inability 

of complete penetration to be a chieved with amounts of 

zirc onium tanrring S?lt equivalent to less than 4% Zr02 , ~qs e d 

on limed hide weight( 61 , 66 ~. As the norma l volume of tannine 

solution is in the region of 100 to 120% of pelt weight tho 

conc entra tion of zirc onium in solution when 4% _ z~o2 is 

offered is about 0.3 M. Consideration of Fig . 3a.2 shows 

that a t ponc entra tions somewhat less than this, the size ~ r 

the zirconium conplex was considerably gr eater than the 

particles in 0.3 M soluti on. However, when the soluti on 

concentration was increased by reduction of the volume of the 

tanning so luti on, complete penetration was obt a ined with 

smaller amounts of zirconium, indic8ting tha t the small 

particles in the nore concentrated solutions diffus ed ~ore 

rap i dly into hide. 

The diffusion measurements have a lso explainsd why 

the use of complexing agents in zirconium t anning so l utions 

has been ineffective in promot ing penetration. Mitton qnd 

Wyatt( 62 ) have shown that ther 0 is an optimum Rmount of 

complexing afGnt (about 0.3 oole of gcetate per mole rf 

zirc onium) which should be us ed f or the greatest r ate of 

penetrati on , a lthough this effect is so small as t o bo of 

negligible practical importance. At nol8 r r a tios of 1 to 1 
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they showed that penetration was less than with unmasked 

solution . The present work has shown that zirconium, in the 

presence of complexing s~lts at a colar ratio of l to l, hRs 

a very much slower r a te of diffusion than in unmasked 

so lutions of the SAme concentr8tion Rnd pH, which is 

a ttributed to a larger particle size. It has been ~ade 

clear in the text that these are r e l a tive rather than 

absolute va lues for particle size, but values for the 

diffusion coefficients qre fairly a ccurate. 

R8g8rdless of the mechanism of zirconiuM t annar,o, 

the particle size of the tanning complex is of paramount 

importance because, if the particles Rre so large that 

penetration into the fibrous pr otein is restricted or 

prevented , reinforc ement of the bonds holding the polypeptide 

chains tog etrer cannot be effected. On the other ha nd, 

effective tanning can occur only when the particle of the 

tanninc nateri~l i s l a r ge enough to form cross-linking bonds, 

the more bonds that a re formed the higher the hydrothermal 

stability imparted to the collagen. Since zirconiu~ has 

been shown to polynerise even under highly ac i d conditions, 

it is unlikely that zirconium complexes will a t a ny st~re ~c 

too small t o form effective cross-linking bonds. 

Of al l the possible mineral nanning ~ateri8ls, 

chroniun a lone is able to i mpRrt great ly increased hy~ro­

therma l stability to collagen, so tha t the shrink~ge 

tempera tur e is over l00°C, and it is gener8lly accerted th .1t 

the mechanism of that reaction is the formation of direction·' l 

coordinate links between polynuclear chromium complexes ~nd 
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i~nised carboxyl groups of the protein(l45-l4B). Since ~ 11. 

other mineral tanning agents produce very much less hydro­

ther~ally stable compounds with c ollagen than a re for~ed 

with chronium and collagen, reasons for this lower stqbili t y 

must be sought. Four possible reasons for the l ower 

st~bility a re apparent. Firstly, the metRl to Tie t Rl l inks 

in the tPnning complex ~ay be we Rker, secondly, the 

coordination bond between the meta l tanning agent and 

reactive groups on the protein nay be less stabl e , thir~ly, 

the tann ing reaction may involve a conpletely differen t 

mechanism fron that obtAining in chromium t anning , or 

fourthly, fewer cross-links may be for Me d; this latter 

reason is unlikely. 

Considering zirconiun in connection with the Pbove 

possibiliti es , it has been shown fro m potentiometric stu~ios 

that no coordination with carboxyl groups occurred in the 

case of zirconium sulphate , where~s co ordinat i on did nccur 

with zirconium oxychloride , but the number of coordin~ted 

carboxyl groups were reduced with increase in soluticn pH, 

and the c omplex is probably not very stable since the pH rf 

precipitation is r Pised only sligh tly in the presenc e of 

carboxylic ac ids. This conf irms previously published wrrk 

which showed th~t carboxyl groups played no part in the 
( 27 43 50 6S-~7) reaction between collagen and zirconium sulpha te ' ' , . · · . 

The potentiome tric studios A. l so g ive no evidence 0f 

a coordinatio n reacti on between zirconium a nd anino gr ou ps , 

a reaction which is suggested by Rangqnstha n and Reed( 50) t o 

account for a t leas t part of the fixa tion of zirconium to hide 
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protein. Ranganathan's proposal( 44 ) that "it is probable 

that fixation occurs mainly by the entry of uncharged amine 

groups into such complexes (anionic) of zirconium", is highly 

improbgble since, at the low pH values at which the experiments 

were performed, viz. , pH 1.0 And 3.0, the amino groups woul1 

all be fully charged. Reference to the chemical literature(l40) 

reveals that zirconium in aqueous solution is not bound to 

organic radicals through nitrogen, and it seems conclusive 

that coordination of amino groups is not involved in 

zirconium tannage. 

Since directional coordination bonds do not occur, 

and covalent bonds can be ruled out in the case of minGral 

tannages, the increase in hydrothermal stability may be due tn 

multipoint attachment inv ol ving residual valency forces . 

However , the rise in shrinkage temperature varies with the 

type of zirconium complex, and, generally, the greatr.st rise 

in shrinkage temperature occurs with anionic complexes. This 

is illustrated by the higher shrinkage temperature of leather 

tanned in zirconium sulphate solutions of high ac i dity( 5h)' 

under which conditions the zirconium is predominantly ~nionic( 3o), 
compared with le8ther tanned in noroal zirconium sul phat0. 

sol utions in which the proportion of anionic zirconium is 

much lower, The greater shrinkage temperature with the 

anionic complexes can be explained in two ways: 

(i) Reinforcement of the zirconium to zirconium 

bridge by ring formation with sulphate or organic acid ani ons , 

see structures III and IV, since the diol bridge, structure II, 

if formed, may be unstable due to the large size of the 
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zirconium atoms and the strain impos ed on the bonds by an 

clement with a coordination nu~ber of 8, and the mono-ol 

bridge, structure I, is weak. The change in the ionic 

nature of the zirconium may be purely incidental. 

I 

OH 
/ \ 

Zr Zr 

very 
weak. 

(ii) 

II 

OH 
/ \ 

Zr Zr 

"'OH/ 

weak 

III 

OH 
I 

Zr 'tr 
I I 
0 0 
~~ c 

I 
R 

fairly 
stable 

IV 

OH 
/ 

"" r-:' Zr z.r 
I I 
0 0 

""'s/ 
o~' '\o 
stable 

The ionic nature may be of i mportance because 

it has been observe~ from the work on electrophoresis 2 n~ tho 

small scale tann~ges that the maximum increase in shrinkage 

temperature wAs obtained when the zirconium oxychloride 

complexes beca~e prGdominantly anionic , and hence reinforcc~o nt 

c ould come fro~ salt links between an i onic zirconium rnd 

charged basic groups. Although gener a lly discredited in the 

case of chromium tanning, the evidence for salt links is 

stronger i n the case of zirconium tannage, since hicher 

shrinkage temperatures were obtained with an :ionic zirconium 

complexes, and the shrinkage temperAture was reduced whon th~ 

number of bas ic groups were re due ed ( 50 ) . S one evidence f .·r 

the formatien of salt links is given by the lower shrinkD~r 

temperature of zirconium leather deter~ined in M/2 sodiu~ 

chloride and calciuo chloride which would be expected to 
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break r e inf orcing salt links. Zirconium leather shrank in 

water at 83°C , in sodium chloride and calcium chloride Pt 

72°C . 

Whilst significRnt deduct i ons can be made with 

r egard to the reaction bet ween zirconium and collagen from 

the results report ed in this work, the mechanism is st ill 

not fully understood , and further ext ens ive i nvest i ga tions 

seem to be required for its elucidat i on , ~articularly the 

extension of partic l e size studies to zirconium sulphate 

s ol utions and the determination of bond strengtffiwhich i t 

has bP.en sugges t ed are of importance in the process. 
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ZIRCONIUM TANNAGE- A REVIEW OF THE LITERATURE 

RELATING TO ZIRCONIUM TANNAGE. 

By D. A. Williams-Wynn. 

Summary. 
The literature relating to zirconium tannage is reviewed, particular 

attention being paid to published work dealing with the practical aspects 
of this tannage. 

Introduction. 
The tanning action of zirconium salts was first reported by GarellP but 

not until 1931 was a satisfactory method of tannage evolved in America, the 
process being patented in 19332

• During this work the superiority of the sulphate 
as the tanning agent, compared with chloride or nitrate, was observed. Shortly 
afterwards two patents were taken out for tannage with soluble zirconium salts 
with the addition of carboxylic or sulphonic acids or salts3

, or tannage with 
zirconium oxychloride in the presence of sodium or ammonium sulphates•. 
I. G. Farbenindustrie also patented the use of water soluble compounds of 
silicic acid added during or after zirconium tannage, the amounts added being 
insufficient to effect tanning on their own account6

• 

The literature relating to more recent work, both in America•- u and in 
France1 5- 2s, has been reviewed by Ranganathan and Reed20 with particular 
reference to the theory and mechanism of zirconium tannage. Other work by 
Schachowskoy and Frohlich21 showed that although the consumption of tan­
ning material was very high, in certain cases leather tanned with zirconium 
offers advantages, viz. firmer, plumper leather. In addition, three papers from 
Japan2 8

-
30 described tanning trials using laboratory-prepared zirconium com­

pounds, and confirm earlier reports of the superiority of sulphate complexes. 

PICKLING. 

Very little literature is available on this aspect of zirconium tannage. 
Somerville et al. 7-

12
• 1o1 recommended a pickle pH of between 1 · 5 and 2 · 5 for 

general work but no details of type or amount of acid or salt are given. 
Paquet19 suggested an all sulphate pickle using sodium and magnesium salts 
with about 2 · 5 ~~ of sulphuric acid to bring the equilibrium pH to 1 · 8 to 2 · 0, 
since chlorides favour the formation of colloidal basic zirconium salts, but later 
Paquet and Martin2~ found that a sulphuric acid/sodium chloride pickle was 
satisfactory, the critical factor being an equilibrium pickle. No increase in 
the amount of acid compensates for a short time in pickle. 

Work by Mitton and Wyatt31
, Kendall, Mitton and Williams-Wynn32

, 

and Kendall and Williams-Wynn33 has shown that better penetration and more 
satisfactory tannage is obtained in the presence of chlorides. Pickle conditions 
using as little as 0 ·75% of sulphuric acid3 1 and a final equilibrium pH of 3·0 
instead of 2 · 0 or below3 3 were also shown to have little effect on the rate of 
penetration of the zirconium tanning salt. 
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Factors Affecting Fixation and Tanning Action of Zirconium Salts. 

(1) pH AND BASICITY. 

Tanning with zirconium occurs under much the same conditions as with 
chrome, the tanning material being added to pickled stock in a salt solution. 
The notable difference between the two mineral tanning materials is the fixation 
of zirconium by collagen under strongly acid conditions where chrome is not 
fixed12

• Leather with the highest shrinkage temperature is produced from 
zirconium solutions of zero basicity-for chrome tannage about 30% basic 
liquors are optimum-but these have an extremely low pH and as shrinkage 
temperatures are not significantly reduced until basicities of more than 50% 
are reached, it is convenient to work with a salt of basicity 45-50%. 

Chambard and Lasserre18 found that despite variations in the basicity of 
the zirconium tanning solutions, the zirconium complex fixed by the skin is 
always 35% basic. This fixed salt of course is altered in subsequent basifying 
and neutralising processes, and according to Somerville12 bas a value of about 
75% for a final pH of 4 · 5 to 5 · 0. Lasserre21 states that the overall basicity 
of the zirconium tan liquors is important, the amount of zirconium fixed 
increases slowly with basicity to 30% then falls rapidly. 

Paquet19
, and Turley and Somerville8 found the optimum pH for 

zirconium tannage to be between 1 · 6 and 2 · 4 whilst Schachowskoy and 
Froblicb27 set rather wider limits of pH 1·0 to 3 ·0. Under varying pH con­
ditions different types of zirconium tannage are said to occur1 9 

: a salt tan­
nage which occurs at pH values below 1 · 0 giving shrinkage temperatures of 
88 to 90°C; a tannage obtained with zirconium complexes in the pH range 
1 · 6 to 2 · 4 producing shrinkage temperatures of 94 to 98 oc ; a colloidal tan­
nage with hydrated zirconia in the pH range 5 · 5 to 6 · 0 giving a shrinkage 
temperature of 82 to 83°C. In practice a combination of effects is obtained. 
The first two types correspond to the first type suggested by Schachowskoy and 
Frohlicb27

• 

The effect of pH on the uptake of mineral tanning materials is dependent 
on the extent to which various groups on the collagen are charged or uncharged 
and if a chemical mechanism involving these groups is involved in zirconium 
tannage, pH might affect their reaction with zirconium. This is unlikely, in 
the light of work by Lasserre18

• 
20

-
22 and Ranganathan and Reed26 showing 

that zirconium fixation does not involve carboxyl or amino groups. 

A pH effect indirectly affecting the uptake of zirconium from acid 
solutions is the swelling of the collagen fibres themselves. Excessive osmotic 
swelling, although making available more reactive groups for combination with 
zirconium, reduces the size of the pore spaces between adjacent fibres and thus 
retards the diffusion of the tanning agent through the cross-section of the pelt. 
Strongly swollen pelt fixes more zirconium than less swollen pelt21 • 22 ; but 
penetration is improved in the presence of neutral salt which represses swelling. 

77 



(2) INFLUENCE OF CONCENTRATION. 

Portes25 has found that diffusion of zirconium sulphates into gelatin at 
pH 4 · 0 increased with increase in concentration of zirconium salt. Kendall 
and Williams-Wynn33 have confirmed the effect of the increase in concentra­
tion and further found that the equilibrium pH of the pickle to values up to 
3 · 0 has little effect on the penetration of the tan into the hide provided a 
minimum, viz. 5% Zr02 is added. 

Lasserre21 maintains that amounts of zirconium tanning salt up to 5% 
Zr02 on raw skin are completely taken up. With increasing concentration the 
amount of zirconium taken up increases but the excess of zirconium in the 
spent liquor also increases. When 5% Zr02 on skin weight is offered, exhaus­
tion is 100%, but with 10% Zr02 offered, the exhaustion is only 90%. 

(3) EFFECT OF SALTS ON THE UPTAKE OF ZIRCONIUM BY PELT. 

The effect of salts can conveniently be divided into two groups, (1) the 
neutral salt effect, and (2) the anion effect. 

The addition of neutral salts to solutions of zirconium salts reduces the 
uptake of zirconium by pelt21

• 
32

• This is probably due to the inhibition of 
swelling of the pelt which would otherwise occur at the pH at which tannage 
is effected. The presence of these salts would, therefore, improve the penetra­
tion of zirconium into hide, although according to Paquet19 chlorides favour 
the formation of colloidal basic zirconium sulphates so sodium chloride should 
be avoided in the pickle and be replaced by sulphates of sodium, magnesium 
or aluminium. Mitton and Wyatt31

, however, found that penetration is much 
better with sodium chloride than with sodium or magnesium sulphates. The 
improved penetration with chloride was confirmed by Kendall, Mitton and 
Williams-Wynn32

, and Kendall and Williams-Wynn33 who found that the 
optimum was in the region of 8% of added salt, resulting in a more even 
distribution of the zirconium through the leather. 

Apart from the general effect of the salts in reducing electro-osmosis there 
is the additional effect of the anion. The type of anion in the zirconium tan­
ning liquor bas an effect on the tanning action and the quality of the leather 
produced. Somerville2 has shown that leather produced from chloride and 
nitrate solutions is inferior to that obtained from sulphates and this is con­
firmed by the Japanese work28

-
3 0

, and the claim that zirconium oxychloride 
gives an improved tannage in the presence of sulphates•. 

Addition of salts of organic acids are claimed to improve penetration. 
Portes2 " has found that diffusion of zirconium sulphates into gelatin gels at 
pH 4 · 0 was faster and more homogeneous in the presence of lactic acid, and 
occurs in the presence of lactic and acetic acids at pH values above the normal 
precipitation point of the sulphate. These factors would therefore be expected 
to improve the penetration of zirconium into hide. Contrary to these results, 
Kendall, Mitton and Williams-Wynnaz, and Mitton and Wyatt31 found that 
masking with lactate was quite ineffective in promoting the penetration of 
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zirconium, although the methods of estimating penetration were really for 
penetration and tanning action. In the two results reported, lactate masked 
zirconium salts may have penetrated but not fixed and so no hydrothermal 
stability or leathering was imparted to the centre layer of the pelt. Mitton and 
Wyatt also found that there is an optimum amount of formate and acetate­
about 0 · 3 mol/mol Zr02-to use as masking agent, but the effect is so small 
as to be of negligible importance. Paquet and Martin23 recommended the 
addition of 10% sodium formate to the tanning salt for optimum results. 

Portes2
\ Ranganathan and Reed34

, and the writer5 found during 
potentiometric titration studies that the addition of salts of organic acids 
raised the pH at which precipitation commenced. Thls indicates that the 
complex is more stable, the masking agent being less readily displaced than 
sulphate groups by hydroxyl ions. Masking with strongly complexing materials 
- hydroxy or dicarboxylic acids-is likely to be unsatisfactory due to the 
extreme stability of the complex and the resulting inability of collagen to dis­
place the radicals from the complex. This has been shown to be the case with 
oxalate24

• 
31 and may also occur with lactate. 

The charge of the zirconium complex has been studied by a number of 
workers using ion exchange resins and electrophoresis techniques, but ion 
exchange resins are of doubtful accuracy because of the tendency of the 
zirconium compounds to hydrolise. Lasserre21 noted that there was a different 
reaction between zirconium sulphate solutions prepared at the boil and 
solutions prepared at room temperature, when these were passed through 
cation exchange resins. In the solutions prepared at room temperature the 
zirconium was mainly cationic but this was not the case in the solutions pre­
pared at the boil. Ranganathan and Reed36 using resin columns, determined 
the relative proportions of cationic, anionic and non-ionic zirconium sulphate 
solutions masked with varying amounts of citrate. Their results show that 
increasing the amount of complexing material increases the amount of anionic 
zirconium present. This is confirmed by the results of their electrophoresis 
experiments, but Portes24

, working over a range of pH, found that basic 
zirconium sulphate is predominantly anionic below pH 3 ·0 and cationic above. 
but zirconium oxychloride is cationic over the whole pH range 2 · 0 to 7 · 0. In 
the presence of organic acids the complexes become more electro-negative, con­
firming the observations of Ranganathan and Reed, and in the case of one 
acetate compound reported by BlumenthaJ37

, formula H2 Zr02(C2H30 2 ) 2 , was 
unaffected on passing through a cation exchanger. 

(4) EFFECT OF THE MODIFICATION OF THE COLLAGEN. 

Chambard and Lasserre1 8
• zo-zz, and Ranganathan and Reed26 have 

investigated the effect of inactivating the reactive groups of collagen on its 
ability .to fix zirconium. The conclusion reached in each case was that neither 
deamination nor inactivation of the carboxyl groups affected the uptake of 
zirconium. This is quite different from the effect on chromium fixation. where 
co-ordination with carboxyl groups is the principal reaction38 . 
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Basifying and Neldralising. 
The precipitation point of normal zirconium tanning solutions is in the 

pH range of 2 · 5 to 3 · 0. As the tannage is completed at pH values appreciably 
higher than this, very little zirconium can be left in solution and any that is 
not taken up from solution must be deposited in the leather. This may account 
for the firm plump leather obtained with zirconium tannage. 

Addition of alkali must be made to neutralise some of the acid present, 
although Lasserre22 maintains that sufficient washing will remove all the 
sulphate groups from zirconium tanned leather. After basifying to pH 3 · 7, 
some of the sulphate must be left in thick pelt even after extensive washing and 
the pH is constant at 5 4, because after retannage with vegetable tannins the 
pH of the leather dropped and the leather became tender on storage31

• Other 
leathers, thoroughly neutralised with further amounts of alkali after basifying 
to pH 3 · 7, did not show this defect. 

Paquet and Martin2 3 advocate the use of a buffer salt to obtain the slow 
rise in pH desired in basifying and also that neutralisation should commence 
immediately after basifying for optimum leather properties. This latter point 
was confirmed by Kendall, Mitton and Williams-Wynn32

• When leathers are 
neutralised to a pH value between 4 · 6 and 5 · 4 the normal splitting or shaving 
can be done. 

Basification of zirconium solutions can be effected with either hydroxide 
or carbonate, but the resulting basic material differs depending on the alkali 
used. With - OH ions, hydrous zirconia is formed- Zr 0 2xH20 but with 
carbonate basic zirconyl hydroxide is obtained - Zr20 3 (OH)2

37
• Work in 

these laboratories has shown that precipitation of insoluble zirconium com­
pounds from M/1 0 zirconium oxychloride solution occurs at pH 2 · 25 and 3 · 40. 
and from M/10 zirconium sulphate solutions at pH 2 · 40 and 3 ·50 for additions 
of N/5 hydroxide and carbonate respectively. 

Dyeing. 
Somerville and Turley1 0 .have found that there is no special difficulty in 

dyeing zirconium leathers although the dye formula has to be considerably 
modified. Acid and direct dyes are quite satisfactory and the white base is 
particularly suitable for pastel shades or bright colours14

• The author has 
found that zirconium leather has much less affinity than has chrome leather for 
anionic dyes, penetration being to a greater depth, but basic dyes are taken 
up readily by zirconium leather. Pankhurst, Lanham and Villiers39 have 
shown that washfastness of dyed zirconium leathers is inferior to that of chrome 
leather except in the case of a basic dye. Only in the production of clearer 
'>hades was zirconium leather superior to chrome leather. 

Fatliquoring. 
Turley and Somerville8 have found that a sulphated oil fatliquor of good 

penetrating quality and stability to moderate amounts of free acid is the most 
satisfactory. It has also been observed33 that the addition of a non-ionic sur-
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face active agent to ordinary sulphated oils gave excellent results, whereas 
fatliquors based on only sulphated oils were not sufficiently stable resulting in 
the deposition of gummy material, especially on the flesh. Paquet and Martin23 

suggest a non-ionic oil emulsion which is completely absorbed after 30 to 40 
min. drumming and then is broken by the addition of formic acid. Tempera­
ture does not seem to be critical but most formulae recommend between 40° 
and 50°C. 

Analytical. 

Zirconium in solution can easily be detected using sodium alizarin 
sulphonate22

• A red or orange colour in acid solution which is sensitive to 
IO- ' gm. Zr per litre, confirms the presence of zirconium. The method is 
specific for zirconium which can be detected in the presence of aluminium 
and titanium40

• 

Quantitative determination is usually done gravimetrically. Somerville 
and WendkoS4 1

' 
42 recommend p-hydroxyphenylarsonic acid as precipitant but 

the method usually employed is the phosphate precipitation method'3 which 
is recommended by Grach44

• Recently a colorimetric method using sodium 
alizarin sulphonate was developed in these laboratories45

• The determination 
of other mineral constituents likely to be present in zirconium leathers is given 
by Somerville and Wendkos, and by Grach. 

Basicity is normally determined by titration of the zirconium solution at 
the boil with standard sodium hydroxide solution41

• 
42

• 
44

, but Kuntze! and 
Rosenbusch46 maintain that this method gives inaccurate results due to the 
precipitation of basic zirconium sulphates. They recommend a method in 
which the hydroxy groups, forced out by fluoride, are determined. 

Discussion. 

Many recipes for the production of satisfactory zirconium tanned leather 
are available from the literature. Optimum conditions seem to be: equili­
brium pickle but not necessarily at low pH, a . minimum of 4 to 5% Zr02 

offered, addition of 7 to 8% of neutral salt to the tan liquor, and sufficient 
mechanical action to assist penetration. Factors about which there is a 
difference of opinion are : the type of neutral salt anion in the pickle and 
tanning liquor, the use of masking salts in tanning and basifying, and the type 
of fatliquor to be used. 

Zirconium tannage has aroused a considerable amount of interest, and 
despite the introduction of new synthetic tannins for the production of white 
leather, the unique properties imparted to leather by zirconium, viz. greater 
plumpness and fuller flanks and in the case of sole leather, improved wear, 
should maintain the leather chemists' interest in this material. 

Leather Industries R esearch Institute, 
Rhodes University, 
Grahamstown, 
South Africa. Received 9th September, 1958. 

81 



References. 
1. Garelli, Atti. real e. accad. Lincei, 1907, (v), 16, 532, via J. Chern. Soc. A bstr., 1907, 

92, ii, 465. 
2. Somerville and Rohm & Haas Co., U.S. Pat. 1,940,610, 20- 1-1933, via Brit. Abstr., 

1934, B, 899. 
3. I. G. Farbenindustrie A-G., Brit. Pat. 449,027, 18-12-1934, via Brit. Abstr., 1936, 

B, 850. 
4. I. G. Farbenindustrie A-G., Brit. Pat. 449,249, 15- 12- 1934, via Brit. Abstr., 1936, 

B, 850. 
5. I. G . Farbenindustrie A-G., Brit. Pat. 446,135, 24-5- 1937, via Chern. Abstr .. 1937, 

31, 8246. 
6. Somerville, Turley and Hurd and Rohm & Haas Co., U.S. Pat. 2,264,414, from 

Somerville (see ref. 7). 
7. Somerville, J. Am. Leather Chemists' Assoc., 1942,37, 381. 
8. Turley and Somerville, J. Am. Leather Chemists' Assoc., 1942, 37, 391. 
9. Somerville and Turley, J. Am. Leather Chemists' Assoc., 1943 38, 326. 

10. Somerville and Turley, J. Am. Leather Chemists' Assoc., 1948, 43, 345. 
11. Somerville and Rau, J. Am. Leather Chemists' Assoc., 1949, 44, 784. 
12. Somerville, J. Soc. Leather Trades' Chemists, 1954, 38, 347. 
13. Somerville and Rau, J. Am. Leather Chemists' Assoc., 1956, 51, 542. 
14. "Zircontan", Rohm & Haas Co., Philadelphia, 1955. 
15. Soc. de Produits Chim. des Terres Rares, Fr. Pat. 917,317, 12-7-1945 from 

Lasserre, see ref. 23. 
16. S.A. Progil, Fr. Pat. 1,096,591, via Leder, 1956, 7, 287. 
17. Fab. Prod. Chim. Thann et Mulhouse, Fr. Pat. 1,124,218, via Leder, 1957, 8, 22. 
18. Chambard and Lasserre, Bull. assoc. franc. chimistes ind. cuir, 1949, 11, 1. 
19. Paquet, Premier Congr.lntern. Union Intern. Socs. Chim. Ind. Cuir, 1949, p. 137. 
20. Lasserre, Premier Congr. Intern. Union Intern. Socs. Chim. Ind. Cuir, 1949, p. 126. 
21. Lasserre, Bull. assoc. franc. chimistes ind. cuir, 1950, 12, 143. 
22. Lasserre, Thesis "Contribution to the study of some zirconium salts and a study 

of tannage with zirconium sulphate", University of Lyon, 1950. 
23. Paquet and Martin, Conf. Cycle Ind. Cuir, 1953. 
24. Portes, Bull. assoc. franc. chimistes ind. cuir, 1956, 18, 71. 
25. Portes, Bull. assoc. franc. chimistes ind. cuir, 1957, 19, 31. 
26. Ranganathan and Reed, J. Soc. Leather Trades' Chemists, 1958, 42, 351. 
27. Schachowskoy and Frohlich, Kolloid-Z, 1941, 97, 336, via Chern. A bstr., 1943, 37, 

1293. 
28. Otsuka, 1. Chern. Soc. Japan, Ind. Chern. Sect., 1952, 55, 560. 
29. Ishino, Shiokawa and Shimano, J. Chern. Soc. Japan, Ind. Chern. Sect., 1953,56,670. 
30. Ishino, Shiokawa and Shimano, J. Chern. Soc. Japan, Ind. Chern. Sect., 1953, 56,750. 
31. Mitton and Wyatt, Private communication. 
32. Kendall, Mitton and Williams-Wynn, Unpublished work. 
33. Kendall and Williams-Wynn, Unpublished work. 
34. R anganathan and Reed, J. Soc. Leather Trades' Chemists, 1958, 42, 59. 
35. Williams-Wynn, Unpublished work. 
36. Ranganathan and Reed, J. Soc. Leather Trades' Chemists, 1958, 42, 205. 
37. Blumenthal, Ind. Eng. Chern., 1954, 46, 528. 
38. Bowes, "Progress in Leather Science 1920-1945" B.L.M.R.A., p. 519. 
39. Pankhurst, Lanham and Villiers, Private communication. 
40. Feigl, "Spots Tests" Vol. 1, Elsevier Publishing Co., 1954, p. 190. 
41. Somerville and Wendkos, J. Am. Leather Chemists' Assoc., 1952, 47, 687. 
42. Wendkos and Somerville, J. Am. Leather Chemists' Assoc., 1953, 48, 355. 
43. Hillebrand, Lundell, Bright and Hoffman, "Applied Inorganic Analysis", John 

Wiley & Sons, Inc., New York, 1953, p. 569. 
44. Grach, Bull. assoc. franc. chimistes ind. cuir, 1952, 14, 178. 
45. Williams-Wynn, J. Soc. Leather Trades' Chemists, 1958, 42, 360. 
46. Kuntze! and Rosenbusch, Leder, 1953, 4, 153. 

82 



Reprinted from J. Soc. Leath. Tr. Chern., 1958, 42, 360. 

ZIRCONIUM TANNAGE I.-A COLORIMETRIC METHOD FOR THE 
DETERMINATION OF ZffiCONIUM IN LEA 'IHER. 

By D. A. Williams-Wynn. 

Summary. 
This paper gives details of a colorimetric method for the deter­

mination of zirconium in leather which is suitable for either routine 
analysis or research and development work. Zirconium and sodium 
alizarin sulphonate give, in strongly acid solution, a red colour which is 
almost specific for zirconium. The colour formed in this way is very 
intense and tartrate has been found to reduce the colour intensity and to 
stabilise the system against precipitation. 

Summary of the proposed method 
Digest approx. 0·3 gm. of leather (10 ~~Zr02) with 10-15 ml. 

perchloricfsulphuric acid mixture (2+1) and 15 ml. cone. nitric acid. 
Cool, dilute with 50 mi. N hydrochloric acid, boil 5 min and make to 
500 ml. A 10 mi. aliquot is run into a 100 mi. volumetric flask containing 
25 mi. N hydrochloric acid, and 20 mi. of O· l ~~ alizarin-S and 0·5?~ 
sodium tartrate solution added. Heat in boiling water for 5 min, cool, 
make to 100 mi. and measure absorption density at 520 mp.. Titanium, 
aluminium, iron and trivalent chromium have been shown not to 
interfere. Hexavalent chromium must be reduced before taking aliquots 
for colour development. 

Introduction. 

Methods1
•
2 so far proposed for the determination of zirconium in leather 

are tedious. For that reason a rapid, accurate method would be of value, 
particularly in experimental work. Widespread acceptance of the wet oxida­
tion3 method for chromium led to an investigation of its use for dissolving 
other mineral tanning materials in these laboratories. The method was found 
to be very satisfactory, obviating the need for ashing and fusing the leather 
in order to get zirconium into solution. 

Once the zirconium is in solution several analytical procedures are avail­
able: 
a. gravimetric: involving precipitation, filtration and ignition. 
b. volumetric: involving titration using E.D.T.A. 
c. colorimetric : involving colour formation under standard conditions. 

Gravimetric methods although remarkably accurate are, by their nature. 
involved and time-consuming and many of the methods are affected by other 
cations in solution. The phosphate precipitation method' is the one generally 
accepted and was therefore used as the standard in this work. 

Volumetric methods are rapid and usually accurate but the conditions for 
the method of Fritz and Johnson• were found to be difficult to maintain. 
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Colorimetric methods are beginning to find wider acceptance in the 
leather industry, e.g. Roux6 and in the search for a suitable method for 
zirconium, that of Mayer and Bradshaw7 was selected for investigation, 
although the method due to Thamer and Voight8 also looks promising. 

Investigation of the use of Alizarin-S for the Colorimetric Determination of 
Zirconium in Leather. 

Mayer and Bradshaw7 measure the optical density of the coloured complex 
formed between zirconium and alizarin·S. However their method, which is 
proposed for the metallurgical industry, suffers from various defects which 
prevent its direct application to leather analysis. Due to the intense colour 
produced, the readings must be taken on the least sensitive part of the scale 
or on solutions of very high dilution, if the wavelength of absorption maximum, 
viz. 520 ill{(, is used. Mayer and Bradshaw overcame this difficulty by working 
at a wavelength of 560 ill{( but this means that other materials, e.g. trivalent 
chromium salts which absorb strongly at this wavelength, would interfere. 

Use could be made of the differential method9 in which the absorption 
density of the intensely coloured solution is measured against a standard grey 
solution10 of known absorption density in place of the reagent blank usually 
employed. This reduces the relative absorption density so that it can be read 
on the more accurate part of the scale. 

The above two methods overcome the effect of the intense colour, but 
sulphate also interferes in the development of the colour and as sulphate is 
inevitably present (sulphuric acid is an essential constituent of the mixture 
for the wet oxidation process) a modification must be found which reduces 
the colour and eliminates sulphate interference. The intensity of the colour 
formed by alizarin-S with zirconium can be reduced by adding hydroxy acids 
and in this paper use was made of this effect by adding tartaric acid which 
also has the advantage of stabilising zirconium solutions5

•
11

• 

Preliminary Experiment to study the effect of Variables on Colour Development 

and Stability. 

The method of Mayer and Bradshaw requires the aliquot of zirconium 
solution to be added to a 100 ml. volumetric flask containing 2 · 5 mi. cone. 
hydrochloric acid, followed by the addition of alizarin solution. The flask is 
then immersed in boiling water for 2 · 5 to 3 · 5 min. To check on the above 
technique when tartrate is present, a t replicate of 28 factorial was carried out 
in which the following factors were varied. 

AB Amount of hydrochloric acid added to 100 mi. volumetric flask. 
(1) 10 ml. N HCl 

a 20 
b 30 

ab 40 , , 
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CD Interfering anions added to 100 mi. volumetric flask. 
(1) None 

c 0 · 3 gm. Na2SO, 
d 0·15 gm. NaC104 

cd 0 · 3 gm. NaS04 and 0 · 15 gm. NaClO. 

EF Amount of sodium tartrate added to 100 ml. volumetric flask. 
(1) None 

e 1 ml. 10% soln. 
f 2 ml. , 

ef 4 ml. , 

GH Conditions for reaction after addition of reagents. 
(1) prepared at room temp. 

g in boiling water for 2 min. 
h , 5 min. 

gh , 10 min. 

Procedure. 

It will be noted that the method is suitable for final concentrations of 
mgm Zr per 100 ml. and therefore a standard solution of zirconium 

oxychloride was made up containing 0·75 mgm Zr per 10 ml. aliquot. 10 ml. 
aliquots were run into each of the 100 ml. volumetric flasks containing the 
requisite amounts of hydrochloric acid and interfering anions where necessary. 
The colour was developed by adding 10 ml. 0 · 15% alizarin-S solution and then 
the tartrate where applicable. The flasks containing the solutions that had to 
be heated, were immersed in boiling water for the required length of time, 
cooled and all made up to volume. The absorption density at 520 m,u was 
read immediately and after 24 hr standing at room temperature. 

Summarised Results of Preliminary Experiment. 

The addition of tartrate caused a most significant reduction in colour 
intensity and eliminated precipitation which was apparent in most of those 
solutions which contained no tartrate. The smallest amount of tartrate was 
obviously sufficient to do this. 

Tartrate added 

None 

1 mi. 10~~ 

2 mi. 10~~ 

4 mi. 10% 

TABLE I. 

Absorption density 
Initial Aged 

411 

189 
137 

101 

363 

417 

193 
139 
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Ageing had little effect, although the solutions without tartrate were 
affected more than the other. Treatment with tartrate did not alter the wave­
length of maximum absorption, see Graph I. 

·5 

·3 

GRAPH I 
A no ta r trate. 

B tortrotc 

A 

·I """---'----...,.-,~--_..::::"-----4---.l-500 wavelength m,.u 

The amount of acid added was unimportant but the lower amounts of 
acid gave solutions which were not optically clear, especially after standing, 
although the change in absorption density was unaffected. 

HCI added 

10 ml. N 
20 ml. N 
30 ml. N 
40 rnl. N 

TABLE II. 

Absorption density 
Initial Aged 

208 
211 
209 
211 

211 
214 
213 
215 

As expected, sulphate interlered but where tartrate was present the inter­
ference was reduced. Perchlorate was completely without effect. The inter­
action between tartrate and the interfering anion is given in the Table Ill 
below. 

TABLE lll. 

Interfering anion 
Tartrate added None so. CIO, CIO, Mean 

+SO, 
~-··----·--·--. --

None .. . 446 380 442 378 411 
1 mi. 10% 202 178 200 177 189 
2 mi. 10% 146 129 144 129 137 
4 mi. 10~ .• 107 96 106 95 101 

------· ----- · 
Mean ... 225 196 223 195 210 
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Heating the solutions did not affect the absorption density but not all the 
solutions prepared cold, or heated for only 2 min., were optically clear. 

The Effect of Small Variations in the Amount of added Tartrate. 

From the previous experiment it is seen that large variations in the amount 
of tartrate added gave big differences in the absorption density. It was decided 
therefore, to test the effect of small variations, of the order of ± 10%, of tartrate. 
This was done in order to determine what care is needed in the preparation of 
the tartrate solution and whether measuring cylinder accuracy is sufficient when 
adding the reagent. 

The colour was developed in 100 ml. volumetric flasks containing 25 ml. 
N hydrochloric acid, 10 rnl. standard zirconium solution with 10 or 15 mi. 
0 ·15% alizarin-S solution, the variable amounts of tartrate being added before 
heating for 5 min. in boiling water. No significant difference was found in the 
absorption density as determined by an analysis of variance, see Table N . 

TABLE IV. 

Alizarin-S Tartrate added 1 ~~ so ln. 
added 0·15 ~~ 9 ml. lOrn!. 11 mi. Mean 

10 mi. 203 201 200 201 

15 ml. 201 200 200 200 

Mean 202 201 200 201 

4 GRAPI-1 2 
A 2 ml std Z r so ln. 

B 4 . . 
c 8 . " " 

:; D 12 . . 
·;;; 
c ., 
" 

zV - __Q 

v c 
c 
E 

e B Sl 
.Cl 
0 

A 

0 20 m l 2N 1-1.so. 40 
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EFFECT OF SULPHATE CONCENTRATION. 

Chloride and perchlorate are without effect but sulphate has been shown 
to interfere. In order to detennine the effect of the sulphate in detail, four 
series containing 2, 4, 8 and 12 ml. aliquots of the standard zirconium solution 
were prepared, and to each of these varying amounts of sulphate were added. 
The result was that with increasing sulphate content the absorption density 
increased until the solution was N I 50 with respect to sulphate. With further 
addition of sulphate the absorption density was constant until the sulphate 
concentration reached NIl 0, then decreased slowly with further increase in 
concentration of sulphate, see Graph 2. It will be seen that curve D is erratic, 
confirming earlier observations that the method is applicable to a maximum of 
0 · 1 mg. Zr02 in the reaction flask. 

Recommended Method. 

From the above it is seen that fairly wide conditions exist for the repro­
ducible development of a colour. The following reagents are necessary. 

REAGENTS. 

Perchloric/sulphuric acid digestion mixture' :- mix 200 ml. 70% HCIO_, 
and 77 ml. cone. H 2S04 • 

Approx. N Hydrochloric acid: - Dilute 90 mi. cone. HCl to 1 litre. 
Sodium alizarin sulphonate/sodium tartrate reagent :- Dissolve 1 gm. 

alizarin-S and 5 gm. sodium tartrate in about 500 ml. of hot water, acidify with 
a few drops of cone. HCI, filter through Whatman No. 42 filter paper and dilute 
to 1 litre. 

PROCEDURE. 

Weigh out approx. 0·3 gm. of the leather, of about 10% Zr02 content, 
into a 100 mi. Kjeldahl digestion flask, add 10 to 15 ml. perchloric/sulphuric 
acid digestion mixture and 15 ml. cone. nitric acid. Heat gently to digest 
organic matter then heat strongly to fumes of S03 • Cool, dilute with about 
50 ml. N hydrochloric acid and boil for 5 min. Transfer to a 500 mi. volumetric 
flask and make up to the mark with distilled water. 

Run a 10 ml. aliquot into a 100 ml. volumetric flask containing 25 ml. 
N hydrochloric acid. Add 20 mi. of the sodium alizarin sulphonate/sodium 
tartrate reagent and beat in boiling water for 5 min., allow to cool and make 
up to 100 mi. with water. Measure the absorption density in a 1 em. cell at 
520 mp using a solution of 25 ml. N hydrochloric acid and 20 ml. alizarin-S/ 
tartrate reagent made to 100 ml. as blank. Note. Where sulphate is present 
potassium must be avoided because sparingly soluble double sulphates are 
formed with zirconium 12

• This means that Rochelle salt must not be used for 
the preparation of the alizarin-S/tartrate reagent. 

PREPARATION OF STANDARD GRAPH. 

Dissolve 8 gm. zirconium oxychloride octahydrate in water and make to 
250 ml. Standardise the solution gravimetrically with phosphate4

• 1 ml. of 
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this solution should contain about 10 mg. of zirconium. Dilute this solution 
100 times and use aliquots of up to 10 ml. in 100 mi. volumetric flasks con­
taining 25 ml. N hydrochloric acid and 5 ml. N/2 sulphuric acid. Develop the 
colour as recommended and measure the absorption density at 520 mfl in a 
1 em. cell. 

Comparison of Results by Gravimetric and Spectrophotometric Methods. 

Eighteen experimentally prepared leathers were analysed by the above 
methods. In order to avoid sampling errors, aliquots for the two determina­
tions were taken from the same diluted digestion solution. The results quoted 
below are calculated back to the original amount of Zr02 taken. 
At test gave a value of t=0·109, 0=17, which indicates a completely insignifi­
cant difference between the two methods. 

Interference from Other Cations. 

Mayer and Bradshaw7 have shown that a number of cations do not inter­
fere but in leather chromium, iron, aluminium and titanium may be present. 
To test the effect of these cations, the equivalent of 5% of Fe20 3 , Cr20 3 , 

TABLE V. 
Comparison between Spectrophotometric and Gravimetric Methods. 

Spectrophoto- Gravimetric Difference 
metric method xl method x2 (xl-x2) 

mgm. ZrO. mgm. ZrO, mgm. ZrO, 

1. 26·1 25-8 +0·3 
2. 42-6 42•4 +0·2 
3. 30·1 30·1 0 
4. 45-8 46·0 -0·2 
5. 35"6 35·6 0 
6. 32•4 32·2 +0·2 
7. 51·9 51·8 +0·1 
8. 40·7 41·0 -0·3 
9. 27·6 27·4 +0·2 

10. 41·3 41·2 +0· 1 
11. 44·1 44·3 - 0·2 
12. 41·9 42·1 - 0·2 
13. 35"6 35·5 +0·1 
14. 35·2 35·3 -0·1 
15. 41·9 41·7 +0·2 
16. 42·4 42•4 0 
17. 26·7 26·5 +0·2 
18. 33·8 34·3 - 0·5 

Total 675·7 675-6 +0·1 

Mean 37·54 37·53 +0·0556 

Al203 and 10% Ti02 on leather weight, the maximum normally found m 
leather, was added. The effect of these additions is shown in Table VI. 
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2 
4 
8 

mi. standard 
Zirconium solo. Zronly 

41 
81 

163 

TABLE VI. 

Absorption Densities 
Zr+Ti Zr+Al Zr+Fe Zr+Crv1 Zr+Crm 

40 
80 

161 

41 
82 

163 

41 
82 

163 

117 
158 
239 

42 
84 

166 

Titanium, aluminium and iron do not interfere but hexavalent chromium 
seriously increases the absorption density. This interference can be overcome 
by reducing the chromium with sodium sulphite, boiHng and making to volume 
before taking aliquots for cqlour development. It is seen that trivalent 
chromium gives a small but negligible increase in absorption density. 

The author wishes to thank the Director of this Institute for constructive 
criticism and permission to publish this paper. 

Leather Industries Research Institute. 
Rhodes University, 
Grahamstown, 
South Africa. Received 17th June, 1958. 
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