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ABSTRACT 

The effect that organic urinary macromolecules have on the 

crystallization of calcium oxalate from a synthetic urine-like solution 

was studied in a mixed suspension-mixed product removal (MSMPR) con

tinuous crystallizer. Precipitation of calcium oxalate crystals occurs 

during the continuous passage of urine through the renal system (kidney, 

bladder and tubules). While in normal circumstances these crystals 

remain small in size and exit the system unimpeded, in the pathologic 

condition calcium oxalate crystals are observed to aggregate and grow 

beyond a critical size where.there is a significant probability of 

being trapped inside the renal system, e.g., on the kidney wall or in 

the tubules. Once trapped, the crystals become a nidus for further 

solute deposition and aggregation, giving origin to a renal calculus or 

stone. It is shown that this process is significantly affected by the 

presence or absence of organic macromolecules which act as modifiers of 

crystal growth, nucleation, and aggregation. 

An ultrafiltration technique was used to fractionate urine spe

cimens from normal (N) and stone-forming (SF) persons into organic com

pounds of different molecular weight. These compounds were then added 

to the MSMPR system to test their effect on calcium oxalate crystalli

zation. Significant differences were found to exist between N and SF 

urines in the composition, molecular weight distribution, and total 

xii 
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quantity of these organic macromolecular compounds. The fraction of 

macromolecules responsible for the major effects on calcium oxalate 

crystallization was isolated, and its effect on crystal growth and 

nucleation rates was quantified. The steady state driving force 

(supersaturation) in the MSMPR system was measured. Striking differen

ces in supersaturation versus residence time behavior between N and SF 

macromolecules were observed. The experimental conditions under which 

calcium oxalate crystals agglomerate were identified. Evidence which 

supports agglomeration as a key mechanism in urinary stone formation 

is presented. 



CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1. Preface 

The term lithiasis refers to "the formation of stony concre

tions in the body." Urolithiasis in particular refers to the formation 

of stones in the urinary tract (bladder and kidney stones). It is 

among the oldest diseases in human history. The first stone known 

to exist was a bladder stone found in an Egyptian mummy, estimated 

to have been formed 3200 years B.C. The largest stone ever found 

in a human being was also a bladder stone weighing 6.3 kg. It 

is supposed to have grown for at least 61 years (Finlayson, 1974). 

Urolithiasis is currently a significant medical problem with 

a considerable impact on our society. Finlayson (1974) has estimated 

that the annual patient cost for urolithiasis in the United States 

is at least $47 million and probably much higher since this estimate 

did not consider the cost of chronical care. 

The mechanism of formation of renal stones is a complex pheno

menon not yet clearly elucidated. Factors as wide as geography, 

race, sex, genetics, socio-economic, and dietary habits have an 

effect on urolithiasis. Study of urolithiasis is therefore important 

due to the high annual frequency of hospitalizations, not only in 

1 
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the U.S., but in many other countries as well. With a frequency 

of one or more per 1000 of population, the U.S. is among the top 

stone-producing countries. Recent studies indicate that more than 

10% of the adult male population is affected by renal stone disease 

(Ljunghall, 1977) and that the disease appears to be increasing as 

standards of living rise in the industrialized world. 

Stone formation is not a once-in-a-life-time episode. In 

most cases it reappears within cycles of about 9 years. The re

currence rate of upper tract stones ranges from 9 to 73%. 

Approximately one-third of the patients with one or more episodes 

will eventually lose a kidney because of stone disease. 

Analysis of the stones most frequently found in the urinary 

tract calcium oxalate as the main crystalline component, follow

ed by calcium phosphate, magnesium ammonium phosphate, magnesium 

phosphate, diammonium urate, calcium acid urate, magnesium acid urate, 

calcium sodium urate, xanthine, indigo, and other materials. The 

existence of calcium oxalate (CaOx) in urinary calculi was first 

reported by Wollaston in 1810. Soon after, Donne in 1838 was also 

able to identify the presence of CaOx crystals in urine. 

Stone formers excrete a larger volume (24-hour basis). 

of a more highly supersaturated urine than normals. They usually 

exhibit calcium oxalate dihydrate (COD) crystalluria in their urine, 

i.e. CaC20^* 2^0 crystals, also known as weddelite. Normal subjects, 

on the other hand, usually exhibit calcium oxalate monohydrate (COM) 

crystals, that is CaCgO^- HgO, a form also known as whewhellite. 
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However, many calcium oxalate stones have been observed to consist 

of an inner section of COM crystals surrounded by an outer layer of COD 

crystals (Elliot, 1973). There is a third, thermodynamically less 

stable, form of calcium oxalate crystals, the trihydrate 

CaCgO^* 3H20 (COT). Of these three hydrates, COM is the least 

soluble and most stable salt. 

1.2. Causes of Renal Stone Disease 

Idiopathic (spontaneous) stone disease is generally associated 

with hypercalciuria (excess of calcium ions in urine) or hyperoxal

uria (excess of oxalate ions in urine). Of these two, the former has 

been considered by many to be the main cause of the disease. However, 

Robertson et al. (1981) have recently shown that there is no correlation 

between the urinary excretion of calcium and the rate of stone formation 

or the size of the calcium oxalate crystals in voided urine. How

ever, there appears to be a rather strong relationship between these 

parameters and the excretion of oxalate. Finlayson (1974) has estimated 

that urine supersaturation (defined as solution ion activity product 

divided by ion product at saturation) is about 15 times more sensitive 

to changes in oxalate concentration than to changes in calcium concen

tration. This is mainly due to the large molar excess of calcium 

relative to oxalate in urine. Measurement of oxalate in urine is 

thus of critical importance in order to follow calcium oxalate 

crystallization. There are several methods available to measure 

oxalate in urine and urine-like solutions. The method of Hodgkinson 
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and Williams (1972) appears to give the most reliable estimates of 

urinary oxalate and is discussed later in detail (Appendix A). 

Oxalate in urine comes mainly from the metabolism of food

stuffs. A smaller portion comes from adsorption of dietary oxalate 

(Finlayson, 1977). The majority of the endogenous (orginating inside 

the body) oxalate production occurs in the liver, with about 40% result

ing from breakdown of ascorbic acid. Abnormal ingestion of ascorbic 

acid (vitamin C) may not consistently increase oxalate output 

(Baker, Saari, and Tolbert, 1966), but it has been found to sig

nificantly increase oxalate acid excretion when used in doses larger 

than 4 g/day. Large megadose intake of vitamin C in patients with 

passive calcium oxalate urolithiasis has resulted in reactivation of 

stone formation (Smith, 1978). Oxalate absorbed from diet varies 

from 2 to 50% of total intake. Stone formers have a tendency to absorb 

about three times more than normal subjects (Zarembski and Hodgkinson, 

1969). 

From a crystal lographic point of view, urinary stones are 

about 97.5% polycrystalline aggregates and 2.5% matrix. Matrix is 

an organic substance consisting of approximately 65% by weight of 

protein (mucoprotein), half of which is a combination of aspartic 

and glutamic acids (Spector, 1976), and 35% by weight of carbo

hydrates (mucopolysaccharides) (Boyce and Garvey, 1956). The 

mechanism of interaction between crystal!uria and matrix deposi

tion constitutes a long-term controversy among urolithiasis researchers. 

Exactly which one of these factors is the first step in the develop
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ment of stony concretions still remains an open question. Do the 

crystalluria form, aggregate and then bind to matrix or is the matrix 

necessary for aggregation of crystal!uria? 

The simplest hypothesis for calcium oxalate stone formation 

considers that the initial step involves spontaneous precipitation 

of crystals from urine which is excessively supersaturated with calcium 

oxalate. The crystal!ites form aggregates, increase significantly 

in size, and become large enough to get trapped in some part of the 

urinary tract. Trapped particles would then act as a nidus for the 

formation of a stone, i.e., become centers for the attachment of 

more crystal!uria and binding of matrix. 

Urine from patients with recurrent calcium oxalate stone 

disease contains larger and more aggregated crystals of calcium oxalate 

than urine from normal subjects (Robertson, Peacock and Nordin, 

1969; Robertson and Peacock, 1972). The size and degree of aggregation 

of calcium oxalate crystals in urine seems to be determined by both 

supersaturation and the presence (or absence) of some agents that 

would oppose the formation of urinary calculi (inhibitors). Stone 

formation caused by the effect of only one of these factors seems 

unlikely, and it is probably a combination of disturbances in urine 

over-saturation and the amount cf protective inhibitors that increases 

the risk of forming stones (Robertson, et al., 1976). 

Three major theories have been proposed in relation to stone 

formation, namely: (1) hyperexcretion-crystallization theory, 

(2) inhibitor theory, and (3) matrix theory. 
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1.2.1. Hyperexcretion-Crystallization Theory 

The hyperexcretion-crystallization theory, also konwn as the 

supersaturation theory, considers the effect of urine supersaturation, 

pH, and ionic strength on growth and nucleation rates involved in stone 

formation. Concentration of precipitable ions passes from a saturated 

level (the solubility product) through a supersaturated metastable level 

to a level where spontaneous nucleation (the formation product) occurs. 

Experimental studies by Robertson et al. (1976) seem to support this 

theory. Nevertheless, the theory denies the importance of matrix as 

the preliminary step for crystal growth and aggregation. 

Gregory et al. (1981) have recently studied the effect of 

pH upon urinary calcium oxalate saturation and concluded that an 

alkaline pH inhibits crystal formation by conversion of urinary acids 

to anionic forms. The anions compete with oxalate for calcium and form 

stable soluble salts. At a pH below 5, the most stable salt is calcium 

oxalate. Thus, acidification of urine would be contraindicated in 

calcium oxalate stone disease (Finlayson, 1977). On the other hand, 

Prien (1955) found that the pH has little effect on the precipitation 

of calcium oxalate. 

Elliot and Eusebio (1965) have shown that variations of ionic 

strength of the solution affects the solubility of calcium oxalate, 

but Rodgers and Garside (1981) found that an increase in ionic strength 

did not affect the overall kinetics of the calcium oxalate system. 

Even though there are discrepancies about the effect of both 

pH and ionic strength on calcium oxalate crystallization, it is 
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unanimously accepted that supersaturation is essential to the initiation 

of calcium oxalate precipitation. Reduction of supersaturation alone, 

however, does not eliminate renal calculi formation. The majority 

of humans go through their life without renal stone formation, even 

though their urine is often supersaturated with calcium oxalate and 

may contain crystalluria of this compound. The real questions of the 

supersaturation theory of renal stone disease are: (1) what are the factors 

influencing hyperexcretion, and (2) what levels of supersaturation can 

be tolerated by the body without excessive crystalluria formation and/or 

aggregation. 

1.2.2. Inhibitor Theory 

The inhibitor theory of renal stone disease has received the most 

attention in the recent literature. It is based on the concept that 

normal urine contains some substances that provide a protective 

mechanism against crystallization and subsequent aggregation of 

calcium oxalate. These substances are supposedly absent in the urine 

of stone formers. Normal urine would allow formation only of smaller 

crystals and aggregates of COM at high supersaturation levels, whereas 

in stone-formers urine, larger COD crystals would grow, aggregate, 

adhere to and block the urinary ducts and tubules. 

The effect of inhibitors in reducing growth rate of crystals 

may be attributed to one or more of the following factors: (1) the 

added ions may form stable complexes with calcium ions, thus reducing 

the supersaturation driving force for precipitation; (2) the in
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hibitor may be adsorbed at growth sites on the crystal surface 

and prevent further deposition of solid, thus inhibiting crystal 

growth; (3) if adsorption takes place only at certain sites, then 

the remaining faces will continue to grow, and the inhibiting 

effect would be on the morphology of growing crystals; (4) if 

the inhibitor is ionic, it might change the ionic strength of the super

saturated solution, affecting the solubility of the precipitating 

salt. If the concentration of inhibitors is small, which is usually 

the case, this effect would be less important than the others 

(Nancollas, 1977). 

There is much confusion in the urolithiasis literature on 

this subject. Randolph and Drach (1981) argue that only those com

pounds which interact at the solution/crystal interface and whose 

effects are measured at constant levels of supersaturation should be 

considered crystal modifiers (e.g. inhibitors). This definition 

would eliminate items (1) and (4) above as inhibitors of crystalliza

tion. 

Many inorganic compounds which exhibit an inhibitory effect 

on stone formation have been reported in the literature, the most 

effective of which seems to be pyrophosophate (Fleisch and Bisaz, 

1962; Drach, Randolph, and Miller, 1978). However, the difference 

between the amounts present in normal persons and in stone formers 

is often not significant. Pyrophosphate is a good example of a 

complexing agent and would not be considered an inhibitor using the 

definition of Randolph and Drach (1981). 



9 

There exists experimental evidence that organic compounds 

present in urine, such as mucopolysaccharides or mucoproteins (the 

former complexed with specific proteins) exhibit an important inhi

bitory effect on crystal growth rate. Ito and Coe (1977) studied 

the effect of polyanions such as ribonucleotides and anionic poly

peptides on calcium oxalate growth rate. They concluded from their 

experiments that even when both retard crystal growth, an important 

fraction of the inhibitory action in urine may result from other 

substances, more likely mucopolysaccharides. 

1.2.3. Matrix Theory 

The matrix theory assumes that formation of a stone is initi

ated by polymerization of organic matrix followed by deposition of 

crystalluria to make a polycrystalline/matrix conglomerate (Lichtwitz, 

1944; Glimcher, 1959). A variation of this theory suggests that 

the initial step is rather the aggregation of crystals followed by 

adsorption of macromolecules on their surfaces (Sutor and O'Flynn, 

1973; Leal and Finlayson, 1977). 

Allen and Spence (1966) proposed that there is a spectrum 

of possibilities describing stone formation. At one end, matrix is 

a fortuitous inclusion in a basically mineralogical process; at the 

other end of the spectrum, the initial solid is a non-crystalline 

mucoprotein which becomes the primary precipitate with fortuitous 

crystalline inclusions. Other investigators (Finlayson, Vermeulen, 



and Stewart, 1961; Vermeulen and Lyon, 1968) support the theory that 

matrix is an accidental inclusion in the crystalline structure. How

ever, ordinary stones with almost complete absence of crystalline 

material (matrix calculi) have been reported in the literature (Mall, 

Collins and Lyon, 1975). Such deposits have usually been found to 

occur in the presence of urinary infection which is accompanied by 

urea splitting, ammonium production, alkalinization of the normally 

acid urine, and slime and mucus appearance. This is contrary to the 

majority of crystalline calculi which form in the absence of infect

ion. Furthermore, some patients have been noted to have co-existing 

crystalline and matrix calculi (Williams, 1963). 

Although the theory proposing matrix as a prime cause of 

stone formation has been overshadowed by other theories in the last 

twenty years, it is clear that matrix must at least be accounted for 

in any realistic theory of stone disease. 

1.3. Inhibition in Biological Systems: 
Definitions and Techniques 

Of the three most important stone formation theories proposed, 

the inhibitor theory has received the most attention. Many inorganic 

compounds (e.g. pyrophosphate) have been singled out as potent "inhi

bitors" of calcium oxalate crystallization. More recently, organic 

compounds of high molecular weight are being investigated and have 

been identified tentatively as the most important inhibitory fraction 

present in normal urine. An increasing number of studies regarding 

isolation and identification of urinary macromolecules and the effect 
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that they have on COD crystallization is expected to appear in the 

urolithiasis literature. Considering past reports, some confusion 

and misunderstanding with regard to the terminology used in these 

studies can also be expected. 

There are many terms used in biological crystallization such 

as urolithiasis: nucleation, nucleation rate, crystallization rate, 

growth, growth rate, aggregation, supersaturation, inhibition, etc. 

Unfortunately, these terms do not have one single universal meaning. 

While one author may apply the term "growth rate" to the change of 

the linear dimension of a single crystal with time, others may use 

the same expression to report the total mass transfer rate onto 

crystals in the solution. Yet a third one may be referring to the 

change in mass of single crystals. 

This situation has prompted Randolph and Drach (1981) to pro

pose the adoption of a lexicon of terminology regarding crystals and 

crystal formation. They have condensed some standard definitions of 

terms currently used in industrial crystallization processes and physi

cal chemistry which can be directly applied to biological systems 

(e.g. nucleation rate, ion product, population density function, 

linear size, mass-weighted mean size). In addition, they proposed 

definitions of terms that arise in crystallization studies which do 

not have a mathematical definition (e.g. agglomerate, aggregates). 

It is most relevant that they have proposed the standardization of 

terms concerning inhibition or enhancement of crystallization 
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processes occurring in media such as urine. 

"What is being inhibited?" is a crucial question that is 

sometimes ignored in the use of the term "inhibitor." Currently, 

there are several definitions of "inhibition" in the literature, and 

an equivalent number of methods to determine it. 

Five of the most commonly used techniques and definitions con

cerning inhibition-of nucleation, growth and aggregation are shown in 

Table 1. Each one of these techniques is discussed here in detail, and 

pertinent comments regarding the terminology used are included. 

1.3.1. Crystal Size Distribution—Total Volume Differences 

Robertson, Peacock and Nordin (1973) determine inhibition of 

crystal growth and aggregation from differences observed in the total 

volume of particles greater than 20 microns that precipitate from sol

ution in the presence of a given additive. Their method consists of 

growing seed COM crystals in a supersaturated metastable solution. The 

initial solution contains IrriM CaClgj 0.2 mM Na2C£0^ and 0.15 M NaCl (calcium/ 

oxalate molar ratio, Ca/Ox = 5). The pH of the solution is maintained 

at 6.0 with 10 mM sodium cacodylate. A 4 ml aliquot of a calcium oxa

late (COM) crystal suspension (lg/1) is added to 160 ml of the meta

stable solution. The solution is then agitated for (arbitrarily) 4 hrs. 

at 37°C. The particle size distribution (volume basis) of the seed 

crystals is analyzed before and after the incubation period using an 

electronic particle analyzer (Coulter Electronics Ltd.). The size 

range usually considered is 6 to 40 microns. Growth and aggregation 



Table 1. Techniques and Definitions of Inhibition Generally used in Urolithiasis Research. 

Techniques 
Definition of Inhibition/ 

Enhancement Activity 
Mechanism-

What is Inhibited? References 

1. Crystal size distri
bution: volume fraction 
differences 

Based on fraction of parti
cles larger than 20 micron 

Aggregation and 
possibly growth 
rate, G 

Robertson et 
al. (1973, 
1976) 

2. Turbidity: induction 
period 

Based on time of onset of 
detectable nucleation 

Initial nucleation 
time 

Sutor (1969); 
Gardner and 
Doremus (1978) 

3. Turbidity: formation 
product 

Based on changes in formation 
product concentration 

Initial nucleation 
concentration (ion 
product) 

Pak and Holt 
(1976) 

4. Depletion of total cal
cium and oxalate 
concentrations 

Based on rate of make on 
standard COM seed distribu
tion and other seed crystals 

Growth rate (mass), 
R, heteroteneous 
nucleation 

Pak and Holt 
(1976) 
Pak and Arnold 
(1975) 

5. Depletion of total 
oxalate concentration 

Based on changes in the total 
mass of non-aggregated fines 
precipitated 

Aggregation Koide et al. 
(1981) 

6. Crystal size distribu
tion: kinetics 

Based on changes in crystal
lization kinetics B and G 

Nucleation rate, B° 
Growth rate, G 

Randolph, 
Kraljevich and 
Drach (1981) 
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are obtained by calculating the increase in the fraction of particles 

greater than (arbitrarily) 20 microns after the 4 hr incubation period. 

If Cq and represent the fraction of particles greater than 

20 microns in control samples (no additives) at t = 0 and t = 4 hrs, 

respectively, and Tq and are the equivalent fractions in the test 

samples (with additives), then the degree of inhibition exhibited by 

the additive is defined by: 

<c4 - c
0) " <T4 - V 

1% = 4 
/r 

0 
r v 4 — x 100 (1) 

^4 " 0' 

Values of I < 0 indicate that the additive increases growth and aggre

gation, while I > 0 indicate that growth and aggregation are inhibited 

(maximum inhibition I = 100). If I > 100, then the additive causes 

degradation or redispersion of some of the aggregates present at t = 0. 

The degree of inhibition, I, is also called the inhibitory 

activity and is used to calculate the saturation-inhibition index, SII, 

defined as: 

r-TT _ 1 oq S — 0.0073 I — 0.612 
SII = —a TTT? W 

[1 + (0.0073) ] 

where S is the supersaturation ratio. Equation (2) is the discriminant 

separatrix curve dividing normals from stone-formers as determined 

from a large body of clinical data. 

The term growth as used by these authors refers to total mass 

transfer rate or mass growth rate, rather than to crystal linear growth 

rate as used by Randolph and Drach (1981). It should be pointed out 

that in the metastable solution, both the size and number of particles 
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were observed to increase with time (Robertson and Peacock, 1972). 

This observation casts doubts on whether the authors are actually 

measuring aggregation as they claim, or the combination of both mass 

growth rate and aggregation. No specific definition of what is meant 

by aggregation is found in their reports. 

1.3.2 Turbidity --Induction Period Measurement 

Sutor (1969) suggested measuring suspension turbidity as a 

method to determine inhibition of calcium oxalate crystallization. Tur

bidity is determined by light scattering (Corning - EEC nephelometer). 

The technique consists of combining in a test tube 2.5 ml of CaC^ * 

2^0 solution (5 mM) with 5 ml of either water or another suitable con

trol substance. The solution is mixed by inversion and used to zero 

the instrument. Then 2.5 ml of Na2C20^ solution (5mM) is added to 

the test tube using a fast-flowing pipette. This instant is defined 

as t = 0. The solution is again mixed by inversion and turbidity 

measurements are taken every minute for an arbitrarily chosen period 

of 10 minutes. Between readings, the test tube is removed from the 

nephelometer head to avoid temperature effects and the sample is shaken. 

The amount of inhibition exhibited by a given additive as a percentage 

is calculated as: 
Yr yt n = -V—L x IOO (3) 

RC 
Y is the reading obtained after 10 minutes. The subindices C and T 

indicate control and test material, respectively. The calcium/oxalate 



molar ratio used in this method is unity, which is below the ratio ex

pected to exist in urine (Ca/Ox - 3). 

Gardner and Doremus (1978) also proposed a method based on 

turbidity measurements to determine the inhibitory effect of different 

additives. In their method the control solution is a synthetic super

saturated solution containing NaCl (0.098 M), Mg (NOg^ (2.5 x 10~3 M), 

Na2S04(1.56 x 10"2 M), Na2HP04 (1.87 x 10"2 M), I^CgH^ (2.75 x 10"3 M), 

CO {NH2(0-2 M), and HC1 to adjust pH to 6.7. The control solution 

(100 ml, filtered through a 0.3 micron filter) is placed in a glass 

cell and contacted with a predetermined volume of CaCl solution. The 

temperature is adjusted to 37°C and the agitation is set at 300 rpm. 

^020^ is then added to the cell. When additives are needed, they are 

incorporated into the solution prior to the addition of oxalate. "Growth" 

is determined by measuring the induction period, which is defined as 

the time elapsed between the addition of oxalate and the time at which 

precipitate is detected by either solution turbidity or optical micro

scopy. A given additive is defined as an "inhibitor" when it retards 

the precipitation of crystals, i.e. causes longer induction periods. 

Both Sutor's and Gardner and Doremus's techniques have been 

used to determine inhibition of COD nucleation and growth rates based 

on induction period measurements. The terms "crystal growth" or 

"crystal growth rates" as applied by these authors actually refer to 

the rate of change of solids concentration as observed qualitatively 

in batch systems. The mass growth rate is known as the rate of make, 



R, in industrial crystallization and is a measure of the crystallizer 

productivity (Randolph and Drach, 1981). Others (see section 1.3.3.) 

have also determined R by following the depletion of solute concentra

tion. 

The term "nucleation" refers to the onset of crystallization 

and must be differentiated from "nucleation rate." Nucleation, as de

termined from induction period measurements, cannot be considered a fun

damental property of the system since it is strongly influenced by ex

ternal factors such as impurities, supersaturation, temperature, and 

agitation. Since COD and COM crystals are normally present in urine at 

the onset of nucleation itself, it is unlikely to be the process lead

ing to stone formation. What is relevant to urolithiasis is determin

ation of the rate at which new crystals are formed, once the nucleation 

process starts, and determination of factors that trigger excessive 

nucleation which might lead to crystal agglomeration. In other words, 

not nucleation, but nucleation rate, should be the focus of in

terest in urolithiasis research. 

1.3.3. Turbidity— Formation Product Determination 

Pak and Holt (1976) suggested evaluating inhibitory effects 

by measuring changes in the formation product of calcium oxalate, 

i.e., the metastable limit concentration where spontaneous nuclea

tion begins. Precipitation of calcium oxalate is detected visually, 

and also by the depletion of calcium (atomic absorption spectro

photometry). Oxalate depletion is followed by the method of Hodgkinson 

and Williams (see Appendix A). In Pak and Holt's method, the standard 



(control) solution contains 1 mM CaClg. 2 mM MgClg and 141 mM NaCl, 

The ionic strength of this solution is approximately 0.15, the pH is 

6.5 (buffered with 5 mM cacodylate), and the temperature is 37 °C. The 

solution is filtered through a 0.22 micron Millipore filter prior to 

use. Spontaneous precipitation of calcium oxalate is caused by adding 

a NagCgO^ solution (1 mg/ml) to the control. When needed, additives 

are added to the solution prior to oxalate additions. The minimum 

oxalate concentration needed to cause calcium oxalate precipitation 

after (arbitrarily) 3 hours is determined and the ion activity product 

of calcium oxalate is then calculated (Pak et al., 1977), The 

activity product represents the formation product (FP), i.e. the minimum 

supersaturation required to precipitate calcium oxalate after 3 hours. 

In their work, the formation product is considered to represent a measure 

of heterogeneous nucleation. Note that the induction period and forma

tion product experiments aremanifestations of the same phenomena, 

namely the critical nucleation rate-supersaturation relationship. The 

formation product concentration of Pak is merely the concentration 

level which gives a 3-hour induction period in Sutor's experiment. Al

though this method expresses inhibitory/enhancement activity in terms 

of concentrations of calcium and oxalate, it is equivalent to the in

duction period methods (Sutor, Gardner and Doremus) in that it measures 

the onset of nucleation rather than nucleation rate. The effect of 

additives on calcium oxalate nucleation is assessed by determining the 

fractional change in FP. Thus: 



AFP = 

19 
<FP>t - <FP>o 

(FP) Q 

where t and o refer to test material and control, respectively. A 

positive value of AFP is considered an indication of inhibition of 

calcium oxalate nucleation; negative values indicate promotion of 

nucleation. Because the solutions invariably contain impurities, the 

formation product is considered to represent a measure of heterogeneous 

rather than homogeneous nucleation. 

1.3.4. Concentration Decay, Rate of Make 
and Secondary Nucleation Measurements 

Pak and Arnold (1975) have also determined the heterogeneous 

nucleation of calcium oxalate by addition of "seed" crystals of uric 

acid, monosodium urate monohydrate, and hydroxyapatite to a supersat

urated metastable calcium oxalate solution (Ca/Ox - 1). The study was 

performed with solutions at 37 °C containing calcium chloride, sodium 

oxalate, and a trace amount of ^C-oxalate. The activity product of 

+2 -2 ft 2 
Ca and oxalate C2O4 ions in the solutions was 1.57 • 10 M , 

and the ionic strength was adjusted to 0.15 with NaCl. Seed crystals 

were added in amounts ranging from 0.1 to 5 mg/ml. At various times 

after seeding, aliquots of the suspension were filtered through 0.22 

T4 micron Millipore filters, and the filtrates were assayed for C-radio-

activity in the filtrate. Assuming no epitaxial growth occurred, then 

what these authors determined was heterogeneous nucleation, i.e. nuc

leation induced by other foreign crystals. They concluded that at a 

variety of pH levels (5.3 to 7.4) monosodium urate and hydroxy-
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apatite crystals caused a rapid decrease of calcium and oxalate con

centration, i.e., they promoted heterogeneous nucleation, while uric 

acid showed little or no effect. They also found (Pak et al., 1976) 

that COM crystal seed added to the calcium oxalate metastable solu

tion (2 mg/ml) caused calcium oxalate precipitation. This indicated 

that the system exhibits self-induced secondary nucleation and/or 

that rapid growth of solute occurred on this COM seed. 

Pak and Holt (1976) also proposed a method for determining cal*-

cium oxalate crystal growth which is a modification of the technique 

presented earlier by Marshall and Nancollas (1969). Supersaturated 

metastable solutions of calcium oxalate were seeded with COM crystals 

(0.5 mg/ml); the "growth rate" was determined from the decrease in total 

calcium and oxalate concentrations in the filtrate, measured after a 

30 minute incubation time with the methods mentioned above. Apparently 

no agitation was used. Clearly, these measurements correspond to 

determination of the rate of make (mass growth rate) and not to linear 

growth rate. 

1.3.5. Total Solids Mass Precipitation 

Recently, Koide fet al.(1981) proposed following the change in 

total solids mass precipitated in certain filter size ranges as a 

14 measure of crystal aggregation. Radioisotope C-oxalate was used to 

determine oxalate concentration in solution. The method is applied as 

follows: 5 ml of 1.1 mM CaCl^ solution is placed in a 10 ml sterile 

screw-capped plastic tube with either 500 yl of water as control or 



urinary macromolecular solution (UMM) as test material. The UMM are 

obtained by ultrafiltration of normal and stone forming urines. The 

temperature is set at 37 °C and 200 yl of a 21 mM oxalate anhydrous 

14 solution with a tracer dose of C-oxalate is added. The sample is in

cubated for 24 hours at constant temperature, oscillating at 50 cycles 

per minute. After the incubation period, the sample is vigorously 

shaken and a fraction is aspirated and filtered through a Whatman 

#41 quatitative paper (pore size 20-25 microns). The solids retained 

on the filter are aggregates larger than 20 microns in size. The fil

trate is then centrifuged at 2000 rpm for 10 minutes to separate smaller 

non-aggregated solids. Both solutions, filtrate and supernatant, are 

14 assessed for C-radioactivity in a liquid scintillation counter. 

The non-aggregated ratio (NAR) is then calculated as: 

14 14 
mad - C - oxalate in filtrate - C - oxalate in supernatant 
NttK - 1« 

C - oxalate initial - C - oxalate in supernatant 

( 5 )  

The filtrate includes both the oxalate contained in nonaggre-

gated (fine), solids and in the mother liquor, i.e. filtrate = My + C. 

Thus equation (5) could also be expressed as: 

(Mt + C) - C Mt 

NAR = r , r = rL= Y (fi) 
i L i 

assuming C = Ceq and thus - C = s. the initial supersaturation. 

My is the non-aggregated fines slurry density and Y denotes the super-

saturation relief or yield based only on non-aggregated fines. 
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The inhibition index is defined then as the difference in total 

solids mass concentration AMy obtained with and without UMM. Thus, II 

is defined as: 

11 • NARsample " NARcontrol 

and measures the differences in the aggregated solids concentration 

My a- The inhibition index would be zero if no aggregation or growth 

of particles > 20 ym occurred. In this sense, Koide's inhibition index 

is quite similar to Robertson's index. 

1.3.6. Crystal Size Distribution, Crystallization Kinetics 

Techniques that make use of diffusion-limited crystallization 

systems (Lyon and Vermeullen, 1965; Sutor, 1969) allow quantitative esti

mates of mass growth rate, but they do not allow direct measurement of 

nucleation. Finlayson (1972) argued that renal precipitation should be 

modelled as a continuous system. He proposed adopting crystallization 

techniques that had been successfully used in industrial crystallization. 

These techniques and their theoretical treatment are based on crystal 

size distribution (CSD) measurements and the solution of population 

balances as applied to continuous reactors (Randolph and Larson, 1971). 

Miller, Randolph and Drach (1977) brought Finlayson's sugges

tion into practice. They proposed the use of a mixed suspension mixed 

product removal (MSMPR) crystallizer to quantitatively determine linear 

growth and nucleation rates in a continuous crystallizating system which 

realistically mimics the renal environment. 

Briefly, Miller's technique can be described as follows: a 

supersaturated urine-like solution is continuously fed into a glass 



reactor. The flow rate is such that the solution stays in the reactor 

for a predetermined average residence time; effluent is continuously 

discharged from the reaction chamber. 

Continuous crystallization of calcium oxalate crystals occurs 

and the system is operated until steady state is obtained. The CSD in 

the effluent (identical to the crystallizer CSD) is determined using 

an electronic particle analyzer. 

An important feature of this technique is that the supersatura

tion level generated by chemical reaction remains constant throughout 

the experiment due to the continuous flow. This is contrary to batch 

(mixed or stagnant) systems where supersaturation driving forces decrease 

as crystallization occurs. 

The CSD data is analyzed using the theoretical MSMPR popula

tion distribution to provide nucleation and growth rate values for 

calcium oxalate precipitated under constant supersaturation conditions. 

Thus: 

n = (B°/G) exp[-L/Gx] (7) 

Nucleation in this continuous system always occurs in the pre

sence of calcium oxalate crystals. Thus, by definition, nucleation 

occurs by a secondary mechanism. Concentrations in the continuous re

actor are lower than the unseeded formation product concentration, in

dicating nucleation is by a self-heterogeneous secondary mechanism. 

In this continuous system, the definitions of growth and 

nucleation inhibition proposed by Randolph and Drach (1981) can be 

directly applied. Briefly, these definitions are reviewed as follows: 
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The stoichiometric supersaturation s is defined as the total ion 

concentration minus the ion solubility concentration (based on the 

limiting reagent, e.g., oxalate). Growth inhibition is then defined 

as a decrease observed in the linear crystal growth rate, G, at constant 

s. Likewise, if the supersaturation ratio S is defined as the ratio of 

actual ion activity product in solution to the thermodynamic equilibrium 

solubility ion activity product, then nucleation inhibition is defined 

as a decrease observed in nucleation rate, B°, at constant S, magma 

properties and external stimuli. Alternatively (and perhaps more cor

rectly), growth inhibition can be defined as decreased G at constant S. 

According to these definitions, inhibitors are crystal modifiers that 

act to change the crystallization kinetics at the crystal-1iquid inter

face (e.g., by adsorption on the crystal surface). Their inhibition/ 

enhancement effect must be measured at constant levels of supersatura

tion. These definitions exclude as "inhibitors" those chemical agents 

that affect the supersaturation level by solution complexing or solubility 

changes. 

A continuous MSMPR system has been adopted in this work, as 

described in detail in Chapter 2. 

1.4. The Role of Macromolecules in 
Urinary Stone Formation 

If it is accepted that matrix plays a key role in stone forma

tion, but does not necessarily initiate the process, then the differ

ences between matrix and inhibitor theories become less defined. There 



is increasing evidence that the most effective inhibitors of calcium 

oxalate crystallization are organic compounds of the same type as those 

known as matrix, e.g., mucopolysaccharides. These compounds have been 

found to either promote (Boyce and Swanson, 1955; Pinto, Paternain and 

Bernshtan, 1981; Hallson and Rose, 1979) or inhibit (Garti, Sarig and 

Tibika, 1980; Nakagawa, Kaiser and Coe, 1978; Gill, 1977) calcium oxalate 

precipitation. The apparent discrepancy between reported effects of 

mucopolysaccharides on crystal formation may originate in the lack of 

homogeneity of reported studies, e.g., improper information regarding 

molecular weight, structural differences, ionic nature of the macro-

molecules under consideration, and especially the definition of inhibi

tory activity. 

Molecules with molecular weights in the range 50,000-300,000 

daltons show an effect on calcium oxalate crystallization (Garti et al., 

1981) that significantly differs from the effect observed at lower 

molecular weights such as 10,000-25,000 daltons. However, many reports 

still omit specification of the molecular weight of the compounds con

sidered in the study, loosely referring to them as of "high" or "low" 

molecular weight. Molecules with less than 35,000 d have been classi

fied as having "low" molecular weight (Resnick and Boyce, 1979), but 

those in the range of 10,000-25,000 d are called "high" molecular 

weight molecules by others (Gardner and Doremus, 1978), thus adding to 

the difficulty of interpreting the results. 

Sarig and Ginio (1976) have found that some macromolecules seem 

to provide active sites (microsubstrates) for heterogeneous nucleation. 



They observed that by adding polyvinyl sulfonate to the strontium sul

fate system, the weight and size of crystals was decreased while the 

total number increased. When the concentration of artificial nuclea-

tion sites was increased, either by increasing the concentration of 

the polymer or by decreasing the concentration of the crystalline salt, 

the number of particles increased even further. Interestingly enough, 

the time elapsed until precipitation is detected by light scattering was 

also observed to increase in the presence of polymers. This observa

tion suggests retardation of precipitation by complexing and/or 

inhibition of growth by adsorption of the polymer on the crystal sur

face. However, Sarig and Ginio favor the heterogeneous nucleation 

mechanism to explain their results, as follows. The heterogeneous 

nuclei must grow to a detectable size at the expense of the solution 

supersaturation. If a large number of microsubstrates is added, the 

supersaturation would be significantly diminished and the nuclei would 

reach a detectable size only after partial coagulation or Ostwald 

ripening has occurred. The latter phenomena cause the observed time 

delay. 

Retardation of precipitation has usually been considered perma

nent inhibition. However, Garti et al. (1980) found that polyglutamic 

and polyaspartic acids retarded calcium oxalate precipitation, pre

sumably by poisoning crystal growth sites, but this effect wears off 

with time (20 hours after addition of the acids). They explained this 

mode 6f retardation through the heterogeneous nucleation-on-microsubstrates 



mechanism. This phenomenon appears to be favored by a good lattice 

match between the substrate and the crystallizing salt. This may be 

the case for the polyvinyl sulfonate-strontium sulfate and polyglutamic 

acid-calcium oxalate systems which present good structural fit between 

substrate and crystals. Polyvinyl sulfonate has anionic groups at a 

distance similar (0.4-0.5 %) to that observed between positive ions in 

the strontium sulfate molecule (0.435 H). Similarly, polyglutamic acid 

has carboxylic groups at about 8 while Ca^+ sites are expected to be 

about the same distance in the CaC20^ • 2Wfl crystal lattice (Drach et 

al., 1981). 

A similar mechanism was outlined by Glimcher (1960) when study

ing tissue mineralization. He hypothesized that "precise juxtaposi

tion of certain reactive groups in the organic matrix creates highly 

specific regions which act as sites for heterogeneous nucleation of 

the appropriate crystals from metastable (or unstable) solutions of the 

body fluid." Experimental results seem to support this hypothesis. He 

also reported experimental studies that suggest that regulation and in

hibition of calcification in normally unmineralized tissues is the re

sult of other constituents, specifically negatively charged mucopoly

saccharides and glycoproteins. It is possible that the colloidal and 

molecular organization of these electrolytes may be involved in their 

inhibitory property. 

In order to assess the effect that urinary macromolecules have 

on calcium oxalate growth and nucleation, it is first necessary to 



isolate this material from whole urine. Isolation, purification and 

proper identification of organic constituents present in the human body 

is not an easy task, and biochemists have developed a variety of tech

niques to accomplish these goals. The most widely used technique is 

chromatography, in all of its variations: paper, ion-exchange, gel-

permeation, column, gas-liquid column, adsorption column, and thin-

layer chromatography. Other well-used techniques are centrifugation, 

ultrafiltration, dialysis, electrophoresis, spectroscopy, X-ray 

diffraction, electron microscopy, and labeling with radioisotopes. Of 

these, only the last two are applicable to "in vivo" studies. A de

tailed description of these techniques can be found elsewhere (Bohinski, 

1976). In addition, the development of immunological assay techniques 

has proved especially useful in determining uromucoid concentration in 

normal and stone-forming urines. Uromucoid, the urinary mucoprotein 

known as Tamm-Horsfall mucoprotein, is a constituent of the protein 

matrix found in practically all renal calculi. Because of its calcium 

binding properties, it is believed that it actively participates in 

stone formation. Determination of uromucoid concentration in urine is 

difficult and discrepancies in results of order of magnitude are often 

observed in the literature (Sammuel, 1979). Immunological techniques 

and variations, e.g., radioimmunoassay (Grant and Neuberger, 1973), 

electroimmunoassay, and radial immunodiffusion (Sammuel, 1979), seem 

to provide more sensitivity and specificity in the determination of 

these compounds. 



1.4.1. Inhibition and Macromolecules 

The connection between macromolecules and Inhibitory activity 

is unclear. It is believed that crystal growth inhibitors are of 

anionic nature (Ito and Coe, 1977) since passage of human urine through 

anionic exchange resins removes much of its inhibitory material. A 

similar effect is found when urine is treated with other substances that 

precipitate anions. There is also some indication that they have 

"high molecular weight" and are acidic in aqueous solutions. The lowest 

molecular weight might be 1,000 daltons and at least part of the inhi

bition results from components with 12,000-14,000 daltons, (Gardner 

and Doremus, 1978). In their work "inhibition" was measured as an in

creased induction period for initial precipitation. 

Another study has been reported by Gardner and Doremus (1978) 

on the separation and effects of various inhibitor fractions found in 

normal urine. As mentioned, their inhibitory activity (IA) was considered 

to be proportional to the induction period measured by visible solution 

turbidity or optical microscopy, the IA of several urines was deter

mined by adding a 10% aliquot of normal urines to an artificial urine 

solution. Urines with high IA were treated in sequence by centrifu-

gation, ultrafiltration, dialysis, ion-exchange chromatography, and 

gel chromatography. The urinary material thus separated (concentrates 

and filtrates) were individually added to the artificial solution and 

their inhibitory activity compared to the untreated urine. It was con

cluded that the important inhibitors in normal urine were acidic, 



negatively charged compounds of both "high molecular weight" (mole

cular weight 1000, plus some compounds with molecular weight 12,000-

14,000 daltons), and high charge density. Uncharged macromolecules 

and cationic compounds showed no effect. The IA measured by these 

researchers could be due to many of the causes discussed above, e.g. 

solution complexing, growth inhibition, solubility changes, nucleation 

inhibition, etc. Such definitions of IA point out the confusion 

associated with "inhibition" in the urological literature. 

A complete identification of these compounds is not avail

able, but the same effect was found when using heparin (a mucopoly

saccharide with the same structural features mentioned above) in con

centration levels typical of those found for high molecular weight 

mucopolysaccharides in urine. 

Thorson (1979) found that heparin (6,000-25,000 daltons), uro-

mucoid (50,000 daltons), and polyglutamic acid (7,000 daltons) all 

inhibit calcium oxalate linear growth rate, but different from Gardner 

and Doremus, his technique allowed him to determine that they greatly 

enhance nucleation rates. When he added normal urine (5% aliquot) to 

the synthetic urine solution, nucleation rate increased by a factor of 

three while linear growth rate was slightly reduced. 

1.4.2. Characterization of Macromolecules 

Robertson, Scurr and Bridge (1981a) studied the inhibition prop

erties of polyanionic macromolecular fractions of normal urine. They 

analyzed only one normal subject and thus some precaution should be 



exercised when analyzing the reults. The residue obtained from centri-

fuging the urine was treated with 10% disodium EDTA to remove any cal

cium containing crystals. EDTA and other dissolved salts were then 

removed by dialysis and the insoluble, nonmineral fraction obtained was 

saved to test its inhibitory potency. The supernatant of the centri-

fuged urine was treated with 5% cetyl-trimethyl ammonium bromide (CTAB), 

as described by Scott and Newton (1975) to separate the polyanionic 

macromolecular fraction. The insoluble fraction, containing acidic 

glycosaminoglyeans (GAGS), Tamm-Horsfall mucoprotein (THM), and ribo

nucleic acid (RNA), was dissolved in propanol/water (2:1 v/v) and 

precipitated as barium salts. Low molecular weight compounds such as 

citrate, magnesium, and pyrophosphate were left in the insoluble fraction 

after treatment with CTAB. All three fractions separated in this form 

were tested for their ability to either inhibit'or promote crystal 

growth and aggregation. It was concluded that the greatest inhibi

tion (as measured by Robertson's aggregation test) was exhibited by 

the fraction containing polyanions, specifically, acidic GAGS 

(18% weight), THM (8.1%), and RNA (1%). Deproteinization to remove THM 

indicated that of this fraction, GAGS were the main contributors to 

inhibition with THM and RNA being the weakest. The greater inhibitory 

activity of acidic GAGS was observed to be with regard to crystal ag

gregation (measured as the change in %ZV>9pm) rather than to crystal 

growth (measured as the change in crystal volume AeV). The main urinary 

compound was chondroitin-6-sulphate, as shown by electrophoresis studies. 



Large order-of-magnitude discrepancies remain regarding the inhibitory 

potency of RNA, mainly because of differences in the concentration of 

RNA measured in urine. While Robertson et al. (1981a) determined that 

the concentration of RNA in urine is of the order of 0.4 mg/1, Ito and 

Coe (1977) reportedly calculated that urine contains 5mg/l, and 

Schrier et al. (1979) have measured 20 mg/1 of RNA in urine. If the 

inhibitory capacity of RNA were tested "in the concentration found in 

urine," then it would range from about 10% (Robertson) to 95% (Schrier), 

of the total inhibitory potency of urine. 

The effect that Tamm-Horsfall mucoprotein (or uromucoid) has 

on calcium oxalate crystallization is also unclear. Hall son and Rose 

(1979) found that uromucoid enhanced the formation of both calcium 

phosphate and calcium oxalate crystals and induced agglomeration. 

Residues obtained from centrifuged urine usually contained small calcium 

oxalate crystals trapped in large lumps of organic material rich in 

uromucoids. The first investigator to suggest that urine contained 

promoters of aggregation was Meckel (1856), and many studies (Boyce and 

King, 1963; Keutel, King and Boyce, 1964) have suggested that these 

promoters are mainly THM. Note that this is in direct conflict with 

the previously discussed work of Robertson. Bichler, Kirchner and 

Ideler (1976) found that there was no significant differences between 

THM excreted by normal persons and idiopathic stone formers, thus suggesting 

that THM was not the main source of stone formation. However, as it 

was pointed out earlier, determination of THM concentration in normal 



and stone forming urines is difficult and subject to errors, primarily 

because of the non-specific nature of the assays used. 

It must be emphasized at this point that most attention 

has been focused on inhibition of crystal growth. The effect of these 

"inhibitors" on nucleation rate has been ignored, mainly because 

B° was never measured until the work of Miller (1979). Mucopolysac

charides that inhibit growth rates have been observed to significantly 

enhance nucleation rates (Thorson, 1979, Randolph, Kraljevich and 

Drach, 1981). A large increase in nucleation rate is likely to cause 

an increase in aggregation of crystals, as aggregation mechanisms are 

typically stated as functions of the square of particle number density. 

Since urinary stones are 97.5% polycrystalline aggregates, it is be

lieved that aggregation is an important mechanism involved in stone 

formation. Thus, the specification of agents that enhance nucleation 

rate in the urinary system would provide invaluable information that 

could be used in the control of pathological stone growth. This dual 

property of enhancement and inhibition observed with mucopolysac

charides needs closer examination and will be discussed extensively 

throughout this work. 

1.5. Summary of Current Theories 
of Renal Stone Formation 

Intensive research has been done on the precipitation of cal

cium oxalate, the main crystalline compound of kidney stones found in 

the United States. At least one of the following physical responses 



are studied, namely urine supersaturation, depletion, crystal nuclea-

tion, crystal growth or degree of aggregation. 

Crystallization (supersaturation), inhibitor and matrix theor

ies have been proposed to explain how these phenomena may combine to 

give origin to calcium oxalate stones. It is widely accepted that the 

main factor affecting the size and degree of aggregation of the stone 

is the supersaturation of urine with respect to calcium oxalate, spe

cifically as measured by calcium oxalate ion product. Calcium is 

actively involved in the mineralization of mammalian tissues, e.g., 

skeletal development, tooth formation, cartilage mineralization, and 

renal calculi formation. Thus, for many years it was believed that 

hypercalciuria was the determining factor in urinary calculi formation. 

However, it has been observed (Finlayson, 1974) that urine supersatura

tion is 15 times more sensitive to changes in urinary oxalate concentra

tion than calcium concentration. Hence, increasing interest in deter

mining oxalate concentration in urine is expected in future studies 

concerning the cause and control of stone formation. Many efforts have 

been dedicated in the past to provide a simple, yet reliable, method of 

urinary oxalate analysis. Some of these methods are discussed in detail 

in Appendix A. 

In addition to supersaturation, it is commonly accepted that 

the concentration in urine of inhibitors of crystallization is the 

second most important factor involved in the genesis of calcium oxalate 

stones. It has been observed that for the same level of urinary 
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supersaturation, normal urine seems to inhibit calcium oxalate growth 

and aggregation to a largerextent than stone forming urine (Robertson and 

Peacock, 1972). This suggests that normal urine may contain some com

pounds (inhibitors) that would provide a protective mechanism against 

stone formation. These inhibitors would be absent or exist in lower 

concentrations in pathological urine. Alternately, stone forming urines 

may contain some promoters or enhancers of crystal nucleation, growth 

and/or aggregation. 

Many studies have been devoted to identifying natural or syn

thetic inorganic compounds having some inhibitory activity. Pyrophos

phate, citrate, magnesium, sodium, aluminium, and methylene blue, a-

mong many others, have been found to inhibit the precipitation of cal

cium oxalate (Drach et al., 1978; Sutor, 1969; Van't Riet et al., 

1964). However, the concentration of these compounds in urine is such 

that they can only account for 10-20% of the inhibitory potency ob

served in normal urine. Furthermore, these "inhibitory" actions are 

almost certainly due to solution complexing. Increasing evidence seems 

to indicate that the main inhibitory fraction in normal urine corresponds 

to organic macromolecules with molecular weight larger than 10,000 daltons. 

Thus, urinary macromolecule isolation and measurement of crystallization 

effects is the focus of current research. 

Previous studies have contributed to a better, if yet incom

plete, understanding of stone disease. Unfortunately, the majority 

of these studies suffer from two major defects:(i) they have not 

made use of the theoretical and experimental tools that are available 
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to quantify a continuous crystallization process; and, (ii) they 

have not standardized the terminology used to explain their findings. 

The latter shortcoming sometimes gives origin to confusing and appar

ently contradictory results. 

The wide variety of definitions regarding inhibition and in

hibitors has been discussed in section 1.3. It was also pointed out 

that the loose reference to macromolecules as being of "high" or "low" 

molecular weight caused much confusion when analyzing reported results. 

Molecular weights of artificial and urinary macromolecules should al

ways be specified, regardless of the use of terms such as high or low 

molecular weight. 

There are three areas of importance which must be considered in 

any crystallization process used in urolithiasis research. These are: 

1. Reactor configuration: continuous versus batch systems. 

2. Variables measured: linear growth rate versus total mass pre

cipitation rate; nucleation rate versus nucleation or induction 

periods; supersaturation relief followed by oxalate concentration 

depletion versus calcium concentration or solids concentration. 

3. Additives investigated: urinary macromolecules versus synthetic 

compounds. 

1. Reactor Configuration 

Most studies make usd of batch reactors to study the effect 

that different compounds have on calcium oxalate precipitation. Batch 

systems are characterized by variable supersaturation driving forces 
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as concentration decays fiyjm the initial to the final equilibrium 

value. Hence, inhibition/enhancement effects, indicated by changes in 

kinetics, are difficult to decouple from changes in supersaturation. 

Continuous systems have the advantage that they allow the super-

saturation driving force to be maintained at a constant (if unknown) 

level. Under these conditions, crystallization kinetics, and thus true 

inhibition/enhancement effects, can be quantified. In addition, the 

urinary tract behaves more like a continuous than a batch reactor. 

Thus, a continuous crystallization system seems the logical, if not the 

simplest, choice to study urolithiasis. Continuous systems will be 

discussed in detail in the following chapter. 

2. Variables Measured: 

Most batch studies concentrate on determination of the total 

crystal mass formed (usually reported as "crystal growth"), and the 

degree of aggregation. Few studies attempt to measure nucleation. When 

they do, the techniques used are either induction period measurements or 

formation product determination (variants of the same technique). A 

disadvantage of these techniques is that embryos exist long before they 

are detectable, i.e. measurable. Since nuclei must grow to a detect

able size, a combined nucleation/growth process is analyzed rather than 

nucleation alone. 

More relevant information is obtained by determining the crystal 

nucleation rate, once the nucleation process starts. Aggregation of 

crystals (such as observed in renal calculi) is known to be a function 



of the square of particle number density; thus a "burst" of nuclei or 

sudden increase in nucleation rate is likely to be associated with an 

increase in aggregation. Hence, the net effect of such "inhibitors" 

would be to increase rather than decrease the risk of stone formation. 

Both linear growth and nucleation rates can be quantified under 

constant supersaturation conditions with the use of the continuous 

MSMPR technique. 

The supersaturation driving forces (certainly in clinical stud

ies) are often estimated by following calcium ion concentration rather 

than oxalate ions. However, changes in oxalate rather than calcium 

concentration have been found to have more effect on urinary crystalli

zation. This is not surprising since urine is usually buffered with 

calcium ions, the concentration of this ion being roughly an order of 

magnitude higher than urinary oxalate. Expressed as calcium/oxalate 

molar ratio, the minimum ratio likely to exist in urine is of the 

order of three. Still, many investigators use calcium/oxalate molar 

ratios of one. By doing so, they can determine crystallization rates 

by following the decay in calcium concentration instead of oxalate. 

This is an attractive feature because determination of calcium ion 

can be readily accomplished with the use of a specific calcium ion 

electrode. 

Although oxalate ion determination is difficult in complex 

polyelectrolytic solutions such as urine, following oxalate ion has an 

advantage in that the study can be made under more realistic conditions 
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(e.g., any calcium/oxalate molar ratio likely to occur in urine). 

Specifically, in a low yield system such as calcium oxalate, where 

determination of supersaturation is critical in analyzing the varia

bles, the determination of oxalate ion concentration is of paramount 

importance. 

3. Additives Investigated 

Inorganic chemical compounds similar to those likely to 

exist in urine have previously been tested in "in vitro" studies of 

urolithiasis. It is now recognized that organic urinary macromole-

cules are the main agents affecting calcium oxalate crystallization 

and perhaps are critical in development of renal calculi. Urinary 

macromolecules are usually classified as polysaccharides, proteins, 

glycosaminoglycans, uromucoid and polypeptides, among many others. 

Although several studies have been reported and others are under way, 

complete isolation and identification of this material is unlikely 

in the near future. Hence, "in vitro" studies of synthetic model com

pounds cannot at this point give a one-to-one correspondence with actual 

behavior in the urinary tract. 

Complete isolation and identification of natural urinary 

fractions affecting calcium oxalate crystallization is most desirable. 

Fortunately, this enormous task need not be accomplished before these 

fractions can be tested in a realistic crystallizing system. Urine 

fractionation can independently be performed and the resulting products 

can be tested for inhibitory/enhancement effects. A few of these 



studies are starting to appear in the literature (Koide et al., 1981; 

Randolph et al., 1981; Paternain, Bernshtan and Pinto, 1980). Randolph 

et al. (1981) are the only investigators who have tested urinary frac

tions collected from normal and stone-forming urines in a continuous 

crystallization system. Their study more closely approaches the crys

tallization environment likely to exist in the urinary tract than pre

vious batch crystallization studies. 

1.6. Scope and Summary of this Research 

Drach, Thorson and Randolph (1980) found that the addition of 

5% (v/v) of human urine (normal subjects or stone-formers) to synthetic 

urine solutions significantly decreased calcium oxalate linear growth 

rate and greatly enhanced nucleation rate. The combined effect still 

resulted in lower crystal yield. The most dramatic increase in nuclea

tion rate was observed when stone-forming urine was added. Minute addi

tions of uromucoid reproduced most of the conditions observed with the 

addition of 5% urine, indicating that this substance (and probably other 

urinary macromolecules as well) may play an important role in the changes 

observed. 

The supersaturation level at steady state was unknown in 

Thorson's study; thus they could not define which process (growth inhi

bition or nucleation enhancement) was most affected. The possibility 

that enhancement of nucleation was more a reaction of the system to 

inhibition of growth due to mass balance constraints could not be ruled 

out. A dramatic increase in nucleation rate might be associated with 
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increasing agglomeration of crystals and, therefore, stone formation. 

Thus, many questions were left unanswered by this pioneering MSMPR study 

by Thorson. 

Based on these observations, the goals and aims of the present 

study were as follows: 

1. A first goal was to fractionate urinary macromolecules directly 

from normal and stone forming urines. The objective of urinary 

fractionation is twofold: first, to determine any differences 

that may exist between normal and stone forming urines regard

ing macromolecular composition; and, second, to provide urinary 

material to test in inhibition/enhancement studies. 

Analytical fractionation of urine into various compounds of 

different molecular weight can be performed through ultra

filtration, dialysis or gel chromatographic techniques, which 

are especially appropriate for separation of proteins and pro

tein-like materials. Ultrafiltration was used in this work, 

2. Another goal of this study was to investigate the effect that 

individual urinary fractions have on linear growth rate, nuclea-

tion rate, and total crystal mass precipitated. Specifically, 

to observe which fractions exhibit an enhancing effect on nuclea 

tion rate and/or an inhibitory effect on growth rate. In this 

phase, differences between normal and stone-formers macromole

cules were observed. A constraint on the technique used was that 

these effects should be observed in a renal-like environment, 
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e.g., the MSMPR crystallizer which constitutes a useful tool 

to study urolithiasis. 

3. Another aim was to experimentally determine supersaturation 

levels generated at steady state conditions in order to formu

late quantitative crystallization kinetic behavior in the pro

cess. Stoichiometric or thermodynamic supersaturation, s or S, 

are based on the limiting ion concentration, i.e., oxalate, and 

can be calculated from experimental oxalate assays together with 

either saturation measurements or calculated equilibrium 

oxalate values. 

4. Another important goal was to experimentally study conditions 

under which aggregation occurs, using scanning electron micro

scopy (SEM) techniques for identification of aggregates. 

5. A final goal was to combine the observations of (1) through 

(4) above to postulate a plausible overall mechanism of human 

stone disease which would be consistent with both the observa

tions of this study and the voluminous urolithiasis literature. 



CHAPTER 2 

UROLITHIASIS AND THE CRYSTALLIZATION PROCESS 

2.1. Preface 

The chemical literature is replete with studies concerning 

precipitation of ionic salts from solution, e.g., in Nielsen (1964). 

Recently, a rigorous theoretical treatment of the process has become 

available which provides new tools to accurately quantify the mechanism 

of precipitation. Specifically, this population balance-based theory 

of crystal-size distribution (CSD) enables one to separate the pheno

mena of growth and nucleation in the analysis of continuous crystalli

zation. Precipitation can occur from a melt, a vapor, or a solution. 

The precipitation or "phase-formation" process in liquid media can give 

origin to either fluid droplets or solid particles (crystals). The 

latter case is referred to as a crystallization process and constitutes 

an important unit operation in chemical engineering. 

The challenge that crystallization presents to chemical engi

neers is twofold: first, to meet crystal product requirements (e.g., 

purity, size and shape); and second, to design and operate industrial 

crystallizers. 

Process and product characteristics are related through one 

central property of crystallization, the crystal-size distribution (CSD). 

While CSD is probably the most important property, it is also the least 

43 
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understood and, thus, the most difficult to predict. The earliest 

studies on CSD go back to 1931, when Peet (1931) derived the exponen

tial population distribution of a continuous, well-mixed reactor. 

Later, Branson, Dunning and Millard (1949) made use of this type of 

reactor to quantitate growth and nucleation rates, and Saeman (1956) 

(considered by many to be the father of CSD analysis) showed the import

ance of fines destruction for increasing product size. Saeman's work, 

like all the analytical CSD studies that would appear later on, was 

based on a population balance in particle size. A formalized approach 

to CSD modelling was presented by Randolph and Larson (1962) followed 

by the work of Hulburt and Katz (1964). The population balance theory 

allows the prediction of CSD if the process configuration, physical 

parameters and system kinetics are known. If CSD has been determined 

one can use this information to quantify the system kinetics. 

Comprehensive characterization of a crystalline system neces

sarily includes consideration of the system configuration (e.g., batch 

or continuous), solution concentration (supersaturation) at the operat

ing conditions, crystal kinetics (nucleation and growth rates), crystal 

size distribution (CSD), crystal form (mono-, di-or tri-hydrate forms 

in the case of CaOx crystals), and degree of aggregation. Many analy

ses and techniques of industrial crystallization can be found in the 

literature, and the same concepts can be successfully and conveniently 

applied to the formation of renal calculi, in particular the study of 

CaOx. 



This chapter is devoted to establishing in more detail the link 

that exists between traditional crystallization theory as it is cur

rently applied to industrial processes, and its application to stone 

formation in the urinary tract. Attention will focus on the following 

concepts: 

1. Continuous systems. 

2. Supersaturation. 

3. Crystal nucleation. 

4. Crystal growth. 

5. Crystal aggregation. 

2.2.1. Continuous Systems 

A continuous crystallizer can be simply described as a well-

mixed reactor continuously fed with a solution of known concentration 

that remains in the vessel for a predetermined period of time (i.e., 

mean residence time) during which precipitation occurs. The solution 

is continuously discharged and either discarded or recycled. Precipita

tion can occur by chemical reaction, cooling or evaporation. In indus

trial crystallization the reactor is called a continuous stirred tank 

reactor (CSTR) or a mixed suspension-mixed product removal (MSMPR) 

crystallizer. The crystallizer can be used as a single unit or in a 

series of connected reactors with the discharge of one reactor being 

the feed stream of the next one. 

In the human body, such a reactor finds its equivalent in the 

urinary tract. Finlayson (1977) has suggested that the upper urinary 
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system resembles a series of two connected continuous crystallizers 

where crystallization of (mainly) calcium oxalate occurs by chemical 

reaction. The feed solution is urine concentrated in both calcium and 

oxalate ions which continuously flows through the collecting ducts 

(ducts of Bellini) and the renal pelvis. The residence time of urine 

within the urinary tract is about 5-7 minutes. During this time calcium 

oxalate crystals are continuously formed and withdrawn from the biologi

cal crystallizer. Robertson and Peacock (1972) determined particle-

size distribution of precipitates in urine and confirmed that most 

people routinely pass precipitated crystals in their urine. 

In vitro precipitation has been widely applied to urolithiasis 

research, but the vast majority of these studies used batch rather than 

continuous reactors. The crystaliization driving force in batch systems 

decreases continuously from initial to final concentration, as crystal 

growth takes place. Thus, nearthe final equilibrium concentration consider

able error can be introduced when estimating the rate of crystallization. 

One way to maintain a constant driving force in batch crystallizing 

systems is to continuously add calcium and oxalate ions to make up for 

their consumption when calcium oxalate is formed. Sheehan and Nancollas 

(1981) have recently proposed such a modification to batch operation, 

identified as the constant composition (CC) technique. The rate of ion 

addition must be carefully controlled by following the depletion of 

2+ 2-
Ca or Ox in the solution. Unfortunately, there is no available 

method to continuously determine oxalate concentration, but calcium 
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depletion can be monitored by using a specific calcium ion electrode. 

It is obvious that this method is limited to equimolar ratios of calcium/ 

oxalate. In addition, nucleation is difficult to measure in batch sys

tems, and only growth rate or total mass depletion is determined. In 

fact, a prime requirement for batch-operated growth rate studies is to 

stay in a low supersaturation region where nucleation is completely 

suppressed: the system is operated in the metastable region. 

An advantage of using a continuous system to model the situation 

in the urinary tract is that determination of the supersaturation driving 

force is based on concentrations in the reactor discharge rather than 

feed. Thus supersaturation, nucleation and growth rate can be quanti-

tated at constant concentrations regardless of the calcium/oxalate ratio. 

Theoretical treatment of several continuous crystallizer 

configurations can be found elsewhere (Randolph and Larson, 1971). 

Crystallization theory as it applies to the MSMPR system will be briefly 

outlined here. A detailed description of the continuous MSMPR reactor, 

and the peripheral equipment used in this work can be found in Appendix B. 

2.2.1.a. The MSMPR System. Consider a well-mixed continuously-

fed crystallizer of volume V, containing a solution (mother liquor) 

where crystals of all sizes are dispersed. The solution is supersatur

ated and both crystal growth.and crystal nucleation are taking place 

within the constant volume V. The feed stream may or may not contain 

seed crystals. 

The crystallizer has unclassified mixed product removal. That 

is, the distribution of crystals in the product is representative of the 
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crystal-size distribution in the volume V. Since the reactor is well 

mixed, an arbitrarily small element of volume is representative of any 

other element of volume within V, regardless of its location. The 

system operates at steady state; that is, no changes with time are 

observed in the feed rate, composition, temperature or CSD. The volume 

of the reactor is held constant. Under these conditions, a population 

balance for the particles contained in volume V can be expressed as: 

Q is the flow rate in ml per minute, the subindex i refers to 

input, G is the linear growth rate in microns per minute, V is the 

crystallizer volume in ml, n(L) denotes the distribution function repre

senting the population distribution about a particle size coordinate L 

in the domain (0,°°). 

The accumulation term is omitted in Equation 8 since the reactor 

operates at steady state. For an unseeded system, n^(L) = 0, and the 

input vanishes. If it is assumed that the linear growth rate is not a 

function of particle size, an empirical observation known as McCabe's 

AL-law which usually holds true, then Equation 8 reduces to: 

where t= V/Q is the fluid mean residence time. Integration of Equation 

V d[GnjL
L)J = Q1-ni(L) - Qn(L) (8 )  

Gx(dn/dL) + n = 0 (9) 

9 with boundary condition n(L=0) = n°, gives: 

n = n° exp (-L/Gt) (10) 
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This is the number distribution of the crystal product from an MSMPR 

crystallizer, with the assumptions and conditions stated above. The 

parameter n° corresponds to the distribution of population about a 

particle-size near zero, i.e., the population density of nuclei-size 

crystals. The nucleation rate B° is related to n° as B° = n°G. B° has 

units of number-ml"^-min"^. 

2.2.1.b. Properties of the Exponential Distribution. The mass 

or weight distribution is used more commonly than the number distribu

tion, n, in describing CSD. Frequently a distribution is represented 

only by the mass-weighted average size and the coefficient of variation. 

Some of these particle statistic terms, as they apply to the MSMPR 

crystallizer, are briefly discussed (e.g., Randolph and Larson, Chapter 

4, 1971). 

The number of particles dN of size L to L+dL contained in a 

liquid volume V is given as: 

dN = Vn(L)dL (11) 

The number of particles in the size range L-j to L2 in the volume V is 

obtained by integration: 

N(L1,L2) = V 
L2 

n(L)dL (12) 

Ln "1 

Thus the total concentration of particles per unit volume is given as: 

N j -

(CD 

n(L)dL (13) 

0 
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In particular for the exponential MSMPR distribution: 

NT = n° exp(-L/Gi:)dL (14) 

which reduces to: 

Nt = n Gx = m, 
0 (15) 

where nig is the zero-th moment of the distribution representing the 

total number of crystals in the unit volume. The i-th moment of a 

distribution p(L) is defined as: 

mi = L1p(L)dL (16)  

It can be shown that m-j represents the sum of the specific 

lengths of all the crystals in the distribution, m2 is proportional to 

the specific surface area of the crystals, and m^ is proportional to the 

specific volume of the crystals. For the exponential distribution 

these moments are: 

(CO 

Lj = m, Ln° exp(-L/Gr)dL = n°(Gt)^ (17) 

AT = kam2 = ka 

Mt = pkvm3 = pkv 

L2n° exp(-L/Gr)dL = 2kan°(Gx)3 (18) 
a 

L3n° exp(-L/Gr)dL = 6pk.^"(Gt)^ (19) 
V 

,0/P_„X4 

k. and kw are the area and volume shape factors, respectively. For 
a V 
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spheres k = IR and k = IT/6; for geometrically similar particles it can 
a V 

always be shown that ka = 6kv> The variable p is the particle density 

-3 in g-cm . 

A suitable average particle size in the suspension can be cal

culated as the ratio of two succeeding moments of the distribution, i.e., 

Li+1 i = mi +i/mi* For the m$MPR distribution: 

L_I 0 = Gt = population-weighted average particle size 

l>2 = 2Gx = length-weighted average particle size (20) 

Lg 2 = 3GX=area-weighted average particle size 

Although only the growth rate G appears explicitly in Equations 20, G 

and the nucleation rate B° are related through the mass balance equation. 

Hence, the average particle size . is determined by the kinetic 

rates of both crystal growth and nucleation. 

Finally, the coefficient of variation of a distribution is 

defined as: 

CVeSD/L = [(m2/m^) - 1]1/2 (21) 

CV is a measure of the "width" or relative size spread of a distribution. 

2.2.2. Supersaturation 

Although many factors appear to affect the formation of urinary 

stones, it is obvious that without supersaturation none of these factors 

could operate. A solution is said to be saturated with respect to a 

solid when it is at equilibrium with the solid phase. If the solution 
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contains more dissolved solid than at saturation conditions, it is said 

to be supersaturated with respect to that solid phase. The activity of 

a solute x in the liquid mixture, a , is a measure of the chemical 
X 

potential of that substance in the solution. It is a function of 

temperature, pressure and composition. Activity and solution concentra

tion are related by : a = F C , where F is the activity coefficient, 
X X 

C is the solute concentration, and x indicates the electrovalence of C. 

Thermodynamics states that the chemical potential change driving crystalliza

tion is related to the ion activity ratio (supersaturation ratio) as: 

Ay = RgT In (a/aQ) (22) 

where \i is the chemical potential available for the reation, Rg is 

the universal gas constant, T is the absolute temperature, a is the 

activity of the supersaturated solution, and ag is the solution acti

vity at equilibrium. When a = ag Equation 22 indicates that there is 

no free energy available for precipitation, and no stone could be formed. 

Most therapies in urolithiasis treatment are focused on decreasing the 

stone salt supersaturation in urine. Their effectiveness can thus be 

evaluated in terms of Equation 22 (Finlayson, 1977). 

Several definitions of supersaturation have been proposed in 

the literature. The most widely used, in terms of solution concentra

tion, are: 

1. Stoichiometric supersaturation or concentration driving force, 

s. Defined as total concentration C minus equilibrium 
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(saturation) concentration CQ (both concentrations based on 

the limiting ion), i.e., s = C-CQ. 

2. Supersaturation ratio, S. The thermodynamic supersaturation S 

is defined as the ratio between the total and the equilibrium 

concentration. It is properly expressed as a function of solu

tion activities, i.e., S = a/a^ = C/Cq. For ion pairs, S is 

given as the ion activity product divided by the solubility 

activity product, IPa/Ksoa
-

3. Relative supersaturation, cr, or percentage supersaturation, 100a. 

Defined as the ratio between the concentration driving force s, 

and the equilibrium concentration (saturation) at a given tem

perature, i.e., c = s/Cq = S-l. In the determination of S or a, 

all possible ion equilibria must be considered. 

Of these three definitions only the concentration driving force, s, is 

dimensional. 

Supersaturation is the driving force for crystallization and is 

an important variable in all crystallization processes. According to 

Mullin (1972), the concepts of unstable (or "labile") and metastable 

supersaturation were first introduced by Ostwald in 1897. Using these 

terms, three different zones described by the state of supersaturation 

can be distinguished, namely: 

1. The undersaturated (stable) zone, with C<CQ, where crystalliza

tion is not possible. Crystals may aggregate but neither 

nucleation nor growth will occur. 
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2. The supersaturated metastable zone, between the solubility and 

formation product levels, where spontaneous crystallization is 

improbable but both growth and heterogeneous nucleation may 

occur. Aggregation of previously formed crystals is possible. 

Here C <C <C,-. 
o m F 

3. The supersaturated unstable zone occurs when C>Cp, where spon

taneous precipitation is probable although not inevitable. In 

this region, aggregation and very fast growth are observed. 

Growth is often of a dendritic polyfaceted form. 

Determination of supersaturation driving force is essential in 

the study of renal stone formation mechanisms. 

Finlayson has developed a computer program (EQUIL) for calculat

ing ion equilibria of solutions as complex as urine, at 38°C. A descrip

tion of this program and its use can be found in Appendix C. Experimen

tally, if the solution concentration can be determined at a given 

temperature (e.g., by chemical analysis or with specific ion electrode), 

then the supersaturation is easily calculated using an ion-pair equilib

rium program such as EQUIL. 

In laboratory solutions containing equimolar amounts of calcium 

and oxalate ions, the specific calcium ion electrode is widely used. 

However, its precision has been questioned and undoubtedly its use is 

not feasible when the molar ratio calcium/oxalate differs greatly from 

unity. In this study, the synthetic urine solution is amply buffered 

with calcium ions (calcium/oxalate = 11.7); thus the only accurate way 



of determining supersaturation is by analyzing the solution in terms 

of the oxalate ion content. Analysis of oxalate in urine and urine

like liquors has proved difficult because of strong ionic interaction 

in such complex electrolytes. Relevant techniques are discussed in 

Appendix A. 

2.2.3. Nucleation 

Nucleation occurs spontaneously in sufficiently supersaturated 

solutions due to the free energy driving force, as shown by Equation 22. 

Unless the solution is seeded with external crystals, such spontaneous 

nucleation is essential in depletion of supersaturation. Certainly 

the nucleation phenomena plays an important role in the overall mecha

nism of renal urolithiasis. In a supersaturated solution, the positive 

contribution to free energy that results from forming new crystal -

liquid surfaces is compensated by the loss of chemical potential that 

occurs when a new lower-energy volume is formed. The overall free energy 

of formation exhibits a maximum as a function of particle size. This 

free energy maximum defines the critical (stable) nucleus size. 

Before this maximum value is reached, the molecules in the (unstable) 

nucleus may separate and destroy the nucleus identity. In other words, 

these "sub-nuclei" would disappear before achieving maturity. A mature 

(stable) nucleus is one that has attained a size such that the maximum 

value (with respect to size) of overall free energy change has been 

overcome. This is the critical size beyond which the nucleus will grow 

spontaneously as d(AG)/dL<0 for all sizes above this critical size. 



Classical and non-classical theories of nucleation have been 

discussed in detail elsewhere (Mullin, 1972; Walton, 1967; Strictland-

Constable, 1968; Nielsen, 1964). When no other crystalline matter is 

present in the solution, nucleation is termed primary. It can be 

homogeneous (spontaneous) or heterogeneous (induced by foreign, non

crystalline particles). If nuclei are formed only in the presence of 

other crystals, nucleation is termed secondary (induced by crystals). 

Of the two primary forms of nucleation, heterogeneous nucleation is most 

likely, with homogeneous nucleation occurring only at high supersatura-

tion levels. 

Several models have been proposed to predict the rate of homo

geneous nucleation. They are based on the Arrhenius-type expression: 

B° = c exp(-AG /<T) (23) 

* 
where AG is the free energy of formation at the critical nucleus size, 

K is the Boltzman's constant, T is the absolute temperature, and c is a 

proportionality constant. Classical nucleation theories, however, have 

not always been successful in predicting the behavior of real systems. 

This is not surprising since homogeneous nucleation is a phenomena 

rarely observed with most inorganic compounds because of the likelihood 

of heterogeneous factors being present. Heterogeneous and secondary 

nucleation are usually the most important mechanisms involved in the 

formation of new particles from solution. To take into account hetero

geneous effects, Miers and Isaac (1906) proposed a nucleation model based 

on the concept of the metastable region given by: 
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B° = kM(C-C )b, C > C, 
Nv m i m 

C < C. 
m (24) 

Here, it is assumed that kN can be a function of temperature but b is 

not. This equation predicts that nucleation does not occur at super-

saturations below the metastable concentration Cm. For most inorganic 

systems, Cm seems to be close to CQ. Thus as an approximation, 

This equation has been successfully applied to several systems. 

Secondary nucleation rate often depends not only on the super-

saturation level, but also on the mass of crystals in suspension, My, 

and on the crystallizer hydrodynamics. The latter contributes to the 

formation of new nuclei through crystal-crystal, crystal-impeller, and 

crystal-wall collisions. An adequate expression for secondary nuclea

tion rate has been found to be: 

Equation 26 reduces to Equation 25 for j=0. For many systems producing 

large particles, j has been found to be close to unity. Some examples 

of j lower than unity have also been reported, e.g., for K2S0^ (Randolph 

and Rajagopal, 1970), for CaC20^ (Miller, 1976), and for KC1 (Randolph, 

Beckman, and Kraljevich, 1977). 

In biological systems where there is significant interaction 

between inorganic crystallization and organic materials (e.g., proteins 

B° * kN<C-Co)b=kNsb (25) 

B° = k(RPM)M^s1 (26 )  
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and mucopolysaccharides) and debris, the process of nucleation is 

heterogeneous. Bone and tooth calcification, arthritis, gallstones, 

and kidney stones are all examples involving heterogeneous nucleation 

where inorganic crystals are deposited upon or within a matrix substrate. 

Although it has not yet been determined whether the crystals are depo

sited on a matrix substrate or the matrix is adsorbed on the crystal 

surface, it is evident that the interaction between crystallites and 

proteinic material is important in the study of physiological nucleation. 

In general the influence of the substrate in a solution is to 

catalyze the nucleation process by lowering the energy barrier for 

nucleation. Two models have been proposed to explain heterogeneous 

effects. Turnbull and Vonnegut (1952) consider that the critical nuclei 

have properties similar to a small element of bulk phase. Hence, 

supersaturation can be related to macroscopic parameters such as crys

tal ion spacing, surface energy or elastic moduli. On the other hand, 

Upreti and Walton (1966) claim that critical nuclei are formed by rela

tively few ions and thus they cannot be treated as bulk phase. They 

assume that the clustering process follows a reversible sequence of 

diffusion-adsorption-diffusion through a surface layer to a cluster of 

ions. In a highly concentrated solution the surface diffusion step may 

not exist since the ions could directly attach to the cluster. 

Both models account semiquantitatively for most experimental 

observations. They predict that good lattice match between substrate 

and precipitate catalyzes the heterogeneous nucleation process. Physical 
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adsorption is favored by nucleators with low adsorption energy and 

strongly adsorbing sites. Since proteins do not exhibit strong adsorp

tion, they would not seem to be likely initiators of nucleation. How

ever, it is possible that they act by means of a good lattice match or 

through chemical binding between ions of the precipitate and the sub

strate. It should be pointed out that chemical binding cannot strictly 

be considered a nucleation mechanism since binding also occurs in under-

saturated solutions. This type of nucleation is sometimes called "non-

activated" (Walton, 1967). 

Drach et al. (submitted for publication) have experimentally 

found that some polymers actively participate in the calcium oxalate 

precipitation process, apparently through good lattice match, thus 

enhancing the nucleation rate. The compounds showing this effect were 

heparin (MW:25,000 d), polyglutamic acid (MW:14,000 d) and uromucoid 

(MW>50,000 d). These compounds have in common an arrangement of car-

boxylic groups that would bind calcium at about the same distance (8 ft) 

+2 
that exists between Ca sites in the calcium oxalate lattice. Another 

compound (polylysine) having fewer carboxyl groups did not enhance nucle

ation rates. 

Few studies on nucleation rates are found in the urolithiasis 

literature. Unfortunately, the vast majority of studies on nucleation 

enhancement/inhibition make use of induction period measurements to 

determine the effect that different biological or synthetic compounds 

have on the nucleation process. A given additive is said to enhance or 
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inhibit nucleation when it shortens or enlarges the induction period. 

Induction period is defined as the time elapsed between achievement of 

supersaturation driving forces and the moment the crystals can be seen 

as bright particles in a beam of light, or their formation deduced by 

measuring concentration depletion with conductivity, refractive index 

or turbidity techniques. 

The use of induction period measurements to infer basic informa

tion regarding the nucleation process may be subjected to strong criti

cism. Since nuclei must grow to a detectable size, induction periods 

are necessarily a function of the growth rate. Unless both the nuclea

tion and growth processes are consistently the same over the concentra

tion ranged studied, little information can be obtained on nucleation 

alone. Since the nuclei growth rate may differ by orders of magnitude 

from that of macrocrystals, is is usually assumed that most of the induc

tion period is caused by nucleus formation rather than growth. Models 

based on this assumption usually fail to agree with experimental 

observations (Mullin, 1972). Kolthoff and Van't Riet (19.59), working 

with lead sulfate, show that there exists three distinct induction 

periods which correlate well with the three regions of nucleation and 

growth observed in many inorganic systems. At low supersaturations, 

nucleation is secondary or heterogeneous and discrete crystal growth 

occurs; at higher supersaturation rapid dendritic tree-like growth is 

observed. When supersaturation goes beyond the critical value nuclea

tion becomes homogeneous. As supersaturation increases, they observed 



that induction periods progressively decreased, showing a sharp decline 

in the homogeneous nucleation region. This observation gives rise to 

the concept of a critical concentration at the metastable limit where 

"bursts" of nuclei occur. 

Finally, the duration of the induction period is strongly 

influenced by external factors (temperature, agitation, supersaturation, 

level of impurities, viscosity, etc.). Hence, it cannot be considered 

a fundamental property of the system. Despite the uncertainty and 

complexity of the behavior of critical clusters, many studies have made 

use of induction periods as a measure of nucleation behavior. It is 

noted that a compound can extend the metastable limit (increase induc

tion time) yet also increase the rate of nucleation in continuous 

crystallization. 

Accurate information on nucleation rates can be obtained with 

the MSMPR technique which maintains constant supersaturation driving 

forces in the system. Under these conditions, nucleation rate can be 

quantified from CSD measurements. Rapid and accurate determination of 

CSD can be achieved using an electronic particle size analyzer, based 

either on the principle of interruption of current or light scattering. 

This technique has been successfully applied to study the kinetics of 

several inorganic compounds, in particular the calcium oxalate system 

(Miller, 1976; Thorson, 1979; Randolph et al., 1981). 

In addition to the lack of accuracy in its determination, 

nucleation or nucleation rate is often associated in the literature with 



terms such as "inhibitors" or "enhancers." Such terminology has not 

been well-defined or standardized. Since nucleation rate is a critical 

variable in the study of renal calculi formation, Randolph and Drach 

(1981) have recently attempted to standardize nomenclature by carefully 

defining nucleation concepts. 

2.2.4. Growth 

As soon as a nucleus attains its critical size, it grows sponta

neously. The mechanism for crystal growth can be diffusion-controlled, 

surface-controlled or a combination of both. In the first case growth 

rate is limited by the rate of diffusion of solute to the crystal sur

face. Diffusion-limited growth occurs in laminar or non-agitated 

systems and is proportional to the supersaturation driving force for 

growth. Thus, 

agitation increases, the relative velocity of the particle with respect 

to the mother liquor increases and the growth rate reaches a maximum, 

becoming surface-controlled at high relative velocities. The surface 

reaction or particle integration step is dominant when growth is by a 

surface-controlled mechanism. Growth rate is typically found to be 

proportional to some power of the supersaturation. Thus, 

=k9<C-Cs> (27) 

The proportionality factor kg includes the diffusion coefficient. As 

(28) 
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For many organic salts, including calcium oxalate, a is in the range 

of 1.5 to 2 (Miller, 1979; Sheehan and Nancollas, 1981; Randolph et al., 

1981). Alternatively, one can model crystal growth rate in terms of 

the thermodynamic supersaturation S or cr. There is some justification 

for this when the growth rate is surface-controlled. There are two 

theories to explain the nature of the surface growth mechanism. One 

theory is that a two-dimensional nucleus is formed on the crystal sur

face causing a discontinuity at the edges on which layer growth occurs. 

Another theory postulates a dislocation in the crystal lattice (screw 

dislocation) which provides low-energy sites for further layer-by-layer 

deposition of solute. The former mechanism is unlikely since it re

quires a high-energy barrier to be surmounted. The latter theory 

requires lower energy and is a more likely mechanism for most solutes. 

In systems where the level of supersaturation is so small that 

it cannot be measured accurately (Class II systems), the B° and G expres

sions can be combined to eliminate the unknown variable s. Thus B° = 

^G1 with i=b/a and kn = ^k "k/®. The relative nucleation/growth rate 

sensitivity parameter i in general varies between 0.5 and 3.0. In an 

MSMPR crystallizer when i equals unity, the CSD is unaffected by super-

saturation. However, when i>l, crystal size will decrease with increas

ing supersaturation. For i<l, an increase in supersaturation will 

result in an increase in crystal size. The latter was found to be the 

case for the calcium oxalate system (Randolph et al., 1981). 

If a characteristic crystal dimension is denoted by L, then the 

linear growth rate is the rate of change of L. Thus, G = dL/dt. G is 
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the convective velocity of a particle along the L axis. Particles of 

the same size in the same environment are assumed to grow at the same 

linear growth rate. This is not necessarily the case in real systems. 

If similar crystals do not grow at the same rate under similar condi

tions, then there is an inherent dispersion of crystal growth rates. 

For such a case the CSD would theoretically have to be represented not 

only by the particle size but also by the particle growth dispersion, 

a property that would be difficult to relate to the state of the system. 

However, a one-dimensional representation of CSD is usually adequate 

since residence-time distribution is more important than growth disper

sion in the determination of CSD (Randolph and White, 1977). 

pendent of crystal size (McCabe's AL law). In other systems, however, 

growth has been observed to depend on crystal size. For these cases 

several empirical correlations have been proposed. They are usually 

of the form: 

where Gq is the growth rate at L = 0, with a and B being adjustable 

empirical constants. 

If McCabe's AL law holds, the mass balance equation in an MSMPR 

crystal!izer reduces to a constraint on the linear growth rate given by: 

In many crystallization systems the linear growth rate is inde-

G = Gq(1 + aL)3, p < 1 (29) 

G = 1 [ ^ ]1/4  

T 6pkV(B°/G) 
(30) 
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In the urolithiasis literature the terms "growth" and "growth 

rate" have been widely used. In most cases, however, what is meant is 

the total mass transfer rate as determined by mass deposition of crys

tals or solute depletion. In contrast, the linear growth rate G is 

proportional to the local mass transfer flux on a unit area of crystal 

surface. 

2.2.5. Agglomeration 

Since urinary stones are polycrystalline aggregates containing 

a small amount of mucoprotein matrix, aggregation is an important aspect 

in the formation of renal stones. 

The terms "agglomerate" and "aggregate" will be used throughout 

this text according to the ASTM definitions. An agglomerate is a group 

of two or more particles held together by weak cohesive forces such as 

electrostatic forces. It can be broken apart with shear forces or sol

vents. An aggregate is a group of two or more particles held together 

by strong intermolecular forces such as crystalline bonds. It cannot 

be dispersed with shear forces. 

Available literature on agglomeration and aggregation mechanisms 

is surprisingly scarce even though the removal of fine particles from a 

liquid suspension is an important problem on an industrial scale. The 

best and most widely used industrial procedure to remove fines from a 

system is to induce agglomeration of particles prior to sedimentation 

or filtration. A number of well-known methods are used to agglomerate 

fine particles in liquid suspensions. One method involves the addition 



of electrolytes to reduce the zeta (electrostatic) potential to allow 

colliding particles to cohere, forming a loose agglomerate. After some 

time these weak bonds are often reinforced with crystalline bridges 

formed by precipitation between particles. Thus they are cemented 

together and become stable. Another method of forming agglomerates is 

the use of polymeric flocculants that form bridges between the parti

cles. Polymeric bridging at liquid-solid interfaces occurs when one end 

of a large polymer molecule attaches to the surface of one particle 

while the other end attaches to the surface of a neighboring particle. 

Aggregation by polymeric bridging has been suggested as a primary mecha

nism in gallstone formation (Maki and Suzuki, 1964 and 1966). Too high 

a polymer concentration, however, would tend to prevent agglomeration 

by increasing surface coverage and leaving no space for a molecule to 

attach to another crystal. A third method of enhancing agglomeration 

involves the addition of a second immiscible liquid to preferentially 

wet the particles, thus causing adhesion by interfacial forces. Bonding 

forces in the first two methods are weak and produce voluminous agglomer

ates, while forces in the latter method are stronger, producing more 

dense agglomerates. 

Low zeta potential aggregation and sintering appeared to be 

important in forming encrustations in an "in-vitro" stone-growth system 

studied by Vermeulen, Lyon and Gill (1964). Methylene blue was found 

to inhibit further encrustations and dis-aggregate clusters by altering 

the zeta potential of calcium oxalate crystals (Finlayson, 1974). It 



has been observed that methylene blue and pyrophosphate decrease the 

nucleation rate of calcium oxalate in synthetic urine (Miller, 1976). 

Prevention of agglomerate growth by increasing polymer concentration 

(thus decreasing polymeric bridging) could explain the inhibitory effect 

of heparin in calcium oxalate aggregates, as observed by Robertson et 

al. (1973). 

The actual mechanism of stone formation occurring in human 

urine, and the conditions that favor it, are still to be determined. 

A complete study of agglomerated systems should include experimental 

data and a mathematical description of the crystalline system. Mathe

matical modelling of particulate systems undergoing both crystallisation 

and agglomeration are rarely found in the literature. Models that may 

prove adequate to describe the calcium oxalate system are used in other 

areas of current engineering research such as crystallization processes 

(Low and White, 1976) and aerosol pollutants formation (Gelbard and 

Seinfeld, 1979). 

The majority of existing agglomeration models have been devel

oped for batch systems operating under either laminar (Smoluchowski, 

1917; Muller, 1926; Higuchi et al., 1963) or turbulent flow conditions 

(Saffman and Turner, 1956; Thomas, 1964; Wahl and Baker, 1971; Halfon 

and Kaliagine, 1976). Few models describing agglomeration in continuous 

systems are found in the literature. The theory behind the MSMPR 

crystallizer (Randolph and Larson, 1971) assumes that crystal growth 

results only from the deposition of solute on the crystal surface. This 
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assumption of linear growth is valid under many operating conditions. 

However, when the concentration of particles is excessive, e.g., due 

to high supersaturation levels, the agglomeration mechanism becomes 

important, and growth can no longer be considered linear. 

When agglomeration takes place in an MSMPR crystallizer, the 

population density is observed to deviate from the exponential form. 

According to Baker and Bergougnou (1974), the agglomerate size distribu

tion in this type of reactor would be log-normal. 

Although modelling of the agglomeration process is outside the 

scope of this work, a brief summary of theories currently available to 

describe this process under both laminar and turbulent regimes is 

presented in Chapter 3. 

This work considers agglomeration/aggregation only to the extent 

of determining experimental conditions which favor crystal agglomeration. 

Factors such as supersaturation, particle number density, urinary 

macromolecule concentration, and retention time play a role in the 

agglomeration process. It would be of great interest to determine if 

the presence of urinary macromolecules is indeed necessary for agglomer

ation to occur, or if this phenomenon is determined solely by high 

supersaturation levels (i.e., high oxalate concentrations) and large 

crystal populations. 



CHAPTER 3 

AGGLOMERATION PROCESS IN CRYSTALLINE SYSTEMS 

There are many observations suggesting that crystal aggregation 

plays a significant (perhaps crucial) role in stone formation. For 

example, for a single calcium oxalate crystal to be trapped inside the 

urinary tract to become the nidus for stone formation, it would have to 

grow to a size of approximately 200 microns (the nominal diameter of 

the smallest passages in the kidney, the ducts of Bellini). If all 

the urinary oxalate contained in a urine volume equal to the volume of 

the kidney were used to form just one spherical calcium oxalate stone, 

it would be about 72 microns in diameter. In addition, the mass trans

ported by diffusion to the crystal surface in the tubules has been 

estimated to be less than one-tenth of the total oxalate available 

(Finlayson, 1977). 

Furthermore, typical linear growth rates of calcium oxalate 

measured in synthetic urine systems with physiological ion concentra

tions are of the order of 0.2 - 0.5 micron-min"^ (Randolph et al., 1981). 

Since the mean residence time of urine in the kidney is about 7-10 min

utes, it seems highly unlikely that such growth rates would result in 

single crystals as large as 200 microns. The fact that the vast major

ity of surgically removed urinary stones are polycrystalline aggregates 

has contributed to the widely accepted idea that agglomeration/ 
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aggregation mechanisms play an important, even critical, role in kidney 

stone disease. 

Aggregation processes on an industrial scale are important in a 

number of crystalline systems, e.g., allumina (Halfon and Kaliaguine, 

1976; Low, 1975). Several experimental studies have identified agglomer

ation as a factor influencing alumina crystal formation (Misra and White, 

1971). Others have systematically studied the conditions under which 

agglomeration takes place. Factors such as stirring speed, baffles in 

the reactor, solution saturation and temperature, surface active agents, 

seeding, and residence time have been observed to affect particle 

aggregation (Higuchi et al., 1963; Meissner, Michaels and Kaiser, 1964; 

Maruscak, Baker and Bergougnou, 1971; Kawashima and Capes, 1974). 

A few studies have focused on mathematical treatment of the 

crystal agglomeration process. Some of these studies have made use of 

population balance formulations as they apply to batch crystallizing 

systems (Halfon and Kaliaguine, 1976; Low, 1975). However, few studies 

have considered aggregation in continuous MSMPR systems (Baker and 

Bergougnou, 1974). Typically, the models are simplified and developed 

for a pure agglomeration process without simultaneous nucleation and 

growth (Hulburt and Katz, 1964; Baker and Bergougnou, 1974). There 

have been no systematic population balance studies in which crystal 

nucleation, growth and aggregation are all considered important and are 

occurring simultaneously, either for batch or for continuous systems. 

In the case of kidney stone disease, it is of particular inter

est to focus on the agglomeration/aggregation process as it occurs in 
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the continuously crystallizing calcium oxalate system. The experimental 

conditions under which calcium oxalate crystals are likely to aggregate 

in an MSMPR system have been determined in the present study and are 

reported later in this work. 

The theoretical approach to the agglomeration/aggregation pheno

mena can be formulated as follows. The population balance equation for 

a continuous crystallizer/aggregator system can be written as: 

!r + f̂r1- = T £ni<L) -n(L)] + B(L) -D(L) (31) 

In this equation, n-(L) represents the population distribution which is 

being converted into a distribution of agglomerated particles, n(L). 

The term B-D represents the net appearance of particles at a given 

linear size L due to agglomeration. Since particle diameter is not 
fCO 

conserved by agglomeration, i.e., L(B-D)dL = 0, the number density in 
J0 

agglomerating systems is more conveniently defined based on either 

particle mass, w, or particle volume, v. If the latter is used, then 

dN = nydv represents the number of crystals in the volume size v to 

v+dv. The volume and linear size coordinates are related as: 

v = kyL3 (32) 

where ky is a volumetric (dimensionless) shape factor. Using Equation 

32, the population balance transforms into: 

a[n(v)G ] •, 
^2-- 1 [n^v) - n(v)] + B(v) - D(v) (33) 



72 

where Gy = 3l<y^v^G, and G = dL/dt. Note that G is still the linear 

crystal growth rate as determined from mass transfer or supersaturation 

measurements. Assuming that B(v) and D(v) are reasonably formulated 

agglomeration functions, then (B-D) will be conserved in the v domain, 

i.e., [ v[B(v)-D(v)]dv = 0. However, the MSMPR distribution, with or 
^ o 

without agglomeration, will not follow the exponential form in the v 

domain. Baker and Bergougnou (1974) predicted that in such a system the 

resulting size distributions would be log normal (population basis). 

3.1. Agglomeration/Aggregation Mechanisms 

The phenomenon of agglomeration in which particles suspended in 

a fluid phase collide and form aggregates is relevant not only to indus

trial and biological crystallization systems but also to aerosol and 

cloud formation in the atmosphere. The basic theory of particle agglomer

ation in a suspension was first developed by Smoluchowski (1917) and 

will be briefly outlined below. 

Particles suspended in a liquid generally exhibit an electrical 

charge which is usually negative. Thus, at short interparticle distances, 

the particle repulsive action tends to decrease the probability of 

agglomeration. As one particle approaches another as a result of fluid 

motion, collision will take place only after the interparticle repulsion 

force has been overcome. Of these collisions, only a fraction may result 

in actual agglomeration. Since the frequency of collisions resulting in 

agglomeration depends strongly on the flow field, i.e., Brownian motion, 
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laminar or turbulent f low, agitation is an important factor to take into 

consideration in the theoretical treatment of agglomeration. 

Smoluchowski f irst studied agglomeration of particles suspended 

in a motionless medium, a process also known as "perikinetic" agglomera

t ion. He assumed that the number density of particles was so small 

that coll ision between particles occurs only in pairs. Let R be the 

radius of an imaginary sphere surrounding a stationary particle; assume 

that al l  other particles crossing R are attracted to the central par

t icle and become bonded to i t .  Hence, the particle concentration at 

the spherical surface R is always zero. Also for non-interacting par

t icles, R = d, where d is the particle radius. The average rate at 

which particles cross R as a result of Brownian motion wil l  determine 

the f lux across the surface. The distribution of particles, n, dif

fusing toward the sphere R satisfies the diffusion equation: 

in = n J <L r r2 Mi (34) 
3t br ^2 3r L  8rJ  1  ;  

where is the Brownian diffusion coefficient of the dispersed par

t icles. The init ial  and boundary conditions for Equation 34 are: 

n = nQ  for t  = 0 r  > R 

n  =  0  t > 0  r  =  R  ( 3 5 )  

n = n t  > 0 r  

where nQ  is the init ial  particle distribution in the suspension. I t  is 

of interest to determine the probabil ity of coll isions between two 



particles dispersed in a l iquid or gas medium as a result of their 

Brownian motion. Solving Equation 34 with Conditions 35, the total 

number of coll isions per unit volume of dispersion per t ime can be 

obtained as: 

Nbr =  8 l r 0brR no =  8 , r Dbra no ( 3 6 )  

Thus the number of coll isions in Brownian motion is proportional to 

the particle size. 

I f  the medium is in motion, such as in laminar f low, the non

zero velocity gradient must be taken into account. The effect of 

Brownian motion can be disregarded as i t  can be assumed that deforma

tion of a particle trajectory is not affected by the hydrodynamic inter

action between particles. The total number of coll isions under a 

laminar f low regime is then given as: 

N, = ~ n^UR3  = njjd3  (37) 
lam 3 o 3 o 

where U is the velocity gradient. Note that the frequency of coll isions 

in laminar f low depends on the third power of the particle size, i .e. ,  

i t  increases rapidly with increasing particle size. 

The agglomeration of hydrosols under Brownian motion and laminar 

shear f low has been studied experimentally and/or theoretically by many 

others. These studies usually result in confirmation of Smoluchowski's 

theory (Swift and Friedlander, 1964; Fair and Gemmel, 1964).  In many 

instances, a self-preserving (independent of t ime) dimensionless function 

for the particle size distribution has been found to satisfy 
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Smoluchowski's equations for agglomeration in static and laminar motion. 

This distribution was also found to be independent of the init ial  dis

tribution of suspended particles after a given period of t ime, i .e. ,  the 

agglomeration of both mono and polydispersed particles would eventually 

result in the same f inal particle distribution (Hidy, 1964; Swift and 

Friedlander, 1964; Sastry and Fuerstenau, 1970).  

In many engineering systems the agitation conditions of a f luid 

result in turbulent f low. Thus the frequency of coll isions is substan

t ial ly increased with respect to both laminar f low or static f luids. 

Agglomeration in turbulent f lows, a process also known as "orthokinetic" 

agglomeration, may be caused by two different mechanisms, namely: (1) 

coll isions due to spatial variations of the turbulent motion, i .e. ,  

between particles moving with the f luid; and (2) coll isions due to 

inertia effects which originate when the difference in density between 

the particles and the suspension medium is large, allowing coll isions 

between particles moving relative to the f luid. Usually in l iquid sus

pensions the densities differ by a factor of two or three. However, in 

the case of particles suspended in a gas, e.g.,  aerosols in air,  the 

3 density of the particles may be 10 times higher than that of the air.  

In this situation inertia effects may predominate over the convective 

process. The inertia mechanism alone fails to take into account col

l isions between equal-sized particles. 

Camp and Stein (1943) f irst applied Smoluchowski's theory for 

shear f low coagulation to turbulent f low in a mixed reactor. They 



replaced the strain rate in his turbulence expression by an effective 

1 1 2  strain rate ( e / v )  ,  where e  is the average turbulent energy dissipa

tion rate per unit mass in the reactor and v is the kinematic viscosity 

of the continuous phase. Levich (1952) also developed a theory for 

agglomeration in turbulent f low. Similar to Smoluchowski's approach, 

the problem of agglomeration of particles transported by turbulent 

eddies was reduced to a diffusion problem. A t ime-average concentration 

of particles, n, is said to satisfy the static diffusion equation: 

T" IX P-l = 0 (38) 3r L  turb 3rJ  x  

with boundary conditions 

n = 0 at r  = R 

n = n as r  °° (39) 
o 

The diffusion approach is justif ied i f  i t  is considered that al l  the 

particles are contained within the turbulent eddies which move through 

the bulk l iquid at random in a fashion similar to that of Brownian 

motion. The rate of coagulation found by Levich differs by about one 

order of magnitude from that of Camp and Stein (1943).  This may be 

because the steady diffusion model does not accurately describe the 

relative motion of particles in the turbulent regime. 

Saffman and Turner (1956) proposed a theory of coll isions be

tween drops in turbulent motion and used i t  to study the importance 

of turbulence in the formation of atmospheric clouds and rainfall .  The 

drop size considered in this model was smaller than the small eddies of 
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turbulence and the coll ision rate was found to depend only on the drop 

size, the rate of energy dissipation e* and the kinematic viscosity of 

the f luid, v.  Their results agree well  with those of Camp and Stein 

(1943).  

Modell ing of agglomeration in turbulent f low would be consider

ably more diff icult without assuming isotropic turbulence. The concept 

of local isotropic turbulence is due to Kolmogorov (1949; see also 

Hinze, 1959).  The magnitude of the f luctuating component of the velo

city vector in a turbulent f luid is defined by the root mean square 
—p- ~2 —p 

values u ,  v ,  and w ,  where u, v, and w are the f luctuating components 

of the velocity at a point relative to a f ixed system of coordinates. 

~2 ~2 ~2 Isotropic turbulence is defined by u = v = w .  Since most practical 

cases are unisotropic, Kolmogorov assumed isotropy in a volume which is 

very small compared to the macroscale of the turbulent f low f ield, Ly. 

For particle sizes X  « L -p where X  is known as the Kolmogorov length 

~2 scale, f luctuations such as u are determined solely by the character

istics of the small eddies which are statistically independent of the 

main f low. Thus local isotropy can be assumed even when the main f low 

~2 is anisotropic, u is also independent of the direction of the radius 

vector X ,  hence the requirement for local isotropy is satisfied. I f  

X is much larger than the scale of the energy dissipating eddies (or 

~2 microscale of turbulence), X Q ,  then Kolmogorov assumed that u is 

independent of the viscosity v ,  i .e. ,  only a function of e .  By dimen-
o 

sional analysis simple relations can be obtained between u ( X ) ,  e  and v  

(Shinnar and Church, 1960; Levich, 1962; Thomas, 1964).  



Thomas (1964) proposed a model for the turbulent disruption of 

f loes (loose agglomerates) in suspensions with small particle size. 

He considered that the main mechanism leading to f loe rupture in a tur

bulent f low are pressure differences on opposite sides of the f loe, 

thus causing deformation and rupture. The pressure effects are opposed 

by the yield stress t and are favored by an increase in the energy 

dissipation per unit mass of f luid, e. Floe size wil l  be minimum where 

e is at i ts maximum value (e.g.,  near a pipe wall) .  

3.2. Agglomeration/Aggregation Kinetics 

Formulation of agglomeration birth and death functions which 

can be incorporated into the population balance (Equation 31) has been 

attempted in several studies. Halfon and Kaliaguine (1976) studied 

agglomeration of aluminum trihydroxyde, both experimentally and theo

retically. Their model is based on previous formulations presented by 

Hulburt and Katz (1963) and Sastry and Fuerstenau (1970).  They con

sidered a batch crystall izing system for which the population equation 

is given as: 

3 nJ.L)  + 3["(L)G(L)3 = h = B -  D (40) 
o t o W 

The net agglomeration term was defined using the particle mass w 

as the internal coordinate. Thus the population density n was rede

fined as the number of particles of mass between w and w + dw per unit 

volume of suspension. I t  was assumed that coll ision, and hence agglomera

t ion, at time t  between particles of mass w-| and was proportional to 



the product of the population densities n(w^,t)  and n^jt) .  The pro

portionality factor c was assumed to depend only on the environment of 

the particles and not on their shape or size, i .e. ,  c = c(C,T) where 

C and T refer to the concentration and temperature of the suspension, 

respectively. Thus the birth function, i .e. ,  the rate at which par

t icles are formed at mass w by agglomeration, is expressed as: 

rVJ 
B = ( l /2)c(C,T) n(w-w',t)n(w',t)dw' (41) 

J0 

where w' and w-w' are the masses of two coll iding particles which, 

through agglomeration, give origin to a particle of mass w. The factor 

1/2 ensures that coll isions between these particles is not counted 

twice. The death function, i .e. ,  the rate at which particles of mass 

w are lost by agglomeration at time t  is expressed as: 

D = c(C,T)n(w,t) n(w',t)dw' (42) 
0 

All  coll isions of a particle of mass w which result in agglomeration 

imply the disappearance of that particle. Combining Equation 41 and 

42, the total rate of agglomeration is then: 

FW 
h = c[(1/2) 

I /OO 

n(w-w',t)n(w',t)dw' -  n(w,t) |  n(w',t)dw'] 
o JO 

(43) 

With this definit ion of h, Equation 40 transforms into an integro-

differential equation in terms of the population density n(w,t) .  

The proportionality factor c used in Equation 43 represents the 

probabil ity that coll isions between two particles result in actual 



agglomeration. Great attention has been focused in the past on deduc

ing explicit  forms for this efficiency-of-coll ision factor. In many 

instances i ts formulation has been simplif ied and either considered to 

be a constant (Chandrasekhar, 1943j Knutson, Pontinen and Rees, 1967; 

Sastry and Fuerstenau, 1970),  or dependent only on the particle envi

ronment (Hulburt and Katz, 1963; Halfon and Kaliaguine, 1976).  Fuchs 

(1964) has shown that a constant agglomeration coefficient is a good 

approximation i f  the Knudsen number (Kn = 2Ap/Dp) of both coll iding 

particles is less than 0.1. Size-dependent agglomeration kernels have 

been postulated for idealized cases. For instance, Smoluchowski (1917) 

showed that for the case of Brownian motion the coll ision efficiency 

factor is given by: 

c  =M [ v l /3 +  v l /3- ] r_l_ +  _J_1  ( 4 4 )  
i  j  3y i  v j  v"l/3 +  

v l /3J  w  

^ J 

where k is Boltzmann's constant, T is the absolute temperature, and y 

is the f luid viscosity. Equation 44 was derived assuming that the 

diffusion coefficients of the individual particles are given by the 

relation (Einstein, 1905; Overbeek, 1952): 

D = K T
i n  (45) 

6iTy v 

For simplicity, Smoluchowski assumed that: 

t ¥ i / 3  +  u] / 3 ] C7T73 +  7T7J5 •  4  <4 6> 
1 j  
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which is exact for monosized particle distributions. In monosized 

distributions c-- becomes independent of size and n. = n. = n .  Thus 
ij i J o 

2 the agglomeration rate h ( in Brownian motion) is proportional to nQ  

as previously indicated by Equation 43. 

In the case of laminar f low, Smoluchowski showed that: 

CJJ = (^)1 / 3 4f  [vj / 3  + vV3]3  (47) 

where Shis the shear rate with dimensions of (t ime)~\ c. .  also 
' J 

depends on both temperature and viscosity of the medium. Coagulation 

by shear f low increases rapidly with increasing particle size according 

to Equation 47. This equation has been found to be valid for spheres 

of 100 microns in diameter (Manley and Mason, 1955).  

In turbulent f low conditions Saffman and Turner (1955) and 

later Low (1975) proposed a coagulation kernel of the form: 

c i j  =  ^[v1 /3  +  v] / 333  (4 8)  

where U is the time-average velocity gradient and k1  is a constant. 

For the case of particles with sizes less than the Kolmogorov length 

scale Taylor (1935) found that the mean square of the velocity gradient 

is related to e and v through the expression: 

a2 • <!i>2 - ifr M 

where u is the x-component of the velocity. 

For agglomeration of aerosols Ramabhadran, Peterson and Seinfeld 

(1976) have solved Equation 40 for the cases of constant coagulation 



coefficient c. .  = $ and for b..  = $(v. -  v.)  as proposed by Golovin 
* J • J '  \j 

(1963).  The integro-differential equation was solved analytically, 

when possible, or numerically using orthogonal collation on f inite 

elements. 

Theoretical or numerical treatment of the agglomeration process 

for the case of calcium oxalate crystals was beyond the scope of this 

work. However, the subject has been briefly discussed here for complete

ness. One of the main contributions of the present study was to experi

mentally identify enhancement of calcium oxalate nucleation rate by 

high molecular weight macromolecules (HMWMM) and to corroborate that the 

process of agglomeration/aggregation of these crystals may indeed be the 

principal mechanism behind stone formation. This result indicates that 

the systematic study of agglomeration in continuous systems would be a 

valuable area of research to pursue in future work to elucidate the com

plete mechanism of renal stone formation. 



CHAPTER 4 

EXPERIMENTAL PROCEDURES AND METHODS 

The mixed suspension-mixed product removal (MSMPR) Crystall izer 

technique was applied in this work to the study of urolithiasis. This 

technique makes use of a continuous well-mixed crystall izer in which 

calcium oxalate crystals are continuously formed by chemical reaction. 

The crystal size distribution in the reactor is monitored with an 

electronic particle analyzer and the data are regressed to the exponen

t ial  distribution characteristic of the MSMPR system (Randolph and 

Larson, 1971).  The crystall ization equipment and the analytical 

methods used in this study are described in Appendices A and B. 

Briefly, the series of experiments done in this work involved 

the addition of known concentrations of urinary macromolecules, extrac

ted from both normal and stone-forming urine specimens, into an artif i 

cial urine solution which was supersaturated with calcium oxalate. 

This solution was then passed throuah the MSMPR continuous crystall iza

tion system. The crystal size distribution produced in the crystall izer 

was analyzed in real t ime by a PDI electronic particle counter with a 

PDP8 micro-processor. This analysis provided the variables character

izing the system, i .e. ,  crystal nucleation rate, B°, l inear crystal 

growth rate, G, average (population-weighted) particle size, L-j q,  and 

the total solids concentration of the solids precipitated, My c-



A typical output of the regressed CSD distribution is shown in Figure 1. 

The experimental data (shown by asterisks),  have been regressed to the 

exponential MSMPR distribution (represented by the dotted l ine).  The 

correlation coefficients of these regressions were frequently in excess 

2 of r  = 0.985. Another statistical analysis of the data in this study 

was the t-test,  performed by standard statistical methods, to determine 

significance in the difference of various means. 

The urinary fractions required by these experiments were ob

tained using an ultrafi ltration technique. A description of the methods 

and procedures used in this experimental work is presented below. 

4.1. Ultrafi ltration Technique 

Twenty-four hour urine specimens were collected from a group of 

8 healthy volunteers (2 females),  and a group of 11 active calcium 

oxalate stone-formers (2 females).  Of the stone-forming subjects, two 

were on a low calcium-low oxalate diet,  two were on a low calcium diet,  

one was on a low oxalate diet,  and three were on a free diet.  Their 

age ranged between 31 and 64, with that of the control group between 

28 and 45. All  the urine specimens used were proven free of urinary 

infection or significant pyuria (pus). Some stone-former specimens 

occasionally contained small numbers of red or white blood cells. 

The specimens were refrigerated during collection and, at completion, 

the individual samples were centrifuged at 3000 rpm for 15 minutes to 

eliminate cells, debris or other solid materials. After centrifugation, 

the volume, pH and ionic activity (expressed as osmolality) of the 
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the MSMPR Crystal Size Distribution (CSD). 
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individual samples were determined. Pooled samples were then prepared 

from each (N and SF) group, and were ultrafi ltered through successively 

smaller Diaflo membranes (molecular weight cutoffs of 50,000, 30,000, 

20,000, 10,000, 5,000, and 1,000 daltons). The f i l trates were usually 

discarded and the residues left  on the membrane surface were carefully 

removed by scraping, lyophil ized (freeze dried),  and stored in vacuum-

sealed vials. This material was then added to the calcium feed solu

tion (Table 2) in the crystall ization experiments. For specific 

experiments (described later in this chapter),  urine f i l trates collected 

after passage through given membranes were saved and kept refrigerated 

until  use. In addition, individual samples of extracts were obtained 

from seven stone formers and tested to estimate any adverse effect of 

pooling. A detailed description of the ultrafi ltration equipment used 

can be found in Appendix B. 

Selected lyophil ized urinary extracts from normal and stone-

forming urine were subjected to analytical immunoelectrophoresis by 

SDS-polyacrylimide gel methodology (Balant, Mull i  and Febre, 1974).  

The gel was composed of 8% separating gel and 5% stacking gel.  The 

slab was 1.5 mm thick and 150 mm in length. The concentration of 

macromolecules used was 1 mg/ml to ult imately evaluate 5, 7.5, or 10 

yg per band. The standards used were bovine serum albumin (68,000d), 

ovalbumin (43,000d), and chymotrypsinogen (25,000d). 

4.2. The MSMPR Technique 

The composition of the synthetic or artif icial urine solution 

used in all  the experiments is shown in Table 2. I t  corresponds to the 
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Table 2. Composition of the Artif icial (Synthetic) Urine. 

Substance 
Calcium Solution 

(g/2*) 
Oxalate Solution 

(g/2£) 

Na-C,Hc0, • 2FLO 3 6 5 7 Z 1.168 1.168 

NH4CI 4.643 4.643 

Na2S0^ 4.862 4.862 

KC1 12.133 12.133 

NaCl 13.505 13.505 

MgS04  2.855 -

CaCl2  •  2H20 4.799* -

H2NC0NH2  (Urea) 35.276 -

Na2C204  - 0.375* 

Na2HP04  - 1.737 

NaH2P04  •  H20 - 12.030 

*  Corresponds to 8.16 mM calcium and 0.7 mM oxalate, a ratio of 11.67/1. 
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same artif icial urine previously used by Mil ler (1976) and Thorson 

(1979) with the exception of some modifications that were introduced. 

The init ial  ionic osmolality was decreased from ca. 700 to 500 mOsm/1 

to allow for the addition of urea. Addition of 9 g/1 of urea brought 

the f inal osmolality of the solution back to 700 m0sm/l.  These 

modifications were introduced in view of several crit icisms of exces

sive ionic activity of the solution used in previous studies and 

because biological crystall ization in the urinary tract undeniably 

takes place in the presence of urea (Mil ler,  Randolph and Drach, 1977).  

The init ial  (feed) concentration of calcium (C r  . )  was also 
Ld 91 

decreased from 10 to 8.16 mM, a value more l ikely to be observed in .  

urine. CCa, .. was maintained constant at this value for al l  the experi

ments presented in this work. Oxalate concentration in the feed solu

tion (CQ x  . j )  was varied between 0.6 mM and 0.8 mM to study the effect 

of supersaturation on crystall ization kinetics. These init ial  concen

trations of calcium oxalate provided only the starting driving forces 

for spontaneous nucleation. They quickly drop to the steady state 

concentration in the mixed suspension, a value which is within the 

metastable region for calcium oxalate. I t  is at this supersaturated 

metastable concentration that B° and G are determined in the MSMPR 

system. 

Each synthetic urine solution was freshly prepared to avoid 

bacterial contamination. Prior to starting to feed the MSMPR crystal -

l izer these solutions were f i l tered through #1 Whatman paper to remove 



foreign particles. Agitation level and temperature (37°C) in the 

reactor were kept constant in all  experiments. The total f low rate, 

Q, was maintained constant in all  experiments at 0.5 ml/sec. The 

volume of the solution in the crystall izer was adjusted in each experi

ment to obtain the desired residence time, T = V/Q. At the beginning 

of each run the crystall izer was f i l led to the predetermined volume 

level with a metastable solution containing a high density of calcium 

oxalate crystals. The presence of these init ial  "seed" crystals mini

mized fouling on the reactor walls and other internal surfaces. Seed 

crystals did not interfere with steady state results since the init ial  

crystal distribution was washed out of the reactor within a few reten

tion times. Once the reactor had been f i l led with seed solution the 

calcium and oxalate feed solutions were pumped at the same rate into 

the crystall izer.  The discharge was passed through the electronic 

particle counting cell  and then discarded. 

In order to vary the supersaturation driving forces in the 

system the crystall izer was operated at different mean retention times 

of T = 2.5, 5,  7, 9,  and 1? min.,  keeping the oxalate feed concentra

t ion constant at C q x  ^ = 0.7 mM. In a second set of experiments, both 

T and C q x  .  were varied at the following levels: T = 4,  7 and 10 min, 

and CQ x  ^ = 0.6, 0.7 and 0.8 mM. The idea of these experiments was to 

vary supersaturation over a wider range to obtain data for nucleation 

and growth rate kinetics correlation. 

When needed, lyophil ized HMWMM extracts obtained by ultrafi l

tration of urine specimens were added (10 mg/1) to the calcium feed 



solution and allowed to equil ibrate for a minimum of two hours 

(preferentially overnight).  

In each experiment, the MSMPR crystall izer was operated until  

i t  achieved steady state. This condition was usually reached after 10 

residence times. After steady state was attained the CSD in the reac

tor was measured and analyzed with the PDI/PDP8 system to obtain B°, 

G, L, q ,  and My c-  The crystal!izer discharge was f i l tered through a 

preweighed 3 micron Mil l ipore f i l ter and about 10 ml of the f i l trate 

was saved. The pH was immediately adjusted to between 1 and 2 and the 

sample was frozen for later analysis of supernatant oxalate. Oxalate 

analyses were performed according to the method of Hodgkinson and 

Will iams (1972) (Appendix A).  After assaying the concentration of 

oxalate in the steady state solution (CqxK an independent value of 

the total solids concentration was calculated as MT  = Cn  .  -  Cn  .  T,s 0x,i  Ox 

The rest of the f i l trate solution was saved for osmolality and pH 

determinations. The crystal mass retained on the Mill ipore f i l ter was 

dried, weighed and divided by the total f i l trate volume, to obtain a 

third value of the total crystal mass precipitated (My f) .  Another 

sample of f i l tered crystals was saved for scanning electron microscope 

(SEM) analysis. 

In summary, the information obtained from each MSMPR crystall i

zation experiment at steady state was: nucleation rate (B°),  l inear 

growth rate (G), average (population-weighted) particle size (L-|  Q) ,  

crystal slurry density as calculated from l inear regression analysis 

(My c)> crystal slurry density as obtained by f i l tration (My f) ,  crystal 



slurry density as calculated from chemical analysis data (MT  ) ,  oxalate I  9  s 

concentration (Cqx)> supersaturation ratio (S) calculated using the ion 

equil ibrium program EQUIL, SEM photomicrographs of representative crys

tals, and the pH and osmolality of the synthetic urine solution. I t  

should be emphasized that al l  these values were obtained at steady state 

conditions, i .e. ,  at constant supersaturation levels. 

4.3. Activated Charcoal Technique 

Whole urine specimens collected from five healthy volunteers 

were centrifuged and pooled. High molecular weight components were 

removed from two-thirds of the total volume obtained by contacting 

the urine with activated charcoal pellets. The rest of the pooled 

sample was saved for control experiments. Prior to i ts use, the acti

vated charcoal was sieved to remove pellets larger than 500 microns 

in size and was also f luidized with air to remove dust. Otherwise, 

separation of charcoal from urine after treatment would have been 

diff icult and incomplete. The urine contacting the activated charcoal 

(60 g/100 ml),  was agitated at room temperature for one hour. The 

charcoal was then removed, replaced by a fresh load, and the procedure 

was repeated. Shorter periods of time or a single charge of fresh 

charcoal proved to be insufficient to remove al l  the urinary organic 

macromolecules contained in urine. After two hours the urine was 

centrifuged at 3000 rpm to remove al l  charcoal particles. A 5% aliquot 

of this treated sample was then used in crystall ization experiments. 
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4.4. SEM Photomicroscopy 

As mentioned earlier,  calcium oxalate crystals were collected 

during MSMPR steady state operation on a 3 micron Mi Hi pore f i l ter and 

quickly washed with ethanol to remove the mother l iquor and avoid 

further crystal growth and aggregation. A piece of the f i l ter was then 

attached with double-adhesive tape to a specimen mount, labeled and 

stored for later analysis in a covered box to protect the sample from 

dust. 

Scanning Electron Microscope (SEM) analysis requires that the 

specimens have both good electrical conductivity and high surface den

sity of material.  Otherwise, resolution and focusing are poor and 

charge effects cause erratic changes in image and contrast,  making 

photography almost impossible. To avoid these problems, the specimens 

to be analyzed were properly conditioned by applying a thin coating of 

a gold-palladium alloy over a supporting f i lm of carbon. About one 

inch of carbon rod and then about half an inch of gold or gold-palladium 

wire were gradually evaporated under vacuum to obtain a thin f i lm coating 

that would provide good conditioning without poisoning the sample. 

Three specimen mounts, properly identif ied, were loaded at a t ime in the 

SEM chamber. The f ield of each sample was scanned to determine the type 

of crystals in the sample (single and/or aggregates) and a representa

t ive area was photographed using Polaroid f i lm. 



CHAPTER 5 

RESULTS 

5.1. Fractionation of Normal and 
Stone-Forming Urines 

Table 3 i l lustrates several differences observed in the urine 

macromolecular fractions isolated from normal (N) and stone-formers 

(SF) groups considered in this study. Low molecular weight macro-

molecules (LMWMM) were present in all  the normal urines analyzed. 

These fractions were totally absent in the stone-forming urines. 

Neither group excreted macromolecules in the size range of 30,000 -

50,000 daltons. This result was verif ied by f i l tering more than one 

batch of pooled urine (1.8 l i ter/batch) through the same Diaflo membrane 

(PM30). After several f i l trations, no visible or recoverable residue 

was left  of the membrane surface. Hence, the possibil ity of overlooking 

too small a residue was eliminated. Of the HMWMM fraction, stone-

formers excreted, on the average, about 70% more than normals (79.6 mg/1 

for SF group compared to 49.5 mg/1 for N group). 

The pooled urine specimens (N and SF) used in this study had 

similar pH levels with an average of 6.2 (max = 7.0; min = 5.8).  The 

average total ionic activity of stone-forming urines was 628 m0sm/l 

(max = 780; min = 233),  and that of normal urines was 535 m0sm/l (max = 

554; min = 523).  

93 
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Table 3. Macromolecular Distribution of Normal and Stone-Former 
Urines. 

MW range (concentration of macromolecules, mg/1)* 

LMWMM 
1000 to 30,000 to HMWMM 

Urine Source 30,000d 50,000d >50,000d 

Mn„m a 1  73.00 + M  49.46 + Normal l y^6 3  None ^A  

Stone-Former None None 79.65** 
+ 35.5 

*  Dry weight after lyophil ization. 

** 0.02 < p < 0.05. 



No attempt was made to determine physical characteristics of 

the extracts obtained. However, no appreciable differences in terms of 

color, texture, and general appearance were observed between the two 

groups. I  rrcnunoelectrophoresis analysis of N and SF HMWMM did show 

striking differences in composition. The most significant difference 

was found to be the total absence in SF extracts of a dense band that 

was present in extracts from normal subjects. The dense band was detected 

in the SF case only after boil ing SF solutions. This band exhibited a 

molecular weight which was considerably higher than that of albumin 

(68,000d) and seemed to approach 98,000d. 

5.2. Calcium Oxalate Nucleation and 
Growth Rate Measurements 

5.2.1. LMWMM and HMWMM Effects 

Previous studies (Thorson, 1979) indicated that the high molec

ular weight urine fractions were l ikely to reproduce the effect of whole 

urine on calcium oxalate crystall ization. To test this hypothesis, one 

batch of normal urine was sequentially f i l tered through membranes with 

decreasing molecular weight cutoff;  namely, 30,000d and 5,000d. Hence, 

the collected f i l trates contained fractions < 30,000d and < 5,000d, 

respectively. A sample of each f i l trate was saved and then added (5% 

aliquot) to the synthetic urine solution. The resulting values of 

Ej q 5  G, B°, and MT  c  are summarized in Table 4. 

Crystall ization experiments performed only with synthetic urine 

solutions (no urinary fractions added) are referred to as C (control) 
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Table 4. Effects of Various Normal Urine Filtration Specimens on 
Calcium Oxalate-MSMPR Kinetics (T = 7 min).  

Specimen Tested L l ,0 G B° M t  T,c 

Synthetic Control Urine 2. 76 0.397 17314 18.1 

5% Centrifuged Urine 2. 42 0.346 33527 23.5 

5% Urine, 3ym Filtration 2. 55 0.364 27813 22.5 

5% Urine, <30,000d LMWMM 2. 88 0.410 14623 17.1 

5% Urine, <5000d LMWMM 3. 01 0.429 13081 11.3 

Synthetic Urine Plus >50000d 
HMWMM (10 mg/1) 2.  40 0.344 26459 17.3 

Synthetic Urine Plus <30000d 
LMWMM (10 mg/1) 2.  94 0.420 11479 13.8 



runs throughout this work. They constitute the basic case or inorganic 

control to which the crystall ization experiments with urine or urinary 

fraction addition are compared. In some runs 5% normal urine was added 

to the synthetic solution and used as a biological control.  A second 

biological control consisted of adding normal HMWMM fractions to the 

synthetic solution (10 mg/1).  These experiments are referred to as N 

runs. 

The results presented in Table 4 are compared to both the syn

thetic and the biological (5% urine) controls. To prepare the latter,  

a sample of whole urine was saved at the beginning of the ultrafi ltra

tion process. Half of this sample was centrifuged (3000 rpm), and the 

other half was f i l tered through a 3 micron Mil l ipore f i l ter.  In both 

cases the effect observed with urine addition was to increase B° and to 

decrease G as compared to the synthetic control.  The slightly lower 

value of B° in the f i l tered sample compared to the centrifuged sample 

may indicate that centrifugation does not entirely remove small solid 

material (~ 3 microns) from urine, thus leaving additional heterogeneous 

nucleation sites. 

When the urine contained only the low molecular weight frac

tions ( i .e.  < 30,000d and < 5,000d), the results approximated those of 

the synthetic solution, i .e. ,  with the removal of > 30,000d compounds, 

the whole urine lost i ts nucleation-enhancement and growth-inhibition 

properties. Addition of LMWMM fractions (10 mg/1) to the synthetic solu

tion also failed to reproduce the values of B° anc G obtained with whole 
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urine. I t  is interesting that the low molecular weight compounds, 

either those left  in urine and those added to the synthetic solution, 

seem to cause a further decrease in nucleation rate and an increase in 

growth rate when compared to synthetic solution. An opposite effect 

was observed with the addition of HMWMM (10 mg/1) to the synthetic solu

t ion, which brought the results back to levels observed with addition of 

whole urine. This conclusively indicates that the effect of whole urine 

on calcium oxalate crystall ization is primarily due to the HMWMM frac

tions. 

To further substantiate this finding, pooled normal urine speci

mens were treated with activated charcoal (60 g/100 ml) which is known 

to adsorb proteins and protein-l ike (high molecular weight) material.  

Table 5 shows that treated urine had virtually no effect on calcium 

oxalate crystall ization while reconstitution of the HMWMM fraction in 

the same charcoal-treated sample caused an increase in B° and a decrease 

in G and q  similar to that observed with untreated urine. 

The effect that N and SF-HMWMM have on total solids mass con

centration, M t  ,  and the average (population-weighted) particle size, 
I  ,S  

Lj q,  is indicated in Table 6. The control is a synthetic solution. 

Although HMWMM decreased both M t  s  and Lj Q ,  no significant differences 

were observed between N and SF extracts. 

5.2.2. Constant Feed Concentration Experiments 

This series of experiments was performed with init ial  oxalate 

concentration, C q x  f ixed at 0.7 mM. The residence time, T ,  was 
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Table 5. Effects of Charcoal Treatment on Calcium Oxalate-MSMPR 
Kinetics (T = 7 min).  

Specimen Tested L i ,o G B° MT  T,c 

Synthetic Control 

5% Charcoal-Treated Urine 

5% Charcoal-Treated Urine 
Plus HMWMM 10 mg/1 

5% Untreated Urine 

2.76 

2.83 

2.51 

2.41 

0.397 

0.414 

0.358 

0.344 

17314 

12916 

29746 

24794 

18.1 

14.4 

22.9 

17.0 



Table 6. Effects of 
M t  „ arid L, 

T ,S  1  

Various Alterations 
0  at (T = 7 min).  

of HMWMM on 

Specimen Tested M t > s  mg / 1  L l ,0 ^ 

Control 64.0 2.73 

Normal HMWMM 51.3 2.40 

Stone-Former HMWMM 52.5 2.41 
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varied (T  = 2.5 to 12 min) in order to obtain different supersaturation 

levels in the MSMPR crystall izer operating at steady state. Table 7 

summarizes the values of G, B°, My c  (as obtained from CSD calcu

lations), oxalate concentration, CQ x  (as obtained from oxalate assays), 

the supersaturation ratio, S (as obtained from the ion equil ibrium pro

gram), and the chemical total solids concentration, MT  (calculated 
I  9  S 

from the oxalate assay results),  obtained from C, N, and SF runs at 

different retention times. 

Figures 2 to 4 show the dependency of B°, G, and MT  on resi-I  9  c 

dence t ime in C, N, and SF runs. I t  can be observed that the effect of 

HMWMM addition to the MSMPR system is to significantly (p < 0.05) in

crease B° and to decrease G and Mx  for each retention time. These T,c 

effects were slightly more pronounced for the SF than for the N group. 

The total solids mass MT  was calculated based on Equation 19. Except 
I 9 C 

for very short residence times (t = 2.5 min) the value of MT  obtained 
I  9  C  

in SF runs seemed to vary only slightly about the value 14 mg/1. This 

stabil ization phenomenon is also apparent in Figures 5 and 6 where the 

concentration of oxalate, C q x  and the chemical My s  are plotted as 

functions of x for C, N, and SF runs. 

This represents a striking difference between the N and SF 

groups. To eliminate the possibil ity that this effect was caused by 

only one individual in the urinary pool of eight stone formers, an 

additional set of seven experiments was carried out at t = 5 min. In 

these experiments seven individual extracts from stone formers were 



Table 7. Kinetic Data from Control (C),  Normal (N) and Stone-Former (SF) Runs. 

*1,0 u  1 5  "T,c u0x J  "T,s Run L, n  G B Mx  _ Cn  S M_ _ Additives T  

# ym ym min -^ no-ml"^-min"^ mg-1"1  mM mg-1"^ 10 mg-l -^ min 

040980 2.73 0.546 12,637 9.02 0.386 11.11 51.5 C 5.0 

031980 2.76 0.395 10,821 11.28 0.310 13.64 64.0 C 7.0 

041080 2.66 0.296 11,583 13.80 0.296 14.12 66.3 C 9.0 

041480 2.79 0.233 7,156 12.93 0.256 15.44 72.8 C 12.0 

041580 2.14 0.428 39,662 13.66 0.387 11.04 51.3 N-HMWMM 5.0 

032780 2.40 0.331 27,039 16.50 0.355 12.13 56.6 N-HMWMM 7.0 

052180 2.49 0.276 19,680 19.03 0.315 13.48 63.1 N-HMWMM 9.0 

041780 2.42 0.202 16,750 19.87 0.280 14.64 68.9 N-HMWMM 12.0 

111980 1.96 0.787 42,627 5.69 0.410 10.26 47.6 SF-HMWMM 2.5 

041580 2.11 0.422 46,509 15.40 0.380 11.28 52.5 SF-HMWMM 5.0 

032080 2.41 0.344 35,462 24.30 0.376 11.42 53.1 SF-HMWMM 7.0 

052180 2.25 0.250 20,335 14.73 0.414 10.12 46.9 SF-HMWMM 9.0 

041780 2.34 0.194 14,833 16.01 0.406 10.40 48.2 SF-HMWMM 12.0 
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Figure 2 .  Nucleation Rate versus Retention Time for Control, Normal, 
and Stone-Former Experiments. 
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Figure 3. Growth Rate versus Retention Time for Control, Normal, and 
Stone-Former Experiments. 
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Figure 4. Total Crystal Mass Precipitated versus Retention Time for 
Control, Normal, and Stone-Former Experiments. 
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Figure 5. Steady State Oxalate Concentrations versus Retention Time 
for Control, Normal, and Stone-Former Experiments. 
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Figure 6. Chemical Total Crystal Mass Precipitated versus Retention 
Time for Control, Normal, and Stone-Former Experiments. 
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compared to three experiments using pooled stone-formers HMWMM, and to 

synthetic controls. Table 8 summarizes the values of L| q ,  6, B°, and 

M t  obtained in these runs. ^It is clear that no significant differen-
I 9C r  ' 

ces were found between individuals and pooled urinary extracts. 

Figure 5 shows a decrease in C q x  as residence time increases, 

i .e.,  a higher crystal yield was obtained at the longer retention times. 

This is in agreement with increasing MT  values observed in Figure 4 
I 9  C 

for C and N experiments. Oxalate analyses also confirm the flat MT  
I 9  C 

versus T profiles observed for SF runs. This stabilization occurred at 

C q x  = 0.4 mM, i .e.,  after the feed oxalate concentration C q x  ^ of 0.7 

mM has been depleted by 0.3 mM. This result indicated that when SF-

HMWMM were present, the crystallization process was stabilized at a 

higher level of supersaturation than observed in C and N runs. Pos

sibly this is due to either binding of oxalate ions by SF macromolecules, 

or to adsorption of these macromolecules on the crystal surfaces. How

ever, this hypothesis does not explain the residence-time-independent 

decay of concentration to the 0.4 mM level, unless that amount of super-

saturation relief was due to nucleation (which stil l  proceeds in the 

presence of HMWMM). The observed MT  behavior suggests pseudo-Class 
I 9 C 

I I  behavior in the SF system. Class I I  systems are characterized by a 

residence-time-independent decay in concentration from the feed to the 

discharge equilibrium value, whereas in a Class I  system, the concentra

tion decays gradually with residence time until  the equilibrium concen

tration is reached. I f  the SF-HMWMM had the property of transforming 

the calcium oxalate system from Class I  to Class I I  behavior, then: 
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Table 8. Pooled Stone-Formers versus Stone-Forming Individuals, 
all  at T = 5 min. — Means + S.D. 

Group L l ,0 G B° M t  T,c 

Pool 2.24 0.447 36101 14.0 
n = 3 + 0.17 + 0.03 + 9121 + 2.0 

Individuals 2.42 0.484 34900 17.3* 
n = 7 + 0.19 + 0.04 + 6476 + 5.0 

Control 2.82** 0.564** 20025** 15.9 
n = 2 + 0.127 + 0.026 + 9276 + 2.0 

* p less than 0.05 compared with pool. 

** p less than 0.05 compared with pool or individual. 
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(1) the measured Cgx  value of 0.4 mM should correspond to the final 

equilibrium concentration, and (2) this final value should be achieved 

with even short residence times. 

To test the latter assumption, the residence time was decreased 

as much as the operating conditions would allow, i .e.,  to 2.4 min. The 

results of this tests are shown in Figures 2 to 6 (stippled bars). Al

though not conclusive, neither the observed C q x  nor the My c  support 

true Class I I  behavior. The Mx  value obtained at t = 2.5 min (Figure I jC 

4) will  be discussed later in this section. To test the f irst assump

tion, equilibrium data for the calcium oxalate system were obtained by 

running the crystallizer for longer periods in batch mode. In these 

experiments, synthetic urine solutions were used with T = 5 min. After 

steady state was reached, the feed flow was shut off and the crystallizer 

was operated (agitated) in batch mode for several hours. Mother l iquor 

samples were saved at different time intervals (5-10 minutes during the 

f irst hour, and every 30 min afterwards) and were assayed for oxalate. 

Equilibrium was determined by stabilization of residual oxalate concen

tration (e.g., 3 hours). Table 9 summarizes the results of the equilib

rium experiments reported as MT  .  Although no differences in the final 
I » s  

equilibrium C q x  existed between the stone-former and the synthetic 

control systems, the final equilibrium value was significantly lower than 

the 0.4 mM metastable value, thus invalidating true Class I I  behavior. 

The phrase "pseudo Class I I  behavior" is adopted to describe C q x  versus 

T response in the presence of SF HMWMM. 
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Table 9. Calcium Oxalate Equilibration in MSMPR Followed by 
Batch Mode. 

Time (minutes) 

MT j S  mg/l 

Stone Former 
(HMWMM added) 

MT j S  mg/l 

Control 
(No Additive) 

0* 51.2** 51.3 

15 69.2 74.0 

35 80.7 82.0 

65 89.4 87.7 

105 90.2 - -

165 87.7 90.9 

215 92.7 — 

* Time zero indicates time that MSMPR constant feed system was shut 
off,  at MSMPR steady state. 

** Chemical M^ g  values, calculated from C q x  analysis. 
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When the residence time was decreased to 2.5 min (Figure 4) a 

low value (My c  = 5.9 mg/1) was calculated. This calculated My obtained 

from CSD analysis may be in error. Previous studies (Miller et al. ,  

1977) indicated that MT  was consistently below (at least 50%) the 
I 9  C 

Mj value determined experimentally ( i .e.,  mass of solids retained on a 

fi lter/volume of f i ltrate). Errors of this type are possible since, as 

shown by Equation 19, a small variation in B° or especially in G, may 

introduce large errors in the calculated My. The stippled bar graph is 

used to indicate the unreliability of this measurement. 

An accurate way to estimate My is from the results of chemical 

(oxalate) assays. Table 10 shows calculated (MT  ) versus chemical 
I 9 O 

(M t  ) for C, N, and SF experiments in this study. The ratio between 
I 9  S 

these two values reveals that although differences are observed between 

M t  and Mx  „, these differences are consistent. Thus MT  represents T,c T,s' T,c K  

a fraction of the true chemical MT  .  If  the purpose of a study l ies in 
I 9  S  

determination of trends rather than absolute values, then MT  is an 
I 9  C  

adequate estimation of the total mass of precipitated solids. In this 

study, chemical MT  was adopted for analysis of results as MT  satis-I 9  j  I  9  b 

fies a mass balance for the system and more closely matched experimental 

(f i ltered) My values. 

5.2.3. Variable Feed (Oxalate) Concentration Experiments 

Different levels of supersaturation driving force can be achieved 

either by operating at different retention times, or by changing the 

feed concentration of the l imiting reagent. In order to expand the re

sults obtained at constant oxalate feed concentration a second set of 
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Table 10. MY of Calcium Oxalate: Calculated versus Chemical Results. 

Group and x (min) MT,c MT,s MT,c 

Control 

5 13.3 51.5 .27 

7 16.7 64.0 .27 

9 19.8 66.3 .27 

12 18.9 72.8 .27 

Normal 

5 12.2 51.3 .24 

7 15.4 56.6 .27 

9 17.1 63.1 .27 

12 18.0 68.9 .26 

Stone-Former 

5 12.7 52.48 .24 

7 16.2 53.14 .30 

9 13.1 46.90 .28 

12 14.1 48.22 .29 
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experiments was performed in which both the retention time and the feed 

oxalate concentration were varied. 

Convenient operating conditions for the calcium oxalate system 

are T = 7 min and Cgx  .  = 0.7 mM. At these levels both variables are 

well in the range of conditions observed in the human body. Also, under 

these conditions, good yield levels are obtained in the MSMPR crystalli-

zer and steady state is achieved after reasonable time periods (1-1 1/2 

hours). These levels were used as standard conditions in this work as 

well as Thorson's (1979). Since small variations in oxalate concentra

tion produce large changes in crystallization, a variation in oxalate 

concentration of 0.1 mM about the base case was estimated to be appro

priate to observe changes in supersaturation. The oxalate feed concen

tration levels used were thus 0.6, 0.7, and 0.8 mM. The selected varia

tion in retention times was 3 min, i .e.,  the levels oftused were 4, 7, 

and 10 min. 

Results were compared to the biological (N) rather than the 

synthetic (C) control. Thus identical experiments were conducted using 

N and SF extracts. Table 11 shows the resulting G, B°, My s ,  C q x ,  and 

supersaturation ratio, S, values for the N and SF systems. 

The combined nucleation and growth rate data l isted in Tables 

7 and 11 are i l lustrated in Figure 7 (a and b, respectively), as a func

tion of C q x  for C (A), N (0), and SF (•) runs. The data points shown 

by closed symbols do not follow the MSMPR theory and will  be discussed 

in a following section. 



Table 11. Growth Rates, Nucleation Rates, and Supersaturation Measurements, Obtained at 
Different Feed Oxalate Concentration and Residence Times; N and SF Systems. 

HMWMM 

10 mg-l~^ 

Run 

# 

T 

min 

C0x,i 

mM 

G 

ym min ^ 

B° 

•I-l  • -1 no-ml -min 

C0x 

mM 

MT,s 

mg-1" 

S 

Normals 31881 4 .6 .435 60828 .509 14.9 18.201 

31881 10 .6 .280* 6912* .480 19.7 17.134 

40881 4 .8 .658 48447 .510 47.6 17.939 

40981 10 .8 .374* 12397* .487 51.3 17.111 

Stone 32681 4 .6 .436 60402 .414 30.5 14.718 
Formers 32781 10 .6 .243* 11738* .545 9.0 19.535 

40281 4 .8 .640 39444 .620 29.5 21.951 

40181 10 .8 .338* 12008* .627 28.4 22.214 

* Apparent kinetic information due to the presence of crystal aggregation. 
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Figure 7. Nucleation and Growth Rate versus Steady State Oxalate 
Concentration for N, SF and C Runs. 
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The straight l ine drawn through the synthetic urine (C) experi

ments clearly indicates that the effect of HMWMM is to enhance nuclea-

tion rate (Figure 7.a), and to inhibit growth rate (Figure 7.b). The 

kinetics of the calcium oxalate system (without additives) can be ob

tained from these straight l ines, as shown in Figure 8. Growth and 

nucleation rates from C runs were f it  to simple power-law correlations 

of the form: 

G = kg (C0 x)a  ym.min - 1  

(50) 

B° = k |^(cox^ no. ml .mi n""* 

A l inear regression program was used, giving the following kinetic 

parameters: 

kg  - 2.47 

kN  = 27511 

a = 1.67 

b = 0.84 

Slightly different values of these parameters were reported previously 

(Randolph et a!.,  1981). Their values were obtained using a double 

enzymatic method due to Costello, Hatch and Bourke (1976). All oxalate 

analyses reported in this work were obtained using the method due to 

Hodgkinson and Will iams (1972) which has been found to give highly 

reproducible results. This method is currently in use in several 
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urolithiasis research laboratories (Nordin, 1976; Pak, Kayashi and 

Arnold, 1976; Finlayson, 1977) (see Appendix A). 

The relative nucleation/growth rate sensitivity order for the 

synthetic calcium oxalate system is i  = b/a = 0.50. This value is 

considerably lower than the value of 1.73 reported by Miller (1976) 

and the value of 1.93 recently reported by Rodgers and Garside (1981). 

These differences might be attributable to in situ CSD measurements 

(this work) as compared to batch CSD determination performed by other 

investigators ( i .e.,  fi ltration, followed by resuspension prior to CSD 

measurements). The nucleation/growth rate kinetics indicates that the 

control (C) runs behaved as expected, i .e.,  B°, G, and C0x all  declined 

monotonically as t increased. 

I t  would be desirable to regress the N and SF data to similar 

kinetics correlation models and then compare the rate constants k^ and 

k^ to enable quantitative documentation of the dual inhibition/enhance

ment property of HMWMM. This regression is possible in the case of N 

runs for both nucleation rate and, with some scattering, for growth 

rates (Figure 8). Linear regression gave the following values for the 

kinetic parameters in the N system: 

kgl = 1.58 

kN 1  = 220,091 

a-j = 1.53 

b ]  = 2.01 

i ' l  = b-j/a-j = 1.31 
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Figure 8. Kinetic Data for Normal and Synthetic Urine Systems. 
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These results corroborated the enhancement/inhibition effect of N-HMWMM 

on nucleation/growth rate kinetics when compared to the synthetic sys

tem ( i .e.,  kM ,  » k.. and k ,  < k ) .  v NT N gl g 

With the exception of one data point (s) in Figure 7.a, a 

vertical ( infinite k^) l ine could be drawn through the nucleation rate 

data in the SF system. This is a consequence of the pseudo-Class I I  

behavior, i .e.,  constant C q x 's are measured even though B° and G vary. 

The vertical displacement of SF B° values indicate SF-HMWMM have an 

even greater effect than N-HMWMM in stimulating nucleation. Since no 

correlation between oxalate concentration and residence time was found 

in the SF system, B° and G bear no correlation to the state (concentra

tion) of the system. 

Table 12 includes the kinetic information obtained in four addi

tional experiments which were performed to answer some questions about 

the methodology used that arose from the experiments discussed above. 

Namely: 

1. When individually added to the synthetic system, HMWMM and LMWMM 

showed very different effects on the crystallization of calcium 

oxalate (Table 4). Which effect would predominate i f  both frac

tions were simultaneously added to the synthetic solution? To 

answer this question, LMWMM and HMWMM extracts obtained from 

normal urine were added to the synthetic solution in concentra

tions l ikely to be found in urine, i .e.,  15.8 mg/1 and 10 mg/1, 

respectively (see Table 3). 



Table 12. Nucleation Rate, Growth Rate, and Supersaturation Measurements, Obtained at 
Different Experimental Conditions; C, N and SF Systems. 

HMWMM 

(rng-1 - 1) 

LMWMM 

(rng-l"1) 

Run 

# 

T 

min 

C0x,i 

mM 

G 

ym min -^ 

B° 

no ml ^ min ^ 

C0x 

mM 

MT,s 

mg/1 

S 

N (10.0) N (15.8) 41381 10 0.8 0.344 14216 0.391 67.1 13.654 

N (10.0) — 42381 4 0.5 0.472 11439 0.477 3.8 17.165 

— — 42481 10 0.8 0.280 10844 0.643 25.7 22.790 

SF (30.0) — 22381 7 0.7 0.351 54221 0.371 54.0 12.939 

SF (100.0) — 111479 7 0.7 0.313 2126 0.678 3.7 24.284 
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The results shown in Table 12 indicate that under these 

conditions the HMWMM fractions dominate; results are similar 

to the N-HMWMM case. I t  must be kept in mind, however, that 

the conditions under which these urinary fractions co-exist 

with calcium oxalate crystals in the urinary tract may be more 

complex than the situation reproduced in the laboratory. 

2. Some experimental conditions caused the N and SF systems to 

deviate from the MSMPR behavior (Table 12 and Figure 7). This 

deviation was due to agglomeration of calcium oxalate crystals, 

a phenomenon discussed in the following section. Since i t  was 

necessary to compare these results with those obtained with the 

synthetic system, a C run (without macromolecules added) was 

performed at C q x  .  = 0.8 mM, and T = 10 min. The kinetic re

sults of this experiment are summarized in Table 12. 

3. Previous data (Thorson, 1979) obtained with 5% whole urine 

addition resulted in values of nucleation rate and total crystal 

mass precipitated which were 30-40% higher than those presented 

in this work. To elucidate this difference, the urinary macro-

molecule concentration (SF-HMWMM) was increased from 10 to 30 

mg/1 and a run was performed at C q x  .  = 0.7 mM and T = 7 min. 

Both the nucleation rate and the total crystal mass precipitated 

increased by about 35% (Table 12) when compared to 10 mg/1 addi

tion (SF-HMWMM) under the same experimental conditions (Table 

7), reproducing the values previously reported by Thorson (1979). 
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However, the concentration of HMWMM used in this work was main

tained at 10 mg/1 since i t  clearly reproduced the effect ob

served with the addition of urine specimens used in this study. 

The higher values reported by Thorson are probably consistent 

with the macromolecular distribution of urine specimens used in 

his work. 

4. In Class I  systems, such as calcium oxalate, an increase in 

feed concentrations typically results in an increase in total 

surface area, and therefore, in higher yields. This character

istic of the system is mathematically expressed by combining 

the solute mass balance equation: 

M t  = C. -  C = s i  - s = 6 p k v T 4G3B° (51) 

with the kinetic expression for G and B° (Equations 50), which 

results in a yield versus feed concentration response similar 

to that shown in Figure 9. The apparent decrease in yield at 

the highest feed concentration (C q x  .  = 0.8 mM) is attributed 

to fouling on the crystal!izer walls, a problem which is 

aggravated at high levels of concentration. Other than the 

CQ x  .  = 0.8 point, the behavior shown in Figure 9 is typical of 

normal Class I  behavior. 

5.3. Agglomeration Study 

MSMPR theory excludes agglomeration and aggregation phenomena 

and considers only crystal growth by solute deposition on crystal 
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surfaces. I f  agglomeration occurs under given conditions in the MSMPR 

system, then i t  would appear as a population density function which did 

not obey the exponential form indicated by Equation 10. 

Some of the conditions used in the experiments described in 

Section 5.2.3. (Table 11) gave deviate population density plots. That 

is, the log n versus size L plot was observed to curve "upwards" at the 

threshold of the size domain measured. This phenomenon has been ob

served in other continuous crystallizing systems (Shadman and Randolph, 

1978), and is the typical distribution obtained in batch agglomeration 

studies (Low and White, 1975). Examination of data showed that the 

deviate runs were those performed at the longest retention time, i .e.,  

T = 10 min, regardless of C q x  .  and the type of macromolecules (N or SF). 

Scanning electron micrographs (SEM) of calcium oxalate crystals 

saved during these experiments corroborated the existence of agglomer

ates. These and other photographs showing the presence of single crys

tals in other experiments are presented in Figures 10 through 23. 

Regardless of the value of Cgx  .  and the type of urinary macro-

molecules (N or SF) present in the system, the experiments that were run 

at short residence times (T = 4 min) produced only single calcium oxalate 

crystals. See Figures 10 and 11 (N system) and Figures 12 and 13 (SF 

system). Single calcium oxalate crystals usually exhibited a "stacked-

plates" shape, with sizes ranging between 8 and 15 microns. 

When the residence time was increased to T = 10 min, calcium 

oxalate crystals were observed to aggregate. Figure 14 shows large 



Figu_re 10. SEt~ Photomicrograph: Calcium Oxalate Crystals 
in the Presence of N-HMWMM 
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L ;; 1 5 m i c ron s 
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Figure ll. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of N-HMWMM 

T = 4 min 

c0 . = 0.6 mM 
X, 1 

L ; 8 microns 
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Figure 12. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of SF-HMWMM 

T = 4 min 

c0 . = 0.8 mM 
X, 1 

L ~ 15 microns 
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Figure 13. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of SF-HMWMM 

T = 4 min 

c
0 

. = 0. 6 m~1 
X, 1 

L = 8 microns 
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Figure 14. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of N-HMWMM 

T = 10 min 

c0 . = 0.8 mM 
X, 1 

L = 28-35 microns 
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aggregates obtained in the presence of N urinary fractions with Cn  .  
liX ) 1 

at its highest value (0.8 mM). Nucleation on crystal surfaces can often 

be observed. Figure 15 shows these aggregates in detail to emphasize 

the coexistence of different crystal habits within the aggregates. 

In addition to the "stacked-plates" crystal habit usually found 

in this study, oval- and egg-shaped, as well as bipyramidal crystals 

were also observed. These crystal forms are usually attributed to 

whewellite (COM) although Berg et al.  (1976) have found that they are 

also characteristic of weddelite (COD) crystals and are frequently found 

in urine sediments. 

Similar aggregates were found with SF fractions, as shown in 

Figure 16 at the highest level of both T (10 min) and C q x  ^ (0.8 mM). 

This figure shows in detail an aggregate formed by "stacked-plates" 

crystals with oval or egg structures absent. Both types of aggregates 

are present in the N (Figure 14) and SF (Figure 16, left) cases. 

With a residence time of 10 min, a decrease in C q x  ^ to its 

minimum value (CQ x  ^ = 0.6 mM) sti l l  produced aggregates, both in N 

and SF systems, as shown in Figures 17 through 20. These aggregates, 

however, appear to have formed through a different growth mechanism. 

"Rosette-like" agglomerates were formed under these conditions, as shown 

in Figure 17. The resemblance between these aggregates and COD aggre

gates found in stone-formers urine specimens having high supersaturation 

levels (Hering et al. ,  1981) may be significant (Figure 18). A detail 

of the aggregated crystals obtained in the MSMPR system is shown in 



Figure 15. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of N-HMWMM 

T = 10 min 

c0 . = 0.8 mM 
X,l 

L = 30 microns 
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Figure 16. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of SF-HMWMM 

T = l 0 min 

c0 . = 0.8 mM 
X, l 

L = 30 microns 
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Figure 17. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of N-HMWMM 

T = l 0 min 

c0 . = 0.6 mM 
X, l 

L = 40-65 microns 
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Figure 18. SEM Photomicrograph: Urine Crystals Relative 
Supersaturation of Urine, S = 15.2 (after 
Hering et al., 1981). 
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Figure 19. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of N-HMWMM 

T = 10 min 

c
0 

. = 0 . 6 mt·1 
X, 1 

L = 40 microns 

136 



Figure 20. SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of SF-HMWMM 

T = lOmin 

c
0 

. = 0.6 mM 
X, 1 

L = 15 microns 
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Figure 19. The "stacked-plates" crystals are overshadowed in these 

aggregates by elongated-pyramidal and rod-shaped prism crystals. 

Rosette-like aggregates were also observed to form in the pres

ence of SF macromolecules. Of particular interest is the detail shown 

in Figure 20. Lamellas or thin plates are observed to grow from a dis

continuity in a mother crystal of the "stacked plates" type. Such a 

shape could be formed by agglomeration, but polyfaceted growth appears 

more likely. The size of this unit is about 15 microns while the size 

of the aggregates ranges between 30 and 65 microns. Comparison of 

Figures 17 and 20 suggests that this 15 micron element may constitute 

a basic unit that might combine with others to give larger aggregates. 

High concentrations of oxalate (e.g., 0.8 mM) and long reten

tion times (e.g., 10 min) are not sufficient conditions to promote 

crystal agglomeration unless urinary macromolecules are present. To 

test this assertion, a synthetic urine solution with no additives (a C 

experiment) was run at t = lOminand Cqx ^ = 0.8 mM. The resulting 

crystals are shown in Figure 21. A clear difference is observed between 

these crystals and those obtained with HMWMM addition (Figures 14 and 

16). Hence, unless HMWMM are present in the system, only single cal

cium oxalate crystals will form, even with high feed supersaturation 

and long retention times. 

As shown by the SEM photos, agglomeration was detected in the 

presence of both N and SF urinary fractions. The immediate question is 

then, "Why don't normal persons form stones?" One reason may be that 



Figure 21. SEM Photomicrograph: Calcium Oxalate Crystals, 
No Additives 

T = l 0 min 

c0 . = 0.8 min 
X, 1 

L - l 0 m i c ro n s 
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stone formers produce about 70% more of these high molecular weight 

agglomeration enhancers than normals. However, this study indicates 

that time rather than concentration of macromolecules would be the 

most important factor in crystal agglomeration. 

Another factor, however, needs consideration. As mentioned 

earlier, normal persons were found to excrete low molecular weight com

pounds, a fraction that was totally absent in the stone-formers group 

of this study. Perhaps LMWMM may provide a protective mechanism 

against crystal agglomeration. If they were also present in the MSMPR 

system, then agglomeration should be reduced. To test this hypothesis, 

a solution containing both HMWMM and LMWMM extracts, in the concentration 

found in urine was run in the MSMPR crystallizer at T = 10 min and Cqx . 

= 0.8 mM. The resulting agglomerated crystals are shown in Figure 22. 

Apparently LMWMM had no effect on the agglomeration process under the 

conditions of this experiment. 

It was also of interest to determine if single or agglomerated 

crystals were formed when the MSMPR system operated at the standard 

conditions, i.e., at x = 7 min and Cqx . = 0.7 mM. Since no deviations 

in the population distribution had been observed (in this and in pre

vious studies) under these conditions, it was assumed that only single 

calcium oxalate crystals should form, even if HMWMM were added to the 

system. This assumption appears correct. Figure 23 shows that the 

crystals formed in a standard-condition run in the presence of N-HMWMM 

as clearly only single crystals, consistent with the exponential 



Figure 22. SE M Photomicrograph: Calr.ium Ox~late Crystals 
in the Presence of N-HMWMM+ LMWMM 

T = 10 min 
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Fig~re 23 . SEM Photomicrograph: Calcium Oxalate Crystals 
in the Presence of N-HMWMM 

T = 7 min 

c0 . = 0.7 mM 
X, 1 

L = 10 microns 

142 



distributions observed during the experiments. Crystallographic analy

sis (X-ray diffraction, mass spectroscopy, and polarized-1ight micro

scopy) of representative crystals obtained in this study indicated that 

the majority (about 70%) correspond to COD crystals. This was expected 

since Thorson (1979) showed that COD predominated over COM crystals when 

the molar ratio Ca/Ox was greater than 6. About 30% of the crystals 

analyzed corresponded to COM, but traces of the least stable trihydrate 

(COT) form were clearly detected. COT crystals obtained in recent 

studies (Tomazic and Nancollas, 1981; Sheehan and Nancollas, 1981) 

exhibit the same "stacked-plates" form shown by the SEM photographs 

of this study. The photomicrographs presented here were taken shortly 

after each experiment, while the crystallographic analyses were per

formed several days later. Hence, it is possible that the original 

unstable COT crystals shown by the SEM analysis may have transformed 

into the more stable COD and COM forms. 



CHAPTER 6 

DISCUSSION AND SIGNIFICANCE 

The present study was performed to identify qualitative 

differences between normal and stone-former macromolecules and to 

gain insight into crystallization mechanisms that lead to renal stone 

formation. 

Significant differences were found to exist in the macromole

cules contained in urine of stone formers compared to those in urine of 

normal persons with regard to their molecular weight distribution, total 

quantity and composition. The stone formers considered in this study 

show a total absence of LMWMM (< 30,000d) which appear in a significant 

amount in the urine of normal persons. This finding agrees with the 

results of Resnick and Boyce (1979) who reported that some stone-forming 

urine specimens showed no evidence of low molecular weight (< 35,000d) 

macromolecules. Of the HMWMM (> 50,000d) fraction, stone formers 

excrete about 70% more than normals. This observation is in agreement 

with other findings reported in the literature (Boyce, 1968). Others, 

however, have found no differences in the amount of high molecular 

weight compounds excreted by normals and stone formers (Bichler et al., 

1976; Sammuell, 1979). 

The effects of these urinary substances reported in the litera

ture vary from inhibition to enhancement of calcium oxalate crystalliza

144 
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tion. Many of the previous studies dealt with specific extracts of the 

high molecular weight compounds in urine. In this study, assessment of 

the effect that whole extracts of urinary macromolecules have on calcium 

oxalate crystallization was attempted, in order to more closely repro

duce the situation that is likely to exist in urine. 

Polymeric or protein-like materials are known to suffer degrada

tion or denaturation either by exposure to high temperatures or extreme 

values of pH, by contact with denaturing agents (e.g., detergent, urea), 

or by stirring and shaking. The ultrafiltration process used in this 

work to isolate urinary compounds was designed to minimize these adverse 

effects. However, the ultrafiltration cell is not refrigerated and 

agitation of urine is needed in order to eliminate concentration gra

dients at the membrane surface. Thus some degree of degradation may 

occur. Hallson and Rose (1979) found that addition of high molecular 

weight compounds (uromucoids) obtained from ultrafiltered urine, did not 

completely restore the properties of the original whole urine. In the 

present work, it was found that processing of HMWMM caused a decrease 

in activity of 75%, i.e., instead of the 2.5 mg/1 of HMWMM extract that 

represents 5% v/v normal urine addition (Table 3), 10 mg/1 were needed 

to reproduce the kinetic effects (Table 4). 

Addition of HMWMM to the synthetic system and experiments with 

5% whole urine, urine ultrafiltrates and charcoal-treated urines con

firmed that the HMWMM isolated from both normal and stone-forming urines 

were able to reproduce the effects observed with whole urine addition. 
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LMWMM fractions did not reproduce whole-urine effects. Thus, the 

emphasis of these experiments was study of the effects of HMWMM frac

tions on calcium oxalate crystallization in synthetic liquors. 

In general, when normal and stone former HMWMM extracts were 

added to the MSMPR system, they increased nucleation rate and decreased 

growth rate of calcium oxalate (Table 7). They also decreased the 

total crystal mass precipitated and the average particle size, 

compared to the synthetic control (Table 6). Previous calcium 

oxalate studies (Thorson, 1979; Drach et al., 1981), have also shown 

that high molecular weight compounds increased nucleation and 

decreased growth rate. However, since the supersaturation driving 

forces in the system were not determined, these studies could not dis

criminate between true nucleation enhancement and the reaction of the 

system to growth inhibition which could also result in higher nuclea

tion due to higher residual supersaturation. Use of chemical analysis 

to determine residual oxalate in the MSMPR steady state effluent was one 

of the significant contributions of this study. Determination of super-

saturation corroborated that high molecular weight substances indeed 

enhanced nucleation rate. Using the ultrafiltration technique, it was 

possible to specifically quantify this enhancement effect for the case 

of N and SF urinary extracts. These urinary fractions not only enhanced 

calcium oxalate nucleation rate but also inhibited growth rate, i.e., 

they exhibit a dual enhancement/inhibition property which was more pro

nounced with SF than N fractions. 
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The data collected on nucleation and growth rates, plus the 

residual supersaturation in the crystallization system (Tables 7 and 

11), were used to determine the crystallization kinetics of both syn

thetic and biological controls (Figure 8). Since the nucleation/growth 

rate sensitivity order, i, is not the same for these two systems (i = 

0.597 for the C runs; i =2.15 for the N runs), no quantitative com

parison is possible regarding the dual modifier activity of macromole-

cules versus the synthetic system. Qualitatively, however, there is no 

doubt that the modifying property is exhibited by both N and SF HMWMM 

compounds. The fact that the modifier function in stone formers urine 

exceeds that of normal urine suggests the possibility of over-correction 

of the protective mechanism that exists in the normal state (Drach et 

al., 1981). This over-correction may influence stone formation through 

an agglomeration/aggregation mechanism which is aggravated by excessive 

crystalluria. 

Addition of stone-former HMWMM to the MSMPR system showed that 

these macromolecules respond in a unique manner to change in residence 

time. While the C and the N systems show a continuous decrease in resi

dual supersaturation as residence time increased (5-12 min), the SF 

system gave a constant concentration level of about 0.4 mM. Stabili

zation at this level occurs even at short retention times (T = 2.5 min) 

(Figures 5 and 6), thus suggesting fast crystallization rates in order 

to drop from the feed supersaturation level (0.7 mM) to the "stabili

zation" level of 0.4 mM. No completely consistent explanation of 
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this phenomenon has been made. Preferential binding of oxalate ions by 

the SF-HMWMM could lower growth rate, but why does AC = 0.3 mM, indepen

dent of x? Some crystallization systems known as Class II (Randolph 

and Larson, 1971) exhibit a x-independent decay of the feed concentra

tion to the equilibrium value in the system. If the calcium oxalate 

system had an equilibrium concentration of C = 0.4 mM, then the effect 

of SF-HMWMM would be a true transformation from a Class I to a Class II 

system. However, the equilibrium value for this system is much lower 

than 0.4 mM(Ceq = 0.145 mM) and is independent of the presence of HMWMM. 

Thus the solubility of calcium oxalate was not grossly changed by SF 

HMWMM addition, at least not at the 10 mg/1 addition level. A possible 

(but not totally satisfactory) explanation of the observed pseudo-Class 

II behavior in the SF system is that: 

i. Excessive high-order primary (self-heterogeneous) nucleation 

occurs for Cqx > 0.4 mM, which "dumps" the excess concentration 

and holds the concentration close to the observed 0.4 mM value, or 

ii. Increased growth inhibition prevents significant supersaturation 

depletion by molecular growth within the 3-12 minute range of 

retention times, while, 

iii. The batch mode allows over-growth of the bound CaOx:HMWMM com

plex due to time and continued calcium oxalate (supersaturation) 

depletion without additional HMWMM being added. 

In other words, the x-independent concentration drop (AC = 0.3 mM) is 

due to nucleation, growth inhibition causes an apparent metastable 
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concentration of 0.4 mM, while eventually the HMWMM is "used up" as 

calcium oxalate crystallizes out in the batch mode and the solution 

ultimately returns to the normal saturation level. These arguments 

would be more convincing if points (ii) and (iii)above could be indepen

dently demonstrated. Item (i) does appear consistent with the extremely 

high-order appearance of SF nucleation data. 

Organic macromolecules might interact with calcium oxalate 

crystallization in several ways. (1) They may serve as substrates 

providing nucleation sites for molecular cluster orientation; (2) they 

may absorb to and poison active sites on the crystal surface, thus blocking 

further nucleation and growth; or (3) they might complex with 0x~ to 

change supersaturation. If the first case is the principal mechanism, 

then if the dose of macromolecules is increased, the number of crystals 

formed from solution should also increase. If the latter two cases 

are the dominant mechanisms, then as the macromolecu!e concentration 

increases, less crystals and/or crystal mass should appear in the solu

tion. All of these mechanisms can occur simultaneously, the first 

increasing B° and the latter two decreasing either B° and/or G. 

A three-fold increase in HMWMM concentration (from 10 to 30 mg/1) 

resulted in only a 35% increase in nucleation rate and crystal mass 

precipitated. However, further increase in macromolecule concentration, 

to 100 mg/1, resulted in considerable reduction (about 94%) of both 

nucleation rate and total crystal mass precipitated (Tables 7 and 12). 

The increase in B° and My for 30 mg/1 HMWMM is at the marginally sig

nificant level, but does suggest that increased nucleation enhancement 
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occurs at the higher HMWMM levels. However, the decrease in these vari

ables at even higher HMWMM concentration is significant and is most prob

ably due to either mechanisms (2) or (3) above. The latter mechanism (3) 

is most likely responsible for the severe decline in solids precipitation 

at the 100 mg/1 addition level. For example, if the functional group 

molecular weight of SF HMWMM were taken as 100 (a reasonable value for 

repeating groups), then the 100 mg/1 addition level would be 10 mM in 

complexant ability, a value comparable to the 0.7 mM feed. At the 10 mg/1 

level the solubility would be only slightly affected and the heterogeneous 

nucleation effects (mechanism 1) would dominate. Thus the 10, 30 and 100 

mg/1 runs could be viewed as a race between heterogeneous nucleation 

enhancement versus depletion of supersaturation via complexation. The 

lowering of supersaturation (through complexation) eventually wins out 

at the higher HMWMM additions and the precipitation is stopped. 

Garti et al. (1980) recently reported that polycarboxil ic amino 

acids added batch-wise to a calcium oxalate solution in concentrations 

of 5 and 100 mg/1, led to equilibrium concentrations which were higher 

than those observed without the addition of the acid. This appears to 

be direct evidence of solubilization by solution complexing. In the 

case in which 5 mg/1 were added, this effect wore off after 20 hours, 

and the concentration dropped to the same equilibrium value observed 

without the amino acids. This is in agreement with the 10 mg/1 batch 

solubility tests of this work. 

Finally, adsorption and active-site poisoning (mechanism 2) 

might be used to explain the reduced precipitation with 100 mg/1 
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HMWMM, although it is difficult to explain both nucleation enhance

ment and growth inhibition using the same site-blocking mechanism. 

Leal and Finlayson (1977) studied the adsorption of proteins and muco

polysaccharides on calcium oxalate crystal surfaces. They concluded 

that all urinary proteins are in equivalent competition for calcium 

oxalate crystals, on a per gram basis. Thus, if a specific protein is 

in excess, as for the case of HMWMM in stone former vis-a-vis normal 

urine, adsorption of the specific high MW compound would be greater. 

These authors observed that in general, polymeric adsorption on calcium 

oxalate crystals conformed to the Langmuir adsorption isotherm, with 

exception of human fibrinogen (340,000d), which gave a negative slope, 

i.e., indicated more than an infinite number of adsorbing sites. The 

adsorption of low molecular weight proteins (10,000-20,OOOd) was maximal 

when oxalate was in excess (10 mM), contrary to the adsorption of high 

molecular weight compounds (up to 340,OOOd) which adsorbed more with an 

excess of calcium (10 mM). If Langmuir-type adsorption occurs, then 

increasing HMWMM concentration should block more nucleation sites and 

less crystal mass should precipitate. In this study, an increased HMWMM 

concentration (relative to oxalate) was attained by decreasing the ini

tial oxalate concentration. Decreased yield at increased HMWMM/Ox 

ratios, resulting from site-poisoning of the crystal surface, is an al

ternate explanation for the changes in yield with Cqx .., as shown in 

Figure 9. This argument would only be valid, however, if the HMWMM were 

removed by inclusion in the crystals. Otherwise the solution concentra

tion of HMWMM would remain the same, independent of Cn .. 
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Leal and Finlayson (1977) calculated that for a stone con

taining 2.5% wt. of matrix, the existence of matrix could be totally 

explained by physical adsorption only if the stone were composed of 

single cubic crystals of about 2 microns, or spheres of about 1 micron. 

Carr (1953), using X-ray diffraction patterns from an intact COM 

stone fragment, concluded that most of the crystallites were larger 

than 5 microns. More recently, however, Ismail and Tawashi (1980) have 

measured the CSD of a de-aggregated COD stone. The stone was digested 

in aqueous 80% ethylenediamine for 7-14 days, after which the polycrys-

talline mass totally redispersed. They found that at least 50% of the 

population was less than 5 microns in size. The population distribution 

obtained compared remarkably well with the population distribution of 

calcium oxalate crystals measured in rat kidneys, after the injection 

of L-4-hydroxyproline to induce stone formation. Even if no particles 

of less than 5 microns exists in a stone, as much as 40% of matrix depo

sition can be explained solely by physical adsorption (Leal and Finlayson, 

1977). Undoubtedly polymeric adsorption plays a key role in stone forma

tion, perhaps in conjunction with an aggregation mechanism which is 

promoted by polymeric bridging. 

The effect that both normal and stone-forming urine HMWMM 

have on calcium oxalate crystal aggregation was also investigated in 

this study. The experimental conditions under which aggregation of 

calcium oxalate crystals occurred were identified by deviations from the 

exponential MSMPR distribution and corroborated by SEM analyses. Two 

factors appear to be of primary importance in the formation of crystal 
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aggregates; namely, long residence times (T > 10 min) and the presence 

of high molecular weight urinary compounds, either from normal or 

stone-forming urines. Neither factor separately resulted in crystal 

aggregation. Only when HMWMM was added in long residence time runs 

was crystal aggregation detected (Figures 14 through 17, 19 and 20). 

Although the concentration of HMWMM is not in itself critical to 

"in vitro" crystal aggregation, the macromolecule/Ox~ ratio appears to 

have an effect on the crystal growth mechanism involved. Low ratios of 

HMWMM/Cqx . (runs with high Cqx ..) resulted in "stacked-plates" agglomer

ates (Figures 14 and 16), while high ratios (low Cqx ^ gave origin to 

"rosette-like" agglomerates (Figures 17 and 20). The resemblance between 

the latter aggregates and those detected by Berg et al. (1981) in stone-

forming urines of comparable supersaturation (Figure 18) is remarkable. 

Comparison between Figures 17 and 20 suggests that several individual 

aggregated units may combine together, either by solute deposition and/or 

polymeric bridging, to give large aggregates or "stones." 

Since both N and SF-HMWMM formed agglomerates under similar 

conditions (i.e., long retention times), it is possible that normal 

persons are protected from stone formation by the low molecular weight 

urinary fraction which is absent in stone formers. These LMWMM would 

then be the long-sought "inhibitor." Low molecular weight compounds 

(2,000d) have been observed to preferentially adsorb on calcium oxalate 

and calcium sulfate dihydrate crystals. Their rate of adsorption would 

be higher than that of high molecular weight compounds and they might 

form a protective anti-coagulation film around small-sized crystals. 
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A greater accessibility by diffusion to surface sites would be exhibited 

by these short less entangled chains than by long-chained high molecular 

weight compounds (50,000-100,OOOd) (Nestler, 1968; Crawford, Crematz 

and Alexander, 1968). Nestler (1968) found that low molecular weight 

compounds actually displaced larger molecular weight substances already 

adsorbed. Longer chain segments constantly adsorb and desorb, thus 

allowing the more efficiently adsorbed shorter chains to eventually 

occupy all or most of the active sites with the long chains floating 

free of the crystal surface. This is a plausible mechanism which has 

been used to explain retardation of precipitation as observed with low 

molecular weight (2,000-9,OOOd) compounds (Williams and Ruehrwein, 1957; 

Crawford et al., 1968; Nestler, 1968; Garti et al., 1980). Low molecular 

weight compounds tested in the present work under standard operating 

conditions (i.e., Cqx . = 0.7 mM and x = 7 min), showed only a slight 

inhibition of calcium oxalate nucleation rate and crystal concentration 

(Table 4). In an attempt to reproduce the situation likely to exist 

in normal urine, both HMWMM and LMWMM lyophilized extracts were simul

taneously added to the MSMPR system in the concentrations found in normal 

urine (Table 3). The predominant effect on both crystal kinetics and 

crystal aggregation was similar to that observed with only HMWMM addi

tion (Table 12 and Figure 22), i.e., HMWMM dominated MSMPR behavior. 

Furthermore, the presence of LMWMM did not prevent crystal agglomeration. 

Evidently, when both urinary extracts co-exist in solution they do not 

dissociate, bind or combine with each other in any way that interfered 

with the interaction between HMWMM and calcium oxalate crystals. 



CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

Crystallization of calcium oxalate in the presence of HMWMM 

additives was studied in a continuous mixed suspension-mixed product 

removal crystallizer. These compounds affect crystallization kinetics 

and agglomeration mechanisms in the system. This study is relevant to 

urolithiasis since the vast majority of renal stones in the United 

States are polycrystalline aggregates with calcium oxalate as their 

main component. The additives used were organic macromolecules which 

were extracted from the urines of normal and stone-forming persons and 

fractionated according to molecular weight using ultrafiltration tech

niques. The behavior of these urine fractions in the MSMPR crystalliza

tion apparatus allowed the determination of several differences that 

exist between normals and stone formers which may account for the patho

logic development of renal stones in the human body. 

The similarities and principal differences in the urines of 

healthy people and patients with stone disease can be summarized as 

follows: 

1. The high molecular weight urinary fractions obtained from both 

normal and stone-forming persons exhibit a dual modifier 

property which consists of enhancement of nucleation rate and 

inhibition of growth rate of calcium oxalate crystals. This 
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dual modifier role in normal persons helps with the excretion 

of CaOx in a benign form, namely as small crystalluria that 

pass unimpeded through the urinary tract. 

This dual enhancement/inhibition property of the HMWMM frac

tions is more pronounced in stone formers than in normals. 

Low molecular weight urniary fractions were found only in the 

urines of normal persons. LMWMM exhibit inhibition of both 

nucleation rate and total CaOx crystal mass precipitated. 

In addition to showing a total absence of low molecular weight 

compounds, urines from stone formers have a significantly higher 

amount (by about 70%) of the high molecular weight urinary frac

tions. 

Immunoelectrophoresis analysis of representative samples of both 

the normal and the stone-formers HMWMM fractions indicates sig

nificant differences in the composition of these two compounds. 

Stone-formers HMWMM fractions exhibited an unique effect on 

the crystallization system: they stabilized the metastable super-

saturation with respect to changes in residence time. These 

supersaturations were higher than those obtained in the presence 

of N HMWMM fractions. This stabilization occurred at residence 

times varying from 2.5 to 12 minutes. This corresponds to a 

shift from Class I to pseudo-Class II behavior. 

Excessive concentrations (100 mg/1) of stone-former HMWMM frac

tions were found to inhibit (up to 94%) nucleation rate and 

total crystal mass precipitated. 



8. Agglomeration of calcium oxalate crystals was favored by the 

combined effect of both long retention times (> 7 min) and the 

presence of HMWMM obtained from normal or stone-forming persons. 

Neither factor, acting individually, resulted in crystal agg

lomeration. 

9. The feed oxalate concentration was not a determining factor 

in the agglomeration/aggregation of calcium oxalate crystals. 

However, feed concentration affected the morphology of the 

growth mechanism involved in the agglomeration process. 

These results, obtained using MSMPR crystal!izer and urine frac

tionation, suggest several subjects for future research, summarized as 

follows: 

1. Elucidate the mechanism of interaction between calcium oxalate 

crystals and stone-formers HMWMM fractions which results in the 

observed conversion of the system from a Class I. metastable 

low yield to a pseudo-Class II (stabilized) high yield system. 

2. Evaluate the variables responsible for this conversion, namely, 

supersaturation, presence of urinary fractions from both active 

and non-active stone formers, and molar ratios of the ions 

involved. 

3. Quantitatively evaluate and model agglomeration/aggregation in 

the presence or absence of urinary macromolecules of different 

molecular weights. 



Apply the present technique to study crystallization of other 

salts involved in renal stone disease, e.g., apatite, struvite, 

uric acid, and cystine. 
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DETERMINATION OF OXALIC ACID IN 
URINE AND URINE-LIKE LIQUORS 

To differentiate between calcium oxalate inhibition or enhance

ment effects for a particular compound in a urine-like solution, it is 

necessary to determine the mother liquor concentration of the limiting 

ion, i.e., oxalate. The determination of oxalate ion or oxalic acid in 

these complex solutions presents considerable difficulties, and only a 

few of the methods currently in use give totally satisfactory results, 

i.e., combine accuracy with simplicity to allow for a rapid determination. 

Methods to determine oxalic acid in urine date back to 1850. These 

early methods consisted in precipitation of oxalic acid as an oxalate 

salt with determination by classical gravimetric procedures. They were 

characterized by erratic results and long execution times, taking up to 

a week (Lehman, 1850; Schultzen, 1868). Several modifications and 

improvements have been made since. Hodgkinson (1970) divided the methods 

available previous to 1970 into four categories: (1) direct precipita

tion; (2) solvent extraction; (3) isotope dilution; and (4) enzymic 

methods. The simplest analytical method is direct precipitation as the 

calcium salt. The procedure is accurate for aqueous solutions. However, 

urine or urine-like solutions contain many inhibitors of precipitation, 

such as magnesium and polyphosphates, or other ions that coprecipitate 

(e.g., uric and citrate acids), which interfere. To reduce interference 

problems, the oxalic acid was first extracted from urine with diethyl 
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ether (Powers and Levatin, 1944). However, other urine acids, such as 

uric and citric acid, are also extracted and may interfere with subse

quent precipitation and titration steps. Isotope dilution methods have 

been applied by Dean and Griffin (1956) in an attempt to improve the 

14 precipitation step. They used C- labelled oxalic acid and extracted 

it from urine with peroxide-free ether followed by precipitation as 

calcium oxalate. The precipitation step was repeated until the specific 

gravity remained constant. Subsequently, the precipitated oxalic acid 

was determined with the method of Hodgkinson and Zarembski (1961). 

Hodgkinson and Williams (1970) presented a colorimetric proce

dure wherein the urine oxalate is precipitated with calcium sulphate. 

The precipitation is followed by boiling with dilute sulphuric acid in 

the presence of a zinc pellet to reduce the calcium oxalate to glycollic 

acid. The oxalic acid is then estimated colorimetrically with chromo-

tropic acid. The method represents an improvement over previous methods 

by these authors which included continuous extraction of urine with 

ether or tri-butyl sulphonate for 6 hours prior to precipitation with 

fluorimetric estimation in resorcinol. The present method eliminates 

the solvent extraction step and improves the precipitation of calcium 

oxalate with the addition of ethanol. This method will subsequently be 

discussed in detail. 

Enzymatic methods have also been proposed. Their first applica

tion to urine was due to Mayer, Markow and Karp (1963). After precipi

tation of oxalic acid in urine as calcium oxalate, the sample was 
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centrifuged and the precipitate dissolved in potassium citrate buffer 

(pH 3.2) followed by addition of an enzyme (oxalate decarboxylase) 

discovered by Shimazono and Hayaishi (1957) which specifically removes 

the carboxylic groups of the oxalic acid, giving stoichiometric quanti

ties of formic acid and carbon dioxide. They determined the urinary 

oxalate by quantifying the C02 released, either colorimetrically or 

manometrically. Two modifications to this procedure are worth mention

ing. Ribeiro and Elliot (1964) avoided the precipitation step by 

ultrafiltration of urine to remove proteins, then concentrating the 

filtrate under reduced pressure. The procedure then follows that was 

described by Mayer et al. (1963). Costello, Hatch and Bourke (1976) 

proposed a quantitative spectrophotometrical determination of the 

resulting formate, using an oxidized form of nicotinamide adenine 

dinucleotide (NAD+). NAD+ transforms to NADH at pH 7.2 in the presence 

of an enzyme (formate dehydrogenase) which specifically removes the 

hydrogen from the formate. This method eliminated the cumbersome and 

less accurate process of CO2 quantification. Costello's method will be 

discussed in detail later. 

Specific oxalate ion electrodes may eventually be developed. 

Electrodes developed so far (Ferrel, Blackburn and Vosburg, 1948) need 

improvement before they can be applied to biological systems. Hodgkinson 

(1970) has suggested that the specificity of oxalate decarboxylase could 

be used in an enzyme electrode (as in the specific urea-urease electrode, 

Guilbault and Montalvo, 1969). Recently, Dosch (1979) has proposed a 
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rapid gas chromatographic back-flushing method. The back-flushing 

technique consists of using a carrier gas to flush the precolumn before 

the slow volatilizing compounds enter the separating column. This 

allows one to clean and prepare the system for the next analysis while 

the previous one is still being performed. The recovery of the method 

is over 98%. 

A.l. Methods used for Oxalate Determination 

One enzymatic and one colorometric oxalate method were used 

throughout this work. Common to both assays was the preparation of 

samples as follows: the mother liquor sample collected during steady 

state conditions of a given MSMPR experiment was saved, acidified imme

diately to pH 1 to 2 with HC1, and frozen until analysis. Prior to 

analysis, the samples were thawed to room temperature. Care was taken 

to avoid concentration of the sample due to incomplete thawing. 

A. 1.1. Enzymic Method (Costello, Hatch and Bourke) 

As mentioned above, the method proposed by Costello et al. (1976) 

consists in decarboxylizing oxalic acid to formate and COg* dehydrogen-

ating the resulting formate to C0£ and water, and quantitatively deter

mining the formate by following the reaction of NAD+ to NADH with a 

spectrophotometer. Schematically the procedure is as follows: 

pH 3.2 pH 7.2 

(C00H)2 —~—> HCOOH —C02 + HgO 

oxalate C°2 NAD+ NflDH 

decarboxylase formate 
dehydrogenase 
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Only 0.2 ml of sample were needed for each analysis. The pH of the 

sample solution was adjusted to pH 3.2 to match that of a citric buffer 

containing a 0.05 M citric acid solution and a 50 mM disodium EDTA solu

tion (American Drug and Chemical Co.). The presence of EDTA is neces

sary in urine solutions to eliminate the effect of any enzyme present 

in urine that could co-precipitate with calcium oxalate. Exactly 0.35 

ml of the buffer solution was added to each sample followed by 0.01 ml 

addition of oxalate decarbolylase (4 units in 0.4 ml of water; commercial 

type, Sigma Chemicals Co.). The reaction was allowed to proceed at 37°C 

for a minimum of one hour. During this incubation period the oxalic 

acid was transformed to formate releasing COg. The resulting formate 

was prepared for spectrophotometric measurement by adding a phosphate 

buffer standard (50 mM K^PO^ solution, pH 7.2) containing the indicator 

NAD+ (2.4 ymol formate-free, Sigma Chemicals Co.) and the formate 

dehydrogenase (4 units in 0.4 ml of water, commercial type, Signa Chemi

cals Co.). The extent of the reaction was determined by measuring the 

absorbance at 340 nm with a spectrophotometer. Aqueous oxalate stan

dards with known amounts of oxalic acid were also prepared, as well as 

blanks or enzyme-free solutions. All samples were analyzed in dupli

cates. 

The method was accurate and reproducible for the case of synthe

tic urine solutions without urinary macromolecules. However, it showed 

no resolution when used to determine oxalic acid concentration in 

samples containing urinary macromolecules from either normal or stone 
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forning urines. Some unknown interference seemed to occur between these 

substances and the enzymes. Besides being expensive, this method's 

applicability to urine-like solutions containing urinary extracts is 

doubtful and its use was discontinued. 

A.1.2. Coprecipitation Method 
(Hodgkinson and Williams) 

The method described by Hodgkinson and Williams (1970) was tried 

next. The specimens to be analyzed consisted of 1.0 ml of acidified 

synthetic urine solution placed in a 35 ml stoppered centrifuge tube 

with wide mouth to facilitate later evaporation of the specimen. One 

drop of 0.04% bromothymol blue solution (Ricca Chemical Co.) was added 

to each specimen which was then titrated to pH 6.7 with 0.1 NNaOH solu

tion. A saturated CaSO^ solution was filtered through a 3 micron Milli-

pore filter and 2.0 ml of the filtrate was added followed by 14 ml of 

ethanol. Each sample was gently mixed and allowed to digest at room 

temperature overnight. The next day the samples were centrifuged at 

2000 rpm for about 10 mi n, the supernatant was carefully decanted and the 

tubes were allowed to drain upside down in an oven at low temperature 

for about 5 min. The mouth of each tube was then wiped with a clean 

tissue and the precipitate was dissolved with 2 ml of 2N ^SO^ solution. 

Electrolytic zinc wire, 3 mm in diameter, was cut in short pellets of 

about 0.7 cm and cleaned in a freshly prepared 10N HNOg solution. The 

pellets were removed from the acid solution as soon as the reaction 

started and immediately rinsed with deionized water. One piece of zinc 



was then added to each tube. The tubes were placed unstoppered in a 

boiling water bath for about 35 min, or until the volume has evaporated 

to less than 0.5 ml to ensure full color development. After evaporation, 

the zinc pellet was removed and washed with 0.5 ml of 1% chromotropic 

acid solution (4,5-dihydroxynaphtalene-2, 7-disulfonic acid, disodium 

salt dihydrate, 98%, Malinckrodt Inc.), adding the washings to the tube. 

In this operation each tube was afixed almost horizontally in a retort 

clamp, the remaining zinc pellet was moved to the mouth of the tube 

using a bent glass rod and washed in place with the chromotropic acid 

solution before being discarded. The glass rod used consisted of a 

Pasteur pipette whose tip had been bent 90 degrees. This tool provided 

the additional advantage of allowing one to recover the acid surrounding 

the zinc pellet and flush it back into the tube before discarding the 

zinc. This procedure ensured recovery of all the precipitate that may 

have been attached to the pellet. This step was followed by addition of 

5 ml of concentrated h^SO^, then mixing (Vortex Genie Mixer, Scientific 

Products) for 20 seconds. All tubes were then placed unstoppered in a 

boiling water bath for exactly 30 min for full color development. 

Subsequently the content of each tube was poured into properly identi

fied 25 ml volumetric flasks and diluted with 10N HgSO^ solution. The 

solutions were allowed to cool in the refrigerator for about 10 min and 

the volumes were readjusted to 25 ml. The content of each flask was 

placed in properly labeled centrifuge tubes, stoppered and spun at 

2000 rpm for 10 min. The absorbance of each sample was measured at 570 



nm in a spectrophotometer using "perfect rounds" cuvettes. As a refer

ence, control samples of synthetic urine solution containing known 

amounts of oxalate (usually 0.7 mM) were also included in each analysis. 

It was found that N and SF-HMWMM did not interfere with the assay, nor 

did the LMWMM fractions. The controls were prepared by adding 1 ml of 

4N HgSO^ solution to 1 ml of acidified synthetic urine solution, fol

lowed by addition of a zinc pellet. Subsequently, they were treated 

like any other specimen, as described above. Blanks or oxalate-free 

standards were also prepared in the same manner as the control solutions. 

All samples were analyzed in duplicates. The average recovery of oxalate 

was 92%. The errors of experimental oxalate determinations versus 

control were + 3%. 
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B.I. Crystallization Equipment 

All the crystallization experiments reported in this work were 

performed in an MSMPR continuous crystallizer coupled to an electronic 

particle analyzer with a microprocessor, as shown in Figure B.l. This 

system is briefly described below. 

B.l.l. The MSMPR Crystallizer 

The reactor was a 400 ml capacity pyrex glass vessel formed by 

two separate sections. The bottom section was a jacketed container with 

four inner baffles indented on the vessel walls to improve the mixing 

pattern. Mixing was provided by a one-inch magnetic Teflon bar oper

ated at constant speed in all experiments. The top section had four 

separate connections: two for feedstock addition (see Table 2), one for 

urine addition (if required), and one for continuous removal of the 

mixed suspension in the reactor. The latter connection was a 4 mm 0D, 

70 mm long glass tube immersed in the solution, and connected to the 

sample probe of the particle analyzer by a 1/8-inch, 1/4-inch 0D 

Tygon tube. This tube was approximately 17 cm long and was kept as 

short as possible to minimize retention in transit and entrapment of 

crystals on the tube walls. Flow of the suspension through the removal 

port was by vessel pressure since the seal between the top and bottom 

sections of the reactor was air-tight. Warm water was continuously 

circulated through the crystal!izer jacket to keep the solution tempera

ture at 37°C. 



Figure B. 1. MSMPR Continuous Crystallizer and Partial 
Analyzer with Microprocessor. 
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B.1.2. The Computerized Electrozone 
Particle Analyzer 

The electronic particle analyzer used in this work was a 

Particle Data Inc., Electrozone/Celloscope which operates on the elec

trolytic zone sensing principle. Particles suspended in the electro

lytic solution are drawn through an orifice whose size is conveniently 

selected for the size range under study. An electric current passes 

through the orifice so that when a particle enters the orifice zone, 

a momentary disruption of the current is detected by the instrument. 

The number of interruptions is equal to the number of particles per 

volume of sample (e.g., 2 ml), and the current pulse is proportional 

to particle volume. The sequence of electric particle-pulses is elec

tronically processed (i.e., amplified, scaled and counted) to yield 

particle count and size distribution. The particle analyzer was 

attached to a PDP8, Model A32K minicomputer loaded with a custom-made 

computer program which regressed the CSD data to the experimental form 

of the MSMPR distribution. A typical printout showing the semilong size 

distribution is shown in Figure 1. A Leader LBO-511 Oscilloscope 

allowed one to visually follow the CSD through the transient and steady 

state operation periods. 

B.l. Ultrafiltration Equipment 

Figure B.2 shows a photograph of the Ultrafiltration Cell used 

to fractionate urine specimens. Ultrafiltration is a selective molecular 

separation performed using synthetic membranes with carefully controlled 

pore sizes. By choosing the appropriate filtration membranes, the 
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Figure B.2. Ultrafiltration equipment. 
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process can discriminate between molecules of different molecular 

weights or, more accurately, different molecular sizes, which are 

present in a given solvent. These membranes are made from a solution 

of long-chain polymers, such as cellulose acetate dissolved in acetone 

(Gregor and Gregor, 1978). This viscous solution is thinly spread 

over a flat surface (e.g., a glass plate) and the solvent is partly 

evaporated, giving origin to a semisolid matrix. The process is 

quenched by quickly immersing the matrix in water, causing coagulation 

of the polymer and forming the membrane pores. Different solvents and 

different drying times are used to change the pore size, which usually 

range from 10 to 500 %. Membranes are often cast on paper, plastic or 

cloth to give them the mechanical support they need when used under 

pressure. 

Serious problems which occur during ultrafiltration are fouling 

of the membrane pores and polarization, which restrict solvent and 

solute transport and may affect the selectivity of the membrane. Sul

fonic acid polymers and other sulfonated polymers have proved to be 

resistant to fouling because of their affinity for water molecules, thus 

forming a protective layer against hydrophobic particles. It is inter

esting that heparin, which is a sulfonated polymer, is thought to keep 

the walls of the blood vessels wetted and free from fouling. Heparin 

is also one of the compounds which inhibits calcium oxalate precipitation 

(Drach et a!., in press). 

To avoid polarization, the High-flow stirred Cell used in this 

work (Amicon Corp., Model 2000) was equipped with a rotary stirrer 



174 

which operated close to the membrane surface. The Cell was a stainless 

steel cylindrical dismountable container 17.5 cm high and 14.7 cm ID 

designed to hold 2 liters of urine. All inner surfaces including the 

stirrer were Teflon-coated to avoid corrosion. Power supplied to the 

stirrer could be smoothly controlled between 0 and 800 rpm. Care was 

exercised to prevent foam formation at the membrane surface due to 

excessive mixing, which reduced the filtration rate. The Cell used 15 

cm diameter Diaflo membranes. The following were the membranes used 

in this study: XM50 (cutoff 50,000d), PM30 (cutoff 30,000d), and YM5 

(cutoff 5,000d). Membrane types UM were also used (namely, UM20, UM10 

and UM2). However, low molecular weight compounds (~ lOOOd) seem to 

bind to UM2 membranes and its use was discontinued. The same observation 

has been made by other investigators (Schrier et al., 1979), but 

others have used them apparently with no problems (Resnick and Boyce, 

1979). The driving force for filtration was provided by hydraulic 

pressure. Nitrogen was used in all cases, at the specified working 

pressure recommended for each membrane type. 

B.3. Analysis and Miscellaneous Equipment 

A Spectrophotometer, Coleman Junior Model 6C, was used for the 

oxalate assays. The wave length for a given determination was selected 

based on the color most strongly absorbed by the constituent to be 

measured. In these assays the wave length at which the oxalic acid has 

maximum absorbance (or minimum transmittance) is 570 nm. In order to 

obtain values of absorbance independent of reflection and absorption 
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losses, it is important to use optically identical cuvettes to hold the 

samples and reference solutions. "Perfect rounds" cuvettes, 10 mm in 

diameter and 75 mm long were used in all oxalate determinations. 

A Precision Systems Osmette Type S Automatic Osmometer, was used 

to determine the total ionic concentration or osmolality of the urine 

samples and synthetic urine solutions used in these experiments. 

Osmolality is defined as the number of solute particles which partici

pate in solute-solvent interactions (Chapman et al., 1973). Its deter

mination by freezing point depression is the most accurate method of 

measurement and is the principle used by this osmometer. As the concen

tration of active solute increases, it binds more solvent molecules, 

decreasing the activity (the tendency of solvent molecules to escape 

from solution). As a consequence, both the freezing temperature and 

vapor pressure are depressed. A change in concentration of one milli-

osmol (mOsm) per kilogram of water causes a change in the freezing 
A 

point of 1.858 x 10" °C. The instrument was calibrated in the range 

100 to 1000 mOsm prior to use. 

Urine specimens and synthetic urine solutions were routinely 

analyzed for pH using an Orion Ionalyzer, Model 404 Specific Ion Meter. 

The instrument was calibrated in the pH range 4 to 7. The samples were 

stirred during pH determination for best results. 

A Semi-quantitative Dip-Slide (Uricult Medical Technology Corp.) 

Culture Test was used to determine bacterial counts in all urine samples 

used in this study. A slide superficially wetted with a particular 
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specimen was incubated in a Napco Incubator, Model 300, at 37 °C for 

a 24-hour period before bacterial reading. The culture media were 

(CLED + PolymyxinB), and E.M.B. The former is a selective medium for 

the group D Streptococci (Enterococci), Staphylococus aureus, Staphylo-

cocus epidermis, Proteus and Serratia. The latter (Eosin-Methylene-

Blue) is a culture medium recommended for detection of Gram negative 

intestinal pathogenic bacteria. Negative tests of urine specimens from 

4 persons without bacteriuria had <10 bacteria/ml. Only specimens free 

of infections and significant pyuria were used. 
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Supersaturation may be considered as an index of the free 

energy available for stone salt precipitation. Hence, it is of great 

interest to determine the supersaturation level in urine and urine

like solutions. In order to determine urine supersaturation, which may 

be defined either as s or S (Chapter 2), it is necessary to know the 

concentration of calcium oxalate, [CaOx], in the solution. However, 

even if a simple electrolytic solution is considered, e.g., less than 

five different ions, the number of equilibrium reactions involved makes 

the calculation of CaOx extremely laborious and tedious. Robertson et 

al. (1968), and Finlayson and Miller (1 969), among others, have proposed 

iterative computer procedures which allow one to readily calculate ion 

equilibria in solutions as complex as urine. Finlayson and Miller's 

computer program (EQUIL) was adopted in this work and will be briefly 

discussed below. 

Assume an electrolytic solution, such as urine or the synthetic 
-V 

urine solution used in this study, containing a set of anions A, 
/-> . ->• 
(A = A-j, A2, . . . , AM), and a set of cations, C, (C = C-j, C2, . . . , 

C^) undergoing rapid ion complexation such that: 

(A.l) 

The equilibrium (stability) constant for this reaction, K.., is defined 
• J 

by 

(A.2) 
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where [AC..] represents the concentration of the complex formed between 

A., and C.., and Fz is the activity coefficient of a specie with elec

tronic charge z. If [TA^] represents the total concentration of species 

containing A^, then the mass conservation equations are: 

M 
[A i] = [TA.]/(1 + .2 CAC1j.]n. j j i) (A.3) 

[Cj] = [TCj]/(l • J [AC j;j3n iJmJ) (A.4) 
J ' 

where n.. ,, is the stoichiometric number of the k-th specie in the 
1J > K 

ij-th complex. If Equation A.2 is substituted into Equations A.3 and 

A.4,  a set of non-linear simultaneous equations in [TA^],  [T Cj]» [A^].  

and [C.] is obtained. To solve this set of equations, the coefficients 
J « 

in Equation A.2 must be evaluated in terms of the solution composition. 

For a given specie with electronic charge z: 

Fz = exp (-1.202 z ((/IS / (1 + /TS)) - 0.285 IS)) (A.5) 

where IS is the ionic strength of the solution. Equation A-5 is a 

modification (Davis, 1962) to the Debye-Huckel solution to the Poisson-

Boltzman equation for the energy of the electrostatic field. In many 

cases Fq, the activity coefficient of the uncharged complexes, is pro

portional to IS, but Fq  = 1 has been found to be a good approximation 

in urine-like solutions, with an error less than 5% (Harned and Owen, 

1958). F-j and F^ are the activity coefficients of the mono and bivalent 

ions, respectively, and are calculated from Equation A.5. 

The calculation of [CaOx] is carried out as follows: the total 

concentrations [TA.] and [TC.] are known from analysis of the urine 
' J 
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samples under study. The values of [A..], [Cj]» F-j and Fg are guessed 

and used to solve Equations A.3 and A.4, generating new estimates of 

the free ion concentrations. These new values are then used in Equa

tion A.2 to generate estimates of the concentration of the complexes. 

The concentration of all the charged species are used to calculate the 

ionic strength of the solution (Davis, 1962). The resulting value of 

IS is introduced into Equation A.5 to obtain F-j and F£. The process 

is repeated until the calculated values remain constant (usually about 

5 iterations are required). The calculated value of [CaOx] is then 

used to determine supersaturation in the solution. Finlayson and 

Miller's program calculates the supersaturation ratio S = [Ca0x]/[Ca0x]g, 

where [Ca0x]Q is the equilibrium concentration of calcium oxalate mono-

hydrate, calculated at 38°C. 

i 
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2 -1 Ay Total Crystal Surface Area, cm ml 

a Order of Growth (supersaturation), dimensionless 

B(L) Particle Birth Function at Size L 

B° Nucleation Rate, no ml~^ min"^ 

b Order of Nucleation (supersaturation), dimensionless 

C Solute Concentration, mmol 1""' 

Cr . Calcium Ion Concentration in Feed Solution, mmol 1"^ 
Uct 5  1 

Cgq Equilibrium Concentration, mmol 1"^ 

CQx Oxalate Ion Concentration in Feed Solution, mmol 1""' 

D(L) Particle Death Function at Size L 

_2 D. Diffusion Coefficient in Browman Motion, cm sec br 
_2 D. . Diffusion Coefficient in Turbulent Flow, cm sec turb 

G Linear Particle Growth Rate, ym min"^ 

h Total Rate of Agglomeration 

i Relative Nucleation Growth Sensitivity Parameter 

i"l Relative Nucleation/Growth Sensitivity Parameter, Normal System 

j Order of Nucleation (suspension), dimensionless 

k Kinetic Constant Defined in Equation 26 

k Crystal Shape Factor, dimensionless 
d 

kg Kinetic Constant Defined in Equation 27 

kg] Kinetic Constant in Growth Rate Expression; Normal System, 

dimensionless 

kM Volumetric Shape Factor, dimensionless 



Kinetic Constant in Nucleation Rate Expression; Normal System, 

dimensionless 

Particle Size, ym 

Total Crystal Mass Precipitated, given by Equation 19, mg 1"^ 

Total Crystal Mass Precipitated, obtained by Filtration, mg 1" 

Slurry Density, mg 1"^ 

Total Crystal Mass Precipitated, calculated from chemical 

analysis, mg 1"^ 

ith Moment of the Distribution 

Molecular Weight, daltons 

Population Density Distribution Function, no ym~^ ml"^ 

Population Density of Nuclei, no ym~^ ml~^ 

Initial Particle Distribution in Suspension, no ym~^ ml~^ 

Distribution Function 

Volumetric Flow Rate, ml min"^ 

Crystal Radius Coordinate 

Supersaturation Ratio, dimensionless 

Stoichiometric Supersaturation, mmol 1"^ 

Standard Deviation, dimensionless 

Time, min 

Crystallizer Volume, ml 

Yield, dimensionless 



Subindexes 

Aggregation 

Formation Product 

Feed 

Metastable 

Particle 

Saturation 

Total 

Solute in Solution 

Equilibrium 

Greek 

Proporti onali ty Constant 

Proportionality Constant 

Particle Density, g ml"^ 

Relative Supersaturation, dimensionless 

Retention Time, min 
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