
CRYSTALLIZATION KINETICS OF
CALCIUM-OXALATE IN SIMULATED URINE

Item Type text; Dissertation-Reproduction (electronic)

Authors Miller, John Daniel, 1947-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 09:12:50

Link to Item http://hdl.handle.net/10150/289495

http://hdl.handle.net/10150/289495


INFORMATION TO USERS 

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete. 

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received. 

University Microfilms International 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 USA 

St. John's Road, Tyler's Green 
High Wycombe, Bucks, England HP10 8HR 



! 
» 

77-6058 

MILLER, John Daniel, 1947-
CRYSTALLIZATION KINETICS OF CALCIUM OXALATE 
IN SIMULATED URINE. 

The University of Arizona, Ph.D., 1976 
Chemistry, biological 

Xerox University Microfilms, Ann Arbor, Michigan 48106 



CRYSTALLIZATION KINETICS OP CALCIUM 

OXALATE IN SIMULATED URINE 

by 

John Daniel Miller 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CHEMICAL ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 6 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by John Daniel Miller 

entitled Crystallization Kinetics of Calcium 

Oxalate in Simulated Urine 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

( y t t U - n  , ) j /  j  9 / 6  
Dissertation DirecJ^dr Date 1 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:"" 

Q- C J 

fcLlL— P> c k ̂  

This approval and acceptance is contingent on the candidate's 

adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are allow
able without special permission3 provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this manu
script in whole or in part may be granted by the head of 
the department or the Dean of the Graduate College when in 
his judgment the proposed use of the material is in the 
interests of scholarship. In all other instancesa however, 
permission must be obtained from the author. 

SIGNED: 



ACKNOWLEDGMENTS 

The author wishes to express appreciation to his 

major professor. Dr. Alan D. Randolph, and to Dr. George W. 

Drach without whose patience and guidance this project could 

not have been completed. 

My thanks to The University of Arizona is also ex

tended for financial aid in the form of two grants: 

#5010-3151-03 and #5010-0451-84. 

To my family, Charlotte and Lisa, I wish to express 

my deepest appreciation and gratitude. Their help and love 

in so many different ways made the completion of this proj

ect possible. 

Thanks is also extended to NSP for financial aid in 

the form of a grant: ENG 75-04348. 

iii 



TABLE OP CONTENTS 

Page 

LIST OP ILLUSTRATIONS vi 

LIST OP TABLES ix 

ABSTRACT x 

1. INTRODUCTION 1 

2. THEORIES OP RENAL STONE DISEASE 5 

Matrix Theory 9 
Inhibitor Theory 10 
Hyperexcretion-Crystallization Theory 26 

Effect of pH 29 
Effect of Ionic Strength 30 

Summary 32 

3. APPLICATION OP CRYSTALLIZATION TECHNIQUES 
TO STUDY UROLITHIASIS 34 

The MSMPR Crystallizer 34 
Nucleation Mechanisms and Kinetics 37 
Growth Mechanisms and Kinetics ........ 53 
Supersaturation 59 

4. EXPERIMENTAL EQUIPMENT AND PROCEDURES 67 

Equipment 67 
The Coulter Counter 77 

Procedures 78 

5. EXPERIMENTAL RESULTS 89 

Synthetic Urine System 94 
Effects of Peed Concentrations 99 
Effects of Residence Times 103 
Nucleation Rate Correlations 103 
Growth Rate Correlations 107 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 

Sodium Pyrophosphate-Synthetic Urine System . . 109 
Effects of Amount of Inhibitor Added . . . 109 
Effects of Residence Times 110 
Nucleation Rate Correlations 112 
Growth Rate Correlations 115 

Methylene Blue-Synthetic Urine System 115 
Effects of Residence Times 116 
Nucleation Rate Correlations 117 
Growth Rate Correlations 117 

DL-Alanine-Synthetic Urine System 120 
Effects of Residence Times 122 
Nucleation Rate Correlations 122 
Growth Rate Correlations 125 

Inhibitory Effects of Other Additives 127 
Taurine 127 
Magnesium Oxide 127 
Tetracycline 128 

Aggregation and Agglomeration Observations . . 129 

6. DISCUSSION OP RESULTS 133 

Kinetic Correlations 134 
Nucleation Rate 136 
Growth Rate 139 

Mechanisms of Crystallization . l4l 
Rationale for Stone Formation 149 

7. APPLICATION TO CLINICAL EVALUATION 154 

8. SUMMARY AND CONCLUSIONS 161 

APPENDIX A: SYNTHETIC URINE 166 

APPENDIX B: GENERAL OPERATIONAL AND 
CORRELATIONAL DATA 168 

APPENDIX C: PERTINENT DATA USED TO DETERMINE 
POPULATION DENSITIES OF ALL 
BLANK RUNS 173 

NOMENCLATURE 180 

REFERENCES 183 



LIST OP ILLUSTRATIONS 

Figure Page 

1. Relation between particle size and probability 
of unhindered passage through a pericalyceal 
lymphatic, a duct of Bellini, and a ureter . . 7 

2. Schematic diagram of experimental equipment . . 68 

3. The MSMPR crystallizer (a) disassembled 
and (b) assembled 70 

4. The experimental process and equipment 71 

5. Comparison of suspension densities between an 
empty and charged crystallizer as a function 
of sample time (synthetic urine system) . .. 8l 

6. The effect of residual crystal mass, MT2j on 
the corrected average total suspension 
density, Mip, as a function of residence time . 85 

7. Steady state crystal size distributions for 
two typical synthetic urine runs 93 

8. Characteristic CaCgO^^HgO crystals from 

Run 022876C (x40) 95 

9. Characteristic CaC20^*2H20 crystals from 

Run 022876A (X40) 96 

10. Characteristic CaCgO^^HgO crystals from 

Run 030276A (X40) 97 

11. Small crystals of CaCgO^^HgO situated on the 

faces of a larger crystal (x80) 98 

12. Characteristic calcium phosphate crystals 
from Run 030176B (x40) 100 

vi 



vii 

LIST OP ILLUSTRATIONS—Continued 

Figure Page 

13. Characteristic CaC20^'H20 crystals from 

Run 030276C (x40) 101 

14. Effect of residence time on corrected 
average total suspension density 
(synthetic urine only) 104 

15- Comparison between experimental and 
calculated nucleation rates (synthetic 
urine system) ... 106 

16. Comparison between calculated and experi
mental growth rates for synthetic urine . . . 108 

17* Effect of residence time on corrected 
average total suspension density (sodium 
pyrophosphate-synthetic urine system) .... Ill 

18. Comparison between experimental and 
calculated power-law nucleation rates 
(sodium pyrophosphate-synthetic urine 
system) 113 

19. Comparison between experimental and 
calculated Miers nucleation rates (sodium 
pyrophosphate-synthetic urine system) .... 114 

20. Effect of residence time on total suspension 
density (methylene blue-synthetic urine 
system) 118 

21. Nucleation rates as a function of super-
saturation for methylene blue addition .... 119 

22. Comparison between calculated and experi
mental growth rates for methylene blue 
addition 121 

23. Effect of residence time on total suspension 
density (DL-alanine-synthetic urine system) . 123 

24. Comparison between experimental and 
calculated nucleation rates (DL-alanine-
synthetic urine system) 124 



viii 

LIST OP ILLUSTRATIONS—Continued 

Figure Page 

25- Comparison between calculated and experi
mental growth rates for DL-alanine addition . 126 

26. Agglomerated CaCgO^•21^0 crystals from 

Run 022876C (x40) 130 

27. Crystallizer wall scale showing aggregated 
and agglomerated CaC^Oi, • 2HL0 crystals from 
Run 112575 (x40) . ... 132 

28. Comparison of the experimental and calculated 
values of the suspension density as a 
function of time between the synthetic 
urine and pyrophosphate systems 146 

29. Schematic diagram relating the calcium oxalate 
stone-forming process to various stages of 
crystallization 150 



LIST OP TABLES 

Table Page 

I. Summary of empirical crystallization 
kinetics correlations 135 

ix 



ABSTRACT 

.Crystallization principles were applied to the study 

of urolithiasis using an experimental system consisting of a 

mixed-suspensiona mixed-product-removal crystallizer, an in

line filter, synthetic urine and a Model T Coulter Counter. 

Crystal-size distributions of crystals were determined using 

the Coulter Counter over a 5-6—35-3 micron size range. All 

experiments were carried out at 37°C. Supersaturation was 

obtained by reaction of calcium and oxalate ions. Different 

levels of supersaturation were obtained by variation of the 

crystallizer residence time. 

A synthetic urine was proposed and used to produce 

artificial urinary crystalluria. The type of crystals pre

dominantly produced was calcium oxalate dihydrate; the 

solubility of this crystal species was determined in the 

synthetic urine. 

Growth and nucleation rates of calcium oxalate di

hydrate were determined using MSMPR crystallizer analysis 

techniques. Calcium oxalate dihydrate exhibited size-

independent growth rates; these crystal growth rates 

exhibited approximately second-order dependence on supersat

uration. The nucleation rate was also found to depend on 

supersaturation. Crystal growth rate of calcium oxalate 

x 
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dihydrate was controlled by a surface reaction step. Nucle-

ation was determined to occur by a pseudo homogeneous mech

anism. 

Known and possible inhibiting substances were added 

to the synthetic urine before mixing to determine their ef

fects on the growth and nucleation rates of calcium oxalate 

dihydrate. Sodium pyrophosphate and methylene blue were 

found to reduce nucleation rates, while DL-alanine had no 

effect. The magnitude of growth rates of calcium oxalate 

dihydrate was not affected by any of the added compounds 

at the concentrations tested. A mechanism was proposed 

which states that the inhibitors prevent nucleation at the 

precrystal level by micelle formation (the reversible aggre

gation of dissolved molecules) to form infinitely suspended 

colloidal particles. 

Agglomeration and aggregation were observed in the 

crystallization of calcium oxalate. Magnitudes of calcium 

oxalate growth rates were determined to be too small to 

cause stone formation by free particle growth. Thus, a 

mechanism of calcium oxalate stone formation was proposed 

which places primary cause on agglomeration and aggregation 

of a heavily nucleated fine distribution of particles. 

Trapping of such aggregates in kidney tissue would then lead 

to impeded-particle stone disease. 



A discussion proposing the use of the experimental 

system as a diagnostic test for evaluating patient propen

sity toward stone formation was also presented. 



CHAPTER 1 

INTRODUCTION 

Urolithiasis, the formation of urinary calculi, is 

one of the oldest documented diseases known to man. These 

"stones", as they are sometimes referred to, are found in 

the bladder, ureter or kidney. Bladder stones are charac

teristic of the underdeveloped countries such as Thailand 

(72), India (135)a Turkey (44), and other southeast Asian 

countries (122; Tang et al. in 56). The industrialized 

countries, such as Canada, the United States, and the west

ern European countries (17), are sources of predominantly 

renal calculi. 

Susceptibility to stone formation is inadequately 

understood. Geographic factors, race, sex, and dietary 

habits have been shown to affect calculus formation (4, 17, 

100, 120, 127). Uninfected black patients with normal blood 

calcium have few calcareous calculi compared to white pa

tients. Women are more susceptible than men to stones asso

ciated with urinary tract infection. Male patients, however, 

are more prone to idiopathic calcareous calculi. Stone dis

ease has many theories of causation, as many it seems as 

investigators. 

1 
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Human stones have been found that were composed of 

one or more of the following components: calcium oxalate, 

calcium phosphate, magnesium ammonium phosphate, uric acid, 

cystine, diammonium calcium phosphate, magnesium phosphate, 

sodium acid urate, ammonium acid urate, calcium acid urate, 

magnesium calcium urate, dicalcium urate, sodium ammonium 

hydrogen urate, calcium sodium urate, xanthine, indigo, 

sulfonamide, steatin (79, 96, 101, 102, 133, 172, 174, 175), 

phenazopyridine (125), and other substances. The calcium 

oxalate, calcium phosphate, magnesium ammonium phosphate, 

cystine, urates and uric acid components make up approxi

mately 98% of all stones formed in the United States. Of 

these of all stones are either calcium oxalate monohy-

drate (whewellite) or calcium oxalate dihydrate (weddelite). 

This study is concerned with the calcium oxalate stone 

found in the kidney. 

In the theories concerning the formation of urinary 

calculi, crystallization always appears. Principles of 

crystallization have also been applied successfully to the 

analysis of other unrelated industrial operations (90, 97, 

129, 155, 158, 167). These investigations have involved the 

mixed-suspension, mixed-product-removal (MSMPR) crystallizer 

which was used to analyze the effects of growth and nuclea-

tion kinetics, residence time, and supersaturation driving 

force on the resulting crystal-size distribution (CSD). 
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Much of the work involving urolithiasis has dealt 

with crystallization principles. However, few studies have 

utilized all the information available from crystallization 

theory. A small percentage of recent studies have reported 

growth rates though these rates were not necessarily linear 

crystal growth rates. There has been only one report employ

ing an MSMPR crystallizer to study urolithiasis (55)• There 

have been, however, no studies reporting determinations of 

nucleation rates. Thus, there have been no data reported 

where crystal growth and nucleation rates were purposely 

occurring at the same time. Further, simulation of the true 

physiological system (urine composition) and process (urine 

residence times in the kidney) variables has received little 

attention. In most cases a physiologic temperature of 37°C 

was not maintained. Some studies were frequently hindered 

by the absence of objective and accurate methods of analysis. 

The importance of the CSD in urinary stone-formers 

has been shown to be significant. The true causes regulat

ing crystal growth and nucleation rates in a certain envi

ronment would indicate the changes necessary to control a 

CSD. The nucleation rate indicates the number of crystals 

produced in a particular environment. The higher the number 

of particles available to grow, the higher is the probabil

ity that a particle will remain in the kidney to form a 

stone. The growth rate indicates how fast the particles 
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will grow in a particular environment. The higher the 

growth rate, the higher the chances for particles to grow to 

restrictive passage sizes in the kidney. Observation of the 

mechanisms of growth and nucleation rates in a urine-like 

solution, combined with the effects of selected inhibitors 

at various concentrations, would indicate how to alter a 

stone-former CSD to a normal CSD. 

This study has used many of these accepted tech

niques of crystallization to study the nucleation and growth 

of calcium oxalate crystals in selected urine-like solutions 

and has assessed effects of various inhibitors on crystal 

kinetics. In particular, this study has achieved the follow

ing objectives: 

a. The design and construction of an experimental sys

tem that can be used to study factors relating to 

urolithiasis. 

b. Specific evaluation of known and possible inhibiting 

substances, determining how they affect the growth 

and nucleation rates of calcium oxalate crystals. 

These substances included drugs and physiological 

components found in the body. 

c. Determining whether crystal agglomeration, aggrega

tion, or both dominate urolithiasis. 

d. Evaluation of a synthetic urine, determining if the 

system in (a) could be used as a diagnostic test 

for patient propensity toward stone formation. 



CHAPTER 2 

THEORIES OP RENAL STONE DISEASE 

Although there are differences among Investigators 

as to the etiology of stone disease, it is a well-known fact 

that stone formation is accompanied by supersaturation of 

the urine (148, 189). Supersaturation of the urine with 

respect to the stone-forming salts depends upon the solubil

ity products of the relevant ion concentrations. The free 

ion concentrations of calcium, magnesium, phosphate and 

oxalate are difficult to obtain. For this reason, the level 

of supersaturation of urine has been impossible to measure. 

This problem will be subsequently discussed. 

Most healthy persons excrete for short periods of 

time urine supersaturated with calcium oxalate. However, 

most stone-forming individuals excrete more highly supersat

urated urine and for longer periods of time (5, 59, 105, lllj 

118). It has been found that under certain circumstances 

normal individuals have calcium oxalate monohydrate (whewel-

lite) crystalluria, while persons with recurrent idiopathic 

stone disease who are between occurrences have calcium oxa

late dihydrate (weddelite) crystalluria (42, 145). 

5 
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Normal persons and stone-formers have characteristi

cally different crystal size distributions. Normal crystal-

luria are characterized by smaller, fewer crystals with a 

unimodal distribution. Stone-former crystalluria have modes 

at 5 and 25 um3 the larger mode occurring at the smaller 

size (145). This has also been confirmed by the author 

(183). Pinlayson pointed out that crystals up to a size of 

200 ym are found in the urine of stone-formers (56). The 

importance of this fact will be pointed out later. Figure 1 

shows the probability of passage of a crystal through the 

critical urinary tract pathways. Points to the right of the 

dashed lines represent sizes of crystals which would be 

prone to become impacted and to initiate urinary calculi. 

Pinlayson also argues that an exceptionally high growth rate 

is required for a crystal to grow to 200 ym during the brief 

time it remains in the kidney. Under the hypotheses that 

the crystal is a "free-particle" throughout the urinary 

tract, and that aggregation does not occur, then Pinlayson's 

proposition is non-argumentative. But, from above, 

Pinlayson stated that 200 ym particles which may become 

lodged in kidney tubules do exist in urine. Thus, there 

must exist some possibility that urine is capable of produc

ing single crystals large enough to begin stone disease— 

namely, high supersaturation. 
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Most major theories of stone disease have incorpo

rated the supersaturation concept as part of their hypothe

ses. A broad grouping of these major theories can be made 

with two classifications. One relates stone initiation as 

an intracellular (150) or "fixed-particle" disease (56). 

Foreign body encrustation and Randall's plaques, which are 

calculi formed by small microliths adhering to lesions on 

the renal papillae, characterize this theory of stone forma

tion. The other, described as extracellular (150) or "free-

particle" disease (56), is characterized by unattached 

crystal particles which are too large to pass unrestricted 

through the urinary tract. In this study the extracellular 

theory is only considered as an adjunct to the intracellular 

theory. This is exemplified by Carr's theory of stone dis

ease (26, 27) which necessitates the entrapment of "large-

free crystalluria particles" in pericalyceal lymphatics. 

This entrapment is then followed by fixed-particle growth. 

There has been an excellent review of foreign body lithiasis 

recently (39). 

"Matrix theory" (14, 15, 16, 91), 'Inhibitor theory" 

(59, 60, 61, 84, 86, 156, 179), and the "hyperexcretion-

crystallization theory" (46, 67, 149, 186, 187) are the 

three models of stone formation contained within the free-

particle theory. 
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Matrix Theory 

In the matrix theory of stone formation, in addition 

to crystalline material, protein and mucoprotein material 

are said to make up a "matrix" portion of all calculi. This 

material is not uniform in each stone, but Boyce and King 

(12, 91) found that there is one more prevalent protein. 

The majority of stones have been found to contain 2 to 3 

percent matrix by gross weight (12, 58, 76, 159). The pro

cess by which matrix stone begins is by the polymerization 

of a matrix, followed by deposition of crystals (2). This 

is demonstrated by the findings of Mia and Cornelius (116) 

that in the presence of stone disease the molecular weight 

distribution of urinary peptides and proteins is transposed 

to higher molecular weights. This could have been due to a 

decreased excretion of the smaller molecular weight bio-

colloids with an increase in the amount of the larger molec

ular weight groups, or the smaller molecular weight 

substances could have aggregated differently. In either 

case polymerization would have had to occur at some stage 

because of the presence of the higher molecular weight bio-

colloids . 

Boyce and Garvey (13) found that the urinary calculi 

organic matrix is a mucoid. Where this mucoid originates 

is unknown. The basic composition of stone matrix is a sys

tem of concentric laminations of fibrous matrix (18). 
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Within the laminar striations, Boyce and King found a vari

able amount of amorphous matrix. They concluded from their 

examinations of various matrix stones that no stone is 

formed as a pure sedimentary crystal mass. They felt that 

the physical structure of the stones could only be a conse

quence of the deposition of crystals on or inside an already 

existing matrix. 

Sutor and O'Flynn (171) then studied matrix forma

tion in crystalline material in vivo. They found that crys

talline material once formed could take up an organic matrix. 

Crystalline material that had been inserted in a normal 

urinary tract for 3-4 weeks formed an organic matrix which 

in many regards is identical with that found in a true uri

nary calculus. Their study did not, however, solve the 

problem as to whether crystal or protein precipitation is 

the stone-forming initiation step. 

Inhibitor Theory 

The second of the stone formation theories, inhibi

tor theory, is the most popular explanation of stone disease 

today. This is because there is a large amount of evidence 

supporting the involvement of inhibitors in the prevention 

of stone growth during urine supersaturation. Inhibitors 

can be of two types: those that occur naturally in the 

urine (endogenous), and those that can be classified as 

artificial (exogenous). 
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Three major experimental approaches have been used 

to investigate and promote the inhibitor theory of stone 

formation. In the first, Thomas and Howard (179) used 

riketic cartilage to study crystal deposition and calcifica

tion. Individual urine specimens were warmed to room tem

perature and adjusted to pH 7.4. The urines were diluted to 

a specific gravity of 1.011 and sterilized by filtration. 

Proximal tibiae were obtained from male Wistar rats made 

ricketic by feeding a low-phosphorous-high-calcium diet. 

Each test required a tibia to be divided into two pieces: 

one half as a control, the other incubated in 50 ml of ster

ile urine at 37°C for 48 hours. Then, undecalcified histo

logical sections were taken from the surface of each control 

and incubated bone. These were subsequently examined for 

evidence of mineralization. 

In the second approach, Sutor (168) allowed 0.1 

molar solutions of calcium chloride dihydrate and sodium 

oxalate in 50-ml flasks to diffuse into a 100-ml beaker con

taining 50 ml of a medium in which calcium oxalate was grown. 

The basic medium solution was made up of distilled water for 

the first four runs, followed by a buffer solution. The 

buffer solution, having a pH of 6.4, was made by mixing 950 

ml of 0.2 N sodium acetate with 50 ml of 0.2 N acetic acid. 

Seven drops of formaldehyde were added to suppress bacterial 
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formation. The calcium oxalate crystallized on a 0.2 mm-

diameter glass fiber suspended in the medium. 

The medium and diffusing paper wicks were changed 

each day and the oxalate and chloride flasks filled up. 

The duration of an experiment lasted eight days. 

The effect of the various inhibitory substances 

added was studied by dissolving the substance in the medium 

and observing the growth rate over the experimental period. 

The experiments were carried out in the presence of a con

trol in which the medium was distilled water or buffer so

lution . 

Finally, Robertson and Peacock (1^5) used urine 

obtained from six male idiopathic stone-formers and six 

healthy males to study crystallization inhibitors. The 

stone-formers were studied after being given a constant 

basal intake of calcium, oxalate and phosphate. Fluid in

take was controlled at 1300 ml/day and given at fixed times. 

The controls were investigated under the same conditions. 

Crystalluria of calcium oxalate were measured in voided 

samples by using a Model B Coulter Counter. Crystals count

ed were identified by light microscopy. 

The measurement of the inhibition of calcium oxalate 

crystal growth and aggregation by urine was accomplished by 

collecting urine from recurrent idiopathic stone-formers on 

a free diet. The collected urine was filtered through a 



13 

0.45-ym Millipore filter. Pure calcium oxalate crystals 

were incubated in a solution metastable with respect to cal

cium oxalate. The solution initially contained calcium, 

oxalate, sodium chloride and was buffered at pH 6.0 with 

sodium cacodylate. A portion of a calcium oxalate seed sus

pension was added to 500 ml of the metastable solution. 

Crystal aggregation and growth of the added seeds was mea

sured using the Coulter Counter. The change in the particle-

size distribution with time determined the degree of 

aggregation and growth. 

These approaches have been used in a variety of in

hibitor theory studies. Dent and Sutor (42) found that nor

mal urines contain an inhibitor of calcium oxalate crystal 

growth. Normal and hypercalciuric subjects were found to 

have more inhibitor (and formed calcium oxalate monohydrate 

crystals) than the subjects with renal stones (who formed 

calcium oxalate dihydrate). The presence of the inhibitor 

was verified by the in_ vitro filter-paper wick diffusion 

crystallization experiments of Sutor (168). Sutor studied 

the effects of various ions and compounds on the growth rate 

of calcium oxalate in buffer solutions. These substances 

included chemicals alleged to be therapeutic in preventing 

oxalate calculi growth, synthetic polyelectrolytes, ions and 

compounds complexing either the calcium or oxalate ion, 

miscellaneous compounds, and dyestuffs. It was found that 
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•3 + 
several ions, principally A1 , several dyestuffs, including 

those used as food coloring, and some of the therapeutic 

compounds were notably effective. In the second part of 

the Sutor studies, Sutor and Wooley (173) used urine 

media rather than buffer solutions. In both studies the 

growth rate of calcium oxalate was influenced by habit modi

fication or by forming a stable soluble complex. When urine 

was used as the medium, the inhibitors sometimes changed 

the crystal composition. The second study also concluded 

that the inhibitors were as effective in the buffer solu

tions as in the urine media. 

Robertson and Peacock (145) showed that the urines 

of recurrent stone-formers were lacking a growth and aggre

gation inhibitor found in the urine of their normal controls. 

Their experiments were carried out in vitro using a meta-

stable buffered solution supersaturated with calcium oxalate 

crystals. A comparison between the number of aggregates of 

20 um-diameter calcium oxalate crystals in a metastable 

buffer solution containing 5% urine from a recurrent stone-

former and a metastable solution containing 5% urine from a 

normal control determined the presence of an inhibitor. It 

was found that the number of aggregates in the urine of the 

stone-former increased significantly faster than in the 

normal urine as a function of incubation time. Since the 
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only difference in the solutions was the urines, it was con

cluded that an inhibitor therefore existed. 

Howard and Thomas (85) studied the effect of an 

inhibiting substance on hydroxyapatite. This inhibitor sub

stance was found to be naturally occurring with the follow

ing properties: "it is probably of peptide nature, 

ninhydrin negative, highly acidic and resistant to heat at 

pH 1 for one hour, to alkaline and acid phosphatase, pepsin, 

trypsin and papain" (86). Although Howard and Thomas stud

ied hydroxyapatite, they observed that in very dilute solu

tions of calcium and oxalic acid (such that crystals were 

present within ten seconds) addition of the inhibitor pre

vented precipitation of noticeable calcium oxalate crystals 

for several hours. 

Elliot and Eusebio (47) studied the effect of vari

ous urinary amino acids on the solubility of calcium oxalate. 

These amino acids included alanine, asparagine, glutamine, 

glycine, histidine, serine and taurine. The studies were 

done using an experiment similar to one used by Hammersten 

(78). This involved incubation of a calcium oxalate mono-

hydrate-sodium chloride solution at 38°C for one week with 

varying amounts of amino acid added. There was no signifi

cant effect found in this study, but in a study using albino 

rats, Chow, Hamar, and Udall (28) found that addition to the 

diet of rats of 5% DL-alanine by weight completely 
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controlled nutritionally induced phosphate lithiasis, sig

nificantly reduced comparable oxalate lithiasis and greatly 

decreased the quantity of oxalate found in the kidneys. 

Elliot and Eusebio also studied trace metal effects on cal

cium oxalate solubility (49). They found that only iron and 

copper produced a definite increase in the solubility of 

calcium oxalate. Zinc and aluminum were found to slightly 

increase calcium oxalate solubility. 

Welshman and McGeown (191) also conducted growth 

effect studies on calcium oxalate crystals by potential in

hibitors. Their method was similar to the one used by Sutor 

(168), but rather than simple observation, Welshman and 

McGeown analyzed the calcium content of their stones after 

being dissolved in hydrochloric acid. Thus, their method 

was objective rather than subjective. Metallic ions of 

sodium, potassium, lithium, magnesium, zinc and aluminum, 

compounds such as pyrophosphate, urea, ascorbic acid, sali

cylic acid, citric acid, an amino acid mixture, tetracycline 

and Teepol, and dyes such as methylene blue, malachite green, 

methylviolet, nigrosine, eosin and hematoxylin were studied. 

Unlike the studies by others (157, 168, 173), Welshman and 

McGeown found that some of the inhibitors prevented crystal 

growth in the buffer medium, but not in human urine. While 

the other studies tested some of the same inhibitors, 

Welshman and McGeown found different results. In fact, the 
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only effective inhibitors that Welshman and McGeown found 

were malachite green, sodium pyrophosphate, and to a lesser 

extent tetracycline and Teepol. 

The effect of urinary trace metals on the crystal

lization of calcium oxalate was studied by Eusebio and 

Elliot (53)* They used salt solutions with crystallization 

occurring on submerged copper wires similar to the method of 

Lyon and Vermeulen (103)- Eusebio and Elliot found that in 

the buffer solutions manganese, cadmium, nickel and mercury 

enhanced calcium oxalate crystal growth. Tin, vanadium and 

lead were found to decrease the growth rate. Growth rates 

were measured by weighing the encrusted wires at various 

times over a period of a week. 

Orthophosphate was studied as a calcium oxalate in

hibitor by Burdette, Thomas and Finlayson (23). They mea

sured the calcium and oxalate concentrations in the urines 

of normal and stone-formers before and after orthophosphate 

treatment. It was found that orthophosphate therapy in

creased the urinary concentration of alkali ions and phos

phate, but reduced the urinary calcium concentration. This 

caused a Sl% reduction in the urinary calcium oxalate level 

of supersaturation. However, there was no discernible cor

relation between the changes in urine supersaturation by 

phosphate-induced changes and the presence or absence of 

continued calculous formation. Smith, Thomas and Arnaud 



(162) also found reduced urinary calcium concentrations 

after administering acid potassium phosphate or neutral 

sodium/potassium phosphate to their patients. Complete ces

sation of stone formation or stone growth was found in 91% 

of their idiopathic stone-formers. No change in urinary 

oxalate was noted. 

Fraser et al. (65) studied the inhibitory effect of 

diphosphonates on calcium oxalate. Rats were fed ethylene 

glycol to produce calcium oxalate stones. Adding ethane-1-

hydroxy-l,l-diphosphonate (EHDP) to the drinking water of 

the rats diminished the formation of calcium oxalate stones. 

It was found the EHDP increased the minimum concentrations 

of calcium and oxalate (as [Ca] x [CgO^]) required to pro

duce stone formation in vitro. Aggregation effects on cal

cium oxalate crystals in vitro by EHDP and diphosphonates 

was studied by Pleisch and Monod (63). They measured the 

rate at which an "Agglometer" filtered a solution through a 

20 ym filter under a pressure of 100 mm Hg. The fewer the 

aggregates in the solution, the faster the solution was 

filtered. Pyrophosphate was found to slightly inhibit ag-

-5 -4 
gregation at a concentration of 10 M and totally at 10 M 

The diphosphonate sodium dichloromethylene diphosphonate 

(C^MDP) inhibited partially at 10 M and completely at 

10 M. EHDP inhibited completely below a concentration of 

10"^ M. It is striking that EHDP not only inhibited the 
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crystallization of calcium oxalate, but also calcium oxalate 

aggregation. Disodium pentane monophosphonate was found to 

have no effect. Addition of 10% normal urine to a solution 

completely inhibited aggregation of the calcium oxalate 

crystals. 

Fleisch and Bisaz (62) also studied the inhibitory 

effect of pyrophosphate on the precipitation of calcium oxa

late. They found results similar to those above. The mini

mum calcium and oxalate ion product necessary for crystal 

-5 formation was as low as 1.5 x 10 ^ M. The range of the maxi

mum activity of pyrophosphate was found to correspond to its 

concentration in normal urines. It was concluded that pyro

phosphate blocked crystal growth by adsorbing on the nuclei 

and growing surfaces. In vitro studies by Robertson, 

Peacock and Nordin (151) showed that pyrophosphate and EHDP 

anions were effective in inhibiting calcium oxalate crystal 

growth and aggregation down to concentrations of 0.1-1.0 

yM/1. Pyrophosphate was found to inhibit the crystal growth 

process in solutions with added seed crystals of calcium 

oxalate monohydrate (115)- The total amount of pyrophos

phate in the solutions was too small to complex a signifi

cant amount of calcium. Thus, pyrophosphate was concluded 

to be inhibiting by adsorption on the growing crystal faces. 

Similar results were found by Chulkaratana, Van Reen and 

Valyasevi (32). Russell and Pleisch (157) found that 
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-4 pyrophosphate present in the urine at concentrations of 10 

to 10 M prevented both calcium phosphate and calcium oxa

late crystallization in vitro. 

Using rapidly mixed solutions (0.02 M) of sodium 

oxalate and calcium chloride, Sutor (170) found that citrate 

added to the calcium chloride solution before addition of 

the oxalate ions delayed formation of a white colloidal pre

cipitate. The amount of citrate added determined the time 

the solution remained clear. Precipitation did not occur 

for one hour at a concentration of 1% citrate ion. Normal 

urine at a concentration of 70$ delayed precipitation of the 

white colloid for 30 minutes in an aqueous solution of 7.5 x 

_ R  
10 M calcium and oxalate ions that had precipitated imme

diately. Meyer and Smith (115) found solubilizing effects 

of citrate ion on calcium oxalate, but effects on crystal 

growth inhibition were found too. Similar results were 

found by others (32, 1033 168, 192, 193). 

Several polysaccharides were investigated in aqueous 

and urine media to determine their effects on calcium oxa

late growth and nucleation rates. Zinsser and Light (193) 

examined anhydroglucose (dextran), sulphonated anhydroglu-

cose (dextran sulphate), sucrose (Ficoll), anhydro-g-D-

mannuronic acid (alginnic acid), and urinary mucoproteins 

and mucopolysaccharides. The results found indicated that 

nondialyzable urinary fractions and polymers of glucose and 
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its sulphonated derivatives diminished and prolonged the 

growth and nucleation rates, respectively, while mannuronic 

acid polymers diminished rates of formation to a lesser ex

tent. Crawford, Crematy and Alexander (38) also studied 

polyelectrolyte effects on the crystallization of calcium 

oxalate. Polyacrylic acid and the polyacrylic acid-styrene 

copolymers were among the most effective inhibitors. These 

polymers were important because they showed that ion binding 

is not the main factor in polyelectrolyte activity. Rather, 

it was concluded that these polymers adsorb on nuclei and 

growth sites on the faces of crystals. The effectiveness of 

the synthetic polymers was seen to decrease with molecular 

weight, the lowest molecular weight polymer being the most 

active. 

Methylene blue has been shown to affect calcium oxa

late mineralization. Methylene blue 65 mg administered 

orally three times daily with 300 mg vitamin C inhibited 

calcium oxalate urolithiasis in human recurrent stone-

formers (19). Boyce et al. (19) also made studies that sug

gested methylene blue did not appreciably affect nucleation 

or growth at a concentration of 0.5^ mM. His study (p. 784) 

suggested methylene blue affected the concretions in the 

following ways: "(a) The dye may mask or change electro

static or steriotactic configurations of the matrix to pre

vent crystal nucleation. (b) The dye may be competitive 
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with calcium at the cationic binding sites of the matrix, 

(c) The dye may prevent or disrupt intermolecular bonds be

tween matrix molecules. (d) The effect may be on the renal 

tubular epithelium to modify or minimize matrix production" 

(19). Smith (l6l) showed that calculogenic diet-fed tad

poles would remain calcium oxalate stone-free if their diet 

was supplemented with methylene blue. Sutor and Wooley 

(173) found that calcium oxalate formation was partially in

hibited in a solution concentration of 0.27 mM methylene 

blue. It was also found that increasing the pH from 5.0 to 

6.2 increased the effect. In another study, Sutor (169) 

found that at a methylene blue concentration of 0.79 mM cal

cium oxalate growth and nucleation rates were significantly 

retarded. This study used glass rods placed in the urine of 

hyperoxaluria patients. She stated that methylene blue must 

inhibit nucleation by a solubilizing effect either by mi

celle formation or by complex formation. Growth was inhib

ited by dye adsorption on crystal faces. Rollins and 

Pinlayson (153) studied glass rod encrustation by calcium 

oxalate involving methylene blue inhibition. Below a con

centration of 0.01 mM methylene blue had no inhibitory 

effect, but in the range 0.01-0.1 mM encrustation inhibition 

varied with concentration. A maximum inhibition was thought 

to occur at concentrations above 0.1 mM. They suspected 

methylene blue inhibition was due to its alteration of the 
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zeta potential of calcium oxalate particulates. However, 

Robertson, Peacock and Nordin (151) found no effect of meth

ylene blue on the growth rate of calcium oxalate up to con-

-4 centratlons of 10 M. 

The administration of magnesium oxide as an inhibi

tor has been shown to reduce the urinary excretion of oxalic 

acid (73)• Over lengthy periods of time considerable suc

cess was achieved. Sutor (168) found in an in vitro study 

using magnesium oxide that the magnesium ion did not slow 

down growth in acid solutions or at normal urinary pH. In a 

similar in vitro study Sutor and Wooley (173) found that 

magnesium chloride had very little effect on calcium oxalate 

growth, thus no inhibitory behavior was attributed to mag

nesium. Welshman and McGeown (192) also found in an in 

vitro study that magnesium ion appeared to have no effect. 

Meyer and Smith (115) concluded that there was only a small 

contributory effect of magnesium on the total inhibitory 

activity of urine in vitro. On the contrary, Zinsser and 

Light (193) interpreted their in vitro data to mean that 

magnesium diminished both the growth and nucleation rates of 

calcium oxalate. After studying the early morning urines of 

101 idiopathic male stone-formers and a comparable group of 

normal persons, Welshman and McGeown (192) found that there 

was no difference in the calcium and magnesium ion concen

trations between the two groups. However, they concluded 



that at any given instant a high concentration of urinary 

calcium combined with low magnesium concentration might con

tribute to the formation of stones. 

After examining 76 stone-forming.and normal urines, 

Raman and Sreenevasan (136) found there was no significant 

difference in magnesium excretion between the stone-formers 

and controls. It must be pointed out that the stone-formers 

did excrete a significantly higher amount of calcium, al

though there was no significance found in the calcium/mag

nesium ratios. 

In a calcium/magnesium ratio study by King et al. 

(92), 188 stone-former and normal urines were examined. 

They confirmed that a high proportion of oxalate stone-

formers have an abnormally high Ca/Mg ratio. The high ratio 

is due to relatively high calcium excretion, low magnesium 

excretion, or both. These workers also presented an exten

sive list of studies that suggest the possible role of mag

nesium in the etiology of renal calcification and calculi. 

Elliot and Eusebio (48) studied the effect upon cal

cium oxalate solubility of the principal urinary inorganic 

and organic constituents in simple salt solutions. These 

2+ 
constituents included Mg , the principal organic acids, 

+ + + 2-
Na , K , NHjj , SOjj , urea and creatinine. Of the elements 

studied, over a fivefold range of concentration, magnesium 

afforded the greatest increase in solubility, presumably 



exerting a specific ionic effect rather than one due simply 

to change in total ionic strength. Thus, magnesium effects 

may be entirely due to solubility effects and not inhibition. 

In three studies by Takasaki, he found that after 

concentrating normal and stone-forming urines by restricting 

fluid intake, the magnesium/calcium ratio was significantly 

lower in the urine of the stone-formers in the first study 

(177)- In the other studies (176, 178), the magnesium/oxal

ic acid or the magnesium/(calciumxoxalic acid) ratios were 

lower in patients who formed calcium oxalate stones than in 

normal adults. This was especially true for patients with 

multiple stones. These investigations confirmed other 

studies: urinary magnesium concentrations were basically 

the same in patients or controls, but oxalate and calcium 

were elevated in the patients. A similar study on the mag

nesium/calcium ratio was conducted by Oreopoulos, Soyannwo 

and McGeown (128) with similar results being reported. 

In two studies by Elliot and Ribeiro, the effect of 

magnesium on calcium oxalate solubility was studied. In one 

(52), experiments using salt solutions involving magnesium 

concentrations similar to those found in urine were run with 

the result that very little increase in calcium pxalate sol

ubility was found. In the other study (51), 480 mg magne

sium oxide was administered to 11 normal human subjects. 

2+ 2 — 
The apparent solubility product (Ca )'(C20^ ) for a 
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24-hour urine sample from each subject was determined before 

and after magnesium therapy. No significant changes in uri

nary calcium oxalate solubility were found with this dosage 

of oral magnesium. 

A mucopolysaccharide acid usually used for anti

coagulation, heparin, has been studied as a calcium oxalate 

inhibitor. Robertson, Peacock and Knowles (146) found that 

heparin was effective as an inhibitor down to a concentra

tion of 10"9 M. Crawford et al. (38) found heparin to be an 

effective inhibitor, but since few calcium ions were bound, 

they concluded that heparin did not act by ion-binding. How 

heparin inhibits nucleation and growth is not known at this 

time. 

Hyperexcretion-Crystallization Theory 

The hyperexcretion-crystallization theory takes into 

account the effects of urine supersaturation, pH and ionic 

strength on the growth and nucleation rates of stone forma

tion. This theory may be summarized for urine by stating 

that as the stone salt concentration reaches the saturation 

level and at some point after it becomes supersaturated, 

precipitation will eventually occur. Thus, the urine is 

said to pass from a saturated level (the solubility product) 

through a metastable level of supersaturation to a final 

level of spontaneous nucleation (the formation product). 

The metastable region of supersaturation is that below which 
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growth, but not nucleation, can occur. This is where nuclei 

crystals have precipitated out of solution and continue to 

grow because of the supersaturation driving force. This 

theory totally negates the primary need for a matrix since 

a nidus is not required for crystal growth. There is ex

perimental evidence to support the crystallization concept 

of stone formation. This theory, however, does not require 

abandonment of the inhibitor theory since lack of a sub

stance which normally might complex either calcium or oxa

late could cause abnormally high levels of calcium oxalate 

supersaturation. 

A study by Robertson et al. (147) combining the in

hibitor theory and the hyperexcretion-crystallization theory 

has given added support to both. Studies were conducted 

with multiple urine samples from recurrent idiopathic cal

cium oxalate stone-formers and normal persons to define a 

risk index of calcium oxalate stone formation. Under the 

same dietary conditions the stone-former urines were more 

supersaturated with respect to calcium oxalate and contained 

smaller amounts of protective inhibitors than those of the 

controls. A relationship between urine inhibitory activity 

and degree of saturation was found which discriminated be

tween the recurrent stone-formers and the normals. Although 

this was a purely empirical correlation, there are sound 

explanations for the results. With higher levels of 



supersaturation in the stone-formers, higher levels of nu-

cleation can be expected. This situation also gives rise to 

higher growth rates. Combined with a lower concentration 

of crystallization inhibitors in stone-formers, the super-

saturation factor subjects stone-formers to more crystal 

aggregation and larger crystals formed. Thus, the study by 

Robertson et al. supports the two major theories of renal 

stone formation. 

Vermeulen, Lyon and Gill (187) produced artificial 

urinary concretions of uric acid, calcium phosphate and cal

cium oxalate. Urine and other media were studied with and 

without additives such as serum, whole blood and non-

dialyzable material. Structural similarity between the 

artificial concretions and renal calculi was found. Two 

solutions, one containing calcium ion in solution and one 

containing oxalate ion in solution, were allowed to diffuse 

along filter-paper wicks into the urine solution. Encrusta

tion took place on an immersed wire loop which was rotated 

at 60 rpm. Although it was reported that the "concretion 

devices" were covered to alleviate evaporation, diffusion 

and evaporation from the open system would still occur to 

some extent because the wicks were exposed to the air. This 

study, however, confirms both the non-essential need of a 

matrix and the importance of solubility and crystallization 

factors. Vermeulen, Lyon and Pried (186) found results 
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similar to those above except that in their study they con

cluded that a matrix appears in a developing stone by sur

face adsorption of urinary protein upon the crystalline 

phase. "Stones" formed in solution whether matrix was pre

sent or not. Matrix caused habit modifications which made 

matrix-containing stones look more like real stones. 

Matrix-containing stones were also more difficult to dis

solve . 

In a later paper, Vermeulen and Lyon (185) presented 

a concept utilizing crystallization principles alone to ex

plain the physiochemical mechanisms in stone formation. 

Supersaturation and nucleation were suggested as the princi

ple crystallization concepts promoting crystalluria. Pre

cipitation or "triggering" of stones was purported to 

originate in the renal papillae. This is the "self-starting" 

factor which accounts for crystals spontaneously nucleating 

and growing to a size large enough to impede their discharge 

from the papillae. Thus, the Vermeulen and Lyon concept re

futes the requirement of high growth rates in the earlier 

stated hypothesis of Finlayson. If, for whatever reason, a 

particle is impeded in being discharged, it can become a 

"stone" over a period of time with any positive growth rate. 

Effect of pH 

Alteration of pH has little effect on the precipita

tion of calcium oxalate in the normal urinary ranges accord

ing to Prien (132). No effect was also found by Isaacson 
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(89) when he compared normal and stone-forming urines. 

Sutor (168) pointed out that since calcium oxalate is equal

ly insoluble in both acid and alkaline solutions, control of 

pH was neither practical nor effective. In an experimental 

study of urolithiasisj Miller, Vermuelen and Moore (118) 

found that calcium oxalate solubility did not change sig

nificantly within the ranges of pH commonly found in urine. 

Sutor and Wooley (173) varied the pH in control 

urines and found that calcium oxalate monohydrate was formed 

at pH 6, but the dihydrate form was formed at pH 5 or 7. 

They concluded that the composition of the urine, rather 

than pH, caused the difference. 

Effect of Ionic Strength 

The theory of interionic attraction states that the 

activity of an ion is lessened by the presence of other ions 

of opposite charge. Thus, the activity of an ion is de

creased with an increase in the number and the charge of 

these other ions. This is reflected in the definition of 

2 ionic strength, ji, by the formula, y = 1/2 where C is 

the concentration of each individual ion and V is the va

lence of each ion. This is a general definition, however, 

and in no way predicts the functional relationship between 

ionic strength and solubility. 

The ionic strength of salt solutions has been shown 

to affect the solubility of calcium oxalate. Using sodium 
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chloride solutions, Elliot and Eusebio (47) found that over 

the range of ionic strengths from 0 to 0.50, the solubility 

product of calcium oxalate increased from 0.67 to 8.88 x 
O 

10" . Thus, calcium oxalate solubility was shown to in

crease with ionic strength. 

By adding different components at different concen

trations, Miller et al. (118) showed indirectly the 

individual effects of each component on the ionic strength-

solubility relationship in an artificial urine. This study 

is valuable because the solubilizing effect on calcium oxa

late in an artificial urine compared with thirteen human 

urines was almost identical. Therefore, the effect of each 

component added could be deduced and then compared with the 

ionic strength up to that point. This would then allow a 

functional relationship involving ionic strength effects to 

be derived. 

In comparing normal urines to those of stone-forming 

patients, Isaacson (89) found that at comparable levels of 

calcium excretion, the urine of the stone-formers had a 

lower ionic strength. This is commensurate with the general 

statement concerning ionic strength effects on solubility. 

In a paper on sodium and renal stone involvement, 

Modlin (121) pointed out that Meyer (111) demonstrated the 

effects sodium chloride and other salts have on the activity 

of poorly soluble ions with a resulting increase in the 
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solubility of poorly soluble urinary salts. In the same 

papera Modlin pointed out that Raaflaub (13*0 published data 

that showed the solubility of calcium oxalate increased 

fivefold over an ionic strength range of 0 to 0.3' 

It is obvious, therefore, that ionic strength can 

play a large role in the solubility of the poorly soluble 

salts found in the urine. This directly affects precipita

tion and the types of salt that will precipitate. 

Summary 

The theories that have been presented to explain 

urolithiasis were examined through review of the pertinent 

literature. All major stone-forming theories were found to 

contain the urine supersaturation concept in their hypothe

ses. These major theories were shown to be divided into two 

classifications: "fixed-particle" and "free-particle" dis

ease. The free-particle theory was seen to- contain three 

models of stone formation: matrix theory, inhibitor theory 

and the hyperexcretion-crystallization theory. The above 

three models were considered in depth by review and compari

son of several recent studies. 

Several studies which would be classified under the 

inhibitor theory model were reviewed. They showed which in

hibitors have been studied and their effects on the growth 

of salt crystals usually associated with urolithiasis. 

Those inhibitors reported were either endogenous or 
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compounds that could be classified as exogenous. These in

hibitor theories gain support from the finding that certain 

inhibiting substances found in normal urine are absent from 

the urine of stone-formers—see, for example, Howard and 

Thomas (85), Dent and Sutor (42), Robertson and Peacock 

(145). If these inhibitors of crystallization are uniformly 

absent from urine of stone-formers, then inhibitor theory 

might completely explain renal calculous disease. 

Other investigators have offered evidence in support 

of the theory that renal stone formation is caused by ex

cessive supersaturatlon of urine with calcium and oxalate 

ions. These investigators give ex-vivo evidence to support 

the supersaturatlon theory, but only examine results and 

not necessarily causes, of chemical changes which lead to 

stone formation. If supersaturatlon of urine alone causes 

renal calculi, correction of the cause by limitation of ion 

excretion would seem very easy. However, treatment to re

duce supersaturation of crystallizable ions in this type of 

patient has not completely arrested his stone disease. 

Effects of pH and ionic strength on the formation 

and growth of calcium oxalate were also reviewed. The im

portance of ionic strength effects and the relative insig

nificance of pH effects in the study of calcium oxalate 

urolithiasis was shown. These effects were considered over 

the ranges of values usually accepted as normal. 



CHAPTER 3 

APPLICATION OP CRYSTALLIZATION TECHNIQUES 
TO STUDY UROLITHIASIS 

Finlayson (55) has presented compelling arguments 

for the modelling and analysis of renal precipitation by the 

well-tested theory for continuous crystallization. He fur

ther demonstrated the applicability of the continuous crys-

tallizer particle distribution (CSD) to the analysis of 

calcium oxalate crystallization, although his work stopped 

short of the task of obtaining definitive system kinetics as 

was investigated in this study. The approach of Finlayson 

to include continuous crystallization theory as an analysis 

tool in the study of renal disease is a powerful concept. 

This approach and the development of the kinetic models will 

be further exploited in this chapter. 

The MSMPR Crystallizer 

Crystals are found in the urines of both normal and 

stone-forming individuals. Finlayson has suggested that the 

ducts of Bellini and the renal pelvis in the urinary tract 

constitute two continuous crystallizers in sequence (55). 

The crystals in the urine of individuals and the crystals 

grown in a continuous crystallizer have been shown to be 

34 
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extraordinarily similar (110). This suggests that stone 

formation and crystallization occur by the same process. 

The similarity between the crystals formed in the urinary 

tract and the continuous crystallizer and the similarity be

tween an in vitro continuous crystallizer and the urinary 

tract are the bases for the above suggestion. It follows 

that the continuous crystallizer could be used to study the 

stone-forming process. 

The mixed-suspension, mixed-product-removal (MSMPR) 

crystallizer is similar to a continuously fed stirred tank 

reactor. It can be characterized as an agitated vessel con

tinuously receiving fluids which develop supersaturation 

when cooled, mixed or evaporated. Operation allows for con

tinuous discharge from the vessel of a mother liquor which 

contains suspended particles. This is comparable to the 

inflow and outflow of the human kidney. Details of the 

MSMPR crystallizer have been treated elsewhere (21, 139) and 

are not given here. 

The MSMPR crystallizer in this study generated 

supersaturation by chemical reaction. The MSMPR crystal

lizer behaves as though it is perfectly mixed; thus, in any 

arbitrarily small element of crystallizer volume, a full and 

uniform particle-size continuum is assumed to exist. The 

MSMPR crystallizer has unclassified withdrawal, which means 

that the particle-size distribution of crystals at outflow 
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is the same as the distribution within the volume of the 

crystallizer. Steady state operation of the MSMPR crystal-

lizer means that flow rates, composition and temperature 

remain constant, as do crystallizer volume and temperature. 

Growth is assumed to follow McCabe's AL law; i.e., growth 

is not a function of L. 

For the steady state MSMPR crystallizer, the crystal-

size distribution can easily be obtained from the well-known 

crystal population balance developed by Randolph (137) > and 

Randolph and Larson (138). The resultant distribution is 

given simply as 

n = (B°/G) exp{-L/Gx} (1) 

where n is the population density expressed as particle num

ber per size per sample volume, B° is the nucleation rate 

expressed as particle number at size zero per time per sam

ple volume, G is the growth rate expressed as microns per 

time, and t is the liquid retention time. 

The population density of the crystal size distribu

tion is related to the total mass in the system, M^, (139) -

The specific volume of the crystals in the distribution is 

represented by the product of the third moment and a volume 

shape factor. If this product is also multiplied by the 

crystal density, p, the specific mass of crystals results. 

In equation form this result can be summarized as 



37 

M,p = = kvp /c°L^n°exp{-L/GT}dL 

= 6pkvn°(GT)^ (2) 

where m^ is the third moment, kv is the volume shape factor 

and n° is the nuclei population density at size L = 0. This 

equation forms a constraint on the crystal growth rate; thus, 

Nucleation Mechanisms and Kinetics 

Prom size distribution analysis, a semilog plot of 

n versus L allows the nucleation rate and growth rate to be 

determined using Equation 1 since 

B° = lim nG (3) 
L+0 

•Nucleation can be generally defined as the appear

ance of infinitesimally designated crystal particles within 

a fluid. The process of nucleation can occur by a variety 

of different mechanisms. These mechanisms include homoge

neous, heterogeneous and secondary nucleation. Homogeneous 

nucleation is that caused purely because of fluid supersat-

uration and occurs only at high supersaturations. Hetero

geneous nucleation is the formation of new particles because 

of the presence of foreign insoluble matter. If nucleation 
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in a solution occurs because of the presence of solute seed 

crystals, the mechanism is termed secondary. 

The homogeneous theory of nucleation was first sug

gested by de Coppet in 1872 (3^)s developed by him in 1875 

(35)j and reaffirmed by him in 1907 (36). Supersaturated 

solutions of Glauber's salt, sodium bromide, sodium sulfate 

heptahydrate and others were observed still intact after a 

period of several years. This led de Coppet to the basic 

conclusion that there appears to be a limit to which these 

supersaturated solutions remain stable and that a labile 

system adjustment depends on the sample size being observed. 

These experimental results suggested crystal nuclei forma

tion by multiple molecular collisions. Thus, homogeneous 

nucleation theory considers the formation of crystal nuclei 

a chance happening. Therefore, no matter what the super-

saturation level, the solution will reach an equilibrium 

state given enough time for the formation of the first crys

tal nucleus. 

Ostwald (129) pointed out that the apparent super-

saturation limit found by de Coppet using Glauber's salt and 

the uncertainty of the experiments with various sample sizes 

invalidated the kinetic interpretation de Coppet had ex

pressed. Ostwald then found that supersaturated solutions 

of sodium chlorate, Rochelle salt, borax and the alums re

quired a crystal fragment of minimum size to promote 



nucleation. This eventually led Ostwald to develop the 

critical-size nucleus concept, the supersolubility concept, 

the Law of Stages, and the particle-size effect on solubil

ity. These concepts were theoretically arrived at by 

Ostwald using the Gibbs-Thomson equation. In essence, 

Ostwald argued that a supersaturated solution contains two 

regions of supersaturation: metastable and labile. Nuclea

tion can occur in both regions, spontaneously in the labile 

but by any appropriate "seed" in the metastable. 

These considerations led Volmer and Weber (188) to 

develop a fundamental expression for the homogeneous nuclea

tion rate in the form of an Arrhenius-type expression: 

B° = C exp{-AG*/kT} (4) 

where C is a proportionality constant, k is the Boltzmann 

constant, T is the absolute temperature, and AG* is the free 

energy of formation of the critical nucleus given as 

40* = 16«3V2 (5) 

3k T (m log s*) 

where a is the surface tension, v is the molecular volume, 

m is the number of ions in the neutral molecule and s* is 

critical supersaturation ratio below which nucleation is 

slow and above which nucleation is fast. This represents 

the simplified Volmer-Becker-Doring theory of homogeneous 

nucleation. 
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Another theory of homogeneous nucleation was also 

developed from a kinetic theory approach. Christiansen and 

Nielson (29» 30, 31) proposed that clusters form from react

ing ions, but that the nucleation rate could be written in 

terms of the primary ion concentration, c, by 

B° = (6) 

where p is the number of ions in the critical cluster. 

Christiansen and Nielson used this equation to estimate 

values of p, which were found to be 6 for AggCrO8 for 

BaSO^, etc. Since these are the total number of ions, the 

equivalent molecular units would be 2 and 4, respectively. 

In terms of the supersaturation definition, the Christiansen 

and Nielsen nucleation model takes the form of the model 

proposed by Robinson and Roberts (152): 

B° = k^s1 (7) 

where k^ is a kinetic constant of nucleation rate that is 

probably temperature dependent, s is the absolute supersatu

ration value, c-c , and i is a power that might also be a 
s 

function of nucleation temperature. Randolph and Larson 

(139) employed the same model with the exception that i is 

assumed not a function of temperature. Various values of i 

have been reported in the literature. A value of zero was 

found for crystals obtained from an evaporative 
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crystallizer (152) Indicating supersaturation-independent 

nucleation rates. Genck and Larson (71) found relative nu-

cleation rates that increased with temperature for KC1, but 

decreased for KNO^. The values of i for these systems were 

found to be 2.6 and 1.3S respectively. Timm and Larson 

(180) found values of i equal to 4 and 9 for the (NH^)2SO^ 

and NaCl systems respectively, when supersaturation was pro

duced by salting-out with ethanol. 

A model of the power-law form similar to Equation 7 

takes Ostwald's metastable region into account. The model 

as proposed by Miers (117) gives an explanation for the 

observations that solutions exist at very low supersatura-

tions without nucleating. This model is given in terms of 

concentrations as 

B° = k.T(c-c )"*" c >c (8) 
N m m s 

where c is a concentration greater than the saturation con-
m 

centration but below which growth, but not nucleation, can 

occur. If the saturation concentration, cs, is subtracted 

from each term in the brackets of Equation 8, the nucleation 

rate can be written in terms of supersaturation definitions: 

B° = kN(s"sm)1 (9) 

where s = c -c is a constant. 
m m s 
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The heterogeneous theory of nucleation was born from 

experimental data observations. It asserts that spontaneous 

nucleation takes place only at heterogeneous singularities. 

These singularities represent the points where the solute is 

in contact with another substance. This substance could be 

the container walls or particles adhering to the wall, or 

foreign particles in the solution. 

There have been several proposals regarding the 

manner in which nucleation is initiated by the particles and 

walls. These include three distinct groups: (a) purely 

mechanical action; (b) the particle acts only as a base upon 

which the solute molecules are laid down in crystalline 

array; and (c) the nucleation occurrence depends on the ac

tion of an adsorbed layer covering the particle. 

Mechanical action supposedly arises from a retarding 

action exerted by a container wall or foreign particle upon 

the thermal motions of the solution molecules next to these 

bodies (35, 36). This means there is a lower region of 

molecular velocities created as compared to more distant 

points. This essentially means that the effective tempera

ture in this region is lower than elsewhere, and therefore, 

with regard to the homogeneous theory, nucleation will occur 

with higher probability there. 

An adsorbed layer of solute on the foreign particle 

by some unspecified mechanism has been advanced by several 



investigators (22, 104, 112). An incomplete interfacial 

layer action has been proposed which suggests the foreign 

particle effect on nucleatlon depends on the amount of devi

ation from equilibrium of the adsorbed layer condition (66, 

68). The colloidal nature of the particles and the sensi

tiveness of this action supposedly explained the various 

effects seen on the solute after aging, filtering or pre

heating. Theoretically, equilibrium attainment is assisted 

because of these treatments. Hinschelwood and Hartley (82) 

also suggested colloidal organic dust from the air as the 

effective foreign particles, but that nucleation is a heter

ogeneous catalytic process. The particle efficiency was 

suggested to be in part radius dependent. 

Richards (142) postulated a particle effect which 

carried the solution in the form of a "crystalline adsor-

bate". However, it was not clear what the adsorbate charac

ter is or how the adsorbate functions. 

A thin crystal lattice of the solution surrounding 

the foreign particle was suggested as being effective in 

promoting nucleation by Hammer (77). This action seemed to 

be the same as that of a solution crystal, with the differ

ence being due to the effects of the adsorption forces. 

Certain "critical" spots on the container walls have 

been noted as a possible means of nucleation initiation 

(157)' It is readily observed that container surfaces are 
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frequently scratched or rough. The action by freely sus

pended particles is seen to be similar to the elevated sur

faces of the containers. Impurities initially dissolved in 

the solution have been suggested as precipitating in the 

pores or wall rough spots (113). These impurities are pos

tulated to cause nucleation in some unspecified manner. The 

suggestion of a very small wedge-shaped crevice, its activi

ty resulting from a preferred molecular orientation of the 

solution adsorbed on the crevice walls, was presented by 

Richards, Kirkpatrick and Hutz (143). 

A more recent heterogeneous nucleation model has 

been proposed (184). As pointed out by Walton (189) j recent 

studies have led to the conclusion that critical clusters 

have few ions, and thus the critical nucleus does not have 

bulk crystal ion spacing, elastic moduli, or surface energy. 

This theory is based on a sequence of diffusion, ad

sorption, surface diffusion, and clustering deviations. The 

final equation for coherent nucleation (clustering deter

mined entirely by substrate lattice configuration) predicts 

the critical supersaturation increases with lattice mis

alignment between deposit and substrate. It also predicts 

that high adsorption energy is required of all favorable 

nucleation sites, and that the critical supersaturation de

creases with increasing temperature. A similar result was 
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obtained for incoherent nucleation (clustering determined by 

deposit lattice). 

Experiments involving the nucleation of alkali ha-

lides on mica substrates were carried out by Upreti and 

Walton (185) to verify their theory. Nucleation was deter

mined by visual inspection. They found, in agreement with 

theoretical prediction, that the preferred lattice alignment 

does not necessarily lead to the most favorable energetic 

process. This qualitative agreement suggests the selection 

of the proper function parameters was correct. 

The Upreti and Walton theory qualitatively predicts 

the lattice mismatch and temperature dependence of the crit

ical supersaturation. Finally, even though substrates are 

ideally matched with the deposit, considerable supersatura-

tion will occur for materials of high lattice energy. 

Secondary nucleation has recently been suggested as 

being possibly the most important mechanism in industrial 

crystallizers (33). This type of nucleation has also been 

termed nuclei breeding. There are three types of breeding 

mechanisms. These include initial, needle and collision 

breeding (164). 

Initial breeding represents the appearance of minute 

crystals in a supersaturated solution after unwashed crys

tals are added to the solution. These minute crystals are 

thought to be introduced into the solution by adherence on 
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the surface of the added crystal. When added to the solu

tion these crystallites just fall off the larger crystal. 

This mechanism is expected to be seen in most supersaturated 

solutions. Ting and McCabe (l8l) observed this phenomenon 

as did Mason (106) in his study of MgSO^^HgO solutions and 

Kirtisinghe (93) in his study of salol melts. 

Needle breeding is a common form of secondary nucle-

ation which requires high growth rates. Whiskers or needles 

that have grown on the ends of single crystals are broken 

off by fluid shear. Strickland-Constable and Mason (165) 

and Mason and Strickland-Constable (107) illustrated this 

mechanism with MgSO^-7H20 solutions. A single crystal was 

rotated in a supersaturated solution. Needles or spikes 

which grew out of the crystal ends appeared to grow abnor

mally into other crystals. This phenomenon was seen to 

depend on the level of supersaturation. 

Collision breeding is undoubtedly the most common 

type of secondary nucleation simply because the conditions 

required for it are easily achieved. This form of secondary 

nucleation requires high levels of supersaturation. Single 

crystal collisions between other crystals, container walls 

or an impeller can produce nuclei on the surface of the 

parent crystal, even at very low supersaturations. Lai (97) 

performed careful experiments concerning collision breeding 

in aqueous solutions of MgSO^^HgO. A single MgSO^ • 71^0 
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crystal pretreated to prevent initial breeding was attached 

to a glass rod and lowered into a supersaturated solution. 

After being touched lightly on three faces with a glass rod, 

the crystal was rotated at a fixed rate for a certain amount 

of time. The solution was then kept supersaturated at a 

AT = 4°C to allow the nuclei to grow to a countable size. 

The rates of nucleation were determined as the number cre

ated per time required for the appearance of all crystals. 

For a AT = 1°C a collision breeding rate equal to 49 

nuclei/minute was found, while at a AT = 3°C a rate equal to 

470 nuclei/minute was observed. Obviously then, collision 

breeding is a function of the level of supersaturation. 

The mechanism for the functional dependence of sec

ondary breeding on supersaturation can be explained by use 

of the Gibbs-Thomson equation. Referring to this equation, 

the critical nucleus size is inversely proportional to the 

degree of supersaturation. Those nuclei produced below the 

critical size redissolve, while those above continue to 

grow. Thus, with a higher degree of supersaturation the 

critical size becomes smaller, and therefore, more crystal 

nuclei survive. This has been referred to as the "survival" 

theory of collision breeding. 

Studies by Garabedian and Strickland-Constable (693 

70) of sodium chlorate gives strong credence to the survival 

theory. They allowed a crystal to slide along an inclined 
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tube containing a supersaturated solution of MgS0^*7H20. 

Experiments were carried out at various levels of supersatu

ration, the nucleation rate being strongly supersaturation 

dependent. Sliding of the crystal was-also performed at a 

constant level of supersaturation. However, dilution of the 

solution after sliding occurred (development period) was 

carried out at various lower supersaturation levels. The 

results were dramatic: nucleation depended on the super-

saturation during the development period rather than on the 

sliding (collision) process. The number of crystals was 

found to be reduced with dilution after sliding. The resul

tant number of crystals that grew was the same as that found 

when collision and development were performed at that dilu

tion. Thus, the smaller crystals redissolved after they had 

formed. 

Johnson, Rousseau and McCabe (90) postulated and 

showed results supporting a mechanistic theory which sug

gested that while normal growth is occurring at the crystal 

surface, a foreign surface interrupts this process causing 

particles to be thrown off as secondary nuclei. Under less 

stressful conditions these particles would normally be ad

sorbed into and become a part of the growing crystal surface. 

Johnson et al. studied a crystal of MgS0^*7H20 

mounted on a thermistor probe in a flowing supersaturated 

solution. The crystal was contacted by steady pressure with 
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rods of different sizes and materials. Nuclei formation was 

absent without contact, indicating fluid shear by itself 

does not cause nucleation, and with contact by a material 

softer than the crystal itself. Crystal-rod contact was 

found to produce more nuclei per area of contact than did 

crystal-crystal contact. However, in a similar study by 

Clontz and McCabe (33) using impact contact the opposite 

results were found for the same impact energy. They found 

that crystal-crystal impact contact resulted in more nuclei 

per unit area than did a similar crystal-rod contact. 

Denk and Botsaris (4l) also studied the sodium chlo

rate system over large ranges of supersaturation to eluci

date the secondary nucleation mechanism. For example, did 

the nuclei come from seed crystal dendrites or by boundary 

layer nucleation resulting from an impurity concentration 

gradient? Since sodium chlorate forms two distinct enantio-

morphs, the above distinctions could be studied. The study 

concluded that a single mechanism was not responsible for 

secondary nucleation, but that different conditions of 

liquid velocity, impurity concentration, and supersaturation 

could cause secondary nucleation. Under some conditions 

only one form of sodium chlorate nuclei were produced. 

These nuclei were concluded to arise from dendritic breakage 

from seed crystals. However, under other conditions both 

crystal forms'were produced. In one instance a mechanism 



relating the ordering of the water molecules at the solid/ 

liquid interface was postulated. The authors pointed out 

the highly speculative nature of this theory. In another 

case secondary nucleatlon was thought to arise from an im

purity concentration gradient. Qualitatively no difference 

was found from their pure solution studies. For example, 

12 ppm (molar) of borax increased the temperature for spon

taneous sodium chlorate nucleation in this region of super

cooling. 

The impurity observation by Denk and Botsaris lends 

support to their theory that secondary nucleation could 

occur in the seed crystal boundary layer. Nucleation is 

suggested to be caused by an impurity concentration gradient 

resulting from the inclusion of impurity into the crystal 

surface (9). Their theory was formulated from other system 

observations that small amounts of specific dissolved im

purities could inhibit the nucleation rate or defer crystal 

formation altogether (10, 11). If the concentration of the 

impurity near the crystal surface was smaller than the bulk 

concentration, then nucleation (secondary) might occur only 

at the surface and not in the bulk solution. 

A fluidized boundary layer comprised of ordered 

solute molecules was postulated by Powers (131) as forming 

around a seed crystal. Mechanical shear caused by the tur

bulent flow of the fluid is suggested as removing the 



ordered molecular clusters which then form nuclei in the 

surrounding solution. A large amount of experimental work 

has been done by Estrin and Youngquist (166, 167, 190) pro

viding support for this particular mechanism. Specifically, 

Sung, Youngquist and Estrin (167) showed that secondary 

nuclei of MgSO^^f^O could be produced as a result of fluid 

jet impingement on a single crystal surface submerged in a 

supersaturated solution. However, Johnson et al. (90) never 

produced any secondary nuclei from a single crystal at all 

fluid velocity levels. However, their maximum velocity was 

much lower than Estrin's fluid jet velocity. 

The micro-attrition model introduced by Strickland-

Constable and Mason (165) proposes that nuclei are friction-

ally worn off seed crystal surfaces without being damaged. 

Evans, Margolis and Sarofim (5*0 showed that both the shear 

model and the micro-attrition model could be significant. 

However, Clontz and McCabe (33) found that fluid shear was 

not strong enough to cause MgSOjj • 7^0 nucleation. 

There appear to be many heterogeneous and secondary 

sources of crystal nuclei. The power-law model as given by 

Equation 7 does not contain a frequency or crystal-crystal 

contact energy dependence. Experimental work (3, 98, 140) 

has been done which shows that nucleation which involves 

these types of energy input can be correlated by 
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B° = kN(RPM)s1M^ (10) 

where the mechanical stimulus is contained in the RPM de

pendence of k^. These studies correlated steady state nu-

cleation data obtained from MSMPR crystallizers. Sikdar 

(160) found values of i and j equal to 2.59 and 0.67, re

spectively, for the MgSOjj-THgO system in aqueous solutions. 

He also found values of i and j equal to 0.5^3 and 0.84, 

respectively, for the citric acid monohydrate system. How

ever, he replaced in Equation 10 by the fourth moment, 

Mjj, pointing out that any of the higher moments could be 

used in Equation 10. 

Thus, it is evident that there are several proposed 

mechanisms which attempt to explain secondary nucleation. 

These included initial breeding which occurs because of the 

inadvertent addition to the supersaturated solution of crys

tals which have tiny crystals adhering to their surface, and 

needle breeding. Needle breeding is caused by whisker or 

dendritic breakage from single crystals caused by fluid 

shear. Perhaps the most common type of secondary nucleation, 

collision breeding is due either to crystal-crystal, 

crystal-wall or crystal-impeller collisions. These colli

sions produce nuclei on the parent crystal surfaces, even at 

low supersaturations. Collision breeding itself contains 

two cases of fundamental mechanisms. The survival theory 

which states that all formed nuclei smaller than the 



critical size redissolve arises from the solid phase birth 

of the nucleus molecules. The loosely attached boundary 

layer theory suggests that shear caused by the turbulent 

flow of fluid past a seed crystal removes the ordered molec

ular clusters which then form nuclei in the surrounding so

lution. These are the most general mechanisms presented; 

others were discussed but are limited to specific systems. 

Growth Mechanisms and Kinetics 

The linear growth rate, dL/dt, is defined as the 

rate at which the linear size dimension L increases with 

time. Usuallys crystals of various sizes have the same 

habit or shape; thus, a single characteristic linear dimen

sion can represent the crystal size, L. This growth rate 

depends on the crystal velocity with respect to the solution, 

temperature, crystal surface and supersaturation. However, 

without supersaturation growth will not occur. 

Crystal growth mechanisms involve two basic steps: 

transport of the solute to the crystal surface, and integra

tion into the crystal surface. This involves a diffusional 

step followed by a reaction step. The reaction step is 

sometimes referred to as the particle integration step. 

Kossel (9^, 95) and Stranski (163) suggested that 

growth occurs by successive steps in which growth starts on 

a finished crystal plane by two-dimensional surface nuclea-

tion. If the formation is rate limiting, the growth 
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equation according to the Kossel-Stranski theory is 

G = Z exp{-TTY2afi/(RT)2ln(cr+l)} (11) 

where y is the interfacial free energy, a is the growth 

layer thickness, n is the solute molecular volume, a is the 

relative supersaturation, (c-c )/c , and Z is the growth s s 

constant. 

Rather than a single nucleus involvement in growth, 

Nielsen (126) and Bennema (7) have proposed another model 

which differs from the Kossel-Stranski model only in that 

the crystal surface nucleation may involve polynuclear 

interactions. The resulting growth equation is 

G = (nRT^ @ a exp [rt] exp ̂ _7r^RT^ ln(c r+l)J 

where E is the activation energy for entry of the growth 

unit into the critical nucleus. However theoretically 

pleasing the above two models are, they unfortunately are 

not too useful in predicting or even correlating experimen

tal data. Both models have obvious discrepancies: the 

first requires a to be much greater than zero for growth to 

be significant, something not evident in experimental obser

vations. The second model increases to a maximum growth as 

supersaturation is increased, something also not observed in 

experimental work. 
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These discrepancies led Prank (64) to propose a 

growth model based on crystal imperfections. The "disloca

tion" theory suggests that growth is promoted by a spiral 

step which winds itself around a screw dislocation located 

on the crystal surface. Whereas a surface nucleus, becomes 

dormant when the layer it started is completed, a spiral 

step can continue to produce layers since the screw disloca

tion perpetuates itself. This dislocation can originate 

just as spontaneous surface nuclei do, or it may result from 

early irregular growth. Nielsen (126) has pointed out these 

irregular growth processes might include "bending of thin 

plates or needles until they yield, intergrowth of crystals, 

filling-up in a dendrite with occasional misfits when the 

branches meet, growth around a foreign particle or growth on 

a foreign nucleus with unexact matching between the lattices." 

Burton, Carbrera and Prank (24) considered that the 

spiral growth is limited by adsorbed solute migration across 

the face of the crystal. This being the rate limiting mech

anism led to two simple growth equations: 

G = £_ a2 (ct<«T ) (13) 
ac c 

and 

G = Aa (a»a ) (14) 
0 

where A and are characteristic constants. Experimental 
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verification of the above models is rather difficult since 

reliable data at low supersaturations is hard to obtain, and 

that at high supersaturations may result from solution in

stability . 

Combination of the two-dimensional nucleation and 

dislocation growth theories has resulted in compound models. 

Bennema (6) and Denk and Botsaris (40) obtained correlation

al improvement on data from aluminum potassium alum and 

sodium chlorate solutions. It should be pointed out that 

Bennema's compound growth mechanism was developed to predict 

growth rate at low supersaturation, but Denk and Botsaris 

point out that the Bennema mechanism can be improved by mod

ification to agree well with theirs up to a point. Liu, 

Tsuei and Youngquist (99) showed that their data and that of 

Bennema and Denk and Botsaris fit satisfactorily the dislo

cation model alone. Liu et al. also point out that the dis

location model has the added advantage of containing only 

two adjustable parameters. Using only the dislocation model, 

Liu et al. found second order dependence of growth on super-

saturation for itaconic acid and an intermediate dependence 

of growth on supersaturation between the limiting first- and 

second-order dislocation theory forms for anhydrous citric 

acid. 

Diffusion-controlled growth is dependent upon a mass 

transfer resistance and a surface integration resistance in 
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series. These are represented in terms of coefficients: 

1/k and D/5, respectively, where k^ is the mass transfer 

coefficient, D is the diffusivity and 6 is the boundary 

layer thickness at the crystal surface. A mass balance at 

the bulk-boundary layer interface between mass transfer and 

surface reaction for a first order reaction yields the gen

eral growth rate equation: 

G = p (1/k + 5/D) (15) 

where s is the absolute concentration difference between the 

bulk and boundary layer phases, c-c , and k is the reaction s 

rate constant. When surface reaction is rate controlling, 

the growth rate is shown to reduce to 

G = k s (16) 
g 

where k^ is the growth rate kinetic constant. For diffusion-

controlled growth, Equation 15 reduces to 

G = f f s  ( 1 7 )  

Although the above growth rate equations are theo

retically derived, there are some systems whose growths have 

been shown to be size-dependent (1, 20, 83, 109s 123, 124). 

Bransom (20) suggested an empirical model to account for 

this effect: 
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G = k saLb (18) 
O 

For instance, McCabe and Stevens (109) found that growth for 

copper sulphate pentahydrate could be correlated with values 

of a = 1.8 and b = 1.1. However, there are systems that 

have been shown to be size-independent, but not necessarily 

linear in s (3, 81, 108, 119, 130,- 140). Sikdar (160) found 

values of a equal to 2.285 and 0.65 for aqueous solutions of 

magnesium sulphate heptahydr'ate and citric acid, respective

ly. If this is the case, Equation 18 is said to follow 

McCabe's AL law and can be written as 

G = k sa (19) 
o 

There is a.restriction on the growth rate as given 

by Equation 18: namely, as size goes to zero so does growth. 

Canning and Randolph (25) argued that the growth rate could 

not be zero at zero size (obviously a zero growth rate would 

result in a zero effective nucleation rate and an infinite 

nuclei density). They suggested a model of the following 

form: 

G = G0(1+aL) (20) 

where G0 is the growth rate at zero size and a is an empir

ically determined constant. They showed that this model fit 

data for Glauber's salt with a = 0.065 as well as Bransom's 

exponential model (25). 
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A modification to the Canning-Randolph model was 

introduced by Abegg, Stevens and Larson (1) so that a better 

data fit could be obtained: 

G = G0(l+aL)B $<1 (21) 

For Glauber's salt they found values of a = 125 and 3 = 0.2 

fit the data as well as the Canning-Randolph model. 

Supersaturation 

The driving force behind crystal precipitation and 

growth is supersaturation. Definitions of supersaturation 

are varied, depending upon the method used to obtain the 

definition parameters. Simply, supersaturation is the con

centration in excess of the saturation concentration (139)-

In urolithiasis there are several usable definitions. Some 

of these are simple, while others are rather involved. 

Robertson, Peacock and Mordin (148) presented a pro

cedure for determining the saturation of normal and stone-

forming urine with respect to calcium oxalate. They were 

able to calculate the activity product of calcium oxalate 

as a measure of saturation. A computer program was written 

to calculate the concentrations of ionized calcium and oxa

late from a knowledge of pH, the total concentrations of 

calcium, magnesium, sodium, potassium, ammonium, phosphate, 

oxalate, citrate and sulphate, and the stability constants 

controlling the interactions of these ions with one another 
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to form soluble complexes. Calculated activities of the 

relevant ions were obtained by taking the ionic strength 

effect into account. The solubility product at 25°C of cal

cium oxalate that they used was the one found by Hammersten 

— 8 
(78) as 2.5 x 10 , but corrected for soluble complexes as 

- Q  
1.7 x 10 . This represented the solubility product of cal

cium oxalate monohydrate in sodium chloride solutions at 

various ionic strengths. This method requires the varying 

concentrations of different components and pH. Since only 

one solubility product was used, the method by Robertson et 

al. (148) was only an average, non-absolute definition of 

supersaturation. 

Elliot and Eusebio (47, 48) used the same type of 

method as described above; i.e., the solubility product for 

calcium oxalate was taken as the product between the con

centrations of the calcium and oxalate ions in solution. 

Calcium and oxalate concentrations were determined from 

supernatant sodium chloride solutions as described in 

another study (50). In actual urine samples, the apparent 

—8 —6 
solubility products ranged from 3-90 x 10~ to 3*57 x 10 

(50), while in sodium chloride solutions the solubility 

—8 
products ranged from an average of 4.21 x 10" to 7-71 x 

— 8  
10 (47, 48). This comparison illustrates the tremendous 

variability of calcium oxalate solubility in urine and the 



difficulty in estimating the relative state of saturation 

in urine by comparison to a fixed ion product. 

Gill, Silvert and Roma (75) presented a technique 

14 which utilized C-oxalate. Small amounts of urine were 

required which is a minor advantage to the method. It was 

estimated to have a precision of ±2%. However, the method 

has the disadvantage of yielding only relative supersatura-

tion levels and not absolute values. In the present study 

crystallization experiments for kinetic relationships re

quired the absolute values of supersaturation for the par

ticular salt precipitated in the particular solvent used. 

In this study, the methods described above for 

supersaturation were not applicable because the time re

quired for those methods would have caused erroneous results 

in the samples obtained from the present system. Therefore, 

since the solutions used in this study were of almost con

stant composition, changing only with amount of inhibitor 

added, supersaturation could have been defined using a 

straightforward definition. Supersaturation would have been 

defined using definitions similar to those used by Gilbert 

and Moreno (7*0» but for an absolute rather than relative 

definition. The system used by Gilbert and Moreno was for 

calcium sulphate, but a similar equilibrium thermodynamic 

solubility product constant for calcium oxalate could be 

written as 
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KH " C0a2+]e lC2°H2~\ W- ̂20,2- fH2°)2 (22) 

where 

2+ 
[Ca ] = equilibrium molal concentration of 

ionized calcium 

2 —  [CgOjj ] = equilibrium molal concentration of 

ionized oxalate 

Yri„2+ and y_ n 2- = ionic activity coefficients 
Ua, 2 n 

p 
(I^O) = activity of water in solution 

An expression similar to the one above could be 

written which represents an actual solubility product, K__, sp 
2+ 2— 

for nucleating solutions using [Ca ]g and [CgO^ ]g only. 

The terms in brackets represent the concentrations of cal

cium and oxalate ions in the supersaturated solution. This 

solubility product could be experimentally determined using 

pure calcium oxalate crystals in the urine-like solutions. 

This has been done using a synthetic urine similar to the 

one proposed by Isaacson (88) and described in Appendix A. 

Therefore, the definition for experimental super-

saturation could have been taken as 

s = [Ca2+] [C2042~] -Ksp. (23) 

However, for the supersaturation definition as given 

by Equation 23 accurate measurements of the ionic 



63 

concentrations of calcium and oxalate are required. The 

determination of the ionic concentration of calcium was at

tempted with an Orion specific calcium electrode. The elec

trode was found to be unsatisfactory because of interference 

by the other salts present and the operational quality of 

the electrode itself. Determining the ionic concentration 

of oxalate was tested utilizing oxalic acid decarboxylase 

enzyme in a specific reaction with oxalate ion. Carbon 

dioxide was formed from the reaction in stoichiometric quan

tities. The enzyme reaction was run in a Gilson respirome-

ter (182) as suggested in the method of Ribeiro and Elliot 

(l4l). Although this method is for oxalate ion, the results 

of the standards run to test the procedure were inconsistent 

and not reproducible. 

These results left only one alternative for the 

operational definition of supersaturation. This was a basic 

mass balance on calcium oxalate in the system. The mass of 

crystals precipitated could be directly related to the de

gree of supersaturation. The relationship between super-

saturation and the suspension density, of calcium 

oxalate was derived from the solute mass balance around the 

crystallizer: 

« 

(Rate in) - (Rate out) = 

(Rate accumulated) - (Rate generated) (24) 
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Assuming a constant fluid density, the (Rate in) 

term can be represented by a concentration term ci> This 

respresents the maximum amount of calcium oxalate that could 

precipitate out of solution assuming c is equal to zero. s 

The c1 term is based on the amount of limiting reactant. 

The (Rate out) term is represented by c0+MT. This is the 

total amount of calcium oxalate still dissolved in the ef

fluent solution plus that which precipitates out of solution. 

The (Rate accumulated) term is given by dc/dt. 

The (Rate generated) term is the reaction rate at 

which calcium oxalate forms from calcium and oxalate ions. 

The reaction rate for the formation of calcium oxalate is 

given by r = k^[Ca2+]• [CgO- kg[CaCgO^•xHgO] for the 

reversible reaction 

Ca2+ + CgOjj2" —CaC 20 4-xH 20 (25) 
k 2  

The amount of calcium oxalate precipitated out of solution 

is given by M^. Substitution of all terms into Equation 24 

yields the following: 

c± - °o = §£ " r + Mt (26) 

For steady state the accumulation term is zero. At equilib

rium in the solution, the reaction rate is zero and 
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substitution of all terms into Equation 26 results in the 

following: 

ci - c0 = k1[Ca2+]-[C2042~] - k^CaCgCyxHgO] + MT (27) 

Since the reaction term, kgCCaCgOjj'xHgO], is in actuality 

the saturation concentration, c , and since the reaction at ' s3 

equilibrium is zero, rearrangement and substitution yield 

ci " cs = c° ~ cs + MT (28) 

Defining the inlet supersaturation, cj__cs3 as sj_ an^ the 

steady state system supersaturation, c0-c , as s, Equation s 

28 can be rearranged to give the relationship between s and 

s = s± - Mt (29) 

Thus, supersaturation could be determined by subtracting 

the measured suspension density from the calculated maximum 

amount of calcium oxalate that could precipitate out of so

lution. 

For a constant composition feed, supersaturation in 

an MSMPR crystallizer is a function of the crystallizer re

tention time, x. The retention time also affects the growth 

rate. These results can be simply explained. As the feed 

flow rate changes, and therefore x, the MSMPR attempts to 

maintain the yield; i.e., the solids concentration at a 
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constant level. As T increases the particles remain in the 

crystallizer for a longer period of time, the concentration 

decreases and an increase in solid mass per unit volume is 

obtained. Consequently, less solute remains in solution 

creating a lower growth rate. Thus, varying x in the MSMPR 

will allow variation of supersaturation, growth rate and 

solids concentration. These interrelationships are summed 

up for the MSMPR crystallizer distribution by the growth 

rate constraint (Eq. 2a), the mass balance (Eq. 29), and the 

growth kinetics relationship (Eq. 19). Repeating these 

equations: 

Obviously, the nucleation rate B° is involved in the nuclei 

density term (n° = B°/G), and thus a nucleation kinetics 

statement (e.g., Eq. 10) must be included to close the set. 

If all the kinetic rate constants are known, this set of 

equations can be solved to obtain the response of supersatu

ration, growth rate, nucleation rate and solids concentration 

as a function of crystallizer retention time. Such use of 

these equations will be illustrated in a subsequent chapter 

in the analysis of calcium oxalate crystallization data. 

s = Si - Mt 

G = k sa 
S 

(29) 

(19) 

(2a) 



CHAPTER 4 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

The primary objective in this study was to design 

and construct an experimental system that could be used to 

study the crystallization factors relating to urolithiasis. 

Since each stone-forming individual is unique because of his 

urinary composition, level of supersaturation, and type of 

calculi, a design was developed which would generate the 

necessary experimental growth and nucleation rate data for 

specific cases. The mixed-suspension, mixed-product-removal 

(MSMPR) crystallizer was used to generate this data. The 

important advantage is that simultaneous growth and nucle

ation rates can be measured at the same level of super-

saturation, agitation level, temperature, inhibitor 

concentration, and suspension density. Therefore, system 

development evolved around the MSMPR crystallizer. The 

basic requirements for MSMPR design were given utmost con

sideration in the ultimate system design. 

Equipment 

The apparatus used in shown schematically in Figure 

2. The contents of two feed tanks, one containing the arti

ficial urine with calcium chloride added and one with the 
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artificial urine and sodium oxalate added, were pumped at 

various flow rates to the MSMPR crystallizer. The feed pump 

used was a Buchler Model 2-6100 variable-speed polystaltic 

pump so that smooth, non-pulsed flow could be obtained. 

Tygon tubing with a 5/32-inch O.D. and 3/32-inch I.D. was 

used in the pump for the range of flow rates studied. 

Since the availability of actual urine in the 

planned morning collection period was a maximum of one liter, 

the operating volume of the crystallizer had to be designed 

with this fact in mind. Thus, it was determined that an 

operating volume of approximately 100 ml would be required. 

Because the crystallizer was to be so small its assembly 

necessitated relatively thick glass construction. The de

sign was also made with regard to the clinical use of the 

process and equipment cleaning. 

Details of the crystallizer and process are shown 

in Figures 3 and 4. The top and bottom halves of the crys

tallizer were fashioned from two pieces of 2-inch nominal 

I.D. flanged Pyrex conical glass pipe. The lower half of 

the crystallizer was formed with a flanged top and flat 

bottom. It was 8 cm high as measured from the crystallizer 

bottom to the top of the flange. The lower half was formed 

by sealing the straight pipe end of one of the flanged pipe 

sections. Three equally-spaced vertical baffles were formed 

in the lower half to insure good mixing. This was 
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Figure 3• The MSMPR crystallizer (a) disassembled and (b) assembled. 

o 



Figure 4. The experimental process and equipment. 
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accomplished by press forming the baffles on the glass wall. 

These triangular baffles were 2 inches long and 1/2 inch 

wide at the wall. They set approximately 1/4 inch into the 

crystallizer volume. A removal draft tube was constructed 

of 7/8 inch O.D., 3/4 inch I.D. glass tubing. The tube was 

1 1/2 inches long and stood approximately 3/4 inches above 

the crystallizer bottom. It was maintained in the middle of 

the crystallizer by three pieces of stainless steel wire 

epoxied to one end, 120° apart. The top half of the crys

tallizer was formed in the same manner. Two T/S 10/18 

ground glass joints were affixed to the top 180° apart. 

These joints were the inlet ports for the crystallizer's 

3 mm O.D. glass feed tubes. When in place the feed tubes 

extended to within approximately 1/2 inch of the crystal

lizer bottom. The feed tubes were held in position by four 

1-inch long coiled springs. At right angles to the feed 

ports was a 1/8 inch I.D. glass tube. This tube was the 

inlet port for the air from the level control mechanism. 

The sample port was located 180° from the air inlet approxi

mately 3 cm above the flanged end of the top half. The 

sampling port was made of 4 mm O.D. glass tubing. It ex

tended approximately 1/4 inch inside the crystallizer top 

and then made a downward 90° bend for another 1/4 inch. A 

straight piece of 4 mm O.D. glass tubing, which extended to 

within 1 1/2 inches of the crystallizer bottom when 
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operationally in place, was connected to the outlet port 

with a piece of Tygon tubing. This arrangement greatly fa

cilitated handling when the crystallizer was disassembled 

and cleaned. A ground glass J/S 12/5 female socket was 

attached to the center of the top half to accommodate the 

stirring assembly. 

The top and bottom of the crystallizer were held 

together by two standard Corning Style 1 aluminum flanges. 

Two standard Corning rubber adapter inserts were used to 

secure the crystallizer in the flanges. The top flange had 

a 1/2 inch slice cut from it in order that the flange would 

fit over the discharge tube. To seal the connection between 

the crystallizer top and bottom a Corning Style 1-2 Teflon 

"T" gasket was inserted. The flanges were held together by 

three 5/l6"-l8 x 2" aluminum bolts secured by three 5/l6"-l8 

aluminum nut s. 

The crystallizer stirrer assembly included a ma

chined Teflon collar that fitted into the J/S 12/5 socket 

on the crystallizer top and an 11 1/2 inch long, 3-mm diame

ter 3-bladed impeller glass rod. The Teflon stirrer collar 

was held securely in place by a ball and socket joint clamp. 

The impeller blades had a center-to-top radius of 7/16 

inches, an average upward pitch of 70° and blade widths of 

5/16 inches. The stirrer rotation was such that slurry cir

culation was down the center of the draft tube and up the 
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wall. A piece of Tygon tubing used as a flexible coupling 

was attached to the stirring rod shaft and to a Teflon sec

tion. A Polyscience Corp. Model RZR10 hi-torque lab stirrer 

turned a hollow chuck which held the Teflon section firmly. 

The chuck was connected to the 30-350 RPM speed range spin

dle. A stirring speed of 265 RPM was found to be satisfac

tory, both in regard to good mixing and unwanted crystal 

breakage. 

The entire crystallizer assembly was held to an 

aluminum rod framework by a chain clamp. This rod framework 

also supported the stirrer motor and electronic level con

troller. The electronic level controller was designed and 

constructed in the College of Mines electrical shop. The 

controller consisted of a triac semi-conductor connected to 

three electrodes which under certain conditions activated 

and deactivated a solenoid valve. The entire controller 

operated on a 120-v AC current. Activation of the electron

ic level controller was accomplished by utilization of the 

high electrical conductivity of the crystallizer magma. 

After having contacted the common and low electrodes, the 

crystallizer suspension then completed an electrical circuit 

by contacting the high level electrode. This circuit clos

ing activated a three-way normally-open Asco solenoid valve 

which was connected to a 5 psi air supply. Since the crys

tallizer was effectually sealed during operation, the 
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increased air pressure caused the suspension to be forced 

out through the discharge tube. Suspension discharge con

tinued until the suspension passed below the lower level 

electrode opening the circuit. The cycling discharge con

tinued throughout the experiment maintaining a constant 

amount and rate of removal. 

Sampling of the discharge effluent was done using 

an in-line, 47-mm Millipore filter holder. The filter 

holder was mounted on a 250 ml Erlenmeyer flask through a 

double hole rubber stopper. The other hole was connected 

to a vacuum line by means of a length of Tygon tubing. The 

filters used were 47-mm diameter Nucleopore membrane discs. 

The filter pore size used was 3.0 microns. This size was 

selected because the lower limit of measurement on the 

Coulter Counter was above 3.0 microns. Therefore, the 

Coulter Counter would detect all crystals collected on the 

filters. This sampling equipment was used because of the 

unavailability of an in-situ sampling cell such as that de

scribed by Sikdar (160). 

The suspension densities, M^,, were determined by 

weighing the collected solids on a Type 24l4 Sartorius mi-

crobalance. All experimental runs were carried out at 37°C. 

This was accomplished by running all experiments in an en

vironmental room maintained at constant temperature. This 

laboratory was located in the Department of Surgery at The 
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University of Arizona Medical Center. Electrical outlets, 

an air pressure line,' and a vacuum line were available for 

use in the room. 

The artificial urine used in this study required 

make-up water that was both distilled and deionized. This 

was accomplished by passing building distilled water through 

a Barnstead Type HN mixed bed demineralization filter car

tridge. After demineralization the product water was stored 

at room temperature in a 30-gallon cylindrical linear poly

ethylene Nalgene tank. 

The pH measurements were made using an Orion Model 

400 Ionalyzer. An Orion No. 91-01 pH glass electrode was 

used along with an Orion No. 90-01 single-junction reference 

electrode. 

Sample particle size analysis required the complete 

removal of crystals from the filters. This was done by 

placing the sample to be counted on a Bausch and Lomb Bal-

sonic Model 100 ultrasonic bath. 

Solubility determinations were done with the aid of 

a New Brunswick Scientific Model G3A shaker with flask at

tachment. Flasks could be shaken over the agitation range 

of 10-500 RPM. 

Identification and observation of the product crys

tals was done on a Zeiss Standard Model K microscope. This 

model was fitted with auxiliary equipment such as binocular 
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eyepieces, crystallographic identification accessories and 

a camera attachment. Photographs were taken using a stan

dard Pentax 35-mm camera with a special microscope lens 

attachment. 

The Coulter Counter 

Originally designed to count blood cells, the 

Coulter Counter is based on the "electrolytic sensing zone" 

principle (8, 37). Electrodes on the inside and outside of 

an aperture tube measure a change in resistance caused by a 

particle in an electrolytic solution passing through it. A 

voltage pulse proportional to the particle volume results. 

For many size-distributed particles a range of voltage 

pulses occurs which are amplified, counted and sized in 14 

size channels. 

Counting in particulate solutions using the Coulter 

Counter has been used extensively. It has been found to be 

very accurate in comparison with microscopic analysis (87)» 

and electron-microscopic methods (43). In comparison with 

these methods the Coulter Counter is faster and simpler. 

It has been and is now being used more in the study of uro

lithiasis (144, 145). 

The Model T Coulter Counter assembly was located in 

the Department of Chemical Engineering. The assembly con

sisted of the counter, a power supply, a Sola-type isolation 

transformer, a batch sample stand independent of the 
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crystallizer assembly and a vacuum pump. Sample counts were 

manually obtained by opening and closing a mercury manometer 

operated on the gravity principle forcing a 2.0-ml volume of 

sample through the-aperture. 

Procedures 

Preparation of the feed solutions was the first pro

cedure marking an experimental run. The basic solution used 

in all experiments was that described in Appendix A. Experi

ments run using only these solutions were designated as 

blanks. All other experiments contained a known or possible 

inhibitor to be added to the basic solutions. After prepa

ration all feed solutions were filtered with No. 42 Whatman 

filter paper if needed and allowed to reach 37°C before an 

experiment was begun. 

The determinations of the crystallizer operating 

volume and required volumetric flow rate were the only cali

brations necessary to begin an experiment. The crystallizer 

operating volume was determined through use of the electron

ic liquid level controller. The feed lines were first 

filled with water. A graduated cylinder was next filled 

with water and the volume noted. The water in the graduated 

cylinder was then pumped into the crystallizer. When the 

water level in the crystallizer reached the high liquid 

level control probe3 the feed was stopped. The amount of 

water forced out of the crystallizer was measured as the 
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sample volume, SV. The slurry volume, V, was then deter

mined by taking the difference between the original and new 

graduated cylinder volumes and subtracting SV. The sample 

volume was always adjusted to 15 percent or less of the 

crystallizer operating volume. The operating volume was 

then defined as the sum of the slurry volume and one half 

of the sample volume. This was done because the average 

amount of sample volume present in the crystallizer was SV/2, 

Having selected a residence time, x, for the experi

ment, the necessary volumetric flow rate was directly com

puted. This was accomplished by dividing the selected 

residence time into the crystallizer operating volume: 

q =  (30 )  

where q is the resulting total volumetric flow rate to the 

crystallizer for the residence time selected. The poly-

staltic pump flowrate was adjusted to the determined value 

by measuring volumetric flows over periods of time. The 

desired flowrate was checked three times for consistency. 

There are known crystallization systems that do not 

follow the empirical observation that in an MSMPR crystal

lizer 8 to 10 retention times are required to establish a 

steady exponential crystal size distribution. No previous 

investigations have ever used the complex solutions used in 

this study. Therefore, there were no available data which 
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indicated how the calcium oxalate system acted dynamically. 

To determine this dynamic response two experimental runs 

were made. The experiments used blank solutions at resi

dence times of 15 minutes. The two runs were initiated with 

different magma concentrations. Run 021376 was started with 

the crystallizer empty; run 021776 was started with the 

crystallizer charged with a solution containing a large 

amount of calcium oxalate crystals. Samples of suspension 

density were taken beginning at 1 and 2 t/x. Since the sam

pling time took just about one residence time, the data 

points were plotted at every half t/x after the sampling 

was started. The results are shown in Figure 5- As shown, 

the charged run reached a stable suspension density about 5 

residence times faster than the empty crystallizer run. It 

is important to note that both runs reached the same stable 

state taking into account the error involved in sampling. 

With these results in mind all subsequent experiments were 

performed with a charged crystallizer. Two samples were 

taken for each experiment—one at 9x, the second at llx. 

This guaranteed steady state operation, and gave an average 

suspension density eliminating some error. 

To begin an actual experiment the electronic level 

controller and the feed pump were activated. An electronic 

digital display timer was started as soon as contact between 

the feed solutions was observed in the crystallizer. The 
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stirrer was turned on as soon as the crystallizer had been 

charged with suspension. A General Radio Type 1531-AB 

Strobotac electronic stroboscope was used to adjust the 

stirrer speed to 265 RPM. The system process operated auto

matically until a sample had to be taken. Pre-sample dis

charges from the crystallizer were collected in a flask and 

either used as charge for a following run or discarded. 

Determination of the suspension density, was a 

straightforward procedure. After pre-weighing, the Nucleo-

pore filter was placed in the filter chamber and the entire 

unit sealed. Sampling of the crystallizer effluent was 

accomplished by connecting the Millipore in-line filter to 

the discharge line. Sampling continued until approximately 

100 ml had been filtered as sample. After sampling had been 

completed, the filter assembly was disconnected from the dis

charge line and the supernatant volume determined. The fil

ter apparatus was reassembled, and with the filter still in 

place the filtrate was sprayed with analytical reagent grade 

ethyl ether. Requiring from two to five minutes, the spray

ing process dried the crystals and removed all excess water 

from the filter itself. The filter was then removed and 

weighed on the microbalance. The suspension density, Mipjs 

was determined by subtracting the weight of the filter from 

the weight of the filter and filtrate, and then dividing by 

the supernatant volume. The filter containing the filtrate 
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was then placed In an 8-ounce screw-top bottle, labeled and 

sealed until the size distribution was determined on the 

Coulter Counter. 

Although the sampling process was designed to deter

mine the total suspension density in the crystallizer, crys

tal accumulation on the walls still occurred. This 

phenomenon became more severe with an increase in residence 

time. Therefore, in conjunction with the filter-determined 

suspension density, an additive correction term, 

was determined, giving a corrected total suspension density. 

The correction was determined in the following way. At the 

end of the experimental run the crystallizer was disassem

bled and immediately emptied. The bottom half of the crys

tallizer containing the residual crystals was then refilled 

with distilled, deionized water. The residual crystals were 

next scraped off the walls into the water with a wedge-

shaped rubber policeman. This suspension was then filtered 

and weighed as described above. The suspension density, 

however, was calculated in a slightly different way. Since 

the amount of crystals in the crystallizer accumulated over 

the entire time period of the experiment, the correction 

term for the suspension density was computed using the 

following expression: 

m = (Crystal weight from residue) v 
T2 (Total time of run) • (Plowrate) ^^ ' 
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The importance of the residual crystal mass on the total 

suspension density, M^, is shown in Figure 6. This plot 

shows two important results from this system. First, the 

need for the correction term is demonstrated by the curve 

representing only the filter-determined suspension density, 

M^. As shown in Equation 2, in an MSMPR crystallizer the 

suspension density as a function of residence time should 

be a straight line on a log-log basis. Second, with the 

addition of the correction term, taking sampling error into 

account, a straight line is obtained as shown in the upper 

curve. Thus, it appeared necessary to include the residual 

crystal weight in the total and this was done in all ex

periments. The residual crystals were saved for photograph

ic and crystallographic identification purposes. 

After an experimental run had been completed the 

entire system was switched off. Both feed lines were re

moved and the crystallizer disassembled. Distilled, de-

ionized water was used to purge the feed lines for at least 

ten minutes. All crystallizer glass parts were washed with 

analytical reagent grade hydrochloric acid, thoroughly 

rinsed and dried. The crystallizer was reassembled after 

drying in preparation for the next experimental run. 

The entire calibration procedure was then repeated 

for the next residence time experiment. Thus, all experi

ments traced a recurring scheme of occurrences. 
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This study required the use of only one aperture 

tube in the Coulter Counter. A 280-micron aperture sampling 

tube afforded particle counting in the size range of 5.6 to 

35.3 microns. These sizes represented equivalent spherical 

particle diameters as measured by the counter. Eight chan

nels were represented on the Model T counter in this size 

range—channel 14 was lost to background noise, channels 0 

to 5 to particle deficiency. 

Calibration of the Model T counter for spherical 

diameter was based on counting monosized particles. The 

suggested method furnished by Coulter Electronics, Inc. in 

the Model T operations manual (37) was employed in this 

study. When the sample population counts from a narrowly 

sized particle suspension were identical in two contiguous 

channels calibration to a particular size was achieved. The 

average size of the particles in suspension was assigned to 

the channel edge separating the two matched channels. Using 

the average particle size and the calibration knob setting 

obtained from channel matching a new calibration knob set

ting was calculated. This new setting set the baseline of 

the lower numbered matched channel equal to the average par

ticle size. Other channel sizing was based on this new cal

ibration setting, channel number and average particle size. 

With 27-28 ym lycopodium pollen particles a calibration knob 

setting of 303.8 was obtained. Calibration was completed 
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by setting the aperture current to 3.2 ma with a positive 

polarity (37). This aperture current setting was selected 

because it provided the clearest pulse display together with 

the least amount of noise. 

Sample counting began with the preparation of the 

non-aqueous counting electrolyte. A 2% weight/volume LiCl/ 

methanol solution was found to be satisfactory since calcium 

oxalate is insoluble in methanol. Typically, 78 grams of 

analytical reagent grade LiCl were dissolved in one gallon 

of analytical reagent grade methyl alcohol. The solution 

was then twice vacuum filtered through two No. 42 Whatman 

filter papers. 

After allowing about 30 minutes for counter warm-up, 

a set of five background noise counts was taken using only 

the counting electrolyte. Samples were then prepared for 

counting by placing a measured amount of electrolyte in the 

bottle containing the filter and filtrate. The bottle was 

then resealed and placed in an ultrasonic bath for at least 

5 minutes. This procedure insured removal of all crystals 

from the filter and the breakdown of particle agglomeration. 

After the sample was removed from the ultrasonic bath the 

filter was removed and the sample counted. As before, a set 

of five counts was taken and recorded on paper tape. This 

procedure was repeated for each sample counted. After all 

samples had been counted another set of background noise 
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counts was taken. This was to insure that the distribution 

level of noise had not changed during the counting procedure. 

The effect of various inhibiting substances on the 

solubility of calcium oxalate had to be determined for cal

culation of supersaturation. The artificial urine was pre

pared as previously described with minor alterations. No 

calcium or oxalate was added to the solution. This allowed 

the magnesium and phosphates to be combined into one solu

tion. The particular inhibiting substance was then added to 

the solution at its experimental value. The solution was 

then divided into two 500-ml aliquots and known amounts of 

calcium oxalate dihydrate crystals added to each. These 

aliquots were sealed with paraffin film and mechanically 

shaken at 250 RPM and 37°C for approximately 30 hours. The 

solutions were next filtered using 3«0-micron filters and 

the residue weight determined. The difference between the 

originally added crystal weight and the residue weight di

vided by the 500-ml volume produced the effect the inhibitor 

has on the solubility of calcium oxalate dihydrate in the 

artificial urine at 37°C. The final solubility concentra

tion was obtained by averaging the individual values ob

tained. 



CHAPTER 5 

EXPERIMENTAL RESULTS 

' The design and construction of an experimental sys

tem that could be used to study urolithiasis-related factors 

was the primary objective in this study. Major components 

comprising the experimental system are the synthetic urine, 

the MSMPR crystallizer, the in-line sample filter and the 

Coulter Counter. 

Experimental runs to obtain growth and nucleation 

rate data were made in the MSMPR crystallizer. Growth and 

nucleation rates were determined for calcium oxalate in the 

synthetic urine both with and without addition of possible 

inhibiting substances, thus permitting determination of the 

effects of these inhibiting substances on the growth and 

nucleation rates of calcium oxalate. Particle samples col

lected on the in-line filter were counted on the Coulter 

Counter to determine growth and nucleation rates. 

Another objective was the evaluation of the previ

ously described synthetic urine for such in vitro studies. 

For example, could a synthetic urine produce the same type 

of crystals found in human urine? Answers to this question 

were found by observing harvested crystals under the 

89 
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crystallographic microscope. Examination of these crystals 

also helped to determine if urolithiasis is dominated by 

crystal agglomeration, aggregation, or both. 

Evaluation of the crystallization kinetics results, 

identification of the type of crystals formed and observa

tions of the agglomeration/aggregation mechanism were all 

necessary to determine the feasibility of using the system 

as a diagnostic test for evaluating patient propensity 

toward stone formation. 

Nucleation and growth rate data for each system were 

correlated with several kinetic models discussed in Chapter 

3. These correlations and other auxiliary observations per

tinent to the calcium oxalate system are presented herein. 

The effects of the inhibitors on calcium oxalate solubility 

are also presented. Crystal agglomeration/aggregation ob

servations suggest a possible mechanism for stone formation 

from such primary particles. 

Data fitting to obtain correlations was done using 

the Multiple Linear Regression (MLR) algorithm which is on 

file at the University of Arizona Computer Center. This 

method was selected because at every stage of regression the 

variables incorporated into the model in previous stages are 

re-examined. At each stage the contribution made by each 

variable is determined by a partial P distribution (45). 

Any variable providing a non-significant contribution is 
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removed from the model. The process is continued until no 

more variables are admitted to or removed from the equation 

(^5). 

Experimental runs using sodium pryophosphate, methy

lene blue, magnesium oxide, taurine, DL-alanine and tetra

cycline as inhibitors were made to determine their effects 

on the calcium oxalate system. Detailed kinetic runs were 

made with sodium pyrophosphate, methylene blue and DL-

alanine since these inhibitors showed the most marked 

effects on calcium oxalate crystallization. A tabulation of 

all experimental runs with operating data is given in Appen

dix B. 

Experiments involving the determination of nuclea-

tion and growth rates were made for values of residence 

times in the MSMPR crystallizer ranging from 5.0 to 20.0 

minutes. These times corresponded to supersaturation levels 

of 119.1 to 79.8 mg/1 for the blank runs, 124.2 to 105-5 

mg/1 for the sodium pyrophosphate runs, 74.8 to 50.2 mg/1 

for the methylene blue runs, and 80.0 to 120.1 mg/1 for the 

DL-alanine runs. These experiments involved a total of 30 

runs to obtain data for the kinetic correlations. Experi

ments were designed to determine the mechanisms behind uro

lithiasis nucleation and growth, and how inhibitors affect 

these mechanisms. Sodium pyrophosphate and methylene blue 

were found to inhibit calcium oxalate nucleation rates to 
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some degree, while DL-alanine did not. Growth rates were 

not significantly changed by addition of any of the inhibit

ing substances. 

The data collected in the experimental runs con

sisted of the suspension density and the resultant crystal 

population counts. The latter were determined on the 

Coulter Counter using 8 size channels. Pertinent data and 

population counts for the series of blank runs are shown in 

Appendix C. These counts were corrected for background 

noise and converted to population density. The population 

density for a particular channel was calculated by dividing 

the corrected average population counts for that channel by 

the product of the channel width in microns and the counting 

slurry volume in milliliters. This quantity represented the 

population density at the mid-channel size. 

The population densities for any run were plotted 

versus size on semilog paper to determine the crystalliza

tion parameters. All kinetic runs were qualitatively simi

lar to results shown in Figure 7• This figure represents 

the crystal size distributions for blank runs at residence 

times of 5.0 and 19-70 minutes, respectively. The sample at 

the 5.0 minute residence time was collected after a period 

of ten retention times, while that for the 19.70 minute res

idence time was collected after operating for a period of 

eight retention times. 
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o Run 022876D 
t = 5.0 min 

• Run 022876A 
t = 19.70 min 

a. 

35 30 25 15 20 

Size, Microns 

Figure 7• Steady state crystal size distributions 
for two typical synthetic urine runs. 
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Synthetic Urine System 

The type of calcium oxalate crystal formed in the 

experiments was a major factor in evaluating the feasibility 

of the system. To study an in vivo process such as the for

mation of stones with an in vitro process requires some de

gree of confidence that similar crystallization processes 

are being observed. The majority of calcium oxalate crys

tals produced were of the dihydrate form as determined by 

standard Division of Urology crystallographic and optical 

techniques. Figures 8-11 show some characteristic calcium 

oxalate dihydrate crystals. Figure 8 shows calcium oxalate 

dihydrate crystals produced in one of the blank runs. The 

larger crystals have an average size of approximately 20 mi

crons. Figure 9 shows some larger dihydrate crystals which 

are approximately 35 microns in size. Some 4-5 micron cal

cium oxalate dihydrate crystals are shown in Figure 10. 

Figure 11 is an interesting photograph which shows some 

small dihydrate crystals situated on the faces of a much 

larger dihydrate crystal. The large crystal has a size of 

approximately 45 microns. It is also interesting to note on 

the right side of the picture what appears to be a disloca

tion on one of the crystal faces. These crystals are 

birefringent and transparent. They are octahedral and bi-

pyramidal in shape with an accepted specific gravity of 2.23. 

Because of the size of various calcium oxalate dihydrate 
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Figure 8. Characteristic CaC202|-2H20 crystals from 

Run 022876c. (x40) 



Figure 9. Characteristic CaC20ij,2H20 crystals from 

Run 022876A. (X40) 



WiM* • 

Figure 10. Characteristic CaC20^*2H20 crystals from 

Run 030276A. (x40) 
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Figure 11. Small crystals of CaC201|-2H20 situated on 

the faces of a larger crystal. (x80) 
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crystals and a poor depth of field in the microscope-camera 

lens arrangement, focusing made photographing the crystals 

difficult. Although the consistent production of the dihy-

drate crystal form has been exclusive to this study, the 

complexity of the solutions used have at times resulted in 

other crystal forms as shown in Figures 12-13. The egg-

shaped crystals seen in Figure 12 are calcium phosphate. 

These crystals represent approximately 20% of the crystals 

formed in this particular run. Experimental runs with less 

than approximately 90% calcium oxalate dihydrate crystals 

formed were excluded from kinetic correlations. Calcium 

oxalate monohydrate crystals were also produced, but in a 

very small amount (about 3-10%) compared to the dihydrate 

form. Some of the monohydrate crystal fragments formed in 

this system are shown in Figure 13-

The solubility of calcium oxalate dihydrate crystals 

in the synthetic urine required determination in order to 

calculate supersaturation. This was done in triplicate for 

the synthetic urine yielding an average value of 107*8 mg 

CaC20ij• 2H20/liter of solution. The value of the saturation 

concentration was determined by flame spectrophotometry. 

Effects of Feed Concentrations 

The synthetic urine suggested by Isaacson (88) in

cludes concentrations of all pertinent ions usually found 

in urine except oxalate. It was pointed out earlier that 
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p# 

Figure 12. Characteristic calcium phosphate crystals 
from Run 030176B. (x40) 



Figure 13. Characteristic CaC20^'H20 crystals from 

Run 030276C. (x40) 
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most stone-forming urines are supersaturated with respect to 

calcium to some degree. Isaacson reported that a calcium 

concentration of 7*568 x 10 M is an average value for nor

mal persons. Therefore, a calcium concentration of 9.009 x 
_ "5 

10 J M was selected to insure a satisfactory level of ionic 

calcium. There was no estimate available for the amount of 

oxalate required for precipitation, so various levels were 
_ O 

tried. An initial oxalate concentration of 2.985 x 10 J M 

produced too much precipitate. So much calcium oxalate pre

cipitated out of solution that large amounts of crystals 

fouled the crystallizer walls. This phenomenon occurred to 

a prohibitive degree even at low levels of supersaturation. 

The ratio of residual crystal mass, M^, calculated from 

Equation 31j to sampled suspension density, was a mini

mum 8:1 at the lowest supersaturation levels. These ratios 

were found unacceptable for sampling purposes; thus, a 

smaller amount of precipitated calcium oxalate was sought. 

The amount of precipitated calcium oxalate was felt 

to be due primarily to oxalate concentration. This assump

tion was proven correct after the initial oxalate concentra-
_ O 

tion was changed to 1.498 x 10 M. This alteration reduced 

the average maximum of the above ratio to an acceptable 1:1 

ratio. The lowest ratio of fouling occurred at the highest 

supersaturation levels (due to the shorter retention time) 

being approximately 0.14:1. 
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Effects of Residence Times 

The most effective way to change the levels of super 

saturation in an MSMPR crystallizer is by manipulation of 

the residence time. This fact is implicit in the derivation 

of the operational definition of supersaturation. 

Increases in residence time give increases in the 

mass of crystals precipitated from solution, thus resulting 

in decreases of supersaturation. For an average residence 

time of 5-0 minutes a corrected average total suspension 

density of 18.1 mg/1 was obtained. Similarly, corrected 

average total suspension densities of 32.5, 43.2 and 57.4 

mg/1 were obtained for average residence times of 9-95> 14.8 

and 19-9 minutes, respectively. These results are shown in 

Figure 14. It is apparent that on a log-log basis the cor

rected suspension density, M^, is a linear function of the 

residence time, T. 

Nucleation Rate Correlations 

Three models for nucleation kinetics were correlated 

with the experimental data. These models are represented by 

Equations 6, 7 and 10. 

The model proposed by Robinson and Roberts (152), 

Equation 6, correlated well with the operational definition 

of supersaturation. This correlation was obtained using 

eight experimental runs made for the synthetic urine with no 

added inhibitors. This correlation takes the following form 
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Figure 14. Effect of residence time on corrected average total 
suspension density (synthetic urine only). H 
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B° = exp(-4.499)s^'^ (r2 = 0.8 5) 
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(32) 

Figure 15 compares the calculated with the measured values 

of the nucleation rate for synthetic urine. 

The Second correlation attempted, Equation 7, repre

sents the Miers model for the metastable region of nuclea

tion. A Nonlinear Regression (NLR) algorithm which is on 

file at The University of Arizona Computer Center was used 

to obtain the Miers correlations only. The following final 

form of the correlation was obtained: 

B° = exp(-7.091)(s-0.007)3'419 (r2 = 0.79) (33) 

The extremely small value of the constant, s , in 

this correlation reduces the Miers model to the power-law 

form given in Equation 32. Differences in the crystalliza

tion parameters of each model are due to differences in the 

algorithms used. 

A third correlation which takes secondary nucleation 

into account is given by Equation 10. The maximum amount of 

calcium oxalate that could precipitate out of solution, c^, 

was constant. The calculation of the concentration, c^, was 

based on the limiting reactant, in this case oxalate. This 

value, based on calcium oxalate dihydrate, is equivalent to 

244.9 mg/1. It follows that the suspension density can be 

replaced in Equation 10 by the operational definition of 

supersaturation. Thus, Equation 20 can also be written as 



106 

c 

*E 

o 
c 

ro 
i 
O 

x 
o 
CD 

0> 
£ 

Q> 
Q. 
X 
LLJ 

? 

+ 25% 

-25% 

B° = exp(-4.499)s2-86  

8 10 

Calculated B°x IO -3 ,  no./(ml )(min) 

Figure 15. Comparison between experimental and calculated 
nucleation rates (synthetic urine system). 
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B° = kNs1(ci-s)^ (3^) 

This form of the correlation used to fit the data for the 

synthetic urine is given as 

B° = exp(4.972)s1,239M^0,571 (r2 = 0.86) (35) 

The negative power of solids concentration in this correla

tion is unreasonable and indicates that Equation 32, having 

an equal correlation coefficient, is the better way of cor

relating these data. It is unlikely that contact mechanisms 

of secondary nucleation would be operative with such small 

crystals and the term should be dropped from the correla

tion. 

Growth Rate Correlations 

As shown earlier in Figure 7, the steady state crys

tal size distributions resulted in size-independent growth 

rates. These constant growth rates enabled determination of 

G from the slope of log n versus L plots. This was done 

using the MLR algorithm. Growth rate was correlated with 

supersaturation as follows: 

G = exp(-12.630)s2,55 (r2 = 0.85) (36) 

Figure 16 compares the calculated and measured values of the 

growth rate. 
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Figure 16. Comparison between calculated and 
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109 

Sodium Pyrophosphate-Synthetlc • 
Urine System 

A total of eight runs were made with sodium pyro

phosphate added to the synthetic urine. A predetermined 

amount of sodium pyrophosphate was dissolved in each feed 

tank before the experiments were begun. Calcium oxalate 

dihydrate crystals were produced without any habit modifica

tion. The only apparent effect of adding pyrophosphate was 

a reduction in the nucleation rate. Sodium pyrophosphate 

appears to have no effect on altering the magnitude of the 

growth rates. 

The effect of sodium pyrophosphate on the solubility 

of calcium oxalate dihydrate was studied. This was done in 

duplicate as described in Chapter 4 with the saturation con

centration determined by gravimetric technique. The solu

bility was found to be 107.8 mg/1, the same as in the 

synthetic urine without pyrophosphate. 

Effects of Amount of Inhibitor Added 

As discussed earlier various studies have shown 

pyrophosphate to be an effective inhibitor of calcium oxa

late crystallization over a range of concentrations. Sodium 

pyrophosphate was added to the synthetic urine in concentra

tions of 5 and 50 mg/1 corresponding to 0.0112 and 0.112 mM 

pyrophosphatej respectively. 
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At the lower Inhibitor concentration sodium pyro

phosphate had no effect on the amount of calcium oxalate 

precipitated. These results are for the entire range of 

residence times. However, at 0.112 mM pyrophosphate the 

amount of precipitated calcium oxalate was significantly 

reduced over the entire range of residence times. Thus, all 

kinetic runs were made with an inhibitor concentration of 

50 mg/1. 

Effects of Residence Times 

The effects of the average residence times on the 

corrected average total suspension density were similar to 

those found with the synthetic urine. Increasing the resi

dence time increased the mass of crystals precipitated out 

of solution. However, the total corrected average suspen

sion density did not increase as much with residence time 

for the pyrophosphate runs as it did with synthetic urine. 

For an average residence time of 5.0 minutes an 

average total suspension density of 13.0 mg/1 was obtained. 

Similarly, average total suspension densities of 21.1, 26.0 

and 31*7 mg/1 were obtained for average residence times of 

10.0, 14.9 and 19.8 minutes, respectively. These results 

are shown in Figure 17• On a log-log basis a line can be 

drawn through the points representing M,p as a linear func

tion of the residence time. The regressed curve for 
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Figure 17- Effect of residence time on corrected average 
total suspension density (sodium 
pyrophosphate-synthetic urine system). 
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synthetic urine is drawn for comparison (upper line in the 

figure). 

Nucleation Rate Correlations 

Nucleation models identical to those tested for the 

blank synthetic urine were used to correlate pyrophosphate 

data. Eight runs were used to obtain nucleation kinetic 

correlations. 

The power-law form of the nucleation rate, Equation 

6, was fitted with the experimental data. The correlation 

obtained for the sodium pyrophosphate-synthetic urine system 

is 

B° = exp(-12.796)s4'316 (r2 = 0.585) (37) 

A comparison between the calculated and measured values of 

the nucleation rate for sodium pyrophosphate is shown in 

Figure 18. 

The Miers model, Equation 7, representing the meta-

stable ragion of nucleation was also fit to these data. 

Thus, 

B° = exp(-7.801)(s-35.3)3*542 (r2 = 0.68) (38) 

Calculated and measured values of the nucleation rate are 

compared in Figure 19. No reasonable correlation could be 

obtained with the secondary nucleation model represented by 

Equation 10. 
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Figure 19. Comparison between experimental and calculated 
Miers nucleation rates (sodium pyrophosphate-
synthetic urine system). 
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Growth Rate Correlations 

Size-independent growth rates were found for all 

crystal size distributions involving sodium pyrophosphate. 

This allowed determination of the growth rates from the 

slope of log n versus L plots using the MLR algorithm. 

Correlation of growth rates with supersaturation was 

accomplished using the power-law model3 Equation 19. Thus, 

G = exp(-37.153)s7*684 (r2 = 0.93) (39) 

The supersaturation exponent of 7-7 seems unrealistically 

high. The poor kinetic correlation of these pyrophosphate 

data (both nucleation and growth rate) suggests the possi

bility of a poor definition and/or measurement of supersatu

ration. 

Methylene Blue-Synthetic Urine System 

Eight runs were made with methylene blue added to 

the synthetic urine. The methylene blue was added to each 

feed tank before the runs were made. Dissolution of the 

methylene blue required a much longer time than that needed 

for other additives. Overnight stirring was usually suf

ficient to insure complete dissolution. 

There was no habit modification of the crystals in 

any of the experimental runs. Calcium oxalate dihydrate was 

the crystal form predominantly produced with methylene blue 

as the additive. Methylene blue appears to reduce the 
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nucleatlon rate at the higher levels of supersaturation but 

has little effect at lower levels. This observation might 

be attributed to the larger correction at the lower 

supersaturation levels (longer x). 

The effect of methylene blue on calcium oxalate di-

hydrate solubility was determined in triplicate by gravi

metric technique. The average value of the saturation 

concentration was found to be 156.7 mg/1, a significantly 

higher value than that for the synthetic urine without addi

tives . 

A methylene blue concentration of 30.0 mg/1 or 0.09^ 

mM was added to both feed tanks. Rollins and Finlayson (153) 

found that this methylene blue concentration represents the 

minimum at which maximum inhibition occurred. Methylene 

blue was found to absorb onto everything it contacted, some

thing also observed by Rollins and Pinlayson. 

Effects of Residence Times 

As the average residence time increased the correct

ed average total suspension densities were found to increase 

as expected. The corrected average total suspension density 

did not increase as much with residence time for the methyl

ene blue runs as it did with synthetic urine. However, the 

increase was greater for the methylene blue runs than with 

pyrophosphate. 
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At an average residence time of 5-0 minutes a cor

rected average total suspension density of 13-5 mg/1 was 

found. Corrected average total suspension densities of 23*7 > 

33.0 and 38.1 mg/1 were found at average residence times of 

10.1, 14.9 and 20.0 minutes, respectively. These results 

are shown in Figure 20 with the synthetic urine regressed 

line (upper curve in figure) drawn for comparison. 

Nucleation Rate Correlations 

Although the same models were used to correlate 

nucleation rates, there was no reason to do so since nuclea

tion rates were essentially constant over the range of 

supersaturations encountered. This can be seen from inspec

tion of Figure 21. The straight line drawn through the 

points represents a supersaturation-independent nucleation 

rate. Possible explanations for such phenomena are dis

cussed in the next chapter. 

Growth Rate Correlations 

Size-independent growth rates were obtained with 

methylene blue as the inhibitor additive from the slopes of 

the plots of log n versus L. Growth rates were correlated 

with supersaturation as follows: 

G = exp(-13.513)s3,079 (r2 = 0.84) (40) 
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Figure 20. Effect of residence time on total suspension 
density (methylene blue-synthetic urine 
system). 
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Calculated and measured values of the growth rate are com

pared in Figure 22. 

DL-alanine-Synthetic Urine System 

DL-alanine, an amino acid produced in the body, was 

added to the synthetic urine to determine its effect on cal

cium oxalate crystallization. A total of six experimental 

runs were made at a concentration of 10.0 mg/1 DL-alanine. 

Each feed tank contained an equivalent concentration of DL-

alanine . 

Calcium oxalate dihydrate crystals were formed as 

has been the case in all other kinetic experiments. Growth 

rates were not affected by DL-alanine addition. Nucleation 

rates were reduced slightly only at the lower levels of 

supersaturation. At the higher levels of supersaturation 

the nucleation rates remained essentially equal to those 

found in the synthetic urine alone. 

The effect of DL-alanine on calcium oxalate solu

bility was studied in the manner described earlier. Dupli

cate runs were made, and the saturation concentration 

determined by gravimetric technique. Within acceptable 

limits of experimental error, the solubility of calcium oxa

late dihydrate with DL-alanine was found to be the same as 

in synthetic urine. This value was taken to be 107.8 mg/1. 
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Figure 22. Comparison between calculated and experimental 
growth rates for methylene blue addition. 
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Effects of Residence Times 

Increases in residence time result in increases in 

suspension density. The magnitudes of the suspension densi

ties were approximately the same as those obtained with the 

synthetic urine alone. Thus, the rate of increase of the 

suspension density with the residence times was similar to 

that found with the blank system. 

A corrected average total suspension density of 20.3 

mg/1 was found at an average residence time of 5.0 minutes. 

At average residence times of 10.11, 15*0 and 20.0 minutes 

corrected average total suspension densities of 21.4, 47-2 

and 56.7 mg/1, respectively, were obtained. These results 

are shown in Figure 23. 

Nucleation Rate Correlations 

Nucleation was correlated with supersaturation using 

the models previously discussed. These included the power-

law, Miers and secondary models of nucleation. 

Correlation of all experimental runs with the power-

law model of nucleation resulted in the following expression 

B° = exp(0.201)s1,8lil (r2 = 0.95) (4l) 

Comparison of the calculated and experimental values of the 

nucleation rate for DL-alanine is shown in Figure 24. The 

dashed lines in the figure represent a nucleation rate error 

of ±25$. 
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The Miers nucleation model was also fit to the data 

using the NLR algorithm. The value obtained for sm was ex

tremely small and therefore reduced the model to the power-

law form. Equation 4l, as was the case for the synthetic 

urine system. 

The final kinetic relationship correlated was that 

representing secondary nucleation. An unreasonable negative 

power of solids concentration was again produced with this 

correlation. However, a correlation coefficient equal to 

that found for the power-law model, Equation 4l, was ob

tained. Equation 41 is the better way to correlate these 

data since secondary nucleation is not likely to occur with 

such small crystals. 

Growth Rate Correlations 

Size-independent growth rates were obtained from 

log n versus L plots using the MLR algorithm. Correlation 

of the data with the power-law model of growth, Equation 19, 

resulted in the following relationship: 

G = exp(-15.108)s3'108 (r2 = 0.82) (42) 

Calculated and measured values of the growth rate are com

pared in Figure 25. 
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Inhibitory Effects of Other Additives 

Experimental runs with residence times of 10 minutes 

were also made to determine the effects, if any, of other 

inhibitor additives. Taurine (an amino acid), magnesium 

oxide and tetracycline (an antibiotic) were added to the 

synthetic urine in various concentrations. 

Taurine 

Taurine was added to the synthetic urine to deter

mine any effect it might have on calcium oxalate crystalli

zation. An amount equivalent to 0.40 g/1 taurine was added 

to both the calcium and oxalate feed tanks. This concentra

tion was run in the usual manner with the production of 

calcium oxalate dihydrate crystals. Mo effect was found on 

the corrected average total suspension density at this con

centration of taurine. An amount of crystals equal to 33-4 

mg/1 was obtained which compares closely to the 32.5 mg/1 

obtained in the blank runs. Taurine nucleation and growth 

rates were similar to those found for synthetic urine at the 

same supersaturations. 

Magnesium Oxide 

Magnesium has been shown to act as an inhibitor both 

in calcium oxalate nucleation and growth. A concentration 

of 0.40 g/1 magnesium oxide or 0.01 M magnesium was added to 

the calcium feed tank only. Calcium oxalate dihydrate was 
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the predominant type of crystal formed in these experiments. 

There was an effect on the suspension density at this mag- . 

nesium concentration, but not an inhibitory one. A calcium 

oxalate corrected average total suspension density of 79-8 

mg/1 was found for the 10 minute residence time. This is an 

amount more than double that obtained with the synthetic 

urine alone. It should, however, be pointed out that the 

ratio Mip2:MTl an uncommonly value of 3:1* Even so, 

there were no significant differences between magnesium and 

synthetic urine nucleation and growth rates. 

Tetracycline 

The effect of an antibiotic on calcium oxalate crys

tallization was investigated using tetracycline. Tetracy

cline at a concentration of 0.70 g/1 was dissolved in both 

feed tanks and run as before. The dihycrate form of the 

calcium oxalate crystal was produced with few other impuri

ties. A suspension density of 36.8 mg/1 was found for the 

10 minute residence time run with tetracycline added. This 

value compares closely to the 32.5 mg/1 obtained with the 

synthetic urine. Nucleation and growth rate values found 

were similar to those obtained in the synthetic urine with

out added inhibitors. 
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Aggregation and Agglomeration Observations 

One of the objectives of this study was to determine 

if aggregation, agglomeration, or both dominate urolithiasis. 

According to the American Society for Testing and Materials, 

agglomeration is defined as a process of contact and adhe

sion whereby the particles of a dispersion form clusters of 

increasing size. The ASTM definition of aggregates states 

that they are formed by the cementation of individual par

ticles, probably by chemical forces, and are assumed to have 

been formed during the manufacture of the material or its 

dispersal in the slurry before sampling. Aggregation and 

agglomeration observations were performed with the aid of 

the crystallographic microscope and a scalpel. No experi

ments were designed specifically for observing aggregation 

or agglomeration; such experiments were carried out only as 

secondary observations. However, some interesting observa

tions were made. 

Figure 26 shows agglomerated calcium oxalate dihy-

drate crystals taken from a crystallizer discharge sample. 

They are individual grouped crystals undoubtedly held to

gether by static forces. When the scalpel was moved across 

the agglomerated crystals in this photograph they separated 

with a few adhering to the scalpel itself. These crystals 

were treated and dried as previously described. 
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Figure 26. Agglomerated CaC20^-2H20 crystals from 

Run 022876c. (xtO) 



131 

Figure 27 shows some agglomerated and aggregated 

calcium oxalate dihydrate crystals. These crystals were re

moved from the wall of the crystallizer after the experiment 

had been concluded. For the crystals this represented a 

time in the crystallizer equivalent to 12 retention times. 

After touching these crystals with the scalpel it appeared 

that some of the crystals in the upper left of the photo

graph had formed small aggregates which could not be dis

lodged. Those individual crystals shown in the lower right 

of the photograph are agglomerated as determined by scalpel 

separation. Thus, the photograph can be said to contain 

small crystal aggregates which have agglomerated together. 

When either phenomenon was observed agglomeration 

appeared to the total exclusion of aggregation. The specif

ic case of aggregation presented above was observed only on 

the crystallizer walls and never in the free slurry. How

ever, the appearance of both phenomena has strong implica

tions in stone formation rationale and will be discussed in 

the next chapter. 
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Figure 27. Crystalllzer wall scale showing aggregated 
and agglomerated CaCp0h'2Hp0 crystals from 
R u n  1 1 2 5 7 5 .  ( x M O )  



CHAPTER 6 

DISCUSSION OP RESULTS 

Experiments were performed to determine the growth 

and nucleation rates of calcium oxalate dihydrate in urine

like liquors and the inhibitory effects specific compounds 

might have on these kinetics. Results were obtained that 

qualitatively appear reasonable in comparison to other re

searchers. However, quantitatively some results seem un

realistic. This inconsistency can be related to three 

possible sources: the operational definition of supersatu

ration, the range over which supersaturation was determined 

or the correction of the mass due to crystallizer fouling. 

The operational definition of supersaturation, 

Equation 29, was experimentally the most convenient and fea

sible method for obtaining estimates of supersaturation. 

Fouling of the crystallizer, especially at the lower levels 

of supersaturation, was tolerated because extensive crystal

lizer redesign would have been necessary to eliminate it. 

Fouling could have interfered with the determination of the 

correct supersaturation by causing the mass correction to 

be in error. Unrealistic results due to the range of super-

saturation is discussed in the next section. 
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Kinetic Correlations 

Nucleation and growth rate correlations were based 

on the operational definition of supersaturation given by 

Equation 29. This definition is based on the determination 

of the corrected average total suspension density, M^, by 

gravimetric techniques. Thus, errors in suspension density 

determinations result directly in supersaturation errors. 

However, most kinetic models tested were satisfactorily 

correlated with the operational definition of supersatura

tion. Some unusual supersaturation exponents in the growth 

models might be due to inaccurate measurement rather than 

the definition of supersaturation. 

The supersaturation definition used resulted in a 

relatively small range of supersaturation values. The nu

cleation and growth rate correlations obtained exhibit high 

sensitivities to supersaturation variations. This high 

sensitivity immediately suggests that the range of super-

saturation as correlated was too narrow. Thus, any error 

due to measurement would be amplified to a greater degree 

over such a narrow range of supersaturation. This could 

result in the high nucleation and growth rate dependence on 

supersaturation that was found in this study. A summary of 

the empirical nucleation and growth rate correlations ob

tained for all systems studied is shown in Table I. 



Table I. Summary of empirical crystallization kinetics correlations 

System Nucleation Growth 

Sensitivity 
Parameter 
(i/a) 

Synthetic 
'Urine 

Sodium Pyro
phosphate 

Methylene 
Blue 

B° 

B° 

B° 

B° 

B° 

exp(-4.499)s2'^ 

exp(-7.091)(s-0.007)3,119' 

exp(4.962)s1'239MT~0*571 

exp(-12.796)si1,316 

exp(-7.801)(s-35.3)3,5112 

DL-alanine B° = exp(0.201)s 1.814 

G = exp(-12.630)s2*55 1.121 

G = exp(-37-153)s 7.684 0.561 

G = exp(-13.513)s3'071 

G = exp(-15.108)s3,108 0.583 
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The sensitivity parameter i/a is included to illustrate the 

nucleation rate dependence on the growth rate. 

Nucleation Rate 

Nucleation rates for calcium oxalate dihydrate were 

obtained from MSMPR crystallizer analyses. Equation 3 was 

used for calculation of all experimental nucleation rates. 

Growth rates were determined from the slopes of log n versus 

L plots. The slope was determined from crystal size dis

tribution (CSD) by data-fitting a straight line through the 

data on a semi-log plot using the MLR algorithm. No corre

lation coefficient (r2) below 0.96 was found for any CSD 

regression. Thus, all growth rates were obtained from 

slopes of highly correlated straight line crystal size dis

tributions on log n versus L plots. 

Nuclei density determinations, however, were not 

made in the usual manner of extrapolating the straight line 

CSD plot to zero size. Fouling of the crystallizer, as dis

cussed earlier, was found to occur frequently in this system. 

Therefore, the crystals remaining in the crystallizer had to 

be taken into consideration when accounting for the total 

mass (see Figure 6). Closing the mass balance is important 

and was done by calculating n° from Equation 2 knowing the 

corrected average total Mij> G and x. This procedure is not 

novel to this study; it is widely practiced in analyses of 

industrial crystallization processes. 
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Satisfactory nucleation correlations were obtained 

for the synthetic urine and DL-alanine systems using Equa

tion 6. There was essentially no difference in the nuclea

tion rates between the two systems. Nucleation rates for 

the synthetic urine ranged from 3100 to 9800 no./(ml)(min) 

(as correlated by Equation 32) for supersaturations of 80 

and 120 mg/1, respectively. Nucleation rates for the DL-

alanine system ranged from 3^00 to 7200 no./(ml)(min) (Equa

tion 41) with the same values of supersaturation. The 

differences at the higher level of supersaturation are not 

significant enough to classify DL-alanine as having an in

hibitory effect even though the supersaturation exponent is 

approximately one smaller (2.86 as compared to 1.8l4). These 

two correlations point out the high supersaturation sensi

tivities encountered and the probability that the range of 

supersaturation tested was too narrow. 

The Miers model was used to correlate the synthetic 

urine data, but was found to reduce to the power-law model 

of nucleation (see Table I). The Miers model dependence on 

supersaturation (s^'^"1"^) was found from the NLR algorithm. 

There appears to be a discrepancy between this supersatura-

2 86 tion dependence and that of the power-law model (s ). 

However, the confidence limits found for the Miers exponent 

include the value found for the power-law exponent. Reduc

tion of the Miers model to the power-law model indicates 
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that the solubility study involving calcium oxalate dihy-

drate in the synthetic urine was valid. This equivalency 

was expected since no other components were added to the 

synthetic urine after the solubility study. Thus, there 

should have been no increase from the saturation concentra

tion to a higher metastable one, as shown by the results. 

Although the crystals produced in this system were 

not large enough to expect secondary nucleation effects, 

Equation 10 was correlated with the synthetic urine data. 

The correlation obtained (see Table I) exhibits a negative 

dependence on the mass of crystals present. This result is 

totally unrealistic, and therefore it can be concluded that 

there are no secondary effects in this system under the con

ditions studied. 

Nucleation rates for sodium pyrophosphate addition 

were correlated with both the power-law (Figure 18) and 

Miers (Figure 19) models. Pyrophosphate nucleation rates 

did not correlate well (r2 = 0.59) with the power-law model 

and exhibited a large supersaturation dependence (s^'^"^). 

This result again could have resulted from correlating over 

too narrow a range of supersaturation. The nucleation rate 

data correlated better (r2 = 0.68) with the Miers model, 

however. Correlation of pyrophosphate nucleation data with 

the Miers rather than the power-law model is not unexpected 

/ 
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since pyrophosphate has been shown to increase the formation 

product of calcium oxalate (62, 168). 

Methylene blue nucleation data did not correlate 

with any of the models discussed in Chapter 3. All nuclea

tion rates were found to remain essentially constant at all 

levels of supersaturation (see Figure 21). This insensitiv-

ity with respect to supersaturation might be accounted for 

by the intense adsorption of methylene blue which ties up 

nuclei particles of sub-critical size, thus preventing their 

association to form stable nuclei. 

There have been no prior studies with which nuclea

tion rate correlations obtained in this research could be 

compared. Earlier studies of calcium oxalate urolithiasis 

did not measure nucleation rates. Further, these studies 

did not use the synthetic urine employed in this research 

and thus could not produce the dihydrate form of calcium 

oxalate. 

Growth Rate 

Size-independent growth rates for calcium oxalate 

dihydrate crystals were consistently demonstrated in this 

study. All experimental runs were found to obey McCabe's 

AL law. 

Some work has been done in the study of clacium oxa

late monohydrate growth rates. Meyer and Smith (114) and 

Finlayson and Dubois (57) found growth rates that exhibited 
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second-order dependence on supersaturation as expected from 

classical crystal growth theories. These studies used sodi

um chloride as the supporting electrolyte for the solutions 

in which growth rates were measured. The solution used in 

the present study was closer to the composition of urine. 

2 Growth rate varied as s for calcium oxalate dihydrate 

in the synthetic urine without added inhibitors. This 

supersaturation dependence compares well with the second-

order dependence reported above when taking into account the 

narrow range of supersaturations tested. It can be con

cluded that calcium oxalate dihydrate growth is controlled 

by a surface reaction rather than a diffusion step, and that 

growth is probably second order supersaturation dependent. 

Growth rate dependence on supersaturation was found 

to increase with addition of inhibiting substances (see 

Table I). Addition of sodium pyrophosphate to the synthetic 

urine increased supersaturation dependence to an extremely 

7 7 high value (s ). A plausible explanation for some of this 

increased supersaturation dependence is that the range of 

supersaturations tested was too narrow to obtain a meaning

ful correlation. However, there is no doubt that the order 

of the supersaturation dependence was increased. Methylene 

blue addition increased supersaturation dependence slightly 

o 07 
(s ). Again, this probably represents an amplified re

sult stemming from correlation over too narrow a range of 
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supersaturatlon. The Increase found with DL-alanine addi

tion can again be attributed to the narrow range of super-

saturations. Comparison of growth rates between synthetic 

urine and DL-alanine in Tables B.l and B.4, respectively, 

shows similar growth rates over a similar range of super-

saturation. The only difference is that at the highest 

supersaturations (s > 110) growth rates for DL-alanine aver

aged O.87 iim/min while those for synthetic urine averaged 

0.74 ym/min. This difference is not significant, and thus, 

it can be concluded that this result is an anomaly of curve 

fitting over the range of supersaturations used. 

Mechanisms of Crystallization 

Crystallization kinetics of calcium oxalate dihy-

drate in a synthetic urine were determined in an effort to 

help explain the fundamental mechanisms underlying urolithi

asis. Inhibitory compounds were added to the synthetic 

urine to determine their effects on these mechanisms. The 

crystallization kinetics results obtained in this study have 

aided in formulating an explanation for calcium oxalate 

stone formation. 

Growth rates for calcium oxalate dihydrate were 

found to be size-independent and of magnitudes which would 

preclude stone formation by free particle growth. Surface 

reaction was determined to be the controlling step in the 

growth mechanism using the synthetic urine since 
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diffusion-controlled growth would be expected with linear 

supersaturatlon dependence (189)- This same conclusion was 

drawn by Meyer and Smith (114). Addition of inhibitors to 

the synthetic urine showed no reduction in the growth rates 

of calcium oxalate dihydrate but did increase the kinetic 

order with respect to supersaturation. This latter observa

tion is inevitable given the facts that absolute growth 

rates were essentially unchanged while the range of solids 

concentrations was decreased. Given the operational defini

tion of supersaturation, its range must necessarily decrease, 

thus increasing the kinetic order. Thus, it can be con

cluded that the compounds tested do not inhibit the growth 

of calcium oxalate dihydrate over the ranges of conditions 

studied, although absolute levels of supersaturation may be 

altered. 

Calculation of nucleation rates over the ranges of 

conditions studied provided a large amount of information 

helpful in explaining calcium oxalate dihydrate nucleation 

mechanisms. Equation 10, which is the model representing 

secondary nucleation, was correlated with data from syn

thetic urine, pyrophosphate and DL-alanine runs. All cor

relations were found to contain negative exponents on 

suspension density, MIJ. This is unreasonable and combined 

with the small sizes of crystals produced, it can be 
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concluded that secondary nucleatlon by collision breeding 

did not occur in this system. 

In the preparation of calcium oxalate dihydrate 

crystals for solubility studies, detectable nucleation was 

observed in a few seconds when the calcium and oxalate solu

tions were mixed. These solutions were filtered before mix

ing as described previously and it is believed there were 

no foreign objects present in the liquid which would induce 

heterogeneous nucleation. The power-law model of nucleation, 

Equation 6, correlated satisfactorily the data from the syn

thetic urine and DL-alanine runs. Thus, it appears from 

these results that calcium oxalate dihydrate nucleation in 

pure synthetic solutions occurs by a pseudo homogeneous 

mechanism. That is, no responses to external secondary 

stimuli are observed, yet the kinetic order is low, reminis

cent of secondary mechanisms. 

Pyrophosphate and methylene blue addition reduced 

the suspension density. Growth rates were found to be sen

sitive to supersaturatlon dependence although the magnitudes 

were not significantly different. Nucleation rates were re

duced, but growth rate is inherent in calculating nucleation 

rates. 

The distinction between nucleation and growth rate-

caused reductions in suspension densities was made in the 

following manner. If a reduction in suspension density was 
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due to nucleation rate but not growth rate, a single growth 

function could be applied to both the synthetic urine and an 

Inhibitor system. If, then, the only difference was the 

nucleation kinetics for each system, suspension densities 

for each system could be calculated at the same residence 

time and compared. 

This reasoning was followed first with-the correla

tion of growth rates for the synthetic urine and pyrophos

phate systems. Pyrophosphate was chosen because it was the 

7 7 worst case (G was correlated with s ') and methylene blue 

had no correlated nucleation model. The result of correlat

ing 15 synthetic urine and 14 pyrophosphate runs into one 

growth model was 

G = exp(-13-331)s2,678 (r2 = 0.60) (43) 

Rearrangement and substitution of Equations 7* 19, 

and 29 into Equation 2 results in the desired relationship 

between and x. Thus 

MT = 7TpkNkgxi|(si"MT)1+3a 

The k and a from Equation 43 are substituted into Equation 
6 

44 for both the synthetic urine and pyrophosphate systems. 

Equation 44 can then be written as 

MT = TrpkNexp(-39-993) (s1-MT)i+3^2,6''r8^ x^ (45) 
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Insertion of the nucleation parameters from Equations 32 and 

37 results in the following two relationships: 

MT = 7rpexp(-4.499)exp(-39.993) (s1-MT)10,89i|TZl (46) 

for the synthetic urine, and 

Mt = Trpexp(-12.796)exp(-39.993)(s1-MT)12*35T11 (47) 

for the pyrophosphate system. Solution of these equations 

for a specific value of x was accomplished by using a numer-

ical technique known as Aitken's-A algorithm (80). Results 

for residence times over the range of 5-0 to 20.0 minutes 

are shown in Figure 28. The dashed lines represent corre

lations for Mt as a function of t for the synthetic urine 

and pyrophosphate from Figures 14 and 17j respectively. The 

solid lines in Figure 28 represent the solutions to Equa

tions 46 and 47. Equation 46 is almost superimposed on the 

correlation curve from Figure 14 for the synthetic urine. 

Equation 47 does not coincide with its respective correla

tion curve from Figure 17 for pyrophosphate. However, a 

decrease in is shown when the nucleation kinetic param

eters are the only difference in Equation 45. Thus, it 

appears that a reduction in Mip between the two systems re

sults from decreased nucleation rates and not growth rate 

differences. 
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Pyrophosphates at lower concentrations than used in 

this study, has been shown to raise the formation product of 

calcium oxalate (62, 168), The same result was found in 

this study after correlation of the Miers model with pyro

phosphate nucleation data. Equation 38 shows a metastable 

limit of nucleation of 35-3 mg/1 above the solubility con

centration. This respresents an increase in the formation 

product of calcium oxalate since below this metastable value 

nucleation will not occur. 

Fleisch and Bisaz (62) concluded that pyrophosphate 

inhibition at such low concentrations (30 vM) could not be 

explained by lowering the ionized calcium concentration 

through complex formation. It is therefore suggested that 

pyrophosphate prevents calcium oxalate nucleation by acting 

on the colloidal particles preventing them from reaching a 

critical nucleus size. If the near-critical nucleus is made 

up of ordered clusters of molecules, then pyrophosphate may, 

as has been shown on a macro-scale (62, 151 )> prevent aggre

gation of these molecules. Thus, some nuclei would never 

reach critical size and a decrease in nucleation would 

result. 

Methylene blue was shown to hold the nucleation 

rates of calcium oxalate constant over a range of supersatu-

rations. The concentration of methylene blue used in this 

study was the minimum found necessary for maximum inhibition 
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of calcium oxalate crystallization (153). Rollins and 

Finlayson (153) concluded that methylene blue inhibits cal

cium oxalate encrustation by altering the zeta potential of 

particulate calcium oxalate. Thus, the electric potential 

at the liquid-solid interface of particles in suspension is 

changed so that particle aggregation ceases. They based 

this conclusion on the fact that the calcium concentration 

in their supernatant fluid was the same with and without 

methylene blue, indicating no methylene blue interference 

on the net result of nucleation and growth. Sutor (168) has 

suggested that methylene blue inhibits nucleation by micelle 

or complex formation. The hypothesis by Sutor of micelle 

formation is in parallel with alteration of the zeta poten

tial by Rollins and Finlayson since micelle formation is the 

reversible aggregation of dissolved molecules. If, as in 

the pyrophosphate suggested mechanism, methylene blue dis

rupts the aggregation of calcium oxalate molecules on the 

precrystal level so that nuclei never reach critical size, 

then both of the above mechanisms are in accord. This rea

soning also applies to the results obtained in this study. 

The calcium and oxalate concentrations used by 

Rollins and Finlayson were slightly higher than the ones 

used in this study. If they found maximum inhibition at the 

same methylene blue concentration, it is probable that nu

cleation mechanisms were overwhelmed at the lower calcium 
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and oxalate concentrations used in this study. Thus, this 

could account for the constant nucleation rates found over 

the range of supersaturations studied since this range was 

always below the initial level of supersaturation of Rollins 

and Finlayson. 

Rationale for Stone Formation 

The theories of stone disease discussed in Chapter 2 

have been based on many observations and experimental re

sults. Observations and experimental results obtained in 

this study have afforded explanations which may help clarify 

the fundamental reasons for calcium oxalate stone formation. 

Figure 29 shows schematically stone formation rationale as 

deduced from this study. 

Whatever the secondary requirements for stone dis

ease, high levels of supersaturation with respect to the 

stone-forming salts in urine are essential. For without 

supersaturation, nucleation, growth and aggregation could 

not take place. Thus, supersaturation with respect to cal

cium oxalate is placed at the initial point of the process 

scheme. 

Nucleation observed in this system appeared to occur 

by a low-order pseudo homogeneous mechanism. This type of 

nucleation occurs in urine any time the formation product of 

the stone-forming salt is exceeded. Crystals were formed on 

the crystallizer walls to some extent in all experiments. 
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Figure 29. Schematic diagram relating the calcium 
oxalate stone-forming process to various 
stages of crystallization. 
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This formation could have resulted from heterogeneous nu

cleation. Heterogeneous nucleation can occur in the neph

rons of the kidney where much of the water is reabsorbed 

(similar to evaporative crystallization). Thus, nephron 

walls can act as heterogeneous nucleation sites. Mucoids 

found in urine as discussed in Chapter 2 can also act as 

nucleation sites. Whatever the mechanism in urine, nuclea

tion follows supersaturation as shown in Figure 29. Re

sults from this study suggest that inhibitors may act on 

the nucleation process with the wavy line indicating inter-
i 

ference by these inhibitors. 

Robertson et al. (147)3 as discussed in Chapter 2, 

have shown that urine does exert an inhibitory effect on 

stone formation and aggregation. Thus, the existence of 

stone-forming inhibitors has also been shown to be impor

tant, as well as supersaturation, in controlling stone dis

ease . 

Once nuclei have formed they must grow or aggregate 

because of the supersaturation driving force. Growth of 

these nuclei, can also result in new nuclei sites on al

ready existent crystals. There is no wavy line representing 

growth inhibitors since none were found in this system. 

However, this does not preclude the existence of urinary 

growth inhibitors. Growth rates obtained for calcium oxa

late dihydrate in this study are not large enough to cause 
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free particle stone disease. Thus, it is suggested that 

calcium oxalate urolithiasis is caused by a fixed particle 

or at least ,an impeded particle disease. 

Fixed or impeded particle disease can be-caused by 

entrapment in the urinary tract of crystals which have ag

glomerated and/or aggregated. Once crystals have formed in 

this manner further growth in a supersaturated medium is 

inevitable. Agglomeration can occur directly from nuclea-

tion as is shown in the figure. Over a period of time ag

glomeration can lead to aggregation as was described in 

Chapter 5. Aggregation can be aided by adsorption of pro

tein, etc. (matrix) into the void spaces of the aggregate. 

If these proteins are broken down in some way by enzymatic 

reactions, the result may be cementation, and stones result. 

After the aggregate has become large enough to be impeded, 

continued growth will occur whenever the urine is super

saturated with the respective salts. 

Matrix theory is shown to one side in the figure 

because it is deemed unnecessary for initiating stone for

mation. Rather, matrix may aid in the formation of aggre

gates or agglomerates which then continue growing because 

of urinary supersaturation. Thus, it is suggested that 

matrix inclusions are a result, and not a cause, of stone 

initiation. 
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Aggregation follows as one of the major causes of 

stone disease from this study. Higher nucleation rates, 

and thus more particles, tend to enhance crystal aggrega

tion and agglomeration. As was shown in this study, given 

enough time in the proper environment, agglomeration will 

occur which can lead to crystal-bonded aggregation. 



CHAPTER 7 

APPLICATION TO CLINICAL EVALUATION 

One goal of the present research was to evaluate 

this experimental system as a possible diagnostic test for 

assessment of patients' stone-forming causes and tendencies. 

Plausibility for success in obtaining this goal was based 

on a study done by Rose (154). He described an investiga

tion of the additive effect of urine on the precipitation of 

calcium oxalate from dilute solutions. He found, for in

stance, that over a 33 minute period, a 5% solution of urine 

in artificial urine showed considerable precipitation inhi

bition. The degree of inhibition was found to be linked to 

both the creatinine concentration and osmolality of the 

original urine. Inhibition was also shown to be related to 

the percentage of urine present. Rose used essentially the 

same artificial urine that was employed in this study as the 

solvent for his dilute solutions. His method of adding dif

ferent percentages of urine to the artificial urine, and 

relating this percentage to inhibition is a natural prede

cessor to this study. However, Rose falls far short of 

utilizing his method to its maximum capabilities. The 

154 
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present experimental system In combination with the method 

by Rose should be useful in clinical evaluations. 

The experimental study by Rose revealed only compar

ative amounts of crystals precipitated. The system in this 

study also yields comparative growth and nucleation rates 

which should be more significant in diagnosing and treating 

stone disease. In this study variation of calcium oxalate 

nucleation rate was determined to be a more likely factor 

in stone formation than variation of growth rate. On the 

other handj patients producing stones composed of phosphates, 

urates, cystine or other substances may require reduction of 

growth and/or nucleation rate. These differences are dis

cernible with the system in this study, while they are not 

in the method of Rose. 

The normal ranges of growth and nucleation rates for 

a particular stone disease must be established in applying 

the present system to clinical examinations. These ranges 

may vary due to age, sex, race, dietary habits, and geo

graphical location. In this event, such variations, if 

significant, would have to be considered. Normal ranges 

could be found for a particular stone disease in the follow

ing manner. An optimum amount of urine to be added to the 

artificial urine would require determination for each stone 

disease. This addition would depend on the conditions and 

relevant stone-forming salt concentrations required in the 
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artificial urine. A statistically significant number of 

normal human urines, added to the synthetic urine, could 

then be run in the system and normal ranges established. 

Large numbers of experimental runs are required to 

establish statistically significant ranges of growth and 

nucleation rates. These experiments can become tedious and 

time consuming if, each time a run is made, a synthetic 

urine must be made up from individual salts. Repetitive 

preparation of synthetic urines can be expedited by using 

standard "dry package" mixes for making up solutions. For 

example, the calcium oxalate system would require one pack

age for each feed solution. The calcium feed package would 

contain 9.25 g NaCl, 8.31 g KC1, 3-33 g Na2S02|J 3-18 g NH^Cl, 

4.0 g MgSO^-THgO and 0.8 g Na^gH^• 2H20 to be diluted in 

one liter of solution. The oxalate feed package would con

tain 9-25 g NaCl, 8.31 g KC1, 3-33 g Na2SOi|, 3-18 g NH^Cl, 

1.16 g NagHPO^, 8.24 g NaHgPO^'HgO and 0.8 g Na^gH^ • 2H20 

for the same volume of solution. Addition of calcium and 

oxalate to their respective solutions would depend on their 

concentrations in the urines to be studied. Other stone 

diseases might require different salt mixtures, but the ad

vantage of such a method is evident. 

The details of such a procedure to establish ranges 

of growth and nucleation rates can be described as follows. 

A patient would normally void a urine specimen at each 
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office visit to his doctor. Only a few milliliters are re

quired for such standard tests as urine sugar, acetone, etc. 

The remaining sample could be filtered to remove debris and 

stored. Addition of the urine to the properly adjusted syn

thetic urine would be the next step. Properly adjusted re

fers to the correct pH, supersaturation level, ionic 

strength and salt concentrations found in an average urine 

of a particular stone disease. Solutions could then be run 

to determine urine effects on inhibition of growth and nucle-

ation rates of the stone system under study. The actual ki

netic runs might be performed in an equipped hospital or 

biomedical laboratory, possibly one already performing stone 

analyses or research. Results could then be forwarded to 

the doctor for possible patient therapy. 

The same procedure could be carried out for known 

stone-formers. Thus, the severity of the patient's disease 

could easily be diagnosed since the ranges of growth and 

nucleation rates for both normals and stone-formers would 

have been determined. Patterns of growth and nucleation 

rates could be established in the urine of a patient after 

a series of kinetic runs. A deviation from the established 

urinary pattern would reveal any important changes as a 

patient's disease was being followed. Comparison of current 

and established growth and nucleation rates would then be 

related to the stages of his disease; i.e., is the patient 
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in a stone-producing state? But, if he is in a stone-

producing state, what then? And, if drugs are to be used, 

which ones and are the doses safe but sufficient enough to 

reduce his propensity toward stone formation? These are 

questions that must be answered quickly and accurately if a 

patient is found to be in a stone-producing state. 

The procedures thus far only use the present system 

for ascertaining the severity of a particular stone disease. 

There has been no discussion concerning the use of the sys

tem for treatment purposes. If a patient has been diagnosed 

as having urolithiasis, the system and method can be used to 

evaluate which drugs and compounds, if any, will most effec

tively reduce growth and nucleation in his particular urine. 

Substances to be tested can be added to the urine-synthetic 

solution and a kinetic run made. If a substance does in

hibit stone crystallization, a series of runs could then be 

carried out to determine its most effective concentration. 

However, the first substance may not be effective in arrest

ing the patient's condition. Presently drugs or compounds 

are given to a patient and their effects evaluated at some 

later time. Evaluations such as these have been mostly sub

jective, costly and lengthy, especially if the first or 

second substances have little effect. In contrast, the 

present system is not restricted as are the systems used in 

in vivo studies. A number of drugs and compounds can be 
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evaluated over a much shorter period of time in the present 

system. Evaluation of these substances as inhibitors is 

completely objective as growth and nucleation rate compari

sons in a patient's urine at different times are quantita

tive . 

Application of this system to clinical evaluation 

has been limited to primarily idiopathic stone disease. 

Some stones, such as staghorn calculi (usually phosphates), 

are associated with urinary tract infection. This type of 

stone formation can be readily examined using the system in 

this study. Treatment of this type of stone disease using 

this system would seem much easier than treatment of the 

idiopathic disease. Infected urines could be run with added 

antibiotics or antibacterial agents and their effects, which 

should be dramatic, studied. 

The preventive effectiveness of new drugs can be 

elucidated in a much shorter period of time. This system 

could also be used to determine whether a new drug is or is 

not an inhibitor. Many substances could be screened quickly 

with those showing promise as inhibitors being studied in 

more detail. 

Stone dissolution studies would benefit enormously 

from this experimental system. Urinary calculi of known 

composition could be suspended in the crystallizer. Urine-

synthetic urine solutions to which have been added possible 



dissolving substances would be pumped through the crystal-

lizer. Rates of dissolution could then be related to the 

dissolving substance, its concentrations, levels of urinary 

supersaturation and residence times. 

Diagnosis and treatment of stone disease has been 

shown to be possible using the experimental system in this 

study. A well-equipped laboratory could be set up to per

form kinetic analyses similar to stone analysis labs. The 

testing procedure for the patient is simple, requiring no 

more than a voided urine sample in the doctor's office. In 

vitro drug testing and stone dissolution studies are rather 

new to urolithiasis. The experimental system presented 

herein is suggested as appropriate and effective for such 

studies. 



CHAPTER 8 

SUMMARY AND CONCLUSIONS 

Crystallization kinetics of calcium oxalate were 

studied in a mixed-suspension, mixed-product-removal crys-

tallizer. This crystal system was studied in relation to 

urolithiasis since approximately 75$ of all kidney stones 

contain calcium oxalate. 

An experimental system consisting of an MSMPR crys-

tallizer, an in-line filter system, synthetic urine and a 

Model T Coulter Counter was designed and constructed. Two 

feed streams, one containing the synthetic urine and calcium 

and the other containing the synthetic urine and oxalate, 

were peristaltically pumped at various rates to the MSMPR 

crystallizer. Supersaturation was obtained by reaction be

tween calcium and oxalate ions. Calcium oxalate dihydrate 

was the crystal form predominantly produced in all experi

ments. Division of Urology standard crystallographic and 

optical techniques were used to identify the crystal habit. 

The solubility of calcium oxalate dihydrate crystals was 

determined to be 107.8 mg/1 of solution. Crystal size dis

tributions of sampled calcium oxalate crystals were deter

mined over a 5.6-35-3 micron size range on the Coulter 
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Counter. Growth and nucleation rates of calcium oxalate di-

hydrate were determined by MSMPR techniques of analysis from 

straight line crystal size distributions on log n versus 

size plots. 

It appears that a pseudo homogeneous mechanism of 

nucleation governs the calcium oxalate system such that 

growth and nucleation are of roughly equal kinetic order 

(characteristic of secondary mechanisms) although nucleation 

is not produced by collision breeding. At the operating 

levels of supersaturation nucleation in the pure synthetic 

liquor was found to be strongly dependent on supersaturation 

2 86 (B « s ). A postulation of how calcium oxalate hetero

geneous nucleation might occur in the body was also de

scribed. Calcium oxalate growth rates were found to be 

size-independent. Growth rates of calcium oxalate dihydrate 

crystals were found to be proportional to supersaturation 

2 55 (G <= s ). However, it was concluded that, due to corre

lation of growth rates over possibly too narrow a range of 

supersaturations, growth was probably second order with re

spect to supersaturation. Thus, growth of calcium oxalate 

dihydrate is thought to be surface reaction controlled. 

Known and possible inhibiting substances were added 

to the synthetic urine to determine their effects on the 

growth and nucleation rates of calcium oxalate. Sodium 

pyrophosphate at a concentration of 50 mg/1 of solution 
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reduced the nucleation rate, but did not significantly alter 

the growth rate. Seemingly unrealistic exponents were ob

tained for power-law supersaturation-dependent nucleation 

and growth rate models. These results were postulated to 

be caused by a sensitive operational definition of super-

saturation (with measurement error amplified) and by corre

lation over too narrow a range of supersaturation. The 

Miers model of nucleation correlated the data better for 

pyrophosphate than the power-law model. Nucleation was 

found proportional to a lower order of supersaturation (B <= 

[s-s with the Miers model. The superiority of the 

Miers model was not unexpected since pyrophosphate has been 

shown to increase the formation product of calcium oxalate 

(62). Methylene blue also appeared to reduce the nucleation 

rate of calcium oxalate dihydrate, but no nucleation corre

lation could be found since these values were essentially 

constant over the range of supersaturation tested. At a 

methylene blue concentration of 30 mg/1 of solution growth 

rates were found proportional to the third power of super-

*5 n ft 
saturation (G « s ). However, magnitudes of growth rates 

were not significantly altered from values in the blank so

lution. A mechanism is suggested whereby the inhibitors 

prevent nucleation at the precrystal level by micelle for

mation. Micelle formation is the reversible aggregation of 

dissolved molecules to form indefinitely suspended colloidal 
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particles. This coincides with another research study that 

found methylene blue inhibits calcium oxalate precipitation 

by reversing aggregation at the macro-crystal level. 

DL-alanine was added to the synthetic urine at a 

concentration of 10 mg/1 of solution to evaluate its effect 

on calcium oxalate crystallization. Nucleation rates of 

calcium oxalate dihydrate with DL-alanine were found propor-

1 81 tional to a lower order supersaturation function (B <= s ) 

than in the synthetic urine alone. However, little change 

in nucleation rates was noted. DL-alanine did not affect 

calcium oxalate growth rates; again they were proportional 

to roughly the third power of supersaturation (G « s ). 

Other compounds were added but no effects were found 

at the concentrations tested. Magnesium oxide, taurine and 

tetracycline affected neither calcium oxalate growth nor 

nucleation rates. 

The observation of agglomeration and aggregation of 

crystals in this system, and the determination that calcium 

oxalate growth rates were too small to cause free particle 

stone disease led to postulation of a mechanism for calcium 

oxalate stone formation. This mechanism assumed high super-

saturation in the urine. Since the only inhibitory effects 

that were found in this study were with regard to nucleation, 

the formation of excessive nuclei was postulated as an ini

tiating step in stone disease. In normal urines nucleation 
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is retarded by various urinary inhibitors. Once nucleation 

has occurred, growth follows in any supersaturated urine. 

But, agglomeration and aggregation of excessive nuclei, in

fluenced by adsorption of and possible cementation by pro

teins (matrix), could complete the stone formation process. 

This would then lead to an impeded-particle stone disease. 

The feasibility of using the experimental system as 

a diagnostic test for predicting patient propensity toward 

stone formation was also discussed. Procedures for estab

lishing urinary norms were described. Methods were also 

outlined which would allow the system to be used to study 

other forms of stone disease such as that caused by bacte

rial infection. 



APPENDIX A 

SYNTHETIC URINE 

To study the crystallization characteristics of 

calcium oxalate as related to the stone-forming process a 

synthetic urine was needed. A solution was found that is 

congenerous to human urine. This synthetic urine is that 

proposed by Isaacson (88). The composition was altered 

slightly to alleviate the need for NaHgPO^•21^0 addition. 

The final composition used is shown in Table A.l. This 

solution is q.s. to 1 liter with distilled, deionized water. 
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Table A.l. Synthetic urine 

Constituent 

2+ 
Ca Peed Tank 

(g/1) 

2-Co0., Peed Tank 
2 4 (g/D 

Na^O^ 3-33 3-33 

NH^Cl 3.18 3.18 

KC1 8.31 

i—1 C
O

 

• 

C
O

 

MgS04-7H20 4.00 — 

NaHgPO^-HgO — 8.24 

NagHPO^ — 1.16 

NaCl 9.25 9.25 

Na3CgH507-2H20 0.80 0.80 

CaCl2 2.00 — 

Na2C20^ — 0.40 



APPENDIX B 

GENERAL OPERATIONAL AND CORRELATIONAL DATA 

The following is a summary of the operational and 

correlational data for all experimental runs. These runs 

involved the synthetic urine only3 and the synthetic urine 

with sodium pyrophosphate, methylene blue and DL-alanine 

added as inhibitors. All runs were performed at an agita

tion rate of 265 RPM and a temperature of 37°C. 
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Table B.l. Operational and correlational data for the synthetic urine system 

Run Sample MT(mg/l) s(mg/l) G(ym/min) B°(no./cc-min) x(mln) 

022876 C 16.45 120.74 0.66163 12971.7 5.0 
D 17.35 119.84 0.66284 13606.2 5.0 

030276 A 21.75 115.44 0.85193 8033.8 5.0 
B 16.75 120.44 0.79818 7522.7 5.0 

030376 A 31.80 105.39 0.42174 6051.0 10.0 
B 33-25 103.94 0.40330 7285.5 10.0 

030476 A 35.40 101.79 ;0.46841 5118.4 9.9 
B 29-35 107.84 0.39877 6877.9 9.9 

030276 C 41.30 95.89 0.29795 4773.3 14.7 
D 45.2 91-99 0.32379 4070.3 14.7 

030476 C 43.05 94.14 0.28951 5002.3 15.0 

022876 A 55-75 81.44 0.22797 4459.5 19.7 
B 57.65 79.54 0.28328 2403.5 19-7 

030376 C 57.10 80.09 0.25412 3104.3 20.0 
D 59-08 78.11 0.25165 3307.3 20.0 



Table B.2. Operational and correlational data for the sodium pyrophosphate-
synthetie urine system 

Run Sample MT(mg/l) s(mg/l) G (vim/mi n) B°(no./cc-min) T(min) 

030976 A 13.6 123.59 1.02286 3021.4 4.95 
B 11.4 125.79 0.92310 3445.7 4.95 

031076 A 14.6 122.59 0.93857 4032.9 5.0 
B 12.2 114.59 0.91609 3624.2 5.0 

031076 C 19.6 117.59 0.54809 1699.1 10.0 
D 22.6 114.59 0.55152 1923.0 10.0 

031076 E 28.3 108.89 0.37877 1570.5 14.75 

031176 A 24.9 112.29 0.32587 2028.9 15.0 
B 23.4 113-79 0.36177 1393.5 15.0 

031176 C 27.2 109.99 0.38044 1392.8 15.0 

030876 A 31.0 106.19 0.27925 1335.5 19-75 
B 30.0 107.19 0.24895 1824.1 19.75 

080376 C 32.9 104.29 0.23764 2299.8 19.75 
D 33.0 104.19 0.26980 1576.4 19.75 



Table B.3. Operational and correlational data for the methylene blue-synthetic 
urine system 

Run Sample MT(mg/l) s(mg/1) G (vim/mln) B°(no./cc-mln) t(mln) 

022376 D 17.6 20.68 0.99421 4090.2 5.0 

022076 C 10.4 77.88 0.90114 3245.8 5.0 
D 12.5 75.78 0.94283 3406.2 5.0 

022476 C 20.3 67.98 0.51474 2124.7 10.0 
D 22.5 65.78 0.49313 2678.2 10.0 

022576 C 23.0 65.28 0.40990 4404.0 10.2 
D 29.0 59.28 0.44409 4366.4 10.2 

022476 A 35-15 53-13 0.31486 3175.0 15.0 
B 36.85 51.43 0.29601 4005.9 15.0 

022576 A 28.65 59.63 0.30935 2856.1 14.83 
B 31-35 56.93 0.34935 2169.9 14.83 

022076 A 38.4 49.88 0.20238 4132.6 20.0 
B 42.0 46.28 0.23935 2732.6 20.0 

022376 A 34.3 53.98 0.19060 4454.9 19.96 
B 37.8 50.48 0.24168 2408.0 19.96 



Table B.4. Operational and correlational data for the DL-alanine-synthetic 
urine system 

Run Sample MT(mg/l) s(mg/1) G(ym/min) B°(no./cc-min) x(min) 

050676 A 17.1 120.09 0.80302 7541.9 5.0 
B 23.0 114.19 0.92708 6592.4 5.0 

050676 C 18.5 118.69 0.84676 6959.2 5.0 
D 22.4 114.79 0.90177 6976.4 5.0 

050376 A 31. 4 105.79 0.41952 6070.6 10.0 

050576 C 30.0 107.19 0.40930 5884.3 10.15 
D 32.8 104.39 0.43816 5243.8 10.15 

050676 E 53.0 84.19 0.33658 3919.0 15.0 
P 41.3 95.89 0.30166 4242.0 15.0 

050676 G 57.2 79.99 0.23769 3799.9 20.0 
H 56.2 80.99 0.24585 3374.1 20.0 



APPENDIX C 

PERTINENT DATA USED TO DETERMINE 
POPULATION DENSITIES OF ALL BLANK RUNS 

The following are lists of the population counts for 

all blank kinetic runs and auxiliary data for determining 

population densities. The calculations are direct and are 

based on the following equation: 

n(L) = AN(L)-d.F. (C_1) 
V-AL(L) 

where n(L) is the population density at a mid-channel size, 

La D.F. is the dilution factor for counting, V is the count

ing slurry volume, AL is the channel width in microns and 

AN is the corrected average population counts for the cor

responding channel. In this study the counting slurry vol

ume was equal to 2 ml. The values for the channel widths 

and the corresponding mid-channel sizes are listed in Table 

C.l. The corrected average population counts were calcu

lated from the following equation: 

AN(L) = N(L) - BG(L) (C-2) 

where N(L) is the average number count for each channel and 
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BG(L) is the average background noise count for each channel. 

These values can be found in Table C.2. 
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Table C.l. Pertinent Coulter Counter data for 
calculating population densities 

Channel ALj ym Mid-channel Size,L3ym 

6 7.28 31.64 

7 5.78 25-11 

8 4.58 19.93 

9 3.64 15.82 

10 2.89 12.56 

11 2.29 9.97 

12 1.82 7.91 

13 1.44 6.28 



Table C.2. Raw population counts for determining population densities cf 
all blank runs 

Channel 
Run Sample 13 12 11 10 9 8 7 6 D.P. 

022876 C 3915 2754 1879 992 347 80 29 18 1.S01 
3788 2887 1834 930 292 75 37 15 
3998 2762 1886 892 306 93 30 19 
3886 2820 1954 904 305 91 36 18 
3-486 2589 1743 883 303 98 34 12 

D 4820 4130 3050 1514 522 155 53 22 2.032 
^779 4251 2949 1474 519 152 47 18 
5037 4067 2854 1554 501 123 65 15 
4659 4017 2791 1471 553 138 68 19 
4816 4091 2930 1500 555 166 62 22 

030276 A 3410 2800 2240 1701 940 411 170 51 1.750 
3292 2695 2145 1600 901 388 149 40 
3318 2787 2233 1666 923 416 163 53 
3193 2681 2161 1630 896 383 151 41 
3289 2637 2220 1575 892 406 158 45 

B 2990 2512 2001 1110 624 301 132 30 1.885 
2947 2503 1968 1178 684 297 131 32 
2888 2460 1878 1009 630 283 123 22 
2838 2389 1850 1053 600 271 122 20 
2808 2427 1966 1141 571 259 104 27 



Table C.2—Continued. Raw population cou ts 

Channel 
Run Sample 13 12 11 10 9 8 7 6 D.F. 

030376 A 3612 2810 2319 1413 1001 390 170 48 1.996 
3518 2628 2172 1346 995 370 148 38 
35^5 2662 2152 1372 922 378 159 37 
3^98 2643 2066 1375 954 385 156 39 
3597 2711 2402 1398 980 400 175 52 

B ^355 3510 3033 2062 1001 471 200 46 1.698 
43^7 3497 3029 2047 997 463 190 89 
4300 3479 3002 2003 1013 441 183 38 
4280 3478 2983 2017 973 438 171 43 
4224 3448 3004 1991 925 410 165 45 

030476 A 3553 2770 2366 1943 1075 541 265 72 1.777 
35^0 2766 2354 1921 1081 540 257 69 
3520 2748 2350 1901 1045 530 245 73 
3504 2738 2343 1892 1043 523 428 70 
3485 2768 2344 1895 1054 512 239 70 

B 5176 4682 3095 2314 1180 591 181 49 1.633 
5153 4541 2981 2312 1190 583 181 46 
5127 4499 2955 2281 1160 588 178 48 
5127 4590 3023 2265 1157 561 176 40 
5112 4596 3040 2384 1150 577 183 43 



Table C.2—Continued. Raw population counts 

Channel 
Run Sample 13 12 11 10 9 8 7 6 D.P. 

030276 C 3448 3400 2723 1703 1075 560 190 60 1.999 
3501 3377 2789 1715 1060 557 188 63 
3327 3281 2603 1685 1060 543 181 58 
3381 3263 2634 1672 1055 543 176 55 
3354 3207 2697 1637 1058 509 189 63 

D 4495 3824 3032 2065 1611 780 351 110 1.838 
4483 38oo 3016 2053 1592 772 347 100 
4385 3764 2990 1989 1553 759 335 99 
4407 3761 2976 2001 1549 760 338 95 
4427 3734 2980 1988 1591 754 330 101 

030476 C 4710 3745 3080 2403 1503 625 230 73 2.033 
4688 3731 3023 2312 1510 590 240 72 
4672 3707 3000 2271 1490 588 241 69 
4668 3687 2987 2289 1465 631 229 68 
4621 3697 2974 2283 1440 573 197 73 

022876 A 659 414 269 158 129 75 22 15 1.735 
671 387 232 132 112 55 30 12 
654 398 290 173 115 69 23 13 
714 467 227 190 126 52 28 9 
673 398 268 189 132 58 25 10 



Table C.2—Continued. Raw population counts 

Channel 
Run Sample 13 12 11 10 9 8 7 6 D.F. 

B 371 202 136 95 65 41 21 13 1.737 
315 137 103 61 53 39 18 16 
379 196 110 109 69 43 23 18 
333 206 121 75 43 40 22 6 
286 214 138 94 94 48 26 11 

030376 C 2778 2658 1670 1625 980 570 249 98 2.100 
2838 2647 1632 1615 976 570 248 99 
2703 2642 1618 1595 976 565 245 93 
2699 2618 1660 1588 960 548 233 91 
2739 2595 1676 1648 971 563 231 95 

D 3345 2810 2623 2089 1238 651 317 93 1.789 
3389 3081 2603 2151 1242 673 . 378 111 
3409 3014 2595 2142 1196 679 363 109 

- 3321 2894 2555 2102 1189 633 350 103 
3295 2960 2488 2009 1230 618 349 115 

Background 82 47 32 45 32 14 2 1 
counts 95 65 16 19 4 6 3 2 

97 52 28 19 7 7 7 4 
110 50 32 9 12 14 3 7 
108 38 23 11 16 9 6 1 



NOMENCLATURE 

a thickness of the growth layer, ym 

A growth constant of dislocation theory 

B° nucleation rate, no./(ml)(min) 

c concentration, mg/1 solution 

c metastable concentration, mg/1 solution 
m 

c saturation concentration, mg/1 solution 
s 

2 
D diffusivity, cm /sec 

E activation energy for growth, Kcal/mole 

G linear growth rate, ym/min 

G0 zero-size growth rate, ym/min 

AG* free energy of formation of the critical nucleus, ergs 

i kinetic power of supersaturation in nucleation rate 
correlation 

j kinetic power of solids concentration in nucleation 
rate correlation 

k Boltzmann constant, ergs/°K 

k reaction rate constant 

k growth rate kinetic constant 
S 
k„ nucleation kinetic rate constant 
N 

ky volumetric shape factor 

L linear size, ym 

m number of ions in neutral molecule 

M,p corrected average total suspension density, mg/1 
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sample suspension density, mg/1 

MT2 suspension density correction, mg/1 

n population density, no./(ml)(ym) 

n° zero-size population density, no./(ml)(ym) 

q total volumetric flow rate to the crystallizer, ml/min 

r linear correlation coefficient 

R gas constant 

s supersaturation, mg solute/1 solution 

sm metastable supersaturation, mg solute/1 solution 

s* critical supersaturation ratio 

SV sample slurry volume, ml 

T absolute temperature, °K 

v molecular volume, cmJ 

V slurry volume in crystallizer, ml 

Z proportionality constant in two dimensional nucleation 
theory 

a constant in nonlinear size-dependent growth rate model, 
ym-1 

3 constant, power in nonlinear size-dependent growth rate 
model 

Y interfacial free energy, ergs 

6 boundary layer thickness of crystal surface, ym 

tt 3.14159 

p density, g/cmJ 

a relative supersaturation, (c-c_)/c s s 
2 a surface tension, ergs/cm 



critical supersaturation ratio 

average residence time, min 

volume of a solute molecule, cmJ 
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