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Abstract 

Urolithiasis, the formation of stones in the kidney, urinary bladder, or urinary tract, typically 

occurs as a result of increased supersaturation of minerals in the kidney. Kidney stones are 

primarily comprised of calcium oxalate. The main objective of this thesis is to investigate the 

effects of a synthetic anionic polyelectrolyte, poly(sodium 4-styrene sulfonate) (PSS) on the 

crystallization kinetics of calcium oxalate in aqueous media. A constant composition 

potentiostatic technique was employed to determine the nucleation and growth kinetics of calcium 

oxalate. The constant supersaturation was maintained in the reaction media by continuously 

replenishing the ions that are consumed in the process of crystal nucleation and/or growth. The 

role of solution supersaturation and additive properties, the polymer molecular weight and the 

concentration of polymer charged groups in the crystallization media in particular, was evaluated 

in both seeded and unseeded experiments. The inhibitory effects of the polymer were compared 

to the results obtained with citrate, the current pharmacological treatment for kidney stone disease. 

Higher values of solution supersaturation led to faster nucleation. Induction times were found to 

be longer in the presence of polymeric additives. Crystal growth rates were seen to increase with 

increase in supersaturation while they decreased in the presence of polymers. Longer induction 

times and slower growth were observed in the presence of higher molecular weight polymers as 

compared to the monomer. A comparison ofthe inhibition efficiencies ofpolymer PSS and citrate, 

revealed that PSS would be required in much lower concentrations and quantities compared to 

citrate to achieve similar crystal inhibition. Our findings offer a better understanding of the 

calcium oxalate crystallization kinetics and can aid in the development of effective treatments for 

kidney stone disease. 
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1 Introduction 

1.1 Kidney stone disease 

Kidney stones are usually crystalline deposits, referred to as calculi, in the renal calyces, pelvis 

and ureter and causes debilitating effects on human health_ 1-
2 Nephrolithiasis (stones forming in 

the kidney) and Urolithiasis (stones forming in the urinary bladder) have been an affliction for 

mankind from times as early as 4000 B.C.3 A global rate ofprevalence ofkidney stone disease can 

be defined quantitatively as about 7 to 13% in North America, 5 - 9% in Europe and about 1 - 5% 

in Asia_4
-
5 The risk of developing kidney stones at least once in a lifetime was found to be about 

19% in American males while women faced a lesser risk of about 9%. There is a great concern 

about the increasing risk ofrenal stone disease amongst children also.6 Recurrence rates as high as 

50% within ten years of the first development and 75% in twenty years have also been reported in 

studies.7 

elvic Stone 

alyx Stone 

Staghorn Stone 

Bladder Stones 

Figure 1.1 Locations of kidney stone in the renal system8 
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The urinary filtrate which is formed in the glomerulus and passes through the entire renal system, 

is usually a complex solution of 95% water, 2.5% urea and a 2.5% mixture of minerals, salts, 

organic and inorganic macromolecules.9 While all humans would be expected to have similar 

composition of solutes in urine, it is the abnormalities in these ratios that distinguish a stone

forming person from a non-stone forming person. 10 Based on the possible abnormalities in the 

composition, the stones can vary in size, shape and chemical composition. The major types ofrenal 

stones seen in human beings are calcium oxalate or calcium phosphate stones, struvite stones, uric 

acid stones, cystine stones and drug induced stones. 

The pathophysiology of kidney stone disease is a complex biochemical process and has been 

described by a schematic in Figure 1.1. 11 

Saturation 

• 
Supersaturation

•
Nucleation

• 
Crystal Growth 

•
Aggregation

• 
Crystal Retention 

Stone Formation 

Figure 1.2 Pathophysiology ofkidney stone disease 

A supersaturated solution, in simple terms mean that a solution contains more solute than the 

solvent can normally dissolve in itself The supersaturated condition of the urine causes the 

dissolved salts and minerals to precipitate, which leads to nucleation and crystal entities are then 

accumulated in the renal system. 12 Calcium oxalate stones are the most common type of kidney 
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stones formed and would occur when calcium and oxalate ions in urinary filtrate exceed their 

saturation limit. It should also be brought to notice that the formation of kidney stones is also 

largely triggered by the imbalance between naturally present inhibitors and promoters of 

crystallization in the urinary system. 13 

The intrinsic causes of kidney stones can be listed as sex, age and heredity while the extrinsic 

factors are usually geography, climate, dietary composition, water intake. An excessive intake of 

animal proteins, high sodium food, and deficiencies in foods containing citrate, fiber are some of 

the major dietary factors working in favor of kidney stone formation. Hypertension, obesity, gout 

and metabolic disorders such as hypercalciuria, hypocitraturia, hyperoxaluria, hyperuricosuria 

demonstrates a high risk for kidney stone disease. Low urine volume caused by inadequate water 

intake is one of the most common lifestyle mistakes that is responsible for this disease. Certain 

lithogenic drugs such as protease inhibitors, sulfonamides, uricosuric agents also promote the 

formation of calculi. Kidney stone disease is usually accompanied by symptoms such as severe 

lower back and stomach pain, blood in urine, nausea, fevers and chills. 

The presence of crystals in micro and nanoscales in urine is common in both healthy and stone

forming groups of people. It is the size, crystal phase and degree of aggregation that causes the 

retention of these crystals in those suffering from kidney stone disease. Lithogenic urine has been 

found to contain about 16-65% of crystallites larger than 12µM while the urine ofa healthy person 

would have less than 13% of the same. The crystal phase also has a very important role to play in 

the retention of crystals. Calcium oxalate crystals are present in three polymorphs on the basis of 

their water of crystallization. Calcium oxalate monohydrate (COM) has highest thermodynamic 

stability amongst the three and is most likely to grow and aggregate into larger crystallites, and 

mostly found in lithogenic urine. Calcium oxalate dihydrate (COD) is metastable and is commonly 
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found in the urine of healthy individuals. The formation of smaller crystals of COD is favored by 

the presence of urinary macromolecules. Calcium oxalate trihydrate (COT) is least stable and is 

rarely seen in urine and poses no threat of pathogenesis of kidney stones. 

Additionally, COD crystals weakly adhere to the epithelial cells in the kidney and thus have less 

or no tendency to aggregate. The morphology of these three crystalline phases of calcium oxalate 

is also a decisive factor in their growth and aggregation. COM crystals have a dumbbell, spindled 

or picket fence shaped geometry and have sharper and pointed edges, while COD crystals, which 

are usually octahedral, have been observed to have smoother and more rounded faces. The 

presence of rounded sides reduces their surface area and consequently the tendency to adhere on 

to cell membrane also reduces. On the other hand, COM has a relatively larger surface area and is 

more prone to adhesion. The relatively higher concentration of water molecules on the faces of 

COD as compared to COM is also responsible for a higher dissolution rate of COD. 

Table 1.1 Polymorphs of Calcium oxalate crystals 

Polymorph Hydrate form Morphology Stability Adhesion 

Calcium oxalate monohydrate CaC2O4.H20 
(Whewellite) 

Calcium oxalate dehydrate 
(W eddellite) 

Calcium oxalate trihydrate 
(Caoxite) 
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1.2 Current treatment strategies 

The treatment and prevention strategies of kidney stones vary according to the size, location and 

composition of the stones formed. Small kidney stones are easier to pass through the system and 

a patient would be recommended to increase water intake to up to 2.5L each day to help dissolve 

and move the stones. 14 Analgesic drugs may also be prescribed to relieve pain. The larger kidney 

stones which cannot be passed out of the system naturally need to be broken into smaller pieces 

using special techniques. Some of the treatment methods used in such cases are shock wave 

lithotripsy, cystoscopy and ureteroscopy, percutaneous nephrolithotomy depending on the location 

of the calculi. The risk of recurrence ofkidney stones does not allow the surgical removal of renal 

calculi to be foolproof. Hence, the need for lifestyle changes, preventive measures and 

pharmacological alternatives arise. The dietary changes and pharmacological treatments mainly 

aim to intervene into the physical and chemical conditions of the urinary system to prevent the 

formation of stones. 

Thiazide diuretics are one of the pharmacological drugs developed to treat idiopathic 

hypercalciuria. These drugs are capable of decreasing the calcium levels in urine and thus, there is 

greater absorption of calcium by the proximal tubule. Naturally present citrate is one of the most 

effective agents responsible for inhibition of growth of kidney stones, owing to its capability to 

form complexes with calcium ions. Alkaline citrate is mostly used as a drug to treat patients with 

deficiency in citrate. 15 Potassium citrate is preferred over sodium citrate because increased sodium 

levels is known to increase the risk of calcium excretion. Citrate treatment has disadvantages of 

raising urinary pH and could instead trigger the growth of calcium phosphate stones, causing 

gastrointestinal irritation and hyperkalemia. Patients are also advised to avoid oxalate rich food in 

case of hyperoxaluria. Urine supersaturation, in such situations is also reduced medically by 

5 
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administering orthophosphate, potassium citrate and magnesmm citrate. Hyperuricosuria is 

another abnormal condition which reduces the solubility of calcium oxalate stones and thus 

increases the risk of aggregation and retention. Allopurinol is a widely used drug to intervene in 

these conditions and it lowers the tendency of recurrence of the stones. 16 Allopurinol also reduces 

levels of uric acid in the kidney by preventing the oxidation of xanthine to uric acid. It can be 

summarized that all methods of pharmacological intervention are to increase the levels of 

inhibitors and decrease the levels of promoters ofkidney stone formation. However, recurrence of 

kidney stones is still a looming problem on the global population and newer and more efficient 

drugs need to be developed. Several phytotherapic agents such as extracts from fruits and plants, 

which has a diuretic mechanism of action have also been used to treat kidney stones.17 

1.3 Crystallization of Bio minerals 

Biomineralization of kidney stones include nucleation of the stone forming constituents (majorly 

calcium oxalate), followed by their growth and aggregation. This process mainly begins with the 

supersaturation of ions, which favors the nucleation and growth of crystals. Thus, supersaturation 

of calcium oxalate which can be defined as the ratio of the urinary calcium oxalate concentration 

to its solubility, is the driving force of crystallization. A supersaturation ratio greater than 1 allows 

crystals to nucleate and grow. 

=-0 ==-==--
~J / =-b 0

Supersaturated 
Nucleation Growth Final crystal solution 

Figure 1.3 Schematic representing the steps of crystallization 
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1.3.1 Nucleation 

Nucleation is characterized by the formation of a new solid phase in a supersaturated solution. It 

is of relevance to this work because it is an important step in the formation of kidney stones. 

Supersaturation is a pre-requisite condition for the occurrence of crystallization. Before the 

formation of bigger crystals, a few tiny nuclei or seeds are present in the supersaturated solution 

which provide a site for further crystallization. Nucleation is categorized into primary and 

secondary nucleation. In the former case, it is considered that the system contains no crystals prior 

to nucleation whereas in the latter category, nuclei forms close to pre-existing crystals in the 

solution. Primary nucleation is further classified as homogenous nucleation which is spontaneous 

nucleation and heterogeneous nucleation which is induced artificially by foreign particles such as 

seeds. It is however quite elusive whether nucleation in a system has occurred of its own accord 

or has been induced by an external condition. Nucleation requires the formation of a new solid 

phase which is energetically favorable, leading to the formation of an interface which is 

energetically unfavorable.18 

Surface Free Energy 

.6.Gs 

C) 

s 
>-
C)... ....... 
cu 1'.Gcrit' 
C: 
cu 
cu cu... 

LL 

\ 
\ 
\ 

r 

\ .6.G 

\ 
Volume Free Energy 

.6.Gv 
\ 

Figure 1.4 Free energy diagram showing energy required to form a new phase 19 
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Classical theory of nucleation hypothesizes that the overall Gibbs free energy change /J.G for the 

formation of a solid particle of radius, r from a solution, is the sum of volume excess free energy, 

/J.Gv and excess free energy due to formation of a new surface, /J.Gs. 

1.1 

Where y is the interfacial energy. ~ and a are area and volume shape factors based on characteristic 

length, L. For spherical geometry, L is given by r/3 and the values of ~ and a are n and n/6 

respectively. Thus, the Gibb's free energy for formation of a spherical nuclei becomes, 

4 
/J.G = -rrr 3 t::..G + 4rrr 2y 1.23 V 

The nucleus is stable only when it reaches a certain minimum size, referred to as the critical radius 

corresponding to overcoming the free energy barrier. The critical radius, re is given by 

-2y 
1.3re = /J.G

V 

/J.Gv, which is a negative quantity is further expanded according to equation 1.4, where R and T 

are the universal gas constant and temperature in Kelvin respectively, S is the supersaturation and 

V mis the molar volume. 

RTlnS 
11Gv =-- 1.4 

Vm 

Thus, from equation 1.3 and equation 1 .4, critical radius, re as a function of interfacial energy, y 

and supersaturation, S can be written as, 

2yvm 
1.5 

RTlnS 
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Particles which are smaller than critical radius will eventually dissolve while those that are larger 

than critical radius will continue to grow. Heterogeneous nucleation is more likely to occur because 

it decreases the energy barrier by using an existing crystal or a second phase. This kind of 

nucleation can take place at a lower level of supersaturation and is more favored as compared to 

homogenous nucleation, especially in body systems. 

1.3.2 Growth 

Once a stable nuclei of critical radius is formed, the crystal starts to grow in a supersaturated 

solution. They begin to grow into a notable size and a definite morphology. Several mechanisms 

have been proposed for the growth of crystals. There are surface energy theories, adsorption layer 

theories, kinematic theories, surface diffusion theories to name a few. 18 All of theories are valid at 

specific conditions, such as levels of supersaturation. In the range of supersaturation considered in 

this work, the adsorption layer theories best describe the mechanism of growth of calcium oxalate 

crystals. Kossel model hypothesized that crystals in pure solutions grow by surface nucleation on 

kinks and steps ofmonoatomic height. The kinks and steps are sites for high binding energy which 

enables the adsorption of ions from the supersaturated solution on to these crystal surface 

dislocations. These dislocations are responsible for the formation of steps and kinks and promotes 

growth. 

The ions from the supersaturated solution are adsorbed on to the crystal surface and they might be 

added on to the kinks, steps or the flat faces and contribute to the growth. The slowest growing 

faces usually decide the morphology of the final crystal. The phenomenon of Ostwald ripening is 

also expected to occur, where a less stable polymorph redissolves, followed by the a more stable, 

energetically favorable phase is formed. 

9 
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Figure 1.5 Growth of crystal at steps and kinks20 

1.3.3 Kinetics of calcium oxalate crystallization 

1.3.3.1 Calculation of degree of supersaturation 

As mentioned earlier, supersaturation is the driving force for the crystallization of biominerals, 

calcium oxalate in this case. Urine, as a solution is comprised of several anions, cations, proteins 

and organic molecules. While supersaturation can be achieved as a result of a change in 

temperature and solvent evaporation, in urine complexation between the constituents and change 

in solvent concentration are the major causes of supersaturation. 

To calculate the supersaturation of calcium and oxalate ions, the following reaction showing the 

association of ions was taken into account. 

1.6 

In reality, the reaction between calcium chloride and sodium oxalate would cause the formation of 

many other ions, whose concentrations and speciation effects should also be taken into account. 

The ionic reactions predicted to happen in a calcium chloride - sodium oxalate aqueous system at 

equilibria has been listed as under: 

10 



Table 1.2 Intermediate reactions in a Calcium chloride - Sodium oxalate aqueous system at equillibrium2 1 
-

22 

Equillibrium reactions 
HC204- + W = H2C204 

C20/- + W = HC204-

Ca 2+ + C20/- = CaC204 

Na++ C20/- = NaC204-

Ca 2+ + CaC204.H20(s) = Ca204(s) 

Ca2+ + C20/- = Ca.C204.2H20(s) 

Ca2+ + C20/- = Ca.C204.3H20(s) 

Table 1.3 List of charges of all intermediate metastable species in calcium chloride - sodium oxalate 
aqueous system at equillibrium 

Species Charge {z;) Species Charge {z;) 
Ca 2+ +2 HC204- -1 

Caci+ +1 Na+ +1 

CaOW +1 NaCl(aq) 0 

CaC204 0 NaOH(aq) 0 

c1- -1 NaC204- -1 

H+ +1 OH- -1 

H2C204 0 C20/- -2 

The Debye-Huckel theory was used to calculate the individual activities of the ions to explain the 

non-ideality of the solution. The individual stoichiometric concentrations of the intermediate ions 

25were calculate using a software, Visual MINTEQ 3 .1. 23
-

The ionic strength was then calculated using the following equation. 

1I 2I= - z . C- 1.72 l l 

Where, C is the concentration of each ion, I is the ionic strength and Zi is the charge of the ions as 

listed in Table 1.3. 
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The ionic activities of calcium and oxalate ions were then calculated using the Debye-Ruckel 

27equation as given in Equation 1.8.26
-

logy· = -Az-2 [ - ,JI - 0.31 ] 1.8 
l l l +,/I 

The Debye Ruckel parameter, A is 0.5115 at 25 °C, and Yi is the activity coefficient of calcium and 

oxalate ions.28 I is the ionic strength which was calculated from equation 1.7. 

The supersaturation can then be calculated as a ratio between the actual ionic-activity product and 

Ksp, which is the solubility product, given by equation 1.9. 

S= 1.9 

Where, Yi is the activity coefficient of calcium and oxalate ions calculated from Debye Ruckel 

°C.26 29equation. Ksp for calcium oxalate monohydrate was reported to be 2.0 x 10-9 mol2L-2 at 25 • 

[Ca 2+] and [ C2 0 4 z-] are the concentrations of calcium and oxalate ions in crystallization solution. 

At a total calcium and oxalate concentration of 0.25mM each, the supersaturation was calculated 

to be 3.57. The relative supersaturation, cr, can be used to characterize solutions where the salt 

concentrations are greater than the solubility limit. Relative supersaturation is defined by equation 

1.10. 

CY = S - 1 1.10 

A relative supersaturation value less than 1 indicates an under saturated solution, a value of 1 is 

usually a saturated solution, while a value greater than 1 would be used to characterize a 

supersaturated solution. 
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1.3.3.2 Determination of interfacial energy from induction time data 

Nucleation occurs in a solution after the condition of supersaturation is reached to achieve 

thermodynamic stability by reducing free energy. In this work, it was assumed that homogenous 

nucleation occurs in the range of concentration considered. The pre-existing cluster of ions that 

are formed stochastically are not taken into consideration because it is usually not possible to detect 

the time at which these clusters come into existence. The classical nucleation theory can be 

effectively used to estimate the solid-liquid interfacial energy. 

The rate of nucleation, J, which is defined as then number of nuclei formed per unit volume, per 

unit time can be expressed as the Arrhenius reaction velocity equation and expanded according to 

equation 1.11. 

_ A 4 /3 3 Vm 3 Ysl3 ) 
- ex -- 1.11] · p ( 27 · a 2 k 3 T 3 (lns) 2 

ere, A is the Arrhenius constant, a and ~ are volume and surface shape factors respectively, Vm is 

the molecular volume, k is Boltzmann constant which is a ratio of universal gas constant, R to 

Avogadro's number, NA, S is the supersaturation, Ysl is the interfacial energy and T is the 

temperature in Kelvin. Equation 1.9 shows that the rate ofnucleation is mainly controlled by three 

factors : temperature, degree of supersaturation and interfacial energy. 

Since precipitation does not occur instantaneously, the concept of induction time, Tinct is 

introduced, which is the time elapsed from the time of supersaturation to the moment when newly 

created crystals are detected. Nancollas et. al made a simplified assumption that nucleation rate, J 

is inversely proportional to the induction time, tinct.30
-
31 

1 
t- d OC - 1.12 

m J 
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1.13 

Then from the rate ofnucleation from classical nucleation theory, the following expression can be 

derived to relate the induction time, tmd and the degree of supersaturation, S. 32 

Where, Yst and Vm are the interfacial energy and molecular volume respectively, R and T are 

Universal gas constant and temperature in Kelvin respectively. A is a constant. a is the volume 

shape factor, with a value ofn/6, ~ is the surface shape factor, which is taken as n.33 From equation 

1.13, it can be inferred that a plot between ln(tind) and (lnSt2 should yield a straight line of a 

constant slope, which would be indicative of homogenous nucleation. The interfacial energy can 

then be calculated from the slope of the straight line. 

1.3.3.3 Growth rates of calcium oxalate crystals 

The presence of a crystalline phase, such as seed crystals, in a supersaturated solution induces 

nucleation quicker at lower degrees ofsupersaturation as compared to spontaneous nucleation. The 

pre-existing crystals help in bringing down the energy barrier and results in further nucleation and 

growth of crystals. Seed crystals also provide a constant surface area for growth, which ensures a 

consistent growth rate. The curves ofvolume oftitrants added to maintain constant supersaturation 

over a period of time were observed to be linear in many past works, all of which suggested a 

constant growth rate of crystals. 34
-
37 The slopes of volume of titrant added with respect to time, 

dv/dt, obtained from constant composition experiments was used to calculate growth rates of 

crystals, as explained later in section 2.2.6. The amount ofmoles ofcalcium consumed to maintain 

constant supersaturation in dt time is given by 2.[Ca2+]t.(dV/dt). Moles of titrant added to the 

solution to maintain constant concentration in dt time is given by [ Ca2+]tit.dV/dt. The rate ofcrystal 
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growth can be then expressed as the difference between the moles of calcium added and the moles 

of calcium consumed in the solution as given in equation 1.14.26 

- dV 2+ 2+ r - dt. ([Ca ]tit - 2. [Ca Jt) 1.14 

Where, [Ca2
+]tit is the concentration of calcium ion in the titrant and [Ca2

+]t is the concentration of 

calcium ion in crystallization solution. The overall growth rate, R, of calcium oxalate normalized 

to seed crystal surface area and mass is given by equation 1.15. 

r 1 dV 2+ 2+R= -- X -d X ([Ca ]tit - 2. [Ca Jt) 1.15 
m XS m XS t 

Where, m is the mass of calcium oxalate monohydrate seed added in the crystallization solution 

and s is the specific surface area of seed obtained from BET characterization. 

1.4 Influence of Additives 

Urine contains several inorganic and organic ions and macromolecules that could act as promoters 

or inhibitors of renal stones. While stone forming ions like calcium, oxalate, phosphate etc. are 

present in urine in normal persons too, it does not aggregate into stones and get retained in the 

kidney. The inhibitors in urine of non-stone forming individuals are capable of increasing the 

supersaturation required to trigger nucleation, decreasing crystal growth rates and aggregation. 

Thus, an imbalance between the natural promoters and inhibitors in the renal system is responsible 

for the formation of stones. 38 Some of the inhibitors and promoters present in human renal system 

have been enlisted in Table 1.4 and 1.5.38
-
39 There has been numerous works studying the effect 

of natural and synthetic inhibitors or their combined effects with promoters on the crystallization 

kinetics of kidney stones, in hopes to develop potential treatment methods for kidney stones. This 
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work is mainly concerned with a naturally present inhibitor citrate and a synthetic polyelectrolyte, 

PSS. 

Table 1.4 List of natural promoters of calcium oxalate stone formation 

Promoters 
Calcium 
Sodium 
Oxalate 
Phosphate 
Urate 
Cystine 
Tamm-Horsfall Protein 

Table 1.5 List of natural inhibitors of calcium oxalate stone formation 

Inhibitors 
Inorganic Organic 
Zinc Tamm-Horsfall protein 
Citrate Urinary Prothrombin fragment 1 
Magnesium Protease inhibitor 
Pyrophosphate Glycosaminoglycans 

Bikunin 
Renal Lithostathine 
Osteopontin 
N ephrocalcin 

1.4.1 Small Molecules 

Small molecules are low molecular weight (usually less than 900 atomic mass units) organic or 

inorganic entities with a size in the nanoscale range. Zinc, citrate, magnesium and some amino 

acids have been studied to be effective small molecule inhibitors for the formation of kidney 

stones. 

Citrate is the current pharmacological standard for the management of a wide variety of kidney 

stone disorders.7
• 

40 Several works provide evidence that citrate has affects the crystallization of 
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calcium oxalate by broadly two mechanisms: 1. It forms complexes with calcium ions, resulting 

40 44in the reduction of calcium oxalate supersaturation in urine15 
• - , 2. It is also capable ofretarding 

spontaneous crystallization, by delaying the induction time and inhibiting aggregation. A non

classical theory suggests that citrate inhibits growth by interacting with polynuclear stable 

complexes and amorphous calcium oxalate which forms after dissociation of the calcium and 

oxalate ions. Citrate inhibits nucleation by colloidal stabilization with the polynuclear stable 

complexes.45 An alkaline pH between 6 and 7 enhances the inhibitory activity of pH because of 

better dissociation of citrate leading to increased complex formation with calcium ions. 15 Citrate 

in the range of 3. 5mM has been found to tum Tamm-Horsfall protein into an inhibitor of calcium 

oxalate stone aggregation by disallowing aggregation of the Tamm-Horsfall protein molecules and 

increasing their inhibitory action.42 Citrate has been combined with an urinary macromolecule 

Osteopontin to achieve better inhibitory effects ofcalcium oxalate growth. The simultaneous effect 

of both these additives reduces the growth rates (75% reduction) by non-competitive step pinning 

on two of the crystallographic faces. 46 Similar results were observed by using a mixture of citrate, 

magnesium and phytate as calcium oxalate crystallization inhibitors. While phytate resulted in the 

complete absence of the calcium oxalate monohydrate and trihydrate phases, a combination of 

magnesium and citrate retarded growth by reducing the supersaturation of the calcium oxalate in 

an alkaline media. 0 - 800mg/l citrate and O - 150 gm/1 magnesium was capable of increasing the 

induction times upto 15 and 39 mins respectively.47 A combination of magnesium and citrate or 

magnesium and phytate resulted in the formation of smaller crystals, indicative of inhibition of 

growth and aggregation. 

Small molecules usually fit in the Cabrera-Vermylea model for adsorption and inhibit the growth 

of crystals by step pinning process. 

17 

https://respectively.47
https://complexes.45


1.4.2 Natural Polymers 

Polymeric macromolecules such as glycoproteins, osteopontin, nephrocalcins and so on, present 

in urine, prevent the formation of stones.48 
-
52 Carboxyl groups rich polymers are effective in 

delaying nucleation and inhibiting growth by adsorption on the crystal faces. This happens because 

the negatively charged carboxylate groups are strongly attracted to the Ca2+ on the mineral 

surfaces. They block the sites and inhibit nucleation, hence the nuclei dissolve before it reaches 

the critical radius. This results in the delay of induction time. Macromolecules also prevent growth 

by blocking active growth sites. Osteopontin (OPN) is one such negatively charged, aspartic acid 

rich biopolymer that is synthesized in the kidney. Past studies have shown that it may be capable 

of inhibiting nucleation, growth and adhesion of crystal on the epithelial cells. Wesson et. al. 

suggested that OPN favors the formation of calcium oxalate dihydrate which is the lesser 

thermodynamically stable polymorph and thus does not aggregate. 53 Urinary prothrombin 

fragment 1 possibly covers the surface of calcium oxalate crystals and prevents it from growing 

and adhering on renal cells.54 Tamm-Horsfall protein (THP) is the most abundantly protein found 

in mammals, and is synthesized in the Henle's loop . There are two schools of thoughts about the 

activity of THP. Studies have shown that THP exhibits inhibitory behavior at high pH, low ionic 

strength and inhibits aggregation. In combination of citrate, THP has also been shown to have 

enhanced inhibition on aggregation and growth of calcium oxalate crystals. The inhibitory activity 

of THP can be attributed to it strongly binding to the crystal surface and increasing the electronic 

surface charge. However, at lower pH, higher supersaturation, THP might behave like a promoter 

of crystal growth and aggregation. 42 Glycosaminoglycans, present in the stone matrix also showed 

some inhibitory activity on growth and aggregation of calcium oxalate stones in-vitro. 
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1.4.3 Synthetic Polymers 

Extensive research has been conducted to study the influence of synthetic polymers on the 

crystallization kinetics and morphology of calcium oxalate. Long chain compounds such as 

surfactants, polyelectrolytes, homopolymers and copolymers have been researched upon and all 

of them showed potential for kidney stone management. Polymers most likely interact with the 

surface of the growing crystals and block active sites of crystal growth. 55
-
56 Surfactants and 

polyelectrolytes may be cationic or anionic and they would be expected to interact with surface of 

the crystals differently for each case. Furedi et. al. checked for a wide range of surfactants at their 

critical micellar concentrations in the presence of an electrolyte to establish their influence on 

calcium oxalate hydrates. 57 Both Sodium dodecyl sulfate (SDS) and Dodecyl ammonium chloride 

(DDACI) showed substantial inhibition of nucleation and growth. The presence of SDS resulted 

in the formation of needle like crystals while DDACI caused rhomboid crystals. In comparison, 

DDACI was more efficient in affecting the kinetics. Both anionic and cationic polyelectrolytes 

have been studied for their different influence on crystallization kinetics and it can be expected 

that the type of charge on them and their molecular weight and architecture is responsible for the 

difference in influence. Studies with Poly( acrylic acid) (PAA) established the mechanism ofaction 

ofsuch polyelectrolytes to be adsorption on the surface ofthe crystals. 5s-59 PAA was also combined 

with Poly(vinylpyrroline) (PVP) to synthesize a copolymer poly(acrylic acid-co-N-vinyl 

pyrrolidone) ( AA VP) and it showed higher efficiency as compared to PAA or PVP in terms of 

delaying induction time, increasing interfacial energy and reducing growth rates. 60 Manne et. al. 

observed the effects ofmolecular weight of PAA on calcium oxalate crystallization and found that 

at lower weights PAA delays crystallization and higher concentration of the additive favors the 

formation of COD over COM. Similar results were obtained from experiments performed with 
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high and low molecular weight poly (methacrylic acid) (PMAA). These results lay out a hypothesis 

that anionic polyelectrolytes, those with negatively charged groups and a suitable molecular weight 

and functional group with high adsorption affinity for the crystal surface are most effective in 

inhibiting nucleation, growth and aggregation. 

Poly (sodium 4-styrene sulfonate) (PSS) is one such anionic polyelectrolyte chosen in this work 

to examine its influence on crystallization kinetics of calcium oxalate at different molecular 

weights. PSS has been seen to have a selectivity towards some calcium carbonate and calcium 

oxalate hydrates over the others. Lei et. al. found that PSS at average molecular weights of70,000, 

2,00,000 and 10,00,000 could be used as a crystal growth modifier for calcium carbonate crystals. 

These results were attributed to the different spatial arrangements the different lengths of anionic 

chains might have on the solid-liquid interface.61 Yu et. al. saw that at higher concentrations PSS 

affected the hydrate phase of PSS and favored the metastable COD phase over COM. At different 

PSS concentrations, reaction temperature and pH, an entire range of crystal geometry, such as 

plate-like, bipyramids, leaves and cylinders were also observed.62 PSS was also approved by the 

FDA as a drug for treating hyperkalemia in 1958. It acted as an ion-exchange resin for binding 

potassium ions to the colon. 63 All these factors corroborated to the use ofPSS as a pharmacological 

alternative for the treatment of urolithiasis. 

1.4.4 Inhibition efficiency of additives 

To compare effectiveness of additives on growth inhibition of biominerals, a parameter called 

inhibition efficiency was introduced. Inhibition efficiency ofan additive can be defined as the ratio 

ofpercentage decrease of growth rate obtained in the presence of additive to the growth rate in the 

absence of the additive. Equation 1.16 gives the expression for inhibition efficiency, where Ro is 
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the growth rate in the absence of additive and R is the growth rate in the presence of additive. The 

growth rates for this expression can be calculated using Equation 1.15. 

R0 -R 
% Inhibition efficiency = --- x 100 1.16 

Ro 

All previous results have substantiated the hypothesis that polymeric additives affect the growth 

kinetics by adsorption on the surface of crystals and the Langmuir adsorption isotherm has been 

used to fit growth rate results obtained in the presence and absence of additives to draw a 

64comparison between them.34
• -

66 The growth rates are related to the Langmuir adsorption isotherm 

according to Equation 1.1 7. 

R0 __1_(1 +-1-) 1.17 
R0 - R 1 - a Ka Cad 

Where, Ro is the growth rate of crystals in the absence of additive, R is the growth rate in the 

presence of additive, Cact is the concentration of additive in the crystallization medium, Ka is the 

adsorption affinity constant and a is the impurity effectiveness factor. 
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Figure 1.6 Different plots of Langmuir fits (adopted from 63) 

Figure 1.6 shows the typical kinds of Langmuir adsorption fits that could possibly be obtained. 

Ideal Langmuir behavior for a solid-liquid interface is displayed by curve B which implies that 

there would be complete inhibition of growth in the presence of infinite concentration of inhibitor. 

Curve A shows an intercept greater than 1, which signifies partial inhibition. An extrapolation of 

curve C would define an intercept less than 1 and it would mean complete inhibition at inhibitor 

concentrations lower than that required for a monolayer coverage of crystal surface. 65 The 

adsorption affinity constant, Ka is used as a yardstick to estimate the tendency of various 

polyelectrolytes to adsorb on the surface of the crystals faces . The impurity effectiveness factor, 

a , indicates the maximum inhibition possible at infinite additive concentration and at monoloyer 

coverage of crystal surface. It must also be mentioned that all polyelectrolytes do not necessarily 

follow the simple Langmuir adsorption model and might be explained better by other adsorption 

models . Cabrera- Vermilyea (C-V) model is another well-known model which relates the relative 
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growth rates of crystals to additive concentration. This model postulates that the inhibition of 

crystal growth rate is caused by pinning of step movement. 67 It suggests that the impurities binds 

on to the step edges, kinks and terraces and hinders the progress of growing steps. When the 

impurity particles are placed a critical distance between each other, they are capable of completely 

blocking the growth of elementary steps. This model hypotheses the presence of a degree of 

supersaturation referred to as the "dead zone" where no growth occurs, and on increasing 

supersaturation beyond the dead zone, the crystal steps can evade the step-pinning impurities and 

continue to grow.67 The C-V model states that the growth kinetics is related to the additive 

concentration according to equation 1.18, 

R
1-- oc c:--o.s 1.18

Ro i 

Where, R is the growth rate in the presence of additive, Ro is the growth rate in the absence of 

additive and C is the concentration of the additive. 

1.5 Constant composition method 

The Constant Composition method, pioneered by N ancollas and Gardner in 1970s was employed 

to study nucleation and growth kinetics of calcium oxalate in this work. This method served as an 

effective alternative to previously used batch reactor experiments due to its dynamic nature. 

Experiments performed in batch reactors fail to maintain a constant composition and hence, 

supersaturation throughout the span of the experiment. The urinary tract has nearly fixed 

composition of ions at all locations due to the continuous flow in the system. The constant 

composition approach is a good mimic of the dynamic system of the urinary tract and can be 

justifiably used to study the crystallization kinetics of calcium oxalate which is the major 

constituent of kidney stones. The gradual decline in levels of supersaturation in the solution that 
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occurs because of consumption of ions during growth of crystals, is compensated in the constant 

composition method. To ensure constant growth rates ofcrystals, the constant composition method 

maintains constant supersaturation in the solution by replenishing the consumed ions. Unseeded 

constant compositions were performed to study spontaneous or primary nucleation. Seeds 

synthesized in the laboratory were used in these experiments to provide a uniform surface area for 

growth of crystals, and henceforth, to study the growth kinetics of calcium oxalate crystals. 

The constant composition experiments were used to study the effect of additives, PSS and Citrate 

on the nucleation and growth of calcium oxalate crystals. 

1.6 Motivation and Objectives 

Calcium oxalate crystallization can be affected and altered by various parameters such as reaction 

pH, reaction temperature, buffering, stirring and presence of substrates and additives. 68 The 

primary goals of this research are to better comprehend the crystallization kinetics of calcium 

oxalate, and to study the effect of an anionic polyelectrolyte on nucleation and growth of the 

crystals. The effect ofmolecular weight ofthese macromolecules on the growth kinetics ofcalcium 

oxalate has been of major focus in this work. The end goal is to be able to assume an optimum 

range ofmolecular weight at which the polyelectrolyte is most effective in inhibiting the nucleation 

and growth ofcrystals. Understanding the relationship between growing crystals and the properties 

of synthetic polymers is a key to developing new treatments of urolithiasis. 

This work also endeavors to compare the inhibitory effect of the anionic polyelectrolyte with that 

of citrate, which is the current pharmacological standard of kidney stones treatment. Several 

polypeptides and polyelectrolytes have been previously studied and they have shown considerable 

influence on the crystallization kinetics and polymorphism ofcalcium oxalate. The polyelectrolyte 
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used in this work is poly (sodium 4-styrene sulfonate), PSS. In this research, several aspects of 

crystallization are considered to examine is PSS is a more viable option for kidney stone treatment 

in comparison to citrate. 
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2 Materials and Methods 

2.1 Materials 

Calcium chloride dihydrate, CaCh.2H2O, sodium oxalate, Na2C2O4, both of ACS grade were 

procured from Sigma Aldrich and were used in experiments without any additional purification. 

The additives used were trisodium citrate dihydrate, Na3C6HsO1.2H2O and poly (sodium-4 styrene 

sulfonate ), PSS of molecular weight 70,000, 6,800 and 210 with polydispersity index ranging 

between 1.0 and 1.2. There were also procured from Sigma Aldrich and used as purchased. 

0 

NaO 

O=S=O 
I 

ONa 

Figure 2.1 Chemical structure of PSS (left) and trisodium citrate dehydrate (right) 

Calcium standard solution at a concentration of0. lM Ca ion was acquired from Thermo Scientific 

Orion Ionplus Application Solutions and was used to prepare solutions for calcium ion electrode 

calibration. All aqueous solutions were prepared with Millipore-Q water. (18.0 m.O.cm). 

2.2 Methods 

2.2.1 Set-up of titrator 

The TIM456 Titration Manager by Radiometer Analytical, shown in Figure 1, was used to conduct 

constant composition experiments in aqueous media. The TIM456 Titration Manager was used for 

seeded and seeded experiments, as well as for seed preparation. 
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Figure 2.2 Image of TIM856 Titration Manager by Radiometer Analytical 

The titrator comprised of several key components such as the PID controller, titrant bottles, 

burettes and the electrodes, all responsible for controlling the constant composition experiments. 

The components are depicted in Figure 2.3. 

CONTROLLER 

Na2CzO•C.Cb 
titranttltrant 

....___~_ _.Probes 
{CaJSE, pH, Temp)Crystallization 

media 

Figure 2.3 Schematic showing several components of the titrator 

The calcium chloride and sodium oxalate titrants were prepared in 1 L Pyrex glass bottles which 

were a part of the titrator. The additives used were also added along with the oxalate titrant. The 
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titrants were pumped into the crystallization solution by automated 10ml burettes attached to the 

titrator. 

Before performing any experiment, the tubing, burettes and the addition electrode were rinsed with 

deionized water and flushed with titrant solutions to avoid any form of contamination from earlier 

experiments. The rinsing and flushing of the titrator parts is a semi-automatic process that the user 

can run using the titration manager. 

It was important to maintain the temperature during the course of the constant composition 

reactions described in this work. This was accomplished by using a jacketed beaker connected to 

a Isotemp Fischer Scientific water bath. The temperatures for these experiments were maintained 

at 25 °C. An overhead propeller at 500 rpm was used to stir the crystallization solution. An overhead 

propeller is advantageous over magnetic stirring because it does not grind the crystals formed, and 

thus, the morphology is left intact. 

2.2.2 Constant Composition Experiments Using the Titrator 

This work deals with the precipitation reaction between calcium chloride and sodium oxalate 

resulting in the formation of calcium oxalate crystals. Thus, the concentrations of calcium and 

oxalate in solution are ofmain concern. Calcium and oxalate are taken in equimolar concentrations 

in the titrants as well as in the crystallization solution. The concentration of free calcium ions in 

the solution was measured by the ISE25Ca electrode. Being present in equal concentration, the 

amount of oxalate ions can also be estimated. 

The TIM456 Titration Manager was integrated to a computer and it can be managed by a software, 

TitraMaster85 . The solution composition in the crystallization solution can be controlled using the 

software by defining the amount of titrants that must be added to achieve the desired 
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supersaturation levels. A Proportional-Intergral-Derivative (PID) controller was used to keep the 

calcium and oxalate concentrations constant. 

Calcium ion selective 
electrode measures the 
potential of free 
calcium ions in 

/' crystallization solution 

Equal volumes of A decrease m 
titrants are pumped into potential marks the 
the crystallization onset of nucleation, 
solution to minimize followed by which a 
error. set point is input by 

user 

\ J 
ID controller r " 

Controllerregulates system 
compares measured response to error 
potential value tobetween set point 
set point and measured 

variable 

Figure 2.4 Diagram showing the control mechanism of titrator system 

The controller compared the measured variable and the set point ( calcium ion potential in 

millivolts) assigned by the user and enabled the addition of titrant into the solution to minimize 

the error between the two values. The set point is equal to the value of the potential when the 

reaction starts and stabilizes initially. The user can input the controller gain, time constant, set 

point differently for different experimental set up based on the speed and the magnitude of the 

controller required to minimize the error between the measured value and the set point and also to 
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avoid overshooting then measured variable. The PID controller responded to the error between the 

measured variable and the set point according to equation 2 .1 , 69 

2.1mv = kc ( e + :i f e dt - rd ::) 

where, mv is the controller output, kc is the gain of the controller, e is the error between the 

measured variable and the set point, and Ti and Td are time constants. 

The controller output determined the amounts of calcium and oxalate titrants added to the 

crystallization solution. On every subsequent addition of the titrant, the electrode measured the 

calcium ion potential in the solution and compared it against the set point and then cycle was 

repeated until the required composition is achieved and thereafter maintained. The software was 

also used to record data points for calcium ion potential, volume of titrant added, temperature and 

with respect to reaction time. 

2.2.3 Unseeded Constant Composition Experiments 

Unseeded constant composition experiments were conducted to study nucleation of calcium 

oxalate in absence and presence of additives. The precipitation reaction of calcium chloride and 

sodium oxalate in an aqueous media at predetermined levels of supersaturation of calcium and 

oxalate resulted in nucleation of crystals and eventually to their growth. A constant composition 

was initially maintained until the point at which nucleation started, after which the calcium ion 

selective electrode detected a dip in the potential value in millivolts, which is indicative of a 

lowering of free calcium ions in the solution. To maintain the constant composition situation in 

the system, a set point was input to the PID controller of TIM456, which was neither less nor more 

than two error values below the steady calcium ion potential that was achieved before nucleation 
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began. The set point ensured the response of the controller by addition of titrant to maintain the 

constant composition in the crystallization solution. 

2.2.3.1 Titrant Preparation 

Concentrated titrants of calcium chloride and sodium oxalate were prepared such that no more 

than 10ml of each titrant would be required to reach the final supersaturation of the crystallization 

solution. Calcium chloride dihydrate and sodium oxalate salts were used to prepare about 350ml 

each of 1 00mM calcium and oxalate titrants respectively. The accurate calcium ion concentration 

was monitored by the calcium ion selective electrode. The amount of titrant to be predosed into 

the crystallization solution to result in the final concentration was calculated and has been listed in 

Table 2.1. The predosed amount of titrants refers to the amount of both the titrants present with 

water initially. This titrator was programmed to add the predose amounts of titrants into the 

crystallization solution by entering the value for each experiment into the software TitraMaster85 . 

Table 2.1 Titrant predose volume at different calcium oxalate concentrations 

Calcium and Amount of water
Crystallization Titrant 

Oxalate titrant volume in 
Solution Concentration 

predose volume crystallization
concentration (mM) (mM) (ml) solution(ml) 

0.25 5 5.0 90.0 
0.3 5 6.0 88 .0 

0.35 5 7.0 86.0 
0.4 5 8.0 84.0 

2.2.3.2 Calibrating the Titrator 

The titrator was calibrated prior to all experiments. The calibration solutions were prepared by 

diluting the 0. lM Ca standard solution from Thermo Scientific's Orion Ionplus Application 

solutions and then consecutively diluted to obtain a series of lower concentration solutions. A 

calibration curve was generated relating the four concentrations - 0.25mM, 0.5mM, 0.75mM, 
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lmM to their corresponding potential values in millivolts. The curve ofpotential(millivolts) versus 

the natural log of the calcium ion concentration was a straight line. Such a curve is shown in Figure 

2.5. All experiments were conducted within this range of calcium concentration. All electrodes 

were heated up to reaction temperature of 25 °C prior to calibrating the calcium ion selective 

electrode using a jacketed reaction beaker connected to the water bath. The calcium ion selective 

then measured the calcium ion potentials of the calibration solutions at intervals of five seconds 

for a period of five minutes. An average reading of all data points recorded for five minutes was 

considered. The electrode was calibrated from the lowest concentration to the highest 

concentration and rinsed thoroughly with the next solution prior to calibrating it with each 

calibration solution. 

100 
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Figure 2.5 Sample calibration curve of calcium ion potential versus calcium ion concentration 

2.2.3.3 Unseeded Control Experiments 

Unseeded experiments were conducted in the absence of any additive at different levels of 

supersaturation of calcium oxalate corresponding to concentrations between 0.25mM and 0.4mM 
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at increments of0.05mM. These experiments helped determine a relation between supersaturation 

and induction time of calcium oxalate crystallization. All unseeded control experiments were 

performed at 25 °C. 

Before performing each experiment, the titrator was calibrated as discussed in section 2.2.3.2. The 

initial volume of water required was taken in the jacketed crystallization beaker and heated to 

reaction temperature using the water bath. The controller was programmed using the software 

TitraMaster85 with a time constant, t of2 seconds and gain, kc of 0.1. The volume oftitrant to be 

predosed and the maximum run time of the experiment were also input into the software. The 

experiments were run for a period of time between 45 minutes and 2 hours after nucleation to 

observe substantial growth. The initial set point was entered as -200m V, which is an extremely 

low potential value, to prevent the addition of any titrant into the crystallization solution before 

the onset of nucleation. Following the start of nucleation, the set point was changed to the stable 

millivolt reading observed prior to nucleation. 

2.2.4 Seeded Constant Composition Experiments 

While unseeded experiments provide us with an understanding about the phenomena ofnucleation 

and induction time, seeded experiments were conducted to evaluate the growth of calcium oxalate 

crystals. The experimental set up is similar to that of unseeded experiments with the exception of 

the addition of synthesized calcium oxalate monohydrate seeds in the crystallization solution. The 

addition of seeds provides a constant surface for growth of crystals. A set point was recorded from 

the stable millivolt reading before the addition of seeds and was used as the value for set point 

after the addition of seeds into the crystallization media. Based on this set point, the controller 

facilitated the addition of more titrant solution required to maintain a constant growth rate of 

crystals. 
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2.2.4.1 Preparation of Calcium Oxalate Monohydrate Seeds 
70Nancollas and Gardner.26

' introduced the dropwise addition method in 1974 to synthesize 

calcium oxalate monohydrate seed crystals that were used in the seeded constant composition 

experiments in this work. The dropwise addition was done using the TIM456 Titration Manager. 

350mL each of0.2M concentrated solutions ofcalcium chloride and sodium oxalate were prepared 

in Pyrex glass bottles and installed into the titrator. The concentrated solutions of calcium chloride 

and sodium oxalate were then added dropwise to 500ml of deionized water which was heated to 

70°C. The rate of addition was maintained at 2. lml/min for a maximum addition of 250ml of each 

of the reactant solutions and the process continued for two hours with magnetic stirring. The 

solution was left to cool down to room temperature for 2 - 3 hours. Once the seed crystals settled 

down, the supernatant was removed and the crystals were washed with deionized water three to 

four times to remove any traces of sodium chloride in the solution. The washed seeds were then 

suspended in 300ml ofdeioninized water and aged for one month at room temperature prior to use. 

The seed crystals were analyzed with BET and FTIR to determine their specific surface area and 

confirm them as the monohydrate polymorph of calcium oxalate (COM). 

A small amount of seed slurry was sampled out of the larger batch of synthesized seed for use in 

seeded experiments. The density of the seed slurry was calculated by removing a known volume 

under magnetic stirring and measuring the weight of this volume of slurry. Removal under 

magnetic stirring ensured the presence of uniform amount of seed in the slurry. This process was 

repeated three to four times and individual densities of each sample was averaged to find the 

density of the sampled seed slurry. 
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2.2.4.2 Seeded Control Experiments 

Seeded experiments, with or without additives were performed at calcium oxalate concentrations 

of 0.25mM to 0.4mM using 5mM titrants of calcium chloride and sodium oxalate. The reaction 

temperature was maintained at 25 °C by connecting the jacketed crystallization beaker to the water 

bath. The initial process of seeded experiments resembled that of unseeded experiments. Prior to 

all experiments, the titrator was calibrated and the initial crystallization solution was prepared in 

deionized water in the jacketed beaker. The PID controller was programmed with a time constant 

of 25 seconds, a gain of0.02 or 0.03 and the maximum flow rate oftitrants into the crystallization 

solution was maintained at 1 ml/min to obtain optimal response from the controller. The predose 

amount of titrants were entered according to Table 2.1. After the electrode was stabilized at a value 

of calcium ion potential in the crystallization solution, 0.5g of sampled seed slurry was injected 

into the crystallization solution to induce crystal growth. The set point which was initially set at -

200m V to avoid any addition of titrants, was then raised to the stable millivolt reading observed 

before seed slurry addition. The duration of each experiment was 45 minutes. 

2.2.5 Unseeded and Seeded Experiments with Additives 

Constant composition experiments were performed in the presence of additives under both 

unseeded and seeded conditions at 25 °C to study the effect of additives on nucleation and growth. 

The additives were to be present in both the titrant and the crystallization solution in amounts such 

that the final concentration of additive in the crystallization media was obtained. No additives was 

added into the calcium titrant to avoid any binding of calcium and additive ions prior to the 

experiment. The range of concentrations chosen for the additives were such that they were below 

the binding regime with calcium. This ensured that any inhibitory effects on nucleation and growth 

were not a result of calcium chelation. In each experiment, the total crystallization volume was 

35 



maintained at 100ml while adjusting the amount of water so as to account for the volume of 

additive present along with the predoses of calcium and oxalate titrants. 

A multi-charged small molecule, citrate and an anionic polyelectrolyte, PSS were used as additives 

in this work. Concentrated aqueous solutions of both citrate and PSS were first prepared and 

subsequently diluted several times to attain the desired concentrations inside the oxalate titrant and 

crystallization media. 

The effect ofmolecular weight ofthe polyelectrolyte, PSS on the crystallization ofcalcium oxalate 

was studied. For this purpose, experiments were designed considering two variants. First, the 

concentration of the polymer solution for each of the three polymers was such that the 

concentration of charges in solution would be same for all three polymers. This would correspond 

to a charge of 1.332 x 10-2mM and the concentrations of each polymer is listed in Table 2.2. A 

second set of experiments were conducted at constant supersaturation of calcium oxalate while 

varying the concentration of PSS for each molecular weight. 

The effect of citrate on crystallization kinetics of calcium oxalate was studied by only varying the 

concentration of citrate at a constant supersaturation of calcium oxalate. 

Table 2.2 Concentration of PSS of different molecular weight at same concentration of charged groups in 
solution 

Molecular weight of PSS 

210 
6,800 

7,0000 

Polymer solution concentration (µM) 

13.32 
0.41 
0.04 

2.2.6 Determination of Induction Time and Growth Rate from constant 
composition experiments 

The phenomena of nucleation and growth were experimentally determined from the curves of 

volume oftitrant versus reaction time generated from the constant composition experiments on the 
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titrator. Figure 2.6 shows a sample curve for volume of titrant added versus time. The moment 

when the titrator starts adding titrants into the crystallization solution, marked by a continuous rise 

in the volume of titrant versus time curve, is indicative of nucleation. 71 The span of time between 

the initial mixing of the two reactants and the onset of nucleation is termed as induction time. 

The growth rates were determined from the slope of the curve of the volume of titrant added with 

respect to time. The addition of seeds provided a constant surface for the growth of crystals. The 

slope of the curve indicated the rate at which titrants were added to facilitated crystal growth and 

that could be related to the growth rate ofcrystals when normalized with respect to specific surface 

area and the mass of seeds added according to equation 1.15 . 
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Figure 2.6 Sample graph obtained from the titrator to determine induction time and growth rate 

2.3 Characterization Techniques 

2.3.1 Calcium Ion Selective Electrode 

The ISE25Ca electrode from Radiometer Analytical was used to measure the concentration of free 

calcium ions in solution for constant composition experiments on the titrator, binding regime 

studies and to measure the concentration of calcium stock solutions prior to dilutions. The 
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electrode was calibrated using a range of standard calcium ion solutions of known molar strength 

and a calibration curve was generated. The calibration curve was used to determine the 

concentration of prepared calcium samples. 

2.3.2 Fourier Transform Infrared Spectroscopy 

The study of polyrnorphs of calcium oxalate crystals were performed on a Bruker Vertex 70 

Fourier Transform spectrometer. The IR spectra of the crystal samples were scanned between 4500 

1and 400 cm- . The sample and background scan time was 100 scans at a resolution of 4cm-1
. The 

position of the peaks obtained from the IR spectra was used to determine the polyrnorphs of the 

calcium oxalate crystals synthesized from the constant composition experiments. 

2.3.3 Multipoint BET Surface Area 

The calcium oxalate seeds synthesized were analysed for their specific surface area with a TriStar 

II 3020 from Micrometrics. The instrument could measure surface areas as low as 0.0lm2/g. For 

BET analysis, the seed crystal sample was filtered from the seed slurry and dried for two days. 

About 0.5-0.6 gm of dry seed sample was weighed out for measuring specific surface area. The 

dried sample was then loaded into glassware and cooled to 77K using liquid nitrogen. A known 

quantity of nitrogen was then injected into a chamber with the sample in it and allowed to adsorb 

on the surface of the sample until the system reached equilibrium. The specific surface area of the 

crystal was then derived from the amount of adsorbed nitrogen using BET theory. 
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3 Results and Discussion 

3.1 Unseeded Constant Composition Experiments 

Unseeded constant composition experiments are conducted to determine the induction time of a 

crystallization process. Induction time is the span of time between the creation of a supersaturated 

solution and the onset of nucleation. Unseeded constant composition experiments follow the 

principle of primary nucleation wherein crystallization is not induced by foreign particles. Hence, 

the nucleation is spontaneous. Nucleation was measured by monitoring the calcium ion potential 

of the crystallization solution. A dip in the calcium ion potential is indicative of nucleation. The 

span of time between the mixing of the calcium chloride and sodium oxalate titrants and the onset 

of nucleation is the induction time. Nucleation can be affected by several factors such as solution 

supersaturation and ionic strength, reaction temperature, ratio of reactants, presence of inhibitory 

or promoter additives, speed of agitation etc. 

3.1.1 Effect of Polymer (PSS) on Induction Time and Nucleation 

In this work, the effect of additive poly (sodium 4-styrene sulfonate), PSS on the nucleation 

kinetics ofcalcium oxalate have been studied. Furthermore, the effect ofpolymer molecular weight 

has been evaluated. It is expected that the efficiency of the same polymeric molecule to inhibit 

nucleation will vary according to its chain length and molecular weight. 72
-
73 It may also be noted 

PSS polymers contain as many charged groups as monomers. The experiments were designed in 

such a way that the charged groups in the polymer solution were same for the three different 

molecular weights, i.e, 210, 6,800, 70,000. Experiments were also conducted at different 

supersaturation levels of calcium oxalate crystals. 

39 



The induction times where measured from the curves of volume of titrant added to the 

crystallization solution versus time. An equimolar reactant ratio was maintained for calcium and 

oxalate using the calcium chloride and sodium oxalate titrants of 5mM and the predose amounts 

listed in section 2.2.3. The concentrations of calcium oxalate in the crystallization solution were 

varied between 0.25mM to 0.4mM in 0.05mM increments. The reactions were conducted at 25 °C. 

PSS of three molecular weights, 210, 6,800, 70,000 were used as additive. Figure 3.1 shows the 

effect ofvarious molecular weights ofPSS on the induction time ofcalcium oxalate crystallization 

at increasing calcium oxalate supersaturation and equal charges in polymer solution for PSS at 

different molecular weights. The reported values of induction time were averaged from atleast 

three experimental trials. The induction times recorded in the presence ofPSS ofvarious molecular 

weights have been listed in Table 3.1 and compared to the control experiments which were 

conducted in the absence of additive. 

It was observed that the induction time decreases with increase in calcium oxalate concentration 

and supersaturation. On the other hand, an increase in induction time is noticed in the presence of 

PSS of higher molecular weights. While higher molecular weights 70,000 and 6,800 are more 

effective in delaying nucleation, especially at lower levels of supersaturation, the monomer 

weighing 210 is not very efficient in inhibiting nucleation. The induction time shows an expected 

trend ofdecreasing with increasing calcium oxalate concentration both in the presence and absence 

of additive. This is in agreement with the classical theory of nucleation. 
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Figure 3.1 Induction times at various levels of calcium oxalate supersaturation in the presence of different 
molecular weights of PSS. 

Table 3.1 Induction times at different calcium oxalate concentrations in the presence of PSS 

Calcium Induction time, tind (mins) 
oxalate 

Supersaturation No PSS PSS 210 PSS 6800 PSS 70000 concentration 
(13.32 µM) (0.41 µM) (0.04 µM) (mM) 

0.25 3.81 125 125 312 186 
0.3 4.39 35 35 112 86 

0.35 4.93 38 38 97 56 
0.4 5.45 25 25 44 30 

The induction time of nucleation and the supersaturation of the solution are related according to 

equation 3 .1 33 

3.1 

Here, tind is the induction time and A and B are the intercept and slope, respectively, in a plot of 

ln(tind) versus 1/ln2S. The straight line obtained as a natural logarithmic fit between the induction 

time and supersaturation is indicative of homogenous nucleation occurring at all levels of 
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supersaturation considered. A change in the slope would mean a transition to heterogenous 

nucleation.22 Heterogeneous nucleation commonly occurs at lower levels ofsupersaturation, while 

homogenous nucleation dominates higher levels of supersaturation as demonstrated in this work. 

Figure 3.2 shows such plots obtained in the presence of different molecular weights of PSS . The 

values of constants A and Band the determination coefficient R2 have been listed in Table 3.2. 
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Figure 3.2 Linear fits between natural logarithmic relation of induction time to supersaturation 

Table 3.2 Regression coefficients of linear fits 

Mol. Wt. of PSS A B R2 
No PSS -0.356 8.199 0.939 

210 (13.32 µM) 0.661 7.341 0.960 
6800 (0.41 µM) 0.274 9.723 0.982 

70000 (0.04 µM) 0.577 8.392 0.988 

As seen from Figure 3.2, there is almost a linear relationship between the supersaturation and 

natural log of tind. This indicates that the induction time varies with supersaturation exponentially. 

The slope, B which can be obtained from the logarithmic fit between induction time and 
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3.2 

supersaturation has been used in literature to calculate the value of interfacial energy, Y sl, between 

the nucleating crystal solid surface and the bulk crystallization solution. The interfacial energies 

in this work were calculated using equation 3.2,33 

Where ~ is the shape factor for a calcium oxalate nuclei formed, wherein the nuclei is assumed to 

be a sphere and ~ sphere= 16rc/3. Vm is the molar volume ofCOM with a value of6.642 x 10-5 m3/mol 

at 25 °C, NA is the Avogadro ' s number, R is the universal gas constant (J/mole.K) and T is the 

temperature in Kelvin. Using equation 3.2, the interfacial energy calculated for calcium oxalate 

nuclei in aqueous solution was calculated to be 13.67mJ/m2 at 25 °C. The monomer of PSS which 

weighed 210 did not affect the interfacial energy, and resulted to be 13.58mJ/m2
. The maximum 

increase in surface energy, 15mJ/m2 was caused by PSS of molecular weight 6800, while PSS 

weighing 70000 resulted in an interfacial energy of 14.2mJ/m2
. Interfacial energy in the presence 

of additive, PSS was calculated to higher than that in the absence of PSS. El-Shall et al.33 

performed similar calculations for calcium oxalate in aqueous solution at 25 °C, although at lower 

supersaturation ratios between 1.6 and 2.2 and obtained an interfacial energy of7.14mJ/m2 in the 

absence of additives. The variations in calculated interfacial energies could be attributed to the 

differences in supersaturation levels. Abdel-Aal et al74 found interfacial energy of 9.0lmJ/m2 at 

higher supersaturation values of 2.0 to 2.8 at 37°C. Our calculated values of interfacial energies 

( at supersaturation levels of 3.81 to 5 .45) are in good agreement to these reported data. In 

comparison, in the presence of same charged groups in polymer solution, PSS of an intermediate 

molecular weight, i.e 6800 resulted in higher interfacial tension values between calcium oxalate 

nuclei and the aqueous bulk. Higher interfacial energy values indicate that the surface term in 
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equation 1.2 becomes a positive term of a greater magnitude as compared to the negative volume 

term. As a result, the value of the Gibb 's free energy, which is a sum of the volume term and the 

surface term, tends to move towards zero, or becomes a lesser negative term. Thus, a higher Gibbs 

free energy makes the formation ofnuclei less favorable, and the critical radius ofthe nuclei, which 

is required to overcome this energy barrier, is not reached. At supersaturation ratios of 1.6 to 2.2, 

critical radii calculated for calcium oxalate in the absence of additives ranged between 8 .14 to 4. 86 

A.33 Equation 1.5 was used to calculate the critical radii of calcium oxalate at a supersaturation of 

3.81 , in the presence of PSS of molecular weights 210, 6,800 and 70,000. In the absence of any 

additive the critical radius was calculated to be 5 .4 7 A. PSS weighing 210 resulted in a radius of 

5.44 A, which shows that the monomer had little effect on the critical radius. PSS weighing 70,000 

increased the critical size upto 5.69 A while PSS weighing 6,800 resulted in the highest values of 

critical radius of 6.01 A. The nucleation rate also decreases with increase in interfacial energy, as 

can be inferred from equation 1.11 . So, the additive PSS, was capable of interfering with and 

inhibiting nucleation by increasing the interfacial tension between the nuclei and the aqueous bulk, 

as well as increasing the critical radius, which is consistent with classical nucleation theory. 

3.2 Seeded Constant Composition Experiments 

Seeded constant composition experiments were performed to evaluate the growth kinetics of 

calcium oxalate crystals in aqueous media. PSS of molecular weights 210, 6,800, 70,000 were 

used as additives to check their inhibitory activity on growth. The additives were used at 

concentrations such that there would be same charged groups in polymer solution at each of the 

molecular weights as discussed in section 3 .1.1. The calcium oxalate supersaturation was varied 

between 3.81 and 5.45 . Calcium oxalate monohydrate seeds with a specific surface area of 1.52 

m2/g synthesized in the laboratory according to the method discussed in section 2.2.4.1 were used 
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in the experiments in order to provide a constant surface area for the growth of calcium oxalate 

crystals. The set point was raised to start the addition of titrants into the crystallization solution to 

maintain constant supersaturation, following the dip in the calcium ion potential as detected by the 

calcium ion selective electrode attached to the titrator. The slope ofthe curve ofcumulative volume 

of titrant versus time of reaction was related to growth rate and thus growth kinetics were 

calculated. 

3.2.1 Effect of Polymer PSS on COM Growth Rate 

The molecular weight of polymers would be expected to have an effect on the growth of crystals 

due to the differences in their degree of adsorption on the crystal surface. The effect of PSS of 

molecular weight 210, 6800, 70000 at equal charges in polymer solution, on the growth rates at 

various levels of supersaturation of calcium oxalate has been depicted by the curves showing 

cumulative volume oftitrant versus time in figures 3.3-3.6. The results obtained in this work using 

the three molecular weights ofPSS showed that the lowest molecular weight PSS was least capable 

of reducing the growth rate of calcium oxalate crystals. Both of the polymer higher molecular 

weights 6,800 and 70,000 reduced growth rates in comparison to the control at nearly all the levels 

of calcium oxalate concentrations experimented on. However, PSS of molecular weight 6800 

showed the maximum reduction in growth rate 

Oner et. al73 observed an increased inhibition with an increase in molecular weight of acrylic 

polyelectrolytes. 73 This observation has been justified by the fact that higher molecular weight 

polymers would have longer chains or higher number ofbranches and would provide more crystal 

surface coverage by adsorption. However, Amjad et. al. 75 
-
76 concluded that the inhibitory activity 

of an additive is higher at an intermediate range of polymer. It was assumed that beyond the 

optimum range, lower molecular weight polymer would have less bonding possibilities to the 
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crystal surface and hence be inefficient in blocking active growth sites. The reason behind lower 

inhibition of very long chain polymers ofhigher molecular weight is not very clear. 
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Figure 3.3 Cumulative volumes added in seeded crystal growth experiments at constant composition in 
the presence and absence of PSS at calcium oxalate concentration of 0.25mM. 
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Figure 3.4 Cumulative volumes added in seeded crystal growth experiments at constant composition in the 
presence and absence of PSS at calcium oxalate concentration of 0.3mM. 
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Figure 3.5 Cumulative volumes added in seeded crystal growth experiments at constant composition in the 
presence and absence of PSS at calcium oxalate concentration of 0.35 mM. 
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Figure 3.6 Cumulative volumes added in seeded crystal growth experiments at constant composition in the 
presence and absence of PSS at calcium oxalate concentration of 0.4 mM. 
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The growth rates normalized to the specific surface area of synthesized COM seeds and mass of 

seed used in the experiments were then calculated using the slopes obtained from the above graphs 

in Figure 3.3 -3.6 using equation 1.15 . 

Figure 3.7 represents the comparison of the growth rates of calcium oxalate at vanous 

supersaturations in the presence of PSS of molecular weights 70,000, 6,800 and 210 when same 

charge is present in the polymer solution for each of the polymers. Table 3.3 shows the calculated 

values of growth rates in mol/m2/sec of calcium oxalate at various levels of supersaturation and in 

the presence of the same polymer 
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Figure 3. 7 Comparison of growth rates of calcium oxalate in the presence and absence of PSS of various 
molecular weights and at different supersaturation values. 
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Table 3.3 Calculated overall growth rates of calcium oxalate crystals in the presence and absence of PSS 
of varying molecular weights at same charge in polymer solution. 

Concentration of Growth rate Growth rate with Growth rate with Growth rate with 
Calcium oxalate with no PSS PSS (M.W 210) PSS (M. W 6800) PSS (M.W 70000) 

(mM) (mol/m2/sec) (mol/m2/sec) (mol/m2/sec) (mol/m2/sec) 
0.25 9.06 X 10-7 9.05 X 10-7 3.23 X 10-7 5.17 X 10-7 

0.3 1.48 X 10-6 1.47 X 10-6 3.84 X 10-7 7.04 X 10-7 

0.35 1.53 X 10-6 1.52 X 10-6 8.86 X 10-7 8.86 X 10-7 

0.35 2.44 X 10-6 1.62 X 1o-6 1.00 X 10-6 1.12 X 10-6 

3.2.2 Effect of Polymer Concentration on COM Growth Rate 

A second set of seeded constant composition experiments with PSS were done at a calcium oxalate 

supersaturation of 3.81 , corresponding to a concentration of 0.25mM and at varying additive 

concentration. For each of the three molecular weights, the concentration of PSS varied between 

0.005µM and 0.03µM. The volume of titrant added versus time curves that were obtained from 

the constant composition experiments in the presence of the three polymers have been shown in 

Figures 3.8, 3.9 and 3.10. It can be generally inferred from the slopes of these curves that the 

monomer of PSS was ineffective in reduction of growth rates of calcium oxalate even at higher 

polymer concentrations. While, the higher molecular weight polymers reduced growth rates at 

increasing polymer concentration. A comparison of calculated growth rates using Equation 1.15, 

have been shown in Figure 3.11 and listed in Table 3.4. 
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Figure 3.8 Volume oftitrant added versus time curve in the presence of PSS MW - 70,000 
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Figure 3.9 Volume oftitrant added versus time curve in the presence of PSS MW - 6,800 
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Figure 3.10 Volume of titrant added versus time curve in the presence of PSS MW - 210 
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Figure 3.11 Comparison of growth rates of calcium oxalate in the presence and absence of varying 
concentrations of PSS at calcium oxalate concentration of 0.25mM. 
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Table 3.4 Calculated overall growth rates of calcium oxalate crystals m the presence of varying 
concentration of PSS 

Concentration of PSS 
(µM) 

Growth rate with 
PSS (M.W 210) 

(mol/m2/sec) 

Growth rate with 
PSS (M.W 6800) 

(mol/m2/sec) 

Growth rate with 
PSS (M.W 70000) 

(mol/m2/sec) 
0 1.05 X 10-6 1.05 X 10-6 1.05 X 10-6 

0.005 1.10 X 10-6 1.04 X 10-6 1.02 X 10-6 

0.01 1.59 X 10-6 7.96 X 10-7 8.18 X 10-7 

0.02 1.22 X 1o-6 7.35 X 10-7 7.80 X 10-7 

0.03 2.26 X 10-6 6.74 X 10-7 6.73 X 10-7 

The results obtained in constant composition seeded experiments performed with PSS ofmolecular 

weights 210, 6,800 and 70,000 showed that the monomer weighing 210 is not as effective in 

inhibiting the growth of calcium oxalate, whereas the longer chain PSS showed better inhibition. 

When same number of charged groups in polymer solution was considered, similar results were 

seen again, where inhibition efficiency of PSS with average molecular weight 6,800 and 70,000 

was higher. The monomer showed little or no effect on crystal growth rates. The inhibition 

efficiencies of PSS 6,800 and 70,000 were calculated according to equation 1.16 and are 

represented in Figure 3.9 and Figure 3.10. The inhibition efficiencies have been related to both 

molar concentration and mass concentration because they are both important parameters in terms 

of practical application. 
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Figure 3.12 Inhibition efficiency of PSS of M.W 6800 and 70000 in terms of molar concentration 
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Figure 3.13 Inhibition efficiency of PSS of M.W 6800 and 70000 in terms of mass concentration 

Figure 3.6 shows that PSS weighing 6800 has slightly more or similar inhibition efficiency as PSS 

weighing 70000 at comparable molar concentrations. However, the comparison between the two 

polymer chains in terms mass concentration shows a different perspective. It can be inferred that 
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to achieve similar inhibition efficiency PSS ofmolecular weight 6,800 would be required in much 

lesser quantity as compared to that of molecular weight 70,000. As the end goal of this work is to 

provide a pharmacological alternative to kidney stone disease, this inference is ofrelevance. If this 

anionic polyelectrolye were to be developed as a drug, lower doses of PSS weighing 6800 would 

be required to achieve similar results as compared to the longer chain PSS. 

The difference in crystal growth rates in the presence and absence of PSS of molecular weight 

6800 and 70000 were also related to the concentrations of PSS and fit into a Langmuir adsorption 

isotherm according to equation 1.17. Both polymer show a good fit for the Langmuir model as can 

be seen in Figure 3.14. The values of adsorption affinity factor, Ka were calculated for PSS with 

average molecular weight 6,800 as 1.122 x 108 L/mol and that of PSS with average molecular 

weight of 70,000 was found to be 8.5 x 107 L/mol. A higher value of Ka seen for the lower 

molecular weight polymer suggests that it has a greater likelihood to be adsorbed on the crystal 

surface and block active growth sites as compared to the longer chain polymer. 
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Figure 3.14 Langmuir fit of PSS ofM.W 6,800 and M.W 70,000 
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Fourier transform infrared spectra studies were performed on calcium oxalate amples obtained 

from constant composition seeded experiments in the presence of PSS weighing 210, 6,800 and 

70,000. The FTIR spectra in Figure 3.15 show that only COM polymorph was present in the 

precipitate. All the spectra obtained showed the five characteristic symmetric and antisymmetric 

stretching bands of COM peaks due to vibration of water molecules between 3000 - 3500 cm-1
. 77-

1
78 The carbonyl stretching bands for COM were seen at 1313 cm-1 and 1608 cm- . In the fingerprint 

1 1 77 79region of COM, sharp peaks were found at 657 cm- , 777 cm-1 and a milder peak at 946 cm- . • -

1
80 Peaks around 617 cm-1 and 912 cm- are indicative of a mixture of COM and COD, which was 

82absent in the FTIR spectra in this work, thus refuting the presence of any COD81 
- . 

Q) 
(.) 0.8 
C 
ro...... 

:!:: 

E 
Cl) 
C 
ro,_ 
I-

0.6 
- 0.03µM PSS M.W - 210 
- 0.005µM PSS M.W - 210 
- 0.03µM PSS M.W - 6800 
- 0.005µM PSS M.W - 6800 
- 0.03µM PSS M.W - 70000 

0.005µM PSS M.W - 70000 

4000 3000 2000 1000 

Wave number (cm 
-1 

) 

Figure 3.15 FTIR spectra obtained from calcium oxalate precipitate in the presence of PSS (M.W 210, 
6800, 70000) in constant composition seeded experiments 
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3.2.3 Effect of citrate on COM growth rate 

Seeded experiments were also conducted using tridosium citrate dihydrate to be able to compare 

the inhibition of growth rates caused by PSS with that of citrate. Citrate, at a concentration range 

of O.lmM to lmM has been found to be effective in reducing the growth rate of calcium oxalate 

crystals by forming complexes with the Ca2+ ions.46
• 

67 In the constant composition experiments 

used in this work, citrate was used within this concentration range. The calcium oxalate 

supersaturation was maintained at 3.81 which corresponds to a concentration of 0.25mM. The 

growth rates were then derived from the slopes of the curve of cumulative volume of titrant added 

versus reaction time. Figure 3 .16 shows the growth curves obtained at various concentrations of 

citrate. 
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Figure 3.16 Cumulative volumes added in seeded crystal growth experiments in the presence and absence 
of citrate at calcium oxalate concentration of 0.25mM. 
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The growth rates were then calculated according to the method explained in section 1.3 .3.3 and 

equation 1.15 . The calculated growth rates for 0.25 mM calcium and oxalate concentration in the 

presence of citrate has been shown in Figure 3.17 and listed in table 3.5. 
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Figure 3.17 Comparison of growth rates of calcium oxalate in the presence of citrate 

Table 3.5 Calculated overall growth rates of calcium oxalate crystals in the presence of citrate 

Concentration of Citrate(mM) Growth rate (mol/m2/sec) 
0 9.06 X 10"7 

0.01 7.00 X 10"7 

0.05 6.46 X 10"7 

0.1 5.92 X 10"7 

0.2 2.15 X 10"7 

0.3 5.38 X 10"8 

The results obtained are in agreement with past studies with citrate which show almost complete 

inhibition of calcium oxalate crystal growth at higher concentrations. 67 As shown in Figure 3 .18, 

in this work, almost 95% growth reduction was observed in the range of concentration citrate 

experimented with, which justifies the use of citrate as the current treatment drug for kidney stone 

disease. It must be noted since citrate stunts growth by chelating with calcium ions on the surface 
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of the calcium oxalate crystals, the inhibition efficiency of citrate beyond 0.0lmM is almost 

insignificant. The inhibitory activity of citrate is mainly in the binding regime between 0.0lmM 

and lmM, as mentioned earlier. Most work with citrate found in literature suggests that the 

calcium-citrate binding follows the Cabrera-Vermilyea (C-V) model. Wang et. al.67 found that at 

a citrate level of 0.1 to 0.2 mM and at lower supersaturation levels of 0.266, the growth rate was 

reduced to almost half of that in the absence of citrate. The growth rates obtained in this work also 

shows about a 50% reduction of growth rate in the presence of citrate concentration of 0. lmM to 

0.2mM. The constant composition results for growth rate of calcium oxalate monohydrate in the 

presence of citrate, listed in Table 3.5 was also consistent with the C-V model which relates the 

relative growth rate, R/Ro to increasing inhibitor concentration, Ccitrate according to equation 1.16. 
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Figure 3.18 C-V model fit for seeded crystal growth experiments at constant composition in the presence 
and absence of citrate at calcium oxalate concentration of 0.25mM. 

Figure 3 .18 exhibits a good polynomial fit of the growth rate data obtained in the presence of 

citrate. In this polynomial fit, 1-R/Ro is proportional to the 0.46th power of Ccitrate, which is in 
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reasonable agreement to the relation postulated by the C-V model for COM-citrate model.67 This 

was an expected observation as citrate resorts to chelation at the concentration range above 

0.0lmM to inhibit the formation of calcium oxalate crystals. 

3.2.4 Comparison between the inhibition efficiencies of PSS and citrate on 
COM growth rate 

Based on literature and the results in this work, it can be said that both PSS at higher molecular 

weights and citrate are capable of substantially reducing growth rate of calcium oxalate 

monohydrate. However, if inhibition efficiencies are taken into consideration, citrate would be 

found to have higher efficiency than PSS, justifying its use as a drug for treating kidney stone 

disease. While at a concentration of about 0.01 mM - 0.3 mM citrate is capable of inhibiting 

growth rates by almost 95%, the more efficient PSS, weighing 6,800, at a concentration of 0.005 

µM - 0.03 µM reduces the growth rate by about 35-40%. It is also worth noting that citrate and 

PSS have different mechanisms of inhibition in the ranges of concentration studied. PSS, at the 

micromolar range does not bind to calcium ions and inhibits only by adsorption on the crystal 

surface and blocks ions in the solution to attach on to the propagating steps and faces, while citrate 

does the opposite and chelates to the calcium ions. PSS has lower inhibition efficiency as compared 

58 61 83 84 to citrate and other linear polyanions.46
• • • - Conversely, the adsorption affinity of PSS 

towards calcium oxalate crystal surface calculated from the Langmuir model is comparable to the 

affinities of aionic polymers like polyacrylic acid, vinyl sulfonic acid, polyglutamic acid and 

85naturally present heparin. 73
• -

87 In comparison to citrate, the low inhibition efficiency of PSS can 

be due the bulky structure of the polymer. Bouropolous et. al. studied the effects of maleic 

anhydride copolymers on the crystallization kinetics of COM and found that inhibition efficiency 

increases with linearity of polymers and absence ofbulky side groups. 88 Such results indicate that 
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linear polymers at intermediate chain length can adsorb more flexibly and have higher coverage 

over the surface. It could be expected that PSS at a higher concentrations may have greater surface 

coverage and hence, have higher inbition efficiency. Figure 3.19 and Table 3.6 depicts the mass 

ofcitrate and PSS (M.W 6,800) that would be required to achieve comparable inhibition efficiency 

as infered from the individual inbition efficiencies of both additives. Also, citrate inhibits growth 

at a range of concentration between 0.0lmM - 0.3mM while PSS inhibits growth at a range of 

concentration between 0.005µM and 0.03 µM . These results indicate that PSS, as a drug, would 

be needed in very low concentrations and less amount to achieve similar inhibition efficiency as 

that of citrate. 
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Figure 3.19 Inhibition efficiencies of citrate and PSS (M .W 6800) in terms of mass concentration 

Table 3.6 Comparison of inhibition efficiency for citrate and PSS (M.W 6800) 

Inhibition efficiency Amount of PSS (M.W 6800) Amount of citrate 
~20-22% 6.8 x 10-5 g/L 2.94 x 10-3 g/L 

~25-29% 1.3 x 10-4 g/L 1.47 x 10-2 g/L 

~34-35% 2.04 x 10-4 g/L 2.94 x 10-2 g/L 

~76-78% 2.72 x 10-4 g/L 5.88 x 10-2 g/L 
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4 Conclusion 

The widespread prevalence of kidney stones and its high recurrence rates amongst populations of 

both genders and all age groups call for a need to develop better medical management of the 

disease. The current treatment approaches of increase in water intake, changes in diet, body weight 

regulation, surgical intervention, use of pharmacological drugs such as citrate, allopurinol, 

thiazides have not proven to be sufficient to abate this affliction. So there is an ongoing research 

on the mechanism of stone formation and to engineer better inhibitor compounds. 

It is of utmost importance to first fully understand the fundamentals of the crystallization kinetics 

of kidney stones which are majorly comprised of calcium oxalate. The constant composition 

method employed in this work uses a protocol of maintaining a constant supersaturation of ions in 

the crystallization media throughout the reaction period. The constant supersaturation environment 

of this method mimics the conditions in the kidney where a nearly constant composition of ions is 

maintained in urine. These constant composition experiments were used to study the phenomena 

of nucleation and growth by unseeded and seeded techniques respectively. The use of synthesized 

seeds of fixed polymorph and specific surface area helps to avoid spontaneous nucleation and 

provides a uniform surface for the growth of crystals. The effects of polymer molecular weight 

and concentration on the crystallization kinetics of calcium oxalate were studied using these 

experiments. 

Anionic polyelectrolytes have been researched upon and have been found to have considerable 

influence on the crystallization kinetics of calcium oxalate. The molecular weight and 

concentration of Poly (sodium 4-styrene sulfonate) (PSS) affected both the induction time and 

growth rates of calcium oxalate. In a range of molecular weights taken (210, 6800, 70000), it was 

seen that the intermediate molecular weight of 6800 has better inhibitory activity as compared to 
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the monomer or the higher weight polymer. Longest delay in induction time was observed in 

presence of PSS (M.W 6800) and it was capable of increasing the interfacial energy the most. The 

growth rates of calcium oxalate was reduced by about 35% in the presence of just a micromolar 

concentration of PSS. 

Citrate, which is the one of the most common component in drugs for kidney stone disease 

was also used to compare the efficiency of PSS with it. While citrate inhibits growth by step 

pinning and chelation with calcium ions on the surface of crystals, PSS adsorbs on the surface of 

the crystals and blocks active sites. However, at much lower molar and mass concentrations, PSS 

is capable of both lengthening the induction times and reducing growth rates of calcium oxalate 

crystals as compared to citrate. A comparison of inhibition efficiency in terms of mass 

concentrations showed that PSS would be required in quantities almost 10000 times less than 

citrate to achieve similar inhibition efficiency. This is indicative of the fact that on being used as 

a treatment agent, PSS would ensure that the crystals would not be allowed to grow readily in the 

urinary tract and they would be prevented from growing to sizes that leads to aggregation and 

retention in the system. 
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5 Future Work 

This work should be continued in the direction of further exploring the effect ofmolecular weight 

of PSS on calcium oxalate crystallization. Since it was concluded that at very low and very high 

molecular weights the inhibitory activity reduces, it can be expected that there is an optimum range 

ofweight at it the influence ofPSS on nucleation and growth would be highest. The polymorphism 

of calcium oxalate should also be studied in the presence of various molecular weights of PSS, 

since literature shows evidence ofpresence of COD crystals in presence of PSS of average weight 

200000. Having established that PSS and citrate are both capable of delaying induction time and 

stunting growth of crystals, a synergistic approach using both additives should be developed. 

Constant composition experiments in the presence of PSS could be done using synthetic urine as 

the crystallization media to understand the compatibility of PSS in-vivo. 
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