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Abstract | Physical and chemical methods available for kidney stone 
analysis are critically reviewed. Although various methods, such as 
the FTIR and Raman spectroscopy, scanning electron microscopy, 
thermogravimetry etc. can be used for qualitative phase analysis of kid-
ney stones, the Rietveld method based on high quality X-ray powder dif-
fraction data provides a precise and reliable technique for identifying the 
structure as well as the quantitative phase abundance of different crystal-
line components in human urinary calculi. Quantitative phase analyses of 
ten (10) kidney stones (KS1-KS10) from eastern India revealed that most 
of the calculi samples are mixture of phases with calcium oxalate monohy-
drate (whewellite) as the major constituent and varying amounts of calcium 
oxalate dihydrate (weddellite), calcium hydroxyapatite, uric acid and 
ammonium acid urate. The crystal structures of whewellite and weddellite 
have been redetermined using X-ray powder diffraction methodology.

1 Introduction
Pathological calcification in hollow organs or ducts 
of human body, for example, stone formation in 
the urinary tract (kidney, ureter and bladder), con-
stitutes a major medical problem and has been 
affecting an increasing number of people around 
the world.1–3 Apart from substantial suffering and 
associated morbidity, the deposition of minerals 
or organic compounds in the urinary system, com-
monly called urinary/renal calculi or kidney stones 
can result in several conditions, ranging from poor 
voiding to renal dysfunction. The demographic 
distribution of a population susceptible to kidney-
stone induced problems varies around the world. 
For example, in the US and developed countries in 
Europe about 10–15% of the total population experi-
ence kidney-stone related problems at some point of 
their lives.4–6 In the Indian sub-continent and some 
parts of South America, kidney-stone formation 
affects up to 25% of the population.7,8 Urinary cal-
culi are solid concretions resulting from a transient, 
intermittent or permanent disorder in urine com-
position that induces urine super-saturation. Vari-
ous causes such as metabolic disorder, dietary habit 
including fluid intake, water quality, climate and uri-
nary tract infection have been cited as the reasons for 

the high prevalence of kidney stone disease in some 
countries, but no consensus has been reached.9–11 A 
positive correlation between obesity and the risk of 
kidney-stone formation has also been reported.12–14 
From a medical point of view, different aspects of 
calcification must be taken into consideration to 
establish a meaningful correlation between stone 
formation and the disease. These include chemical 
diversity, morphological features at the mesoscopic 
and macroscopic scale, presence of trace elements 
and functional groups, such as carbonate groups 
in hydroxyapatite, and proteins. Although kidney-
stones can be removed in most cases by either inva-
sive or non-invasive clinical or surgical procedures,15 
it is not possible to prevent their recurrence. With-
out adequate follow-up measures, the recurrence 
rate of stone formation can be as high as 30–50%.16 
In this context, knowledge of composition and 
quantification of kidney-stones is of fundamental 
importance for understanding the causes that led to 
their formation, the conditions of their nucleation 
and growth, and the existence of particular litho-
genic processes, which in turn would help in the 
development of prophylactic measures.17–20

The present review focuses on the quantita-
tive phase analysis and structural characterization 
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of constituent phases in kidney stones using the 
Rietveld-based refinement technique with pow-
der X-ray diffraction (PXRD) data. The principles 
of methodology used for such analyses have also 
been discussed.

2 Chemical Diversity of Kidney Stones
The composition of urinary calculi is complex 
and diverse, and can be divided into two parts, an 
organic matrix containing mainly proteins, lipids, 
carbohydrates, cholesterol, uric acid and bio-miner-
als. Different chemical phases can be identified inside 
or at the surface of the kidney stones. The identifica-
tion of crystalline phases in urinary calculi is of key 
importance because they are related with distinct 
bio-chemical conditions during their formation. 
Over sixty five (65) different molecules have been 
identified in urinary calculi.3,17 These molecules, 
which correspond to their chemical composition, 
can crystallize in more than eighty (80) different 
crystalline phases. It is found that calcium is present 
in numerous mineral phases in urinary calculi 
such as whewellite [calcium oxalate monohydrate 
(COM), CaC
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4
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O], weddellite [calcium oxalate 
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2
O

4
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2
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ite [calcium hydrogen phosphate dihydrate (BRS), 
CaHPO

4
.2H

2
O], hydroxyapatite [calcium hydroxya-
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] and whitlockite [tricalcium 
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phases found in kidney stones include struvite [mag-
nesium ammonium phosphate hexahydrate (STV), 
MgNH

4
PO

4
.6H

2
O], dittmarite [magnesium ammo-

nium phosphate monohydrate (MPM), MgNH
4
PO
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Organic compounds such as  anhydrous uric acid 
(UAA, C
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), uric acid dihydrate (UAD, 

C
5
H

4 
N

4
O

3
.2H

2
O), cholesterol, cystine (CYS, 

C
6
H

12 
N

2
O

4
S

2
), xanthine (XAN, C

5
H

5 
N

4
O

2
), sodium 

acid urate (SAU, NaC
5
H

3 
N

4
O

3
.H

2
O) and ammo-

nium acid urate (AAU, NH
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found in urinary stones. Recently a uric acid deriva-
tive with the chemical formula C

7
H

8 
N

4
O

5
, has been 

also reported to be present in kidney stone.21

3 Methods of Urinary Calculi Analysis
Different chemical and physical methods such as 
the wet chemical analysis, optical polarizing micro-
scopy, Fourier Transform Infrared (FTIR) and 
Raman spectroscopy, scanning electron microscopy 
(SEM) coupled with energy dispersive X-ray analy-
sis (EDX), thermogravimetry (TG) and powder 
X-ray diffraction (PXRD) can be used for qualitative 

and quantitative analyses of urinary calculi.22–29 The 
specific property possessed by some ions present in 
the constituents of the calculus of reacting with a 
chemical reagent producing the development of a 
particular colour or characteristic crystalline phase 
forms the basis of all chemical methods. The chem-
ical analysis is relatively inaccurate because of false 
positive and false negative results, and does not dis-
tinguish between the crystalline phases. The FTIR 
spectroscopy is based on the study of interaction 
of a broad band infrared light with the covalent 
bonds of the compound present in the calculus, 
leading to the appearance of some characteris-
tic bands that make their identification possible. 
The vibrational motions of individual chemical 
bonds for all molecules lie in the wavelength range 
2–20 µm corresponding to the wave number range 
of 5000–500 cm−1. Since FTIR method is based on 
vibrational spectroscopy reflecting the molecular 
structure, it is sensitive to the molecular environ-
ment. This method is suitable for determining the 
chemical composition of urinary calculus. Its main 
advantages are that it can be applied on very small 
sample quantity (< 1 mg) and allows the identifi-
cation of both crystalline and amorphous com-
ponents (proteins, lipids, amorphous phosphates 
etc.) of urinary calculi. Raman spectroscopy, which 
relies on the principle of inelastic scattering of light 
photons by atom or molecule, also permits evalu-
ation of the structure of components of urinary 
calculi at the microscopic level.30 It can identify the 
vibrational bands specific for the chemical bonds 
of organic molecules in the range 400–1800 cm−1. 
Laser Raman microprobe,31 which is a combina-
tion of a microscope and a Raman spectrometer 
has also been used to determine the composition 
of different urinary calculi.32

The scanning electron microscope (SEM) images 
the sample surface with a range of magnifications 
(100–50000 or more) by scanning it with a high 
energy beam of electrons. The electrons interact 
with atoms that make up the calculi samples produc-
ing signals containing information about the surface 
topology of the sample. Such a method also provides 
information about the nature of crystalline compo-
nents, shape of the crystals, internal structure, loca-
tion of components and relation between the crystals 
and the organic matrix.33–35 SEM coupled with EDX 
can give an idea about the percentage composition 
of each element present in a particular stone.28 Ther-
mal analysis (TG-DTA) can also be used to identify 
hydrated oxalates and related minerals in urinary 
calculi. The TG-DTA could be an alternative method 
for the characterization of monohydrate and dihy-
drate of calcium oxalate (whewellite and weddellite) 
when present together in a kidney stone.36,37
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4 X-ray Powder Diffraction (PXRD)
X-ray diffraction (XRD) has long been recognized as 
a powerful method for the determination of phase 
composition of crystalline material.38 Most of our 
knowledge about the structure of material has been 
obtained by this technique. Among the various 
physical methods mentioned earlier, X-ray pow-
der diffraction (PXRD) is undoubtedly the optimal 
technique for the identification as well as quanti-
fication of crystalline phases in kidney stones. The 
X-ray powder profile-fitting structure refinement 
by the Rietveld method39–41 is uniquely versatile for 
quantitative phase analysis in a multi-phase mixture 
of polycrystalline materials.41–44 This method can be 
applied successfully for estimating the quantitative 
abundance of mineral phases in kidney stones.45 The 
Rietveld based methods are able to accurately decou-
ple phases with high degree of reflection overlap and 
have the potential to produce more reliable results 
than those obtained from the conventional single 
peak methods.46,47 The improvement derives from the 
fact that all traditional methods of analyzing X-ray 
powder diffraction patterns use only selective parts of 
X-ray data, whereas the Rietveld methods utilize the 
entire diffraction profile during analysis. The impact 
of some sample related effects, such as preferred ori-
entation, are minimized by the inclusion of entire dif-
fraction pattern. In addition to structural parameters 
which must be refined to ensure the best fit between 
the observed and calculated X-ray patterns, other 
parameters related to micro-structural features, such 
as crystallite size, strain or preferred orientation, can 
also be refined during the Rietveld refinement. These 
factors are important when attempting to elucidate 
the mechanism for in vivo crystal growth of urinary 
calculi. It is, however, necessary to emphasize that 
quantitative phase analysis of kidney stones using 
the Rietveld method is not straightforward due to 
the fact that most of the stone samples are crystal-
lographically heterogeneous and the majority of 
bio-minerals present in the urinary stones have low 
crystal symmetry (triclinic and monoclinic), which 
in turn leads to a considerable overlapping of peaks 
in the X-ray powder diffraction pattern.

5 Mathematical Basis
The profile of an X-ray powder pattern is the result 
of convolution of a specimen profile (C) and a com-
bined function modelling the aberrations intro-
duced by the diffractometer geometry (A) and 
wavelength dispersion (W), and can be expressed as

y
c
(2θ) = [(W * A) * C](2θ) + bkg, (1)

where the symbol * represents the convolu-
tion operation and ‘bkg’ is the background 

contribution. The experimental profile can be 
fitted with a suitable pseudo-Voigt (pV) analyti-
cal function48,49 because it individually takes into 
account of both the particle size and the strain 
broadening of experimental profiles.

For both Kα
1
 and Kα

2
 profiles, the line broad-

ening function and the symmetric part of instru-
mental function may be represented by the 
pseudo-Voigt function (pV), which is the sum of 
the Gaussian (G) and the Lorentzian (L) compo-
nents with a mixing factor η (η = 1 for L and 0 for 
G). Due to anisotropy in the particle size and micro-
strain values, the profiles with different Miller indi-
ces are broadened to different extent, and this effect 
often creates problem during the Rietveld structure 
refinements. To consider the effect of particle size 
and microstrain on the profile shape, tensors simi-
lar to the temperature factors are frequently used 
for crystallite size (D) and r.m.s. lattice microstrain 
(〈e 2〉1/2) in different crystallographic directions:

D h h h D h h h hij ij i j ij ij i j( , , ) /
/

1 2 3
2 1 2

=( )Σ Σ δ  (2)

ε ε δ2 1 2

1 2 3
2 1 2/ /

( , , ) /h h h h h h hij ij i j ij ij i j= ( )Σ Σ , 
 (3)

where δ
ij
 = 0 if D

ij
 = 0 or (e 2)

ij
 = 0, and δ

ij
 = 1 in the 

other cases.50

The quantitative phase abundance of different 
crystalline components in a mixture of multiphase 
samples was estimated using the relation

w S ZMV S ZMVi i i j j j= ( ) / ( )Σ , (4)

where w
i
 is the weight fraction of each phase, 

i is the value for a particular phase j among the 
N phases, S

j
 is the refined scale factor, Z is the 

number of formula units per cell, M is the molec-
ular weight of the formula unit and V is the vol-
ume of the unit cell.41–43,50

During the Rietveld refinement, structure 
parameters (atomic positions, temperature and 
occupancy factors), scale factor, unit cell param-
eters and background coefficients, along with the 
profile parameters describing the peak shapes 
and widths are varied through a least-squares 
 procedure until the calculated powder pattern best 
matches the observed pattern. The quantity that is 
minimized by the least-square procedure is

S y yi i obs i cal
i

N

= −
=
∑ω θ θ θ( ){ ( ) ( ) }2 2 2 2

1
, (5)

where, y(2θ
i
)

obs
 and y(2θ

i
)

cal
 are the observed 

and calculated intensities at the ith step of the 
digitized powder pattern, respectively ω

i
(2θ) is the 

appropriate weighting factor and the summation 
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running over all data points. In general, the weight-
ing factor ω

i
(2θ) is set high at the beginning of a 

refinement when the structure is incomplete or only 
approximately correct, because the interatomic dis-
tances easily become unreasonably long or short at 
this stage. It can then be reduced during the course 
of refinement as the structural model improves.

The agreement between the observed and cal-
culated profiles can be assessed using different 
reliability index parameters,

R
P
 = ∑|y

i
(obs) − y

i
(calc)| / ∑|y

i
(obs)| (6)

R
wP

 = [∑ ω
i
{y

i
(obs) − y

i
(calc)}2 / ω

i
{y

i
(obs)}2]1/2 (7)

and  
R

B
 = ∑ |I

K
(obs) − I

K
(calc)| / ∑|I

K
(obs)| (8)

The goodness of fit (GOF) is established by 
comparing R

wp
 with the expected error, R

exp
,

R
exp

 = [(N − P) / ∑ω
i
{y

i
 (obs)}2]1/2, (9)

where N is the number of experimental obser-
vations and P is the number of parameters to be 
fitted. The value of GOF48,50 is given by,

GOF = R
wp

/R
exp

  (10)

Although the R values are useful indicators 
for evaluation of a refinement, they should not 
be overinterpreted. The most important criteria 
for judging the quality of the Rietveld refinement 
are the matching of the calculated pattern to the 
observed data and the chemical sense of the struc-
tural model. The former can be evaluated on the 
basis of the final profile plot using the complete 
range of data collected, and the latter on a criti-
cal examination of the final atomic parameters, 
interatomic bond distances and bond angles.

6  Review of X-Ray Analysis  
of Kidney Stones

The classic paper on the mineralogy of human 
kidney stones by Prien & Frondel51 focused on the 
identification of mineral phases in urinary stones. 
Similarly, the studies on X-ray powder analysis of 
kidney stones by Lonsdale,52 Sutor et al.,53 Gibson,54 
and Mansfield & Griffith55 are primarily concerned 
with the qualitative mineralogy of human kidney 
stones. Powder X-ray analysis of first large group of 
stones by Herring56 showed the presence of whew-
ellite in 43% and weddellite in 61% of the stones. 
This was surprisingly the only report to mention 
weddellite as the most frequent form of calcium 
oxalate in human kidney stones. Several extensive 

studies on the frequency of occurrence of different 
crystalline phases in kidney stones from various 
locations in Europe, the United States, Canada and 
South Africa have been performed using the pow-
der XRD method.57–59 On the basis of XRD analysis 
of 5035 stones from the population in Germany, 
Leusmann58 found whewellite in 70% and wedd-
ellite in 44% of the samples. Murphy & Pyrah57 in 
a survey of 250 mixed kidney stones retrieved 
from patients in U.K. showed that hydroxyapa-
tite (APP) occurs with greatest frequency (32%) 
followed by whewellite (31%), struvite (14%) 
and weddellite (13%). Results of XRD analysis of 
American populations35 also revealed APP as the 
frequent component (26%) with whewellite and 
weddellite together comprising of about 31%. 
Laing & Kerr59 analyzed more than 3000 kidney 
stones from South African population and found 
a high prevalence of whewellite and weddellite 
phases (83% in total) with APP found in only 5% 
of the renal stones. A similar study with 1816 kid-
ney stones60 from Japan indicated that whewellite 
and weddellite can account for about 82% of total 
stone samples with a high percentage of uric acid/ 
urate stones (∼16%). The composition analysis 
of 1050 kidney stones from an Indian population 
by Ansari et al.11 showed that the most frequently 
found constituent was whewellite (80%) followed 
by weddellite (20%); apatite, struvite and uric acid 
together accounted for about 5% of the stones. 
Findings from other locations around the world 
all show variation in both the incidence of stone 
formation for the population and a variation in 
the relative abundance of various phases. It should 
be emphasized that all compositional analyses of 
kidney stones as mentioned above utilized the tra-
ditional powder XRD method for identification of 
crystalline phases in urinary stones. For an accu-
rate quantitative analysis of constituent phases in 
kidney stones it is, however, necessary to perform 
the Rietveld refinement using high quality X-ray 
powder diffraction data.

7 Rietveld Analysis of Kidney Stones
Quantitative phase analysis of kidney stones using 
the Rietveld method has been limited to very few 
reports in the literature. Daudon et al.14 applied 
the Rietveld technique with neutron powder 
diffraction data to study the whewellite kidney 
stones. The Rietveld analysis with X-ray powder 
diffraction data by Orlando et al.8 established 
quantitative phase estimates in two multi-phase 
kidney stones of patients from Brazil. Results 
of our study on the structural and micro-struc-
tural characterization of human kidney stone 
using the Rietveld analysis have been described 
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in a recent publication by Ghosh et al.45 Urinary 
calculi used in the study were made available to 
us via normal surgery, i.e., following the standard 
ethical procedures, from patients admitted to the 
SSKM Hospital, Kolkata, India. The dry calculi 
samples (KS1-KS10) of varying sizes (2–21 mm) 
were crushed into fine powders using an agate 
pestle and mortar for X-ray analysis. High qual-
ity X-ray powder diffraction data were collected 
on a D8 Advance diffractometer (Bruker AXS, 
Karlsruhe, Germany) using the Bragg-Brentano 
para-focusing geometry and CuKα radiation 
(λ = 1.5418 Å). The XRD data were recorded at 
room temperature (295K) with a step size of 0.02° 
(2θ) and counting time of 25 s per step over an 
angular range 6°<2θ<80°.

The first step for quantitative analysis of urinary 
calculi is the identification of crystalline phases in 
the XRD pattern using the Powder Diffraction 
Database and a standard search-match software. 
In the present analysis, ICDD PDF2 (release 2003) 
was used and the presence of calcium oxalate 
monohydrate (COM, PDF-10-075-1313), calcium 
oxalate dihydrate (COD, PDF-10-075-1314), cal-
cium hydroxyapatite (APP, PDF-00-001-1008), 
anhydrous uric acid (UAA, PDF-00-019-1995) and 
ammonium acid urate (AAU)61 was established in 
the calculi samples KS1-KS10. The Rietveld refine-
ment was carried out for quantitative phase analysis 
and micro-structural characterization of constitu-
ent phases using the MAUD program.62 A diffrac-
tion pattern is simulated from a series of structural 

(lattice parameters, atomic coordinates, occu-
pancy factors, displacement parameters etc.) and 
micro-structural (crystallite sizes and r.m.s. lattice 
micro-strain) parameters, the sample characteristic 
features (preferred orientation, residual stress, sam-
ple thickness, absorption etc.) as well as the profile 
parameters and background coefficients. The sim-
ulated powder pattern is then compared with the 
experimental powder diffraction profile through an 
iterative least-squares procedure via minimization 
of residual parameters as describe earlier.41,50

The peak profiles are fitted using the pseudo-
Voigt functions48,49 with an asymmetry correction 
at low angle. The background can be described by 
a suitable polynomial function. Initially, the scale 
factor, zero shift (2θ), background coefficients and 
profile parameters are refined. In the next stage, 
the structural and micro-structural parameters 
of the constituent phases are alternately refined 
along with the earlier parameters. The occupancy 
factors and isotropic displacement parameters 
are normally held fixed at the stoichiometric val-
ues and B

iso
, respectively, obtained from the cor-

responding single-crystal structure analysis. The 
starting atomic coordinates and isotropic dis-
placement parameters are taken from the related 
literatures.61,63–65 Micro-strain parameters are 
evaluated using the POPA (1998)66 anisotropic 
model as incorporated in the MAUD program. 
Different steps of structural and micro-structural 
characterization of kidney stones using powder 
XRD method are shown in Scheme 1.

Scheme 1: Schematic view of different steps for kidney stone analysis using PXRD.
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8 Results and Discussion
The results of Rietveld refinements of calculi 
samples KS1-KS10, along with the histories of 
the patients, are summarized in Table 1. The 

agreements between the observed and calculated 
powder patterns of selected urinary calculi (KS1 
and KS4) are shown in Figures 1a and 1b, respec-
tively, which clearly indicate that irrespective of 

Table 1:  Rietveld refinement parameters of samples KS1-KS10 with patient history.

Sample Gender
Stone  
Size (mm) Age

Constituent phases (wt %)

Rp Rwp RexpCOM COD APP UAA AAU

KS1 Male 21 40 100 0.0418 0.0564 0.0713

KS2 Male  6–10 15 100 0.0409 0.0575 0.0861

KS3 Male  2–5 14 100 0.0342 0.0473 0.07764

KS4 Female  3–7 19  59.9 40.1 0.0433 0.0640 0.0800

KS5 Female 18 40  98.1  1.9 0.0433 0.0613 0.0799

KS6 Female  7–10 30  83.8 16.2 0.0509 0.0773 0.0887

KS7 Male  6–9 37  82.7 17.3 0.0497 0.0683 0.0887

KS8 Male  4–7 21  45.7 53.0  1.3 0.0759 0.1108 0.0762

KS9 Female 14 72  84.7 15.3 0.0632 0.0829 0.0364

KS10 Female  3–8 38  63.0 26.5 10.5 0.0470 0.0683 0.0289

Figure 1: Final Rietveld plot of (a) KS1 and (b) KS4 samples with observed (blue cross), calculated (black) 
and difference (black) profiles.
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the number of constituent phases and their quan-
tities, the Rietveld analysis is an effective approach 
for structural and micro-structural characteriza-
tion of kidney stones. The refined cell parameters 
of constituent phases and their micro-structural 
parameters are listed in Table 2. The observed cell 
parameters of constituent phases in KS1-KS10 do 
not differ significantly from the values reported for 
whewellite,14,63 weddellite,63 anhydrous uric acid65 
and ammonium hydrogen urate61 on the basis 
of single crystal structure analysis. The quantita-
tive phase analysis using the Rietveld whole pow-
der profile-fitting structure refinement method 
showed that KS1-KS3 samples are monophasic 
(COM), while other urinary calculi (KS4-KS10) 
are mixture of phases. The COM is the major con-
stituent (63.0–98.1 wt%) in KS5-KS7, KS9 and 
KS10, while the amounts of COD phase in KS4 
and KS8 are 40.1 and 53.0 wt%, respectively. Other 
minor phases present were APP (1.3–17.3 wt%) in 
KS5-KS8, UAA (15.3–26.5 wt%) in KS9, KS10 and 
AAU (10.5 wt%) in KS10. The results of quantita-
tive phase analysis of KS1-KS10 are in agreement 
with that reported earlier,7,67 which indicated that 
COM is the primary composition in majority of 

kidney stones retrieved from patients in the Indian 
sub-continent.

Since the composition of KS1, KS2 and KS3 is 
100% COM, it is worth comparing their structural 
features as obtained from the present Rietveld 
analysis with those reported earlier using single 
crystal X-ray analysis of whewellite (COM).63 The 
coordination geometry around the two symmetry-
independent Ca atoms, both coordinated to eight 
O atoms, in the asymmetric unit of COM in KS1 
can be best described as a distorted square anti-
prism. Seven of these O atoms are from oxalate 
ions and the eighth oxygen atom belongs to the 
water molecule. The Ca-O distances lie in the range 
2.372(2) Å to 2.508(1) Å with the Ca1-Ca2 sepa-
ration of 3.832(2) Å. The observed bond distances 
and bond angles of COM in KS1 are comparable 
with the corresponding values reported in the 
literature.14,63 The adjacent Ca-centered polyhe-
dra of COM in KS1 are edge fused to form two-
dimensional molecular sheets parallel to the (100) 
plane (Fig. 2a). The oxalate groups lying in the 
(010) plane and lattice water molecules interlink 
the two-dimensional sheets of COM into a three-
dimensional framework structure (Fig. 2b).

Table 2: Refined unit cell dimensions and microstructural parameters of the constituent phases of urinary 
calculi samples.

Sample Phase

Unit Cell Dimensions
Crystallite  
size (nm) Microstraina(Å) b(Å) c(Å) α (˚) β (˚) γ (˚)

KS1 COM  6.2938(1) 14.5918(2) 10.1218(2) 109.471(2) 100(2) 0.032(3)

KS2 COM  6.2952(1) 14.5904(2) 10.1201(2) 109.460(1) 100(2) 0.080(2)

KS3 COM  6.2915(1) 14.5849(2) 10.1179(1) 109.469(2)  96(2) 0.136(2)

KS4 COM  6.2945(1) 14.5952(3) 10.1191(3) 109.477(2) 117(2) 0.087(3)

COD 12.3645(2)  7.3564(2) 134(4) 0.084(4)

KS5 COM  6.2970(1) 14.5983(2) 10.1248(2) 109.461(2) 124(2) 0.110(4)

APP  9.3997(1)  6.9298(2)  42(4) 0.060(3)

KS6 COM  6.2952(1) 14.5976(2) 10.1215(3) 109.470(2) 123(2) 0.108(2)

APP      406(2)  6.879(1)  31(5) 0.25(4)

KS7 COM  6.2935(2) 14.5940(2) 10.1212(2) 109.484(1)  97(6) 0.109(2)

APP  9.441(8)  6.875(6)  14(2) 0.13(1)

KS8 COM  6.2955(2) 14.5987(2) 10.1249(3) 109.491(4) 168(3) 0.136(2)

COD 12.3802(4)  7.3591(3) 105(3) 0.103(5)

APP  9.372(2)  6.872(2) 100(4) 0.44(3)

KS9 COM  6.2945(1) 14.5905(3) 10.1212(2) 109.473(2) 146(5) 0.008(2)

UAA 14.471(2)  7.435(1)  6.203(2)  65.11(2) 103(2) 0.009(7)

KS10 COM  6.2943(2) 14.5921(5) 10.1223(6) 109.47(4) 157(4) 0.008(2)

UAA 14.457(1)  7.4315(4)  6.206(6)  65.062(6) 210(3) 0.002(3)

AUU  3.632(2) 10.111(7) 10.597(6) 113.22(4)  92.25(7) 93.33(4) 228(2) 0.002(2)
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The structure of the COD phase in the KS4 
and KS8 samples resembles the weddellite struc-
ture reported in the literature.63 The calcium coor-
dination polyhedron in the COD structure is built 
up by eight O atoms, six of them belonging to 
oxalate ions and the remaining two to water mol-
ecules. The observed Ca-O bond distances in KS8, 
ranging between 2.67(2) and 2.36 (1) Å, agree 
with the corresponding values reported earlier.63 
Unlike the COM structure, in which the calcium 
polyhedra generate a molecular sheet in the (100) 
plane, the calcium polyhedra in the COD struc-
ture are edge-fused to two adjacent polyhedra 
to form one-dimensional chains running along 
the [001] direction (Fig. 3a). Further linking of 
these chains through the oxalate moieties results 

in a  three-dimensional network consisting of 
6.23 × 6.23 Å square frames (Fig. 3b).

9 Conclusions
Among the various chemical and physical meth-
ods that can be used to study urinary  calculi, X-ray 
powder diffraction coupled with the Rietveld 
analysis can provide an accurate estimate of quan-
titative phase abundance in human kidney stones. 
Quantitative phase analysis of ten (10) urinary 
calculi (KS1-KS10) retrieved from patients of 
eastern India indicates that whewellite (COM) is 
the major constituent phase in most of the stones. 
Three stone samples (KS1-KS3) were composed 
of exclusively calcium oxalate monohydrate 
(whewellite) phase, whereas the remaining seven 

Figure 3: View of COD structure, projected on to (a) the (010) plane and (b) the (001) plane.

Figure 2: View of COM structure, projected on to (a) the (100) plane and (b) the (010) plane.
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calculi samples (KS4-KS10) showed the pres-
ence of mixed crystalline phases with whewellite 
(45.7–98.1 wt%), weddellite (40.1–53.0 wt%), cal-
cium hydroxyapatite (1.3–17.3 wt%), ammonium 
acid urate (10.5 wt%) and anhydrous uric acid 
(15.3–26.5 wt%). The Rietveld structure refine-
ments of whewellite in KS1 and weddellite in 
KS8 reveal a three-dimensional framework built 
via interlinking of calcium polyhedra through 
oxalate moieties and lattice water molecules. The 
whewellite nanocrystals in the urinary calculi ana-
lysed in the present study have the same structure 
at the atomic level and almost the same size at the 
nanometric scale.
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