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ABSTRACT: In this work, the effect of a biodegradable, environmentally friendly polysaccharide-based polycarboxylate,
carboxymethyl inulin (CMI), on the crystal growth kinetics of calcium oxalate was studied at 37 °C. CMI is produced by
carboxymethylation of inulin, the latter extracted from chicory roots. The spontaneous crystallization method was utilized to investigate
the crystallization kinetics of calcium oxalate (CaC2O4, CaOx). The experimental results show that the retardation in mass transport
in the growth process is controlled by the carboxylation degree of CMI and also its concentration. Our studies also indicate that
polymers were effective in directing calcium oxalate crystallization from calcium oxalate monohydrate (COM) to calcium oxalate
dihydrate (COD). Comparisons with the effects of polyacrylate (PAA) additive, which was also included in our experiments, show
that PAA is a more effective inhibitor than CMI-15 and CMI-20, and comparable to CMI-25.

Introduction

Crystallization studies of calcium oxalate (CaC2O4, CaOx)
have been of interest to engineers and urologists for several
years.1 Its precipitation is of particular interest to the biomin-
eralization community2 and also to the industrial crystallization
applications’ area.3 Calcium oxalate (CaC2O4, CaOx) is a
naturally occurring mineral found in fossils,4 plants,5 and
mammal urinary calculi6 and is a byproduct in some processes
such as paper production,7 food,8 and beverage processing.9

Plants commonly produce oxalic acid and calcium oxalate
precipitates that are believed to regulate bulk free calcium within
the plant.10 In water-related industries, calcium oxalate forms
scale deposits on critical industrial equipment, such as heat
exchangers, boilers, and reverse osmosis membranes.11 The
problem of scale formation on heat exchangers reduces the heat
transfer efficiency of the evaporation process, causing an
increase in energy consumption and losses in production time.12

Urolithiasis, the formation of urinary calculi, is one of the oldest
documented diseases known to man.13 CaC2O4 forms as a
crystalline material in the urinary tract and is the major
constituent of kidney,14 gall,15 and bladder stones.16 Although
normal urine is often supersaturated with respect to calcium
oxalate, the formation of human kidney stones is strongly
prevented by acid-rich urinary proteins17 and naturally occurring
citrate,18 magnesium,19 osteopontin,20 Tamm-Horsfall protein,21

a plethora of polycarboxylic acids,22 copolymers of poly(acrylic
acid),23 phosphonates,24 and even unidentified biomacromol-
ecules.25

Calcium oxalate crystallization yields different hydrates, such
as the thermodynamically stable monoclinic monohydrate COM
(CaC2O4 ·H2O, whewellite26), metastable tetragonal dihydrate
(CaC2O4 · (2+x)H2O, x < 0.5, weddelite,27), and triclinic tri-
hydrate (CaC2O4 · xH2O, 3 > x > 2.5; COT28). COM is the
thermodynamically most stable phase and has the strongest
affinity for renal tubule cell membranes among the three kinds
of crystals.29 COM easily forms urinary stones because it is

more difficult to eject out along with urine than COT or COD.
COD is also found frequently in kidney stones,30 plants,31 and
fossils,32 although usually in lesser quantities. Moreover, the
thermodynamically unstable trihydrate (COT) can be a precursor
in CaOx stone formation.33 Hence, an in-depth understanding
of CaOx crystallization processes is essential for urologists and
may augment an effort to develop effective therapeutic agents
against stone formation.

The purpose of this investigation was to study the selective
effect of carboxymethylinulin (CMI, Figure 1) on the crystal-
lization kinetics and phase transformation of CaC2O4 using a
plethora of experimental techniques (FTIR, XRD, and SEM).
CMI is produced from a chemical reaction with a plant-derived
biopolymer and select reagents.34 This biopolymer, inulin,35 is
extracted from the roots of the chicory plant (dry matter content:
20–25%, inulin content: 14.9–18.3%). Inulin is a polydisperse
polysaccharide consisting mainly, if not exclusively, of �(2f1)
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Figure 1. Schematic structure of carboxymethylinulin (CMI, carboxy-
late moieties are highlighted in red) and ring substitution.
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fructosyl fructose units with normally, but not necessarily, one
glucopyranose unit at the reducing end. It is also known that
the fructose molecules are all present in the furanose form. Inulin
is used as dietary fiber, a fat substitute, and a sweetener (fructose
syrups). CMI has been investigated in a series of acute toxicity
(oral rat, >2000 mg/kg B.W.), subacute toxicity (28 days, rat
1000 mg/kg B.W.), mutagenicity (Ames test, in Vitro cytoge-
netics, no effect), and dermal sensitization studies (guinea pigs,
no effect) to evaluate its toxicological profile.36 All studies
followed accepted testing guidelines as recommended by
international regulatory agencies (OECD, EEC, and U.S. EPA).
No significant toxicological findings were evident. Results of
these toxicity studies with CMI, all conforming to internationally
accepted testing standards, show that the toxicological profile
of CMI is consistent with other polycarboxylates used in foods.
Among other attractive attributes of CMI, its inherent biode-
gradability and nontoxicity are most prominent. Data that
support these conclusions include toxicity (ppm) EC10 > 10 000,
bacteria (ppm) EC0 ) 2000, Daphnia (ppm) EC50(24 h) ) 5500,
and fish (ppm) LC0 > 10 000.37 These results should be
contrasted with those obtained for a polyacrylate polymer (MW
) 1500) commonly used as precipitation inhibitor:38 toxicity
(ppm) EC10 ) 180, bacteria (ppm) EC0 ) 200, Daphnia (ppm)
EC50(24 h) ) 240, and fish (ppm) LC0 ) 200.

The goal, therefore, of this research was dual: (a) to provide
insights into the effects of nontoxic CMI on CaOx crystallization
and inhibition efficiency and to provide a perspective for
possible use of CMI in pathological stone therapy and (b) to
provide a versatile and “green” inhibitor of CaOx for possible
applications in the process industries. Lately, the research area
of “green additives” has evolved dramatically.39

Experimental Section

Materials. Calcium chloride and sodium oxalate (reagent grade) were
from J.T. Baker. CMI (all three grades) was from Solutia Inc., Belgium,
as Dequest PB-116AB (where AB ) 15 for CMI-15, AB ) 20 for
CMI-20, and AB ) 25 for CMI-25). The number AB also indicates
the degree of substitution (DS). DS is defined as the average number
of carboxylate moieties per fructose unit. For example, for CMI-15,
DS ) 1.5; for CMI-20, DS ) 2.0; for CMI-25, DS ) 2.5. Carboxym-
ethylation of inulin in laboratory scale is carried out in aqueous alkaline
medium with monochloroacetic acid as the reagent (see Figure 1).34

PAA (MW 5000) was purchased from Acros.
Crystal Growth Experiments. Crystal growth experiments were

carried out in a water-jacketed Pyrex glass vessel of 1 L capacity.
Supersaturated solutions for growth experiments were prepared by slow
mixing of calcium chloride and sodium oxalate solutions. In experiments
where additives were used a similar procedure was followed, and the
freshly prepared additive solutions were normally added to the oxalate
component.

The growth experiments were carried out by adding a known amount
of the Ca2+ and oxalate stock solutions. After temperature equilibration
the second component was added and pH (6.5–6.8), temperature, and
calcium concentration of the reaction solutions were monitored during
crystallization via personal computer equipped with appropriate soft-
ware. All experiments were performed at a temperature of 37 ( 0.1
°C. In the experiments, the concentration of biopolymer was varied
from 0.1 to 50 mg/L and the initial reactant ratio (RR), [Ca2+]/[C2O4

2-],
was varied from 1/2 to 2.

The effect of polymers on the rate of precipitation of calcium oxalate
was evaluated by recording the decrease of [Ca2+] as a function of
time, in a solution containing 7.0 × 10-4 M CaCl2 and Na2C2O4 at 37
°C. The course of the reaction was followed by removing homogeneous
aliquots at various times and quickly filtered through Millipore filters
of 0.22 µm pore size. The aqueous phase was analyzed for [Ca2+] by
atomic absorption spectroscopy (Perkin-Elmer AAnalyst 200). The
crystals removed by filtration were examined by scanning electron
microscopy (SEM), X-ray powder diffraction, and FT-IR. X-ray
diffraction analyses of the crystal samples were carried out on a Phillips

Panalytical X’ert Pro powder diffractometer operating with Cu KR
radiation working at 40 mA and 40 kV. The 2θ range was from 20° to
60° at scan rate of 0.020 deg step-1. Purity of the samples was also
tested by FT-IR spectral analysis. Powdered samples of precipitates (1
mg) were carefully mixed with KBr (100 mg, Merck, infrared grade)
and pelletized under pressure. The pellets were analyzed using a Perkin-
Elmer Spectrum One in the 4000–400 cm-1 region at a resolution of
4 cm-1. The crystallite morphology of samples was analyzed by
scanning electron microscopy (JEOL-FEG-SEM). The effect of an
additive can be quantified as the ratio of the rate of crystallization of
the pure solution (R0, mg/L ·min) to the rate of crystallization in the
presence of additive (Ri, mg/L ·min) at the same concentration and
temperature. The induction period (tind) was determined by monitoring
variations in [Ca2+], accompanied by atomic absorption spectrometric
measurements. The time between the generation of a supersaturated
state and the first observed change in calcium concentration was defined
as tind. The time periods were determined from the recordings of the
time evolution of [Ca2+] in solution, which is directly related to the
volume of the precipitated calcium oxalate, and averaged from at least
three separate experiments. Only the average values of the rate were
reported. The reproducibility of this approach was ∼4–5%.

Results and Discussion

Effects of CMI Biopolymers on Calcium Oxalate Crystal-
lization. Three CMI biopolymers with an average molecular
mass of ∼2500 Da were investigated under identical growth
conditions. CaOx crystal growth from solution begins after an
initial “induction period” or “time lag” during which there is
negligible change in the bulk solute concentration. The presence
of minute amounts of polymers resulted in an increase in tind,
followed by precipitation at a rate comparable to the rate of
crystallization from pure solutions. Table 1 summarizes the
results obtained with the three CMI polymers used in this study
and the effect of added polymer on the crystallization rate. All
polymers at 1 ppm concentration are reasonably good growth
inhibitors, but CMI-25 appears to be more effective than CMI-
20 and CMI-15 at the same concentration (Figure 2). CMI-25
at 1 ppm concentration can effectively block all the active
growth sites and hence bring the calcium oxalate growth rate
to a complete stop over a 5 h period (see Table 1).

Figure 3 shows the effect of carboxymethylation degree of
the polymer on calcium oxalate inhibition. The effectiveness
of biopolymers increases with increasing carboxyl content on
the polymer backbone. R0/Ri ratio increases from 15 to 74 and
induction time increases from 20 to 300 min as the carboxyl
content increases from 1.5 to 2.5. It was observed that products
with a higher degree of carboxyl group prolong the induction
period for crystallization because of the ability of the anionic
carboxylate groups to adsorb on the calcium oxalate crystal
surfaces. Several investigations have indicated that polymers
that exhibit an inhibitory effect on crystallization kinetics of
soluble salts are highly substituted with carboxyl groups.40

Apparently the larger number of carboxylate functional groups
increases the ionic attractive interactions between the adsorbate
(-COO-) and the positive sites (Ca2+) at the solution interface.
If the inhibitor ions are rapidly adsorbed, the nuclei remain
subcritical and eventually disappear through dissolution. The
inhibitor polyanions are then available for repeated adsorption
at the edges of newly developing nuclei. This eventually leads
to breakdown and disintegration of a number of the available
embryos before further growth can take place. In this way
outgrowth of the nuclei beyond their critical value/size is
hampered. In due course, because of their thermodynamic
instability, most nuclei will redissolve, thus freeing the polymer
for interaction with other embryos. The polymers, by effectively
reducing the number of active growth sites through adsorption
on the crystal surface, will prolong induction periods.
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During the induction period, most of the active growth sites
are “poisoned” by the adsorbed macromolecule additives.
However, some of the growth sites of lower energy may still
be free to grow, and thus, the reaction proceeds at a very slow
rate. The rate of precipitation/deposition of calcium oxalate
following the induction period is dependent on polymer
concentration. For example, the R0/Ri ratio increases from 3.5
to 74 as the concentration of CMI-25 increases from 0.1 to 1.0
mg/L.

PAA homopolymer (MW 5000) was also evaluated as
calcium oxalate inhibitor under identical experimental condi-
tions, thus allowing a direct comparison with CMI inhibitors.
Inhibition of CaOx crystallization in the presence of PAA
showed that PAA is slightly more effective than any of the CMI
tested here. R0/Ri values increase from 74 to 82 in the presence
of CMI-25 and PAA, respectively, at a concentration of 1 mg/L
(Table 1).

The marked effect of anionic polymers on the crystal growth
of calcium oxalate from supersaturated solutions has been
explained in terms of the following factors: (a) Polymers may

change the ionic strength of the solution; (b) polymers may form
stable complexes with calcium ion; (c) adsorption of the polymer
occurs on the crystal surfaces either indiscriminately or at
specific growth sites; (d) polymer incorporation occurs into the
calcium oxalate lattice. Under the experimental conditions
employed herein, the presence of the induction period is believed
to originate from inhibitor surface adsorption. The polymer
concentration is too low to modify the ionic strength of the
solution and the Ca2+ binding is sufficiently small to be
ignored.41 Polymer insertion/incorporation into the lattice can
be ruled out because these macromolecules are much larger in
size compared to the oxalate ion.

Since the amounts of additive in solution are small, the growth
inhibition is most likely caused by biopolymer adsorption of
the active growth sites on crystal surfaces rather than binding
to solution Ca2+ ions. This assumption was tested by fitting

Table 1. Effect of Polymers on Crystal Growth of CaOx at 37 °C

CMI-15 CMI-20 CMI-25 PAA

polymer
concentration (mg/L) R0/Ri

induction
time (min) R0/Ri

induction
time (min) R0/Ri

induction
time (min) R0/Ri

induction
time (min)

RR ) 1

0.1 1.6 0 2.6 0 3.5 2 3.4 0
0.25 3.3 0 6.1 4 11.9 34
0.5 4.9 0 13 3 18.9 6 40.6 60
1.0 14.6 20 37 50 74.1 >300 82.2 >300
5.0 50.7 >300
10.0 19.3 100
20.0 24.1 120
50.0 40.1 >300

RR ) 0.5

1.0 1.7 0 2.1 0 2.4 0 4.6 0
10.0 3.8 0 8.6 15 6.7 16
20.0 4.1 0 24.9 25

RR ) 2

1.0 2.3 0 4.7 0 4.8 0 8.7 0
10.0 4.3 3 11.2 10 13.4 15
20.0 4.7 3 26.7 25

Figure 2. Effect of CMI-20 concentrations on (upper) growth rate and
(lower) induction time at three different reactant ratios (RR).

Figure 3. Effect of CMI carboxymethylation degree on (upper) growth
rate and (lower) induction time (RR ) 1, CMI concentration ) 1.0
mg/L).
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the kinetic results in a Langmuir-type kinetic isotherm. When
a polyelectrolyte poisons active growth sites on the crystal faces,
the coverage by polymers, θ, for this adsorption model is
described by eq 1.

θ ) KCi/(1+KCi) (1)

where K is the adsorption or affinity constant, which is the ratio
of the rate constants for adsorption and desorption, kads/kdes, and
can be considered as a measure for the adsorption affinity of
the polymer onto the crystal surface, and Ci is the total
equilibrium concentration of the polymer. The rate in the
absence of polymer, R0, is reduced to a slower rate, Ri, according
to the relationship

Ri ) R0(1 - θ) (2)

Combination of eqs 1 and 2 gives

R0

R0 -Ri
) 1+

kdes

kads

1
Ci

(3)

Equation 3 shows that this model predicts a linear relationship
between R0/(R0 - Ri) and 1/Ci. The linearity of the plots of eq
3 for calcium oxalate crystal growth in the presence of polymers
(Figure 4) suggests that the inhibitory effect of CMI polymers
is due to adsorption at active growth sites. kads/kdes can be
evaluated from the slope of the resulting straight line. The values
of the affinity constant as calculated for PAA, CMI-25, CMI-
20, and CMI-15 are 21.73, 23.86, 15.55, and 6.09 L/mg,
respectively. The high value of the affinity constant for CMI-
25 and PAA may reflect stronger equilibrium adsorption of PAA
and CMI-25 on the crystal surface, compared to that of CMI-
20 and CMI-15.

Effect of [Ca2+]/[C2O4
2-] Ratio on Crystal Growth

Kinetics. In calcium-containing stones, COM is one of the most
common constituents of the nucleus, whereas COD is formed
in the outer layers.42 The formation of the COD phase is
stabilized by an excess of calcium ions. In urine the concentra-
tion of calcium may be from 5 to 30 times that of oxalate, thus
favoring the higher hydrate. A series of experiments were carried
out in order to investigate the influence of the calcium/oxalate
molar ratio on the kinetics of crystal growth of calcium oxalate.
The reactant ratio can be defined as the ratio of initial molar
ratio of calcium to oxalate, [Ca2+]/[C2O4

2-]. Typical growth
curves are given in Figure 2. The faster growth rates were
obtained in the presence of excess oxalate ions. R0/Ri ratio
decreased from 11.2 to 8.6 when the reactant ratio (RR)
decreased from 2 to 1/2 in the presence of CMI-20 at 10 ppm.
This result indicates the faster crystal growth at a reactant ratio
of [Ca2+]/[C2O4

2-] ) 1/2.

Effects of CMI Polymers on Calcium Oxalate Crystal
Morphology. In this work, “green” carboxylate-rich biopoly-
mers were tested for their ability to suppress growth of COM
precritical nuclei and thereby favor the nucleation and growth
of COD by using spontaneous crystallization experiments. The
presence of polymers in supersaturated solutions affects not only
the kinetics of crystal growth but crystal morphology and phase
transformation of calcium oxalate crystals as well. SEM images
were collected for subsequent visual analysis in order to assess
the effects of CMI polymers on crystal morphology (shape and
size). In all control experiments without additives, COM was
the dominant phase in all concentrations (Figure 5a). The

Figure 4. Langmuir-type adsorption isotherm for the effect of polymers.

Figure 5. SEM images of CaOx crystals grown for 5 h from solution
at 37 °C and reactant ratio of 1. Crystals grown from a solution
containing (a) no CMI polymer, (b) 0.5 ppm CMI-15, (c) 0.5 ppm CMI-
20, and (d) 0.5 ppm CMI-25.

Figure 6. XRD powder patterns: (upper) no polymer additive and
(lower) in the presence of CMI 20.

2000 Crystal Growth & Design, Vol. 8, No. 6, 2008 Akın et al.



individual crystals of platelets and a few flowerlike agglomerates
were observed during crystallization of calcium oxalate in the
absence of polymers. The agglomerates were about 6 µm in
size. The grown prismatic crystals were identified as calcium
oxalate monohydrate by XRD (Figure 6a) and compared with
that of the powder diffraction.

The principal diffraction peaks of COM appear at 2θ values
of 14.93° (reflection 101), at 15.29° (reflection 110), at 24.37°
(reflection 020), and at 30.11° (reflection 202). FT-IR spectros-
copy was utilized for further characterization of the calcium
oxalate crystals (Figure 7). Spectra of all control samples showed
that they consisted of COM and complemented the XRD results.
The main antisymmetric carbonyl stretching band from oxalate
was at 1619 cm-1 for COM, whereas the symmetric carbonyl
stretching band was at 1317 cm-1. The symmetric and asym-
metric stretching bands due to the coordinated water molecules
are shown as a set of five discrete peaks above 3000 cm-1.

When using the polymeric additives during the crystallization,
the crystal morphology and structure of calcium oxalate were
modified. This modification was dependent on both biopolymer
concentration and reactant ratio.

The changes in the size and morphology of the CaOx crystals
as a function of polymer concentration and reactant ratio are

presented in Table 2. When the polymer concentration is 0.5
ppm and the reactant ratio maintained at 1/2, 1, and 2, aggregates
of monoclinic COM crystals with contact twinning are obtained
in the presence of all CMI polymers (Figure 5b-d). COM is
the most commonly occurring CaOx and is the thermodynami-
cally most stable phase. It has a monoclinic structure with a
space group of P21/c, and its crystal habit can best be described
as a tabular single crystal.43 However, twinning of COM crystals
is common, often occurring on the large (-101) face. In this
work interpenetrated twin crystals grown without additives are
flattened parallel to {010} and preferentially rest on {010} faces
(Figure 5d).

Addition of 1.0 ppm CMI-15 causes a distinct morphological
and phase change to calcium oxalate crystals. The prismatic
COM crystals (Figure 8a) totally disappeared, and as shown in
Figure 8b, the product was tetragonal prisms of the COD
exhibiting a prismatic habit with pyramidal endcaps with sizes
of 4.2 × 3.7 µm.With an additive concentration higher than 10
mg/L, there was an outgrowth of the COD crystals along the
[001] direction, resulting in elongated crystals and the develop-
ment of {100} crystal faces (Figure 8c,d). The corresponding
XRD pattern also confirmed that the crystal was pure COD
phase, as shown in Figure 6b. The FT-IR spectrum of CaOx
obtained at 1 ppm polymer solution (Figure 7) suggested the
presence of COD with characteristic absorption peaks at 1643,
1327 cm-1 (CdO stretching) and 613 cm-1 (water libration).
This was also evident by a loss of resolution in the 3000–3500
cm-1 region, i.e., a strong peak at 3462 cm-1 (OH stretching
vibration of water) instead of five weak bands in the spectrum
of COM (Figure 7). When 10 ppm PAA was present, the
tetragonal COD bipyramids were considerably elongated along
the c-axis at a reactant ratio of 2. As shown in Figure 8e the
elongated rod-like prisms were an average side length of 7.3
µm and average side width of 2.3 µm.

In the case of 0.5 and 1.0 ppm concentration of CMI-20 at a
reactant ratio of 1/2, agglomerated and plate-like COM crystals
were crystallized, as shown in Figure 9a,b. When the concentra-
tion was increased to 10 and 20 ppm, elongated bipyramidal
COD crystals were crystallized (Figure 9c,d).

Figure 7. FT-IR spectra of calcium oxalate crystals with and without
CMI-20 polymer additives.

Table 2. Summary of Crystallographic and Morphological Changes of CaOx at Different Reaction Conditionsa,b

CMI-15 CMI-20 PAA

Ci RR CM
average crystal Size

(a × b × c) µm Ci RR CM
average crystal Size

(a × b × c) µm Ci RR CM
average crystal Size

(a × b × c) µm

1 1/2 COM agglomerated particles 0.5 1/2 COM contact twin and agglomerated
particles

1 1/2 COD bipyramid tetragonal
prisms 4.5 × 4.2

10 1/2 COD bipyramid tetragonal prisms
3.2 × 2.9

1 1/2 COM agglomerated particles 10 1/2 COD tetragonal rod-like
prisms 0.5 × 0.5 × 1.8

20 1/2 COD bipyramid tetragonal
prisms 2.1 × 1.9

10 1/2 COD tetragonal prisms 2.2 × 2 × 0.9 0.1 1 COM platelet 4.6 × 1.0

0.5 1 COM contact twin and
agglomerated particles

20 1/2 COD tetragonal prisms 1.9 × 1.8 × 1.2 0.5 1 COM platelet 1.6 × 4.8

1 1 COD bipyramid tetragonal
prisms 2.4 × 2.4

0.5 1 COM agglomerated particles 1 1 COD tetragonal rod-like
prisms 0.7 × 0.7 × 1.9

10 1 COD bipyramid tetragonal
prisms 1.7 × 1.6

1 1 COD tetragonal prisms 1.0 × 0.9 × 0.4 10 1 COD tetragonal rod-like
prisms 0.6 × 0.6 × 2.1

20 1 COD tetragonal prisms
1.8 × 1.6 × 0.4

1 2 COD tetragonal prisms 2.3 × 2.1 × 1.2 10 2 COD tetragonal rod-like
prisms 2.3 × 2.3 × 7.3

0.5 2 COM agglomerated particles 10 2 COD tetragonal prisms 1.0 × 0.9 × 1.1
1 2 COD bipyramid tetragonal

prisms 4.2 × 3.7
20 2 COD tetragonal prisms 1.0 × 0.9 × 1.3

10 2 COD tetragonal prisms
2.5 × 2.3 × 0.8

20 2 COD tetragonal prisms
1.9 × 1.7 × 0.9

a For bipyramid tetragonal prisms, the crystal size was represented as (a × b), where a and b indicate the side length along the tetragonal axis. b For
tetragonal prisms, the crystal size was represented as (a × b × c), where c indicates the side length perpendicular to the tetragonal axis.

Crystal Growth of Calcium Oxalate Crystal Growth & Design, Vol. 8, No. 6, 2008 2001



The dimensions of a minimum of 30 crystals in each sample
were measured from SEM photomicrographs. The average value
of the dimensions is given in Table 2. It can be seen that the
side length perpendicular to the tetragonal axis increases with
increasing polymer concentration. As polymer concentration
increases, COD morphology varies from the form of a tetragonal
bipyramid dominated with (101) faces to the form of a tetragonal
prism dominated with (100) faces. The same behavior was
observed with PAA. In the presence of 1 ppm PAA, tetragonal
bipyramidal crystals were obtained at a reactant ratio of 1/2.
The square prisms were 4.5 µm in side length and 4.2 in side
width (see Figure 8f). When 10 ppm PAA was present, a distinct
morphological and phase change of calcium oxalate crystals
occurred. It can be observed that the square prisms were
considerably elongated along the c-axis (see Table 2). The
change of crystal habit of COD caused by added polymer is
schematically shown in Figure 10. In a previous study, it was
reported that a block copolymer (poly(ethyleneglycol)-block-
poly(methacrylic acid)) preferentially induces crystallization of
rod-like tetragonal prisms dominated by the (100) faces.44

COD has a tetragonal structure with a space group of I4/m
and a crystal habit that can be best described as tetragonal
bipyramidal.45 The calcium surface concentration of the COD
on the (100) face (0.0439 ions/A2) is greater than that on the
(101) face (0.0225 ions/A2). This result implies that the (100)

face can adsorb a higher number of carboxylate moieties from
the polymers. Therefore the interactions between polymer and
the COD (100) faces resulted in a gradual morphological
transition of COD crystals from tetragonal bipyramids to
elongated tetragonal prisms with increasing polymer concentration.

A large number of reports have appeared in the literature on
the effects of various additives on calcium oxalate crystallization.
These include glutamic and aspartic acids,46a,d polyphosphate,46

sodium dodecyl sulfate,46 polyethyleneglycol,46 sodium cho-
late,46 maleic acid copolymers,47 polyaspartic and polyglutamic
acids,48 poly(styrene-alt-maleic acid),49 various polyhydroxy-
carboxylic acids,50 acrylic polymers,51 tartarates,52 diisooctyl
sulfosuccinate,53 mucin,54 chondroitin sulfates,55 Tamm-Horsfall
proteins,56 herbal extracts,57 uric acid,58 poly(sodium 4-styrene-
sulfonate),59 liposome solutions of different carboxylates,60

polypeptides,30 fluorescent molecules,61 algae-derived, sulfated
polysaccharides,62 osteopontin,63 aspartic-rich synthetic pep-
tides,64 synthetic osteopontin phosphopeptides,65 uropontin,66

pyrophosphate,67 citrate and isocitrate,68 tryptophan,69 dipalmi-
toylphosphatidylcholine,70 inositol hexaphosphate (phytate),71

glycosaminoglycans,72 fibronectin,73 glycoproteins,74 unidenti-
fied macromolecules from whole human urine,75 R-ketoglutaric
acid,76 adenosine phosphates,77 various aminoacids,78 and poly-
(ethyleneglycol-block-acrylic acid) polymers.23

A number of important observations point to the way
carboxylate-containing macromolecules may affect CaOx crys-
tallization. Elegant work by Ward et al. (with AFM)48c–e,63b and
by Kim et al. (with SEM and XRD)48f has focused on studying

Figure 8. SEM images of CaOx crystals grown for 5 h from a solution
at 37 °C and reactant ratio of 2. Crystals grown from a solution
containing (a) 0.5 ppm CMI-15, (b) 1.0 ppm CMI-15, (c) 10 ppm CMI-
15, (d) 20 ppm CMI-15, (e) 10 ppm PAA, and (f) 1 ppm PAA at a RR
of 1/2.

Figure 9. SEM images of CaOx crystals grown for 5 h from a solution
at 37 °C and reactant ratio 1/2. Crystals grown from a solution
containing (a) 0.5 ppm CMI-20, (b) 1 ppm CMI-20, (c) 10 ppm CMI-
20, and (d) 20 ppm CMI-20.

Figure 10. Schematic representation of the morphological influence
of biopolymer on CaOx crystals.
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the interactions of polymers with pendant carboxylate groups
(polyacrylate, polyaspartate, and polyglutamate; see Figure 11)
with various crystallographic planes of the CaOx monohydrate
crystals. These studies revealed the importance of cooperative
binding of the polymer carboxylate groups to Ca2+ sites on the
crystal surfaces of the “steps”. Specifically, when growth of
the (001) and (021) hillocks was studied, it was documented
that the ranking of polymeric inhibitors was polyacrylate >
polyaspartate > polyglutamate. Polyacrylate was also a potent
inhibitor of growth on the (021) and 121j) planes. Data also

revealed that polyglutamate was more effective than polyas-
partate for both (021) and (121j) planes. However, polyaspartate
was more effective than polyglutamate in inhibiting the growth
of (010) hillocks. Overall, the binding behavior of carboxylate-
containing macromolecules to several crystal faces is clearly
complex.

Another interesting theme to be examined is the negative
“charge density”, or, in other words, the number of bonds
separating the negative charge located on the carboxylate groups.
Bonds separating the deprotonated oxygen in the -COO-

groups in the polymers’ backbone are polyacrylate 6, polyas-
partate 12, polyglutamate 14, CMI-16 (for CMI-15, containing
one carboxylate group per D-fructofuranose ring), or CMI-7 (for
CMI-20, containing two carboxylate groups on the same
D-fructofuranose ring), or CMI-14 (for CMI-20, containing two
carboxylate groups on neighboring D-fructofuranose rings); see
Figure 11. On the basis of the work of Ward et al., there is an
inversely proportional relationship between inhibitory activity
and the number of bonds separating the carboxylate units. Our
results confirm this significant observation, as the inhibitory
activity ranking is CMI-15 < CMI-20 < CMI-25 ∼ PAA. The
effects of charge density on inhibitory activity may be a wider
theme in inhibition chemistry. A recent report on the inhibitory
activity of a series of polyamines on silica formation demon-
strated that as the proximity of the -NH3

+ groups increases
(note that for effective silica inhibition a cationic charge is
necessary) on the polymer backbone, inhibitory activity increases
as well.79

Conclusions

Biopolymers tested in this study are effective as growth
inhibitors of CaOx under the described experimental conditions.
The higher affinity of CMI-25 for CaOx crystal surfaces is
reflected in the more profound effect of CMI-25 on the CaOx
crystal growth rate. CMI-25 polymeric chains have a higher
anionic charge density because they contain a higher number
of carboxyl groups compared to CMI-15 or CMI-20. Therefore,
they mitigate the interaction ability of the appended anionic
-COO- groups with the solid phase. The polymer backbone
can then act as a “fence” on the crystal surface, thus forming
an obstacle for propagating steps that lead to further crystal
growth. The results described herein indicate that anionic
biopolymers can inhibit calcium oxalate crystal growth and that
such inhibition is directly linked to fractional coverage of
adsorption sites. The degree of inhibition of calcium oxalate
crystallization by CMI biopolymers is related to the maximum
surface charge density due to adsorbed polymer.

The polymer concentration and the [Ca2+]/[C2O4
2-] ratio are

found to be important parameters for the control of morphologies
and phase transformation of CaOx crystals. Agglomerated and
twinned COM crystals formed in control experiments. The
presence of CMI polymers favors the transition of COM to COD
crystals. The high binding affinity of the CMI polymer
molecules resulted in morphological transition of COD crystals
from tetragonal bipyramids dominated by the (101) faces to
elongated tetragonal prisms dominated by the (100) faces. CMI-
25 was found to be a comparable inhibitor to the previously
studied PAA.
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