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Uniform needle-like aragonite particles were obtained by aging
solutions of calcium salts in the presence of urea at 90°C. The
effects of various experimental conditions, such as the concentra-
tion of reactants, temperature, aging time, agitation, mixing pro-
cedure, and the addition of divalent cations, surfactants, and
polymers, on the precipitation of aragonite were investigated. It
was found that the formation of different polymorphs of calcium
carbonate was affected mostly by agitation and concentration of
reactants, as well as by the mixing procedure. Thus, under other-
wise the same experimental conditions, needles of aragonite were
formed without stirring or at low-power ultrasound; rhombohe-
dral calcite appeared when aging experiments were carried out
under the influence of magnetic stirring, while irregular particles
of mixed vaterite and calcite crystal structure were generated at
higher CacCl, concentrations. Mixing the preheated reactant solu-
tions resulted in unique “flower-type” vaterite particles. Finally,
the presence of sulfonate or sulfate ions promoted precipitation of
vaterite and calcite. © 1999 Academic Press

Key Words: aragonite needles; calcite colloidal; calcium carbon-
ates monodispersed; vaterite colloidal.

INTRODUCTION

Aragonite is one of the less abundant crystalline polymorphs

method was modified by doping calcium salt solutions witt
small amounts of Sf, Ba’*, and PB* (7-9). Another approach
consisted of blowing COcontaining inert gas into a suspen-
sion of CaC}-MgCl,—Mg(OH), (10). Metastable formation of
aragonite in gels has been achieved at elevated pressure ovi
temperature range of 100 to 270°C in the presence of Mg
(11). Furthermore, the seeding was used by introducing lare
amounts of aragonite and strontianite precursors into solutiol
containing C&" and CG" (12, 13). Most of the synthesis
methods summarized above are either involved or produ
irregular particles in size and shape, which may limit thei
applicability.

Previous studies demonstrated that urea can play an esser
role in the formation of uniform particles (14—17). Indeed, Katc
and co-workers (18) have shown that calcium carbonates
different shape and composition can crystallize in solutions c
calcium nitrate in the presence of urea. The purpose of the pres
investigation was to carry out a systematic study of direct precij
itation of uniform needle-like aragonite particles using the hydrc
lysis of urea, including the effects of concentrations of reactant
temperature, aging time, agitation, mixing procedure, and additic
of divalent cations, surfactants, and polymers.

EXPERIMENTAL

of calcium carbonate. It is formed under a much narrower
range of physico-chemical conditions and is easily transformgghterials
into calcite by changes in the environment. The natural arago-

nite is mostly of biogenic origin, and many mineralizing or- All inorganic chemicals and urea were reagent grade. Su
ganisms selectively produce calcium carbonate of this crysfaftant AVANEL S-150 (sodium alkylethersulfonate, PPG, 3t
structure (1). Recently, the interest in aragonite has increadéd0), Tween 20 (Atlas Chemical Industries), dextran (Poly
substantially. Its needle-like crystals with high aspect ratios a#gience, MW 500,000), dextran sulfate (Polyscience, MV
used as fillers for the improvement of mechanical properties 2$0,000), polyvinylpyrrolidone (PVP, Aldrich, MW 40,000)
paper and polymer materials (2). Aragonite is also a god¢ere used as received. All solutions were freshly prepared a
biomedical material, because it is denser than calcite and cofilgred through 0.22:m Millipore membranes before use.

be integrated, resolved, and replaced by bone (3, 4).

Many studies have shown that the properties of aragonit&eparation of the Particles

such as the particle size and shape, depend strongly on th
preparation methods and conditions. Direct inorganic preci[ﬂ-
tation using soluble carbonate and calcium salts as initlfa
materials produced irregular aragonite crystals (5, 6). TIB

The reactions were carried out in Pyrex bottles, by keepin
m 2.5 to 72 h solutions containing CaGind urea in a
rced convection oven at different temperatures (50, 70, ar
°C). The concentrations of CaQGlaried from 0.05 to 1.0

! To whom correspondence should be addressed. mol dm™® and of urea from 0.25 to 2.25 mol dih The aging
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FIG. 1. Scanning electron micrographs (SEM) of aragonite particles obtained by aging (a) a solution containing 0.25h@a@nand 0.75 mol dm®
urea at 90°C fo3 h (“standard conditions,” sample B), (b) a solution containing 0.25 molddaCl and 2.25 mol dm® urea at 90°C for 2.5 h (sample G),
(c) a solution containing 0.25 mol dihCaCl, and 0.75 mol di® urea, in an ultrasoncation bath, at 90°C for 1 h, and (d) a solution containing 0.225 bl d
CaCl, 0.025 mol dm® BaCl,, and 0.75 mol dr?’ urea at 90°C fo3 h (sample R).
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of a mixed solution containing 0.25 mol dmCacCl, and 0.75 TABLE 1

mol dm® urea at 90°C fo 3 h has been designated as the Crystallographic Parameters of Aragonite

“standard conditions.” In some experiments, CagNCand _

Ca(CH,COO0), were used instead of Cagh order to ascertain Crystallographic parameters (A)

the effect of different anions on the precipitation process. To a, by Co Fig.
evaluate the agitation effects on the particle forming process;

the experiments were carried out under magnetic stirring andAragonite 1 4.947 7.958 5.739 la
a low-power (175 W) ultrasonic bath. Aragonite 2 4.952 7.948 5.740 1c

The changes in the particle properties affected by doping tfePPES card 5-0453 4.959 7.968 5741

system with alkaline earth salts were investigated by admixing

MgCl,, SrCl, and BaC}, respectively, into CaGlurea solu- Characterization of the Particles

tions. The molar ratios of these additives to Ca@ére 1 and . . .
The morphology and the size of the particles were examine

10 mol% under otherwise standard conditions. X . )
'@( scanning electron microscopy (SEM), and their structure ¢

In some experiments, the procedure was modified, by fi ) .
preheating the reactant solutions (Ca@hd urea) to 90°C for well as the lattice parameters were evaluated by X-ray diffrac
'gn (XRD). Crystalline phases of calcium carbonate wert

3 h, and then the two solutions were rapidly mixed at the sa > ) . . .
temperature. Py rﬁjentlﬂed according to the ICDD Powder Diffraction File (19).

To assess the influence of surfactants and polymers on g’H”ée positions.of the aragonite reflections were corrected us.ir
morphology and the crystal structure of the resulting particle@lfartz as an internal standarq , and the size of t_he crystalli
AVANEL S-150 (0.01-0.50 g dn?), Tween 20 (0.25, 1.0 g WS estllmate_d from the full width of the haIf—maxmum of the
dm), PVP (10 g dm?), dextran (10 g dr¥), and dextran X-ray diffraction peqk by means of the Scherrer.equat|on (20
sulfate (1 g dm®) were added into CaGturea system underThe thermal behavior of the powders was studied by therme
the standard conditions. gravimetric (TGA) and differential thermal (DTA) analyses

The obtained solids were separated by filtration usi ith a heating rate of 10°C mif in the flow of nitrogen.

0.22-um Millipore membranes and rinsed with distilled water, frared spectra were recorded with the Perkin-Elmer 28

The precipitates were finally dried in a vacuum oven overnighue" transfofrm infrartled (FTIR) spectfrometer on pellets cor
at 90°C and then stored in a desiccator. taining 2 mg of a sample in 100 mg of KBr.

RESULTS

Preparation of Particles

Using the standard conditions, uniform needle-like aragonit
a particles were generated as illustrated in Fig. 1a. The pH of tt
solution changed from 5.8 at the beginning to 7.6 at the end
the precipitation process. These particles have a mean length
45 um with an aspect ratio of~10. Similar results were
obtained when CaGl was replaced by Ca(NQ, or
Ca(CH,COO0)..

The XRD pattern of the obtained precipitates (Fig. 2a) can k
assigned to that of aragonite crystals with the lattice paramete
listed in Table 1 (aragonite 1). According to the Scherrer equatio
aragonite particles are composed of a large number of subun
with an estimated size of 45 nm. The infrared spectrum (Fig. 3:
of this precipitate, recorded over the region from 500 to 100
¢ cm™, provides further evidence for the pure aragonite compos
tion (21). The TGA analysis gives a 44% weight loss for the soli
between 400 and 850°C, which is attributed to the decompositic
of CaCQ, to CaO (Fig. 4). The small endothermic peak at 430°C
— T T T T T in the DTA curve (Fig. 4) arises from the phase transformation c
20 25 30 35 40 45 50 55 60 aragonite to calcite.

20/ Degree

Intensity
(o

Effects of the Concentration of Reactants
FIG. 2. X-ray diffraction (XRD) pattern of (a) needle-like aragonite . . .
particles illustrated in Fig. 1a, (b) rhombohedral particles of calcite shown in 1N€ concentration of the reactants affects the uniformity an

Fig. 5, and (c) spherical particles shown in Fig. 7a. the structure of the resulting particles, as shown in Table 2. /



548 WANG, SONDI, AND MATIJEVIC

the CaCJ concentration of 0.25 mol dm, uniform aragonite
needles were obtained when the urea concentration ranged
between 0.25 and 2.25 mol dr although their length de-
creased somewhat with the increasing urea content. The influ- 90+
ence of CaCl concentration is more significant; aragonite was

100+ TGA

O\O
generated at the lower concentration, while vaterite and calcite  — 80
precipitated at higher Cagtoncentration (samples E and F). 5
O 701
Effects of Aging Temperature and Time =
The reaction temperature obviously affected the particle 607
generation rate; no particles could be detected on aging at 50°C 50

for 7 days. Aragonite particles appeared at 70°C after 1 day and
at 90°C for after 2.5 h. Shorter aging time produced smaller DTA
uniform particles at 90°C (Fig. 1b, sample G). At the lower
temperature (70°C) and longer aging times3(h), the result-
ing particles were longer, but their size distribution was wider.
Thus, polydispersed aragonite particles €100 um were
formed on aging at 70°C for one day (sample L).

Exothermic —

Effects of Agitation

The crystal structure, particle size, and morphology of cal-
cium carbonate were sensitive to the agitation during the aging '
process. Figure 1c illustrates the spindle-like aragonite formed 100 200 300 400 500 600 700 800 900
on aging the same solution as sample B under ultrasonication
for 1 h. A comparison with particles produced at standard

Temperature / °C

FIG. 4. Thermogravimetric analysis (TGA) and differential thermal anal-
ysis (DTA) curves obtained for the particles shown in Fig. 1la.

conditions without agitation shows them to be shorte2§
um) and of a lower aspect ratie-6). The lattice parameters of
those solids are listed in Table 1 (aragonite 2). A more signif
icant difference was found when magnetic stirring was applie
during the aging process. Figure 5 shows the rhombohed
obtained at the standard conditions under magnetic stirring, tl
XRD pattern of which (Fig. 2b) indicated these particles tc
b have the calcite structure.

Effect of the Mixing Procedure

The shape and crystallinity of the precipitated calcium cat
bonate also depended on the mixing methods. “Flower-type
particles were generated if Cg@ind urea solutions were first
preheated separately at 90°C for 3 h, followed by rapid mixini
at the same temperature, under otherwise standard conditic
(Fig. 6). The XRD pattern showed these solids to be crystallin
of vaterite structuré.

> Many years ago, the senior author (E.M.) received from the late Profess

Eiji Suito (Kyoto, Japan) an electron micrograph of similar “flower-like”

Wavenumber /cm'1 pgrticles of BaC@Q, without Qetails of th{e experimental conditions. Appareptly,

his photo was never published. Obviously, the reason for the formation ¢

FIG. 3. FTIR spectra of (a) aragonite shown in Fig. 1a (sample B), (lparticles of such unique shapes (which seems to be characteristic of alkali
calcite shown in Fig. 5, (c) calcite and vaterite shown in Fig. 7a. earth carbonates) defies any explanation.

T T T T T T T T T
1000 900 800 700 600 500
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TABLE 2
Effects of Reactant Concentrations and Aging Conditions on the Properties of Needle-Like Aragonite Particles
Sample [CaCl,] [Urea] Aging temp. Aging time Particle
code (mol dm™3) (mol dm™3) (°C) (h) length (wm) Aspect ratio Uniformity Fig.
A 0.25 0.25 90 3 45 10 Y
B? 0.25 0.75 90 3 45 10 Y la
C 0.25 2.25 90 3 40 10 Y
D 0.05 0.75 90 3 60 15 Y
E 0.50 0.75 90 3 ~2° N
F 1.00 0.75 90 3 ~ 3 N
G 0.25 2.25 90 2.5 30 10 Y 1b
H 0.25 0.75 90 2.5 40 10 Y
| 0.25 0.75 90 8 ~50 ~10 N
J 0.25 0.75 90 24 ~50 ~12 N
K 0.25 0.75 90 72 ~60 ~12 N
L 0.25 0.75 70 24 ~100 ~11 N
@ Standard conditions.
® Mixture of aragonite, vaterite, and calcite, irregular shapes.
¢ Mixture of vaterite and calcite, irregular shapes.
4, uniform; N, not uniform.
Effects of Doping (sample R). The morphology of the obtained particles was als

It was found that in most of the investigated cases thaéf ected, as illustrated in Fig. 1d.

. : . . . o
incorporation of divalent cations such as ngSF ,orBa" in Effects of Surfactants and Polymers
aragonite had a small effect on the properties of the resulting
solids (Table 3); only 10 mol% of Sr&produced somewhat The effects of surfactants and polymers on particle prope
shorter particles. The addition of BgCdlso yielded shorter ties are listed in Table 4. Nearly spherical particles (Fig. 7a
needles (sample P) and altered the structure partly to caldi&ing a mixture of vaterite and calcite (Fig. 2¢), were obtaine

FIG. 5. SEM of the particles obtained by aging a solution containing 0.25 mofd@aCl, and 0.75 mol dri® urea, under magnetic stirring, at 90°C for
3h.
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FIG. 6. SEM of particles prepared by separately preheating a 0.25 mol @aCl, solution and a 0.75 mol dm urea solution at 90°C for 3 h, then rapidly
mixing the two solutions at the same temperature.

if AVANEL S-150 was added under otherwise standard coif g dm®) instead of AVANEL S-150 was introduced into the
ditions into the reactant solutions before aging. On extendsgistem (sample W). Tween 20 vyielded irregular aragonit
aging time &1 day), the crystal structure changed into purparticles (sample T), while PVP and dextran had no effect o
calcite. The same results were obtained when dextran sulfdte resulting needles (sample U and V).
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TABLE 3
The Effects of Doping with Alkaline Earth Cations on the Properties of Calcium Carbonates Precipitated in the Presence of Urea

Particle
Sample [CaCl,] [MgCl,] [SrCl,) [BaCl,] [Urea] length
code (mol dm™3) (mol dm™3) (mol dm™?) (mol dm™3) (mol dm™3) () Aspect ratio Particle composition
M 0.25 0.0025 0 0 0.75 45 10 Aragonite
N 0.225 0.025 0 0 0.75 45 10 Aragonite
O 0.25 0 0.0025 0 0.75 45 10 Aragonite
P 0.225 0 0.025 0 0.75 35 8 Aragonite
Q 0.25 0 0 0.0025 0.75 40 10 Aragonite
R 0.225 0 0 0.025 0.75 20 4 Calcite aragonite
Note.In all experiments, the aging temperature was 90°C and the aging time was 3 h.
DISCUSSION studies irregular aragonite particles were obtained, if carbona

L ) ions were introduced by C{r soluble carbonate salts (13, 6).

It was shown that the precipitation of aragonite, a thermo- the present work indicates that the agitation during th
dynamically less stable phase of calcium carbonate, can B&ticle formation process might destabilize the aragonite cry
achieved by aging solutions of calcium salts in the presenceigf strycture. For example, aging the solution under magnet
urea at moderately elevated temperatures. stirring produced well-defined rhombohedral calcite particles
It has been amply documented that the aging of metal sgl{e transformation might proceed through a dissolution an

solutions in the presence of urea may yield uniform particles pfcystallization mechanism, controlled by surface reactior

colloidal (basic) carbonates (22). The hydrolysis of urea '@)_ According to Kato and co-workers (18), agitating reacting

aqueous solutions at elevated temperatures and under varQiigions with a magnetic stirrer yielded first aragonite, whict
condlt.lons is well understood (23,.24). First, reaction [1] "8hen transformed into calcite. The energy generated by t
sults in the formation of ammonium cyanate, and then {Gision of the magnetic stirrer with the glass-wall was sug
neutral and basic solutions, the cyanate ion rapidly hydmezﬁésted to promote the dissolution of aragonite due to a mec

according to reaction [2]. anochemical effect. In the present experiments, without agit
. - tion aragonite remained stable in aqueous solutions for 3 da
CO(NH,), — NH; + HNCO — NH, + NCO [1] at 90°C. In addition, under otherwise standard conditions
NCO™ + OH™ + H,0 — NH, + CO2" 2] shorter aragomt(_a partlc_les were forr_m_ed yvhen low-power ultre

sound was applied during the precipitation process.

. . . . .
Accordingly, at elevated temperatures, carbonate ion The_ |_ncorpo_r§1t|on of divalent cations, Mgand .S? » 1N |
(COZ, HCO; ) are released under simultaneous increase intw}erstltlal positions of the host crystal of aragonite did no

pH. The rate of these processes can be carefully controll& ’ect the shape, size, or lattice of the particles. However, tf

which made it possible to establish conditions that would resﬁrl}UCh larger B& ion significantly changed the unit-cell pa-

in the formation of uniform aragonite particles by homoger_an:;terfsczrld the mt())rtpthzt)lczjg);\to ft.ﬁrﬁ.g%mte partlcltestlwhenf
neous precipitation in calcium salts solutions (18). In oth&pO' 0 Waf substituted. AL Still higher concentrations o
incorporated B& (>1 mol%), the crystal structure of arago-

nite is destabilized, resulting in the formation of rhombohedre

TABLE 4 calcite crystals.

Effect of Surfactants and Polymers on Particle Properties The properties of the particles could be modified by the
concentration of the reactants. At 0.5 mol dhof CaCl,
Conc. of _ _ dispersions of solids having mixed aragonite, vaterite, an
Sa”:jp'e Agi adg'“}’f Particle Par}:'cl'e calcite structures were obtained (sample E), while at 1.0 m
code tive (gdm?)  composition —morphology -2 o Cacl no aragonite was detected in the resulting
S AVANEL S-150 0.5 Vaterite/calcite  Spherical precipitate_s (sample F). On the Ot_her hand, at a hi'ghe?CO
T Tween 20 1.0 Aragonite Iregular ~ concentration achieved by preheating the urea solution at 90
U PvP 10 Aragonite Needle-like for 3 h before mixing, “flower-type” vaterite particles (Fig. 6)
M Dextran 10 Aragonite  Needle-like \yare produced. This effect may be explained by the influenc
W Dextran sulfate 1.0 Vaterite/calcite ~ Spherical

of Ca* and CE" concentrations on the nucleation and crysta

Note.In all cases, the experiments were carried out under otherwise standgf@WFh Qf CaC.:Q (25)- ]
conditions (sample B, Table 2). This investigation has also shown that the formation o
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FIG. 7. SEM of the particles obtained by aging a solution containing 0.25 mofddaCl, and 0.75 mol dm® of urea at 90°C fo3 h in thepresence of
(@) 0.5 g dm® AVANEL S-150 and (b) 7x 10~* mol dm™® Na,SO,.

different types of calcium carbonate polymorphs in the pres-In conclusion, uniform aragonite particles can be prepare
ence of urea can be affected by surfactants and polymeigectly in the presence of urea at elevated temperature, unc
containing sulfate or sulfonate groups. Anions, and especiatbstricted experimental conditions.
sulfate ion, are known to play a significant role in the formation
of colloidal particles (26-28). For example, it was shown that ACKNOWLEDGMENT
anions, such as SOand PJ", can alter the shape and internal
gg;JC-It-l;]:g Iz:‘/ gsrﬁgle[l)tlltoar:elgdrlgg?eosdiﬁg?{ﬁg%gfig:gﬁlgﬁ [Erzogn:o té%zversny of Ne_w York at Potsdam)'for useful discussipns on the crysta
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