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Abstract—Spontaneous formation of spherical hydroxylapatite (HAP) aggregates with particle diametersfrom
10 pmto 1-2 mm (mostly, 15-300 um) is observed in boiling suspensions of nanocrystalline HAP. The material
is characterized by electron and atomic-force microscopy and porometry. The particle-size distribution func-
tions for the spherical aggregates are studied as a function of treatment conditions.

Hydroxylapatite (HAP) based materials are applied
in medicinal and biochemical practices as sorbents for
biopolymers, as biocompatible implants in bone sur-
gery, and asmedicine carriers[1, 2]. In some cases, not
only the morphology of separate HAP crystals but also
the properties of textured forms in which the crystals
are aggregated are the key factors in the application
efficiency of such materials. Several routes are known
to such forms, in particular, to granulated HAP with
spherical granules[3-9]. However, bindersare required
for these routes.

In this study, we consider the aggregation mecha-
nism in aqueous HAP suspensions with the goal of elu-
cidating whether there are routes to govern the texture
of the dispersed solid and whether compact aggregates
with shapes approaching simple polyhedra or spheres
can appear spontaneously. The texture, size, and shape
of the aggregates can be changed by mechanically load-
ing the suspension [9-11]. Mechanical loads are most
efficient when the forces applied to each aggregate are
comparable with the adhesion strength of the sus-
pended particles [12]. The adhesion strength of a parti-
cle, which attaches the particle to an aggregate, is
affected by the environment in which the particle
appears after being attached. When the particle is sur-
rounded by many particles of the aggregate, an
increased strength is required to remove it. As aresult,
loose aggregates are mostly destroyed under mechani-
cal loads in the suspension, while compact aggregates
are accumulated: the probability of multiple contacts
on the surfaces of compact aggregatesis higher than on
the loose ones. Mechanostimulated morphological
selection of compact aggregates with the simplest
shape occurs in this way [13, 14]. One way to achieve
thermally enhanced mechanostimulation is to boil the
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suspension in a bottom-heated, flat-bottomed reactor.
In such areactor, thereisahighly overheated zone near
the bottom, in which gas bubbles are generated; bubble
generation, movement, and collapsing mechanicaly
load the aggregates. The morphological selection prob-
ability increases as a result [15, 16]. Boiling induces
rather rapid spontaneous formation of spheroidal com-
pact aggregates in agqueous HAP suspensions.

EXPERIMENTAL

The HAP suspension was prepared using a proce-
durein [17] by rapidly mixing solutions of the reagents
at room temperature under vigorous stirring according
to the reaction

5Ca(OH), + 3H5PO, = Cay(PO,);(OH) + 9H,0.

As a result, platy HAP nanocrystals with average
dimensions of 1 x 70 x 30 nm were formed in the sys-
tem; then, the nanocrystals aggregated [17, 18].

The nanocrystal suspension with 5.5% of the solid
phase was exposed for aperiod from 7 daysto 6 months
in sealed vessels at 295 K or for 10 days at 370 K with-
out boiling. During this period, the suspension was
sampled to be analyzed using optical microscopy
(Biolam I, LOMO, Russia), transmission electron
microscopy (Jeol JEM-100B, Japan), scanning electron
microscopy (Hitachi-S-405, Japan), and atomic-force
microscopy (SMENA, NT-MDT, Russia). The results
of the investigations were used to determine the parti-
cle-size distribution function
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Fig. 1. Aggregates of platy HAP nanoparticles (transmis-
sion electron micrograph). x(8 x 10°).

the geometric specific surface area of the particles S
and the number of particlesin aunit volume of the sus-
pension N

S=6BM2APM’D, N, = 6my/(TtpIPVy).

Here, N is the number of measured particles; N, is the
number of particlesinwhichthesizeislessthanL, with
the size taken equal to the diameter of a circle whose
area is equal to the area of the image of the particle
viewed with an electron or optical microscope; B isthe
form-factor; pistheHAPweight in aunit volume of the

particle; IL"= ﬁ L"¢(L, t)dL isthe moment of the dis-

tribution function; m; isthe HAP weight in the suspen-
sion; and V; is the suspension volume.

Portions of the exposed suspension, each 200—
300 ml in volume, were transferred into vessels with
different shapes and boiled for a period of 1200 to
10480 s. Spheroidal HAP particles with diameters
reaching 2 mm were formed during boiling. After boil-
ing finished, the suspension was allowed to cool to
room temperature. The cool suspension wastransferred
to a coarse filter to suck the mother solution. Then, the
spheroidal particlesweredried in air at 300 K, with the
weight loss being monitored continuously. Air-dry
spheroidal particles, which were brought to constant
weight (constant-weight particles), were heated at 400
and 1300 K for 3 h, and their weight |oss upon heating
was determined. The air-dry and heated particles were
studied by mercury porometry (on Porosimeter 2000,
Germany). The particle-size distribution function for
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Fig. 2. Compact HAP aggregates (microspheroids) (atomic
force micrograph).

the spheroidal particles was determined microscopi-
cally and with a Coulter Multisizer Il (France).

RESULTS

Under the conditions studied, HAP crystals in sus-
pension arefirst aggregated into platy particles (Fig. 1),
which are collected in macrofloccules. The floccules
sediment, forming alayer with asolid-packing factor of
g = 0.034. Compact aggregates are formed in the bulk
of the floccules (Fig. 2). These aggregates coarsen
through attaching platy particles and through coalesc-
ing into microparticles of spheroidal shape (microsphe-
roids). At 300 K, aimost all the platy particles enter
microspheroidsin a period of t ~ 6 months. The micro-
spheroid size distribution function ¢(L, t) is shown in
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Fig. 3. Microspheroid size distribution function.
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Fig. 4. Macrospheroidal HAP particles (scanning electron microscopy).

Fig. 3. After exposing the suspension without stirring
for 7 daysat 300K or for 10 h at 370 K without boiling,
particles with sizes L > 50 um are not observed in the
suspension. Such particles are formed at a noticeable
rate only when the suspension boils in bottom-heated,
flat-bottomed vessels. These particles coarsen, acquir-
ing a spheroidal shape and converting to macrosphe-
roids (Fig. 4). The coarsening of the macrospheroidsis
attended by adecrease in the number of microspheroids
(Table 1) and occurs in accordance with

o= LM[l + Et—; - lgexp(—T/To)} (1)

for Ly, = AS/V2"2.

Here, [LLis the average particle size of the suspen-
sion; A = 1400 pm, L, = 9 pum, and 1, = 10800 s are
empirical parameters; S, is the surface area of the
heated bottom; and T =t —t,, wheret, isthe moment at
which boiling begins.

Table 1. Size L and concentration Ng of HAP aggregates as
functions of boiling time t

T, min L, um Ng, particles’cm®
0 18+0.2 7.83 x 1010
20 48 +4 1.70 x 107
60 120 £ 15 7.40 x 10
120 210+ 20 2.57 x 10*
180 250 + 30 1.37 x 10*
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When boiling occurs in a bottom-heated vessel,
bubbles are generated at the bottom with the appear-
ance frequency Q that is proportiona to the bottom
area

Q=WS,

where W is a variable that characterizes the number of
bubbles generated per square meter in a second. From
Table 1 and Eqg. (1), the aggregate coarsening rate G
equals

GEdELD: G(LM_LO)[NS_NSID
dt T, U N U 2)

Ns= N

where a = 5.5 x 10%, and N and Ny are the numbers of
microspheroids in the suspension at momentst = 0 and
T>10%s.

The 1, vauein Egs. (1) and (2) is the characteristic
time of formation for the macrospheroids, platy parti-
cles, and microspheroids (Table 2).

In the course of boiling, the ¢(L, t) function
becomes polymodal (Fig. 5). This function is variable
and depends crucially on minor changes in the boiling
conditions.

The macrospheroids contain significant amounts of
water. In particles with sizes 50-300 um after separat-
ing them from the suspension, the water content is 75%
of the particle weight. After air drying at 300 K, the
water content is reduced irreversibly to 3-5%. The
Vol. 50
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macrospheroids are contracted when losing water, and
their volume is reduced by avalue of

AV, = (T—;N[Dfm— L] = (0.83£0.02)V, (3)

where L and L, are the particle sizes before and after

drying, and V = (1T76)NIL3Lis the overall volume of all
the macrospheroids measured. When air-dry macro-
spheroids are heated at 400 K for 3 h, part of the rem-
nant water is removed reversibly. At 1300 K, the water
isremoved irreversibly and almost completely, and the
volume of the macrospheroidsis reduced by a value of

where L, is the macrospheroid size after heating, and
V, = (6)N L.

If the macrospheroids are dried in vacuum at 300 K,
all water leavesthem in aperiod longer than 100 h. Such
particles have a developed internal pore system with the
specific surface area S, = 71.0 + 3.4 m?/g. The specific
pore volume inside the macrospheroids, as determined
by mercury porometry after evacuating, is 540 *
60 mmd/g for an average pore diameter of 38 £2 nm.

DISCUSSION

Under the experimental conditions implemented,
stagewise morphological selection of compact configu-
rations occurs inside floccules; micro- and macrosphe-
roids are formed as aresult of this selection. At an early
stage (1, ~ 8.6 x 10* s, 300 K), the amount and size of
the microspheroids increase until practically all the
platy particles are attached to the microspheroids. The
¢(L, t) function approaches the curve plotted in Fig. 3.
The monomodality of this function indicates that here
are amost no platy particles or their small ordered
aggregates in the system. At alater stage (t, ~ 1200 s,
370 K), the microspheroids are clustered into macro-
spheroids. However, the clustering occurs rapidly only
when the suspension boils. The formation of macro-
spheroids from microspheroids is proven by the fact
that the number of the microspheroids decreases in
association with coarsening of the macrospheroids
(Table 1). The kinetics of the microspheroid-to-macro-
spheroid transition is characterized by Egs. (1) and (2).
The G value may be represented in the form of

N
G = Z[w—s—v}vo, (5)
NSO

where wisthe probability of microspheroid attachment
to a macrospheroid in unit time per square meter, v is
the frequency of microspheroid detachment from the
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Fig. 5. Evolution of polymodal macrospheroid-size distri-
bution functions with the boiling time.

macrospheroid (m2s?), and v, isthe volume occupied
by the microspheroid inside the macrospheroid.

According to functions (1) and (2), for T > 1, we
have (L[ L, and Ny —» Ng. Therefore,

V = WNg/Ng), (6)

0 AQ

w = anvz/a -
S

For Ng ~ Ny, we have w ~ v; that is, an only insignifi-
cant part of the microspheroids that come to the surface
of a macrospheroid adhere to the macrospheroid. The
other microspheroids leave, which results in morpho-
logical selection: only those microspheroids adherethat
comply with the requirement of macrospheroid com-
pactness. It seems that the same selection is character-
istic of the microspheroids, which also have a compact
form (Fig. 2). In the microspheroids, however, morpho-
logical selection occurs through thermal motion and
natural convective fluxes, in the macrospheroids,

L/ (2tv o) = 1(m?s). (7

Table 2. Physicochemical characteristics of HAP aggre-
gates of different hierarchic levels

g

Particletype | T,K T & 5 .*;‘mE %g%

88 |88 835
Nanoplates 298 | ~10s| 179 |~3.14| 900
Nanoplate 298 | ~100s| 29 2.03 94

aggregates

Microspheroids | 300 |~7days| 1 1.07 89
Macrospheroids | 370 [ 20min| 1 1.15 72
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through convective fluxes and acoustic fields induced
by boiling.

The macrospheroid formation kinetics may be
derived from the distribution functions ¢(L, t) (Fig. 5).
At t = 12007200 s, this function is bimodal. The first
mode (L, ~ 50 um) retains its position in all experi-
ments, the second mode shifts (L, ~ 100 pm). This
means that the aggregates coarsen through pair colli-
sions of microspheroids. Later (t =10480 s), the aggre-
gates are involved in pair collisions. The number of
macrospheroids with L, ~ 100 um decreases, and the
third mode appears with L; ~ 200 um. The micro- and
macrospheroids are rather compact, which is indicated
by the above data and relationship (3).

The macrospheroids have a hierarchic organization.
I nside each macrospheroid, constituent microspheroids
retain their boundaries; inside each constituent micro-
spheroid, constituent HAP nanocrystals and, probably,
some platy particles retain their individuality. This is
manifested in the surface relief of the macrospheroids
and in the structure of sections and cleaves from mac-
rospheroids (Fig. 4).

When microspheroids stick together, there remain
water-filled gaps (macropores) between them. In turn,
inside microspheroidsthere arewater inclusions, which
can be called micropores. If we take the water density
in pores to be the same as the density of free water, we
may find the porosity of macrospheroids, associated
with the water that occursin their bulk, from the water
weight included in the particles.

ga= VoV = 1/[1 + Myp,/(Mypy)] = 0.91 £0.04. (8)

Here, V = Vp + Vy; Vp = My/P,; Vi = My/py; @nd my,
PA, My, and py are the weight and density of water and
HAP, respectively. The water that is removed from
macrospheroids upon drying in air at 300 K may be
classified with the water in macropores if we set that
Vp = Vp; + Vpy, Vp; = (My — My )/Pa, Vi, = My /P4, and

&, = Vp,/V=0.89 +0.04, &, = Vpy/VV = 0.02 + 0.005, (9)

where €, and €, are the contributions of water-filled
macro- and micropores to the overall porosity.

It follows from relationships (3) and (9) that the
macropores disappear upon drying of the macrosphe-
roids; no pores are seen in cleaves of air-dry macro-
spheroids (Fig. 4). The disappearance of the pores is
also proven by the fact that the macrospheroids are
reduced in volume upon drying by avalue close to g, .
Heating eliminates part of the micropores from the
macrospheroids, and all of the internal water leaves.
Emptied micropores, which do not disappear, govern
the porosity of the heated macrospheroids.

&r = (Vpy — AV)/(V — AV, — AV,) = 0.10 £ 0.02. (10)
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If water isremoved from microporesin vacuum, the
internal surface area of the macrospheroids becomes
equal to §, = 71.0 = 3.4 m?/g. This surface area
approaches the specific surface area of platy aggregates
inthe suspension at the early aggregation stage (Table 2).
This means that, in the bulk of vacuum-dried macro-
spheroids, boundaries are retained for those platy
aggregates that first entered microspheroids and, then,
in the composition of these microspheroids, entered
macrospheroids. In view of the existence of these
boundaries, the microporesin the vacuum-dried macro-
spheroids may be represented as gaps between platy
aggregates. Given that the macrospheroids are low-
ordered, the gaps can compare in size with the aggre-
gates; i.e., the gap size can amount to ca. 40 nm, in
agreement with mercury porometry data. If we believe
that AV, and AV, upon vacuum drying have the same
values as in air-dry samples and that the gaps do not
change their size upon mercury porometry measure-
ments, then the porosity of the vacuum-dry macrosphe-
roids may be set equal to

gy = W/(V - AV, — AV,) = 0.62 + 0.08. (11)
Relationships (9)—<11) give an idea of the hierarchic
structure of the macrospheroids.

The fact that the macrospheroid volume changes
when water is lost indicates that some of the HAP
nanocrystals in the bulk of the macrospheroids retain
their ability to move relative to each other under the
action of relatively small forces. The macrospheroids
are bodies having a low tensile strength. The tensile
strength is high enough to withstand irreversible
changes in the body shapes that are caused by convec-
tive fluxes and acoustic fields during boiling, but it is
too low for bodies to experience plastic flow under the
action of capillary forces during drying. The force of
the fluxes applied to each macrospheroid during boiling
is only sufficient for the body to flake out the micro-
spheroids and finer macrospheroidsthat have not found
localities with an increased adhesion, but the field has
no strength to destroy the aggregate.

To conclude, boiling of suspensions of HAP nano-
crystals dramatically enhances the morphological
selection, which leads to close-packed macrospheroids
with amultilevel internal structure.
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