Available online at www.sciencedirect.com

T ) Journal of
°s” ScienceDirect Hazardous
Materials
Journal of Hazardous Materials J1 55 (2008) 206-215 ———

www.clsevier.com/locate/jhazmat

- Defluoridation chemistry of synthetic hydroxyapatite
| at nano scale: Equilibrium and kinetic studies

~ C. Sairam Sundaram?, Natrayasamy Viswanathan®, S. Meenakshi b*
l ® Deparmment of Science and Humanities, Karaikal, Polytechnic College, Karaikal 609609, Puducherry, India
b Department of Chemisiry, Gandhigram Rural University, Gandhigram 624302, Tamilnady, India

Received 14 September 2007; received in revised form 15 November 2007; accepted 15 November 2007
Available online 22 November 2007

the advantages of nano-hydroxyapatite (n-HAp), a cost effective sorbent for fluoride removal. n-HAp possesses a maximum
y [DC] of 1845 mg F~/kg which is comparable with that of activated alumina, a defluoridation agent commonly used in the

n technology. A new mechanism of fluoride removal by n-HAp was proposed in which it is established that this material
h ion-exchange and adsorption process. The n-HAp and fluoride-sorbed n-HAp were characterized using XRD, FTIR
uoride sorption was reasonably explained with Langmuir, Freundlich and Redlich—Peterson isotherms. Thermodynamic
AR, AS® and E, were calculated in order to understand the nature of sorption process. The sorption process was found 1o
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d-order and pore diffusion models. Field studies were carried out with the fluoride containing water sample collected
2 endemic area in order (o test the suitability of n-HAp material as a defluoridating agent at field condition.

%, n-HAp; Langimir; Freundlich; Redlich-Peterson; Pseudo-first-order; Pseudo-second-order; Particle and pore diffusion; Adsorption;

n drinking water is known for both benefi-
ects on health. Consumption of drinking
2 fluoride above 1.5 ppm leads to dif-
Removal of fluoride from water sources
practical interest. Fluoride fromdrinking
ed by either ion-exchange/adsorption pro-
i and precipitation process. Based on these
loridation methods have been proposed.
um, lime, aluminium sulphate, magnesite,
aluming and synthetic tri-calcium phos-
CCnily membrane process such as reverse
alysis [4], nanofiltration [5] and Donnan

cdled to reduce concentration of fluoride

rnew possibilities to chemists, All aspects
are modified in the nano scale. The
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surface properties, electronic structure, coordination etc., get
modified when material dimensions reach the nanoscale, Tra-
ditional chemistry of the materials may completely become
newer and novel chemistry may evolve as a function of size.
Nanoparticles could be effectively employed for the removal of
toxic chemicals from water as most of the toxic chemicals are
removed by adsorption which depends on the surface site. n-
HAp is widely used in the process of water treatment. Research
works on the removal of cadmium, oxovanadium, cobalt, lead
and zinc using hydroxyapatite (HAp) have been reported [7-11].
The authors in a recent paper reported that the adsorption mech-
anism is the more favorable mechanism for fluoride removal
[12]. Hence in the present study, an attempt has been made to
study the defluoridation efficiency of synthesized hydroxyap-
atite (HAp) at nano scale. Though the removal of fluoride using
HAp [13,14] has been reported earlier, the authors felt that the
use of n-HAp could definitely give a new dimension in the field
of defluoridation, hence defluoridation experiments were carried
out using the synthesized n-HAp.

HApis a calcium phosphate based bioceramic and used in the
medical field as it is the main component of the hard tissues of liv-
ing bodies such as bones, teeth, etc, [15]. n-HAp is synthesized
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camic pmcessingmutesiucluding precipitation,

nal processing routes, etc. [16]. However,
method appears more favourable, since the
aration is very simple, cost effective and eco-
4 in tum make the process easily acceptable by the

dy, n-HAp was synthesized in the labora-
n method and defluoridation studies were
various equilibrating conditions like the
_ e, dose, pH and in presence of competi-
» pauilibrium and kinetic studies of defluoridation
thoroughly discussed which would definitely
ot in understanding the defluoridation mechanism

d methods
fn-HAp

-HAp involves the reaction of calcium hydrox-
horic acid with a Ca/P ratio close to 1.67.
ion should be maintained at 7.5 otherwise
the formation of calcium monophosphate and
es [17]. The synthesis invalved the initial for-
M calcium hydroxide suspension. The suspension
stirred degassed and heated for 1 h before and
ddition. Then 0.3 M orthophosphoric acid was

a drip rate of 1-2 drops to form a gelatinous
0-42 °C. The pH level was controlled by the addi-

solution. The precipitate was left in the mother
ht and supernant was decanted. The precipitate
h distilled water and then oven dried at 80°C
it was calcined at 400 °C to get a fine n-HAp

_-.',i,-. powder.

sterisation of n-HAp

hesized n-HAp powder was characterized by trans-
microscope (TEM), X-ray diffraction (XRD)
‘orm infrared spectrometer (FTIR). The size and
ip was measured by TEM (CM 200-PANalytical
specira of synthesized n-HAp were identified by
odel-PANalytical make. XRD was used to deter-
line phases present in n-HAp. FTIR spectra of
solid by diluting in KBr pellets were recorded
D plus model. The results of FTIR spectrome-
confirm the functional groups present and also
iPtion on the n-HAp.

Piion experiments

plion isotherm and kinetic experiments were per-
equilibration method. Stock solution of sodium
ng 100 mg/L. was prepared and this was used
ption experiments. The batch adsorption experi-
ied out by mixing 0.25 g of n-HAp with 50 mL
- 45 initial fluoride concentration. The contents were
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shaken thoroughly using a thermostated shaker rotating at a
speed of 200 rpm. The solution was then filtered and the resid-
ual fluoride ion concentration was measured using expandable
ion analyser EA 940 and the fluoride ion selective electrode
BN 9609 (USA make). The pH measurements were carried
out with the same instrument with pH electrode. The kinetic
and thermodynamic parameters of the adsorption were estab-
lished by conducting the experiments at 303, 313 and 323K in
a temperature controlled mechanical shaker. The defiuoridation
capacity [DC] of the sorbents were studied at different condi-
tions like various mass of sorbents, contact time of the sorbent
for maximum defluoridation, pH of the medium and the effect
of co-anions on defluoridation, The concentrations of NO3 ™~ and
S04~ ions were determined using UV-vis spectrophotometer
(PerkinElmer— Lambda 35) [18]. All other water quality param-
eters were analysed by using standard methods [18]. The pH at
zero point charge (pHzp) of n-HAp was measured using the pH
drift method [19].

Computations were made using Microcal Origin (Version
6.0) software. The goodness of fit was discussed using regres-
sir{zm correlation coefficient () and coefficient of determination
).

3. Results and discussion
3.1. Characterisation of the sorbent

In order to characterize n-HAp, XRD, FTIR and TEM anal-
ysis were carried out on synthesized n-HAp and fluoride reated

samples. The XRD pattern of synthesized n-HAp and the sample
treated with flnoride was presented in Fig. 1a and b, respectively.
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Fig. 1. XRD patiems of (a) n-HAp and (b) flucride sorbed n-HAp.
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B8 peaks at 26=25.9°, 32°, 33°, 35.5° and 40° con-
of hydroxyapatite structure [20]. There is no
n the XRD pattern of n-HAp after treatment
tilar results are reported by Diaz-Nava et al.
the fluoride sorption on zeolites.
resents FTIR spectra of the samples before
with fluoride. The bands at 3570 cm™! belong
ibrations of hydroxyl. The bands of 1040, 603
ong to the phosphate stretching and bending
ely [22]. There is a reduction in the intensity
0and 630 cm™! with some displacement to
fluoride treated n-HAp which may be due
on/exchange. The apparition of new band at
“iide treated n-HAp confirms the formation of

15 of n-HAp powder were presented in
. The size of the powder is about 200nm
od like shape. The particles are of homoge-
~=re and formed a uniform nanomaterial.
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3.2. Effect of contact rime and dose

The sorption of fuoride ion on n-HAp has been inves tigated
as a function of contact time in the range of 10-60min with
10mg/L as initial fluoride concentration at room temperature.
The effect of defluoriation capacity (DC) with contact time is
shown in Fig. 4. It is evident that almost saturation was reached
after 30 min. Hence 30 min was fixed as the period of contact for
further studies. If the sorption process is only controlled by ion
exchange mechanism., the saturation of the material would have
been reached very soon. But n-HAp reached saturation only after
30 min suggesting that the processis also governed by adsorption
which is rather slow than the ion-exchange process [12,23], In
order to fix the optimum dosage defluoridation experiments were
carried out with various dosages of n-HAp ranging from 0.1
to 1.0g with 10mg/L as initial fluoride concentration and the
results were given in Fig. 5. As it is obvious, the percent fluoride
removal increases with increase in the dose of the sorbent due
to more active sites with an increase in amount of sorbent [24].
The optimum dosage was fixed as 0.25 g for further studies as
this dosage found to bring down the level of fluoride within the
tolerance limit.

3.3. Effect of pH

The pH of the aqueous solution plays an important role
which controls the adsorption at the water adsorbent interface
[25]. Therefore the adsorption of fluoride on the n-HAp was
examined at various pH ranges ranging from 3 to 11 with
10mg/L as initial fluoride concentration at room temperature
and was presented in Fig. 6. The pH of the working solution
is controlled by adding sufficient HCI/NaOH solution. It can
be inferred that fluoride removal decreases with increasing pH
where the maximum DC is recorded as 1845 mgF~/kg at pH3
and only 570 mgF~/kg was removed at pH 11. Similar observa-
tions are observed by Karthikeyan et al. [26] when activated
alumina was used as sorbent. This can be explained due to
the change in surface charge of the adsorbent. It is well estab-
lished that the surface is highly protonated in acidic medium
and therefore maximum fluoride removal in acidic medium is
attributed to the gradual increase in attractive forces between
positively charged surface and negatively charged fluoride ions.
Lower DC in alkaline medium can be explained by the fact that
the surface acquires negative charge in alkaline pH and hence
there is a repulsion between the negatively charged surface and
fluoride. This argument is very well supported by zero point
charge studies (cf, Fig. 7). The pHzpe value of n-HAp was found
to be 7.88. Chemisorption occurs below the pHype value and
above pH,pe value it will be physisorption in addition to ion
exchange. This mechanism of fluoride removal is explained in
Schemes 1-3,

3.4. Effect of other anions
The DC of n-HAp in presence of competing anions like

sulphate, chloride, nitrate and bicarbonate which are usually
present in water was experimentally verified with the concen-




s ranging from 100 to 500 mg/L with 10 mg/L
! e concentration at 303 K. Fig. 8 shows the
common anions on DC of n-HAp. Tt can be inferred
s 0o significant influence on DC of the material
ce of CI~, S04~ and NO;~ ions. However, in
bicarbonate ion the DC decreased from 1290 to
Hence from the above discussions it can be
the bicarbonate ions will compete with fluo-
ng sorption. A similar interfering role on DC
onate ion was reported in the case of defluori-
perty of activated alumina and montmorillonite clay
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8.4, Effect of contact time on the DC of n-HAp.
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Fig. 3. (a-c) TEM images of n-HAp.

3.5. Adsorption isotherms

The sorption isotherms express the specific relation between
the concentration of sorbate and its degree of accumulation
onto sorbent surface at constant temperature, The fluoride sorp-
tion capacity of n-HAp has been evaluated using three different
isotherms namely Langmuir, Freundlich and Redlich—Peterson
isotherms.

The linear form of Freundlich isotherm [28] is represented in
Table 1. g is the amount of fluoride adsorbed per unit weight
of the sorbent at equilibrium (mg/g), C. is the equilibrium con-
centration of fluoride in solution (mg/L), kr is a measure of
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Fig. 5. Effect of sorbent dose in the percent fluoride remaval of n-HAp.
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Fig. 8. Effect of competitor anions in the DC of n-HAp,

adsorption capacity and 1/n is the adsorption intensity, The Fre-
undlich isotherm constants kr and n were calculated from the
slope and intercept of the plot of log g. versus log C, and were
presented in Table 2. The values of 1/n are lying between 0.1
and 1.0 and the n value lying in the range of 1-10 confirms the
favourable conditions for adsorption [12].

Langmuir isotherm [29] model has four types and are listed
in Table 1. The sorption capacity (Q°)is the amount of adsorbate
at complete monolayer coverage (mg/g), it gives the maximum
sorption capacity of sorbent and b (L/mg) is the Langmuir
isotherm constant that relates to the energy of adsorption, The
respective values of Q° and b were determined from the slope
and intercept of the straight line plot of C,/g. versus C, and are
presented in Table 2 From Table 2 it is clear that the higher
r values for the sorption of fluoride on n-HAp were shown by
Type I and Type II Langmuir isotherms.

In order to find out the feasibility of the isotherm, the essen-
tial characteristics of the Langmuir isotherm can be expressed
in terms of a dimensionless constant separation factor or equi-
librium parameter, Ry, [30],

1
1+5C,’

where b is the Langmuir isotherm constant and C, is the initial
concentration of fluoride (mg/L). The Ry (Eq. [1]) values lying
between 0 and 1 calculated from Langmuir models are shown
in Table 2 indicates the favorable conditions for adsorption.
Redlich-Peterson isotherm [31] is a three parameter isotherm
which incorporates the features of both Langmuir and Fre-
undlich isotherms and its linear form is shown in Table 1. The
isotherm constants A, B and g can be evaluated from the linear
form of the Redlich-Peterson equation using a trial-and-error
optimization method and were presented in Table 2. A general
trial-and-error procedure which is applicable to computer oper-
ation was developed to determine the regression coefficient (r)
for a series of values of A for the linear regression of In C, on
In[A(Ce/ge) — 1] and to obtain the best value of A which yields
a maximum optimized value of r and the respective values of g

R = ¢))]




forms and their plots
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Lincar form Plot
]
90 = krCe/" log ge = log k¢ + = log C, logg. vs. log C,
_ oo, & 1 G C.
%= Troc, % 05T o P
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ned from the slope and intercept of the plot
(Ce/ge)—1]. It can be seen that the values of g
ch suggests the isotherms are approaching

suitable isotherm model for the sorption of
AD, this analysis has been carried out. The

s 0f n-HAP obiained at different tsmperatures

e 303K 313K 23K
0.318 0215 0.285
3.14 465 3.51
timgin  0.554 0.706 0.687
0.397 0.867 0,991
278E-3  2.18E-3  222E—4
0" (mg/g) 1.288 1.204 1.457
0533 1.026 0.612
0984 0994 1.00
0.211 0.122 0.189
1.94E-3  1,55E-3 1.12E-5
(mg/g) 3.113 1.727 1.676
0.657 0.731 0.682
0.945 0.926 1.00
0.178 0.163 0.173
: 0.578 0.087 0.030
O (mg/g) 0.494 0.807 0.879
Bl 3058 1.684 1.665
0.835 0.846 0.999
0.044 0.078 0079
0.500 0.113 0.113
8) 0.626 1.039 0.881
2134 1.206 1.662
0.835 0.846 0.999
0.063 0.106 0.079
0.246 0,017 0.112
1.00 1.53 15.60
0.90 112 115
131 1.08 243
0932 0.986 0.841
0.489 0.668 0.507

chi-square statistic test is basically the sum of the squares of the
differences between the experimental data and data obtained by
calculating from models, with each squared difference divided
by the corresponding data obtained by calculating from the mod-
els. The equivalent mathematical statement is:

(qe

Xz = Z Ge,m

where ge,m is equilibrium capacity obtained by calculatin g from
the model (mg/g) and g. is experimental data of the equilibrium
capacity (mg/g). If the data from the model are similar to the
experimental data, x* will be a small number, while if they dif-
fer; x* will be a bigger number. Therefore, it is necessary to
also analyse the data set using the non-linear chi-square test to
confirm the best-fit isotherm for the sorption system [12].

The corresponding chi-square values (Eq. (2)) for all the
isotherms were presented in Table 2. From the chi-square val-
ues the best fit for the sorption of fluoride on n-HAp is in the
following order:

msmuk-l;ﬁ:unﬁﬁ:h}lﬂgmdr%:ﬂmmﬂbngWkah»humn
*% values increases
The isotherm values fits well for both Langmuir-1 and Fre-

undlich isotherms, but better fits to Langmuir-1 isotherm model
indicating monolayer chemisorption being dominant,

_ 2
Ge,m) y )

3.7. Thermodynamic investigations %ﬁ HS o b J’;L

Thermodynamic parameters associated with the adsorption
viz., standard free energy change (AG®), standard enthalpy
change (AH®), standard entropy change (AS®) and activation
energy (E,) were calculated as follows.

The free energy of sorption process, considering the sorption
distribution coefficient K, is given by the equation;

AG® = —RT In K,, 3)

where AG® is the standard free energy change (kJ/mol), T is
the temperature in Kelvin and R is the universal gas constant
(8.314 Jmol~' K~!). The sorption distribution coefficient X, for
the sorption reaction was determined from the slope of the plot
In (ge/C.) against C; at different temperatures and extrapolating




ording to the method suggested by Khan and Singh

n distribution coefficient may be expressed in
.nd AS° as a function of temperature;

b AS°

. —_— 4

—+% 4)
s standard enthalpy change (kJ/mol) and AS®
change (kJ/mol K), The values of AF® and
d from the slope and intercept of a plot of

enius-lype equation related to the surface

cking probability, S°, This is a function of the

system, which is a measure of the potential

remain on the adsorbent indefinitely [34] and
as:

=& ©)

- (6)
the initial and equilibrivm fluoride ion con-
ely. The plot of In(1 —8) against 1/T will
intercept of In S*and slope of E./R. The
2 a major influencing factor in the sorption
of n-HAp was monitored at three different
3 and 323 K under the optimized condi-
Amic parameters viz, AGD, M‘P. AS® and
from Egs. (3)-(6) and presented in Table 3.
from negative values of AG® indicates the
spontaneous. The positive value of AH® and
thermic nature of the sorption process. The
* shows the increasing randomness during the
ions onto n-HAp. The value of §° is found
close 1o zero indicates that the adsorption

sorption mechanism such as mass trans-
ial reaction processes, two types of models viz.,
siand diffusion-based models were applied to test

S Peatmeters obtained at different temperatures during fluorids

s
A

-

Snet n-HAp

33K —-5.08
313K —4.73
323K —4.92

7.63
8.71
4.58
o010
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Table 4
Lagergren constants for sorption of Nluoride on n-HAp at different temperatures
{ o) Mass 303K 3K 321K
(mg/L]
) (8) & - "N = I =
(min=") (min~1) (min~!)

7 025 0128 0.840 0137 0958 0.157 0.983

9 0.25 0.148 0954 0.127 0803 0.133 0.§92
11 0.25 0.154 0974 0.145 0.951 0.132 0.860
13 025 0148 0964 0199 0969 0.163 0.850

the fitness of experimental data [35]. The prediction of the batch
sorption kinetics is necessary for the design of industrial adsorp-
tion column.

3.8.1. Reaction-based models

In order to investigate the sorption mechanism of fluoride
removal, pseudo-first-order and pseudo-second-order kinetic
models have been used at different experimental conditions.

A simple pseudo-first-order kinetic model [36] is represented
s

k
log(ge — ¢) = log ge — ,_,—3%:, @

where g, is the amount of fluoride on the surface of the sorbent
n-HAp at time ¢ (mg/g) and kg is the equilibrium rate con-
stant of psendo-first-order sorption (min~!). The straight-line
plots of log(g. —q:) against ¢ for different experimental condi-
tions will give the value of the rate constants (ka). Linear plots
of log(ge — qu) against ¢ give straight line which indicates the
applicability of Lagergren equation. The values of kyy and the
correlation coefficient (r) computed from these plots were given
in Table 4. The pseudo-first-order model seems to be viable
because of the higher comelation coefficient (r).

In addition, the pseudo-second-order model is also widely
used, Though there are four types of linear pseudo-second-order
kinetic models [37] the most popular linear form used has the
equation:

S=liy L ®
@ h g

where g, = g2kt/(1 + gcki), amount of fluoride on the surface
of the n-HAp at any time, ¢ (mg/g), k is the psecudo-second-
order rate constant (g/mgmin), g. is the amount fluoride ion
sorbed at equilibrivm (mg/g) and the initial sorption rate, h =
kq? (mg/g min). The value of g, (1/slope), k (slope/intercept)
and h (1/intercept) of the pseudo-second-order equation can be
found out experimentally by plotting /g, against .

The fitness of the pseudo-second-order model (Eq. (8)) on
the fluoride sorption on n-HAp was also analysed. The plot
of t versus +/g, pives a straight line with higher correlation
coefficient r values, which is higher than that observed with
pseudo-first-order model indicating the applicability of the
pseudo-second-order model and the values are shown in Table 5.
The values of g. increased with increase in initial concentration
and it also increased with increase in temperature. The values
of rate constant (k) have also increased with temperature
indicating chemisorption,




malysis, different lincar forms of the same model
ly affect calculations of the parameters [38].
[37), a non-linear method could be a bener
kinetic parameters and would be able to avoid
r the non-linear method, a trial and error proce-
licable to computer operation was developed
pseudo-second-order rate parameters by opt-

(o maximize the coefficient of determination
nerimental data and pseudo-second-ordermodel
-gdd-in with Microsoft’s spreadsheet, Microsoft

the coefficient of determination, »* was calcu-
(9) to test the best-fit of the linear and non-linear
nd-order kinetic model to the experimental data:
(gm — 3)°
E;)z + (gm — @)’
amount of fluoride ion on the surface of the
- ime, ¢ (mg/g) obtained from the second-order
q¢ is the amount of fluoride ion on the surface
4t any time, f (mg/g) obtained from experiment
e average of ¢, (mg/g). The coefficient of determi-
galculated from both linear and non-linear methods
in Table 5 with the experimental data for g, k
lues of 7 in non-linear method indicates the
ty of non-linear pseudo-second-order method

(9

id sorption process, the solute transfer is usu-
d either by particle diffusion or pore diffusion

ation for the particle diffusion controlled sorp-
39] is as follows;
~kpt, (10)

ithe particle rate constant (min~'). The value of parti-
antis obtained by the slope of In (1 — C,/C,.) against

ffusion model used here refers to the theory pro-
and Morris [40,41]. The intraparticle diffusion
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equation is given below:

@ =kt (1
where 4 is the intraparticle rate constant (mg/g min®%). The
slope of the plot of g, against 2 will give the value of intra-
particle rate constant. On plotting ¢, versus -5 gives an initial
curve followed by a straight line which indicates that two types
of mechanisms are involved in the adsorption process. The ini-
tial curve represents the boundary layer effect while the linear
part corresponds to intraparticle diffusion.

Both particle (Eq. (10)) and pore (Eq, (11)) diffusion models
have been applied and the values of kp and k; were presented in
Table 6. Higher r values in both the cases indicate the possibility
of sorption process being controlled by both the particle and pore
diffusion models.

3.9. Fitness of the sorption kinetic models

The assessment of the employed kinetic models for fitting the
sorption data was made by calculating the squared sum of errors
(SSE]. Lower values of SSE show better fit to sorption data and
can give an indication of the sorption mechanism [12].

_ 2
SSE = Z (.Ql,: qzqt.m) 1
Le

where g and gy are the experimental sorption capacity of
fluoride (mg/g) at time ¢ and the corresponding value which is
obtained from the kinetic models. SSE values (Eq. (12)) of the
reaction-based and diffusion-based kinetic models were com-
puted and summarized in Table 7. It is assumed that the model
which gives the lowest SSE values is the best model for this
system and then the mechanism of sorption can be explained
based on that model. It was observed from Table 7 that pseudo-
second-order model and pore diffusion model seems to be better
fit than the other two models (pseudo-first-order and particle dif-
fusion models) for representing the kinetics of fluoride sorption
on n-HAp.,

(12)

3.10. Mechanism of fluoride sorption on n-HAp

The fluoride removal by n-HAp appears to be controlled by
both adsorption and ion-exchange mechanisms. In fluoride solu-

i linear and non-linear methods of pseudo-second-order kinetic parameters of n-HAp based on coefficient of detecmination (2)

303K 313K 323K

Tmg/l. 9mp/L Illmgl 1B3mg/l Tmgl 9ImgL lmgL 13mgl 7mgl 9mgl 1lmgL 13mgl
- ge (mglg) 0.804 0961  1.098 1068 0881 1034 Lol 1115 0915 1046 LI&2 1.252
Elghmgmin) 0412 0670 0452 0479 0613 0652 0735 0460 1.034 1125 0441 0315
 h(mg/femin) 0266 0618 0545 0.546 0475 0.698  0.89] 0.572 0.865 1230 059 0494

0996 0999 0999 1.00 100 0999  1.00 0.999 1.00 1.00 0998 0998
0.838 0.783 0.745 0.761 0.782 0.848 0.799 0.724 0.774 0.872 0.846 0.786
g (mg/g) 0729 0891 0989 0961 0802 0983 1046 0975 0869 1009 1087 1127
Kigmgmin) 0406 0664 0445 0473 0959 0649 0731 0452 1030 1123 0438 0311
Amggmin) 0216 0527 0435 0436 0617 0627 0800 0430 0777 1144 0517 0.394
[ 0.861 0.831 0.805 0.775 0.794 0911 0.908 0.697 0.883 0.859 0.891 0.833
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ssion model parameters for fuoride sorption at different initial concentrations with different temperatures

= 313K 323K
p Particle DM® Pore DM® Particle DM? Fore DMP Particle DM? Pore DM?
"- (min™") r ki (mg/gmin®%) - kp (min~'y - iy (mg/g min®Sy » ko (min~1) r k (mg/gmin®S) -
0979 0.058 0981 0.012 0.984 0.049 0.995 0010 0932 0.036 0.958
0.956 0048 0.972 0.010 0.989 0.043 0.993 0.007 0.970 0.030 0.984
0.961 0.064 0.972 0.008 0.941 0.046 0961 0.010 0.985 0.057 0.974
F 0975 0.063 0.991 0.008 0.959 0.066 0,978 0011 0.975 0.085 0.985
 eror: {SSE) values of kinelic models employed for fluoride sorption on n-HAp
303K 313K 23K
Jmgl 9mgL llmgL 13mgL TmgL 9mgl llmgl I3mgl 7mgL 9mgL IlmgL I3mgl
27E-3 79E-3 48E-3 S8E-3 89E-3 1.5E-3 11E-3 7.5E-5 94E-3 |18E-2 B8.SE-3 6I9E-4
27E-3 18E-3 36E-3 30E-3 29E-3 L1E-3 13E-3 53E-3 12E-3 33E-3 18E-3 47E-3
0750 0968 0.795 0697 0732 0770 0.769 0730 0797 0733 0.710
0.600 0532 0.528 0554 0662  0.665 0.527 0.686 0769 0599 0.455

where the concentration of H* ion is high
 surface acquires positive charge which in

pH. This is illustrated in Scheme 2.

tive force between n-HAp and fluoride
¢ is confirmed by the FTIR results in
rgence of new peak at 745cm™", which
of O-H. - -F vibration band in the fluoride
 the pH increases surface slowly acquire neg-
ch would repel fluoride ions and hence the
by electrostatic attraction is ruled out in alkaline

bn exchange mechanism is also involved in flu-
0y n-HAp. The OH group present in the n-HAp
charge carrier and can get exchanged with
echanism of fluoride removal of n-HAp by
esented in Scheme 3,
ncluded that the fluoride removal by n-HAp
oth adsorption and ion-exchange mechanism
4ct as an effective defluoridating agent.

Treatment
Before After
233 0.47
9.10 8.78
0.62 0.63
57.00 53.00
70.00 0.00
465.00 453.00
42.00 3930
B.BO 7.90

3.11. Field trial

The applicability of the n-HAp in the field condition was also
tested with the sample taken from a nearby fiuoride-endemic
area, The results were presented in Table 8. The concentration of
fluoride in the treated water is well within the tolerance limit and
there is no significant change in other water qualirty parameters
after treatment,

4. Conclusions

From the above discussions following conclusions were
made, fluoride sorption on n-HAp is spontaneous and endother-
mic. The DC of n-HAp is significantly influenced by pH of the
medium. There is no significant influence of other co-anions
like chloride, nitrate and sulphate on the DC of n-HAp except
bicarbonate ions. The mechanism of fluoride removal of n-
HAp follows both adsorption and ion-exchange mechanism.
The adsorption pattern follows both Langmuir and Freundlich
isotherms, but better fits to Langmuir isotherm particularly
Langmuir-1 model. The rate of reaction follows pseudo-second-
order kinetics. A non-linear pseudo-second-order model would
be abetter way to obtain kinetic parameters, The sorption of fluo-
ride ion on n-HAp ocecurs through intraparticle diffusion pattern.
Field trials indicated that n-HAp can be effectively used as an
efficient and cost effective defiuoridating agent,

References

[1] P. Phantumvanit, Y. Songpaisan, I.J. Moller, A defluoridator for individual
houscholds, World Health Forum 9 (1988) 555-558.

[2] N.V. Rao, R. Mohan, C.5. Bhaskaran, Studies on defluoridation of waler,
1. Fluorine Chem. 41 (1998) 17-24.

[3] 8.V. Joshi, 5.H. Mehta, A.P. Rao, A.V. Rao, Estimation of sodium fluo-
ride using HPLC in reverse osmosis experiments, Water Treat. 10 (1992)
307-312.



U.K. Tipnis, W.P. Harkare, K.P. Govindan, Defluoridation
; ation of brackish water by clectrodialysis, Desalination 71
312.

Trace element removal from ash dam waters by nanofiltration
1 dialysis, Desalination 89 (1993) 325-341,

Defiuoridation des eaux par dialyse ionique croisee, Thesis,
is XTI, 1995.

. G, Malavasi, L. Menabue, M. Saladini, Removal of cad-
means of synthetic hydroxyapatite, Waste Manage. 22 (2002)

J.C. Pedregosa, G.E. Narda, P.J. Morando, Removal of oxo-
from aqueous solutons by using commercial crystalline
patite, Water Res. 37 (2003) 1776-1782.

. 5. Dimovic, L. Plecas, M. Mitric, Removal of Co** from
olutions by hydroxyapatite, Water Res. 40 (2006) 2267-2274.

. Ange, B. Didier, C. Eric, S, Patrick, Removal of aque-
y hydroxyapatite: equilibria and kinetic process, J. Hazard,

4434406,

ion behaviour of Zn(II) fons on synthesized hydroxyap-
d Interface Sci, 310 (2007) 18-26.

N. Viswanathan, Identification of selective ion exchange
e sorption, J. Colloid Interface Sci. 308 (2007) 438-450.

s, Water Res, 37 (2003) 49294937,

i, A. Laghzizil, P. Barboux, K. Lahlil, A. Saoiabi, Reten-
ride ions from aqueous solution using porous hydroxyapatite:
d conduction properties, J. Hazard, Mater, 114 (2004) 41—44,
 Biomaterials a forecast for the future, Biomaterials 19 (1998)

ds for synthesizing HA powders and bulk materials, US
18, 1996,

. 1. Wanj, C.B. Ponton, PM, Marquis, An improvement in
pa.!itacmmil:s.i Mater. Sci. 30(1995) 3061-3074,
id Methods for the Examination of Water and Waste Water,
lic Health Association, Washington, DC, 2005,
Xiso, K.M. Thomas, Adsorption of metal ions on nitrogen sur-
groups in activated carbons, Langmuir 18 (2002) 470-478.
Tissuc engineering scaffold material of nano-apatite
polyamide composite, Eur, Paly, J, 40 (2004) 509-515.

M.T. Olguin, M. Solache-Rios, Water defluoridation by
dite-clinoptilolite, Sep. Sci. Tech. 37 (2002) 3109-3128.
‘Wang, C. Lin, Preparation and characterization of nano-sized
particles and hydroxyapatite/chitosan nano-composite for
al materials, Mater. Lett. 57 (2002) 8558-861.

K. Lee, AC. Leo, Removal of metals from electroplating
banana pith, Bioresource Technol, 51 1995) 227-231.

i hydro

C.5. Sundaram et al. / Jaurnat of Hazardous Materials 155 (2008) 206-215 215

[24] A. Boualia, A. Mellah, T. Aissaoui, K. Menacer, A. Silem, Adsorpron of
organic matter contained in industrial H3POy onto bentonite: batch-contact
time and kinetic study, Appl. Clay Sci. 7 (1993) 431-445.

[25] S. Meenakshi, Anitha Pius, G. Karthikeyan, B.V. Appa Rao, The pH depen-
dence of efficiency of activated alumina in defluoridation of water, Indian.
1. Environ, Prot. 11 (1991) 511-513.

[26] G. Karthikeyan, A. Shummuga Sundarraj, 5. Meenakshi, K.P. Elango,
Adsorplion dynamics and the effect of temperature of fiuoride at alumina-
solution interface, J. Indian. Chem. Soc. 81 (2004) 461166,

[27] G. Karthikeyan, Anitha Pius, G. Alagumuthu, Fluoride adsorption studies
on montmoillonite clay, Indian J. Chem, Tech. 12 (2005) 263-272.

(28] H.M.F. Freundlich, Uber die adsorption in losungen, Z. Phys. Chem, 57A
(1906) 385-470.

[29] 1. Langmuir, The constitution and fundamental properties of solids and
liquids, J. Am, Chem, Soc, 38 (1916) 2221-2295.

[30] T.W. Weber, R.K. Chakravorti, Pere and solid diffusion models for fixed
bed adsorbers, J. Am. Inst. Chem. Eng. 20 (1974) 228-238.

[31] O. Redlich, D.L. Peterson, A useful adsorption isotherm, J. Phys, Chem.
63 (1959) 1024.

[32] Y.3. Ho, Isotherms for the sorption of lead onto peat: comparison of lingar
and non-linear methods, Polish J. Environ. Swad. 15 (2006) 81-86,

{33] A.A. Khan, R.P. Singh, Adsarption thermodynamics of carbofuran on
Sn(1V) arsenosilicate in H*, Na* and Cu®* forms, Colloid and Surf. 24
(1987) 3342,

[34] M. Horsfall, Al Spiff, Effects of temperature on the sorption of Pb**
and Cd?* from aqueous solution by caladium bicolour (Wild Cocoyam)
biomass, Electron. J. Biotechnol. 8 (2005) 162-169.

[35] Y.5. Ho, J.C.Y. Ng, G. McKay, Kinetics of pollutant sorption by biosor-
bents: review, Sep, Punif, Methods 29 (2000) 189-232.

[36] S. Lagergren, Zur Theorie der sogenannien adserption geloster sioffe, K.
Sven. Vetenskapsakad. Handl. 24 (1898) 1-39.

[37] Y.5. Ho, Second-order-kinetic model for the sorption of cadmium onto tree
fem: a comparison of linear and non-linear methods, Water Res. 40 (2006)
119-125.

[38] Y.S. Ho, Citation review of Lagergren kinetic raie equation on adsorption
reactions, Scientometrics 59 (2004) 171-177.

[39] M. Chanda, K.F. O'Driscoll, G.L. Rempel, Sorption of phenolics onio
cross-linked poly (4-vinylpyridine), React. Polym. 1 (1983) 281-293,

[40] W.I. Weber, J.C. Morris, Equilibria and capacities for adsorption on carbon,
1. Sanitary Eng. Div. 90 (1964) 79-107.

[41] Y. Onal, C. Akmil-Bagar, D. Eren, C. Sanci-Ozdemir, T. Depei, Adsorption
kinetics of malachite green onto activated carbon prepared from Tungbilek
lignite, J. Hazard Mater. 128 (2006) 150-157.

[42] H.G.MeCann, Reactions of flueride ion with hydroxyapatite, J. Biol, Chem.
201 (1952) 247-259.




_ efluoridation chemistry of synthesic hydroxyapatite at nano

scale : Equilibrium and kinetic studies

Frig ,

PEAKDTDT L3 A A 1, BEECEE, AROTFODERHD - L THLAT
7,

5 ppm LLEOBED T v (b1 AL Hle RO BIIR R 507 v K45
B LE T, K507 o (KORE LA bR b MR .
REE =12 7 AALMIE, 1 A4S 4eHh, A AW & o BRI, TERUAIS &~ T
W ELHTEET, ThODOTrERACETVT, o007 v KB LERRES A
o RESNIHFEIT, B2 51Fh, BRK, TAI=0L, filk, ~7/3o 95 ABE
HET /ST, U BN KR EDWRANSEE 20 £, T, BB,
ﬁ?#mhbw?a&Ammﬁﬁﬁ&fmﬁmﬁﬁﬂwmaﬁﬁé7ymmﬁﬁﬁ%mi
EDICHESNE L, 7/HBHIH LV ARERCES ICREEL, H093F Clbe
P — VT ESNED D, REHE, T, (LR e, ORISR
RT— AL EXBESNATLE Y, FLTHHELUWMESEIY 1 XOBE LT
A LvEd A, BEEREYA Mo L 3WS CHMLEDE 2 RETE A0 T,
B DHECFUAOKREICFT /RFERND Z EATEE L=, HAp ANEDBEIC
SHVHRTWET, HAp £Hed FI WA, 4% V55U 0 a, a0 b, B,
MR S TWET, o TR TIET / 27— T HAp ® 7 (LR EiE O
RAE L1z, HAp V=7 o (LD KL & W5 XA TVvE L7=A%, HAp O
HEHEEIC 7 LR EOFTTH LV HEEZE X A1B5 LEZ IR U, LoT
p ZFINTT (LR ERBR ATV E Ui, HAp 13Y VBRI S5 AR & LS
AET Sy A CTERIELLIEDRTOET, ZOMEE HAp 15Ol & ¥ 04 ik
EﬁmiﬁﬁﬁmB?TJmpﬁﬂﬁmunwmammﬂﬁ%ﬁﬂﬁkﬁtﬁiyﬁw
BTEM S ET, ZOPCUBELRS ROFER L 22 bRET, FOEHIER
B CRADRNRR L . BRECHE LU = — 4 —2 10 o TSl 2 1 i
TE D20, AMETIE, HAp HERECIHBEIC L>TERSNELE, 2L
FREEDHREIL, 252 M A L, 58 O 425 DC o5 2 5 B84 4
L ELIZHAPDDC A A =X AL B LRSS LIER SN TS THS 5.,
Ap D DC & BRI O % MUEHIC T 4 AD v va v LT,

1 erials and method

HAp & i
@%w%ﬁmmﬁ;%Lmamuummmmmwwv¢ha9y&wﬁmnxa,ﬁm




ppH LV TS ICHEF S A&, SHARTEY VBERBR I LS T AOBRIZ LS
-%inﬁﬁﬁaﬂﬂ@K@&ﬁmy?gmﬁmmglhm@hﬁﬁb‘%@ﬁmm&mm
LE LT, 03 M OV CEBEEEE Y — R & E5 70240 ~42 CT 1 ~2 @Mz
SLE pH ET VESTATaY ha—a Lk, 2L THb LR 2 KR AT
. CTHEMR, 400 ‘CCHERL L T HAp R ¥ — 2B 5% L=,

kT b U Y ADRE (100 mg /L) £FELT. 7 o EoRAclE L, sy
P FHE, PR 10mg /L OB SOmL 1= HAp 025 g #MAfFbi s Li-, @il
00rpm DA E— FTEET DY —FR Yy Forx—h—%flisT Y b Uie, kichsik
. '..f NG —\Zp 2RO DT bW A% A A DB AMO L7 o {EA A %l
& BN 9609 %> CHRITE L7z, pH i3 pH A —# —Cifil5E, W50 EERY, 37269
E SNT A —F—E, REERIEAIER > = —H—"C 303,313,323 K THEREFTI - Licko
\ CRESZ L7z, WATARIO DC REIX, WMARIOBRELE 2 THix REMET-7-, REICEAD
&R D 2O, WAFHIOBIEHE % VAW AE 2 TR L2 LTRDA 4290
€152 WA T, NOy™ & SO OBEEIE4 F M ER CHE L=, hokED/ 5
=0 — [ LEHEE TR DT, HAp @ pHzpe I pH FY 7 FETHIZ L. micrcal origin ¥ 7
G 7 TRELU T, SURIEBHAS BRI A - TS T ARG L,

HAp %551 57212 XRD, FT-IR, TEM 7T G HAp, 7 » FANHEE DAL HAp I
WTIT 572, 7 Y AFME—Y 26=259,32,33,355,40 (T HAp A D E—2 T B, =
E—2137 v RILH L% CHOHELRERIEA G0, T EEE L s
az—Nara HIZE > TEN TS, Fig2aand b i3 FT-IR <% h 7R T, 3570 cm”
A1 - OH HOMHHERIC BT 5, 1040, 603, 566 cm™ D E— 2 |1 RO, AR
T, 7 FLERICRKRBN I U — 2 13-0H & F OAH#RES T, HAp @ TEM image
bRg3 IR LET, AU F—OY A X 200 nm CHEERO/NED & 5 %2HB# LT,
SRR~ 4 7 nfEET, BALE LW MBS TS,

YA A DWHE 10 60 min DFSHERIT) P 10 mg /L, FRTHDA, KIS
L OWEAR LT, B5EE 30 HCRIBRATRIES 257, =05 EDBRIET 30
ISR Lz, UL, n—HAp M1 T30 54845, -0fsbhEli, 1
RS ORI Lo TR SR TS 2% 2 BB, N - HAp DREA TR S
L2 e i, WIBE W AVAER TER LI L =57 v BIRED A—t o kIR
AR 2 2 F R TIZ LW oty THIBT 2T 4 79 A MR R b %




O pH IXEELREHE R, £-T, HAp 07 v FWH i 28~ 72 pH ORI T
feopH 38 < 72 D2 DN T 7 o BIRERIZIL L Curo 72, BEIED pH 13 HCI / NaOH
fa s b/ L7, BeRWEASHEYS pH 3 C 1845 mgF™ /kg % LCRcb{EA > 7201 pH 11
mgF~ /kg 7227, B LIRSS Karthikeyan Hi2 L » THE SR TWA, (EHET
ERATAE LT b &, CORRBHEARGOT v — O THITE 5, Bk
I+ DT v — 2RO LML S TS, £ L CEHEAS Tk DC 13—
AOEINZE D, Tk ) EERTDCAEL o T DIET AN Y REOF +—
Dicth, BEET7 v RA AV WIR-DOF v —S% OO THELH D L HIHE
T TE 5, ZOMIEE zero point charge ok »TXZ bR TWVWS, {LFlEL
TELULEDETEZ 5, 4 4 28fiCnz THEWEFIC L5755 Z L DC A
=A A, Scheme | -3 CRiATE 3,

HAp @ DC I Cl™, SO, NO;~, HCO;™ DB R A DA A U 2l 3 & 5 HAKOTFE
SNTWVD, ADA A BRE 100~500mg/ L T7 v RIBES 10mg/LICEIE30 C
A% Fig8 ICAT, BAELIZADOA A5 HAp @ DC (25 2 A5 P71,
037, HCO;™*CI™ I3 HAp @ DC I K & REEBIT 5 2 W LHEET 5, LArL, HCO,
p D DC % 1290 ~856 mgF™ / kg M 85, f-T, HCOy 134 ABIZF-
S2TWHEZBZLND, BL LAEEBEET LIS, TrE) ot A b, #+o
SREREMMETHE SR TV,

RSB DM & RS 1 % o SR & O BOR 2%+, HAp D7 v
& 3 DDRAR - T HIRBTIM LTz, b5, langmuir, Freundlich, Redlich — peterson
MR CREA L 7=, BRIZIEK % Table 1 loRd,

A 1 g %0 0 o TR (FHRTE)
57k omtrE

BK: L n (X log g, & log C.07' T 708, & LU AHRT 52 L CROON, 20
& Table 2 (25, 1 /n Ol 0.1 ~1.0 OREEE, n OIS 1 ~ 10 OFBICILE 5 &




Lo THMRIRIE & RFESH D, Langmuir OEF /4T 4 4 A 7d Y Table | 1274,
i (QO)ETHERAF ORI RE T, QA ORAWARZT L, b I langmuir
= XL DOBFETHD, ThERQOL b DIEIR C/q. DY T 7 OEMOBEE &
;#Bﬁ@%ﬂéahmﬁﬂﬁ1wh2hﬁf HIRBROFTAEMZ B0z,
ngmuir OFFISTHERIN, ERRTHO T A —& —R 2k THRE B,

=1 /1+bC,
b angmuir ORI & 7,
17 v ROYIME 2T,

) 0 {Ei‘i 0~ 1 T langmuir EF L A7 AW 4% K 5415, Peterson |13 2045
5 DT langmuir & Freundlich 57 D% F->, FiEBD A, B, 5T trial
d-error % {# - T Peterson D FH AL MEGIVWTIHECE 5, I 0 & = —# — @ {EIC 88 72
il and-error I3 In[ A (C / q))— 1)IZ451F B In C, D EHEM D= H D A O — Dl 4 R 5 1=
EREREL (v )&2BE LT, r ORKOBEL SN EEDZNEFNRADEA LT 6
BORWMEZGS0ICMBE SN, FLTBIEINC & IN[A(C/q)— 1|07y
LUIRNBHE L, ERMD langmuir OFFHREIAEEREIESNT
BODENGRDZ LR TE S,

'.-f.': hi - square - test

CORERT DT v (LA O I E T N ERET A DI, Zontiiithhi, &
(ot = b 13 A s T — —#LOBVO_ROEIH E, ZRENIZETNSE
S L TREMBRIET D, TR, FRFNEVOHDIET LD
i s hie7—4% ¢,

U = £ (G~ Gem)’ / Gem

BIEE 7120 6 & e B AT,
EFERER D DO TRT — 5 T,

) T— 5 SRR — 8 L — BB X OERNE S RDBES D, RACEFAO
2 L ERT— 2 B—FLpWE OIS REES 7 o chi - square — test 4% % Table
S,

'8Muir | > Freundlich > 4 > 3 > 2 > Peterson




Jangmuir 1 & Freundlich 433 <i#& 3% & FHE S, b B2 E S 2R EL LdTo
E Langmuir | £ 52 bivE,

3.1
ST SRR ST A= —

GO U A

AHC BT B L E—25(k

4sC HET s b= P —Z (L

Fa FEHEL=RAF— L FOMY ICHES NS,

AG° = —RT InK,

G RIS D T- D DERE KoL Inq. /Co & C. DY T 7 DEMOBE X NbIEINS, F L
C zero C. EPHETIFEEA—5Ick STmRanz,

MEA L b iR T
R R R ER
B BRI K, 1L AHO & SO TRt 5,

nKs= AH® /RT +8° /R

HO T & L B
8 ey o il

HEOMEE LCASOR In Ko & 1/ T Y7 70ffiE LI bRkOLNSB, BESAE
mthenius — type DAL, REWER O) 1ob2 LB S LA s, SHLELT / %
HED o 2 7 ADKETY, —0 v AT AZRAR AR AFE I BEIRICTE 5 Ttk o 1

¥ = (1—0)exp—(E, / RT)
ISR Fid %0 = (1—C. / C) T,

"L- 9 &&u
Bt 23T,




DI 5 In SEOUR & B, /R OME &> TIED = & 55T 5, WIRBROEBAE
R D IREEZIRIT Hap O AESE 0133 0 Bz - =B 303,313,323 K GRS A
; ﬁfﬂﬁi&ﬁ&f{'ﬁ A—F—TCE=F—ENF L. AG°, AHC, ASCE LT E, 3 Eqs
BRHEND. 3)—(6)L 4G, AHO, ASCH Table 3 i, ACODMA <A F 2720
PEOMILL, HRBENTHS LD 2 L WRSNBS 5, JHOZ LT B SSEDIE
0o I, AT OB CRBMEE R LT, EOM SO 7 v kM4 4 L s O BEED

s LET, SFA 0TIV 0.1 RO T, (EFRFICHKSVTRZ B Z Lasbhat,

KEBECILEREO T D E R Y WA D= X LB BT BT HIZ2 > OEFL,
A, BN —ADETNET A b T 5 1BI2iT o1, Sy FWRBHZ2O TR L - O
BRI S 2O L 2B,

|

7 (IR DU A 5 = X DETIIEA B 1001 | SIS, 2 KIS o Ay
LR o 1 R CHE L
BRZEIGT A0 | KSR RA TR S NS,

% Q. q) = log q.—(Kad /2.303)t

& Hap OB Y70 07 » FR 5

2 B HE R 00 T SR R e,

AT D log qo—q DY T T DEMUIRAR BRSO DI EOBEEKO#EL 5
EDESI, T IZHT S log u—q DT 7070y MIEBETTES S, ZOEET
uir 75 F2 A Gl % 7R3, Table 4 |2 Kad & MBMRS r 2R L Uiz, | IRISHAER
LD I CHBFR r 2R T, BTAETHS L2 bR 5, M2 T2 REGE
RLEL (DS, 4 205 4 7 ) BHO 2 KEREEROBREF A5 0 5. —
72 2 YIS RE R I E R TR ARG,

lqi=1/h+t/q,

Skt / (1 g kO E OO Hap Rii ) 7 (LIt E 7,

B2 RS RO CT,
STRRIE TR SN 7 o (L1 A2 & 1 LD ORF ORISR TS,




kD QDT Ty kb IURIINC 2 KSR g K, h 85 = L ATES, +
B ILF D7 AL DRAD 2 KEISEEEFAOBAMEMTSnE L, T/ q
51070y MILVEVHBERE r 252 1, | RRISEREROEF AN 2 kK
KOET MR LTl ATE & 25 Table 5 ISR ENTWET, PIBEORMC(E- T
LORIRHM L% LTz, 2 LTEE, qORISREORIMIC L > THRMLE L, £/
BIHEFRAEZR L TOT, BEORMINC - CHEEFEKOM K SMLE LE, Mg
T CIL R o BB AOR CEF M35 A— 5 — DRI R Y BT 5 TL L
e Ho oL DL, HBBDA Y v FILEBIDAT A~ — 5 BB EDIc LD hEbLWE
CHDIED I DAY v MZRWTa v Ea—2 —HEICEN 2 RITE TB L
By 07 FAT Ly by— BB, BEMEET KAV ERRATEI LT, KRBT
2L 2 WRISHEERE 7 VO ORER r2 2 BRICT 5=y —F T2 &
GEHEIEA ST A — 5 — 2P DI DICHRENE Lie, ~ORFECRERENE o %1
452 L T SN E Lk, EHAS, B0 2 KSR 2GREN S ER T — 7 2T 7L
EF 2 EET A FMELTOX T,

= (qm_q‘t)z‘r(qm_q,l)z_'(Qm_QI)z

V3 2 Tk RS HE DB E 7 470 & 4 E OISRt TBD T LS CE B,
i Hap Rifn D 7 vk A RFRCERD»LELNE q 13 qOFEH T,

GELRH. 2 1348, I 2 ¥ v K DHETE B2 LT % Table 5 Iom, JEHIE A
UFIZLD PO g, K, h £ BVEOESRT— 4 55 Table 5 IIRENTEY . JEHBILO 2
BUREEN A Y v FO LY Lovidiffite2R LET,

y -
"5

B A0 4 OEIRIC B\ T, BRI F I A TR ST S5,
SO S A OB O - H 0 1 K FEREUTOMEY Th 5,

=c/co= —Ky

DA Y| I e

=C/ Comffiz T, tioat LORTHMEEROMEFET. & 2 CHMSAE, QLK
RET VLY = —A— LT ) R Lo TRRENEHRERLET, 41 Ty Fri—
Bt A R A TSR LS9,




12

K1 b7 v T—T 4 7 VEEEER T,

“?ﬂfémwfuybmﬁ%m4vhﬁy#ﬂ—ffﬁwﬁg@ﬁm@&@iif.%
P70y "MEZD 200D =X AN, WARBRIZMD 5 0 & RO E
OFY, ERABREDNA 2 b T v T R—F 4 2 MRS LTV B O L
. BERESRERLET, X (10) LRLFITEREF L OmBIAMEESE L
LT, Ky & KiDfER Table 6 (/R LES, WHOHEICHT B L0 & r O, B
R TIHEE T DM FIZ L o THIME SRFOBBR O LR Lz,

AILT Y b F7 2T —CONWTHIAT A LICL» T, BHF—FICEHLT
BEHITT L OMILZITUVVE L7, SSE O L7z Dl TF—#1c k0 k< &5 & H 1k
IN=ALDHE 52 B LR TEET,

SE = Z(Gre—qum) / ':l2 Le
E Qun ] € 290 D7 o (KO ERBHE R T T A0S 52 b s RIEET
AL LTI — X DB 72 € 7 /000 SSE il Table 7IHELTE LM E LI,
\SSE 2525/ TFARIDV AT AD-ODEBEDETLTHSD L EL, Kiz
MEEDSOVTRFA =X LZHIALET, Table 756 2 RIKGHER, 471
ATEIEETADBMO 2 DDEFLEY LI L<EHERS LW BN ShE

ﬂ”ié?wk%%ﬁﬁ%%kﬁ#yﬁﬁﬂw:ihmﬁﬁuxafﬁﬁénﬁaﬁi
o 7 v I TROA AL scheme 1 ITREND L 5 72JE T Hap Fi (204 X
BAE DD T H4 A A OBEREL . LRo>T HAp BfEIZ LV EL D
A4 Z3 EOFHERHBERFMB LT, LN -T pH BERKICRD & 7 v Eisk
ML =S, ORI scheme 2 (R LET, L3 THEA L HAp & 7 v {E#4 A
1051115745 cm— 1 27 LV E— 2 485 = & % FTIR ORE S L 0 s L7 = b 1o
'?ﬁﬁenifo:mEH¢M7ym%&$Lt$m;ot,mmwon&Fﬁmﬁ
PLES L1z ko TOE BIINARIREICY, PH OB G -< 0 KRBT 5L 5
T ERTARAFB/EEL E X2 TLIESW, 25T, BEZSIAICLD 7 vk




pirRis T L Y EOBRETIRETEET, Ei-, A4 TMA D =X A HApic kA7
EIBREIC D0 0 £4, HAp O OH ' A— T4 MR T Tl 2 b 22 i LTZ vithpA
LRBTEET, 44 VIMRIZL D HAp © 7 » KL scheme 3 IC7F, LiAioT
Ap (CLD 7 yRIRERA A VAR E R R D = X ADTHIC L - THRE 5 LS5
VB, EORR, TRERRT S IREA L L CORBIALT bOLEL bR,

T HAp D% T 128 7 vkl A A p5BRIZR K0 b2 F LR 0 7 =
pL7z, EORRE Table 8 IZ/F T, HAp TAE LIAkDPD 7 o Rl I3 FE BRI
20, T LTRBEBICMD ST A= — BT 5H LOERIERL HY EHATLE,




4 experimentally by 5. T. Kim

10 of meteoric water were it
anntal mean precipitation and for
s average (always in January or
1984 and reported in (18],

»¢ methods and second-order
~and they fit data with /7 values of
weighted mean and the
These data were then
i altitude gradients in mean

and maximum monthly average

warys in January or February (17-19)]
o< between temperature and 470

in Fig. 1.
:ﬁ‘:ﬂ by data for carbonate growdh
3l waters s 0,34%°C. This &
{he <lope defined by the mean
in surface temperature and 510
the Altiplano and surrounding area
| contrasts with slopes in these
with low-latitude climate variations
yres betwean 29° and 12°C),
%al"C of 0.6% per degree af
fity at any one altitude [~ —5%MC
gep (18) and dashed lines in
ing these trends, see (44).
W, Hurley, ). C. Briden, Phanerazoic
Brid Maps (Cambridge University

24, 5, M Savin, R. G. Douglas. F G Stelli, Geal Soc. A
Bufl. B6, 1499 (1575).

25. |. Zachos, M. Pagani, L Sloan, E. Thomas. K. Billups,
Science 292, 686 (2001),

26, C. N. Alpers, G. H. Brimhall, Geod, Sar Am. Gnfl 100,
1640 (1988).

27. 6. 0. Hoke, B. L. Isacks, T. E. Jordan, |. 5. Yu, Geofogy 32.
605 (2004).

28. B. K. Hortan, Tectanics 18, 1292 (19949).

29. B. Uu, F. M. Phillips, A. R. Campbeil, Pelieogengr.
Palneoctimatol. Palnroecal 124, 233 (1996).

30. T. E. Cerling, ). Quade, in Continental ladicators of
Climate, Proceedings af Chapmean Conference, Jockson
Hole, Wynming, P. Swarl of al, Eds. |American
Geophysical Union (AGU) Monograph /8, AGU,
Washinglon, 0C, 1993), pp. 217-231.

31, Crustal shortening accompanied by sostanhc compensalion
of thickened ¢rust leads to elovation change by the
relation aHIAT « allal = ZW = (ip . prlfplj, where
BHIET is the rate of elevasion gain, 7U/FT s the shomening
rate {10 mmvyear, based on long-term plate motions), 2 is
the inftal crustal thickness (50 km, W ts the width ol the
deforming reqgion (300 km), p_ i the density af the crugt
(assumed to equal 2.7 g/, and p_ 15 the density of the
mantle (assumed to equal 3.3 gfeel. See (150 (o
explanations of these dholces of values lm the plysical
constants. This relation predicts a maxdmom rate ol
elevation gain that Is, not considering any elevation losses
due to erosion) of 0.3 mmiyear.

32. P. Bird, /. Geophys. Aes. 83, 4975 (1971,

CORRECTED 2 JUNE 2006; SEE LAST PAGE

REPORTS |

33. P C. Englaned, G. Houseman, ] Geophys. Res 94, 174981

(1989).

R W. Kay, 5. Mahlburg-Kay, Geol. Rundfech, B0, 259 (1591,

S. Lamb. L. Hoke, Tectonics 16, 623 (1997).

L Echavarna, R, Hermandez, R, Allmendinger, ], Reynolds,

AAPG Bull. BT, 965 (2003).

31. I Ghosh et al., Geachim. Cosmochim, Acts, in press.

38, ). M MeCrea, | Chem. Phys. 18, 849 (19500,

39, P K Swarl, S. |. Burms, |. ). Leder, Chenn. Geol. 86, 89
(1991,

40. ). M. Eiler, E. A. Schauble, Geochim. Cosmochim, Acla 68.
4767 (2004),

A1 H. Atleck, |. M. Efler, Geachim, Cosmociim. Acto, in
press.

42, Z.Wang, E. A Shaubla, ]. M. Eiles, Geochim, Cosmochim.
Arta 68, 1779 (2004),

A3, S.T. Kim, . R. O'Neil, Geachim. Cosmochim, Acta 61,
3181 (1990,

A4, | R Gat, W G, Mook, H. A, |, Meijer, Environmental
Isatapes in the Hydrological Cyele: Principles and
Appiications. Volume Ii: Atrmospheric Water (IAEA, Vienna,
Austria, 2001); available at www.jaea.org/programmes!
ripeithivolumesivoluma2_htm.

45, K. W Gregory-Wedzicki, Geal. See. Am, Bull, 112, 1091
(20000

6. K. 0 Gregory-Wodzickd, W. €. Mclntesh, K. Velasques,
Am, Eanth Sci, 11, 533 (1998),

34,
35,
6.

25 August 200%; accepled 31 October 2005
10.1126/0ckence. 1119365

no
g

used for implantation.

potential of layered ma-
long been recognized (1),
on requires solving a two-
nely the design of optimum
&5 and the development of fab-
res 1o implement these designs.
§ such as nacre offer a wealth
' guide such a desipn process
uc properties of natural layered
hieved through fine control
mess, selection of the right
d manipulation of roughness
the organic-inorganic interface

Division, Lawrence Berkeley National
- (A 94720, UsA.
Wiel Corporation, 5000 West Chandler
o AZ 85226, USA.

tnce should be addressed. E-mail:

www.sciencemag.org SCIENCE VOL 311

ng as a Path to Build
lex Composites
_ ‘Eduardo Saiz, Ravi K. Nalla, Antoni P. Tomsia

strong, ultralightweight, and tough are in demand for a range of applications,
res and components carefully designed from the micrometer down to the

. Nacre, a structure found in many molluscan shells, and bone are frequently
for how nature achieves this through hybrid organic-inorganic composites.

as proven extremely difficult to transcribe nacre-like clever designs into synthetic
ause their intricate structures need to be replicated at several length scales.
the physics of ice formation can be used to develop sophisticated porous

id materials, including artificial bone, ceramic-metal composites, and porous

5 tissue regeneration with strengths up to four times higher than those

{4, 3). The ideal [abrication process has 10 be
not only simple but also adapuible enough 1o
fabricate layers with a large number of material
combinations and a wide range of faver dimen-
sions. Previous techniques for mimicking nacre
are bottom-up chemical approaches (A, 7) that

arc intrinsically limited 10 a narrow minge of

materials exhibiting the proper interfacial re-
actions and compatibility. Other techniques
offer only a coarse contral of the Tayer thick-
ness or have practical limitations reparding the
number of layers that can be fabricated (7, §).
In sea ice, pure hexagonal ice platelets with
randomly oriented horizontal ¢ crystallowraph-
ic axes are formed and the varous impuritics
originally present in sea water (salt, biological
organisms, etc.) are expelled from the forming
tce and entrapped within channels between the
ice crystals (9). We apply this nawral prinei-
ple to ceramic particles dispersed in water to

build sophisticated, nacre-like architectures
in a simple. two-step approach. lee-templated
(IT). porous. layered materials with layers as
thin as 1 pm are [irst [abricated through a
{reeze-casting process, which involves the con-
trolled unidirectional freezing of ceramic sus-
pensions. These porous scaffolds are then Glled
with a selected sccond phase (organic or inor-
panic) to fabricate dense composites. By using a
natural, self-organizing phenomenon, we allow
nature lo guide the design and processing.
The physics of water freezing has drawn
the attention of scientists for a long time,
With few exceptions (/0), much of this work
has concentrated on the freezing of pure wa-
ter or very dilute suspensions (9, 11). This phe-
nomenon is critical for various applications,
such as cryo-preservation of biological cell sus-
pensions (/7) and the purification of pollutants
(43). An important observation in these studies
is that, during the freczing of such suspen-
sions, there 15 a eritical particle size (/1) above
which the suspended particles will be trapped
by the moving water-ice front. Another impor-
tant observation is that the hexaponal ice erys-
tals exhibit strong anisotropic growth kinetics,
varying over about two orders of magnitude
wilh erystallographic orientation. Under steady-
state conditions, it is possible to grow ice crys-
tals in the form of platelets with a very high
aspect ratio. The ice thus formed will have a
lamellar microstructure, with the lamellae thick-
ness depending mainly on the speed of the
[reezing front. We designed a simple exper-
imental setup (fig. S1) that allowed us Lo pre-
cisely contol the freezing kinetics. By freezing
concentrated suspensions containing ceramic
particles with suitable granulometry, we were
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g principles and materials. While the ceramic slurry is
ing ice crystals expel the ceramic particles, creating a
cture oriented in a direction parallel to the movement
oyt (A). For highly concentrated slurries, the interaction
becomes critical: A small fraction of particles are en-
ice crystals by tip-splitting and subsequent healing
farmation of inorganic bridges between adjacent walls,
are obtained by infiltrating the porous lamellar ceram-
phase (e.q., a polymer or a liquid metal). Natural nacre
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10 100
Ice front velocity (microns/sec)

wral control at several levels. (A) Effect of the speed of
front on the thickness of the lamellae for alumina sam-
m powders with an average grain size of 0.3 um (B to
g electron micrographs shown in the graph correspond to
% parallel to the direction of movement of the ice front.
~ W35 obtained with ultrafast freezing to gauge the thickness
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has a brick-mortar-bridges microstructure where inorganic caleium car-
bonate layers are held together by organic protein "glue” (B and ©); the
roughness of the inorganic walls (D) is a key contributor to the final
mechanical properties of nacre. The layered microstructure of the IT dense
composites resembles that of nacre [for example, the alumina—Al-Si com-
posite in (E)]. The particles entrapped between the ice dendrites generate
a characteristic roughness on the lamella surface (F) that mimics that of the
inarganic component of nacre. Scale bars indicate (B) 5 pm, (C) 0.5 pm,
(D) 0.3 pm, (E} 300 pm, and (F) 10 um.

limit achievable by this technique. The approximate ice front velocity for
this extreme case is in agreement with the extrapolation of the controlled
freezing results. In addition, it is possible to contral the materials meso-
structure, for example in alumina (F), by patterning the surface of the
cold fingers on which the ice crystals grow. Scale bars indicate (B) 50 pum,
(C) 20 pmy, (D) S pm, (B} 5 pm, and (F) 500 pm.
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hanical response of natural and synthetic IT composites. The
nding load-displacement data for IT HAP-epoxy compos-
fitatively very similar to that of nacre (€) (17), with a
ng load after the elastic limit—characteristic of a
-pagation and active toughening—for cracks propagating

perpendicular to the inorganic layers. Typical scanning
aphs of the IT composites (B) and nacre of abalone shell
r features on the fracture surface, with mode | cracks
om the notch and deflecting at the lamellae. Extensive

crack deflection at the organic-inorganic interface results in tortuous
crack paths and contributes to the toughening in both cases [as can be
observed for the IT alumina-epoxy composite in (D)]. The role of the
interfacial chemistry in the bonding between layers and the final
mechanical properties of the material is illustrated in the data (E) for
alumina=Al-Si composites (45/55 vol %); the addition of 0.5 wt %
titanium to the aluminum alloy significantly increases the strength and
toughness of the materials. Scale bars indicate (B) 40 pum, (C) 1 pm, and
(D) 100 pm.

ld homogeneous, layered, porous

wthod proposed here (Materials and
ional freezing of the ceram-
hieved by pouring them into
ylene molds placed between
d fingers (fig. S1) whose tem-
ed to control the speed of
1 front (fig. S2). As in nature,
g of sea waler, the ceramic
ratle in the space between the
1A). When the freezing rate
agnitude of supercooling ahead
interface is increased, and as
‘radius of the ice crystals de-
microstructure is thus obtained
g the long-range order of the
Allerwards, the ice is subli-
drying, such that a ceramic
microstructure is a negative
e jee is produced (Fig. 1F). We
i growth of lamellar ice by ad-
zing kinetics. In this way, we
sred microstructure with rele-
5 that vary over two orders of
2A) from 1 pm (almost the
typically ~0.5 pm) (/4) to
affecting the ordered archi-
extent, the mesostructure
lenials determines their mechan-
W€ (15), and this mesostructure has
Lo replicate synthetically. Qur
S that, by controlling the freezing
* Patiemns of the cold finger, it is

also possible to build mesostruciural features
and gradients (Fig. 2F) that could optimize the
mechanical response of the [Tl materials, for
example, by stilfening the structure and lim-
iting torsion (/35).

The IT porows scalTolds obumed by this
process exhibit strong sinularitics to the meso-
and microstructure of the inorganic component
of nacre (Fig. 1. B and C). The morganic layers
are parallel 1o cach other and very homoge-
neous throughout the entire sample (Fig 11
Particles trapped in between the e dendrites
(Fig. 1A) lead 10 a dendritie surface roughness
of the walls (Fig. 1IF). just as in nacre (Fig. 1)
(14). Lastly, some dendrites span the channels
between the lamellae (Fig. 2B mimicking the
tiny inorganic bridges linking the inorganic
platelets of nacre. which are believed wn in-
crease the [racture resistance (/7).

The inorganic portion represents Y5% ol
the volume of nacre, but its highly specilic
propertics (in particular its great oughness)
are due 1o the interaction of this inorganic com-
ponent with the organte phase (proteing that is
found between the caleium carbonate platelets
{/4). To obtain similar syathene malerials, we
next filled the porous ceramic seillolds with
a second phase. For example. we filled the IT
scaffolds with a simple organic phase (epoxy]
or with an inorganic compaonent (metal) (Fig.
1E). Nature shows that the optimum (raciure
properties are encountered not only when the
organic/inorganic interfice is strong but also
when delamination al the organie/inorganic

interface occurs before the crack goes across
the silT, brittle layer. In the IT composites,
extensive crack deflection at the interface be-
tween layers was observed (Fig. 3, B and D).
As in nacre (Fig. 3C), this delamination creates
tortuous cracks that propagate in a siable man-
ner (Fig. 3A) and increases the toughness of
the materials. It is believed that nature manip-
ulates adhesion m two ways, mechanical and
chemical. In nacre, this is done by controlling
the roughness and the highly specifie propertics
ol the polymer adhesive phase (). Our process
allows us 1o control the morphology of the
inorganic layers and the chemistry of the inter-
face. For example, the mechanical response of
alumina—Al-5i [45/55 volume (vol) %) layered
composites (Fig. 1E) can be manipulated by
controlling the interfacial bonding, By adding
as little as 0.5 weight (wt) % Ti [known 1o
segrepate al the metal-ceramic mterfaces (/8)]
to the aluminum eutectic, the strength increases
from 400 1o 600 MPa and fracture toughness
increnses from 5.5 o 10 MPa/m® (Fig, 3E),
Our technique shows promisce for a larpe
number ol applications that require tailored
composile materials. One such scientific chal-
lenge that could be solved is the development
of new biomalerials for orthopedic applications
(1%). Despite extensive efforts in the develop-
ment of porous scaffolds for bone regenera-
tion, all porous materials have an inheremt
lack of strength associated with porosity. By ap-
plying freezing w0 commercial hydroxyapatite
{(HAP. the mineral component of bone) powder
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‘we processed IT highly porous
blds that are four times stronger
than conventional porous HAP
scaffolds exhibit well-defined
y along with directional and
n porosity of an adequate size
wih (20). Hence, most of the
{low strength, random or-
> pore size, and uncontrolled
y) that plague bone substitutes
by this innovative approach.
niic and metallic implant ma-
s shortcomings because of
of physical properties with those
intrinsically weak materials,
phasphates and collagen, are
posites exhibiting intermedi-
1620 GPa), fairly high strength
MPa), and high work of fracture
I 1fm?) (21). The unique proper-
from the controlled integra-
ic (collagen) and inorganic
ts (5) with a sophisticated
Iy nano- to mesolevels. Our

® problem is to infiltrate the IT
JCaffolds with a sccond organic
d biodegradability. Because
rates of the scaffold and the
nd can hcdcsu,nod to be dif-
can be created in situ to allow
By using this approach, we have
' labricate HAP-based composites
5 (10 GPaj, strength (150 MPa),
acture (220 J/m?) that match
for an equivalent mineral/
il (around 60/40 vol %).
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Porasity (%)

firection parallel to the ceramic layers. The presence of inorganic bridges between the
: :ﬁ feature that parallels the microstructure of nacre) prevents Euler buckling of the
5 and contributes to the high strength. (Inset) Typical compression load-displacement
[s with 56% porosity (three different samples shown here). The samples fail gradually,
the large degree of control of hierarchical architecture, the mechanical behavior is very
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The Cellular Basis of a

Corollary Discharge

James F. A. Poulet™?* and Berthold Hedwig®

How do animals discriminate self-generated from external stimuli during behavior and prevent
desensitization of their sensary pathways? A fundamental concept in neuroscience states that
neural signals, termed corollary discharges or efference copies, are forwarded from motor to
sensory areas. Neurons mediating these signals have proved difficult to identify. We show that
a single, multisegmental interneuron is responsible for the pre- and postsynaptic inhibition of
auditory neurons in singing crickets (Gryilus bimaculatus). Therefore, this neuron represents a
corollary discharge interneuron that provides a neuronal basis for the central control of sensory

responses.

n animal’s behavior penerales o con-
stant Now of sensory information that
can update or fine-lune ongoine molor
activity (/) but can also desensitize the aninmal’s
owil sensory pathways andior be confused with

external stimuli, One solution 1o these problems
is o forward a signal, or comollary discharge,
from motor to sensory regions during behavior
to counter the expected, sell-generated sensory
feedback (2. J). A role for comollary discharges
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ge-thawing and freeze-drying

._. duction

¢ most important issues in the synthesis of nano-
knowing how to regulate the particle size and
. Biomimetics, a concept derived from
‘Nature and implemented in the design and syn-
noscale materials, has been successful in cre-
onal nanomaterials and structures (Sinha et af
nimetic synthesis realizes an in situ nucleation
of inorganic nanoparticles in a pre-organized
trix (Mann and Ozin 1996). The microstruc-
stication thus achieved by interfacial interac-
much better functional properties than mere
ganic blends. It is established that different
polymers can be used as pre-organized matri-
i¢ biomimetic synthesis of a wide range of nano-
meluding polymer—inorganic nanocomposites for
eering (Sinha ef a/ 2003). Here, we have used
leohol (PVA). Owing to its chemical com-
very similar to the major component of human
apatite (HAp) reinforced polymer nano-
are increasingly used as implants for medical
(Nayar and Sinha 2004; Dorozhkin 2007). In
of HAp in PVA not only overcomes the poor
properties of HAp but also provides a range
to create different forms of hybrid scaf-
c and cartilage grafts (Sinha et al 2007). The
4F recognition in these hybrid materials not only
shape and dimensions of HAp nanoparticles,
them into higher dimensional structures. In
We describe how after the same initial biomi-
ilhiesis of HAp in PVA, two different post-
_Processing techniques lead to two different
0TS A two-dimensional flat sheet after freeze-

¥ Correspondence (nayar@nmlindia,org)

Jgater. Sci., Vol. 31, No. 3, June 2008, pp. 429-432. © Indian Academy of Sciences.

pimetic synthesis of hybrid nanocomposite scaffolds by

§ NAYAR#*, A K PRAMANICK, A GUHA, B K MAHATO, M GUNJAN and A SINHA
National Metallurgical Laboratory, Jamshedpur 831 007, India

Abstract. The aim of this study is to biomimetically synthesize hydroxyapatite-hydrophilic polymer scaffolds for
biomedical applications. This organic-inorganic hybrid has been structurally characterized and reveals a
good microstructural control as seen by the SEM analysis and the nanosize of the particulates is confirmed by
AFM microscopy. The characterization of such nano-structured composites would allow researchers to design
mew systems, tailoring properties for different applications,

Keywords. Biomimetics; nanocomposites; hydroxyapatite; scaffolds; hydrophilic polymers.

drying and a three-dimensional block after repeated cycles
of freeze thawing are formed. Both scaffolds were cha-
racterized by X-ray diffractometry (XRD), scanning elec-
tron microscopy (SEM) and atomic force microscopy

(AFM).

2. Experimental

Biomimetic synthesis of HAp in PVA was established in
our laboratory and the process patented by our group
(Sinha et al 2005). In order to get 2-D fabric and 3-D
block forms, we integrated this process with low tempe-
rature phase scparation, achieved by freeze-drying and
freeze-thawing, the patent of which is under way. In lyo-
philization, the temperature was drastically dropped to
about -80°C whereas in frecze-thawing there were re-
peated cycles of freezing—thawing wherein water was
entrapped and retained in the system. The chemicals were
obtained from the following sources: PVA was from
Qualigens with a molecular weight, 1, 25000, Ca (NO),
tetrahydrate from Hi Media and (NH,)>-HPO, from Merck.
While in freeze drying, the final slurry was dried at
-80°C at a very fine vacuum of 0-03 milli bar for 36-48 h
and packed and in freeze-thawing the synthesized slurry
was kept in the freezer (4°C) of a frost free refrigerator. It
was frozen and then thawed at room temperature. This
thermal cycling was repeated on an average about 15
times whereby a nice hydrogel was obtained.

3. Results and discussion

Bone is a hierarchical nanocomposite built from ceramic
tablets and organic binders, and is therefore, a subject of
immense interest for materials scientists, PVA is a well-
known hydrophilic biocompatible polymer and here we
have capitalized on its ability to in situ synthesize HAp
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ally cross-link itself under subjected comdi-
XRD studies of both the scaffolds (the sheet
 block) forms revealed HAp as the predominant
“With the following characteristic peaks (210), (112),

=—
s
5|

Pattern of PVA-HAp block

Figure 1. XRD patterns of () PVA-HAp sheet and (b) PVA-HAp block.

(310), (221) and (113) for bandage and (210), (112) and
(221) peaks for block (figure 1). An appreciable degree of
crystallinity present in the PVA-HAp nanocomposites is
attributed to the surface energy of the organic surface which




. s nucleation catalyst, however, the growth remains
" . 1o sluggish diffusion process in polymer ma-
lock XRD data shows less crystallinity because
apped water molecules. The SEM micrographs
=a] that both the scaffolds are made up of non-
sctures of cross-linked PVA-HAp nanofibrils
aeter in the range of 100-150 nm (figure 2).
sis of the sample confirmed that PVA nanofi-
ghly mineralized with HAp nanoparticles (fig-
sheet like nanocomposite revealed the HAp
,c to be about ~10 nm, however, a relatively
e size (80-100 nm) is obtained in PVA-HAp
¢ 3b). This seems to be logical as prolonged
cling of biomimetic PVA-HAp provides ample
- the diffusion necessary for the growth of HAp
in PVA matrix, hence, the size of the particles

ears bigger.
UM studies in non-contact mode
jopographic images reveal the particle-tip interaction

aot the morphology. In compliance with the TEM
(ke AFM images reveal an apparent clustering or

-
B
X! ‘ [ LER

=&  SEM micrographs of a. PVA-HAp nanocomposite
“&nd b PVA—HAp nanocomposite block.

S asky-
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growth in the freeze-thawed sample in comparison with
the lyophilized one. It also reflects the narrow size distri-
bution of the synthesized HAp particles (figures 4a and b).

Scaffolds used in tissue engineering mimic the natural
extracellular matrix and provide support for cell adhe-
sion, migration and proliferation. Though our initial bio-
compatibility tests before the post-synthesis processing
are as per standard norms, we are in the process of making
these scaffolds in bulk in order to get the tissue specific
cell-adhesion tests done.

4, Conclusions

The results shown here provide an excellent illustration
of the symbiotic relationship that nanotechnology shares
with innate polymer chemistry whether it is synthetic or
biopolymers. We have initiated scaffold synthesis using
HAp, PVA and collagen-in both-the sheel and black and
the results are very encouraging. In polymeric systems,
nanostructures play the role of nonreactor for growing
nanoparticles. These materials are not only simple and
cheap; they even control particles growth. Though our

140150490

Figure 3. TEM images revealing precipitation of HAp nano-
particles in a. PVA sheet and b. PVA block.
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Freezing as a Path to Build Complex Composites
B AR ELT-OORE L LTOuE
Abstract
erials that are strong, ultralightweight, and tough are in demand for a range of

Hons, requiring architectures and components carvefully designed from the

eter down to the nanometer scale. Nacre, a structure found in many molluscan

and bone are frequently used as examples for how nature achieves this through

id organic-inorganic composites. Unfortunately, it has proven extremely difficult to
ibe nacre-like clever designe into synthetic materials, partly because their

te structures need to be replicated at several length scales. We demonstrate how
sics of ice formation can be used to develop sophisticated porous and

red-hybrid materials, including artificial bone, ceramic-metal composites, and

|I| us scaffolds for osseous tissue regencration with strengths up to four times higher

m those of materials currently used for implantation
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giomimetic synthesis of hybrid nanocomposite scaffolds by freeze-thawing and freeze-drving
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- Freezing as a Path to Build Complex Composites
B AR ZE Do OO & L TOMK

Abstract
als that are strong, ultralightweight, and tough are in demand for a range of
: g, requiring architectures and components carefully designed from the
down to the nanometer scale. Nacre, a structure found in many molluscan
‘bone are frequently used as examples for how nature achieves this through
anic-inorganic composites. Unfortunately, it has proven extremely difficult to
nacre-like clever designs into synthetic materials, partly because their
iructures need to be replicated at several length scales. We demonstrate how
s of ice formation can be used to develop sophisticated porous and
brid materials, including artificial bone, ceramic-metal composites, and
folds for osseous tissue regeneration with strengths up to four times higher

ase of materials currently used for implantation
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metic synthesis of hybrid nanocomposite scaffolds by freeze-thawing and frecze-drying

| RRARE L MRREART O T Y v K A KR O A R E

. The aim of this study is to biomimetically synlhé.sizn hydrux}':_q;atite—_hydmphilic polymer scafTolds for
' pplications. This organic-inorganic hybrid has been structurally characterized and reveals a
sctural control as seen by the SEM analysis and the nanosize of the particulates is confirmed by

y. The characterization of such nano-structured composites would allow researchers to design
ems, tailoring properties for different applications.
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Figure 1. XRD patterns of (a) PVA-HAp sheel and (b) PVA-HAp black.
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Figure 2. SEM micrographs of n. PVA- HAp nanocomposite
sheet and b. PVA. HAp nanocompusite block.
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fired. AFM topography revealing nanosized HAp particles in . PVA sheet and b. PVA biock.
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