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We provide characterization data of hydroxyapatite (nHAp) and titanium dioxide (nTiO,) nanoparticles as
potential materials for ion sorption, e.g. in targeted therapy, barrier materials for waste repositories or
photovoltaics. The study is focused on the determination of the values of protonation and ion exchange
constants and site densities (5;SOH, $X: [mol kg™]) of nTiO, and nHAp for further Ra kinetics and
sorption experiments. These data are very important for further investigation of the materials, which can
be used e.g. as drug delivery systems or in engineered barriers of deep geological repositories. The
characterization was based on the evaluation of the dependence of titrating agent consumption on pH.
Titration results were evaluated on the basis of several model combinations, however the combination of
the Chemical Equilibrium Model (CEM) and lon Exchange Model (IExM) fits best to the experimental
titration curves. However, the differences between the two sorbents were relatively large. Due to stability
in a broad pH range and available surface sites, nTiO, seems to have a wide application range. The
applicability of nHAp is not so wide because of its dissolution under pH 5. Both sorbents are virtually able
to sorb cationic species on deprotonated edge and layer sites with different capacities, which can be
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Introduction

Both hydroxyapatite and titanium dioxide are known as low-
toxicity compounds with high specific surface area.' These
materials have a variety of applications in a wide range of areas
like environmental science, photovoltaics and medicine, and
applications exploiting their biocompatibility, sorption or
photoelectric properties. Applications that exploit their sorption
properties include water decontamination of different pollut-
ants, such as metal ions*” or organic compounds® or the use of
their nanoparticulate form as radionuclide carriers in nuclear
medicine.”** Doping these materials with metallic impurities
also significantly influences their properties.”*'® Understanding
of the sorption mechanisms is thus extremely important for
further investigations, particularly concerning the stability of
the materials in biological systems.

One of the possible applications of these inorganic nano-
particles is a radionuclide-drug carrier system. They were chosen
due to their radiation stability and size."” Firstly, due to nano-
particle size and ability to resorb ions, recoil nuclei remain in the
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important for sorption and decontaminating applications.

particle and no undesirable irradiation is therefore observed.
Secondly, nanoparticles can be targeted to cancer by both passive
and active mechanisms, due to the EPR effect or functionalization
of the surface.”® Nanohydroxyapatite and nTiO, were chosen for
this purpose because these materials are already widely used in
medicine and cosmetics. They are stable, nontoxic, biocompatible,
cheap, and easy to prepare.’*** Moreover, nanoparticles can be
used for theranostic systems with bonded diagnostic nuclides
such as *™Tc, ®*Ga, 'F, etc. and therapeutic nuclides such as
223Ra, 225 Ac, 213Bi, 186Re’ QOY, etc. B8

Our aim was to determine nanomaterial properties
including the parameters characterizing the protonation and
ion-exchange processes taking place on the surface of nHAp and
nTiO, for further **’Ra sorption studies, as a nanoparticle
radionuclide carrier for nuclear medicine.**> Due to modeling
of the new material surface sorption processes, separate
experiments should be performed in order to obtain credible
input surface protolysis and site density data.

The study is mainly focused on modelling of the sorption
mechanisms. Generally, there are two types of surface groups
responsible for sorption: the edge sites on the edges of the
surface structure, and the layer sites which appear due to
isomorphic substitution of cations and lead to a permanent
negative charge on the solid particle surface.**** The presence of
the charge depends on the ecrystallographic structure of
a studied material, or, in some cases, on the conditions in
a studied system (e.g. the surface of the material having only the
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edge sites can be contaminated with another material having
the layer sites), and therefore the presence of both types of sites
should be assumed.

The modeling of sorption processes requires surface pro-
tolysis and site density input data such as specific surface area,
protonation and ion exchange constants, and the concentra-
tions (densities) of edge sites and/or layer sites.

Protonation and sorption processes taking part on the edge
sites can be described by several types of Surface Complexation
Models (SCM) from which the following models are the most
utilized: Constant Capacitance Model (CCM), Diffusion Double
Layer Model (DLM), and non-electrostatistical Chemical Equilib-
rium Model (CEM).**** The processes taking part on layer sites are
always described by classical Ion Exchange Model (IExM). Since
hydroxyapatite can substitute Ca*>" for other cations, the necessity
to involve IExM into nHAp modeling seems to be obvious.
According to the literature® the edge site density is approx. 3 mol
kg™ for nHAp, and approx. 0.3 mol kg™ for nTiO,, which points
to its potentially very good sorption.

General material description was performed by FTIR spec-
troscopy, XRPD and TEM. Detailed surface description was
carried out on the basis of titration experiments through
material modeling which can be briefly described as follows: the
reactions taking place on the surface of nHAp or nTiO, may be
described by two equations. The first one is protonation reac-
tion being in progress on edge sites (=SOH), the second one
describes the ion-exchange on layer sites (=XH).

The balance equations of charge densities on edge sites
(>-SOH) (1) and layer sites (>_X) (2) have to be taken into account
in order to provide correct description of surface reactions:

SSOH = [SOH] + [SO] + [SOH,"] [mol kg~ ] (1)
X = [XH] + [X7] = [XH] + [XNa] [mol kg~] (2)

It is important to notice that the edge sites of the nHAp are
characterized as =POH functional groups,*® while nTiO, edge
sites are formed by =SOH groups.

Further description can be found in the ESIL.t The descrip-
tion of the individual models and their application in detail
were described by Filipska.*

Experimental
Materials and methods

All chemicals were of analytical grade purchased from Merck and
were used without further purification: tetrabutyl ortho-titanate
(TBOT), 2-propanol (IPO), sodium hydroxide, phosphoric acid,
boric acid, acetic acid, nitric acid, sodium nitrate, ammonium
hydroxide solution (28%), calcium nitrate tetrahydrate, ammo-
nium hydrogen phosphate. Demineralized water of 18 MQ cm ™"
was obtained from Millipore, USA water purification system.

Sorbent preparation

nHAp. Bulk HAp was prepared by adding 1.2 M Ca(NOj3), (24
mL) into 0.5 L of demineralized water. The pH of the mixture
was set to 11 with ammonium hydroxide and maintained
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during the reaction, and 0.7 M (NH,4),HPO, (24 mL) was added
dropwise under stirring. The mixture was left overnight under
stirring, washed with DEMI water (3 x 20 mL) and dried. The
resulting powder was fine-ground.

nTiO,. The mixture of TBOT (1 mL, 2.8 mmol) in IPO (4 mL)
was dropwise added to 100 mL of DEMI water in ultrasonic
generator. The suspension was stirred for 30 minutes at the
laboratory temperature. Prepared nanoparticles were washed
with DEMI water (3 x 20 mL), once with IPO (10 mL) and then
dried under vacuum. The resulting powder was fine-ground.

Characterization of the materials

The specific surface area was determined by selective sorption
of nitrogen at the temperature of liquid nitrogen using a multi-
point BET method. Confirmation of the composition of the
materials was made with FTIR spectra recorded on Nicolet iS50
FTIR (ThermoScientific, USA) in middle infrared region 400-
4000 cm ™" with resolution 2 cm ™" on a diamond crystal which
were compared to relevant records in HR Inorganics I. -
Minerals database.’” Powder X-ray diffractograms using Rigaku
MiniFlex 600 (Ni-filtered Cu-K,,, radiation) equipped with
Nal(Tl) scintillation detector were compared to the relevant
records in the ICDD PDF-2 database (version 2013).%®

TEM analyses. The nanoparticles were dispersed in water,
a small droplet (2 pL) of the suspension was dropped onto the
standard TEM supporting copper grid covered with an electron
transparent carbon film. The excess of the solution was
removed after 1 min by touching the bottom of the grid by a thin
strip of filter paper in order to avoid oversaturation and nano-
precipitation during the drying process. The specimens were
then left to dry completely. After drying the samples were
transferred to a TEM microscope (Tecnai G2 Spirit Twin 12; FEI
Company, Czech Republic) and observed at accelerating voltage
120 kv. Morphology of the particles was observed with standard
bright field imaging (TEM/BF), energy-dispersive analysis of X-
rays (TEM/EDX) yielded the elemental composition, and
selected area electron diffraction (TEM/SAED) was used to verify
the crystalline structures. Electron diffraction patterns were
transformed to 1D-diffractograms (by means of Process
Diffraction®’) and compared with X-ray diffraction patterns
(calculated with PowderCell*®) of the expected crystalline
structures of nHAp and nTiO, (the structures were obtained
from Crystallography Open Database*!). An estimate of crystal-
lite size from electron diffraction patterns and a calculation of
particle size distribution and specific surface area in compar-
ison with BET experiment is provided in ESIL.{

Potentiometric titrations

Automatic titration was made on TIM845 Potentiometric Titrator
(HACH, USA) equipped with Ag/AgCl electrode (HACH, USA).
The nHAp or nTiO, (150 mg) was dispersed in 50 mL of 0.1 M
NaNO; to ensure stability of the ionic strength (suspension
concentration was 3 g L™ ). Titration was performed at 23 &1 °C
with 0.1 M NaOH for alkaline part of titration curve and 0.1 M
HNO; for acidic one. During the titration with NaOH the sample

This journal is © The Royal Society of Chemistry 2019
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100 nm

Fig. 1 TEM analysis (A) TEM/BF micrograph showing the size and shape of nHAp, (B) TEM/BF micrograph showing the size and shape of nTiO..

and the titrant were bubbled with N, to eliminate atmospheric
CO, absorption and dissolution.

In the case of nTiO,, the studied pH range was between 2.5 and
10. In the case of nHAp, with regard to its possible dissolving in
acidic medium, the lowest reached pH was approx. 5. The experi-
ments were repeated three times for each line and solid phase. A
blank experiment was performed with 50 mL of 0.1 M NaNO;
without any solid phase added for the both acidic and alkaline part
of the titration curve. Increment was set to 0.05 mL and stability
conditions to 20 mpH min . The pH was recorded after each
addition of titrant as a function of its volume.

Results and discussion
Specific surface area, FTIR, XRPD

The specific surface areas via BET measurements were determined
at 117 + 8 m> g~ ' for nHAp and 330 + 10 m* g~ * for nTiO,. FTIR
spectra of the nHAp showed the characteristic vibration bands of
hydroxyapatite: vibration bands at 600-473 cm ' and 1089-
962 cm ' might be attributed to PO,*”. Band at ~1400 cm ™"
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belongs to the characteristic vibration of the CO5>", that at
1630 cm™* corresponds to deformation vibration band of OH™ and
that at 3500-3000 cm ™" belongs to stretching mode of OH ™. FTIR
spectrum of nTiO, has the band at 3500-3000 cm ™" that might be
attributed to stretching mode of OH™ and at 1632 cm ™" associated
with deformation vibrations of OH~ bonds on the surface of TiO,.
Arms on the band at 1000-400 cm " are assigned to Ti-O and Ti-
O-Ti stretching modes.*” Both FTIR spectra were compared to
database® records #15 and #216 for nHAp and nTiO, respectively;
they fit properly.

Nanohydroxyapatite and nTiO, diffractograms showed that
both samples are single phase. Experimental conditions for
nHAp synthesis meet the requirements for hydroxyapatite
formation. Titanium dioxide has the structure of anatase as
proved by library data®® comparison. Low intensity peaks of
nTiO, can be interpreted either as nano-sized crystals or as
amorphous phase formation. According to TEM/BF micrograph
(Fig. 1B) the nanoparticle size is under 20 nm.

Both FTIR and XRPD spectra could be found in the ESI
(Fig. S1 and S27).
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Fig.2 Particle size distributions determined from image analysis of TEM/BF micrographs using program MDISTR**~%” for (A) nHAp and (B) nTiO,.
The symbols N% and V% denote number and volume distributions, respectively.
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Table 1 Morphological descriptors of the nanoparticles

Equivalent

diameter [nm] Elongation [—]

Sample Crystallite size” [nm] Average StDev Average StDev
nHAp 5.18 21.7 6.9 1.70 0.49
nTiO, 2.44 5.3 1.7 1.50 0.41

“ Crystallite size was obtained from TEM/SAED diffractograms using
Scherrer equation. Equivalent diameter and elongation were assessed
from measurements of TEM/BF micrographs.

TEM characterization of the nanoparticles

TEM characterization of nHAp and nTiO, is shown in Fig. 1
where TEM/BF micrographs demonstrated that both nano-
particles had quite narrow size distribution, nHAp (Fig. 1A)
being larger than nTiO, (Fig. 1B). TEM/SAED diffractograms
and their comparison with theoretically calculated XRD
diffraction patterns confirmed the expected crystalline struc-
tures: hexagonal structure of nHAp (Crystallography Open
Database*' COD #9001233) and tetragonal anatase structure of
nTiO, (Crystallography Open Database* COD #1526931). TEM/
EDX spectra yielded the expected elemental composition and
confirmed that both prepared nanoparticles were free from
impurities (we note that C and Cu peaks come from the stan-
dard TEM supporting copper grids, which were covered with
thin, electron transparent carbon film). TEM/SAED diffracto-
grams and TEM/EDX spectra are shown in ESI (Fig. S3 and S47).

TEM image analysis and calculation of specific surface area

Both TEM/BF micrographs and TEM/SAED diffraction patterns
were employed in estimating the nanoparticle size. Image analysis

Table 2 Particle numbers and specific surface areas calculated by the
MDISTR program

nHAp nTiO,
Model ID¢ N[—] Alm*g™ "] N[—] A[m* g™ ]
Model 1 4.35 x 10"® 367 3.11 x 10" 581
Model 2 5.92 x 10'® 88 3.05 x 10" 268
Model 3 4.49 x 10'® 73 2.25 x 10"® 218
Model 4 8.98 x 10'® 102 4.49 x 10"® 298
Model 5 8.98 x 10'® 107 4.49 x 10"® 342
BET experiment — 117 — 330

“ All calculations were performed by the MDISTR**™*” program based on
parameters from image analysis of TEM/BF micrographs and/or TEM/
SAED diffraction patterns. N denotes number of particles and A
denotes specific surface area of the nanoparticles. The models used
for calculations were as follows: Model 1 = uniform spherical
particles with average size determined from broadening of TEM/SAED
diffractions (5.2 nm for nHAp, 2.4 nm for nTiO,); Model 2 = uniform
spherical particles with average size determined from image analysis
of TEM/BF micrographs (21.7 nm for nHAp, 5.3 nm for nTiO,); Model
3 = spherical particles with the size distribution determined from
image analysis; Model 4 = the same as previous, but with additional
corrections for elongation and flatness of the particles, which were
measured or estimated from TEM micrographs; Model 5 = the same
as previous, but with additional correction for surface roughness of
the nanoparticles, which was estimated from TEM micrographs.
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Titrant volume (mL)

Fig. 3 Experimental dependences of added volume of titrant 0.1 M
NaOH, for basic part and 0.1 M HNOs for acidic part of titration curves
on pH and blank titration curve of 0.1 M NaNOs.

of TEM/BF micrographs was based on direct measurement of >100
particles and yielded an average particle size (morphological
descriptor: equivalent diameter), aspect ratios (morphological
descriptor: elongation) and the particle size distributions (shown
in Fig. 2); technical details concerning image analysis are given in
the ESLf An estimate of the nanoparticle sizes from TEM/SAED
was based on Scherrer equation.* It is worth noting that Scher-
rer equation is applied mostly to X-ray diffraction data, but its
application on SAED diffraction patterns is also possible, although
it may not be so common.*** The average particle sizes are
summarized in Table 1.

The nHAp and nTiO, morphological descriptors (Table 1),
particle size distributions (Fig. 2) and overall semi-quantitative
characteristics of the observed nanoparticles (such as their
roughness estimated from their shapes in higher magnification
TEM/BF micrographs), were employed in the calculation of the
specific surface area of the nanoparticles. The calculations,
which are properly described in the ESI,{ were performed by our
program MDISTR.**** The final calculated values were
compared with the experimentally determined specific surface

Table 3 Evaluation of titration curves by six different models: the
values of WSOS/DF characterizing the agreement between the
experimental (22 + 1 °C) and calculated data (N/A — evaluation was not
performed)

nHAp nTiO,
Model WSOS/DF WSOS/DF
CEM 34.1 8.88
CEM + IExM 1.07 1.26
CCM 46.9 1.77
CCM + IExM 42.4 1.88
DLM N/A 1.16
DLM + IExM 13.4 0.70

This journal is © The Royal Society of Chemistry 2019
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Table 4 The total nHAp concentration of edge sites (} POH) and ion exchange groups (layer sites) (3_X), protonation (Ky, K2), and ion exchange

(Knat/mt) constants based on the titration curve evaluation

Model >"POH [mol kg '] >"X [mol kg™ '] K; [L mol '] K, [L mol '] Kna'm [—]
CEM + IExXM 5.10 £+ 1.20 0.15 + 0.01 5.12 x 10" +1.10 x 10 1.19 x 10° + 2.73 x 10* 3.01 x 10° + 3.26 x 10°
DLM + IExM 13.90 + 4.35 0.20 + 0.10 1.83 x 10" + 6.84 x 10™° 1.80 x 10”7 £ 5.07 x 10° 1.12 x 10° + 3.34 x 10’

Table 5 The total nTiO, concentration of edge sites (> SOH) and ion exchange groups (layer sites) (3_X), protonation (Ki, K»), and ion exchange

(Knat/nt) constants based on evaluation of titration curves

Model S"SOH [mol kg '] S°X [mol kg™ '] K; [L mol™"] K, [L mol™"] Kya'm [—]
CEM + IExM 0.20 £ 0.01 0.67 4+ 0.01 2.31 x 10° + 1.93 x 10* 1.84 x 10* 4+ 1.65 x 10> 5.67 x 107 + 2.01 x 10°
DLM + IExM 1.42 4+ 0.10 0.07 + 0.01 3.26 x 107 + 2.73 x 10° 4.32 x 10° + 2.61 x 10> 6.96 x 10* + 1.74 x 10°
1.0 T i T T T 1.0 T =
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Fig. 4 (A) Experimental data and calculated titration curve; (B) molar fractions of individual forms of surface sites for nHAp (CEM + IExM).

areas from BET experiments (Table 2). The agreement between
theoretical calculations based on TEM data including all
corrections and the experimental results from BET experiments
was very good. In both samples, the SAED-based crystallite sizes
resulted in overestimation of specific surface area in compar-
ison with BET experiments (Table 2, compare results of Model 1
and BET experiments), which implied that SAED-based

1.0 T T T T T T T T T
A 0.8 o experimental data| ]
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0.6 4
g’ 0.4 4
°
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aév 0.0
B
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Fig. 5

This journal is © The Royal Society of Chemistry 2019

crystallite sizes were small, resulting in too high numbers of
particles with too high specific surface area. Other models
showed good agreement with BET experimental results. For
more information see ESL}

0.8 4

0.7

0.6 4

0.5+

Fraction

0.4

0.3+

0.2

0.1+

0.0

(A) Experimental and calculated titration curve; (B) molar fractions of individual forms of surface sites for nTiO, (CEM + |ExM).
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Evaluation of the titration experiments

Experimentally obtained dependences are shown in Fig. 3. As
mentioned above, due to nHAp dissolution the titration range
was from 5 to 10. Strictly speaking, the dissolution of nHAp
starts at aprox. pH = 7, but it is negligible if the titration is fast
enough and pH = 5 is reached within a few minutes.

The WSOS/DF value (weighted sum of squares of differences
divided by the degrees of freedom) is taken as an appropriate
criterion of goodness-of-fit and it should be in the interval 0.1 <
WSOS/DS < 20, so the model used for the description of the
given experimental dependence can be taken as acceptable. In
addition, the physical meaning of individual parameter values
has to be taken into account, as well. Evidently, the WSOS/DF
criterion (Table 3) is completely fulfilled for nTiO,, for nHAp
it holds for CEM + IExM and DLM + IExM models, only. But, if
we take into account the values in Tables 4 and 5, and if we
allow for literature data > 'SOH and Y POH mentioned above,*
combination of CEM + IExM models describe experimental data
in the most accurate way for both nHAp and nTiO,.

According to the chosen models, total concentrations of the
edge sites and ion exchange groups, protonation and ion exchange
constants (for Na'/H" exchange) were calculated and their values
were summarized in Table 4 for nHAp, and in Table 5 for nTiO,.
On comparing the parameter values in Tables 1-3 to each other
and considering the literature data mentioned above,* the best
model seems to be CEM + IExM for both materials.

The experimental and calculated titration curves are depicted
as total surface charge density, Q [mol kg™ '],or (Qcar);, on pH for
nHAp and nTiO,, respectively (Fig. 4A and 5A). The molar frac-
tions of individual forms of sites (see the ESIf) can be found,
again as the dependences on pH (Fig. 4B and 5B). In both cases,
CEM + IExM model was used for experimental data evaluation.

Of course, there are great differences between nHAp and
nTiO, not only in the density values of surface sites (> SOH,
>"POH and ) X), but above all in the values of protonation
constants - what does it means, it is evident from the
comparison of curves in Fig. 4B and 5B. Evidently, the pH value
plays the basic role in the applicability of both materials to the
surface sorption of anionic, cationic and molecular species
(surface complexation). The applicability of nHAp is limited to
PpH interval from approx. 5 to 11, whereas in case of nTiO,, it
deals with pH from approx. 3 to 11. The both materials differ in
the sorption property (ability) in respect of different species,
such that on nHAp (Fig. 4B) can take place the sorption of
cationic forms on PO~ and X~ or surface complexation can
proceeds on PO ™. As for nTiO, (Fig. 5B), cationic forms can be
sorbed on SO~ and X, and by analogy the surface complexation
can proceed on SO, in addition, the sorption of anionic species
can be under way on SOH,'. Evidently, in principle, both
materials can be used as carrier of cation in question, i.e., >**Ra,
namely, for example as ***Ra®" or ***Ra(OH)".

Conclusions

An investigation of nHAp and nTiO, preparation and surface
sorption properties was performed in order to provide more
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detailed data for further studies considering **’Ra uptake on
these sorbents. However, the differences between the two
sorbents were relatively large, as follows from the values of
parameters determined for nHAp (K; = 5.12 x 10" [L mol '}; K,
=1.19 x 10° [L mol']; >-SOH = 5.10 [mol kg™ ']; Koy = 3.01 x
10° [—]; >°X = 0.15 [mol kg~ ']), and for nTiO, (K; = 2.31 x 10°
[L mol™']; K, = 1.84 x 10* [L mol™']; S_SOH = 0.20 [mol kg™ ];
Koy = 5.67 x 107 [—]; 32X = 0.67 [mol kg ']). Deep under-
standing of the surface properties of HAp and TiO, nano-
particles, as prospective carriers for targeted alpha-particle
therapy by in vivo generators, is important.’® The results will
allow us to predict and provide further evaluation of kinetics
and sorption dependences of various ions and radionuclides,
including ***Ra and its decay products which are present in the
form of cations. Therefore, the studied nanoparticles, which are
capable of both capture and resorption, due to their high
capacity and suitable size, are a promising solution.

Based on our experiments and calculations it can be stated
that applicability of nTiO, is high due to its stability in a broad
pH range and available surface sites (>_SOH = 0.20 mol kg™ ';
"X = 0.67 mol kg™ "). Evidently, cationic species sorption on
nTiO, can proceed via ion-exchange on deprotonated edge sites
(=S0O7) and on layer sites (=X") as well. Applicability of nHAp
is not as wide as nTiO, because of its dissolution under pH 5.
On the one hand, surface site density of nHAp is greater than
that of nTiO, (3_POH = 5.10 mol kg™"; 3"X = 0.15 mol kg™ ),
which can be regarded as an advantage of nHAp. On the other
hand, nHAp deprotonated edge sites (=PO ™) are virtually able
to sorb only cationic species. Uptake of anionic and molecular
species on edge sites of the two sorbents can also undergo
surface complexation mechanism, but regarding the purposes
of our study it was not taken into account.
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