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1. Introduction

Materials such as metals, semiconductors, and metal oxides, exhibit different
physical and chemical properties from bulk materials when the size of the materials is
reduced to nanoscale. These properties are considered to be caused from an extremely
large specific surface area. These materials are called “nanomaterials” and the technology
of nanomaterials is called “nanotechnology”. Nanomaterials have been studied widely as
functional materials. The origin of the concept of nanotechnology was Richard P.
Feynman’s talk to the American Physical Society in 1959, entitled “There’s Plenty of
Room at the Bottom”."

Recent years, metal oxide nanoparticles are widely studied as nanomaterials.> For
example, alumina nanoparticles are used in a car engine coolant. Titania nanoparticles are
used for photocatalysts, cosmetics, and skin care products. Furthermore, metal oxide
nanoparticles are used for batteries, antibacterial agents, paints, and so on.*” Magnetic
nanoparticles such as iron oxide have been studied to apply for drug delivery systems.*’
In addition, the synthesis of metal oxide nanoparticles has been studied. Nanoparticles
can be produced with tunable sizes and shapes by various methods, such as vapor

10, 11

deposition, laser ablation, metal salt reduction, and sol-gel process. Metal oxide

nanoparticles also attract attention as low-cost adsorbents for heavy metal ions.'* '

On the other hand, metal oxides such as Al,O; and Fe,O; are naturally present as
colloidal nanoparticles in aquatic systems and play an important role in the distribution
and diffusion of trace metallic elements in the environment.'"* The mechanism of the
adsorption of metal ions on metal oxides is generally explained by complex formation
between the surface hydroxyl sites of the oxides and the metal ions in water."”'® It has
been found that the surface complexation constants of several metal ions to metal oxides
and the hydrolysis constants of metal ions show good correlations."

More recently, much attention is focused on metal oxide colloids as factors
influencing the behavior of radionuclides in cooling water. Cooling water is used to cool

various components such as electromagnets, targets, and particle detectors at particle

accelerator facilities. Various radionuclides are produced in the cooling water due to



nuclear reactions under intense radiation field. The generation of radioactive nuclides had
not been considered important because the amount was generally extremely small.
However, the amount increases with the development of accelerator facilities such as
Japan Proton Accelerator Research Complex (J-PARC) at Tokai. Therefore, an
appropriate treatment of radionuclides is required. Beryllium-7 ('Be) is one of the most
significant gamma-ray emitting nuclides produced in the cooling water. It is important to
know the behavior of radioactive and trace 'Be in the cooling water.

High-Energy Accelerator Research Organization (KEK) has been investigating the
existing forms and behavior of ‘Be. From these investigations, it was found that a part of
"Be was present as fine colloids with diameters of several nanometers.”>* These fine
colloids had been estimated as metal oxide or metal hydroxide colloids generated by the
corrosion of metal components. In the case of the cooling water system for the
electromagnets at the 12-GeV proton accelerator facility of KEK, elemental analyses,
electron microscope observations, and powder X-ray diffraction spectrometry clarified
the dominant colloidal materials to be copper oxide generated through the corrosion of a
coil material made of oxygen-free copper.”® Considering these facts, ‘Be is captured by
CuO colloidal nanoparticles in the cooling water.

The partition behavior of metal ions on the oxides of divalent metal ions, such as
CuO and CoO, consisting of divalent metal ions has not been studied because these metal
oxides has been considered less important. The partition behavior of Be(Il) on metal
oxides has also not been investigated. Because the Be*" ion has the smallest size of all the
metal ions, it has a large positive charge density. In order to clarify the tendency and
features of the interaction of Be(Il) with metal oxides, it is necessary to determine and
compare the surface complexation constants for various metal ions and metal oxides. The
purpose of this study is to clarify the partition behavior of metal ions to metal oxide
nanoparticles as a joint research with High-Energy Accelerator Research Organization
(KEK).

In this study, the partition behavior of metal ions (Be(Il), Ni(Il), and Cu(Il)) to
nanoparticles of several metal oxides (Al,Os, TiO,, Fe;03, CoO, and CuO) and SiO; in

water was quantitatively evaluated at 25 °C. The distribution ratio of the metal ion



between the nanoparticle phase and the aqueous solution phase was measured as a
function of aqueous pH, and the complexation equilibria between the metal ion and the
surface hydroxyl sites were analyzed. In addition, the zeta potentials and particle size
distributions of the nanoparticles dispersed in water were measured. Based on the
complexation constants obtained, the factors governing the interaction of metal ions with
metal oxides are discussed. The result is expected to understand the role of the metal

oxide colloids as the metal ion scavengers.



2. Experimental

2-1 Reagents and chemicals

Nanoparticles of Al,Os, Si0,, TiO,, Fe,0s3, CoO, and four kinds of copper oxide
were purchased and used as received. Four kinds of copper oxide nanoparticles were
denoted as CuO-CIK, CuO-2810NH, CuO-US3063, and CuO-US3065. The
manufacturers and some physical properties of these nanoparticles are shown in Table 1.
TEM photographs of nanoparticles purchased from C. 1. Kasei. Co., Ltd. are shown in
Fig. 1. Water was ion-exchanged with a Demi-Ace Model DX-15A (Kurita Water
Industries) and furthermore deionized with Milli-Q Labo system (Millipore) just before
use. Aqueous standard solutions of Be(Il) were purchased from Kanto Chemical as 1005
mg dm > atomic absorption standards; after they were diluted appropriately and were
acidified with nitric acid (final HNO; concentration, 0.7 mol dm) for atomic
absorption spectrometry (AAS). Aqueous standard solutions of Ni(II) were purchased
from Kanto Chemical as 1008 mg dm ™ atomic absorption standards; after they were
diluted appropriately and were acidified with nitric acid (final HNO; concentration, 0.1
mol dm ) for AAS. Aqueous standard solutions of Cu(Il) were purchased from Kanto
Chemical as 1000 mg dm™ atomic absorption standards; after they were diluted
appropriately and were acidified with nitric acid (final HNO; concentration, 0.1 mol
dm™) for AAS. As a matrix modifier for graphite furnace AAS (GF-AAS) of Be(Il),
magnesium nitrate solutions purchased from Wako Chemical as a 10000 mg dm
atomic absorption standards; were used after appropriate dilution and were acidified
with nitric acid (final HNO; concentration, 0.4 mol dm ). Analytical grade potassium
hydrogen phthalate was dried at 110 °C for 4 h before use as a standard for acid-base
titrations. Other chemicals were purchased as analytical grade reagents and used without

further purification.

2-2 Instruments

The concentration of metal ions in an aqueous phase was determined by GF-AAS

with a Hitachi polarized Zeeman atomic absorption photometer Z-5000 and Z-8200.
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Fig. 1. TEM photographs from CIK NanoTek Corporation of
metal oxide nanoparticles, NanoTek®.
(http://www.cik.co.jp/product/nanotek/english/nanotek 13.html)
[cited 2015 Jan]




The zeta potential and particle size distribution of the oxide nanoparticles dispersed in
water were measured by laser Doppler electrophoresis and dynamic light scattering
using a Horiba SZ-100 nanoparticle analyzer. For the partition experiments of Be(II)
with the copper oxide nanoparticles, mechanical shaking and centrifugation were
conducted using a Taitec Recipro Shaker SR-1N (190 strokes / min) and a Compact
Tabletop Centrifuge Model 2010 (max speed 4000 rpm, relative centrifugal force 2580
x g)*" with a RS-240 swinging rotor, respectively. Other partition experiments were
carried out with a Tokyo Rikakikai Eyela SS-8 (90 strokes / min) and a Micro
Refrigerated Centrifuge Model 3700 (max speed 15000 rpm, relative centrifugal force
22140 x g)*® with an AF-5004CH angle rotor.

2-3 Partition experiments of metal ions between nanoparticles and
aqueous phase

Aqueous solutions that containing a metal ion (Be(Il), Ni(Il), or Cu(Il)) were
prepared as follows. Concentrations of Be(II), Ni(II), and Cu(Il) were 1.00x10~" mol
dm3, 8.57x10°® mol dm>, and 7.87x10°% mol dm>, respectively. The pH of each
solution was adjusted with CH3;COOH-CH3;COONa buffer (pH 3.7 to 5.3) or
2-morpholinoethanesulfonic acid (MES)-NaOH buffer (pH 5.3 to 6.5). Ionic strength
was adjusted to 0.01 using NaNOs. Concentrations of the buffer components were as
follows: CH3COOH 5.0x10 *-5.0x10"* mol dm °; CH;COONa 1.0x10~5.0x10"> mol
dm~; MES 1.0x10 mol dm; NaOH 2.0x10°-8.0x10° mol dm™. The buffer
solution of the metal ion (20 cm®) was mixed with the oxide nanoparticles (0.001-1 g)
in a plastic vial. The vial was mechanically shaken for 3—72 h at 25 + 0.2 °C. For the
partition experiments of Be(Il) with CuO-CIK, the CuO-CIK nanoparticles were
removed from the suspension by using a centrifugation-type ultrafiltration unit
(Vivascience Vivaspin 20; MWCO 1000 kDa) with an estimated pore size of 16 nm
based on the correlation between the molecular weight and estimated molecular size.*’
For the partition experiments of Be(Il) with CuO-2810NH, CuO-US3063, and
CuO-US3065, the copper oxide nanoparticles were removed from the suspension by

centrifugation at 3500 rpm. For other experiments, the nanoparticles were removed



from the suspension by centrifugation at 15000 rpm. The concentration of the metal ion
in the aqueous phase was determined by GF-AAS, and the distribution ratio of the metal
ion between the nanoparticle phase and the aqueous solution phase was calculated. In
order to evaluate an effect of ionic strength on the partition of Be(II) to CuO—-CIK, the
partition experiments were performed for both the solutions of ionic strength

0.002—0.007 and 0.1.

2-4 Measurement of surface hydroxyl site concentration on oxide
nanoparticles

The surface hydroxyl concentration per unit mass of the oxide nanoparticles was
determined as follows. A nanoparticles (0.5 g) / water (50 cm®) suspension was placed
in a glass beaker and stirred with a magnetic stirrer in a temperature-controlled water
bath (25 + 0.2 °C). Acid-base titration experiments were performed by successive
addition of aliquots of a calibrated aqueous NaOH solution (1.11x107>~1.23x107* mol
dm™), an aqueous HCI solution (4.11x107> mol dm™) or an aqueous H,SO4 solution
(7.87x10° mol dm™) to the suspension. The HCI solution was used for Fe,O3 and the
H,SO,4 solution was used for CuO-2810NH, CuO-US3063, and CuO-US3065,
respectively. The pH of the suspension was measured with a glass electrode. Blank
experiment was carried out using the same amount of pure water instead of the
nanoparticles / water suspension. By comparing the titration curves of the nanoparticles
/ water suspension and pure water, the surface hydroxyl concentration per unit mass of
nanoparticles (mol g ') was determined. The NaOH solution was standardized using
potassium hydrogen phthalate. The HCl and H,SO, solutions were calibrated using the

standard NaOH solution.

2-5 Measurements of zeta potential and particle size distribution
2-5-1 Preparation of sample solution

The nanoparticles / water suspension was prepared and the pH of each solution was
adjusted with 3x10™* mol dm~ HCI solution (pH 3.6), 1.5x10> mol dm ™ potassium
hydrogen phthalate—HCI buffer (pH 4.1), 5x10~ mol dm > CH;COOH—CH;COONa



buffer (pH 4.7), 1x10* mol dm > MES-NaOH buffer (pH 5.5 to 6.7), 2x10 > mol dm >
1,4-piperazinediethanesulfonic acid (PIPES)-NaOH buffer (pH 7.2), 1x10°-2x107*
mol dm~ NH;-NH,4Cl buffer (pH 7.9 to 10.2), or 1x10~° mol dm > NaOH solution (pH
10.9). Ionic strength was adjusted to 0.01 using NaNOs.

2-5-2 Measurement of zeta potential of nanoparticles dispersed in
water

The zeta potential of the oxide nanoparticles dispersed in water were measured by
laser Doppler electrophoresis. A charged nanoparticle is moved by an applied electric
field. This motion speed is proportional to the charge of the nanoparticle and can be
measured by light scattering. The nanoparticle is illuminated with laser light and
therefore the nanoparticle scatters the light. The frequency of the scattered light is a
function of the nanoparticle velocity due to the Doppler shift. From the applied electric
field and measured nanoparticle velocity, the nanoparticle mobility is determined. The
zeta potential is then calculated from the mobility.’® A measurement cell used was a
carbon electrode cell and the voltage applied to the electrodes was set to 3.4 V. For each
nanoparticle, the nanoparticles / water suspensions were prepared as follows: Al,O3; 100
mg dm; SiO,, TiO,, Fe,03, CuO-CIK, CuO-US3063 and CuO-US3065 200 mg dm>;
CoO 180 mg dm; CuO-2810NH 500 mg dm . The zeta potential was measured as a
function of pH.

2-5-3 Measurement of particle size distribution of nanoparticles
dispersed in water

The particle size distribution of the oxide nanoparticles dispersed in water were
measured by dynamic light scattering. Nanoparticles dispersed in water undergo thermal
motion known as Brownian motion. The nanoparticle is illuminated with laser light and
therefore the nanoparticle scatters the light. The scattered light is collected with a
detector. By analyzing the signal, the diffusion coefficient of the nanoparticles is
determined and the Stokes-Einstein equation is then used to calculate the nanoparticle

size.”® For each nanoparticle, the nanoparticles / water suspensions were prepared as



follows: AL,O3 100 mg dm ; SiO, 150 mg dm; TiO, 25 mg dm ; Fe,03 and CoO 60
mg dm*; CuO—CIK, CuO-2810NH, CuO-US3063, and CuO-US3065 1000 mg dm .
The particle size was measured as a function of pH. A measurement cell used was a 1
cm square cell. The scattered light was collected by a detector with either 90° or 173°

scattering angle.
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3. Results and Discussion

In this section, the partition behavior of a metal ion to the nanoparticles of several
metal oxides and SiO, in water is quantitatively explained on the basis of the
complexation model between the metal ion and surface hydroxyl sites of the oxides. The
partition behavior of the metal ion was evaluated as a function of pH. In addition, the
zeta potentials, average particle sizes, and surface hydroxyl site concentrations were
determined for the nanoparticles in an aqueous suspension state. Based on the
experimental results, the surface complexation constants were determined. The
tendency of the surface complexation constants is discussed based on the properties of

the oxide nanoparticles or the metal ion in water.

3-1 Partition behavior of metal ion in nanoparticle dispersed aqueous
solution
3-1-1 Partition behavior of Be(Il) in nanoparticle dispersed aqueous
solution

The partitioning of the metal ion between the nanoparticle phase and the aqueous

solution phase was evaluated in terms of the distribution ratio (D) defined by Eq. (1):

D Concentration of the metalion in the nanoparticle phase (molg™)

(1)

~ Concentration of the metalion in the aqueous solution phase (moldm™)

First, preliminary investigations were carried out in order to find the suitable
amount of the nanoparticles for the partition experiments when the volume of the
aqueous solution phase was fixed to 20 cm®. When the buffer solution of 1.00x10~" mol
dm ™ Be(Il) was mixed with oxide nanoparticles (0.5 g) in a plastic vial, except for
CuO—CIK and CuO-2810NH, most of Be(Il) was distributed to the nanoparticles and
the concentration of Be(Il) in aqueous phase was less than the detection limit of
GF-AAS. Thus, the amount (0.5 g) of the nanoparticles used for the partition
experiments was too large. In the case of CuO—CIK and CuO-2810NH, the amount (0.5

11



g) of the nanoparticles was suitable for the evaluation of the distribution ratio. Finally,
the suitable amount of the nanoparticles was found to be 0.001-0.02 g for Al,O3, SiO,,
TiO,, and Fe;03; 0.02-0.2 g for CoO; 0.5 g for CuO—CIK and CuO-2810NH; 0.05 g for
CuO-US3063, and CuO-US3065.

Second, the distribution ratio of Be(Il) to the nanoparticles was measured as a
function of the shaking time at a fixed pH (pH 5.8). The results are shown in Fig. 2.
Although in the case of using SiO, nanoparticles the distribution ratio gradually
decreases with the shaking time from 3 to 48 h, a constant distribution ratio is obtained
over 48 h. In the case of using other nanoparticles, the shaking time required to obtain a
constant distribution ratio is about 24 h. In the following study, the shaking time was
fixed to 48 h for all the nanoparticles.

Third, the pH dependence of the distribution ratio was investigated. The pH of the
aqueous solution phase was varied by using CH;COOH—CH3COONa or MES-NaOH
buffers. In Fig. 3, logarithmic values of D are shown as a function of pH. For all the
oxide nanoparticles, the log D value increases with increasing pH. The D value at pH
6.0 varies in the order Fe,O; ~ TiO, ~ Si0, > AlL,O; >> CoO > CuO-US3063 >
CuO-US3065 > CuO—CIK > CuO-2810NH. Although the D value takes the different
value by the nanoparticles, four types of CuO nanoparticles show relatively similar
values. This result suggests that the distribution behavior of Be(Il) on the nanoparticles
are not largely affected by the difference of CuO nanoparticle species. As an overall
trend, the D value is larger for the oxide in which the metal (including Si) has a higher
valence. This order is not consistent with that of the surface hydroxyl site concentration
(mol g_l) of the metal oxide, 1.e., CoO > SiO, ~ CuO-US3063 =~ Al,03 > CuO-US3065
>TiO, > Fe,O3 > CuO-CIK > CuO-2810NH (Table 2).

There was no correlation between the order of D value and that of the physical
properties of the nanoparticles such as average particle diameters and specific surface
area under a dry state shown in Table 1. These results have suggested that some other
factors play an important role in the partition behavior of Be(Il) to the oxide
nanoparticles dispersed in water. The factors governing the partition behavior are

discussed in detail in section 3-5.
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Fig. 2. Plots of log D for the distribution of Be(II) on metal
oxide nanoparticles in water as a function of shaking time.
Al,O,, Fe, 0, S10,, TiO,: 0.001-0.002 g, CoO: 0.02 g,
CuO(CuO—CIK): 0.50 g; Aq. soln.: 20 cm?;

Initial Be(II) concentration: 7.0 X 1078-8.5 X 108 mol dm3;
pH 5.8; Shaking time: 3—72 h.
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Fig. 3. Plots of log D for the distribution of Be(II) on metal oxide
nanoparticles in water as a function of pH.

Al,O;, Si10,, Ti0,, Fe,05: 0.001-0.02 g, CoO: 0.02-0.2 g,
CuO—CIK, CuO—2810NH: 0.5 g, CuO—-US3063, CuO—US3065:
0.05 g; Aq. soln.: 20 cm?; Initial Be(II) concentration: 4.6 X 1078
—1.0 X 1077mol dm3; pH 3.7-6.5; Shaking time : 48 h.

14



Moreover, the ionic strength dependence of the distribution ratio was investigated.
The buffer solution of 1.00x10"" mol dm > Be(II) was prepared and ionic strength was
0.002-0.007 without NaNOs and 0.1 with NaNOs;. In the calculation of the ionic
strength, the contribution of Be(Il) was negligible. The buffer solution (20 cm®) was
mixed with CuO—-CIK (0.5 g) in a plastic vial and mechanically shaken for 48 h. The
results are shown in Fig. 4. The difference between the results at a lower ionic strength
and those at a higher ionic strength is small. Hence, the partition behavior of Be(Il) is

found to be hardly dependent on the ionic strength of the aqueous solution.

3-1-2 Partition behavior of Ni(II) in nanoparticle dispersed aqueous
solution

First, preliminary investigations were carried out in order to find the suitable
amount of the nanoparticles for the partition experiments when the volume of the
aqueous solution phase was fixed to 20 cm’. The buffer solution of 8.57x10°° mol
dm Ni(Il) was mixed with six types of various oxide nanoparticles (0.5 g) in a plastic
vial and the distribution ratio was determined. From the evaluation of the distribution
ratio, the suitable amount of the nanoparticles was found to be 0.5-1 g for Al,O3;
0.05-0.5 g for TiOy; 0.5 g for Fe,O3 and CoO. In the case of SiO; and CuO-CIK
nanoparticles, the distribution of Ni(II) could not be detected.

Second, the pH dependence of the distribution ratio was investigated. The pH of
the aqueous solution phase was varied by using MES-NaOH buffers. In Fig. 5, the log
D are shown as a function of pH. For all the oxide nanoparticles, the log D value
increases with increasing pH. The D value at pH 6.0 varies in the order TiO, > Fe,O3 >
CoO > Al,Os. This order is not consistent with that of the D value of Be(II) with the
metal oxide nanoparticles.

There was no correlation between the order of D value and that of the physical
properties of the nanoparticles such as average particle diameters and specific surface
area under a dry state shown in Table 1. These results have suggested that some other
factors play an important role in the partition behavior of Ni(I[) to the oxide

nanoparticles dispersed in water. The factors governing the partition behavior are
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Fig. 4. Effect of 1onic strength on log D for the distribution of
Be(IT) on CuO nanoparticles (CuO—CIK) in aqueous solution as
a function of pH.

CuO nanoparticles (CuO—CIK): 0.50 g; Ag.soln.: 20 cm?;
Initial Be(IT) concentration : 5.6 X 1073-9.6 X 1078 mol dm;
pH 5.6-6.4 ; Shaking time : 48 h.
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Fig. 5. Plots of log D for the distribution of Ni(II) on metal
oxide nanoparticles in water as a function of pH.

Al,O5: 0.5-1 g, TiO,: 0.05-0.5 g, Fe,0;5, Co0O: 0.5 g;

Aq. soln.: 20 cm?; Initial Ni(IT) concentration: 1.9 X 1077—
8.9 X 1079 mol dm™3; pH 5.3-6.3; Shaking time: 48 h.
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discussed in detail in section 3-5.

3-1-3 Partition behavior of Cu(Il) in nanoparticle dispersed aqueous
solution

First, preliminary investigations were carried out in order to find the suitable
amount of the nanoparticles for the partition experiments when the volume of the
aqueous solution phase was fixed to 20 cm’. The buffer solution of 7.87x10° mol dm™
Cu(II) was mixed with oxide nanoparticles (0.5 g) in a plastic vial and, except for SiO,,
most of Cu(Il) was distributed to the nanoparticles and the concentration of Cu(Il) in
aqueous phase was less than the detection limit of GF-AAS. Thus, the amount (0.5 g) of
the nanoparticles used for the partition experiments was too large. In the case of SiO,,
the amount of Cu(Il) distributed to the nanoparticle was too small for the evaluation of
the distribution ratio. In addition, the trace amount of CuO—CIK nanoparticle was found
to be dissolved in the aqueous phase. Although the amount was very small, the effect of
the dissolved CuO—CIK nanoparticle on the partition experiments was not negligible.
Finally, the suitable amount of the nanoparticles was found to be 0.02 g for Al,O3; 1 g
for SiOy; 0.01 g for TiO,; 0.01-0.02 g for Fe,O3; and CoO; the partition experiments for
CuO-CIK was abandoned.

Second, the pH dependence of the distribution ratio was investigated. The pH of
the aqueous solution phase was varied by using MES—NaOH buffers. In Fig. 6, for all
the oxide nanoparticles, the log D are shown as a function of pH and increases with
increasing pH like the case of Be(Il) and Ni(Il). The D value at pH 6.0 varies in the
order CoO > TiO; > Fe, 03 > Al,O3 > Si0,. Unlike the case of Be(II) and Ni(II), CoO
shows the largest D value. This order is not consistent with that of the D value of Be(I)
with the metal oxide nanoparticles. The order of TiO,, Fe,0Os3, and AL,O; is similar to
that of the D value of Ni(Il).

The correlation between the order of D value and that of the properties of the
nanoparticles such as average particle diameters and specific surface area under a dry
state shown in Table 1 is not clarified. These results have suggested that some other

factors play an important role in the partition behavior of Cu(Il) to the oxide
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Fig. 6. Plots of log D for the distribution of Cu(II) on metal
oxide nanoparticles in water as a function of pH.
Al,05: 0.02 g, S10,: 1 g, Ti0,: 0.01 g, Fe, 05, CoO: 0.01-0.02 g;
Aq. soln.: 20 cm?; Initial Cu(II) concentration: 6.7 X 1076—

8.6 X107°mol dm™3 ; pH 5.2-6.3; Shaking time: 48 h.

19



nanoparticles dispersed in water. The factors governing the partition behavior are

discussed in detail in section 3-5.

3-2 Determination of surface hydroxyl site concentration
3-2-1 Theory

It is known that the acid-base properties of the hydroxyl sites on the oxide surfaces

in water can be expressed by the following equations: > '
>$-OH+H" 2 >S-OH,, @)
>S-OH+OH 2 >S-O0 +H,0, 3)

where >S denotes the solid surface. The hydroxyl site concentration ([>S-OH]s) is

represented as follows:

[>S-OH]s . tota1 = [>S-OH; |5 + [>S-OH]s + [>S-O . 4)
In the high pH region, it can be considered that most of the hydroxyl sites are
deprotonated and were present in the form of >S-O . The hydroxyl site concentration
can be expressed by the following equations:

[>S-OHJs, totat = [>S-O Is. (5)
By comparing the titration curves of the nanoparticles / water suspension and pure water,
the surface hydroxyl site concentration per unit mass of nanoparticles (mol g_l) was
determined as follows:

[>S-OH]s = Ax (mol) / the amount of the nanoparticles (g), (6)
where Ax denotes the difference of the amount of sodium hydroxide added between the

suspension and pure water at the same pH.
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3-2-2 Determination of surface hydroxyl site concentration

The nanoparticles / water suspension was prepared and the pH was measured. The
pH values were 4.60, 4.72, 3.44, 6.40, 4.54, 5.98, 6.40, 6.43, 6.70, and 5.75 for Al,O3,
Si0,, TiO,, Fe;03, CoO, CuO-CIK, CuO-2810NH, CuO-US3063, CuO-US3065, and
pure water, respectively. In Fig. 7, the titration curves of four kinds of CuO
nanoparticles are shown. In Fig. 8, the results of other nanoparticles are shown. By
comparing the titration curves of the nanoparticles / water suspension and pure water,
the surface hydroxyl site concentration per unit mass of nanoparticles (mol g ') was
determined by Eq. (6) and are summarized in Table 2.

The surface hydroxyl site concentration varies in the order CoO > SiO; =~
CuO-US3063 = Al,03 > CuO-US3065 > TiO, > Fe,03 > CuO—-CIK > CuO-2810NH.
The largest [>S-OH]s value is three times larger than the smallest value. The [>S-OH]s
values are relatively similar to each other, considering the difference of the distribution
ratio of the metal ions. Among the four copper oxides, the D value of Be(Il) is larger for
the copper oxide having a higher surface hydroxyl site concentration. However, among
all of the nanoparticles, the order of the D is not consistent with that of the surface

hydroxyl site concentration of the metal oxide.

3-3 Zeta potential

In Fig. 9, the zeta potentials of the four kinds of CuO nanoparticles are shown as a
function of pH at a constant ionic strength of 0.01. The results of other nanoparticles are
shown in Fig. 10. In all cases, the zeta potential shows a continuous decrease with pH.
This result indicates that the degree of dissociation of the hydroxyl sites on the
nanoparticle surface changes with the pH as shown by Egs. (2) and (3). Under the same
pH condition as that of the partition experiments (pH 3.7-6.5), the zeta potential value
differs depending on the kind of oxide: ALOs; (positive) > CoO, CuO-CIK,
CuO-2810NH, CuO-US3063, and CuO-US3065 (positive ~ neutral) > TiO, (positive ~

neutral ~ negative) > Si0, and Fe,O; (negative).
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Fig. 7. The pH titration curves of copper oxide nanoparticles in
water measured by adding aqueous NaOH solution.
Nanoparticles: 0.01 g cm™3;

Added solution: 1.23 X 1072 mol dm—3 NaOH.
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Fig. 8. The pH titration curves of metal oxide nanoparticles in
water measured by adding aqueous NaOH solution.
Nanoparticles: 0.01 g cm™;
Added solution: 1.11 X 1072 mol dm— NaOH.
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Fig. 9. Plots of zeta potential for copper oxide nanoparticles
dispersed in water as a function of pH.

CIK, US3063, US3065: 200 mg dm >, 28 10NH: 500 mg dm3;

Ionic strength: 0.01.
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Fig. 10. Plots of zeta potential for metal oxide
nanoparticles dispersed in water as a function of pH.
Al,0;: 100 mg dm3, SiO,, TiO,, Fe,05: 200 mg dm3,
Co0O: 180 mg dm3; Ionic strength: 0.01.
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3-4 Particle size distribution

In Fig. 11, the average particle sizes of the four kinds of CuO nanoparticles are
shown as a function of pH at a constant ionic strength of 0.01. The results of other
nanoparticles are shown in Fig. 12. All the oxides dispersed in water are 5-100 times
greater in the average particle size than those in the dry state, showing some aggregation
of the nanoparticles in the solution.

For most of the nanoparticles, the respective particle sizes were nearly constant
over the experimental pH range (pH 3.7-6.5). In case of TiO,, CoO, and CuO—CIK, the
average particle diameter change is 2—3 times. Although some nanoparticles show size
change with the pH as shown in Figs.11 and 12, the trend of D is similar for all the
nanoparticles (Figs. 3, 5, and 6). Therefore, it appears that the average particle diameter
of the oxide nanoparticles is not a dominant factor determining the distribution ratio of

the metal ion.

3-5 Analysis of complexation equilibria on metal oxide nanoparticles
surface
3-5-1 Derivation of analytical expression and determination of
complexation constant

The hydrolysis constants (K; and f,) of a divalent metal ion (M*) in an aqueous

phase are defined as follows:

Ky =[M(OH)'J[H]/ [M*"], (7)
B> =[M(OH),][H'T / [M*"]. (8)

The precipitation reaction and solubility product in aqueous solution phase can be

expressed as follows:

M* + 20H 2  M(OH),(solid), 9)
Ky =[M*][OH T, (10)
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Fig. 11. Plots of average particle size of various copper

oxide nanoparticles dispersed in water as a function of pH.

Nanoparticles: 1000 mg dm—3; Ionic strength: 0.01.

28




800

600

400

Average particle size / nm

800

600

400

200

Average particle size / nm

800

600

400

Average particle size / nm

200 f

ALO, Sio,

T T T T g 800 T T T T
i
= - _@ 600 | =
°
O | i
= . °® . g 400
[ . Q?[) 200 b ® 00 0 o i
o 000 ! °
)
] ] ] I % 0 1 ] ] |
2 4 6 8 10 12 2 4 6 8 10 12
pH pH
TiO, Fe,0,
T T T T g 800 T T T T
i
- . N 600 | .
o ) 2
= ® - 2400 | ® 1
° °, g o ®oo @ %0°
- @ - & 200 F .
<
5
I 1 I 1 % 0 ! ] ] I
2 4 6 8 10 12 2 4 6 8 10 12
pH pH
CoO
o
N ° i
[ ]
N PY i
° o

2 4 6 8 10 12

Fig. 12. Plots of average particle size of metal oxide
nanoparticles dispersed in water as a function of pH.
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Fe,0;, CoO: 60 mg dm3; Tonic strength: 0.01.
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For Be(II), Ni(Il), and Cu(Il), the values of Kj, f,, and K, are summarized in Table
3.327* From the value of Ky, 1n all cases the metal ions, precipitation of the hydroxide is
not generated in the pH conditions of this study.

From Egs. (7) and (8), the abundance ratio of soluble Be(Il) species was calculated
as a function of pH as shown in Fig. 13. In the pH range of the present experimental
conditions (pH 4-6), the main aqueous species of Be(Il) are Be’”, Be(OH)", and
Be(OH). In the same way, the abundance of soluble Ni(Il) species and Cu(Il) were
calculated as a function of pH as shown in Figs. 14 and 15, respectively. In the pH range
(pH 5-6), the main aqueous species of Ni(II) are Ni*" and Ni(OH)" and that of Cu(II)
are Cu®’, Cu(OH)", and Cu(OH),, respectively. It is expected that the aqueous species
having a large valence are favorable to the complexation with the nanoparticles. So, in
the following discussion, it is assumed that the divalent ion (Be®", Ni*", and Cu®") is
mainly concerned with the surface complexation.

The partition of the metal ion to the metal oxides was evaluated based on the
surface complexation model, in which the surface hydroxyl sites on the oxides
deprotonate and form complexes with the metal ion in water. The complexation

equilibrium can be written as follows:

n>S-OH + M** 2  (S-0)M*™" + xH". (11)

The surface complexation constants (fs ,) are defined by Eq. (12):

Bsn=[(>S-0),M* "5 [H']"/ [>S-OH]s" [M*"]. (12)

Here, [X] and [X]s denote the concentration of a material X in the aqueous phase (mol
dm) and that in the nanoparticle phase (mol g '), respectively. The symbol »
represents the number of the surface -O groups bound to a metal ion. The general
coordination number is 4, 6, and 6 for Be(Il), Ni(Il), and Cu(Il), respectively.35
Considering the coordination number, the value of » can be taken to be 14, 1-6, and

1-6 for Be(II), Ni(Il), and Cu(Il), respectively. The concentration of (>S-0),M @™ on
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Fig. 13. Calculation of soluble Be(II) species in water
as a function of pH.
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Fig. 14. Calculation of soluble Ni(II) species in water
as a function of pH.
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the oxide nanoparticles is written as follows:
[(>S-0),M ™" ]s = [M*'] {55, [>S-OH]s'M*'] / [H']" }. (13)

The total concentrations of the metal ion in the aqueous solution phase are calculated

using Egs. (7) and (8) as follows:
[M*']+ [M(OH) T+ [M(OH),] = [M*1(1 +K: / [H']+4,/ [HT).  (14)

From Egs. (13) and (14), D is expressed as follows:

D=Y [(>S-0),M ®™s/(IM*]+[M(OH) ]+ [M(OH),])

=Y {Bs. [>S-OHIs"/ [H'T"/ (1+K, / [H']+5/HP) }. (15)

The following equation is derived from Eq. (15):
log D+log (1+K, / [H' ]+, / [H'T)
=Y log {fs. [>S-OH]s" / [H']" }. (16)
In the case where n takes a single value, Eq. (16) is expressed as follows:

log D+log (1+K, /[H1+4,/[HT)
=log fs,+nlog [>S-OH]Js+n pH. (17)

The left-hand-side of Eq. (17) calculated are plotted versus pH as shown in Figs. 16
(Be(ID)), 17 (Ni(Il)), and 18 (Cu(Il)). In Figs. 16—18, the slopes of the lines indicate the
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Fig. 16. Plots of [log D + log (1 + K,/ [H"] + 8,/ [H"]?)] for the
distribution of Be(I) on metal oxide nanoparticles in water as a
function of pH. The lines denote the linear least-squares fitting
results according to Eq. (17).
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Fig. 17. Plots of [log D + log (1 + K,/ [H"] + 8,/ [H"]?)] for the
distribution of Ni(II) on metal oxide nanoparticles in water as a
function of pH. The lines denote the linear least-squares fitting
results according to Eq. (17).
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Fig. 18. Plots of [log D +1log (1 + K,/ [H*] + 8,/ [H]?)] for the
distribution of Cu(Il) on metal oxide nanoparticles in water as a
function of pH. The lines denote the linear least-squares fitting
results according to Eq. (17).
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n values. The slope and intercept values of the lines are summarized in Table 4.

For most of the systems, the slope value is between 1 and 2; this suggests that n = 1
and 2. These slope values imply that two kinds of complexes, (>S-O)M" and (>S-O),M,
are the dominant M(II) species formed on the surface of the oxide nanoparticles. Herein,

Eq. (16) can be simplified as Eq. (18):

log D+log (1+K, /[H+4,/[HT)
= log (Bs.[>S-OH]s/ [H'] +8s2[>S-OH]s*/ [H'T?). (18)

On the other hand, for the partition of Be(Il) onto CoO, CuO—-CIK, CuO-2810NH,
CuO-US3063, and CuO-US3065, the slope is between 2 and 3; this suggests that n = 2
and 3. These slope values imply that two kinds of complexes, (>S-O),Be, and
(>S-0);Be , are the dominant Be(II) species formed on the surface of the oxide

nanoparticles. Herein, Eq. (16) can be simplified as Eq. (19):

log D+log (1+K, /[H1+4,/[HT)
= log (Bs2[>S-OH]s*/ [H']* +Bs3[>S-OH]s’ / [H'T).(19)

Using the surface hydroxyl site concentrations ([>S-OH]s) shown in Table 2, the values
of fs.1, Ps2, and fs3 were obtained by nonlinear least-squares fitting according to Egs.
(18) or (19). The lines are the regression curves and fit well the experimental data as
shown in Figs. 19 (Be(Il)), 20 (Ni(Il)), and 21 (Cu(Il)). The ps,, values are summarized
in Table 5.

3-5-2 Difference of complexation constant depending on type of CuO
nanoparticles

In this section, the fs, values of Be(ll) for four types of CuO nanoparticles are
compared. The fs values are similar for all four kinds of CuO nanoparticles. As shown
in Fig. 11, the average particle sizes dispersed in water are different depending on the

kind of CuO nanoparticles; thus the similarity in the fs, values for the different CuO
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ALO,, Si0,, TiO,, Fe,0,:
y = log (Bs,[>S-OHJs / 10" + s ,[>S-OH]g? / 1029

Co0O, CuO—CIK, CuO—2810NH, CuO-US3063, CuO—-US3065:
y =log (Bs,[>S-OH]¢* / 107" + S5 5[>S-OH]’ / 107%)
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Fig. 19. Plots of [log D + log (1 + K,/ [H"] + 8,/ [H"]?)] for the
distribution of Be(Il) on metal oxide nanoparticles in water as a
function of pH. The lines denote the nonlinear least-squares fitting
results according to Eq. (18) for Al,O,, S10,, TiO,, Fe,O; and

Eq. (19) for CoO, CuO—CIK, CuO—-2810NH, CuO—-US3063,

CuO—-US3065. y
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Fig. 20. Plots of [log D + log (1 + K,/ [H"] + 8,/ [H"]?)] for the
distribution of Ni(II) on metal oxide nanoparticles in water as a
function of pH. The lines denote the nonlinear least-squares fitting
results according to Eq. (18).
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Fig. 21. Plots of [log D + log (1 + K,/ [H"] + 8,/ [H"]?)] for the
distribution of Cu(II) on metal oxide nanoparticles in water as a
function of pH. The lines denote the nonlinear least-squares fitting
results according to Eq. (18).

43



144

80°0+019— 900+¢€0t— $90¢SN—-0nH
Cro+¢cl'9— CT0+9¢v— €90€SN—0n)
IT0+v¥P'S— 600+C8 ¢~ HNOI8Z-0n)
SOO+LI'S— CIO+¢€0V— ALO-0N)
610+8C¢— S00+790— LOO+P09— +OO+I8E—~ 8EO0+T69— 800+66¢— 00D
OI'0F1I8C— 8OO+FLI'T- 800+FVey— 800+FLYC— POO+0I'I— 900+FLT0— tO%d
PI'OFILC— OI'0F¢€80— 8OO0+¥rv— LOOFILC— SO0+8CTI— 600+F790- ‘OlL
SI'0OF6L9— LOOFSYi— POO+ILT— VIOFLI'I- ‘OIS
0CTO+CLY— 80O0FIET— L8OF6EL— OI'0OFI9V— 90°0+S¢C— V00+690— *09v
Usg 301 I'Sg 307 Usg 301 I'Sg 307 £Sg 301 Usg 301 I'Sg 307
(IDnd (IDIN (129

(€S pue “TSg I'S¢f) xa1em ur sajonedouru opIxo
[erw yum ([HnD pue ‘(1IN “(11)2og Jo siueisuod uonexad[dwod adeng ¢ diqe],



nanoparticles implies that the stability of (>S-O),Be complexes is not largely affected
by the particle size. On the other hand, the fs3 values vary with the kind of CuO
nanoparticles. The differences in fis 3 may be related with the structure or conformation
of the surface hydroxyl sites on the CuO nanoparticles. Both the fs, and fs 3 values are
similar for CuO-US3063 and CuO-US3065 which were prepared by the same
manufacturer.

The dependence of the complexation constants on the kind of CuO nanoparticles
can not be clearly explained at the present stage. More comprehensive investigations for
characterizing the nanoparticles by physical / chemical analytical techniques and
microscopic observations would be valuable for clarifying the characteristic surface

complexation properties for each CuO nanoparticles.

3-5-3 Difference of complexation constant depending on metal ions

In this section, the differences of the fs,, values among the metal ions are discussed.
It is known that the metal ion having a large hydrolysis constant is favorable to the
complexation with a metal oxide."” In Fig. 22, the log fs., plotted versus the logarithmic
values of the hydrolysis constants for metal ions. Except for CoO, the fs, value
increases with an increase of the hydrolysis constant. In other words, the reaction of the
metal ion to the surface hydroxyl sites on the nanoparticle is similar to the hydrolysis
reaction of the metal ion. This result supports the surface hydroxyl sites are concerned

with the complexation of the metal ions on the oxide nanoparticles.

3-5-4 Difference of complexation constant depending on kind of oxide
nanoparticles

In this section, the differences among the metal oxides of the fs, values are
discussed.

In the partition behavior of Be(Il) to the oxide nanoparticles, the fs 1, fs2, and fs3
values decrease in the order, Fe;,O3 > TiO, = Al,O3 > SiO; (fs.1), Fe,O3 > TiO;, > SiO; >
Al,O3 >> CoO =~ CuO-CIK (fs2), and CuO-CIK > CoO (fs3), respectively. It is

expected that the oxide having a positive zeta potential is unfavorable to the
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complexation with the Be®" cation. However, Al,O; (positive charged) have a much
larger fs» value than CoO and CuO—CIK (nearly neutral). In addition, when the » value
is 2, the surface charge of the nanoparticles does not change before and after the
complexation reaction (Eq. (11)). Therefore, it appears that the zeta potential of the
oxide nanoparticles is not a dominant factor determining their reactivity for Be*". The
same holds true for Ni*" and Cu*".

Although the complexation ability of CoO and CuO—CIK is smaller as compared to
that of other oxides, only CoO and CuO-CIK form (>S-O);Be complexes on the
surface. In order that three >S-O can bind to a Be®" ion, a close positioning of the
hydroxyl sites is necessary. So the surface hydroxyl site density (the amount of hydroxyl
sites per unit area of the surface) was evaluated under some assumptions. Assuming that
the nanoparticles in water comprise a hexagonal close-packed array of uniform
spherical particles which have a diameter equal to the average particle size of the dry
nanoparticles, the packing efficiency of the spheres is 0.74. By considering the packing
efficiency, the surface hydroxyl site density can be estimated from the data in Table 1.
The densities (unit: mol m 2) are 8x10°°, 8x107°, 1x107, 1x107, 3x107, and 2x10™°
for Al,Os, Si0,, TiO,, Fe;03, CoO, and CuO-CIK, respectively. These values are
comparable, in the order of magnitude, to the literature values.”® The surface hydroxyl
density suggests that the surface hydroxyl sites are more closely positioned on the CoO
and CuO—CIK nanoparticles than on other oxides. The density, however, may also
depend on the preparation method of the oxide. On the contrary, in the case of Ni(Il)
and Cu(Il), (>S-O);sM complexes on the surface of CoO and CuO—CIK is not observed.
The ionic radii of Ni(Il) and Cu(Il) is larger than that of Be(Il). It is possible that the
hydroxyl sites may be too close together for Ni(II) and Cu(Il) to bind three hydroxyl
sites.

From thermodynamic viewpoint, the complexation reaction of Eq. (11) can be

considered to consist of the following two equilibrium processes:

>-OH =2 >S-0 + H, (20)
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n>S-00 + M 2  (>S-0), M*"", 21)

Egs. (20) and (21) show deprotonation of the surface hydroxyl site (>S-OH) and
bonding of the negatively charged deprotonated site (>S-O") to M*', respectively. The
reaction of Eq. (20) should be facilitated with decreasing charge density of the oxygen
atom of >S-OH. If the bond between >S-O~ and M*" is governed by an electrostatic
interaction, the reaction of Eq. (21) should also depend on the charge density of the
oxygen atom of >S-O ; in this case, an increase of the oxygen charge density facilities
the reaction of Eq. (21). Therefore, the reaction of Eqgs. (20) and (21) are oppositely
affected by the charge density of the oxygen atom which should decrease with
increasing electronegativity of the metal (or Si) composing the oxide.

Tanaka and Ozaki reported the electronegativity (X;) of the lattice metal ions of

oxide.’” The X; is given by the following equation:

Xi=(1+22) X, (22)

where Z and X; are the valence of the lattice metal ions of oxide and Pauling’s
electronegativity,™ respectively. This equation was developed from the relation X; =
(0l /0Z ), where [ is the ionization potential of the metals. The X; values calculated by

3940 and Co?" adsorption properties

Eq. (22) were used for evaluating activity of catalyst
of metal oxide."!

For the oxides in this study, the X; values calculated are as follows: in increasing
order of X;, CoO (X; = 9.0), CuO (X; =9.5), ALLO; (X; = 10.5), Fe,O3 (X; = 12.6), TiO,
(X;=13.5), and SiO, (X; = 16.2). The log fBs, (n = 1, 2, and 3) values are plotted against
the X; value in Figs. 23 (Be(Il)), 24 (Ni(Il)), and 25 (Cu(ID)).

As shown in Fig. 23, the log fs,, values of Be(Il) increase with an increase of X;
from CoO to Fe,;Os. This result suggests that the complexation of Be(II) with the oxide
nanoparticles (Eq. (11)) is governed by the deprotonation of >S-OH (Eq. (20)) than the
bonding of >S-O to Be”" (Eq. (21)). A similar result was reported for the complexation

of Co*" with metal oxides.*! However, in the higher X; region (Fe,Os, TiO,, and SiO5),
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the fs , values of Be(Il) decrease with an increase of X;, indicating that the contribution
of the coordination of >S-O~ to Be®" exceeds that of the deprotonation of >S-OH. This
may reflect the relatively strong interaction between the small Be*" ion and >S-O". The
appearance of the maximum in the complexation constant at X; = 13 (Fe,03) is a result
of the competition of the two different processes (Egs. (20) and (21)). In the case of
Ni(II) and Cu(II), except CoO, the similar correlation between X; and the complexation
constants is observed as shown in Figs. 24, and 25.

The complexation constants of CoO with Ni(Il) and Cu(Il) are greater than those
expected from the above tendency. This shows the specific stability of the complexes of
Ni(IT) and Cu(II) on the CoO surface. When the difference of the effective ionic radii of
the metal-oxide metal atom and the metal ion bound to the metal oxide is small, the
structural distortion of the complex becomes small and the complex should be stabilized.
The 1onic radii of the metal-oxide metal atom and the metal ion and the difference of
these ionic radii are summarized in Table 6.* Herein, the coordination number of the
metal-oxide metal atom is regarded as 6 for AI(IIl), Ti(IV), Fe(Ill), and Co(Il); 4 for
Si(IV) and Cu(Il), considering the crystal structures.”’ The coordination number of the
metal ion bound to the metal oxide is 4 for Be(Il); 6 for Ni(Il); 4 and 6 for Cu(Il). As
shown in Table 6, the difference in the ionic radii between Co(II) and Ni(Il) is very
small and that between Co(II) and Cu(Il) (coordination number 6) is also very small.
Therefore, the oxide nanoparticle is favorable to the complexation with the metal ion
which has an ionic radius close to that of the metal-oxide metal atom.

Here, the following discussion focuses on SiO, nanoparticle. As mentioned above,
in the higher X; region, the fs, values decrease with an increase of X;. In Figs. 23 and 25,
the extent of the decrease the fs, values is smaller for Be(II) than for Cu(Il). This result
can be explained by considering the difference of the ionic radii. The ionic radius of
Si(IV) is similar to that of Be(II). Thus, the complexation constants of SiO, with Be(I)
are greater than those expected from the above tendency. Therefore, the extent of the

decrease the fs, values is smaller for Be(II) than for Cu(II).
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4. Conclusions

The purpose of this study is to clarify the partition behavior of metal ions to metal
oxide nanoparticles dispersed in water. The partition behavior was quantitatively
evaluated and explained on the basis of the complexation model between metal ion and
surface hydroxyl sites of the oxides. The metal ions used were Be(II), Ni(Il), and Cu(II).
The nanoparticles used were Al,O3, SiO,, TiO,, Fe;03, CoO, and CuO.

The distribution ratio of the metal ions to the nanoparticles was evaluated. For all
the oxide nanoparticles, the D values vary with the nanoparticles and increase with
increasing pH. In addition, the zeta potentials and particle size distributions of the
nanoparticles dispersed in water were measured. The order of these values are not
consistent with that of the D value of the metal ions with the metal oxide nanoparticles.
It appears that these values of the oxide nanoparticles are not dominant factors
determining their reactivity for the metal ions.

From these results, the partition of the metal ion to the metal oxides was evaluated
based on the surface complexation model, in which the surface hydroxyl sites on the
oxides deprotonate and form complexes with the metal ion in water. By analyzing the
pH dependence of the distribution ratio, the surface complexation constants fs, (n
represents the number of the surface -O groups bound to one metal ion) were
determined. In general, one metal ion reacts with one or two hydroxyl sites on the oxide
surface.

The differences of the complexation constants depending on the type of CuO
nanoparticles were discussed. The fs, values are similar for all four kinds of CuO
nanoparticles. On the other hand, the ps3 values vary with the kind of CuO
nanoparticles. The dependence of the complexation constant on the kind of CuO
nanoparticles can not be clearly explained at the present stage.

The differences of the complexation constants among the metal ions were
discussed. Except for CoO, the fs, value increases with an increase of the hydrolysis
constants for the metal ions. This result supports that the surface hydroxyl sites are

concerned with the complexation of the metal ions on the oxide nanoparticles.
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The differences of the complexation constants among the oxide nanoparticles were
discussed. The complexation constants were found to vary with the electronegativity X;
of the metal (or Si) composing the oxide. The fact that the complexation constants show
maximum values for Fe,Os can be explained based on the opposite effects of the charge
density of the oxygen atom on the deprotonation of the surface hydroxyl sites and on the
binding of the negatively charged deprotonated site to the metal ion.

In addition, the oxide nanoparticles are favorable to the complexation with the
metal ion which has an ionic radius close to that of the metal-oxide metal atom. The
structural distortion of the complex becomes small and the complex should be stabilized.
This tendency is shown by the fact that the complexation constants of Ni(Il) and Cu(II)
with CoO and that of Be(Il) with SiO, are greater than those expected from the above
tendency.

As can be seen from Eq. (15), the distribution ratio of the metal ions between the
nanoparticle phase and the aqueous solution phase depends not only on the surface
complexation constants but also on the surface hydroxyl concentration (amount of -OH
sites per unit mass of the particles). For example, the higher distribution ratio of Be(II)
for CoO than for CuO-CIK is explained in terms of the higher surface hydroxyl
concentration of CoO. Nanoparticles of the oxides, which have extremely large specific
surface area-to-weight ratios, exhibit high adsorption ability for metal ions because of
their high surface hydroxyl concentration. And the distribution ratio can be estimated
using the complexation constants and the surface hydroxyl concentration.

It can be concluded that the electronegativity (X;) of the lattice metal ions of oxide
is the dominant factor determining the partition behavior of metal ions to metal oxide
nanoparticles. The next step would be to clarify a second dominant factor. These
findings would not only clarify the behavior of radionuclides in cooling water but also

apply to the scavengers of metal ions.
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