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Abstract

This work presents results concerning the preparation of redispersible tin oxide nanoparticles achieved by using Tiron molegtdel§(OH)
(SOsNa),) as surface modifying agent. The adsorption isotherm measurements show that an amount of 10 wt.% of Tiron is need to recover
the SnQ nanoparticles surface with a monolayer. These nanoparticles can be easily redispersed in tetramethylammonium hydroxide at pH
>11 until a powder concentration of 12 vol.% of tin. Under these conditions, hydrodynamic particle size is about 7 nm and increases until
52nm at pH 6 due to the aggregation phenomenon. The time evolution of the viscoelastic properties indicates that the suspensions at pH
12.5, containing 12 vol.% tin oxide and 10 wt.% of surface modifier are kinetically stable. After thermal treatment at different temperature
the powder characterisation evidences that the presence of Tiron monolayer at the nanoparticles surface increases the thermal stability of the
porous texture and prevent the micropore size growth. This set of results contributes to satisfy the demand for more controlled synthesis of
nanoparticles with high thermal stability as required for fabrication of ultrafiltration ceramic membranes.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction The main problem in the preparation of supported ce-
ramic membranes by the sol-gel process lies in the prepa-
Recently, we have shown that Sp@nembranes pre- ration of thick coatings (>tm), which may crack during
pared by sol-gel route have microstructural and permeationpostsynthesis drying and sintering stépshe main cause
properties adequate for applications in ultra and nanofil- of cracks formation and propagation is the low particle con-
tration processes. Nanofiltration results have indicated centration in the initial suspension, due to a low powder re-
that this membrane can be employed for water desalin- dispersibility, that leads to a large shrinkage of the gel layer
isation proces$. Furthermore, thin Sng layers present  deposited on the stiffen support. In this case, the tendency to
a dynamic scaling pore growth during sintering due to crack formation increases with the gel layer thickness and
grain coalescence.Permeation tests did in SmOnem- with the surface tension. Thus, to fabricate advanced nanos-
branes have evidenced that this self-similar pore growth tructured membranes for nano and ultrafiltration an adapted
did not cause changes in the total porosity, tortuousity, surface chemistry of particles is required to achieve a high
and pores shape. According, SnGnembranes could redispersibility. For that a colloidal suspension with high
satisfy the demand for controlled pore size distribution nanoparticle concentration and low surface tension has to
in all pore size ranges used for ultra and nanofiltration be used. These conditions can be achieved by adjusting the
applications’ particle surface free energy by in situ surface modification
during precipitation process@dn aqueous media, organic
compounds are widely used to improve the stability of col-
* Corresponding author. loidal suspensions because both steric hindrance and elec-
E-mail addressssandrap@ig.unesp.br (S.H. Pulcinelli). trostatic repulsion can contribute to the disper§icrhese
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organic surfactants have a long molecular chain, as large aghe Smoluchowski equatiolf. During the measurements,
the nanoparticles used in the preparation of the nanoscaledhe current intensity, the frequency and the working temper-
materials, and the volume occupied by these classical sur-ature were fixed at 0.1 mA, 250 Hz and &5, respectively.
factants limits the powder concentration in suspension. Re-These dispersions were used to measure the hydrodynamic
cently, Pagnoux et dlhave shown that the stability of aque-  size of the particles, carried out by quasi-elastic light scat-
ous alumina suspension can be greatly improved using smalkering, QELS (MALVERN 4700 = 633 nm).
molecules, like Tiron (11 A), as dispersant. Tiron molecules  The evaluation of the viscoelastic properties of the sus-
form chelate rings with ions of the alumina particle sur- pension containing nanoparticles was performed using a
face leading to a strong adsorption and, on second hand, theontrolled stress rheometer (Carri-Med-CLS 100), with
ionised groups develop a surface charge, which induces acone-plate configuration. The angular frequency, the torque,
high repulsive potentigt? the displacement, and the temperature were kept constant
This paper describes the preparation of redispersible at 2.6 rad 51, 100N m, 1 mrad and 15C, respectively.
nanoscaled tin oxide powders using Tiron molecules as The IR spectra of the powders containing different Tiron
surface modifying agent, the suspension properties and theconcentrations were measured in a wavenumber range from
improvement of the thermal stability of the derived powder 400 to 4000 cm? with a Fourier transform infrared (FTIR)
covered by a monolayer of this surfactant. spectrometer (Perkin-Elmer 1760X) using KBr pellets con-
taining 0.5 wt.% of powdered sample. The thermal behaviour
of powder was investigated by DTA/TG (Rigaku PTC-10A)

2. Experimental at heating rate of 10C min—1 under flowing air condition.
_ The BET surface area and the porous structure of sam-
2.1. Powder preparation ples containing different Tiron concentration were evalu-

ated by N adsorption isotherms measurements at 77 K and
The tin oxide nanoparticles were prepared by sol-gel relative pressure interval between 0.001 and 0.998 (ASAP
route® using the controlled growth techniqaé! A 2010, Micrometrics). Before each measurement, the sam-
concentrated aqueous ammonia solution was added toples were degassed at 8D under vacuum (10° mmHg)
tin(IV) chloride (SnCj-5H0, Aldrich) agueous solution at  for time enough (12 h< 7 < 18 h) to observe the absence of
0.63 mol L~* containing different concentration (1-20wt.%,  significant change in vacuum stability. Mesopore size dis-
with respect to the tin oxide) of the surface modifying agent tribution was evaluated from the desorption branch of the
Tiron (4,5-dihydroxy-1,3-benzene disulfonic acid, disodium jsotherms by using the capillary condensation model assum-

salt, Aldrich, France). The precipitate was kept under reflux ing cylindrical pores (BJH methotf and the microporosity
at 100°C for 90 min, and the chemically modified surface was evaluated using a micropore algoritH.

powder isolated by centrifugation at 14,00Q¢ for 15 min,

and washed with bidistilled water. The concentration of

the free Tiron was measured by UV absorption (wave-

length: 290 nm) of supernatant liquid after centrifugation. 3. Results and discussion

The centrifugation—washing procedure was repeated several

times to eliminate the remaining ions of the reaction. The 3.1. Suspension properties

concentration of the remaining ions, mainly chloride, at

the end of the washing step was lesser than the detection Fig. 1presents the hydrodynamic size of particles and zeta

limit of the specific chloride electrode~(0~°>mol L~1). potential as a function of pH corresponding to the powder
After drying at 80°C for 12 h the powdered samples were containing 10 wt.% of Tiron redispersed in TMAH solution.
characterised. An increase of the hydrodynamic size from 7.5 to 55nm

is verified as the pH decreases from 11 to 6. At the same
2.2. Characterisation time the zeta potential changes from-30 to ~—13mV,

leading to a decrease of the electrostatic repulsion between

Electrophoretic measurements provide information on the tin oxide particles, and agglomeration takes place. Thus the
nanoparticles surface charge. The electrophoretic mobility variation of the hydrodynamic size as a function of pH can
of redispersed tin oxide particles in presence of different be attributed to the state of agglomeration of particles.
amounts of Tiron was measured as a function of pH us- The powders prepared with an amount of Tiron larger
ing a Coulter Delsa 440 equipment. A colloidal suspension than 10wt.% can be easily redispersible at 8.5 using
containing 3vol.% of solid was prepared by redispersing a NH;OH aqueous solution until 5.4vol.% of powder. In
the dried powder in 0.5molt! alkaline aqueous solution. this solution the hydrodynamic size of colloidal particles
Tetramethylammonium hydroxide, TMAH, or ammonium increases from 8 to 100 nm as the pH decreases from 9.5 to
hydroxide was used to adjust the initial alkaline pH. Sub- 7.6. For powders prepared with a Tiron concentration lower
sequently, the pH of the dispersion was adjusted with hy- than 10 wt.%, higher values of pH are necessary to achieve
drochloric acid. The zeta potentiaf)(was calculated using  a satisfactory redispersion. A 0.5mott TMAH solution



L.R.B. Santos et al. / Journal of the European Ceramic Society 24 (2004) 3713-3721 3715

60 -10
--15
€ 404
£ - -20
(O] o
q) N—r
E F-25 ~r
£ 204
&
- -30
®
0 T T T -35
6 8 10 12

pH

Fig. 1. Hydrodynamic size of particle®) and zeta potential@) as a function of the pH for the suspension prepared with ,Sp@vder containing
10wt.% of Tiron.

at pH~12.5 was used to obtain the maximal Sn@wder firm the monolayer capacity of Seanoparticles, a Tiron
redispersion. Then, it is possible to obtain a kinetically stable adsorption isotherm was determined and plottedio 2
colloidal suspension for all the tested Tiron concentrations The amount adsorbed was calculated from the difference be-
(5wt.% < [Tiron] < 20wt %) with a solid content ranging  tween the quantity of Tiron added and the remaining in the
from 5.4 to 12 vol.% by using NkOH (at pH 9.5) or TMAH supernatant liquid after the reflux step. The curve presents
(at pH 12.5), respectively. a plateau for equilibrium concentration of Tiron higher than
The hydrodynamic size obtained for the samples prepared0.024 mol =1, which corresponds to 10wt.% of Tiron in
with Tiron amount larger than 10 wt.% stays approximately a suspension containing 14.3wt.% of powder. The shape
invariant (8 nm at pH 12.5), suggesting that the surface of of the curve is typical of Langmuir isotherms, in which
tin oxide particles is completely covered by Tiron molecules the plateau corresponds to the monolayer capacity. Apply-
and that an additional amount of Tiron does not change theing the Langmuir modéf to experimental data, a mono-
agglomeration state of the fresh suspension. In order to con-layer capacity of % x 10~% molm~2 was calculated. This

Amount adsorbed*10°(mol.g™)

0 T T T T
0.00 0.01 0.02 0.03 0.04 0.05

Equilibrium concentration (moI.L’l)

Fig. 2. Adsorption isotherm of Tiron molecules on tin oxide nanoparticles.
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Fig. 3. Time evolution of the phase angle (fm) = G”(w)/G' (w)) for SNG, suspensions (12 vol.%) containing different Tiron concentrations at pH 12.5.

monolayer capacity is in good agreement with the value of for samples prepared with [Tiron} 10wt.% indicate that

1.5 x 108 molm=2 calculated by taking account for the the presence of free Tiron hinders the kinematical stability

cross section of a Tiron molecule (1#)® and the mea-  of the suspension, favouring the fast gelation. This effect

sured BET surface area (125 gr1) of SnQ, powder. can results from the decrease of the electrostatic repulsion
Information on the kinetic stability of the colloidal sus- between particles due to the increasing amount of sodium

pension was obtained by measuring the viscoelastic proper-ion bonded to the ionic group (SO) of adsorbed Tiron

ties. Fig. 3 shows the time evolution of the phase angle ( molecules.

for the suspensions containing 12 vol.% of nanopatrticles re-

dispersed in TMAH aqueous solution at pH 12.5 using pow- 3.2, Powder properties

ders with different Tiron concentrations. The phase angle is

defined by In order to understand the role of the Tiron molecules on
G (w) the tin oxide surface, IR analysis of powders, dried atX1,0
tand(w) = G 1) containing different Tiron concentrations were performed

(Fig. 49. The presence of bands concerning the surfactant
whereG” andG’ are loss and storage moduli at a determined is verified for all samples. The relative intensity of peaks

angular frequencyd), respectively. concerning Tiron molecule increases up to a concentration
For samples containing 5wt.% of Tiron, the phase angle of 10 wt.% and remains almost constant for higher amounts.
decreased from 9Q(typical of Newtonian fluid) to 79 af- The bands corresponding to Tiron FTIR spectrum are

ter 45 min, indicating an increase of the agglomeration state.assigned as follow&1”: the rings carbon—carbon stretch-
The minor temporal evolution of phase angle was observeding, vc=c, vibrations are apparent at 1596, 1459 and
for the suspension prepared with 10 wt.% of Tiron. This sam- 1426 cn?, out-of-plane ring deformatiorsc=c)op in be-

ple keeps the Newtonian behaviour for a long time period, tween 490 and 520 cn, the carbon-hydrogen stretching,
evidencing the highest colloidal stability of the monolayer vcn, at 3091 cm?, and out-of-plane deformatiodcryop,
covered particles. The samples prepared with 15 or 20 wt.%at 847 cnt!; a broad band in the region of 3600-3100¢m

of Tiron exhibit faster decrease of the phase angle, from shows thevoy vibrations splitted into three peaks, at 3546,
90 to 14 in about 90 min. This transformation, from a vis- 3495 and 3274 cm', probably due to the presence of in-
cous fluid to an elastic solid-like behaviour, is related to the termolecular hydrogen bonding, while thegy are apparent
material structuration due to a network formation, typical at 1639cn1l, the in-plane deformationjonyip and the

of the sol—gel transition. Specifically, the sol—gel transition vco are coupled together resulting in a couple of bands
of SnG colloidal suspension prepared by sol-gel route is located at 1283 and at 1224 ¢t The band with shoulder
the result of an aggregation procéssThe primary parti-  at 1034cm?® and the broad band at 1185ctfare as-
cles become interconnected by hydrogen bonding betweensigned to symmetric and asymmetric stretching vibration of
water molecules and superficial OHyjroups, giving rise to  SO3Na, respectively, while the peak at 1094 chis usually
the formation of a continuous network of interlinked aggre- attributed to ionic sulphates impuriti&s®18 The stretch-
gates with a fractal structuf@. Thus, the results obtained ing vibrations of S@~ groups is difficult to assign due
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Fig. 4. FTIR spectra of (a) tin oxide powders prepared with different Tiron concentrations and (b) tin oxide samples containing 10 wt.% Tiron treated a

different temperatures for 1 h.

to the occurrence of CH vibrations in the same frequency The comparison of FTIR spectra of Tiron, ShGand

regions?16 j.e. the SO stretching appears at 940¢nand
the bending at 630 and 495 cth The splitting of the last

SnG containing increasing concentration of Tiron revealed:

band in two components may characterise the ionic bonding (i) The position and relative intensity of peaks observed

of sodium?®

Tin oxide FTIR spectrum shows the presence of stretch-
ing vibrations bandsosno andvsno at 663 and 565 cimt,
respectively:>20 A broad band centred at almost 3500¢m
coupled to that at almost 1640 ¢ characteristic of wa-

in between 1000 and 1200crh corresponding to
stretching frequencies of the g®a groups remains
almost unchanged, suggesting that the sulphate group
was not involved in a dominant way with the immo-
bilisation of Tiron molecules.

ter stretching and bending are also apparent. The broaden-(ii) The von at almost 3500cm! is not observed in

ing and the shape of the bands in the region from 400 to
800cnt! is often observed for nanocrystalline cassiterite
xerogels, having surface hydroxyl grou}§s2! According to
Giuntini et al?! the relative intensity change bfsno/lvosno
bands could be correlated to the rearrangement occurring
during firing of SnQ xerogels.

spectra of Tiron—Sn® xerogels, and the two bands
between 1200 and 1300crh corresponding to the
coupled vibrationvco/on)ip, collapses into a single
one at 1264 cml. It indicates the immobilisation pro-
cess occurs by coordination of the two oxygen atoms
of Tiron molecule.
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(i) The increase in intensity and the shift to higher vibra- atoms at the surface of nanoparticles. Another interesting

tion energy ofvc=c peaks at 1459 and 1426 crhsug- point revealed by these spectra is the slow decrease of the in-
gest that this immobilisation involves the formation of tensify ratiolvsho/lvosnoas a function of the firing temper-
chelate rings. ature. Several studies done on ungrafted Sxeogeld® 2L

(iv) The decrease of the relative intensity of peaks, have shown that this ratio decreases to values smaller than
lvsndlvosno, is indicative of the planar arrangements the unity by firing at temperatures higher than 380 Our
of the O-Sn-0O bridges formed by the elimination of results show that the intensity 0,0 band becomes lower
hydroxyl surface group&>2! than that ofuosnoonly for sample fired above 60€, sug-
gesting that the crystallite growth is inhibited by the Tiron
This behaviour gives strong evidence that the immobilisa- surface modification. This feature is in agreement with the
tion process occurs by the chelation of Tiron molecules at the idea early proposed by Wu et# concerning the thermosta-
surface of Sn@nanoparticles. Under basic pH as used in our bilisation of sol—-gel derived nanocrystalline metal oxides by
syntheses, the surface of nanopatrticles is negatively chargedising OH-scavenging reagent enable to replace the hydroxyl
hindering the immobilisation of Tiron by SO groups. Ac- groups and form non-condensing functionalised surface.
cording, the immobilisation of Tiron molecules occurs in This thermodecomposition behaviour was confirmed by
predominant way by the formation of surface chelate, due TGA and DTA analysis of dried Snpowder prepared with
to the reaction between alcohol groups of the molecule and 10 wt.% of Tiron €ig. 5), that shows the decomposition of
hydroxyl groups at the surface of particles. On the other Tiron occurs near to 40@C. The TGA curve exhibits two
side, due to the presence of Tiron $Ogroups at surface  apparent weight losses. The first one between room tem-
of tin oxide nanoparticles, an increase of the charge densityperature and 150C is likely due to the loss of the residual
is verified and the redispersibility property of the tin oxide solvent and water remaining in the as-dried powder, as ev-
powders favoured. idenced by the endothermic peak in the DTA curve at the
Fig. 4bpresents the FTIR spectra of powders containing same temperature range. The second weight loss, between
10wt.% of Tiron dried at 110C and treated at different 150 and 350C, may be due to the initial step of decompo-
temperatures for 1h. For the samples treated between 11Gition of grafted Tiron molecules. A strong exothermic peak
and 400°C, the bands attributed to surfactant are observed. at 375°C in the DTA curve confirms the combustion of the
Above 400°C the bands characteristic of Tiron gradually surfactant derivatives. For temperatures higher tharf @00
disappear, as the firing temperature increases. The bands dow weight loss is observed, indicating the completion of
1495 and 1401 cmt, attributed to the €C stretching fre- removal of Tiron derivatives.
guency are the first that disappear, followed by those be- The evolution of the powder texture after differ-
tween 1295 and 1100 cm, concerning S@- stretching of ent heat treatments is evidenced by changes of the N
SOs3Na group. This thermostability of Tiron immobilised at  adsorption—desorption isotherms showifrig. 6a The high
the surface of Sn®nanopaticles is a complementary evi- volume of gas adsorbed at low relative pressypof, the
dence of the chelate complex formation involving the hy- plateau at higlp/po-range, and the absence of hysteresis in
droxyl groups in theortho-position of aromatic ring and tin ~ curve corresponding to sample treated at 4D0s typical
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Fig. 5. DTA and TG analysis of the dried tin oxide powder prepared with 10wt.% of Tiron.
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Fig. 6. (a) N adsorption—desorption isotherms and (b) evolution of the pore size distribution for powders prepared with 10 wt.% of Tiron treated during
1h at different temperatures. The inset presents the microporous size distribution of the sample treaté€.at 400

of materials presenting micropores (type | isotherm, ac- temperature (300C), while for Tiron modified xerogel it
cording to IUPAC classificatidif). Above this temperature  occurs after firing at 600C. This increase in thermal sta-
isotherms become characteristic of type IV, with hystere- bility of micropores is a clear evidence that Tiron reduces
sis loop type H2 and H1 for samples treated at 600 and the surface free energy of Sp@anoparticles.

800°C, respectively. This hysteresis loop evolution indi- The pore size distribution curves, calculated from des-
cates that the regularity of cross section along the longitu- orption branchesHig. 6b), make evident that by increas-
dinal direction of pores increases by increasing the firing ing the treatment temperature the average pore diameter
temperature. In an idealised description this is equivalent shifts from 3.5 (600C) to 10.5nm (800C), while the

to the transformation from inkbottle towards cylindrical pore volume remains constant. The inset, representing
shaped porebThis overall behaviour of porous texture has the sample treated at 40G for 1h, shows the pore size
already been observed with undopeahd dopeé® SnG distribution with average pore size of 0.4 nm, determined
xerogel prepared in absence of surfactant. However, thereby MP method:® Analogous micropore size distribution
are some interesting differences. In absence of surfactantwas verified for samples fired at lower temperatures. More
the H2 hysteresis loop, typical of capillar condensation in- than pore growth, the BET surface area decreases from
side mesopores, appears in samples fired at relatively low138 to 15m g1, while the pore value stays invariant
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400 to 800°C. This overall behaviour is in agreement with
the dynamic scaling growth mechanism proposed by Santilli
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face area and pore size is about three times more important
for the SnQ xerogel fired in the comparable temperature
rangel-23

These results confirm that the presence of Tiron
molecules, added before the precipitation step during the 1.
powder preparation process, leads to control the parti-
cle and pore size growth. This feature is consistent with
the mechanism of particles coalescence controlled by the =
surface mobility proposed for SpOxerogel?324 In this
case the presence of Tiron adsorbed layer, as well as of 3
inorganic compound® decreases the surface energy and
consequently reduces the surface mobility of nanoparticles.
In fact, this feature can be explained by two mean effects
of Tiron as surface modifier: (i) the condensation reaction
involving surface hydroxyl groups do not occur due their
replacement by chelated molecule, and (ii) the nanopar-
titcles are isolated by the Tiron adsorbed layer restricting
the grain boundaries motions. These aspects of the surface
modifying tin oxide nanoparticles are particularly impor-
tant in membrane technology because they allows to pre-
pare nandfiltration tin oxide membranes with high thermal
stability.

5.

7.

4, Conclusions

Nanoscaled tin oxide particles, which are fully redis- 10-

persible in water in alkaline medium, were prepared. The
growth of particles in solution was controlled by chemi-
cal surface modification of the tin oxide nanoparticles using
Tiron as surface modifier.

The concentration for which the tin oxide surface is cov-
ered by a monolayer of chemical surface modifier is about
3.5 x 10-°molg~1. Above this value small modifications

occur in the powder redispersibility and the kinetics stability 14,

of dispersion decreases.

A pH >12 is required to obtain a stable suspension of 15

SnQ powder prepared with Tiron concentration lower than
10wt.%. On the other hand, an ammonium aqueous solu-,¢
tion at pH~9.5 is sufficient to disperse Sa@anoparticles

prepared with 10 wt.% of the Tiron. The hydrodynamic size 17.

changes from 7 to 51 nm when pH changes from 12 to 6
due to the increase of aggregation state.

The presence of Tiron molecules on the surface of the ;4
tin oxide particles minimises the effect of grain coalescence
during the heat treatment so that microporous materials can

be obtained. This aspect of the surface modification synthe-19.

sis is especially important to obtain new Sn@anofiltration
membranes. By increasing the treatment temperature from
400 to 800°C, the pore size of xerogels can be continuously
screened from 0.4 to 10 nm in a controlled way.

11.

12.

20.
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