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Abstract

Ammonium polyacrylate (NgPA) was introduced into powdered mixtures consisting of anatase-structurgddiOparticles and silicon
alkoxide precursors at the sol level, and the rheological behavior of the mixtures was examined under various solidgoad@s0.13 in
volumetric ratios), shear rateg & 1-1000 s) and NH;PA concentrations. The alkoxide precursors were mixtures of tetraethyl orthosilicate
(TEOS, Si(OGHs),), ethyl alcohol (GHsOH), H,O and HCl in a constant [{D]/[TEOS] ratio of 11. The nanoparticle—sol mixtures generally
exhibited a pseudoplastic flow behavior over the shear-rate regime examined. TRA Bppeared to serve as an effective surfactant which
facilitates the suspension flow by reducing the flow resistance at loyPNloncentrations. Ap = 0.10, a viscosity reduction ca. 85%
was found aty = 10 st when the NHPA concentration was held at 2.5wt.% of the solids. As the,Ridexceeded a critical level, e.g.,
[NH4PA] > 3.0wt.%, the NHPA acted as a catalyst which quickly turned the Ji€llica sol mixtures¢ = 0.10) into a gelled structure,
resulted in a pronounced increase of mixture viscosity. The maximum solids concentpafiofithe mixtures was experimentally determined
from a derivative of relative viscosity, i.e.,{—mr_l/z)—qb dependence. The estimatggincreased from 0.127 to 0.165 when A of 0.5 wt.%
was introduced into the Tig-silica sol mixtures.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction generated from the oxidants (e.g., hydroxyl radicals). Re-
combination of the photogenerated electron)(and hole
TiO>—SiO, composites in thin film or colloidal form  (h*) is then suppressed, leading to an increased quantum
are materials of great technological interests. The interestsyield.

mainly stem from the generation of highly potent oxi- Various methods have been used to fabricate theJiO
dants (i.e., holes) at the semiconductor surface when theSiO, composites. These include sol—gel solution technique,
wide-bandgap semiconducting material (i.e., 2@ illu- impregnation, homogeneous precipitation, flame pyrolysis

minated by light. The oxidant generation allows for the use and ion-beam implantatids,6]. With the sol-gel technique,
of the composite materials in photocatalytic detoxification in particular, the chemical composition can be well con-
process of aquatic environments. An enhanced photocat-trolled in molecular-level mixing, and a composite structure
alytic performance of particulate TgGSIO, mixtures has  with a high specific surface area together with a well-defined
been reported1-4], which surpassed the photodecompo- pore-size distribution ranging in mesoporous region is at-
sition efficacy of pure, anatase Ti@hase. The existence tainable. In addition, the isolated Ti—-O-Si centers are resis-
of SiO, is thought to change the surface acidity of the tant to leaching so that this type of catalyst can be used as
compositeq2], producing effective adsorption sites of sig- a highly active and selective catalyst for partial oxidation of
nificantly larger population than that of the pure 3O liquid-phase hydrocarbons under very mild operating con-
These sites are desirable at locations near the photocatalyticitions [6]. When TiG and SiQ powders were used as the
TiO, phase in order to facilitate a rapid scavenging of holes starting material for the composite mixtures, Richmond et al.
[7] pointed out that the Ti@particles adsorb preferentially
mspondmg author. Fax:886-4-2285-7017. on thg SiQ pgrticle surfaces, forming S?piggr_egates with
E-mail address: wenjea@dragon.nchu.edu.tw (W.J. Tseng). the TiQ, particles coated on the surface. This changed the
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surface characteristics of the particles, as well as the struc-with the nanopatrticles in various volumetric solids concen-
ture of the composite mixtures and the mixture rheology. In trations ¢ = 0.05-0.13). The polyelectrolyte surfactant
this regard, we present here a method to fabricate uniformused was a commercially available ammonium polyacrylate
TiO,—SiO, composites through mixing of anatase-structured (NH4PA, A-6114, Toagosei Chemical, Japan) and the sur-
TiO2 nanoparticles with silicon alkoxide precursors to form factant concentration was up to 3wt.% of the solids. The
“flowable” powdered dispersions. A uniform dispersion of NH4PA typically presents a linear backbone consisting of
TiO2 nanoparticles in the silica sol with a high Ti/Si ra- carbon—carbon bonds, with a COORNkide group attached
tio is aimed so that the powdered dispersion may later be to the carbon atorng].

“consolidated” into a gelled structure with desirable func-  The powdered mixtures were ball-mixed in polyethy-
tion and hierarchy via typical wet-processing routes. A sur- lene bottles using high-purity alumina balls as the mixing
factant of ammonium polyacrylate (NRA) is introduced media for 24 h. Their viscosityn§) was determined by a

into the nanoparticle mixtures, and the effect of the,RA strain-controlled concentric viscometer (VT550, Gebruder
to the dispersion quality of the mixtures is examined via HAAKE GmbH, Germany) equipped with a sensor sys-
rheological characterizations. tem (MV-DIN 53019, HAAKE, Germany) of a cone-cup

geometry operated at a constant temperature @Q25The
measurement was performed with a steady increment of
2. Experimental procedure shear rate §); to which, the rate was increased in every
1s1 over the shear-rate range of 1-18severy 10s?
TiO2 nanoparticles (P25, Degussa Ltd., Germany) with over 10-100s! and every 100! over 100-1000s!. The
an average particle size about 21 nm and a specific sur-rheological properties were all measured after 20 s of dura-
face area 50+ 15nf/g (vendor specification) were used tion when shear rate reached each pre-determined rate level
as the starting material. The powder is about rectangle in over the entire shear-rate range investigated.
shape and is apparently agglomerat&iy( 1) from the
scanning electron microscopy (SEM, JSM6700F, JEOL,
Japan). Reagent-grade tetraethyl orthosilicate (TEOS,3. Resultsand discussion
Si(OGHs)4), ethyl alcohol (GHsOH), H,O and HCI (all
from Aldrich Chemicals) in a constant f@]/[TEOS] ra- The TiG; nanopatrticle—silica sol mixtures generally ex-
tio of 11 were used as the precursor sol and were mixed hibited a shear-thinning flow behavior over the shear-rate

SEl 20KV  X250,000 100nm WD20mm

Fig. 1. Particle morphology of the TiOnanoparticles used in the study.
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Fig. 2. Thens—y dependence for the particulate sol mixtures of various solids concentrations. (a) Without sR&;Nb) with 0.5wt.% NHPA.

range examinedHg. 2). This indicates that the powder highly concentrated. Taking the NRA-doped suspensions
agglomerates existing in the sol liquid were broken up into with ¢ = 0.13 as an exampld={g. 2b), the suspensions ini-
smaller flow units by the increased shear force, hence re-tially showed a solid-like characteristic when the nanopar-
sulted in the reduction of suspension viscosify) @s shear  ticles were first introduced into the sol-YPA liquid

rate increased. Ifrig. 2, the addition of NHPA appeared  mixtures. The nanoparticle suspensions then became appar-
not to alter the shear-thinning flow character of the suspen- ently “flowable”, i.e., resembled the flow of a concentrated
sions; nonethelesgg apparently reduced upon the NPA paste, when subjected to the ball-mixing process. The lack
addition when comparing the viscosity of the suspensions of catalyzing effect further reveals that the dominant factor
at identical solids loadings. In addition, the introduction of determining the suspension rheology was most likely the
anatase Ti@ nanoparticles to the silica sols appeared not to interparticle attractions involved in the powdered mixtures.
catalyze the sols transforming into a gelled network struc- This is considered valid when a low level of YPA doping
ture. This was most apparent when the suspensions werg<0.5wt.%) existed in the nanoparticle-sol suspensions.
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It may be interesting to note that the suspensions ap-Sincery is considered the stress required for the nanoparti-
peared to change toward a Bingham-plastic (or even a sheacles to break up the interparticle bonds in order for the parti-
thickening) flow from the shear-thinning flow behavior as cles to roll over the neighboring ones in given carrier liquid
shear rate further increased toward the higher end. This sug-under shear forces, a decreasgdalue is thus an indication
gests that the particle-packing configuration in the sol liquid of a more relaxed particulate structure in the flocculated sus-
tended to become more uniform in the packing efficiency pensions. Noted that the Bingham plastic model appears to
as shear rate increased. As the particulate structure becomegresent the highest yield stress among all the above models
more uniform, the suspension flow would become less sen-examined Table 1), presumably due to the assumed linear
sitive to the applied shear rate, hence approaching toward ar—¢ dependence in the equation usedras y.

Bingham-like flow. Additionally, the shear thickening flow Relative viscosity of the suspensiong)(can be defined
was likely due to a perturbation occurring in the uniformly as the suspension viscositys) divided by the viscosity of
packed suspension structure as shear rate exceeded a critictthe suspending liquidng). As shown inFig. 3, », of the
level [9]. A more voluminous flow was resulted, leading to nanoparticle—sol mixtures exhibited a non-linear dependence
an increase in the flow resistance and accordingly a viscos-with ¢, and (again) the non-linearity appeared to become
ity increase. Noted that the viscosity scattering found at the more pronounced ag >~ 0.1. A model proposed recently
low shear rates for the less concentrageg: 0.05 suspen- by Liu [11] was used in the study to predict the theoretical,
sion (Fig. 28 was mainly because of the viscosity measured maximum solids fraction¢g{y) allowable for the powdered
fell in a range of the lower bound of the detecting sensor suspensions. The equation has a general form:

employed, and was considered only good for reference pur-

poses. nr = [a(¢m — )™ 4)

The nanoparticle suspensions began to flow as the applied ) )
stress exceeded a certain critical level, i.e., the yield stressVNereais a constant, anthis a flow-dependent parameter.

(zy) of the suspensions. Various empirical models were used 'ne terr?l ém t; ‘Q is t[;]hysica:!lyl ree:soned a? th? e.ffec_tive
; . Wi r rti move fr in given
to estimater, [10]: space allowable for the particles to move freely in give

Bingham plastic model: carrier medium for _th_e _row to occur. W_hem approaches
¢m, nr approaches infinity. The suspension hence ceases to
T=Typ+ sy 1) flow and behaves solid-likestm can be determined from a
a1- nfl/m)—¢ relationship, which often follows a linear
relationship over a broad range of particle fractigtiz 13].

Casson model:

12 _ 12 \1/2
o2 = 5lc + (nsp) Y (2) Fig. 4 shows the experimentally determined— 5; /™)~
Herschel-Bulkley model: depe_ndence by assuming_the flow inde équals to 2. The
o flow index generally falls in a range af = 2-3[11-13]
T=Tyh+ Ky (3) By extrapolating the 1 ny /2 to unity, ¢m is determined

wherety p, y.c andt,.p, are yield stress parameters deter- aS¢m = 0.127-0.162 ay of 100s™*. The ¢ determined
mined from Bingham, Casson and Herschel-Bulkley mod- i critically dependent on the NiA concentration, and the
els, respectivelyk andn are structure-dependent parameters incorporation of NHPA in the sol liquid appears to result
that can be determined experimentally. As showfiahle 1, in an increase opm. . _

7, increases withp, regardless of the models used. Thisin- s Of the nanoparticle-sol mixtures alters upon a further
crease becomes much pronounced mereased above 0.10,  increase of NHPA concentration above 0.5wt.%ig. 5).

indicating that the suspensias is critically dependent on A Pronounced viscosity decrease occurred when thgféH
¢. The NH4PA addition appears to result inzg reduction. concentration exceeded 1.0wt.% and reached a minimum

(~85% viscosity reduction ap of 10s™1) as the concen-
tration was of 2.5wt.%. Noted that the viscosity reduction
was still a “respectable” 62% when the shear rate was in-

Table 1 . . .
The yield stress of the nanoparticle—sol mixtures determined from various creased to 100—§, even though the viscosity change in ab-
models solute values appeared less pronounced than that ¢f the
Solids Suspension yield stress, (Pa) 10s! case. The suspension viscosity yet rapidly incregsed
concentration ¢) : to about the same level as that of the suspensions without
Bingham  Casson Herschel-Bulkley e NHyPA doping as the NEPA concentration approached
model model model . .
3wt.%. Further increase of the NHA concentration to the
0.05 0 (N.A) 0.01 (N.A) 0 (N.A) ficl | mixt | lted | _ diate f
0.08 17 (1.0) 0.7 (03) 1.6 (1.0) nanoparticle—sol mixtures only resulted in an immediate for-
0.10 3.6 (2.4) 1.8 (1.1) 3.1 (2.1) mation of a solid-like “bulk”, which virtually showed no
0.12 15.9 (5.4) 12.1 (2.5) 15.4 (4.6) evidence of fluid-like deformation upon an excessive shear-
0.13 N.A. (11.4)  N.A. (6.1) N.A. (9.9) ing. Exact mechanisms about the sol-to-gel transition are not

The numbers in parentheses are yield stresses of mixtures with 0.5wt.%Cl€ar at present; nonetheless, two types of gelation schemes
NH4PA. N.A.: not applicable. are generally considered responsible for the sol-gel derived
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glasseq14]: (1) hydrolysis and polymerization of silicon TiO; agglomerates into smaller floc units, so that the flow

alkoxides to form a covalent-bonded crosslinked gel; (2) ag- resistance was reduced. A theoretical maximum solids con-

gregation of particulate sols existing in an aqueous medium centration was accordingly resulteg,{ increased from

to form a porous aggregate structure composed of an inter-0.127 to 0.162) when NHPA of 0.5 wt.% was added into the

connected three-dimensional network of hydrogen-bonded particulate sol mixtures. The viscosity reduction was most

crosslinks. A separate experiment by mixing the sol liquid pronounced when the NffA concentration was held under

solely with the NH PA revealed that the sol quickly changed 2.5wt.% of the solids ap = 0.1. A rapid sol—gel transition

to gel as the NgPA concentration >3.0wt.%. This finding was found when the NIHPA concentration exceeded the

reveals that the NIHPA served as an effective surfactant to critical level (=3.0wt.%), and the transition was most likely

the TiO, nanoparticle-silica sol mixtures only when the con- due to the hydrolysis and polymerization of the silicon

centration was held below a certain extent (2,5 wt.% in sols.

our model mixtures). Further increase of the \#A above

the critical level facilitated catalysis of the sol liquids by

possibly the hydrolysis and polymerization of the silicon Acknowledgements

sols into a gelled crosslink structure, so the nanoparticle—sol

mixtures turned into a solid-like bulk character. The authors gratefully acknowledge financial support
from the National Science Council (Taiwan) under contract
NSC 91-2216-E-005-023.

4. Conclusions

The rheological behavior of anatase-structured ,TiO
nanoparticle-silicon sol mixtures was examined when am-
monium polyacrylate (NEPA) of various concentrations [1] C. Anderson, A.J. Bard, An improved photocatalyst of FISIO,

was introduced into the particulate sols. The /A ap- prepared by a sol—-gel synthesis, J. Phys. Chem. 99 (1995) 9882—
peared to facilitate the suspension flow by reducing the 9885.
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