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Coating of Silica on Titania Pigment Particles Examined by
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The coating of titania with a hydrous silica layer was investigated by electroacoustics, high-frequency
dielectric response (DR), IR spectroscopy, and TEM microscopy. The shift in the isoelectric point measured
by electroacoustics was the most sensitive indicator of silica coverage of the titania surface. Changes in
the shape of the zeta potential pH dependence corresponding to formation of silica multilayers were
accompanied by small changes in the IR spectra and TEM thickness. The coatings formé@ ate3@
dense and smooth and extended up to 10 nm from the titania surface. Changes in the dielectric constant
of the coated pigment occurred over three domains and corresponded to changes in the nature of the
adsorbing silica layer. At low concentrations, the relative permittivity of the coating layerbdzit at
higher concentrations it was20, indicating greater hydration of the multilayer.

Introduction At higher concentrations, polymerization of the silicate
S _ _ion enabled multilayers to be built up over the initial lager.
reactivity of the pigment and to protect against photocatalysis dependence of thepotential, as has been reported by other

from UV radiation. Such coatings, however, change the \yorkers5¢ and on the dielectric permittivity of the coated
electrokinetic properties of the coated particle and thus affect particles.

its dispersability, state of aggregation, and stability of the

pigment in the dispe_:rsing me_:dium. This paper degcribes the Experimental Section

use of electroacoustics and high-frequency dielectric response

to examine the electrokinetic properties of liquid-phase silica- ~ Materials. All glassware was cleaned by soaking in a 2% RBS
coated titania pigments. solution overnight followed by rinsing with Milli-Q (Millipore)
water and then soaking & 1 M HNG; solution overnight, followed

Coating from the liquid phase is commonly usdaljt gas- by several rinses with Milli-Q water,

phase Cpatlng IS ?'SO empl.o_yédfhese_ surfa_ce cpatlngs The rutile titanium dioxide was supplied by Tiwest Joint Venture,
usually mv_o_lve °X"?'es of S_'Ilca_’ alumina, zirconia, _or a Kwinana, WA, Australia, and is a raw titania with a very small
polymer Silica coatings on titania have been the subject of jercentage of anatase that has been doped with less than 196 AICI
many studies since ller described the method of producing in the oxidation process. According to the manufacturers, some of
dense silica layersFurlong et al. studied the coating of rutile  the Al is within the rutile structure and some is present on the
titania with silica by electrophoresis and found that at a surface as a crystalline alumina coating. The raw pigment as
concentration greater than 2.5 wt % the titania surface supplied also contains coarse sand particles that are added to aid
exhibited an isoelectric point (iep), at pH 3, similar to that in breaking down agglomerates before surface treatment. The sand
of silica# Reversible mobility curves were not obtained until Was removed by suspending the titania in Milii-Q water and shaking
a concentration of 5 wt % was reached. At the lower atits natural pH (4.24.3) where the pigment was well dispersed.

concentrations, silica adsorbed to give monolayer coverage. Alter Seve.re." minutes, the CO”.O'd was de.camed Oﬁ and collected.
. . . . The remaining titania/sand mix was redispersed in water and the
Smooth, uniform silica coatings were relatively easy to

! . . RO colloid was decanted and kept and the sand was discarded. The
prepare; we find a correlation between the reduction in the samples were then combined and decanted once more. The raw

particle permittivity and the coating thickness as measured pigment was then acidified with HCI (15 M) at a volume ratio of

by TEM. ~1:10 (acid /water). The suspension was boiled for 20 min and
then left to flocculate. After 10 min, the supernatant was poured
* To whom correspondence should be sent. Pherid-2-9351-3797; fax: off and discarded. Water and HCI was then added in the same ratio
+61-2-9351-3329; e-mail: j.beattie@chem.usyd.edu.au. and the process was repeated. Finally, water only was added and
T University of Sydney. ; ; ;
: Colloidal Dynamics Pty Ltd. the process of heating and flocculating was repeated u_ntll the
(1) Braun, J. H.; Baidins, A.; Marganski, R. Brog. Org. Coat.1992 suspension no longer flocculated. The pH of the suspension was
20, 105. then raised to 7 with NaOH where the sample readily flocculated.

(2) Powell, Q. H.; Fotou, G. P.; Kodas, T. T.; Anderson, B. @hem.
Mater. 1997 9, 685.

(3) ller, R. K. (E | duPont). U.S. Patent 2,885,366, 1959. (5) Morris, G. E.; Skinner, W. A.; Self, P. G.; Smart, R. S.@lloids
(4) Furlong, D. N.; Sing, K. S. W.; Parfitt, G. 3. Colloid Interface Sci. Surf., A1999 155, 27.
1979 69, 409. (6) Lin, Y.-L.; Wang, T.-J.; Jin, YPowder Technol2002 123 194.
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The supernatant was poured off and the processes repeated untiét a particle volume concentration of 5%, following the same
the conductivity was<0.1 S nT'. The pigment was then evaporated procedure as that employed to disperse the electroacoustics samples.
in a dish at 110C in an oven overnight and then ground and stored The pH was adjusted to 7.5 or pH 3-4 and the conductivity
in a polyethylene bottle. To determine whether the rutile surface was increased to between 0.02 and 0.07 S with NaNGQ;. The
was free of alumina, the isoelectric point of the washed pigment sample was sonicated for a further 15 min and the pH was
was determined by electroacoustics. If the iep we6e8, then the readjusted to the desired value. The suspension was then left to
pigment was used in coating experiments. If the iep were above hydrate for a few days. Prior to measuring, the sample was sonicated
pH 6.8, the pigment was rewashed by the same method. for a further 15 min to disperse any coarse aggregates that may
A separate anatase titania was obtained from Bayer that containgrave formed on long standing. This was particularly necessary for
an organic coating only. The anatase surface was washed by heatingamples containing higher silica concentrations. One portion of the
a suspension to 90C in NaOH (2—3 M), decanting, and sample was centrifuged at 10 000 rpm feBO min to obtain the
resuspending in water. This procedure was repeated several timesPackground solution. The background and then the sample were
and then the pH was lowered to about 5 to aid in flocculation. The Measured by injecting into the DR cell ensuring that all air bubbles
sample was recovered and dried at 11D overnight and then were removed.
measured to determine the iep. If the iep wés no further washing The conductivity measurements were made with the cell
was performed. described previousl¥® Measurements involve injecting the sample
Coating Process.Some samples were coated at %5 in the into the cell and measuring the complex conducti\m’yqf the
AcoustoSizer cell. The bare titania particles were dispersed in SaMple as a function of frequency from 0.1 to 40 MHz with an HP
NaNO; at a conductivity of~0.05 S nTt (~4 mM), and a pH 4194A impedance galn_p_hase analyzer_. Measurem_ents*were made
titration was recorded from pH 3.5 to 10. A silicate solution (0.4 ©f the complex conductivity of the colloidal suspensiti,’, and
M sodium metasilicate, N8iOs-5H,0) was added to give a low  ©f the background electrolytépac = K* + iweoew, as a function
silica concentration 4(2—5) x 104 M). The pH was then of fr.equ.ency. HereK> is the gonductlvny of the.backgrgund ions
readjusted to 10 with HN@and left to equilibrate for 10 min, A (Which is usually frequency independent), andis the dielectric

pH titration was then conducted from pH 10 to 3, and then the pH constant of water. For a given volume fractign,the nondimen-
was raised back to 10 with NaOH. At this pH, more silicate was sional dipole strengthS, per unit electric fieldE, can be defined
pipetted into the suspension and the titration procedure was repeate&‘
until a limiting iep value was reached. e K *

Samples were also coated at 302 °C, which is known to S=— =( — =l - 1)3i (1)
produce smooth coatings, and then were measured &E2%he dralepe, <E>  \(K™ +iwege,) 4
bare pigment was suspended at room temperature at a volume ) )
fraction of 2% (32 g in 368 mL) in a polyethylene bottle. The pH  The dipole strength for a concentrated suspension of spheres can
was adjusted to 10 with NaOH and the sample was sonicated for P& calculated using the cell model formula
20 min to break up any aggregates and then was left to hydrate for s -
a few days. The starting conductivity was usually between 0.03 S= T 1+ oF
and 0.07 S mL The pH and temperature were monitored with a Arege,a EL ¢
pH meter (CyberScan 2000) and pH probe (standard combination
electrode) and a buret was used to add base or acid or coatingvhere the dipole coefficienty, is defined as
reagent. The polyethylene bottle was placed in a beaker of boiling
water and was agitated with an overhead electric stirrer. Silica was 1+iw — (2Du + iw\i)
then deposited as SjOn an amount between 0.1 and 10 wt % fr —
from a 1.0 M sodium metasilicate, P&iO;°5H,0, solution. The N . &
pH during addition was maintained between pH 1610.5 with 2(1tiw)+ (ZD“ Tl 6_)
HNOs. The silicate solution was added at a rate not exceeding 1.0 v
mmol SiQ p.er.minute to avoid homogeneous precipitation..After Here,Du = KJK=a is the surface conductance parametgis the
5—20 min stirring, the pH was then lowered to 9.2 for a period of ejative particle permittivityw' = we/K= is the nondimensional
10-40 min for the silica coating to cure. The sample was then frequency, and is the particle radius. From the above formulas,
cooled while maintaining pH 9.2, filtered, washed, and dried at j; can be seen that the dipole depends on the two parambers,

@

€w

110°C. and ¢,. Thus, these parameters can be determined by fitting the
Electroacoustic MeasurementsThe samples coated at 9C measured dipole strength spectrum. The zeta potegtiein then

were dispersed in Milli-Q water at a concentration of 2 vol %. The be calculated from the surface conductance paramBtgrusing

pH was immediately adjusted t08.5 (if much greater tharnpH the Bikerman equatidf

9) with HNGO;. The sample was then sonicated for-D min and

the pH was readjusted; then, the suspension was then left to hydrate 2 zel 2¢(kT)d)

for a few days. The suspension was then poured into the Acous- Du= «a COS"(%) -4+ 2nDe? ©)

. . . K nD

toSizer-I cell and salt (NaN$) was added to give a starting

conductivity of~0.02 S nT!. Measurements were recordec-giH wherek, T, z «, D, ande have their usual meaning.

8.5, and then salt was added to raise the conductivity@®D5 S The coating thicknesscan be calculated from theg value using

m~L. A pH titration was then recorded from pH 8.5 to p+8 with the formula
HNOs;. Background corrections were not significant at these
suspension concentrations and conductivities. Finally, the pH was (7) Shubin, V. E.; Hunter, R. J.; O'Brien, R. W. Colloid Interface Sci.

adjusted to~7, and the sample was recovered by filtration and 1993 159, 174.
drying (110°C). (8) O'Brien, R. W.; Rowlands, W. NJ. Colloid Interface Sci1993 159,

. . 471.
Dielectric Response Measurement3.he sample recovered from (9) O'Brien, R. W.J. Colloid Interface Sci1986 113, 81.

the electroacoustics measurement was dispersed in Milli-Q water (10) Bikerman, J. JTrans. Faraday Socl94Q 36, 154.
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where €y is the permittivity of the particle core ang is the
permittivity of the coating.

Infrared Spectroscopy.The IR absorbance spectra of laboratory
coated titania pigments were measured by the disk method in KBr
between 400 and 4000 chwith a resolution of 4 cm!. The :
sample ¢-0.01 g) was ground to a fine powder in KBrQ.1 g) Figure 1. TEM micrograph of dense silica coatings on Fifigments.
after drying the sample in an oven (12Q) for about 1 h. The Bar represents 15 nm.
absorbance spectra were then measured (Bio-Rad FT Spectropho-
tometer, FTS-40).

Transmission Electron Microscopy.For TEM measurements, 1 o
the sample £0.05 g in 10 mL) was diluted with water at pH 8 ]
until the suspension was no longer opaque and then was sonicated< 807 L]
One drop of the diluted suspension was placed on a copper grid to £ ‘
support the sample, the excess liquid was removed with a tissue,
and the grid was left to dry. A Phillips CM12 TEM microscope
was used to observe the titania coatings.

Zeta potential

Results

TEM Observations. The coatings deposited at 80 were
observed in TEM micrographs and were found to be dense
and uniform (Figure 1). At the low silica loadings, it was _ - . . -
difficul btai . hick Figure 2. Variation of the particle zeta potential with pH for bare titania

Ificult to o tau_'] _accurate C(?at'ng thicknesses2( nm) (rutile) as a function of added silicate concentration af@5n 5 x 1073
because of the limited resolution of the TEM, but at higher M NaNOs. B0 wt %, ® 0.016 wt %,A 0.252 wt %,v 0.643 wt %, 1.03
loadings, thicknesses of up to 10 nm were observed. (See™t %. 8 1.80 wt %.

Table 2). 40-

Electroacoustic Zeta Potential An electroacoustic effect 20 .
is generated when a MHz electric field is applied to a 1 LINN
colloidal dispersion. For a dilute suspension of spheres, the 2] 4 . *®
electrokinetic sonic amplitude (ESA) is giveniby % 107, Y‘;'x

_ A Ap s ] 5 11
ESA= A‘ﬁ? Uqg (5) E 104 u
. . _ _ 220 g
where A is an instrument factorg is the particle volume g o]
3 -

fraction, Ap is the density difference between the particle
and solvent densityp], and uq4 is the particle averaged -407
dynamic mobility. For particles with thin double layers, the 501
dynamic mobility can be related to the zeta potential and
size by

60"
Figure 3. Variation of the particle zeta potential with pH for bare titania
(anatase) as a function of added silicate concentration €285 x 103

A - M NaNOs. B O wt %, ® 0.043 wt %, 0.129 wt %,v 0.259 wt %,
g = 3y G(1+ 1) (6) 0.516 wt %,m 0.772 wt %,® 1.11 wt %.

) ) S _sodium silicate were added to the suspension in the Acous-
Here, G is a function that accounts for the partlc_le Inertia 5sijzer cell at 25C, a charge reversal occurred resulting in
(see reference 11 for the detailed formulaande (=€ocw) a gradual reduction in the iep from 6.7 to a limiting value
are the solvent ylscosr[y gnd permittivity, respectively, and ¢~ 5 4t the highest silicate concentration. Theotential
f< is the function described above that represents thepacame more negative and increased in magnitude up to
conductance of the dou*ble layer. In the absence of stagnant,q,,t 7 mM silicate concentration. Above this concentration,
layer conduction, thef* function is evaluated by the  here was a reduction in the magnitude of the zeta potential
AcoustoSizer software using the zeta potential that gives the jyer 5 wide pH range. This may be due to the increase in
best fit to the dynamic mobility spectfa. __ the salt level during the titration process.

The pH dependence of the zeta potential for a bare titania  gjmjjar effects were found for the titration of silicate onto

(rutile) suspension is shown in Figure 2. The iep of this gnaiase (Figure 3). The initial iep of bare anatase weald
washed sample was at pH 6%7As increasing amounts of 5, and a limiting iep of~2 was also seen to occur at a

1) OBrien R.W.- G D W Rowlands. W. BLColloid nert concentration similar to that for rutile (Figure 2).
( )Sci.rllggé 173 acg o D e Rowtands, W 3L ool nterface To eliminate the effect of increasing salt concentration

(12) Kosmulski, M.Adv. Colloid Interface Sci2002 99, 255. from the multiple pH titrations, samples were individually
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Figure 4. Variation of the particle zeta potential with pH for bare titania
(rutile) and samples coated with increasing silicate concentration coated at
90°Cin5x 107 M NaNO;. B 0 wt %, ® 0.19 wt %,A 0.66 wt %,v

0.94 wt %,@m 1.7 wt %,® 2.47 wt %,+ in aA 3.45 wt %,+ inav 7.00

wt %.

7=

Wwt% SiO,

Figure 5. Change in the isoelectric point of rutile as a function of added
silicate concentration coated at 26 (®) or at 90°C (O).

coated with increasing concentrations of silicate at°@0
and then were measured at 25 at similar conductivities
of ~0.06 S nT* (5 mM NaNQ). Again, the isoelectric point
shifted from pH 6.8 for the uncoated rutile to pH 2 with 1
wt % SiG; (Figure 4). Comparison between the two sets of
data (Figure 5) indicates that 1 wt % is sufficient to create
a silica surface.

At more than 1 wt % silica, the zeta potentials between
pH 8 and 3 again decrease in absolute value. In this case
the effect cannot be due to the electrolyte concentration,
which was held constant. We ascribe it to a change in the
nature of the silica surface with multilayer formation, as
revealed further by dielectric response measurements.

Dielectric Response.The high-frequency dielectric re-
sponse of a suspension of uncoated rutile is shown in Figure
6 at two different NaN@ electrolyte concentrations. The
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Figure 6. Dielectric response showing real (top) and imaginary (bottom)
parts of the dipole strength of bare titania at pH 3.4 in NaNQ, Du, €p:
® 0.0426, 1.1, 118a 0.0758, 0.48, 118.

of the field is conducted by ions in the double layer, that is,

by surface conduction. As the bulk electrolyte concentration
increases, the ratio of surface conduction to bulk conduction,
Du, decreases.

The effect of silica coating on the dielectric permittivity
of the particles is seen clearly in the dielectric response
curves for suspensions of the particles coated 4C9Figure
7). As the silica concentration increases, the high-frequency
limit of the real component (top of Figure 7) decreases,
indicating a decrease in the particle permittivity. The low-
frequency limit also decreases, indicating a reduction in the
Du value, and would reach a limit 6f0.5 asDu approaches
zero. The measurements were made on the individually
coated samples that were then suspended-tiddM NaNG;
electrolyte, so the conductivities are all about the same and
the relaxation effect seen in the imaginary component occurs
at the same frequency. The changeDin hence reflects a
change in the surface properties of the particles. Examination
of the numerical data (Table 1) reveals that dielectric

high-frequency limit gives a constant, value of 118, response measurements are less sensitive than the electro-

consistent with a bare rutile surfatéThe shape of the curves ~ acoustic effects to changes in the surface coating. Each of
is very sensitive to the electrolyte concentration, reflected the samples coated witkl wt % silica give dielectric

in different Du values. At the low salt concentration, more response curves fitted to permittivity values of 308,
even though these samples are only partially coated with

silica as indicated by the electroacoustic iep results (recall
Figure 5). However, above 2 wt % the permittivity decreases

(13) CRC Handbook of Chemistry and Physitsde, D. R., Ed.; CRC
Press: Boca Raton, FL, 2003.
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Frequency (MHz)

25
Frequency (MHz)

Figure 7. Particle dipole showing real (top) and imaginary (bottom)

components as a function of frequency for bare rutile coated with silicate

at 90°C measured in 45 mM NaNQ; between pH 78: ¢, Du. B 107,
0.24;@ 107, 0.17;a 107, 0.19;v 91, 0.10;4 80, 0.07.

— T T
10 15 20

Table 1. Values of Particle Permittivity, Surface Conductance
Parameter, Surface Potential, and Zeta Potential for 260-nm Rutile
Titania Particles Coated at 90°C with Various Amounts of Silica

K= Dupr £ |yorl Gl
wt % Si0,  iep pH (Sm?Y) e=+x2 0.005 (mV) (mV)
0.19 455 8.12 0.05345 107 0.241 95 80
0.66 265 7.79 0.05605 107 0.167 85 83
0.94 20 7.24 0.04835 107 0.28 99 90
1.70 20 756 0.06295 107 0.185 88 75
2.47 2.0 7.93 0.05649 98 0.202 89 62
3.45 ~2.0 7.69 0.05495 91 0.0991 66 73
491 0.06924 91 0.005 17 30
7.00 ~2.0 7.88 0.06918 80 0.070 60 65

with increasing silica deposition.
A possible explanation for the apparently low zeta

Djerdjev et al.

T T T
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Figure 8. Particle dipole showing real (top) and imaginary (bottom)
components as a function of frequency and pH for bare rutile coated with
silicate at 90°C measured in 45 mM NaNG;. pH, €, K*, Du. @ 4.9, 91,
0.0692, 0.005m 7.69, 91, 0.0549, 0.099.

10

obtained from the dielectric response were in reasonable
agreement {110 and—121 mV for the first sample and
—100 and—116 mV for the second) to indicate that stagnant
layer conduction was not significant. Hence, the reduction
in the zeta potential te-(60—70) mV must reflect a change
in the surface properties of the adsorbed silica after the
surface is saturated with a monolayer, reflected by an iep at
pH 2.

In another test of the self-consistency of the data, the 90
°C coated sample with 3.45 wt % silica was measured by
dielectric response at two different pHs (Figure 8). Both

potentials with increased silica on the surface would be the measurements gave the same value of the permittisgty:(
presence of stagnant layer conduction. If ions conduct within 91) but at pH 4.9 a much smaller valuedf, and hence of

the stagnant layer inside of the shear plane from which the the surface charge, than at pH 7.7, consistent with the much
electrokinetic zeta potential is measured, then the effective smaller zeta potential observed in the electroacoustic titration
electric field applied in the electroacoustic technique is Of this sample (Figure 4).

attenuated and the calculated zeta potential is lowered. To Coating Thickness.The fitted permittivity valueg,, from

test this hypothesis, measurements were made on twodielectric response enables an estimate of the thickness of

samples coated at 90C, with 0.66 and 2.47 wt % Si,
respectively, at the low electrolyte concentration of 1.9 mM
NaNGQ; (K* = 0.023 S m?') where the effect should be

the coating to be calculated. Taking thicknesddéom the
TEM observations, the value ef of the silica layer was
varied in the analysis of the dielectric response to obtain the

greater. In both cases, the zeta potential from electroacousticsame thickness. In Table 2, the coating thicknesgrom

and the surface potential evaluated from the value

the relative permittivity of the coated particlg, for a range
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Table 2. Values for the Coating Thicknessd, Calculated from the 1089
Measured Permittivity, €, for a Range ofe Values, along with the N
Coating Thickness Observed from TEM,drem

SiO, drem d(nm) d (nm) d (nm) d (nm)
(wt %) (nm) e=4.5 =10 =20 =25

0 0 0 0 0 0
0.19 <1 0.50 1.1 2.2 2.8 @
0.66 ~1 0.50 1.1 2.2 2.8 b=
0.94 21 0.505 1.1 2.2 2.8 _§
1.70 3.2 0.50 11 2.2 2.8 S
2.47 4.0 1.0 2.2 4.2 5.6 2
3.45 6.5 15 3.3 6.6 8.28 <
7.0 10.5 2.4 5.2 10.4 13.1 o
of €. values is compared to the thickness obtained from TEM, 190 M o s 1so 1 o0 w0 B0
drem. If values of 4.5 or 10 fok. for amorphous silica were Wavenumber (cm™)
used, the calculated thickness was less than that observed iigure 9. IR spectra of silica coated Tipigments.
the TEM. The value ofe. required to match the TEM With these thin layers, the dielectric response spectra are
thickness wag. = 20 + 2 for samples coated at 9C with less sensitive than the zeta potential to the extent of the silica
a thickness o2 nm. coating (Figure 7 and Table 1). Whether the coverage is

Infrared Spectra. As the coating thickness increases, the incomplete 1 wt %) or greater than a monolayer (1.7 wt
IR spectra (Figure 9) between 1000 and 1300 tdisplay %), the dielectric response can be fitted with a constant

two peaks that increase in intensity, assigned toCst Si particle permittivity of 107108, reduced from that of 118
and Si-O~ vibrations! for rutile itself. This reduction in the particle permittivity
corresponds to a permittivity of 6 for a 0.7-nm silica layer
Discussion (eq 6). The surface conductance paramBigyr is similarly

The bH d q f th ¢ tential and th not very sensitive to the extent of the silica coverage.
€ pri dependence of the zeta potential and In€ CONSe~ 1 gpift i the iep with silica coating on titania is well-

quent determination of the isoelectric point provide a reliable known-6.15 What the present results reveal is the change

and sensitive indication of the surface coating of silica on in the nature of the adsorbed silica surface as multilayers
are deposited. The very negative zeta potential is reduced in
¥nagnitude. This can be attributed to some polymerization
of the silica to form uncharged siloxane groups<6iSi)

in place of ionizable silanol groups (SDH). At the same
time, this multilayer becomes more hydrated, as reflected in
the increased effective dielectric permittivity calculated for
'the silica layer.

more negative and the iep shifts to lower pH (Figures 2 and
3). Regardless of whether the coating is performed at 25 or
at 90°C, 1 wt % of SiQ is sufficient to completely coat the

particles so that a silica surface appears with an iep at pH 2
(Figure 5). If the titania particles are assumed to be spherical
and the silica surface has the density of quartz, this

corresponds to a coating layer thickness of 0.7 nm. If the  acknowledgment. A.M.D. thanks the Tiwest Joint Venture
particles are nonspherical, they would have an increasedfor a scholarship and other support for this project. We thank

surface area, and hence the layer would be thinner, while if Colloidal Dynamics Pty. Ltd. for the use of the AcoustoSizer.
the silica layer is less dense than quartz, the calculated

) CMO0502370
thickness would be larger.
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