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ABSTRACT

A polymer colloidal solution having dispersed nanoparticles of Ag metal
has been developed using anovel chemical method. Colloidal solutions of
representative concentrations of 0.2 to 5.0 wt% Ag-nanoparticles contents
in the primary solutions were prepared to study the modified ultrasonic
attenuation and ultrasonic velocity in polyvinyl pyrrolidone (PV P) polymer
molecules on incorporating the Ag-nanoparticles. The synthesized silver
nanoparticles dispersed inthe polymer sol utionswere characterized by UV-
Visible absorption spectroscopy, X-ray diffraction (XRD) and Transmission
electron microscopy (TEM). The nanofluid sample showed a symmetrical
peak at 410 nm due to the surface plasmon resonance of the silver
nanoparticles. XRD results confirmed that silver nanoparticleswerecrystal-
lineinthe colloidal solution. The TEM micrograph revealed spherical silver
nanoparticles having diameter in the range 10-30 nm. A characteristic
behaviour of the ultrasonic velocity and the attenuation are observed at the
particular temperature / particle concentration. It reveals that the colloidal
suspension occurs in divided groups in the small micelles. The results are
discussed in correlation with the thermophysical properties predicting the
enhanced thermal conductivity of the samples.
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Nanomaterials have unique mechanical, optical,
electrica, magnetic and thermal properties. Nanofluids
(nanoparticles-fluid suspens ons) areengineered by sus-
pending nanoparticlesintraditiond heet transfer fluids
such aswater, oil, ethylene glycol etc. A very small
amount of guest nanopartides, when dispersed uniformly
and suspended stably in host fluids, can providedra-
matic improvementsin thethermal propertiesof host

fluids. Morerecently there hasbeenanincreasing in-
terest in the acoustical properties of suspensionsfor
acoudtictdemetry through drilling fluidsaswell asaris-
ing demand for ultrasonic particle S zeinstrumentation.
Commercid instrument have been devel oped to char-
acteri zethe propertiesof suspensionsusing ultrasound™.
Severa scientists have made the study of ultrasonic
propagation behaviour through the suspension of solid
particlesparticularly in micrometer or millimeter sizein
aliquid aimingto identify the mechanism that enable
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useful informationto be extracted from the behaviour
of ultrasonic properties, such as particlesize, concen-
tration and mechanical propertiesof the constituents
(291, Polymers have been found effective stabilizers of
colloidal metal nanoparticles. In particular, polyvinyl
pyrrolidone (PVP) isused in recent synthesis of vari-
ouss|ver nanoparticles. Recently, polymer nanofluids
arethesubject of considerableinterest because of the
unique propertiesthat can be achieved with thesema-
terids. At thesametime, because of their high surface
to bulk ratio, nanoparticles suspended polymer matrix
sgnificantly arerevealing somenew propertieswhich
arenot present in either of the pure materials. There-
fore, theinvestigation of theinfluence of nanoparticles
on the propertiesof apolymer matrix isnecessary in
order to beableto better predict thefinal properties of
thecomplex fluids. Inthe present work we have made
thestudy of the ultrasonic attenuation and velocity ina
polymer colloidal solutionwith dispersed Ag-metal
nanopartides(nanafluid). Thecolloid solutionsused here
have been devel oped by in-situ dispersion and reduc-
tionof Ag* cationstoAg-metd of divided nanoparticles
in polymer molecul es of refreshed reactive nascent sur-
facesof PVPinan agueoussolution at an € evated tem-
perature. Theresultsareandyzed and discussed in cor-
relationwith themicrostructure and improved thermal
propertiesof thecomplex nanofluid.

EXPERIMENTAL

Synthesisof polymericnanofluids

A freshly prepared homogeneous col ourl esstrans-
parent PV P agueous solution has been used. It was
obtained by dissolving 3.0g PVPin 100 ml of double
distilled water. A continuous stirring over amagnetic
stirrer at aconstant temperature of 50-70°C promotes
thePVPdissolutioninwater inaclear solution. Anaque-
oussolution of AQNO, (1.0 M concentration) hasbeen
used to derivean Ag-PVPcoalloidal nanofluid. Adding
AgNO, solutionto the PV P solution whilestirring the
total solution carriesthe proposed reaction Inthisway,
Ag-PVPsolutionsof selected Ag contentsof 0.2, 0.5,
1.0, 2.0 and 5.0 wt% in 100ml total solutions were
prepared. They were used as stock solutions to per-
form the proposed ultrasonic velocity and ultrasonic
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attenuation studiesinAg-PVPcolloids.
Spectr oscopy and micr oscopy measur ements

The absorption spectrum was recorded using a
Lambda 35, Perkin-Elmer double beam UV-visible
absorption spectrometer. A film of the nanofluid was
dried ontheglassplatefor X-ray diffraction analysis.
XRD measurement was done by X’Pert-Pro,
PANalytical (with CuK o radiation A=1.5406 A) op-
erating at room temperature. Theparticlesizeand its
digtributionwereandysed withE.M.-C.M .-12 (Philips)
transmission electron microscope operating at 200
KeV. Thesamplesfor TEM measurementswere pre-
pared by dropping the colloida solution onto acopper
orid.

Ultrasonic velocity and ultrasonic attenuation
measur ements

Ultrasonic vel ocity measurementshave been made
at 2MHz of frequency with help of avariable path in-
terferometer. Water iscircul ated around thesampleusing
aspecificthermostat. Themeasured va ueof ultrasonic
velocity is accurate to + 0.1% with an error of mea-
surement of 0.5°C intemperature. Theultrasonic at-
tenuation (a/f?) measurements have been made by a
pul se-echo technique. Themeasured vaue of (o/f?) is
accurateto+ 5%. The standard liquids have been used
to check the calibration and accuracy of the measure-
ments. Pulsesare sent by a15 MHz quartz crystal and
the decay isobserved on the cathode ray oscillograph.
Thedecay ismade exponential by adjusting thelevel -
ling screwsand adjusting the crystal and thereflector
paralld to each other. Themeasured value of thetem-
perature is accurate to + 0.5°C as in the ultrasonic
velocity measurements.

RESULTSAND DISCUSSION

Physical propertiesof polymeric colloids

WhenaddinganAgNO, solution (1.0 M) toaPVP
solution (3.0g/200ml) inwater, apolymer complex forms
by aredox reaction of AgNO, with the PV Pmolecules
of refreshed reactive nascent surfaces caused during
the process ng using the mechanochemica stirring un-
der hegting conditionsof the solution. Thereaction oc-
cursin steps, depending ontheinitial concentrationsin
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Figurel: Photogr aph of thecolour of thesamples [1] Pure

PVPmM, [2] 0.2 wt% Ag-PVP, [3] 0.5 wt% Ag—PVP, [4] 1.0
Wt% Ag-PVP, [5] 2.0 wt% Ag-PVP, [6] 5.0 Wt% Ag-PVP

the two solutionsand other experimental conditions.
Ultimately, acolloidal solution consisting of Ag metal
nanoparticlesembedded in amoiety of modified PVP
moleculesappearsin acolloid complex inacharacter-
istic equilibrium colour. The occurrence of astable
coloured polymer complex inthisreactionisindicative
of formation of aninorganic-organic colloid of astable
microstructure. The photographs of the colour of the
samplesareshowninfigurel.

Following our experimental observation, itispro-
posed that the reaction processinvolvesacross-link-
ing of PVPin aspecific polymer structure of an en-
hanced viscosity of the average valuein thetwo reac-
tion componentsof (i) AgNO, solution and (ii) the PV P
polymer solution. Figure 2 showsthe UV-visible spec-
trum of thesilver nanoparticles-polymer suspension. The
UV-visible spectrum shows astrong absorption peak
a 410 nmdueto the plasmon oscill ation modes of con-
duction eectronsinthe colloidal nanoparticles-liquid
suspensions. The crystal structure of the Ag-
nanoparticlesdispersedin thispolymer complex isex-
amined with X-Ray diffraction. Figure3showsthe XRD
pattern of thenanofluid. All the peaksonthe XRD pat-
tern can beindexed tothat of puresilver metal (JCPDS,
Fileno.04-0783). The peaksare corresponding to the
111,200,220 and 311 planesrespectively. Theaverage
crystalline size of the silver nanoparticleswas calcu-
lated to be 11 nm according to the half width of the 111
diffraction pesk usingthe Debye-Scherrer formula. The
Ag-nanoparticlesoccur intheusua cubic crysta struc-
ture (F . spacegroup).

Figure 4 shows the TEM images of the silver
nanoparticles-polymer suspensionswith correspond-
ing particlessizedigtribution. The TEM imagesrevea

Wevelength (nm)
Figure2: UV-visbleabsor ption spectraof thesynthesized
silver nanoparticles-polymer suspensions
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Figure3: XRD pattern of theslver nanoparticlesdisper sed
in PVP

B,
Figure4: TE

mer colloidal solution (aand b). I nset showstheelectron
diffraction pattern revealing thecrystallinestructur e of
theAg nanoparticles

that the s Iver nanoparticlesare spherica inshapewith
sizesaround 10 nmand clusterswith sizedistribution
between 10-30 nm. Thesilver particlesarewell dis-
persed in colloidal solution asevidenced by TEM mi-
crographs. The corresponding sel ected areaelectron
diffraction patternisdisplayedintheinset of figure 4(a).
It can beindexed to thereflection of face-cantered cu-
bic structure verifying theresultsobtained by XRD pat-
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Ultrasonic velocity and ultrasonic attenuation

Astheultrasonic velocity ishighly sengitiveto the
local structure, weapplied it hereto examineitsvaue
inAg-PVPpolymer colloids at selected temperatures
inthe5-70°C range. All themeasurementsaremade at
thefrequency of 2MHz. Theresultsof thetemperature
dependent ultrasonic vel ocity and ultrasonic attenua-
tion are presented infigures5 and 7 respectively.

Theresult of concentration dependence of ultra-
sonicvelocity isshowninfigure6. Theresultsare show-
ing the effect of Ag nanoparticlesonthe ultrasonic ve-
locity and attenuation. Figure 5 showsthat the ultra-
sonicve odty intheAg+PVPpolymer colloidsincreases
withtemperature. A perusal of figure5reved sthat there
arevelocity maximaat 60°Cincaseof 1.0,2.0and 5
.Owt %, Ag-npin PVPcolloida solution. Thereisa
minimum at 30°C in case of 1.0 wt%Ag-npin PVP
sample. For the case of 0.2 wt % and 0.5 wt% Ag-
nanoparticlesin PV P, thevd ocity increases up to 40°C
and after then it remains constant. Figure 6 showsthat
thereisave ocity maximum at 0.5 wt% concentration.
Figure 7 demonstratesthat the attenuati on decreases
with temperatureand maximum vaueof attenuation (o/
f2) isfound at 20°Cin 5.0 wt% Ag+PV P polymer col-
loid sample. A perusd of ultrasonicvel ocity and attenu-
ation plotsreved sthat the temperature dependency of
theultrasonicvel ocity and theultrasoni c attenuation does
not follow alinear curve. Thisseemsto bein contrary
totheresultsinasampleof pureAg metd. Ingenerd,
asinother material g%, both the ultrasonic vel ocity and
theultrasonic attenuation are quite sendtiveto the par-
ticlessize, morphology and dispersion of theparticles.
A macroscopicinteraction of Ag particleswiththe PVP
molecules appearsto beacritical parameter to control
ther find vauesinthisspecificexampleof aninorganic-
organic polymer nanocolloida solution. Theeffective
attenuation in thisexample can beexpressed as.
a=a ta +a (@)
where o isthe contribution fromtheAg-metal, o isthe coun-
terpart contribution from the polymer matrix, O, describesthe
changeinthefinal o-value owingto amacroscopic interaction

between the two componentsin an Ag-PV P nanocolloid struc-
ture and associated modified thermophysical properties of the

nanofluid.
S.Biwaet a. anal ysed the ultrasoni ¢ attenuation
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Figure5: Ultrasonic velocity in Ag+PVPsamplesvstem-
perature
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Figure7: Ultrasonic attenuation in Ag+PVP samplesvs

temperature

15 0

inmillimeter sized particles-reinforced polymersby a
differential SCHEM E and found good agreement be-
tween thetheory and experiments. Thewave attenua-
tioninthese compositesisacomplex processwhere
theviscod asticlossand the scatteringlosscoexis. Itis
also important to recognize that therel ative contribu-
tions of these loss mechani sms may change not only
depending on the acoustic propertiesof the congtituent
(matrix and particles) but dso accordingtotheparticle
Size, particleconcentration and thefrequency of inter-
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est. Inthedifferential scheme, the changes of macro-
scopic properties of the complex dueto infinitesimal
increase of particlesconcentration aregivenin differ-
entid (incrementa) forms. Thusthecompostewiththe
particle volumefractionisregarded asahomogeneous
effectivemedium with theequiva ent macroscopic prop-
ertiesgiven by theLamemoduli A and p aswell asthe
density (p). Thecomplex moduli A and p of anisotro-
pic viscoel astic medium can begivenintermsof the
ultrasonic vel ocities and ultrasonic attenuati on coeffi-
cientsof longitudinal and shear waves. Thecomplete
description of thistheoretica modd whichwehavetried
to apply isgiveninthereferencd?. Thesignificant at-
tenuation dueto scattering by the particles-reinforced
wasincorporatedin thetota attenuationin their theo-
retical model?. The observed attenuationin our case
could not be explained by the exact theoretical model
following thedifferentia scheme. Wefound that theat-
tenuation dueto scattering from the Ag-nanoparticles
inthenanofluidisnot significant. Itisasoimportant to
notethat the characteristic behaviour of the ultrasonic
attenuationintheAg+PVPnano-colloidsisnot found
inany of theindividua componentsof thecomposite
(8], Cdl culated value of theultrasonic attenuation inthe
sample (0.2wt% of the nano-Ag particles) for 15MHz
at 300K followingthedifferential schemeincludingthe
ultrasonic absorption dueto nanoparticlesand thermo-
elasticlossfollowing the M ason scheme comes 95.83
x 10° Np/cm. Herethethermal conductivity ‘K’ of the
nanoparticlesfor thecal culation of thermo-elasticloss
hasbeentakenfollowing themolecular dynamicsmethod.
Hereweincorporated the attenuation due to thermo
elasticlossdetermined by theformula,, = w?<y >*KT/
(2pV °). HereK isthermal conductivity, w(2nf) isfre-
quency of theultrasonicwave, Y/, is Gruneisen number,
TisthetemperatureinKelvinscale, p isthedensity, V|
istheultrasonicwave ve ocity. Herewehavenot incor-
porated the thermal conductivity of complex
thermoe astic medium of our nanofluid asitisnot known
to us. As the above formulations attenuation due to
thermoel astic mechanismisdirectly proportiond tothe
thermal conductivity of the samples. Thetota observed
attenuation in our experiment for the sample is
107.8x10° Np/cm. At thisjunctureitisinterestingto
investigate the source of excess ultrasonic attenuation.

Most importantly scientists have been perplexed
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by thetherma phenomenabehind therecently discov-
ered nanofluidslikethe present samples. Onefascinat-
ing feature of nanofluidslike copper-ethyleneglycol is
that they haveanomal oudly hightherma conductivities
at very low nanoparticles concentrations®™. To date,
theexact mechanism of thermal trangport innanofluids
isnot fully known, and several possible mechanisms
based ontheoretica mode's, experimentsand previous
heat transfer theory have been suggested to describe
experimental results on thermal conductivity of
nanofluids. Brownian moation of suspended nanoparticles
Is attributed as one of the key factors of the greatly
enhanced thermal conductivity performanceand it was
not consideredin conventiona thermd transport theory.
Recently Prof. J.Philip has confirmed the anomal ous
enhancement inthetherma conductivity of thenanofluids
of Au nanoparticles in PVP suspensions by photo
acoustic measurements (Thework was presented in
theNationd Sympaosium on Ultrasonics, Indiain 2007).
Thisenhancement isseen characteristicin natureat par-
ticular temperatureand particle concentration of theAu
nanoparti cles-suspensions. The Brownian motion of
nanoparticlesat the molecular and nanoscalelevel is
cons dered asakey mechanism governing thethermal
behaviour of nanoparticles-fluid suspensions
(nanofluids). U.S.Choi et.a. proposed the theoretical
model that accountsfor the fundamental role of dy-
namic nano particlesin the nanofluids®?. They have
derived agenerd expressionfor thetherma conductiv-
ity of nanofluidsinvolving different modes of energy
trangport inthenanofluids. Theimportant modeisther-
ma interaction of dynamic or dancing nanoparticleswith
base fluid molecules. Even though therandom motion
of nanoparticlesiszero whentimeaveraged, thevigor-
ousand rel entlessinteractionsbetween liquid molecules
and nanoparticlesat the molecular and nanoscalelevel
trand ate into conductions at the macroscopic level,
becausethereisno bulk flow.

Although the FTIR spectraof Ag-PVPisnot avail-
ablebut inthe FTIR results of Ag-nano+PVA, disap-
pearance of several bands (837, 711, 650 and 570
cm?) onincreaseintheAg-nanofiller contentinAg +
PVA suggests that the interaction between Ag-nano
particles and the matrix molecul es takes place >4,
Also, X-ray photoel ectron spectrum (X PS) spectraof
Agt+PVPnanocompositereved theinteraction between
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Ag-nano particlesand thematrix PV P9,

Thuswe may postul ate that the Brownian motion
of theAg-nanoparticlesin nanofluids produces convec-
tionlikeeffectsat the nanoscale. Moreover, the ther-
mal conductivity model not only capturesthe concen-
tration and temperauredependent conductivity, but dso
predict strongly size-dependent conductivity. Aswe
know, thermo-€lastic ultrasonic attenuationisdirectly
proportional to thethermal conductivity of the com-
posite and the attenuation due to scattering for the
nanoparticlesisnegligible. Therefore, wemay predict
that theeffectiveincreased thermal conductivity of this
nanofluid hassuch animpressive effect asthe excess
attenuation onthetotal ultrasonic attenuation behaviour.
Thus, wehave devel oped ultrasonic mechanismto pre-
dict enhanced therma conductivity dueto suspension
of themetallic nanoparticleswith very low concentra-
tioninto polymericfluid.
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