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Abstract

The resonance properties, frequency and half-band-half-vatishquartz crystal microbalance
(QCM) immersed in concentrated suspensions of 16.2 vol% dr®shown to be a function
of pH. The overall QCM respongedependent on the complex interactions between the QCM
sensor and overlying particle suspension. Atomic forceaseapy confirms pH dependent
interaction forces between the QCM sensor (gold-coaaed) a TiQ particle a strong
attraction is measured between pH 4.5, and the interaction becomes increasingly repulsive
atall pH > 6.5 Yield stress measurements of the concentrated Su€pensions also confirm
the changing particle-particle interaction strengthh@&spHis adjusted from acidic to basic
conditions For the chosen system, the total potential energgtefaction () between the
sensor-suspension (ALIO) is comparatively strorgy than the particle-particle (Ti9TiOo)
interaction; hence the QCM responds to changesrisevisor-suspension, as verified by the
calculated interaction energy between two dissimilaased (Hogg-Healy-Fuerstenau (HHF)
theory), and not the suspension yield stress. Slight titavibetween the measured QCM
responses and the theoretical sphere-plate intemagttiengths shown over a narrow pH range
and likely corresponds to strengthening particle-particle ictierss. Although the suspensions
exhibit significant yield strengths, the QCM response casuliebly described by the sensor-
suspension contact mechansinertial loading Combined with our previous stujythe
current study confirms that the suspension yield strengthomly be measured whenr V

sensor-suspension is attractive and comparatively weakeMhparticle-particle.
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Introduction

The quartz crystal microbalance is a tool frequently usstlitty soft matter systems providing
insight into deposited/adsorbed layer propefigsteractions between chemical and/o
biological species, and the stability of deposited/adsorbegtrsla under different
physicochemical conditior’s? There is growing interest to study the influence of pointain
loads (particles) on the QCM sensor resonance propestggscomplexity now extending to

probe the resonance properties in the presence of colirgersions

Until recently only a éw researchers had considered the problem of particle&igl®au
particles) depositing onto an oscillating QCM sensor.h\lt&t nano-gram sensitivity, QCM is
an ideal technique to study the tendency for particle-substtatactions in changing chemical
environments. Rafie Borujeny et°atonsidered the effect of suspension pH on the interacti
between silica (QCM sensor) and ceria nanoparticles. Byneathe ceria slurry pH between
3 and 10, the authors observed high rates of particle itiepoat pH 3 and pH 7, and much
lower particle deposition rates (< 1 ngfcsh at pH 10. The authors explained the QCM
response in terms of the total interaction energy asritteed by DLVO theory; for a particular
ceria particle concentration, high deposition rates wkosvn to correspond to strong particle

attraction to the silica QCM sensor.

Several authors use colloid theory to describe measuretyehan the QCM resonance
frequency as particles deposit onto the sensor. Gotd!s asad an extended-DLVO theory to
include the potential energy of Lewis acid-base intesasti and correlated the primary
minimum of the total potential energy to the number of dadiceposited for a range of
particle-substrate (sensor) interactions (Nylon-1folyethylene; polyethylene Nylon 6;
Nylon 12— Nylon 6). Seo et dlstudied silica nanoparticles of varying size (~10 to 110 nm)
interacting with silica QCM sensors. While the measuregpaeses as a function of ionic
strength were consistent with DLVO theory, the sma#ésia particles exhibited the highest
deposition (surface fractional coverage) which the authtirdowded to a particle size-
dependent hydration force. Inclusion of short-range sdpailhydration forces was also
postulated by Dylla-Spears et®ab explain negligible\AF when DLVO theory predicts strong
attraction between thgilica particles and silica sensor (high ionic strengthatisBon et al.
studied the initial deposition rates of collaidliO> particles (less than 100 nm) onto SiO
coated QCM-D sensors as a function of pH and ionic strerfgttow ionic strength (< 5 mM
NaNQs), a clear dependency on pH was observed with the higltesof particle deposition

corresponding to the strongest attraction between thestnfaces (particle and sensor). At



high ionic strength (100 mM NaN{D) the pH dependency diminished as the zeta potential of
the TIiQ particles approached &V, with the measured QCM-D responses qualitatively
described by the DLVO theory.

While QCM-particle depositiois now more commonly studied, deposition conditions often
consider nanometer-sized particles at relatively low gdartoncentrations (monolayer and
sub-monolayer coverage). At high particle concentratoakfor large particles the resonance
properties of the QCM sensor are sensitive to the comechanics between the particle and
sensor. These effects have been highlighted by Zhuang'®wab measured the QCM
frequency response as particle-laden droplets evaporatedgold-coated sensor. Negative
frequency responses were measured when alumina particlesgiciyeattached to the QCM
sensor at sub-monolayer coverage, with behavior censigt that previously discussed. At
high particle concentration (> 1 wt%), particle multilesyevere forned and the measured
frequency shift was positive. The magnitude of the frequeshify was dependent on the
particle size, with 1 um alumina particke®ducing AF responses greater than 1000 Hz (3 — 5
wt% solids). Smaller positive frequency shifts were alsasueed for 50 nm alumina particles
at high solid concentrations, with the effect attributethe interaction between neighboring
particles as well as the contact stiffness between thesilepass and resonating sensor.
Olsson et at! measured positive frequency shifts across all overtonesl(to 13) for 5 pm
silica particles (depositing on a silica sensor) at subedayer coverage, with changing ionic

strength having a negligible effect on the QCM signal

Positive frequency shifts resulting from particle-sensontacts were first discussed by
Dybwad?, D’Amour et al.'®* and Pomorska et #.who modelled the particle-QCM sensor
interactions as a sphere-plate coupled resonance. Cowéitions of small dissipative forces

between the particle and the sensor, the coupled resonauel leads to

AF+iAT _ —Nsmsw 1

Eq. 1
Fp nZg  1-9 9
s

where AF is the frequency shiftAl' the half-band-halvidth (HBHW) shift, Fr the
fundamental mode resonance frequency of the seiNgothe number of particlesng the

particle massZ, the impedance of the AT-cut quartz sensothe angular frequency of the

sensor, ands the angular frequency of the particle. The resonamcpiéncy of the particle-
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spring constantn..r an effective mass anaeff an effective friction coefficient};eff

guantifies the dissipative components of the partichsaeinteraction and was not shown in
Eq. 1 for simplicity. Two loading regimes may be consdewithin this model: i) inertial
loading foro << ws and ii) elastic loading fow >> ws. Under inertial loading Eq. 1 simplifies

to

AF+iAT . —2FNgmg
Fr 7

Eg. 2

which is equivalent to the Sauerbrey equatiéhwith Nom, representing the mass per unit
area andF the resonance frequency of the loaded sensor. Undse thertial loading
conditions the resonance frequency decreases as mas#giepto the sensor. Eq. 2 predicts
AT = 0, howevenr is often found to be substantiall” > 0 may be rooted in either dissipative
processes inside the adsorbate or in energy being des$ip#go the medium beyond the
adsorbate.

Under elastic loading conditions (> w,) Eq. 1 may be reduced to

AF+iAF~ 1 Ngkg
Fr nZg;

Eq. 3

wherewg = /:TS andx; is the stiffness of the sphere-plate contact. Whilertimdel is based
S

on a single point contact, elastic loading and positi¥e values have been reported for
concentrated suspensions, where the particles seem teebaha uniform adsorbed mass.
This model is based on non-interacting point contaclastig loading and positivAF values

have been reported for concentrated particulate suspensuimere the contacts seem to be

elastically independent in this sense.

For concentrated Mg(OHl)suspensions, our recent study showed theosample QCM

resistance shift (a parameter directly proportional toHB&W) increased with increasing
yield stress. The suspension yield stress was a function of the [@actimcentration with the
pH and ionic strength kept constant. The QCM frequency resppaisgound to be more
complex and thought to be sensitive to the suspension proggeigmint and viscoelasticity),
as well as the sensor-suspension loading mechanicsdirerti elastic loading)n the current

study, we explore the QCM resonance properties when subingrgeeld stress fluids of

varying pH Varying the pH of a 16.2 vol% T#3suspension, relative contributions from HO



TiO2 and TiQ-gold (QCM sensor) interactions on the overall QCM rasce properties are
elucidated, noting that the Hamaker constant20-TiO; (A131= 0.00278 x 10720 J)1920
is two orders of magnitude smaller than Fi@0-gold (Aiz2=—0.253 x 10720 J)%

M aterials and M ethods

Hombitan S141 (supplied by Venator Ltd.) is an anatase grati®@gfvith a o of 0.62 pum.

The particles were used as received. 100 mL batches of 18@2TNO®. suspensions were
prepared in 1®M NaCl (analytical grade, Fisher Scientific) using deionizedew@tlilli-Q
grade) with a resistivity of 18.2 fcm. Suspensions were mixed using an overhead stirrer for
5 min to resemble a smooth paste and then pH adjusted using ({#eC3reagent, Sigma
Aldrich) or HCI (AnalaR-grade, VWR International), mixed farfurther 5 min and sealed
before leaving overnight (min. 15 h) to equilibrate. Befemeh measurement the suspension
pH wasre-checked and adjusted if needed. All samples were pH adljirsta an initial pH

5.3 (natural condition).

Particle and substrate zeta potential: A Zetasizer Nano ZS (Malvejrwaikused to measure
the pH dependent particle zeta potential via the Henry appatiin?? Dilute suspensions
(0.25 vol%) of TiQ were prepared in 10M NaCl and left to equilibrate. The pH was adjusted
from the natural pH to either acidic or basic condgiosing HCI or NaOH before sonicating
the suspension for 5 min and then pipetting a few mL inzeta cell An average of 10
measurements at each pH is reported with error bansirgpahe variance A SurPASS
Electrokinetic Analyser (Anton Paar, USA) was used to meakarstteaming potentialf a5
MHz AT-cut gold-coated 25.4 mm diameter QCM sensor (StdnResearch Systems) that
was cut to size (d = 14 mm) by laser ablation. The sensockased in 2 vol% Decon-90
(Decon™ D901, Fisher Scientific) solution (diluted using Milli-Q gradetevy sonicated for
10 min ad rinsed thoroughly with deionized water, before being dried ublpggas.
Background electrolyte of 0M NaCl was used and the pH adjusted between pH 9.5.
Two gold-coated sensors were clamped parallel to each othiee flow cell sample holder
and perpendicular to the direction of flow. The backgrouadtedlyte solution of desired pH
was then pumped through the flow cell to induce ion mobifityre outer Helmholtz plane in
the direction of flow, leading to charge accumulatioarat end of the flow cell. The potential
difference leads to a reversal in the flow of chargeamtain charge equilibrium. Electrodes

at each end of the flow cell measure the potentialréifiee (streaming potentialV) which



is dependent on the pressure ddp)(in the flow cell. The pressure drop-dependent streaming

potential was used to calculate the zeta potential by thaHedtlz-Smoluchowski approadh.

X-ray Diffraction (XRD): Dry TiQ: powder was mounted into a D8 XRD (Bruker, US) with
Cu-Ka radiation (A = 0.15418 nm) in the 20 range of 20° - 80° anckstep size of 0.016°. Lattice
parameters were obtained from the International CeiotreDiffraction Data— Powder
Diffraction File database (ICDD-PDF4+).

Atomic force microscopy (AFM): The pH-dependent interactiondsrgetween a single TiO
sphere (Sachtopore NP, Sachtleben Chemie) and gold-coateds@@Br was measured by
AFM. To prepare the colloidal probe, a tipless silicoated cantilever (Nanosensors, USA.
Supplied by NanoAndMore, Germany) with a spring constant of 0.2vdmgently dipped
into a thin line of Araldite rapid epoxy resin (HuntsmadvAnced Materials) to wet the
cantilever with a small drop of the epoxy resin. Thatieaver was then immediately withdrawn
and positioned over the centre of a 20 um sphere and lowgocedontact with the single
particle. The cantilever-particle couplet were held intaot for 10 min to ensure the epoxy
resin had partially set before retracting the colloidabprfrom the substrate. The colloidal
probe was left overnight to allow the epoxy glue to cure fullythe BioScope Il AFM
cantilever holder (Veeco, USA). Before measurement,ctileidal probe was washed by
submergingn deionised water followed by the background electrolyte solam calibrated

using the X-Y calibration function in the NanoScope V710 saftwa

The gold-coated QCM sensor was mounted on a glass slidgthsisame epoxy resin and left
overnight for the epoxy resin to set. The sensor was wasi&gol% Decon-90 solution for

5 min, rinsed thoroughly with deionised water and dried witlhjé The sensor was mounted
on the AFM stage and submerged ir* M NaCl of adjusted pH. The measured deflection of
the AFM cantilever is proportional to the force actingtbe colloidal particle and can be
obtained by multiplying the spring constant2(B/m) by the deflected distance. The colloidal
probe approach and retract speed was kept constant at 150 nm/slt#rid fatce curves (>
10) were collected at several different locations on gbkl-coated sensor to achieve a

reasonable statistical average from each locatich@sample.

Yield stress: The pH-dependent yield stress of 16.2 vol% $iBpensions were measured
using a viscometer (Brookfield DV-lI+ Pro Viscometer, UK) lwia 4-blade vane of
dimensions: H = 43.33 mm and D = 21.67 mm. A detailed explanatitme measurement

setup has been provided in our earlier publicatiddriefly, the vane was lowered below the



suspension interface to a constant height identified by a ‘notch’ on the geometry. With the
vane fully submerged, the vane was rotated at 1 rpm fom2witih the viscometer torque
continuously measured. The suspension yield stress wasdétenmined from the maximum
torque measured. Wall effects were minimized with a eredinder ratio of 1:3.5 and the

sample beaker was clamped to avoid sample rotation duengehasurement.

Quartz crystal microbalance (QCM): An impedance monitoring QCM (providédldmsthal
University of Technology, Germany) operating in ‘reflection mode” with a dip probe attached
(Stanford Research Systems, USA) was used to measure soe sesonance frequency and
HBHW shifts. The dip probe housed a 25.4 mm, 5 MHzcut gold-coated sensor that was
cleaned following the method previously described (see AFMosgct The cleaned QCM
sensor was calibrated in air by locating and fitting ple@ks obtained when the electrical
admittance of the resonator as a function of ositiliafrequency is mapped.The resonance
properties of overtones 1, 3, 5, 7, 9, 11 (equivatefequencies of 5, 15, 25, 35, 45, and 55
MHz) were recorded until a stable baseline had been established {#B0rhe QCM dip
probe was then submergedaithe 16.2 vol% Ti@suspension of known pH and rotated several
times. With the sensor fully submerged, the QCM wasalierated by refitting the electrical
admittance peaks. The resonance frequency and HBHW weaxsured until a new baseline
was established (measured for ~ 45 min such that the drésanance frequency wead.1
Hz/min). The airto-sample resonance frequendy"j and HBHW QAI') were determined from

the shift in steady-state signals.

Results and Discussion

Particle and QCM sensor characterizatiBackground subtracted XRD analysis of the dried
Hombitan powder (Fig. 1) revealed the sample to be composddmmantly of a crystalline
TiO2 phase identified as Anatase (ICDD: 01-075-2546). Comparing thepps#ions with an
anatase reference from the American Mineralogist QrySteucture Database Record
(RRUFF: R060277.9) showed some peak broadening, possibly resulting &gmrettence of
small crystallite sizes and/or amorphous material withinsgr@ple matriX> SEM images
(Hitachi SU8230 SEM), see inset Fig. 1, show small crystatljgisally ranging from ~50 to

80 nm having un-defined edges which suggests the presence of ansonpdterial.
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Figure 1. Hombitan S141 (Tgppowder XRD spectra (solid lines) and SEM image with the
inset diameter = 1 um. The daskdot lines represent the reference peaks for pure anatase,
taken from the American Mineralogist Crystal Structuretabase Record (RRUEF
R060277.9).

The zeta potential of hydrated TiCFig. 2) showed a pH dependence typical of anatasge TiO
26 with an iso-electric point (i.e.p.) of pH 6.6. Moreovilte zeta potential of the gold-coated
QCM sensor (determined from streaming potential measurem@sthegative over the pH
range 3.5-9.lhence the sensor i.e.p. is below pH 3.5. These valu@sraasonable agreement
with published datd?® and confirmed that the deposited gold layer on the QCM sevea®

suitably thick to screen any contribution from the underlyingcie layer.
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Figure 2. Zeta potentiatsf TiO2 (open circles) and gold-coated QCM sensor (open triangles)
as a function of pH in 1M NaCl background electrolyte. The dadline represents the i.e.p.
of TiO2 (pH 6.6).

Particle-QCM sensor and particle-particle interactiofise interaction forces between the
gold-coated QCM sensor and a sphericak@rticle (analogue for Hombitan S141 3j@as
measured by AFM, see Fig. 3. At pH 4.0, the Jjgarticle is positively charged and the TiO
colloid probe experiences an attraction at separatiesstf@an ~15 nm from the gold-coated
sensor (Fig. 3a). When the pH was adjusted to pH 8.3, a é&mgrrepulsive force was
measured. Since the zeta potential of the gold-coated sgasaregative across the pH range
the measured change from attraction to repulsion by AFbbisistent with the Ti@zeta

potential curve shown in Fig. 2.

The maximum attractive force F/R (nN/um), taken to be thst megative force measured on
approach, is shown in Fig. 3b as a function of pH. Hxpertal variability depends on the

magnitude of the overall attraction and is possibly affebietbcal surface variance due to

sorbed oxide, hydroxide and chloride speéie$’ A pH dependence is observed with the
strongest attraction measured in the pH range 4 toA4.the pH is increased the measured
attraction weakens, becoming negligible (i.e. repulsiveant&m) when the pk: 6.6, albeit

there is observed jum-contact at very short range, indicative of the van d&xals



component becoming dominafithe pH dependent AFM data confirms that the single> TiO

spheres agood analogue for Hombitan S141 particles showisgnilar pH dependence.

0.06 - 0.06 b

0.04 - g
= E 004t |
Z 0.02- x !
E o
~ 2o02r |
L 0.004 S { l

£ _
| 2 +
002, O 0.00 J_ + -—i "= -—
0 10 20 30 40 50 4 5 6 7 8 9 10

Separation (nm)

Figure 3. & Typical AFM interaction forces between an approaching.@érticle (particle
radius 10 um) and a gold-coated QCM sensor thMMaCl at pH 4.0 and 8.3 (n.b. to improve
the clarity of the data presented, 4 out of 5 data phiave been omitted from the original data
set and lines to guide the eye includeflAerage values for the strongest attraction measured
on approach in M NacCl and at different pH value®nly values when F/R < 0 mN/m were

counted in the averagingrror bars represent 1 standard deviation

With the particle zeta potential varying with pH, the detparticle interaction strength can
vary substantially and thus modify the rheology ofdbecentrated particle suspension. Fig. 4
shows the yield stress of a 16.2 vol% T 8Dspension as a function of pH between pH 4.3 and
9.4. At low pH (pH 4.3) the suspension appeadreidky’ with no measurable yield stress. As

the pH was increased and the particle zeta potential ag@dahe i.e.p., the suspension yield
stress increased marked[Vhis behaviour is a direct consequence of increased taitrac
(weakening electrostatic repulsive force) between neighlgpynamticles allowing them to
form aggregates and larger clusters which eventually netwanklice a finite yield stress in
the suspensiotf:*2 The maximum yield stress was measured at pHdightly below the
measured i.e.pWhile this difference is not entirely understood, a siminaviour has been
reported previously for anatase suspensions and attributbd thdology and electrokinetic
techniques responding to electric potentials at two differestanttes from the surfaéé.
Beyond pH 5.9 the suspension vyield stress decreased lineatty imdreasing pH

corresponding to the increased negative zeta potentia dfiC, particles
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Figure 4. pH dependent yield stress of 16.2 vol% Ei@pensions in 0M NaCl. The daséd
line corresponds to the i.e.p. of Bi(pH 6.6).

The Hogg-Healy-Fuerstenau (HHEequation was solved using the measured zeta potential
values (Fig. 2) to calculate the total potential energyntdraction ¥;) between Au-TiQ
(sensor-particle) and compareditp for TiO2-TiO2 (particle-particle) as determined for two
similar spheres interacting he HHF theory describes the potential energy of ioteEna
(contributions from van der Waals forces and the alstdtic repulsive force) between two
dissimilar surfaces. The attracti{&,) and repulsivgVr) forces between a sphere and flat
plate are given by Egs. 4 and 5, with the total potentiaigy of interaction given by, =

V, + Vp 3536

—-kapH 2 2
W?zznafﬂ%QQ{M[He p]+f%“”hﬂ1—eﬂmwﬂ} Eq. 4

1-e *apH 2¢pQc

VA:_A”_ZaP Eq.5

6H

whereg,. is the permittivity of the mediuna, the permittivity of free space,the radius{ the

0.304x10~°

\/M
concentration of electrolyte in solutioH, the separation distance afg;, the TiQ-water-Au

zeta potentialx the inverse Debye length, wheke?! = at 25C, M the molar



Hamaker constant (=0.2534x 10~2° J). 1920 Subscriptp andc denote the particle and the

QCM sensor, respectively.

Fig. 5 shows the total potential energy of interactidy) @t a separation distance of 5 nm
(distance arbitrarily taken for relative comparisoejween the similar (particle-particle) and
dissimilar (sensor-particle) surfaces. To compare botheicttiens at equivalent pH values (pH
range ~3.6 to 9.8), a Boltzmann fit{B.9774) of the gold-coated sensor zeta potentials was
made. To calculate the electrostatic repulsive fdregarticle radius was taken to be 0.31 um,
representing the modal particle size as measured by tasizgx Nano ZS (FigS1). The
magnitude of the sensor-particle interaction strengtigresater than the particle-particle
interaction strength in both acidic and basic coadgj partially influenced by the differing
Hamaker constants; T#HO-TiO2 (A = 0.00278 x 1072% J) being two orders of
magnitude smaller than T#MH>0-gold (Awz2 = —0.253 x 1072° J). At low pH, the sensor-
particle interaction is strongly attractive while th©7 particles remain dispersed. At high pH,
both interactions are repulsive when all surfaces areinetyatharged. For Ti@TiO» the pH

at maximum attraction corresponds to the particle i.eghf@ TiO-Au this condition is found

at a lower pH and corresponds to the largest potential differeetween the two surfaces.
Such behaviour is complementary to the AFM force measemeniFig. 3b) which showed the

strongest attraction between the Ti@rticle and gold-coated QCM sensor to be pH 4.5.



Figure 5. The calculated total potential energy of intesadii;) at a separation distance of 5
nm between Ti@QAu (closed symbols) and TXiO. (open symbols)The electrostatic
repulsive force was calculated using valugs= 80.3 J/V?; g, = 8.854 x 1071? ] /V?; a,, =
0.31 um; ¢, taken from Fig. 2{. determined from the Boltzmann fit of the data in Figarij
M = 102 M NacCl.

QCM measurements: Our previous research considered Mgg&dkpensions and confirmed
the sensitivity of the QCM to detect changes in suspenysdohstress (varied by changing the
solids concentration) The suspension pH was kept constant and close to thef.8g(OH).
(zeta potentiadbf —7 + 4 mV at pH 10.2). Using the sphere-plate HHF theory, the totahpiat
energy of interaction between Mg(OHgand the gold-coated QCM sensor in water is
approximately—16 x 10~'® J (using the Hamaker constant for Mg©12.1x102° J),
confirming strong attraction between the QCM sensor andyingisuspension. In the current
study, changing pH altered both the suspension yield stredsesintetraction strength between
the gold-coated QCM sensor and Ti@articles (Figs. 3 and 4). The influence of changing two
parameters simultaneously, i.e. the suspension yieldsstned the QCM sensor-particle

suspension interaction strength, on the response §f@hé has not yet been considered.

The —AF/n andAI'/n responses of the QCM when submerged in 16.2 vol% 3iGpensions

of varying pH are shown in Fig. 6a (ing&f/n). The sensor overtones (n = 3 to 11) all show



the same general tremdth pH. The frequency initially increases (from low pH) tmaximum
—AF/n at pH 4.5 followed bg decrease, reaching a constant value at higher pH values (pH >
7). Most ofthe AI'/n responses also show an increase, to pH 5, followed by a gdeduease

at higher pH values. The exception is the " Hata set (data not shown), where the response
was found to generally decrease across the pH range investigatezlfundamental (n = 1)
often behaves differently from the other modes bec#luseflexural admixtures to shear
vibration pattern are strong. These launch compressienads into the sample, which causes
artifacts) The pH responses efAF/n andATI'/n do not directly correspond with the suspension
yield stress data (Fig. 4). BotAF/n andAI'/n increase as the suspension yield stress increases
(low pH), consistent with our previous studglthough the measured QCM responses begin to
decrease before the maximum yield stress (Fig. 4) is régphe5.9). At higher pH values the
-AF/n and AT'/n responses become independent of the suspension pH, whdegpension
yield stress shows an approximately 30 Pa decrease (~50% ofopeakhe same pH range
The observed difference in trends between the QCM respansd suspension yield stress

suggests that the QCM resonance properties are not onlgnoéid by the suspension yield

stress
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Figure 6. QCM resonance propertigsA&/n (inset: AI'/n) as the QCM is submerged (&i-
sample shifts) ito 16.2 vol% TiQ suspension of desired pH and?18l NaCl background

electrolyte. b) pH dependenf normalized bwn. Inset:AF versusAT for all overtones with
the condition—AF = AT" shown by the solid line. The condition—AF # AI' is at pH< 6.6 and

is true for all measured overtones.

PlottingAF/V/n, as is typical for the scaling of Newtonian liquids, edsenore about the signal

response in acidic and basic conditions. At pH >AFA/n tends towards the Gordon-



KanazawaMason limit for an aito-water transitionAFA/n = —721Hz for n = 3 at pH 9.6
with variation of+ 5 Hz across the overtones 5, 7, 9 and 11 (for wsfévn = —714 Hz)
where the resonance frequency is proportional to the sopatref the liquid density-viscosity
product”3°. Although the QCM is submerged in a yield stress suspensign 4Fi the
measured\F/V/n suggests that the QCM responds to the liquid-loading (wanel does not
detect the particleg his is confirmed in Fig. 6b inset where the overtone nesg® for pH>
6.6 correspond te AF/AT" = 1, as expected for a Newtonian liquid (for a Newtoniandicihe
shear stressy, is related to the tangential velocity, u, @s= Z;,u = (iwpn)Y?u. The
complex frequency shifiF + iATI' is proportional to the shear stress at the resonat@cstiff
Given thati'/? = (1 + i)/2%/2, AF andAT" take the same numerical values (signs disregarded
in this argument)). Eventually there is an overtone depénehwhen the ratio no longer
holds and this represents the changing interaction skrdmgtveen the QCM sensor and
suspension particles. Below pH 6 the overtone respons#gr() diverge (Fig. 6b) with the
largest measured deviation between overtones 3 and 11 foundi&.@€low pH 6.6, Fig. 5
confirms attraction between the QCM sensor and theyongrparticle suspension and hence,
the QCM response likely becomes a complex function)dfluid properties (density and
viscosity), ii) particle properties (density, hardnéeésii) particle-sensor contact (number of
contacts, strength of contact and contact mechgifiend iv) particle-particle interactions
(number of contacts and strength of cont&thile it is difficult to differentiate between each
contributing factor in this complex system, Fig. 7 cormpdaheAF/n and 1AI'/n responses for
the 39 overtoneto the calculated, for a sphere-plate interaction (Fig. 5). The generalization
that the QCM response correlates V. for sphere-plate interaction is likely an
oversimplification, and comparison of the two data set®isxact across the pH range 5.5
7.5, i.e. in the region where the BiDIO, attraction becomes more significant (Fig, 5)
possibly demonstrating some influence of the underlying suspepsilnl stress. However,
based on the understanding of point contact loads, Fig.s7cdodéirm that the response of the
QCM remains in the inertigl-dominant loading regime, hens& remains a parameter that is
proportional to the apparent mass per unit area (Eq. B)isistudyAF is strongly influenced
by the total potential of energy of interaction betwéle® QCM sensor and suspension

particles.
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Figure 7.V, (open squarg@dor sphere-plate interactiong&ds. 4 and 5) compared taF/n
(closed squares) and(Al'/n) (closed triangles) where n is thé 8vertone. Test sample: 16.2
vol% TiOz in 102 M NacCl.

Conclusions

The current study considered the frequency and HBHW respbgsiesmersing a QCM in
high solids content yield stress suspensions. The suspesio stress increased from 0 Pa to
64 Pa when the pH was increased from 4.4 to 5.9 before degedightly asthe pH was
increased to 9.4. Over the same pH range baHin andAI'/n responses fluctuated and were

shown to be independent of the yield stress when the pHcerigsponding ta strong

repulsion in the sensor-particle interaction. At higth AFA/n responses approximated to the
liquid loading limit described by the Gordon-Kanazawa-Mason riheoconfirming an
insensitivity of the QCM responses to the suspension |gatidt lower pH values, opposing
zeta potential values of the QCM sensor anc: pérticles led to strong attraction between the
two surfaces. In general, the QCM responaé?r(, 1{AI'/n)) were shown to be in reasonable
agreement with the theoretibalcalculated sphere-plate total interaction energy. Sligh
deviation may have resefli from the oversimplification of treating a complexteys by a
single parameter. Consideration of other parameteis asi¢he particle-particle interaction
strength may lead to a more comprehensive understandlitiee @verall QCM responses

although as yet this has not been guantifiédnally, immersing the QCM in yield stress



suspensios, this study has shown that the QCM resonance renmaitte inertial loading
regime and desnot transition to elastic loading, with the sensoriplarinteraction strength
modulating the‘apparent massetected by the QCM.
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