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Abstract

The resonance properties, frequency and half-band-half-width, of a quartz crystal microbalance
(QCM) immersed in concentrated suspensions of 16.2 vol% TiO, are shown to be a function
of pH. The overall QCM response is dependent on the complex interactions between the QCM
sensor and overlying particle suspension. Atomic force microscopy confirms pH dependent
interaction forces between the QCM sensor (gold-coated) and a TiO, particle: a strong
attraction is measured between pH 4 — 4.5, and the interaction becomes increasingly repulsive
at all pH > 6.5. Yield stress measurements of the concentrated TiO, suspensions also confirm
the changing particle-particle interaction strength as the pH is adjusted from acidic to basic
conditions. For the chosen system, the total potential energy of interaction (V1) between the
sensor-suspension (Au-TiO2) is comparatively stronger than the particle-particle (TiO2-TiO>)
interaction; hence the QCM responds to changes in V1 sensor-suspension, as verified by the
calculated interaction energy between two dissimilar surfaces (Hogg-Healy-Fuerstenau (HHF)
theory), and not the suspension yield stress. Slight deviation between the measured QCM
responses and the theoretical sphere-plate interaction strength is shown over a narrow pH range
and likely corresponds to strengthening particle-particle interactions. Although the suspensions
exhibit significant yield strengths, the QCM response can be suitably described by the sensor-
suspension contact mechanics of inertial loading. Combined with our previous study?, the
current study confirms that the suspension yield strength can only be measured when Vr

sensor-suspension is attractive and comparatively weaker than V1 particle-particle.


mailto:d.harbottle@leeds.ac.uk

Introduction

The quartz crystal microbalance is a tool frequently used to study soft matter systems providing
insight into deposited/adsorbed layer properties,? interactions between chemical and/or
biological species, and the stability of deposited/adsorbed layers under different
physicochemical conditions.® There is growing interest to study the influence of point contact
loads (particles) on the QCM sensor resonance properties, with complexity now extending to

probe the resonance properties in the presence of colloidal dispersions.

Until recently only a few researchers had considered the problem of particles (multiple
particles) depositing onto an oscillating QCM sensor. With its nano-gram sensitivity, QCM is
an ideal technique to study the tendency for particle-substrate interactions in changing chemical
environments. Rafie Borujeny et al.> considered the effect of suspension pH on the interaction
between silica (QCM sensor) and ceria nanoparticles. By varying the ceria slurry pH between
3 and 10, the authors observed high rates of particle deposition at pH 3 and pH 7, and much
lower particle deposition rates (< 1 ng/cm?.s) at pH 10. The authors explained the QCM
response in terms of the total interaction energy as described by DLV O theory; for a particular
ceria particle concentration, high deposition rates were shown to correspond to strong particle

attraction to the silica QCM sensor.

Several authors use colloid theory to describe measured changes in the QCM resonance
frequency as particles deposit onto the sensor. Gotoh et al.® used an extended-DLVO theory to
include the potential energy of Lewis acid-base interactions, and correlated the primary
minimum of the total potential energy to the number of particles deposited for a range of
particle-substrate (sensor) interactions (Nylon 12 — polyethylene; polyethylene — Nylon 6;
Nylon 12 — Nylon 6). Seo et al.” studied silica nanoparticles of varying size (~10 to 110 nm)
interacting with silica QCM sensors. While the measured responses as a function of ionic
strength were consistent with DLVO theory, the smallest silica particles exhibited the highest
deposition (surface fractional coverage) which the authors attributed to a particle size-
dependent hydration force. Inclusion of short-range repulsive hydration forces was also
postulated by Dylla-Spears et al.® to explain negligible AF when DLVO theory predicts strong
attraction between the silica particles and silica sensor (high ionic strength). Fatisson et al.®
studied the initial deposition rates of colloidal TiO> particles (less than 100 nm) onto SiO>
coated QCM-D sensors as a function of pH and ionic strength. At low ionic strength (<5 mM
NaNO:s), a clear dependency on pH was observed with the highest rate of particle deposition

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



high ionic strength (100 mM NaNO3), the pH dependency diminished as the zeta potential of
the TiO: particles approached 0 mV, with the measured QCM-D responses qualitatively
described by the DLVO theory.

While QCM-particle deposition is now more commonly studied, deposition conditions often
consider nanometer-sized particles at relatively low particle concentrations (monolayer and
sub-monolayer coverage). At high particle concentrations and for large particles the resonance
properties of the QCM sensor are sensitive to the contact mechanics between the particle and
sensor. These effects have been highlighted by Zhuang et al.’® who measured the QCM
frequency response as particle-laden droplets evaporated on a gold-coated sensor. Negative
frequency responses were measured when alumina particles were rigidly attached to the QCM
sensor at sub-monolayer coverage, with behavior consistent to that previously discussed. At
high particle concentration (> 1 wt%), particle multilayers were formed and the measured
frequency shift was positive. The magnitude of the frequency shift was dependent on the
particle size, with 1 um alumina particles producing AF responses greater than 1000 Hz (3 — 5
wt% solids). Smaller positive frequency shifts were also measured for 50 nm alumina particles
at high solid concentrations, with the effect attributed to the interaction between neighboring
particles as well as the contact stiffness between the deposit mass and resonating sensor.
Olsson et al.*! measured positive frequency shifts across all overtones (n = 1 to 13) for 5 um
silica particles (depositing on a silica sensor) at sub-monolayer coverage, with changing ionic

strength having a negligible effect on the QCM signal.

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

between the particle and the sensor, the coupled resonance model leads to
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where AF is the frequency shift, AI' the half-band-half-width (HBHW) shift, F the
fundamental mode resonance frequency of the sensor, Ng the number of particles, mg the
particle mass, Z, the impedance of the AT-cut quartz sensor, w the angular frequency of the
sensor, and wg the angular frequency of the particle. The resonance frequency of the particle-
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spring constant, m,.r an effective mass and E»‘eff an effective friction coefficient. geff

quantifies the dissipative components of the particle-sensor interaction and was not shown in
Eq. 1 for simplicity. Two loading regimes may be considered within this model: i) inertial
loading for o << ws and ii) elastic loading for ® >> ws. Under inertial loading Eq. 1 simplifies
to

AF+iAT . —2FNgmg
Fr 7

Eq. 2

which is equivalent to the Sauerbrey equation*!8 with Nomg representing the mass per unit
area and F the resonance frequency of the loaded sensor. Under these inertial loading
conditions the resonance frequency decreases as mass deposits onto the sensor. Eg. 2 predicts
AT" = 0, however AT is often found to be substantial. AT" >0 may be rooted in either dissipative
processes inside the adsorbate or in energy being dissipated into the medium beyond the
adsorbate.

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

AF+iAF~ 1 Ngkg
Fr nZg

Eq. 3

where wg = f:TS and x is the stiffness of the sphere-plate contact. While this model is based
S

on a single point contact, elastic loading and positive AF values have been reported for
concentrated suspensions, where the particles seem to behave as a uniform adsorbed mass.
This model is based on non-interacting point contacts. Elastic loading and positive AF values
have been reported for concentrated particulate suspensions, where the contacts seem to be

elastically independent in this sense.

For concentrated Mg(OH)2 suspensions, our recent study showed the air-to-sample QCM
resistance shift (a parameter directly proportional to the HBHW) increased with increasing
yield stress.! The suspension yield stress was a function of the particle concentration with the
pH and ionic strength kept constant. The QCM frequency response was found to be more
complex and thought to be sensitive to the suspension properties (gel point and viscoelasticity),
as well as the sensor-suspension loading mechanics (inertial and elastic loading). In the current
study, we explore the QCM resonance properties when submerged in yield stress fluids of

varying pH. Varying the pH of a 16.2 vol% TiO: suspension, relative contributions from TiO--



TiO2 and TiO2-gold (QCM sensor) interactions on the overall QCM resonance properties are
elucidated, noting that the Hamaker constant TiO2-H20-TiO; (A1z1 = 0.00278 x 10720 J) 1920
is two orders of magnitude smaller than TiO,-H20-gold (Az2 = —0.253 x 10720 J).2

Materials and Methods

Hombitan S141 (supplied by Venator Ltd.) is an anatase grade of TiO2 with a dso of 0.62 pm.
The particles were used as received. 100 mL batches of 16.2 vol% TiO> suspensions were
prepared in 102 M NaCl (analytical grade, Fisher Scientific) using deionized water (Milli-Q
grade) with a resistivity of 18.2 MQ.cm. Suspensions were mixed using an overhead stirrer for
5 min to resemble a smooth paste and then pH adjusted using NaOH (ACS reagent, Sigma
Aldrich) or HCI (AnalaR-grade, VWR International), mixed for a further 5 min and sealed
before leaving overnight (min. 15 h) to equilibrate. Before each measurement the suspension
pH was re-checked and adjusted if needed. All samples were pH adjusted from an initial pH

5.3 (natural condition).

Particle and substrate zeta potential: A Zetasizer Nano ZS (Malvern, UK) was used to measure
the pH dependent particle zeta potential via the Henry approximation.?? Dilute suspensions
(0.25 vol%) of TiO, were prepared in 102 M NaCl and left to equilibrate. The pH was adjusted
from the natural pH to either acidic or basic conditions using HCI or NaOH before sonicating
the suspension for 5 min and then pipetting a few mL into a zeta cell. An average of 10
measurements at each pH is reported with error bars showing the variance. A SurPASS
Electrokinetic Analyser (Anton Paar, USA) was used to measure the streaming potential of a 5
MHz AT-cut gold-coated 25.4 mm diameter QCM sensor (Stanford Research Systems) that
was cut to size (d = 14 mm) by laser ablation. The sensor was cleaned in 2 vol% Decon-90
(Decon™ D901, Fisher Scientific) solution (diluted using Milli-Q grade water), sonicated for
10 min and rinsed thoroughly with deionized water, before being dried using N2 gas.
Background electrolyte of 102 M NaCl was used and the pH adjusted between pH 3.5 — 9.5.
Two gold-coated sensors were clamped parallel to each other in the flow cell sample holder
and perpendicular to the direction of flow. The background electrolyte solution of desired pH
was then pumped through the flow cell to induce ion mobility of the outer Helmholtz plane in
the direction of flow, leading to charge accumulation at one end of the flow cell. The potential
difference leads to a reversal in the flow of charge to maintain charge equilibrium. Electrodes

at each end of the flow cell measure the potential difference (streaming potential, AV) which



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

potential was used to calculate the zeta potential by the Helmholtz-Smoluchowski approach.?

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

Atomic force microscopy (AFM): The pH-dependent interaction forces between a single TiO>
sphere (Sachtopore NP, Sachtleben Chemie) and gold-coated QCM sensor was measured by
AFM. To prepare the colloidal probe, a tipless silicon-coated cantilever (Nanosensors, USA.
Supplied by NanoAndMore, Germany) with a spring constant of 0.2 N/m was gently dipped
into a thin line of Araldite rapid epoxy resin (Huntsman Advanced Materials) to wet the
cantilever with a small drop of the epoxy resin. The cantilever was then immediately withdrawn
and positioned over the centre of a 20 um sphere and lowered into contact with the single
particle. The cantilever-particle couplet were held in contact for 10 min to ensure the epoxy
resin had partially set before retracting the colloidal probe from the substrate. The colloidal
probe was left overnight to allow the epoxy glue to cure fully in the BioScope Il AFM
cantilever holder (Veeco, USA). Before measurement, the colloidal probe was washed by
submerging in deionised water followed by the background electrolyte solution and calibrated

using the X-Y calibration function in the NanoScope V710 software.

The gold-coated QCM sensor was mounted on a glass slide using the same epoxy resin and left
overnight for the epoxy resin to set. The sensor was washed in 2 vol% Decon-90 solution for
5 min, rinsed thoroughly with deionised water and dried with N2 gas. The sensor was mounted
on the AFM stage and submerged in 10 M NaCl of adjusted pH. The measured deflection of
the AFM cantilever is proportional to the force acting on the colloidal particle and can be
obtained by multiplying the spring constant (0.2 N/m) by the deflected distance. The colloidal
probe approach and retract speed was kept constant at 150 nm/s and multiple force curves (>
10) were collected at several different locations on the gold-coated sensor to achieve a

reasonable statistical average from each location on the sample.

Yield stress: The pH-dependent yield stress of 16.2 vol% TiO suspensions were measured
using a viscometer (Brookfield DV-11+ Pro Viscometer, UK) with a 4-blade vane of
dimensions: H = 43.33 mm and D = 21.67 mm. A detailed explanation of the measurement

setup has been provided in our earlier publication.® Briefly, 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 for 2 min with the viscometer torque
continuously measured. The suspension yield stress was then determined from the maximum
torque measured. Wall effects were minimized with a vane-to-cylinder ratio of 1:3.5 and the

sample beaker was clamped to avoid sample rotation during the measurement.

Quartz crystal microbalance (QCM): An impedance monitoring QCM (provided by Clausthal
University of Technology, Germany) operating in ‘reflection mode” with a dip probe attached
(Stanford Research Systems, USA) was used to measure the sensor resonance frequency and
HBHW shifts. The dip probe housed a 25.4 mm, 5 MHz AT-cut gold-coated sensor that was
cleaned following the method previously described (see AFM section). The cleaned QCM
sensor was calibrated in air by locating and fitting the peaks obtained when the electrical
admittance of the resonator as a function of oscillation frequency is mapped.?* The resonance
properties of overtones 1, 3, 5, 7, 9, 11 (equivalent to frequencies of 5, 15, 25, 35, 45, and 55
MHZz) were recorded until a stable baseline had been established (~30 min). The QCM dip
probe was then submerged into the 16.2 vol% TiO- suspension of known pH and rotated several
times. With the sensor fully submerged, the QCM was re-calibrated by refitting the electrical
admittance peaks. The resonance frequency and HBHW were measured until a new baseline
was established (measured for ~ 45 min such that the drift in resonance frequency was < 0.1
Hz/min). The air-to-sample resonance frequency (AF) and HBHW (AI") were determined from

the shift in steady-state signals.

Results and Discussion

Particle and QCM sensor characterization: Background subtracted XRD analysis of the dried
Hombitan powder (Fig. 1) revealed the sample to be composed predominantly of a crystalline
TiOz phase identified as Anatase (ICDD: 01-075-2546). Comparing the peak positions with an
anatase reference from the American Mineralogist Crystal Structure Database Record
(RRUFF: R060277.9) showed some peak broadening, possibly resulting from the presence of
small crystallite sizes and/or amorphous material within the sample matrix.?> SEM images
(Hitachi SU8230 SEM), see inset Fig. 1, show small crystallites typically ranging from ~50 to

80 nm having un-defined edges which suggests the presence of amorphous material.
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Figure 1. Hombitan S141 (TiO.) powder XRD spectra (solid lines) and SEM image with the
inset diameter = 1 um. The dashed-dot lines represent the reference peaks for pure anatase,
taken from the American Mineralogist Crystal Structure Database Record (RRUFF:
R060277.9).

The zeta potential of hydrated TiO> (Fig. 2) showed a pH dependence typical of anatase TiO>
26 with an iso-electric point (i.e.p.) of pH 6.6. Moreover, the zeta potential of the gold-coated
QCM sensor (determined from streaming potential measurement) was negative over the pH
range 3.5-9.1, hence the sensor i.e.p. is below pH 3.5. These values are in reasonable agreement
with published data?’-?® and confirmed that the deposited gold layer on the QCM sensor was

suitably thick to screen any contribution from the underlying chrome layer.
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Figure 2. Zeta potentials of TiO2 (open circles) and gold-coated QCM sensor (open triangles)
as a function of pH in 102 M NaCl background electrolyte. The dashed line represents the i.e.p.
of TiO2 (pH 6.6).

Particle-QCM sensor and particle-particle interactions: The interaction forces between the
gold-coated QCM sensor and a spherical TiO particle (analogue for Hombitan S141 TiO) was
measured by AFM, see Fig. 3. At pH 4.0, the TiO> particle is positively charged and the TiO;
colloid probe experiences an attraction at separations less than ~15 nm from the gold-coated
sensor (Fig. 3a). When the pH was adjusted to pH 8.3, a long-range repulsive force was
measured. Since the zeta potential of the gold-coated sensor was negative across the pH range,
the measured change from attraction to repulsion by AFM is consistent with the TiO; zeta

potential curve shown in Fig. 2.

The maximum attractive force F/R (nN/um), taken to be the most negative force measured on
approach, is shown in Fig. 3b as a function of pH. Experimental variability depends on the
magnitude of the overall attraction and is possibly affected by local surface variance due to
sorbed oxide, hydroxide and chloride species.?” 2 A pH dependence is observed with the
strongest attraction measured in the pH range 4 to 4.5. As the pH is increased the measured
attraction weakens, becoming negligible (i.e. repulsive interaction) when the pH > 6.6, albeit

there is observed jump-to-contact at very short range, indicative of the van der Waals



component becoming dominant. The pH dependent AFM data confirms that the single TiO>

sphere is a good analogue for Hombitan S141 particles showing a similar pH dependence.
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Figure 3. a) Typical AFM interaction forces between an approaching TiO. particle (particle
radius 10 um) and a gold-coated QCM sensor in 102 M NaCl at pH 4.0 and 8.3 (n.b. to improve
the clarity of the data presented, 4 out of 5 data points have been omitted from the original data
set and lines to guide the eye included). b) Average values for the strongest attraction measured
on approach in 102 M NaCl and at different pH values. Only values when F/R < 0 mN/m were

counted in the averaging. Error bars represent 1 standard deviation.

With the particle zeta potential varying with pH, the particle-particle interaction strength can
vary substantially and thus modify the rheology of the concentrated particle suspension. Fig. 4
shows the yield stress of a 16.2 vol% TiO- suspension as a function of pH between pH 4.3 and
9.4. At low pH (pH 4.3) the suspension appeared ‘milky’ with no measurable yield stress. As
the pH was increased and the particle zeta potential approached the i.e.p., the suspension yield
stress increased markedly. This behaviour is a direct consequence of increased attraction
(weakening electrostatic repulsive force) between neighbouring particles, allowing them to
form aggregates and larger clusters which eventually network to induce a finite yield stress in
the suspension.®®32 The maximum vyield stress was measured at pH 5.9, slightly below the
measured i.e.p. While this difference is not entirely understood, a similar behaviour has been
reported previously for anatase suspensions and attributed to the rheology and electrokinetic
techniques responding to electric potentials at two different distances from the surface.®®
Beyond pH 5.9 the suspension yield stress decreased linearly with increasing pH,

corresponding to the increased negative zeta potential of the TiO. particles.
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Figure 4. pH dependent yield stress of 16.2 vol% TiO- suspensions in 102 M NaCl. The dashed
line corresponds to the i.e.p. of TiO. (pH 6.6).

The Hogg-Healy-Fuerstenau (HHF)** equation was solved using the measured zeta potential
values (Fig. 2) to calculate the total potential energy of interaction (V) between Au-TiO>
(sensor-particle) and compared to V; for TiO2-TiO2 (particle-particle) as determined for two
similar spheres interacting. The HHF theory describes the potential energy of interaction
(contributions from van der Waals forces and the electrostatic repulsive force) between two
dissimilar surfaces. The attractive (Va) and repulsive (Vr) forces between a sphere and flat
plate are given by Egs. 4 and 5, with the total potential energy of interaction given by V; =
V, + Vy 3536:

—kapH 2 2

v ::Zﬂereoapfpfc{hl[i+:_m£H]-+(22+?Jln[1——e_2KaPH]} Eq. 4
- x

v, = -2 Eq. 5

where ¢, is the permittivity of the medium, g, the permittivity of free space, a the radius, { the

1 _ 0.304x1077

N
concentration of electrolyte in solution, H the separation distance and 4,5, the TiO2-water-Au

zeta potential, x the inverse Debye length, where k~ at 25 C, M the molar



Hamaker constant (= —0.2534 x 10720 J). 1920 Sypscripts p and ¢ denote the particle and the

QCM sensor, respectively.

Fig. 5 shows the total potential energy of interaction (V) at a separation distance of 5 nm
(distance arbitrarily taken for relative comparison) between the similar (particle-particle) and
dissimilar (sensor-particle) surfaces. To compare both interactions at equivalent pH values (pH
range ~3.6 to 9.8), a Boltzmann fit (R? 0.9774) of the gold-coated sensor zeta potentials was
made. To calculate the electrostatic repulsive force the particle radius was taken to be 0.31 pm,
representing the modal particle size as measured by the Zetasizer Nano ZS (Fig. S1). The
magnitude of the sensor-particle interaction strength is greater than the particle-particle
interaction strength in both acidic and basic conditions, partially influenced by the differing
Hamaker constants; TiO2-HO-TiO, (A = 0.00278 x 1072° J) being two orders of
magnitude smaller than TiO2-H20-gold (A1z2 = —0.253 x 10729 J). At low pH, the sensor-
particle interaction is strongly attractive while the TiO> particles remain dispersed. At high pH,
both interactions are repulsive when all surfaces are negatively charged. For TiO2-TiO- the pH
at maximum attraction corresponds to the particle i.e.p. and for TiO.-Au this condition is found
at a lower pH and corresponds to the largest potential difference between the two surfaces.
Such behaviour is complementary to the AFM force measurements (Fig. 3b) which showed the

strongest attraction between the TiO- particle and gold-coated QCM sensor to be pH 4.5.



Figure 5. The calculated total potential energy of interaction (V) at a separation distance of 5
nm between TiO2-Au (closed symbols) and TiO2-TiO2 (open symbols). The electrostatic
repulsive force was calculated using values: &, = 80.3]/V?; g, = 8.854 x 10712 ]/V?; a,, =
0.31 um; ¢, taken from Fig. 2; {. determined from the Boltzmann fit of the data in Fig. 2; and
M =102 M NaCl.

QCM measurements: Our previous research considered Mg(OH). suspensions and confirmed
the sensitivity of the QCM to detect changes in suspension yield stress (varied by changing the
solids concentration).! The suspension pH was kept constant and close to the i.e.p. of Mg(OH).
(zeta potential of —7 + 4 mV at pH 10.2). Using the sphere-plate HHF theory, the total potential
energy of interaction between Mg(OH). and the gold-coated QCM sensor in water is
approximately —16 x 1078 J (using the Hamaker constant for MgO = 12.1x10%° J),
confirming strong attraction between the QCM sensor and overlying suspension. In the current
study, changing pH altered both the suspension yield stress and the interaction strength between
the gold-coated QCM sensor and TiO> particles (Figs. 3 and 4). The influence of changing two
parameters simultaneously, i.e. the suspension yield stress and the QCM sensor-particle

suspension interaction strength, on the response of the QCM has not yet been considered.

The —AF/n and AI'/n responses of the QCM when submerged in 16.2 vol% TiO2 suspensions

of varying pH are shown in Fig. 6a (inset AI'/n). The sensor overtones (n = 3 to 11) all show



the same general trend with pH. The frequency initially increases (from low pH) to a maximum
—AF/n at pH 4.5 followed by a decrease, reaching a constant value at higher pH values (pH >
7). Most of the AI'/n responses also show an increase, to pH 5, followed by a gradual decrease
at higher pH values. The exception is the n = 1 AT data set (data not shown), where the response
was found to generally decrease across the pH range investigated. (The fundamental (n = 1)
often behaves differently from the other modes because the flexural admixtures to shear
vibration pattern are strong. These launch compressional waves into the sample, which causes
artifacts). The pH responses of —AF/nand AT'/n do not directly correspond with the suspension
yield stress data (Fig. 4). Both -AF/n and AT'/n increase as the suspension yield stress increases
(low pH), consistent with our previous study,* although the measured QCM responses begin to
decrease before the maximum yield stress (Fig. 4) is reached (pH 5.9). At higher pH values the
-AF/n and AT'/n responses become independent of the suspension pH, while the suspension
yield stress shows an approximately 30 Pa decrease (~50% of peak) over the same pH range.
The observed difference in trends between the QCM responses and suspension yield stress
suggests that the QCM resonance properties are not only influenced by the suspension yield

stress.
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Figure 6. QCM resonance properties a) AF/n (inset: AI'/n) as the QCM is submerged (air-to-
sample shifts) into 16.2 vol% TiO; suspension of desired pH and 102 M NaCl background

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

is true for all measured overtones.

Plotting AF/v/n, as is typical for the scaling of Newtonian liquids, reveals more about the signal

response in acidic and basic conditions. At pH > 7, AFA/n tends towards the Gordon-



Kanazawa-Mason limit for an air-to-water transition, AF/v/n = —721 Hz for n = 3 at pH 9.6,
with variation of + 5 Hz across the overtones 5, 7, 9 and 11 (for water AF/v/n = —714 Hz),
where the resonance frequency is proportional to the square root of the liquid density-viscosity
product®’=°. Although the QCM is submerged in a yield stress suspension (Fig. 4), the
measured AF/v/n suggests that the QCM responds to the liquid-loading (water) and does not
detect the particles. This is confirmed in Fig. 6b inset where the overtone responses for pH >
6.6 correspond to —AF/AT = 1, as expected for a Newtonian liquid (for a Newtonian liquid, the
shear stress, o, is related to the tangential velocity, u, as o = Z;;;u = (iwpn)Y?u. The
complex frequency shift AF + iAT is proportional to the shear stress at the resonator surface.
Given that i'/?2 = (1 +i)/2/2, AF and AT take the same numerical values (signs disregarded
in this argument)). Eventually there is an overtone dependent limit when the ratio no longer
holds and this represents the changing interaction strength between the QCM sensor and
suspension particles. Below pH 6 the overtone responses (AF/vn) diverge (Fig. 6b) with the
largest measured deviation between overtones 3 and 11 found at pH 4.2. Below pH 6.6, Fig. 5
confirms attraction between the QCM sensor and the overlying particle suspension and hence,
the QCM response likely becomes a complex function of: i) fluid properties (density and
viscosity), ii) particle properties (density, hardness),** iii) particle-sensor contact (number of
contacts, strength of contact and contact mechanics),*® and iv) particle-particle interactions
(number of contacts and strength of contact).® While it is difficult to differentiate between each
contributing factor in this complex system, Fig. 7 compares the AF/n and 1/AI'/n responses for
the 3" overtone to the calculated V; for a sphere-plate interaction (Fig. 5). The generalization
that the QCM response correlates to V, for sphere-plate interaction is likely an
oversimplification, and comparison of the two data sets is not exact across the pH range 5.5 —
7.5, i.e. in the region where the TiO>-TiO. attraction becomes more significant (Fig. 5),
possibly demonstrating some influence of the underlying suspension yield stress. However,
based on the understanding of point contact loads, Fig. 7 does confirm that the response of the
QCM remains in the inertially-dominant loading regime, hence AF remains a parameter that is
proportional to the apparent mass per unit area (Eg. 2), in this study AF is strongly influenced
by the total potential of energy of interaction between the QCM sensor and suspension

particles.
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Figure 7. V. (open squares) for sphere-plate interactions (Eqgs. 4 and 5) compared to AF/n
(closed squares) and 1/(AI'/n) (closed triangles) where n is the 3™ overtone. Test sample: 16.2
vol% TiO; in 102 M NaCl.

Conclusions

The current study considered the frequency and HBHW responses by immersing a QCM in
high solids content yield stress suspensions. The suspension yield stress increased from 0 Pa to
64 Pa when the pH was increased from 4.4 to 5.9 before decreasing slightly as the pH was
increased to 9.4. Over the same pH range both -AF/n and AI'/n responses fluctuated and were

shown to be independent of the yield stress when the pH > 7, corresponding to a strong

repulsion in the sensor-particle interaction. At high pH, AF/v/n responses approximated to the
liquid loading limit described by the Gordon-Kanazawa-Mason theory, confirming an
insensitivity of the QCM responses to the suspension particles. At lower pH values, opposing
zeta potential values of the QCM sensor and TiO: particles led to strong attraction between the
two surfaces. In general, the QCM responses (AF/n, 1/(AT'/n)) were shown to be in reasonable
agreement with the theoretically calculated sphere-plate total interaction energy. Slight
deviation may have resulted from the oversimplification of treating a complex system by a
single parameter. Consideration of other parameters such as the particle-particle interaction
strength may lead to a more comprehensive understanding of the overall QCM responses,

although as yet this has not been quantified. Finally, immersing the QCM in yield stress



suspensions, this study has shown that the QCM resonance remains in the inertial loading
regime and does not transition to elastic loading, with the sensor-particle interaction strength
modulating the “apparent mass” detected by the QCM.
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