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ABSTRACT

As the UK nuclear industry embarks on a second phase of nuclear power generation,
the industry is faced with numerous sludge and slurry challenges associated with the
decommissioning and clean-up of historical nuclear sites. The remediation of
Sellafield, the largest nuclear site in the UK, is anticipated to cost GBP 53bn over the
next 100 years. Substantial cost is associated with the clean-up, transfer and safe
storage of legacy particulate wastes encountered in ponds, silos, highly active storage
tanks and many more large tanks on site.

To develop suitable design strategies for the mobilization and transfer of sludge, the
rheology of the sludge should be accurately determined. The current work
demonstrates the use of a Quartz Crystal Microbalance to measure sludge rheology,
specifically the shear yield stress. The device is simple to operate with no mechanical
parts, small and portable enabling deployment into limited access areas, and
eliminates the need for operator sampling and laboratory measurement.

The measurement principle relates to the resonance frequency and motional
resistance of a piezo-electric sensor as the sensor is submerged in the desired test
material. The air-to-sample frequency and resistance shifts are shown to correlate
with the shear yield stress of the suspension as measured by conventional vane
viscometry. As the particle network stiffens (increased yield stress), the sensor
motional resistance and its resonant frequency become more positive. These
characteristic responses and their correlation to the shear yield stress have been
confirmed for a range of particle suspensions.

INTRODUCTION

The Sellafield site in West Cumbria, UK is currently the largest nuclear site in Europe,
and globally contains one of the largest inventories of untreated waste. The site
measures approximately 6 km? and contains over 1000 separate nuclear facilities.
Effective treatment and clean-up of the waste inventories is therefore a significant
challenge to the UK’s nuclear decommissioning programme where costs are
estimated to reach GBP 53bn over the next 100 years.

A significant cost relates to the recovery and transport of legacy waste sludge to
interim storage facilities. One such site, the First Generation Magnox Storage Pond
(FGMSP), contains approximately 14,000 m3 of contaminated water, and 1,200 -
1,500 m?3 of radioactive sludge formed by the corrosion of Magnox fuel rods due to
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lengthy storage times in water; a consequence of delays in the reprocessing of
Magnox fuel. This waste consists mostly of corroded Magnox sludge (CMS), which is
predominantly magnesium hydroxide, Mg(OH),, however significant quantities of
radioactive material from corrosion of spent fuel materials are also present. The
FGMSP is an open-air pond and also contains complex organic material and dust from
the surrounding facilities. In order to best design suitable sludge handling processes,
rheological characterisation of the complex sludge is required. Sampling is a
potentially hazardous and costly undertaking, and it is difficult to guarantee that
samples taken are representative of the sludge body as a whole. The sludges are
known to be heterogeneous, though measurements made at a particular point in the
sludge body will be representative of the material sampled. Thus a technique that
could determine rheological properties of sludges, in-situ, is attractive particularly if
it is easy to deploy at a number of locations around a pond or silo.

The current research considers the use of quartz crystal microbalance (QCM) to
measure sludge rheology. QCM’s are traditionally described as ultra-sensitive mass
balances, and have been widely applied in scientific disciplines to measure the
deposition/adsorption of surface active species (surfactants, polymers, biological
molecules) onto the sensor surface [1-5]. QCM’s are small (sensor area typically less
than 1 inch) portable and contain no mechanical moving parts (the sensor oscillation
is driven by an alternating electric current), thus their application to measure the
rheological properties of complex fluids and sludge across a nuclear site is highly
desirable.

The QCM measurement principle relates to the sensor resonance frequency and
resistance. The reduction of the sensor resonance frequency as material deposits on
the sensor surface was first described by Sauerbrey [6]. Oscillating the sensor under
vacuum, Sauerbrey considered the deposited mass as an extension of the thickness
of the underlying quartz layer. For a system where the deposited mass can be
considered as a rigid body (no viscoelastic properties), is a thin (<2 % of the sensor
mass) uniform layer on the sensor surface, then Equation 1 describes the change in
resonance frequency (AF) as being proportional to the deposited mass (Am).

Af = —28mfE/(AJigpq) (Eq. 1)

Where Af = change in the sensor resonance frequency, Am = change in the deposited
mass, f, = sensor fundamental frequency, A = sensor area, u, = shear modulus of

quartz and p, = density of quartz.

Stable resonance in liquid environments broadened the application of QCM. For non-
adsorbing Newtonian fluids, the air-to-sample frequency and resistance shifts were
empirically described by Kanazawa and Gordon [7], and Martin et al. [8],
respectively. The change in the sensor resonance relate to changes in the bulk fluid
properties. Equations 2 and 3 describe the frequency and resistance of the sensor in
relation to the fluid density and viscosity.

/
Af = fo3/2 (nsps/ﬂyqpq)l i (Eq. 2)



WM2016 Conference, March 6-10, 2016, Phoenix, Arizona, USA

AR = (foLu/nm) (2wsNsps/Pattq) (Eq. 3)

Where L, = inductance of the dry resonator, n, = fluid viscosity and p, = fluid density,
n is the number of sides in contact with the surrounding fluid (n = 1).

Figure 1 shows the empirically calcuated frequency and resistance shifts for a sensor
submerged in sucrose solutions of increasing density and viscosity. Since the fluid is
non-adsorbing, the sensor resonance changes as a function of the bulk fluid
properties. Clearly, as the fluid viscosity and density increase the sensor motional
resistance increases and the frequency shift increases (becomes more negative).
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Fig. 1. Theoretical air-to-sample frequency and resistance shifts for a 5 MHz sensor
submerged into sucrose solutions of varying density and viscosity.

Recently, the interaction between a single solid particle and a resonating sensor has
been investigated by Johannsman [9] and Pomorska et al. [10]. Contrary to the
Sauerbrey theory [6] or the Voigt-Voinova theory for viscoelastic layers [11], the
deposited mass of a single sphere can result in an increase of the sensor resonance
frequency. This response is described by a coupled-dual resonance model where the
weakly bound particle can impart a second motion (resonating out of phase) onto the
piezo-electic sensor, thus increasing the sensor frequency. For complex sludges, the
role of multiple contact points between particles and the sensor, as well as particle-
particle contacts has yet to be explored. The current research examines the effect
of sediment yield stress on the resonance frequency and motional resistance of a
submerged QCM sensor.

MATERIALS AND METHODS

Two batches of magnesium hydroxide, Mg(OH)., (particle density = 2.4 g/cm?3) were
supplied by Rohm and Haas and used throughout the study. The two particle samples
had different MgO contents with Versamag A (as termed throughout the paper)
containing a higher MgO content than Versamag B. All water used throughout the
study was Milli-Q water with a resistivity of 18.2 MQ cm.
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Particle Size Analysis

The particle size distribution for the two Versamag samples is shown in Figure 2. Each
particle suspension was prepared in 50 mL Milli-Q water to a concentration of 0.9
vol.%, and sonicated for 30 min prior to measurement. Extensive sonication was
applied in an attempt to minimize the formation of large particle clusters. The dso for
both samples is almost equivalent (~ 4 pm), although the Versamag B sample
exhibited a larger particle size fraction as indicated by the secondary maximum at
approximately 20 um. The dgo for Versamag A and B is 15.5 ym and 19.9 um,
respectively. On inspection of the scanning electron microscope image (inset - Figure
2), it becomes apparent that the primary particle size is less than 1 ym, and the
measured size distribution represents small particle clusters.
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Fig. 2. Versamag A and B particle size distribution measured using the Malvern
Mastersizer 2000. Inset: SEM image of Versamag A.

X-ray Powder Diffraction

Versamag A and B samples were pulverised and analysed in a PANalytical X'pert3
Powder X-ray diffractometer (pXRD) with Cu-Ka radiation (A= 0.15418 nm) in the 26
range of 59 - 650 with stepsize of 0.01°. Lattice parameters for MgO (Periclase)
(ICDD: 04-014-7440) and Mg(OH), (Brucite) (ICDD: 04-011-5938) were obtained
from the International Centre for Diffraction Data — Powder Diffraction File database
(ICDD-PDF4+). Rietveld refinements were performed using the software PANalytical
HighScore Plus software to estimate phase compositions of the two samples.

Vane Viscometry

The suspension shear yield stress was measured using a Brookfield DV II+
Viscometer. A four blade vane (H 43.33 mm; D 21.67 mm) was gently lowered into
the particle suspension and rotated at 1 rpm. The resistance to vane rotation is
measured as an increase in the torque. At the yield stress the torque passes through
a maximum as the suspension begins to flow. To avoid any wall effects the vane-to-
cylinder radii ratio was equal to 1:3.5. The sample beaker was clamped to avoid any
rotation of the sample when measuring high yield stress suspensions. The yield stress
(ry) can be calculated by Equation 4:
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nD3 (H 1
T(max) = T(E-l_g) Ty (Eq 4)
Where T(max) = maximum torque, D = vane diameter, H = vane height and t, =
shear yield stress of the test material.

All particle suspensions were prepared to a concentration of 22 vol.%. In the current
study the pH of the suspension was constant at pH = 10.2; the naturally buffered pH
for Mg(OH). suspensions. Each suspension was prepared in a 500 mL glass beaker
and subsequently stirred for 5 min until the suspension resembled a smooth paste.
To avoid sample drying during the aging experiments, 10 mL of mineral oil (p = 0.84
g/cm?3) was gently pipetted down the sidewall of the glass beaker to form a thin oil
film on the surface of the sediment. Experiments at t = 0 hr confirmed that the added
oil had no effect on the sediment shear yield stress. The yield stress was measured
at several intervals up to ~ 70 hrs. To avoid any history effects (structure breakdown
during measurement), fresh samples were prepared for each shear yield stress
measurement.

Quartz Crystal Microbalance

A 5 MHz AT-cut gold-coated quartz sensor (d = 25.4 mm) was cleaned by sonicating
in 2 vol.% Decon-90 solution for 5 min and rinsed thoroughly with Milli-Q water and
subsequently ethanol. The sensor was cleaned using UV irradiation (~9 mW/cm? at
254 nm) for at least 10 mins, and finally rinsed with Milli-Q water before being gently
dried using nitrogen. The sensor was loaded into a Stanford Research Systems (SRS)
QCM 200. The sensor was allowed to stabilize in air for 30 min. A stable sensor
resonance was considered when both the frequency and resistance responses are
less than 5 Hz/hr and 0.5 Ohm/hr, respectively. Particle suspensions were prepared
following the procedure previously outlined. With a stable sensor resonance the QCM
was submerged in the particle sediment. To ensure good contact mechanics between
the sensor and the particle sediment, the sensor was rotated 90°. Due to the
dampening effect the oscillator compensation was adjusted to provide stable
oscillation.
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Fig. 3. (A) QCM experimental setup and the gold sensor shown inset. (B) Sensor
resonance frequency showing a clear reduction as the sensor is transferred from air
to the sediment.

Finally, mineral oil was pipetted onto the sample to prevent evaporation. With
moderate temperature sensitivity of the QCM sensor (changes in fluid density and
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viscosity may result in small changes in the sensor frequency and resistance shift),
the particle sediment temperature was maintained at 30 °C using a water bath. The
sensor remained submerged in the sediment for 70 hr with the sensor frequency and
resistance continuously measured.

RESULTS AND DISCUSSION
X-ray Powder Diffraction

The intensity-normalised XRD patterns for Versamag A and B in Figure 4 both show
similar phase compositions dominated by Brucite (hexagonal Mg(OH).), with some
minor contribution from Periclase (cubic MgO). The differing relative intensity of the
MgO (002) reflection in Versamag A and B implies a difference in their MgO content.
Rietveld analysis of the pXRD patterns show 2.6 wt% and 0.2 wt% contribution from
MgO for Versamag A and B, respectively. The Scherrer equation [12] was used to
calculate Mg(OH), crystallite sizes in both samples. The three highest intensity
reflections [(001), (011) and (012)] show crystallite sizes of 76.8, 36.1, 20.1 nm and
93.1, 60.6, 21.4 nm in Versamag A and B samples respectively. Whilst this suggests
significant crystallite size anisotropy between the two samples, they both appear to
be composed of lamellar crystalline platelets extending along the (001) and (011)
planes with Versamag B composing of ~21 nm thick crystalline platelets twice as
wide as Versamag A in the (011) peak position that may exhibit stacking along the
(012) plane.

TABLE I. Derived crystallite sizes for unaged Mg(OH). samples using the Scherrer

equation.
Peak position (d value, A) Versamag A Versamag B

(nm) (nm)

4.798 (001) 46.8 93.1

Brucite, 2.374 (011) 36.1 60.6
Mg(OH): 1.799 (012) 20.1 21.4
1.577 (110) 34.6 38.1

1.498 (111) 41.8 20.9
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Fig. 4. XRD patterns for Versamag A and B.
Shear Yield Stress

Particle suspensions were prepared to 22 vol.% and the shear yield stress measured
by the vane method at predetermined time intervals. Figure 5 shows the time-
dependent shear yield stress for Versamag A and B. At t = 0 hr, the shear yield stress
for both samples was equivalent ~ 50 Pa, indicating that the number of particle-
particle contacts and the interparticle interaction strength is approximately equal in
both systems. The particle zeta potential for Versamag A and B was measured using
the Malvern ZetaSizer, which confirmed no difference in the surface potential, with
zeta potentials for both particles measured to be -7 mV (+ 4 mV), i.e. near the iso-
electric point. For Versamag B the sediment strength increased slightly over the ~70
hr aging time, with the shear yield stress at 70 hr equal to 74 Pa, representing a 48%
increase. (It should be noted that the concentration 22 vol.% is above the critical
gel-point for the suspension, hence no consolidation was expected during the aging
experiments, and no measurable water layer was observed above the sediment after
70 hr aging). In contrast, the sediment shear yield stress for Versamag A increased
~ 600%, with the shear yield stress at 70 hr equal to 308 Pa. The observed aging
behaviour is related to the Versamag MgO content. MgO reacts with water to form
Mg(OH). which precipitates out of solution. The actual mechanism for the increased
yield is not yet clear, however, a higher MgO content promotes rapid sediment aging,
and higher shear yield stresses for equivalent particle concentrations.

To verify the role of MgO content, powder XRD was used to measure the MgO content
of particle samples that have been aged in water. The experimental data confirmed
the conversion of MgO -» Mg(OH),, with the MgO content of 70 hr aged Versamag A
almost equivalent to that of unaged Versamag B. A large increase in observed yield
stress between 6 hr and 24 hr aged samples (Figure 5) may be attributed to a
maximum in the aqueous MgO hydration rate at ~10 hr under similar conditions (30
°C) [13]. This kinetic hydration reaction, used similarly to model cement hydration is
controlled by (i) the higher MgO content in Versamag A (See gXRD, Figure 4); and
(ii) the Mg(OH). crystallite surface area as a function of exposed reaction sites (Table
I) [14].
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Fig. 5. Time-dependent shear yield stress of Versamag A and B as measured using
the vane method.

Quartz Crystal Microbalance

Equivalent sediment aging tests were completed using the SRS QCM 200 and a gold-
coated piezo-sensor. The frequency and resistance data for Versamag A as a function
of sediment aging time is shown in Figure 6. At t = 0 hr the QCM sensor is submerged
into the sediment. A negative frequency shift (-1290 Hz) and a positive resistance
shift (856 Ohm) is first measured. Such behaviour is consistent with previous data
[15]. As the sediment ages, it is observed that both the sensor resonance frequency
and resistance become more positive. Both signals (frequency and resistance)
provide good tracking of changes in the sediment shear yield stress.

First considering the resistance data, an increase in motional resistance would
correspond to a “stiffening” of the interacting media, in the current example, an
increase in the sediment shear yield stress. For the frequency data, interpretation of
the measured response is somewhat more challenging. For pure fluids, Figure 1
indicates that the frequency is inversely proportional to the resistance. However, for
particle sediments this relationship is not valid. A positive frequency shift might be
interpreted as a reduction in the bound mass [6, 11], or an enhancement in the
resonance frequency which is governed by weak coupling between the sensor and
the particles [9, 10]. At present the mechanism which describes the frequency shift
behaviour is not yet understood and is part of an ongoing study. The same
experiment was repeated for Versamag B with changes in both the frequency and
resistance significantly less than those measured for Versamag A (data not shown).
Such limited change in response is expected when the sediment shear yield stress
for Versamag B exhibits minimal time-dependent aging.
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Fig. 6. Real time frequency (A) and resistance (B) shift data of a gold-coated QCM
sensor submerged in Versamag A (22 vol.%) aged for 70 hr.

CONCLUSIONS

The UK nuclear decommissioning program is complicated by a lack of reliable
experimental data. The data are needed to develop robust clean-up strategies for
nuclear wastes. In particular, the high priority legacy wastes and sludges from ponds
and silos are to be transferred to interim storage facilities. In the design of
mobilization and transfer strategies, the rheology of the settled sludge is a key
physical property. As the decommissioning program advances there is a need for
frequent, in-situ rheological measurements. Often sludge sampling and rheological
testing using conventional viscometers can introduce unavoidable modifications to
the sludge rheology due to excessive handling and history effects. Quartz crystal
microbalance is an easy to use, portable technique which measures changes in the
sediment shear yield stress by monitoring changes in the sensor resonance frequency
and motional resistance. The current study has demonstrated the sensitivity of the
QCM to track changes in sediment shear yield stress, with both the sensor resonance
frequency and resistance increasing as the sediment yield stress increases.
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