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1. Introduction 

1.1 Introduction 
Laser scanning confocal microscopy (LSCM) is widely used in biological, semiconductor, 

geological and other material science fields. For most non-opaque applications, interior 

structures can be imaged. LSCM can perform optical sectioning by acquiring images point by 

point and then resolve the images using a computer to provide a 3-D profile of the sample 

(Corle, 1996). In the past ten to fifteen years, researchers have begun to develop LSCM 

techniques for applications with opaque samples. LSCM technology has allowed collection of 

scattered, reflected or fluorescence photons to provide depth profiling of opaque samples.  

More importantly, advances in software for LSCMs have allowed 3-D models to be developed 

that provide researchers an in-situ view of systems that until recently have only been 

understood macroscopically by measuring the bulk properties of the materials. These 

macroscopic measurements have only allowed a conceptual understanding of the microscopic 

solid-solid, gas-solid and gas-solid-liquid interactions.  In this chapter, we will discuss the use 

of LSCMs for complex opaque systems.  Specific applications with complex iron-aluminum 

and aqueous organic slurries and cement-based composites will be discussed.   

LSCM is based on the principle of eliminating stray light from “out-of-focus” flare by means 

of confocal apertures.  Images are acquired by scanning the sample with a fixed light source, 

choices of laser lines, detection filters, wavelength, and by recording the light reflected from 

the in-focus plane with a theoretical resolution of 0.2 µm (Carter, 1999). Tomography is 

accomplished by recording a series of consecutive layered images in both the x-y and x-z 

planes.  LSCM allows for the study of both organic and/or inorganic samples with minimal 

preparation in real time. When used to observe the outermost sample surface/subsurface 

areas, LSCM requires no sample preparation beyond placement on the slide. The sample is 

thus free from artifacts induced by drying, sectioning, or similar adulterations that are 

required in other analytical procedures. 

1.2 Radioactive waste slurries applications 
While the concentrated radioactive Fe/Al slurries discussed in this section are unique to the 

defense related nuclear industry, fundamentally processing aqueous metal slurries is done 
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in a variety of industries. Additionally, processing slurries containing complex aqueous 

organic molecules is relevant to a variety of industries. Many of the unit operations and 

much of the chemistry used to develop these waste processes was derived from industrial 

practices developed by the chemical and ceramics industries.  LSCM has found applications 

in these industries as well.  For example, LSCM has been used for examination of pore 

distribution (e.g. size and spatial arrangement) in ceramics for biomedical applications (Ren 

et al., 2005).  Thus, the LSCM techniques described within this chapter are relevant to most 

any industry that processes opaque slurries. 

The production of nuclear materials at Savannah River and Hanford Sites for the 

Department of Energy (DOE) resulted in the generation of radioactive waste that is 

currently stored in below ground storage tanks with a capacity of up to 1.3 million gallons.  

Each site has a goal of encapsulating the millions of gallons of radioactive waste slurry into 

borosilicate glass and/or grout.  An involved infrastructure of facilities has been constructed 

or is under construction for the transportation, treatment, and immobilization of the 

radioactive waste slurry for long term storage.  

The radioactive waste slurries are currently being immobilized in a borosilicate glass matrix 

using joule heated glass melters at the Savannah River Site (SRS) in the Defense Waste 

Processing Facility (DWPF) located near Aiken, South Carolina. A similar facility in West 

Valley, New York also immobilized waste generated from the reprocessing of spent nuclear 

fuel.   Larger immobilization (vitrification) facilities are planned as part of the Hanford River 

Protection Project-Waste Treatment Plant (RPP-WTP) located near Richland, Washington. 

Highly radioactive waste is transferred to these facilities from underground tank farms. The 

insoluble solids content of the waste is limited by the design-basis rheological properties 

(e.g. the Bingham plastic yield stress and plastic viscosity) used to design the slurry transfer 

systems. Typically, these slurries are iron and/or aluminum hydroxides in a caustic 

solution.   

These facilities have used or will use slurry-fed melters to safely immobilize the waste in a 

glass matrix.  Glass forming chemicals or glass frit fabricated from glass formers is added to 

either the radioactive waste solutions or slurries.  The resulting slurries (≈ 35 - 65 wt. % total 

solids) are sampled, analyzed, and then pumped to the melters. Although the DWPF 

process is currently operating successfully, production throughput is limited by certain 

bounding conditions used to design the plant (slurry rheology, glass property constraints, 

and in some cases, gas holdup).   A simplified flow sheet of the Hanford waste treatment 

plant is shown in Figure 1. 

The solids loading in the DWPF and future RPP-WTP melter feed slurries are limited by the 

rheological design bases of the mixing, sampling, and transport systems. It is desirable to 

increase the production rate and waste loading of the glass and therefore decrease the total 

quantity of waste glass produced from a total plant life cycle and cost perspective.  

Increasing the solids content of the melter feed would decrease the energy required to 

evaporate the water in the slurry, and would, therefore, increase the overall production 

(melt) rate of the immobilization process. 

It is possible to modify the equipment used to mix, sample, and transport the waste slurry to 

the melter.  The design and construction cost for any such modifications is very high due to 

the constraints (radiation and non-visible remote operation) imposed on the design and 

operation of radioactive waste immobilization processes. Therefore, adjustment of the 
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rheological properties by trace chemical addition is being explored as one option to improve 

the overall production rate of radioactive waste vitrification processes. 
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Fig. 1. Simplified flow sheet of the Hanford River Protection Project-Radioactive Waste 
Treatment Plant (RPP-WTP) with the dashed red/blue lines indicating unit operations 
involving slurries 

The viscous nature of the radioactive waste slurries is also linked to operational and safety 
problems. Hydrogen gas produced by radiolysis can be held-up in the slurry.  
Understanding the hydrogen gas hold-up and release from the radioactive slurries remains 
a continuing research effort.  Additionally, the viscous nature of these slurries causes air to 
be entrained in the slurry, which results in a foamy consistency, making the slurries difficult 
to pump. Similar problems are predicted to develop in the Hanford RPP-WTP (Kay et al., 
2003, Zamecnik et al., 2003). 
Nuclear waste is primarily composed of a sodium hydroxide salt supernate and transition 
metal sludge (See Figure 2). While the sludge is mostly inorganic oxides/hydroxides of 
aluminum, iron, nickel and manganese, the waste also contains sodium, carbonate, silica, 
oxalate, manganese, nitrite, phosphate, lead, zirconium, sulfate, potassium, nitrate as well 
as organic complexants and noble metals (Vijayaraghavan et al., 2006). Essentially most of 
the periodic table of elements is represented in nuclear waste derived from reprocessing 
nuclear fuel. Alumina rich sludge slurries tend to exhibit non-Newtonian rheological 
behavior due to floc formation increasing the viscosity and yield stress of the slurry 
(Ribeiro et al., 2004). At a high (≈ >45 - 50 wt. % total insoluble solids) enough solids 
content, the flow characteristics of the slurry can exceed the capability of the processing 
equipment.   
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Sludge 

Supernate 

 

Fig. 2. Non-radioactive chemical simulants of the nuclear waste containing sludge and salt 
supernates (Note the opaque nature of sludges that form concentrated (5 – 50%) Fe/Al 
slurries limiting traditional light microscopy methods)  

During the DOE nuclear waste research and development effort of the 1980’s, a process to 

remove radioactive cesium using sodium tetraphenylborate (NaTPB) to precipitate the 

cesium from salt supernate waste was developed.  The process yielded a potassium and 

cesium tetraphenylborate aqueous slurry that proved to be difficult to process due to gas 

holdup, foaming and rheological issues (Calloway et al., 2001).   Due to significant problems 

associated with the breakdown of tetraphenylborate to benzene, the process was eventually 

abandoned.  Various flow sheets were explored in an effort to reduce or mitigate the effects 

of tetraphenylborate degradation (See Figure 3 and 4). 

However, significant insight into the behavior of solid particles in slurries was developed as 

a part of an effort to reduce foaming in the process.  These studies led to additional research 

into gas holdup, rheological and foaming control, and the need to better understand the 

behavior of particles, gases and liquids from a more fundamental microscopic level. 

 

 

Fig. 3. Simplified flow sheet of NaTPB process to remove Cesium (Cs) from nuclear waste 
supernates (dashed lines indicate unit operations handling opaque slurries) 
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Prior to the development of LSCMs for use with opaque simulated radioactive slurries, only 

bulk slurry properties could be measured and the in-situ behavior of the particles, gases, 

liquids and more importantly the interface region between all three, was not well 

understood. These bulk measurements can also take considerable time and effort. Thus, 

practical development of engineering solutions to the various problems could only be 

accomplished empirically. Fundamental understanding of particle-gas-liquid interactions on 

a microscopic level has ultimately led to improved antifoam agents for nuclear waste 

processing facilities and should eventually help develop rheology modifiers that will allow 

increases in solids concentration in nuclear wastes which will increase plant throughput.  

Thus, further development of the LSCM slurry techniques described within this chapter 

should reduce the overall costs of many industrial slurry processes by furthering the 

understanding of the following process issues: 

• Foaming/Antifoaming 

• Rheology/Maximizing Solids Loadings 

• Air Entrainment/Pump Cavitations 
It is important for the reader to understand that LSCM is just one technique in an arsenal of 

analytical techniques that are available to understand complex opaque slurries.  Traditional 

visual inspection, optical microscopy, and nuclear magnetic resonance, to more advanced 

neutron techniques available at national laboratories can be employed to further understand 

particle interactions within slurries. 

 

Very Little Foaming at 

start of Processing 

Foam Height 

Foam 

Level 

Liquid Level 

% Foaminess ≈ 400 
 

Fig. 4. Foaming and gas holdup in simulated nuclear Organic/Aqueous wastes – Fig. 4A 
shows foaming at the start of the process while Fig. 4B shows the dramatic change in 
foaming at the end of the process.  The slurry is non-Newtonian and solid particles float 
when air is entrained in the slurry 

Fig A 

Fig B
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1.3 Cement-based materials applications 
This section will describe the application of LSCM to characterize the various interfaces that 
exist in cement-based materials, such as pastes, mortars, and concrete.  While the use of 
LSCM for imaging construction materials is not as common as the use of stereomicroscopy 
(petrography) or scanning electron microscopy, advantages associated with LSCM over 
these more often applied techniques suggest that its use in this field could be increased.  
Using LSCM, samples can be imaged without much preparation, thus limiting the 
introduction of artifacts associated with drying, epoxy impregnation, or coating of samples 
for electron microscopy (Marusin, 1995). Because drying and coating are not required, in situ 
changes in microstructure during hydration or due to continuing deterioration can be 
studied using LSCM techniques (Collins et al., 2004a). Furthermore, the inherently porous 
surfaces, characteristic of cement-based composites as well as fracture surfaces, can be 
imaged by LSCM where surface asperities do not affect resolution or focus.  With fracture 
surfaces, LSCM allows for quantification of roughness, which can be related to mechanical 
performance and fracture mechanics parameters (Kurtis et al., 2003; Mohr & Kurtis, 2006).  
Thus, the development and use of LSCM as a characterization technique for cement-based 
and other construction materials has several advantages over conventional characterization 
methods. Here an innovative approach to the use of LSCM to examine aggregate/paste 
interfaces by imaging through aggregates is described (Collins et al., 2004a).  
The microstructure formed at the interface between cement paste and aggregate in concrete is 
known to be generally weaker than both the bulk hydrated cement paste and aggregates 
typically used. As a result, this interface forms the “weak link” in concrete (Mehta & Monteiro, 
2006). The properties of this Interfacial Transition Zone (ITZ) are thus very important and 
often limit the strength, stiffness and impermeability, among other properties, of concrete. The 
characterization of ITZ in concrete is therefore very important in understanding the physical 
structure and mechanical performance of cementitious composites.  
A technique to study interfacial transition zones in concrete using LSCM has been 
developed. Here the technique is used to examine changes in concrete microstructure that 
occur due to a deleterious reaction called alkali-silica reaction (ASR) at the aggregate/paste 
interface. ASR occurs in concrete by the reaction of certain siliceous minerals found in some 
aggregates and alkalis which may be contributed by the cement. The reaction of such 
aggregates, in the presence of water, results in the formation of a potentially expansive 
alkali-silicate gel product. Expansion of the gel can cause cracking of concrete structures.  
Further details on the reaction can be found in Collins et al., 2004b.  
Because the reaction essentially occurs between the aggregates and the alkaline pore 
solution, observations of the aggregate/paste interface are critical to understand the rate of 
reaction, the nature of the products formed, the mechanisms of damage, and the effects of 
various mitigation options. However, in situ imaging of the structure of the reactants 
present at the aggregate/paste interface, without introducing artifacts, has been challenging 
to achieve.  This has been overcome by the use of the “through-aggregate” imaging method 
described herein.  

2. Cement based materials – solid-solid system  

2.1 Through-aggregate imaging of concrete 
The through-aggregate imaging method was developed to characterize the internal 
aggregate/paste interfaces present in concrete. In this new technique, normal aggregate in 
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mortar was replaced with transparent borosilicate glass beads. In addition to obtaining 
images at different depths on the surface of the sample as is usually carried out with the 
confocal microscope, the technique allows imaging into the concrete microstructure. Thus 
reactions occurring inside the microstructure, especially at the aggregate/paste interface can 
also be studied. Three-dimensional rotational images as shown in Fig. 5 were obtained by 
focusing on the interfaces at various z-depths.  
 

 

Fig. 5. Three dimensional LSCM rotational image of glass bead aggregate in mortar sample 

For the study of ASR, the use of the reactive borosilicate glass beads as aggregate allows for 
the examination of the reaction, which is known to initiate at the aggregate/paste interface.  
Effective in situ examination of the progress of ASR was achieved using the new technique 
developed by imaging the same location of the sample at different stages of ASR 
deterioration. The samples were fixed on aluminum templates with three holes that were 
spaced so that the template could fit a custom-made sample stage in a unique position. Thus 
using the LSCM, the same locations were imaged and mapped in the x and y planes using a 
cross hair, indexible stage, and coordinate reader. Further details about the sample 
preparation and the imaging technique can be obtained from Collins et al., 2004a. 
Analysis of the two-dimensional LSCM images, at various z-depths (or depths through 
the aggregate), shows changes in the reflected light intensity with depth and with the 
material being imaged (Fig. 6). At the surface of the sample, a higher light intensity was 
observed at the aggregate/air interface than at the cement paste/air interface, as 
cement absorbs more light (Fig. 6a). The intensity at the aggregate/air interface is the 
reflected light less the refracted light. As shown in Fig. 6b, the intensity at the 
aggregate/paste interface was observed to be lesser compared to the aggregate/air 
interface. The decrease in intensity at the aggregate/paste interface can be attributed to 
the multiple reflection and refraction that the light undergoes at the aggregate/air and 
aggregate/paste interface and also the absorption by the opaque paste at the 
aggregate/paste interface.  
LSCM was also used to obtain two dimensional images (Fig. 7 & Fig. 8) of these mortars, 

similar to stereomicroscopy but with improved focus. These images can be used to track the 

progression of ASR damage in the sample with time.  Typical indicators of damage seen in 

mortar or concrete undergoing ASR, such as cracking in the aggregate (Fig. 7b), increase in 

number of cracks and crack width (Fig. 7c), progression of cracks into the cement paste (Fig. 

7c and 8b), and debonding at the aggregate/paste interface (Fig. 8a) was observed by LSCM. 

LSCM also allows observation of the changes occurring at the aggregate/air interface and 
the aggregate/paste interface with progressive ASR damage (Fig. 9). Fig. 9a shows the 
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reaction product that was detected in the aggregate/air interface at the surface and which 
was observed to extend around the aggregate/paste interface to a depth of -0.19mm, as seen 
in Fig. 9b . Debonding due to ASR at the aggregate/paste interface was also observed in the 
LSCM images; it was characterized by a complete loss of intensity of the reflected light from 
the aggregate/paste interface. 
 

aggregate-air 
interface

intensity map

(a)

aggregate-paste 
interface

(b)

aggregate-air 
interface

intensity map

(a)

aggregate-air 
interface

intensity map

aggregate-air 
interface

aggregate-air 
interface

intensity mapintensity map

(a)

aggregate-paste 
interface

(b)

aggregate-paste 
interface

aggregate-paste 
interface

aggregate-paste 
interface

aggregate-paste 
interface

(b)
 

Fig. 6. LSCM images and corresponding intensity maps of the reference sample at 2 days at 
depths of (a) 0 and (b) -0.19mm 
 

 

(a) (b) (c)(a) (b) (c)
 

Fig. 7. LSCM images of crack formation and progression in the reference sample at (a) 2, (b) 
7, and (c) 26 days 
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(a)
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cracking

(a)

debonding

(a)
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cracking
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Fig. 8. LSCM images of debonding and crack progression in reference sample at (a) 7, and 
(b) 14 days 

 

(a) (b)(a) (b)
 

Fig. 9. LSCM images and intensity maps of the reference sample (corresponding to Fig. 6) at 
67 days showing accumulation of product on the aggregate surface. The images were 
obtained at depths (a) 0 and (b) -0.19mm 

2.2 Reaction products observed at aggregate/paste interface in concrete 
The effect of addition of different lithium compounds (LiCl, LiNO3 and LiOH) on ASR was 
also studied by LSCM. Lithium compounds have been shown to decrease expansion and 
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damage associated with ASR (Kurtis & Monteiro, 2003; Ramachandran, 1998). Here, LSCM 
was used to examine the changes in microstructure, especially those occurring at the 
aggregate/paste interface, with the addition of individual lithium compounds at specific 
concentrations (measured by [Li] / [Na]) to the mix water. 
 

 

Fig. 10. LSCM image of aggregate/paste interface in sample prepared with LiNO3 (Li/Na = 
0.50) at 3 days 

LSCM imaging showed that the samples treated with lithium chemicals (where these 

chemicals were added to the mix water) did not demonstrate any physical manifestations of 

ASR damage nor did it result in cracking due to ASR. However reaction products with a 

different morphology (dendritic or crystalline) were observed at the aggregate/paste 

interface (Fig. 10) using the through-aggregate imaging technique. It is hypothesized that 

these dendritic reaction products could be less expansive compared to typical ASR gel 

products (Collins et al., 2004a). The light intensity at the aggregate/paste interface was also 

reduced tremendously due to the formation of the reaction product, because of the addition 

of another interface in the path of travel of light.  

Thus, LSCM was shown to be a very powerful technique for characterizing interfaces in 
concrete and in the current study alkali-silica reaction was examined using a through-
aggregate imaging technique. Some of the main advantages of the technique developed 
which could increase the use of LSCM to characterize various cement based materials are: 

• Microscopy into the concrete microstructure was possible using the confocal microscope;  

• Compared to scanning electron microscopic imaging, this method avoids introduction 
of artifacts as no special sample preparation techniques such as drying and epoxy 
impregnation are required; and  

• LSCM plane images, when compared to images obtained using a conventional 
microscope, are better focused even when different locations of the sample are not at 
the same z-level.  

3. Radioactive waste slurries – solid-liquid system  

3.1 LSCM applications with radioactive waste slurries 
Very few researchers have applied LSCM technology to opaque concentrated slurries.  
(Schmid et al., 2003) and (Thill et al., 1999) applied LSCM technology to activated waste 
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water sludges to determine volumes, heterogeneity factors, compositions of bacterial 
population and aggregate size.  (Kay et al., 2003) developed the first laser confocal images of 
concentrated (>10 wt. %, See Fig.  2)  Fe/Al simulated radioactive sludges. The motivation 
for this effort was to begin to understand how slurry yield stress and viscosity could be 
improved and to understand the actual internal slurry structure. 
The three dimensional representation shown in Figure 11 represents the true power of 

LSCM for opaque slurry applications (Kay et al., 2003).  This technique allows the slurry to 

be analyzed in an in-situ condition. The microscope has the ability to make both two-

dimensional pictures and three-dimensional representations of a sample.  In the case of 

Figure 11, three-dimensional representations were made by scanning two-dimensional 

images at 1-micron increments.  Image analysis software provided by Carl Zeiss, Inc. was 

used to stack the images together in a two dimensional image that provides a color gradient 

corresponding to the depth of the sample. These three-dimensional representations were 

used to understand the actual physical structure of the slurries.  The slides with simulated 

waste (wet) samples were mounted using 2 drops of the material on a glass slide covered 

with a cover slip.  A drop of oil was added to the top of the cover slip to view through oil 

immersion at 1300X.  Slides were then examined and select images saved with a Laser 

Scanning Confocal Microscope (Model 310 Carl Zeiss, Inc., Thornwood, NY).   

Figure 11 shows a three-dimensional representation of the RPP-WTP AZ102 slurry (Control, 

similar to opaque sludge shown in Fig. 2) using a LSCM.  The scale in the upper left-hand 

corner shows the depth of the image.  The scale in the lower portion of the image shows the 

horizontal scale. The red, green, and blue colors correspond to a depth of 0, 7.5, and 15 

microns in the slurry sample.  The AZ102 slurry particles shown in Figure 11 appear to be 

flocculated into larger (> 5 micron) size flocs.  These flocs are suspended by smaller 

particles.  Figure 11 appears to indicate the slurry is a flocculated, touching network of 

particles (Kay, 2003, Pugh, 1994). Figure 11 represents the first 2D three dimensional in-situ 

model of simulated radioactive high level waste slurry.  Figure 12 is one of the two 

dimensional images that was used to develop the three dimensional model (one or the other 

2D vs 3D) shown in Figure 11. 

3.2 Dispersant use with slurries 
A number of industries handle concentrated slurries such as ceramic (Chou & Senna, 1987), 

paint (Fujitani, 1996; Auschra et al., 2002), ink (Spinelli, 1998) and coal (Baxter & Habib, 

1992). Transportation and processing of these slurries is often necessary highlighting the 

need to understand and control the solid-liquid mixture’s response to flow. The rheological 

properties of the mixture are influenced by the solids content, particle size (Dabak & Yucel, 

1987) and shape, particle interaction (Frith et al., 1987) and the solvent characteristics 

(Russel, 1987).  In water, solids such as alumina can interact through interparticle forces to 

form flocs leading to non-Newtonian rheological behavior.  These flocs immobilize some 

liquid essentially increasing the effective solid volume and thus the viscosity of the solid-

liquid mixture increases (Garrido & Aglietti, 2001).  Dispersants are added to improve the 

flow and handling characteristics of the slurry. Polymeric dispersants, such as polyacrylates, 

are designed with a hydrophilic segment and a hydrophobic segment. Solids are 

encapsulated by the dispersant with the hydrophobic portion absorbed onto the particles 

and the hydrophilic portion extending into the water.  Deflocculation occurs with both steric   
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Fig. 11. Three dimensional representation of simulated AZ102 Hanford slurry with the area 
within the yellow dashed circle showing the most representative sample of the slurry   
 

 

Fig. 12. Two-Dimensional view of simulated radioactive Hanford slurry AZ-102 with 
particles less than 25 micron (µm) in size shown in the dashed circle 

5 μ
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and ionic stabilization of the particle. Treatment of solid-liquid mixtures with the 

appropriate dispersant can lead to near Newtonian rheological behavior and improved 

liquid flow properties especially at higher solids content (Ribeiro et al., 2004). 

Other applications and references using LSCM technology to explore the effects of 

surfactants on various systems are discussed in the solid-liquid-gas systems section of this 

chapter. 

3.3 The rheology of simulated radioactive waste with dispersant 
The use of dispersants has been examined on simulated radioactive waste to improve flow 

properties of slurries (White et al., 2008, Kay et al., 2003). Plate-to-plate rheological 

measurements of the 20 wt% simulated waste slurries with and without polymeric 

dispersant showed at least 30% decrease in the yield stress for the dispersant containing 

samples as shown in Table 1.  The baseline simulated waste slurry yielded a rheology curve 

that is typical for Bingham fluids (Figure 13) with a high initial yield stress (Dean et al., 

2007). Equation 1 describes the two parameter rheology model that is used extensively in the 

drilling fluids industry to describe the flow characteristics of many different types of muds.  

These fluids require a certain amount of stress to initiate flow at the yield point (YP) and do 

not have a constant viscosity. The plastic viscosity (PV) is the slope of the shear stress 

(τ)/shear rate (γ) line above the yield point (YP).  These results are consistent with what has 

been observed with Al-rich sludges in the ceramic industry as is the drop in yield stress 

when dispersant is added (Ribeiro et al., 2004). As more dispersant is added, the slurry 

becomes less pseudoplastic in character and trends toward Newtonian behaviour. 

 

 τ = YP + PV(γ ) (1) 

 
Where 
τ = shear stress 
YP = yield point 
PV = plastic viscosity 
γ = shear rate 
 

 Yield Stress, Pa 

# Description Up Ave.
% 

Diff. 
Down 
Ave. 

% 
Diff. 

1 Baseline 14.0 NA 13.2 NA 

2 3000 ppm Dolapix CE64 7.79 44.2 5.97 54.8 

3 3000 ppm Disperse-Ayd W28 8.83 36.7 7.65 42.1 

4 3000 ppm Cyanamer P35 9.5 31.9 8.78 33.6 

 

Table 1. Rheology data in duplicate for simulated radioactive waste slurries 
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Fig. 13. Effect of dispersant on simulated radioactive waste slurries  (Note the sample with 
dispersant has a lower yield stress moving to curve to more Newtonian behaviour)  

3.4 Examination of simulated radioactive waste with dispersant  
To better understand the effect of the dispersants, a direct method rather than a bulk method 
such as rheology was employed. LSCM offered a way of directly observing the solid-liquid 
mixtures with depth profiling on a micrometer scale. This capability allows the researcher to 
observe changes in the material due to dispersant addition and assess if particle stability is 
occurring.  For the simulated radioactive waste work (White et al., 2008), samples were 
prepared on a Sedgewick Rafter slide that contains a chamber (50 mm l x 20 mm w x 1 mm d) 
suited for containing a drop of slurry. A glass cover was carefully placed over the liquid taking 
care to avoid bubble formation. This sample mounting method allows for viewing of the slurry 

as an undisturbed drop. The solid-liquid mixture (20%wt, 1-5 μm particles) was viewed under 
low (100x) magnification as shown in Figure 14 A & B. Large aggregates, many near 50 μm, 
can be observed in Figure 14 A that are not present in Fig. 14 B.  The Z-contrast detailed the 
unique three-dimensional structural information as shown in Figure 14 C & D and was formed 
by repeatedly scanning at designated depths of 40 images at 10 μm intervals. The topography 
shows large aggregates present in image C without dispersant and not in image D where 
particles have been stabilized with dispersant. These images successfully portray the 
deflocculation of the simulated waste expected from the rheology results on a μm scale.  It 
would be useful to continue developing methods such as specific dyes that highlight the 
dispersant for contrast and higher magnification to see below the μm scale to the particle edge.  

4. Radioactive waste slurries – solid-liquid-gas systems 

A majority of foams are comprised of two phases, typically a gas and liquid-either aqueous 
or organic-containing surfactants. However, foams containing three phases (i.e., gas, liquid 
and solid particles) are also encountered in industry; for example, in the processing of solid 
wastes, food, chemical, and agricultural products.  Radioactive waste presents some of the 
most complex foam-forming systems (Vijayaraghavan et al., 2006; Calloway et al., 2001). 
Wasan et al. (2004) have identified at least two kinds of particles in such three phase gas-
solid-liquid systems: hydrophilic (i.e., water-wet) and amphiphilic or Janus (i.e., biphilic, 
partially wetted by water). The Janus particles are formed due to the non-uniform 
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Fig. 14. LSCM images of baseline-simulated radioactive waste slurry (A & C) and simulated 
radioactive waste slurry with dispersant (B & D) (Note the loss in large aggregates) 

surface energy of crystalline materials present in the wastes (Bindal et al., 2001, Binsk & 
Fletcher 2001). Solids which are not readily wetted with water (i.e., Janus), tend to migrate to 
a liquid-vapor/gas interface. At the interface, the solids essentially block the liquid in the 
foam from draining and therefore increase the stability and duration of the foam. 
Various researchers have explored the use of LSCM to investigate the nature of the solid-
liquid-gas interface in foams (Liu et al., 2009; Zhang et al., 2008; Fujii et al., 2006; Reed et al., 
1997; Lau & Dickinson, 2005; Dong et al., 2010).  Zhang and subsequently Liu investigated 
aqueous foam stabilized with Laponite particles modified by a surfactant.  Laponite forms a 
nearly clear fluid in aqueous systems and makes an ideal model system for exploring 
various effects of surfactants and solids concentration on slurries. Typically, researchers 
investigating Laponite systems use Rhodamine B, which is negatively charged in a basic 
solution and has a maximum excitation wavelength at 543 nm. The modified Laponite 
particles were in effect “labeled” by the fluorescently active Rhodamine B. Excess 
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Rhodamine B was washed from the particle dispersions with deionized water. The LSCM 
was then used to image the particles “labeled” with Rhodamine B. In the Laponite 
application, the LSCM was used to image how the partially hydrophobic or “Janus” 
particles attached to the gas bubble surface. Fujii examined latex-stabilized aqueous foams 
by LSCM in which the laser was operated at wavelengths of 351 nm for excitation of the 
pyrene groups in the polystyrene matrix. Reed and co-workers developed an actual three-
dimensional image of the foam lamella in which the 3D effect can be viewed with the 
appropriate red/green glasses. The liquid portion of the solution was ethanol and 
fluorescein allowing viewing of the liquid fraction of the foam, thus revealing the complex 
three dimensional structures.  Lau used the LSCM to monitor a long sequence of foam 
images at closely spaced intervals to study the dynamic nature of foams over time. 
Researchers at the Savannah River National Laboratory developed a LSCM method to 
capture a complete picture of the Janus particles at the liquid-vapor/gas interface. Figure 15 
shows a two-dimensional image of potassium tetraphenylborate particles (e.g., Janus 
particles) attached to a foam bubble in the slurry.  In this application, excess tetraphenyl 
borate ions in solution and possibly benzene and other trace organic breakdown products 
are excited by the laser. In this case, the “Janus” particles are surrounding the air bubble. 
 

 

Fig. 15. LSCM image of simulated nuclear waste foams.  Janus particles are clearly attached 
to the liquid-gas interface.  Fundamental understanding of these systems has been used to 
develop new antifoams.  Note size of bubble is greater than 25 um in diameter 
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The slides with simulated wet waste samples were mounted using 2 drops of the material 
on a glass slide covered with a cover slip. A drop of oil was added to the top of the cover 
slip to view through oil immersion at 1300X.  Slides were then examined and select images 
saved with a Laser Scanning Confocal Microscope (Model 310 Carl Zeiss, Inc., Thornwood, 
NY). The slurry was not treated with antifoam agent (surfactant). 
Further slides (See Figure 16) of the same NaTPB slurry sample reveal a complex network of 
foam within the slurry which also explains why the solid particles actually float to the 
surface of the solution. 
 

 

Fig. 16. View of NaTPB foam  (Note the entrained bubbles within the solid particles-
Entrained gas allows the solid particles to float to the surface) 

5. Conclusion 

This work demonstrates that LSCM is a useful tool for direct imaging of both complex solids 
and slurries. The integrity of cementitious materials may be examined by imaging the 
microstructure for cracking and debonding (Fig. 7 & Fig. 8) and various interfaces for the 
formation of reaction products (Fig. 9 & Fig. 10). Small scale changes such as gas bubble 
formation in slurries (Fig. 16), a critical factor in the process, may be highlighted. Particle 
stabilization with dispersant (Fig. 14) can be imaged and studied. Once a set of optimum 
parameters has been found for a given material, they can be used and quickly adjusted for 
rapid imaging. Considerable effort is needed to set up operating conditions such as the 
optimum laser, filter, and wavelength. In addition, sample preparation needs to be 

Gas Bubbles
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considered.  Several mounting formats were tested before the Sedgewick-Rafter slides were 
found to preserve the integrity of the slurry sample during imaging by eliminating drying 
or introducing other artifacts.   
Future work should focus on improved image contrast using stains and flurochromes specific 
to the sample to highlight regions. Further, image improvement gains can be achieved by 
applying improved image processing software. Finally, novel methods of sample preparation, 
if required, prior to imaging are critical and should continue to be refined. 
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