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Abstract 

Synchrotron X-ray microtomography shows vesicular structures for 

toluene/cement mixtures, prepared with 1.22 to 31.58 wt% toluene. Three-dimensional 

imaging of the cured samples shows spherical vesicles, with diameters ranging from 20 

to 250 pm; a search with EPMA for vesicles in the range of l-20 pm proved negative. 

However, the total vesicle volume, as computed fro:m the microtomography images, 

accounts for less than 10% of initial toluene. Sincle the cements were cured in sealed 

bottles, the larger portion of toluene must be dispersed within the cemlent matrix. 

Evidence for toluene in the cement matrix comes from 29Si MAS NMR spectroscopy, 

which shows a reduction in chain silicates with added toluene. Also, 2H NMR of dg- 

toluene/cement samples shows high mobility for all, toluene and thus no 

toluene/cement binding. 

A model that accounts for all observations :foll.ows: For loadings below about 3 

wt%, most toluene is dispersed in the cement matrix, with a small fraction of the 

initial toluene phase separating from the cement paste and forming vesicular 

structures that are preserved in the cured cement.. F’urthermore, at loaldings above 3 

wt%, the abundance of vesicles formed during toluene/cement paste mixing leads to 

macroscopic phase separation (most toluene floats to the surface of the cement paste). 



Introduction 

Synchrotron X-ray microtomography, electron probe microanalysis (EPMA), and 

solid-state nuclear magnetic resonance (NMR) spectroscopy are used as a 

complementary set of techniques to probe tolueneicement structure. 

Microtomography yields three-dimensional images of the samples, roughly cubic 

sections nearly a millimeter on a side, with a digital resolution here of 7.2 urn. This is 

the first application of microtomography for examining waste stabilization in a cement 

matrix. 

Cements and similar materials are used to stabilize/solidify a variety of 

hazardous wastes.l-6 The technology has two broad mechanisms of action: physical 

isolation of the wastes through formation of a relatively impermeable solid matrix and 

chemical interactions that alter the chemical specia.tion of the waste or bind the waste 

to the matrix. The first mechanism acting by itself is generally insufficilent to assure 

environmental isolation of the wastes, since the common matrix materials, such as 

portland cement, have an elaborate, often connected, pore system that allows material 

transport.7!8 Thus, characterization of the chemilcal interactions occurring during 

solidification/stabilization (S/S) is an important goal of research into this technology. 

Despite increasing understanding of S/S in both a fundamental and applied 

sense, one aspect of the technology continues to be controversial; namely, the 

applicability to wastes containing organic materia1.s. Numerous publications can be 

cited which contain statements to the effect that cement-based S/S, often with 

appropriate additives, has real potential for treatmen.t of waste streams or 

contaminated soils that contain organics. g-12 Furthermore, many actual remediations 

of waste sites contaminated with organics have been carried out using cement-based 

S/S, usually with some secondary containment system such as slurry walls or 

liners.13-15 Nevertheless, there are also literature statements such as: “The available 

data regarding the S/S of organics do not demons’trate the effectiveness of this 

treatment method.” 16 Several problems with organics are often cited,. including 

interferences with cement setting reactions and lack of strong chemical interaction 

with matrix materials. 

The present paper describes the application of techniques not previously used to 

study S/S, leading to a new understanding of the process as applied to organics. This 

work looks at toluene encapsulated in portland cement as an example in which little 
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chemical interaction between organic waste and the matrix is expected. Toluene has 

limited solubility in water, 535 mg/L at 25 “C. I7 Thus, a reasonable expectation during 

cement solidification would be phase separation from. the cement paste in the form of 

randomly dispersed vesicles. Significant questions are: what is the size of these 

vesicles, is th.e vesicular structure dependent upon toluene loading, and is all toluene 

contained within the vesicles? 

Experimental Section 

Sample Preparation. Seven toluene/cement samples were prepared for 

microtomographic analysis. Samples were prepared ‘with Type I portland cement, 

deionized water, and toluene in the quantities listed in Table 1. Each toluene/cement 

sample was prepared by mixing cement, water, and toluene in a plastic bowl and 

stirring thoroughly. However, for the two samples with initial toluene concentration 

greater than 3%, some toluene remained pooled atop the cement paste even after 

fifteen minutes of mixing. The cement/toluene slurry was then poured into 20 mL 

scintillation vials and sealed. While some toluene does evaporate during mixing, 

based on our previous experience with total 1each.Q of toluene from toluene/cement 

mixtures, reliable sample preparations and curing in sealed scintillation vials is 

expected for the <3 wt% toluene/cement samples. 5 Samples were cured at ambient 

temperature for two months. Just prior to microtomography, the glass vials were 

scored with a file, broken open, and the intact cement blocks weighed in air. A 

diamond-tipped core drill yielded cylindrical samples 5 mm in diameter and 5 to 10 

mm long. As formed, the 5 mm thick samples were too optically dense at 18 keV for 

analysis. With file and emery cloth, the cylinders were reshaped to irregular polygons 

with maxim.um dimension along the X-ray path of 3 mm. Samples made with 

perdeuterated toluene were handled similarly, thlough sized to fit within 5 mm NMR 

sample tubes. In addition, the dg-toluene/cement salmples were stored1 in capped vials 

and refrigerated between NMR experiments so as to retard dg-toluene evaporation. 2l 
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NMR was done after two weeks of cure. 

Table 1. Composition of Toluene/Cement Samples a.nd Microtomography Results 

sample cement/g water/g toluene/g %toluene(wt/wt) Voxelsa 

1 50 19 0.866 1.24 1530 

2 50 18 1.732 2.48 7493 

3 50 17 2.598 3.73 2851 

4 50 20 0.0 0.0 0 

5 50 20 0.866 1.22 2864 

6 50 20 1.732 2.41 6434 

7 50 20 2.598 3.58 665 

8 15 5.5 0.52b 2.5 not measured 

9 15 5.3 0.7b 3.33 not measured 

aNumber of voxels counted in the sample with an. X-ray absorptivity less than 3.3x10-4 

O.D./voxel. The total number of voxels in the cropped 3D data set for each sample is 

1.575x106 (=150x150x70). 

bd8-toluene,. 

Summary of Cure Times: For microtomography, all samples were cured for two 

months in sealed vials, then broken out the day of the imaging. The same samples 

were latter examined by EPMA after 8 months total cure, and by solid-state 13C and 

29Si NMR at 9 months. The dg-toluene/cement samples were studied after a cure of 

two weeks. 

Microtomography. Synchrotron X-ray microtomography was performed at 

Beamline X27A at the National Synchrotron Light Source, Brookhaven National 

Laboratory with aluminum/zirconium filtered white radiation from a bending 

magnet and a synchrotron beam energy of 2.5 GeV. The peak X-ray flux after filtering 

was centered at about 18 keV which is sufficiently penetrating to pass through 3 mm 

thick cement samples with minimum beam hardenjlng 18 ; the samples had a 

maximum a.bsorptivity of 0.13 O.D. The absorptivity of the samples calculated from 

the raw data were used to renormalize the absorptivity values of the microtomography 
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data. A YAG:Ce scintillator with peak emssion at 550 nm was used to convert the X- 

ray projection data into a visible image, which was then focused via a 45” mirror and a 

microscope objective onto the CCD camera. The projection data were acquired with a 

Photometrics PXL camera interfaced to a SGI Indy;: th.e camera contained a Kodak 

KAF-6300 CCD with 9 lkrn square pixels in a 3072x2048 array and sample’d with a 12-bit 

digitizer. For the 3D imaging, the exposure time per projection was 0.3 to 1.0 sets 

(depending mainly upon synchrotron beam current), with 4x4 binning and a field of 

view of 767 x 120 square pixels. The digital resolution of 7.2 ym was based on the 4x4 

binning and X5 optical magnification between the scintillator and the calmera. A total 

of 451 projections were acquired at 0.40” increments for sample rotations spanning 

180”. The CCD images were corrected for white field response. Two-di:mensional slice 

images were taken using a fast Fourier filtered back-transform algorithrn that 

implements a gridding technique for fitting to cart:esi.an coordinates.I920 Some 

reconstructions were done on an S-node symmetric multiprocessing Pention farm. 

Three-dimensional volume data sets constructed from a sequence of slices; 120 slices 

were collected at 7.2 pm spacing. Images were cropped from the processed 567x567~120 

voxel data sets to 150x150~70 voxel data sets so as t:o exclude exterior sarnple surfaces. 

NMR Spectroscopy. 29Si MAS NMR spectra were collected on a Chemagnetics 

Infinity 400 MHz with a 4.5 ,us 90 O 29Si pulse, proton Idecoupling, and CYCLOPS phase 

cycling.21122 The pulse recycle delay was 1 s and the MAS spin rate wa:s 6 kHz. The 

chemical shift was set based on the -9.9 ppm resonance in tetrakis(trimlethylsilyl)silane 

(TTMSS) used as an external reference. Zirconia rotors, 7.5 mm outer diameter, 

holding a sample volume of about 300 mm3 were used. From the solid cement 

samples after nine months of cure, five mm diameter cores were drilled, inserted into 

the rotor, and empty spaces packed with a-Al2O3. In some cases, instead of cores, 

partially crushed cement fragments were used. 2H NMR was done with a high-power 

static probe and a quadrupolar echo pulse sequence.23J24 
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Electron Probe Microanalysis (EPMA). Two samples, after 8 months of cure, 

were set into epoxy, cut with a water-cooled diamond saw, and ground and coarse- 

polished with alumina, fine-polished with diamond, and carbon sputter-coated to 

insure a conductive surface for EPMA imaging andi analysis. Images were obtained 

with a JEOL 733 superprobe with secondary electron detector (for surface irregularities), 

backscatter electron detector (for compositional variation, since the backscatter 

coefficient is a function of average atomic number), and X-ray mapping using energy 

dispersive x-ray detector. Quantitative analysis was done by four wavelength 

dispersive x-ray detectors, using silicate and carbonate standards, and correcting for 

matrix absorption, fluorescence, and atom number. Though H20 cannot be measured 

directly by these techniques, it is commonly estimated to within 1 wt% by difference 

from 100% of the oxides analyzed. 

Results and Discussion 

Two issues are addressed in this work: Does microtomographic imaging 

provide new insight into waste/cement interactions? What is the fate of toluene in 

toluene/cement mixtures? In this work, microtomography easily answered some 

questions, but other questions arose which were b’etter addressed with IEPMA and 

solid-state NMR studies.. 

The microtomographic images show that toluene leads to vesicle formation in 

the cured cement, as seen in these renderings of tlhe 1.24 and 2.49 wt% toluene/cement 

samples (Figure 1). The view shown is cropped, or extracted, from a larger image of 

the sample cross section. Cropping is done to eliminate surface artifacts from the 

analysis; dust at the sample surface is not shown in these interior images. The image 

dimensions are 0.972 mm x 0.972 mm x 0.583 mm, corresponding to a I mg sample 

mass and a 15 Mbyte data set. Not shown is an irnage of 0 wt% toluene/cement; the 

cement grain structure is similar to those in Figure I, but lacks vesicles. 
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The vesicles are roughly spherical, are randomly distributed throughout the 

sample, and have diameters ranging from 20 to 2510 pm. The X-ray absorption of the 

cement ranges from 3.5-8x10-4 O.D./voxel while the vesicles are less than 3.3x10-4 

O.D./voxel. The contrast between cement matrix and vesicles allows convenient 

visualization of the vesicle structures with an isosurface plot, as shown in Figure 2a, b 

for 1.24 and 2.49 wt% toluenelcement samples. T!he isosurfaces are computed at an X- 

ray absorption of 3.3~10~~4 O.D./voxel. No vesicles are found in the reference cement 

sample, 0 wt% toluene/cement, therefore, vesicles are correlated with -toluene 

concentration. On the basis of the poor solubility of toluene in water, 535 mg/L at 25 

“C 17 , the low X-ray absorptivity of the vesicles, and1 the correlation of vesicles with 

toluene loading, the vesicles contents are assigned. as toluene. It is not known if, at the 

time of microtomography, the vesicles were filled with toluene. Because of the small 

sample size,, sample heating from the X-ray beam,, and the volatility of toluene, the 

vesicles may have been filled with air. In this sense,. the structures are the fossil 

remains of toluene-filled vesicles formed in the first hours of the cement cure. 

Volumetric analysis of a three-dimensional image encompasses ,a wide range of 

techniques, ranging from simple histogram analysis to thresholding and octree 

decomposition. 25r26 For this work, the total vesicular volume is calculated by 

counting27 all voxels with X-ray absorptivity less’ th.an 3.3~10~~ O.D./voxel; these 

counts are listed in Table 1. 

Shown in Figure 3 is a plot of total vesicular volume for each sample, converted 

to wt% toluene/cement, versus the wt% initial toluene/cement in the cement paste. 

The conversion from counted voxels to wt% toluene/cement is done via 

wt% toluene c =lOOx- 
voxels with absorbance < 3.3 x lOA O.D. 

in vesicles c - all voxels 

where the density of toluene is 0.8669 g/cm3 and the density of cured cement is 2 

glcm3.7 There is a distinct trend in the measured fraction of toluene found in 
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vesicles. First, there appears to be a minimum of 0.7 wt% initial toluene/cement 

required for vesicular formation, based on a linear fit through the four data points in 

the range 1.22 to 2.48 wt% initial toluene/cement. Second, the observation made 

during sample preparation of samples with >3 wt% initial toluene/cemjent, a pooling 

of toluene atop the cement paste, is reflected as a reduction in total vesi.cular volume 

in the cured cement. As a guide for further discussion, these two factors are 

summarized in Figure 3 with a preliminary fit to the data; the solid line shows the 

threshold with a linear function and the dashed line reflects the gross phase separation 

observed during sample preparation. 

It is useful to consider the hypothetical situ,ation of encapsulation of all toluene 

in vesicles. In this limit, the maximum possible w% toluene in vesicle:s has a slope of 

unity, with a threshold (x-intercept) given by toluene solubility in water, as shown in 

Figure 3 (dotted line). ‘The difleerence between the dotted and solid lines indicates the 

amount of toluene dispersed zoithin the cement matrix (see insert in Figure 3). Here, 

dispersed means toluene that is contained within the cement matrix in a form other 

than as a liquid within 20-250 urn vesicles. On the: basis of the microtornography data, 

the fraction of dispersed toluene is quite large, always more than 90% of all toluene 

(excluding the >3 wt%, samples for which toluene pooled atop the cement paste). 

Toluene dispersed in the cement matrix is invisible in the microltomography 

experiment. There is no significant image contrast between the cement: matrix and the 

cement matrix containing 1-2 wt% dispersed toluene. Image contrast could be created 

by chemical modification, for example, bromine- or iodine-containing toluene analogs. 

Since we wish to focus on toluene, the search for (evidence of toluene dispersed in the 

cement matrix continues with other experimental techniques. 

One possible fate for the dispersed toluene is inclusion in vesicles with a size 

smaller than can be seen by microtomography. A setarch for vesicles in the range of l- 

20 urn was done with EPMA (backscattering), Figure 4a,b, for 0 and 3.58 wt% 
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toluene/cement, respectively. These 2D images show and confirm the larger vesicles 

observed earl.ier with microtomography, but they d.o not show a signific(ant number of 

l-20 pm vesicles. On the basis of critical size stability for emulsions 28 and growth 

theory for crystals and vesicles, especially as recast for cement hydration29/30 , this is 

not an unexpected result. In brief, in the cement p,aste, a small liquid-filled vesicle 

with a high surface-to-volume ratio is not thermodynamically stable with respect to 

larger vesicles and lower surface-to-volume ratios. However, mass transport limits 

the ultimate size of the toluene-filled vesicles, which are formed during initial cement 

mixing and the early stages of cement cure. 

A second possible fate of dispersed toluene :is within the cement-silicate-hydrate 

gel phase (CSH gel). If so, toluene may affect the cement grain chemistry. It is well- 

known that organic liquids do reduce the final cement strength.7 The lhigh wt% 

toluene/cement samples in this study were noticeably softer than the p.lain cement 

sample. Normally in hydrated cement, cement grains (nominally, tricalcium silicate) 

are surrounded by a reaction zone consisting of CSH gel, the main structural phase of 

cement.7/29,30 In cement hydration, the cement gra:in slowly dissolves in water, 

releasing calcium and silicate ions that react and precipitate as CSH gel. Cement 

chemistry was measured with EPMA elemental analysis and solid-state 29Si NMR. 

The high-resolution EMPA images, Figure 4a,b, shtow the cement grains with 

dimensions of lo-20 urn. A comparison of the reaction zone chemistry for the two 

samples, as measured by EPMA elemental analysis, Figure 5, shows only a minor 

difference. Another measure of cement chemistry comes from 29Si NMR 

spectroscopy. The peaks labeled QO, Q1, and Q2, are assigned to monomeric, dimeric, 

and chain silicate units, respectively. Unreacted cement grains contain only 

monomeric silicate, so the growth of the QI and Q2 peaks at the expensle of QO is a 

measure of the extent of cement hydration. 31132 Thle Q2 peak, attributed to chain 

silicate units, is reduced in amplitude as toluene 1 ‘s added to the cement:, Figure 6 and 
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Table 2. This is a clear indication of intimate contact between toluene and the cement 

phase, much more than can be expected for toluene encapsulated in vesicles, and 

therefore, largely separated from cement chemistry. 

Table 2. 29Si NMR Results 

wt% Toluene ‘Y!O Qo O/o QI 

0 37 38 

1.22 40 44 

1.24 40 44 

2.41 38 51 

2.48 62 23 

3.58 39 36 

3.73 40 46 

%Q2 % hydration 

25 63 

16 60 

16 60 

11 62 

15 38 

25 61 

14 60 

Can dispersed toluene be detected directly? We explored this issue with both 2H 

and I3C NMR spectroscopy. While I3C NMR is attractive for use with non- 

isotopically enriched toluene, our tests showed that the low loadings and possibly large 

line widths prevented effective 13C NMR spectroscopy. Useful spectra ‘were not 

acquired either with a cross polarization/magic angle spinning or with ,a single pulse 

(with proton. decoupling) experiment. Hence, we explored isotopically-enriched 

toluene/cement samples with the use of dg-toluene. Solid-state 2H NMR spectra of 

freshly prepared 2.5 and 3.33 wt% dg-toluene/cemen.t show a single liquid-like 

resonance. The liquid-like resonance is consistent with d8-toluene encapsulated in 

vesicles. Interestingly, there was no evidence of a second toluene component with a 

solid-state like resonance, i.e., d8-toluene entrappled in the cement matrix so tightly as 

to restrict molecular motion. 23 This observation indicates that toluene, even when 

dispersed in the cement matrix, is not chemically ‘bound to the cement phase, but 
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rather remains highly mobile at the molecular scale. 

Conclusion 

Synchrotron X-ray microtomography is an effeictive imaging technique for 

probing waste structures in matrices. The 3D images have the necessary resolution to 

observe features at distance scales important to the sample. Also, the 3D images are 

intellectually stimulating, leading to additional inquiries with high-resolution 2D 

EPMA and solid-state NMR spectroscopy. 

The toluene/cement system shows the com:plementary nature of three 

experiments: 3D tomography, high-resolution 2D electron microscopy (including 

elemental analysis), and solid-state NMR spectroscop.y. MicrotomograpIhy shows a 

minor toluene component exists as vesicles with sizes from 20 to 250 pm. EPMA 

shows no significant vesicle structure unique to the toluene/cement samples at a size 

below the 7.2 pm digital resolution of tomography irnages. The microprobe elemental 

analysis shows a slight change in the reaction chemistry of the cement grains as a 

function of added toluene, an observation which is supported by the solid-state 2%i 

NMR spectra. Also, direct observation of toluene was made with 2H NMR of 

dg-toluene/cement samples; the spectra show a single toluene component having 

liquid-like mobility. The conclusion reached is that most toluene is intimately mixed 

at the molecular level with the cement matrix, yet retains high molecular mobility. A 

smaller component forms discrete vesicles. Lastly, at high initial loadings, the 

toluene-filled vesicles agglomerated during mixing, gross phase separation occurs, and 

toluene floats to the surface of the cement paste. 
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List of Figures 

1. 

2. 

3. 

4. 

Microtomography images of (a) 1.24 and (b) 2.49 .wt% toluene/cement rendered to 

show vesicles in cement. The image dimensions are 0.972 mm x 0.972 mm x 0.583 

mm (150x150~70 voxel data sets), corresponding to a 1 mg sample mass and a 15 

Mbyte data set. 

Isosurfaces of (a) 1.24 and (b) 2.49 wt% toluene/cement drawn to sh.ow the vesicle 

structure. The isosurfaces enclose volumes with an X-ray absorptivity of 3.3x10-4 

O.D./voxel or less. 

The microtomography results show only a sm.all fraction of initial toluene is 

encapsul.ated in vesicles. For O-2.5 wt% toluene/‘cement, the wt% t:oluene in 

vesicles is modeled (solid line) with a threshold for vesicle formation of 0.7 wt% 

toluene/cement, followed by a linear function. For > 3 wt% toluen.e/cement, 

toluene pools atop the cement during sample preparation, and a near constant 

wt% toluene in vesicles is then expected (dash.ed line). The dotted line represents 

the limiting behavior if all toluene is encapsulated in vesicles. The difference 

between the dotted and solid lines is the toluene dispersed in cement, as shown in 

the insert. 

Backscatter electron image of (a) 0 wt% and (b) 3.58 wt% toluene/cement samples. 

Magnification is approximately 1000x, and a bar scale representing l0 llrn is 

included. This pair of images was taken in a search for possible l-20 pm vesicles 

in the 3.58 wt% sample, not present in the 0 wt”/cl sample. Since a Ilarge number of 

such vesicles is not found, the conclusion is mad.e that the large fraction of 

toluene not contained in the 20-250 pm vesicles must be intimately dispersed in 

the cement matrix. Numbers represent analytica. points found in Figure 5. High 

greyscale contrast points such as 10, 11,3, and 4, apparently represent grains of 

unreacted tricalcium silicate, whereas the intermmediate greyscale points such as 12, 

13, 5-8, apparently represent a range of complex Ihydration products. 
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5. EPMA elemental analysis of 0 wt% and 3.58 wt% toluene/cement samples. 

Unreacted tricalcium silicate grains have typical compositions.33 Reaction 

products are likely mixtures of hydrous calciu:m silicate, calcium hydroxide, and 

other materials, and again have compositions, in.cluding total levels of hydration, 

about 25 wt%, typical of reacted cements. 34 The minor differences in the reaction 

zone chemistry between the two samples does1 not provide proof thlat toluene is 

well dispersed in the cement matrix. 

6. 29Si MAS NMR spectra of toluene/cement samples. The QO resonance at -70 

ppm is largely due to unreacted orthosilicate. As the toluene content increases, 

there is a reduction in the amplitude of the Q2 resonance at -84 ppm, indicating a 

reduced chain silicate formation, and thus, intimate mixing of toluene with the 

cement paste. Spinning sidebands are labeled (“:I. Legend for sample numbers in 

( )* 

16 



(a) 1.24 wt% toluenekement 

(b) 2.49 wt% toluenekement 

vesicle 
.I 

Fig 1. 



(a) 1.24 wt% toluenekement 

toluenekement (b) 2.49 wt% 

vesicle 

Fig 2 



pasmha auarqo~ % 

II-I 1 I f I I - 

m 
.o, 
LL 



S4bl OOOMPS black-white ct 

Fig 4a 





_ ’ 

r 

60 

40 

20 

0 

Cement 

reaction 
grain zone 
Cl 0 

___-________________-----__---- m______-_n_-_--_ 

I I I I 

3.58 wt% Toluene/Cement 

grain 
0 0 

reaction 
zone 

cl CaO 

0 SiO2 

0 A1203 I- 
O _____________________-______---_____----__________--_-___------_. 

0 cl 
17 

____--_________________________o--_______--~________ _-----_________-________________________________________~______--_~_________~___________________. 

0 
0 

0 0 0 

1; 103 

0 0 0 0 
0 Q I I 0 

10 

Q 

11 

I I 

Point Number 

1 . 

Fig. 5 



I 
. . 
. 

(6) 2.4k 

aw-__-- 
(1) 1.24% 

.,J+----- 

a---_____ 
(5) 1.22% 

a\ -------?Eo 
II ---_A 

0 -40 -80 -120 -160 

29Si chemical shift/ppm 

Fig. 6 



* * , 
c 

200 100 0 -100 -200 
C+.,,.,,,,../l,U, 
~‘lcyuclILy/hlIL 

Fig 7 


