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SOLID-STATE NMR CHARACTERIZATION OF ORGANICS IN CEMENT

Frank K. Cartledge', Leslie G. Butler, Marty E. Tittlebaum, Humayoun Akhter, Devi
Chalasani, Michael A. Janusa and Shoulan Yang

Abstract

Solid-state magic angle spinning nuclear magnetic resonance (MAS NMR) has been
applied to cement samples containing water-soluble organics, ethylene glycol, phenol, p-
bromophenol and p-chlorophenol. Cement matrix development has been followed by #Si and
*’Al NMR, which shows the organics, particularly ethylene glycol, to be promoters of

“icate polymerization despite the fact that they reduce the compressive strength of the
r-otes. PC NMR shows that phenol is completely ionized in cement pastes, but with
substituted phenols in the presence of extra added metal salts, ionization is not always
complete. *H NMR on ds-phenol shows that even in mature cement pastes, most of the
phenol is in a liquid-like environment, presumably dissolved in pore waters. When water is
€vaporated, the phenol begins to occupy a bound environment with a binding energy of at
least 23 kJ/mol (5.5 kcal/mol). Relaxation time measurements on the ethylene glycol system
can also be interpreted in terms of a major fraction of the glycol dissolved in pore water and
a minor fraction bound to cement surfaces. Clearly, knowledge of the effects of additives on
cement matrices and the chemical forms of wastes after cement treatment are prerequisites to
understanding and optimizing waste immobilization.

Key Words: Portland cement, solidification/stabilization, nuclear magnetic resonance,
phenol, ethylene glycol, silicate polymerization, white cement.

! Author to whom correspondence should be addressed at the Department of Chemistry,
Louisiana State University, Baton Rouge, LA 70803-1804, USA.
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Introduction

Portland cement plays a major role in contributing to the solution of various
environmental problems, particularly those related to wastes that inevitably must be disposed
of in the land. Cement additions improve the physical properties of some major waste
streams, such as fly ash and gypsum, to the point that they may be put to practical use in
construction projects. In cases of waste streams with a higher content of toxic constituents,
particularly heavy metals, the technology referred to as solidification/stabilization (S/S) may
be applied to immobilize toxic constituents prior to disposal, and Portland cement is the most
common constituent of the binder systems used for this purpose.!

The hazardous waste disposal problem is a major national priority. After the best
efforts to minimize production of waste and to treat those waste streams (mainly organic-
containing) that can be detoxified (through chemical treatment or incineration, for instance),
it is still estimated that 16 million metric tons per year are candidates for S/S treatment and
landfilling.? In addition to these recurring waste streams, there are many cases of land
contamination arising through historical malpractice or inadvertant spills for which S/S is
also a viable treatment possibility. The best known examples are the so-called Superfund
sites, and up to $20 billion dollars are spent annually on remedial actions at such sites.

There is a strong tendency to use the most economical possible means for treatment of
hazardous wastes, and S/S is frequently a strong competitor for that position because of the
fact that cement is relatively cheap, and the technology required to mix and place the
solidified product is relatively simple. Given this background, it is particularly important to
understand the process and to be able to assess its potential for effectiveness when applied to
a particular waste stream.

Although there is a significant foundation of work aimed at understanding cements
and their hydration reactions, fundamental work devoted to defining the chemistry of the S/S
process is all Iess than 10 years old. For a number of years, we have been conducting
research that has as a principal aim the understanding of the detailed chemistry of S/S
systems. In practical terms, the two most important questions to address are the extent of
immobilization of hazardous constituents and the permanence of the matrix structure and
properties under environmental stresses. Clearly, one would ideally like to be able to relate
the former (the chemistry of the system) to the latter (practical performance), and that has
been a major goal of this research.

The binding agents in common use in S/S are normally cement-like materials
(Portland cement, lime/fly ash mixtures, cement and lime kiln dust, etc.), and a variety of
additives are also common.' Thus, a major complication to detailed study of the process
(indeed, a complication to the practical applications as well) is the complexity of the mixtures
involved, and in some cases also the variability from batch to batch of major ingredients such
‘as fly ash and kiln dust. In the current work we have restricted ourselves mostly to
relatively simple Portland cement systems with a few common additives.

However, even Portland cement alone is already a formidably complex mixture that
defies complete characterization. It contains mainly silicate and aluminate minerals, but
some are crystalline and some are amorphous, and minor constituents can have important
effects on the system. Any specific characterization technique gives only limited
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information. Consequently, we have used 2 variety of microscopic and spectroscopic
methods to generate complementary sets of information; however, the present paper will
emphasize applications of solid-state nuclear magnetic resonance spectroscopy (NMR).

Solid-state magic angle spinning (MAS) NMR has been used in our studies in several
different ways, but principally to characterize the developing cement matrix as hydration
occurs. The solid-state Si and A1 MAS NMR Spectra contain peaks, often overlapping
ones, that correspond to Si in five different environments and Al in two different
environments. The 2°Si chemical shifts depend mainly on the degree of condensation of
silicon-oxygen tetrahedra.>** The symbol, Q, represents a Si atom surrounded by four
oxygen atoms. A superscript following the Q shows the number of other Q units attached to
the Si atom under study. The principal transformation occurring during cement hydration, as
followed by NMR, is the formation of chains containing Q! (chain-terminating) and Q’ (chain
lengthening) units starting from the orthosilicate ions (Q% present in the cement
clinker.%”#%1% The Joss of Q° units as a function of time is a measure of the overall
degree of hydration of the cement clinker and agrees well with calorimetric measurements of
degree of hydration.” Mature cement paste without metal additives contains mainly Q' units,
with a smaller proportion of Q? units, and little or no Q?* (chain branching) or Q*
(crosslinking) units.

Hydration of aluminate phases, which account for roughly 10% of the cement clinker,
occurs more rapidly than that of the silicate phases. The chemical shift differences between
the 4-coordinate Al atoms present in the clinker and the 6-coordinate Al atoms in the
hydrated aluminates can be followed as & function of time in the A1 NMR spectra, as was
initially shown for hydration of tricalcium aluminate.!! In all samples of cement clinker
that we have examined, both 4- and 6-coordinate Al are present initially, and different lots
from different manufacturers show wide variation in the ratio of the two types of Al peaks.

_ Hydration almost always converts the mixture essentially completely to 6-coordinate Al.

' A second, qualitatively different, kind of NMR information comes from proton
relaxation time measurements, which can define the number of different environments for
hydrogen atoms (contained in water molecules or OH ions) that are present in the cement
paste, and the proportions of the total in each environment. These techniques also have been
applied to cement hydration previously, usually to white (low iron content) cement in order
to avoid paramagnetic effects on relaxation times 121314

The present paper will show the range of information that is available from NMR
about cement-waste systems by looking in detail at one class of wastes, water soluble
organics. Some of our earliest work on S/S concerned phenols and ethylene glycol (EG) in
Type I Portland cement, and it involved leaching and extraction studies, SEM with EDAX
analysis, x-ray powder diffraction and a variety of physical measurements, including set
times and unconfined compressive strength, MO0 The NMR information
gathered in that study has never been published, and we have come back to these organic
systems recently to apply some more sophisticated experiments. One of our initial goals was
to determine the degree of homogeneity of waste distribution in the matrix, so we chose
substituent groups on the phenol ring that would make EDAX analysis more simple:
consequently, p-chloro- and p-bromophenol were extensively investigated. We have also
shown in separate studies that CI does not become detached from the aromatic ring during
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solidification in OPC,* hence detection of Cl means detection of the substituted phenol.
The water soluble organics are of real interest in S/S studies, because they are common
constituents of waste streams that contain both organics and inorganics.
are water soluble, they are not effectively immobilized toward water lea
m  ires are taken. _

There 1s a substantial history of studies of interactions of the unsubstituted phenol
(PhOH) with cement. It has been assumed in the cement literature that PhOH is converted to
calcium phenoxide in contact with cement clinker. Indeed a qualitative test for the presence
of free lime in clinker involves treatment with PhOH in nitrobenzene and water and
microscopic observation of the characteristic long needles of "calcium phenoxide" 2
Phenol and mono-substituted phenols typically have pKa’s in the range 9 - 11, and the pH of
pore waters in hydrated cements is very basic, up to about pH 12.5. Consequently, the
potential for conversion of phenols to their anions exists, but the extent of conversion may
depend upon a number of factors controlling the acidity of the phenol and the basicity of the
pore waters. The cation present in overwhelming amount is Ca’*, consequently a Ca
phenoxide would be expected. It has recently been shown® that combination of equimolar
quantities of Ca(OH), and PhOH produces PhOCaOH, not (PhO),Ca, and the latter can only
be formed under forcing conditions with continuous removal of water. It is possible to
distinguish ionized from nonionized phenol by solid-state *C NMR, since the ipso-carbon of
the aromatic ring shifts upfield by about 7 ppm in either PhOCaOH or (PhO),Ca compared to
PhOH.Z

Polyhydroxy organic compounds have also been extensively studied with respect to
their retardation of cement hydration, and EG is the simplest example of this class. These
species, in contrast to the phenols, have the potential for chelation of metal ions, including

Ca**, and this effect has often been cited as the cause of the sometimes dramatic retarding
effects of this class of compounds.

However, since they
ching unless special
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Resuits and Discussion

Phenol effects on cement

We have investigated the organic/cement interactions from
the point of view of the effects of organics on the developing cement matrix, as well as the

influence of the cement environment on the organic. The former results will be discussed
first. Unless specifically stated, all of the results presented refer to samples prepared with
Type I Portland cement using a 0.5 water-to-cement ratio and containing 10% by weight of
the organic. In the presence of 10% p-chlorophenol (pCP), setting times are approximately
doubled, compared to cement alone, and strength is slower to develop.' However, the 28-
day compressive strength is the same as that of the cement paste without pCP. The effects of
p-bromophenol (pBP) are similar, but setting is slightly slower and the 28-day compressive
strength is about 10% lower. EG has a larger effect, approximately tripling the time to final
set and decreasing the 28-day strength by 20%. We have also investigated these samples
using SEM and X-ray diffraction (XRD).* SEM and XRD do show matrix changes with
increasing proportions of organic. There is decreasing crystallinity, as judged qualitatively
from SEM and from the increasing background noise relative to sharp peaks in the XRD
patterns. Nevertheless, even at 20% by weight phenol, both transmission electron
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microscopy? and XRD>'*'® still show Ca(OH), to be present in the matrix. XRD shows
increasing occurrence of new sharp peaks not present in cement alone. Comparison of XRD
patterns of phenol-containing cements with those of Ca salts of phenols prepared separately
show peak coincidences, but enough of the salt peaks are obscured by noise or overlapping 4
stro. _ cement peaks that it is not possible to positively identify the salts in the phenol-cement |
mixture.?*
The physical property measurements are a reflection of rate of matrix development,
which can also be followed by NMR. Figure 1 shows a plot of the loss of orthosilicate units
as a function of time for OPC alone and for OPC containing 10% by weight pCP, pBP,
PhOH and EG. At 4 and 8 hours into the hydration process, pCP, pBP and EG actually
accelerate formation of silicate dimers and lower molecular weight oligomers, but by 24
hours, the OPC hydration has clearly progressed to a greater extent. At 28 days there is a
substantial range of % hydration, with the EG-containing sample exceeding OPC and the
PhOH-containing sample lagging farthest behind.
The NMR experiment affords considerable information in addition to simply overall
hydration rate. With various additives we have seen very large differences in the proportion
of Q" units in the mature paste. For instance, lead additions promote silicate polymerization
at long cure times, whereas arsenic additions retard it. The phenols have relatively small
effects, but do appear to promote polymerization. Despite the fact that overall % hydration
is lower for all the phenol mixtures at 28 days, the proportions of Q units are essentially the
same: OPC alone, 24%; OPC + 10% PhOH, 24%; OPC + 10% pBP, 26%; OPC + pCP,
25%. EG promotes polymerization to a much greater extent; the proportion of Q* units at 28
days being 56%. From many determinations with a wide variety of cement mixtures, we are
confident that we can consistently reproduce the proportions of silicate units to + 4%.
It is clear from this study that there is not a simple relationship between compressive
str~==th and either % hydration or silicate matrix development. In studies of cement pastes
wi. _ut additives, it has been shown that increasing degree of hydration, and particularly
increasing proportion of Q? units (both measured by NMR) correlate well with increased
compressive strength.”® By contrast, the EG-containing sample described above has both
greater % hydration and proportion of Q? units, but a 20% lower compressive strength.
Al NMR shows very small differences between OPC alone and the organic-
containing samples. There is minor retardation in the conversion of tetrahedral Al (Al[4]) to
octahedral Al (Al[6]). In OPC pastes, that conversion is almost complete at 1 day, but with
the organics there is still 10% or more Al[4] at 1 day. Nevertheless, all the samples (in ‘
contrast to some metal salt-containing samples which we have investigated) do progress to
almost 100% Al[6] by 7 days. }

Cement effects on phenol Some time ago we reported data on extractions of EG !
from pulverized solids prepared from Portland cement and 10% by weight glycol.'® That
work used pure solvents of varying polarities and also multiple extractions. We concluded
that the glycol appeared to occupy more than one environment because polar, aprotic solvents
like dimethyl sulfoxide extract much less glycol than water and because multiple extractions
even with water did not account for 100% of the glycol. Similar results are obtained for
pBP.¥ Water extracts a relatively high proportion of phenols (40% to 60%) from cement-




solidified samples, but the proportion decreases substantially between 90 days and 1 year of
cure - down to 9% recovery for pBP at an original loading of 10% by weight.

In recent work, we have applied some additional NMR techniques to look more
closely at the environment of the organic components within the cement matrix. We noted
“1bove that it is possible to follow the development of several phases of the cement matrix by
looking at the time evolution of relaxation times for protons in the curing cement paste. The
spin grouping technique allows deconvolution of the observed relaxation time into several
components arising from protons in different environments. We have applied this technique
to glycol-containing samples, but looking at the protons attached to carbon, not those
attached to oxygen. We have followed the spin lattice relaxation time for samples prepared
with white (low iron content) cement and D,0, and adding 10% of EG-D,, DO(CH,),0D.
For the first 24 hours of the hydration process, the proton relaxation can be assigned to two
components with relaxation times of 1000 and 200 ms, and magnetization fractions of 88%
and 12%, respectively. The minor component, relaxing at the greater rate, is probably
glycol adsorbed on the surfaces of cement grains, since at short hydration times iron is likely
to be present in the solids, thus promoting relaxation of surface-adsorbed species. The
second component is likely to be glycol dissolved in the D,O present in the pores. The latter
Is a reasonable assumption, since we will present evidence shortly that indicates that PhOH,
another water-soluble organic, is also mainly present as a solution in pore waters.
Unfortunately, in the case of EG-D,, at longer cure times the relaxation becomes more
complex, and it is not possible to use the spin grouping technique successfully. In practice,
we have found this to be the case when there are multiple components present which do not
differ from one another in relaxation time by a factor of at least 5.

The case of phenols in cement is somewhat more complex, since the phenols are weak
acids that can potentially exist under the conditions of cement hydration as either ionized or

nonionized species. We have used *C NMR to investigate samples of solidified cement
containing 10% PhOH, pBP and pCP. C NMR shows that there is considerable variation
in the proportions of ionized and nonionized phenol in the matrix depending on the length of
time of cure and the presence of heavy metals along with phenol. Figure 2 shows spectra of
PhOH alone, PhOCaOH alone and a cement sample containing 10% PhOH cured for 2
months. Compared to PhOH, the Ca salt shows coalescence of the ortho and para carbon
peaks, and a substantial difference in chemical shift for the Ipso carbon. It is the latter shift
that is most easily identified in the spectra of the cement samples, such as 2(c), which shows
complete ionization to the salt. However, with other additives in addition to a phenol, and at
different times of cure, ionization is not complete. We have found cases, as shown in Figure
3, where the phenol is completely nonionized at 7 days of cure, but completely ionized at 2
months. Also, we have seen samples, such as that containing Pb(NO,),, which show the
phenol to be partly ionized. It is not surprising that the relationships are complex, since the
nature of the various additives present determine the basicity of the pore waters, which is
presumably the major determinant of whether the phenol will be ionized or not.

Thus far, the NMR methods described are ones that have been applied by other
workers to cement samples, although not ones containing wastes. Experimental descriptions
are available in the cement literature. The next set of experiments uses solid-state deuterium
NMR, and since the methods are somewhat less familiar, the experiments will be described
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in greater detail. {{D ew is an excellent probe for obtaining the details of

molecular motidfis T solids. Based on a line shape analysis, reorientation modes can be

distinguished from one another, and reorientation rates measured in the region of about 10°

t«c "Us71. The methods have been applied to the study of motions in a variety of systems,

inciuding proteins, lipids, organometallics and polymers. In H NMR, there are four factors

that determine the transition frequencies: the Larmor frequency, the quadrupolar coupling
constant, the asymmetry parameter, and the angle between the z-axis of the electric field
gradient and the applied magnetic field, Ho.” The *H line shape is symmetric about the

Larmor frequency and is composed to two sets of transitions. The |0> — |-1> transition

varies from an offset frequency of -65 kHz to +131 kHz, with the latter corresponding to the

z-axis of the electric field gradient aligned with the applied magnetic field and the former
corresponding to perpendicular alignment (which is more intense due to a sin (6) weighting

factor). For a C-D bond, the electric field gradient z-axis is roughly aligned with the C-D

bond vector. If there is motion on a time scale faster than that defined by the separation

between the rf pulse of the quadrupolar echo sequence, then one obtains an average of
transition frequencies. However, the mode of motion affects the averaging process.

The present work involves phenol which has had all of the ring protons substituted by
deuterium. If one assumes that the oxygen atom is anchored, and the phenyl ring is
undergoing rapid 180° flips about the C-O bond then the averaged H spectrum will appear
as shown in simulation in Figure 4. For slow exchange, the bottom spectrum will be seen,
and spectra can be calculated for various stages in between fast and slow exchange. The
actual spectra were obtained on samples prepared from white (low iron content) cement,
water at a 0.5 w/c ratio and ds-phenol at PhOH/c ratios of 0.1, 0.01 and 0.001; spectra were
acquired at 30.7 MHz on a Bruker MSI1.200 solid-state spectrometer. The basic pulse
program was a quadrupole solid echo pulse sequence: 90, .-t;-90,-t,-acquire, . The 90°

'se length was 3.0 us, and t;, was 25 us; the second delay, t, was adjusted to the echo
maximum. Approximately 2000 to 3000 scans were averaged for each experiment. ’H spin-
lattice relaxation times were measured with the inversion recovery technique, using the
quadrupole echo pulse sequence with a [180°-7-] prior to the pulse sequence.

Figure 5 shows spectra obtained for pure ds-phenol at 37 °C (a), pure ds-phenol at 27
°C (b) and 10% ds-phenol in cement cured in an NMR tube at 20 °C (c). Spectrum 5(a) is
obtained near the melting point of PhOH and shows a single narrow resonance which
indicates that the phenol has liquid-like mobility. Near room temperature, the line shape 1s
broader, but the motion 1s more complicated than just 180° ring flips and probably includes
libration as well. The phenol in cement sample 1S dominated by the liquid-like spectrum, but
the shoulders of the spectra are evidence of 180° ring flips as well.

_ Figure 6 shows spectra for 10% ds-phenol in cement, all taken at room temperature:
6(a) sample cured for 2 months in a sealed glass vial, then crushed; 6(b) the previous sample
after storage for an additional T0-months; 6(c) sample cured for 2 months, then crushed and
dried in an oven for 36 hours.at 90°. Clearly, these spectra show more bound phenol than
5(c). In order to determine the percentage of bound phenol, the phenol in cement spectra
have been fitted to a model consisting of a simple Gaussian representing the liquid-like
phenol and the line shape corresponding to fast two-site jump motion (180° flips). The
percentage of deuterons undergoing ring flips is: 5(c), 44 + 2; 6(a), 55 + 2; 6(b), o
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6(c), 95 + 3.

The spectra in Figure 6 represent samples which have had increasing opportunity for
water evaporation. We interpret the result to mean that under ordinary circumstances phenol
is prr tin cement pore waters in ionized form, but mostly dissolved in the water, not as a
solid calcium salt. As the capillary pore water is evaporated, an increasing proportion of the
phenol shows a bound oxygen and a ring undergoing 180° flips. The latter environment
could be a precipitated Ca phenoxide salt or phenoxide bound to surface Ca.

The spectra containing bound phenol correspond to fast exchange, and thus T,
measurement must be used to determine the ring flip rate. Over a wide range of
temperatures (200 - 360 K), a narrow range of T,’s (7 - 20 ms) was obtained. We believe
that we were constrained to this small range due to the interference of paramagnetic
relaxation. Because T, data cannot be obtained outside this region, the quality of the data for
samples showing 180° ring flips is not sufficient to allow the determination of an activation
energy unambiguously. There also appears to be a distribution of activation energies within
the solid-like component that cannot be resolved. However, based on constant spectral
intensities and line shapes between 260 and 360 K, and the T, data, we assign jump rates, k
> 10°. Using a preexponential factor of 4 x 10 s and the lowest temperature at which
constant intensity and line shape was obtained (260 K), an activation energy for 180° ring
flips of 23 kJ/mol (5.5 kcal/mol) is obtained.

If the binding energy of the phenol in the cement matrix is no more than about 23
kJ/mol, then it is not surprising that the phenol is easily leached by water. Solvation
energies can provide a driving force that can easily overcome such weak binding. However,
the binding may be much stronger if the phenol is adsorbed on a material like an
organophilic clay prior to solidification with cement; at least leachability is greatly
reduced.” The techniques described above should be applicable to determining the
prop  on of bound phenol (or other labeled organic) and the binding energy in many
situations that would be of real interest for S/S technologyg

Conclusions

Water-soluble organics, including ethylene glycol (EG), phenol (PhOH), p-
bromophenol (pBP) and p-chlorophenol (pCP), have been solidified in Type 1 or white
Portland cement and studied by solid-state NMR spectroscopy. All of the following
information is available from the NMR experiments, and some of it is uniquely available
from that source.

All of the organics initially promote silicate dimerization in the first few hours of
hydration, but then become retarders. At long cure times, all are promoters of
silicate polymerization, but only EG yields a paste with a higher overall % hydration
than OPC alone. The degrees of hydration and degrees of polymerization are not
correlated with compressive strength of the pastes, since all of the organics diminish
strength. Conversion of aluminates from tetrahedral to octahedral coordination is
somewhat retarded by all of the organics.
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Relaxation time measurements on DO(CH,),0D/D,0 as a hydrating medium for OPC
show that the glycol partitions itself into two environments over the first 24 hours of

- hydration. The major portion is believed to be dissolved in pore waters, the minor
portion adsorbed on cement surfaces. After 24 hours, the relaxation becomes more
complex and cannot be further interpreted. Presumably additional environments make
contributions to the relaxation.

(S

13C MAS NMR shows that phenols are normally completely jonized in cement pastes

" at loadings up to 10% by weight. The jonization is not always complete in the
presence of extra added salts, such as Cd(NQO,), or Pb(NO,),, but varies with cure
time.

Deuterium NMR of ds-phenol in cement shows that the majority of the phenol
occupies a liquid-like environment even up to 2 months of cure. That environment is
believed to be the phenoxide anion dissolved in pore waters. When water 1s
evaporated from the paste, increasing proportions of the phenol occupy sites in which
the oxygen atom is anchored and the aromatic rings under 180° ring flips. The
activation energy for the ring flips is approximately 23 kJ/mol, which represents a
minimum for the binding energy of the phenol to the cement matrix. Relaxation time
measurements indicate that there may be more than one environment for the bound
phenol.

The data above provide a good understanding of the reasons that water-soluble
organics are not effectively im mobilized by Portland cement alone. The NMR techniques are
re~dily applicable to many other cement systems, including ones where the immobilization is
. _h more effective, and are providing very fundamental information about the
solidification/stabilization process.
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Figure 1. Percent hydration (measured by the loss of orthosilicate units in the 2Si NMR) as a
function of time for pastes prepared from Type I Portland cement with 10% organic and w/c =
0.5
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Figure 2. “C MAS NMR spectra of PhOH, PhOCaOH and 10% PhOH in OPC cured for 2
months (w/c = 0.5).
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Figure 3. “C MAS NMR spectra of 10% p-bromophenol in Type I Portland cement pastes

containing also 10% by weight of Cd or Pb from the nitrate salts, cured for variable lengths of
time.
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Figure 4. Simulated deuterium NMR line shapes for ds-phenol anchored at oxygen and
undergoing either fast (above) or slow (below) 180° ring flipping motions.
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Figure 5. Deuterium NMR spectra of ds-
solid at 27 °C; (¢) as a 10%

phenol (a) as a pure semi-solid at 37 °C; (b) as a pure
mixture in white cement cured for 28 days in an NMR tube,
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Figure 6. Deuterium wide-line NMR spectra of 10% ds-phenol in white cement; (a) sample
cured 56 days then crushed; (b) 56-day crushed sample stored for an additional 10 months; (c)
56-day crushed sample heated at 90 °C for 36 hours.
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