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COAL AND COAL CONSTITUENTS STUDIES BY ADVANCED EMR TECHNIQUES
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government.  Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.

ABSTRACT

Advanced magnetic resonance (EMR) methods are used to examine properties of coals,
chars, and molecular species related to constituents of coal. During this grant period, further
progress was made on  proton NMR and low-frequency dynamic nuclear polarization (DNP) to
examine the interaction between fluids such as water and the surface of suspended char particles. 
Effects of char particle size and type on water nuclear spin relaxation, T2, were measured and
modeled.
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EXECUTIVE SUMMARY

The main advanced magnetic resonance methods employed in this project are  (1) very
low frequency pulsed dynamic nuclear polarization (DNP) spectroscopy for the study of the
interfaces between coal-like particles and the water medium in which they are suspended, (2) W-
band (100 GHz) electronic magnetic resonance (EMR, EPR, or ESR) spectroscopy to provide an
analytical tool to discriminate among very similar chemical species that are constituents of coals
and closely related materials such as chars, and (3) a variety of proton nuclear magnetic resonance
(NMR) techniques to measure characteristics of the water in contact with the particle surfaces and
pore spaces. As detailed in previous semiannual progress reports to DOE, DNP behavior has
revealed a transient chemisorption of water molecules on the external surfaces and/or pore walls
of carbon char particles manufactured from particular wood precursors in highly controlled
pyrolyses. 

The current report describes the second part of a study of NMR relaxation of water
protons in char particles suspended in water.  In the first part of this study (see the previous
semiannual report), a strong particle size influence on NMR transverse proton relaxation in
aqueous suspensions of several newly synthesized carbon based chars was found. The current
report describes new supporting experiments and a model  that help interpret these findings. The
main conclusions include these: The dependence of the transverse relaxation of water protons on
particle size in these suspensions of several newly synthesized carbon based chars can be
interpreted quantitatively in terms of a two-stage molecular exchange model. A porous cage effect
leads to slow exchange between molecules inside and outside pores in contrast to fast molecular
exchange processes at the solid-liquid interface, where the usual two-site formalism can be
applied. Owing to increasing surface-to-volume ratio, the corresponding transverse relaxation
times of water protons in aqueous char suspensions are shortened as the size decreases. Surface
properties strongly effects the relaxation times. The more the hydrophilic character of the surface,
the shorter the relaxation times at the solid-liquid interface. The strong particle size effect on the
transverse relaxation time of solvent protons seen in char suspensions makes possible the rapid
and easy measurement of relative particle sizes in different kinds of suspensions by an NMR
pulsed technique. 

INTRODUCTION

As described in Part I of this study [1], an understanding of intermolecular interactions
and molecular motion at the solid-liquid interface is of central importance to research concerning
heterogeneous catalysis, fluid penetration of engineering plastics and ceramics, and biological
perfusion. Studies of molecular diffusion and relaxation processes in paramagnetic porous
materials provide valuable information about surface relaxivity and spin dynamics at the solid-
liquid interface [2]. Over the past two decades, many different magnetic resonance methods have
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been used in studies of paramagnetic centers in carbonaceous solids as well as in studies of the
surface diffusion of solvents adsorbed on charcoals [2-8]. EPR spectroscopy has shown that
unpaired electrons responsible for the paramagnetism of chars exist in stable organic free radicals
created during the heat-treatment carbonization [2,3]. Surface diffusion of solvents adsorbed on
charcoals already has been the subject of NMR relaxation studies [4-6]. An NMR chemical shift
technique also has been applied to study the molecules adsorbed on charcoal and silica gel [7,8].
Self-diffusion coefficients in porous media, measured by different kinds of Pulsed-Field-Gradient
NMR, have been the object of intensive theoretical and experimental studies [9-13]. In spite of
significant progress in these studies, the electronic structure of char paramagnetic centers and the
process of free radical formation during carbonization, as well as the state of water at the
paramagnetic surface, are not yet fully understood. So far, no theoretical calculation related to the
electronic structure has been carried out for carbon based chars.  Part I [1] described NMR
relaxation time experiments designed to improve our systematic state of knowledge of chars,
coals, and similar carbon-based materials in water suspensions. Findings are summarized in Table
1, reproduced below. The current report, Part II, describes a model and additional experiments
helping to interpret and draw several conclusions from these findings.

MEASUREMENTS

The NMR relaxation measurement procedures are described in Part I [1].   The materials
studied were samples of chars produced by a controlled low-temperature pyrolysis of
carbonaceous materials, including hardwood, starch, and fructose, under H  flow.  The2

procedures are detailed in Part I [1].  DNP measurement procedures are described in previous
reports. In tests for effects by soluble paramagnetic species that might exist in the chars, char
particle suspensions were leached  in pure water for several hours, the water was extracted, and
NMR proton relaxation times measured to compare with those of the original pure water and of
the water in the char suspensions.

RESULTS and DISCUSSION

The chars used in this study have a well-developed porous structure, leading to multi-
exponential NMR magnetization decays and several relaxation times. Spin-echo decay analysis
shows the presence of two basic components [1] with different relaxation times that represent
more than 90% of all water molecules in the sample. One of them represents 2-9% of water
molecules, has comparatively short relaxation times T  . 3-10 ms, and demonstrates a weak char p

particle size dependence. This component can be attributed to the water molecules mainly in pore
spaces where they are undergoing restricted diffusion and multiple collisions with the
paramagnetic walls in a porous cage [22]. High resolution proton NMR usually fails to observe
this component. The porous cage effect leads to a slow exchange process between molecules
inside and outside the porous structure. Another relaxation component represents 80-85% of
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water molecules in char suspensions, and has much longer T  relaxation times, as well as a strong2

char particle size dependence (see Table 1, reproduced from Part I [1]).

Table 1.  Observed Proton Transverse Relaxation Time (T )  (in sec) as a2 obsd, i

Function of 180  Pulse Interval in  CPMG Sequence  τ  in Aqueous Char Suspensionso

Reproduced from reference [1].

No.
   Char        

particle
size  

τ, ms

(µm)       0.2 1.0 2.0 5.0 10.0

 1 850 ± 170 0.743 ± 0.04 0.722 ± 0.04 0.754 ± 0.04 0.741 ± 0.04 0.720 ± 0.04

 2 450 ± 90 0.632 ± 0.03 0.624 ± 0.03 0.636 ± 0.03 0.651 ± 0.03 0.648 ± 0.03

 3 250 ± 50 0.470 ± 0.02 0.495 ± 0.03 0.467 ± 0.02 0.432 ± 0.02 0.461 ± 0.02

 4 100 ± 20 0.208 ± 0.01 0.210 ± 0.01 0.202 ± 0.01 0.213 ± 0.01 0.196 ± 0.01

 5 50 ± 10 0.100 ±0.005 0.087 ±0.005 0.079 ±0.004 0.086 ±0.004 0.086 ±0.005

It was important to test whether the shortening of the relaxation times in char suspensions
could have been caused by any soluble paramagnetic ions or free radicals from the particulates.
Therefore, the sample chars were leached in pure H O for several hours, followed by H O2 2

extraction. The relaxation times of this extract were even longer by 7-10% than in pure water! 
The fact that proton relaxation in the extract was no faster than in pure water implies that there
were essentially no easily soluble paramagnetic species in the char samples. The slight slowing of
proton relaxation in the extract suggests at least two possibilities: (1) that the char worked as an
absorbent, removing residual paramagnetic materials existed in  the distilled water used in these
experiments, or (2) that it had some other small chemical effect, such as a change in pH.

The simple two-stage exchange model shown in Fig. 1 is invoked as a basis to
account for the observations reported in Table 1.  It has been clearly shown [11-13, 17] that the
relaxation times of solvent nuclei decrease as the surface-to-volume ratio for solids increases,
which is a result of the fact that the solvent molecules near the surface have different properties
from those in the bulk phase. Usually the solvent molecules at the surface layer undergo more
restricted motion as well as faster electron-nuclear relaxation due to the presence of free radicals
in chars;  there is a gradual change in physical properties of the solvent molecules at the surface to
those in the bulk phase as the distance from the surface increases. Exchange processes between
solvent molecules at the surface as well as fast molecular motion are responsible for this gradual
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Pores º     Surface º    Bulk volume

               Slow Exchange         Fast Exchange

Figure 1.  Schematic illustrating the existence of two basic components in transverse NMR
relaxation of water protons in char suspensions. Porous cage effect leads to slow exchange
between molecules inside and outside pores, in contrast to fast molecular exchange process at
solid-liquid interface.

change of solvent properties. The intensity of exchange as well as the direct influence of the
surface on T  can strongly be affected by the character of the char surface [21,22].2

The systems under study can be described by the following equation [23]:

(T  )  = P /T  + P /T                                                (1)2 obsd, i s,i 2s b,i 2b
-1

where (T  )  is the experimentally observed relaxation time of the sample with a particle size i2 obsd, i
-1

(see Table 1); P   and P  are the probabilities that the exchanging molecules are on the surfaces,i b,i

and in the bulk water, with relaxation times T  and T , respectively. Taking into account that P2s 2b b,i

= 1 - P , one can represent formula (1) in the forms,i

(T  )  = P (T   - T   ) + T                                        (2)2 obsd, i s,i 2s 2b 2b
-1 -1 -1 -1

Since P  is proportional to the total surface area of particles in the sample of size i, equation (2)s,i

can be expressed as a function of particle dimensions. 

Let us assume that particles with average linear dimension R  occupy a volume V with ai

filling coefficient k, and that the volume of each particle is equal to ηR , where η is thei
3

volumetric coefficient of particle shape.  In this case the total number of particles  N   in thei

volume  V  will  be equal  to 

N  = kV/η R                                                           (3)i i
3

The surface area of each particle can be represented by θR , where θ is surface area coefficient ofi
2

particle shape. Now one can calculate the total surface area of N  particles in the volume V:i

N ×θR  = kθV/ηR                                                       (4)i i
2

If water occupying volume V(1-k) in char suspensions creates a layer of thickness h on the surface
of each char particle, then the volume V  of such a layer can be estimated by the formulas,i
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Fig. 2. Observed transverse relaxation rate of water
protons as a function of particle size in hardwood char
suspensions.

V  = kθhV/ηR                                                        (5)s,i i

In this case, the relative fraction of the molecules in the surface water layer (and the probability
that the exchanging water molecules are on the surface) is expressed by 

P  = V /V(1 - k) = kθh/η(1 - k)R                                        (6)s,i s,i i

Now formula (2) can be represented in the form

(T  )  = (R /R )P (T   - T   ) + T                                (7)2 obsd, i 1 i s,1 2s 2b 2b
-1 -1 -1 -1

where R  is the average dimension of a reference particle, and P  is the fraction of surface water1 s,1

associated with the reference sample. A particle of any size can be taken as a reference, and in this
analysis we used the largest particle size (see Table 1). 

Equation (7) indicates that the (T  )  is a linear function of (R /R ) with  a  slope  of 2 obsd, i 1 i
-1

P T  , if for simplicity one takes into account that the relaxation time on the paramagnetics,1 2s
-1

surface T  is much shorter than T  in bulk water. Figure 2 shows a plot of (T  )  for2s 2b 2 obsd
-1

hardwood char suspensions as a function of the ratio of the sample particle dimensions; it is in
good agreement with formula (7). In accordance with (7) the curve passes through  T   at 2b

R /R  = 0, and the fitting procedure1 i

gives a reasonable value of the
relaxation time in bulk water,  T2b

. 2 s,  which  is  close to the
corresponding relaxation time of
the distilled water (2.3 s) used in
these experiments. 

Using Eqs. (6) and (7), one
can estimate the relaxation time T2s

of water protons on the
paramagnetic surface of chars
according to the following
expression 

T   = [(T  )  -  T  ]R ηH2s 2 obsd, i 2b i
-1 -1 -1

H(1 - k)/kθh + T    (8)2b
-1

The volumetric concentration
0.82±10% g/cm  of char particles3

in suspensions was used in these
experiments, which means that the
coefficient k in (8) is 0.82. Because
all samples were ground by agate
mortar to avoid orientational
effects due to possible needle
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shapes, it is reasonable to assume that the particle shape is close to spherical, which leads to well
known ratio for spheres:

θ/η = 4π/(4π/3) = 3                                                            (9)

A rough and ready estimate of the thickness h of the water layer closest to the char
particle surface is chosen commensurate with the dimension of a water molecule h . (2×1.5) D.
With these assumptions, calculations give the water proton relaxation time on the paramagnetic
surface of chars as T  . 0.5×10  s, which is comparable to the electron relaxation time, 1.5×102s

-5 -6

s (300 K), that we previously measured [21] for free radical paramagnetic centers in hardwood
chars.

The deviation of char particle shape from spherical to elongated needle results in a gradual
decrease of water proton relaxation time T  at the surface. Calculations show that an increase of2s

the length of the char needles (micro cylinders) by 20% leads to a T  decrease of 6%.2s

Using a CPMG pulse sequence, we measured T  as a function of the 180   pulse period τ,2
o

but observed only a little variation of T  with τ over the range mentioned in the previous section2

(Table 1). It is well known [11] that the magnitude of the nuclear spin transverse relaxation time
(T ) in solutions is decreased by molecular diffusion in the inhomogeneous magnetic fields created2

by an applied external magnetic field or by microscopic heterogeneity in the sample. The system
described is a heterogeneous one; therefore, there is good reason to observe a diffusion effect in
T  measurements by the spin-echo technique. The small variation of T  seen at widely different2 2

pulse intervals in the CPMG sequence can be explained by a mechanism suggested by Hills et al.
in [24]. They showed that if relaxation on the solid-liquid interface was short enough, the
following condition is fulfilled,

(T  )  >> *∆ν*                                                       (10)2 Surface
-1

where ∆ν is the isotropic Knight shift of the water protons on the paramagnetic surface. Under
these conditions, the observed transverse relaxation time should not depend on the pulse interval
τ. This is in fact what we observed for the hardwood char system.

Recently, we showed that aqueous suspensions of hardwood chars studied in this work
exhibited a positive Dynamic Nuclear Polarization (DNP) effect [25].This is strong evidence for
the presence of an electron-nuclear Fermi contact interaction at the solid-liquid interface. The
contact interaction demonstrated for the first time that there is electron delocalization from
paramagnetic centers on the char surface to water protons in the solvent, since the contact
interaction demands that there be a non-zero value for the electronic wave function at the nucleus
[26]. The value of the intermolecular hyperfine contact constant  a . 6×10  MHz at the surface of-3

chars was determined in our work [21] by means of a DNP technique at low magnetic fields. The
corresponding paramagnetic shift can be calculated with the following formula [23]:

∆ν = - a ν  gβS(S +1)/(g β 3kT)                                     (11)N N N

where ν  is the proton resonance frequence, S is the electron spin value (S = ½) and the otherN
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parameters have their usual meaning. Calculations for ν  = 6 MHz give ∆ν . 23 Hz providingN

that condition (10) is fulfilled. It should be noted that the corresponding line is not observed in
high resolution NMR spectra because of the fast proton relaxation of water molecules on the
paramagnetic surface of chars.

Finally, it should be noted that the relaxation data demonstrated a strong dependence on
surface properties. Table 2 shows the dependence of (T )  for water protons in char suspensions2 obsd

prepared from different starting materials. Each sample was prepared under similar thermal
treatment conditions and sieved to the same particle size (50 µm). In accordance with our
observations in [22] the data indicate that the more hydrophilic character of hardwood chars (in
compare with starch and fructose) leads to shorter transverse relaxation times at the solid-liquid
interface.

Table 2. (T )  of Water Protons in Aqueous Char Suspensions2 obsd

for Different Starting Carbonaceous Materials
Material (T ) ,, s2 obsd

Hardwood 0.100±005
Starch 0.18±0.01

Fructose 0.53±0.03

CONCLUSIONS
1. The dependence of the transverse relaxation of water protons on particle size in aqueous

suspensions of several newly synthesized carbon based chars can be interpreted quantitatively in terms
of a two-stage molecular exchange model. A porous cage effect leads to slow exchange between
molecules inside and outside pores in contrast to fast molecular exchange processes at the solid-liquid
interface, where the usual two-site formalism can be applied. Owing to increasing surface-to-volume
ratio, the corresponding transverse relaxation times of water protons in aqueous char suspensions are
shortened as the size decreases. 

2. Surface properties strongly effects the relaxation times. The more the hydrophilic character
of the surface, the shorter the relaxation times at the solid-liquid interface. 

3. The transverse NMR relaxation time of water protons on the paramagnetic surface of chars
T  = 0.5×10 s (300 K) is comparable the with EPR relaxation time of free radical paramagnetic2s

-5

centers in the char.
4. The paramagnetic shift ∆ν of water protons on the surface of chars is much less than their

transverse NMR relaxation rate on the surface; *∆ν* << T . The inequality is responsible for the2s
-1

independence of the NMR transverse relaxation times on the interval τ in the CPMG pulse sequence
used in these experiments. 

5. The strong particle size effect on the transverse relaxation time of solvent protons seen in
char suspensions makes possible the rapid and easy measurement of relative particle sizes in different
kinds of suspensions by an NMR pulsed technique. 
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