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Potentials of radio-frequency field gradient NMR microscopy in
environmental science
F Humbert
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An understanding of transport, flow, diffusivity and mass transfer processes is of central importance in many fields of
environmental biotechnology such as biofilm, bioreactor and membrane engineering, soil and groundwater
bioremediation, and wastewater treatment. Owing to its remarkable sensitivity to molecular displacements and to
its noninvasive and nondestructive character, pulsed field gradient (PFG) nuclear magnetic resonance (NMR) can be
a valuable tool for investigating such processes. In conventional NMR microscopy, spatial encoding is achieved by
using static magnetic field gradients (B, gradients). However, an interesting alternative is to use radio-frequency
magnetic field gradients (RF or B, gradients). Although the latter are less versatile than the former, RF field gradient
microscopy is particularly suitable for dealing with heterogeneous systems such as porous media because of its
quasi-immunity to background static magnetic field gradients arising from magnetic susceptibility inhomogeneities,
unlike the B, gradients microscopy. Here, we present an overview of basic principles and the main features of this
technique, which is still relatively unused. Different examples of diffusion imaging illustrate the potentialities of the
method in both micro-imaging and the measurement of global or local diffusion coefficients within membranes and at
liquid—solid interfaces. These examples suggest that a number of environmental problems could benefit from this
technique. Different future prospects of application of B, gradient NMR microscopy in environmental biotechnology
are considered. Journal of Industrial Microbiology & Biotechnology (2001) 26, 53—61.
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for studying translational molecular diffusion is pulsed field
gradient (PFG) nuclear magnetic resonance (NMR) [8,53]. As
a noninvasive method, unlike the conventional methods, it allows
observation of molecular displacements in the range 0.1-100 pm
[44] without interfering with internal processes. Moreover, when
combined with NMR imaging, localized velocity and self-diffusion
coefficient maps can be obtained. Applied at high spatial resolution,
this method is termed dynamic NMR microscopy [8]. These
features make PFGNMR spectroscopy the method of choice not
only for measuring diffusion coefficients (under favourable
circumstances to less than 10~ '3 cm? s~ ! [44]) of solutes in
chemical and biological systems but also for probing the
environment of diffusing molecules, for example, the size and
permeability of cells in biological tissues [35,42] or the pore size
in porous media [34]. However, this method is still relatively
unused in environmental science. Only a few recent papers
demonstrate that PFGNMR is a reliable method for studying the
diffusion processes in sludges, biofilms and clays [4,36—
38,40,57,60]. In conventional NMR microscopy, spatial encod-
ing is achieved by using static magnetic field gradients (B,
gradients). However, in heterogeneous systems, magnetic
susceptibility differences between different microregions, for
example between a solid matrix and the pore fluid, can lead to
substantial magnetic field gradients that interfere with externally
applied field gradients. These susceptibility -induced gradients are
called “internal or background gradients” and cause distortions
in imaging and diffusion measurements [26]. Numerous

Introduction

An understanding of fluid-transport processes is of central
importance to many investigations in environmental biotechnology.
Thus, in biofilm and bioreactor engineering, investigation of
mechanisms for transport of water, nutrients and antimicrobial
agents within biofilms via measurement of local diffusion
coefficients in the interstitial voids and in the cell clusters of
heterogeneous biofilms [3,7,54,61] is of particular interest to
know the biofilm structure and development [2,50] and to
optimise bioreactors [ 13,49,55]. Soil and sediment bioremediation
also needs knowledge of mechanisms responsible for the migration
of pollutants (organic molecules [11,30,47], heavy metals
[27,41]) and the influence of transport processes on the
bioavailability of organic xenobiotics [20,43,56]. Wastewater
treatment is another field in which transport processes are crucial
(e.g., transport processes in granular sludge [36], characterisation
of the floc structure and sedimentation [ 15], the hydration state of
sewage sludges [32], and membrane filtration technology). To
date, the most widely used methods in environmental sciences for
studying transport processes are the fluorescence recovery after
photobleaching (FRAP) technique possibly combined with
confocal scanning laser microscopy [3], the limiting current
technique and microelectrodes [61 ], tracer techniques and effluent
breakthrough curves [51]. Another method of particular relevance
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methods [17,29,33,39,58] have been proposed to mitigate these
harmful effects. They require very strong gradients [31,48] or
sophisticated experimental techniques [18]. In addition, the
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efficiency of these methods depends strongly on the strength and
nonuniformity of background gradients, on diffusion times, on
the diffusion coefficient values and on the size of regions
possessing different magnetic susceptibility [26]. To avoid
problems related to background gradients, an alternative of
choice is to use radio-frequency field gradients (B, gradients).
Indeed this technique is quasi-insensitive to magnetic suscept-
ibility differences within the object under investigation [46].
Furthermore, its experimental set-up is relatively simple.

The aim of this paper is to review the basic principles and the
main features of B; gradient NMR microscopy. Some examples
recently obtained in diffusion imaging will highlight the
potentialities of the technique in both micro-imaging and
diffusion measurements and will show that B; field gradient
NMR microscopy could be a valuable tool in environmental
science.

Spatial encoding in NMR microscopy: B, and B,
gradients

NMR is a spectroscopy based on interactions between the
magnetic moment g associated with a nucleus with nonzero spin
(e.g., 'H, 13C, *'P) and two applied magnetic fields: (i) a static
magnetic field By (a few tesla) whose direction defines the Z axis
and which is continuously generated by an electromagnet or a
superconducting magnet and (ii) a radio-frequency (RF)
magnetic field of amplitude B, (10~ * tesla) oscillating at a
frequency v and applied perpendicularly to B as short bursts (or
pulses) by passage of an RF current through a coil whose axis is
usually assigned as the X direction. The former field polarises
nuclear spins, thus creating distinct energy levels and the latter
induces transitions among these energy levels. The transition (or

resonance) frequency is dependent on the magnetic field amplitude
By according to the formula:

14 :’}/Bo/QTF (1)

where v is the gyromagnetic ratio of the nuclei under investigation.
To understand many of the experimental aspects of NMR
microscopy, it is often sufficient to consider the evolution of the
magnetisation M, which is the sum of the nuclear magnetic
moments g, in the presence of the fields By and By. At thermal
equilibrium, the magnetisation M is aligned with B, and no signal
is detected. However, if a secondary magnetic field B, is generated
orthogonal to By by application of an RF pulse, then, according to
classical mechanics, the interaction of the fields By and B; with M
causes M to precess simultaneously about By and By, respectively,
at the Larmor frequency equal to the resonance frequency v given
by Equation 1 and at the nutation frequency v given by:

v =By /27 (2)

The phenomenon is illustrated in Figure 1. Viewed in the frame
rotating with frequency v; about the B, direction, the motion is
simply a precession about By at the frequency v . After the pulse, M,
only subjected to By, precesses about By at the Larmor frequency.
The precession of transverse magnetization Myy produces a
detectable signal (the NMR signal) by inducing an RF current at
frequency v in the coil situated in the XY plane. For more details see
Ref. [8]. Now, according to Equation 1, if by means of specially
shaped coils a spatially dependent magnetic field gradient g, is
superimposed onto By, o becomes spatially dependent:

27Tl/(](1‘) = ’)/BO + o' (3)

Thus the Larmor frequency of the nuclear spins differ from one
location to another across the sample. This simple linear relation
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Figure 1 Vector description of nuclear magnetization M in the presence of a static magnetic field By and a radio-frequency (RF) magnetic field
B;. (a) Excess spin population (for spin 1/2) aligned with B, resulting in a net magnetization in the Z direction. (b) Evolution of M in the
laboratory frame in the presence of the fields By and B;. When the frequency v is equal to the Larmor frequency vy M simultaneously precesses
about By at v and about By at v. (¢) As for (b) but in the rotating frame where B is stationary. Only the precession about B, is apparent. (d)
Following excitation by an RF pulse the precession of the transverse magnetization Myy about By induces an RF current in a receiver coil situated
in the XY plane: it is the NMR signal. Fourier transformation of signal in the time domain (free induction decay: fid) produces the NMR

frequency spectrum.
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Figure 2 Schematic representation of the profile of the radio-
frequency field produced by a single-turn coil. The B; gradient is
constant in the range from 0.2 to 0.9 R.

between the Larmor frequency and the nuclear spin coordinates, r,
lies at the heart of the spatial encoding technique in conventional
NMR microscopy. In the same way, if an RF magnetic field
gradient g; is superimposed onto B, then the nutation frequency
becomes spatially dependent:

2mvi(r) =9B1 +g; - r (4)

In comparison with By gradients, the use of B; gradients is
relatively recent. Hoult [19] was the first to propose in 1979 an
imaging method based on both By and B, gradients in order to
overcome some problems related to B, gradient switching (in
particular, difficulties in obtaining gradient pulses with very rapid
rise and fall times and in controlling the eddy currents induced in
the surrounding metal parts of the probe; these difficulties do not
exist with By gradients). As for diffusion measurements, the first
study performed with B, gradients was reported by Karczmar in
1988 [28]. Nevertheless, difficulties in generating large B,
gradients and creating two or three independent orthogonal B
gradients have limited the development of this technique. In spite of
these drawbacks, important instrumental advances made by the By
gradient technique over the last years and the popularity of the
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latter, B; gradients retain a valuable asset, namely, a quasi-
insensitivity to magnetic susceptibility variations across the sample
due to the By amplitude that is several orders of magnitude smaller
than the B, amplitude. Consequently, B; gradient NMR micro-
scopy is particularly suited for studying diffusion processes in
heterogeneous systems (such as porous media [12]) that are
frequent in environmental science.

Basic principles of RF field gradient NMR microscopy

RF field gradient NMR microscope probe: Among the
various approaches proposed for producing B; gradients, the
single-turn coil has proved to be the most effective device. In
addition to its instrumental simplicity, the major advantage of such
a device stems from its capability of delivering a uniform B,
gradient in a region ranging from 0.2R to 0.9R where R is the coil
radius [1,10,16] (Figure 2). However, as mentioned above, for a
long time this technique has suffered from difficulties associated
with producing large uniform B, gradients. It must be borne in mind
that the stronger the gradients, the higher the spatial resolution and
the wider the measurable diffusion coefficient range. Fortunately,
over the last 4 years, a significant advance, opening new prospects,
has been the development of RF gradient probes delivering
relatively large constant By gradients, up to 100 G cm ™', and
operating at frequencies ranging from 10 to 300 MHz [21,22].
Such a probe is schematized in Figure 3. It includes a flat concentric
two -turn coil generating the B, gradient and a Helmholtz or saddle
coil (according to the magnet type) for collecting the NMR signal
and producing homogeneous pulses. The gradient strength depends
directly on the quality factor of the resonant circuit, the RF power,
the coil radius, and the RF frequency. With such a device, Equation
4 can be rewritten in the form:

2 (X) = g X (5)
by defining the X axis as the B; gradient direction.

Diffusion experiment; An intuitive understanding of the
principle of diffusion measurements using B; gradients can be

Glass tube

Two-turn coil H(flmholtz
coil (or

saddle coil)
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Z (By)
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Figure 3 Schematic view of the radio-frequency field gradient NMR microscope probe delivering B, gradient up to 110 G cm ~ ! and operating at
frequencies ranging from 10 to 300 MHz. The flat concentric two - turn coil generates the B; gradient and a Helmholtz or saddle coil (according to
the magnet type) collects the NMR signal and produces homogeneous pulses. At 90 MHz and with an RF power of 275 W the RF field amplitude
ranges from 17 G to 35 G across the sample. The different mechanical parts (Teflon holder, ball, flexible wires, etc.) minimize electric coupling
between the two coils and allow adjustment of the region where the B; gradient is constant.
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B, gradient pulses
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Figure 4 Basic sequence for studying translational molecular motion with radio - frequency field gradients and magnetization evolution. The black

rectangle represents a homogeneous pulse; A is the diffusion interval.

gained from Figure 4. According to Equation 5, the nutation angle
generated by an RF field gradient pulse of length ¢ is spatially
dependent:

a(X) = vg X6 (6)

Consequently a gradient pulse applied along the x axis of the
rotating frame will cause a defocusing of the nuclear magnetization
in the yZ plane. However, this defocusing process can be reversible.
Indeed, if immediately afterwards, a second gradient pulse of
identical duration but opposite phase (i.e., along —x) is applied,
the magnetization is refocussed along the Z axis. A rotary echo is
generated [52]. Now, if a period A is inserted between the two
gradient pulses, the refocusing process may be incomplete due to
translational molecular motions. Indeed, if molecular displacement
occurs during A, the X coordinates of the individual spins at the

O W%

time of the second gradient pulse will differ from those during the
first pulse, hence a difference between nutation angles generated by
the two gradient pulses. Thus, the diffusive movement leads to a net
decrease of the detected signal after the 7/2 read pulse. In the case
of unrestricted diffusion, for a sample with a single resonance line,
the signal amplitude S is given by [14]

M —26 -A
S(6,A) = 70exp <T—12) exp (T1>

26
X exp (—'ng?(SQD [A +§}) (7)
where My is the magnitude of the equilibrium magnetization; 7', is
the longitudinal relaxation time; 7, is the time constant
characterizing relaxation during the RF pulses; D is the self-
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Figure 5 Improved pulse sequence composed of the two subsequences A and B and their associated phase cyclings for diffusion measurements

with RF field gradients.
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Figure 6 Rapid rotating frame imaging sequence. With an RF power of 275 W, typical values of 7 and the period between the pulses are 3 and 50
us, respectively. The data points so acquired constitute a pseudo-fid whose Fourier transform provides the spin density along the spatial gradient
direction X. Various contrast schemes (in relaxation time, chemical shift, molecular motion) applied prior to the imaging step allow contrast
profiles. The reconstruction of a two-dimensional image requires one to perform N rotations at regular angular intervals (typically 3.6°) and to
record a profile for each new orientation. Subsequently, the images are reconstructed through the filtered - back - projection algorithm from the

series of profiles.

diffusion coefficient. Neglecting the relaxation during RF pulses
and setting A>>26/3, expression (7) becomes:

‘ M “A ‘
S(6,A) = fexp (f) exp(—~’g]6° DA) (8)

Nevertheless, a detailed assessment [24] of this simple sequence
reveals that under some circumstances (small and/or heteroge-
neous samples, weak diffusion coefficients, very short relaxation
times) the quality of measurements may be affected by a number of
artifacts. To suppress these artifacts, it is necessary to use the more
refined sequence sketched in Figure 5. We have demonstrated that
this sequence allows the study of numerous types of diffusion
processes ranging from rapid diffusion in the gas phase (1 cm?®
s~ 1) to very slow diffusion (10 ™% cm® s~ ') in, e.g., surfactant
systems, cells, membranes and other porous media [12,24,59].

Imaging experiment: In B, gradients NMR microscopy, the

basic imaging sequence consists of applying a train of B, gradient
pulses each of duration 7 and acquiring a data point between two

3 )

—>( o

consecutive pulses [6] (Figure 6). This imaging method is called
rapid rotating frame imaging. Considering the detected signal
results from the precession of the transversal component of nuclear
magnetization, the NMR signal detected following the 1th gradient
pulse is

S(ir) :/p(X) sin(yg, XIr)dX (9)

where p(X) is the spin density at abscissa X. The whole data set
appears as a pseudo-fid (fid: free induction decay) whose Fourier
transform represents the projection of the spin density upon the X
direction. Because the B; gradient is only applied along one
direction, the reconstruction of a two-dimensional image requires to
perform N rotations at regular angular intervals (typically 3.6°) and
to record a profile for each new orientation. This necessity of
rotating the sample for reconstructing a two-dimensional image is
the weakness of the method essentially because this is time
consuming. In B; gradient imaging an in-plane spatial resolution in
the order of a few micrometers can be achieved with gradient
strength of 75 G cm ™' [21]. It is important to note that this spatial
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Figure 7 The basic sequence and the associated phase cycling for determining spatially resolved diffusion coefficients with RF field gradients. The
first part (diffusion contrast period) with two B, gradient pulses of duration § and magnitude g; separated by a diffusion interval A, produces a
decrease of longitudinal magnetization according to translational diffusion. Subsequently, in the second part, the z magnetization is spatially
labelled by rapid rotating frame imaging. Fourier transform of the pseudo-fid provides a one-dimensional profile not only weighted by self-

diffusion coefficient and 7', but also unfortunately spatially modulated.
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Sub-sequence A Sub-sequence B
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Figure 8 The basic sequence composed of the two subsequences A and B and their associated phase cyclings for providing diffusion weighted
images with RF field gradients. The homogeneous 7/2 pulses (black rectangles) inserted in the diffusion contrast period enable one to remove the
spatial modulation inherent to the sequence in Figure 7 and to retain only the signal attenuation due to diffusion. The various symbols have the

same meaning as in Figure 7.

resolution is even achieved with objects for which severe magnetic
susceptibility variations exist and which for that reason require the
use of much higher By gradients in conventional imaging.

Although, so far, we have discussed spin density image, the
widespread success of NMR imaging also results from the range of
contrast available. The fundamental approach for applying contrast
is to precondition the magnetization prior the imaging step (Figure
6). Including effects of contrast, Equation 9 can be written:

5(0) = [ pCOEX. tsin(g, X)X (10)
where E(X,t) is the normalized contrast factor. Thus image
reconstruction returns p(X) E(X,t). As in By gradient imaging [8],

a whole array of image contrast schemes (e.g., in relaxation times,
chemical shift, molecular motion) is now available in B; gradient
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imaging. In addition, two-dimensional maps of the contrast
information can be computed from a series of images acquired
under different contrast conditions. In particular, high quality maps
of longitudinal relaxation time 7'; [23] and diffusion coefficient
[59] can be obtained.

Diffusion imaging

The potential of B; gradient NMR microscopy is particularly
highlighted by some results recently obtained in diffusion imaging.
The basic idea for determining spatially resolved diffusion
coefficients with RF field gradients is to replace the second
gradient pulse and the read pulse in the basic sequence (Figure 4)
by a rapid rotating frame imaging sequence (Figure 7). However,
this simple method yields one-dimensional profiles whose
amplitude is not only a function of the local self-diffusion
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&
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Figure 9 The self-diffusion coefficient maps of two capillaries of 1.3-mm inside diameter filled respectively (a), (b) with water and (c¢) with
octanol. The diffusion times A were respectively (a) 0.05s and (b) 0.8 s. By, 2.1 T; gradient strength g;, 50 G cm ~ '; angle increment used in the
two - dimensional imaging process, 6°; 64 scans for each angle increment; slice thickness, 2 mm; spatial resolution, 11 ym. These maps result from a
series of five diffusion-weighted images obtained by using the sequence shown in Figure 8 with (a) § = 10, 350, 450, 600, 750 us; (b) 6 = 10, 75,
100, 140, 175 ps; (c) 6 = 10, 450, 750, 1400, 1750 us; (d) & =10, 100, 250, 400, 500 us.
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nce in Figure 8 or water outside and inside a Millipore HVLP membrane of

120 - um thickness and with a pore size of 0.45 pm. The membrane of 2-mm height was perfectly fitted into a Teflon cylindrical holder of 1.3-mm

inner diameter. The map results from a series of four diffusion - weight
G cem ™! A: 50ms.

coefficient but also is modulated by a cosine function of spatial
coordinates. To cancel this modulation and thus to obtain true self-
diffusion coefficient maps in a straightforward manner, the more
claborate sequence schematised in Figure 8 is required [59].
Below are presented two examples that will allow the reader to
assess the capabilities of the method and to foresee the various
possible applications in environmental biotechnology.

Restricted diffusion at solid/liquid interfaces [25]:
Figure 9 shows the self-diffusion coefficient maps obtained,
respectively for water and octanol capillaries at two different
diffusion times A by using the sequence in Figure 8. We note
that the self-diffusion coefficients measured through the samples
are in excellent agreement with the expected values at 25°C
(D yarer=2-3%x10"3 ecm?® s 7' and Dooranoi=1.4x10"% cm? 57 1)
except on the water capillary periphery where the diffusion
coefficient value drops continuously as the distance from the wall
decreases. This effect, which is more pronounced as the diffusion
time A or diffusion coefficient D increases, is merely the
signature of restricted molecular diffusion in the vicinity of a
reflective wall. We have demonstrated that this effect can be
relatively well described with a simple one-dimensional model
adapted to the situation of molecules close to a reflective wall
perpendicular to the gradient direction [25]. This result is very
important because it visualizes quantitatively, for the first time in
NMR microscopy, the restricted diffusion at a solid/liquid
interface. To date, only diffusion-mediated edge spikes have
been observed in B, gradient NMR imaging [9,45]. This
important result must be directly connected with the major
advantage of B; gradients over B, gradients, namely their quasi-
immunity to magnetic susceptibility variations occurring in
particular at interfaces.

Diffusion through a membrane [59]: The second example
is related to the behavior of fluids within porous materials such
as membranes. Figure 10 shows the self-diffusion map of water
outside and inside a Millipore HVLP membrane of 120-um
thickness and with a pore size of 0.45 pm. The membrane was
perfectly fitted into a Teflon cylindrical holder of 1.3-mm inner
diameter. As expected, the hindrance encountered by the water
molecules inside the membrane lead to diffusion coefficient

ed images with, respectively, 6 = 290, 500, 650, and 750 us; By, 2.1 T; g, 50

values that are significantly smaller inside the membrane than
outside (about 1.9 1075 em? s ! and 23 1073 cm? s~ |,
respectively). In addition, the diffusion coefficient values drop
slowly not only in the vicinity of the holder wall, as in Figure 9,
but also in the vicinity of the membrane, approximately in a layer
of 30-um thickness on either side of the membrane. It is also
interesting to note that the two restriction effects, due to the
membrane and to the holder wall, respectively, add up at the ends
of the membrane and reinforce the lowering of the localized
diffusion coefficients, hence the widening of the isodensity
surfaces.

Conclusion and perspectives

The technical and methodological advances made in B, gradient
NMR microscopy over the last few years have increased
significantly the capabilities of this technique, which are now
close to those of By gradient NMR microscopy in particular in
terms of in-plane spatial resolution (a few micrometers) and
measurable diffusion coefficients (down to 1077 cm? s~ '). In
addition, the availability of reliable very high power RF
amplifiers (power in the order of 1 kW or more) should allow
further improvement. Nevertheless some difficulties remain in
particular for creating two or three independent orthogonal B,
gradients, hence in two-dimensional imaging the necessity of
rotating the sample for performing an image. Considering the
efficiency and the popularity of By gradients, this assessment
could suggest that there is practically no interest in carrying on
the development of B; gradient NMR microscopy. But that is
without taking into consideration the major asset of this
technique, namely a quasi-immunity to the background static
magnetic field gradients arising from magnetic susceptibility
inhomogeneities. Thus, B, gradient NMR microscopy should be
the method of choice for studying molecular diffusion in
heterogeneous media without the necessity of using large
gradients as shown by the two diffusion imaging examples
reported here. Among the fields that could benefit from this tool,
there are, in particular, all those dealing with diffusion processes
in environmental science. Indeed, to date, in spite of its
noninvasive and nondestructive character, NMR has been little
used in this area for diffusion measurements. One of the reasons
is directly related to the difficulties encountered by the By
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gradient technique when background gradients are present. Thus,
the diffusion maps presented here are not only academic. In fact,
they are the preliminaries to interesting future applications in
environmental biotechnology: measuring local flow velocity
profiles within a membrane module or a biofilm and detecting
the distribution of water channels in the membrane module or the
biofilm, monitoring the transmembrane transport of solutes
(straightforward or via paramagnetic ions), measuring the
mobility of different biofilm components (water, polysaccharides,
antimicrobial agents) by using NMR spectral editing methods,
studying and monitoring sludges dewatering, characterization of
floc structure in wastewater treatment, studying fluid mass
transfer and transport in soil. Finally, it may be expected that
the possibilities of B; gradient NMR microscopy would be
further increased on the one hand by designing coil or resonator
systems for producing strong B; gradients at frequencies higher
than 300 MHz (the sensitivity but also the background gradient
effects increasing with the Larmor frequencies) and on the other
hand, by taking advantage of the instrumental simplicity of this
technique for developing low-field dedicated spectrometers for
performing in situ studies, following the approach of Bliimich et al.
for the NMR-MOUSE [5].
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