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The water uptake process in commercial type particles of zeolite  the zeolite intracrystalline spaces can have transverse rele
4A has been studied using a single-point MRI method. True ation times under 10Qs (11). Furthermore, interactions of
proton density, T, T, and T? relaxation times were obtained with  o|ar molecules with the adsorbent surface reducdthime
submillimetric resolution, overcoming the restrictions of short T> oonatant and intracrystalline diffusion coefficients. Relaxatiol
signals. The molecular mobility in nonequilibrium conditions has time changes with temperature may limit the range of appli

been characterized by relaxation time mapping. A clear reduction S . : . . .

of the water sorption rate was observed by comparing MRI profiles cability of _a partlcular.lmaglng te(?hnlque, as_ !n the case o
of a loosely packed bed and gravimetric measurements of spread n-hexane in NaX zeolite, where, is a few milliseconds at
particles from the same sieved zeolite batch. © 1999 Academic Press room temperature but decreases to less thanpkdat 130 K

(12).
Various MRI methods have been devoted to investigat
INTRODUCTION shortT?% systems. Stray field imagind ) and oscillating field

gradient (4-16 techniques have been used to study porou
Fluid uptake in microporous solids is a process of genenedia. In the present work we use the single-point-imagin:
industrial importancel| 2). Zeolites, one type of microporous(SPI) techniqueX(7), which has been successful for studying a
material, are used in separation processes and as catalystsrange of short relaxation time system8(20Q. Applications to
drying agents. In particular, zeolite 4A is an efficient absorbenigh resolution MRI microscopy have been described by Chc
for molecules with an effective size under>4 10*° m. Its et al. (21), while Gravina and Cory2?2) have discussed its
water capacity is 22-22 wt%d), but oxygen and nitrogen aresensitivity and resolution characteristics. Beyeaal. (23)
not adsorbed3d). As a result, zeolite 4A is widely used as anvestigated the moisture content in concrete materials usir
drying agent for natural gas, liquid paraffins, and organifis method.
solvents. The inherently long acquisition time of SPI has been over
In order to attain information on diffusional resistance mecfgome by a novel pulse sequence, namely single-point ramp:
anisms in porous adsorbents, numerous techniques have hagiying with T, enhancement, SPRITE4). A dramatic time
proposed (see, for examplef)). The time evolution of the jmprovement allows for fast signal averaging, and conse
adsorbate distribution in a zeolite reflects the different diffyguently a significant signal-to-noise ratio, SNR, increase
sional driving forces. Kager et al. (2, 5, § have reported the pmoreover, in this work SPRITH? and SPIT, and T, relax-
use of magnetic resonance imaging (MRI) combined Witition time maps are obtained with submillimetric resolution
pulsed field gradient NMR7-9) to observe the proton distri- permitting a quantitative determination of proton density and .
bution and molecular diffusion during sorption processes inspatially resolved observation of the diffusant molecular dy
zeolite bed. namics. This is important when describing a nonequilibrate
The Strong interaction betWeen the adsorbed m0|ecu|eS Q{Wration process or |mag|ng of gases at different environ
the porous solid results in efficient spin-spin and spin-lattiggents, presenting different relaxation timas)( To the best of
relaxation. These processes depend on paramagnetic impurigigsknowledge, this is the first relaxation time mapping repor
and heterogenous magnetic susceptibility which varies greaglyshortT% zeolite systems. A number of imaging experiments
with zeolite preparation. Even though some adsorbate—ads(g)fﬁ—porouS media20), gases, and solid2§) have demonstrated
bent systems can be studied by conventional MR),(short  the extensive applications of this imaging technique, even wit
spin—spin relaxation times impose restrictions on the imagiRgstems presenting transverse relaxation times well under 1
resolution and sensitivity. Diffusants under restricted motion ins
Broad-line MRI studies of water uptake into zeolite 4A
! To whom correspondence should be addressed. powder beds have been report@¥{29 and the slow hydra-
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tion process has been model&). An SPI-based investigation
of the phenomenon is now introduced. In the results section,
brief discussion of water mobility is presented based on th
space-dependent characteristics of the relaxation times.

SPI RELAXOMETRY

SPI is a pure phase encoding MRI technique. The signal
acquired at = t, after a short excitation pulse in the presencej
of magnetic field gradients. Then, in contrast to convention:
MRI, the k-space trajectory is defined by changes in the gre
dient with a constant phase encoding time. A detailed discu
sion on SPI-SPRITE relaxometry, pulse sequences, and sig

processes has been presented elsewl&.e2(). The Fourier

transformation of the measured signal produces a relaxatio

weighted profile:

p(X) = R(X)exf —t,/T5(X) ]po( X). (1]

0 RF pulses
a
AN
TR time
m
H
&,
2 Gx ’_Ll_‘_l_|—|_|_‘
. RF pulsese
b |
& T
=
e Gx
< " 2
RF pulses
T2ix Ty T2y 0
c I |
< TE2 TER W0
=
=) Gy
< " 2

FIG. 2. Scanning electron micrograph of crushed industrial grade zeolit
4A used in the present study.

po(X) is the true unidimensional spin density distribution. The
relaxation factorR(x), reflects contributions from preparation
pulses and saturation effects. Pulse sequence manipulation i
introduce relaxation time contrast in heterogeneous syster
(19, 20. If saturation effects are avoided and no preparatiol
pulses are introduced®k(x) = 1. Equation [1] demonstrates

that for a heterogeneous systemnt-value mapping is neces-

sary in order to calculate the true spin density.

For a SPRITE experiment, where the magnetic field gradier
is changed in a stepwise manner (Fig. 1a), saturation effec
must be carefully evaluated because the gradient ramp speec
limited by the longesfT; component of the sample and the
excitation pulse duration. A low flip angle excitation pulse
partially compensates for lonf, signal recovery.

A spatially resolvedT,; measurement is achieved with an
inversion pulse and variable delay time prior to the SPI san
pling pulse (Fig. 1b). The gradient is switched on between th
m-pulse and the sampling pulse. Edckpace point is individ-
ually prepared with an inversion pulse and variable delay. /
double exponential recovery can be represented by the rela
ation factor:

R™(x) =1 — Asexd —7/T1s(X)]

—Aexd —7/Ty ()], [2]

FIG. 1. One-dimensional relaxation time mapping single-point imaging\,hereAS andA, are the relative contributions from shoft,()

pulse sequences. (a) Single-point ramped imaging Withenhancement,
SPRITE. (b) Inversion recovery SHI- map. (c) Spin echo SPI, map. 20
G/cm maximum gradient amplitudes ahd= 100 us phase encoding times
were used in (b) and (c).

and long {T;,) recovery components, respectively.
T, mapping is obtained by SPI with a Carr—Purcell prepa
ration sequencew/2.,—~TE/2—m.,~TE/2—/2_,—t,—SPI,
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reference zeolite bed p(x) = exd —t,/T5(x)]po(X), [4]
/
s

andT% can be determined with an exponential fit at any spatic
AIR position.
For the parameters used in this phase encoding study, t
; signal loss factor due to diffusion in the presence of magnet
\ | field gradients 22, 30, exp(—3y°G®Dt;) is insignificant.
Teflon Even though the maximum gradie@t = 20 G/cm is higher
FIG. 3. Experimental zeolite sample (20—40 mesh) and holder. The op[%man with conventional spin-echo methods, encoding time

; ; - 11 2 o1
end was covered with a thin cloth, and the reference side was closed to keéler 100us and a diffusion coefficied ~ 10" m” s
a constant adsorbate level. Sample and reference total length was 28 mn{31) result in signal reduction on the order of only one

part in 10.
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with the gradient switched on during the waiting timeFig. EXPERIMENTAL

1c). The extra pulse at the echo time, T&stores theT,

modulated transverse magnetization and allows for echo timesThe zeolite 4A sample was prepared by crushing industriz
shorter than the gradient rise time. Eak¥space point is pellets, which, as a consequence of severe hydrothermal tre
individually weighted by the spin echo modulated transversgents, generally present lower diffusivities than laboraton
magnetization. Recovery of magnetization duripngitroduces prepared sample®) Grains of 20—40 mesh (833—426n)

T, weighting to the measured signal. The relaxation factQfere selected by sieving. A scanning electron microscop

reflects bothT, and T, contributions: image of a crushed batch (Fig. 2) shows a particle size distr
bution between 1 and pm. The sample was regenerated by
R™(x) — A exd —TE/T,(x)] + B, [8] ovendrying at573 K for 4 days. A 20.3% water load by weight

was calculated based on the mass of the dry and hydrat

where the coefficientd andB are functions off, andt,, but samplesm,, = 2.3020 g andn,, = 2.7689 g. Areference
not TE. sample was prepared from the same sieved batch and hydra

T% mapping with SPRITE is achieved by systemically varyby exposure to air at 28Z 2 K and 40+ 10% RH in an open
ing the encoding time, while maintaining a constant field of glass dish for 2 weeks prior to the MRI experiment. Loosely
view (FOV) through concomitant changes in the phase encqogcked zeolite (20 mm deep) and a reference sample (4 m
gradients. Neglecting saturation effects and without influendeep) were kept in a 14 mm diameter container as indicated
from preceding pulses, Eg. [1] becomes simply Fig. 3 and positioned in the radiofrequency (RF) probe. Th
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FIG. 4. One-dimensional magnitude profile showing the evolution of the sorption process. (a) Selected profiles and (b) complete data set. Magnit
been normalized by integrated reference values.
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FIG. 5. Slope of the magnitude profiles calculated by the difference between neighboring points. (a) Results at 18 and 72 h. (b) Complete data

container and holders were made of Teflon to avoid spuriofemed every 1.5 h and the time between runs was gradual
'H signal from plastic materials. The open end was cover@ttreased, reaching 12 h by the second week of measuremer
with a thin cloth and exposed to ambient conditions. In order 8@ome selected profiles are displayed in Fig. 4a. Figure 4
maintain constant temperature and humidity conditions, tlsbows the complete data set in a stack-plot manner. Note tf
specimen was kept in the magnet bore at 283 K and 40+  the adsorption front does not proceed into the zeolite bed uni
10% RH for the entirety of the experiment. a high level of hydration is reached. The leading edge of th
A homebuilt 32-rod birdcage resonat@2j, in a 2.4-Tesla penetrating hydration front broadens slightly with time.

32-cm horizontal bore superconducting magnet (Nalorac Cryo-In order to estimate the velocity of the water adsorptior
genics Inc., Martinez, CA) was used. The probe was driven brpnt, the derivative of the magnitude profile was calculated a
a 2kW RF amplifier (AMT, Brea, CA). A water-cooled 7.5 cnthe difference between neighboring points. Results for tw
i.d. gradient set generated maximum gradients of 20 G/ctimes are shown in Fig. 5a, while Fig. 5b displays the behavic
Experiments were controlled by a Tecmag (Houston, TXf the front over the complete measured set.

Libra S-16 console. Pulse sequence generation and data colFhe position of the maximum slope is used to mark the

lection were controlled by MacNMR software. progress of the hydration front (Fig. 6). For small distance
1D SPRITE profiles composed of 64 points with a 35-mrfiom the open end, the speed of the front is greater tha
FOV were achieved using an encoding time of 3180(T% ~ observed deeper in the zeolite bed. The dashed line in Fig. 6

300 ws) and a maximum gradient of 20 G/cm. Gradient stepslinear least squares fit using the first 80 hours of sorption. Tt
of 6-ms duration and a #s RF excitation pulse were used. Acalculated velocity in this range is 28n/h. As the water vapor
simple AppleScript program launched groups of bulk and
1D-profile T,, T,, and T% acquisitions at chosen adsorption
times. The slow adsorption process permitted a large number
of signal averages; 128 scans were collected per SPRITE

profile in a total time of under 2 minT, and T, mapping E
required longer SPI acquisitions, with a total time of about 40 g 1
min for 16 scans. k=
2 _
RESULTS AND DISCUSSION §
Sorption Front Evolution 0 I 100 . 200 ‘ 300 I 400
1D SPRITE magnitude profiles were obtained with 0.55 mm t(h)

nominal resolution and then normalized by the reference SIgna1j—'IG. 6. Time evolution of the position of the slope maximum. The dashed

intEQraL COVreSponding'to 0.16 g/¢rof water alt .1_00% Mag- Jine displays a linear regression based on the first 80 h of results. Solid lir
nitude. For low hydration levels, data acquisition was peshows a second-order regression based on the data after 80 h.
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FIG. 7. Time evolution of the sorption process. Signal magnitude profiles normalized by reference sample: (a) hydration at the open end and 0.5 m
the open end; (b) hydration deep in the zeolite bed. (c) Gravimetric results: normalized adsorbate mass. For all the results, least squarégtfits/deitigr
levels are shown by solid lines.

molecules have to reach further points into the zeolite bed, tbencentration tails shown in the plots, which become mor
vapor supply rate at these points decreases, the front widenglent for points far from the open end (Fig. 7b), are ¢
slightly, and the edge velocity is reduced. A second-order fité@nsequence of the competition of two processes: diffusion ¢
shown by the solid line in Fig. 6. This behavior is in agreemettte gas in the interparticle and intergrain space, and intrapz
with a rectangular or irreversible equilibrium isotherm foticle diffusion @3, 39. Fitting of the uptake evolution profiles
water vapor adsorption in zeolite 4A. Hals&7 has modeled by an exponential increase is achieved by neglecting the lo
water transport/adsorption through the zeolite powder, descrémplitude points. The mass transfer coefficients for two ex
ing the dependence between the shape of the hydration prdfiene cases (Figs. 7a and 7b) are 0.309.006 h* for the
and the vapor and intraparticle diffusion processes. open end, and 0.066 0.005 h'* for 9 mm deep in the zeolite

The hydration level has been studied at different positiontsed. This behavior is compared with a gravimetric study pet
Figure 7 displays the time evolution of the normalized signérmed on the same zeolite specimen, spreading the powder
magnitude at four positions. A concentration 6f80% is that all grains have direct access to ambient air. Note that t
reached in the open end before hydration proceeds to the
adjacent pixel region. The adsorption approaches asymptoti-
cally the maximum concentration leve,., in an exponential
manner ), then:

TABLE 1
T, Long and Short Recovery Contributions (Eq. [2])
for Partially Hydrated Sample®

& ~1— Ae X [5] Tis (ms) As Ty (ms) AL
Bulk 9.5*+0.3 74% 36+ 3 26%
h K is th ti t tant t f ydrated region 10+1 84% 34x 14 16%
wnerek IS the sorption rate constant or mass transter coe ydrating front 9 +2 47% 42+ 17 53%

cient andA is a model constant that contains information on
the sorption triggering time and the particle shape. The low* Results for bulk and two selected pixels after 255 h of sorption.
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FIG. 8. Signal amplitude of thd', inversion recovery after 255 h of hydration. (a) Bulk data. (b) Average over the hydrated region. (c) Average ovel
hydrating front. Data have been normalized by integrated reference values. A double exponential least squares fit is displayed by the solid line.

time evolution of the adsorption (Fig. 7¢) is similar to that oRelaxation Time Mapping

the MRI results, but with a higher ratk,= 1.51+ 0.05 h*,

indicating the influence of the intergrain diffusion resistance Ti, T,, andT% mapping was performed during the uptake

when the powder is packed. time evolution study. Complementary, bulk measurements c
It should be stressed that magnitude values must be ctire relaxation times were attained in order to check for th

rected forT% variations with space. As demonstrated lafgy, existence of extra recovery or decay components. During tt

varied little for high absorption levels. process, twd , contributions were clearly distinguished, while
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FIG. 9. T, echo amplitude decay for data at 255 h of hydration. (a) Bulk results. A single exponential least squares fit is displayed by the solid lir
Results for the hydration front region.
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FIG. 10. Results for 255 h of hydration. (a)5 single exponential decay fit and (b) true proton density (Eq. [4]).

T, and T% remained single exponential. The analysis aroursiction of the zeolite bed. Figure 10b shows the space resolv
the hydration front is of particular interest and is characterizedhter density, which has been calibrated by the known mass
by the appearance of a predominant lohgrecovery and a adsorbate, as indicated previously. Note that the significal
shortT% decay. increase in SNR achieved by this SPRITE investigation, corn
The total time of hydration for the 2 cm sample is ovebined withT% mapping, was necessary for a spatially resolve
400 h. Figure 8a shows bulk, inversion recovery for 255 h measurement of the adsorbate concentration.
after the sorption experiment was initiated. Least square fitting
to Eq. [2] showed the relative contributions from the log | CONCLUSIONS
and short As) components. A general trend is observed for
different positions along the profild@., is predominant in the The water adsorption process in a sample of zeolite 4/
hydration front and the short time component remains upellets has been studied by MRI methods. A technique whic
changed. Results for bulk and two distinctive positions afe able to observe short time constant signals (tens to hundre
presented in Table 1, and inversion recovery plots are dif microseconds) was necessary to determine accurately t
played in Fig. 8b and Fig. 8c. Relative contributions are ngprogress of the hydration front. The SPI and SPRITE MR
significantly different along the hydrated region. techniques were used, overcoming the restrictions of sho
T, values reflect changes in mobility of the adsorbed wattransverse relaxation times and allowing for submillimetric
molecules as the hydration evolves. The predominance ofesolution imaging.
faster recovery in the hydrated section suggests that the molThe ability to perform relaxation time mapping T,, and
ecules have localized in the zeolite cages. In the region of th&) in a nonequilibrated system has shown that this metho
concentration front, occupancy in the interparticle space d¢an be used to investigate the water molecule mobility at th
significant, as the intraparticle concentration builds up. sorption front, which is clearly different from that of the
As seen on the bulk echo signal (Fig. 98),is modeled by hydration region. It should be noted that signal intensity pro
a single exponential decay,, = 663 = 6 us. Figure 9b files are not sufficient for modeling the sorption process. Th
shows a spatially resolved, determination employing the true spin density must be calculated based on signal intensi
spin echo sequence of Fig. 1b, 255 hours into the absorptiamd T% mapping.
experiment. No clear trend ifi, is apparent along the hydra- SPRITE water concentration profiles compared to gravime
tion front. The large error bars are a consequence of low sigtii@l measurements determined that the sorption in a loose
intensity in the low water concentration region<{ 0.15c..). packed zeolite bed with 20—40 mesh grains is 10 to 30 time
Other studies 3, 27 have reported two bulk, components slower than the uptake of spread grains.
whose contributions depend on the hydration level. The single
exponential behavior observed in the batch under investigation ACKNOWLEDGMENTS
may be dictated by a dominant paramagnetic impurity effect.
T% measurements reflect the molecular mobility in different B- J- Balcom thanks NSERC of Canada for operating and equipment grant
. . . . .We thank Prof. Douglas M. Ruthven, University of Maine, for useful discus-
environments, as described by high resolution NMR studigs
(35). Calculating the spin density (Eq. [4]), afid for indi-
vidual pixels (Fig. 10a), reveals higher concentration values for
the low signal intensity in the hydration frort; of 200 + 20
rs was obtained by adding the signal from a 4-mm region of R. 7. vang, “Gas Separation by Adsorption Processes,” Imperial
the adsorption front, whil&” = 330 + 10 us in the hydrated College Press, London (1997).
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