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ABSTRACT: The dynamics of water molecules and cations (lithium and sodium counter-ions) in cation-exchange
resins were investigated by measuring relaxation time and self-diffusion coefficients of 'H, 7Li, and 23Na NMR. Five gel-
type cation-exchange resins with different by the crosslinked poly(styrene sulfonic acid) copolymer swollen in water and
salt aqueous solution were studied. A macroporous-type resin was studied for comparison. Activation energy for the lith-
ium and sodium ions obtained from the Arrhenius plots of spin-lattice relaxation times T correlated well with the cross-
linking of resins. Since T'j of the cations in every resin are shorter than in corresponding aqueous solution, the correla-
tion time of the rotational motion of cations is longer in the resins. With higher cross-linking of the resin, the rotational
motion of the cations becomes slower and more restricted. Self-diffusion coefficients of water molecules and lithium and
sodium counter-ions in the gel-type resin were directly measured by pulsed field-gradient NMR methods. Translational
diffusion of these species was closely related to the cross-linking of resin similar to T'y. The diffusion of water molecules
and cations becomes slower in higher cross-linked resin. Apparent diffusion coefficients of Li™ ions and water molecules
were dependent on diffusion time. This may be explained by restricted diffusion in a three dimensional network struc-

ture of gel-heteroporous type ion-exchange resins.
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Ton-exchange resins are widely used for general treat-
ment of boiler feed and process water as basic ion-
exchange treatment. To systematically apply ion-
exchange resins to ion-exchange treatment, chemical
characterization of the ion-exchange resin, exchange ca-
pacity and selectivity of the ion-exchanger, rate of ion-
exchange and etc., are important.! The rate of ion-
exchange is determined by ion transportation speed and
diffusion at the ion-exchange resin. Ion transportation
speed is dominated by the rate of dissociation, particle
diffusion of the counter-ion within the ion-exchanger,
and film diffusion in the borders within the beads and
through layers. This means inter-diffusion of counter-
ions in adherent films.! The slowest rate of ion-exchange
is dominated by ion transportation speed.' Film diffu-
sion, that concentration differences across the film are
instantly averaged out, is generally so much faster than
particle diffusion. Within the ion-exchange resin of
crosslinked poly(styrene sulfonic acid) copolymer, parti-
cle diffusion speed is slowest and limited by ion trans-
portation speed. To determine this particle diffusion
speed, it is necessary to measure the diffusion coefficient
of dissociated counter-ions within the ion-exchange
resin. This may be done indirectly using chemical or iso-
topic profiles of a breakthrough curve and/or a tracer us-
ing an isotope or radioisotope as a probe? and may take
several hours. However, by these methods, it is difficult
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to separate between particle diffusion within a resin and
film diffusion, and thus difficult to analyze transporta-
tion of ions. However, the diffusion coefficient of mobile
water molecules within the ion-exchange resin was
measured directly by pulsed field-gradient nuclear mag-
netic resonance (PFG-NMR) spectroscopy.? PFG-NMR is
attracting attention as a probe of microscopic, but volu-
metrically averaged, properties of materials. PFG-NMR
is ideal for measuring time-dependent diffusion coeffi-
cients.! The measurement is nondestructive and does
not involve the introduction of chemicals or isotopic trac-
ers. Recently, using PFG-NMR, we measured diffusion
coefficients of dissociated Na' and Li" counter-ions
within ion-exchange resin.?

As ion-exchange resins and membranes, there are gel-
types and macroporous-types.! The phase of gel-type ion-
exchange resin is homogeneous, and such a structure is
termed “crosslinked gel-heteroporous”. A three-dime-
nsional network structure within this type of copolymer
with nearly normal distribution has micropores. In ion-
exchange resins of the macroporous-type, holes are 20 to
100 nm in diameter. The size of the network structure of
gel-type resins is controlled by the amount of crosslink-
age agent. The size of the three-dimensional network
structure becomes smaller as the amount of crosslinked
agent increases. The size of this network structure influ-
ences the sieving effect of ions and rotational motion of
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counter-ions. The dynamics of dissociated counter-ions
within gel-type ion-exchange resins are very important
for analysis of transportation within the ion-exchange
resin.

By investigating the motion of dissociated counter-
ions within the ion-exchange resin, it is possible to un-
derstand ion transportation. It is very important to
know the correlation time of rotational motion of
counter-ions within ion-exchange resins of different
crosslinkage obtained by relaxation time measurements
by NMR. The motion of Li* and Na™' counter-ions was
investigated by NMR relaxation methods. The relaxa-
tion times of Na' and Li" ions within gel-type ion-
exchange resins of crosslinked poly(styrene sulfonic
acid) copolymer swollen with water were measured by
NMR methods. A macroporous-type resin was also stud-
ied for comparison.

To study the diffusion coefficients of counter-ions
within ion-exchange resins, it is important to know par-
ticle diffusion. Studies on diffusion of water molecules
within ion-exchange resin using the PFG-NMR method
have been reported.>> Within the network structure of
ion-exchange resins, mobile water molecules and dissoci-
ated Na' and Li™ ions within the ion-exchange resin do
not diffuse freely. Thus it is difficult to obtain self-
diffusion coefficients. To study restricted diffusion, diffu-
sion coefficients were measured by general PFG stimu-
lated echo NMR method (PFG-STE).*® However, with
long diffusion times, apparent diffusion coefficients were
influenced by magnetic field inhomogeneity of the sam-
ple and exact diffusion coefficient measurement was im-
possible.” Therefore, to completely remove the influence
of an inhomogeneous magnetic field, the PFG-STE pulse
sequence was modified. Even using this modified PFG-
STE method, apparent diffusion coefficients of 'H and
"Li nuclei were dependent on diffusion time. This is
called “restricted diffusion”. However, with 23Na, because
relaxation time was short, measurement of the time-
dependent diffusion coefficient was impossible due to
short 2Na echo decays. Diffusion coefficients of Li* and
Na™ counter-ions and mobile water molecules within
various ion-exchange resins were investigated with re-
spect to crosslinkage.

MATERIAL AND METHOD

Materials

Samples of DOWEX 50W-X2, 50W-X4, 50W-X8, and
50W-X12 from Dow Chemical Co. are cation-exchange
resins of gel-type crosslinked poly(styrene sulfonic acid)
copolymer with a dry bead size of 150 to 300 ym in di-
ameter, with total ion-exchange capacity of 5.2, 5.2, 5.1,
and 5.0 Meg/dry-g, and with a water content of 80%,
68%, 53%, and 45%, respectively.8 The degree of cross-
linking of DOWEX 50W-X2, 50W-X4, 50W-X8, and 50W-
X12 is 2%, 4%, 8%, and 12%, respectively. Dry bead size
was taken as that before the introduction of an ion-
exchange functional group. The degree of crosslinkage is
divinylbenzene crosslinker content in wt% of the reac-
tion mixture. DOWEX HCR-W2 and MSC-1 cation-
exchange resin of crosslinked poly(styrene sulfonic acid)
have dry bead size of 300 to 840 um, and crosslinkage of
8%. MSC-1 is a macroporous-type of the same copolymer
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Figure 1. 23Na NMR spectra of ion-exchange resin in aqueous so-
lution. Spectrum a is that of the resin filled with water, and spec-
trum b that of the resin filled with 1 M-NaCl aqueous solution. Sig-
nals a and b are not normalized. Upper right; cation-exchange res-
ins of crosslinked poly(styrene sulfonic acid) copolymer swollen
with aqueous solutions in 5 mmg¢OD NMR tube. Acquisition pa-
rameters were 5 kHz for spectral width and 18 us for 90° pulse
length.

and others are gel-type. The samples of chemical grade
resin are converted to the sodium form by swelling in
10% NaCl aqueous solution, or to the lithium form using
10% LiCl aqueous solution. The resins were washed by
water and used for measurement.’ The water used was
distilled. Ion-exchange resin either as sodium form or
lithium form was placed into a 5 mm¢OD NMR tube
and filled with water or the corresponding aqueous solu-
tion as in Figure 1.

Experimental Method

NMR Spectra of Gel-Type Cation-Exchange Resin. The
sample swollen with water, the 2Na NMR spectrum of
the Na-form and "Li NMR spectrum of the Li-form, con-
sisted of only a single peak as in Figure la. However,
when the NMR spectra of *Na in NaCl aqueous solu-
tion, "Li in LiCl aqueous solution, and 'H in water and
aqueous solutions were measured, two peaks were ob-
served as in Figure 1b. The peaks in each spectrum were
assigned as inside and outside ion-exchange resins.? The
higher field *®Na signal for the samples containing 1M
NaCl aqueous solution in Figure la agrees the %Na
chemical shift of the sample swollen with water. Also it
relaxes faster than the lower field signals in **Na reso-
nance. Therefore the higher field signal can be assigned
to the sodium within the resin, and also “Li signal is
same matter. Relaxation time and diffusion coefficient
were measured for the single peak of the *®Na and “Li
spectra within resin swollen in water, and the higher
field peak of the 2?Na and “Li spectra within resin swol-
len in the corresponding aqueous solution and the 'H
spectrum in water arising from within the ion-exchange
resin at 30+0.5C. Temperature was controlled with a
suitable temperature controller.

Measurement of Relaxation Times. Relaxation times of
Na't and Li* counter-ions within the resins were meas-
ured in a 5 mmg@OD tube using a JEOL 270 MHz NMR
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Figure 2. Pulse sequences for measuring diffusion coefficients of dissociated Na *and Li" counter-ions and water molecules within resin.
Pulse sequence (a) is by pulsed field-gradient Hahn spin-echo method (PFG-SE), (b) PFG-stimulated echo method (PFG-STE) and (¢) modi-

fied PFG-STE, using half-sine shaped FG-pulse. See text.

instrument equipped with a multi-nuclear NMR system
in a 10 mm¢OD NMR probe. NMR frequency of “Li and
Na was 105.00 MHz and 71.46 MHz, respectively.
Spin-lattice relaxation time 7T'; was measured using the
spin inversion recovery method of 180°-7-90°-FID®
Spin—spin relaxation time (T)sg was measured using the
Hahn spin-echo(SE) method of 90°,~7-180°,~7-echo.’
Spin—spin relaxation time (To)cp was measured using
the Carr—Purcell Meiboom Gill (CPMG) method of 90"~
(Tcp—180°y-fcpf)n—echo.9 Spin-lattice relaxation time in
the rotating frame (T;), was measured using the spin
locking method of 90°,-SL,(7)-FID.!*!" The 180°pulse
used a composite pulse of 90°,180°,90°, to eliminate
pulse inaccuracy. Acquisition parameters were 5 kHz for
spectral width of 2*Na and 2 kHz for “Li, and 18 s for 90°
pulse length of %Na and 15 us for 'Li, respectively.
Measurement of T and (Ty)gg was made by varying the
pulse interval time 7; measurement of (T;)cp was done
by fixing 7¢p at 1,3,5,10 ms and varying “n”. In measure-
ment of (T'}),, spin locking magnetic field strength SL,,
that is, @, was set at 0.1 to 2.5 mT with varying “z”. Al-
though Na' and Li" ions and water molecules within
the ion-exchange resin swollen with water exist to vari-
ous chemical states'?, relaxation curve was shown to be
a single decay. Since this indicated only a single chemi-
cal species, relaxation time was calculated from the
slope of relaxation curve of the NMR signal for dissoci-
ated counter-ions and mobile water molecules. Error in
measurement of relaxation time was approximately 5%.
Measurement of Diffusion Coefficients. Diffusion coeffi-
cients were measured using a JEOL 500 MHz NMR in-
strument equipped with a multi-nuclear system of
5 mm¢OD NMR probe, and shaped pulsed field-gradient
unit with an actively shielded gradient coil. Resonance
frequencies of 'H, "Li, and *Na were 500.16 MHg,
194.48 MHz, and 132.30 MHz, respectively. The PFG
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echo method (PFG-STE) was modified to remove the ef-
fects of magnetic field inhomogeneity. Diffusion coeffi-
cients of dissociated Na™ and Li™ ions and mobile water
molecules within the resin were measured with pulsed
field-gradient Hahn spin—echo method (PFG-SE),'* PFG-
STE,'* and modified PFG-STE,” as shown in Figure 2.
After (n/2), RF pulse at ¢=0 in Figure 2b, a second (7/2)
pulse is applied at the end of a preparation interval, =
7. This second pulse is indicated by (7/2)4; with ¢, = *x
or*y in the rotating frame of reference.15 At the end of
the store interval, at time #,=(7r+A), the third (7/2)
pulse is applied as (7/2),2 with ¢o= *x or *y. Finally af-
ter a read interval, the echo occurs at time ¢, where usu-
ally the sequence requires that (¢,—#,)=r7. For all se-
quences in Figure 2, length § is the width of an applied
gradient pulse applied between RF pulses, or between
an RF pulse and echo. The time interval from the RF
pulse to the start of the gradient pulse is &1, and J; is
the time interval from the end of the gradient pulse to
the next RF pulse or echo.§,, 65, and & apply to all gra-
dient pulses in the sequence and the spin storage time 4
is shown in Figure 2.

As the diffusion coefficient of HyO and Na™ ion in 1 M-
NaCl aqueous solution at 25C is already known,'%'7 the
strength of the pulsed field gradient was corrected from
the self-diffusion coefficient of water molecules and Na ™
ions by the PFG-SE method at 7=10 ms. At each mag-
netic field gradient, agreement with gradient was within
5%. The apparent diffusion coefficient is measured by
pulse sequence in Figure 2 where the gradient magnetic-
field strength is varied from 0 to 1.2 Tm ! and field-
gradient pulse times & were selected at 1, 1.5, and 2 ms
for 'H NMR, at 2, 3, and 6 ms for 'Li NMR, and at 5 to 9
ms for 2Na NMR. And times A4 were measured at 10 ms
to 2 s for 'H NMR, at 20 ms to 4 s for 'Li NMR, and at
3ms to 25 ms for ?Na NMR, respectively. Acquisition
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parameters were 5 kHz for spectral width of *Na and
2 kHz for "Li and 'H, and 16 us for 90 pulse length of
23Na, 14 us for 'Li and 9 us for 'H, respectively.

By the PFG-SE method!® with pulsed field-gradient of
half-sine shape!® in Figure 2a, the echo attenuation is
represented by

InfA(g)VA(0)) = — y?D {(2/7 26 A — 8/4)g* +(2/m)5(2% +

18—28%3)ggo+ 273,43} 1

where A(g) and A(0) are the respective echo amplitudes
in the absence and presence of a gradient pulse of length
8, 7 is the nuclear magnetic ratio, gy is strength of a fi-
nite steady gradient or a constant background gradient,
i.e., inhomogeneity of the sample, g is strength of a su-
perimposed field-gradient pulse, 7 is time delay between
the RF pulses as well as between the gradient pulses, D
is apparent diffusion coefficient, and Ain Fugure 2a is
dependant only on 7.

By the PFG-STE method'* with pulsed field-gradient
of half-sine shape in Figure 2b, the echo attenuation is

In{A@YA0)) = — y*D ((2/7)?6%(A + 1 — 6/4)g” +(2/7)5(2
TA+272—28%3—8(8,+ 82)+ (8,4 8,7
ggo+ tHA +21/3)g,?) (2)

By the modified PFG-STE’ method with pulsed field-
gradient of half-sine shape in Figure 2¢, at the time of §;
=5, the echo attenuation is

In{A(g)/A0)} = — D2/ n)25% A+ 1 — §/4)g>+41°5,%/3) (3)

With homogeneous liquid systems in high resolution
NMR, because inhomogeneity of the static magnetic
field is g >g, and less than 0.01 mT m ™, the last term of
the right hand side of eq 1 to 3 can be neglected. As only
the first term of eq 3 remains with the modified PFG-
STE method, this method is not influenced by inhomoge-
neity of the magnetic field. The second term of the right
hand side of eq 1 and 2 still remain with the PFG-SE
and PFG-STE methods, and those methods are greatly
influenced by magnetic field inhomogeneity when time
A and/or 7 are long. In this case, both water molecules
and Na* and Li" ions within the ion-exchange resin are
in “an inhomogeneous medium” for NMR and increase
the magnetic field inhomogeneity of the sample. There-
fore, in the remaining the second term of the right hand
side of eq 1 and 2 with the PFG-SE and PFG-STE meth-
ods, we cannot neglect magnetic field inhomogeneity.
The apparent diffusion coefficients of water molecules
within Na-formed 50W-X8 swollen in water are plotted
versus the diffusion time # in Figure 3, where they de-
crease different by the pulse sequences shown in Fig-
ure 2 as the diffusion time increases. With PFG-SE and
PFG-STE methods, apparent diffusion coefficients of the
water molecules decrease with diffusion time z. The ap-
parent diffusion coefficient by the modified PFG-STE
method is almost constant at long diffusion time, more
than several 10 ms as in Figure 3. The modified PFG-
STE method removed the influence of magnetic field in-
homogeneity. Measured diffusion coefficients by PFG-SE
and PFG-STE methods are less than by the modified
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Figure 3. Diffusion time dependence of apparent diffusion coeffi-
cient for mobile water protons within Na-formed ion-exchange
resin 50W-X8 by the pulsed field-gradient NMR method at 30C.
Symbol < is obtained by PFG-SE, [ by PFG-STE, and O by modi-
fied PFG-STE. Strength of superimposed field-gradient pulse “g”
was varied from 0t0 1.2 Tm ?and 4 was setat 10 ms to 1.5s. § =
1ms and &, =1.05 ms were used. §,=1.05 ms and 7=3.1 ms with
modified PFG-STE, and J,=4.05 ms and 7 =6.1 ms with PFG-STE
were used. Acquisition parameters were 2 kHz for spectral width
and 9 us for 90° pulse length. Solid line was fitted using a least-
squares method by eq 8.

PFG-STE method. In inhomogeneous systems such as
water molecules and counter-ions within the ion-
exchange resin, it is better that the diffusion coefficient
at diffusion time longer than a few ms may be measured
by the modified PFG-STE method.

Echo attenuation In{A(g)/A(0)} for each of the water
molecules and Na' and Li* counter-ions within the
resin is plotted as a function of gradient amplitude
squared, (2/7)? ng 8%(A+ 17— 6/4). The curves show a
linear relationship except for water molecules within
50W-X12 resin at diffusion time ¢ greater than 300 ms,
as shown in Figures 4 and 5. Apparent diffusion coeffi-
cients within the ion-exchange resin were obtained by eq
3 using a least-squares method. Experimental error for
the diffusion coefficients was approximately 10%. For
protons within 50W-X12 resin at a diffusion time greater
than 300 ms in Figure 4, the relationship of echo attenu-
ation In{A(g)A(0)} is nonlinear with gradient amplitude
squared, (2/m)%%g%5%(A+t—5/4). Water molecules
within 50W-X12 resin are obviously diffusion restricted.
The diffusion coefficient of water molecules within 50W-
X12 resin was obtained from the linear part of the slope
of echo attenuation vs. gradient amplitude.

RESULT

Spin-Lattice Relaxation Time T; and Spin—Spin Relaxa-
tion Time T,

As shown in Table I, spin-lattice relaxation time T of
Na™' counter-ions in gel-type ion-exchange resins was
shorter than for Na™ ions in NaCl aqueous solution as
measured by 71.46 MHz NMR at 30C. Relaxation time
T, of Li* counter-ions is shorter than Li* ions in LiCl
aqueous solution. That is, rotational motion of those
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Figure 4. Effects of pulsed field-gradient on 'H echo attenuation
observed within Na-formed ion exchange resin 50W-X2, 50W-X4,
50W-X8, and 50W-X12 in water by modified PFG-STE at 36°C. Dif-
fusion time of opened symbols is at 200 ms, and of closed symbols
is at 700 ms. Symbol O is within 50W-X2, [] in 50W-X4, < in
50W-X8, and © in 50W-X12. § is 1 ms, t=3.1 ms and g is varied
from 0 to 1.2 Tm ', Acquisition parameters were 2 kHz for spec-
tral width and 9 us for 90° pulse length. Solid line was fitted using
a least-squares method by eq 3 except 50W-X12 at 4 =700 ms.
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Figure 5. Effects of pulsed field-gradient on “Li echo attenuation
observed within ion exchange resin 50W-X2, 50W-X4, 50W-X8, and
50W-X12 in water by modified PFG-STE at 30C. Diffusion time of
opened symbols is at 200 ms, and of closed symbols is at 700 ms.
Symbol O is within 50W-X2, [] in 50W-X4, & in 50W-X8, and ©
in 50W-X12. § is 3 ms, 7=5.1 ms and g is varied from 0 to 1.2 T
m~ ', Acquisition parameters were 2 kHz for spectral width and 14
us for 90° pulse length. Solid line was fitted using a least-squares
method by eq 3.

TableI. Spin-lattice relaxation times 7',(s) and spin—spin relaxation time Ty(s) of *’Na and 'Li NMR within different crosslinkage * of ion-
exchange resin in water at 30°C, and activation energy AE(kJ mol~1) obtained from Arrhenius plots of relaxation time

Cross- *Na NMR Li NMR

linkage | 7,x10° AE (Tyep X 10° AE T, AE (Tse (Ty)ep AE
BOW-X2 2% | 24.6+12 12613 209%21 945409 | 891+045 162+16 045140045 8041040 6.91+0.69°
50W-X4 49% | 1491075 139%14 120%12 160416 | 599+030 15415 0403+0040 3.97+020 11.9+12°
50W-X8 8% | 5194026 144%14 371037 117412 | 2.78+0.14 14615 0314+0031 0819+0.041 19.4+19°
50W-X12 12% | 2184051 127413 1944019 10210 | 1404007 12012 025240025 0.335+£0.017 153+15"
HCR-W2 8% | 4334022 9.97£1.0 3.73+037 101+10 | 2524013 138+14 0472+0.047 0.59410.030 22.4+22°
MSC-1 8% | 1.06+0.05 - 0.346+0.04 —  0.0104+001 0011400014 30.4+3.0°
0.1M NaCl 65.843.3 97+10 588+59 6.940.7
IMLiCl 184+092 112+11

? Divinylbenzene/(styrene +divinylbenzene).

Na® and Li* ions within the resin is slower than in cor-
responding aqueous solution because of restriction
within the three-dimensional structure of crosslinked
ion-exchange resin. These ions relaxed faster within the
resin than at greater crosslinking in gel-type resins.

Relaxation time (Ty)gg of 2*Na within the gel-type ion-
exchange resin was almost equal to T, as shown in Ta-
ble 1. Relaxation time (Ty)gg of 'Li within the resin was
quite different to 7. Thus the influence of the magnetic
field inhomogeneity and existence of chemical exchange
are significant.

Relaxation times 7T, and T, of Na™ and Li* counter-
ions within gel-type ion-exchange resins were measured
at different temperatures. T; and (T%)sg of 2*Na, and T,
and (Ty)cp of “Li were nearly linear against the recipro-
cal of temperature as shown in Figures 6 and 7, and acti-
vation energy A E of molecular and ionic motion may be
obtained from the Arrhenius plot of In(T)ec —(A E/RT)
as shown in Table 1. Activation energy A E of motion of
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® From (T)cp. © From (Ty)gg. ® (Ty),.

the Na® and Li* ions within the resin was larger than
those of motion of ions in corresponding aqueous solu-
tion. As shown in Table I, activation energy of rotational
motion of the Na* counter-ions within resins showed
similar values at 13 to 14 kJ mol ~%. Activation energy of
rotational motion of Li* counter-ions within resins with
different crosslinkage, showed different values at 12 to
16 kJ mol ! and decreased as crosslinkage increased.
Relaxation times (Ty)sg of “Li by the SE method was al-
most constant against reciprocal of temperature(only
50W-X8 is shown in Figure 9).

Relaxation times of a macroporous-type resin MSC-1
were compared with those of two gel-type resins of the
small bead size 50W-X8 and the same bead size
HCR-W2 with the same crosslinkage. In Figures 8 and 9,
relaxation time T of Na® and Li* ions of macroporous-
type MSC-1 resin swollen in water, are independent of
temperature. However, relaxation time (T)sg of Li* ions
was dependent on temperature, and activation energy

Polym. J., Vol. 32, No. 9, 2000
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Figure 6. Temperature dependence of *Na spin-lattice relaxa-
tion time T, (opened symbol), and spin-spin relaxation time (T)gg
(closed symbol) within gel-type ion-exchange resin 50W-X2,
50W-X4, 50W-X8, and 50W-X12 in water. Symbol O is within
50W-X2, [] in 50W-X4, < in 50W-X8, and © in 50W-X12. Solid
line was fitted using a least-squares method.
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Figure 7. Temperature dependence of "Li spin-lattice relaxation
time 7, (opened symbol), and spin-spin relaxation time (T)cp
(closed symbol) within gel-type ion-exchange resin 50W-X2,
50W-X4, 50W-X8, and 50W-X12 in water. Symbol O is within
50W-X2, [] in 50W-X4, & in 50W-X8, and © in 50W-X12. Solid
line was fitted using a least-squares method.

was approximately 30 kJ mol .

Diffusion Coefficient of Water Molecules and Cations
within Gel-Type Ion-Exchange Resin

Diffusion time dependency of the apparent diffusion
coefficient of water molecules (**Na-form resin) and Li*
counter-ions within gel-type of crosslinked ion-exchange
resin swollen with water by a modified PFG-STE
method is shown in Figures 10 and 11. Apparent diffu-
sion coefficients of water molecules and Li* counter-ions
within the ion-exchange resin decreased as crosslinkage
increased. The apparent diffusion coefficient of water
molecules within the ion-exchange resin of 2% and 4%
crosslinkage is thus almost independent of diffusion
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Figure 9. Temperature dependence of ‘Li spin-lattice relaxation
time T, (opened symbol), and spin—spin relaxation time T, within
gel-type ion-exchange resin 50W-X8 and HCR-W2, and
macroporous-type ion-exchange resin MSC-1 in water. Symbol O
is within 50W-X8, [J is in HCR-W2, and <> in MSC-1. Closed sym-
bols are (T,)sz by Hahn—Echo method and © is (Ty),, by Carr-
Purcell Meiboom Gill method. Solid line was fitted using a least-
squares method.

time ¢, as shown in Figure 10. Time-independent diffu-
sion coefficients may be defined as self-diffusion coeffi-
cients. However, apparent diffusion coefficients of water
molecules within ion-exchange resin of 8% and 12%
crosslinkage, approach constant values at long diffusion
times. As shown in Figure 11, apparent diffusion coeffi-
cient of Lit counter-ions within lithium type ion-
exchange resin at short diffusion time depended on dif-
fusion time, and approached a constant value at long dif-
fusion times. To study the influence of the surface of a
particle, comparison was made between 50W-X8 and
HCR-W2 resins, having a similar 8% crosslinkage but
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Figure 10. Diffusion time dependence of apparent diffusion coef-
ficient of water molecules within different crosslinkage of Na-
formed gel-type ion-exchange resins swollen in water by modified
PFG-STE. Symbol O is within the ion-exchange resin 50W-X2, []
in 50W-X4,  in 50W-X8, © in 50W-X12, and 4 in HCR-W2. Solid
lines were fitted using a least-squares method by eq 8.

different bead size. As they exhibit similar diffusion time
dependence in Figures 10 and 11, it may be considered
that the apparent diffusion coefficient of the Li* counter-
ions in 50W-X2, 50W-X4, 50W-X8, and 50W-X12 and
water molecules in 50W-X8 and 50W-X12 is not influ-
enced by film diffusion at the surface of the resin. Thus
apparent diffusion coefficients are restricted by the thin
hole wall of the polymer chain within a three-
dimensional network structure, this being “restricted dif-
fusion”. The self-diffusion coefficient was estimated by
extrapolation of apparent diffusion coefficients D at dif-
fusion times =0 in Figures 10 and 11. Diffusion coeffi-
cient of the water molecules and Li* counter-ions de-
creased as crosslinkage increased.

Apparent diffusion coefficients of Li™ counter-ions
within resin swollen in 1 M LiCl aqueous solution and
water molecules in 1 M NaCl aqueous solution showed
similar dependence on diffusion time as within a resin in
water.

By the PFG-SE method at time A 3 to 25 ms, the diffu-
sion coefficient of Na ™ counter-ions within 50W-X2 resin
swollen with water was (6.3220.63)X10 %cm?s71,
within 50W-X4 resin was (3.59+0.36)<10 ®em?s ™1,
and within 50W-X8 resin, (1.88+0.19)X10 ¢ cm? ! as
in Table II. Relaxation times, T; and T of the Na™ ions
within the ion-exchange resin are very short, and thus it
was not possible to observe the diffusion time depend-
ence of apparent diffusion coefficient using PFG-SE
NMR method at diffusion times less than several milli-
seconds.

Apparent diffusion coefficients of Na® and Li" ions,
and water molecules within gel-type ion-exchange resins
were measured at different temperatures. The values
were almost linear against the reciprocal of tempera-
ture, and activation energy AE of molecular and ionic
motion may be obtained from Arrhenius plots of In(Dg)oc
—(AE/RT) as shown in Table II. Activation energy AE
of translational motion of water molecules and Na* and

766

50W-X4
w 50W-X8
1 ¥ *‘Q—&

3 HCR-W2

50W-X12

"Li Diffusion Coefficient /10 %cm?s™

TSI I SN ST S S S S NSV ST A A S S S A

0 1 2 3
Diffusion Time /s

Figure 11. Diffusion time dependence of apparent diffusion coef-
ficient of Li* ions within different crosslinkage of Li-formed gel-
type ion-exchange resins swollen in water by modified PFG-STE.
O is within the jon-exchange resin 50W-X2, [ in 50W-X4,  in
50W-X8, © in 50W-X12, and € in HCR-W2. Solid lines were fitted
using a least-squares method by eq 8.

Li* ions within the resin was almost same as for that
motion of ions in the corresponding aqueous solution.

DISCUSSION

Spin—Lattice Relaxation Time T; and Spin—-Spin Relaxa-
tion Time Ty

Influence of Crosslinkage for Spin—Lattice Relaxation
Time Ty If a nucleus with quantum number greater
than 1/2, I+ 1/2 such as ®Na and "Li, is considered, re-
laxation is generally dominated by nuclear quadrupolar
relaxation, and T, is almost equal to T, at extreme nar-
rowing. Relaxation time(T")gp, (T2)gp of nuclear quadru-
pole interaction, under the condition (w,7.)?>< 1, is repre-
sented by®

UTqp=U(Ty)gp= (3L +3NI*2I —1)(1+ n%3)(z*/10)
(e2qQ/h)?r, 4)

where I is the spin quantum number, 71 is quadrupolar
asymmetry parameter, ¢ is electric field gradient at the
nucleus, and 7. is random correlation time of a molecule
(ion). The term (e?qQ/h ) is.the quadrupole coupling con-
stant. From eq 4, relaxation time (T;)gp of a nuclear
quadrupole interaction is reflected by the rotational mo-
tion of the molecule or ion.

Relaxation time, T4, for the dissociated Na™ and Li*
ions in different ion-exchange resins at 30C is shown in
Figure 12. Relaxation time 7;s of *Na and "Li decreased
as the degree of crosslinkage of resins increased. Thus
higher crosslinkage affects relaxation time. Relative
value between observed and extrapolated T, within the
ion-exchange resin was calculated to as (relative value)
=(observed T,)/(extrapolated T; to crosslinkage=0),
where (extrapolated T; to crosslinkage=0) was esti-
mated to 0% crosslinking in Figure 12 by extrapolation.
Relative value of 7, in *Na NMR was 0.69 in 2%
crosslinkage resin, 0.38 for 4%, 0.13 for 8% and 0.06 for
2%, respectively. Relative value of T; in 'Li NMR are
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Table II. Self-diffusion coefficient Do(cm2 s ) ® of '"H(Na-formed resin), ?Na and "Li NMR within different crosslinkage of ion-exchange
resin in water at 30°C, and activation energy AE (kJ mol ") obtained from Arrhenius plots of self-diffusion coefficient D,

Crosslinkage :SNa NMR : "Li NMR GlH NMR"

D,X10 AE D, X 10 AE Dy X 10 AE
50W-X2 2% 6.32+0.63 16.1+1.6 5.92+0.59 17.9+1.8 17.3+1.7 21.3+2.1
50W-X4 4% 3.59+0.36 17.1+1.7 3.34+0.33 16.6+1.7 12.0+1.2 18.9+1.9
50W-X8 8% 1.88+0.19 18.3+1.8 1.82+0.18 17.7+1.8 6.38+-0.64 18.9+1.9
50W-X12 12% 0.712+0.71 21.7+2.2 4.29+0.43 22.9+2.3
HCR-W2 8% 1.72+0.17 6.15+0.62
1M NaCl°® 13.5+1.4 18.4+1.8 23.9+2.4 19.8+2.0
1M LiCl ¢ 10.2£1.0

# D, of HyO and Li* ion is at diffusion time =0, and of Na' ion is shown. * Na-formed resin. ° D, of Na' ion' at 25T is 12.34X

10 %em s, of H,0 is 20.81 X 10 ®em®s ™%, Li* is 9.30 X 10 ®em®s .

0.69, 0.46, 0.13, and 0.11 for 2%, 4%, 8%, and 12%, re-
spectively. Assuming same quadrupole coupling con-
stants for each nuclei,’> and small contribution for re-
laxation time with concentration of counter-ion within
the resin, relative rates are related to rotational motion
of dissociated Nat and Li* ions within a resin, from eq
4. Rotational motion of ions within more crosslinked res-
ins is slower than in less crosslinked resins, and ions
move 1.6 times within 2% crosslinkage resin, 2.6 times
for 4%, 7.7 times for 8%, and 17.9 times for 12%, slower
than in 0% crosslinked resin. The freedom of motion of
Na' and Li" ions thus decreases as crosslinkage in-
creases. Accompanied with increased crosslinkage, it is
clear that the three-dimensional network structure be-
comes small, and is strongly bounded by the ion-
exchange resin. Relaxation times for 2Na and "Li NMR
are different at higher crosslinkage because of fixed ions
within the ion-exchange resin, selectivity of the resin
and internal segmental motion of the three-dimensional
structure of the copolymer chain.

Activation energy of rotational motion of Na™ counter-
ions within the gel-type ion-exchange resin was within
12 to 14kJmol Y, and for LiT counter-ions 12 to
16 kJ mol "', Activation energy of motion of the Na™
counter-ion and the Li™ counter-ion was larger than for
ions in the corresponding aqueous solution. And thus the
rotational motion of the counter-ion within the ion-
exchange resin is strongly influenced. With Li™ ions
within the ion-exchange resin, that motion of low
crosslinkage is influenced more strongly by crosslinkage
of ion-exchange resin.

Influence of Chemical Exchange of Spin-Spin Relaxa-
tion Time Ty for Li* Ions. As shown in Table I, relaxa-
tion time (Tp)sg of ‘Li within the resin was quite di-
fferent to T;. The influence of the magnetic field inhomo-
geneity of the sample and existence of chemical ex-
change are thus significant. Effect of chemical exchange
on the relaxation time (Ty)sg is quite common, but af-
fects little on relaxation time T;. Relaxation time (Ty)sg
by SE method is given by>!!

UTpse=UToqp+ U Tpx + UTo* =7 vip  (5)

where vy is the half width of the signal, (Ty)gx is the
spin—spin relaxation time contribution by chemical ex-
change, and T,*, spin—spin relaxation time by all other
mechanisms, that is, contribution arising from inhomo-
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Figure 12. Crosslinkage dependence of spin-lattice relaxation
time T, (opened symbol), and spin—spin relaxation time T, (closed
symbol) of dissociated Na® and Li" ions and mobile water within
gel-type ion-exchange resin in water at 30°C. Symbol O is relaxa-
tion time of sodium ions, [ of lithium ions, and < of water(within
Na-formed resin). Solid line was fitted using a least-squares
method.

geneity of the magnetic field and etc. Relaxation time
(Ty)cp from the CP method and relaxation time (T4), by
the spin locking method are given by'®

U(To)cp= UT)gp+PoP(S 0 Prex(1— Tex/Tcp)  (6)

Ty, = U(T)gp+ (8 0) Tex/4(1+ 01 Tx") (7

respectively, where d is the chemical shift difference
between the two sites of chemical exchange. gy is rate of
chemical exchange, P, and P, are site populations. Re-
laxation time (Ty)cp by the CP method and relaxation
time (T',), by the spin locking method were used to re-
move the influence of inhomogeneous magnetic field. For
larger bead size HCR-W2 resin with the same crosslink-
age as 50W-X8, the relaxation times T'; and T’ of the Li*
ions within HCR-W2 exhibit similar tendency as 50W-X8.
If the influence of the resin surface is ignored, relaxation
time (Ty)gg of "Li within gel-type resin may be strongly
influenced by magnetic field inhomogeneity.

In the case of 50W-X2, at 7cp from 1 to 10 ms, relaxa-
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tion time (Ty)gp of Li™ ions by CP method is T; =(Ty)cp>
(Ty)sg, within experimental error, and is not dependent
on 7cp. It is clear that the relaxation time of chemical ex-
change (To)gx makes only a very small contribution to
spin—spin relaxation (Ty)cp by eq 6. Sites of chemical ex-
change maybe (a), (b), and (c) of {R-SO;Li(a)}
{R-SO;~ +Lit(b) inside resin}, or {Li*(b) inside resin}
{Li*(c) outside resin}. When S is chemical
shift difference of the two sites as the fixed and dissoci-
ated counter-ion, or the dissociated counter-ion and ion
in the bulk water, the observed signal is assigned a dis-
sociated site(b), the dissociated counter-ion in the resin.
In the case of 50W-X8, relaxation time (T5)cp of interval
time 7cp at 1 to 10 ms by CP method, and relaxation
time (T), with strength ®; of 100 to 4X10% ™! by the
spin locking method'"'® are shown in the order T, >(Ty),
=(Ty)op>(To)sk (at 194 MHz for "Li, T,=3.46 s, (Ty), =
0.76 s, (Tg)cp 0.75s, (TZ)SE 0.26 s, and at 105 MHZ Tl
=2.78 S, (TZ)CP_O 82 S, and (TQ)SE_O 31 S) and (T2)CP
and (T4), are not dependent on 7¢p or @; under the ex-
perlmental COIldlthI’lS From estimated 7gx>10 Zs by
eq 7 at 0;°Tpx>.> 1, it is obvious that the relaxation time
due to chemical exchange (T9)gx contributes to (Te)cp in
the ion-exchange system within gel-type ion-exchange
resin.

Relaxation Time of Counter-lon within Macroporous-
Type Ion-Exchange Resin. With macroporous-type resin,
MSC-1, signals of 'H NMR, %*Na NMR in NaCl aqueous
solution and “Li NMR in LiCl aqueous solution appear
as only one peak. The rate of chemical exchange is thus
faster than the reciprocal of the chemical shift difference
8 w between water molecules or ions inside and outside
the resin. Relaxation time (74), of "Li NMR does not de-
pend on a)l with strength of locking field @, from 100 to
4x10%s™', and is obtained with T;>(T}), = (T2)sg=0.01
s. As (T), of "Li NMR observed under the strongest 10ck-
ing power is measured under the condition of @,?7px?<
1, (Ty)sg of 'Li NMR is estimated to be approximately
equal to (Ty)gx of 'Li NMR from eq 5. That is, (Ty)gg of
gel type HCR-W2 resin with the same crosslinkage and
bead size is much longer than (T)sg of macroporous-type
resin MSC-1. (Ty)gg of ions with MSC-1 is thus domi-
nated by chemical exchange, and the rate of exchange is
smaller than 10 %s,75x <10 *s by eq 7. In Figures 8 and
9, relaxation time T, of Na’ and Li* ions of macroporous-
type MSC-1 resin swollen in water, is not dependent on
temperature. Relaxation time (Ty)sg of the Li™ ion is de-
pendent on temperature, and the activation energy of
chemical exchange was approximately 30 kJ mol "1,

Dependence of Apparent Diffusion Coefficient on Diffu-
sion Time

Diffusion Time Dependence of Apparent Diffusion. For
the diffusion of ions or molecules, in the absence of a
barrier, ions or molecules are allowed free diffusion in
all directions in aqueous solution. For water molecules
and counter-ions within the ion-exchange resin, the net-
work structure of the resin itself restricts diffusion.*®
For diffusion distance, R of a molecule whose diffusion
coefficient is to be measured, as in the case of free diffu-
sion, R= (2D6)2, the motion of a molecule relies on size r
of the compartment within the boundary permeability. If
R is small in comparison with r, the motion of a mole-
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cule shows similar diffusion coefficient as a free mole-
cule uninfluenced by collision with the boundary wall.
Apparent diffusion coefficients obtained with the PFG-
NMR method agree well with actual diffusion coeffi-
cients.?° If R of the molecule is larger in comparison
with r, maximum diffusion distance becomes shorter as
the molecule is constrained by the size of the compart-
ment and apparent diffusion coefficient becomes smaller
than the actual diffusion coefficient. Depending on the
boundary permeability, the apparent diffusion coeffi-
cient strongly relies on the size of the compartment, and
thus apparent diffusion coefficient depends on detected
diffusion time ¢, the time that defines the diffusion coef-
ficient.

PFG-NMR shows that the diffusion coefficients of
water and the Li" jon within the ion-exchange resin are
dependent on the diffusion time, and thus these mole-
cules and ions are diffusion restricted because of colli-
sions with cell walls of the ion-exchange resin. The
short-time diffusion coefficient is independent of the mi-
croscopic details of restricting geometry and depends
only on surface-to-volume ratio S/V of the pore space.
Let us define the time-dependent diffusion coefficient
D) as<r2t)/(6t)>, where<rX¢)>is mean-square dis-
placement of spins in time ¢. Under surface relaxation,
mean-square displacement is calculated only for spins
that survive at time ¢. P. P. Mitra et al.>»*2 showed that
for porous media with smooth boundaries, the apparent
diffusion coefficient D(¢) is given at short times by

D()/Do=1—(4/9)(S/V) Dot/ )2~ ((S/12VY /R, + 1/Ry) —

(1/6) pS/V)IDy t+ Of(dt)*%} (8)

where Dy is the self-diffusion coefficient at t=0, S and V
are the pore surface area and pore volume, R, and R; are
principal radii of curvature of pore walls, p is surface re-
laxivity, and Of{(dqt)*?} is a high order term. By applying
this to molecules and counter-ions, the self-diffusion co-
efficient D, of water molecules within the Na-formed gel-
heteroporous ion-exchange resin structure at 30°C is ob-
tained fitting by eq 8. And self-diffusion coefficient, Dg of
water molecules of the Na-formed resins in water be-
comes (17.3£1.7)X10 %cm?s ™! in 50W-X2 with 2%
crosslinkage, (12.01. 2)>< 10 cm2 s !in 50W-X4 with
4%, (6.38 = 0. 64)>< 10 ®em?s ! in 50W-X8 with 8% and
(4.294£0.43)X10 ®ecm?®s ™! in 50W-X12 with 12% are
shown in Table II. The values become smaller as
crosslinkage increases. Self-diffusion coefficients, Dy of
Li™ counter-ion in water at 30C are obtained from eq 8
as (5.92i0 59)}10 % em?s™! for 50W-X2, (3. 34+0 33)
X10 % em?s 7! for 50W-X4, (1. 82+0 18)>< 10 %cm?s?
for 50W-X8 and (7.12+0.71) X107 7 em? s ™! for 50W-X12
shown in Table II.

Influence of Crosslinkage on Diffusion Coefficient. The
diffusion of sodium and lithium ions and water mole-
cules in relation to crosslinkage is the same as for re-
laxation. These species diffused more slowly in highly
crosslinked resins as in Table II. The apparent diffusion
coefficient of Li" ions and water molecules was depend-
ent on diffusion time, possibly due to restricted diffusion
in the three dimensional network structure of the gel-
heteroporous ion-exchange resin.
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The self-diffusion coefficient D, of water molecules and
Na' and Li" ions within ion-exchange resin decreases
almost linearly with higher crosslinkage as in Figure 13.
Water molecules and counter-ions within an ion-
exchange resin swollen in water thus collide with the
polymer chain of the three-dimensional network struc-
ture of the ion-exchange resin. Average hole size of gel-
type ion-exchange resin is about 4 nm reported by H.
Shimizu,? and the self-diffusion coefficient D, of the
water molecule within the ion-exchange resin is smaller
than the unrestricted self-diffusion coefficient. Self-
diffusion coefficient D, is called the apparent diffusion
coefficient restricted within a hole. The freedom of trans-
lational motion of the water molecule decreases with in-
crease of crosslinkage.

Self-diffusion coefficient Do of Li* ions within the ion-
exchange resin swollen in water is smaller with higher
crosslinkage, as with water molecules. Self-diffusion co-
efficient Dy of Li™ ions within the ion-exchange resin de-
creases by interaction with fixed ions, and hydration ef-
fect, as crosslinkage increases. However, as relaxation
time of 2*Na NMR is short, the apparent diffusion coe-
fficient dependence on diffusion time was not clarified.

Differences in chemical shift of NMR signal, relaxa-
tion time, and diffusion coefficient of the water molecule
and counter-ion are caused by the following;

water content of the resin reduced with increasing
crosslinkage,

size of holes within the structure of the polymer,

strength of interaction with fixed functional groups,

hydration effect of ions, and etc.

CONCLUSION

The dynamics of counter-ions (lithium and sodium
ions) and water molecules within several -cation-
exchange resins of crosslinked poly(styrene sulfonic
acid) copolymer swollen in water were investigated by
NMR spectroscopy.

a. The motion of Na® and Li™ counter-ions within the
ion-exchange resin swollen in water, was studied on an
NMR time scale. The ions relaxed faster within the resin
than in aqueous solution, and with higher crosslinking,
in gel-type resins. Motion of Na™ and Li* ions is re-
stricted more strongly with increase of crosslinkage.

b. Activation energy of rotational motion of Na*
counter-ions within the ion-exchange resin by an Ar-
rhenius plot of relaxation times was from 12 to
14 kJ mol !, and for Li* counter-ions 12 to 16 kJ mol .
And that activation energy of Na* and Li* counter-ions
was larger than for ions in the corresponding aqueous
solution, and thus rotational motion of counter-ions
within the ion-exchange resin is strongly influenced. For
Li* ions within the ion-exchange resin, that motion of
low crosslinkage is influenced more strongly by
crosslinkage of ion-exchange resin. For Na® , that mo-
tion is influenced more strongly by degree of crosslink-
age.

c. Diffusion coefficients of counter-ion within the ion-
exchanger may be measured indirectly using chemical or
isotopic profiles of breakthrough curve and/or a tracer
using isotope and radioisotope as probe, taking several
hours. By these methods, it is impossible to separate
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Figure 13. Crosslinkage dependence of self-diffusion coefficients
D, of dissociated Na' and Li" ions and mobile water within gel-
type ion-exchange resin in water at 30C. Symbol O is self-
diffusion coefficient of sodium ions, [] of lithium ions, and © of
water(within Na-formed resin). Solid line was fitted using a least-
squares method.

particle diffusion within a resin and film diffusion, and
therefore it is difficult to understand the transportation
of Na' and Li" ions. The diffusion coefficient of mobile
water molecules within ion-exchange resin was directly
measured with pulsed field-gradient nuclear magnetic
resonance (PFG-NMR) spectroscopy, taking less than
one hour. The diffusion coefficients of Na™ and Li™ ions
and water molecules in the gel-type resin may be meas-
ured directly by "Li, Na, and '"H NMR using pulsed
field-gradient methods. The species diffused slower in
highly crosslinked resin, and more slowly within a resin
than aqueous solution. Apparent diffusion coefficients of
Li* ion and water molecules were dependent on diffu-
sion time, due to restricted diffusion within the three-
dimensional network structure of gel-heteroporous types
of ion-exchange resins. Restricted diffusion thus de-
pends on three-dimensional network structure. The in-
fluence of crosslinkage for diffusion water and Na™ and
Li* ions within an ion-exchange resin was studied. Be-
cause of short relaxation time, the apparent diffusion co-
efficient of the Na' ions was not dependent on diffusion
time.
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