This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

Periodic Operation for Desalination with Thermally Regenerable Ion-
et | Exchange Resin. Dynamic Studies
H. Matsuda®, T. Yamamoto?; S. Goto® H. Teshima®

» DEPARTMENT OF CHEMICAL ENGINEERING, NAGOYA UNIVERSITY CHIKUSA, NAGOYA,
JAPAN

To cite this Article Matsuda, H. , Yamamoto, T., Goto, S. and Teshima, H.(1981) 'Periodic Operation for Desalination with
Thermally Regenerable Ion-Exchange Resin. Dynamic Studies', Separation Science and Technology, 16: 1, 31 — 41

To link to this Article: DOI: 10.1080/01496398108070223
URL: http://dx.doi.org/10.1080/01496398108070223

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496398108070223
http://www.informaworld.com/terms-and-conditions-of-access.pdf

13:51 25 January 2011

Downl oaded At:

SEPARATION SCIENCE AND TECHNOLOGY, 16(1), pp. 3141, 1981

Periodic Operation for Desalination with Thermally
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DEPARTMENT OF CHEMICAL ENGINEERING
NAGOYA UNIVERSITY
CHIKUSA, NAGOYA 464, JAPAN

Abstract

A new periodic operation in which a thermally regenerable ion-exchange resin
in a basket is alternatively immersed in cold and hot reservoirs is proposed for
desalting water. Dynamic behaviors are studied to decrease the concentration
of salt in the cold reservoir to as small a value as possible within a limited
period. Comparison between experimental and calculated values is made for the
periodic operation.

INTRODUCTION

An effective desalination process referred to as Sirotherm process (1)
has been developed by using thermally regenerable ion-exchange resins
such as Sirotherm TR-10, TR-20, and Amberlite XD-2 (2). The regenera-
tion of salt-loaded resins is achieved with hot water rather than with
chemicals. Since hot water may be available in effluents from heat ex-
changers, it offers an inexpensive method of desalting low-salinity water.
It is also free from secondary pollution problems. Therefore this process
is competitive with other processes, such as reverse osmosis, electrodialysis,
and conventional ion-exchange. However, it is not suitable for direct
desalination of seawater, which has a salt content of about 600 mol/m?,
because the resins cannot be regenerated by hot water for such a con-
centrated salinity water.

The operation principle of the Sirotherm process is basically the same
as that of conventional ion-exchange processes, so it may be applicable to
present fixed- and moving-bed plants. In a previous paper (3), however,
we proposed a more advantageous operation; that is, a periodic operation

3
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in which a thermally regenerable ion-exchange resin in a basket was
alternately immersed in cold and hot reservoirs. A graphical solution for
mass balance equations was presented together with analytical solutions
for special cases. The experimental results indicated that this operation was
simple and effective for desalting water. For each cycle of the periodic
operation, the concentration in the resin phase was assumed to be equi-
librated with that in the bulk liquid phase. Thus the basket had to be left
for a long time to attain the equilibrium state,

In this paper, dynamic behaviors are studied to enhance the efficiency
of the periodic operation; that is, to decrease the concentration of salt in
the cold reservoir as much as possible within a limited period. The adsorp-
tion isotherms and the effective surface diffusivity are determined for
predicting unsteady-state behavior of periodic operation.

THEORY

A thermally regenerable ion-exchange resin consists of a mixture of
weak-acid and weak-base resins to adsorb salt from a solution at low
temperature. The resin is subsequently regenerated by leaching out the
salt with hot water.

The process depends on the reversibility of equilibrium in which both
H* and OH™ ions dissociated from water act as the driving force:

old
R,H + Ry + NaCI;—l_': R,Na + RyHCI
ot

where R, H is the acidic resin and Ry the basic resin.

To utilize this characteristic feature, a new periodic operation is pro-
posed as shown in Fig. 1. A basket made of wire gauze contains a thermally
regenerable ion-exchange resin which has a higher adsorption capacity
for salt in cold water than in hot water. The basket is first immersed in the
cold reservoir to adsorb the salt in the water for a period ¢.. This is the cold

1
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FiG. 1. Schematic of periodic operation for desalting water.
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half of the first cycle. Then the basket is moved and immersed in the hot
reservoir to desorb salt from the resin into the water for a period ¢,. This
is the hot half of the first cycle. This operation is repeated until a specified
total time 7.

Mass balance equations may be written for the end of each half cycle.
For the cold half of cycle j, we have

W(Qc,j - Qh,j—l) = Vc(Cc,j-l - Cc,j) (1)
and for the hot half of cycle j,
W(Qh,j - Qc,j) = Vh(ch,j-1 - Ch,j) (2)

The values of 0,0, C..0, and C, o should be given as initial conditions.
The average concentration in the resin phase at the end of the cold half,
Q.,;, is given by

dp/2
0., = 24[ 0.2 drjd,’ @)
0

where Q. ;(r) is a local concentration at the radial coordinate in the resin
particle r at the end of the cold half of cycle j. Q, ; is given in a similar
way. The temperature and concentration in the bulk liquid phase are kept
constant throughout each reservoir by mechanical stirring.

When both ¢, and ¢, are rather long, the concentrations in the resin
phases, Q.,; and @, ;, may be assumed to be equilibrated with those in
the bulk liquid concentration, C, ; and C, ;, respectively. A graphical
solution for this case was presented in the previous paper (3).

If the concentration in the resin is not equilibrated with that in the
bulk liquid phase due to ¢, being too small, unsteady-state mass balance
equations for the concentrations in both bulk liquid and resin phases,
c..[(t) and g, (t), should be solved to obtain the concentration profile at
the end of each half cycle, @, ;(r) and then 0. ;in Eq. (3). It is assumed
that the rate of ion-exchange is expressed in terms of the effective surface
diffusivity within particles and that the interphase mass transfer resistance
is negligible.

For the cold half of cycle j, we have

an-f(r’ t) _ 1 i 2 6qc,i(r’ t)
ot rtor Dyr or @
oc, (1) _ _6WDS oq,.(r, t) )
ot Vd, or r=dy/2

The initial and boundary conditions are

q.,/(r,0) = Oh.j-1(r) (6)
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cc,j(o) = Cc,j*l . (7)
9c,(d/2, 1) = fle., (1)) ®)

On the assumption of negligible interphase mass transfer, Eq. (8) holds,
which means that there is equilibrium of the liquid phase with the resin
phase at the surface.

By rearranging Eq. (5) in terms of Eq. (4) and integrating the resultant
equation, we have

Ve, j0) — c. (1)) = WG, (1) — q.,,0) ®
where
g.,,(1) = 24 rﬂqc,,-(r, nr? drid,} (10)
0

Equation (9) means that the removal of salt from the liquid phase is
identical to the gain in the resin phase.

Equations (9) and (10) will be used instead of Eq. (5) for numerical
calculations described later because of their simplicity.

When Egs. (4), (9), and (10) with conditions (6)-(8) are solved, the
values of Q. Ar) and C,; at the end of the cold half of cycle j, t = 1,
can be obtained by

qc,j(rs tc) = Qc,j(r) (ll)
cc,j(tc) = Cc,j (12)
Thus the average concentration Q. ; may be calculated by Egs. (3) and

(11).

In a similar way, we have equations for the hot half of cycle j.

EXPERIMENTAL

A schematic drawing of the apparatus is shown in Fig. 2. A basket (1)
was made of 100 mesh stainless steel wire gauze. Sirotherm TR-20,
manufactured by ICI Australia Ltd., was used as the thermally regenerable
resin. The swollen resin was sieved in water, and the fraction of particles
from 16 to 20 mesh (average diameter, d, = 9.2 x 10™* m) was packed
into the basket. The weight fraction of water content in the swollen resin
was 0.637, which was obtained from the differences of weight between
swollen and dry resins. Two glass flasks (2) were used as the cold and hot
reservoirs and were set in the thermostat (3) at 10 and 70°C, respectively.
The reservoirs contained water which was distilled and further deionized.
A weighed quantity of NaCl (more than 99.9 %} purity) was added to the
reservoirs to obtain a given concentration of salt.
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FiG. 2. Schematic drawing of experimental apparatus. 1: Basket. 2: Flask. 3:
Thermostat. 4: Pump. 5: Conductivity cell. 6: Recorder. 7: Heat exchanger.

Solutions in the reservoirs were recycled by pumps (4) to make the
concentration and temperature constant. The concentration change of
NaCl with time was measured continuously by a flowthrough electric
conductivity cell (5) with a recorder (6). Since the direct measurement of
electric conductivity was unstable at 70°C, the solution in the hot reservoir
was cooled to 10°C by a heat exchanger (7).

The resin in the basket was first immersed in the cold reservoir for 10,
20, and 50 min. Then the resin was moved into the hot reservoir and
immersed for 10 min. This periodic operation was repeated to decrease the
concentration of NaCl in the cold reservoir.

The solution and resin particles in the basket in both cold and hot
reservoirs were mixed by recycling flows enough to neglect the liquid-to-
particle mass transfer resistances.

RESULTS

Equilibrium Resin Capacities

Test tubes which contained swollen resins and NaCl solutions were
immersed in thermostats at 10 and 70°C for about 10 h. The concentration
of NaCl solution was measured by an electric conductivity cell. The capaci-
ties were calculated from the difference between initial and final con-
centration of NaCl in the liquid phase:

do=490 + V(co — ¢, )IW (13)

As shown in the log-log plots of Fig. 3, the results may be correlated by
Freundlich-type isotherms within certain concentration ranges.
At 10°C, we have

4o = 635.8¢,%215, 50 £ ¢, (mol/m®) < 60.0 (14)
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FiG. 3. Equilibrium resin capacities at 10 and 70°C.

and at 70°C,
g, = 81.3¢,,°-%%7, 3.0 £ ¢, (mol/m®) £ 60.0 (15)

As the concentration of NaCl increases, the isotherm at 70°C becomes
close to that at 10°C. Thus, when ¢ > 50 mol/m?®, the resin cannot be
regenerated any more.

Desorption experiments (g, < ¢o) as well as adsorption experiments
(9., > qo) were carried out at 70°C to compare both cases. The results in
Fig. 3 show a good agreement within the range of this experiment.

Surface Diffusivity, D,

To estimate the dynamic behavior of periodic operation, it is necessary
to investigate the rate of mass transfer into the resin particles. The fresh
resin (g, = 0) in the basket was immersed in the solution of NaCl at 10
or 70°C until the concentration of resin equilibrated with that of the
liquid phase.

The solid lines in Fig. 4 show the concentration changes of NaCl with
time at 10 and 70°C. The equilibrium was almost attained after 40 min at
10°C, while it was attained within 10 min at 70°C.

Equations (4)-(10) for only the first cold half of the cycle [that is, j = 1,
Oh.j-1(r) = go = 0,and C, ;_, = c,] were numerically solved for various
values of D,. The partial differential equation, Eq. (4), was rewritten to
a difference equation for computations. The dotted lines in Fig. 4 are the
calculated results for values of D, which gave the minimum square residue
between experimental and calculated results.

It is evident from Fig. 4 that the estimated values of D, are dependent
on the initial concentrations in the liquid phase ¢,

The dependence was correlated by using the average of initial and final
concentrations, ¢,, = (¢g + ¢,)/2. Figure 5 shows the correlation together
with experimental points.
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Fi1G. 4. Typical time-concentration curves for NaCl.
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F1G. 5. Surface diffusivity vs concentration of NaCl solution.

=41 x 10712 + 8.62 x 107!3¢,,,  at10°C

37

(16)

The same dependence of effective surface diffusivity D; was reported
for the adsorption of organics in an aqueous phase on activated carbon by
Sudo et al. (4). They discussed the possibilities of several mechanisms:
(1) increase of unit hopping distance of hopping model; (2) change of
the ratio of the chemical potential gradient to the gradient of the amount
adsorbed with the increase with ¢; and (3) decrease of heat of adsorption

with q.

However, it seems difficult to discriminate the mechanisms. In this
study, although the surface diffusion is assumed to be only a single
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rate-determining step, other steps such as pore diffusion and the jon-
exchange reaction rate may influence the overall rate of mass transfer.

As shown in Fig. 4, the concentration in the liquid phase at 70°C
approaches equilibrium very quickly. Therefore it is not necessary to study
unsteady states at 70°C in the periodic operation. This is discussed in the
following section.

Periodic Operation for Desalting Water

In experimental runs the adsorption time 7. in the cold half of the cycle
at 10°C was varied from 10 to 50 min to study the dynamic behavior of
periodic operation. On the other hand, the desorption time #, in the hot
half of the cycle at 70°C was fixed at 10 min in which equilibrium between
resin and liquid phase was already attained as shown in Fig. 4.

Figure 6 shows the experimental results for 7, = 10 min together with
the predicted ones for both 7, = 10 min and co. In the case of 7. = o,
since we can assume equilibrium in both cold and hot reservoirs, the
graphical method in the previous paper (3) can be used for the prediction,
and the points C,, H,, C,, H,, etc. are obtained. In the case of 7, = 10
min, Eqs. (1)-(12) must be solved for the cold half of the cycle by a
computer. The function for the equilibrium in Eq. (8), f(c.,;(?)), is given
by Eq. (14) or (15), which was determined from experiments. The surface
diffusivity D, in Eq. (4) is calculated by Eq. (16) as a function of the
concentration in the liquid phase. Since equilibrium can be assumed for
the hot half of the cycle at 7, = 10 min in any case, the points H;” (j=
1,2,...) in Fig. 6 are on the isotherm at 70°C. On the other hand, the

wn
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g \
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FiG. 6. Periodic operation for C. o = 46.5mol/m?, @, = Cyo =0, V. =
53 x 107*m3, V, = 6,0 x 107*“m3, W = 3.63 x 103 kg dry resin.



13:51 25 January 2011

Downl oaded At:

PERIODIC OPERATION FOR DESALINATION 39

points C;” (j=1,2,...) for the cold half of the cycle at z, = 10 min
are in the middle of two isotherms at 10 and 70°C. Agreement between
experimental and predicted values is fairly good as seen in Fig. 5.

The concentration changes with time in the cold reservoir are shown in
Fig. 7 for periodic operations with three runs of 7, = 10, 20, and 50 min.
Experimental results, indicated by solid lines, are in good agreement with
calculated ones (dotted lines) although there are some differences for the
case of z, = 50 min. It is evident from Fig. 7 that the concentration in
the cold reservoir decreases rapidly as the adsorption time ¢, is decreased.
To demonstrate this trend more clearly, Fig. 8 shows the effect of 7, on
the concentrations in the cold reservoir at the specified total time of T =
180 or 360 min. Dotted lines indicate the calculated results for C. o = C,

-

t (min)

FiG. 7. Concentration changes with time for periodic operation: C.o = 46.5
mol/m?, @y =Chpo =0, V. =53 x10"*m? ¥, =60 x 10"*m?3 W=
3.63 x 102 kg dry resin.

50 T T T T T
= Cho=0
sl Ch.y =465mol/m?
— T=1§0min
R SO
N aph T e acaaen
- S \{”"
£ T2360min  12180min
(S

T=360min

'°'\_,/ 4

0 10 20 30 40 s0
tc [min)

FiG. 8. The effect of adsorption time on the concentration in the cold reservoir
for C.o = 46.5mol/m3 Quo=0, Ve=53 x107*m? V, =60 X 10-4
m3, W = 3.63 x 1073 kg dry resin.
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= 46.5 mol/m?. For industrial use, since the feed water to both cold and
hot reservoirs may be contaminated by salt, this case would be more
practical than the case of C, , = 46.5 mol/m® and C, , = 0 (indicated by
solid lines) although the efficiency for desalination is lower. It is seen
from Fig. 8 that the optimum adsorption time is about 8 min for any
case. If 7. < 8 min, the efficiency becomes lower because the adsorption
is too short to decrease the concentration in the cold reservoir compared
with the desorption time of #, = 10 min. The cost of periodic operation
which is required to move the basket between reservoirs is not considered
in this optimization. Therefore, in the application of this periodic operation
for desalting water on an industrial scale, the optimization must be
considered from this point of view.

CONCLUSION

A new periodic operation has been proposed for desalting water by
using a thermally regenerable ion-exchange resin. The adsorption iso-
therms at 10 and 70°C were expressed by the Freundlich type. The surface
diffusivity D, was evaluated from batchwise data and was found to be
dependent on the concentration in the liquid phase, Comparison between
experimental and calculated results of periodic operation was made for
adsorption time ¢, = 10, 20, and 50 min and desorption time ¢, = 10 min.
It was revealed from the calculations for periodic operations that the
optimal adsorption time z. was about 8 min when the desorption time g,
was fixed at 10 min. With respect to the optimization of desalting water,
we must still investigate the adsorption isotherms and rates with various
conditions such as temperature and salt concentrations. Costs such as
the movement of the basket must also be considered for practical purposes.

SYMBOLS
C concentration of salt in the liquid phase at the end of half cycle
(mol/m?)
¢ concentration of salt in the liquid phase in the period of half cycle
(mol/m?)

D,  effective surface diffusivity (m?/s)
d, diameter of swollen resin (m)
o concentration of salt in the resin phase at the end of half cycle
(mol/kg dry resin)
average concentration of salt in the resin phase at the end of half
cycle, defined by Eq. (3)
g  concentration of salt in the resin phase in the period of half cycle
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]

TN~

(mol/kg dry resin)

average concentration of salt in the resin phase in the period of
half cycle, defined by Eq. (10)

radial coordinate in the resin particle (m)

specified total time (min)

time (s or min)

volume of solution (m?)

weight of dry resin (kg)

Subscripts

8 owxn

N~

bl

cold

hot

cycle number
initial

final or equilibrium
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