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A new dual temperature ion-exchange method for concentration and separation of 
solutes, the / "swinging wave .~ method, was described. The method can be used for the 
reactant-free enrichment of solutions in mierocomponents. The effectiveness of the method 
applied to the enrichment of bromides in sea water on a highly basic anion-exchange resin 
was demonstrated, and technological characteristics of this process were studied using 
computer simulation and experimental studies. 
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The development  of  the theory and practice of ion 
exchange is related to the creat ion of  new, ecologically 
safe processes of  separation and concentration of sub- 
stances. Reactant-free processes performed through a 
directed change in the selectivity of  ion exchangers by 
variation of  the physical parameters,  for example, tem- 
perature, are of  special significance. The known dual 
temperature sorpt ion methods based on the use of sor- 
bents with tempera ture-cont ro l led  selectivity, e.g., the 
"parametric pumping" method,  l,z and the dual tempera- 
ture countercurrent  ion exchange 3 and its different ana- 
logs with a fixed ion-exchange bed, 4 have restrictions 
that decrease the efficiency of  these methods. In par- 
ticular, the most developed parametr ic  pumping method 
can be used for the preparat ion of high-purity sub- 
stances, but it is not appropriate  for manyfold enrich- 
ment of  solutions in a target component  (TC), especially 
when the volumes of the solutions are great. 5 A solution 
can be substantially enriched by dynamic dual paramet- 
ric methods such as the countercurrent  ion exchange 
method and its analogs, since they make it possible to 
control the concentra t ion profiles of  components in 
sorption layers and to create narrow zones with "peak 
concentrations." These methods  are basically restricted 
by the necessity of  matching rigidly the physical veloci- 
ties of the mot ion  of  the sorbent  and solution or move- 
ment of  the heat ing zones and solution with the physi- 
cochemical parameters  of  the sorbent. This leads to 
several problems: the necessity of  external heating or 
cooling of  columns,  a low degree of  heat recuperation, a 
low stability of  the process with respect to variation of 
the parameters,  etc. 

Previously, the  feasibility of  a new dynamic method, 
the "swinging wave" method,  6 in which the processed 

solut ion plays the role of  the heat carrier, has been 
theoretically shown. The problem of  enrichment of  the 
solution was considered in the simplest linear approxi- 
mation.  Several versions of  the method have been devel- 
oped to perform continuous enrichment processes 7 ori- 
ented to the concentration of  bromine, potassium, and 
rare elements from complex solutions and natural water 
by cation- and anion-exchange resins. 

In this work, we estimated quantitatively the effi- 
c iency of this method for real values of physical param- 
eters,  taking into account the nonl inear  and non- 
equil ibrium character of the processes, and the enrich- 
ment  in sea water of bromides was experimentally and 
theoret ical ly studied. The "swinging wave" method was 
shown to be a sufficiently efficient reactant-free method 
for the concentration and separation of  substances. 

Description of the method 

The method is based on the effect of compression of 
the  concentration wave on passing from the zone with a 
lower sorption capacity of a component  to the zone with 
higher sorption capacity. This can be easily shown for 
the l inear isotherm described by the equation 

~i = ri(0). Ci, (1) 

where ~t,(Z) is the equilibrium content of the /th compo- 
nent  in the unity volume of the sorbent layer correspond- 
ing to the longitudinal coordinate in the column Z ( Z  = 0 
is the inlet of the column, Z = L is the outlet); F i is the 
parti t ion coefficient between the solution and sorbent; Ci 
is the concentration of the / th  component in the solution, 
0(Z, t) is the temperature of the sorbent, and t is time. In 
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Fig. 1. Transfer of the concentration wave accompanied by 
"compression." 

this case, the phase velocity of any point of  the exchange 
front is determined by the correlation 

v~(o) = ql[~ + r,.(o)l,  (21 

where q is the l inear velocity of the movement of the 
solution normalized to the cross section of the column 
and c is the porosity of  the sorbent layer. If  F(0:) < 
F(01) , v(02) > v(01). The  points of  the trailing edge, as 
seen in Fig. 1, pass the major  portion of  the path at the 
temperature 02 with veloci ty  v 2 = v(02), whiIe the points 
of the leading edge pass the major portion of the path at 
01 with a lower velocity (v 1 = v(01)). A similar reg-alar- 
ity, but described by more  complicated correlations, is 
retained in the nonl inear  case when the sorption iso- 
therm of  the target componen t  is convex. 

The simplest version of  the "swinging wave" method 
can be realized on a setup consisting of  two equivalent 
sorption columns (Fig. 2). Let us consider the case 
where the selectivity of  the ion exchanger with respect 
to TC decreases as the temperature  increases (F(0) is a 
descending function), s,9 Before the beginning of the 
process, the target componen t  in the ion exchanger in 
both columns is in equil ibrium with the original cool 
solution with temperature T c (Tr = 0 c under equilib- 
rium conditions). The overall concentration of  TC in 
the column (in both the sorbent  and solution) is equal to 
m(0). Then the solution in one column is heated to the 
temperature T h (for example ,  due to some external heat 
source), and the solution in the other column remains 
cool. This state will be considered to be the starting state 
of  the system. 

The process is performed in cycles. Each cycle in- 
cludes three stages: the redistribution of  TC, the change in 
temperature, and the sorption of TC from the original 
solution. At the beginning o f  each cycle, the system is in 
the starting state: the solution in the cool column has the 
temperature To, and the solution in the hot column has 
the temperature T h ( T  h > To). The heated region of the 
system is shaded in Fig. 2. Before some (n + l) th cycle, 
the hot column I contains a certain amount of TC, which 
wilt be called the accumulat ion re(n). At the beginning of 
the first cycle, the accumulat ion is equal to m(0). 

The cycle begins with the  stage of  redistribution of 
TC. The circular flow of  the  solution with the velocity q 

Fig. 2. Scheme of the work of the two-column setup for enrich- 
ment of solutions through the "swinging wave" method: transfer 
of the concentration wave of the target component from the 
heated column to the cooled column (a), change in temperatures 
in the columns by the circulating flow (b), and sorption of the 
target component from the original solution (c). 

is created. At this stage, the t empera tu re  regimes in the 
columns should be steady-state b u t  different from one 
another. The latter condi t ion is fulfilled by the heat 
exchange between the equivalent  counter  flows in a 
countercurrent heat exchmager be tween  sections. In  an 
ideal adiabatic system, under  t h e  condi t ion of  local 
internal thermal equilibrium at each  point  of  the heat 
exchanger, the temperatures in t h e  columns would re- 
main unchanged. In fact, some a m o u n t  of  heat  is lost, 
which is compensated by addi t iona l  heating and cooling 
in points A and B. The accumula t ion  zone is transferred 
to the cool column 2 by the f low of  the solution. The 
leading edge of the zone moves ove r  the cool  sorbent,  
and the trailing edge moves over t h e  hot sorbent.  Since, 
for the case where F(0) is a descending  function,  ac-  
cording to Eqs. (1) and (2), the phase  velocity of  points 
of  the concentration profile increases  as the temperature  
increases, the mean velocity of  t h e  transfer of  the lead- 
ing edge is less than that  of  the t ra i l ing  edge. As a result, 
the length of the accumulat ion zone  decreases,  and the 
concentration of  TC in this zone increases.  After the end 
of the first stage, the m "accumulat ion"  is col lected in 
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the cool column 2, and the remaining portion of this 
column contains some additional amount of  TC. 

The second stage of  the cycle is the change in the 
temperature of  the sections. The heat exchanger is 
switched off (see Fig. 2, b), and the circulating solution 
changes the temperature  of  the columns: column 2 
contairii~!g the accumulat ion becomes hot, and column 
1 becomes cool. When  the column with the accumula- 
tion is heated, its F(0) changes, and an additional amount 
of TC comes to the solution from the sorbent. As a 
result, after the first and second stages, the amount of  
TC in the solution in the heated column 2 increases by 
Am compared to the  beginning of  the cycle, and in the 
cool column 1 it decreases by the same value. The cool 
column 1 becomes depleted. 

The third stage is the co-feeding of the system from 
the external original solution. The heated section is 
switched off, and the original solution is passed through 
the cool depleted column 1 until equilibrium with re- 
spect to TC is established. This is the end of the cycle, 
and the system is considered to be brought to the state 
starting for the next cycle. 

In the next cycle, the solution moves to the opposite 
direction, and the columns exchange their roles and 
temperature regimes. The m accumulation increases from 
cycle to cycle, and the accumulation zone (concentra- 
tion wave) moves in an alternating direction, in each 
cycle going from the depleted hot column to the cool 
column, which is preliminarily brought to the state of  
equilibrium with the original solution. After the neces- 
sary degree of enr ichment  is achieved, the preparation 
part of the process is completed.  In the working part, 
when the accumulat ion zone goes from column to col- 
umn, the product  is removed from the system at time 
intervals corresponding to the "passage" of the peak of  
the concentrat ion wave of the component through the 
sampling point  (C). The velocity of removal of the 
product and the regime of  "co-feeding" with the original 
solution are chosen in such a way that the total volume 
of the system remains  unchanged, and the parameters of 
the concentrat ion wave of  T C ,  which passes through the 
sampling point  and changes its direction from cycle to 
cycle ("swinging" wave), remain unchanged. 

The simplest version of the "swinging wave" method 
described above can be improved to arrange a continu- 
ous process of  sorpt ion of TC from the original solu- 
tion. 7 For  this purpose,  the third column should be 
included in the system. When the stages of redistribution 
of TC and temperature  are carried out in two columns, 
the sorption occurs in the third column. Then the 
positions of the third ("charged')  and depleted columns 
are exchanged, and the next cycle begins. 

Mathematical model 

The process of  the mass transfer and the movement 
of the temperature  fronts in each column are considered 
in terms of the following model. 

e(OCi,/at) + q(aC.JoZ) + Oai/3t = O, 
0 ~ Z_< L, i = 1, 2, (mass transfer) (3) 

aai/at = ~(~t i -  al), ~ = 13(C, 0), 

2 
Cl/iz t = I((0)C2/~t2, ~ a i  = AT, (exchange equilibrium) (4) 

i=l= 

~(aT/at) + q(~T/aZ) + tr(OO/Ot) = O, 
OT/Ot = a ( T -  0). (heat transfer) (5) 

In these correlations, a,(Z, t )  is the content  of  the 
component per  unit volume of  the sorbent layer, which 
depends on the longitudinal Z coordinate and time t 
(t = 0 corresponds to the beginning of  the cycle); 13 is 
the effective mass-transfer coefficient;  K(O) is the selec- 
tivity coefficient of  the ion exchanger; A z is the total 
exchange capacity per unit volume of  the sorbent layer; 

is the thermal conductivity coefficient of  the sorbent 
phase normalized to the unit volume of the layer; and ct 
is the kinetic heat-transfer coefficient in the sorbent. 

The initial and boundary condit ions for the concen- 
trations of the components  and the temperature  of the 
two columns correspond to the description presented 
above. 

To consider the part icular problem of  the extraction 
of Br-  from sea water, let us designate C1- and Br -  by 
indices 1 and 2, respectively. Note  that Eq. (4) is a 
particular case of  the mass act ion law for a two-compo-  
nent solution containing compounds  of  exchanging 
monocharged ions. 

In the simulation of the process, it is interesting to 
study the dependence of the accumulat ion dynamics on 
the cycle duration and its stages. Therefore,  the duration 
of each stage of  the cycle was not  fixed in the calcula- 
tions; instead ending criteria were introduced: (1) for 
the first stage, the achievement of  the accumulation 
maximum in the cool column; (2) for the second stage, 
the completion of  the change in temperatures  of the 
sections; and (3) for the third stage, the achievement of 
the specified level of filling the column with the compo- 
nent. 

A differential scheme similar to that presented previ- 
ously 1~ was used to solve the system of equations (3)--(5). 

Hereinafter,  for simplicity, numerical  values of  mag- 
nitudes entering the equations of  the model  are given 
without dimensionalities.  These magnitudes are mea- 
sured in the following units: C, a, m, ~t, and A z in 
g-equiv. L -1, t i n  h, Z i n  m, ct and 13 in h -I, q in m h -t ,  
t~ in J L - i  deg - l ,  and s and Kare  dimensionless magni- 
tudes. 

Parameters of the model applied to the 
concentration of Br-  in sea water 

The values of  the parameters  of  the model  were 
taken from the experimental  data obtained previously 
for the ion exchange of  CI -  and Br -  on the highly basic 
AB-17 and Dowex-1  a n i o n - e x c h a n g e  resins with 
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tetraalkylammonium functional groups, s According to 
detailed procedure, s a series of dynamic experiments on 
the frontal ion separation was performed: solutions of 
mixtures of salts containing Br-  and C1- ions in differ- 
ent concentrations were passed through ion-exchange 
columns with anion-exchange resins at temperatures of 
T c = 9.~C and T h = 90 ~ and the composition of 
eluted solutions was analyzed. Based on this analysis, 
the selectivity coefficients (equilibrium constants of ion 
exchange of chlorides and bromides) on different sor- 
bents were determined at different concentrations of 
components and temperatures. Additional studies at in- 
termediate values of temperatures were performed for 
the AB- 17x 8 anion-exchange resin. Experiments with 
real sea water containing sulfate ions along with bro- 
mides and chlorides were also carried out. It was estab- 
lished that SO42- anions in concentrations correspond- 
ing to their content in sea water have almost no effect 
on the exchange of Br- and C1-. 

The results of  the experiments can be briefly formu- 
lated as follows. 1. The equilibrium of the exchange of 
bromides and chlorides is described by Eqs. (4), from 
which the Langmuir isotherms for each of the compo- 
nents can be easily derived. The constant of exchange of 
Br- by C1- is independent of the ratio of their concen- 
trations in the original solutions when the overall con- 
centration of salts (Cz) in these solutions is unchanged, 
and its temperature dependence has the form 

K(O) = Kaf(0), (6) 

alnK(o)/ao = a/-//(Ro:),  (7) 

where K 0 is the exchange constant at the specified 
temperature 00, andf(0) = exp[ -AH/R �9 (0 -1 - 00-1)] is 
the temperature function; AH (J tool - t )  is the change in 
the differential enthalpy during the transfer of one mote 
of the chloride form of the anion-exchange resin to the 
bromide form. 

2. The exchange kinetics is described by an additive 
model for the mixed-diffusion process (for the following 
values of the parameters: 8" 10 -4 < C 2 -< 8 �9 10 -2, C z = 
0.5, r =  3.75- 10 -4 , 0.1 _< q <I): 

1/13 = r /~* + Ur, (8) 

w h e r e  r = KAEICs 
1 + ( K  - I ) C : / C  x ' 

~* = ~oql/2ff(O)/r 3/2, y -- x2D~lf"(0)/r 2, (9) 

a ia f ' / ao  = ~E(~')/(RO2), O0)  

alnf"/aO = as (11 ) 

Here r is the average radius of grains of the ion-exchange 
resin (m); ~, is the mass-transfer coefficient in the sorbent 
phase (h-l) ;  13" is the external diffusion coefficient (h- t ) ;  
AE(13*) is the activation energy of the interdiffusion of 
Br- and CI- ions in the solution (J tool-l);  AE(y) is the 

activation energy of the interdiffusion of B r - a n d  C1- ions 
in the ion exchanger phase (J tool-l);  D O is the coeffi- 
cient of the particle diffusion of Br- in the chloride form 
of the anion-exchange resin (In 2 h- l ) ;  130 and ~'0 are the 
equilibrium and kinetic parameters (with accuracy up to 
numerical coefficients) at the specified temperature, at 
which the corresponding functions f" and f "  have urtity 
values. 

The following parameters of the model for the sys- 
tem of equations (3)--(11) were used in experiments 
with the AB-17x8 anion-exchange  resin or determined 
by an independent  me thod :  ~ = 0.36; A z = 1.43; 
Cl[(Z=O) = 0.5; C2](z=o)--- 8" 10-4; K(0)[298K = 4.3; 
AH = - 5 . 7 .  103; 13"(298) = 140 (at q = 5); r(298) = 25; 
/)o(298) = 3 .2 - 10 - 7 ;  AE([3*) ~ 8 .3-103;  A E ( y ) =  
16.9 - 103. A more detailed s tudy of the kinetic processes 
will be published elsewhere. 

It was established that the use of the equilibrium and 
"kinetic parameters presented in the simulation of ex- 
change processes in the Br- - -C1--an ion-exchange  resin 
systems by Eqs. (1)--(6) makes it possible to obtain 
results that agree well with experimental elution curves. 

Results  of s imulat ion of e n r i c h m e n t  
by the "swing ing  wave"  method  

Figure 3 presents the Cm~(n) and am(n) depen- 
dences for q = 2 and q = 5 when  L = 1. These qvalues 
were chosen for demonstrat ion because when q = 2 the 
enrichment process is highly efficient and degrees of 

8 - Cmax" l0 2 
or Am- 10 3 

m 

6 -  

4 m 

2 -  

/g-equiv. L -1 

2" 

1" 

I I 1 1 
0 2O 4O 60 8O 100 

n (number of cycles) 

Fig. 3. Accumulation of the target component per cycle (Am) 
(1, 1") and its concentration in the peak (Cmax) (2, 2") at 
different numbers of the cycle, at 6' = 2 (1, 2) and 5 m h -l  
( r ,  2% 
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Fig. 4. Distance covered by the peak (Xmax) (1) and optimum 
moment of removal of the product (tmax) (2) at different 
concentrations in the peak. Curves are normalized to the 
average value. 

enrichment of the solution up to 150 t imes can be 
achieved, while q = 5 corresponds to a sufficiently high 
velocity of the movement  of the solution. 

The optimum moment  of removing products from 
the system, which coincides with the moment  of  the 
elution of the concentrat ion peak of  the target compo-  
nent from the column (tmax), and the distance covered 
by this peak in the column (Xmax) depend on the value 
Cmo.~. The tm~(Cmo.x) and Xm~.x(Cmax) dependences nor-  
malized to tmax(50C0) and Xmax(50C0), respectively, for 
q = 2 are presented in Fig. 4. These data demonstrate 
variations of the distance covered by the concentrat ion 
peak over a cycle and of  the t ime of the opt imum 
elution of the product  as the degree of  enrichment  of  the 
solution changes. When Cma x varies from 40C 0 to 60C 0, 
the distance covered by the peak changes by 14% and 
the time changes by only 4%. The stability of  the 
moment of elution of  the product  is supported by the 
alternating direction of movement  of the solution in the 
column. In the technological  regime, this stability makes 
it possible not to change the moment  of  product  removal 
when Cm~ ~ is varied, unlike, e.g., the process that  occurs 
via the circular column scheme. 4 

Optimization of  the process through the amount  of 
the product removed in the steady-state regime is one of  
the most important  problems that  can be solved by 
simulation. The steady-state regime occurs when Am = 
0 and is determined by values of  the parameter  q, the 
concentration of TC in the eluate (Cead), and the amount  
of TC removed per cycle (z_Vh). We shall call the amount  
of TC removed per unit t ime,  E* = A~/At, the effi- 
ciency of the process. E* = E* (Cen d, q). 

Let us examine the dependence of the effectiveness on 
q with fixed Cen d. For  this purpose, one should determine 
the steady-state regime of  the process, at which the 
maximum amount of the substance per unit t ime is 
removed, and the concentration of  the solution should be 
not less than the specified value. The results of  optimiza- 

8 E* = ~th/~t 

7! 

6 / /  , 
5 ; v ' s \  

4 

3 

20 . . . . .  2~ ' 4 1 6 "  8L 1'0 

q/m h -1 

Fig. 5. Dependence of the efficiency of the process on the 
flow rate of the solution when the solution is enriched by 
10 (1) and 50 times (2). 

tion of  the efficiency of the process (E*) for Cea d = 10C 0 
and Cen d = 50C 0 are presented in Fig. 5. The maximum 
E* values for the Con d considered are observed at q = 4.2 
and q = 2.3, respectively (when L = 1). When the flow 
rate increases, the E* value decreases compared to the 
optimum efficiency due to smearing of the concentration 
peak and the corresponding decrease in Ar~. When q 
decreases, the time of the cycle increases and, hence, 
~m/At decreases. The optimum q value is well pro- 
nounced, since the peak is less blurred. 

Comparison of experimental and calculated data 

For  experimental  verification of the "swinging wave" 
method,  bromide ions were concentrated in a model  
solution modeling sea water with the use of the AB- 17 • 8 
ion-exchange resin with the parameters presented above. 

The three-column version of the "swinging wave" 
method described above was used. In this version, the first 
and second stages are performed in parallel with the third 
stage. Each column contained 15 mL of the sorbent, and 
the column length was 0.2 m. The process was performed 
at the following temperatures in the columns: T c = 3 ~ 
TI~ = 78 ~ The relative velocity of the solution flow was 
maintained to be q/L = 2.6 h - k  The starting concentra- 
tions of  components in the model solution, which was 
used as the original and circulating solutions, were CBr = 
8" 10 -4 and CcI = 0.5 g-equiv. L -1. Laboratory experi- 
ments were carried out under isothermal conditions in 
each column. This is related to the fact that the complete 
adiabatic process of the "swinging wave" cannot be scaled 
to sizes less than some critical size, because the efficient 
work of  a heat exchanger requires relatively large linear 
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CSr" 103/g-equiv. L-1 

8 0 ?  "'/~'x,  n ' = 3  
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Fig. 6. Experimental (solid lines) and calculated (dotted lines) 
concentration profiles in the cyclic concentration of Br- in the 
solution modeling sea water: a. Before the process, one of the 
three columns was brought to equilibrium with the solution 
enriched by 50 times, b. In all columns, the anion-exchange 
resin was taken in the original CL- form. 

flows of the solution. Capillary effects and relative heat 
losses become noticeable when the sizes of the system are 
small. Nevertheless, as the results of the simulation show, 
in the process considered, the phase velocities of tempera- 
ture waves are always higher than the phase velocities of 
concentration waves, and the isothermal version of the 
column simulates the actual process well. 

Two series of experiments were performed. In the 
first series, the enrichment in Br-  of modeling sea water 
was carried out beginning from the starting concentra- 
tions. This experiment corresponds to the region of Br- 
concentrat ions in solutions and ion-exchange resins with 
equilibrium described by the linear function (1). In the 
second series of experiments, one column was prelimi- 
narily brought to equilibrium with the solution: CBr = 
4 - 1 0  -2, Ccl = 0.46 g-equiv. L -1. After two starting 
cycles, the system entered the regime of the TC concen- 
tration by the "swinging wave" method. 

The concentrat ion profiles and results of simulation 
for both experimental series are presented in Fig. 6. The 

Cma x �9 102/g-equiv. L -z 
or R" 10 

1 0 -  O 

8 -',,. Io/  " /  

,l I I I I I I F I I 
0 2 4 6 8 lO 

n (number of cycles) 

Fig. 7. Dependences of the concentration of Br- in the 
peak (1") and relative width of the peaks (2) on the number of 
cycles. Curves are the result of simulation, po,;nts are experi- 
mental data. 

numbers of the cycles n correspond to the first series, 
and the number n~ = 3 corresponds to the second series. 
Experimental profiles are drawn by solid lines, and the 
results of the simulation are shown by dotted lines. 

Let us consider the relative width of the concentra-  
tion profiles R = ti/2/t o. The change in the Cruz ~ and R 
values from cycle to cycle is shown in Fig. 7. In the 
second series, R = 0.54 at n l = 3, which also agrees 
well with the results of the simulation.  

The results obtained confirm that the model is valid 
and the dual temperature method  proposed for the 
concentration of bromides is efficient. Estimation of 
some technological parameters of the concentrat ion of 
bromides from sea water shows that  the efficiency of the 
pilot plant with loading of 1 ton  of the sorbent can 
produce a concentrate containing 1.2 ton Br-  per year. 
The energy consumption is 108 kJ with heat losses of 
-15%. The method proposed can be effectively used for 
the development of reactant-free and ecologically pure 
processes of concentration of different components  from 
natural water. The method even needs no thermal treat- 
ment of the original water. In fact, according to the 
description presented above, the transfer of the concen-  
tration wave from the hot co lumn to the cool co lumn is 
performed by the same circulating solution. Contact  
with the external solution occurs only at the stage of 
co-feeding, which is carried out at a reduced tempera-  
ture if F(0) is a descending funct ion.  Therefore, a 
sorbent with a negative temperat'ure coefficient of selec- 
tivity with respect to the target component  should be 
chosen, for example, such as the  highly basic AB-17 
anion-exchange resin, which was used in the experi- 
ments on the concentration of bromides  from the mod-  
eling sea water. 
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