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la pluviometria, etc. En la Tabla | del ahexo Il se muestra la composicidn de varias
muestras de aguas de mina tomadas en diferentes épocas del afio.

La Figura 2 del anexo Il muestra la influencia de la composicién en la
capacidad de la resina TP-207. En la Tabla | del anexo Il se observa que las
principales diferencias de composiciéon entre las muestras 1 y 2 son el cobre,
aluminio, sodio, zinc y hierro. En la Figura 2a se aprecia que la resina TP-207 es
muy sensible a la concentracién de hierro y se confirma la necesidad de reducir la
concentracion de este metal a nivel de inferior a 1 ppm. Para el resto de los iones
metalicos no se observan grandes diferencias, aunque puede apreciarse que al
aumentar la concentracién de metal en disolucion aumenta su adsorcién en la
resina. En la Figura 2b se observa que una disminucién del 20% de la
concentracién de aluminio disminuye la adsorcion de este metal del 15 al 8%. Este
resultado es interesante ya que la disminucion de la concentracion de aluminio
permite aumentar la adsorcion de metales mas valiosos como por ejemplo el cobre.

Por otro lado, se ha estudiado el efecto de la temperatura sobre la capacidad
de ambas resinas. En la Figura 3a del anexo |l se observa que la influencia de la
temperatura sobre la capacidad de la resina TP-207 para la mayoria de los iones
metalicos del agua de Riotinto es poco importante. Las diferencias mas
significativas los encontramos en el caso del cobre y aluminio. En la Figura 3b de
dicho anexo se observa un apreciable aumento de la adsorcién de aluminio y
disminucién de la adsorcién de cobre al aumentar la temperatura.

Del mismo modo, se ha estudiado el efecto de la temperatura sobre la
capacidad de la resina R 250-K hacia los iones del agua de Riotinto. En la Figura
4a del anexo Il puede apreciarse, para la mayoria de los iones metalicos, una ligera
disminucién de la capacidad de la resina por estos iones al aumentar la
temperatura. EI comportamiento del aluminio es opuesto al resto de los iones
metalicos, es decir, la adsorcidon de este metal aumenta de manera importante al
aumentar la temperatura como se aprecia en la Figura 4b. Dado que el aumento de

la adsorcién de aluminio es considerablemente mayor que la disminucién de la
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adsorcién del resto de iones metalicos, el resultado final es un aumento importante
de la capacidad total de la resina al aumentar |la temperatura.

El grado de concentracion de cualquier especie metalica mediante procesos
de intercambio idnico a temperatura dual es directamente proporcional a la
variacién de la capacidad de la resina entre ambas temperaturas, e inversamente
proporcional a la concentracién del ion metalico en la disolucion inicial. Por lo tanto,
es posible predecir el grado de concentraciéon de un ion metalico en una mezcla de
multicomponentes a partir del parametro b, que se calcula mediante la siguiente

expresion:

G, v (12

donde Aq representa la variacion de capacidad de la resina, C, la concentracion del
ion en la disolucion inicial y V, el volumen de disolucion pasado a T,.
En la Tabla I.2 que se presenta a continuacion se muestran los valores de b

determinados para ambas resinas TP-207 y R 250-K.

Tabla I1.2. Valores del parametro bx10® determinados para las resinas Lewatit TP-207 y
R 250-K en aguas de mina. T,=20°C y T,=80°C.

Resina Cu® Zn* Mn? Mg** Ca* Na® AP
TP-207 6,63 0,47 0,31 0.23 -0,36 0 -8,31
R 250-K 74,36 15,17 4,94 0,96 1,93 0,42 -59,05

A partir de los resultados de la tabla anterior se puede predecir para la resina
TP-207 que el cobre sera la Unica especie cuya concentracidon aumentara
significativamente mediante la técnica de intercambio iénico con temperatura dual.
E!l comportamiento inverso puede predecirse para el aluminio, en este caso, se

espera una disminucién importante de su concentracién durante el proceso.
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En el caso de laresina R 250-K es posible predecir, a partir de los valores de
b, que el grado de concentracidén de los iones metalicos del agua de Riotinto

seguira el siguiente orden:

Cu2*>>Zn2*>Mn2*>Ca2*>I\/lg2*>Na i (13)

Hemos de puntualizar que la diferencia en valor absoluto de los valores de b
entre las dos resinas se debe a |a diferencia de altura del lecho de resina utiliza:ia
en ambos casos, en el caso de la resina R 250-K era diez veces mayor. De
cualquier modo, a partir de los resultados de la tabla anterior se puede preveer un
comportamiento similar de ambas resinas en los procesos de intercambio iénico con
temperatura dual.

2. Selectividad de las Resinas.

Se han determinado los valores de oM para las diferentes parejas de iones
presentes en el agua de Riotinto en ambas resinas Lewatit TP-207 y R 250-K
utilizando el método directo (ver ecuacion 1).

El estudio de la dependencia de o con la temperatura para la resina TP-207
se ha realizado utilizando |la muestra 1 (ver Tabla 1 del anexo Il). En la Figura 5a
del anexo Il se observa que los valores de af,s son mucho mas elevados que para
el resto de los iones metalicos, lo cual demuestra la elevada selectividad de la
resina TP-207 para el hierro y de nuevo confirma la necesidad de eliminar este
metal.

Los elevados valores de a3 que aparecen en la Figura 5b demuestran que
esta resina es también muy selectiva a cobre. En el caso de aﬁ;, se aprecia un
considerable aumento de la selectividad con la temperatura, mientras que el resto
de los iones metalicos (excepto el aluminio) muestran una dependencia mas débil.

El caso mas interesante es para oy} ya que disminuye de manera importante
al aumentar la temperatura.

La Figura 5¢c muestra que la influencia de |la temperatura sobre los valores de
oy, es bastante considerable, ya que los valores de a aumentan de modo

importante al aumentar la temperatura. En las Figuras 5d y 5e se observa que el
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efecto de la temperatura sobre o para el resto de las parejas de iones metalicos es
mucho menos importante. La fuerte dependencia de los valores de af) con la
temperatura puede explicarse a partir de los valores de AH°® de la reaccion de
complejacion entre los metales y compuestos que contienen grupos iminodiacético.
Los valores de entalpia son muy positivos para el aluminio y negativos para el cobre
y otros iones metélicos presentes en las aguas acidas.

En el caso de la resina R 250-K, la dependencia con la temperatura de los
valores de aj; se ha estudiado utilizando la muestra 2 de agua de Riotinto.

En la Figura 1a del anexo lll se aprecia que la influencia positiva de la
temperatura sobre los valores de oy, es incluso mas fuerte que la observada en la
resina TP-207. Para el resto de parejas de iones metalicos se observa una
tendencia opuesta, este es el caso de o, ags y agl, o bien una influencia mucho
mas débil (ver Figuras 1b, 1c y 1d del anexo llI).

La influencia de la temperatura sobre los valores de o puede apreciarse mas
claramente mediante el parametro a que representa el cociente entre dos valores

de o a diferente temperatura y que se expresa del siguiente modo:

M1
Q- O(M2(7-1) ) Y, (T4) . Y (Th) + AYy, (14)
v, YlT)) = AY,, Yl To)
a (1)
2

donde T,y T, se escogen de modo que a>1, y AY,=Y\(T,)-Yu(T,). El valor maximo
de a se obtiene cuando AY,,;<0 y AYy,>0, es decir, cuando la adsorcién de los
iones considerados muestra una dependencia opuesta con la temperatura, como
sucede con el aluminio y el resto de los metales de las aguas acidas. La siguiente
tabla muestra los valores del parametro a calculados para el aluminio y el resto de
las parejas de iones presentes en el agua de Riotinto.

El parametro a también puede utilizarse como criterio para medir la eficacia de
cualquier proceso de separacién con temperatura dual,'*'® y predecir la separacién

entre los diferentes iones del sistema estudiado. En el caso de la resina R 250-K
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los méaximos valores de separacion se observan para el aluminio y los iones cobre,
zinc y manganeso, por lo tanto, se espera que la mayor separacion tenga lugar

entre estas parejas de iones.

Tabla I1.3. Valores del parametro a calculado para las diferentes parejas de iones
AP*-M™ a T,=80°C y T, variable en las resinas Lewatit TP-207 y R 250-K.

Lewatit R 250-K

T, (°C) Ccu® Zn* Mn?* Mg* Ca® Na*
20 3,43 4,26 4,02 1,85 1,85 223
40 213 1,25 1,45 1,37 0,91 1,35
60 1,62 1,09 1,19 1,18 0,73 1,14

Lewatit TP-207

T, (°C) cu* Zn* Mn? Mg* Ca* Na*
20 2,68 3,20 3,55 3,57 2,36 2,79
40 1,86 1,99 2,31 2,40 1,48 2,14
60 1,36 1,41 1,55 1,63 1,05 1,55

- Procesos de Termoadsorcion y Termodesorcion de Metales en Aguas
Acidas de Mina :

Los estudios de termo-adsorcion-desorcion se han llevado a cabo en ambas
resinas (Lewatit TP-207 y R 250-K) utilizando agua acida de mina natural. Los
experimentos de termodesorcion se han realizado a 80°C con la resina previamente
equilibrada a 20°C.

En las Figuras 6a y 6b del anexo Il se observa que el proceso de
termodesorcion de ambas resinas conduce a un incremento selectivo de la
concentracion de cobre, mientras que la concentracion del resto de metales
(excepto aluminio) permanece practicamente inalterada. La considerable
disminucién de la concentracion de aluminio durante el proceso indica que es el

aumento de adsorcion de este metal lo que provoca la desorcidn del cobre y otros
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metales. En el caso de la resina R 250-K los datos presentados (ver Figura 6b)
corresponden al segundo ciclo de termodesorcion. El primer ciclo se realizé a 80°C
después de equilibrar la resina, en forma sodica, con agua de Riotinto a 20°C. En
este caso, se produce un aumento muy importante de la concentracién de cobre y
de otros iones metalicos como muestra la Figura 2 del anexo I

El comportamiento observado para ambas resinas durante los experimentos
de termodesorcion muestra una buena correlacion con las predicciones realizadas
mediante los valores de b calculados a partir de los datos de equilibrio. La unica
excepcion se observa en el caso de la resina R 250-K para el manganeso y zinc,
y puede explicarse por la menor difusién en disolucion de este ultimo, lo que da
lugar a un pico de elucidn mas ancho y mas bajo que el del manganeso.'®

Por otro lado, es posible calcular los valores de b a partir de los datos

obtenidos en los experimentos de termodesorcion utilizando la siguiente ecuacion:

]
> (C-C,)V,
Dotrp = — (15)

J
Coz Vi

En el caso de la resina R 250-K se ha llevado a cabo una comparacion entre
los valores de b determinados a partir de los datos de equilibrio (b,,,) y los
determinados en los experimentos de termodesorcion (by,,). Como se observa en
la Figura 3 del anexo lll la representacion de log(b,,;) versus log (byy,) se ajusta
aceptablemente a una linea recta lo que demuestra la validez del modelo propuesto
y de las predicciones realizadas.

Una vez finalizado el proceso de termodesorcion, las resinas estan
descargadas de cobre y otros metales de las aguas acidas (excepto aluminio) y son
capaces de adsorberlos de nuevo sin necesidad de ningun tratamiento adicional,
simplemente pasando el agua de mina a 20°C. En el caso de la resina acrilica, este

proceso es mucho menos eficiente que el observado en el primer ciclo de carga, ya
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que tiene lugar en contra de la selectividad de la resina como demuestran los
valores de afs.

Por otro lado, conviene tener en cuenta diversos factores que pueden influir
en la efectividad del proceso de termodesorcion, por ejemplo la altura del lecho de
resina y la temperatura a la que se lleva a cabo el proceso.

En la Figura 7 del anexo Il se observa que un aumento de la altura del lecho
de resina TP-207 de 0,5 a 2,5 cm conduce a un aumento de la concentracion de
cobre y de la zona de separacidn entre cobre y aluminio. El mismo efecto se ha
observado para laresina R 250-K\al aumentar la altura de 5 a 18,5 cm, como se
muestra en la Figura 5 del anexo IV,

La disminucidn de la temperatura a la que tiene lugar el proceso de
termodesorcién produce el efecto contrario. Asi, en la Figura 8a del anexo Il se
observa para la resina TP-207 como una disminucién de la temperatura provoca
una importante disminucién de la eficacia del proceso de termodesorcion. Del
mismo modo, en la Figura 8b se observa una disminucion de la eficacia del proceso
de termoadsorcion al disminuir la temperatura a la que tiene lugar la etapa previa
de termodesorcion. Estos resultados son consecuencia de Ios cambios de adsorcion
de cobre y aluminio en la resina a diferentes temperaturas, y pueden ser deducidos

a partir de los valores de a presentados en la Tabla 1.3 antes descrita.

- Tratamiento de Aguas Acidas de Mina Mediante Procesos de Intercambio
Iénico a Temperatura Dual
Los resultados obtenidos anteriormente permiten disefar procesos de
intercambio idnico a temperatura dual para el tratamiento de aguas acidas de mina.
A continuacion presentamos algunos posibles tratamientos de aguas de mina
basados en este tipo de procesos.

1. Concentracion Selectiva de Cobre sin Reactivos.

Una aplicacion de la técnica de intercambio idnico a temperatura dual para el
tratamiento de las aguas acidas de mina consiste en la concentracion selectiva de

cobre aplicando procesos sin reactivos y que por tanto no generan residuos.
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El proceso se lleva a cabo mediante una serie consecutiva de ciclos de termo-
adsorcion-desorcion, de modo que en cada ciclo se consigue una disolucion cada
vez mas concentrada en cobre y empobrecida en aluminio mucho mas adecuada
que la disolucion inicial para la recuperacidon de cobre.

Los experimentos se llevaron a cabo utilizando la resina Lewatit R 250-K y
agua &cida preparada en el laboratorio (artificial) cuya composicion se recoge en
la Tabla 1 del anexo V. Los resultados obtenidos en una serie de cuatro ciclos se
muestran en la Figura 9 del anexo lI. La disolucién obtenida después del cuarto
ciclos contiene 324 ppm de cobre y 51 ppm de aluminio, mientras que la
concentracion de zinc y sodio practicamente no varia a lo largo del proceso.

La recuperacion final del cobre a partir de esta ultima disolucién se lleva a
cabo con la resina TP-207. La elucion del cobre con acido sulfurico 1 M permite
obtener una disolucién de sulfato de cobre con una pureza media del 86% (93,5%
si se evita la mezcla con la primera fraccion del eluato que contiene el mayor nivel
de impurezas). En la Figura 10 del anexo Il se muestra mas exahustivamente estos
datos de pureza del cobre de las diferentes fracciones recogidas en el proceso de
elucion.

La Figura 11 del anexo |l muestra un esquema del proceso de intercambio
iénico a temperatura dual para la concentracion de cobre de las aguas acidas de
mina. El sistema consta de una serie de columnas en contracorriente operando a
diferente temperatura. El agua acida alimenta la primera columna donde sé produce
el primer concentrado que se dirige a la siguiente columna y asi sucesivamente. Es
importante sefialar que el proceso de concentracion de cobre se lleva a cabo sin
reactivos por lo que no se generan residuos gque deban ser tratados.

2. Agua de Mar como Reactivo Auxiliar.

Otra posibilidad para el tratamiento de aguas acidas de mina mediante
procesos de intercambio idnico a temperatura dual, consiste en la utilizaciéon de
agua de mar como regenerante de la resina para mejorar la efectividad del proceso

de concentracion de cobre explicado anteriormente. El agua de mar presenta las
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ventajas de ser un reactivo barato (el unico coste es el transporte) y no es nocivo
para el medio ambiente.

En la Figura | del anexo IV se muestra una comparacién del primer y segundo
ciclo de termodesorcién, en el primer caso la resina esta en forma sddica o
equilibrada con agua de mar mientras que en el segundo esta equilibrada con agua
acida. En dicha figura se observa que la efectividad en el segundo caso es mucho
menor que en el primero. Por lo tanto, el proceso anterior puede mejorarse
significativamente regenerando la resina con agua de mar de modo que la
concentracion de cobre de las aguas de mina tenga lugar con mayor efectividad.

La Figura 3 del anexo IV muestra el proceso de regeneracion de la resina
R 250-K con agua de mar a 80°C. En la Figura 3a se observa que la elucion de zinc
y manganeso requiere unos 5 volumenes de resina (BV) mientras que la de cobre
requiere unos 15 BV y la de aluminio 30 BV. En la Figura 3b puede apreciarse que
es la adsorcién de magnesio y sodio del agua de mar lo que provoca la elucidon de
los metales del agua acida. Una vez enfriada, la resina esta lista para el siguiente
ciclo de termo-adsorcidn-desorcion.

Una comparacion de los resultados de la Figura 2 y 4 del anexo IV muestra
que la efectividad del proceso de concentracidn de cobre de las aguas acidas de
mina con la resina en forma sddica o de los iones del agua de mar es mucho mayor
en cada uno de los ciclos. Este hecho puede explicarse por la hidrélisis parcial de

la resina acrilica en forma de iones del agua de mar segun la reaccion:

R-COONa + H,0 = R-COOH + NaOH (16)

hecho que no ocurre si la resina esta en forma de los iones del agua acida del mina.
Asi, al cargar la resina con agua acida se produce la precipitacion de los

hidréxidos metélicos segun su solubilidad: "’

A(OH)4(pK 5p=32.9)<<Cu(OH),(19.7)<Zn(OH),(16.7)
<Mn(OH),(12.7)<Mg(OH),(10.7)<Ca(OH),(5.3) (17)
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El analisis del precipitado recogido en las primeras fracciones del proceso de
carga de la resina R 250-K con agua acida demuestra que la especie precipitada
es hidréxido de aluminio. De este modo, la reduccién parcial de la concentracion de
aluminio en el agua acida permite una mayor acumulacion de cobre durante el
proceso de carga de la resina, y por tanto una mejora en el proceso de
concentracién de este metal.

Un esquema de este proceso se muestra en la Figura 6 del anexo V. El
sistema consta de tres columnas en contracorriente operando a diferente
temperatura. En la primera columna tiene lugar la carga de la resina, en forma de
iones de agua de mar, con agua acida a 20°C. Una vez cargada la resina se dirige
a la segunda columna donde se trata con agua acida a 80°C y se produce la
disolucion concentrada en cobre y empobrecida en aluminio. En la tercera columna
tiene lugar la regeneracion de la resina con agua de mar a 80°C. Una vez
regenerada la resina se dirige de nuevo a la primera columna y el proceso vuelve
a comenzar.

Finalmente hemos de sefalar que la combinacion de ambos procesos (puede
llevarse a cabo segun el esquema que se presenta en la Figura 7 del anexo V)
conduce a una mejora sustancial de los resultados, ya que permite concentrar el

cobre en un factor de aproximadamente tres en cada etapa.

II.2.3. PARTICION POR INTERCAMBIO IONICO EN TANDEM (TIEF):
SEPARACION DE ALUMINIO, COBRE, ZINC Y MAGNESIO MEDIANTE
RESINAS CARBOXILICAS Y RESINAS CON GRUPOS IMINODIACETICO
(ver anexo V)

Los estudios presentados en la memoria incluyen el desarrollo de nuevos
procesos de intercambio idnico para el tratamiento de mezclas metélicas
multicomponentes.

Los procesos de intercambio iénico que se utilizan normalmente para la
separacion de mezclas son la separacion frontal, la separacion frontal inversa y la
cromatografia por desplazamiento. La separacion frontal permite la separacion de

la especie méas débilmente adsorbida del resto de especies que se adsorben mas
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fuertemente. Por el contrario, la separacion frontal inversa permite la separacion de
la especie que se adsorbe mas fuertemente del resto de especies. La cromatografia
por desplazamiento es una combinacién en paralelo de los dos procesos anteriores,
ya que tienen lugar simultaneamente. En este caso es posible separar varias
especies con diferente grado de adsorcidn. La cromatografia por desplazamiento
presenta los inconvenientes ya mencionados que pueden evitarse utilizando una
combinacién diferente de los procesos de separacion frontal y separacion frontal
inversa. A esta técnica la hemos denominado particién por intercambio idnico en
tandem (TIEF).

- Explicacién Conceptual de la Técnica TIEF (Tandem lon-Exchange
Fractionation)

La particidn por intercambio idnico en tandem consiste en una combinacion
secuencial de los procesos de separacion frontal y separacion frontal inversa. En
la Figura 2 del anexo V se muestra un esquema de la separacion de una mezcla de
cuatro componentes A, B, C y D mediante dicha técnica utilizando, un sistema de
tres columnas conectadas en serie.

Cada columna contiene un intercambiador iénico que adsorbe preferentemente
uno de los componentes de la mezcla, y que muestra la afinidad mas débil por el
componente A. El proceso de separacion frontal se lleva a cabo cargando la
primera columna hasta la aparicion del componente D (mas fuertemente retenido)
a la salida de la primera columna. De este modo, se disminuye el numero de
componentes de cuatro a tres (A, By C). El proceso de separacién frontal continua
en la segunda columna. El componente A se acumula en la primera parte de la
disolucién que sale de la columna, mientras que el componente C es retenido por
la resina. La separacidn final de la mezcla de A y B se realiza en la tercera
columna.

El esquema del sistema de tres columnas utilizado en el proceso de
separacion y la distribucion de los componentes en la disolucion que sale de cada

columna se muestran en las Figuras 2a y 2b del anexo V, respectivamente. En
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dichas figuras, se observa que el componente A es el Unico que puede obtenerse
puro mediante el proceso de separacion frontal. El resto de los componentes D, C
y B se acumulan en la fase resina de las columnas 1, 2 y 3 respectivamente ( linea
discontinua de la Figura 2a). Estos componentes pueden obtenerse puros mediante
separacion frontal inversa en la etapa de elucién. La distribucién de los
componentes en la disolucién de elucion que sale de cada columna se muestra en
la Figura 2c. En la Tabla 1 del anexo V se muestran las condiciones necesarias
para llevar a cabo el proceso de separacién, asi como los productos que pueden
obtenerse puros en cada columna.

Es importante sefalar que al reducir el numero de componentes de la mezcla
se mejora la separacion del resto de los componentes. Esto se aprecia mas
claramente a partir de los valores de of en un sistema de cuatro, tres y dos
componentes, donde los cuatro componentes se encuentran inicialmente en la

misma concentracion:

Columna 1: aﬁ (4) = 4 (ai + ocf) (18)
A
1 -Y
Columna 2: ocif (3) =——Y——A - ai (19)
A
. B _1 -,
Columna 3. o, (2) T (20)

A
suponiendo que el cociente(1-Y,)/Y, tiene aproximadamente el mismo valor en

las ecuaciones 18-20 y que (a} + of) en la primera columna es mayor que of en

la segunda columna se deduce facilmente que a(2) > aB(3) > aB(4).
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- Equilibrio de Intercambio I6nico

En primer lugar se llevé a cabo el estudio de la separacién de un sistema de
cuatro componentes (cobre, aluminio, zinc y magnesio) con la resina Lewatit
TP-207. En la Figura 3a del anexo V se observa que es posible la separacién frontal
de magnesio del resto de los metales en |a etapa de carga de la resina. La elucion
de los metales de la resina con &cido sulfarico 0,05 M permite la separacién frontal
inversa de cobre, ya que se obtiene una zona de este metal puro en las ultimas
fracciones recogidas (ver Figura 3b).

Posteriormente se estudio la separacion de un sistema de tres componentes
(aluminio, zinc y magnesio) con la resina Lewatit R 250-K. Al igual que en el caso
anterior se obtiene una zona de magnesio puro durante la carga de la resina (ver
Figura 4a del anexo V). La elucién con acido sulfdrico permite obtener aluminio de
elevada pureza tal y como se muestra en la Figura 4b.

La separacion final de zinc y magnesio se llevd a cabo con la resina Lewatit
TP-207, obteniendose una zona de magnesio puro durante |la carga de la resina

-(Figura 5a del anexo V) y una zona de zinc puro mediante la elucién con acido (ver
Figura 5b).

En la Tabla 2 del anexo V se recogen los valores de o determinados por el
meétodo directo para el sistema de cuatro, tres y dos componentes. En dicha tabla
se observa como al disminuir el niumero de componentes mejora la separacion del
resto (ver valores de oY), lo que demuestra la validez del modelo propuesto y de

las aproximaciones realizadas.

- Separaciéon de Mezclas Metalicas Multicomponentes

El experimento final de separacion de la mezcla de cobre, aluminio, zinc y
magnesio mediante la técnica TIEF se ha llevado a cabo utilizando un sistema de
tres columnas conectadas en serie como se muestra en la Figura 1 del anexo V.

La Figura 6a del anexo V muestra las curvas de adsorcion de los diferentes
metales durante el proceso de carga de la resina. Se observa que tiene lugar la

separacion frontal de magnesio, ya que se obtiene una zona de este metal puro con
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una concentracion igual a la concentracion total inicial de la mezcla. La amplitud de
la zona de magnesio puro es mucho mayor que la obtenida en los experimentos de
separacion frontal individuales (ver Figura 7a del anexo V). Posteriormente
comienza a aparecer el zinc, después el aluminio y finalmente el cobre.

La elucién de los metales de las resinas se llevo acabo separadamente con
acido sulfurico 0,05 M como se muestra en las Figuras 6b, 6¢c y 6d del anexo V.

Por otro lado, en las Figuras 7b, 7c y 7d se observa que la pureza del cobre,
aluminio y zinc obtenido en el proceso de separacidn frontal inversa es
suficientemente elevada. La Tabla 3 del anexo V muestra la pureza inicial, maxima
y media de cada uno de los metales separados por al técnica TIEF. Puede
observarse que a pesar de que la pureza de todos los componentes de la mezcla
inicialmente es baja, es posible recuperar todos los metales con una pureza

relativamente elevada lo que demuestra la eficacia de la técnica desarrollada.

I.2.4. TRATAMIENTO INTEGRAL DE LAS AGUAS ACIDAS

Los trabajos que se presentan en la parte final de la memoria consisten en el
disefio y desarrollo de tecnologias limpias para el tratamiento integral de las aguas
acidas. El proceso permite en la sintesis de sulfato potasico aprovechando el
elevado contenido de sulfatos de las aguas acidas y la recuperacién selectiva de
los diferentes metales contenidos en estas aguas. Este proceso es una nueva

aplicaciéon de la técnica TIEF.

- Conversion de Con’taminantes en Fertilizantes: Sintesis de Sulfato Potasico
a Partir de Aguas Acidas Mediante Procesos de Intercambio lonico

La mayor parte de la produccion de sulfato potasico se utiliza para la
fabricacion de fertilizantes. Dado que el cultivo de algunos vegetales se ve afectado

por la presencia de cloruros,'®'®

es interesante el desarrollo de tecnologias que
permitan |la produccién de sulfato potasico libre de cloruros.
El proceso Mannheim es el que se utiliza méas frecuentemente para la

produccion de sulfato potasico debido a su simplicidad y a su elevado rendimiento. '
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El sulfato potasico se obtiene haciendo reaccionar cloruro potasico con un pequefio
exceso de acido sulfurico a temperatura elevada (600-700°C). La reaccién que tiene

lugar es la siguiente:

2 KCI + H,SO, - K,SO, + HCI (21)

El proceso Mannheim presenta algunas desventajas como un elevado gasto
de energia, problemas de corrosidn, etc. Teniendo presente esta situacion, el
desarrollo de procesos alternativos que incluso permitan la transformacién de
contaminantes en fertilizantes es de gran interés.

Anteriormente habiamos visto que las aguas acidas de mina se caracterizan
por un pH bajo y un contenido elevado de iones metélicos. Otra caracteristica
interesante de estas aguas es su elevada concentracidn en iones sulfato y bajo

contenido en cloruros, lo cual hace que sean muy adecuadas para la sintesis de

fertilizantes.
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Figura I1.6. Sintesis de sulfato potasico en la resina Lewatit S 100 LF WS en forma potésica.
(a) Muestra tratada con hidréxido sédico y (b) tratada con hidroxido potésico; (O) Zn, () Mn,

(A) Cu, (V) Al, (®) Ca, (@) Mg, (A) Na, (¥) K.
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En las Figuras |.6a y |1.6b se observa como el paso de la disolucién a través
del lecho de resina sulfénica en forma potasica produce la adsorcion de los iones
metalicos contenidos en el agua de mina y la desorcién de potasio segun la

siguiente reaccion:

2n R-SOK + My(SO,), =~ 2 (R-SO,),M + n K,SO, (22)

La disolucién de sulfato potasico pura que se obtiene puede ser concentrada
por ésmosis inversa, electrodialisis u otra técnica, lo que permite producir sulfato
potasico que puede ser utilizado como fertilizante y ademés agua de riego.

La comparacion de las Figuras |l.6a y 11.6b demuestran que el tratamiento con
hidroxido potasico es mas efectivo que con hidrdxido sédico, ya que se evitan las
interferencias causadas por el sodio que es el elemento que aparece primero a la
salida de la columna disminuyendo la amplitud de la zona de sulfato potasico puro.

Una vez que la resina esta agotada el paso de cloruro o sulfato potasico (3 6
0,67 M respectivamente) produce la elucion de los metales adsorbidos en la resina

segun:
(R-SOy),M + n KCI = n R-SO,K + MCI, (23)

obteniéndose una disolucién de los diferentes iones metalicos de las aguas acidas
mas concentrada que la disolucion original.

En la Figura 1.7 se observa como la elucién de cobre, manganeso, magnesio
y zinc requiere unos 7 volumenes (BV) de regenerante, mientras que el aluminio y
el calcio mas fuertemente adsorbidos requieren unos 12 BV de cloruro potasico.

La elucion de los metales permite la regeneracion de la resina y la
recuperacion de la forma potasica inicial quedando lista para la siguiente etapa
después de lavar con agua desionizada. El agua de lavado se recircula y se utiliza

para preparar mas disolucién regenerante.
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Figura I.7. Regeneracién de la resina Lewatit S 100
LF WS con cloruro potasico 3 M; (O) Zn, (4) Mn,

(A) Cu, (V) Al, (@) Ca, () Mg, (A) Na, (¥) K.

- Recuperacion selectiva de los Metales Contenidos en las Aguas Acidas de
mina

La separacion y recuperacion selectiva de los metales del concentrado
obtenido en la etapa anterior se lleva a cabo secuencialmente utilizando la técnica
de particion por intercambio iénico en tandem (TIEF) descrita anteriormente.

El proceso se lleva a cabo pasando el concentrado metalico obtenido en la
etapa anterior a través de un sistema de tres columnas conectadas en serie. En la
Figura 1.8 (a) se observa como el paso de la disolucidon a través de las columnas
permite la separacion frontal de magnesio del resto de los iones metalicos, ya que
es la especie que se adsorbe mas débilmente.

Posteriormente la elucidn por separado con &cido sulfurico de los metales
retenidos en cada una de las columnas permite la separacién frontal inversa de
caobre, aluminio y zinc (ver Figuras 1.8 (b), (c) y (d)) respectivamente. De este modo
es posible recuperar dichos metales con un grado aceptable de pureza. La pureza

de los metales puede aumentarse facilmente mediante electrolisis de los sulfatos
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Figura ll.8. Recuperacion de los valores metdlicos del agua de Riotinto. (a) Separacién frontal
de magnesio a la salida del sistema de tres columnas, y separacion frontal inversa de cobre (b),
aluminio (¢) y zinc (d) obtenida mediante la elucién con H,SO, en las columnas 1,2y 3

respectivamente; (O) Zn, (3) Mn, (A) Cu, (V) Al, (@) Ca, (B) Mg, (A) Na, (¥) K.
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metalicos obtenidos en la etapa anterior obteniéndose cobre, aluminio y zinc de
calidad electrolitica.

Por otro lado, la disolucion obtenida a la salida del sistema de columnas
contiene una elevada concentracion de potasio y magnesio y una menor cantidad
de iones metalicos tales como calcio, manganeso, etc que no han sido adsorbidos
por las resinas. El magnesio presente en la primera fraccion recogida se recupera
mediante precipitacion con disolucion concentrada de hidréxido potésico a pH 12.
Los metales residuales contenidos en la segunda fraccién pueden ser precipitados
a pH 10 con hidréxido potasico. Una vez que la disolucién ha sido filtrada y el pH
ajustado a 5-6 con acido clorhidrico, sélo contiene pequefas impurezas de calcio
que podrian ser eliminadas con una resina carboxilica en forma potasica, lo que
permite la reutilizacion de la disolucidn de regeneracion. En la Tabla 1.4 se muestra
la composicion de ambas fracciones una vez que los iones metalicos han sido

precipitados.

Tabla Il.4. Composicion de la disolucién de KCl después de la regeneracion y precipitacion
de los jones metdlicos residuales con KOH.

Muestra Fe* Cu* Zn* AP Mn*  Mg* Ca* K* pH
1 0 0 0 0 0 0 362 25.642 12
2 0 0 o . 8 0 0 670 65.602 10

- Planta Piloto para el Tratamiento de las Aguas Acidas de Mina

Los resultados obtenidos en la planta piloto demuestran que el escalado del
sistema no afecta a |a eficacia del proceso. En la Figura 1.9 se observa como el
paso de la disolucidn a través del lecho de resina sulfénica en forma potésica
produce la adsorcion de los iones metalicos contenidos en el agua de mina y la
desorcién de potasio lo que permite obtener una zona de sulfato potasico puro de
concentracion igual a la concentracion total de la disolucién inicial (Figura 11.9 (b)).
Posteriormente comienzan a aparecer los diferentes iones metalicos y finalmente

calcio que es la especie que se adsorbe mas fuertemente (Figura 11.9 (a)).
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Figura II.9. Sintesis de sulfato potasico en la resina Lewatit SP 112 en forma potasica a partir
del agua de mina. (8) Concentracién relativa y (b) concentracién abscluta en equiv/l; (O) Zn,

(@) Mn, (A) Cu, (V) Al, (@) Ca, (W) Mg, (&) Na, (V) K.

La regeneracion de la resina se lleva a cabo con disolucién concentrada de
cloruro o sulfato potasico (3 6 0,67 M respectivamente) que produce la elucion de
los metales adsorbidos en la resina, obteniéndose una disolucién concentrada de
los diferentes iones metélicos. En la Figura I1.10 se aprecia que la regeneracion de
la resina con sulfato potasico es mucho mas efectiva debido a que la precipitacion
de sulfato de calcio desplaza el equilibrio de la reaccion de intercambio idnico a la

derecha segun:

(R-S0),M + 2 K,SO, = n R-SOK + % M,(SO,), (24)

Ca? + SO” = CaSO,! (25)

La precipitacion del sulfato de calcio tiene lugar a la salida de la columna y no

en el lecho de la resina debido al fenémeno de supersaturacién isotérmica.?
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Figura l1.10. Regeneracion de la resina Lewatit SP 112 con (a) cloruro potasico 3 My (b) suifato
potasico 0,67 M; (O) Zn, (O) Mn, (A) Cu, (V) Al, (®) Ca, (@) Mg, (A) Na, (V) K.

La precipitacion del calcio en forma de sulfato evita que la concentracién de
este metal en la disolucion sea muy elevada e interfiera en la etapa de recuperacion
de los metales.
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Figura I.11. Cinética de precipitacion del sulfato
calcico en la disolucién de regeneracién de la resina
Lewatit SP 112.
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También se ha estudiado la cinética de precipitacion del calcio en la disolucion
de regeneracion de la resina Lewatit SP 112 con sulfato potasico. En la Figura [1.11
se observa que al principio la precipitacion es muy rapida y luego tiene lugar mas
lentamente.

El paso del concentrado metalico obtenido en la etapa anterior a través de una
columna que contiene resina Lewatit TP-207 permite la separacion del cobre del
resto de los metales tal y como se observa en la Figura 11.12 (a). El comportamiento
andmalo del calcio se debe a que continua precipitando a la salida de la columna.
La elucién de los metales adsorbidos en la resina con acido sulfdrico permite
concentrar selectivamente el cobre casi 200 veces como se muestra en la Figura
[1.12 (b). La pureza de la disolucion de sulfato de cobre que se obtiene es bastante
elevada lo que demuestra la selectividad y eficacia de la resina empleada para B
recuperacion de este metal (ver Figura 11.12 (c)).

Enla Figura 11.13 (a) se observa como el paso de la disolucién libre de cobre
obtenida en la etapa anterior a través de una columna que contiene resina Lewatit
CNP 80 no permite una buena separacion entre el aluminio y el zinc . La razén de
que la separacién no sea muy efectiva puede estar motivada por cuestiones
cinéticas ya que el aluminio se adsorbe muy lentamente.

La elucion de los metéles adsorbidos en la resina con acido sulfurico permite
concentrar el aluminio mas de 30 veces. La pureza de la disolucién de sulfato de
aluminio que se obtiene no es demasiado elevada debido a que se encuentra
impurificado por la presencia de otros metales, especialmente zinc (ver Figuras 1.13
(b) y (). Una posible solucién para mejorar el proceso seria trabajar con columnas
termostatizadas de manera que aumente la capacidad y el coeficiente de difusién
del aluminio. Otra posibilidad es realizar una purga con disoluciéon concentrada de
sulfato de aluminio antes de llevar a cabo la elucion con sulfurico.

A continuacién se pasa la disolucion obtenida en la etapa anterior, libre de
cobre y que contiene una pequefia impureza de aluminio, a través de la resina
Lewatit TP-207. En la Figura 11.14 (a) se observa que tiene lugar la separacion

frontal de magnesio del resto de los iones metalicos polivalentes. En este caso la
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Figura .12, (a) curvas de carga de la resina Lewatit
TP-207 con la disolucién de regeneracion de la
resina sulfénica; (b) curvas de elucién de los metales
adsorbidos en la resina con acido sulfurico y (c)
pureza de a disolucion de sulfato de cobre recogida

en la etapa de elucion; (C) Zn, () Mn, (A) Cu, (V)
Al, (®) Ca, (@) Mg, (A) Na, (V) K.
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Figura II.13. (a) curvas de carga de la resina Lewatit
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Figura ll.14. (a) curvas de carga de la resina Lewatit
TP-207 con la disoluciéon obtenida en la etapa
anterior; (b) curvas de elucién de los metales
adsorbidos en la resina con acido sulfdrico y (c)
pureza de la disolucién de sulfato de zinc obtenido en
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(@) Ca, () Mg, (A) Na, (¥) K.
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de los metales con acido sulfurico concentra el zinc casi 25 veces. La pureza de la
disolucién de sulfato de zinc que se obtiene es bastante aceptable aunque presenta
algunas impurezas de aluminio y manganeso (ver Figuras 11.14 (b) y (c)).

El experimento final de separacidn y recuperaciéon de metales utilizando la
técnica TIEF permite la concentracion y la separacion frontal de magnesio del resto
de los iones metalicos a la salida del sistema de seis columnas conectadas en serie
tal y como se muestra en la Figura 11.15. En dicha figura se observa que es posible
obtener una disolucién 0,3 equiv/l de magnesio libre del resto de iones metalicos
polivalentes.

La elucidn de los metales retenidos en las resinas con acido sulfurico permite
la separacion frontal inversa y recuperacion selectiva de cobre en las dos primeras
columnas, aluminio en las dos siguientes y zinc en las dos uitimas.

La Figura 11.16 (a) muestra que el resultado obtenido en la primera columna
del sistema TIEF es similar al obtenido en el experimento individual ya que es
posible concentrar selectivamente el cobre unas 150 veces respecto a la
concentracién inicial. La pureza de la disolucidn obtenida en este caso también es
bastante aceptable tal y como se observa en la Figura 11.16 (b).

También el resultado de la tercera columna es similar al obtenido
anteriormente ya que el aluminio se concentra de nuevo casi 30 veces (ver Figura
11,117 (a)). La pureza que se consigue en este caso es ligeramente superior a la
obtenida en el experimento individual, como se muestra en la Figura I1.17 (b).

Igualmente el comportamiento del zinc en la quinta columna es practicamente
idéntico al anterior, concentrandose unas 30 veces y con una pureza bastante
aceptable, tal y como se muestra en las Figuras 11.18 (a) y (b) respectivamente.

La siguiente etapa consistiria en el disefio y desarrollo de una planta piloto
capaz de tratar entre 0,3 y 1 m*h de agua de mina. En la Figura 11.19 se muestra
esquematicamente el aspecto de una hipotética planta piloto. En las columnas 1y
2 tiene lugar la sintesis de sulfato potasico. La disolucion recogida se dirige a un

mddulo de dsmosis inversa donde se produce sulfato potasico y agua de riego. En
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Figura Il.15. Separacién frontal de magnesio a la salida del sistema de columnas conectadas
en serie. (@) Concentracion relativay (b) concentracién absoluta en equiv/l. (O) Zn, () Mn, (A)
Cu, (V) Al, (@) Ca, (H) Mg, (A) Na, (V) K.
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Figura I1.16. (a) Curvas de elucion con acido sulfirico de los metales adsorbidos en la resina
Lewatit TP-207 de la columna 1y (b) pureza de la disolucién de sulfato de cobre. (C) Zn, (O)

Mn, (&) Cu, (V) Al, (@) Ca, () Mg, (A) Na, (V) K.
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_Figura IL.17. (a) Curvas de elucion con &cido sulfiirico de los metales adsorbidos en la resina
Lewatit CNP 80 de la columna 3 y (b) pureza de la disolucién de sulfato de aluminio. (©) Zn, ()

Mn, (A) Cu, (V) Al, (@) Ca, () Mg, (A) Na, (V) K.
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Figura Il.18. (a) Curvas de elucién con acido sulfirico de los metales adsorbidos en la resina
Lewatit TP-207 de la columna 5 y (b) pureza de la disolucién de sulfato de zinc. (O) Zn, () Mn,

(&) Cu, (V) Al, (@) Ca, (M) Mg, (A) Na, (¥) K.
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las columnas 3-8 se lleva a cabo la recuperacién selectiva de los metales
contenidos en el agua de mina. Las disoluciones obtenidas en las diferentes
columnas mediante la eluciédn con &acido sulfurico se dirigen a una planta
electrolitica donde pueden recuperarse los diferentes metales con una pureza

elevada.

Bio-oxidacion + Precipitacién + Filtracion ] { Sulfato Potasico + Agua

Electrélisis Electrolisis Electrdlisis

[ Electr ,
Yy Y Y Y
A ] [Mg

Figura I1.19. Esquema de una planta piloto capaz de tratar entre 0,3-1 m*/h de agua acida de mina.

Finalmente indicar que el proceso de intercambio idnico puede incluirse dentro
de un tratamiento integral de las aguas acidas de mina que permite la produccién
de varios compuestos interesantes desde un punto de vista econémico a la vez que
reducir el impacto ecoldgico que las aguas acidas tienen para el medio ambiente.

En la siguiente figura se muestra una estimacion de la productividad de una
hipotética planta capaz de tratar 1.000 m*h con un 50% de efectividad en la

recuperacion de los diversos compuestos.
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500-1000

AIz(SO4)3——> CuSO4 -,
1 2

Figura 11.20. Estimacién de la productividad de una hipotética planta para la sintesis de
sulfato potasico y recuperacion de metales del agua de Riotinto. Los valores de cada
compuesto se expresan en miles de Tn/afio.

Rio Tinto
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II.4. CONCLUSIONES

De los resultados recogidos en la presente memoria podemos extraer como

mas relevantes las siguientes conclusiones:

1.

El factor de separacion a del intercambio Ca?*-Na* y Mg?*-Na* en el agua de
mar para las resinas carboxilicas Lewatit R 249-K y R 250-K muestra una
elevada dependencia con la temperatura. Esta dependencia es mucho menor
para el intercambio Ca®**-Mg*" tal y como se puede predecir a partir de los
valores de entalpia asociados a las correspondientes reacciones de

intercambio iénico.

Es posible la termodesorcion selectiva de calcio y magnesio de la resinas
carboxilicas previamente equilibradas con agua de mar a 80°C pasando la
misma disolucion a 10°C. La sucesiva repeticidn de cuatro ciclos de termo-
desorcidén-adsorcién permiten una concentracion adicional de calcio y

magnesio de casi cuatro veces respecto a su concentracion en el agua de mar.

Los estudios cinéticos realizados demuestran que la termodesorcion de calcio
y magnesio de la resina Lewatit R 250-K esta controlada por la difusién
intragranular. El resultado obtenido confirma que el proceso de

termodesorcion puede llevarse a cabo sin problemas cinéticos.

Las resinas carboxilicas en forma sodica permiten la separacion frontal de

calcio y magnesio del agua de mar.

La capacidad de las resinas Lewatit TP-207 y R 250-K es similar para la
mayoria de los metales presentes en el agua acida de mina excepto para el
cobre y aluminio cuya capacidad es muy superior, es decir, la resina TP-207
es selectiva a cobre mientras que la resina R 250-K es muy selectiva a

aluminio.

En el caso de la resina TP-207 la dependencia de o con la temperatura no es
demasiado importante para la mayoria de las parejas de iones

exceptuando Cu**-Mg** y AI*-M™ que aumentan apreciablemente y Cu?*-Al**
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10.

11.

que, al contrario, disminuye de modo importante al aumentar la temperatura.
En el caso de la resina R 250-K el efecto de la temperatura sobre o para las
parejas de iones AlI**-M™ es el mayor de los observados, mientras que el resto
de las parejas de iones muestran una tendencia opuesta y, en cualquier caso,
mas débil.

Es posible predecir la eficacia de |la separacion y concentracion de los iones
metalicos en un proceso de intercambio idnico a temperatura dual mediante
los parametros a y b respectivamente, calculados a partir de los datos de
equilibrio. La mayor eficacia en el proceso de separacion y concentracion se
ha determinado para las parejas aluminio-cobre, aluminio-zinc y aluminio-

manganeso.

El paso de agua de mina a 80°C a traves de la resinas TP-207 y R 250-K
previamente equilibradas con agua de mina a 20°C conduce a la selectiva
desorcion de cobre y adsorcion de aluminio. La sucesiva repeticion de cuatro
ciclos de termo-desorcion-adsorcion permite una concentracién adicional de
cobre de casi tres veces y una disminucion de la concentracion de aluminio del
90%. Esta disolucién es mucho mas adecuada que la inicial para la

recuperacion de cobre.

Se ha demostrado la eficacia de reactivos baratos y no dafinos para el medio
ambiente como el agua de mar para regenerar la resina carboxilica R 250-K
y de este modo mejorar |la efectividad del proceso de concentracion de cobre

sin reactivos agresivos para el medio ambiente (caso del acido sulfurico).

Se ha puesto de manifiesto que la disminucién del nimero de componentes
de una mezcla mejora la separacion del resto, como puede deducirse de los

valores de o en mezclas de cuatro, tres y dos componentes.

Se ha desarrollado la nueva técnica de particion por intercambio idnico en
tandem (TIEF) que permite la separacion y recuperacion de n componentes

de una mezcla utilizando n-1 columnas de manera sencilla y eficaz.
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12.

13.

Se ha mostrado efectivo el proceso de conversion del contenido en sales
metalicas de aguas &cidas de mina en sulfato potasico (aditivo de fertilizantes)
utilizando una resina sulfénica Lewatit S 100 LF WS o SP-112 en forma

potasica.

La aplicacién de la técnica TIEF permite la recuperacion selectiva de los
metales contenidos en las aguas de mina: cobre, aluminio, zinc y magnesio
con un grado aceptable de pureza utilizando las resinas comerciales TP-207
y CNP 80.
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Abstract

Processes of concentration and separation of calcium and magnesium from artificial and natural sea water by
carboxylic ion-exchange resins of acrylic and methacrylic types at different temperatures have been investigated.
The values of equilibrium separation factor « for Ca**-Na*, Mg?*~Nat and Ca**-Mg?* exchanges in ternary
systems have been determined in the temperature range of 10°C to 80°C. A significant increase of « values at
elevated temperatures has been observed in the first two cases while for Ca*t-Mg?t exchange less remarkable
temperature dependence of « can be distinguished. This effect has been shown to allow a selective thermostripping
of Ca** and Mg** from the resins equilibrated at 80°C with sea water in applying cool sea water at 10°C. The
thermostripping leads to a selective desorption of both Ca?* and Mg?* while Na* ions remain sorbed, resulting in
the increase of Ca** and Mg?* concentration in the eluate up to 50% (in comparison with the initial sea water) and
a decrease of 10% for Nat concentration. These results may be considered as unique in polythermal concentration
in comparison with, e.g. conventional evaporation technique. The results of consecutive sorption-thermostripping
;ycles have shown the possibility to concentrate calcium and magnesium from natural sea water more than three
times by applying rcagentless (and wastcless as a result) ion-exchange technique. The results of frontal separation
of Ca® and Mg*t on acrylic resin in Nat-form from natural sea water and thermostripping solutions obtained
are also presented. The novel approach for forecasting temperature dependences of the resin selectivity has been
proposed. The approach is based on a thermodynamic interpretation of the results obtained that allows to predict
the temperature dependences of both a (for binary Mg?*—Na™* exchange) and the apparent equilibrium constant of
ternary Na*-Ca?**~-Mg** exchange.

Keywords: lon exchange; Calcium; Magnesium; Separation; Dual-temperature concentration; Carboxylic resins,
thermodynamics; Carboxylic resins, sea water treatment

1. Introduction ' - methods for producing magnesium by processing
hydromineral sources, despite their profitability,

At present, around 25% of overall world pro- do not satisfy growing ecological standards [2].
duction of magnesium is yielded from hydromin- Consequently, new alternative ecologically clean
eral resources (sea water, underground brines technologies, based on e.g. ion-exchange sepa-
and bitterns of suime salty lakes) [1]. Traditional ration methods, have to be developed. Several
ion-exchange methods for separation of magne-

* Corresponding authors. sium and calcium have been discussed in the

1381-5148/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved.
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literature. Some of them are based on applying
complexing agents for enhancing the separation
(see, e.g. [3,4]). Barba et al. [5] have applied
supersulfonated resins (containing more than 1
sulfogroup per benzene ring of PS-DVB ma-
trix) for the same purpose. The methods men-
tioned may be called conventional ion-exchange
separation techniques which are based as a rule
on the multistage procedures, involving sorption,
desorption (elution) and regeneration steps. To
carry out the last two stages one needs the ex-
penditure of auxiliary chemicals that results in
production of wastes.

Another group of separation methods is
based on the exploitation of the variation of resin
affinity towards target ions with temperature
for governing the separation process. Paramet-
ric pumping technique (see, e.g. [6-11]), dual-
temperature ion-exchange processes [12-14] and
thermal ion-exchange fractionation [15,16] can
be refered to the ion-exchange separation meth-
ods of this type. One feature alone makes these
separation techniques most attractive. Actually,
all of these separation methods allow to exclude
the resin regeneration step (completely or par-
tially), which is known to be the main source of
wastes in ion-exchange technology. In this sense,
ion-exchange processes based on the above men-
tioned techniques are ecologically clean and
practically wasteless. Nevertheless, the practi-
cal interest towards these separation methods
is still very limited due to the lack of informa-
tion about ion-exchange systems with properties
for designing reagentless and wasteless (as a re-
sult) technologies based on the dual-temperature
ion-exchange fractionations. One type of con-
ventional ion exchangers has been used in the
majority of studies carried out: sulfonic resins
(see, e.g. [15,16]). On the other hand, Klein et al.
[17] and later Ivanov et al. [18-21] have reported
strong temperature dependence of ion-exchange
equilibrium in systems including carboxylic resins
and the binary model alkali/alkali-earth metal-
ions mixtures. Carboxylic ion exchangers have
been applied for the recovery of magnesium
from sea water after preliminary decalcination

on zeolites (see [1, and refs. 35-37 therein]),
but no data on dual-temperature ion-exchange
concentration and separation of Ca’>* and Mg?*+
from sea water using this type of ion exchangers
can be found in the literature. The same con-
cerns with the equilibrium data in ternary ionic
systems involving carboxylic resins and sea wa-
ter metal ions. For that reasons the following
problems are studied in this paper:

(1) ion-exchange equilibrium on commer-
cially available carboxylic resins of acrylic and
methacrylic types in ternary ionic systems, in-
cluding the macrocomponents of sea water
Mg?*, Ca®* and Na*, at different temperatures;

(2) a novel approach for predicting tempera-
ture dependences of resin selectivities from the
enthalpies of binary exchange on the same resins.

(3) kinetics of thermodesorption of the stud-
ied metal-ions with natural sea water at low
temperature from the resin pre-equilibrated with
sea water at high temperature.

{4) prediction and experimental determina-
tion of concentration factors for Ca**, Mg?** and
Na't in consecutive thermo-sorption-stripping
cycles.

(5) frontal separation of the studied metal-
ions by the carboxylic resin, and

(6) conditions for the wasteless conversion
(regeneration) of the resin.

2. Experimental
2.1. Materials and analytical methods

_ Samples of the natural Mediterranean sea wa-
ter used in the present study were obtained from
the area near Tarragona (Spain). Natural sea wa-
ter was boiled and then filtered for removal of
organic matter before the use in ion-exchange
equilibrium studies. Artificial sea water samples
were prepared from NaCl, MgCly, CaCl, and
Na;SO, (Probus, Spain) of p.a. quality used as
received. The composition of artificial sea wa-
ter used was as follows; ionic species/C (g-equiv/
1); CI7/0.48; Na*/0.40; Mg**/0.11; Ca**+/0.02;
SO;™/0.05.
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Table 1

Properties of Lewatit carboxilyc ion exchange resins

Property R 249-K R 250-K
Funcional group methacrylic acid acrylic acid
Capacity 1.3 mol/l 2.9 mol/l
Average pore diameter 270 A 260 A
Surface area (BET) 200 m?/g 100 m?/g

Macroporous carboxylic ion exchangers Lew-
atit R 249-K and Lewatit R 250-K were received
from Bayer Hispania Industrial, S.A. The main
properties of the resins are shown in Table 1 [22].

The concentrations of metal ions were de-
termined by atomic emission spectroscopy using
ICP-AES technique with ARL Model 3410 spec-
trometer (Fisons, U.S.A.) provided with mini-
torch. Determination of H* and OH™ ions were
carried out by potentiometric titration using a
Crison pH-meter provided with a combined glass
electrode.

2.2. Methods

2.2.1. Ion-exchange equilibrivin

The ion-exchange equilibrium was studied un-
der dynamic conditions in thermostatic glass
columns (inn. diam. = 1.4 cm). The columns
were loaded with a certain amount of the ion
exchanger which remained constant during the
given series of experiments. The total capacity of
each resin bed was determined after converting
the ion exchangers into Na®t-form with 0.5 M
NaOH solution ! followed by rinsing with 0.5 M
NaCl solution and passing a known volume of
0.5 M HCI through the bed. Hydrochloric acid
solution was collected into a volumetric flask
and its concentration was then determined. The
ion-exchange capacity of the resin bed (Q) was
calculated as the amount of acid retained by
the resin as follows: @ = V(C, — C;), where
V is the volume of HCI solution passed through
the bed, dm® and C, and C; are the initial and

! Rinsing with sodium chloride solution was used to suppress
the hydrolysis of the resin in ivat-form which takes place
when the rinsing is made just with water,

the final concentration of the acid, mol/dm’,
respectively. Then, the resins were converted
back into Na*-form by rinsing with NaCl so-
lution and equilibrated at certain temperature.
Initial solution (artificial or natural sea water)
was passed through the columns at constant flow
rate (3 cm®/min) up to achieving the equilib-
rium. The eluate was collected in portions of
known volume where concentrations of Na™,
Ca?* and Mg** were determined. Achieving to
ion-exchange equilibrium in the systems under
study was controlled by the periodical compari-
son of metals concentration in the solution leav-
ing the column with that of the feed solution.
When the solution from the column outlet had
the concentration of Na™, Mg** and Ca** close
to the feed solution the flow was stopped and
then resumed after certain period of time. The
equality of the feed concentration with that of
the solution collected after the break was consid-
ered as a criterion of achieving the equilibrium
in the system. After equilibration, the solution
phase was separated from the resin by evacuating
with a water pump followed by the stripping with
0.5 M HClI solution. The analysis of Na™, Mg+t
and Ca*" in the corresponding eluate was car-
ried out. Then the resin was converted back into
Na™-form and prepared for the next run. The re-
sults of the stripping solution analysis were used
to determine the separation factors @52, an? and
aﬁz by the use of the following expression:

Y, X
g = g X ¢y
. YMe1 XMez

where Y and X are the equivalent fractions of
ions under separation in the resin and solution
phases, respectively; indices 1 and 2 are chosen
so thator > 1.

The values of Nat, Ca?* and Mg?* concen-
tration in solution samples collected during the
equilibration of the resin were used to obtain the
respective breakthrough curves (see Fig. 3) and to
calculate affg values using the technique based on
that proposed by Spedding et al. [23] for determi-
nation of separation factors for nitrogen isotopes.
The technique allows to calculate « values with-
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out the direct analysis of the resin phase compo-
sition [24,25] in applying the following equation:

_ LG — X
1+8X Z 0X,(1-X,) @

where ¢ = @ — 1; X, and X; are the equivalent
fractions of the better sorbed ion in the initial
mixture and in the “i” eluate fraction, respectively
(Ca*t in our case); V; is the volume of eluate
portion “i” (cm?); C; is the total concentration of
separated ions mixture (meq/cm?®); Q is the full
ion-exchange capacity of the resin bed (meq); “j”
is the number of eluate fractions where X; # X

Values of ozrv"!‘g determined by the two inde-
pendent methods (see Egs. 1 and 2) were char-
acterized by the uncertainties less than 5% for
the first and around +7% for the second.

2.2.2. Thermostripping and thermosorption

Experiments on thermostripping and ther-
mosorption of Ca** and Mg?* were carried out
using the following technique: after equilibration
of the resin with sea water at certain tempera-
ture the excess of the equilibrium solution was
removed from the column so that its level coin-
cided with that of the resin bed. Then the cool-
ing (in case of thermostripping) or heating (for
thermosorption) of the column was started. After
reaching the appropriate temperature the sea wa-
ter was passed through the column and collected
in portions followed by the analysis of Ca’*
Mg**t and Na* content. In the series of exper-
iments of consecutive sorption-thermostripping
cycles, the composition of the initial solution used
in each cycle corresponded to that of the sample
of thermostripping solution obtained during the
previous cycle which contained the highest con-
centration of Ca’>* and Mg?*

2.2.3. Kinetics of thermosorption

Kinetic experiments on thermodesorption of
Ca®* and Mg?* were carried out in thermostatic
columns applying the shallow bed technique [26].
The narrow granulometric fraction of Lewatit R
250-K was obtained by dry sieving of air-dry

samples of the resin using 0.42 mm mesh, so,
only those resin beads stuck in the holes of the
sieve were collected. The average diameter of
the beads was determined by microscopic tech-
nique and appeared to be 0.053 £ 0.002 cm. The
height of the resin bed used was always constant
and ~0.5 cm. The resin was pre-equilibrated with
the natural sea water at 80°C and at flow rate of
3 cm®/min, then, the solution was removed from
the column and the column was cooled at 10°C.
Cold sea water (at 10°C) was passed through the
resin bed at high flow rate (43 cm®/min)? and
collected in portions where Ca** and Mg?* con-
centrations were determined. The degree of the
resin bed conversion, F, was calculated from the
results of the analysis as follows:

J
Y vici-c¢
F= i
QMe (3)
where V; is the volume of eluate sample number
“i”. C; and C, are the concentrations of Ca?* or
Mg?* in the “/” eluate sample and in the initial
sea water, respectively, expressed in mequiv/cm?;
Owme is the capacity of the resin bed towards
the ionic species under consideration, and j is
the number of eluate sample where C; — C, <
AC, AC being the absolute uncertainty on the
determination of the concentration.

3. Results and discussion
3.1. Ion-exchange equilibrium

3.1.1. Artificial sea water

Temperature dependences of af: and aerf
determined in the experiments with artificial sea
water on Lewatit R 249-K and Lewatit R 250-
K resins by direct method® (using Eq. 1) are

2This value of the solution flow rate has been shown to fit
the conditions of the “shallow bed” technique.

3 Since this method of a determination is based on the results
of the direct analysis of the phases composition here and
further in the text it is called “direct method”. The second
method used (see Eq. 2) will be mentioned as “indirect
method” for @ determination.
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Fig. 1. Temperature dependencies of equilibrium separation
factors for Ca?*-Na* and Mg?*-Na* exchanges from artifi-
cial sea water on Lewatit R 249-K (white circles) and Lewatit
R 250-K (black circles).

shown in Fig. 1. As seen in Fig. 1, for both
acrylic and methacrylic resins, strong positive
influence of temperature on their selectivity is
observed, i.e. separation factors for Ca**-Na*
and Mg?*-Na* exchanges increase significantly
at elevated temperature, The absolute « values
are lower for the acrylic ion exchanger than those
determined for the methacrylic one. This results
can be attributed to the significant difference in
their capacity (see Tahle 1). The selectivity of
ion exchangers are known to decrease with the
increase of their capacity [27,28].

The temperature dependences of «$* and o
are also different (in the first case it is much
stronger than in the second). In this case, the
difference has to be connected with the respec-
tive enthalpies (A H) of Ca’t-Na* and Mg?*-
Nat exchange reactions. Despite the separation
factor is not a thermodynamically meaningful pa-
rameter, it can be associated in certain cases with
the thermodynamic equilibrium constant, K, of
ion-exchange reaction which can be written as
follows [29-31]:

1
logK:/ loge (Y)dY 4)
0

where Y has the same meaning as in Eq. 1 and «
is the dimensionless equilibrium “constant” [31]
defined for, e.g. Na*~Ca?* binary exchange by:

1/2
Yc;{ NNaVNa
172
YNaNCa VCa

where Ny, and Nc, are the normalities of Na™
and Ca?* in the equilibrium solution (sea water)
and yn, and yc, are the activity coefficients of
Na* and Ca" in sea water, respectively. The
activity coefficient ratio for sea water is constant
and can be included in «. Equation (5) can be
rewritten for the equivalent fraction concentra-
tion scale as follows:
« YCI;{Z XNa

Ca,Na YNaXIC/ale/Z

KCa,Na =

®)

(6)
tot
where Y and X have the same meaning as above
and N, is the total normality of metal ions in
sea water. '
Comparison of Eqs. 6 and 1 shows that oy’
and Kca,Na are connected with each other by the
following expression:

Yi/z
Ca Ca
UNa = KCaNa | 75 172 (7)
XN,

The term in brackets is practically constant,
ie. Xca = const; N = const and Ycléz has
practically a constant value at least in the tem-
perature range from 20 to 80°C (see Table 3
below). Since Y&/gz remains also practically con-
stant in the same temperature interval, Eq. 7 is
applicable for connecting aﬁfag and KmgNa and
can be rewritten as follows:

NS = KpfeNa X @ (8)

where Me is Ca’* or Mg*t and a =
Ylil/ez /X f\,{g Nllo/t2 == const. This allows for attribut-
ing the temperature dependences of ay? and azlf
to the respective AH values determined for the
exchange of the same ion couples on carboxylic
ion exchanger KB-4 in binary systems [18,32].
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Thus, Timofeevskaya et al. determined differ-
ential enthalpies in applying ion-exchange tech-
nique which appeared to be 8 and 5 kl/equiv
for Ca**-Nat and Mg*"-Nat exchange, re-
spectively, for concentrated solutions [18]. These
values are close to those determined calorimet-
rically for the exchange in diluted solutions i.e.
8.4 and 7.1 kJ/equiv for the respective ion cou-
ples [32]. Smaller A H value for Mg?t-Na™ ex-
change in comparison with that of Ca’*-Na*t
ion-exchange reaction will result in a weaker
temperature dependence of aglf than in the case
of a2

The above qualitative interpretations of o vs
T dependences can be confirmed by the quanti-
tative predictions of these dependences for dif-
ferent temperature intervals, which are based on
the following approach: the standard enthalpy of
ion-exchange reaction corresponding to a com-
plete exchange of one ion by another can be
determined as follows:

1
AH° =/ AH,dY 9)
0
where Y is the same as in equation (1), and A H,;,
is the apparent enthalpy, depending on Y.

A H,p can be determined from the tempera-
ture dependences of « through the use of the
van’t Hoff type equation {32-35]:

dlnk
Al =—R [5(1/T)} Y (10)
where Y| corresponds to the equivalent fraction
of the higher sorbed component in the resin
phase, equilibrated with solution of the given
composition (sea water in our case). Equation 10
can be also applied for the quantitative predic-
tion of & vs T dependences. For this purpose Eq.
10 must be integrated (assuming A H,, indepen-
dent of T') and rewritten as follows:

k2 AHy, TZ"T1>
Yiln— = 11
i’ ( o (11)

substituting « by « from equation (8) gives:

AH, [T, =T,
Yiln2 = a"<T2 ') - (12)

Since differentiation in Eq. 10 is based on the -
assumption Y, = const, the same condition must
be fulfilled for the validity of Eqs. 11 and 12. As
seen from Table 3 (see below), Y, and Yy, have
practically constant values for both resins stud-
ied in the temperature range between 20°C and
80°C. An estimation of A H,, for the ternary sys-
tem under study, assuming the independence of
the respective binary exchanges, can be done by
applying Eq. 10 and assuming the usual Arrhe-
nius dependences of o vs 1/ 7. Such estimation
results on the following values: for Na—Mg?*
exchange on Lewatit R 250-K, AH,, = 6.7 kJ/
equiv and 7.4 kJ/equiv for Lewatit R 249-K. For
Na-Ca** exchange A H,, = 4.1 kJ/equiv for the
first and 4.6 kJ/equiv for the second resin.

As follows from the above values of A H,; for
Nat-Mg®* exchange, it correlates very well with
AH,, = 7.1 kl/equiv reported by Samchemko
[32] for the same binary exchange. This testifies
to the practical independence of AH,, of the
resin composition (see Eq. 10) and allows for
substituting A A, by AH° in this case.

Hence, quantitative predictions of In(w;/eey)
for Na-Mg?* exchange in different 7, — 7} in-
tervals, can be accomplished using Eq. 12 with
AH,, = AH° = 7.1 kJ/equiv determined inde-
pendently (calorimetrically). The results of these
calculations are presented in Table 2.

As seen from the results given in Table 2, the
calculated In(az /o)) values demonstrate a satis-
factory fit with those determined experimentally
in the ternary system.

However, for Nat-Ca?* binary exchange in
the ternary system, the results of the quanti-
tative predictions of In{a, /o) vs (T, — Ty) in-
tervals give remarkable deviations of the exper-
imental values from the computed ones. This
disagreement can be attributed by a strong de-
pendence of AH,, vs Y that follows from the
remarkable difference between estimated A Hy,
values 4.1 and 4.6 kJ/equiv mentioned before,
and AH° = 8 and 8.4 kJ/equiv reported in the
literature [18,32].

Consider now the overall ion-exchange pro-
cess in the system under study, which can be
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Table 2

Mg . . . .
Temperature dependences of oy ® for carboxylic resins, calculated and experimentally determined from artificial sea water

T,-T, Lewatit R 250-K Lewatit R 249-K In(ay/cry) calculated for
o o In(aa/ery) exp. o o In(erz/a;) exp. AH® =17.1%}/mol from Eq. 7

353-333 28.12 36.21 0.15 39.53 47.09 0.11 0.14

353-313 22.85 36.21 0.27 28.76 47.09 0.30 0.31

353-293 16.00 36.21 0.47 19.91 47.09 0.51 0.50

333-313 22.85 28.12 0.12 28.76 39.53 0.19 - 0.16

333-293 16.00 28.12 0.32 19.91 39.53 0.40 0.35

313-293 16.00 22.85 0.21 19.91 28.76 0.21 0.19

Table 3

Composition of resin phases and apparent equilibrium constants of ternary Nat-Mg?+—-Ca®* exchange determined from artificial

sea water at diffcrent temperatures

T (K) Lewatit R 250-K Lewatit R 249-K
Yea YMg Na k Yca YMg Na k

283 0.33 0.50 0.17 9.54 0.31 0.47 0.22 7.35
293 0.31 0.56 0.13 12.89 0.33 0.57 0.10 16.31
313 0.32 0.59 0.09 18.23 0.34 0.59 0.07 23.04
333 0.34 0.58 0.08 22.27 0.35 0.59 0.06 31.02
353 0.34 0.60 0.06 29.09 0.36 0.59 0.05 37.89
described by the following equation: Table 4

4R—COONa + Ca’* + Mg?t =
2R—COOCa + 2R—COOMg + 4 Na™ (13)

The apparent constant, &, of the above tri-ionic-
equilibrium can be written as follows [36-38]:

(k)4 — YCaYMg Xg

Y;:}a X XX (14)
where X and Y have the same meaning as in Eq. 1.

The values of k& determined by using artificial
sea water at different temperatures are collected
in Table 3.

Equation 13 can be represented as a super-
position of the two equations describing the bi-
nary Na*—Ca®* and Nat-Mg?* exchanges. Con-
sequently, the standard enthalpy (A H2,) of ion-
exchange reaction 13 is equal to the sum of AH°
values for the exchange of the respective ion cou-
ples. Following this, an estimation ofln(k,/ k) for
different temperature intervals using Eq. 11 and
assuming y; ~ 1 and AfH,, ~ AHZ can be ob-

tot
tained. The values of A H?, can be taken from the

tot

Calculated and experimentally determined In(k;/k2) for
NaZ+-Ca?*-Mg?* equilibrium on carboxylic resins at dif-
[erent temperatures (see text)

T5-Ty Calculated Experimental
€))] 2) Lewatit Lewatit
R 250-K R 249-K

353-333 0.27 0.32 0.27 0.20
353-313 0.57 0.68 0.47 0.50
353-293 0.91 1.08 0.81 0.84
353-2832 1.10 1.31 1.12 1.64
333.313 0.30 0.36 0.20 0.30
333-293 0.64 0.76 0.55 0.64
333-2832 0.83 0.99 0.85 1.44
313-293 0.34 0.41 0.35 0.34
313-283* 0.53 0.63 0.65 1.14
293-2832 0.19 0.22 0.30 0.20

(1) AHo = 13 kI/mol; (2) AHio = 15.5 kJ/mol.

2 The data refered to the temperature intervals involving 283
K have been included to illustrate that the deviations of Y¢,
and Ymy from the constant values (see Table 4) result in the
stronger disagreement of experimental and calculated results
(sec text),

above references [18,32}, i.e. (1) AH, = 13 kJ/
equivand (2) AH?2, = 15.5 kJ/equiv. The results
of these calculations are presented in Table 4.
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Comparison of the results shown in Table 4
testifies to the correction of the approach pro-
posed and to the validity of the assumptions
made. As seen from Table 4 the values of
In(k;/ k;) calculated from AH?2, = 13 kJ/equiv
are in a better agreement with those determined
experimentally. This indicates that AH° values
determined for the binary Nat~Ca?* and Na*t-
Mg?* exchanges in concentrated solutions [18]
are most appropriate for the description of the
temperature dependence of ion-exchange equi-
librium in the ternary system under study.

With respect to Ca**-Mg?* exchange, the
temperature dependences of aﬁz for Lewatit R
250-K and R 249-K resins are presented in Fig. 2
where aﬁi‘g is obtained by direct and indirect
methods. The problem of elucidating the tem-
perature influence on Ca?t-Mg?* exchange is
complicated because of the weak temperature
effect obtained (much weake: than in the pre-
vious two cases discussed) which was expected
from the corresponding value of AH = 3 kJ/
equiv [18]. As seen from the data shown in
Fig. 2, alffg values determined by indirect method
demonstrate a slight increase with the increase of
temperature for both ion-exchange resins stud-

{a)

1 T T T T
0 20 40 60 80

Temperature (°C)

ied while the direct method does not allow to
distinguish any clear influence of temperature
on «. This disagreement of « values determined
by different methods may be associated with
one feature of the indirect method which makes
it advantageous in comparison with the direct
one. Determination of « by indirect method
is carried out without separation of phases after
equilibration, which is known to be the source
of additional and hardly measurable experimen-
tal errors [24]. This is particularly true for the
ion-exchange equilibrium on carboxylic resins at
different temperatures, since equilibrium, in this
case, may be easily shifted due to either hydrol-
ysis of ion exchanger (in applying rinsing tech-
nique) or indefinite change of the temperature
inside the column (evacuating solution with wa-
ter pump is accompanied by filtration of cool air
through the resin bed). For a better elucidation
of the temperature dependence on the separa-
tion of magnesium and calcium, some additional
information has been applied. This information
can be extracted from concentration—volume his-
tories (breakthrough curves) obtained in each
experiment carried out for phases equilibration,
see Fig. 3. As seen in Fig. 3, the sorption front of

{b)
o]
o]

Ca
Mg

2 —

1 T T T T

0 20 40 60 80

Temperature (°C)

Fig. 2. Temperature dependencies of equilibrium separation factors for Ca?*-Mg2* exchange determined by direct (squares) and
indirect (circles) methods from artificial sea water by Lewatit R 250-K (a) and Lewatit R 249-K (b) resins.
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Fig. 3. Concentration-volume history of frontal separation of
Mgt and Ca®t by Lewatit R 250-K resin in Na*-form at
80°C. QO = 57 meq.

Ca®* can be chosen as one of the parameters for
characterization of Mg?* and Ca®* separation at
different temperatures. Since the experimental
conditions influencing the length of this front,
such as solution concentration and flow rate,
were kept constant in all the experiments, any
alteration of the front position can be evidently
attributed to the change of the temperature of
the system. This is clearly observed from the data
shown in Fig. 4 where the relative lengths of
calcium sorption fronts at different temperatures
are shown for Lewatit R 249-K. A similar effect
was observed for Lewatit R 250-K. In this fig-
ure, Vequit Was obia:ved from the corresponding
concentration-volume histories by determining
the volume of solution passed through the col-
umn before achieving the equilibrium. The val-
ues of V4, applied to calculate the data plotted
in Fig. 4 were 1220 ml for Lewatit R 250-K
(Q = 32 meq)* 600 ml for Lewatit R 249-K
(Q = 13 meq). The relative error for the deter-
mination of Vequi was around 5%. The variations

4 Note that the capacity of the resin bed used in this series of
experiments was approximately twice less than that applied in
the frontal separation of Ca?* and Mg** shown in Fig. 3,

1.0

0.8 4

0.6 o

]

[Ca}/(Ca]

0.4 -

0.2 4

0.0 + T T T T
0.0 0.2 0.4 0.6 0.8 1.0

equil

Fig. 4. Influence of temperature on relative length of calcium
sorption fronts for artificial sea water on Lewatit R 249-K:
20°C (circles), 40°C (squares) and 80°C (triangles).

of Vequi with the temperature lied within the
corridor of experimental errors.

The data shown in Fig. 4 demonstrate that the
front of Ca** shifts remarkably to the right with
the increase of the temperature. This shift will
result on the increase of the separation degree
of Mg?* and Ca®* (which can be determined as
the ratio of their concentrations in the respective
solutions samples) in the head part of the break-
through curve (see Fig. 3). This is confirmed by
the data presented in Fig. 5 where the separation
degrees of Mg?* and Ca’* for the head parts
of concentration—volume histories obtained on
Lewatit R 250-K at different temperatures are
shown.

3.1.2. Natural sea water

Ion-exchange equilibrium. Experiments on study-
ing ion-exchange equilibrium in Mg?*-Ca?t-
Na™ system on Lewatit R 250-K and Lewatit R
249-K resins from natural sea water were carried
out at two temperatures: 10°C and 80 C 1ssum-
mg the temperature dependences of a2, ozNa and
Oqu to be practically linear as was demonstrated
in the experiments with artificial sea water. Re-
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Fig. 5. Ratios of Mg and Ca®* concentrations (Mg>* purifi-
cation degree) in solution samples collected in frontal separa-
tion from artificial sea water by Lewalit R 250-K in Na*-form
at diflerent temperatures: 20°C (circles), 60°C (squares) and
80°C (triangles).

sults of this series of experiments are presented
in Table 5 where the values of « for the three ion
couples studied for the ternary system and & are
tabulated. For argl“g the values were determined by
both the direct and the indirect methods.

As seen in Table 5, @ values for Ca?*-Na™
and Mg**-Nat exchanges dctermined from
samples of natural sea water are much smaller
than those determined from artificial sea water
(cf. Fig. 1) while for Ca**-Mg** exchange they
are similar to these shown in Fig. 2 for artifi-
cial solutions. This difference can be attributed

Table 5

Values of o for the binary exchanges Ca’*~Nat, Mgt—
Na* and Ca®*-Mg* and k for the ternary Nat-Ca?*-Mg?+
exchange on carboxylic resins from natural sea water at 10
and 80°C

. Mg )
Lewatitresin ¢ (°C) o§®  axr’ af{é k

dircet  indirect

R 249-K 10 21.8 741 294 279 6.04

80 328 990 3.31 3.46 8.01

R 250-K 10 310 102 3.05  2.60 8.09
80 40.2 126 319" 3.28 9.78

to the higher total ionic concentration in nat-
ural sea water samples received, in particular
sodium concentration, in comparison with that
in artificial sea water® prepared by following the
reported data in the literature (see, e.g. [2, p.
26]). Therefore the decrease of ag? and ay’ can
be ascribed to the electroselectivity effect [39].
As follows from Eq. 7 the increase of N, re-
sults to the decrease of o values. Nevertheless,
the trend in changing o values with tempera-
ture for different ion couples is similar to that
observed in artificial sea water and also follows
the order of differential enthalpy values for the
respective ion-exchange reactions (see above).
Comparison of aﬁ"g values determined by differ-
ent methods (see Table 5) demonstrates that the
indirect method allows for a better elucidation
of temperature dependence of « than the direct
method (as discussed above).

The influence of temperature on the separa-
tion of Ca** and Mg?* from natural sea water by
Lewatit R 250-K resin under dynamic conditions
in column is illustrated by the data presented in
Fig. 6, where the positions of calcium sorption
front at 10°C and 80°C (a) and magnesium purifi-
cation degree (b) are shown. As seen in Fig. 6a
the increase of temperature in the system leads
to remarkable retardation of calcium front that
results in a more effective separation of Ca**
from Mg?* (see Fig. 6b). ‘

The results obtained for the ion-exchange
equilibrium of the ternary Ca’*-Mg?*-Nat
system on carboxylic resins both acrylic and
methacrylic ion exchangers from artificial and

natural sea water can be used to carry out

a dual-temperature ion-exchange concentration.
The higher capacity of the acrylic resin provides
with a better characteristics for this application.

Kinetics of thermodesorption. The results of
studying kinetics of thermodesorption of Ca**
and Mg**t in eluting with natural sea water at
10°C from Lewatit R 250-K pre-equilibrated

3 Chronologically samples of natural sea water have been re-
ceived after carrying out experiments with artificial solutions.
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Fig. 6. Influcnce of temperature on relative length of calcium sorption fronts, (a), and Mg+ purification degree (see Fig. 5), (b),
in frontal separation of Ca** and Mg>* from natural sea water by Lewatit R 250-K resin in Na*-form at 10°C (circles) and 80°C
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Fig. 7. Kinetics of thermodesorption of Ca?* and Mgt from
Lewatit R 250-K with natural sea water (see text).

with sea water at 80°C are presented in Fig. 7
where the kinetics curves for ions under study
are shown. As seen in Fig. 7 Mg*™ demonstrates
a higher rate of release than Ca’*. The values
of the time of half conversion (#s) estimated

from the respective kinetic curves appeared to
be 114 s for Mg?* and 222 s for Ca**. The dif-
fusion coefficients, D, of Ca** and Mg** in the
resin phase have been estimated assuming the
kinetics of thermodesorption to be controlled by
the intraparticle diffusion and by applying the
following equation [40]:
2
D =0.03< (15)
fos
where r, is the radius of the resin beads in a
swollen state = 0.0265 c¢m for the resin fraction
used.

The calculated values have been found to
be &~ 1.0 x 1077 cm? s7! for Mg** and 1.9 x
10~7 cm? s~! for Ca?*, which correlates with the
respective data for alkali-earth metal ions [26, p.
90]. The results obtained indicate that no kinetic
difficulties in carrying out the thermostripping of
Ca** and Mg?* from the resin can be expected.

3.2. Dual-temperature ion-exchange concentration

Concentration~volume histories obtained by
thermostripping at 10°C from Lewatit R 250-K
equilibrated at 80°C with natural and artificial
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Fig. 8. Thermostripping breakthrough curves for natural (a) and artificial (b) sea water from Lewatit R 250-K resin. Na*

(triangles), Ca’* (circles) and Mgt (squares).

sea water are shown in Fig. 8a and b, respec-
tively. The total capacity of the resin bed used
in this series of experiments was 57 mg-equiv.
Cooled sea water was passed at 1.5 cm’/min
of flow rate. As seen in Fig. 8 thermostripping
leads to a selective desorption of both Ca®*
and Mg®* from the resin while Nat ions are
sorbed. This results in the increase of divalent
metal ions concentration in eluate and decrease
of sodium concentration. This situation may be
considered as unique in polythermal concentra-
tion in comparison with, e.g. conventional evap-
oration technique which allows for increasing the
concentration of all components of the solution
under treatment.

In the case of Lewatit R 249-K resin, results of
thermostripping have shown that the maximum
concentration degree (C;/C,) of Ca** and Mg**
for this ion exchanger do not exceed 38% while
for Lewatit R 250-K this parameter is much
higher (see Fig. 8). This confirms the conclusion
given above about the better applicability of the
acrylic resin for dual-temperature ion-exchange
concentration.

After the thermostripping, the resin phase
appears unloaded with Ca®* and Mg** and be-
comes able to sorb them again without any addi-

1.2

C/C

Mo

0.6 T T T li T T
0 50 100 150 200 250 300
Volume (ml)
Fig. 9. Thermosorption breakthrough curve for natural sea

.water on Lewatit R 250-K resin. Na* (triangles), Ca** (cir-
cles) and Mg?* (squares).

tional treatment (regeneration). Passing hot sea
water through the resin bed depleted after ther-
mostripping leads to thermosorption of Ca?*
and Mg?* as shown in Fig. 9.

Solution collected during thermostripping
(with increased concentration of Ca®*™ and
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Fig. 10. Concentrations of Ca®**, Mg** and Na* obtained
in consccutive thermo-sorption -stripping cycles vs number of
cycle.

Mg®™) can be underwent the repetitive
thermosorption-thermostripping cycle where
the next concentrate of Ca** and Mg** is
yielded. Carrying out several concentration cy-
cles has to result to the further increase of Ca®*
and Mg?™ and decrease of Na™ concentrations.
The results of 4 consecutive thermo-sorption—
stripping cycles carried out are shown in Fig. 10.
As seen in Fig. 10 both Ca’* and Mg?* concen-
tration grows practically linear while also a linear
decrease of Na™ concentration takes place. This
allows for the following description of the dual-
temperature ion-exchange concentration process
observed:

ci = Hi:liaico (16)

where a; is the concentration factor; ¢, and ¢;
are the concentrations of Ca’*, Mg?* or Na™*
in the initial sea water and in the stripping so-
lution after “i” cycle, respectively. The values
of concentration factor a; determined for Ca*t,
Mg?* and Na* in consecutive thermo-sorption~
stripping cycles are tabulated in Table 6, where
the products of a; values for each metal ion are
also presented. '

Table 6
Concentration factors (a;) for Ca®*, Mg2+ and Na* obtained

by consecutive thermo-sorption—stripping cycles on Lewatit R
250-K resin

Cycle Ca?* Mg+ Na*
1 1.64 1.69 0.95
2 1.44 1.43 0.95
3 1.30 1.27 0.94
4 1.27 1.22 0.97
M, a 3.90 3.74 0.82°

As follows from the data given in Table 6 the
concentration factors of Ca?* and Mg?* demon-
strate a clear trend to decrease from cycle to
cycle while this parameter remains practically
constant in the case of Na*. On the other hand,
the values of a; can be predicted from the results
of the first cycle in the following way:

a; = = 17
T C-1 Co+(N-DAC a7
After rearrangements one obtains:
AC
a =1+ (18)

Co + (N —-1AC

where AC is the absolute increase of a given
metal ion concentration in thermostripping solu-
tion after the first cycle, C, is the same as in Eq.
16, and N is the number of cycles carried out.

As follows from Fig. 10, AC values remain
constant for both Ca?*, Mg?* and for Na®.
This allows for computing a; vs N dependences
for each component of the sea water. The re-
sults of these calculations and the experimen-
tal a; values are shown in Fig. 11. Comparison
of the computed (curves) and the experimen-
tal (points) results shows that Eq. 18 can be
successfully applied for predicting concentration
degrees for all metal ions under study after any
thermosorption—thermostripping cycle. The de-
crease of concentration factors in the case of
Ca’t and Mg?* can be attributed to the increase
of their concentration in solution after each cycle
that results in the decrease of a2 and af:fag values
(see above). This can be observed from the data
given in Table 7, where o values for Ca**-Nat,
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Fig. 11. Computed (curves) and experimental (points) values
of concentration factors vs number of thermosorption (80°C)/
thermostripping (10°C) cycles. Na™ (triangles), Ca* (circles)
and Mg** (squares), using Lewatit R 250-K,

Table 7

Separation factors of Cal*t-Na*t, Mgz‘*—Na+ and Ca®*-
Mg+ exchanges on Lewatit R 250-K from thermostripping
concentrates obtained t = 10°C.

No. cycle ANaCa a;’f’ aﬁ“g Total concentration
(g-equiv/dm?)

1 38.2 11.03 347 0.72

2 33.2 9.79 3.39 0.78

3 26.4 7.95 3.32 0.84

4 213 6.66 3.33 0.95

Mg?*-Nat and Ca**-Mg>* ion-exchange reac-
tions on Lewatit R 250-K resin at 10°C from the
respective thermostripping solutions (artificially
prepared) are tabulated.

3.3. Separation of Mg** and Ca**

As follows from the data shown in Table 7
a[\CA‘“g values remain practically constant (and suffi-
ciently high) in all thermostripping solutions ob-
tained. This allows to carry out the final purifica-
tion of Mg?* from Ca?* which can be carried out
in applying frontal separation on acrylic cation
exchanger in Na'-form. The concentration—-

volume history of this process is similar to that
shown above in Fig. 3 and is characterized by
the formation of a solution zone containing pure
Mg?t free from Ca®* impurities. Several ex-
periments carried out with stripping solutions on
frontal separation of Mg** and Ca** have shown
similar results to those presented in Fig. 3. The
width of pure Mg?* zone depends on the height
of the resin bed and could be easily increased,
e.g. by carrying out the process in the counter
current column [41].

One additional problem has to be solved for
carrying out the final separation of Mg** and
Ca’*. This problem deals with the preparation of
the resin in Na*-form, i.e. the resin regeneration.
This process can be fulfilled in two stages: (1)
removal of all ionic species from the resin with
acid solution, and (2) conversion of the resin
from H* into Na*-form by treatment with alkali
solution. The completeness of each stage can be
followed by controlling pH of solution leaving
the column.

The results of the experiment on the regen-
eration of Lewatit R 250-K resin after carrying
out the separation of Mg?* and Ca?* from ther-
mostripping solution concentrate (3rd cycle) are
presented in Fig. 12.

As seen, in Fig. 12a the complete removal
of all metal ions sorbed (Na*, Ca** and Mg?*)
needs practically equivalent expenditure of HCl
solution. As follows from the data shown in Fig,
12b the final conversion of the resin into Na™*-
form needs also equivalent amount of NaOH
solution.

The composition of the solution yielded after
regeneration with acid allows for mixing it with
thermostripping solution used in separation of
Mg®* and Ca®* so it can be returned back into
the process. This means that even during the
regeneration of the resin practically no wastes
are produced.
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ABSTRACT

Acidic mine waters represent natural effluents from pyritic ore deposits and they
are mainly characterized by a low pH and a high concentration of metal ions such
as Fe* Zn%, Cu*, Mn%, AI* Ca?, Mg?" and Na*. The treatment of these waters is of
great economical and ecological importance. The present study was targeted to the
development of reagentless and wasteless dual-temperature ion-exchange technique
for concentrating copper from the natural acidic mine waters of Rio Tinto area (Huelva,
Spain). The work has been performed in applying carboxylic ion exchanger (Lewatit R
250-K) and iminodiacetic resin (Lewatit TP-207). Values of the resin capacity towards
mine water metal ions and the equilibrium separation factors (o) for different metal ion
couples have been determined at different temperatures in the range from 20°C
to 80°C. Acrylic resin has been found selective towards Al*" and iminodiacetic resin
demaonstrates high selectivity towards Cu?*. Furthermore, the sorbability of Al%*
increases while that of Cu** decreases with temperature for both resins. This effect
gives the possibility for a selective thermostripping of Cu®** from the resins pre-
equilibrated with cold mine water (at 20°C) using hot mine water at 80°C. The increase
of Cu?* concentration in the eluate is 30% for acrylic resin and 20% for iminodiacetic
resin. The concentration of A" in stripping solution drops to 50% level in the first case

and to 70% level in the second.




INTRODUCTION

The treatment of acidic metal-bearing effluents is both of economical and of
ecological importance. This means that not only the most valuable or toxic constituents
must be removed and recovered from the water under treatment, but also the
technology applied for this purpose has to satisfy both economical requirements and
ecological standards. In other words, this particular technology must be (1) adapted for
the selective recovery of certain ionic species and (2) be ecologically clean, i.e. be
practically wasteless.

There are a number of processes which are commonly exploited for removal
and/or recovery of metals from waters and waste waters [1-7]. These processes can be
classified into two groups:

1) non-specific treatment technologies such as precipitation and evaporation; and

2) recovery technologies involving extraction, membrane separation, electrowinning

and ion-exchange.

The main pros and contras of all the techniques mentioned have been discussed
in the literature [see, e.g. ref. 6,7]. The primary disadvantages of ion-exchange relate
to the resin regeneration step which is known to be the main source of wastes in ion-
exchange technology. Hence, ion-exchange separation methods providing the ability
to exclude the regeneration step are of particular interest. The group of methods of this
type includes parametric pumping [8-11], thermal ion-exchange fractionation [12,13]
and dual-temperature ion-exchange processes [14-18]. Although the advantages of the
above techniques are quite obvious the practical applications of these rﬁethods is still
very limited. This fact can be attributed to the lack of information on real systems (ionic

mixtures, effluents, waste waters, etc.) appropriate for the treatment (e.g. for separation
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or concentration of certain components from the mixture) within dual-temperature ion-
exchange separation techniques. In this context accumulation of the data on ion-
exchange equilibrium at different temperatures from the native metal-bearing solution
such as acidic mine waters for example can stimulate the further development and
wider application of ecologically clean ion-exchange recovery technologies.

The present study was undertaken (1) to obtain information on ion-exchange
equilibrium of acidic mine water metal ions on carboxylic and iminodiacetic resins over
a wide temperature range and (2) to demonstrate the possibility to concentrate copper

from native mine waters by reagentless ion-exchange technique.

EXPERIMENTAL

Samples of the native acidic mine waters of Rio Tinto area (Huelva, Spain) were
kindly supplied by Rio Tinto Minera, S.A. These mine waters represent the natural
generic metal-bearing effluents originating from the pyritic ore deposits typical for the
southern provinces of Spain and Portugal. Iminodiacetic ion exchanger, Lewatit TP-207
and polyacrylic resin, Lewatit R 250-K (both of macroporous type) were kindly supplied
by Bayer Hispania Industrial, S.A.. NaOH, HC! and H,SO, of p.a. quality were
purchased from Probus (Spain) and used as received. The concentration of metal and
sulfate ions were determined by ICP technique using an ARL model 3410 spectrometer
(Fisons, USA) with minitorch. The uncertainty of spectrochemical analysis was always
less than 1.5%. pH was controlled using a Crigon pH-meter 507 (Spain) supplied with
a combined glass electrode. Jacketed glass columns (1.4 cm inner diam.) connected
with a thermostatic bath (Haake D1, Germany) were used for studying ion exchange

equilibrium at different temperatures. The construction of columns provided the
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heating/cooling of both resin and feed solution phases [19].

The preliminary treatment of Rio Tinto water (RTW) samples aiming at the
selective oxidative precipitation of Fe(lll) hydroxide was carried out as described
elsewhere [19]_ Artificial RTW samples were prepared from Al,(SO,); ZnSO,, CuSO,,
Na,SO, (Probus, Spain) of p.a. quality used as received. The composition of RTW
samples before and after treatment and that of artificial RTW are shown in Table 1.

Table 1
PROCEDURE
lon-Exchange Equilibrium

The ion-exchange equilibrium was studied under dynamic conditions in
thermostatic columns. The columns were loaded with a certain portion of the ion
exchanger which remained constant during a given series of experiments. The total
capacity of the resin portions used was determined prior to the equilibrium studies and
after each equilibrium cycle applying a standard technique [17-19]. After equilibration
of the resin bed with RTW at a certain temperature, the solution phase was separated
from the resin by evacuating with a water pump followed by the stripping with 1.5 M HCI
solution. Then the analysis of RTW metal ions in the eluate collected was carried out.
After stripping, the resin was converted back into the initial Na* form and prepared for
the next run. Concentrations of metal ions stripped were used to determine both the
values of resin capacity towards each RTW component and to calculate the equilibrium

separation factors (o) for different ion couples as follows:

Me, YM€2 X Me,
0 = . (1)
Me1 YM X M

&4 )




where Y and X are the equivalent fractions of ions under consideration in the resin and
initial solution phases, respectively; indices 1 and 2 are chosen so that o>1.

The repetitive determination of the total ion-exchange capacity of the resin bed
at different temperatures was fulfilled by summarizing the values of partial resin

capacities towards each RTW metal ion.

Thermostripping and Thermosorption

Thermostripping and thermasorption experiments were carried out as follows;
after equilibration of the resin with RTW at a certain temperature the excess of the
solution over the resin bed was removed so that its level coincided with that of the resin
bed. Then, the temperature was decreased/increased to the preselected value. After
equilibration of the system under given thermal conditions, feed solution (RTW of the
same composition) was passed through the column at constant flow rate and collected
in portions where concentrations of metal ions were determined. In the series of
experiments of consecutive thermostripping-sorption cycles, the composition of the
initial solution used in each cycle corresponded to that of the sample of thermostripping
solution obtained during the previous cycle which contained the highest concentration
of Cu®.

The resin bed heights were kept constant in all experiments (otherwise it is
stated): 5 cm for R 250-K and 0.5 cm for TP-207. These conditions were chosen
because of the remarkable kinetic diﬁereqces to reach equilibrium in the metal
adsorption process on the resins under study. The kinetics of metal ions sorption on
TP-207 was found much slower than that on R 250-K. For the same reason the feed

flow rate was 1.55 m/h (R 250-K) and 0.33 m/h (TP-207).
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Results and Discussion
lon-exchange equilibrium

1. Resin capacities

The relative capacities of Lewatit TP-207 and Lewatit R 250-K towards RTW
metal ions after equilibration with sample 2 (see Table 1) at 20°C are shown in Fig. 1.
As seen in Fig. 1a the capacities of the resins studied towards Zn*, Fe*, Mn?*, Mg*,
Ca?" and Na" do not differ remarkably from each other and are relatively low to the .
absolute value. The main difference observed in the affinity regards is found with AP**
and Cu?*. This is clearly shown in Fig. 1b from which it follows that TP-207 is highly
selective towards Cu?* while R 250-K has a preference for Al**, so that approximately
90% of the resin capacity is occupied by these ionic species.

The influence of RTW composition (which is known to vary significantly during
the year [19]) on the capacity of TP-207 towards different metal ions is illustrated by the
results shown in Fig. 2. As follows from Table 1 the main difference in compositions of
the natural RTW samples used concerns Cu®*, AP*, Na*, Zn** and Fe** contents. As
seen in Fig. 2a TP-207 is highly resporisive to the concentration of Fe* in the feed
solution that testifies to the high selectivity of the resin towards this ionic species (see
below) and confirms the necessity to eliminate its content to mg/m® level. Alterations
of the concentrations of other RTW metal ions do not result in significant changes of
their sorbabilities. As follows from Fig. 2b, TP-207 is most sensitive to the content of
A" in the equilibrium solution. Indeed, the ~20% decrease of Al** concentration in the
feed causes the drop of its relative content in the resin phase from 15.3 to 8.4%. This
result is of particular interest, since the further elimination of AP* must result in

the additional sorption of more valuable (than A**) RTW metals, such as Cu?* and Zn?*
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which can occupy the corresponding part of the resin capacity. This can improve the
efficiency of Cu*" and Zn? recovery from RTW.

The temperature dependence of relative TP-207 capacities towards RTW metal
ions are shown in Fig. 3. The results in Fig. 3a show the affinity of TP-207 for Zn**,
Mg®* and Fe* to decrease slightly with the rise of temperature while the sorbabilities
of Mn*, Ca®* and Na* remain practically constant within the same temperature interval.
The most remarkable influence of temperature on the resin capacity is observed for AI**
and Cu* (see Fig. 3b). Moreover, the sorbability of the former increases while that of
the latter decreases at elevated temperature.

The data presented in Fig. 3 may serve to predict the behavior of the different
ionic species in dual-temperature ion-exchange concentration. The concentration
degree of any ion in the thermostripping solution obtained can be described in terms
of C/C, ratios, where C, and C, are the concentrations of the ion in the feed and in the
"I portion of thermostripping solution, respectively. Consider the case of "ideal
displacement” which corresponds to the condition i=1, i.e. when the ion under

displacement is concentrated in the first portion of the eluate. In this case:

c A _a(T)-a(@)
i V, V.

/

where V, is the volume of the eluate, g is the capacity of the resin towards the ion
under consideration, T, and T, are the temperatures of the loading and the stripping
processes, respectively.

Under this condition, the concentration degree of the ion is directly proportional

to the parameter b, which can be expressed as follows:
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C, V ©

where V, is the volume of the feed solution passed through the column at T, (see
experimental part).

Aq, C, (for RTW sample 1, see Table 1) and b values for TP-207 at T,=20°C and
T,=80°C are collected in Table 2.

Table 2

As seen from b values given in Table 2, Cu®* is the only ionic species which can
be expected to be markedly concentrated by dual-temperature ion-exchange technique
using Lewatit TP-207 resin.

On the other hand, the relative capacities of R 250-K towards different RTW
metal ions vs temperature are shown in Fig. 4. In this case, the temperature
dependence of metal adsorption is similar to that of Lewatit TP-207. The main
differences are related to the capacities for AI** and Cu** which are found to be

I* is more highly adsorbed while Cu?* is

opposite to those of Lewatit TP-207, i.e. A
much less adsorbed. The b values calculated from the respective equilibrium data by
using eq. (3) (Ag=q(20°C)-q(80°C), see eq. (2)) and CO' for RTW sample 2, ( see Table
1) are given in brackets for the different RTW metal ions as
follows: Cu?[b=74.36x107; Zn*[b=15.17x107]; Mn*[b=4.94x10"%]; Ca®*'[b=1.93%107];
Mg?*[b=0.96x107]: Na'[b=0.42x10"?] and Al**[b=-59.05%x107].

The difference in the absolute values of parameter b obtained for R 250-K and

for TP-207 (see Table 2) can be ascribed to the difference of the resin volumes used.

The height of the R 250-K resin bed was 10 times higher than for TP-207.
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The results of the above estimation of b values for R 250-K testify to the
similarity of the behavior of both resins TP-207 and R 250-K in dual-temperature
concentration of RTW metal ions, i.e. thermostripping from R 250-K must lead to a
predominant concentration of Cu®. Since this conclusion does not obviously follow the
results shown in Fig. 3 and 4, we have carried out experimental confirmation of its
validity as given below.

2. Resin selectivity

Temperature dependencies of ays determined for different RTW ion couples in
the experiments with RTW sample 1 on TP-207 (using equation (1)) are shown in
Fig. 5. As seen in Fig. 5a, the absolute values of af; significantly exceed those for
other RTW metal ion couples (cf. Fig. &b, 5¢, etc.) Which testifies to the high selectivity
of TP-207 towards Fe*" and confirms the above conclusion concerning the need for the
complete removal of this particular ionic species from the feed solution prior to the ion-
exchange treatment by TP-207 resin. As follows from Fig. 5b the resin manifests high
affinity towards Cu®* in comparison with other RTW metal ions. A remarkable increase
of o with temperature is observed only for 0(,5‘,; while for the other ion couples a weaker
temperature effect is found. The most significant temperature dependence is observed
for o which drops from 45.5 at 20°C to 17 at 80°C. As seen in Fig. 5c all ion couples

involving AI**

are characterized by far stronger influence of temperature on of, than
those shown, e.g. in Figs. 5d and 5e. This feature of o) = f(T) dependencies can be
better visualized as follows: consider the ratio of two o values determined at two

different temperatures for a given ion couple. As follows from eq. (1), the ratio a for the

equilibrium solution of the same composition can be written as follows:



Ye, (T1) Yie, (T1) = BYye,

a = . (4)
YMe, (T4) - Ay/we1 yMe2 (Ty)

where T, and T, are chosen so that a>1, and AY =Y yo(T1)-Yume(T2).

The value of parameter a achieves a maximum (at a determined value of T, and
T,) if AY <0 and AY,,>0, i.e. when the sorbabilities of metal ions under consideration
depend on the temperature in an opposite manner. As follows from Figs. 3 and 4, AI*
is the only RTW ionic species which demonstrates the rise of its sorbability in both
resins with the increase of temperatures. On the other hand, the deviation of a from 1
can be considered as a measure of o changes caused by the rise of temperature,
hence both resins under study are characterized by strong temperature dependencies
of o, Such a difference can be interpreted in terms of the respective thermodynamic
characteristics of corresponding chemical reaction i.e. AH° values of the complex
formation reaction between metals and compounds containing iminodiacetic groups.
In this case, the enthalpy changes are positive for AP** and negative for Cu?* and the
other RTW metal ions [20].

3. Thermostripping and Thermosorption.

The typical concentration-volume histories obtained in thermostripping with‘
natural RTW at 80°C from Lewatit TP-207 and R 250-K resins equilibrated at 20°C with
the same RTW sample are shown in Figs. 6a and 6b, respectively. The total capacities
of the resin beds used were 2.63 mequiv. for TP-207 and 11.58 mequiv. for R 250-K.
The bed height of the former resin was 0.5 cm and that of the latter was 5 cm. Because
of that, hot RTW was passed at 0.34 cm®min of flow rate in the first case and at 1.6
cm®min in the second. The breakthrough curve shown in Fig. 6b was obtained after the
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repetitive equilibration of R 250-K with RTW at 20°C to exclude the first thermostripping
cycle. The first cycle was carried out at 80°C after loading the resin in the initial
Na-form with RTW metal ions at 20° and resulted in an exceptional increase of Cl#*
concentration in the eluate by factor of ~3 [19].

As seen in Fig. 6 thermostripping from both resins leads to selective
concentration of Cu* while the content of the remaining RTW metal ions in the eluate
obtained remain practically at the feed level. This confirms the correctness of the above
predictions (see Table 2 and related comments). The significant decrease of AP**
concentration in the thermostripping solution testifies to the increased sorption of this
ionic species which proceeds with the simultaneous desorption of the other RTW
components, i.e. AI** in fact acts as a displacer towards the other RTW cations.

Thus, this thermostripping process characterizes the system under study by a
maximum on both the concentration degree of Cu®* and the depletion degree of AI**
occurring simultaneously.

Several factors can influence (both positively and negatively) the effectivity of
the thermostripping process, such as the resin bed height and the temperature range.

As seen in Fig. 7, the increase of the bed height of the TP-207 resin from 0.5 cm
to 2.5 cm allows achievement of a higher concentration degree of Cu?* and also a wider
zone where the effective separation of Cu?* and Al®* occurs. Similar results are
obtained for R 250-K resin as reported elsewhere [19]. An opposite trend is observed
in narrowing the range of the working temperatures. As follows from the results shown
in Fig. 8a the decrease of the stripping temperature leads to a remarkable drop of the
stripping efficiency. Also, the RTW metal sorption presented in Fig. 8b shows a mirror

image of the corresponding thermostripping and shows the influence of the temperature
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range. The effectivity of the thermosorption process also depends on the temperature
of the prior thermostripping cycle as clearly seen from the corresponding breakthrough
curves shown in Fig. 8b.

The results given in Fig. 8 are the consequence of changes of AP** and

-Cu® sorbabilities at different T, and T, (see above) and could be predicted from the
respective equilibrium data. For example, parameter a can be used for this purpose.
The values of a (see equation (6)) calculated for Cu**-Al** exchange on TP-207 at
T,=20°C and different T, are collected in Table 3 where the maximum concentration
degrees (C/C,) for Cu®* obtained in the thermostripping cycles carried out at different
temperature (see Fig. 8a) are also given.

Table 3

A comparison of a and C/C, values presented in Table 3 shows that they are
practically directly proportional to each other, which suggests that concentration
process has a strong correlation with the selectivity characteristics of the resin, and
which shows the chemical reaction to be a key factor in the overall ion-exchange
process.

As follows from the results shown in Fig. 8a and 8b after the thermostripping, the
resin phase appears unloaded with Cu** and becomes able to sorb it again from cold
RTW without any additional treatment (regeneration).

Solution collected during thermostripping (with increased Cu®* concentration and
decreased content of A**) can be sent to consecutive thermosorption-thermostripping
cycles to achieve higher concentrations. Experiments of consecutive thermo-sorption-
stripping cycles were carried out with R 250-K resin (total capacity of the resin bed
11.58 mequiv. ) and artificial RTW samples. The primary composition of artificial RTW

12



(given in Table 1) has been shown to model adequately the behavior of RTW
components during the dual-temperature ion-exchange concentration cycle. The results
of 4 thermo-sorption-stripping cycles carried out are shown in Fig. 9. The concentration
factor of Cu*" achieved after the fourth cycle equals ~2.7 while the depletion factor
of Al** (C,/C)) reaches ~10. The final concentrate contained 324 mg/| Cu®* and 51 mg/l
APl’*. The content of Zr** and N& remained practically constant and did not change
from cycle to cycle. As follows from the above discussion the composition of the last
(fourth) concentrate is suitable for the recovery of Cu** which can be carried out with
TP-207 resin. The final recovery of copper from this concentrate was carried out by
loading the resin bed followed by rinsing with water and stripping with 1 M H,SO,. The
purity vs amount of Cu®* stripped is shown in Fig. 10. An average purity of CuSQ,
obtained (for the total eluate volume collected) has been estimated to be ~86%. As
seen in Fig.10, this value can be markedly improved by the differential collecting of the
product. Thus, an average of Cu®* purity of 93.5% will be obtained, if the first portion
of the eluate, containing the highest level of impurities, is collected separately avoiding
the mixing with the rest of the product solution.

Finally, we propose a possible flowsheet for a process of dual-temperature ion-
exchange concentration of Cu?* from acidic mine waters of RTW type. The simplified
block-scheme of the process is shown in Fig. 11 and refers to continuous counter-
current mode operation . The unit comprises several two-sectional countercurrent
columns which are operated at different temperatures T, and T, (T, >T,) [6]. The first
column is fed by the native RTW and produces the first concentrate which is directed
to the bottom section of the second column and so on. The heating of the solution

under treatment up to T, can be provided using cheap facilities such as, e.g. solar
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boiler systems, known to be very effective in the areas with high level of solar
irradiation (e.g. in southern provinces of Spain and Portugal). The resin in all columns
circulates in a practically closed cycle and does not need regeneration, i.e. the process

is absolutely free of wastes.
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(O) 2.5cmand (d) 0.5 cm.

Fig. 8 Thermostripping (a) and thermosorption (b) breakthrough curves for RTW from
Lewatit TP-207 at different temperatures; (O) 40°C, (O) 60°C and (A) 80°C.

Fig. 9 Concentrations of (O) Cu* and (O0) Al** obtained in consecutive thermo-
sorption-stripping cycles vs number of cycle with artificial RTW on Lewatit
TP-207 resin.

Fig. 10 Purity vs amount of copper stripped with 1 M H,SO, from Lewatit TP-207 resin
loaded with RTW concentrate obtained after four concentration cycles.

Fig. 11 Flowsheet of the reagentléss process for ion-exchange treatment of RTW.
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Table 1. Composition of Rio Tinto water samples before and after the oxidative Fe precipitation treatment,
natural and artificial.

C (mgfl) SO% Fe Cu Zn Al Mn Mg Ca Na pH
Sample 1 (initial) 16,450 5050 239 912 399 75 751 326 19 1.9
Sample 1 (treated) 16,300 3 235 890 386 73 735 319 4175 3.5
Sample 2 (treated) 17,350 | 03 115 1,275 530 90 950 475 3,550 35

Sample 2 (artificial) 17,250 0 120 4,700 530 0 0 0 3,500 35




Table 2. Aq, Co and b values for different RTW metal ions sorbed by Lewatit TP-207
at T,=20°C and T,=80°C.

Me Cu Zn Mn Mg Ca Na Al

A’ (mequiv.) 0.057 0.016 0.001 0017 -0007 O -0.398
Co (mequividm®)” 860 3400 319 7440 1920 193 47.90

bx10*™ 6.63 0.47 0.31 0.23 -0.36 0 -8.31

" The values refer to the difference of the resin bed capacity.

" C, values refer to RTW sample 1, treated (see Table 1).

™ For simplicity V, values for different ions are presumed to be the same and
equal to 1.



Table 3. Values of parameter a for
Cu®- AP** exchange on Lewatit TP-207
and maximum concentration factors for
Cu?* (see Fig.8a) at different T,, with
T,=20°C.

T, (°C) a c/C,
80 268 1.195
60 186 - 1125

40 1.36 1.063




7.5
5.0 -

°o/b00l

2.5
0.0

Fe Mn Mg Ca Na

Zn

Fig. 1a



100

75 —

50 -

“o/bool

25 —

Fig. 1b




7.5

5.0 —
2.5
0.0

*o/b-001

Fe

Zn

Fig. 2a



75

50

°*0/b-001

25 —

“Na

Fig. 2b



12
10

< ™ N — o

o0D/b 001

Fig. 3a



75
A—\A,\A\Z
1N
50 —
o
g
o
o
)
25 —
7
Y
0 I T
20 40 60 80

T (°C)

Fig. 3b



3

oo/b 001

80

60

40

20

T(°C)

Fig. 4a



100 g/Qo

05

90

85

80

20

40

T(°C)

Fig. 4b

60

80



750

L
500

T(C)

Fig. 5a



300

200

20 40 60 8
T (°C)

Fig. 5b



20

T(°C)

Fig. 5¢



—y
I I
20 40 60 80

T (°C)

Fig. 5d



20

40 .

T(°C)

Fig. 5e

60

80



1.00

0.75

0.50

ViN equil

0.25

0.00

Fig. 6a



C/C,

1.25

1.00

0.75

0.50 I
0.00 0.25

0.50 0.75 1.00
VN

i 7 equil

Fig. 6b



1.3

C/C,

0.6

| ! ! I
50 100 150 200

Volume (ml)

Fig. 7




1.3

100

75

50

Volume (ml)

25

Fig. 8a



c/C,

1.2

0.7

l l I B ] I [
10 20 30 40 50 60

Volume (ml)

Fig. 8b



c/C,

0 I 1 1 \
0 1 2 3 4

Number of cycles

Fig. 9



Cu purity (%emass)

100

75 4

50 A

25

0 25 50 75 100 125

Cu desorbed (mg)

Fig. 10



3 -
C llllll
[
o e
P ]
r _ =i
] _ |
_ 1
1 ] - T _
e T _
T “
£ _
LB =1
]
1 ] Ilv O
e A s
il _ )
“ N - - “
] - T .
b ] T ;
"A--_ :
| 1
21 c “
AZ ! G : "
'y, O 1 “
1 3 Iy _
1 o) L » : —
H al “ “
] L "
"m )
V2 .
.:nm | - T
-

resin

Fig . 11



ANEXO Ili




FORECASTING DEGREES OF CONCENTRATION FOR METAL IONS IN DUAL-

TEMPERATURE ION EXCHANGE PROCESSING OF ACIDIC MINE WATERS.

Dmitri Muraviev', Joan Noguerol and Manuel Valiente”.
Departament de Quimica, Quimica Analitica, Universitat Autdnoma de Barcelona,
E-08193 Bellaterra (Barcelona), Spain.

Fax: 3435811985, E-mail: IQAN3@CC.UAB.ES

*Author for correspondence. :
'On sabbatical leave from Moscow State University. Dept. of Physical Chemistry.



ABSTRACT

This paper reports the resuits on the development of a novel approach for
predicting concentration degrees of acidic mine water metal ions such as Cu?*, Zn?*,
AP, Mn*, Ca?, Mg*, Fe* and Na* in the reagentless dual-temperature ion exchange
process on acrylic resin Lewatit R 250-K . The values of resin capacity towards all ionic
species and equilibrium separation factors («) for different metal ion couples have been
determined from the native mine water of Rio Tinto area (Huelva, Spain) in the
temperature range from 20°C to 80°C. It has been shown that the capacity of the resin
towards AI’* increases while that towards the rest of the metal ions decreases at
elevated temperatures. As a result, significant growth of a values for ion couples

involving AI**

with increase of temperature is observed. Thermostripping from the resin
equilibrated at 20°C with mine water at 80°C leads to sorption of Al** while the other
metal ions are desorbed, resulting in the increase of their concentration in the eluate.
Concentration degrees of different metal ions predicted from the equilibrium data have
been shown to follow the sequence: Cu**>>Zn?*>Mn?**>Ca?>Mg?>Na*. Experimental

results obtained agree well with the predictions made, testifying to the validity of the

approach proposed.

Key words: ion-exchange equilibrium; temperature dependence; acidic mine water;

metal ions; carboxylic resin; dual-temperature ion-exchange concentration.



INTRODUCTION

Acidic mine water is a common problem in many mining situations but it is
particularly important in pyritic areas. Interaction of pyrite and other sulfide minerals
with water and atmospheric oxygen produces acid solutions which can cause serious
problems in the environment. Acid mine drainage is perhaps the most serious
environmental impact of mining activity. Although efficient and modern engineering
design are now incorporated into the mines, ecological problems related to acidic mine
water persist, especially after mining activity has stopped. The origin of acidic water
from pyritic areas is the oxidation of sulfide minerals. A rapid oxidation of sulfide
fninerals occurs where such minerals in contact with water are exposed to the
atmosphere. The sulfide components in pyrite are oxidized to sulfate by acidity
generation and release of iron. Both Fe(ll) and Fe(lll) plays a key role in this mineral
alteration. These oxidation processes are dynamically accelerated by bacterial activity
(Ritcey, 1989; Smith, 1974). Acidic mine water pollution in areas associated with mining
can be seen at Rio Tinto (Spain), Neves-Corvo (Portugal), Chiuquicamata (Chile),
Katanga (Zaire), etc.

Rio Tinto area (Huelva, Spain) is one of the most important pyritic area of the
world. The mines are rich in deposits of iron pyrite, copper, zinc, manganese and some
precious metals and is one of the best examples of acidic mine waters production. The
name Rio Tinto is due to the spectacular reddish color of the river due to the high
concentration of Fe(lll) hydroxide produced by pyrite oxidation. The acidic mine water
production is independent of the mining activity. Although the pyritic ore deposits are
scarcely exploited actually, these continue producing approximately several tens of

million m® of acidic mine waters every year. These waters flow to Rio Tinto and Odiel

2



rivers that have their origin in the pyritic area and flow into Huelva estuary. In densely
populated areas like, e.g. Huelva and other southern provinces of Spain and Portugal,
high priority is needed to prevent escaping toxic substances into the environment, and
contamination, as a result, of fresh water sources, the number of which is limited. Thus,
the ecological impact of the acidic effluents produced in Rio Tinto mines is evident and
its treatment is necessary. The composition and pH of different Rio Tinto water samples
withdraw at different periods (during January-May 1993) are shown in Table 1.
Table 1

The treatment of the acidic metal-bearing effluents is both of economical and
ecological importance. This means that not only the more valuable and toxic
constituents must be removed and recovered from the water under treatment, but also
the technology applied has to satisfy both economical and ecological standards. From
this viewpoint, information on ion-exchange equilibrium of metal ions at different
temperatures is essential for further development and wider practical applications of
the reagentless ion-exchange separation methods such as dual-temperature ion-
exchange processes (e.g. Andreev et al., 1961; Gorshkov et al., 1971; Gorshkov et al.,
1977; Muraviev et al., 1996 a, Muraviev et al.,, 1995, Khamizov et al., 1995) and
associated techniques (e.g. Chen et al., 1972; Grevillot et al., 1980; Tondeur and
Grevillot, 1986; Wankat, 1978; Szanya et al., 1988, Szanya et al., 1986). This
information is of particular interest when obtained from the real metal-bearing effluents,
(i.e. acidic mine waters) since it may be helpful in the design of the wasteless and
ecologically clean process for the removal and ;”ecovery of toxic and/or valuable metals
from the effluent under treatment. One of the important economic factors, that need to

be considered is the reduction in energy expenditure for heating solution under
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treatment. In the countries with high level of solar radiation such as, e.g.,
Mediterranean countries, this problem can be successfully solved by using
conventional or concentrated sunlight as the principal and ecologically clean energy
source (sun-boiler systems).

This paper commences a series of investigations on dual-temperature ion-
exchange processing of acidic mine waters. The present study was undertaken (1) to
investigate the ion-exchange equilibrium of acidic mine water metal ions on a carboxylic
resin at different temperatures; (2) to develop a method for selective concentration of
copper from the native acidic mine water by applying a reagentless dual-temperature
ion-exchange technique, and (3) to develop a novel approach for predicting
concentration degrees for different metal ions in a dual-temperature ion-exchange

process from the data on ion-exchange equilibrium at different temperatures.

EXPERIMENTAL
Materials, Apparatus and Analytical Methods

The work was performed with samples of the native acidic mine waters of the Rio
Tinto area, known to be the natural generic metal-bearing effluents originated from the
pyritic ore deposits typical for the southern provinces of Spain and Portugal.

The ion exchanger, a macroporous polyacrylic resin bearing carboxylic groups,
Lewatit R 250-K, was kindly supplied by Bayer Hispania Industrial, S.A., NaOH and
H,SO, of A.G. were purchased from Probus (Spain) and used as received. The
concentration of metal ions was determined by atomic emission spectroscopy (ICP-AES
technique) using ARL Model 3410 spectrometer (Fisons, USA) provided with minitorch.

The uncertainty of metal ions determination was less than 1.5%. Determination of H*
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and OH" ions was carried out by potentiometric titration using a Crison pH-meter 507
(Spain) provided with a combined glass electrode. Thermostatic glass columns (of 1.4
cmi. d.) connected with a thermostat (Haake D1, Germany) were used to study the ion-
exchange equilibrium at different temperatures. The construction of these columns
provides simultaneously the heating (or cooling) of both resin and entering solution
phases.

The necessary conditioning of Rio Tinto water samples (RTW) included the
adjustment of pH and the removal of iron (Muraviev et al., 1996 b). This was carried out
by a preliminary treatment of RTW samples that involved the adjustment of pH to 3.4-
3.5 with concentrated NaOH solution and the bubbling of air through the solution during
several days. Under those conditions the oxidation of Fe(ll) to Fe(lll) and selective
precipitation of Fe(lll) hydroxide took place. These processes are known to be
significantly accelerated by Thiobacillius Ferrooxidans so that the complete oxidation
of Fe(ll) (and precipitation of Fe(lll) hydroxide as a result) can be reduced to several
hours (Ritcey, 1989). The final removal of the precipitate was carried out by filtration
using a sintered glass filter and a watef—pump. The composition of RTW samples,
before and after this treatment, are shown in Table 2.

Table 2
Methods
lon-Exchange Equilibrium

The ion-exchange equilibrium was studied under dynamic conditions in the
thermostatic columns previously described. The columns were loaded with a certain
portion of the ijon exchanger which remained constant during all the series of

experiments. The total capacity of the resin bed was determined prior to the equilibrium
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studies by applying a standard technique (e.g. Muraviev et al., 1996 a). Then, the resin
was converted into Na-form and equilibrated at a selected temperature. Conditioned
RTW was passed through the column in a fluidized mode (from bottom to top) at
constant flow rate of 40 cm®min to prevent clogging of the resin bed with Al(OH),
precipitate which appeared in the first portions of solution passing through the column.

Under these conditions, achievement of the ion-exchange equilibrium in the
system was followed by a comparison of the metal concentration in the solution leaving
the column with that of the feed as described elsewhere (Muraviev et al.,, 1995;
Muraviev et al., 1996 a). After equilibration, the remaining solution phase was removed
from the resin and a stripping process of the metal loaded resin was immediately
stripped with 1.5 M HCI. Then, the resin was converted back into Na-form and prepared
for the next run. Analysis of the eluate metal content during the loading process
provided the corresponding breakthrough curves. The results of the stripping solution
analysis were used to determine the values of the partial capacity of the resin towards
each metal ion and to calculate the separation factors, «, for different ion couples by

the use of the following expression:

Ve YMe2 X Me,
(0 ¢ = . : (1)

Me, yMe1 X Me.,

where Y and X are the equivalent fractions of ions under consideration in the resin and
solution phases, respectively; indices 1 and 2 are chosen so that a>1. The relative

uncertainty of o values never exceed 7%.



Thermosorption and Thermostripping

Separate thermostripping and thermosorption experiments were carried out as
follows: after equilibration of the resin with RTW at 80°C and 20°C respectively, the
remaining solution over the resin bed was removed from the column. Then, either a
cooling (for thermosorption) or a heating (for thermostripping) of the column was
started. After reaching the temperature equilibrium, RTW was passed through the
column at a constant flow rate and collected in portions to determine the corresponding
metal ions content. RTW solution was passed until the ion-exchange equilibrium at

each temperature was achieved.

RESULTS AND DISCUSSION
lon-Exchange Equilibrium

The absolute partial capacities of Lewatit R 250-K towards RTW metal ions and
the total capacity of the resin bed used vs temperature are shown in Table 3.

Table 3

As seen from the data presented in Table 3, the resin under study demonstrates
a different behavior for A** than for the rest of the RTW metal ions in terms of both
partial capacity and temperature debendenoe. Indeed, the affinity of the resin towards
AlI** increases while that towards the other metal cations usually decreases with the
increase of temperature. The most remarkable drop of the resin bed capacity (as
observed, e.g. for Cu** and Zn**) does not expeed several tenth of mequiv. while the
growth of that towards A" is about 2 mequiv/g within the temperature interval studied.
This results to the increase of the total capacity of the resin at elevated temperatures.

Temperature dependencies of a for different ion couples are shown in Fig.1. As
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seen in Fig. 1a, a strong positive influence of temperature on o values is observed for
ion couples involving AI**. As seen in Figs.1b and 1c an opposite trend (a negative

temperature dependence of o) is observed for amt‘j;:f(t), where 1=Zn?" (see curves 1-4

in Fig. 1¢c), and for aS! and o $¢ (curves 1 and 3 in Fig. 1b). Dependencies of o vs
Mg Na

temperature for the rest of the ion couples are much weaker (see, e.g. curve 5 in Fig.1c
and Fig.1d). A reversal of selectivity is observed at elevated temperature for Mn**-Ca*

and Mn?*-Na* exchanges as seen in Fig. 1d (curves 4 and 5).

Temperature dependencies of O(MZ; shown in Fig. 1 reflect the alteration of

metal ion sorbabilities caused by the temperature change (see Table 3). Indeed, as
follows from eq. (1) the ratio of two o values determined at different temperatures for
a given ion couple (the composition of the equilibrium solution at two temperatures is

presumed to be identical) can be written as follows:

Me,
; aMez( T) Yie (T Yie (T5)
- - : (2)
Ve T YMe1 (T2) yMez( )
aMez( 2)

where T, and T, are chosen so that a >1. Equation (2) can be rewritten in the following

form:

5 Y (T) yMez(T1) + AY e
- : 3)
Ve (T1) = B, Ye,{T1)

where AYy.=Yu(T1)-Yune(T>2). As follows from equation (3) a achieves the maximum



magnitude at AY,,,<0 and AYy,, >0, i.e. when metal ions under consideration are
characterized by an opposite temperature dependence of their sorbabilities.
Parameter a is known to serve as a criterion of the efficiency of any dual-
parametric ion-exchange separation including dual-temperature ion-exchange
technique (e.g. Tondeur and Grevillot, 1986; Muraviev et al., 1996 b; Gorshkov, 1995).
On the other hand, it may be also applied for predicting the metal ions which separation
is expected to prevail in the system under study. This prediction is of particular
importance in instances of multicomponent mixtures such as, e.g. RTW. As follows from
Table 3 and from the above discussion the main separation effect in the system under

consideration must be observed between AI**

and the rest RTW metal ions. To quantify

this conclusion a comparison of the values of parameter a given in Table 4 for AlI*" and

other RTW cations has been carried out, taking T,=80 °C and different values of T,.
Table 4

As follows from the data collected in Table 4, the value of parameter a varies for
the different ionic couples and a non linear decrease with the increase of T, is
observed. The maximum a values are observed for A**-Zn?*, AP*-Mn?* and AI**-Cu?*
(at T,=20°C), hence, it is expected the maximum separation effect will occur for these
ionic couples.

On the other hand, the degree of concentration by dual-temperature ion-
exchange technique for any ion is (1) directly proportional to the variation of the
corresponding resin capacity, Aq, between 'the loading temperature, T,, and the
stripping temperature, T,, and (2) inversely proportional to the initial concentration of

the ion in the feed solution, C,. To predict the behavior of different ions when a dual-

temperature ion-exchange concentration technique is applied to a multicomponent

9



mixture, a new parameter b,,,=Aq.m/CV, (V, is the solution volume passed and m is
the mass of the resin) has been introduced. In our case, Aq=q(20°C)-q(80°C), C, and
b values for different RTW ions are collected in Table 5.
Table 5
As seen from b values given in Table 5 for the series of ions under

consideration, the relative order of their concentration degrees will follow the sequence:

Cu?>>Zn?>Mn?>Ca?*>Mg?>Na* (4)

Note that b values can not be applied for the quantitative prediction of the metal ion
concentration degrees since they have been calculated for the conditions of "ideal
displacement" without taking into account the real diffusivities of ionic species in the

resin phase (Dorfner, 1991).

Thermostripping and Regeneration

One of the typical concentration-volume histories obtained by thermostripping
at 80°C from Lewatit R 250-K equilibrated at 20° C with natural RTW is shown in Fig.
2. The total capacity of the resin bed used in this series of experiments was 8.4
mequiv/g (see Table 3). Hot RTW was passed at 1.6 cm®/min of flow rate. As seen in
Fig. 2, thermostripping leads to desorption of all RTW metal ions from the resin except
AI** which is sorbed. This results in a decrease of AlI** concentration in the eluate and
to a increase of the rest metal ions concentration. The maximum relative concentration
observed for each ion in fact correlates with the above sequence of concentration
degrees. The only exception occurs for Mn?* and Zn**. As seen in Fig. 2 the peak of the

former is quite high and narrow while that of the latter is wide (with clearly seen tail)
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and of lower height. This disagreement of the predicted and observed behavior of Mn?*
and Zn* can be ascribed to the difference in their diffusivities which is known to be
around one order of magnitude (Dorfner, 1991). Zn** as a species of lower diffusivity,
releases slower than Mn** and gives a wider and lower peak. On the other hand, the
peak integral, |, for any RTW ion, "i", can be calculated from the data shown in Fig. 2

as follows:
=3 (C-C)V, (5)

where C, and C, are the concentrations of the ion in the initial mixture and in the "i"
eluate fraction, respectively, V, is the volume of eluate portion "i'"; '|" is the total number
of eluate fractions where C,=C,.

From the mass balance in the system under consideration it follows that | is

proportional to Aq, i.e. parameter b can be now expressed as follows:

> (¢ -C) Y,

b

stip (6)

J
Coz Vi

A comparison of b values calculated from the equilibrium data (b,,;) (see above)
with those determined from the results of stripping experiments (by,) is presented in
Fig. 3. As seen in Fig. 3 the plot log(b.,;) vs Ioé(bgt,ip) fits to a straight line that testifies
to the direct proportionality between b,,;; and by, values and confirms the validity of

the approach proposed and the prediction made.
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LEGENDS TO FIGURES

Fig. 1 Temperature dependencies of equilibrium separation factors for ion couples:
a) APFMg® (1), AP Mn* (2), AI®¥/Na* (3), AI**/Ca®* (4), A**/Zn** (5), AI¥*ICu?* (B);
by Cu®/Mg* (1), Cu¥/Ca? (2), Cu*/Na* (3), Cu**/Mn? (4),and Cu*/Zn* (5);
c) Zn*IMg*™ (1), Zn*/IMn?* (2), Zn**/Ca* (3), Zn**/Na* (4), Mn?*/Mg* (5);
d) Na'/Mg* (1), Na*/Ca®* (2), Ca**/Mg* (3), Mn?*/Ca** (4), Mn**/Na* (5)
on Lewatit R 250-K.
Fig. 2 Thermostripping breakthrough curves for RTW from Lewatit R 250-K resin:
Zn* (1), Mn* (2), Cu** (3), AP** (4), Ca* (5), Mg** (6) and Na* (7).
T=80°C, solution flow rate = 1.6 cm*/min.
Fig. 3 Comparison of b values calculated from equilibrium data (b,,) with those
determined from results of stripping experiments (b,,) for RTW metal ions:

(O) Zn?*, (O) Mn*, (A) Cu*, (@) Ca*, (H) Mg*, (A) Na*.
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Table 1. Composition (the concentration is expresed in ppm) and pH
of different Rio Tinto water samples.

Date Cu* Fe* Fe** zZn* AP SO% pH

930105 110 6,479 2,121 1600 490 26,125 1.80
930209 106 5965 1,365 1500 550 25132 1.60
930310 90 5,764 1,436 1,500 480 23,720 1.70
930412 70 6,433 67 1,200 490 20,499 1.75

930519 260 4,155 945 1,100 550 20662 2.00




Table 2. Composition of Rio Tinto water samples before and after treatment.

C(ppm) pH SOF Fe* Cu* zZn* A*» Mn* Mg* Ca* Na*

Initial 1.8 17,430 4,527 117 1217 560 87 940 480 22

Treated 3.5 17,350 3 115 1,275 5830 90 950 475 3,550




Table 3. Temperature dependencies of partial (q) and total (Q,) capacities expresed
in mequiv/g of Lewatit R 250-K resin for RTW metal ions.

T (°C) Fe** Cu* zZn* AP Mn* Mg* Ca®* Na* Q,

20 0.031 0270 0382 565 0015 0142 0.085 0.344 6.92
40 0.006 0.171 0114 6.30 0.005 0.106 0.041 0.330 7.07
60 0.003 0.138 0.105 6.92 0.005 0.101 0.036 0.308 7.61

80 0.003 0.097 0113 7.68 0.005 0.102 0.059 0.301 8.37




Table 4. Values of parameter a for ion couples involving AI** at
T,=80°C and different T,.

T, (°C) Cu®* n?* Mn**  Mg® Ca* Na*

20 3.43 4.26 4.02 1.85 1.95 2.23
40 213 1.25 1.45 1.37 0.91 1.35

60 1.62 1.09 1.19 1.18 0.73 1.14




Table 5. Aq, C, and b values for different RTW metal ions at T,=20°C y T,=80°C.

Me Cu*  zZn* Mn**  Mg* Ca* Na*

AqQ’ (mequiv/g) 0.17 0.27 0.010 0.040 0.026 0.043
Co” (mequiv/dm?) 3.90 29.66 3.44 7078 22.75 170

Bogqui X 10° 7436 1517 494  0.96 193 042

" The values refer to the difference of the resin bed capacity (1.674 g).
" Recalcullated from the data given in Table II.
™ For simplicity V, for different ions are presumed to be the same and equal to 1.
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ABSTRACT

This paper reports the results of studying dual-temperature ion-exchange
concentration of Cu** from acidic mine waters on acrylic resin Lewatit R 250-K in
applying sea water as a regenerant. Application of seawater as an auxiliary reagent has
been shown to enhance selective concentration of copper. Loading of the resin in the
initial seawater form with mine water at 20° C followed by thermostripping with hot mine
water at 80° C has been shown to result in around three-fold increase of copper
concentration in the first portions of the eluate. The repetitive thermosorption-
thermostripping concentration cycles appear to be less efficient and give around 25 %
increase of Cu®* concentration. The applicability of seawater for regeneration of the
resin in the course of ion-exchange treatment of mine water has been successfully

demonstrated and the flowsheet of a proposed process is presented.



INTRODUCTION

The processes, which are commonly exploited for the treatment of metal bearing
industrial waste waters and effluents to remove and/or to recover most valuable and/or
toxic constituents (7-7), can be classified into two groups:
1. Non-specific technologies such as precipitation and evaporation, and
2. Recovery technologies involving ion exchange, extraction, membrane separation,
electrowinning and some others.

Current economic and ecological analyses of the various processes available
for recovery of metals from waste waters favor in many instances ion exchange (3, 6).
Even though ion exchange is favored, one must take into account the primary
disadvantage of this treatment technique, which relates to the resin regeneration step.
This step requires application of aggressive chemicals (e.g., acid and/or alkali) and is
known to be the main source of wastes in ion-exchange technology. Hence, ion-
exchange methods providing the ability to exclude (at least partially) the regeneration
step are of particular interest. The group of methods of this type include dual-
temperature ion-exchange processes (8-15) and allied techniques (16-18). Although
the advantages of the above techniques are quite obvious the practical application of
these methods is still very limited. The following factors can stimulate the development
of the above techniques: (1) the possibility of their combination with conventional ion-
exchange methods; (2) the application of non-aggressive and easily available auxiliary
reagents, such as, e.g., seawater for regeneration of the ion exchanger, and (3) the
reduction in energy expenditure for heating solution under treatment and the
regenerant (e.g., seawater) applied. The last problem can be successfully solved by

using conventional or concentrated sunlight (in the areas with high level of solar
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radiation) as the principal and ecologically clean energy source (sun-boiler systems).
An alternative solution can be the use of seawater in the cooling cycles of the steam
power stations. An estimation shows, that in this case almost 50% of the overall power
costs could be written off (6).

In a recent communication (717) we reported the data on ion-exchange
equilibrium of seawater metal ions on carboxylic resins at different temperatures. A
significant increase of the equilibrium separation factor, o, at elevated
temperatures was observed for Ca**-Na* and Mg?* -Na* exchanges. These results
provide a selective thermostripping of Ca** and Mg?®* from the resins equilibrated with
sea water at 80°C by applying cold seawater at 10°C.

Although during the last two decades there has been a growing interest in the
recovery of different valuable minerals from seawater (see, ref. (6) and references
therein) practically no reports on applying seawater as an auxiliary agent in ion-
exchange separation processes can be found in the literature.

In our recent communication (15) we have demonstrated the applicability of the
reagentless dual-temperature ion exchange process for selective concentration of
copper from the native acidic mine waters on a carboxylic cation exchanger Lewatit R
250-K. The present study was undertaken (1) to study the regeneration of a carboxylic
ion exchanger in a form of mine water metal ions with natural sea water, and (2) to
study the conditions for concentrating copper from acidic mine water by reagentless

dual-temperature ion-exchange techhique.



EXPERIMENTAL
Materials, Apparatus and Analytical Methods

The work was performed with samples of the native acidic mine waters of the Rio
Tinto area, known to be the natural generic metal-bearing effluents originated from the
pyritic ore deposits typical for the southern provinces of Spain and Portugal.

Samples of the natural Mediterranean seawater used in the present study were
obtained from the area near Tarragona (Spain). Natural seawater was boiled and then
filtered for removal of organic matter before its use in the experiments. The composition
(macrocomponents) of seawater was as follows: ionic species/C(ppm): Ca*'/450;
Mg?*/1,370; Na*/11,135 and pH=8.1. The ion exchanger, a macroporous polyacrylic
resin bearing carboxylic groups, Lewatit R 250-K, was kindly supplied by Bayer
Hispania Industrial, S.A., NaOH and H,SO, of A.G. were purchased from Probus
(Spain) and used as received. The concentration of metal ions were determined by
atomic emission spectroscopy (ICP-AES technique) using ARL Model 3410
spectrometer (Fisons, USA) provided with minitorch. The uncertainty of metal ions
determination was less than 1.5%. Determination of H* and OH" ions was carried out
by potentiometric titration using a Crison pH-meter 507 (Spain) provided with a
combined glass electrode. Thermostatic glass columns (of 1.4 cm i. d.) connected with
a thermostat (Haake D1, Germany) were used to study the ion-exchange equilibrium
at different temperatures. The construction of these columns provides simultaneously
the heating (or cooling) of both resin and entering solution phases.

The conditioning of Rio Tinto water samples (RTW) was carried out by adjusting
pH to 3.4-3.5 with concentrated NaOH solution and the bubbling of air through the

solution during several days to oxidize Fe(ll) to Fe(lll). The final removal of the Fe(OH),
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precipitate was carried out by filtration using a sintered glass filter and a water-pump.
The composition of RTW samples, beforé and after this treatment, are shown in Table
1, where the compositions of artificially prepared RTW concentrates are also given.
Tabie 1.

Methods
Thermostripping and Thermosorption

All the experiments were carried out under dynamic conditions in the
thermostatic columns previously described (77). The columns were loaded with a
certain portion of the ion exchanger which remained constant during all the series of
experiments. The total capacity of the resin bed was determined prior to the equilibrium
studies by applying a standard technique (771). Then, the resin was converted into
either RTW or seawater ions form and equilibrated at a selected temperature.

Thermostripping and thermosorption experiments were carried out as follows:
after equilibration of the resin with RTW sample at 80°C and 20°C respectively, the
excess of the solution over the resin bed was removed so that its level coincided with
that of the resin bed. Then, the temperature was decreased or increased (for
thermosorption or thermostripping). After equilibration of the system at a given
temperature, RTW of the same composition was passed through the column at a
constant flow rate and collected in portions where concentrations of metal ions were
determined. RTW solution was passed until the ion-exchange equilibrium at each
temperature was achieved. In the series of consecutive thermostripping-thermosorption
experiments with RTW concentrates, the composition of the initial solutions used
corresponded to that of the sample of thermostripping solution obtained during the

previous thermostripping-thermosorption cycle which contained the highest
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concentration of Cu?* (see Table 1). Thermosorption from RTW samples on the resin
in the seawater ions form was carried out by passing the solution through the column
in a fluidized mode (from bottom to top) at constant flow rate of 40 cm®/min to prevent
clogging of the resin bed with Al(OH) , precipitate which appeared in the first portions
of solution passing through the column. The regeneration of the resin with seawater
was carried out at 80°C after equilibration of the resin bed with RTW at the same

temperature.

RESULTS AND DISCUSSION

The. typical concentration-volume histories obtained in two sequential
thermostripping-thermosorption cycles are shown in Fig. 1. The first cycle was carried
out after the loading of Lewatit R 250-K resin in the initial sea water ions form
with natural RTW at 20° C by thermostripping with the same RTW sample at 80° C (see
curve 1in Fig. 1). Then the resin was cooled and equilibrated with cold RTW at 20° C
(thermosorption), followed by the second thermostripping at 80° C. The total capacity
of the resin bed used in this series of experiments Was 8.4 mequiv/g. RTW was passed
at 1.6 cm¥min of flow rate. As seen in Fig. 1, the first thermostripping leads to intensive
desorption of copper from the resin while AI** is sorbed. This results in a decrease
of AP* concentration in the first portions of the eluate and to an increase of Cu?* ions
concentration. The concentration degrees of the rest RTW metal ions have been shown
to be much less than those of Cu?* and Al** (depletion degree in this case) and are not
shown in Fig. 1 (15).

The thermostripping process leads to a partial desorption of RTW metal ions

such as Cu* and some others (except AI**) from the resin. The unloaded resin phase
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is able to take them up again without any additional treatment after decreasing the
temperature (in our case 20°C) in the system and carrying out the repetitive
thermosorption (71). However this latter process has been observed to be of far less
efficient than the first loading of the resin in the sea water ions form. This can be
attributed to unfavorable conditions of the second thermosorption process which in fact
proceeds "against" the selectivity of the resin that follows from the respective values
of equilibrium separation factors for RTW ion couples reported elsewhere (15).
Nevertheless, the repetition of the thermosorption-thermostripping cycles with RTW
concentrates (see Table 1) on the resin in the RTW ions form allows to carry out
reagentless dual-temperature concentration of copper as has been reported elsewhere
(13). As follows from the results shown in Fig. 2, the degrees of copper concentration
and aluminium depletion in each sequential cycie are of the same order of magnitude
as in the second one shown in Fig. 1 (see curve 2). On the other hand, the situation
can be significantly improved after treating (regeneration) the resin with seawater (see
curve 1in Fig. 1). Since the regeneration of the resin bed must be fulfilled right after
the thermostripping, it seems reasonable to carry out this stage of the process without
alteration of the temperature, i.e. at 80°C.

The concentration-volume histories of the regeneration of the resin with
hot seawater at 80°C are shown in Fig. 3. Desorption of Zn** and Mn?* from the resin
proceeds much faster than Cu?* and Al* (see Fig. 3a). The formers are completely
removed from the resin phase with 5 bed volumes of seawater while for the elution of
Cu®" 15 bed volumes of the regenerant are néeded. Al ** appears the most difficult to
remove admixture and the complete regeneration of the resin bed can be achieved

after passing approximately 30 bed volumes of hot seawater. As seen in Fig. 3b Mg*
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and Na* fulfil in fact the functions of displacers and are sorbed during the regeneration.
After treatment with seawater and a proper cooling, the resin is prepared for the next
thermosorption-thermostripping cycle.

Results of the repetitive experiments on sequential thermostripping-
thermosorption cycles with RTW concentrates (see Fig. 2) on the resin in the seawater
ions form (in regeneration of the resin with seawater after each thermostripping)
testifies to the significant enhancement of copper concentration process, that is seen
in Fig. 4. Indeed, as follows from the comparison of the results shown in Fig. 2 with
those presented in Fig. 4, concentration degrees of copper in each cycle are much
higher when using the resin in the seawater ions form at the loading stage.

The effect observed can be attributed to the partial hydrolysis of the resin in the
seawater ions form. The capacity of Lewatit R 250-K resin towards macrocomponents
of seawater has been determined to equal (in equivalent fractions): 0.31 (Ca?*): 0.50
(Mg?), and 0.19 (Na*) (71). A carboxylic resin in the Na-form readily undergoes the
hydrolysis (as a salt formed by a weak polyacid and a strong base) according to the

following reaction:

R-COONa + H,O0 = R-COOH + NaOH (1)

Loading of the partially hydrolized resin with RTW is accompanied by precipitation of
RTW metal ion hydroxides (due to presence of alkali in the resin phase) in accordance
with their solubility. The solubility sequence for cations of conditioned (iron free) RTW

can be written in terms of the respective solubility products (19), K¢, as follows:



AI(OH),(pK 5p=32.9)<<Cu(OH),(19.7)<Zn(OH),(16.7)
<Mn(OH),(12.7)<Mg(OH),(10.7)<Ca(OH),(5.3) (2)

where pKgp = -logKge. In accordance with sequence (2) one can expect mainly the
formation of AI(OH) ; precipitate, that is confirmed by the analysis of the precipitate
collected from the first portions of the eluate passed through the column during the
thermosorption stage. Removal of aluminium from RTW during the loading of the resin
proceeds in the interbed spéce of the column and leads to the increase of the resin
capacity towards the rest RTW metal ions following the sequence of the resin
selectivity. The selectivity sequence of Lewatit R 250-K towards RTW cations is easily
ervaluated from the respective separation factor values reported elsewhere (15), and

can be written as follows:

Al®" > Cu? > Zn? > Mn? > Ca? > Mg? > Na~ (3)

Hence, removal (at least partial) of aluminium from RTW must result in additional
accumulation of copper (and some other metal ions as well) in the resin. Hence, a
significant enhancing of copper concentration is observed.

The results of thermostripping shown in Figs. 1 (curve1) and 4 have been
obtained on the resin bed of 5 cm height. Increase of the bed height must result in the
increase of the concentration degrees of metal ions stripped (715). This is clearly seen
in Fig. 5, where the concentration-volume histories for Cu®* obtained by thermostripping
from resin beds of different heights (5 and 181.5 cm) are shown.

Finally, we consider the results obtained in the present study from a practical

viewpoint to propose a flowsheet of the ion-exchange process for the treatment of
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acidic mine waters. The block-scheme of the process is presented in Fig. 6. The unit
comprises three counter-current columns operating at different temperatures T,=20°C
and T,=80°C. Cold RTW (after removal of Fe(lll) hydroxide) is treated in the first
column with fluidized resin that has been treated with seawater. After loading with RTW
metal ions, the resin is directed into the second (thermostripping) column which is fed
with hot RTW and produces RTW concentrate enriched with Cu®*, Zn?*, etc,,
and depleted with A** (20, 21). The construction of the thermostripping column may be
similar to that of counter-current ion-exchange contactors with moving packed bed (22,
23). The third column, where the resin is underwent the final regeneration, must be of
the same type as column 2 and must provide the conditions for the treatment of the
resin bed with seawater at high flow rate (see Fig. 3), i.e. the column must be highly
productive (23-26). The regenerated resin is returned back into the column 1 and the
treatment cycle repeats. The wastes produced from column 1 represent in fact the
mixture of Mg®*, Na* and Ca** sulfates at pH~6. They can be mixed with those produced
by column 3 (at pH=8.1) and discharged after elimination of sulfates content to
seawater level (~ 3,500 ppm) with, e.g. lime milk.

The results shown in Fig. 2 can serve as a base for designing a flowsheet of the
reagentless dual-temperature copper concentration process. The scheme of this
process for the counter-current mode of operation has been proposed elsewhere (13).
The same process can be realized in a fixed bed mode of operation as shown
schematically in Fig. 7. The columns with fixed bed of Lewatit R 250-K resin are
periodically treated with cold (thermosorption) and hot (thermostripping) RTW.
Stripping solution (copper concentrate) obtained is collected separately and is

underwent to the futher treatment in the next column. Sequential repetition of the
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thermostripping-thermosorption cycles leads to the accumulation of copper in the
stripping solution (see Fig. 2 and Table 1). Comparison of the results shown in Fig. 2
with those presented in Fig. 4, testify to the possibility of combining processes shown
schematically in Figs. 6 and 7 withiﬁ one technological flowsheet. This can be done by
applying the former process (Fig. 6) for the final concentrating of RTW concentrates
obtained at any stage of the latter process (Fig. 7). As follows from Figs. 4 and 5, such
a combination will lead to an increase of copper concentration in the final eluate at
lea“st by factor 3.

In conclusion, the results of this study are the first successful demonstration of
the practical possibility for designing ion-exchange treatment technology based upon

the use of sea water as the auxiliary regenerating agent.
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LEGENDS TO FIGURES

Fig. 1 Thermostripping breakthrough curves for Cu?* and AP* from Lewatit R 250-K
resin: 1st thermostripping (1) and 2nd thermostripping (2). T=80°C, solution flow
rate = 1.6 cm®min.

Fig. 2 Concentration-volume histories for 2nd thermostripping in different sequential
cycles: 1st cycle (solid line), 2nd cycle (dashed line) and 3er cycle (dotted line).

Fig. 3 Concentration-volume histories of the regeneration of the resin with hot
seawater at 80°C, a) Zn** (1), Mr?* (2), C&?* (3), AP* (4) and b) Ca&®* (1), Mg®*
(2), Na* (3). C, for Ca**, Mg*" and Na" is concentration of these ions in seawater.
Solution flow rate = 1.6 cm*/min.

Fig. 4 Concentration-volume histories for 1st thermostripping in different sequential
cycles: 1st cycle (solid line), 2nd cycle (dashed line) and 3er cycle (dotted line).

Fig. 5 Concentration-volume histories for Cu** obtained by thermostripping from resin
beds of different heights: h=18.5 cm (1) and h=5 cm (2). T=80°C, solution flow
rate = 1.6 cm®min.

Fig. 6 Flowsheet of the process for ion-exchange treatment of acidic mine waters in
applying seawater as regenerant.

Fig. 7 Flowsheet of the process for reagentless dual-temperature ion-exchange

treatment of acidic mine waters.
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Table 1. Composition of natural (before and after treatment) and artificial (used in
different thermo-stripping-sorption cycles) Rio Tinto water samples.

C(pm) pH SOF Fe* Cu* zZn* AP Mn* Mg* Ca* Na'

Initial 1.8 17,430 4,527 117 1,217 560 87 940 480 22

Treated 3.5 17,350 3 116 1275 530 90 950 475 3,550

Artificial 3.5 17,884 0 120 4,700 530 0 0 0 3,500
1st Conc. 3.5 17,365 0 171 4,731 318 0 0 0 3,565
2nd Conc. 3,5 17,657 0 200 4,706 186 0 0 0 3,565
3rd Conc. 3.5 17,212 0 255 4,668 106 0 0 0 3,588

4th Conc. 3.5 17,106 0 326 4,519 49 0 0 0 3,687
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ABSTRACT

The paper reports the results on the development of the Tandem-lon-Exchange-
Fractionation (TIEF) concept for separation of n-component (n > 2) ionic mixtures on
(n-1) ion-exchange columns. TIEF technique is based on a sequential combination of
Frontal Separation (FS) and Reverse Frontal Separation (RFS) of the mixture
components. The appropriate sequence of the FS leads to a stepwise elimination of the
number of components and it allows to recover all ions under separation in a
sufficiently pure state. A practical demonstration of this concept has been carried out
by its application to a typical mixture of metal ions present in nonferrous metal alloys,
i.e. Cu®, A", Zn** and Mg®*. The values of equilibrium separation coefficient, o, for
quadri-, tri- and bi-component mixtures involving the mentioned metal ions on
polyacrylic and iminodiacetic resins have been determined. The increase of a values
for, e.g. Zn**-Mg®* exchange from 3.3 to 15.8 in reducing of the number of mixture
components from 4 to 2 has been observed to illustrate the validity of the TIEF concept.
The preparative separation of Cu®*, AP**, Zn** and Mg® mixture with equivalent ratio
of Cu: Al: Zn: Mg = 1:1:1:1 carried out by applying TIEF technique has shown to
yield Mg* of around 100 % purity and Cu?*, AI’* and Zn?* of 96.1%, 98.8% and 95.1%
average purity, respectively, at a reasonably high yield. The differential stripping during

the RFS stage improves significantly the purity of the products obtained.



INTRODUCTION

The application of ion-exchange resins in scientific research and industry is
permanently growing within the last years. Two main groups of problems can be
successfully solved by applying ion-exchange separation techniques. The former
comprises separation and purification of non- or weak electrolytes from electrolyte
impurities and involves, for example, water demineralization'3, purification
of amino acids from mineral salt admixtures*®, manufacture of high purity silica’ and
some others®. The later group refers to the purification of electrolytes from electrolyte
impurities and to the separation of electrolyte mixtures. The last task is a far more
complex in comparison with the first one. This is particularly true when concerns
separation of the multicomponent ionic mixtures such as, for example, seawater®, acidic

mine waters'®'?

etc., aiming to recover valuable and/or toxic constituents from complex
natural and industrial hydromineral and other sources™'. In this context, further
development of simple and highly effective ion-exchange separation methods plays a
particularly essential role.

Several ion-exchange fractionation techniques are known to be applied for this
purpose such as, a frontal separation (FS), known also as a frontal
ion-exchange chromatography'®, reverse frontal separation'® (RFS) and displacement
chromatography'” (DC). The FS is applicable for the separation of the component of
the weakest sorbability from the mixture components, which are sorbed stronger. The
RFS allows to separate an ionic species, which is sorbed better than the rest mixture
ions. The DC technique can be considered, in fact, as a “parallel combination” of FS
and RFS, since both of these separation processes proceed simultaneously. Therefore,
such a combination within one fractionation method (DC) makes it possible to separate
any number of components of either sorbability from each other. One of the first and
most impressive applications of DC was the early works of Spedding with co-workers

18,19

on isolation of transuranium elements'®'® and separation of rare earths?*?2. Since then,

DC remains the only fractionation technique, which is widely applied for preparative
separation of complex multicomponent mixtures, such as proteins®, protein

25-27

hydrolyzates®, rare earth elements®>?” and others®?°, Although DC represents one of
yaroly.

the most powerful tools in ion-exchange separation and still is under intensive



development®™ it is characterized by a number of drawbacks such as, for example,
a long time and high resin bed needed for the complete preparative separation of
mixture components, low productivity of the separation process and some others, which
limit a wider practical application of this ion-exchange fractionation technique. The
above drawbacks can be overcome by applying a new FS-RFS combination, which can
be characterized as their “sequential combination”. Such a combination will be
identified by the term “Tandem-lon-Exchange-Fractionation” (TIEF), to emphasize that
this FS-RFS coupling leads to the enhancing of the separation efficiency of each single
fractionation method.

The present study has been undertaken (1) to develop the TIEF concept for the
preparative separation of multicomponent ionic mixtures; (2) to obtain information on
the ion-exchange equilibrium in the bi-, tri- and quadri-component mixtures containing
Cu?, A¥, Zn* and Mg?®* on polyacrylic and iminodiacetic resins and (3) to demonstrate
a preparative separation of four components by applying the TIEF concept. This is the
first time thatﬂs’uch an approach has been applied successfully to the separation of

metal ions from a quadri-component mixture.

EXPERIMENTAL SECTION

Reagents, lon Exchangers, and Apparatus. Magnesium, zinc, aluminum and copper
sulfates, sodium chloride, sodium hydroxide and sulfuric acid (all of p.a. quality) were
purchased from Panreac (Barcelona, Spain) and used as received. Iminodiacetic ion-
exchanger, Lewatit TP-207 and polyacrylic resin, Lewatit R 250-K, were kindly supplied
by Bayer Hispania Industrial, S.A. Doubly distilled water was used in all experiments.
The total concentration of metal ions in the stock solution in all cases was keep
constant at a 0.04 equiv/dm®. The ratio of metal ion concentrations in the respective
feed solutions was always equaled to 1. pH of the initial solution was adjusted to 3.5
using 0.1 M H,SO,. Standard precautions recommended for handling sulfuric acid
solutions® were followed when adjusting pH and preparing the 0.1 M H,S0, solution
from concentrated acid. The concentration of metal ions was determined by atomic
emission spectroscopy (ICP-AES technique) using ARL Model 3410 spectrometer

(Fisons, USA) provided with minitorch. The emission lines used for the spectrochemical



analysis were 324.754 nm for Cu?"; 213.856 nm for Zn?*; 279.806 nm for Mg?* and
394.401 nm for AIP*. The uncertainty of metal ions determination was in all cases <
1.5%. pH was controlled using a Crison pH meter 507 (Barcelona, Spain) supplied with
a combined glass electrode. Glass columns of 0.5x5 cm and 1.0x10 cm from Bio-Rad
(Richmond, USA) were used for studying ion-exchange equilibrium and to carry out the
TIEF experiments. Prior to the column experiments the resins were air-dried, then
grinded and sieved, so that only a granulometric fraction between 0.100 and 0.250 mm
was collected and used for loading the columns.

Procedures. lon-exchange equilibrium was studied under dynamic conditions
by using fixed bed columns. Experiments were carried out in an air conditioned room
at 22 + 0.5° C. The initial solution was passed through the columns containing the
respective resins (300 and 200 mg of Lewatit TP-207 and Lewatit R 250-K,
respectively) in the Na*-form at constant flow rate of 0.33 ml/min up to achieving the
equilibrium. The eluate was collected in portions of known volume where the
concentrations of metal ions were determined. The achievement of ion-exchange
equilibrium in the systems under study was followed by the comparison of the metals
concentration in the column outlet with that of the initial feed solution. After collecting
the sample with concentrations of metal ions close to the initials, the flow of solution
was stopped and then resumed after a certain period of time. The coincidence of the
initial concentration with that of the sample collected after the break was considered
as the criterion indicating the equilibrium in the system. After equilibration, the resin
was rinsed with twice distilled water, then, the stripping was carried out with 0.05 M
H,S0O,, followed by the analysis of the desorbed metal ions in the resulting eluate.
Data of the stripping solution analysis were used to determine both the capacity of the
resin towards the mixture components and the equilibrium separation coefficient o,

expressed as follows:
Ay, = N X ¢y

where Y and X are the equivalent fractions of metal ions (M, and M,) under separation



in resin and solution phases, respectively. Indices 1 and 2 are chosen so that o > 1.
The relative uncertainty on o determination in all cases did not exceed 7 %.

The final experiment on TIEF of the Cu**-AlI**-Zn**-Mg*" mixture, was carried out
by passing the initial solution through the system of three columns connected in the
sequential series as shown in Fig.1. The first column (1.0x10 cm) was loaded with 2.00
g of Lewatit TP-207 resin. The second and the third columns (of 0.5x5 cm each) were
loaded with 200 mg of Lewatit R 250-K and 75 mg of Lewatit TP-207 resins,
respectively. After appearance of A** in the second column outlet, the third column was
disconnected. When Cu?* appeared in the outlet of the first column, the second one
was also disconnected, and the solution was continued to pass through the first one
until the equilibrium was achieved. Then the resins were rinsed separately with twice
distilled water, and the stripping of each column with 0.05 M H,S0O, was carried out,
followed by the analysis of metals ions in the eluate obtained. The results of the
stripping solution analysis were used to determine (1) the capacity of each resin
towards mixture components, (2) the values of equilibrium separation factors o (see eq.

1), (3) the purity of the product in each solution portion collected according to:

c, , 100
Cpi v Gy v Co v C

D,i

P, ; (mass %) =

(2)

and (4) an average purity of the products obtained, which can be expressed as follows:

(T ¥, C, ) 100

1

%V (Cpy v Cyi *Coy v Cp)

P, . (mass %) = 3)

wn
|

in equation number (2) and (3) V; is the volume of the “i” solution sample, dm® and C

is the concentration of the respective ionic species in this sample, g/dm?.



TIEF Concept

A conceptual scheme of the TIEF for the separation of a quadri-component
mixture of A; B, C and D cations with the equivalentratio A: B: C: D=1.1:1:1is
shown in Fig.2. The initial mixture of AX; BX; CX and DX ( X denotes the mutual anion)
is passed through three columns, which are sequentially connected with each other.
Each column contains a specific cation exchanger (or exchangers), which preferentially
sorb one of the mixture components, but all of them manifest the weakest affinity
towards the same cation, for example A. The last condition is a necessary requirement
in the TIEF technique. We will suppose the sorbability of the mixture components in all
columns to follow the sequence: D> C > B > A.

As seen in Fig.2, the loading of each column is accompanied by the FS process
(see Fig.2b). The loading of the first column is carried out until the breakthrough of ion
D is observed®. Hence, the number of ionic species entering the second column is
diminished to three (A, B and C). Note that, at a determined loading of the resin bed,
the equivalent ratio of components in the solution leaving column 1 becomes the same,
i.e. 1:1:1. The above condition must be fulfilled in the loading of columns 2 and 3. In
this case, the equivalent ratio of ion concentrations in the mixture entering column 3
also equals 1:1. The FS of A, B and C mixture in column 2 leads to the additional
accumulation of A in the head part of the solution leaving the column, while component
C is retarded by the resin phase. The final separation of the residual mixture of A and
B is accomplished in column 3. The distribution of components in the solution leaving
each column is shown in Fig.2b. As seen in Fig.2b , A is the only component which can
be recovered in a pure state from the solution collected after the last column. On the
other hand, components D; C and B accumulated in the resin phases of columns 1, 2
and 3, respectively, (as shown in Fig.2a by dotted lines) can be recovered in a pure
state during the stripping stage by using RFS technique. The distribution of
components in the stripping solution is shown in Fig.2c.

We will consider now the ion-exchange equilibria in each column to characterize

them in terms of the respective O values. As follows from equation 1, for a mixture of

: , B
ions of equal concentration, for example A and B, X, can be expressed as follows:
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the number in brackets denotes the number of components in the respective feed

solution.
Equations 4-6 can be rewritten in the form:

o [4] =——2 - (af + o) )
YA
- Y
of 3] =——2 - o ®)
YA
1 -Y
B A
o, [2] =—=
A [2] YA )]

By assuming (1 - Y,)/Y, in equations 7-9 to be of the same order of magnitude (this

approximation is rather rough, but for the discussion given below, better accuracy is not
important) and taking into account that O(E> O(X, it follows O(E [2] > O(i [3] > O(i [4], i.e.

the separation conditions of B-A ion couple are far better in column 3 than in column



1. This conclusion can be formulated in a more general form as follows: sequential
elimination of the number of mixture components results in improving the separation
conditions for the rest of ions. The general conditions for the separation of A; B; C; and
D mixture are summarized in Table 1, where the products to be obtained from each

column in a pure state are also indicated.

RESULTS

Fig. 3 shows a typical concentration-volume history obtained with column 1
when loading with a quadri-component mixture of Mg®*; Zn**; AP* and Cu** (Fig. 3a)
and stripping of metal ions with 0.05 M H,SO, ( Fig.3b). As seen, the FS of the mixture
components leads to the formation of a pure Mg?* zone in the head part of the loading
curve shown in Fig.3a. The RFS of metal ions proceeds within the stripping stage and
results in the formation of the pure Cu®* zone in the last portions of the solution
collected (see Fig.3b).

FS and RFS fractionation of Al-Zn-Mg and Zn-Mg mixtures, shown in Figs. 4 and
5, follow the same pattern on columns 2 and 3, respectively. Indeed, formation of a
pure Mg®* zone during the loading stage is observed in both systems studied (see
Figs.4a and 5a), whereas pure AI** and Zn** are yielded within the stripping step as
demonstrated in Figs.4b and 5b, respectively.

The results on o determination for binary exchange of metal ion couples from
the bi-, tri- and quadri-component mixtures on Lewatit TP-207 and Lewatit R 250-K
resins are collected in Table 2.

Fig.6 presents the concentration-volume history, obtained in the TIEF
experiment (see Experimental). As seen in Fig.6a, the head part of the breakthrough
curve contains a practically pure Mg*. The width of the pure product zone is far wider,
than that obtained in a single FS procedure (see Figs.3a, 4a and 5a). As follows from
the results on the stripping of metal ions, shown in Figs. 6b, 6¢ and 6d, Cu?* and APP*
of sufficiently high purity are obtained as a result of the RFS process. Although Zn* is
yielded in a less pure state due to contamination with AI** and Mg?*, the eventual zinc

purity appears to be quite high (see below).



DISCUSSION

A comparison of the results presented in Figs.3 and 4 with those shown in Fig.6
will provide the main conclusion on the present work. As follows from Figs. 3a and 3b,
a combination of the FS and RFS within one separation step (loading-stripping
procedure) allows to recover only two ionic species of the weakest (Mg?*) and strongest
(Cu?) sorbabilities in a pure state. The intermediate tri-component mixture of Zn**, AP
and Mg* remains nonseparated and is usually wasted. The same conclusion follows
from the results shown in Fig.4. Here Mg®* and AI** can be yielded as pure products,
while the component of the intermediate sorbability, Zn**, remains contaminated with
both of these metal ions. This limitation of a single FS-RFS procedure can be overcome
by applying the TIEF technique. This is illustrated by the results presented in Fig.6.
Indeed, a sequential one-by-one elimination of the mixture components
proceeding in columns 1 (Cu?*); 2 (AI**) and 3 (Zn?*) leads 1) to the concentration of
Mg?* in the solution phase up to the maximum level, which corresponds to the total
concentration of the initial mixture (cf.,C/C, = 4 in Fig.6a with C/C, = 3 in Fig. 3a) and
(2) to the widening of the pure product (magnesium) zone (cf., Figs.4a and 6a). As a
result, the purity of the recovered magnesium from the first eluate portions appears to
be > 99.9%, as seen in Fig.7a.

The purity of Cu®*, AP** and Zn?* vs volume of the eluate plots shown in Figs.7b,
7¢ and 7d, respectively, testify to the high effectivity of the TIEF technique. Indeed,
the purity of Cu?* and APP* in the last portions of the stripping solution exceeds 99.9%.
Values of the initial, maximum and average purity of the components under separation
are collected in Table 3, where the yields of the products obtained by RFS with purity
> 95% are also shown. As seen in Table 3, despite the initial purity of all mixture
components is quite low, an average purity of metals obtained with good yields appears
to be sufficiently high and can be increased up to ~ 100% ( for Cu®** and AF*) by
using the differential stripping. Lower purity of Zn?* is attributed to the breakthrough of
AI** from column 2 into column 3 during the loading stage, that results to the
contamination of the product with this ionic species. This situation can be easily
improved by applying two-column set-up® or by carrying out FS and RFS processes

in counter-current columns™,
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The results on O determination shown in Table 2 confirm the above mentioned
conclusion about improving the separation conditions of metal ions after elimination the

number of mixture components. This is clearly seen from X values of Zn?*-Mg?

exchange determined in bi-, tri- and quadri-phase systems. Note that O values under
consideration refer to a Lewatit TP-207 (quadri- and bi-component systems) and a
Lewatit R 250-K (tri-component system).

In conclusion, the results of this study is the first successful application of the
Tandem-lon-Exchange-Fractionation technique for the preparative separation of four

metal ions.
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metals is of particular importance since allows to safe vast amounts of energy in
comparison with their recovery from the respective ores (primary metals). The
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