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Resumen

RESUMEN

Esta Tesis Doctoral, orientada al disefio de procesos de separacion basados
en la aplicaciéon de Membranas Liquidas Selectivas, ha sido realizada en el grupo de
investigaciéon Procesos Avanzados de Separaciéon (PAS) de la Universidad de
Cantabria en el marco de los proyectos BQU 2002/03357, CTQ 2005/02583 y CTQ2006-
14360/PPQ y de la beca FPI BES-2003-0386 concedida por Ministerio de Educacion y
Ciencia. La formacién ha sido completada a través de la realizacién de dos estancias
breves de investigacion en el Departamento de Ingenieria Quimica de la Universidad
Carnegie Mellon (Pittsburgh, E.E.U.U) y en LIstituto per la Tecnologia delle Membrane
(Rende, Italia).

El trabajo continta la trayectoria del grupo de investigacion en el desarrollo
de procesos de separacion de elevada eficacia, que en su aplicacién al tratamiento de
efluentes posibilitan la recuperacion de materias primas y compuestos de interés.
Este estudio, que ha sido aplicado al tratamiento de aguas subterrdneas
contaminadas con cromo hexavalente, supone una contribucién al estado del arte de
las separaciones reactivas, ejemplo motivador en la intensificacion de procesos, tanto
por el desarrollo metodolégico para el disefio 6ptimo de los procesos, como por la
investigacion de configuraciones innovadoras de membranas liquidas selectivas

como por ejemplo la pertraccién en emulsion (EPT).

El objetivo global del trabajo se ha definido como el desarrollo de la
metodologia de disefio dptimo de la tecnologia de membranas liquidas selectivas en
su aplicacion a la separacion de una mezcla multicomponente con recuperacion
selectiva del componente de interés. Para ello se ha investigado la separacién
selectiva y concentracion de cromo(VI) presente inicialmente en un acuifero
subterraneo contaminado por accion de la actividad industrial desarrollada a nivel
superficial y donde a su vez, coexisten otras especies anidnicas competitivas (sulfato
y cloruro mayoritariamente) presentes por las propias caracteristicas del acuifero y

por su localizacion en una zona litoral.



Resumen

En una primera etapa y tras caracterizar el agua subterranea, se ha
procedido a la definiciéon del sistema fisico-quimico de las etapas de extraccion-
reextraccion a través de la informacion bibliografica relativa a extraccion de aniones,
asi como de la disponible en el propio grupo. Tras la seleccion de Alamine 336
(mezcla de aminas terciarias Cg y C10) como mejor agente de extracciéon y NaOH
como mejor agente de reextraccion, se planificé) un estudio experimental dirigido a
caracterizar los equilibrios quimicos en los que participan los 3 aniones presentes en
las aguas contaminadas, CrO,*, SO,” y CI. Este estudio concluyé con las
expresiones matematicas y parametros que permiten predecir los equilibrios de
extraccion en distintas condiciones de operacién, fundamentalmente concentracion

de los aniones presentes y pH que puedan darse en la practica.

Una vez caracterizados los equilibrios quimicos del sistema se procedi6 a
realizar el andlisis y modelado cinético. Tras la seleccién de la configuracién de
pertraccion en emulsion en la que se empled un contactor de membrana Liqui-Cel®
Extra—Flow 2.5x8 con fibras huecas del tipo Celgard X-30 que aportan un area de
membrana efectiva de 1,4 m?, se llevé a cabo una planificacién de experimentos
dirigida a evaluar la influencia de las principales variables de operacion:
concentracién inicial de cromo(VI) en la fase de alimentacion y concentracién de
NaOH en la fase de reextraccion. Este estudio concluy6 con el modelo cinético y los
pardmetros caracteristicos, coeficiente de transporte de materia en la membrana

(K,,) y coeficiente de transporte de materia en la pelicula difusional de la fase
organica (K, -A,) que permiten describir el comportamiento del sistema,

rendimiento y selectividad dela separaciéon en un amplio intervalo de condiciones.

Finalmente se ha desarrollado la metodologia dirigida a determinar la
configuracién éptima, maxima eficacia en la consecucion de los objetivos planteados
i) reducir la concentraciéon del contaminante por debajo del valor limite requerido y
ii) concentrarlo selectivamente hasta el nivel deseado segun cual sea su destino final
con el minimo coste; para ello se ha tomado como base el tratamiento de 2,5 m°/h de
agua contaminada y se han aplicado técnicas de optimizaciéon matematica local y

global para problemas no lineales (NLP) que requieren del empleo del modelo
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matematico desarrollado en la etapa anterior. A través de la comparacion de las
diferentes alternativas de disefio generadas mediante superestructuras se ha
concluido que una configuracién con tres médulos de membrana combinados en
serie-paralelo con un 4rea de membrana total de 591 m? resulta ser la opcién de

disefnio mas favorable.
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Abstract

ABSTRACT

The aim of this thesis is its contribution to the design of separation processes
based on the application of Selective Liquid Membranes. The work has been carried
out in the Advanced Separation Processes (PAS) research group of the University of
Cantabria within the scope of the financial aid from the BQU2002/03357,
CTQ2005/02583 y CTQ2006-14360/PPQ projects and the FPI fellowship BES-2003-
0386 awarded by the Spanish Ministry of Education and Science. The doctoral
training has been complemented by two short research stages at the Department of
Chemical Engineering of Carnegie Mellon University (Pittsburgh, USA), and at the

L’Istituto per la Tecnologia delle Membrane (Rende, Italy).

This work continues the research that has been carried out in the group for
many years on the development of high efficiency separation processes for the
removal and recovery of raw materials and valuable compounds from polluted
wastewater effluents. The current study, which focuses on the remediation of
polluted groundwater making chromium(VI) recovery possible, contributes to the
state of the art of reactive separation technologies. The development of novel
configurations of selective liquid membrane separations such as emulsion pertraction
technology (EPT) and the proposal of an efficient methodology for optimal process

design make this work a motivating example of the process intensification strategy.

The global objective of the doctoral thesis has been the development of the
methodology for the optimal design of selective liquid membrane processes as
efficient alternatives for the separation and selective recovery of raw materials and
valuable compounds from multicomponent systems. For this purpose, the proposed
methodology has been applied to the remediation of polluted groundwater
containing hexavalent chromium as a consequence of effluent leaking from surface
deposition of industrial wastes. Furthermore, other competitive anionic species
(mainly sulphate and chloride anions) were also present in the groundwaters due to

the specific location being close to the shore.
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After groundwater characterisation, the definition of the extraction and
back-extraction system was performed from the analysis of the information available
in the literature. After selecting Alamine 336 (mixture of tertiary amines Cg and Cjp)
and NaOH as the best extraction and back-extraction agents respectively, a careful
experimental design was performed in order to analyse the chemical equilibria
involved in the extraction of the anionic species CrO,%, S04% and CI', which were
encountered in the groundwater. From this analysis, the mathematical expressions
and parameters required to evaluate the extraction equilibria under different

operation conditions (pH and anionic concentration) were obtained.

Once the chemical extraction equilibria were analysed and the emulsion
pertraction technology (EPT) selected as the most suitable process configuration, the
kinetic analysis and mathematical modeling of EPT were carried out. Kinetic
experiments were performed in a laboratory experimental set-up containing a
membrane contactor Liqui-Cel® Extra—Flow 2.5x8 with fibers X-30 that provides an
effective membrane area of 1,4 m? in order to analyse the influence of the main
operation variables on the extraction and back-extraction kinetics: initial
chromium(VI) concentration in the aqueous feed phase and, ii) NaOH concentration
in the stripping solution. This analysis concludes with the proposal of the
multicomponent separation mathematical model of the EPT process, calculating the

values of the design parameters, mass transport coefficient in the membrane (K, )
and in the organic phase stagnant layer (K - A ). The model describes satisfactorily

the kinetics and selectivity of the separation-concentration EPT process under a wide

range of operational conditions.

Finally, a novel design methodology based on the application of
mathematical optimization techniques has been developed in order to determine the
optimal process configuration able to achieve, at minimum cost, the separation and
concentration objectives, i) the contaminant removal up to the required concentration
levels and, ii) the selective contaminant recovery to obtain a concentrated solution
that can be reused elsewhere. Different design alternatives were represented by

means of network superstructures that were modeled making use of the
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mathematical model developed previously solving non linear optimization

problemas (NLP) by means of local and global optimization techniques.

The procedure has been illustrated for the treatment of an incoming
groundwater stream with a known flowrate of 2.5 m*h. Comparison of the results
obtained from the analysis of the different design alternatives concluded that a
network configuration with 3 treatment modules combined in series and parallel and
with a total membrane area of 591 m? was the most suitable process configuration to

comply, at minimum cost, with the concentration specifications in the outlet streams.
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