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RESUMEN

La industria textil consume grandes cantidades de agua en sus procesos,
principalmente en las operaciones de tintura y acabado. En general, durante el
proceso de tintura, hasta un 30% del colorante utilizado puede ser vertido en las aguas
residuales. Por esta razdn, las aguas residuales generadas por esta industria se

caracterizan por presentar una fuerte coloracion.

Diferentes tratamientos, como procesos biolégicos o fisico-quimicos, han sido usados
para tratar este tipo de aguas residuales. Sin embargo, ninguno de estos tratamientos
permite la degradacion del colorante, siendo necesario un post-tratamiento. Por ello,
en los ultimos afos, se ha incrementado el interés por la tecnologia de membranas en

la eliminacion de los colorantes.

En este trabajo, se ha estudiado la viabilidad de los procesos de membranas para el
tratamiento de efluentes textiles que contenian colorantes residuales. Ademas,
también se evalud la posibilidad de reutilizar los colorantes recuperados y/o el efluente
tratado en nuevos procesos de tintura. Para llevar a cabo este objetivo, se
seleccionaron dos clases de colorantes: tina, representados por el colorante indigo, y

los dispersos.

Los colorantes tina son uno de los mas utilizados en la industria textil, especialmente
el colorante indigo el cual se usa en la industria del denim. Una de las principales
ventajas de este colorante es su baja solubilidad en agua cuando se encuentra en su
forma oxidada, lo que facilita su separacion mediante membranas. Antes del estudio
de recuperacion del colorante indigo, fue necesario desarrollar y validar métodos
analiticos para su determinacion en los bafios residuales. Aunque los tres métodos
estudiados permitieron su cuantificacién, el método basado en la valoracién redox fue
seleccionado como el mas adecuado para la determinacion de indigo en bafios de
tintura. Con respecto al tratamiento con membranas, efluentes industriales que
contenian colorante indigo fueron tratados mediante membranas de ultrafiltracion de
PVDF a escala de laboratorio y semi-industrial. El tratamiento permitié recuperar el

indigo y concentrarlo hasta 20 g-L™", pudiendo ser reutilizado en nuevos procesos de



tintura. Las tinturas llevadas a cabo con el 100% del colorante recuperado mostraron

similares caracteristicas que las tinturas con colorante comercial.

Los colorantes dispersos fueron seleccionados debido a que se utilizan en la tintura de
fibras de poliéster, la cual es la mas consumida a nivel mundial. En primer lugar, los
efluentes que contenian colorantes dispersos fueron tratados con membranas de
ultrafiltracion de PVDF, consiguiéndose hasta un 90% de DQO y un 96% de
disminucién en la concentracién del colorante. EI 100% del permeado obtenido se
reutilizd en nuevas tinturas sin observarse diferencias de color significativas con
respecto a las tinturas de referencia llevadas a cabo con agua descalcificada.
Posteriormente, efluentes suministrados por una empresa especializada en la tintura
de fibras de poliéster, fueron tratados mediante la combinacion de un proceso de
homogenizacion-decantaciéon y dos membranas de ultrafiltracion de PVDF, a escala de
laboratorio y semi-industrial. Al final de ambos tratamientos, se obtuvo una eliminacion
de DQO del 66% y una reduccion del color del 30%. El 100% del permeado obtenido
pudo ser reutilizado en el caso de monocromias, mientras que el 50% fue reutilizado
en tinturas con tricromias. Finalmente, se evalu6 la degradacién de los colorantes
dispersos con un sistema hibrido formado por un procesos fotocatalitico y una
membrana de microfiltracion de polisulfona. El tratamiento fotocatalitico se optimizo
obteniéndose una eliminacion del colorante entre el 60% y el 90%, y una eliminacion
de DQO entre el 70% el 98%. La membrana permitié separar las particulas de TiO,,

consiguiéndose un permeado de alta calidad.



ABSTRACT

Textile industry consumes large amount of water in their processes, mainly in dyeing
and finishing operations. In general, during the dyeing process, up to 30% of dyes used
can be discharged into wastewater. For this reason, the wastewater generated by this

industry is characterized by high colouration.

Different treatments such as biological or physico-chemical processes have been used
to treat this kind of wastewater. Nonetheless, these treatments do not degrade dyes
and, in general, a post-treatment is required. In recent years, the interest for the
application of membranes technologies to the removal of dyes has increased

significantly.

In this work, the feasibility to treat textile effluents containing residual dyes by means of
membrane processes has been studied. In addition, the reuse of recovered dyes
and/or treated water in new dyeing processes has been also tested. With this propose,

two classes of dyes were selected: vat, represented by indigo, and disperse dyes.

Vat dyes are one of the most popular dyes in the textile industry, especially indigo dye
which is used in the denim industry. Its main advantage is the low solubility in water
when is into its oxidized form, being easily separated by means of membranes. Before
the membrane study, it was necessary to develop and validate analytical methods for
indigo dye determination in dye baths. Although the three studied methods were able to
quantify the indigo dye, the redox titration was selected as the most suitable for the
measurement of indigo dye concentration in dye baths. Regarding the membrane
treatment, industrial effluents that contained indigo dye were treated by means of
different PVDF ultrafiltration membranes at laboratory and semi-industrial scale. The
membrane treatment enabled to remove and recover indigo dye from wastewater.
Moreover, the concentrates containing 20 g-L™" of indigo dye were able to be reused in
new dyeing processes. Fabrics dyed with 100% of recovered indigo exhibited similar

characteristics than the ones obtained with the commercial dye.

Disperse dyes were selected because they are used for dyeing of polyester which is
the most consumed fibre in the world. First of all, synthetic effluents containing

disperse dyes were treated by a PVDF ultrafiltration membrane. About 90% and 96%



COD decrease and dye removal were achieved, respectively. The 100% of the
obtained permeate was reused in new dyeings and no significant colour differences
were observed between reference fabrics and the ones dyed with the permeate.
Subsequently, textile effluents supplied by a polyester mill were treated by coupling a
homogenization-decantation treatment with two PVDF ultrafiltration membranes at both
laboratory and semi-industrial scale. At the end of treatments, the COD removal was
66% and colour reduction was 30%. Regarding the permate study, 100% permeate
could be reused in the case of monochromies whereas 50% permeate was reused for
trichromies. Finally, a hybrid treatment based on the combination of polysulphone
membrane microfiltration and heterogeneous photocatalytic process was evaluated to
degrade disperse dyes. The photocatalytic treatment was optimized and provided 60-
90% dye degradation and COD removal from 70% to 98%. The membrane treatment

enabled to separate the TiO, particles and provided very high quality permeates.
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1.1-  Situacion global del agua

Uno de los mayores problemas del siglo XXI es la calidad y la gestiéon del agua.
Aunque el agua es el elemento mas abundante en la Tierra, el agua dulce, y por lo
tanto apta para el consumo humano, so6lo representa el 3% del total.
Aproximadamente el 68,9% del agua dulce se encuentra en los glaciares o en los
casquetes polares y el 29,9% es agua subterranea. Por lo que el ser humano solo

tiene acceso al 0,3% del agua dulce presente en la Tierra [1.1].

Segun el tercer informe sobre el desarrollo de los recursos hidricos en el mundo
(WWDR3) presentado por las Naciones Unidas en 2009 [1.2], la poblacion mundial
esta creciendo a un ritmo de 80 millones de personas al afio, lo que implica un
aumento de la demanda de agua dulce de aproximadamente 64 mil millones de m®
anuales. Ademas, se prevé que en 2030 el 47% de la poblacién mundial viva en zonas

con estrés hidrico.

La escasez de agua se mide a través de la relacion agua/poblacién. Se considera que
una zona presenta estrés hidrico cuando su suministro anual de agua cae por debajo
de los 1700 m® por persona. Por debajo de los 1000 m® se habla de escasez de agua,
y de escasez absoluta cuando el suministro menor a 500 m® [1.3]. La Figura 1.1

muestra las zonas con mayor estrés hidrico [1.4].

WATER STRESS BY
COUNTRY

ratio of withdrawals to supply

Figura 1.1- Indicador de estrés hidrico global, 2013. (Fuente: World Resource Institute)
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Los niveles de estrés hidrico mas altos se encuentran en la zona del Mediterraneo, el
este China, India y en la zona suroeste de Estados Unidos. Sin embargo, es necesario
destacar que el bajo estrés hidrico no implica tener acceso al agua. El estrés hidrico
se calcula en funcién de la disponibilidad de agua, mientras que el indice de escasez
de agua tiene en cuenta también la posibilidad de acceder a la misma. Por ejemplo,
existen regiones en Africa Central o el suroeste de Asia que presentan medio o bajo
estrés hidrico, pero experimentan escasez de agua debido a limitaciones econdmicas

0, en muchos casos, institucionales [1.3].

1.1.1- Usos del agua

El sector agricola es el mayor consumidor de agua a nivel mundial con un 69%,

seguido por la industria (19%) y el uso doméstico con un 12% [1.5] (Figura 1.2).

Sin embargo, la distribucién del consumo de agua entre los diferentes sectores suele
variar en funcion del nivel de desarrollo de cada regiéon. Asi, los paises en vias de
desarrollo presentan un consumo mas elevado en el sector agricola mientras que en
los paises desarrollados aumenta el consumo en el sector industrial [1.3]. Esto se
puede observar en la Figura 1.2, donde Africa y Asia tienen un consumo superior al
80% en el sector agricola mientras que Europa muestra un mayor consumo de agua
en el sector industrial (57%).

Consumo de agua (%)
5
o

@ Domeéstico wIndustria wAgricultura

Figura 1.2- Consumo de agua mundial por sectores, 2007. (Fuente: Aquastat)
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En cuanto a Espafia y Catalufia, los datos se muestran en la Figura 1.3 [1.6, 1.7]. Se
puede observar como no se sigue la tendencia de Europa, siendo la actividad agricola
la que mas agua consume (superior al 70%), seguida por el doméstico (20%) y

finalmente el industrial (10%).

Espana Cataluna

Figura 1.3- Consumo de agua por sectores, Espafia 2005. (Fuente: INE), Catalufia 2008 (Fuente ACA)

El agua en la industria se utiliza principalmente para enfriar, generar vapor, como
materia prima o como parte del producto final (especialmente en la industria

alimentaria).

El consumo de agua varia en funcion del tipo de industria. En relacion a Espafia, los
ultimos datos encontrados sobre la distribucion del consumo de agua en los diferentes

sectores industriales son del 2004 [1.6] y se representan en la Figura 1.4.

Caucho
5%

Petréleo
4%

Figura 1.4- Distribucion del consumo de agua en Esparia por sectores industriales, 2004. (Fuente: INE)
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Se observa que el textil es el cuarto sector en consumo de agua, sélo superado por la
industria quimica, papelera y alimentaria. En la industria textil, el 73% del agua es
utilizada en el proceso (preparacion, tintura y acabados) y el 27% restante se utiliza en

las operaciones de refrigeracion, calderas, limpieza, etc. [1.8].

1.2- Problematica de la industria textil

La caracterizacion de la contaminacién producida por la industria textil es compleja
debido a la gran variedad de fibras y métodos de produccién utilizados [1.9]. Los
diferentes procesos llevados a cabo en la industria textil generan una gran cantidad de
residuos, que se pueden clasificar en gaseosos, liquidos y solidos. Algunos de los

contaminantes mas comunes se presentan en la Tabla 1.1 [1.10].

Tabla 1.1- Contaminacion de la industria textil. (Fuente: Ghaly et al., 2014)

Proceso Emision Aguas residuales Residuos

Envases, fibras,

COV, residuos de
Desencolado procedentes de DBO elevada, biocidas hilos, material
esteres de glicol de

mantenimiento

COV, Desinfectantes,
procedentes de insecticidas, NaOH,
Desengrasado . . -
esteres de glicol y | detergentes, lubricantes y
disolventes disolventes
Blanqueo - H,0,, estabilizantes, pH alto -
Mercerizado - pH alto, NaOH -

Metales, sales,
tensioactivos, productos
Tintura COV, auxiliares, colorantes, DBO, -
DQO, disolventes,

acidos/alcalis

COVs, vapores de

formaldehido, DQO, solidos en
Acabado ., . -
gases de suspensioén, disolventes
combustion
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La industria textil presenta dos grandes problemas: su elevado consumo de agua y la

complejidad y variabilidad de sus aguas residuales [1.11-1.13].

1.2.1- Principales caracteristicas de los efluentes textiles

Las principales caracteristicas de los efluentes textiles dependen principalmente del
proceso y la maquinaria utilizada por la empresa [1.14]. Los efluentes contienen
subproductos, colorantes residuales, sales, acidos/alcali, productos auxiliares y
disolventes [1.15]. En la Tabla 1.2 se muestran los valores medios de los parametros

correspondientes al agua residual generada en cada etapa del proceso textil [1.16].

Tabla 1.2- Carga contaminante en los diferentes procesos textiles. (Fuente: Dasgupta et al., 2015)

Parametro Lavado Blanqueo Mercerizado Tintura
pH 9-14 8.5-11 8-10 1.5-10
Sdlidos disueltos
12000-30000 2500-11000 2000-2600 1500-4000
(mg/L)
Soélidos en
i 1000-2000 200-400 600-1900 50-350
suspension (mg/L)
Fuerte Fuerte
Color - -
coloracion coloracion
DBO (mg/L) 2500-3500 100-500 50-120 100-400
DQO (mg/L) 10000-20000 1200-1600 250-400 400-1400
Cloruros (mg/L) - - 350-700 -
Sulfatos (mg/L) - - 100-350 -

En general, las aguas residuales procedentes de la etapa de tintura se caracterizan
por su alta coloracién, DBO, DQO, pH y salinidad [1.17-1.25].
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1.2.2. Problematica de los colorantes en los efluentes textiles

Los colorantes son sustancias que al aplicarse a un sustrato (materiales textiles, papel,
pelo, piel etc.) le proporcionan color. Se caracterizan por su capacidad de absorber la

luz visible (400-700 nm), propiedad que les confiere su coloracion.

Desde las tinturas con colorantes naturales (vegetales, animales o minerales) hasta
las tinturas con colorantes sintéticos utilizados en la actualidad, siempre se han
buscado sistemas mas eficientes para dar color a las prendas. Por ello,
industrialmente se utilizan mas de 1-10° colorantes diferentes con una produccion
anual de 7:10° toneladas [1.26].

Los colorantes se pueden clasificar segun su estructura quimica. Toda molécula de
colorante tiene un grupo cromoéforo, el cual es el portador del color, y grupos auxiliares
conocidos como auxocromos los cuales, ademas de acentuar el color del grupo
cromoforo, también a veces permiten la fijacion del colorante al sustrato gracias a su
caracter acido o basico. Los grupos croméforos mas importantes son los azo,
antraquinona, nitro, metino y arilmetano. Dentro de los auxocromos podemos
encontrar el grupo amino, carboxilo, sulfénico e hidroxilo [1.27]. Los colorantes azo son

los mas utilizados, representando el 60% del total de colorantes producidos [1.28].

Los colorantes también se pueden clasificar segun su forma de aplicacion,
dividiéndose principalmente en directos, dispersos, acidos, premetalizados, basicos,

cationicos, reactivos, tina y sulfurosos.

Los colorantes directos reciben este nombre porque tifien la fibra sin necesidad de
mordiente. Son solubles en agua y su solubilidad aumenta al aumentar el nUmero de
grupos sulfénicos y también con la temperatura, y disminuye al aumentar su peso
molecular. Los colorantes acidos se utilizan para tefir sustratos que tienen grupos con
carga positiva, como por ejemplo la lana la cual presenta grupos catibnicos amonio
(-NH3"). Los colorantes basicos y catidnicos se usan para tefir sustratos con carga
negativa, como es el caso de la seda que presenta grupos anionicos carboxilato
(-COO™-). Los colorantes reactivos son los mas utilizados en la tintura de las fibras de
celulosa. Son aquellos que tienen de uno a tres grupos capaces de formar enlaces
covalentes con la fibra, lo que los hace muy resistentes al lavado. Se utilizan
principalmente para la tintura de algodén y otras fibras celulésicas, aunque también

tienen aplicacion en la tintura de lana, seda y poliamida. La tintura con colorantes
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reactivos presenta como principal inconveniente que el grupos reactivo del colorante
puede reaccionar con el agua dando lugar a la forma hidrolizada del colorante, la cual

no puede formar enlaces covalentes con la fibra.

Los colorantes dispersos se utilizan principalmente para la tintura del poliéster, la fibra
de mayor consumo a nivel mundial. Son insolubles en agua y se aplican utilizando
dispersiones coloidales de colorante. Debido a su importancia en la industria textil, han
sido seleccionados para su estudio en esta tesis por lo que se describiran en detalle
mas adelante. Finalmente, los colorantes tina y sulfurosos son insolubles en agua por
lo que deben ser utilizados en su forma leuco, es decir en su forma reducida. Uno de
los colorantes tina mas importantes es el colorante indigo, el cual ha sido seleccionado

para su recuperacion en este trabajo.

En la industria textil, entre el 1y el 15% de los colorantes utilizados en el proceso de
tintura se pierden en las aguas residuales [1.29] debido a la ineficiencia del proceso o
a la baja afinidad del colorante con la fibra. Es necesario destacar el caracter toéxico y
mutagénico de algunos colorantes. Ademas, la presencia de colorantes en el agua,
aunque sea en concentraciones muy pequefias, provoca la disminucion de la

penetracion de luz lo que afecta gravemente a la flora y la fauna [1.27].

Debido a la importancia comercial del indigo y de los colorantes dispersos en la actual

industria textil, en este trabajo se centrara en el tratamiento de estos colorantes.

En general, el tratamiento de los colorantes reactivos residuales ha sido ampliamente
estudiado. Sin embargo, los estudios publicados sobre el tratamiento de colorantes

dispersos y colorantes tina, especialmente el indigo, son escasos.

El colorante indigo es uno de los colorantes naturales mas antiguos que se conoce
(Figura 1.5) y a pesar de ello, es uno de los mas importantes en la actualidad, aunque

la mayor parte del que se utiliza hoy en dia es sintético.
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Figura 1.5- Antigua representacion de la obtencion de colorante indigo natural a partir de la indigofera
tinctérea (Jean Baptiste Du Teatre, 1667).

El colorante indigo es ampliamente utilizado en la tintura de prendas tejanas o
vaqueras, los cuales representan el 14% del consumo de algodon mundial. En la
coloracion de fibras de celulosa, el indigo representa el 7% de los colorantes utilizados

a nivel mundial (Figura 1.6) [1.30].

Naphtoles 3%

Figura 1.6- Consumo mundial de colorantes en la coloracion de fibras de celulosa. (Fuente: Bozic et al.,
2008)

Para proceder a la tintura con indigo, el colorante es reducido previamente a su forma
leuco mediante agentes reductores, como el ditionito sédico, en medio alcalino. El
tejido pasa por un bafio que contiene el indigo reducido y luego es expuesto al aire. En
contacto con el aire, el indigo se oxida obteniéndose el color azul. Después de la

tintura es necesario un proceso de lavado para eliminar el colorante que no ha

10
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quedado fijado sobre la fibra, por lo tanto este tipo de tintura genera una gran cantidad
de aguas residuales con una alta coloracion. Ademas, las aguas residuales producidas
a lo largo del proceso de tintura presenten un alto contenido de sulfatos, sulfitos,
tiosulfatos y sulfuros, que son toxicos, lo que incrementa el impacto medioambiental
del proceso de tintura y en consecuencia, el coste del tratamiento de estas aguas. Por
ello, en los ultimos afos se esta investigando también la posibilidad de reducir el

colorante indigo mediante técnicas electroquimicas [1.30-1.38].

Los colorantes dispersos son compuestos no idénicos que se utilizan para la tintura
de fibras hidrofébicas como el poliéster. El poliéster es la fibra mas importante a nivel

mundial, con un consumo de 38,7-10° toneladas al afio [1.39].

Como se ha comentado anteriormente, los colorantes dispersos son poco solubles en
agua, por lo que la tintura se lleva a cabo mediante la adicioén de agentes dispersantes,

los cuales permiten mantener una dispersion estable de las particulas de colorante.

El proceso de tintura de la fibra de poliéster con colorantes dispersos se realiza en tres
etapas [1.40]:

« Difusion de la solucién o dispersion del colorante hacia la superficie de la fibra.
« Adsorcion del colorante por la superficie de la fibra.

« Difusion del colorante desde la superficie hacia el interior de la fibra.

Se pueden distinguir dos métodos de tintura: tintura en presencia de un agente

acelerador o transportador, o tintura a alta temperatura [1.40].

En el primer método, el transportador permite que el colorante sea adsorbido de forma
mas rapida por la fibra. Un proceso de tintura tipico implica calentar el bafio de tintura
hasta los 60°C y afiadir el agente dispersante, el carrier emulsionado y por ultimo el
colorante. El bafio de tintura se lleva a ebullicion y finalmente, el carrier debe ser
eliminado de la fibra mediante un proceso de secado a 150-180°C. Debido al caracter
toxico y/o carcinégeno de algunos carriers, el proceso de tintura con carriers esta

siendo cada vez mas desplazado por la tintura a alta temperatura.

11
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1.2.3- Tratamientos para eliminacion de color de los efluentes textiles

En los ultimos afos se han investigado diferentes técnicas para el tratamiento de los
efluentes textiles [1.41]. La mayoria de los estudios publicados se centran en la
eliminacion de los colorantes ya que es el proceso que conlleva mayor dificultad
(Figura 1.7).

Biolégicos
* Anaerobios
* Aerobios =3
Oxidaciéon Quimica '
*Ozonaciéon ‘
*Con NaOCI
*AOP’s Electroquimicos
* Fotocatalisis
*Fenton

—" Y.
_n\ﬁ\r_*/

TRATAMIENTOS \
ELIMINACION
COLOR

Fisico-Quimicos |
» Coagulacion-
Floculacion b

* Adsorcién /
* Intercambio i6nico

*Membranas

Enzimaticos

Figura 1.7- Tratamiento para la eliminacion de color en las aguas residuales textiles. (Fuente: Robinson,
2001)

Los procesos biolégicos son ampliamente aplicados en el tratamiento de las aguas
residuales de las tintorerias. Son tratamientos simples y con bajo coste de operacion.
Muestran alta eliminacion de DQO y turbidez, pero baja eficiencia en la eliminacién de
color debido a la estabilidad quimica y resistencia a los ataques microbiolégicos que
presentan los colorantes [1.42]. En general, en los procesos aerobios, la eliminacion
de color se debe principalmente a la adsorcidén de los colorantes en la biomasa y no a
su degradacion [1.43, 1.44]. Con el fin de mejorar el rendimiento de los tratamientos
biologicos, los procesos anaerobios y aerobios pueden combinarse en una 0 mas
etapas [1.45-1.54].

12
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El tratamiento de efluentes textiles mediante técnicas electroquimicas ha sido
estudiado por diversos autores con resultados satisfactorios en cuanto a la eliminacion
de color [1.18, 1.55-1.62]. Sin embargo, esta técnica suele tener un coste operacional
elevado [1.41].

Uno de los tratamientos emergentes para la decoloracion de aguas residuales textiles
son los métodos enzimaticos. Su principal inconveniente es que las variables del
proceso deben estar muy controladas (temperatura, pH, salinidad, etc.). Ademas, la

separacion y purificacion de la enzima es un proceso muy delicado [1.63].

Entre los tratamientos fisico-quimicos, la coagulacién-floculaciéon es el mas utilizado
ya que es muy efectivo en la eliminacion de color. Esta técnica, sin embargo, genera
un residuo concentrado que requiere un tratamiento adicional [1.14, 1.63]. La
decoloracién por adsorcion (generalmente con carbén activo) esta influenciada por
diversos parametros como interacciones entre el colorante y el adsorbente, area
superficial del adsorbente, tamafio de particula, etc. [1.64]. Presenta alta eficacia para
una gran variedad de colorantes, pero es una técnica con un elevado coste ya que el
material adsorbente debe ser regenerado después de varios tratamientos. Los
tratamientos de intercambio i6nico presentan también el problema de la regeneracion

de la resina y ademas no son efectivos para todos los colorantes.

En cuanto a los tratamientos fisicos, los mas conocidos son las técnicas de filtracion

que se explicaran mas detalladamente en la secciéon 1.3.

Los tratamientos de oxidacion quimica requieren de la adiccibn de compuestos
oxidantes como ozono (O3), peréxido de hidréogeno (H2O,) y permanganato (MnQy). El
ozono es el mas utilizado debido a su alto rendimiento en la eliminacion de colorantes,
pero no resulta eficaz al tratar colorantes insolubles como los tina o los dispersos
[1.14].

13
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1.3- Tecnologia de membrana

La tecnologia de membrana es uno de los procesos de separacion mas importantes y
mas utilizados en los ultimos afios. A pesar de que los primeros estudios con
membranas comenzaron el siglo XVIII, no fue hasta el siglo XX cuando esta técnica
comenz6 a despertar el interés de los investigadores [1.65]. El avance que ha
experimentado la tecnologia de membranas en estas ultimas décadas se centra en el
desarrollo de nuevos materiales para la fabricacion de membranas, la modelizacion de

sus procesos y el efecto de las diferentes variables que intervienen en el mismo.

En un proceso de membranas, la corriente de alimento queda dividida en dos: un
permeado o filtrado que contiene toda aquella fraccién que ha conseguido pasar por la
membrana y un concentrado o rechazo que contiene las especies que no la

atraviesan.

Segun la direccion del flujo respecto a la membrana se pueden distinguir dos tipos de
filtracidn: convencional y cross-flow. En la filtracidn convencional, el efluente a tratar se
hace pasar perpendicularmente a la superficie de la membrana, lo que provoca un
elevado ensuciamiento de la misma. Sin embargo, en la filtracion de cross-flow, el flujo
circula de forma tangencial a la superficie de la membrana. Asi, al tiempo que se

efectua la filtracion, se limpia la membrana (Figura 1.8).

Alimento Concentrado

111

=)

T ! Permeado

Figura 1.8- Esquema de a) filtracién convencional, b) filtracion cross-flow

14



Introduccion

1.3.1- Clasificacion de los procesos de membrana

Los procesos de membrana se pueden clasificar segun la fuerza impulsora, el

mecanismo de separacion, la estructura de la membrana o el tamafio de particulas
que retienen (Tabla 1.3) [1.66].

Tabla 1.3- Clasificacion de los procesos de membrana segun la fuerza impulsora y su rango de

separacion (Fuente: Pandolfi, 2008)

Proceso Fuerza impulsora Rango de
separacion
Microfiltracion (MF) Gradiente de presion 10-0,1 um
Ultrafiltracion (UF) Gradiente de presion 0,1-0,04 um
Nanofiltracién (NF) Gradiente de presion 0,001 pm
Osmosis Inversa (Ol) Gradiente de presion 0,0001 ym
Electrodialisis Gradiente de potencial eléctrico < 0,005 ym
Dialisis Gradiente de concentracion < 0,005 ym

Hasta el momento, las membranas mas estudiadas y aplicadas a nivel industrial son

aquellas en la que la fuerza impulsora es el gradiente de presion (Figura 1.9).

o)
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4@.@.@.9

10 1

|
0.1 0,01 0,001

>

0,0001

Microfiltracion Ultrafiltracion Osmosis Inversa

Nanofiltracion

Figura 1.9- Membranas que utilizan el gradiente de presién como fuerza impulsora
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1.3.2- Materiales empleados en la fabricacion de membranas

Como se ha comentado anteriormente, la evolucién de la tecnologia de membrana se
centra principalmente en el uso de diferentes materiales para su fabricacion. Los

materiales utilizados pueden ser de naturaleza organica o inorganica.

Las membranas organicas se fabrican a base de polimeros. La Tabla 1.4 muestra los

mas utilizados en membranas comerciales y su rango de aplicacion [1.67].

Tabla 1.4- Polimeros utilizados en la fabricacion de membranas y su aplicacion (Fuente: Macanas, 2006)

Polimero Siglas MF UF NF/Ol
Acetato de celulosa CA * * *
Cloruro de polivinilo PVC *

Fluoruro de
polivinilideno FVDF * *
Nitrato de celulosa CN *
Oxido de polifenileno PPO *
Poliacrilonitirlo PAN *
Polialcoholvinilico PVA *
Poliamida PA * *
Policarbonato PC *
Polieteramida PEA *
Poliéstersulfona PES *
Polietileno PE *
Polipropileno B *
Polisulfona PS *
Politetrafluoroetileno PTFE *
Triacetato de celulosa CTA * *
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Las membranas de celulosa y sus derivados fueron las primeras membranas
organicas utilizadas. A pesar de que este tipo de membranas siguen siendo fabricadas
en la actualidad, su baja resistencia a los agentes quimicos y a la temperatura, ha

provocado su sustituciéon por otros polimeros con mejores prestaciones.

Las membranas inorganicas son mas resistentes mecanicamente, térmicamente y
quimicamente que las membranas organicas, sin embargo su aplicacién a nivel
industrial actualmente es limitada. Dentro de las membranas inorganicas, las
ceramicas son las mas utilizadas. También se pueden encontrar membranas

fabricadas a partir de vidrio, carbén o metal.

1.3.3- Configuracion de los médulos de membrana

Las membranas, para su funcionamiento, se acoplan a una unidad denominada

modulo. En general se pueden distinguir cuatro médulos:

El médulo plano es la configuracion mas antigua y sencilla. Se trata de una hoja o
lamina semipermeable en la que el agua a tratar incide sobre un solo lado de la
membrana. Su principal desventaja es su baja superficie activa, por lo que

generalmente se disponen varias membranas en forma de pila o columna.

En el enrollamiento en espiral, varias laminas de membrana plana se enrollan
separandose mediante un espaciador. Su principal ventaja es su bajo coste de

operacion.

En el médulo tubular, la membrana se dispone en forma de tubo con su capa activa
en la parte interior. El permeado fluye radialmente desde el interior al exterior y el

concentrado se recoge en uno de los extremos del tubo.

Finalmente, en el mdédulo de fibra hueca la capa activa de la membrana se encuentra
en el exterior, por lo que el permeado fluye desde el exterior al interior y se recoge en
el extremo de la fibra. Este tipo de configuraciéon presenta ciertas ventajas respecto al

resto: ocupa menor volumen, presenta mas superficie activa y es mas resistente.

17



Capitulo 1

1.3.4- Ensuciamiento de las membranas

El ensuciamiento o fouling es el principal inconveniente de la tecnologia de
membranas. Se produce cuando las particulas presentes en el efluente a tratar se
depositan sobre o dentro de los poros de la membrana. La consecuencia principal del
ensuciamiento es una disminucién del caudal del permeado, lo que implica aumentar
la frecuencia de lavados de la membrana y, en algunos casos, la sustitucion de la

misma.

Se pueden distinguir dos tipos de ensuciamiento. El ensuciamiento interno o
irreversible es aquel en el que las particulas se depositan dentro de los poros de la
membrana, y el ensuciamiento externo o reversible en el que las particulas se situan

Unicamente sobre la membrana.

Actualmente existen métodos, tanto fisicos como quimicos, que permiten disminuir el
ensuciamiento. Dentro de los métodos fisicos es necesario destacar la creacion de
turbulencias o el lavado a contracorriente que se efectua con el permeado obtenido.
Este método soélo puede ser utilizado en el caso de ensuciamiento externo. Los
métodos quimicos se basan en el lavado de la membrana con agentes quimicos, lo
que permite eliminar completamente el ensuciamiento, tanto interno como externo,

pero puede danar la membrana.

1.3.5- Aplicacion de los procesos de membranas en el tratamiento de efluentes textiles

En los ultimos afios, diferentes autores han estudiado la posibilidad de aplicar esta

técnica para el tratamiento de aguas residuales textiles [1.68-1.77].

El tratamiento con membranas permite obtener un permeado libre de colorantes y un
concentrado que los contiene. Ambos pueden ser reutilizados en el proceso de tintura.
A pesar de que la mayoria de los estudios realizados hasta el momento se centran en
la reutilizacion del permeado, principalmente mediante membranas de nanofiltracion y
osmosis inversa [1.78-1.84], algunas clases de colorantes como los sulfurosos vy tina,
especialmente el indigo, son idoneos para ser tratados mediante esta técnica debido a

gue son insolubles en agua y pueden ser separados del efluente con cierta facilidad.
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El tratamiento con membranas de efluentes textiles que contenian colorante indigo
comenzoé a estudiarse en la década de los 80. La empresa T.I.A. de Bélgica encargo
un estudio sobre la recuperacion de indigo mediante procesos de filtracibn con
membranas, consiguiéndose una eficiencia de separaciéon superior al 98% [1.85]. El
principal inconveniente observado en este estudio fue la rapida colmatacién de las
membranas y la disminucién del flujo durante la fase de concentracion. En 1987,
nuestro grupo de investigacion realizé pruebas de recuperacion de indigo. Se trabajé
con membranas ceramicas, obteniéndose buenos resultados de decoloracion pero
so6lo el 10% del colorante recuperado pudo ser reutilizado para nuevas tinturas. Sin
embargo, recientemente han aparecido nuevos tipos de membranas que han permitido

replantear la recuperacion de este colorante.

Por otra parte, en 2008 Unlu et al. [1.86] estudiaron diferentes tratamientos para la
eliminacion de color en aguas residuales textiles que contenian indigo, llegando a la
conclusion que la técnica de coagulacion-floculacion no resulta eficaz debido a la
necesidad de afadir altas dosis de coagulante. En cambio, la microfiltracion
proporciona una reduccion del color del 64%. Con la combinacién de la microfiltracion
y la ultrafiltracion se obtenia una reduccion del color adicional del 62%. Finalmente,
estudiaron la combinacion de la microfiltracion y la nanofiltracion consiguiendo reducir
el color en un 99%, lo que lleva a la conclusién que la tecnologia de membranas es

una técnica prometedora para el tratamiento de este tipo de aguas residuales.

Como se ha comentado anteriormente, uno de los principales problemas que
presentan las membranas es su ensuciamiento ya que provoca un aumento en su
coste de mantenimiento [1.87]. Con el fin de disminuir este fenbmeno y de aumentar la
eficiencia del tratamiento, los procesos de membrana suelen combinarse con procesos
convencionales de depuracion como tratamientos bioldgicos [1.21, 1.88-1.91] o

procesos de coagulacion-floculacién [1.20, 1-92-1.96].
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1.4- Procesos fotocataliticos

La fotocatalisis es un proceso de oxidacion avanzada (AOP’s) basado en la
generacion de especies reactivas oxidantes, como los radicales hidroxilo (OH’), los
cuales son capaces de degradar la materia organica en especies de menor peso
molecular sin la adicién de ningun reactivo quimico [1.97, 1.98]. La mineralizacion total

de la materia organica daria lugar a CO, y H,0.

El proceso fotocatalitico comienza cuando un fotocatalizador adsorbe fotones cuya
energia es igual o superior a su salto de banda. Los electrones (e) en la banda de
valencia son promovidos a la banda de conduccion, generandose un hueco (h*). Los
h* producidos en la superficie del fotocatalizador pueden oxidar tanto el agua como los

OH’, generando OH' que finalmente degradaran la materia organica [1.97-1.103].

En la Figura 1.10 se representan los pasos principales en un proceso fotocatalitico.
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Figura 1.10- Esquema del proceso fotocatalitico

Un fotocatalizador debe tener alta actividad, resistencia térmica y mecanica, y debe
ser fisica y quimicamente estable bajo las diferentes condiciones de trabajo [1.97,
1.104]. Se han estudiado diferentes 6xidos (ZnO, WO;, V.05, Fe,03, etc.) y sulfuros
(CdS, ZnS, etc.) como fotocatalizadores [1.105-1.107], siendo el didxido de titanio

(TiO,) el mas utilizado en los ultimos afios.
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1.4.1- Principales factores en un proceso fotocatalitico

La velocidad de los procesos fotocataliticos no resulta afectada por la temperatura,
por lo que suelen llevarse a cabo a temperatura ambiente. Sin embargo, hay muchos
otros factores que influyen en un proceso fotocatalitico, los cuales han sido estudiados
por diversos autores. Algunos de los mas importantes son: el pH, la fuente e
intensidad de radiacién, la concentracion de fotocatalizador, la naturaleza del
contaminante, la presencia de aditivos y el disefio del reactor. A continuaciéon se

describe la influencia de estos factores de forma general.

El pH puede afectar tanto a la superficie del fotocatalizador como a las caracteristicas
del contaminante a degradar. El efecto del pH sobre el fotocatalizador dependera de
su punto isoeléctrico (pzc). Por ejemplo, el pzc del TiO, P25 (fabricado por Degussa)

es 6,5[1.108, 1.109] comportandose de acuerdo con las reacciones 1.1y 1.2:

& pH <pzc: TiIOH + H" — TiOH," (1.1)
& pH>pzc: TiIOH + OH — TiO" + H,O (1.2)

En cuanto a la fuente e intensidad de radiacion, se puede utilizar luz artificial o
natural, pero solo el 5% del total de la luz natural irradiada tiene suficiente energia
como para producir el proceso, por lo que suelen utilizarse lamparas UV [1.110,
1.111]. En la Figura 1.11 se muestra la relacion entre la intensidad de radiaciéon y la

velocidad de reaccion [1.111].

Cinética = f,(I")

Cinética =,(1°%) | Gingtica = £,(19)

Velocidad de reaccion

Intensidad

Figura 1.11- Relacion entre intensidad de radiacion y velocidad de reaccion (Fuente: Romero et al, 1999)
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Se pueden observar dos cambios de orden: el primero (de 1 a 0,5) es debido a la
recombinacion de e y h* lo que limita el proceso, el segundo (cambio a un orden 0)
indica que el fotocatalizador no puede generar mas pares aunque se aumente la
intensidad [1.112].

En general, cuanto mayor sea la concentracion del fotocatalizador, mayor sera la
eficiencia del proceso. Sin embargo, a concentraciones elevadas el efecto de la
turbidez ocasionada por sus particulas y la aglomeracién de las mismas dificultan la
difusion de la luz [1.107, 1.113].

Existe también una relacién entre la velocidad de reaccion y la naturaleza del
contaminante. Los subproductos generados durante su degradacién pueden
favorecer o perjudicar el proceso. Generalmente, la cinética de degradacién de
compuestos sigue la ecuacion de Langmuir-Hinshelwood (ecuacion 1.3) [1.107, 1.108,
1.114].

dc  kiKc
dt 1+ Kc

(1.3)

Después de integrar se obtiene la ecuacion 1.4:

In (C?O) + K(cy — ¢) = k1Kt (1.4)

Donde cy es la concentracion inicial de contaminante, ¢ es la concentracién de
contaminante a tiempo t, K es la constante de adsorcion en el equilibrio y k es la

constante de reaccién [1.108].

Cuando la solucién se encuentra muy diluida (c<10 mol/cm?), el termino Kc sera <<1

y la reaccion es de pseudo-primer orden (ecuacion 1.5).

dc
——=kKc=kc

dt (1.9)
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Después de integrar la ecuacién 1.3 obtenemos las ecuaciones 1.6 y 1.7:
Inc—1In Cop = —kt (1 6)

Inc = —kt +Incy (1.7)

La representacion grafica de t vs Inc forma una linea recta, cuya pendiente permite

conocer el valor de k.

La presencia de aditivos es un factor importante en el proceso fotocatalitico. Los
compuestos con capacidad de aceptar electrones (O,, H,O, o S,0g) favorecen el
proceso, ya que reducen la recombinacion e-h*. En cambio, la presencia de otros
aditivos o impurezas (CI, SO,*, PO,*, Ca®*, Mn*y Ni**) pueden competir con el
sustrato por los sitios de adsorcién del fotocatalizador disminuyendo su eficiencia
[1.115, 1.116].

Finalmente, el diseio del reactor debe asegurar el contacto entre las dos fases
(solido-liquido) y debe permitir la iluminacion uniforme de todas las particulas del
fotocatalizador [1.107].

Los reactores fotocataliticos se dividen en dos grupos [1.117]:

% Reactores con el fotocatalizador en suspension

% Reactores con el fotocatalizador fijo sobre un material

En el caso de reactores con el fotocatalizador fijo sobre un material se produce una
disminucién en la superficie activa y por lo tanto la eficiencia del proceso es menor
[1.108]. El fotocatalizador puede fijarse sobre diferentes materiales como vidrio, carbén
activo o materiales poliméricos [1.104]. Cuando se utilizan reactores con el
fotocatalizador en suspension se observa un aumento en la eficiencia del proceso,
pero el fotocatalizador debe ser separado del agua tratada, por lo que se requiere de

una operacion adicional [1.108].
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1.4.2- Reactores fotocataliticos de membrana (RFM)

El principal objetivo de combinar un proceso fotocatalitico con membranas es la

separacion y recuperacion del fotocatalizador [1.117].

Al igual que los reactores utilizados para llevar a cabo procesos fotocataliticos, los
RFM pueden dividirse en dos grupos: reactores con el fotocatalizador en suspension y
reactores con el fotocatalizador sobre/en la membrana (membrana fotocatalitica)
[1.118]. En el estudio llevado a cabo por Grzechulska et al. [1.119] se realizd una
comparacion entre los dos RFM para el tratamiento de aguas contaminadas con
colorantes. Los autores observaron que la eficiencia del tratamiento era mayor al

trabajar con el fotocatalizador en suspension.

En los RFM con membrana fotocatalitica, la membrana actia como soporte para el
fotocatalizador y como barrera para los contaminantes presentes en la solucion a tratar
y los subproductos generados. En esta configuracion, la reaccién puede llevarse a
cabo sobre la superficie de la membrana o dentro de los poros de la misma [1.120]. En
la Tabla 1.5 se muestran las ventajas y desventajas de los RFM con membrana
fotocatalitica [1.108].

Tabla 1.5- Ventajas y desventajas de las membrana fotocataliticas. (Fuente: Mozia 2010)

Ventajas Desventajas

. ) La eficiencia de degradacion es menor
No es necesario separar y reciclar el )
. que en el caso de trabajar con
fotocatalizador
fotocatalizador en suspension

No hay ensuciamiento de la membrana No se puede ajustar la dosis de

debido a las particulas de fotocatalizador fotocatalizador en funcién del efluente

Riesgo de dafiar la membrana por la

accion de la luz UV o los radicales

Posibilidad de disminuir el ensuciamiento hidroxilo

al modificar las propiedades de la

N i mbiar la membran
el e ecesidad de cambiar la membrana

cuando el fotocatalizador pierde su

actividad
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Como se puede observar en la Tabla 1.5, uno de los principales problemas de esta
técnica es el riesgo de dafiar la membrana durante el tratamiento. La resistencia que
presentan las membranas ceramicas hace que sean las mas recomendadas para este
tipo de tratamiento. Sin embargo, las membranas ceramicas son mas caras que las
membranas poliméricas, por lo que es importante encontrar una membrana polimérica
estable bajo las condiciones de trabajo (exposicién a luz UV y medio oxidante). Con
esta finalidad, diferentes materiales poliméricos se han estudiado para la
inmovilizacion del TiO,. Por un lado Chin et al. [1.121] estudié el comportamiento de
diez membranas bajo diferentes procesos fotocataliticos. Los resultados mostraron
que las membranas de politetrafluoroetileno (PTFE), polifluoruro de vinilideno (PVDF)
y poliacritlonitrilo (PAN) presentaban mayor estabilidad. Por otro lado, Molinari et al.
[1.101] observaron que las membranas hechas de fluoruro y polipropileno presentaban

mayor estabilidad bajo luz UV.

En la configuraciéon con el fotocatalizador en suspensién, la membrana permite
recuperar el fotocatalizador, pero se observa una disminucion del flujo del permeado
debido al ensuciamiento de la membrana. Este fendmeno es especialmente importante
cuando se utilizan membrana de MF, UF y NF [1.117, 1.122]. La Tabla 1.6 muestra las

principales ventajas y desventajas de este proceso [1.108].

Tabla 1.6- Ventajas y desventajas de RFM con fotocatalizador en suspension. (Fuente: Mozia 2010)

Ventajas Desventajas

» . . Ensuciamiento de la membrana debido a
Separacion y recuperacion del catalizador i .
la presencia de fotocatalizador

Sustitucion del fotocatalizador sin

cambiar la membrana

Ajuste de la dosis de fotocatalizador en

WL C IR e 2l Baja calidad del permeado al combinarse

Superior eficiencia de degradacion con membranas de MF o UF

Posibilidad de separar subproductos o de
aplicar de altas temperaturas

No existe el riesgo de dafar la membrana
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Se han llevado a cabo diversos estudios para la degradaciéon de diferentes
contaminantes con el fotocatalizador en suspension, especialmente con membranas
de MF [1.123-1.126] y UF [1.127-1.132]. Choo et al. [1.133] reportaron en sus estudios
la formacion de la segunda capa dinamica sobre la membrana debida a las particulas
de TiO,. Esta barrera permitia retener las particulas mas pequefas de TiO,,

aumentando de esta manera la eficiencia del proceso.

1.4.3- Aplicacién de procesos fotocataliticos en el tratamiento de efluentes textiles

Los procesos fotocataliticos han sido estudiados para la degradacion de diversos
colorantes [1.115, 1.134-1.139], especialmente colorantes reactivos [1.106, 1.140-
1.143], y el tratamiento de efluentes reales de tintura [1.144-1.146]. En la mayoria de
los casos el tratamiento se lleva a cabo utilizando luz UV, aunque se pueden encontrar
estudios en los que se emplea la luz solar [1.123, 1.147-1.149]. En este ultimo caso no
s6lo se consiguen buenos resultados en cuanto a eliminacién de color, sino también se

obtiene un tratamiento simple y economico.

En cuanto a los reactores fotocataliticos de membrana, también se han utilizado para
la degradacion de colorantes y tratamiento de efluentes textiles [1.118, 1.150-1.156].
En los ultimos afios las investigaciones se estan centrando en la combinacion de las
técnicas fotocataliticas con procesos de destilacibn por membrana [1.117, 1.122,
1.157-1.159]. La principal ventaja de este tipo de membranas es que durante el
tratamiento, la adicion de fotocatalizador no afecta el proceso y por lo tanto el flujo de
permeado permanece constante. Los compuestos volatiles, los cuales pueden
atravesar la membrana, se encuentran en el permeado en concentraciones muy bajas
por lo que se considera que el permeado obtenido mediante este proceso tiene una

calidad elevada.
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OBJETIVOS

Los objetivos generales de esta tesis se pueden desglosar en dos grupos bien
diferenciados. En primer lugar, se ha planteado la aplicacion de membranas a la
depuracién de aguas residuales textiles que contienen distintos tipos de colorantes, y
se evalla la eficiencia del tratamiento. Por otfra parte, se estudia también la posible
recuperacion vy reutilizacion del agua y/o de los colorantes en nuevos procesos de

tintura.

Con el fin de desarrollar estos dos grupos de objetivos generales, se han planteado
diversos objetivos especificos, los cuales varian en funcion del colorante presente en
los efluentes estudiados. Por este motivo, se ha considerado mas conveniente
clasificar los objetivos especificos en base al tipo de colorante seleccionado, segun se

detalla a continuacion:

1) Colorante indigo

« Desarrollo y validacion de métodos analiticos que permitan determinar
adecuadamente la concentracion de colorante indigo presente en los
efluentes. Se realizara una comparacion entre los distintos métodos
estudiados y se seleccionara el mas adecuado teniendo en cuenta los
ensayos de validacion, su facilidad, rapidez, coste y, sobre todo, su

capacidad de adaptarse al proceso de recuperacion estudiado.

& Tratamiento de efluentes industriales que contienen colorante indigo
mediante membranas de ultrafiltracion, tanto con plantas piloto de
laboratorio como con un sistema semi-industrial. Para este estudio se
han seleccionado los efluentes procedentes del proceso de lavado

posterior a la tintura.

« Seguimiento de la evolucion del tratamiento hasta obtener un bafio con
una concentracion de colorante adecuada para su reutilizacién en un

nuevo proceso de tintura industrial.

45



Capitulo 2

« Reutilizacién del colorante indigo en nuevas tinturas.

2) Colorantes dispersos

Tratamiento de efluentes sintéticos que contienen colorantes dispersos

mediante técnicas de membrana (ultrafiltracion)

Tratamiento de efluentes industriales (previamente sometidos a un
tratamiento de homogenizacion-decantacién) con membranas de

ultrafiltracion con plantas piloto de laboratorio.

Tratamiento de los mismos efluentes industriales con un sistema semi-

industrial.

Estudio de reutilizacion del permeado en nuevas tinturas (monocromias

y tricromias).

Combinacion de técnicas de membrana y procesos fotocataliticos para

el tratamiento de efluentes que contienen colorantes dispersos.

En base a los objetivos planteados, los resultados se han estructurado en 5
capitulos que corresponden al mismo numero de articulos publicados. En
primer lugar, los capitulos 4 y 5 comprenden el estudio relativo al colorante
indigo. Finalmente, los resultados obtenidos en el tratamiento de efluentes con

colorantes dispersos se presentan en los capitulos 6, 7 y 8.
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Materiales y Métodos

MATERIALES Y METODOS

3.1- Colorantes y reactivos quimicos

Para la realizacidén de esta tesis se han seleccionados dos clases de colorantes: tina 'y

dispersos. Los colorantes tina son uno las clases mas populares en la industria textil,

especialmente el colorante indigo. Los colorantes dispersos se utilizan principalmente

en la tintura de fibras de poliéster, la mas consumida a nivel mundial.

La Tabla 3.1 se muestra la descripcion de los colorantes seleccionados para este

estudio. En la Figura 3.1 se representa la estructura quimica de los colorantes

registrados en el Colour Index.

Tabla 3.1- Colorantes utilizados en este estudio

Nombre Nombre Peso molecular

comercial Colour Index (g/mol)
Brilliant Red S-RGL 200 Disperse Red 202 472,88
indigo Vat Blue 1 262,27
Marine Blue S-2GRL 200 Disperse Blue 79:1 625,38
Rubine RD-GFL 200 Disperse Red 73 348,36
Yellow-Brown S-2RFL 150 Disperse Orange 30 450,27
Blue E-BL 150 Disperse Blue 56 304,69
Blue RD-S No registrado -

Brilliant Yellow RD-E 0.5

No registrado

Scarlet RD-S 0.5

No registrado

Black BLN 200

No registrado
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Figura 3.1- Estructura quimica de los colorantes: a) Indigo, b) Brilliant Red S-RGL 200, c) Marine Blue S-
2GRL 200, d) Rubine RD-GFL 200, e) Yellow-Brown S-2RFL 150 y f) Blue E-BL 150

Por otra parte, en la Tabla 3.2 se detallan los reactivos quimicos utilizados en el en la
preparacion de los efluentes sintéticos y también en el analisis de los efluentes

industriales.
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Tabla 3.2- Reactivos quimicos utilizados en este estudio

Producto Proveedor Calidad Uso
1-metil-2-pirrolidona Scharlau 99% Determinacion de indigo
Acido clorhidrico Scharlau 37% Ajuste pH
Acido sulfarico Scharlau 97% Limpieza membrana

Preparacion de efluentes
Agua descalcificada - < 5,4°f sintéticos y tinturas con
colorantes dispersos
Agua destilada Transpark 8,55 uS/cm Preparacion de disoluciones
Agua MILI-Q Millipore 0,98 uS/cm Preparacion de disoluciones
Cloroformo Scharlau 99% Determinacion de indigo
Dioxido de titanio Sigma- 99% Fotocatalizador
Aldrich
Ditionito sédico ACROS 85% Reduccién colorante indigo
EDTA Panreac 99% Determinacion dureza
Fenolftaleina Panreac 99% Determinacion alcalinidad
Ferroina Scharlau Analisis Determinacion DQO
E;);&;(i:(i;noferrato Panreac 99% Determinacion de indigo
Hidréxido sédico Scharlau 98,5% Ajuste pH y reduccién indigo
Kits spectroquant® Merck - Determinacion DQO
NN B Scharlau y 99% Qeterminacién colorantes
Merck dispersos
Negro de eriocromo T Panreac Analisis Determinacion dureza
Patron aniones Fluka Cromatografia Ej]t::(r;inacién cloruros y
Nitrégeno Air Liquide - Determinacion de indigo
Sal de Mohr Scharlau Analisis Determinacion DQO
Solucion A Scharlau Andlisis Determinacion DQO
Solucién B Scharlau Analisis Determinacion DQO
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3.2- Plantas piloto

Para el tratamiento y recuperacién de efluentes textiles se seleccionaron cuatro
membranas de ultrafiltracion de PVDF: ZeeWeed-1 (GE Power & Water, Canada),
UOF-1b (Motimo Membrane Technology, China), UOF-4 (Motimo Membrane
Technology, China) and FP-T0O008 (Motimo Membrane Technology, China),
referenciadas como ZW-1, U-1b, U-4 y FP-T, respectivamente. Se construyeron tres

plantas piloto de acuerdo a la geometria y las especificaciones de cada membrana.

Para el tratamiento fotocataliticos de los bafios sintéticos con colorantes dispersos se
seleccion6 una membrana de microfiltracién de polisulfona, fabricada por la empresa

Polymem (Toulouse-Francia).

Las principales caracteristicas de las membranas y de las plantas piloto utilizadas en
este estudio se presentan en el los capitulo 5-9, correspondientes a los resultados

obtenidos en el tratamiento de cada uno de los efluentes.

3.3- Efluentes industriales y baio sintéticos

Los efluentes que contenian colorante indigo fueron suministrados por la empresa
Tejidos Royo (Alcudia de Crespins-Valencia). Fueron recogidos del primer depdsito de
la etapa de lavado, después del proceso de tintura, y correspondian a diferentes

condiciones de tintura (tipo de fibra, concentracion de colorante, etc.).

Para el estudio de recuperacién de efluentes provenientes de empresas que utilizan
colorantes dispersos, se utilizaron las aguas residuales generadas en Vincolor S.A.

(Terrassa-Barcelona).

Finalmente, para simular los efluentes industriales después de la tintura con colorantes
dispersos se tuvieron en cuenta las siguientes consideraciones practicas: relacion de

bafio 1/20, intensidad 3% sobre peso de fibra y agotamiento del 95%.
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3.4- Parametros estudiados

A continuacion se presentan los parametros estudiados tanto para evaluar las tinturas

como para caracterizar los efluentes.

3.4.1- Evaluacion de las tinturas

Las diferencias de color (DEcuc(.)) se llevaron a cabo siguiendo la norma UNE-EN

ISO 105-J03 [3.1]. Para su determinacion se utilizd el iluminante D65 y observador
10°.

La ecuacion de DEcwc describe un entorno elipsoidal en cuyo centro se situa la
referencia (Figura 3.2) [3.2]

HUE

(Colour)

VALUE (How dark or light)

Figura 3.2- Coordenadas cromaticas

La diferencia de color se descompone en tres componentes:

& Claridad (L): puede tener valores entre 0 (negro) y 10 (blanco).
Croma (C): permite diferenciar las intensidades de un mismo color.

« Matiz (H): puede tener valores entre 0 y 360°. Representa el recorrido que hace

un tono hacia uno u otro lado del circulo cromatico.
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A partir de los diferentes valores de L, C y H se calculan los valores de DL, DC y DH
que indican las diferencias cromaticas entre dos muestras y que permiten calcular las

diferencias de color entre ellas (ecuacién 3.1):

DEcyc 2:1) = [(DL/2S1)*+(DCap/Sc)*+(DHan/Sh)2] " (3.1)

Para la evaluacion de las tinturas con colorante indigo también se llevaron a cabo
ensayos de solidez al frote y al lavado. La solidez al frote se determiné siguiendo la
norma UNE-EN ISO 105-X12 [3.3] y la solidez al lavado segun norma UNE-EN ISO
105-C10 [3.4].

3.4.2- Caracterizacion de los efluentes

Los efluentes fueron caracterizados tanto a la entrada como a la salida de los diversos
tratamientos con el fin de determinar su eficiencia. Los parametros fueron

determinados siguiendo el Standard Methods 22™ edition [3.5]:

& Para la determinacion de DQO se han utilizado las normas 5220 C (valoracion
con sal de Mohr) y 5220 D (colorimetria).

& El color de una muestra se determina siguiendo la norma 2120 B. La
determinacion se lleva a cabo mediante comparacion visual de la muestra con
soluciones de concentraciones conocidas de color.

# La dureza del agua se determiné mediante valoracion complejométrica con una
solucién estandar de acido etilendiamintetraacético (EDTA) segun método
2340 C.

& El pH y la conductividad se determinaron segin métodos 2510 B y 4500 H'B,
respectivamente.

&« La determinacion de aniones se llevd a cabo con un cromatdgrafo idnico
siguiendo la norma 4110 A.

&« Los sélidos en suspension y la alcalinidad se determinaron a partir de los

métodos 2540 D y 2320 B, respectivamente
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3.5- Equipos utilizados

Para l|a determinacion de la concentracion de colorantes se utilizd un
espectrofotobmetro de UV-visible Shimadzu UV-2401 (Figura 3.3).

Figura 3.3- UV-visible Shimadzu UV-2401

La concentraciéon de colorante indigo también se determiné mediante un valorador
automatico G20 de Mettler Toledo, equipado con un electrodo redox DM 140-SC
(Figura 3.4).

Figura 3.4- Valorador automatico G20

La conductividad y el pH fueron determinados usando un conductimetro GLP31

(Crison) y un pHmetro GLP21 (Crison), respectivamente (Figura 3.5)
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Figura 3.5- a) Conductimetro GLP31 y b) pHmetro GLP21

La determinaciéon de aniones se llevé a cabo mediante el cromatdgrafo iénico de
Dionex ICS-1000 equipado con un automuestreador AS (Figura 3.6). Para la

separacion de los aniones se utilizé la columna lonPac AS23 (Dionex).

Figura 3.6- Cromatdgrafo iénico Dionex ICS-1000

Las tinturas se llevaron a cabo en dos equipos: Ti-Color y Testherm 90-S. Para la
determinacion de las diferencias de color entre tinturas realizadas en los diferentes
estudios de reutilizaciéon del permeado se utilizaron los espectrofotdbmetros Macbeth
Colour Eye 7000A y MINOLTA CM 3600d (Figura 3.7).

Figura 3.7- a) Maquina de tintura Ti-Color y b) Espectofotometro Minolta CM 3600d
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A critical comparison of methods for the analysis of indigo in dyeing liquors and effluents

A CRITICAL COMPARISON OF METHODS FOR THE ANALYSIS OF INDIGO
IN DYEING LIQUORS AND EFFLUENTS

It was necessary to develop and validate an analytical method to determine the indigo
dye concentration in dye baths both before and after the membrane treatment in order
to establish the efficiency of the process. The method selected should be simple and

easily automated for industrial application.
This chapter has been published in Materials:

V. Buscio, M. Crespi, C. Gutiérrez-Bouzan. A Critical Comparison of Methods for the
Analysis of Indigo in Dyeing Liquors and Effluents. Materials 2014, 7, 6184-6193.

Abstract

Indigo is one of the most important dyes in the textile industry. The control of the indigo
concentration in dyeing liquors and effluents is an important tool to ensure the
reproducibility of the dyed fabrics and also to establish the efficiency of the wastewater
treatment. In this work, three analytical methods were studied and validated with the
aim to select a reliable, fast and automated method for the indigo dye determination.
The first method is based on the extraction of the dye, with chloroform, in its oxidized
form. The organic solution is measured by Ultraviolet (UV)-visible spectrophotometry at
604 nm. The second method determines the concentration of indigo in its leuco form in
aqueous medium by UV-visible spectrophotometry at 407 nm. Finally, in the last
method, the concentration of indigo is determined by redox titration with potassium
hexacyanoferrate [K;(Fe(CN)s)]. The results indicated that the three methods that we
studied met the established acceptance criteria regarding accuracy and precision.
However, the third method was considered the most adequate for application on an
industrial scale due to its wider work range, which provides a significant advantage

over the others.

Keywords: indigo  dye; method  validation; hexacyanoferrate titration;

spectrophotometric; dye baths; effluent
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4.1- Introduction

The denim industry constitutes an important part of the textile sector, with an estimated
world production of 10° blue jeans annually [4.1, 4.2]. The characteristic blue colour of
denim clothes is due to the indigo dye, which is used in the dyeing of cellulose fibres
[4.3, 4.4]. Indigo is one of the oldest natural dyes, although nowadays, due to the high

consumption of denim articles, most of them are dyed with synthetic indigo.

Indigo is insoluble in water, but soluble in polar organic solvents. Prior to the dyeing
process, it has to be reduced into its leuco form (soluble in water). Currently, the dye
reduction step is carried out with sodium dithionite in alkaline medium [4.3]. The
chemical structures of indigo dye and its leuco form (C4sH1oN.O,) are shown in Figure
41.

NaOH -
& e a
N a, N
_ raradl \
« \
N 0, N
R 9 H g
Indigo Leuco Indigo

Figure 4.1- Chemical structure of indigo dye and its leuco form

The main disadvantage of indigo is the fast oxidation of its leuco form in contact with
air. For this reason, some of the industrial dyeings are performed in nitrogen
atmosphere. In order to ensure the reproducibility and regularity of dyed yarns, it is also
important to evaluate the indigo concentration in the dye baths during the dyeing
process. The concentration of leuco form should be constant and it is regulated by

means of sodium dithionite addition [4.5].

It is estimated that at least 10 g of indigo are necessary for dyeing one pair of trousers
[4.1, 4.2] and 20% of the dye used is discharged in the wastewater generated during
the dyeing process. Based on this information, about two millions of tons are lost in the
effluents each year. Several authors have studied the treatment of wastewater that
contained indigo dye by either conventional techniques [4.6] or new proposals such as
a stirred tank reactor combined with fixed bed bioreactor [4.7], electrochemical

treatment with boron doped diamond anodes [4.8] and the use of ferrous oxalate as

62



A critical comparison of methods for the analysis of indigo in dyeing liquors and effluents

mediator in a photo-Fenton treatment [4.9]. In addition, interest in recycling waste
products has been extended to indigo-containing effluents. In this way, the U.C.O
Company from Belgium [4.10] and Porter et al. [4.11] studied the recovery of residual

indigo from wastewater using ultrafiltration technology.

The aim of the present work was to establish a reliable analytical method for the
determination of indigo dye concentration in both the dyeing baths and the residual
effluents. In the first case, the indigo must be evaluated during the dyeing process in
order to assess the level of dye oxidation. In the case of wastewaters, the analysis of

indigo is useful to evaluate the effluent quality and to establish the treatment efficiency.

Since 1967, several studies, summarized in Section 4.1.1, have been published for the
determination of indigo dye [4.12—4.17]. However, none of them were focused on
dyeing baths and effluents control and studies about reliability, reproducibility and

accuracy were not included.

4.1.1- Methods for the analysis of Indigo

As indicated, different analytical methods have been published for the analysis of
indigo dye in aqueous media. The main challenge is the low solubility of the dye in
water and common organic solvents. Generally, indigo is determined by UV-visible
spectrophotometry using different methods that involve treatment of the sample and
the addition of organic solvents such as dimethylsulfoxide [4.12], dichloromethane
[4.13], and pyridine [4.14]. Indigo has also been determined spectrophotometrically in
its leuco form [4.14] but an acceptable linearity was not obtained due to the fast
oxidation of the dye in contact with the air. The solvent addition prevents the indigo dye
oxidation in contact with the air and enables the analytical determination by UV-visible
spectrophotometry. Amperometric [4.15] and voltametric [4.16] methods for the
determination of indigo dye have also been reported. Among these methods, Gutierrez-
Bouzan et al. [4.14] studied the indigo dye extraction with chloroform and its further
determination at 605 nm by UV-visible spectrophotometry. This method is simple and

affords good linearity (up to 10 mg-L™").

The use of FIA (Flow Injection Analysis) has also been proposed for the analysis of

indigo in its leuco form by Merritt et al. [4.17] as a fast, simple and easy method.
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However, the main disadvantages of this technique are that it involves a real-time
analysis and requires specific equipment. In this study, three different solvents were
tested to solubilize the dye: N-methylpyrrolidone (NMP), 2-ethoxyethanol (TEE) and
triethanolamine (TEA). Although TEA provided good results, this method required the
addition of ferric sulphate to achieve the dye reduction, which causes problems in the
dyeing process. Both NMP and TEE solvents were found to be appropriate, but we
selected NMP because its structure is rather similar to pyridine, which was successfully
tested by Gutierrez et al. [4.12]

Moreover, Merritt et al. [4.17] investigated the method developed by the company
BASF. This method enabled the simultaneous analysis of indigo dye and sodium
dithionite, which is the main reducing agent used in the dyeing process. The
concentration of both compounds was determined by redox titration using potassium
hexacyanoferrate [K3(Fe(CN)s]. The semi-reactions that occur during the titration are

shown in reactions 4.1-4.3:

S,0,% + 40H™ — 28052 + 2H,0 + 2¢e” (4.1)
C16H1002N2" — C1eH1002N, + 26~ (4.2)

4Fe(CN)s>™ + 4e” — 4Fe(CN)s* (4.3)

The titration curve shows two inflection points. The first point is due to sodium dithionite
oxidation in the sample and the second one is attributed to indigo dye oxidation. The
indigo concentration is calculated from the difference of titrant solution volume between
the two points. This method was also selected and validated in this study due to its
simplicity and to the advantage of the double titration. In addition, specific equipment is

not required, although it can be used for automation purpose.

In the present work, three methods were studied for the determination of indigo dye in
textile effluents in order to select an accurate, fast and easy method, adaptable to

industrial processes.

The first one is based on the dye extraction with chloroform. The solution is

subsequently measured by UV-visible spectrophotometry at its Anax (604 nm). The
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second one is based on the determination of the indigo in its leuco form by UV-visible
spectrophotometry at its Amax (407 nm). In the third method, the concentration of indigo

was determined by redox titration using K3(Fe(CN)s) and an automatic titrator.

4.2- Experimental procedures

4.2.1- Reagents

Indigo dye (95%) and sodium dithionite (85%) were supplied by ACROS (Sentmenat,
Spain). Sodium hydroxide (98.5%) and potassium hexacyanoferrate (99%) were
obtained from Panreac (Castellar del Vallés, Spain). Chloroform (99%) and 1-methyl-2-

pyrrolidine (99.5%) were purchased from Scharlau (Sentmenat, Spain).

4.2.2- Apparatus

For this study, a Shimadzu UV-visible spectrophotometer UV-2401 (Shimadzu
Corporation, Kyoto, Japan) was used for all absorbance measurements. The titration
method was carried out in an automatic titrator G20 from Mettler-Toledo equipped with
a redox electrode DM 140-SC (Mettler-Toledo, L’Hospitalet de Llobregat, Spain), which
is a standard platinum electrode filled with a solution of 3 M potassium chloride and
saturated silver chloride. A nitrogen line was installed in order to exclude the oxygen

during the titration.

4.2.3- Analytical methods

Three methods have been selected to determine the indigo dye in dyeing liquors and

effluents.
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Method 1: Determination of oxidized Indigo by chloroform extraction and UV-visible

spectrophotometry

A calibration curve was made by dissolving the commercial dye powder in chloroform
to obtain five known concentrations. The indigo was not immediately solubilized in
chloroform; therefore standard solutions were placed in an ultrasonic bath for 10 min.
Complete dissolution of dye was achieved. Then the absorbance values were recorded
at Apax = 604 nm.

For determination of indigo in the aqueous samples, an extraction with chloroform was
previously performed. Then, the absorbance of the organic phase was measured at

Amax = 604 nm. The concentration was calculated from the calibration curve.

Method 2: UV-visible spectrophotometric determination of Indigo in its leuco form

This method involved the reduction of indigo using the following solution:

& 200 mL-L™" 1-methyl-2-pyrrolidine
& 10 g'L_1 N828204
& 13 mL-L"" NaOH 33% (w/v)

The calibration curve was obtained from six known concentrations. The absorbance of
the standard solutions was read at the maximum wavelength of the visible spectrum,
Amax = 407 nm.

The indigo content in the dyeing liquors and effluents was reduced, the absorbance of

the solution was measured and the concentration calculated from the calibration curve.
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Method 3: Redox titration

Indigo was determined in its reduced form. The reducing solution used for 1 g of indigo

was:

& 4 g'l__‘1 N328204
& 3mL-L”" NaOH 40% (w/v)

The solution was heated 50 + 5 °C for 30 min.

The dye should remain in the reduced form for 24 h to ensure the complete reduction
reaction. A few drops of anionic dispersant Setamol X-D were added to prevent the
aggregation of oxidized indigo molecules. Finally, the sample was titrated with a

solution of potassium hexacyanoferrate.

4.2.4- Validation method

The three methods were validated by means of several parameters [4.18—4.22]:
Linearity, applicability range, limit of detection (LoD), limit of quantification (LoQ),

accuracy and precision as repeatability and reproducibility.

A wide range of standard solutions of indigo dye (0 to 100 mg-L™") were prepared to
establish the range of work. The absorbance was plotted versus concentration and only
the standards which provide linear correlation were selected to establish the range of

work.

The LoD and LoQ were determined from 10 replicates of standard solution with
concentration close to the blank. They were calculated using the equations 4.4 and 4.5
[4.19]:

LoD = 3.3 - (%2) (4.4)
LoQ = 10 - (%) (4.5)
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where S, is standard deviation of the standard solution and b is the slope of the

calibration curve.

For methods 1 and 2 standard solutions of 0.12 mg-L™" were prepared. For method 3

standard solutions of 50 mg-L™" were prepared.

Accuracy was determined from the recovery of known amounts of indigo (200 and 300
mg-L™") added to an industrial effluent containing 132 mg-L™" indigo dye. Experiments

were carried out in duplicate. The recovery percentage was calculated and evaluated.

Repeatability (r) was evaluated from 10 replicates of a standard solution in the same
day. The standard solutions were 3.36 mg-L™" for method 1, 4.60 mg-L™" for method 2,
and 531 mg-L™" for method 3. The same procedures were carried out on three different
days to test reproducibility (R). Repeatability and reproducibility were expressed as

relative standard deviations (RSD, and RSDg, respectively).

Finally, the acceptance criteria were established before starting the validation analysis.

In this study the acceptance criteria are shown in Table 4.1.

The theoretical RSD, and RSDr were calculated using Horwitz equation [4.23].

Table 4.1- Acceptance criteria established in the validation study

Parameter Requirement
Linearity R%>0.99
Accuracy Recovery 80%-115%

Repeatability RSD; < 0.5 RSD, theoretical

Reproducibility RSDg < 0.5 RSDg theoretical
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4.3- Results and discussion

4.3.1- Validation test

Results of the validation are displayed in Table 4.2.

Table 4.2- Results obtained in the validation study

Parameter Method 1 Method 2 | Method 3
Range of linearity (mg-L™") 0-5.0 0-10.0 >16.7
LoD (mg-L™") 0.02 0.03 55
LoQ (mg-L™") 0.08 0.10 16.7
Accuracy (%) 89.4 99.8 83.7
RSD: (%) 5.17 1.37 2.65
RSDk (%) 0.47 0.44 0.60

According to Table 2, the best results were obtained using method 2, which involved

indigo determination in the leuco form using absorption spectroscopy.

Repeatability and reproducibility values obtained in the three studied methods were

under 6% and 1% respectively. The repeatability of method 1 was higher than the

others. This is probably due to the low solubility of the dye in chloroform.
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Regarding the accuracy test, the recovery obtained is shown in Table 4.3.

Table 4.3- Accuracy obtained for each level of concentration studied

Sample (mg-L™") | Indigo Added (mg-L™") Recovery (%)

Method 1: 96.7

132 200 Method 2: 95.3

Method 3: 84.2

Method 1: 82.1

132 300 Method 2: 104.4

Method 3: 83.4

Although method 3 gave lower dye recovery than methods 1 and 2, it did meet the
established acceptance criteria. In method 2, about 100% of recovery was achieved,
which demonstrates the high accuracy of this method. Method 3 showed similar
recovery for each level of concentration. However, in method 1, when 300 mg-L'1 of
indigo was added to the sample, the results exhibited lower recovery than when 200
mg-L™" was used. The effect of high indigo dye concentration in results of method 1 is

discussed in the Section 3.2.

The lowest range of linearity was obtained in method 1 due to the limited solubility of
the indigo dye in chloroform. However, method 3 can only be applied with an indigo

concentration above 16.7 mg-L™".

Finally, methods 1 and 2 exhibited similar LoD and LoQ. It is important to highlight the
LoQ obtained in method 3. Industrially, about 3—-4 g-L™' of indigo dye are used;
therefore, this method has an advantage with respect to the other ones: the samples
do not need a dilution step. In addition, redox titration does not require a previous
preparation of dye baths, because the dye is already in its leuco form due to the
addition of sodium dithionite in alkaline medium. Consequently, this method is much

faster than the other ones.
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4.3.2- Application of the methods to the analysis of effluents and dyeing liquors

Five industrial effluents supplied by the denim yarn factory “Tejidos Royo” (Alcudia de
Crespins, Valencia, Spain) were selected to evaluate the applicability of the three

studied methods.

Sample 1 was the wastewater generated in first washing step after the dyeing process.

Samples 2-5 were dye liquors collected during the dyeing process.

The indigo content in the samples was determined at least five times with each

method. The average results are shown in Table 4.4.

Table 4.4- Results from application of methods 1-3 to industrial samples

Indigo Dye Concentration (mg-L™")
Sample
Method 1 Method 2 Method 3
1 117 128 101
2 1300 1390 1290
3 780 940 800
4 1580 3080 3010
5 1700 4160 4060

The indigo concentration in industrial samples was unknown. As the validation tests
(Section 3.1) showed high accuracy using method 2, values obtained with this method

were selected as the reference levels.

From Table 3, it can be observed that method 2 provided the highest values for indigo
dye concentration. With low indigo concentration, method 1 provided similar results to
method 2. However, with high indigo concentration, method 3 exhibited similar results
to method 2, whereas method 1 should be discarded. These differences are probably
due to the high dilution rate, which produced errors in the determination and the low

solubility of indigo in chloroform.
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In summary, the three studied methods are suitable to be applied in the determination
of indigo dye in textile effluents which have lower indigo concentration. In the case of

dyeing liquors, methods 2 and 3 are more suitable (Figure 4.2).

Method 1: Determination by
Extraction Low Concentration UV-visible spectrophotometric
after chloroform extraction

Method 2: Determination of

Low Concentration Indigoin its leuco form by UV-
visible spectrophotometry

Reduction

High Concentration Method 3: Redox Titration

DETERMINATION OF INDIGO DYE

Figure 4.2- Scheme of the studied methods and their applicability

4.4- Conclusions

The validation process carried out in this work showed that all three studied methods
can be applied to the determination of indigo dye in both dyeing baths and wastewater

effluents.

Method 1 is the most laborious from the experimental point of view because it requires
a previous extraction of the indigo in chloroform and a posterior stabilization of the
sample in an ultrasonic bath. In addition, its low linearity range, between 0 and 5.0
mg-L™", implies generally a sample dilution before the spectrophotometric analysis.

Despite that, the method meets the acceptance criteria.

Method 2, based on the determination of indigo in its leuco form, exhibited the best
results in terms of validation parameters. About 100% of recovery is achieved, which
indicates the high accuracy of the method. In addition, the concentration range (0-10.0
mg-L™") is higher than in method 1, although the sample still required a dilution for the

determination.

72



A critical comparison of methods for the analysis of indigo in dyeing liquors and effluents

Method 3 showed the lower recovery value (84%), but its high range of linearity (from
16.7 mg-L™") provides a significant advantage respect the other two studied methods.
Moreover, it enables the simultaneous determination of sodium dithionite and indigo
dye concentrations, which are both important to ensure the reproducibility and
repeatability of the dyeing process. For these reasons, we consider that method 3 is
the most suitable for application on an industrial scale. It is also easy for automation
and the installation of an automatic titration provides a fast and simple way to control

the dyeing of liquors and efficiency of indigo removal after wastewater treatments.
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Sustainable dyeing of denim using indigo dye recovered with PVDF ultrafiltration membranes

SUSTAINABLE DYEING OF DENIM USING INDIGO DYE RECOVERED
WITH PVDF ULTRAFILTRATION MEMBRANES

This chapter shows the results obtained in the treatment of effluents which contained
indigo dye by means of ultrafiltration membranes. The concentrate was reused in new
dyeings. Spectrophotometric colour difference, dry rubbing and washing fastness tests
were determined to evaluate the feasibility of reusing indigo dye in new dyeing

processes.
This work has been published in Journal of Cleaner Production:

V. Buscio, M. Crespi, C. Gutiérrez-Bouzan. Sustainable dyeing of denim using indigo
dye recovered with PVDF ultrafiltration membranes Journal of Cleaner Production 91
(2015) 201-207.

Abstract

Indigo is one of the most consumed dyes in the textile sector, as it is widely used for
the dyeing of denim clothes. About 15% of indigo used in the dyeing process is
discharged to the wastewater treatment plants or sometimes into rivers, in countries

where regulations are not strictly applied.

In this work, real effluents that contained indigo dye were treated by means of 4
different ultrafiltration membranes. The feasibility to recover the concentrated dye with
lab and semi-industrial pilots was also investigated. The studied membranes achieved
up to 99% colour removal and 80% chemical oxygen demand (COD) decrease. Finally,
the concentrates containing 20 g-L” of indigo dye were reused in new dyeing
processes. Colour differences (DEcwc) and rubbing and washing fastnesses were
evaluated. Fabrics dyed with the recovered indigo concentrates exhibited similar

characteristics than the ones obtained with the commercial dye.

Keywords: dye recovery; indigo; reuse; membrane technology; ultrafiltration
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5.1- Introduction

The textile industry consumes a large amount of water in their processes, especially in
the dyeing and subsequent washing steps [5.1]. The wastewater generated is reported
to be in the range of 21-377 m® per ton of textile products [5.2]. In addition, the
wastewater generated from the textile industry is characterized by high colouration,

biological oxygen demand (BOD), chemical oxygen demand (COD) and salinity [5.3].

Physico-chemical and biological processes are currently applied to treat textile
wastewater [5.4]. In general, conventional biological treatment provides good COD
removal, but low efficiencies in discoloration due to the chemical stability and
resistance to microbiological attack of the dyes [5.5, 5.6]. Chemical coagulation is a
very common treatment but this method generates a sludge which requires an
additional treatment to be destroyed [5.7]. These methods are able to meet legislative
requirements but they do not enable water reuse in textile processes [5.8].Recently,
there are an increasing number of studies based on industrial waste reuse [5.9, 5.10]
and on water reuse [5.11]. In particular, advanced oxidation treatments have been

applied to achieve the reuse textile wastewater [5.12, 5.13].

Membrane technology is also an attractive alternative to treat and reuse textile

wastewater [5.14, 5.15], because it is able to remove many kind of dyes.

In general, studies published on membrane technology applied to textile effluents are
focused on the reuse of permeate [5.16-5.18]. Studies on concentrated dyes reuse are
very scarce. Although some types of dyes cannot be reused, the sulphur dyes and vat
dyes, especially indigo, are suitable to be recovered with membrane filtration because
they are insoluble in water and can be easily separated from the effluent. This is
especially interesting as the annual consumption of sulphur and vat dyes is about
120,000 t [5.19].

Indigo (C16H1oN20>) is one of the oldest known dyes and currently it still occupies an
important place in textile dyeing. Its importance is especially due to the popularity of

blue jeans, which are dyed with indigo [5.20, 5.21].

About 15% of the indigo used is lost during the dyeing process [5.22], but to our
knowledge, only two studies have been published on indigo dye reuse after membrane

technology treatment. Crespi [5.23] reported the recovery of the residual indigo from
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washing wastewater by ultrafiltration membranes in the Belgian company UCO. Porter
et al. [5.24] studied the recovery of indigo dye with a vinyl-sulfone membrane using a

multistage system, where the indigo concentration became progressively higher.

The aim of this work is to apply ultrafiltration membranes to effluents containing indigo
in order to achieve the dye reuse. Nowadays, polyvinylidene difluoride (PVDF) is the
most used material due to its thermal stability, high hydrophobicity, and resistance to
corrosion from many chemicals [5.25]. As far as we know, this material has not still
been applied to indigo wastewater treatment. Consequently, in this work different
PVDF hollow fibre ultrafiltration membranes were tested to treat effluents containing
indigo dye. The dye was firstly concentrated up to 20 g-L" and subsequently the
concentrate was reused in a new dyeing process. Fabrics dyed with the recovered
indigo were evaluated with respect to the reference ones (dyed with commercial indigo)
by means of spectrophotometric colour difference, dry rubbing and washing fastness

tests.

5.2- Experimental procedures

5.2.1- Reagents

Indigo dye (95%) and sodium dithionite (85%) were supplied by ACROS. Sodium
hydroxide (98.5%) was obtained from Panreac. Sodium hypochlorite solution (6-14%
chlorine active) was acquired from Sigma-Aldrich and 1-methyl-2-pyrrolidine (99.5%)

from Scharlau.

5.2.2- Wastewater

Three industrial effluents supplied by the denim yarn factory “Tejidos Royo” (Alcudia de
Crespins, Valencia, Spain) were selected to be treated. They were collected from the
first washing tank, after the dyeing process, and correspond to different type of fibres

and production periods.

The effluents used for the lab tests were preserved in a thermostated room at 20°C.

Before the membrane treatment, samples were pre-filtered (pore diameter 500 pm) in
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order to remove the higher size particles and fibres. The concentration of indigo was

immediately determined before and after the ultrafiltration.

5.2.3- Ultrafiltration module

In this work, four hollow fiber membranes were selected to carry out the indigo dye
UOF-1b (Motimo
Membrane Technology, China), UOF-4 (Motimo Membrane Technology, China) and
FP-T0008 (Motimo Membrane Technology, China), referred herein after as ZW-1, U-

recovery tests: ZeeWeed-1 (GE Power & Water, Canada),

1b, U-4 and FP-T, respectively. In Table 5.1 are described the main characteristics of

these membranes.

Table 5.1- Membranes characteristics

Membrane Configuration | Pore size (um) | Membrane Area (m?
U-1b External 0.04 0.5
ZW-1 Submerged 0.04 0.05
u-4 External 0.03 40
FP-T Submerged 0.1 1

Three pilot plants were built to position the different membrane modules, according to

their geometry and specific requirements.

Pilot 1 (Figure 5.1) was equipped with U-1b membrane. It was fed by a 100 L tank.
Peristaltic pumps were used for feed, permeate, and concentrate effluents. Pilot 2

operated in cycles of 15 minutes of filtration and 30 seconds of backwashing with

permeate.
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Figure 5.1- Pilot 1 with U-1b membrane. a) Feed tank, b) U-1b Membrane, c) Permeate tank

Pilot 2 (Figure 5.2) was designed to be equipped with ZW-1 module. The membrane
reactor was a 20 L cylindrical vessel. It was fed from a 20 L tank by a centrifugal pump.
A peristaltic pump was used for the permeate effluent. The membrane module had an
air inlet with the purpose to decrease the fouling. This pilot also operated in cycles of

15 minutes of filtration and 30 seconds of backwashing with permeate.

Air inlet — ®©

Figure 5.2- Pilot 2 with ZW-1 membrane. a) ZW-1 Membrane, b) Feed tank, c) Permeate tank

Pilot 3 (Figure 5.3) was a semi-industrial system designed to place two membrane
modules. The first one was the U-4 membrane able to concentrating up to 3 g-L™". The
volume of feeding tank was 1000L. The concentrate obtained was then applied as a
feed to FP-T module which volume was 100 L. In this way, the indigo was concentrated
until 20 g-L™". U-4 membrane operated in cycles of 30 minutes of filtration and 30
seconds of backwashing with permeate and FP-T membrane worked in cycles of 15

minutes of filtration and 30 second of backwashing.
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a -
g Concentrate

Permeate

Permeate

Concentrate with 3 g-L*!
of indigo dye

Figure 5.3- Semi-industrial system. a) Meshes, b) Feed tank, c) Control system, d) U-4 membrane, e) FP-T
membrane, f) Permeate tank

Finally, after each filtration process, membranes were cleaned with a sodium dithionite
alkaline solution (pH 11), followed by rinsing with a sodium hypochlorite solution (5

mg-L7).

5.2.4- Analytical methods and measurements

Permeate flux was determined by measuring the permeate volume collected in a
certain period of time and using the following equation (5.1):

|4

] = Ta (5.1)

Where J is the volumetric flux (L/m®h), A is the effective area of the membrane (m?)

and V is the collected volume in a time interval At (L/h).

Indigo removal (Rinsigo) Was calculated from concentrations of feed and permeates

using the equation 5.2:

Cr—C
Ringigo = < fo p) -100 (5.2)
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where C; and C, are the concentrations of indigo in feed and permeate respectively.
Indigo was reduced with a solution which contains sodium dithionite, sodium hydroxide
and 1-methyl-2-pyrrolidine and determined by UV-Vis spectrophotometry (Shimadzu
UV-2401) in the maximum of the visible spectrum (407 nm). The absorbance and dye

concentration were linear in the range between 0.10 and 10 mg-L™.

COD was determined according to the methods recommended by American Public
Health Association [5.26]. The COD reduction (Rcop) was calculated using the equation
5.3:

coD; — COD,
Rcop = —CODf - 100 (5.3)

where COD; and COD, are the COD values in feed and permeate respectively.

Finally, the conductivity and pH were determined using a Conductimeter GLP 31
(CRISON) and a pHmeter GLP 21 (CRISON) respectively [5.26].

5.2.5- Dyeing tests and dyed fabric evaluation

Dyeing experiments were carried out, with synthetic indigo dye and 100% recovered
dye, in a foulard designed especially for laboratory tests by Tejidos Royo. Cotton
fabrics were passed through a bath which contained the dyeing bath with 3 g-L™ of

reduced indigo and then exposed to the air.

The quality of fabrics dyed with indigo recovered was studied from colour differences
(DEcmcq)) and fastness to rubbing and washing respect to fabrics dyed with

commercial pre-reduced indigo dye.

Colour differences were measured using a Macbeth ColourEye 7000A
spectrophotometer according to the Standard UNE-EN ISO 105-J03 [5.27].

The equation for DEcuc.) describes an ellipsoidal volume with axes in the direction of
lightness (L), chroma (C), and hue (H) centered about a standard. Colour difference is

composed of three components:
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L)

Lightness component (DLcywc) that is weighted by the lightness tolerance
(DL*1SL). If DLcwc is positive, the reused dyeing is lighter than the standard. If

DL is negative, the reused dyeing is darker than the standard.

Chroma component (DCcuc) that is weighted by the chroma tolerance
(DC*ap/cSe). If DCcpmc is positive, the reused dyeing is more chromatic than the
standard. If DLcyc is negative the reused dyeing is less chromatic than the

standard.

Hue component (DHcwc) that is weighted by the hue tolerance (DH*.p/Sy). It
describes the difference between the hue angle of the standard and the hue

angle of the reused dyeing in a polar coordinate.

Colour difference is calculated from the equation 5.4:

DEcwmcy

o= [(DL*/ISL)*+(DC*a/cSc)*+(DH*2/Sk)*]) " (5.4)

The lengths of the semi axes of the ellipsoid are calculated from the values L*,, C*;pr

and hgp

R, that correspond to the reference as follows:

S.=0.040975 L*r/(1+0.01765 L*g) if L*r 216 or S;= 0.511 if L*g <16

Sc=[0.0638 C*,x/(1+0.0131 C*,,1)] + 0.638

Sy=(FT+1-F)S.

where

F=((C*abr)"/((C*abr)*+1900)) "2

T=0.36+10.4 cos(35+hapr)l if hapr = 345° Or hapr < 164°

or T=0.

56+ 10.2 coS(168+ hyp )l if 164° < hapr< 345°
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Colour fastness to rubbing was determined according to the Standard UNE-EN ISO
105-X12 [5.28]. This test determines the amount of colour transferred from the surface
of dyed fabric to other surface by rubbing. Colour fastness to washing was determined
following the Standard UNE-EN ISO 105-C10 [5.29]. Rubbing and washing fastnesses
are evaluated on a scale of 1-5, where value 1 indicates very low fastness and 5

corresponds to high fastness.

5.3- Results and discussion
5.3.1- Wastewater characterization

Before the membrane filtration study, the effluents were characterized. The
characteristics of each effluent (Table 5.2) depend mainly on the type of fibre and on

dyeing conditions.

Table 5.2- Effluents characterization

Parameter Effluent1 | Effluent2 | Effluent 3
Dyed Fibre Cotton Lyocell Cotton
pH 8.6 9.5 10.4
COD (mg-L™) 320 800 572
Conductivity (uS-cm™) 6751 7266 4230
Indigo (mg-L™") 58 118 82

As can be observed, the effluents generated by denim industry are mainly
characterized by its high pH and conductivity. The alkaline pH is attributed to the
dyeing process, as it requires pH between 11.5 and 12. The high conductivity is due to
the presence of sulphates, which are generated from the oxidation of sodium dithionite.

This reagent is used for the indigo reduction during the dyeing process.
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The two lab pilots cannot run simultaneously as they share the same air inlet. For this
reason, a different effluent was treated in each pilot. Effluent 1 was treated in U-1b

membrane (pilot 1) and effluent 2 in ZW-1 membrane (pilot 2).

The effluent 3 was treated in situ in Tejidos Royo. The semi-industrial system,

equipped with two ultrafiltration membranes, operated in the mill during 2 weeks.

5.3.2- Ultrafiltration experiments

Pilot 1 with U-1b membrane

The efficiency of the membrane process in the recovery of indigo dye from textile
effluents was determined by means of permeates characterization. Permeate samples

were taken and analysed daily.

It can be seen in Figure 5.4 that 96% dye removal was achieved. This result confirmed
the almost full retention of the dye in the concentrate, which indicated the high
efficiency of the ultrafiltration membranes in the recovery of indigo dye. In addition, the
COD removal was about 40%, increasing at the end of the experiment. A layer of dye
was formed on the membrane surface, which acted as a barrier and increased the
process efficiency. The increase of colour and COD removal along the treatment has

also been reported by different authors [5.30-5.33].
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Figure 5.4- Dye and COD removal with U-1b membrane
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The pH and conductivity values were 8.4 and 6720 uS-cm™ respectively, which
evidenced the low efficiency of the ultrafiltration membrane in ions removal. lons such
as sodium or sulphate pass through ultrafiltration membranes, therefore when the
permeate has to be reused, nanofiltration or reverse osmosis membranes must be

selected to remove inorganic ions.

After 5 days of operation, this pilot exhibited a remarkable membrane flux decrease up
to 57% (Figure 5.5), which was mainly attributed to the indigo layer formed on the
membrane surface. The classic washing was not able to remove this layer from the

membrane surface and to restore the initial membrane flux.

J (L-m-2-h-1)

0 T T T
0 5 10 15

t (days)

Figure 5.5- Flux values of U-1b membrane

Taking into account that higher size particles of effluent 1 were separated before
ultrafiltration treatment, it was concluded that the fouling observed in U-1b membrane
was due to its physical configuration as it is constituted by a packed column. This
structure complicates the washing process and results in the production of a cake of

indigo particles (Figure 5.6).
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Figure 5.6- U-1b membrane: a) Before the study, b) After the study

Thus, this type of membrane was only considered able to obtain concentrates up to 3
g-L"indigo dye. This concentration is high enough to be directly reused in new dyeing
processes. However, the automated dyeing process used in Tejidos Royo requires the
dosage of an initial dye bath of 20 g-L™". For this reason, the dye reuse study was not

carried out with the effluent treated with the U-1b membrane.

Pilot 2 with ZW-1 membrane

As in the previous section, permeate samples were taken and analysed daily. Along
the filtration process, 99% dye removal was obtained and no coloration was observed
in the permeate (Figure 5.7). In addition, at the end of the study, 80% COD removal
was also achieved. This phenomenon was also observed with U-1b membrane and it

was discussed in the previous section.
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Figure 5.7- Dye and COD removal with ZW-1 membrane

90



Sustainable dyeing of denim using indigo dye recovered with PVDF ultrafiltration membranes

The pH and conductivity values were 8.7 and 5027 uS-cm™' respectively.

Regarding the membrane behaviour, the fouling was controlled by measuring the
permeate flux during the treatment. The permeate flux was stable throughout the study,
that indicated low fouling on the membrane. The importance of the fouling in a
membrane process should be highlighted. In fact, membrane fouling has become in a
major obstacle to the further application of UF technology in water treatment [5.34],
because it causes a reduction in the permeability and therefore the maintenance cost
of the membrane is increased and its life time is reduced [5.35]. The washing step was
able to clean and recover the initial membrane flux value, which indicated that the cake
formed on the membrane surface was fully removed, although at the end of the study,
the membrane surface was just dyed with a blue coloration. The low fouling observed
in this pilot shows the feasibility of applying this type of membranes to recover indigo

dye.

The ZW-1 membrane enabled to obtain a concentrate containing 20 g-L™" indigo dye.
This concentration is adequate to be used in an automated dyeing process. Thus, the

indigo dye reuse study was carried out with this concentrated effluent (section 3.3).

Semi-industrial system

In the lab tests, both membranes provided almost full retention of indigo. For this
reason, in the semi-industrial study both membrane configurations were combined to
evaluate their behaviour at semi-industrial scale. The design of the semi-industrial pilot
was mainly based on practical considerations such as operational factors,
maintenance, cleaning and membrane cost. The first membrane (U-4) was able to
concentrate up to 3 g-L” and it was combined with a second membrane module (FP-T)
in order to achieve the 20 g-L™" as final concentration. The submerged configuration of
the second membrane enabled to reach the required dye concentration for the

automated dyeing process employed in Tejidos Royo.

Due to the high volume of effluent required, experiments of membrane characterization

were not carried out, to avoid interference in the production process of the company.

Permeate was characterized and at the end of the process. It was obtained 98% of dye

removal and 67% of COD decrease. As in the case of the first lab pilot; the layer of dye
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formed on the membranes surface increased the indigo dye rejection. The

concentrated was kept for the reuse tests (section 3.3).

With the semi-industrial pilot, dye removal results (98%) were into the range of lab
pilots (96-99%). COD removal (67%) was also found to be into the range of the lab
pilots (40-80%).

5.3.3- Indigo dye reuse

Indigo dye reuse tests were performed from solutions containing 20 g-L™ of indigo dye,
which correspond to concentrates of pilots 2 (lab scale) and 3 (semi-industrial). The
concentrate of pilot 1 was not included in this study as it did not meet the requirements

for the automatic dosage of the mill.

Dyeings obtained from the two concentrates were evaluated with respect to a reference
dyeing performed with commercial indigo. Their chromatic coordinates and colour

differences (DEcwmc (2:1)) are shown in Table 5.3.

Table 5.3- Colour differences values

Pilot plant DECMC (2:1) DL DC DH
ZW-1 membrane 0.84 -0.76 -0.26 0.22
Semi-industrial 1.19 -1.19 -0.31 -0.35

From these values it can be concluded that the main differences between colour of the
reference fabric and the ones dyed with reused indigo (DEcmc (2:1)) were mainly due to
the influence of DL. Thus reused dyeings had similar chroma (C) and hue (H), but they
exhibited more differences on the intensity values (L). In addition, the negative value of
DL means that dyeings with indigo recovered were darker than the reference. This fact
was attributed to dispersant that can be retained with the indigo dye. It is necessary
either determine the amount of dispersant in the concentrate and adjust it or decrease

the dye concentration of the bath to obtain the same intensity. Both cases provide an
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important advantage from the economical point of view. This study is been currently

carried out.

The indigo recovered with pilot ZW-1 membrane provided DEcyc (2:1) lower than 1,
which is considered the acceptance limit of most industrial dyeing processes. However,
in the denim industry the acceptance limit can be higher than 20% (1.2), as generally
fabrics are submitted to subsequent bleaching or sandwashing processes. For this
reason, DEcmc 2.1y corresponding to the semi-industrial test, is also considered

acceptable.

Fastness properties are also an important factor to be considered in textiles. In this

case, colour fastnesses to washing and rubbing were evaluated (Table 5.4).

Table 5.4- Colour fastnesses to washing and rubbing values

Pilot plant Washing Rubbing
Reference 4 2
ZW-1 membrane 5 2
Semi-industrial 5 2

Both, dyeings with reused and dyeings with commercial dye exhibited the same
rubbing fastness. Fabrics dyed with recovered indigo showed higher values of washing
fastness than the fabric dyed with commercial indigo. This difference could probably be
attributed to the higher amount of dispersing agent in the recovered dyeing bath (part
of the dispersant may probably be retained with the dye). This point is under research

and should be confirmed by further investigations.
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5.3.4- Permeate reuse

Although the aim of this work was the indigo dye reuse, it is important to highlight the

quality of the permeate obtained after the membrane treatment (Table 5.5).

Table 5.5- Permeate characterization

. Dye concentration Conductivity 1
Pilot Plant 1 pH . COD (mg O,-L")
(mg-L") (HS-cm™)
U-1b membrane 1.8 8.6 6750 230
ZW-1 membrane 1.3 8.7 5028 239

Both membranes provided permeates with similar characteristics: very low dye
concentration (<2 mg-L™") and low organic matter content (<250 mg-L™"). According to
the mill experience (Tejidos Royo), these values enable to reuse the effluent in a new

indigo dyeing process directly or partially diluted.

Permeate reuse is an important challenge. It is estimated that the annual consumption
of fresh water in the textile industry at the European level is 600 million m® [5.36].
Regarding the denim industry, Chico et al. [5.37] reported that about 3000 m® of water
is needed per trouser from fibre production stage to fabric production. Despite the
clear benefits of water reuse, its implementation is still not a common practice in the

textile sector.

5.4- Conclusions

Indigo dye from wastewater can be successfully removed by means of PVDF

ultrafiltration membranes.

Among the studied membranes, the external hollow fibre module (U-1b membrane)
was able to treat wastewater containing indigo dye and it enabled to concentrate the
dye up to 3 g-L™". Higher concentration was discarded due to the fouling on the

membrane surface. This concentration is acceptable when the effluent is directly
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reused. The U-1b membrane allowed obtain a permeate free of dye (96% dye removal)
and a 40% COD reduction.

According to the results, the submersible hollow fibre module (ZW-1 membrane)
enabled to obtain a concentrate with 20 g-L™" indigo dye, which is the required
concentration for automated dyeing processes. In addition, the permeate

characterization showed 99% dye retention and 80% COD reduction.

The study in semi-industrial system showed that the combination of external and
submerged PVDF membranes was able to treat wastewater that contained indigo dye.

The COD and dye removal obtained was 67 and 98% respectively.

Finally, the study of indigo dye reuse carried out with the concentrate obtained in both
submersible hollow fibre module and semi-industrial system, showed the feasibility of
the membrane technology to recover indigo dye. The dyeing made with recovered dye

exhibited similar characteristics than dyeing with commercial dye.
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APPLICATION OF PVDF ULTRAFILTRATION MEMBRANES TO TREAT
AND REUSE TEXTILE WASTEWATER

This chapter shows the results obtained in the treatment of synthetic effluents which
contained disperse dyes by means of ultrafiltration membranes at laboratory scale. The
permeate was reused in new dyeings. Fabrics dyed with the reused effluent were
evaluated respect to references carried out with softened tap water by means of

spectrophotometric colour differences.
This work has been published in Desalination and Water Treatment:

V. Buscio, M. Crespi, C. Gutiérrez-Bouzan. Application of PVDF ultrafiltration
membranes to treat and reuse textile wastewater. Desalination and Water treatment
(2015), DOI: 10.1080/19443994.2015.1021854.

Abstract

In this work, the feasibility of polyvinylidene difluoride (PVDF) ultrafiltration membranes
to treat textile wastewater was studied. The C.I. Disperse Orange 30 and C.|. Disperse

Rubine 73 were selected as pollutant for the membrane filtration study.

The results showed about 90% and 96% of COD decrease and dye removal,
respectively. In addition, very low fouling was observed which demonstrated the

feasibility of applying this type of membranes to treat textile wastewater.

Finally, after the membrane treatment, 100% of the obtained permeate was reused.
Fabrics dyed with the reused water were evaluated respect to references carried out
with softened tap water. No significant colour differences were observed between

reference fabrics and the fabrics dyed with the permeate.

Keywords: Textile wastewater; Disperse dyes; Water reuse; Colour removal;

Membrane treatment
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6.1- Introduction

Dyes are widely used in different industries such as textile, leather, paper, plastics, and
food [6.1, 6.2]. There are more than 100,000 different synthetic dyes and their annual
production is about 7-105 tons [6.3]. Particularly, the textile industry consumes 107 kg
of dye per year [6.4] and 15% of dyes consumed are discharged into the textile

wastewater [6.5] causing serious problems upon aquatic flora and fauna [6.6].

Dyes are classified according to their chemical structure and how they are applied in
the dyeing process [6.7]. The most common dyes are reactive, acid, direct, vat and
disperse [6.8, 6.9]. Disperse dyes are non-ionic aromatic compounds with low solubility
in water [6.10]. They are widely used in the dyeing of polyester fibre. This fibre

represents about the 50% of the total world textile fibre consumption [6.11].

In general, dyes are difficult to remove because they are stable to light and oxidizing
agents, and with low biodegradability [6.12, 6.13]. The most used technologies to treat
wastewater containing dyes are based on biological [6.14, 6.15] or/and physical-
chemical processes [6.16—6.18]. Although these treatments are able to meet legislative
requirements, they do not allow water reuse in textile processes [6.19, 6.20]. The reuse
of textile wastewater is an important challenge since between 60 and 100 L of water
are needed to produce a kilogram of textile product [6.21]. Other treatments such as
photo-fenton [6.22], photocatalytic [6.23] and electrochemical [6.24] have been studied.
These methods provided high colour removal but the generation of by-products and the

high cost are their main limitations [6.25].

Membrane technology has shown great potential to treat textile wastewater as it can be
applied to remove different kind of dyes. In addition, it allows both the reuse of auxiliary
chemicals and some concentrate dyes [6.26] and produces a permeate with high
quality, which can be reused in new textile processes [6.27]. In general, reverse
osmosis (RO) [6.28, 6.29] and nanofiltration (NF) membranes [6.30, 6.31] are the most
studied in the treatment of effluents containing dyes. The main limitation of membrane
processes such as NF and RO is the decline of permeate flux caused by the
accumulation of particles on the membrane surface [6.32]. This phenomenon is
especially observed in RO membrane resulting in an increase of the treatment cost
[6.33, 6.34]. Ultrafiltration membranes (UF) exhibit low fouling and high efficiency to

separate chemicals with high molecular weight or insoluble dyes like disperse.
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On the basis of these considerations, the aim of this work is study the feasibility of
PVDF ultrafiltration membranes to treat textile wastewater containing disperse dyes.
Two different disperse dyes, C.l. Disperse Orange 30 (DO30) and C.I. Disperse Rubine
73 (DR73) were selected for the membrane filtration study. Subsequently, the
permeate was reused in new polyester dyeings. Finally, fabrics dyed with the reused

effluent were evaluated respect to references carried out with softened tap water.

6.2- Experimental procedures

6.2.1- Reagents

Two disperse dyes provided by Archroma-Spain were selected for the study of
permeate reuse: C.l. Disperse Orange 30 and C.l. Disperse Red 73. Figure 6.1 shows

their chemical structures.

cl CH,CHoCN CN £H2CHs
NQN ’!\l N\
O5N N’ 'C,H40COCH3 O,N N CH,CH.CN
cl
C.I Disperse Orange 30 C.I Disperse Red 73

Figure 6.1- Chemical structure of C.I. Disperse Orange 30 and C.I. Disperse Red 73

To determine the dye concentration in the permeate, N,N-dimethylformamide (purity

99.5%, Scharlau) and softened tap water were used as solvents.
The pH of synthetic effluents dye baths was adjusted with NaOH and HCI.

Sodium hypochlorite solution (6-14% active chlorine) acquired from Sigma-Aldrich was

used for the membrane cleaning.
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6.2.2- Synthetic effluents preparation

To simulate the effluents discharged after the dyeing process, four solutions of either

DO30 or DR73 were prepared in softened tap water. The pH of the effluents was

adjusted at 6.0-6.5. The main characteristics of the effluents used in this study are

shown in Table 6.1.

Table 6.1- Effluents characterization

Dye | pH | Conductivity (uS-cm™) | COD (mg-L") | Dye concentration (mg-L™)
6.4 1321 120.6 77.4
D030
6.2 1359 102.5 76.1
6.4 1557 106 77.2
DR73
6.3 1438 109 77.8

6.2.3- Membrane treatment

In this work, a PVDF hollow fibore membrane module ZeeWeed-1 (ZW-1) (GE Power &

Water, Canada) was used. Its main specifications and operation characteristics are

shown in Table 6.2.

Table 6.2- ZW-1 Specifications

Model ZW-1, Submersible Module
Configuration Outside / In hollow Fiber
Membrane Surface 0.05 m?
Pore size 0.04 pm
Maximum Transmembrane Pressure (TMP) 0.62 bar
Typical Operating TMP 0.1-0.5 bar
Maximum TMP Back Wash 0.55 bar
Operating pH range 5-9
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A laboratory scale reactor was built to position the membrane module, according to its
geometry and specific requirements (Figure 6.2). The membrane reactor was a 20 L
cylindrical vessel. It was fed from a 20 L tank by a centrifugal pump. A peristaltic pump
was used for the permeate effluent. The membrane module had an air inlet with the
purpose to decrease the fouling. The laboratory scale reactor operated in cycles of 15

minutes of filtration and 30 seconds of backwashing with permeate.

R 5

Figure 6.2- Laboratory scale reactor

The membrane treatment was carried out at constant TMP (0.2 bar) and at room

temperature. A concentration factor of 10 was selected for this study.

Finally, after each filtration process, the membranes were cleaned with a sodium
hypochlorite solution (5 mg-L™).

6.2.4- Permeate reuse

The reuse dyeing tests were performed in a laboratory Ti-Color dyeing machine
(Integrated Color Line) under the following conditions: 10 g of polyester fabric, dye
concentration 3% o.w.f (over weight of fibre) and liquor ratio 1:20 (1 g fibre/20 mL dye

bath). The dyeing method conditions are shown in Figure 6.3.
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Figure 6.3- Dyeing method

6.2.5- Analytical methods and measurements

The permeate flux was determined to evaluate the membrane fouling. It was
determined by measuring the permeate volume collected in a certain period of time
(Equation 6.1)

=7 (6.1)

Where J is the permeate flux (L-m?-h”"), A is the effective area of the membrane (m?)

and V is the collected volume in a time interval At (L-h™).

The dye removal (%Rqy.) Was calculated from concentrations of feed and permeate
using the Equation 6.2:

-C

YR 4o = &%) 100
0fdye = Cf (6.2)

where Cr and C, are the concentrations of dye in feed and permeate, respectively. The
dye was dissolved in an aqueous solution, which contained N,N-dimethylformamide
1:1, and determined with UV-Vis spectrophotometer UV-2401 (Shimadzu Corporation)
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at the maximum wavelength of the visible spectrum (430nm for DO30 and 528nm for

RD73). For each dye, the calibration curve was:

DO30: Abs = 0.0235-conc — 0.0046 and R? = 0.9997

DR73: Abs = 0.0483-conc — 0.0087 and R? = 0.9996

COD was determined according to the methods recommended by American Public
Health Association [6.35]. The COD reduction (%RCOD) was calculated using the
Equation 6.3:

Reop = (S22 =C0P) 14 6.3

where CODf and CODp are the COD values in feed and permeate respectively.

The conductivity was measured following the method 2510 B [6.35] with a conductivity
meter GLP 31 (CRISON). The pH was determined according to the method 4500 H+B
[6.35] using a pH meter GLP 21 (CRISON).

The quality of dyed fabrics was studied from colour differences (DEcuc(.)) USing a
MINOLTA CM 3600d spectrophotometer. The difference in colour was determined in
conformity with the Standard UNE-EN ISO 105-J03 [6.36]. A dyeing is considered
acceptable when the DEcuc(.) value is lower than 1, measured with Macbeth Colour

Eye 7000A spectrophotometer with respect to a reference sample.
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6.3- Results and discussion

6.3.1- Membrane treatment

The synthetic dye baths were treated by means of an ultrafiltration membrane
laboratory scale reactor. The trans-membrane pressure was set at 0.2 bar. Along the
filtration process, the permeate flux remained at 20.9 L-m?-h™ and 21.7 L-m?-h™ for
DO30 and DR73 respectively. The low fouling observed in this laboratory scale reactor

showed the feasibility of applying this type of membranes to treat textile effluents.

The efficiency of the membrane process in the treatment of textile effluents containing
disperse dyes was determined by means of permeate characterization. Permeate

samples were taken and analysed daily.

Both effluents showed similar behaviour producing high quality permeate. The pH and
conductivity values did not change with respect to the initial effluent due to the low

retention of inorganic ions by ultrafiltration membranes.

The treatment of DR73 showed 92% COD reduction and 97% dye removal (8.5 mg-L”
and 2.8 mg-L™ respectively). Similar results were also achieved for the DO30 effluent:
90% of COD decrease (10.5 mg-L™") and 95% of dye removal (3.8 mg-L™).

6.3.2- Selection of reference fabric

Replicates of same dyeing can exhibit slight differences in their colour coordinates. For
this reason, before the permeate reuse study, it is important to select properly for each
dye the reference fabric. With this purpose, colour differences were measured and

compared between replicates. All experiments were run in triplicate.

Table 6.3 shows the values of DEcwc(:1y, DL, DC and DH for fabrics dyed with DO30
and softened tap water. As it was expected, low values of DEcwcp:.1y Were found
between replicates (<0.4). According to the results, the lowest DEcyc2:1) were found
when replicates 1 and 3 were compared with the replicate 2. For this reason, the
replicate 2 was selected as the reference fabric for DO30 dye and it was used with this

purpose in the permeate reuse study.
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Table 6.3- Colour differences obtained in reference fabrics dyed with DO30

DEcwc (2:1 1 2 3 DL 1 2 3
1 * 0.18 0.38 1 * -0.03 -0.13
2 0.13 * 0.21 2 0.03 * -0.10
3 0.28 0.22 * 3 0.13 0.14 *
DC 1 2 3 DH 1 2 3
1 * -0.06 -0.13 1 * -0.17 -0.34
2 -0.10 * -0.07 2 0.08 * -0.17
3 -0.03 -0.11 * 3 0.24 0.12 *

The same procedure was carried out with DR73 dye (Table 6.4). In this case, DEcuc(2:1)
were higher than DEcuc:.1y with DO30 which means that the reproducibility of fabrics
dyed with DR73 was lower. This fact was taken into account to evaluate the feasibility

of permeate reuse. The replicate 1 was selected as the reference for DR73 dye.

Table 6.4- Colour differences obtained in reference fabrics dyed with DR73

DEcwc 21y | 1 2 3 DL 1 2 3
1 3 063 | 0.19 1 g 041 | -0.08
2 0.55 * 0.59 2 0.34 * 0.33
3 028 | 065 J 3 0.00 | -0.29 J
DC 1 2 3 DH 1 2 3
1 * -0.38 | 0.08 1 * 028 | 0.15
2 0.28 J 0.47 2 -0.33 g -0.14
3 019 | -0.58 * 3 -0.20 | -0.10 *
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6.3.3- Permeate reuse

The treated effluents were used in order to study the feasibility of the permeate reuse.
The dyeings were carried out with 100% of permeate. Dyeings obtained were

evaluated with respect to a reference dyeing (selected in section 6.3.2).

Table 6.5 exhibits the values measured in the permeate reuse study. Fabrics
referenced as 1-3 were dyed with the permeate obtained in the treatment of synthetic
effluents containing DO30 dye. Fabrics referenced as 4-6 used permeate from

synthetic effluents containing DR73 dye.

Table 6.5- Colour differences values in the permeate reuse study

DO30 dye DR73 dye
DEcwczty | DL | DC | DH DEcwczny | DL | DC | DH
1 054 |-0.23|-0.49 | 0.04 065 |-0.29 | -0.58 | -0.10
2 055 | -0.26 | -0.32 | -0.37 066 | -0.41 | -0.51 | -0.09
3 064 | -0.36 | -0.39 | -0.36 072 | -0.37 | -0.62 | 0.01
4 0.84 | 0.38 | 0.32 | 0.67 083 | 013 | 0.73 | 0.38
5 087 | 042 | 0.34 | 0.68 083 | 047 | 067 | 0.13
6 0.82 | 044 | 029 | 0.63 077 | 025 | 0.72 | 0.03

From Table 6.5, it can be observed that dyeings showed DEcwuc2.1) lower than 1, which
is the maximum value accepted at industrial scale. For dyeings 1-3, DEcuc(2:1) values
were mainly due to the influence of DC. The negative values of DC and DL mean that

dyeings were less chromatic and darker than the replicates.

Regarding dyeings 4-6, fabrics dyed with permeate from synthetic effluents containing
DR73 dye, exhibited DEcuc:1) higher than dyeings 1-3. This fact could be attributed to
the reproducibility of the dyeings with this dye, which it was discussed in section 3.2. In

this case, the three components (DL, DC and DH) have influenced in the value of
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DEcwmc:1). The positive values of DC and DL mean that dyeings were more chromatic

and lighter than the replicates.

6.4- Conclusions

Synthetic textile effluents containing disperse dyes were treated by means of PVDF

ultrafiltration membrane.

The membrane treatment provided up to 90% and 96% of COD decrease and dye

removal, respectively. In addition, no fouling was observed during the experiments.

According to the results in the permeate reuse study, the dyeing performed with 100%
of permeate exhibited similar characteristics than dyeing with softened tap water. The
colour differences values were lower than 1 and therefore they met the established
acceptance range. Due to the huge amounts of water consumed in the textile industry,

the feasibility of UF membranes to treat and reuse textile effluents is a promising result.
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REUSE OF TEXTILE WASTEWATER AFTER HOMOGENIZATION-
DECANTATION TREATMENT COUPLED TO PVDF ULTRAFILTRATION
MEMBRANES

This chapter shows the results obtained in the treatment and reuse of wastewater
generated by a textile mill specialized in polyester dyeing. The wastewater was treated
by coupling a homogenization-decantation treatment with two polyvinylidene difluoride
(PVDF) ultrafiltration membranes at laboratory and at semi-industrial scale. The
permeate was reused in both monochromies and trichromies and fabrics dyed with the

reused water were evaluated respect to references.
This work has been published in Chemical Engineering Journal:

V. Buscio, M.J. Marin, M. Crespi, C. Gutiérrez-Bouzan, Reuse of textile wastewater
after homogenization-decantation treatment coupled to PVDF ultrafiltration

membranes, Chemical Engineering Journal 265 (2015) 122-128

Abstract

The textile industry is one of the largest consumers of water in the world and its
wastewater is a serious problem when it is discharged without the proper treatment. In
this work, wastewater generated by textile industry was treated coupling a
homogenization-decantation treatment with polyvinylidene difluoride (PVDF)

ultrafiltration membranes.

Initially, the wastewater was aerated in a homogenization-decantation tank where 17%
colour and 10% chemical oxygen demand (COD) were removed. The aerated effluent
was treated with an ultrafiltration membrane in order to reuse the permeate in new
dyeing processes. Firstly, the ultrafiltration treatment was performed in a laboratory
plant. The permeate analysis showed 20% colour removal and 60% COD decrease.
On the basis of these results, a semi-industrial system was built. With this plant, the
permeate characterization showed similar results. The system was found to be

scalable and suitable for the treatment of this kind of effluents.
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Finally, new dyeings were performed with both permeates. Monochromatic dyeings
were carried out with 100% permeate whereas 50% permeate was reused for dyeings
with a mixture of three dyes. The colour differences were found to be lower than 1.5,

which was the acceptance value established.

Keywords: real textile wastewater; permeate reuse; ultrafiltration; dyeing process;

membranes

7.1- Introduction

The textile industry is characterized by high water consumption. Up to 100 L of water
are required to produce a kilogram of textile product [7.1]. Wastewater from textile
industry contains different kind of dyes and chemical additives [7.2, 7.3], which cannot

be easily degraded.

The most applied wastewater treatments are based on biological or physical-chemical
processes. In general, conventional biological treatment provides good chemical
oxygen demand (COD) removal, but low efficiencies in discoloration due to the
chemical stability and resistance to microbiological attack of the dyes [7.4, 7.5].
Chemical coagulation can remove the colour completely, but it generates a sludge
which requires an additional treatment to be destroyed [7.6, 7.7]. These methods are
able to meet legislative requirements but they do not allow water reuse in textile

processes [7.8].

Advanced oxidation treatments such as photo-fenton [7.9], photocatalytic [7.10] and
electrochemical [7.11] have been studied in order to improve the efficiency in colour
removal. Good results were obtained although they were found to be quite expensive
[7.2]. Membrane technology is nowadays an attractive alternative to treat textile
wastewater. In general, nanofiltration [7.12-7.14] and reverse osmosis [7.15]
membranes have been studied to treat textile effluents. Its main advantage is that they
can be applied to remove many kind of dyes, producing a concentrate, where dyes are
retained, and a permeate free of dyes. Some studies have be focussed on the reuse of
dyes concentrate [7.16] but the reuse of permeate in new processes is more

advantageous.
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Direct feed to membrane modules can produce irreversible fouling. As a result, the
maintenance cost of the membrane is increased and its life time is reduced [7.17]. If
advanced treatments like membrane technologies are combined with conventional
processes, the quality of the effluent treated is good enough to be reused [7.18] and
the fouling observed decreases. Generally, the combination of membranes process
with coagulation-flocculation [7.19-7.22] and biological treatments [7.2, 7.3, 7.23] have

been studied.

The reuse of textile wastewater is an important challenge, especially the effluents from
polyester dyeing. In fact, the liquor ratio (amount of fibre/water) for conventional dyeing
of polyester fabrics is generally 1:10 — 1:20, that implies the use of 10-20 ton water for
each ton fabric. In addition, the consumption of polyester fibre has increased
dramatically in the lasts years. Nowadays this fibre represents about the 50% of the
total world textile fibre consumption and it still has an increasing demand [7.24]. Taking
into account these considerations, this work is focused on the treatment and reuse of
wastewater generated by a textile mill specialized in polyester dyeing. The wastewater
was treated by coupling a homogenization-decantation treatment with two
polyvinylidene difluoride (PVDF) ultrafiltration membranes. The permeate was reused
in new polyester dyeings. Finally, fabrics dyed with the reused water were evaluated

respect to references carried out with softened tap water.

Several authors have published studies about treatment of textile effluents by
membranes technologies. In these studies, after exhaustive analyses of the treated
effluents, they conclude the suitability of permeate to be reused. But, to the best of our
knowledge, a complete study of permeate reuse in new dyeings, both at laboratory and

industrial scale, has not been yet carried out for any of them.

7.2- Experimental procedures

7.2.1- Reagents

Nine Foron disperse dyes provided by Archroma-Spain were selected for the study of
permeate reuse: Blue RD-S (referred as FB), Brilliant Red S-RGL 200 (FR), Brilliant
Yellow RD-E 0.5 (FY), Marine Blue S-2GRL 200 (FM), Rubine RD-GFL 200 (FRU),
Scarlet RD-S 0.5 (FS), Black BLN 200 (FBL), Yellow-Brown S-2RFL 150 (FYB) and
Blue E-BL 150 (FB150). Figure 7.1 shows the available structures of the dyes FYB,
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FRU, FB150, and FR. The structures of the other dyes have not been already

published.
a) b]
CN HaCH
[ N,ca;cn,cu N @ Nic 2CH3
0, N’ j €,H40COCH; 0; N CH,CH,CN
cl
) OH O NH, d)
| CHaCH,CN
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H3COCHN
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Figure 7.1- Chemical structure of a) Yellow-Brown S-2RFL 150 (FYB), b) Rubine RD-GFL 200 (FRU), c)
Blue E-BL 150 (FB150), d) Brilliant Red S-RGL 200 (FR)

Sodium hypochlorite solution (6-14% active chlorine) acquired from Sigma-Aldrich was

used for the membrane cleaning.

7.2.2- Wastewater

The textile effluents were supplied for the mill Vincolor (Terrassa, Spain). The effluents

were collected after the dyeing processes during different days.

The dyeing process takes place in different steps as it is shown in Figure 7.2.

. Washing
rioe cleaning. [ 3 "caiSeuing) L om0 L romove unved

dye

Figure 7.2- Scheme of the dyeing process
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The main characteristics of the wastewater which was discharged

homogenization-decantation treatment are presented in Table 7.1.

into the

Table 7.1- Characteristics of wastewater discharged into the homogenization-decantation treatment

Parameter Feed
pH 6.9
COD (mg-L™) 806
Conductivity (uS-cm™) 1825
Alkalinity (°F) 15
Colour (mg Pt-Co-L™) 300
SS (mg-L™) 112
Hardness (°F) 5
CI' (mg-L™" 270
S0,* (mg-L™") 387

7.2.3- Homogenization-decantation treatment

The treatment was carried out in a homogenization tank (V=200m?®), where the
wastewater generated in the different steps of the dyeing process, was discharged.
The Hydraulic Retention Time (HRT) was 2.5 days. A screening process was applied to

the effluents before the homogenization treatment in order to remove residual fibres.

A cylindro-conical clarifier (V=18 m®) was placed after the treatment.

7.2.4- Ultrafiltration modules

In this study, two hollow fibre membranes modules were studied: UOF-1b (Motimo
Membrane Technology, China) and UOF-4 (Motimo Membrane Technology, China),
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referred herein after as U-1b and U-4, respectively. In Table 7.2 are described the main

characteristics of these membranes.

Table 7.2- Membrane characteristics

Membrane | Pore size (um) | Membrane Surface (m?)

U-1b 0.04 0.5

uU-4 0.03 40

Two pilot plants were built to accommodate the membrane modules, according to the

geometry and specifications of each membrane (Figure 7.3).

The pilot 1 was equipped with U-1b membrane. It was fed by a 100 L tank. Peristaltic
pumps were used for feed, permeate, and concentrate effluents. The pilot operated in
cycles of 15 minutes of filtration and 30 seconds of backwashing with permeate. The
pilot 2 (Figure 4) was a semi-industrial system with U-4 membrane. Before the
membrane module, two meshes (500 and 200 um) were placed to remove the high
particle size. The volume of feeding tank was 1000L. The membrane worked in cycles

of 30 minutes of filtration and 30 seconds of backwashing with permeate.

Figure 7.3 — Ultrafiltration modules: a) Pilot 1 with U-1b membrane, b) Semi-industrial system
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Finally, after each filtration process, the membranes were cleaned with a sodium

hypochlorite solution (5 mg-L™).

7.2.5- Analytical methods and measurements

The permeate flux was determined to evaluate the membrane fouling. It was
determined by measuring the permeate volume collected in a certain period and using

the equation 7.1:

]=m (7.1)

Where J is the permeate flux (L-m?-h™"), A is the effective area of the membrane (m?)

and V is the collected volume in a time interval At (L-h™).

COD was determined according to the method 5220C recommended by American
Public Health Association [7.25]. The COD reduction (Rcop) was calculated using the

equation 7.2:

COD; — COD,
Reob = \——(op— D, - 100 (7.2)

where COD; and COD, are the COD values in feed and permeate respectively.

The conductivity was measured following the method 2510 B [7.25] with a
Conductimeter GLP 31 (CRISON). The pH was determined according to the method
4500 H'B [7.25] using a pHmeter GLP 21 (CRISON).

Suspended solids (SS), alkalinity and colour measurements were performed following
standard methods (methods 2540D, 2320B and 2120B respectively) [7.25].

Water hardness was measured by complexometric titration with a standard solution of
ethylenediamminetetraacetic acid (method 2340C) [7.25].
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Finally, the determination of anions chloride (CI") and sulphate (SO4*) were carried out
with lon Chromatography ISC-1000 (Dionex) (method 4110B) [7.25].

7.2.6- Permeate reuse

The reuse dyeing tests were performed in a laboratory dyeing machine (Testherm 90-
S) according to the mill procedure: 10 g of polyester fabric, dye concentration 0.5%

o.w.f (over weight of fibre) and liquor ratio 1:15 (1 g fibre/15 mL dye bath).

Dyeings with only one dye (monochromies) were carried out with 100% permeate. For
dyeings with a mixture of three dyes (trichromies), only 50% permeate was reused due
to the different behaviour of each dye. Dyed fabrics were evaluated with respect to the
corresponding reference (performed with softened tap water). The experiments were

run in duplicate.

7.2.7- Dyed fabric evaluation

The quality of dyed fabrics was studied from colour differences (DEcmc(l:c)) using a
MINOLTA CM 3600d spectrophotometer. The difference in colour was determined in
conformity with the Standard UNE-EN ISO 105-J03 [7.26]. Colour difference is

calculated from the equation 7.3:

DEcwmic(ie/= [(DL*ISL)*+(DC*a/cS,)°+(DH*5/Sk)] " (7.3)

A dyeing is considered acceptable when the DEcuc(c value is lower than 1.5,
measured by MINOLTA CM 3600d spectrophotometer with respect to a reference

sample.
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7.3- Results and discussion

7.3.1- Homogenization-decantation treatment

Textile wastewater shows high variability and its main characteristics depend mainly on
the dyeing process and on the type of fibre. Therefore, the homogenization-decantation
treatment was applied to improve the membrane process as the membrane was

exposed to a more homogenous feed.
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Figure 7.4- % Removal in the homogenization-decantation treatment

As can be seen in Figure 7.4, after the homogenization-decantation treatment, COD
and colour removal were 10% and 17% respectively. This reduction is mainly due to
the mixing of the different effluents, causing a dilution of the different compounds
present in the wastewater. The CI" concentration remained almost constant and the
S0,* removal was 34%, which provided 23% conductivity reduction. This phenomenon
could be attributed to the precipitation of sulphate and calcium ions present in the
effluent producing the salt. The alkalinity and hardness values were also lower after the

treatment.

The clarifier reduced 8% suspended solids. The low efficiency of the clarification
process can be attributed to the effect of surfactants in the effluent, which are used as

auxiliary agents for dyeing and washing processes.

The homogeneous effluent was finally treated with U-1b membrane.
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7.3.2- Membrane treatment

Pilot 1 with U-1b membrane

After homogenization-decantation treatment, three effluents (referred as E1, E2 and
E3) were treated by means of an ultrafiltration membrane lab pilot. The trans-
membrane pressure was set at 0.2 bar. The permeate flux remained constant at 10
L-m?-h™" during the experiment (90 minutes). The membrane fouling has been reported
as a major problem to the further application of UF technology in wastewater treatment
[7.27], because it produces a reduction in the permeability and consequently the

maintenance cost of the membrane is increased and its life time is reduced [7.17].

The membrane material is an important factor in the membrane fouling. In general,
polymers such as PVDF, polysulfone (PS), polyacrylonitrile (PAN) and cellulose
triacetate (CA) are employed to design membranes. The material provides different
characteristics to the membranes: pore size, porosity and hydrophobicity [7.28, 7.29].
Although PVDF membranes have hydrophobic characteristics [7.30] and therefore they
have a certain tendency of fouling, they have been widely used due to their thermal
stability and resistance to corrosion from many chemicals and organic compounds
[7.30, 7.31]. In addition, PVDF ultrafiltration membranes have shown percentage of dye
retention and COD removal up to 90% when they are applied to treat textile wastewater
[7.32]. In this study, the low fouling observed with this pilot showed the feasibility of

applying PVDF membranes to treat textile wastewater.

The efficiency of the membrane process was determined with the permeate
characterization (referred as P1, P2 and P3). Their main characteristics and the

efficiency of the process are shown in Table 7.3.
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Table 7.3- Effluents characterization and efficiency in the treatment with U-1b membrane

Parameter E1 P1 % E2 P2 % E3 P3 %

pH 7.5 ) - 7.6 7.6 - 7.4 7.5 -

COD (mg-L™") 732 237 | 67.6 | 553 319 42.3 864 275 | 68.2

Conductivity
y 1426 | 1378 | 3.4 | 1383 | 1404 - 1429 | 1475 -

(WS-cm™)
Alkalinity (°F) 14 14 - 14 14 - 14 14 0.0

Colour (mg Pt-

; 250 | 200 | 20.0 | 300 | 250 16.7 300 | 200 | 33.3
Co-L™)

SS (mg-L™) 161 2 98.8 44 2 95.5 309 2 99.4

Hardness (°F) 2 2 - 2 2 - 2 2 -

Crimg'L™y | 254 | 249 | 20 | 291 | 284 | 24 | 256 | 242 | 55

SO, (mg-L") | 250 | 237 | 52 | 276 | 259 6.2 244 | 236 | 3.3

From Table 7.3 it can be concluded that about 60% COD decrease and 20% colour
removal were achieved. During the dyeing process different auxiliary products are
employed. For example, a mixture of organic acids is added as a buffer, to maintain the
pH constant. The membrane can retain these products resulting in a reduction of COD
and also in an increase of pH. Also, suspended solids were completely removed with
the membrane treatment. The CI" and SO, removals were about 3% and 5%

respectively. It is important to highlight that the UF membranes cannot retain ions.

Finally, conductivity, hardness, alkalinity did not change with respect to the initial
effluents.

According to results of section 3.1 and 3.2.1, the combination of homogenization-
decantation and PVDF ultrafiltration was suitable to treat textile wastewater as it
reduced all the studied parameters, except the pH which remained practically constant
(Figure 7.5).
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Figure 7.5- % Removal in the different treatments

At the end of both treatments, the COD removal was 66% and colour reduction was
about 30%. The highest efficiency was obtained with the suspended solids (98%). The
decrease in the conductivity was mainly due to the reduction of sulphate ions obtained

in the homogenization-decantation treatment.

Semi-industrial system

On the basis of the promising results obtained at lab scale, the membrane behaviour
was tested at semi-industrial scale during 2 days with the pilot 2. The trans-membrane
pressure was also set up at 0.2 bar. A constant permeate flux of 15 L'-m?%h™ was
obtained. As in the case of pilot 1, membrane fouling was not observed at the working

conditions.

During this study, two effluents (E4 and E5) were treated. The efficiency of the
membrane process was also determined with the permeate characterization (P4 and
P5). Their main characteristics and the efficiency of the process are shown in Table
7.4.
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Table 7.4- Effluents characterization and efficiency in the membrane treatment with U-4 membrane

Parameter E4 P4 % E5 P5 %
pH 7.4 7.7 . 7.4 7.8 5
COD (mg-L™) 509 236 53.6 648 236 63.6
Conductivity
) 1521 1518 0.2 1557 1518 2.5
(MS-cm™)
Alkalinity (°F) 17 16 5.9 17 16 5.9
Colour (mg Pt-
p 300 150 50.0 300 250 16.7
Co-L™)
SS (mg-L™) 74 2 97.3 118 2 98.3
Hardness (°F) 3 2 33.3 2 2 -
CI'(mg-L") 226 218 3.5 270 264 2.2
S0,* (mg-L™" 240 229 4.6 268 253 5.6

At the end of the process, 60% of COD removal was achieved. Colour removal
obtained was 33%, higher than with U-1b membrane. This was due to the pore size,
which in this membrane is smaller. As in pilot 1, the suspended solid were effectively
removed. Regarding the ions, they passed through the membrane to the permeate. It
can be noticed that the permeate characterization showed similar results than the lab
pilot (section 3.2.1), which indicated that the treatment could be scaled to industrial

scale.

7.3.3- Permeate reuse

The treated effluents were used in order to study the feasibility of the permeate reuse.
Monochromies were carried out with 100% of the permeate. Dyeings obtained were
evaluated with respect to a reference dyeing (with softened tap water). Their colour

differences (DEcwmc (2:1)) are shown in Table 7.5.
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Table 7.5- Colour differences for monochromies

Dye DL DC DH DECMC(2:1)

0.55 -0.09 -0.40 0.68
FB

0.43 -0.02 -0.16 0.46

-0.15 -0.11 0.38 0.42
FS

0.00 -0.24 0.26 0.35

-0.71 -0.25 -0.89 1.16
FY

-0.60 -0.65 -0.52 1.03

0.13 -0.27 -0.59 0.66
FR

0.07 -0.20 -0.52 0.56

-0.35 0.23 -0.49 0.65
FYB

-0.36 0.23 -0.49 0.65

0.79 -0.96 -1.76 215

FB150

1.22 -0.83 -1.86 2.37

-1.10 -0.19 0.92 1.45
FM

-0.89 -0.12 0.78 1.19

0.24 -0.34 -0.31 0.52
FBL

-0.02 -0.48 -0.39 0.62

-0.65 -0.22 -0.15 0.70
FRU

-0.51 -0.28 0.03 0.58

As can be seen, all DEcuc(2.1) except the
maximum value accepted by the quality control of mill. It is important to highlight that
FB150 is an anthraquinone dye, with a

interact with the residual compounds of the permeate. FY and FM showed DEcuc.1

FB150 dye were lower than 1.5, which is the

compact aromatic ring structure, which may

close to 1.5, mainly due to DL and DH values.

134




Reuse of textile wastewater after homogenization-decantation treatment coupled to PVDF ultrafiltration membranes

The reuse of the permeate in dyeing processes with trichromies was also studied. The
trichromies were made with three of the following dyes: FR, FY, FRU, FYB and FB150.
Taking into account the results of FB150 in monochromies, the trichromies dyeings
were performed with 50% permeate and 50% clean water. Dyeings were found to be
acceptable, as in all cases DEcwuc(2.1) Were clearly lower than 1.5 (Table 7.6). In this
sense, further studies could be done to establish the maximum percentage of permeate

that can be reused and fulfil the acceptance criteria.

Table 7.6- Colour differences for trichromies

Colour Dyed DL DC DH DECMC(2:1)
-0.41 -0.57 0.08 0.71
Purple
0.37 0.60 -0.07 0.70
-0.14 -0.30 -0.70 0.78
Beige
0.08 -0.07 -0.81 0.82
-0.38 -0.63 0.04 0.74
Red
0.00 -0.85 0.07 0.85
-0.50 0.15 0.49 0.71
Blue-gray
-0.20 -0.30 0.36 0.51
-0.13 -0.23 -0.70 0.75
Light gray
-0.26 -0.32 -0.46 0.62

The high water consumption in the industry and their scarcity in certain regions have
caused the increase of water cost. In addition, the new environmental policies are
focused on water recycling and reuse. Wastewater reuse involves both environmental
and economic benefits. On the one hand it decreases the discharged of pollutant into
the environment and on the other hand it allows to reduce water consumption and cost

of depuration processes.
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According to the company selected for this study, more than 5 m® are required to
produce 160m of fabric. The price of municipal water is 2.64 €m® (including
wastewater discharge cost). Therefore, the permeate reuse can save up to 13€ per

160m of fabric produced.

7.4- Conclusions

Textile effluents were treated by means of homogenization-decantation and membrane

treatments.

The combination of two treatments provided almost 66% and 30% of COD and colour
removal respectively. The membrane treatment was shown to be scalable at semi-

industrial scale and no fouling was observed during the experiments.

Finally, it can be stated that results of the permeate reuse are promising for the textile
industry. When 100% permeate was reused, the colour differences for monochromies
were into the acceptance range, except for the FB150 dye. With 50% permeate reuse,
all trichromies fulfil the quality criteria. As the textile industry consumes large amounts
of water, the homogenization-decantation followed by membrane treatment is an

advantageous combination from both the environmental and economical points of view.
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PHOTOCATALYTIC MEMBRANE REACTOR FOR THE REMOVAL OF C.l.
DISPERSE RED 73

This chapter shows the results obtained in the treatment of synthetic effluents
containing C.l. Disperse Red 73 by means of photocatalytic membrane treatment. To
optimize the process, the treatment was carried out at different pH, initial dye
concentrations and photocatalyst loading. The behaviour of the membrane was also

tested.

This study was carried out in the European Institute of Membrane (Montpellier-France)
with the financial support of AGAUR (CTP2012-00023). In addition, this work has been

accepted for publication in Materials:

V. Buscio, S. Brosillon, J. Mendret, M. Crespi, C. Gutiérrez-Bouzan. Photocatalytic
Membrane Reactor for the Removal of C.l. Disperse Red 73. Materials 8 (2015) 3633-
3647.

Abstract

After the dyeing process, part of dyes used to colour textile materials are not fixed into
the substrate and are discharged into wastewater as residual dyes. In this study, a
heterogeneous photocatalytic process combined with microfiltration has been
investigated for the removal of C.l. Disperse Red 73 from synthetic textile effluents.

The titanium dioxide (TiO,) Aeroxide P25 was selected as photocatalyst.

The photocatalytic treatment achieved between 60 and 90% of dye degradation and up
to 98% chemical oxygen demand (COD) removal. The influence of different parameters
on photocatalytic degradation was studied: pH, initial photocatalyst loading and dye
concentration. The best conditions for dye degradation were pH 4, initial dye

concentration of 50 mg-L™" and a TiO, loading of 2 g-L™.

The photocatalytic membrane treatment provided a high quality permeate, able to be

reused.
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8.1- Introduction

Synthetic dyes are widely used in textile industry. Approximately 800,000 tons of dyes
are produced annually worldwide [8.1]. However, about 15% of the dyes consumed are
lost in the textile effluents [8.2]. Textile wastewater is characterized by its high chemical
oxygen demand (COD), salinity, variable pH values and high temperature [8.3-8.6]. In
addition, the presence of very low concentration of dyes in wastewater is highly visible
[8.7].

The dyes are classified according to how they are applied in the dyeing process. The
most common dyes are reactive, acid and disperse. Reactive dyes are water-soluble
mainly applied to cotton. Acid dyes are water-soluble applied from an acidic solution to
nylon, wool, silk, and some modified acrylic textiles. Finally, disperse dyes are used for
polyesters fibres. They are not water-soluble, so they are applied as dispersion in the

dyeing process [8.8].

Many processes have been studied to treat textile wastewater in order to remove
colour. The most used treatments are physical and chemical techniques such as
coagulation-flocculation, adsorption or membrane processes. Nonetheless, these
treatments do not destroy the dye and a post treatment, such as incineration, is

required [8.9].

In recent years, the interest for advanced oxidation processes (AOPs) has increased,
especially heterogeneous photocatalytic processes. Titanium dioxide (TiO;) is the most
used photocatalyst due to its good photocatalytic activity, nontoxicity, chemical

inertness and low cost [8.10].

Heterogeneous photocatalytic process starts when a semiconductor absorbs photons
whose energy is equal or greater than its band gap (Eg = 3.2 eV for TiO,). This
adsorption enables the promotion of an electron (e”) from the valence band (vb) of the
semiconductor to the conduction band (cb), generating holes (h*) in valence band

[8.11]. The recombination of the electron and the hole must be prevented.
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The electron can reduce the organic species or react with the O,, which is either
adsorbed on the semiconductor surface or dissolved in water, reducing it to superoxide
radical anion (O;"). The hole can oxidize the organic molecule or react with OH" or
H,0, oxidizing them into OH’ radicals [8.12].

The highly oxidant species generated during the photocatalytic process are responsible
for the photodegradation of organic substrates such as dyes. The process can be

expressed according to reactions (8.1)-(8.8) [8.11, 8.13]:

TiO, + hv(UV) — TiOz(ecs™ + hyg") (8.1)
TiO,(hyg") + H,O — TiO, + H" + OH' (8.2)
TiO,(hyg") + OH — TiO, + OH’ (8.3)
TiOz(evg) + O, — TiO, + O;” (8.4)
Oy +H" — HO, (8.5)
Dye + OH — degradation products (8.6)
Dye + hyg" — oxidation products (8.7)
Dye + eyg— redeuction products (8.8)

The oxidation species responsible for organic substrates degradation depends on
experimental conditions (pH, pollutant, concentration, etc.). The dominant oxidative

species can be identified adding different specie quenchers [8.14].

The main limitation of the photocatalytic process is the recovery of the photocatalyst
from the solution. This problem can be solved by doing a coupling of photocatalysis
with membrane processes [8.15]. In addition, this coupling enable the confinement of
the photocatalyst in the reaction environment, the control of the residence time of the
molecule in the reactor by means of the transmembrane flux, and the achievement of a
continuous process with simultaneous photocatalyst and products separation from the
reaction environment. Heterogeneous photocatalytic oxidation may be combined with
different membranes processes, such as microfiltration (MF) [8.16—8.19], ultrafiltration
(UF) [8.20-8.22], nandfiltration (NF) [8.23, 8.24] and direct contact membrane
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distillation (DCMD, MD) [8.10, 8.25, 8.26]. Photocatalytic membrane reactors (PMRs)
described in the literature can be divided into two groups: (1) reactors with photocatalyst
suspended in a feed solution and (Il) reactors with photocatalyst supported on the
membrane [8.27]. A comparison between PMRs with photocatalyst in suspension and
with photocatalyst supported on a membrane purification of water contaminated with
dyes was reported by Grzechulska et al. [8.28]. The authors studied the degradation of
three dyes: C.I. Acid Red 18, C.I. Acid Yellow 36 and C.I. Direct Green 99. Results
showed that the time of discolouration was shorter in the suspended system than in

case of the supported photocatalyst.

Several studies with photocatalyst in suspension have been reported to treat different
solutions containing dyes. In general, colour removal of reactive dyes [8.10, 8.29] and
acid dyes [8.16, 8.30] have been widely investigated, but fewer studies have been
carried out on disperse dyes despite they are used for dyeing polyester fibres which is
the most consumed fibre in the world. Due to the high worldwide consumption of
polyester, the interest for the disperse dyes and their associated environmental
problems has increased in the last years [8.31]. It is important to highlight that after the
dyeing process, the dye is not totally adsorbed by polyester and it is discharged into
wastewater. A proper removal of disperse dye in the effluent would allow reuse the
water, which is an important advantage from the economic and environmental point of

view.

Taking into account these considerations, this paper investigates the potential use of a
photocatalytic membrane reactor for the degradation of C.l. Disperse Red 73 (DR73)
using TiO; in suspension as photocatyst. In order to optimize the process, the effect of
several parameters such as pH, initial dye concentration and TiO, loading on
photodegradation efficiency was tested. As far as we know, no studies based on the
degradation of disperse dyes by means of photocatalytic membrane reactor have been

carried out.
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8.2- Experimental procedures

8.2.1- Reagents

The photocatalyst used in this study was commercially available TiO, powder (Sigma-
Aldrich). The average diameter of TiO, particles was 21 nm and BET was
50 + 15 m?-g™.

C.l. Disperse Red 73 was supplied by Archroma (Figure 8.1). Its molecular weight is
348 g-mol™.

CN CH,CH3
!N N\
O,N N’ C CH,CH,CN

Figure 8.1- Chemical structure of Disperse Red 73 (DR73)

To determine the dye concentration, N,N-dimethylformamide (purity 99%, Merck) and

deionised water were employed as solvents.

The pH of synthetic effluents containing DR73 with 1 M solutions of NaOH or HCI.

8.2.2- Photocatalytic membrane experiments

The photocatalytic membrane reactor was equipped with a photocatalytic reactor (2.2

L) and an outside membrane module (0.3 L) (Figure 8.2).

“
o ~)

Figure 8.2- Membrane Photocatalytic Reactor: 1) Membrane reactor, 2) Photocatalytic reactor, a) air inlet,
b) pressure measurement, c) peristaltic pump, d) permeate and e) UV lamp.
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Hollow fibre membrane module manufactured by Polymem Company (Toulouse,
France) was used. Its main specifications and operation characteristics are shown in
Table 8.1.

Table 8.1- Membrane characteristics

Material Polysulfone
Nominal pore size (um) 0.2
External diameter (mm) 1.4
Fibre length (cm) 32
Surface area (m?) 0.3
Hydraulic resistance (m™) 4-10"
Pure water permeability at 20°C (L.h™.m2.bar) 227

Air was injected at a flow rate of 200 L-h™" through a diffuser placed at the bottom of
membrane module. This injection of air enables to realize an air lift and then the liquid
go from the membrane module to the photoreactor. This circulation allowed the

homogenisation of the solution.

A peristaltic pump (Watson-Marlow) was used to fix the permeate flux at 20 L-h™"-m™

and to recirculate the permeate to the membrane module.

The light source was a 24W UV lamp (Philips PL-L 24W/10/4P), with a maximum
wavelength of 365nm, located in a quartz vessel in the centre of the photocatalytic

reactor.

To simulate the effluents discharged after the dyeing process, solutions of DR73 were
prepared in deionised water. Before photodegradation, the dye-TiO, mixture was kept
for 30 min in the dark in order to allow adsorption of the dye molecules on the TiO,
surface. The effect of different parameters on the process was tested. Photocatalytic
experiments were conducted at different pH (4, 6 and 10), different amounts of TiO,
(from 0.5 to 2 g-L™") and different initial dye concentration (50, 75 and 100 mg-L™).
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8.2.3- Analytical methods and measurements

The membrane fouling was evaluated by recording the AP and measuring the

normalized water permeability (equation 8.9).

J Koo

Lpoec) = P (8.9)

where J is the permeate flux (m*m?s™), AP is the transmembrane pressure (Pa),
Meoec) is the viscosity of the fluid at 20°C (Pa-s) and pr is the viscosity of the fluid at

working temperature (Pa-s).

Samples were taken from photocatalytic reactor and then centrifuged with Sigma 3-16k

centrifuge in order to separate the TiO; particles from the solution.

Dye removal (Rge) Was calculated from concentrations of feed and photocatalytic

reactor using Equation 8.10:

Rdye = (Cfc—_fcp) 100 (8.10)

where C; and C; are the concentrations of dye in feed and photocatalytic reactor at time
t, respectively. The dye was dissolved in a solution of water/N,N-dimethylformamide
(1/1, vlv), and its concentration was determined with UV-Vis spectrophotometer UV-
2401 (Shimadzu Corporation) at the maximum wavelength of the visible spectrum
(Amax=528nm).

COD was determined according to the method 5220 D recommended by American
Public Health Association [8.32]. The COD reduction (Rcop) was calculated using the
Equation 8.11:

o _ (COD —coD,)

where COD; and COD, are the COD values in feed and permeate respectively.
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The pH was determined according to the method 4500 H*B [8.32] using a pH meter lon

510 (Entech Instruments).

8.3- Results and discussion

8.3.1- Previous studies

Some dyes can be degraded under UV irradiation without photocatalyst. Before
studying the photocatalytic degradation of DR73, the stability of the dye under UV light
was tested (Fig. 8.3).

10
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Figure 8.3- DR73 degradation after 180 minutes of UV irradiation (A = 365 nm)

No significant dye degradation was observed after 180 minutes of UV irradiation. It is
important to highlight that certain disperse dyes are generally characterized their high
light fastness [8.33]. In the case of DR73 dye, its light fastness is 6 (value 1 indicates

very low fastness and 8 corresponds to high fastness).
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8.3.2 Photocatalytic degradation of DR73

Effect of initial pH

The pH affects both the surface properties of the photocatalyst and the physical
properties of dye solution, such as dye aggregation or dispersion. The effect of the pH

was studied using a solution of 75 mg-L™ of DR73 and a TiO, dosage of 1 g-L™".

Comparing experiments carried out at different pH values (4, 6 and 10), it can be
observed that, after 180 minutes of UV irradiation, the highest dye degradation (90%)
was achieved at pH 4, whereas that at pH 10 only 61% of dye degradation was
obtained (Figure 8.4).

The point of zero charge (pzc) of the TiO, Aeroxide P25 is reported to be at pH 6.5.
Thus, the TiO, surface is positively charged in acidic medium (pH<6.5) and it is
negatively charged in alkaline medium (pH>6.5) as is shown in Reactions 8.12 and
8.13 [8.34].

When pH<pzc: TiOH + H* «> TiOH," (8.12)

When pH>pzc: TiOH + OH < TiO" + H,O (8.13)

At pH lower than 6.5, the TiO, positively charged attracts the negatively charged
species from the solution, facilitating their photodegradation. The dye studied in this

project is negatively charged in water solution.

Although the mechanism of degradation was not the aim of this work, several studies
[8.11, 8.14] have reported that in acidic medium holes are the major oxidation species

whereas at high pH hydroxyl radicals are considered the predominant species.
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Figure 8.4- Influence of pH solution on the degradation of DR73

As expected, the COD removal followed the same trend that the degradation of dye.
About 98% of COD removal was obtained at pH 4, 88% at pH 7 and 72% at pH 10.

Several authors [8.35, 8.36] reported that in very acidic medium, the strong adsorption
of the dye particles on the TiO, surface could reduce the active centres on the
photocatalyst surface. In the other hand, in alkaline medium, the dye particles are
hardly adsorbed on the catalyst surface. In addition, the dyeing process with disperse
dyes is carried out at pH between 5.5 and 6.5 [8.33]. A change of pH implies an
increase in the conductivity of the effluents, which is one of the main problems of textile

wastewater. For these reasons, the pH 6 was selected for the subsequent studies.

Effect of photocatalyst loading

To determine the influence of the photocatalyst loading in the process, a solution of 75

mg-L™" at pH 6 was used.

As can be observed in Figure 8.5, the COD removal ranged from 70 to 90% for the
tested concentration of TiO,. The photocatalyst loading of 0.5 g-L™" and 1 g-L™ provided
similar dye degradation (about 75%). However, when 2 g-L'1 of TiO, was used, a

remarkable increase of the dye degradation (90%) was observed.
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Figure 8.5- Evolution of the dye degradation for different TiO. loading (initial dye concentration=75 mg-L™")

Nonetheless, it is important to highlight that an excess of photocatalyst can produce a
light screening, which causes a reduction in the surface area exposed to irradiation and

thus could reduce the photocatalytic efficiency of the process [8.37].

Taking into account these considerations and to prevent membrane fouling, 1 g-L™" of

TiO, was selected for subsequent experiments.

Effect of initial dye concentration

The effect of the dye initial concentration was tested at constant TiO, dosage (1 g-L™")
and pH 6, with dye concentrations ranging from 50 to 100 mg-L™". As can be observed
in Figure 8.6, the dye degradation decreased (from 87% to 62%) when the dye

concentration increased.
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Figure 8.6- Influence of the initial dye concentration on dye degradation (1 g-L'1 TiOy)

The higher the dye concentration, the higher the adsorption of the dye on the
photocatalyst surface, which produced a decrease of OH" adsorption and,
consequently, diminished the formation of OH" radical, the principal oxidant in the
photocatalysis process [8.38]. In addition, at high dye concentration, the UV light might
be absorbed by dye instead of the TiO, particles. Similar results have been reported for
the photocatalytic degradation of reactive [8.29, 8.39] and direct dyes [8.40, 8.41] and
pharmaceutical compounds [8.42, 8.43]. Liang et al. [8.42] observed that the

photodegradation reached a saturation limit at high reactant concentration.

Regarding the COD removal (Fig. 8.7), all experiments showed COD decrease higher
than 80%.
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Figure 8.7- Influence of the dye concentration COD removal (1 g-L™" TiO»)

The effect of the initial concentration of dye on the photocatalytic process can be
described by pseudo-first-order kinetic with respect to the dye concentration. In
general, photocatalytic degradation has a kinetic according to Langmuir-Hinshelwood
(Equation 8.14) [8.15, 8.16]:

r=—-=-k-C (8.14)

Integrating Equation (8.14) with respect to time t, it can be simplified to the pseudo-first

order kinetic model equation (8.15):

Co\
in () = ot (8.15)

Where, dC/dt is the rate of dye degradation (mg-L'1-min'1), Co and C; are initial
concentration and concentration at time t of the dye (mg-L™") respectively and Kapp i the
degradation kinetic rate (min™) [8.44]. The kapp Was calculated from the slope of

logarithmic concentration values versus time of treatment (Figure 8.8).
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Figure 8.8- Relationship between In (C/Cy) and treatment time (t=180min)

The results indicated that the degradation of DR73 fitted first order kinetics and it
followed the Langmuir-Hinshelwood model (Table 8.2). The value of k,,, decreased

with the increasing of the dye concentration.

Table 8.2- The pseudo-first-order degradation rate constants of DR73 at different initial dye concentrations

Dye concentration (mg-L™") Kapp (mMin™") r?
50 0.0124 0.9937
75 0.0082 0.9934
100 0.0055 0.9943

8.3.3 Photocatalytic membrane treatment

Permeate quality

A synthetic effluent containing 75 mg-L™" DR73 and 119 mgO,-L™" COD was treated by
means of a photocatalytic membrane reactor. The characterization of the permeate
after 180 min of treatment showed dye concentrations lower than 0.5 mg-L™"' and COD
values of about 10 mg-L™". A full mineralization of the dye would probably be achieved

with longer treatment, but with high associated cost. However, our previous studies
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[8.45] have shown that permeates with higher residual organic matter content are able
to be successfully reused in new dyeing processes with disperse dyes. Due to the high
water consumption in the textile industry, water reuse is an important challenge with

advantage from both economic and environmental points of view.

Effect of photocatalytic treatment on membrane fouling

The maintenance of the membrane is also an important point to take into account for

the industrial application of the technology.

Generally, a significant fouling is observed when photocatalysis process is combined
with pressure driven membrane processes, such as MF and UF [8.46, 8.47] which
results in either a flux decrease or a AP increase. To establish the factor affecting the
membrane fouling, the AP was recorded with three effluents: pure water, water

containing 1 g-L™" of TiO, and a dye solution of 75 mg-L"™".

It was observed that when the solution with photocatalyst was treated, the pressure
increased with respect to the AP obtained with pure water, although it remained
constant during the whole experiment. Thus, the presence of the photocatalyst
produced an initial fouling on the membrane that did not increase along the experiment.
According to Damodar et al. [8.29] this result could indicate that the TiO, particles
formed a very porous cake layer on the membrane surface. Finally, when the dye
solution was treated, an increase of pressure was observed during the experiment

indicating the formation of a dye deposit.

During the photocatalytic treatment the pH was found to be the most influent parameter
on the membrane fouling. At pH 10, an important increase of the AP was observed
whereas that at pH 4 the fouling decreased. The high pH could influence the stability of
the dye dispersion producing an agglomeration of the dye particles which size has an

influence on fouling.

The efficiency of the cleaning process was determined from the normalized water

permeability (NWP) after hydraulic cleaning carried out at the end of each experiment.
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Figure 8.9- Evolution of normalized water permeability (NWP) for different experimental conditions

According to results shown in Figure 8.9, it can be stated that after the treatment of the
dye solution, the water permeability of the membrane decreased about 10%. The dye
particles were adsorbed on the membrane surface and they only could be completely

removed after a chemical washing.

Despite the increase of AP observed in the experiment carried out at pH 10, the water
permeability remained constant at any of the studied pH. This phenomenon indicated

that the fouling observed in alkaline medium was only a physical process.

At the end of all experiments, the membrane water permeability was reduced of about
30%.

8.4- Conclusions

For C.l1. Disperse Red 73 dye, the photocatalytic treatment provided degradation in the
range of 60% to 90% and COD removal from 70% to 98%.

The effect of pH in the photocatalytic degradation of DR73 was tested and shows that
the highest dye degradation was achieved at pH 4 whereas the lowest was at pH 10,
which is in accordance with photocatalyst charge. The experiments carried out at
different photocatalyst loading indicated that dye degradation increased when the

photocatalyst concentration increased. From 50 to 100 mg-L™", the best results were
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obtained when the initial dye concentration was 50 mg-L™'. As expected, the

photocatalytic dye degradation followed the Langmuir-Hinshelwood model.

Finally, the photocatalytic membrane treatment provided an uncolored permeate (dye
concentration lower than 0.5 mg-L™") with a low concentration of residual organic
matter, which could be reused in new dyeing processes. This study thus demonstrates
the feasibility of the coupling of photocatalysis and filtration for the treatment of azo dye

wastewater.
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CONCLUSIONS

The different studies carried out in this work have demonstrated the feasibility of PVDF

ultrafiltration membranes to both reuse permeates in new dyeing processes and

recover concentrate in the case of indigo dye.

The main conclusions of this thesis are divided according to the type of dye studied:

1) Indigo dye

In the analytical study, three methods were developed and validated for
indigo dye determination. All of them met the established acceptance

criteria regarding accuracy and precision.

Among the three studied methods, the redox titration method was
considered the most adequate for application at industrial scale due to
its wider work range. In addition, it can be easily automated and enables
the simultaneous quantitative determination of sodium dithionite and

indigo dye.

The membrane treatment showed to be efficient for the removal of

indigo dye from wastewater.

Successful recovery of indigo was achieved by means of PVDF
ultrafiltration membranes. No fouling was observed with any of the

studied membranes.

The external hollow fibre module enabled to concentrate the dye up to 3
g-L"". The submerged hollow fibre module allowed to obtain a
concentrate with 20 g-L™" indigo dye, which is the required concentration

for automated dyeing processes.
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& The laboratory study was extended to a semi-industrial system, which

demonstrated that the combination of external and submerged PVDF
membranes was able to treat industrial wastewater containing indigo

dye.

The dyeing study using the filtration concentrates completed the reuse
cycle. Different dyeings were carried out with the indigo concentrated
effluents. Fabrics dyed with 100% recovered indigo exhibited similar
colour coordinates and fastness properties than the ones obtained with

commercial dye.

2) Disperse dyes

Synthetic effluents containing C.I. Disperse Orange 30 and C.I. Disperse
Rubine 73 dyes were treated by means of PVDF ultrafiltration
membrane at laboratory scale. No fouling was observed and results

showed 97% dye removal and up to 92% COD decrease.

Industrial textile effluents were treated by means of homogenization-
decantation and laboratory PVDF ultrafiltration pilot plant. This hybrid
treatment provided 68% COD reduction 33% and colour removal. As in
the case of synthetic effluents, no fouling was observed in laboratory

pilot plant after the ultrafiltration of industrial effluents.

The membrane treatment showed to be scalable at semi-industrial level.
Also in this case, no fouling was observed during the experiments with

the semi-industrial pilot.

The study of permeates reuse was carried out by performing fabric
dyeings with nine different disperse dyes. When dyeing liquor was
constituted by 100% permeate, the colour differences of dyed fabrics,
with respect to references, were into the acceptance range for all
monochromies, except the dye FB150. The reuse of 50% permeate,

achieved to fulfil the quality criteria for the trichromies.
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Consequently, results of dyeings carried out with reused permeate are a
very promising way to achieve a significant reduction of water
consumption in the textile industry, which is one of the major water

footprint sectors.

Finally, a new hybrid treatment based on the combination of
polysulphone membrane microfiltration and heterogeneous
photocatalytic process was evaluated. The combined photocatalytic-
membrane treatment was applied to the study of synthetic effluents

containing C.I. Disperse Red 73.

The best conditions for photocatalytic degradation of the dye were
established: pH 4, initial dye concentration of 50 mg-L™" and a TiO,
loading of 2 g-L™.

The photocatalytic treatment provided a 60-90% dye degradation and
COD removal from 70% to 98%.

The efficiency of the photocatalytic treatment was clearly improved by
combination with a membrane treatment. The membrane treatment
enabled to separate the TiO, particles and provided very high quality

permeate.
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Recomendaciones

RECOMENDACIONES

Teniendo en cuenta los resultados obtenidos en esta tesis, se proponen las siguientes

lineas de trabajo para futuras investigaciones:

1. Automatizaciéon del método analitico y del proceso de recuperacién de indigo a

escala industrial.

2. Estudio de otros materiales de membranas para la recuperacion de indigo y
estudio de su vida util con el fin de comparar los resultados con los materiales

usados en esta tesis y evaluar el material mas adecuado para este proceso.

3. Ampliaciéon del estudio a efluentes que contengan mezclas de colorantes

sulfurosos y colorante indigo. Para ello seran necesarias las siguientes etapas:

~ Puesta a un punto de un método analitico que permita determinar la

concentracion de cada colorante en los efluentes.

~ Recuperacién y separacion de mezclas con colorante indigo y

colorantes sulfurosos mediante combinacion de membranas.

~ Estudio de la reutilizacion de los colorantes recuperados en nuevos

procesos de tintura.

4. Estudio de la reduccion electroquimica del colorante indigo con vistas a

sustituir parcial o totalmente el empleo de hidrosulfito sédico.

5. Estudio de la influencia de la presencia de dispersantes en la reutilizacion de

efluentes que contengan colorantes dispersos.

6. Tratamiento de colorantes reactivos mediante membranas de nanofiltracion.
Reutilizacion del permeado y tratamiento del concentrado obtenido mediante

técnicas electroquimicas.
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10.

11.

Estudio de los mecanismos de degradaciéon de los colorantes textiles en los

procesos fotocataliticos.

Estudio de la combinacibn de procesos fotocataliticos con técnicas
electroquimicas para la degradacion de colorantes. Evaluacion de su

reutilizacion.
Estudio de recuperacion, regeneracion y reutilizacion del TiO,.

Degradacion de colorantes textiles mediante procesos fotocataliticos que

utilicen luz solar.

Ampliacion del estudio a otras industrias que generen efluentes poco
biodegradables (farmacéutica, quimica...) y comparacion con los tratamientos
actuales. Evaluacion de su reutilizaciéon en los diferentes procesos de la

industria (fabricacién del producto, refrigeracion, lavado, etc.).

174



CAPITULO 11:

Bibliografia general






Bibliografia general

BIBLIOGRAFIA GENERAL

[11.1] A. Ahmad, A. Idris, B.H. Hameed, Modeling of disperse dye adsorption onto
bamboo-based activated carbon in fixed-bed column, Desalin. Water Treat. 52 (2014)
248-256.

[11.2] A. Alinsafi, F. Evenou, E.M. Abdulkarim, M.N. Pons, O. Zahraa, A.
Benhammou, et al.,, Treatment of textile industry wastewater by supported
photocatalysis, Dye. Pigment. 74 (2007) 439-445.

[11.3] A. Alinsafi, M. da Motta, S. Le Bonté, M.N. Pons, A. Benhammou, Effect of
variability on the treatment of textile dyeing wastewater by activated sludge, Dye.
Pigment. 69 (2006) 31-39.

[11.4] A. Aouni, C. Fersi, B. Cuartas-Uribe, A. Bes-Pia, M.l. Alcaina-Miranda, M.
Dhahbi, Reactive dyes rejection and textile effluent treatment study using ultrafiltration

and nanofiltration processes, Desalination. 297 (2012) 87-96.

[11.5] A. Aouni, C. Fersi, B. Cuartas-Uribe, A. Bes-Pia, M.l. Alcaina-Miranda, M.
Dhahbi, Study of membrane fouling using synthetic model solutions in UF and NF
processes, Chem. Eng. J. 175 (2011) 192-200.

[11.6] A. Asghar, A. Abdul Raman, W.M. Daud, Advanced Oxidation Processes for In-
situ production of Hydrogen peroxide/Hydroxyl radical for Textile Wastewater
Treatment: A Review, J. Clean. Prod. (2014).

[11.7] A. Bes-Pia, B. Cuartas-Uribe, J.A. Mendoza-Roca, M.l. Alcaina-Miranda, Study
of the behaviour of different NF membranes for the reclamation of a secondary textile

effluent in rinsing processes, J. Hazard. Mater. 178 (2010) 341-8.

[11.8] A. Bes-Pia, J. Mendoza-Roca, M.I. Alcaina-Miranda, A. Iborra-Clar, M.I. Iborra-
Clar, Reuse of wastewater of the textile industry after its treatment with a combination
of physico-chemical treatment and membrane technologies, Desalination. 149 (2002)
169-174.

[11.9] A. Bes-Pia, J.A. Mendoza-Roca, M.l. Alcaina-Miranda, A. lborra-Clar, M.l

Iborra-Clar, Combination of physico-chemical treatment and nanofiltration to reuse

177



Capitulo 11

wastewater of a printing, dyeing and finishing textile industry, Desalination. 157 (2003)
73-80.

[11.10] A. Bes-Pia, M.I. Iborra-Clar, A. Iborra-Clar, J. a. Mendoza-Roca, B. Cuartas-
Uribe, M.l. Alcaina-Miranda, Nanofiltration of textile industry wastewater using a

physicochemical process as a pre-treatment, Desalination. 178 (2005) 343—-349.

[11.11] A. Ghaly, R. Ananthashankar, M. Alhattab, V. Ramakrishnan, Production,
Characterization and Treatment of Textile Effluents: A Critical Review, Chem. Eng.
Process Technol. 5 (2014) 1-19.

[11.12] A. Habib, [.M.I. Ismail, A.J. Mahmood, R. Ullah, Photocatalytic decolorization of
Brilliant Golden Yellow in TiO2 and ZnO suspensions, J. Saudi Chem. Soc. 16 (2012)
423-429.

[11.13] A. Hasanbeigi, L. Price, A review of energy use and energy efficiency
technologies for the textile industry, Renew. Sustain. Energy Rev. 16 (2012) 3648—
3665.

[11.14] A. Hu, R. Liang, X. Zhang, S. Kurdi, D. Luong, H. Huang, et al., Enhanced
Photocatalytic Degradation of dyes by TiO2 Nanobelts with Hierarchical Structures, J.
Photochem. Photobiol. A Chem. 256 (2013) 7-15.

[11.15] A. Prasad Arun, K. Bhaskara Rao, Physico Chemical Characterization of
Textile Effluent and Screening for Dye Decolorizing Bacteria, Glob. J. Biotechnol.
Biochem. 5 (2010) 80-86.

[11.16] A. Roessler, D. Crettenand, O. Dossenbach, W. Marte, P. Rys, Direct
electrochemical reduction of indigo, Electrochim. Acta. 47 (2002) 1989-1995.

[11.17] A. Roessler, Direct electrochemical reduction of vat dyes in a fixed bed of
graphite granules, Dye. Pigment. 63 (2004) 29-37.

[11.18] A. Roessler, X. Jin, State of the art technologies and new electrochemical
methods for the reduction of vat dyes, Dye. Pigment. 59 (2003) 223-235.

[11.19] A. Vlyssides, D. Papaioannou, M. Loizidoy, P. Karlis, A. Zorpas, Testing an
electrochemical method for treatment of textile dye wastewater, Waste Manag. 20
(2000) 569-574.

178



Bibliografia general

[11.20] A. Vuorema, P. John, M. Keskitalo, M.A. Kulandainathan, F. Marken,
Electrochemical and sonoelectrochemical monitoring of indigo reduction by glucose,
Dye. Pigment. 76 (2008) 542—-549.

[11.21] AK. Verma, R.R. Dash, P. Bhunia, A review on chemical
coagulation/flocculation technologies for removal of colour from textile wastewaters., J.
Environ. Manage. 93 (2012) 154-168.

[11.22] A.M. Ferreira, J.A.P. Coutinho, A.M. Fernandes, M.G. Freire, Complete
removal of textile dyes from aqueous media using ionic-liquid-based aqueous two-
phase systems, Sep. Purif. Technol. 128 (2014) 58-66.

[11.23] A.P. Toor, A. Verma, C.K. Jotshi, P.K. Bajpai, V. Singh, Photocatalytic
degradation of Direct Yellow 12 dye using UV/TiO2 in a shallow pond slurry reactor,
Dye. Pigment. 68 (2006) 53—60.

[11.24] A.R. Khataee, M.B. Kasiri, Photocatalytic degradation of organic dyes in the
presence of nanostructured titanium dioxide: Influence of the chemical structure of
dyes, J. Mol. Catal. A Chem. 328 (2010) 8—26.

[11.25] AY. Shan, T.I.M. Ghazi, S.A. Rashid, Immobilisation of titanium dioxide onto
supporting materials in heterogeneous photocatalysis: A review, Appl. Catal. A Gen.
389 (2010) 1-8.

[11.26] AENOR. UNE-EN I1SO105-C10, 2008. Ensayo de solidez del color. Parte C10:
Solidez del color al lavado con jabon o con jabdn y sosa. Asociacion Espafiola de

Normalizacion y Certificacion, Madrid, Espafia.

[11.27] AENOR. UNE-EN I1SO105-J03, 2009. Ensayos de solidez del color. Parte J03:
Célculo de diferencias de color. Asociacion Espafiola de Normalizacion y Certificacion,

Madrid, Espafia.

[11.28] AENOR. UNE-EN ISO105-X12, 2003. Ensayos de solidez del color. Parte X12:
Solidez del color al frote. Asociacion Espafiola de Normalizacion y Certificacion,

Madrid, Espafia.

[11.29] B. Bonakdarpour, |. Vyrides, D.C. Stuckey, Comparison of the performance of

one stage and two stage sequential anaerobic—aerobic biological processes for the

179



Capitulo 11

treatment of reactive-azo-dye-containing synthetic wastewaters, Int. Biodeterior.
Biodegradation. 65 (2011) 591-599.

[11.30] B. Kokabian, B. Bonakdarpour, S. Fazel, The effect of salt on the performance
and characteristics of a combined anaerobic—aerobic biological process for the
treatment of synthetic wastewaters containing Reactive Black 5, Chem. Eng. J. 221
(2013) 363-372.

[11.31] B. Mounir, M.N. Pons, O. Zahraa, a Yaacoubi, a Benhammou, Discoloration of
a red cationic dye by supported TiO(2) photocatalysis., J. Hazard. Mater. 148 (2007)
513-20.

[11.32] B.B. Lee, K.H. Choo, D. Chang, S.J. Choi, Optimizing the coagulant dose to
control membrane fouling in combined coagulation/ultrafiltration systems for textile
wastewater reclamation, Chem. Eng. J. 155 (2009) 101-107.

[11.33] B.K. Kérbahti, A. Tanyolag, Continuous electrochemical treatment of simulated
industrial textile wastewater from industrial components in a tubular reactor., J. Hazard.
Mater. 170 (2009) 771-778.

[11.34] B.R. Garza-Campos, J.L. Guzman-Mar, L.H. Reyes, E. Brillas, A. Hernandez-
Ramirez, E.J. Ruiz-Ruiz, Coupling of solar photoelectro-Fenton with a BDD anode and
solar heterogeneous photocatalysis for the mineralization of the herbicide atrazine.,
Chemosphere. 97 (2014) 26-33.

[11.38] C. Berberidou, S. Avlonitis, I. Poulios, Dyestuff effluent treatment by integrated
sequential photocatalytic oxidation and membrane filtration, Desalination. 249 (2009)
1099-1106.

[11.35] C. Cassardo, J.A. Jones, Managing Water in a Changing World, Water. 3
(2011) 618-628.

[11.36] C. Fernandez, M.S. Larrechi, M.P. Callao, Study of the influential factors in the
simultaneous photocatalytic degradation process of three textile dyes., Talanta. 79
(2009) 1292-1297.

[11.37] C. Fersi, L. Gzara, M. Dhahbi, Treatment of textile effluents by membrane
technologies, Desalination. 185 (2005) 399-409.

180



Bibliografia general

[11.38] C. Fersi, M. Dhahbi, Treatment of textile plant effluent by ultrafiltration and/or

nanofiltration for water reuse, Desalination. 222 (2008) 263-271.

[11.39] C. Gutiérrez-Bouzan, M. Crespi, C. Gibello, Determination of indigo in effluents
from dyeing and washing baths, Rev. Quim. Text. 97 (1990) 74-82.

[11.40] C. Hachem, F. Bocquillon, O. Zahraa, M. Bouchy, Decolourization of textile
industry wastewater by the photocatalytic degradation process, Dye. Pigment. 49
(2001) 117-125.

[11.41] C. Martinez, S. Vilarifio, M.I. Fernandez, J. Faria, M. Canle, J.A. Santaballa,
Mechanism of degradation of ketoprofen by heterogeneousphotocatalysis in aqueous
solution, Appl. Catal. B Environ. 142-143 (2013) 633—-646.

[11.42] C. O’'Neill, Anaerobic—aerobic biotreatment of simulated textile -effluent
containing varied ratios of starch and azo dye, Water Res. 34 (2000) 2355-2361.

[11.43] C. Phalakornkule, S. Polgumhang, W. Tongdaung, B. Karakat, T. Nuyut,
Electrocoagulation of blue reactive, red disperse and mixed dyes, and application in
treating textile effluent., J. Environ. Manage. 91 (2010) 918-26.

[11.44] C. Shaw, C. Carliell, A. Wheatley, Anaerobic/aerobic treatment of coloured
textile effluents using sequencing batch reactors, Water Res. 36 (2002) 1993-2001.

[11.45] C. Tang, V. Chen, Nanofiltration of textile wastewater for water reuse,
Desalination. 143 (2002) 11-20.

[11.46] C.A. Martinez-Huitle, E.V. dos Santos, D.M. de Araujo, M. Panizza,
Applicability of diamond electrode/anode to the electrochemical treatment of a real
textile effluent, J. Electroanal. Chem. 674 (2012) 103—-107.

[11.47] C.H. Li, J.X. He, Advanced treatment of spent acid dyebath and reuse of water,
salt and surfactant therein, J. Clean. Prod. 59 (2013) 86-92.

[11.48] C.P. Athanasekou, N.G. Moustakas, S. Morales-Torres, L.M. Pastrana-
Martinez, J.L. Figueiredo, J.L. Faria, et al., Ceramic photocatalytic membranes for
water filtration under UV and visible light, Appl. Catal. B Environ. (2014)
(doi:10.1016/j.apcatb.2014.11.021).

181



Capitulo 11

[11.49] C.S. Lu, F.D. Mai, C.W. Wu, R.J. Wu, C.C. Chen, Titanium dioxide-mediated
photocatalytic degradation of Acridine Orange in aqueous suspensions under UV
irradiation, Dye. Pigment. 76 (2008) 706—713.

[11.50] C.S. Ong, W.J. Lau, a. F. Ismail, Treatment of dyeing solution by NF
membrane for decolorization and salt reduction, Desalin. Water Treat. 50 (2012) 245—
253.

[11.51] C.Z. Liang, S.P. Sun, F.-Y. Li, Y.-K. Ong, T.-S. Chung, Treatment of highly
concentrated wastewater containing multiple synthetic dyes by a combined process of
coagulation/flocculation and nanofiltration, J. Memb. Sci. 469 (2014) 306—-315.

[11.52] D. Chico, M.M. Aldaya, A. Garrido, A water footprint assessment of a pair of
jeans: the influence of agricultural policies on the sustainability of consumer products,
J. Clean. Prod. 57 (2013) 238-248.

[11.53] D. De Jager, M.S. Sheldon, W. Edwards, Colour removal from textile
wastewater using a pilot-scale dual-stage MBR and subsequent RO system, Sep. Purif.
Technol. 135 (2014) 135-144.

[11.54] D. Dogan, H. Turkdemir, Electrochemical Treatment of Actual Textile Indigo
Dye Effluent, Polish J. Environ. Stud. 21 (2012) 1185-1190.

[11.55] D. Li, H. Zheng, Q. Wang, X. Wang, W. Jiang, Z. Zhang, et al., A novel double-
cylindrical-shell photoreactor immobilized with monolayer TiO2-coated silica gel beads
for photocatalytic degradation of Rhodamine B and Methyl Orange in aqueous solution,
Sep. Purif. Technol. 123 (2014) 130-138.

[11.56] D. Qu, Z. Qiang, S. Xiao, Q. Liu, Y. Lei, T. Zhou, Degradation of Reactive Black
5 in a submerged photocatalytic membrane distillation reactor with microwave

electrodeless lamps as light source, Sep. Purif. Technol. 122 (2014) 54-59.

[11.57] D. Robert, S. Malato, Solar photocatalysis: a clean process for water
detoxification. Sci. Total Environ. 291 (2002) 85-97.

[11.58] D.P. Ho, S. Vigneswaran, H.H. Ngo, Photocatalysis-membrane hybrid system
for organic removal from biologically treated sewage effluent, Sep. Purif. Technol. 68
(2009) 145-152.

182



Bibliografia general

[11.59] D.S. Ibrahim, A. Praveen Anand, A. Muthukrishnaraj, R. Thilakavathi, N.
Balasubramanian, In situ electro-catalytic treatment of a Reactive Golden Yellow HER
synthetic dye effluent, J. Environ. Chem. Eng. 1 (2013) 2-8.

[11.60] E. Alventosa-delLara, S. Barredo-Damas, E. Zuriaga-Agusti, M.l. Alcaina-
Miranda, M.l. Iborra-Clar, Ultrafiltration ceramic membrane performance during the
treatment of model solutions containing dye and salt, Sep. Purif. Technol. 129 (2014)
96-105.

[11.61] E. Bizani, K. Fytianos, I. Poulios, V. Tsiridis, Photocatalytic decolorization and
degradation of dye solutions and wastewaters in the presence of titanium dioxide., J.
Hazard. Mater. 136 (2006) 85-94.

[11.62] E. Chatzisymeon, N.P. Xekoukoulotakis, A. Coz, N. Kalogerakis, D.
Mantzavinos, Electrochemical treatment of textile dyes and dyehouse effluents., J.
Hazard. Mater. 137 (2006) 998—-1007.

[11.63] E. Debik, G. Kaykioglu, A. Coban, I. Koyuncu, Reuse of anaerobically and
aerobically pre-treated textile wastewater by UF and NF membranes, Desalination. 256
(2010) 174-180.

[11.64] E. Ellouze, N. Tahri, R. Ben Amar, Enhancement of textile wastewater

treatment process using Nanofiltration, Desalination. 286 (2012) 16-23.

[11.65] E. Gasana, P. Westbroek, E. Temmerman, H.P. Thun, P. Kiekens, A wall-jet
disc electrode for simultaneous and continuous on-line measurement of sodium
dithionite, sulfite and indigo concentrations by means of multistep chronoamperometry,
Anal. Chim. Acta. 486 (2003) 73-83.

[11.66] E. Khelifi, H. Gannoun, Y. Touhami, H. Bouallagui, M. Hamdi, Aerobic
decolourization of the indigo dye-containing textile wastewater using continuous
combined bioreactors, J. Hazard. Mater. 152 (2008) 683—689.

[11.67] E. Kurt, D.Y. Koseoglu-Imer, N. Dizge, S. Chellam, |I. Koyuncu, Pilot-scale
evaluation of nanofiltration and reverse osmosis for process reuse of segregated textile
dyewash wastewater, Desalination. 302 (2012) 24-32.

183



Capitulo 11

[11.68] E. Sahinkaya, N. Uzal, U. Yetis, F.B. Dilek, Biological treatment and
nanofiltration of denim textile wastewater for reuse., J. Hazard. Mater. 153 (2008)
1142-1148.

[11.69] F. Govaert, E. Temmerman, P. Kiekens, Development of voltammetric sensors
for the determination of sodium dithionite and indanthrene/indigo dyes in alkaline
solutions, Anal. Chim. Acta. 385 (1999) 307-314.

[11.70] F. Harrelkas, A. Azizi, A. Yaacoubi, A. Benhammou, M.N. Pons, Treatment of
textile dye effluents using coagulation—flocculation coupled with membrane processes

or adsorption on powdered activated carbon, Desalination. 235 (2009) 330-339.

[11.71] F. Martinez, M.J. Lépez-Mufioz, J. Aguado, J. Melero, J. Arsuaga, A. Sotto, et
al., Coupling membrane separation and photocatalytic oxidation processes for the
degradation of pharmaceutical pollutants., Water Res. 47 (2013) 5647-58.

[11.72] F. Meng, S.-R. Chae, A. Drews, M. Kraume, H.-S. Shin, F. Yang, Recent
advances in membrane bioreactors (MBRs): membrane fouling and membrane
material, Water Res. 43 (2009) 1489-512.

[11.73] F. Qu, H. Liang, J. Zhou, J. Nan, S. Shao, J. Zhang, et al., Ultrafiltration
membrane fouling caused by extracellular organic matter (EOM) from Microcystis
aeruginosa: Effects of membrane pore size and surface hydrophobicity, J. Memb. Sci.
449 (2014) 58-66.

[11.74] F.M. Amaral, M.T. Kato, L. Floréncio, S. Gavazza, Color, organic matter and
sulfate removal from textile effluents by anaerobic and aerobic processes., Bioresour.
Technol. 163 (2014) 364-9.

[11.75] F.M. Drumond Chequer, G. Augusto Rodrigues de Oliveira, E.R. Anastéacio
Ferraz, J. Carvalho Cardoso, M.V. Boldrin Zanoni, D. Palma de Oliveira, Chapter 6:
Textile Dyes: Dyeing Process and Environmental Impact, in: M. Gunay (Ed.), Eco-
Friendly Text. Dye. Finish. InTech, 2013.

[11.76] F.M.M. Paschoal, M.A. Anderson, M.V.B. Zanoni, The photoelectrocatalytic
oxidative treatment of textile wastewater containing disperse dyes, Desalination. 249
(2009) 1350-1355.

184



Bibliografia general

[11.77] G. Farabegoli, A. Chiavola, E. Rolle, M. Naso, Decolorization of Reactive Red
195 by a mixed culture in an alternating anaerobic—aerobic Sequencing Batch Reactor,
Biochem. Eng. J. 52 (2010) 220-226.

[11.78] H. Jiang, G. Zhang, T. Huang, J. Chen, Q. Wang, Q. Meng, Photocatalytic
membrane reactor for degradation of acid red B wastewater, Chem. Eng. J. 156 (2010)
571-577.

[11.79] HK. Shon, S. Vigneswaran, H.H. Ngo, J.-H. Kim, Chemical coupling of
photocatalysis with flocculation and adsorption in the removal of organic matter. Water
Res. 39 (2005) 2549-58.

[11.80] http://www.fao.org/nr/aquastat (Fecha de consulta: 05/11/2014).
[11.81] http://www.ine.es/revistas/cifraine/0108.pdf (Fecha de consulta: 06/11/2014).

[11.82] http://www.urv.cat/media/upload/arxius/W-
Catedra_DOW_URV/Informes%20VIP/agencia_cat_aigua_-_aigua_a_catalunya.pd
(Fecha de consulta: 07/11/2014).

[11.83] http://www.wri.org/resources/charts-Graphs/water-Stress-Country (Fecha de
consulta: 05/11/2014).

[11.84] I. Arslan-Alaton, |. Alaton, Degradation of xenobiotics originating from the
textile preparation, dyeing, and finishing industry using ozonation and advanced
oxidation., Ecotoxicol. Environ. Saf. 68 (2007) 98-107.

[11.85] I. Petrini¢, N.P.R. Andersen, S. Sostar-Turk, A.M. Le Marechal, The removal of
reactive dye printing compounds using nanofiltration, Dye. Pigment. 74 (2007) 512—
518.

[11.86] I. Taverniers, M. De Loose, E. Van Bockstaele, Trends in quality in the
analytical laboratory. Il. Analytical method validation and quality assurance, TrAC
Trends Anal. Chem. 23 (2004) 535-552.

[11.87] I. Vergili, Y. Kaya, U. Sen, Z.B. Gonder, C. Aydiner, Techno-economic analysis
of textile dye bath wastewater treatment by integrated membrane processes under the

zero liquid discharge approach, Resour. Conserv. Recycl. 58 (2012) 25-35.

185



Capitulo 11

[11.88] I. Vyrides, B. Bonakdarpour, D.C. Stuckey, Salinity effects on biodegradation of
Reactive Black 5 for one stage and two stages sequential anaerobic aerobic biological
processes employing different anaerobic sludge, Int. Biodeterior. Biodegradation. 95
(2014) 294-300.

[11.89] I.I. Savin, B. Romen, Wastewater Characteristics in Textile Finishing Mills,
Environ. Eng. Manag. J. 7 (2008) 859-864.

[11.90] ILK. Kapdan, M. Tekol, F. Sengul, Decolorization of simulated textile
wastewater in an anaerobic—aerobic sequential treatment system, Process Biochem.
38 (2003) 1031-1037.

[11.91] LK. Kapdan, S. Alparslan, Application of anaerobic—aerobic sequential
treatment system to real textile wastewater for color and COD removal, Enzyme
Microb. Technol. 36 (2005) 273-279.

[11.92] J. Blanco, F. Torrades, M. De la Varga, J. Garcia-Montafio, Fenton and
biological-Fenton coupled processes for textile wastewater treatment and reuse,
Desalination. 286 (2012) 394—-399.

[11.93] J. Blanco, F. Torrades, M. Mor6n, M. Brouta-Agnésa, J. Garcia-Montano,
Photo-Fenton and sequencing batch reactor coupled to photo-Fenton processes for
textile wastewater reclamation: Feasibility of reuse in dyeing processes, Chem. Eng. J.
240 (2014) 469-475.

[11.94] J. Dasgupta, J. Sikder, S. Chakraborty, S. Curcio, E. Drioli, Remediation of
textile effluents by membrane based treatment techniques: A state of the art review, J.
Environ. Manage. 147 (2015) 55-72.

[11.95] J. Domenzain Gonzalez, Oxidacion Avanzadacon un Reactor Fotocatalitico de
Membrana para la Degradacién del Colorante Tipo Azo RB5, Instituto Politécnico
Nacional, 2010.

[11.96] J. Fu, M. Ji, Y. Zhao, L. Wang, Kinetics of aqueous photocatalytic oxidation of
fulvic acids in a photocatalysis—ultrafiltration reactor (PUR), Sep. Purif. Technol. 50
(2006) 107-113.

186



Bibliografia general

[11.97] J. Grzechulska-Damszel, M. Tomaszewska, a. W. Morawski, Integration of
photocatalysis with membrane processes for purification of water contaminated with
organic dyes, Desalination. 241 (2009) 118-126.

[11.98] J. Koh, Chapter 10: Dyeing with Disperse Dyes, in: P.J. Hauser (Ed.), Text.
Dye. InTech, 2011.

[11.99] J. Macanas, Desarrollo de nuevas membranas compuestas para la separacion

de iones metalicos y aplicaciones electroquimicas, 2006.

[11.100] J. Mendret, M. Hatat-Fraile, M. Rivallin, S. Brosillon, Hydrophilic composite
membranes for simultaneous separation and photocatalytic degradation of organic
pollutants, Sep. Purif. Technol. 111 (2013) 9-19.

[11.101] J. Merritt, K. Beck, C. Smith, P. Hauser, W. Jasper, Determination of indigo in
dyebaths by flow injection analysis and redox titrations, AATCC Rev. 1 (2001) 41-45.

[11.102] J. Pey Clemente, Aplicacion de Procesos de Oxidacion Avanzada
(Fotocatalisis Solar) para Tratamiento y Reutilizacion de Efluentes Textiles, Universitat

Politécnica de Valencia, 2008.

[11.103] J. Zhang, D. Fu, H. Gao, L. Deng, Mechanism of enhanced photocatalysis of
TiO2 by Fe3+ in suspensions, Appl. Surf. Sci. 258 (2011) 1294-1299.

[11.104] J.C. Garcia, J.l. Simionato, A.E.C. da Silva, J. Nozaki, N.E. de Souza, Solar
photocatalytic degradation of real textile effluents by associated titanium dioxide and
hydrogen peroxide, Sol. Energy. 83 (2009) 316-322.

[11.105] J.C. Garcia, J.L. Oliveira, A.E.C. Silva, C.C. Oliveira, J. Nozaki, N.E. de
Souza, Comparative study of the degradation of real textile effluents by photocatalytic
reactions involving UV/TiO2/H202 and UV/Fe2+/H202 systems., J. Hazard. Mater.
147 (2007) 105-110.

[11.106] J.H. Mo, Y.H. Lee, J. Kim, J.Y. Jeong, J. Jegal, Treatment of dye aqueous
solutions using nandfiltration polyamide composite membranes for the dye wastewater
reuse, Dye. Pigment. 76 (2008) 429-434.

[11.107] J.J. Porter, Membrane Filtration Techniques Used for Recovery of Dyes,
Chemicals and Energy, Am. Dyest. Report. 22 (1990) 21-26.

187



Capitulo 11

[11.108] J.J. Qin, M.H. Oo, K.A. Kekre, Nanofiltration for recovering wastewater from a
specific dyeing facility, Sep. Purif. Technol. 56 (2007) 199-203.

[11.109] J.M. Aquino, R.C. Rocha-Filho, L.A.M. Ruotolo, N. Bocchi, S.R. Biaggio,
Electrochemical degradation of a real textile wastewater using B-PbO2 and DSA®
anodes, Chem. Eng. J. 251 (2014) 138-145.

[11.110] J.M. Arnal, M.C. Leoén, J. Lora, J.M. Gozalvez, A. Santafé, D. Sanz, et al.,
Ultrafiltration as a pre-treatment of other membrane technologies in the reuse of textile
wastewaters, Desalination. 221 (2008) 405—412.

[11.111] J.M. Gozalvez-Zafrilla, D. Sanz-Escribano, J. Lora-Garcia, M.C. Le6n Hidalgo,
Nanofiltration of secondary effluent for wastewater reuse in the textile industry,
Desalination. 222 (2008) 272-279.

[11.112] K. Nakata, A. Fujishima, TiO2 photocatalysis: Design and applications, J.
Photochem. Photobiol. C Photochem. Rev. 13 (2012) 169-189.

[11.113] K. Turhan, Z. Turgut, Treatment and degradability of direct dyes in textile
wastewater by ozonation: A laboratory investigation, Desalin. Water Treat. 11 (2009)
184-191.

[11.114] K. V. Radha, V. Sridevi, K. Kalaivani, Electrochemical oxidation for the
treatment of textile industry wastewater. Bioresour. Technol. 100 (2009) 987-90.

[11.115] K.H. Choo, D.l. Chang, KW. Park, M.H. Kim, Use of an integrated
photocatalysis/hollow fiber microfiltration system for the removal of trichloroethylene in
water., J. Hazard. Mater. 152 (2008) 183-90.

[11.116] L. Baetz Reutergardh, M. langhasuk, Photocatalytic decolourization of reactive
azo dye: A comparison between TiO2 and CdS photocatalysis, Chemosphere. 35
(1997) 585-596.

[11.117] L. Gomez, A. Urkiaga, M. Gutiérrez, L. de las Fuentes, Fotooxidacion de
Vertidos Quimicos. Revision y Experiencias de Procesos de Oxidacion Avanzada, Ing.
Quimica. 32 (2000) 211-216.

[11.118] L. Ji, Y. Zhang, E. Liu, Y. Zhang, C. Xiao, Separation behavior of NF
membrane for dye/salt mixtures, Desalin. Water Treat. 51 (2013) 3721-3727.

188



Bibliografia general

[11.119] L. Quintero, Indigo e indigo carmin: Technologies for the decolorization of
dyes., Dyna. 162 (2010) 371-386.

[11.120] M. Bozi¢, V. Kokol, Ecological alternatives to the reduction and oxidation

processes in dyeing with vat and sulphur dyes, Dye. Pigment. 76 (2008) 299-309.

[11.121] M. Crespi, Reutilizaciéon de los efluentes textiles en Europa, Boletin
INTEXTER. 96 (1989) 87-106.

[11.122] M. El Haddad, R. Slimani, R. Mamouni, S. ElIAntri, S. Lazar, Removal of two
textile dyes from aqueous solutions onto calcined bones, J. Assoc. Arab Univ. Basic
Appl. Sci. 14 (2013) 51-59.

[11.123] M. Hatat-Fraile, J. Mendret, M. Rivallin, S. Brosillon, Effect of hydrodynamics
during sol—gel synthesis of TiO2 nanoparticles: From morphology to photocatalytic
properties, Chem. Eng. Res. Des. 91 (2013) 2389-2400.

[11.124] M. Henderson, A surface science perspective on TiO2 photocatalysis, Surf.
Sci. Rep. 66 (2011) 185-297.

[11.125] M. Jonstrup, N. Kumar, M. Murto, B. Mattiasson, Sequential anaerobic—
aerobic treatment of azo dyes: Decolourisation and amine degradability, Desalination.
280 (2011) 339-346.

[11.126] M. Linhares, S. Rebelo, M. Simoes, A. Silva, M. Neves, Biomimetric Oxidation
of Indole by Mn (lll) porphyrins, Appl. Catal. A Gen. 470 (2014) 427-433.

[11.127] M. Liu, Z. LG, Z. Chen, S. Yu, C. Gao, Comparison of reverse osmosis and
nanofiltration membranes in the treatment of biologically treated textile effluent for
water reuse, Desalination. 281 (2011) 372-378.

[11.128] M. Marcuccl, Treatment and reuse of textile effluents based on new

ultrafiltration and other membrane technologies, Desalination. 138 (2001) 75-82.

[11.129] M. Riera-Torres, C. Gutiérrez-Bouzan, M. Crespi, Combination of coagulation—
flocculation and nandfiltration techniques for dye removal and water reuse in textile
effluents, Desalination. 252 (2010) 53-59.

189



Capitulo 11

[11.130] M. Riera-Torres, C. Gutiérrez-Bouzan, Optimisation of the electrochemical and
UV combined treatment to remove colour and organic halogenated compounds of
textile effluents, Sep. Purif. Technol. 98 (2012) 375-382.

[11.131] M. Riera-Torres, M.C. Gutiérrez, Colour removal of three reactive dyes by UV

light exposure after electrochemical treatment, Chem. Eng. J. 156 (2010) 114-120.

[11.132] M. Romero, J. Blanco, B. Sanchez, A. Vidal, A.l. Cardona, E. Garcia, Solar
Photocatalytic Degradation of Water and Air Pollutants: Challenges and Perspectives,
Sol. Energy. 66 (1999) 169-182.

[11.133] M. Sala, M.C. Gutiérrez-Bouzan, Electrochemical Techniques in Textile

Processes and Wastewater Treatment, Int. J. Photoenergy. 2012 (2012) 1-12.

[11.134] M. Sala, M.C. Gutiérrez-Bouzan, Electrochemical treatment of industrial
wastewater and effluent reuse at laboratory and semi-industrial scale, J. Clean. Prod.
65 (2014) 458-464.

[11.135] M. Sala, V. Lopez-Grimau, C. Gutiérrez-Bouzan, Photo-Electrochemical
Treatment of Reactive Dyes in Wastewater and Reuse of the Effluent: Method
Optimization, Materials 7 (2014) 7349-7365.

[11.136] M. Saquib, M. Abu Tariq, M.M. Haque, M. Muneer, Photocatalytic degradation
of disperse blue 1 using UV/TiO2/H202 process., J. Environ. Manage. 88 (2008) 300—
306.

[11.137] M. Solis, A. Solis, H.l. Pérez, N. Manjarrez, M. Flores, Microbial decolouration
of azo dyes: A review, Process Biochem. 47 (2012) 1723-1748.

[11.138] M. Thompson, S.L.R. Ellison, R. Wood, Harmonized guidelines for single-
laboratory (IUPAC Technical Report), Pure Appl. Chem. 74 (2002) 835-855.

[11.139] M. Torres Riera, Electroquimica, UV i altres técniques aplicades a la

decoloracio i reutilitzacio d’efluents de tintura amb colorants reactius, 2010.

[11.140] M. Unlu, H. Yukseler, U. Yetis, Indigo dyeing wastewater reclamation by
membrane-based filtration and coagulation processes, Desalination. 240 (2009) 178—
185.

190



Bibliografia general

[11.141] M. Vedrenne, R. Vasquez-Medrano, D. Prato-Garcia, B. a Frontana-Uribe, M.
Hernandez-Esparza, J.M. de Andrés, A ferrous oxalate mediated photo-Fenton system:
toward an increased biodegradability of indigo dyed wastewaters., J. Hazard. Mater.
243 (2012) 292-301.

[11.142] M. Yasmina, K. Mourad, S.H. Mohammed, C. Khaoula, Treatment
Heterogeneous Photocatalysis; Factors Influencing the Photocatalytic Degradation by
TiO2, Energy Procedia. 50 (2014) 559-566.

[11.143] M.A. Barakat, Adsorption and photodegradation of Procion yellow H-EXL dye
in textile wastewater over TiO2 suspension, J. Hydro-Environment Res. 5 (2011) 137—-
142.

[11.144] M.1. Alcaina-Miranda, C. Garcia-Figueruelo, J.A. Mendoza-Roca, A. Bes-Pia,
M.1. Iborra-Clar, A. lborra-Clar, et al., Comparison of three NF membranes for the

reuse of secondary textile effluents, Desalination. 241 (2009) 1-7.

[11.145] M.J. Kim, K.H. Choo, H.S. Park, Photocatalytic degradation of seawater
organic matter using a submerged membrane reactor, J. Photochem. Photobiol. A
Chem. 216 (2010) 215-220.

[11.146] M.M. Haque, W.T. Smith, D.K.Y. Wong, Conducting polypyrrole films as a
potential tool for electrochemical treatment of azo dyes in textile wastewaters., J.
Hazard. Mater. 283 (2015) 164-170.

[11.147] M.N. Chong, B. Jin, C.W.K. Chow, C. Saint, Recent developments in
photocatalytic water treatment technology: a review., Water Res. 44 (2010) 2997-
3027.

[11.148] M.N. Chong, Y.J. Cho, P.E. Poh, B. Jin, Evaluation of TiO2 photocatalytic
technology for the treatment of Reactive Black 5 dye in synthetic and real greywater
effluents, J. Clean. Prod. (2014).

[11.149] M.R. Othman, M.A. Hassan, Y. Shirai, A.S. Baharuddin, A.A.M. Ali, J. Idris,
Treatment of effluents from palm oil mill process to achieve river water quality for reuse

as recycled water in a zero emission system, J. Clean. Prod. 67 (2014) 58-61.

191



Capitulo 11

[11.150] M.S. Nawaz, M. Ahsan, Comparison of physico-chemical, advanced oxidation
and biological techniques for the textile wastewater treatment, Alexandria Eng. J. 53
(2014) 717-722.

[11.151] M.Y. Ghaly, J.Y. Farah, A.M. Fathy, Enhancement of decolorization rate and
COD removal from dyes containing wastewater by the addition of hydrogen peroxide

under solar photocatalytic oxidation, Desalination. 217 (2007) 74—-84.

[11.152] M.Y. Ghaly, M.E.M. Ali, L. Osterlund, I.A. Khattab, M.I. Badawy, J.Y. Farah, et
al., ZnO/spiral-shaped glass for solar photocatalytic oxidation of Reactive Red 120,
Arab. J. Chem. (2014) (doi:10.1016/j.arabjc.2014.02.015).

[11.153] N. Meksi, M. Ben Ticha, M. Kechida, M.F. Mhenni, Using of ecofriendly a-
hydroxycarbonyls as reducing agents to replace sodium dithionite in indigo dyeing
processes, J. Clean. Prod. 24 (2012) 149-158.

[11.154] N. Tahri, G. Masmoudi, E. Ellouze, A. Jrad, P. Drogui, R. Ben Amar, Coupling
microfiltration and nanofiltration processes for the treatment at source of dyeing-
containing effluent, J. Clean. Prod. 33 (2012) 226-235.

[11.155] N. Tripathy, R. Ahmad, J. Eun Song, H. Ah Ko, Y.-B. Hahn, G. Khang,
Photocatalytic degradation of methyl orange dye by ZnO nanoneedle under UV
irradiation, Mater. Lett. 136 (2014) 171-174.

[11.156] N.H.H. Hairom, A.W. Mohammad, A.A.H. Kadhum, Effect of various zinc oxide
nanoparticles in membrane photocatalytic reactor for Congo red dye treatment, Sep.
Purif. Technol. 137 (2014) 74-81.

[11.157] O. Prieto, J. Fermoso, Y. Nufiez, J.L. del Valle, R. Irusta, Decolouration of
textile dyes in wastewaters by photocatalysis with TiO2, Sol. Energy. 79 (2005) 376—
383.

[11.158] P. Bansal, D. Sud, Photodegradation of commercial dye, Procion Blue HERD

from real textile wastewater using nanocatalysts, Desalination. 267 (2011) 244-249.

[11.159] P. Huber, S. Ossard, B. Fabry, C. Bermond, D. Craperi, E. Fourest, Conditions
for cost-efficient reuse of biological sludge for paper and board manufacturing, J.
Clean. Prod. 66 (2014) 65-74.

192



Bibliografia general

[11.160] P. Novotna, J. Boon, J. Van der Horst, V. Pacdkova, Photodegradation of
Indigo in Dichlormethane solution, Color. Technol. 119 (2003) 121-157.

[11.161] P. Pekakis, N.P. Xekoukoulotakis, D. Mantzavinos, Treatment of textile
dyehouse wastewater by TiO2 photocatalysis., Water Res. 40 (2006) 1276—86.

[11.162] P. Pizarro de Oro, Desarrollo de materiales basados en TiO2

mesoestructurado con aplicaciones fotocataliticas, Universidad Rey Juan Carlos, 2005.

[11.163] P. Sathishkumar, M. Arulkumar, T. Palvannan, Utilization of agro-industrial
waste Jatropha curcas pods as an activated carbon for the adsorption of reactive dye
Remazol Brilliant Blue R (RBBR), J. Clean. Prod. 22 (2012) 67-75.

[11.164] P. Wang, Z. Wang, Z. Wu, S. Mai, Fouling behaviours of two membranes in a
submerged membrane bioreactor for municipal wastewater treatment, J. Memb. Sci.
382 (2011) 60-69.

[11.165] P. Wongkalasin, S. Chavadej, T. Sreethawong, Photocatalytic degradation of
mixed azo dyes in aqueous wastewater using mesoporous-assembled TiO2
nanocrystal synthesized by a modified sol-gel process, Colloids Surfaces A
Physicochem. Eng. Asp. 384 (2011) 519-528.

[11.166] P. Yao, K.H. Choo, M.H. Kim, A hybridized photocatalysis-microfiltration
system with iron oxide-coated membranes for the removal of natural organic matter in
water treatment: effects of iron oxide layers and colloids., Water Res. 43 (2009) 4238—
48.

[11.167] P.I.LM. Firmino, M.E.R. da Silva, F.J. Cervantes, A.B. dos Santos, Colour
removal of dyes from synthetic and real textile wastewaters in one- and two-stage

anaerobic systems., Bioresour. Technol. 101 (2010) 7773-9.

[11.168] Q. Chen, Y. Yang, M. Zhou, M. Liu, S. Yu, C. Gao, Comparative study on the
treatment of raw and biologically treated textile effluents through submerged
nanofiltration., J. Hazard. Mater. 284C (2014) 121-129.

[11.169] R. Arnaldo, indigo, uma molécula bastante interesante, Rev. Quim. 106
(2012) 32-57.

193



Capitulo 11

[11.170] R. Damodar, S. J. You, S.H. Ou, Coupling of membrane separation with
photocatalytic slurry reactor for advanced dye wastewater treatment, Sep. Purif.
Technol. 76 (2010) 64-71.

[11.171] R. ElImoubarki, F.Z. Mahjoubi, H. Tounsadi, J. Moustadraf, M. Abdennouri, A.
Zoubhri, et al., Adsorption of textile dyes on raw and decanted Moroccan clays: Kinetics,

equilibrium and thermodynamics, Water Resour. Ind. (2014).

[11.172] R. Liang, A. Hu, L. Wenjuan, Y. Zhou, Enhanced degradation of persistent
pharmaceuticals found in wastewater treatment effluents using TiO2 nanobelt
photocatalysts, J. Nanoparticle Res. 15 (2013) 1-13.

[11.173] R. Molinari, F. Pirillo, M. Falco, V. Loddo, L. Palmisano, Photocatalytic
degradation of dyes by using a membrane reactor, Chem. Eng. Process. Process
Intensif. 43 (2004) 1103—-1114.

[11.174] R. Molinari, L. Palmisano, E. Drioli, M. Schiavello, Studies on various reactor
configurations for coupling photocatalysis and membrane processes in water
purification, J. Memb. Sci. 206 (2002) 399-415.

[11.175] R. Wood, How to validate analytical methods, Trends Anal. Chem. 18 (1999)
624-632.

[11.176] R. ZyHa, J. Sojka-Ledakowicz, E. Stelmach, S. Ledakowicz, Coupling of
membrane filtration with biological methods for textile wastewater treatment,
Desalination. 198 (2006) 316-325.

[11.177] R.L. Fernandez, J.A. McDonald, S.J. Khan, P. Le-Clech, Removal of
pharmaceuticals and endocrine disrupting chemicals by a submerged membrane
photocatalysis reactor (MPR), Sep. Purif. Technol. 127 (2014) 131-139.

[11.178] R.T. Sapkal, S.S. Shinde, M. a Mahadik, V.S. Mohite, T.R. Waghmode, S.P.
Govindwar, et al., Photoelectrocatalytic decolorization and degradation of textile
effluent using ZnO thin films., J. Photochem. Photobiol. B. 114 (2012) 102-7.

[11.179] R.W. Baker, Membrane Technology and Applications, 2nd ed., Chichester,
2004.

194



Bibliografia general

[11.180] R.Y. Horng, C. Huang, M.-C. Chang, H. Shao, B.-L. Shiau, Y.-J. Hu,
Application of TiO2 photocatalytic oxidation and non-woven membrane filtration hybrid
system for degradation of 4-chlorophenol, Desalination. 245 (2009) 169—-182.

[11.181] S. Apollo, M.S. Onyango, A. Ochieng, Integrated UV photodegradation and
anaerobic digestion of textile dye for efficient biogas production using zeolite, Chem.
Eng. J. 245 (2014) 241-247.

[11.182] S. Barredo-Damas, M.l. Alcaina-Miranda, a. Bes-Pia, M.l. Iborra-Clar, a.
Iborra-Clar, J. a. Mendoza-Roca, Ceramic membrane behavior in textile wastewater
ultrafiltration, Desalination. 250 (2010) 623—628.

[11.183] S. Barredo-Damas, M.l. Alcaina-Miranda, M.l. Iborra-Clar, J.A. Mendoza-
Roca, M. Gemma, Effect of pH and MWCO on textile effluents ultrafiltration by tubular

ceramic membranes, Desalin. Water Treat. 27 (2011) 81-89.

[11.184] S. Bonan, G. Fedrizzi, S. Menotta, C. Elisabetta, Simultaneous determination
of synthetic dyes in foodstuffs and beverages by high-performance liquid

chromatography coupled with diode-array detector, Dye. Pigment. 99 (2013) 36—40.

[11.185] S. Chakraborty, M.K. Purkait, S. Dasgupta, J.K. Basu, Nanofiltration of textile
plant effluent for color removal and reduction in COD, Sep. Purif. Technol. 31 (2003)
141-151.

[11.186] S. Danwittayakul, M. Jaisai, J. Dutta, Efficient solar photocatalytic degradation
of textile wastewater using ZnO/ZTO composites, Appl. Catal. B Environ. 163 (2015)
1-8.

[11.187] S. Kertész, J. Cakl, H. Jirdnkova, Submerged hollow fiber microfiltration as a
part of hybrid photocatalytic process for dye wastewater treatment, Desalination 343
(2014) 106-112.

[11.188] S. Komboonchoo, A. Turcanu, T. Bechtold, The reduction of dispersed indigo
by cathodically formed 1,2,4-trihydroxynaphthalene, Dye. Pigment. 83 (2009) 21-30.

[11.189] S. Ma, J. Meng, J. Li, Y. Zhang, L. Ni, Synthesis of catalytic polypropylene
membranes enabling visible-light-driven photocatalytic degradation of dyes in water, J.
Memb. Sci. 453 (2014) 221-229.

195



Capitulo 11

[11.190] S. Mozia, A.W. Morawski, M. Toyoda, M. Inagaki, Effectiveness of
photodecomposition of an azo dye on a novel anatase-phase TiO2 and two commercial
photocatalysts in a photocatalytic membrane reactor (PMR), Sep. Purif. Technol. 63
(2008) 386-391.

[11.191] S. Mozia, A.W. Morawski, M. Toyoda, T. Tsumura, Effect of process
parameters on photodegradation of Acid Yellow 36 in a hybrid photocatalysis—
membrane distillation system, Chem. Eng. J. 150 (2009) 152—-159.

[11.192] S. Mozia, AW. Morawski, M. Toyoda, T. Tsumura, Integration of
photocatalysis and membrane distillation for removal of mono- and poly-azo dyes from
water, Desalination. 250 (2010) 666—672.

[11.193] S. Mozia, Application of temperature modified titanate nanotubes for removal
of an azo dye from water in a hybrid photocatalysis-MD process, Catal. Today. 156
(2010) 198-207.

[11.194] S. Mozia, D. Darowna, K. Szymanski, S. Grondzewska, K. Borchert, R.
Wrobel, et al., Performance of two photocatalytic membrane reactors for treatment of
primary and secondary effluents, Catal. Today, 236 (2014), 135-145.

[11.195] S. Mozia, M. Tomaszewska, A.W. Morawski, Removal of azo-dye Acid Red 18
in two hybrid membrane systems employing a photodegradation process, Desalination.
198 (2006) 183—190.

[11.196] S. Mozia, Photocatalytic membrane reactors (PMRs) in water and wastewater
treatment. A review, Sep. Purif. Technol. 73 (2010) 71-91.

[11.197] S. Sathian, M. Rajasimman, G. Radha, V. Shanmugapriya, C. Karthikeyan,
Performance of SBR for the treatment of textile dye wastewater: Optimization and
kinetic studies, Alexandria Eng. J. 53 (2014) 417—-426.

[11.198] S. Vajnhandl, J.V. Valh, The status of water reuse in European textile sector,
J. Environ. Manage. 141C (2014) 29-35.

[11.199] S. Zhang, R. Wang, S. Zhang, G. Li, Y. Zhang, Treatment of wastewater
containing oil using phosphorylated silica nanotubes (PSNTs)/polyvinylidene fluoride
(PVDF) composite membrane, Desalination. 332 (2014) 109-116.

196



Bibliografia general

[11.200] S. Zodi, B. Merzouk, O. Potier, F. Lapicque, J.-P. Leclerc, Direct red 81 dye
removal by a continuous flow electrocoagulation/flotation reactor, Sep. Purif. Technol.
108 (2013) 215-222.

[11.201] S.G. Schrank, J.N.R. Dos Santos, D.S. Souza, E.E.S. Souza, Decolourisation
effects of Vat Green 01 textile dye and textile wastewater using H202/UV process, J.
Photochem. Photobiol. A Chem. 186 (2007) 125-129.

[11.202] S.H. Adam, A.A. Jalil, S. Triwahyono, Novel removal of water-insoluble
disperse dye onto a low-cost adsorbent prepared from tropical fruit waste, Desalin.
Water Treat. 49 (2012) 337-347.

[11.203] S.I. Patsios, V.C. Sarasidis, a. J. Karabelas, A hybrid photocatalysis—
ultrafiltration continuous process for humic acids degradation, Sep. Purif. Technol. 104
(2013) 333-341.

[11.204] S.J. Oh, N. Kim, Y.T. Lee, Preparation and characterization of PVDF/TiO2
organic—inorganic composite membranes for fouling resistance improvement, J. Memb.
Sci. 345 (2009) 13-20.

[11.205] S.M. Burkinshaw, G. Salihu, The wash-off of dyeings using interstitial water.
Part 4: Disperse and reactive dyes on polyester/cotton fabric, Dye. Pigment. 99 (2013)
548-560.

[11.206] S.S. Chin, K. Chiang, A.G. Fane, The stability of polymeric membranes in a
TiO2 photocatalysis process, J. Memb. Sci. 275 (2006) 202—-211.

[11.207] Standard Methods for the Examination of Water and Wastewater, 22th ed.,
2012 American Public Health Association/American Water Works Association/Water

Environment Federation, Washington, DC.

[11.208] T. Bechtold, A. Turcanu, Electrochemical reduction in vat dyeing: greener

chemistry replaces traditional processes, J. Clean. Prod. 17 (2009) 1669-1679.

[11.209] T. Bechtold, A. Turcanu, W. Schrott, Electrochemical decolourisation of
dispersed indigo on boron-doped diamond anodes, Diam. Relat. Mater. 15 (2006)
1513-1519.

197



Capitulo 11

[11.210] T. Blackburn, Richard S. Bechtold, P. John, The development of indigo
reduction methods and pre-reduced indigo products, Color. Technol. 125 (2009) 193—
207.

[11.211] T. Chidambaram, Y. Oren, M. Noel, Fouling of nanofiltration membranes by
dyes during brine recovery from textile dye bath wastewater, Chem. Eng. J. 262 (2015)
156-168.

[11.212] T. Robinson, G. McMullan, R. Marchant, P. Nigam, Remediation of dyes in
textile effluent: a critical review on current treatment technologies with a proposed
alternative, Bioresour. Technol. 77 (2001) 247-55.

[11.213] T. Visa, M. Sanchez, V. Lopez-Grimau, R. Navarro, S. Reche, C. Gutiérrez-
Bouzan, Photocatalysis with titanium dioxide to remove colour of exhausted reactive
dyebaths without pH modification, Desalin. Water Treat. 45 (2012) 91-99.

[11.214] T.H. Kim, C. Park, S. Kim, Water recycling from desalination and purification
process of reactive dye manufacturing industry by combined membrane filtration, J.
Clean. Prod. 13 (2005) 779-786.

[11.215] The International Conference on Harmonisation (ICH), Validation of Analytical
Procedures: Text and methodology, (2005) 1-13.

[11.216] U. Muhammad, A. Hamidi Abdul, Chapter 8: Photocatalytic Degradation of
Organic Pollutants in Water, in: Org. Pollut. - Monit. Risk Treat., 2013: pp. 198-208.

[11.217] U. World Water Assessment Programme (United Nations), UN-Water,
Managing Water under Uncertainty and Risk, Paris, 2012.

[11.218] U. World Water Assessment Programme (United Nations), UN-Water, Water
in a Changing World, London, 2009.

[11.219] U.G. Akpan, B.H. Hameed, Parameters affecting the photocatalytic
degradation of dyes using TiO2-based photocatalysts: A review, J. Hazard. Mater. 170
(2009) 520-529.

[11.220] U.Y. Nigmet Uzal, Levent Yilmaz, Nanofiltration and Reverse Osmosis for
Reuse of Indigo Dye Rinsing Waters, Sep. Sci. Technol. 45 (2010) 331-338.

198



Bibliografia general

[11.221] V. Buscio, M. Crespi, C. Gutiérrez-Bouzan, Sustainable Dyeing of Denim
Using Indigo Dye Recovered with PVDF Ultrafiltration Membranes, J. Clean. Prod. 91
(2015) 201-207

[11.222] V. Buscio, M.J. Marin, M. Crespi, C. Gutiérrez-Bouzan, Reuse of textile
wastewater after homogenization—decantation treatment coupled to PVDF ultrafiltration
membranes, Chem. Eng. J. 265 (2015) 122—-128.

[11.223] V. Khandegar, A.K. Saroha, Electrocoagulation for the treatment of textile
industry effluent-a review. J. Environ. Manage. 128 (2013) 949-63.

[11.224] V. Loépez-Grimau, C. Gutiérrez, M. Sala, M. Crespi, Electrochemical
decolourisation of cotton dye baths for reuse purposes: a way to reduce salinity of the
textile wastewater, Desalin. Water Treat. 51 (2013) 1527-1532.

[11.225] V. Murali, S.A. Ong, L.N. Ho, Y.S. Wong, Evaluation of integrated anaerobic-
aerobic biofilm reactor for degradation of azo dye methyl orange., Bioresour. Technol.
143 (2013) 104-111.

[11.226] V. Reguero, R. Lopez-Fernandez, J. Fermoso, O. Prieto, P. Pocostales, R.
Gonzalez, et al., Comparison of conventional technologies and a Submerged
Membrane Photocatalytic Reactor (SMPR) for removing trihalomethanes (THM)

precursors in drinking water treatment plants, Desalination. 330 (2013) 28—-34.

[11.227] V.C. Sarasidis, K. V. Plakas, S.I. Patsios, A.J. Karabelas, Investigation of
diclofenac degradation in a continuous photo-catalytic membrane reactor. Influence of
operating parameters, Chem. Eng. J. 239 (2014) 299-311.

[11.228] V.C. Sarasidis, S.l. Patsios, A.J. Karabelas, A hybrid photocatalysis—
ultrafiltration continuous process: The case of polysaccharide degradation, Sep. Purif.
Technol. 80 (2011) 73-80.

[11.229] V.D. Gosavi, S. Sharma, A General Review on Various Treatment Methods for
Textile Wastewater, J. Environ. Sci. Comput. Sci. Eng. Technol. 3 (2014) 29-39.

[11.230] W. Horwitz, The potential use of quality control data to validate pesticide
residue method performance, Princ. Pract. Method Validation, R. Soc. Chem.
Cambridge, UK. (2000) 1-8.

199



Capitulo 11

[11.231] W. Li, Q. Yue, P. Tu, Z. Ma, B. Gao, J. Li, et al., Adsorption characteristics of
dyes in columns of activated carbon prepared from paper mill sewage sludge, Chem.
Eng. J. 178 (2011) 197-203.

[11.232] W.J. Lau, A.F. Ismail, Polymeric nanofiltration membranes for textile dye
wastewater treatment: Preparation, performance evaluation, transport modelling, and
fouling control — a review, Desalination. 245 (2009) 321-348.

[11.233] X. Meng, N. Zhang, X. Wang, L. Wang, D. Huang, R. Miao, Dye effluent
treatment using PVDF UF membranes with different properties, Desalin. Water Treat.
52 (2013) 5068-5075.

[11.234] X. Shi, G. Tal, N.P. Hankins, V. Gitis, Fouling and cleaning of ultrafiltration
membranes: A review, J. Water Process Eng. 1 (2014) 121-138.

[11.235] X. Zhu, Y. Zheng, Z. Chen, Q. Chen, B. Gao, S. Yu, Removal of reactive dye
from textile effluent through submerged filtration using hollow fiber composite
nandfiltiration membrane, Desalin. Water Treat. 51 (2013) 6101-6109.

[11.236] Y. Anjaneyulu, N.S. Chary, D.S.S. Raj, Decolourization of Industrial Effluents —
Available Methods and Emerging Technologies — A Review, Rev. Environ. Sci.
Bio/Technology. 4 (2005) 245-273.

[11.237] Y. Boyjoo, M. Ang, V. Pareek, Photocatalytic Treatment of Shower Water
Using a Pilot Scale Reactor, Int. J. Photoenergy. (2012) 1-7.

[11.238] Y. He, G. Li, H. Wang, J. Zhao, H. Su, Q. Huang, Effect of operating
conditions on separation performance of reactive dye solution with membrane process,
J. Memb. Sci. 321 (2008) 183-189.

[11.239] Y. He, X. Wang, J. Xu, J. Yan, Q. Ge, X. Gu, et al., Application of integrated
ozone biological aerated filters and membrane filtration in water reuse of textile
effluents., Bioresour. Technol. 133 (2013) 150-157.

[11.240] Y. Huo, Z. Xie, X. Wang, H. Li, M. Hoang, R. a. Caruso, Methyl orange
removal by combined visible-light photocatalysis and membrane distillation, Dye.
Pigment. 98 (2013) 106-112.

200



Bibliografia general

[11.241] Y. Jin, Y. Wu, J. Cao, Y. Wu, Optimizing decolorization of Methylene Blue and
Methyl Orange dye by pulsed discharged plasma in water using response surface
methodology, J. Taiwan Inst. Chem. Eng. 45 (2014) 589-595.

[11.242] Y. Liu, L. Hua, S. Li, Photocatalytic degradation of Reactive Brilliant Blue KN-
R by TiO2/UV process, Desalination. 258 (2010) 48-53.

[11.243] Y. Wu, J. Zhang, L. Xiao, F. Chen, Properties of carbon and iron modified
TiO2 photocatalyst synthesized at low temperature and photodegradation of acid
orange 7 under visible light, Appl. Surf. Sci. 256 (2010) 4260-4268.

[11.244] Y. Zheng, S. Yu, S. Shuai, Q. Zhou, Q. Cheng, M. Liu, et al., Color removal
and COD reduction of biologically treated textile effluent through submerged filtration

using hollow fiber nanofiltration membrane, Desalination. 314 (2013) 89-95.

[11.245] Y.K. Ong, F.Y. Li, S.P. Sun, B.W. Zhao, C.Z. Liang, T.S. Chung, Nanofiltration
hollow fiber membranes for textile wastewater treatment: Lab-scale and pilot-scale
studies, Chem. Eng. Sci. 114 (2014) 51-57.

[11.246] Y.Y. Lau, Y.S. Wong, T.T. Teng, N. Morad, M. Rafatullah, S.A. Ong,
Coagulation-flocculation of azo dye Acid Orange 7 with green refined laterite soil,
Chem. Eng. J. 246 (2014) 383-390.

[11.247] Z. Badani, C. Cabassud, H. Ait-Amar, Membrane separation process for the
treatment and reuse of bath dye effluents, Desalin. Water Treat. 9 (2009) 105-111.

[11.248] Z. Jiang, H. Wang, H. Huang, C. Cao, Photocatalysis enhancement by electric
field: TiO2 thin film for degradation of dye X-3B., Chemosphere. 56 (2004) 503-508.

201



