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Summary

Bisphenol A (BPA) and tartrazine (TAR) belong to the compounds that are potentially
harmful and often present in wastewater reclamation. BPA is a typical Endocrine
Disrupting Chemical (EDC) and TAR is an azo dye. A variety of industries, especially
paper and textile manufacturers, produces a large volume of wastewater that is polluted
with BPA and dyes. Therefore, BPA and dyes-charged effluents need to be efficiently
managed in order to avoid environmental problems linked to them.

During the last decade, several methods for BPA and TAR removal of wastewater have
been found to be effective and potentially applicable for subsequent scaling up. However,
most of them still face cost problems, thus demanding further development. It is generally
accepted that nanofiltration (NF) offers an adequate solution for the removal of BPA and
dyes from the aqueous solutions due to its capacity to retain dissolved organics.

In the present thesis project, cross flow NF using thin film composite polymeric
membranes was applied to reject BPA and TAR from aqueous solutions. The research was
focused on typifying solute rejection and permeate flux decay as a function of two main
parameters: transmembrane pressure and initial model compound concentration.

The results show that NF achieves high BPA and TAR rejection for all the studied
membranes, above 80 and 95 %, respectively. The NF of BPA solutions showed that
rejection is related to adsorption ability of BPA on the membrane and size exclusion
mechanism. Additionally, flux decline, compared to pure water permeability, ranges from

60 to 80% and mostly correlates with concentration polarisation occurrence, while for the
NF of TAR solutions the flux only declines 20-35%.

The NF of five different dyes was also studied. In this case flux decline was mostly
correlated with dye molecular weight. Significant continuous fouling was observed for
some dyes, which can limit the use of NF for dye concentration at acceptable operation
conditions.

Later, the degradation of BPA and TAR during Fenton’s process under different operation
conditions, in combination with subsequent NF of low concentration effluents containing
remnant BPA and TAR and compounds derived from their oxidation was investigated. The
results indicate that BPA could be efficiently degraded in aqueous phase by Fenton liquor.
The treatment of 300 mg/L solutions of BPA with the Fenton reagent at optimal conditions
resulted in its complete removal in less than 2 min. The optimum conditions were found to
be pHg =3, H,0,/BPA =0.20 and Fe’/BPA =0.012. In the NF of the effluent after
Fenton oxidation, high TOC, COD, colour and Fe*" (>77%) removal were achieved,
although significant membrane fouling was also observed. The normalised water flux after
membrane flushing with water was lower than 60% in almost all used membranes, which
indicates significant non-easily removable fouling.

In the oxidation of TAR by Fenton reagent, high decolourisation was achieved although
poor mineralization was found. In this case, no significant permeate flux decline was
observed during the NF of the effluent after Fenton oxidation. In general the normalised
permeate fluxes were higher for NF of Fenton effluents than for the NF of untreated
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solutions. High rejections were obtained in the integrated treatment NF and Fenton
process, allowing very high permeate quality.

The present work also describes the use of ozone to degrade BPA and TAR from aqueous
solutions. The effect of initial BPA and TAR concentrations, ozone dose, ozone-air flow
rate and solution pH on the degradation rate was studied. The conversion of the pollutants
was found to increase with increasing inlet ozone concentration and solution pH, and to
decrease with increasing initial BPA and TAR concentrations. With respect to an
increasing air-ozone flow rate, the conversion reaches a maximum and then decreases
again. The results show that decolourisation was remarkable under basic conditions, pH
12. In general, the pre-ozonation of model compounds was beneficial to NF process. The
previous ozonation enhances the permeate fluxes observed during NF of the pre-treated
solutions. These membranes underwent lower polarisation concentration and fouling in
comparison with the membranes used in the NF of Fenton treated and untreated solutions.
Like NF of Fenton treated effluents, high permeate quality was obtained by NF of
ozonized effluent.

Finally, the application of laccase and peroxidase from horseradish (HRP) to facilitate the
removal of BPA from aqueous solutions was also investigated. The effect of pH and the
enzyme dose was evaluated in order to determine the optimum conditions for this
alternative. The results indicate that BPA was quickly removed from aqueous solution
since a BPA conversion over 95% was obtained in 180 min for both enzymes in optimal
conditions; the higher the enzyme dose, the higher the removal of BPA. It was also found
that the optimum pH for the enzymatic treatment of BPA was around 7 for both enzymes.

The use of a membrane-reactor integrated system with recycling of enzyme for BPA
degradation is also presented. These results demonstrate the potential and limitations of
using enzymatic BPA degradation, operated in a recycling mode coupled to a NF
membrane. BPA removal efficiencies from several NF membranes were related to the BPA
molecular weight, membrane pore sizes and membrane hydrophobicity. NF270 showed the
best performance in this membrane-assisted enzymatic treatment: 89% removal of BPA for
the two enzyme treatments and less than 35% flux decay.
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Resumen

El bisfenol A (BPA) y la tartrazina (TAR) pertenecen al grupo de compuestos que son
potencialmente dafiinos para la recuperacion de aguas residuales. E1 BPA es un disruptor
del sistema hormonal o disruptor endocrino, mientras que la TAR es un colorante azoico.
Una diversidad de industrias, especialmente la industria papelera y textil, producen un gran
volumen de aguas residuales que estan contaminadas con BPA y colorantes. Por lo tanto,
los efluentes que contiene tanto BPA como colorantes deben ser gestionados de manera
eficiente con la finalidad de evitar problemas ambientales vinculados a ellos.

Durante la ultima década, se han ensayado varios métodos para la eliminaciéon de BPA y
TAR de aguas residuales, resultando ser eficaces y potencialmente aplicables a gran escala.
Sin embargo, la mayoria de ellos todavia se enfrentan a problemas de costes, lo cual exige
su desarrollo. La nanofiltracion (NF) ofrece una solucidon adecuada para la eliminacion de
BPA y colorantes de las soluciones acuosas debido a su capacidad para retener sustancias
organicas disueltas.

Es por ello que en este trabajo de tesis, se utilizo la NF en flujo tangencial usando
membranas poliméricas para eliminar BPA y TAR de soluciones acuosas. El estudio se
centrd en el rechazo y la pérdida de flujo de permeado en funcion de dos parametros
principales: la presion trans-membrana y la concentracion inicial de los compuestos
modelos.

Los resultados muestran que la NF de BPA y TAR proporcionan altos niveles de rechazo
para todas las membranas estudiadas, con valores por encima del 80 y 95%,
respectivamente. En la NF de soluciones con BPA, el rechazo se mostré relacionado con la
capacidad de adsorcion de BPA por la membrana y con la exclusion por tamafio gracias a
la diferencia entre la molécula y los poros de la membrana. Ademas, el flujo de permeado
experimentado por las distintas membranas disminuyod, en comparacion con la
permeabilidad del agua pura, entre 60 y 80%:; este hecho se relaciona con el fendémeno de
polarizacion de la concentracion. En cuanto a la NF de TAR, el fluyjo de permeado
solamente se redujo entre un 20 y un 35%.

También se estudié la NF de cuatro colorantes diferentes a la TAR. En este caso, la
disminucion del flujo se correlacioné con los diferentes pesos moleculares de los
colorantes. Durante el tiempo de filtracién estudiado, se observd un ensuciamiento
continto de la membrana NF270 para algunos colorantes, lo cual puede limitar el uso de
esta tecnologia de una forma sostenible.

Posteriormente, se ensay6 la degradacion de BPA y TAR por medio del proceso Fenton
bajo diferentes condiciones de operacidon y en combinacion con la posterior NF de los
efluentes. De esta manera, la filtracién procedioé a bajas concentraciones residuales de BPA
o TAR y compuestos derivados de su oxidacion. Los resultados indican que el BPA puede
ser degradado eficientemente en fase acuosa a través de la reaccion Fenton. La eliminacion
completa, en menos de 2 min, de BPA de soluciones que contenian inicialmente 300 mg/L
se alcanz6 con el reactivo Fenton en sus condiciones 6ptimas. Dichas condiciones
resultaron ser: pHg = 3, H,0o/BPA = 0.20 y Fe*'/BPA = 0.012.
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La NF del efluente después de la oxidacion Fenton de BPA resulté en elevadas retenciones
de TOC, DQO, color y Fe** (> 77%), aunque las membranas sufrieron un remarcable
ensuciamiento. El flujo normalizado de agua inmediatamente después del proceso de
filtracion fue inferior al 60% en casi todas las membranas utilizadas, lo que indica un
ensuciamiento dificil de eliminar.

En lo que se refiere a la oxidacion de TAR por Fenton, se alcanzé una alta decoloracion,
sin embargo los niveles de mineralizacion fueron mas bien pobres. El flujo de permeado
no se redujo significativamente durante la NF del efluente después de la oxidacion de TAR
con Fenton. En general, los flujos normalizados de permeado fueron mayores en la NF de
los efluentes después de tratamiento Fenton que en la NF de soluciones no tratadas. Altos
rechazos se obtuvieron en el proceso integrado NF-Fenton, lo cual resultd en una alta
calidad del permeado.

Ademas, el presente trabajo describe el uso del ozono para la degradacion de BPA y TAR
presente en soluciones acuosas. Se estudio el efecto de las concentraciones iniciales de
BPA y TAR, de la dosis de ozono, del caudal de aire y ozono y del pH en la degradacion.
Se encontr6 que la conversion de los contaminantes aumenta con el incremento de la
concentracion de ozono en la corriente aire-ozono y con el pH de la solucion, pero
disminuye con el aumento de las concentraciones iniciales de BPA y TAR. Por su lado, la
conversion de los contaminantes aument6 con el caudal de aire-ozono hasta alcanzar un
maximo para luego disminuir con un incremento adicional. Estos ensayos mostraron una
notable decoloracion y degradacion de los compuestos estudiados en condiciones basicas
de pH. En general, la pre-ozonacion de los compuestos modelo fue beneficiosa para el
posterior proceso de NF. La NF de las soluciones ozonadas mejord los flujos de permeado.
En este caso las membranas experimentaron una menor polarizacion de la concentracion y
ensuciamiento en comparacion con las membranas utilizadas en el NF de las soluciones
tratadas y no tratadas con Fenton. Al igual que en la NF de los efluentes del proceso
Fenton, alta calidad del permeado fue obtenida en la NF de los efluentes ozonados.

Por ultimo se investigd la aplicacion de la lacasa y la peroxidasa (HRP) para facilitar la
eliminacion de BPA a partir de soluciones acuosas. Se evaluo el efecto del pH y de la dosis
de enzima para determinar las condiciones dptimas de reaccion. Los resultados indican que
el BPA puede ser eliminado rdpidamente de soluciones acuosas con esta técnica.
Conversiones superiores al 95% en 180 min fueron alcanzadas para ambas enzimas en
condiciones Optimas de reaccion. Como mayor fue la dosis de enzima, mayor fue la
conversion de BPA. Adicionalmente, se observd que el pH Optimo para la eficiente
eliminacion de BPA es de alrededor de 7 para ambas enzimas.

Igualmente que para los otros procesos de oxidacion, en esta parte se presenta el uso de un
sistema integrado membrana-reactor con reciclado de enzimas para la degradacion de
BPA. Estos resultados demuestran el potencial y las limitaciones del uso de la degradacion
enzimdtica acoplada con membranas de NF para la remocion de BPA. La eficiente
eliminacion de BPA en este caso se relaciond con el peso molecular de BPA, tamafio de
poros y hidrofobicidad de las membranas usadas. La membrana NF270 mostrd las mejores
prestaciones en la filtracion del BPA tratado enzimaticamente: 89% de rechazo de BPA,
para los dos tratamientos enzimaticos, y menos del 35% en la caida de flujo de permeado.
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Resum

El bisfenol A (BPA) i la tartrazina (TAR) pertanyen al grup de compostos que sén
potencialment nocius per a la recuperacié d'aigiies residuals. EI BPA ¢és un disruptor del
sistema hormonal o disruptor endocri, mentre que la TAR és un colorant azoic. Una
diversitat d'industries, especialment la industria paperera i textil, produeixen un gran volum
d'aigiies residuals que estan contaminades amb BPA i colorants. Per tant, els efluents que
contenen tant BPA com colorants han de ser gestionats de manera eficient amb la finalitat
d'evitar problemes ambientals vinculats a ells.

Durant I'tltima década, s’han assajat diversos metodes per a I'eliminacié de BPA i TAR
d'aigiies residuals, resultant ser eficacos i potencialment aplicables a gran escala. No
obstant aix0, la majoria d'ells encara enfronten problemes de costos, la qual cosa exigeix el
seu desenvolupament. La nanofiltracio6 (NF) ofereix una solucié adequada per a
l'eliminacié de BPA i colorants de les solucions aquoses, degut a la seva capacitat per
retenir substancies organiques dissoltes.

Es per aixo que en aquest treball de tesi, es va utilitzar la NF en flux tangencial mitjangant
membranes polimeriques per eliminar BPA 1 TAR de solucions aquoses. L'estudi es va
centrar en el rebuig i la disminucié del flux de permeat en funci6 de dos parametres
principals: la pressio trans-membrana i la concentracio inicial dels compostos models.

Els resultats mostren que la NF de BPA i TAR permet aconseguir un rebuig alt per a totes
les membranes estudiades, obtenint valors per sobre de 80 1 95%, respectivament. A la NF
de solucions amb BPA, el rebuig ha estat relacionat amb la capacitat d'adsorcié de BPA
per la membrana i amb I'exclusi6 de la molécula gracies a la diferéncia de grandaria entre
la molécula i els porus de la membrana. A més, la perdua de flux de permeat experimentat
per les diferents membranes, en comparacidé amb la permeabilitat de I'aigua pura, se situa
entre el 60 i el 80%. Aquest fet es relaciona amb el fenomen de polaritzacié de la
concentracio. Quant a la NF de la TAR, el flux de permeat es va reduir tan sols entre el 20 i
el 35%.

A més, s’ha estudiat la NF de quatre colorants diferents a la tartrazina. En aquest cas la
disminucié del flux es va correlacionar amb els diferents pesos moleculars dels colorants.
Durant el temps de filtracio estudiat, un embrutiment continu de la membrana NF270 va
ser observat per a alguns colorants, cosa que pot limitar I'as d'aquesta tecnologia d'una
forma sostenible.

D’altra banda, s’ha investigat la degradacié de BPA i TAR durant el procés Fenton sota
diferents condicions d'operacid, i en combinaci6 amb la posterior NF dels efluents.
D'aquesta manera, es poden filtrar efluents que contenen concentracions residuals de BPA
o TAR i compostos derivats de I'oxidacié dels mateixos. Els resultats indiquen que el BPA
es pot degradar facilment en fase aquosa mitjancant la reaccié Fenton. Aixi es va
aconseguir l'eliminacié completa, en menys de 2 minuts, de BPA en solucions que
contenien inicialment 300 mg/L, en condicions Optimes. Aquestes condicions son:
pHr =3, H,O,/BPA =0.20 1 Fe’"/BPA = 0.012. La NF de l'efluent després de I'oxidacio
Fenton de BPA va donar elevades retencions de TOC, DQO, color i Fe*™ (> 77%), puix
que les membranes es van embrutar significativament. El flux normalitzat d'aigua,



UNIVERSITAT ROVIRA I VIRGILI
MEMBRANE-ASSISTED ADVANCED OXIDATION PROCESSES FOR WASTEWATER TREATMENT
Ivonne Graciela Escalona Hernéandez

Dipdsit Legal:

T 1832-2014

immediatament després del procés de filtracid, va ser inferior al 60% en gairebé totes les
membranes utilitzades, el que indica un embrutiment no facilment eliminable.

Pel que fa a l'oxidaciéo de TAR per Fenton, també es va assolir una alta decoloracid, pero
amb baixos nivells de mineralitzacid. El flux de permeat no es va reduir remarcablement
durant la NF de l'efluent després de l'oxidaciéo Fenton del TAR. En general, els fluxos
normalitzats de permeat van ser majors en la NF dels efluents després del tractament
Fenton que per a la NF de solucions no tractades. Alts rebutjos es van obtenir en el procés
integrat NF-Fenton, la qual cosa va resultar en una elevada qualitat del permeat.

Addicionalment, el present treball descriu 1'as de 1'0z6 per a la degradaciéo de BPA i TAR
present en solucions aquoses. S’ha estudiat l'efecte de les concentracions inicials de BPA 1
TAR, de la dosi d'ozo, del cabal d'aire i 0z6 1 del pH en la degradaci6. Es va trobar que la
conversid dels contaminants creix amb l'increment de la concentracié d'ozé en el corrent
aire-0z6 i amb el pH de la solucid, perd disminueix amb 1'augment de les concentracions
inicials de BPA i TAR. Altrament, la conversié dels contaminants augmenta amb el cabal
d'aire-0z6 fins a assolir un maxim per després disminuir amb un increment addicional.
Aquests assaigs van mostrar una notable decoloraciod i degradaci6 dels compostos estudiats
a condicions basiques de pH, 12. La pre-ozonacié dels compostos model va beneficiar la
posterior NF. Aixi, en la NF de les solucions tractades amb 0z0, es van millorar els fluxos
de permeat. En aquest cas, les membranes van experimentar una menor polaritzacié de la
concentracio i embrutiment en comparacié amb les membranes utilitzades en la NF de les
solucions tractades i no tractades amb Fenton. Igual que en la NF dels efluents del procés
Fenton, Alta qualitat del permeat va ser obtinguda a la NF dels efluents ozonats.

Finalment es va investigar 1'aplicacid de la lacasa 1 la peroxidasa (HRP) per facilitar
l'eliminacié de BPA a partir de solucions aquoses. Es va avaluar I'efecte del pH i de la dosi
d'enzim per determinar les condicions optimes de reaccid. Els resultats indiquen que el
BPA pot ser eliminat rapidament de solucions aquoses. Es van aconseguir conversions
superiors al 95% en 180 min per a ambdos enzims en les condicions optimes de reaccio.
Com més gran va ser la dosi d'enzim, més gran va ser la conversié de BPA. A més, es va
observar que el pH oOptim per a la eficient eliminacié de BPA se situa prop de 7 per a
ambdods enzims.

Igual que per als altres processos d'oxidacid, en aquests part es presenta la utilitzaciéo d'un
sistema integrat membrana-reactor amb recirculacié d'enzims per a la degradacié de BPA.
Els resultats mostren el potencial i les limitacions en 1is de la degradacidé enzimatica
acoblada amb membranes de NF per a I’eliminacié de BPA. L'eficient retencié de BPA en
aquest cas es va relacionar amb el seu pes molecular, la mida de porus i la hidrofobicitat de
les membranes usades. La membrana NF270 va mostrar els millors rendiments en la
filtracio6 del BPA tractat enzimaticament: el 89% de retencio de BPA, per als dos
tractaments enzimatics, 1 menys del 35% en la caiguda de flux de permeat.
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Nomenclature and abbreviations

A Membrane area (m?)

COD Chemical Oxygen Demand (mgOy/L)

Gy Concentration in the bulk solution (mg/L)

Cr Concentration of the given compound in the feed solution (mg/L)

Cnm Concentration at the membrane surface (mg/L)

G Concentration of the given compound in the permeate (mg/L)

G Concentration at time ¢ (mg/L)

Co Initial concentration of the model compound (mg/L)

Forono-air Ozone-air gas flow rates (NL/h)

IP Percentage of sample identification (%)

Ip Instantaneous permeate fluxes during filtration (L/h.m?)

Jor Final permeate flux (L/h.m?)

Jwo Pure water permeate flux of clean membrane (L/h.mz)

Jwr Pure water permeate flux of fouled membrane (L/h.m?)

Koy Octanol-water partition coefficient (-)

m Total collected mass of the permeate (kg)

MW Molecular weight (g/mol)

MWCO Molecular weight cut-off (Da)

pHy Initial solution pH (-)

pHR Reaction solution pH ()

pHF Filtration solution pH (-)

K, Acid dissociation constant (pH)

PWP Pure water permeability (L/m”.h.bar)

Or Feed flow rate (L/h)

Oy Permeate flow (L/h)

R Retention coefficient or rejection coefficient (%)

RT Retention time (min)

RBPA Rejection of BPA (%)

RTAR Rejection of tartrazine (%)

R4 Resistance due to adsorption (1/m)

Rc Resistance due to external deposition or cake formation  (1/m)

Rep Resistance due to concentration polarisation (1/m)

RyBPA Final rejection of BPA compound (%)

RTAR Final rejection of tartrazine (%)

R Resistance due to gel formation (1/m)

Ry Membrane resistance (1/m)

Rp Internal pore fouling resistance (1/m)

Rror Total resistance over membrane (1/m)

TDI Tolerable Daily Intake (ng/kg body
weight/day)

TMP Transmembrane pressure (bar)

Tr Filtration temperature (°C)

tr Nanofiltration time (min)

Tr Reaction temperature (°C)

IR Reaction time (min)

X Conversion of model compounds (%)
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X BPA Conversion of BPA (%)
[BPA] Concentration of BPA (mg/L)
[BPA]r. Concentration of BPA in the feed tank (mg/L)
[BPA] Initial concentration of BPA (mg/L)
Greek symbols

Y Yield or recovery (%)

nr Dynamic viscosity (Pa.s)
Amax Maximum absorbance wavelength (nm)

2% Cross-flow velocity (cm/s)
AC Gradient of concentration (mg/L)
AE Gradient of electrical potential V)

AP Gradient of pressure (bar)
AT Gradient of temperature (°C)

Abbreviations

ACN Acetonitrile

AFM Atomic Force Microscope

ANVISA The Brazilian Sanitary Surveillance Agency
AQOP Advanced Oxidation Processes

BOD Biological Oxygen Demand

BPA Bisphenol A

CEC Commission of the European Communities
CP Concentration polarisation

EC SCF European Commission’s Scientific Committee on Food
EDC Endocrine Disrupting Compounds

EDS Energy Dispersive Spectroscopy

EFSA European Food Safety Authority

EPA US Environmental Protection Agency
ESEM Environmental Scanning Electron Microscopy
HPLC High Performance Liquid Chromatography
MF Microfiltration

NHE Normal Standard Hydrogen Electrode

NF Nanofiltration

PSCF Preferential sorption-capillary flow model
R Reacting organic compound

RO Reverse Osmosis

SD Solution-diffusion model

TAR Tartrazine

TFC Thin Film Composite

UF Ultrafiltration

US FDA U.S. Food and Drug Administration

WWF World Wide Fund for Nature

WWTP Wastewater Treatment Plant
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1.1 Description and relevance of the topic

In the last 100 years, humans have introduced thousands of new synthetic compounds into
the environment (Schummer 1997). Many of these compounds are known, and even were
specifically developed to influence microbial, plant, and animal physiological functions.
Nevertheless, some have had unintended physiological consequences on non-targeted
species. How these compounds ultimately influence physiology and fitness of individual
organisms, dynamics of populations, and ultimately functioning of ecosystems, is not well

understood yet.

Many human-introduced compounds influence the endocrine system of animals and have
been termed "endocrine disrupting compounds" (EDCs). EDCs are known as a class of
chemicals having xenobiotic and exogenous origins while mimicking or inhibiting the
natural action of the endocrine substances in animals and human, such as synthesis,
secretion, transport, and binding, although they maintain the homeostasis, reproduction,

metabolism, development, and/or behaviour of living species (Chang et al. 2009a).

A wide range of chemical compounds have been found to be capable of disrupting the
endocrine systems. EDCs differ in origin, size, potency, chemical life cycle, amount, and
effects. Many are chemicals produced for specific purposes and they are used in pesticides,
plastics, cosmetics, electrical transformers and other products. Other substances are
generated as a by-product during manufacturing or are breakdown products of some other
chemical. Some, like diethylstilbestrol and ethinylestradiol, are synthetic drugs, while
others are natural plant compounds called phytoestrogens. A more complete list with
approximately 560 substances can be found in the Annex 1 of the CEC report of the

Commission of the European Communities (CEC 2001).

The effects associated with the presence of EDC in the environment are very diverse:
reduction in the breakage of eggs of birds, fishes and turtles; feminization of male fish;
some problems in the reproductive system in fishes, reptiles, birds and mammals; and
changes in the immunologic system of marine mammals. In some cases, these effects can

lead to decline in populations. The effects of EDCs in humans reported so far have been
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reduction of the amount of sperm; increase of the incidence of breast; testicle and prostate

cancers; and the endometriosis (Esplugas et al. 2007).

The potential effects of these “emergent” contaminants in water are still uncertain and they
require further investigation. The fact that many known and suspected EDCs are being
found at environmentally significant concentrations in the effluent of wastewater treatment
plants (WWTPs) is receiving increasing attention in public and regulatory areas. The
society is concerned about the safety of consuming trace amounts of EDCs in drinking
water, though the only confirmed negative effects from EDCs exposure have involved

wildlife health.

Depending on the target compound, different destructive methods allowing the efficient
elimination of the pollutant from an aqueous form can be chosen. EDCs removal methods
fall into three categories: physical removal such as adsorption by activated carbon (Matsui
et al. 2002) and rejection by membranes (Van der Bruggen et al. 1998); biodegradation for
instance with activated sludge processes (Andersen et al. 2003); and advanced oxidation
processes (AOPs) (Jiang et al. 2005). The selection of any of them will depend on the
concentration, the properties of the compounds, the volume flow rates of the effluent to be

treated, and the cost of the process, among others.

Other important class of contaminants is the dyes. Dyes and pigments represent one of the
more problematic groups of pollutants. They are emitted into wastewaters from various
industrial branches, mainly from the dye manufacturing and textile finishing. Many dyes
are particularly difficult to remove by conventional waste treatment methods since they are
stable to light and oxidizing agents -in fact, they have been designed to- and are resistant to
aerobic digestion. The removal of dyes in an economic manner remains an important
problem although recently a number of successful systems have been developed using new

techniques.

Dye molecules comprise of two key components: the chromophores, responsible for
producing the colour, and the auxochromes, which can not only supplement the
chromophore but also render the molecule to be soluble in water and give enhanced

affinity (to attach) toward the fibers. Dyes exhibit considerable structural diversity and are
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classified in several ways. These can be classified (Hunger 2003) both by their chemical

structure and their application to the fiber type.

Dyes are considered an objectionable type of pollutant because they are toxic, generally
due to oral ingestion and inhalation, leading to problems like skin and eye irritation, skin
sensitization, and also due to carcinogenicity. They impart colour to water that is visible to
human eye, and therefore, highly objectionable on aesthetic grounds. In addition, they also
interfere with the transmission of light and upset the biological metabolism processes
which cause the destruction of aquatic communities present in ecosystem. As a

consequence, it is important to treat coloured effluents for the removal of dyes.

A wide range of methods has been developed for the removal of dyes from waters and
wastewaters in order to decrease their impact on the environment. The technologies
involve adsorption on inorganic or organic matrices, decolourization by photocatalysis,
and/or by oxidation processes, microbiological or enzymatic decomposition, etc. (Hao et

al. 2000).

In this work, Bisphenol A (BPA) and tartrazine are taking as the target molecule to study

the removal of EDCs and dyes from aqueous solution.

BPA belongs to the numerous anthropogenic compounds considered as endocrine
disruptors and it is produced when 2 mol of phenol react with 1 mol of acetone in the
presence of a catalyst. BPA is used primarily in the production of epoxy resins and
polycarbonate products (Staples et al. 1998). The polycarbonates have many applications
in the manufacturing of many consumer products, such as food and drink packaging,
compact disks, automotive lenses, medical devices, motorcycle helmets, and safety glasses.
Epoxy resins are used as protective coating for food and beverage cans, PVC pipes,
aerospace applications, car coatings, and anti-corrosion coatings for floors (Kang et al.

2006).

Since 1993, when Krishnan documented that BPA was released from polycarbonate flasks
during autoclaving and had estrogenic activity, the effects of BPA on health have become a
controversial issue (Krishnan et al. 1993). It is reported that BPA exhibited estrogenic

activity, which increases the rate of proliferation of breast and prostate cancer cells and
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induces acute toxicity to freshwater and marine species (Samuelsen et al. 2001). BPA can
be degraded by microorganisms; however it is hard to be completely eliminated by
conventional biological treatment methods, which inevitably leads to the existence of low-
concentration BPA in aqueous solution. BPA has been found to be widely distributed in
the environment. Therefore, the development of treatment techniques for the

decomposition, detoxification and removal of BPA in water is urgently required.

Tartrazine is an azo dye usually present in many drugs, food products and cosmetics. Due
to its wide applicability in various industrial processes and its hydrophilic nature, its
presence can be noticed as a yellow menace in effluents. The contact of the dye is reported
to result in various types of health problems like hypersensitivity (Lockey 1977),
mutagenic and carcinogenic effects (Chung 1983), allergy and asthma (Pohl et al. 1987),
skin eczema (Devlin and David 1992) and immunosuppressive effects

(Koutsogeorqopoulou et al. 1998).

Several treatment processes for BPA and tartrazine in water have been examined, using
chemical, biological, photochemical, as well as electrochemical procedures. Concerning
the elimination of BPA, there are very few studies on its removal from water sources,
except those concerning an electrochemical process (Kuramitz et al. 2004), photo-
oxidation (Zhou et al. 2004, Rongchang et al. 2009) or sorption (Ying et al. 2003, Guifang
et al. 2009). Non-conventional treatment techniques have been examined for the
degradation of BPA, including Fenton process (Sajikia and Yonekubo 2004), sonochemical
reaction (Inoue et al. 2008, Guo and Feng 2009), enzymatic degradation (Ispas et al. 2010),
ozonation (Irmak et al. 2005), and retention of BPA by NF/RO membranes (Kimura et al.
2004, Agenson et al.2003), among others.

There are very few studies in the literature concerning tartrazine degradation. Salem and
Gemeay (2000) examined oxidation kinetics of tartrazine with peroxydisulfate in the
presence and absence of Ag(I) and Fe(Ill) catalysts and observed higher conversion in
alkaline medium. Fragoso et al. (2009) investigated the degradation of tartrazine by
oxidation with hydrogen peroxide in alkaline solution. Mittal et al. (2007) studied the
removal of tartrazine using waste material-hen feathers as adsorbent. Patel and Suresh
(2006) studied decolourization of azo dyes using magnesium—palladium system. Gupta et

al. (2011) and Tanaka et al. (2000) removed the tartrazine by photodegradation on titanium
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dioxide surface. And Oancea et al. (2013) investigated the photo-Fenton process for the

degradation of tartrazine in aqueous medium.

BPA and tartrazine are difficult to be degraded under natural conditions. They can be
decomposed through anaerobic-aerobic biological process only when microorganisms are
domesticated for a long period (Voordeckers et al. 2002). Thus, AOPs have been proposed
as attractive alternative methods for treatment of polluted water. Because of their
simplicity and high oxidizing power the ozonation and Fenton’s process are AOPs widely

used for oxidation and degradation of organic substances (Neyens and Baeyens 2003).

In the past, ozonation has shown to be effective for the oxidation of phenol (Wu et al.
2000), p-chlorophenol (Andreozzi and Marotta 1999), phthalate (Legube et al. 1983) and
other organic contaminants including BPA and synthetic dyes (Deborde et al. 2008, Turhan
and Turgut 2009a). Meanwhile the degradation rate of BPA and tartrazine in aqueous
solution was investigated by Fenton’s process (Ioan et al. 2007, Arslan et al. 2008,
Arroyave et al. 2009); however limited data are available in the literature on the removal of

BPA and tartrazine from contaminated water using this process.

The application of membrane processes like nanofiltration (NF) and reverse osmosis (RO)
in water treatment plants are effective for removal of organic micropollutants. Studies on
the removal of EDCs such as BPA during water treatment have been limited due to the low
concentration of these components in water sources and the associated difficulties in
analysis. Experimental results of BPA removal from wastewater using membrane
bioreactor and nanofiltration technology have shown the general ability of membrane
processes to contribute significantly to the removal of EDCs in wastewater treatment

(Wintgens et al. 2002).

The membrane technologies are effective wastewater treatment processes developed in
recent decades, and are a potential technique for wastewater reclamation. Although the
effluent qualities of membrane technologies are generally better than that of conventional
treatment processes, it is unknown whether it is effective enough to remove EDCs and
synthetic dyes (van der Bruggen and Vandecasteele 2003). Thus, it is necessary to
investigate the performance of the membrane technologies in removal of EDCs and dyes.

In any case, membrane processes are non-destructive methods and must be complemented
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with other technologies. Therefore, the use of membrane in combination with a chemical
or biological treatment process is attractive for wastewater treatment. It answers the
demand for more efficient, compact and discreet treatment units suitable for densely

populated areas where both the land cost and sensitivities are high (Heng et al. 2007).

Thus, considering the widespread detection of BPA and tartrazine in the environment and
the limited data available in the literature on the treatment of BPA and tartrazine
contaminated water, the main objective of this study is to investigate the degradation of
BPA and tartrazine during Fenton’s process and ozonation under different operational
conditions, additionally, to combine these processes with retention of low concentrations
of BPA, tartrazine and intermediates of oxidation in a NF system. In this sense, also goals
are to evaluate the removal efficiency of BPA and tartrazine by the membrane and to
investigate the factors influencing retention, such as trans-membrane pressure, feed

composition and membranes properties.

1.2 Bisphenol A

Bisphenol A (BPA) is a high priority organic compound for assessment of human health
risk as it is considered to present the greatest potential for human exposure and has been
classified on the basis of its reproductive toxicity. BPA has been identified as Endocrine
Disruptor Compound (EDC) by the US Environmental Protection Agency (EPA), World
Wide Fund for Nature (WWF) (Zhao et al. 2003) and is becoming a social issue of
increasing interest (Bautista-Toledo et al. 2005). An EDC is defined as “an exogenous
agent that interferes with the production, release, transport, metabolism, binding, action, or
elimination of natural hormones in the body responsible for the maintenance of
homeostasis and the regulation of developmental processes” (Wetherill et al. 2007). This
definition is not limited to endocrine disrupting effects exclusive of the estrogenic system.
Rather, endocrine disruption encompasses effects on other endocrine systems including

those mediated by androgens, thyroid hormone, prolactin, and insulin, among others.

BPA is the commonly used name for 2,2-(4,4-dihydroxydiphenyl) propane. BPA is
manufactured by two different methods. The first one condenses phenol with acetone

under low pH and high temperature conditions in the presence of catalysts and catalyst
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promoters. Crude BPA is then purified using distillation. The molten purified product is
filtered and dried. The second is similar, but uses different catalysts and purification
technology generating fewer wastes (Staples et al. 1998). Many countries throughout the
world have large BPA production capacities, especially Germany, the Netherlands, the
USA, and Japan. Major producers include Dow, Bayer, Shell, GE Plastics, Aristech,
Mitsubishi, Mitsui, and Shin Nihon.

BPA is a chemical used primarily in the manufacture of polycarbonate plastic, epoxy resins
and as a non-polymer additive to other plastics. About 65% of the BPA produced is used to
make polycarbonate, and approximately 25% is used in epoxy resin production. The
remaining 10% is used in other products such as special resins and in the manufacture of
flame retardants, such as tetrabromobisphenol A. Final products include adhesives,
protective coatings, powder paints, automotive lenses, protective window glazing, building
materials, compact disks, optical lenses, thermal paper, paper coatings, and for

encapsulation of electrical and electronic parts.

1.2.1 Environmental and human exposure, source and effects

Environmental and human exposure can arise from a number of sources. There are several
potential routes of BPA entry into the environment. At manufacturing and processing
facilities, low levels of BPA are directly released to surface waters and the atmosphere via
permitted discharges. Various types of fugitive emissions to air may occur while
processing and handling BPA during its manufacture or use. Additionally, BPA
theoretically could be released from various products that contain small amounts of
unreacted BPA or that are converted to BPA under specific conditions. Human exposure
particularly comes from the direct contact of food with BPA containing plastics. BPA
leaching from the plastic material used to line food and drink cans has received particular
attention. Other human exposure routes that are a focus of attention include BPA leaching
from babies’ feeding bottles, and BPA and related compounds leaching from dental fillings
and sealants. The European Commission’s Scientific Committee on Food (EC SCF)
estimated BPA exposure to be 0.48-1.6 pg/kg body weight/day from food sources.
Alternatively, using literature from contamination in the environment (water, air, soil) and
food contamination (can surfaces, plastic containers); the daily human intake of BPA has

been estimated at less than 1 pg/kg body weight/day (Vandenberg et al. 2007). On 23rd
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July 2008, the European Food Safety Authority (EFSA) published an updated opinion on
the use of BPA based food contact materials. EFSA concluded that the permanent
Tolerable Daily Intake (TDI) of 50 pg/kg body weight/day (Erickson 2008) provided a
sufficient margin of safety for the protection of consumer, including sensitive subgroups,

such as foetuses and infants.

BPA had been detected in all kinds of environmental water, not only found in industrial
wastewater, but also can be encountered in raw water. The maximum concentrations
reached up to 17,2 mg/L in hazardous waste landfill leached (Yamamoto et al. 2001),
12 pg/L in stream water (Kolpin et al. 2002) and 0,1 ug/L in drinking water (Ministry of
Health, Labour and Welfare of Japan 2000). BPA is also used as a reactive agent in the
production of temperature-sensitive paper with colour developing layers. Therefore, paper
mill effluents (either paper making or recycling) and recycling paper products, such as
toilet paper (contributing significantly to wastewater) must also be considered as a major
source for BPA in wastewater and wastewater sludge (Rigol et al. 2002). BPA was also
found in ground waters from agricultural and industrial wells due to leaching of this

compound (Latorre et al. 2002).

Diverse biological effects have been attributed to low-dose environmental BPA exposure
(level below 50 pg/kg body weight/day) in a variety of tissues. Very low doses of BPA
were reported to cause proliferation of human prostate cancer cells, cardiovascular disease,
type 2 diabetes, and liver-enzyme abnormalities in a representative sample of the adult US
population (Wetherill et al. 2002). The primary endocrine disrupting activities of BPA
extend beyond its ability to mimic, enhance or inhibit the activity of endogenous estrogens
and/or disrupt estrogen nuclear hormone receptor action, and include the following: effects
upon the androgen systems (Roy et al. 2004); disruption of thyroid hormone function
(Ghisari and Bonefeld-Jorgensen 2005); diverse influences on development, differentiation
and function of the central nervous system (Ishido et al. 2004); and influences on the

immune system (Alizadeh et al. 2006).

1.2.2 Treatments

BPA can indeed be degraded by microorganisms. However, it is hard to be completely

eliminated by conventional biological treatment method, which inevitably leads to the
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existence of low-concentration BPA in the exited aqueous effluents. Conventional
separation techniques, such as coagulation, flocculation and precipitation processes, are not
effective in removing BPA (Westerhoff et al. 2005). Advanced separation processes, such
as adsorption, membrane filtration, and ion exchange, normally show superior removal
efficiencies (up to 99%); depending on the physicochemical properties of both BPA and
separation medium. The adsorption by activated carbon is generally considered to be one
of the most efficient methods to control organic contaminants in water. Several studies
have reported the adsorption efficiency of BPA onto selected activated carbons. According
to these reports, the high specific area and low surface polarity of activated carbon was

considered the main factor to produce a high adsorption amount of BPA (Liu et al. 2009a).

It has been reported that NF/RO membrane filtration processes are capable of removing
BPA (Yiiksel et al. 2013). Compared to conventional processes, membrane filtration
processes has a remarkable advantage because of the high quality of its effluent, including
extremely low organic concentration, and removal of microbes and viruses without
chemical disinfection. Other methods have been developed to remove BPA from water,
such as biological methods (Staples et al. 1998, Kang and Kondo 2002, Xuan et al. 2002),
chemical oxidation (Xuan et al. 2002), electrochemical oxidation (Kuramitz et al. 2004),
and photocatalytic methods (Wang et al. 2009, Fukahori et al. 2003). Due to the role of
highly reactive free radicals, Advanced Oxidation Processes (AOPs) have shown the
ability to destructively oxidize BPA from sewage and water. Recent studies on chemical
oxidation by ozone (Garoma and Matsumoto 2009), UV photolysis (Chen and Pignatello
1997), UV/H,0, (Rosenfeldt and Linden 2004), photo-Fenton process (Katsumata et al.
2004) and TiO; photocatalysis (Wang et al. 2009) have shown the usefulness of AOPs for
removing BPA.

1.3 Tartrazine

Food additives are commonly used in processed foodstuffs to improve appearance, flavour,
taste, colour, texture, nutritive value and conservation (Alves et al. 2008). Synthetic
colorants, as compared to natural dyestuffs, have been extensively used in food industries
in the past six decades because of their higher brightness, more stability, cheapness and the

wider range of shades (Ashkenazi et al. 1991). Tartrazine, also known as FD&C Yellow
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