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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,
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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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No. 5, C.I. Acid Yellow 23, Food Yellow 4 (FY4), E 102, CAS 1934-21-0, is a food

colouring substance.

Tartrazine  essentially consists of 3-carboxy-5-hydroxy-1-(4'-sulphophenyl)-4-(4'-
sulphophenylazo) pyrazole trisodium salt and subsidiary colouring matters together with
sodium chloride and/or sodium sulphate as the principal uncoloured components.
Tartrazine is described as the sodium salt but the calcium and the potassium salts are also
permitted (EC 2008). Tartrazine is prepared from 4-amino benzenesulphonic acid, which is
diazotized using hydrochloric acid and sodium nitrite. The diazo compound is then coupled
with 4,5-dihydro-5-oxo-1-(4'-sulphophenyl)-1Hpyrazole-3-carboxylic acid or with the
methyl ester, the ethyl ester, or a salt of the carboxylic acid. The resulting dye is purified

and isolated as the sodium salt.

Tartrazine is a dye widely used in certain brands of fruit squash, fruit cordial, coloured
fizzy drinks, instant puddings, cake mixes, custard powder, soups, sauces, ice cream, ice
lollies, sweets, chewing gum, marzipan, jam, jelly, marmalade, mustard, sodas, yoghurt
and many convenience foods together with glycerine, lemon and honey products. It is
cheaper than beta carotene and therefore used as an alternative to this for achieving similar
colour. Thanks to the water-solubility, tartrazine is used in drugs especially shells of
medicinal capsules, syrups and cosmetics. It belongs to azo dyes, which are the largest
class of synthetic dyes used in food industries. They are characterized by the presence of
one or more azo bonds (—N=N-) in association with one or more aromatic systems, which

may also carry sulfonic acid groups.

1.3.1 Exposure, source and effects

Tartrazine is a synthetic food colour authorised in the EU with maximum permitted use
levels of 50 to 500 mg/kg food for various foodstuffs. It is also allowed in alcoholic
beverages at levels up to 200 mg/L and non-alcoholic beverages at levels up to 100 mg/L
(EC 1994). Because of its wide use in industry and water-soluble nature, tartrazine is found
as contaminant in industrial effluents. Specially, food, cosmetic and pharmaceutical
industries consume large quantities of water and are therefore a source of considerable
tartrazine pollution. The acceptable daily intake (ADI) of human for tartrazine is 0 to

7.5 mg/kg body weight/day (Walton et al. 1999).
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Tartrazine has been implicated as the food additive most often responsible for allergic
reactions, having thus been targeted by the scientific community. Tartrazine is known to
provoke asthma attacks and urticaria in children (U.S. Food and Drug Administration (US
FDA) estimates 1/10000). In addition, it is linked to thyroid tumours, chromosomal
damage and hyperactivity. Moreover, increasing evidence suggests the potential
toxicological risk of tartrazine (Kamel and El-lethey 2011). Tartrazine sensitivity is also
linked to aspirin sensitivity used to colour drinks, sweets, jams, cereals, snack foods,
packaged soups (Ramakrishnan et al. 2011). Some countries such as Sweden, Switzerland
and Norway have included tartrazine on the groups of its anaphylactic potential (Wiithrich
1993). The Brazilian Sanitary Surveillance Agency (ANVISA), based on the severe, albeit
rare, side effects of tartrazine demanded a label warning for tartrazine-dyed drugs with
effect as of 2002: This product contains the yellow dye tartrazine (FD&C Yellow N°5),
which may cause allergic reactions such as bronchial asthma and urticaria in susceptible

people.

1.3.2 Treatments

In general, dyes are difficult to be decolourized due to their complex structure, synthetic
origin and recalcitrant nature, which makes it obligatory to remove them from industrial
effluents before being disposed into hydrological systems (Brown 1987). The colour of
water, polluted with organic colorants, reduces when the cleavage of the -C=C— bonds, the
—N=N- bonds and heterocyclic and aromatic rings occurs. The absorption of light by the
associated molecules shifts from the visible to the ultraviolet or infrared region of the
electromagnetic spectrum (Strickland and Perkins 1995). There are about 12 classes of
chromogenic groups, the most common being the azo type, which is present in the
molecular structure of tartrazine. Traditional wastewater treatment technologies have
proven to be markedly ineffective for handling wastewater of synthetic textile dyes. A
wide range of methods has been developed for the removal of synthetic dyes from waters
and wastewaters to decrease their impact on the environment. Being tartrazine a synthetic
dye, these methods are also applied for its removal. These technologies involve physical,
chemical and biological wastewater treatment or combinations of these methods. The
advantages and limitations of several of these treatment methodologies besides emerging

technologies are presented in Table 1.1.
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Table 1.1. Advantages and limitations of various decolourization methods for industrial
effluents (adapted from Anjaneyulu et al. 2005).

Method Advantages Limitations

Physical methods:

Adsorption (activated
Economically attractive. Good removal

carbon, bagasse, peat, Cost intensive regeneration process.
efficiency.

wood chips)

) ) Dissolved oxygen requirement is
Effective removal for a wide range of

Irradiation high. Ineffective for light resistant
colorants.
colorants.
Regeneration with low loss of
Ion-exchange Specific application.
adsorbents.

Chemical methods:

Oxidation (Fenton’s

reagent, ozonation, Effective for both soluble and insoluble ) ) )
i ) ) Problem with sludge disposal. High
sodium hypochlorite, colorants. Low temperature requirement.
cost.
electrochemical Effective for azo dye removal
oxidation)
) o High cost of chemicals for pH
Coagulation and Short detention time and low costs. ) )
- o adjustment. Dewatering and sludge
precipitation Good removal efficiencies. ]
handling problems.
o Complete decolourization for all class of )
Cucurbituril Expensive.

dyes.

Biological methods:

) . ) Longer hydraulic times and substrate
] Colour removal is facilitated along with ] )

Aerobic process specific removal. Less resistant to

COD removal. )

recalcitrant compounds.

Resistant to wide variety of complex
Anaerobic process colorants. Bio gas produced is used for ~ Longer acclimatization phase.

steam generation.

Good removal efficiency for low Culture maintenance is costly.
Single cell (Fungal,

) volumes and concentrations. Very Cannot cope up with large volumes
Algal & Bacterial)

effective for specific colorant removal.  of coloured effluents.

Emerging technologies:

Complete mineralization ensured.
Advanced oxidation Effective pre-treatment methodology in ) ]

. Cost intensive process.
Processes integrated systems and enhanced

biodegradability.
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Table 1.1 Continued.

Membrane Filtration

Photocatalysis

Sonication

Enzymatic treatment

Redox mediators

Recovery and reuse of chemicals and
water. Wider application for complex
wastes.

Process carried out at ambient
conditions. Complete mineralization

with shorter reaction times.

Simplicity in use. Very effective in

integrated systems.

Effective for specifically selected
compounds. Unaffected by shock
loadings and shorter contact times
required.

Easily available and enhances the

process by increasing electron transfer

Dissolved solids are not separated in

this process. High running cost.

Effective for small amount of

colorants. Expensive process.

Relatively new method and awaiting

full scale application.

Relatively new method and awaiting

full scale application

Concentration of mediator may give

antagonistic effect. Also depends on

efficiency. biological activity of the system.
) Cost effective technology and can be High initial installation cost.
Engineered Wetland ) ] ) )
operated with huge volumes of Requires expertise and managing
Systems

wastewater. during heavy rain becomes difficult.

1.4 Wastewater treatment

Water is one of the abundantly available resources in nature and is essential for animal and
plant life. Around 1850, citizens became aware of the hygienic aspects of wastewater and
initiated the collection and also the treatment of the wastewater. After World War II;
pollution of water bodies is steadily increasing due to industrial proliferation and
urbanization. In many countries the treatment of wastewater became compulsory by law
around 1970. Initially, the treatment of the wastewater was focused on the removal of
oxygen consuming pollutants, i.e. ammonia and biological oxygen demand (BOD) and was
later followed by removal of nutrients to decrease eutrophication of receiving water bodies.
Nowadays, the worldwide production and use of chemical compounds have tremendously
increased, which find their way into the environment and many of these compounds are
biologically non-degradable. Therefore, the major concern is to treat the wastewater before

it is discharged into the environment. In most western countries the large part of the
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wastewater is treated in order to protect the water quality of the receiving rivers and lakes.
In the near future the driving force may even shift towards the shortage of fresh water

resources.

Untreated wastewater generally contains high levels of suspended solids, biodegradable
organics, pathogenic organisms, priority pollutants, refractory organics, heavy metals, and
dissolved inorganic constituents (Metcalf and Eddy 2003). Priority pollutants represent
organic and inorganic compounds that are highly toxic, carcinogenic, mutagenic or
teratogenic. Refractory organics compounds are those that tend to resist conventional
wastewater treatment include surfactants, phenols and agricultural pesticides, among many
others. Physical, chemical and biological methods are used to remove contaminants from
wastewater. In order to achieve different levels of contaminant removal, individual
wastewater treatment procedures are combined into a variety of systems, classified as
primary, secondary, and tertiary wastewater treatment. Preliminary treatment process is

also used to render an effluent suitable for further treatment.

Primary treatment involves the physical separation of suspended solids from the
wastewater influent using screening and sedimentation tanks. This separation reduces total
suspended solids as well as the BOD levels. Pre-aeration or mechanical flocculation with
chemical additions can be used to enhance primary treatment. Secondary treatment has the
objective of removing soluble and colloidal organics and suspended solids that have
escaped the primary treatment and reduce BOD and chemical oxygen demand (COD)
through biological process. In this biological treatment processes, microorganisms convert
the colloidal and dissolved carbonaceous organic matter into various gases and into cell
tissue leading to reduction of BOD and COD. This is typically done through processes,
namely by activated sludge process, trickling filtration, oxidation ditch and oxidation
ponds. In ternary treatment, stubborn contaminants that secondary treatment was not able
to clean up are removed. Tertiary treatment may include processes such as: membrane
filtration, dechlorination and disinfection systems, reverse osmosis systems, ion exchange,

activated carbon adsorption and still other physical/chemical treatments.

As above mentioned, wastewater treatment methods are also classified into physical,
chemical and biological processes. Table 1.2 lists the unit operations included within each

category.
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Table 1.2. Wastewater treatment processes (adapted from Zhou and Smith 2002).

Process Treatment

Physical Screening, commination, clow
equalization, sedimentation,
flotation, granular-medium
filtration

Chemical Chemical precipitation, adsorption,
disinfection, dechlorination, other
chemical applications

Biological Activated sludge process, aerated
lagoon, trickling filters, rotating
biological contactors, pond
stabilization, anaerobic digestion,

biological nutrient removal

As technology changes take place in manufacturing, changes also occur in the compounds
discharged and the resulting wastewater characteristics. Numerous compounds generated
from industrial processes are difficult and costly to treat by conventional wastewater
treatment processes. Therefore, effective industrial pre-treatment becomes an essential part
of an overall water quality management program. Enforcement of an industrial pre-
treatment program is a daunting task, and some of the regulated pollutants still escape to

the municipal wastewater collection and must be treated.

Wastewater treatment effectiveness has become limited and ever more critical over the last
two decades because of three new challenges: diminishing water resources, increasing
wastewater disposal costs, and stricter discharge regulations that have lowered permissible
contaminant levels in waste streams (Mallevialle et al. 1996). To resolve these new
challenges and better use economical resources, various advanced treatment technologies
have been proposed, tested, and applied to meet both current and anticipated treatment
requirements. Advanced treatment technologies have been demonstrated to remove various
potentially harmful compounds that could not be effectively removed by conventional
treatment processes. Among them, AOPs and membrane filtration have been proven to
successfully remove a wide range of challenging contaminants and hold great promise in

water and wastewater treatment (Zhou and Smith 2002).
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AQPs can potentially be used in wastewater treatment for overall organic content reduction
(COD), specific pollutant destruction, sludge treatment, increasing bioavailability of
recalcitrant organics, and colour and odour reduction (Bergendahl and O'Shaughnessy
2004). Advanced oxidation is the chemical oxidation with oxygen radicals, which are very
reactive, short-lived oxidants. Hydroxyl radicals (HO¢) are extraordinarily reactive species,
they attack the most part of organic molecules with rate constants usually in the order of
10°-10° M" s7' (Hoigné and Bader 1983). They could be produced in systems using:
Fenton’s reagent (ferrous iron and hydrogen peroxide), titanium dioxide/ultraviolet
radiation,  ozone/hydrogen  peroxide, ultraviolet radiation/ozone,  ultraviolet

radiation/hydrogen peroxide, and through other means.

In the latter case, the usage of AOPs for partial oxidation of trace organic contaminants
might not be an appropriate approach in the cases where other organic matter is
predominantly present, since the oxidant requirement can be exceedingly high in order to
achieve effective degradation of trace organics. Figure 1.1 shows the suitability of water
treatment technologies according to COD contents. Only wastes with relatively small COD
(£ 5 g/L) contents can be suitably treated by means of these techniques since higher COD

contents would require the consumption of too large amounts of expensive reactants.

|
Incineration
[
. Wet oxidation
AOP
l | | | | | |
[ | | [ | [ |
0 5 10 15 20 200 300

COD (g/L)

Figure 1.1. Suitability of water treatment technologies according to COD contents
(Andreozzi et al. 1999).

A suitable application of AOPs to wastewater treatments must consider that they make use
of expensive reactants as H,O,, and/or O3 and therefore it is obvious that their application
should not replace, whenever possible, the more economic treatments as the biological
degradation (Malato et al. 2002). AOPs can be installed either as tertiary treatment after the
biological (secondary) treatment of wastewater, or as pre-treatment stage in order to

enhance the biodegradability of trace organic contaminants.
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As commercial membranes are available over a wide range of pore sizes, membrane
filtration technologies can effectively remove various contaminants. Membrane filtration
has become a popular water and wastewater treatment method for large volumes, because
of its ability to remove minute particles such as fats, protein and pathogens, and its
competitive cost in comparison with traditional treatment methods (Cheryan and
Rajagopalan 1998, Abboah-Afari and Kiepper 2011). Membrane filtration has been used in
the treatment of municipal water, paper machine white water (Nuortila-Jokinen et al.
1998), paper mill effluents (Ahn et al. 1998, Zhang et al. 2009), pulp mill effluents, oil and
grease wastes (Reed et al. 1997), textile wastewater (Fersi et al. 2005, Wu et al. 1998),

brewery wastewater (Brindle and Stephenson 1996) and many other aqueous effluents.

Applications of membrane filtration can be divided into solid—liquid separation, organic
and inorganic contaminants removal. Membrane filtration are mostly applied as effluent
polishing stages of municipal wastewater treatment plants, taking a secondary or tertiary
effluent as feed with rather low suspended solids content, and organic matter (see
Figure 1.2). Those employed in tertiary wastewater treatment are dedicated to remove
suspended solids, organic matter, and for disinfection, thus recovering a high quality final
effluent with various possible uses. The main purpose of membranes in water reuse
schemes is therefore the retention of microorganisms. Most membrane filtration processes
provide a relatively effective barrier for all microorganisms, including viruses (Wintgens et

al. 2005).

Mechanical Activated
Pre-treatment sludge reactor

Wastewater gy WWTP effluent

Clarification

=Bk | =B} |
Combination of biological Ultrafiltration of
and membrane stage WWTP effluent

Figure 1.2. Application options for membranes in municipal wastewater treatment
(Wintgens et al. 2005).
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1.5 Advanced oxidation processes

In the past two decades, AOPs have been used for the treatment of wastewater containing
recalcitrant organic compounds such as pesticides, surfactants, colouring matters,
pharmaceuticals and endocrine disrupting chemicals. Moreover, they have been
successfully used as pre-treatment methods in order to reduce the concentrations of toxic
organic compounds that inhibit biological wastewater treatment processes (Legrini et al.

1993).

AOPs are defined as near ambient temperature and pressure water treatment processes,
which are based on the generation of hydroxyl radicals to initiate oxidative destruction of
organics. AOPs involve the two stages of oxidation: the formation of strong oxidants (e.g.,
hydroxyl radicals) and the reaction of these oxidants with organic contaminants in water
(Azbar et al. 2004). The term AOPs refers specifically to processes in which oxidation of
organic contaminants occurs primarily through reactions with hydroxyl radicals (Glaze et
al. 1987). Depending on the nature of the organic species, the hydroxyl radicals can attack
organic chemicals by radical addition (eq. 1.1), hydrogen abstraction (eq. 1.2) and electron
transfer (eq. 1.3) (Buxton et al. 1988, Legrini et al. 1993, Pignatello et al. 2006). In the

reactions represented by eq. 1.1 to 1.3, R is used to describe the reacting organic

compound.

R+ HOe —» ROH (eq. 1.1)
R+HOe > Re+H,0 (eq. 1.2)
R"+HOe — R""' +OH" (eq. 1.3)

AOPs make new oxidized intermediates with lower molecular weight (MW) or carbon
dioxide and water in case of complete mineralization. Thanks to its high standard reduction
potential of 2.8 V vs. NHE (Normal Standard Hydrogen Electrode) in acidic media (see
Table 1.3); these radicals would be able to oxidize almost any organic compound to carbon
dioxide and water. Although hydroxyl radical is the second strongest oxidant, some of the
simplest organic compounds, such as acetic, maleic and oxalic acids, acetone or simple
chloride derivatives as chloroform have shown to be non-attackable by hydroxyl radicals

(Bigda 1996). These compounds are typical remnant oxidation products from larger
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molecules after fragmentation and they take part in energetic cycles of most living

organisms.

Table 1.3. Standard reduction potentials of some oxidants in acidic media (Hunsberger

1977).
Oxidant Standard reduction potential (V vs. NHE) ‘
Fluorine (F») 3.03
Hydroxyl radical (HO") 2.80
Atomic oxygen 242
Ozone (03) 2.07
Hydrogen peroxide (H,0,) 1.77
Potassium permanganate (KMnO,) 1.67
Hypobromous acid (HBrO) 1.59
Chlorine dioxide (ClO,) 1.50
Hypochlorous acid (HCIO) 1.49
Chlorine (Cl,) 1.36
Bromine (Br,) 1.09

AOPs involve a wide variety of methods of activation as well as oxidant generation and
can potentially utilize a number of different mechanisms for organic destruction. These
generally involve generation and use of powerful but relatively no selective transient

oxidizing species. A partial list of these processes is included in Table 1.4.

The major drawback of AOPs is their high operating cost compared to other conventional
physicochemical or biological treatments. Therefore, AOPs cannot achieve complete
mineralization due to this restriction. One of the most reasonable solutions to this problem

is coupling AOPs with other treatment methods.
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Table 1.4. Formation of hydroxyl radicals by several AOPs.

Advance Oxidation Processes Hydroxyl radical formation

S Ozone 30, + H,0 —20H++ 40, (eq. 1-4)
5
§ Hydrogen peroxide /Ozone H,0, +20; — 20H* + 30, (eq. 1-5)
£
o
é Fenton’s reactions Fe’* + H,0, — Fe’* + OH™ + OHe (eq. 1-6)
UV light H,0+hv(< 190 nm) — He + HO- (eq. 1-7)
H,0+hv(< 190 nm) — H" + ¢ + HO» (eq. 1-8)
Hydrogen peroxide/UV H,0, + hv — 2HO- (eq. 1-9)
Ozone/UV O3 +hv + H,0 — H,0, + O, (eq. 1-10)
H,0, + hv — 20H- (eq. 1-11)
g
é 203 + H202 — 20H- + 302 (eq 1—12)
5
é Ozone/UV/Hydrogen peroxide 20; + HO, + hv -»2HOx% + 30, (eq. 1-13)
a9
Photo-Fenton process Fe(OH)*" + hv — Fe’" + HO» (eq. 1-14)
Titanium dioxide/UV TiO, +hv — e cg + h'yp (eq. 1-15)
H,0 +h*yg — OHe + H' (eq. 1-16)
O, +ecp— Oy (eq. 1-17)
O, +H,0 — OH+ + OH +0O, +HO," (eq. 1-18)

1.6 Membrane filtration processes

A membrane filtration process can be defined as a separation process where a feed stream
(liquid or gas) is separated into two product streams, the retentate (or concentrate) stream
and the permeate (or filtrate) stream (Figure 1.3) by means of some physical barrier
(Mulder 1997). Thus, the membrane acts as a selective barrier that allows the passage of
certain components and the retention of others, implying the concentration of one or more
components either in the permeate (i.e., effluent passing through the membrane) or in the
retentate (i.e., the concentrated stream that does not pass through the membrane). It
depends on the membrane separation properties whether certain components pass the

membrane or not. The actual driving force for membrane separation is a chemical potential
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difference between each side of the membrane, which results in a transport of species. The
origin of the driving force is often used to classify membrane processes. As driving forces,
gradients in pressure (AP), concentration (AC), temperature (AT) and electrical potential
(AE) are encountered. Table 1.5 summarizes the different membrane processes in

connection with their driving force.

Concentrate

Feed —»

Permeate

Figure 1.3. General membrane separation process.

Table 1.5. Membrane filtration processes classification as a function of the driving force
(Mulder 1997).

AP AC AE AT
Microfiltration Gas separation Electrodialysis Thermo-osmosis
Ultrafiltration Dialysis Electro-osmosis Membrane distillation
Nanofiltration Pervaporation

Reverse Osmosis Liquid membrane

Three main parameters characterize the performance of a given membrane process: the
permeate flux, the selectivity or rejection and the yield or recovery (Braeken 2005).
Permeate flux, J,, is the term used to describe how fast permeate passes through a
membrane. Permeate flux generally depends upon the individual membrane characteristics
(i.e., membrane pore size, membrane surface charge, etc), the characteristics of the feed
stream (i.e., viscosity, solute particle size, etc), and operating parameters (i.e.,
transmembrane pressure, feed temperature, etc). The permeate flux per unit of pressure is
defined as the permeability. A high permeate flux is preferable for an economic operation

of the filtration process. The permeate flux is given by:
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_Ldm

=—— eq. 1.19
P4, dt (cq )

Here, m is the total collected mass of permeate at a time ¢ and 4,, the membrane area.

The rejection is a measure of the membrane ability to retain a certain solute and is
expressed as a rejection (or retention) coefficient, R. A rejection of 100% refers to total
exclusion, whereas a rejection of 0% means that no solute has been retained, so no
separation has been done. The rejection of a solute can be calculated by Equation 1.20,
where C, and Crare the concentration of a given compound in the permeate and in the feed

solution, respectively.

R(%) = (1 - g,,] 100 (eq. 1.20)

F

The last parameter is the yield or recovery, y, which is a useful parameter for the design of
an industrial application rather than a membrane characteristic. The recovery indicates the

overall production of the system. It is the relationship between the permeate flowrate, O,

and the feed flow rate, Or(eq. 1.21).

7(%) = 5”100 (eq. 1.21)

F

Most membrane separation systems used in industrial applications are operated in a cross-
flow feed configuration as opposed to dead-end mode. In the cross-flow configuration,
concentrate passes tangential (parallel) to the membrane surface as opposed to
perpendicular flow which is used in dead-end filtration. It is generally accepted that cross-
flow configuration is advantageous over dead-end operation. In dead-end configuration, all
the feed permeates through the membrane, leaving, thus accumulating, all the retained
species in the feed compartment; in turn, limited accumulation of the retained compounds
occurs over the membrane surface due to the continuous flow circulation in the feed

compartment in cross-flow operation. Therefore, the limited solute accumulation over the
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membrane surface reduces the subsequent loss of permeate flux due to the lower

hydrodynamic resistance at the membrane surface.

Membrane separation systems are typically operated in one of three main filtration modes
(Masciola 1999): recycle, semi-batch (“modified batch”), or batch (Figure 1.4). In recycle
mode, the feed is pumped from its tank into the membrane module; then, both permeate
and retentate are returned to the feed tank. Thus, the concentration of the solution in the
feed tank remains constant over time. This configuration is only used for membrane
performance characterization at lab- or bench-scale. In semi-batch mode, fresh feed
solution is added to the feed tank at the same rate that permeate is produced whilst the
retentate is recycled back, so the tank solution is concentrated over time. And in batch
mode, fresh solution is not added to the feed tank while the permeate is removed and the

retentate recycled back. Thus, the feed volume is reduced and the feed solution is

concentrated.
Retentate Retentate Retentate
v v v
Feed Feed Feed -
tank tank l tank l
Permeate Permeate
Permeate T
Feed
Recycle mode Semi-batch mode Batch mode

Figure 1.4. Membrane filtration modes.

Based on pressure as the driving force, four different membrane processes can be
distinguished: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO). Although these separation techniques are related to each other, each of them
has its specific characteristics. The main features of the four pressure-driven processes are
summarized in Figure 1.5. The pressure difference between both sides of a membrane is
called the trans-membrane pressure (TMP) so it is the difference between the pressure at
the feed side and the pressure at the permeate side. The relationship between flux, J,, and
TMP is defined by a modified form of the Darcy’s law and is given in Equation 1.22,
where AP is the pressure difference, TMP, nr is the dynamic viscosity and Ryor is total

resistance over the membrane.
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AP TMP
J = _ (eq. 1.22)
r R R
Nr-Beor — Mr-Lror
Monovalent  Multivalent Small ~ Macro- .
Solvent ion ion molecule molecule  Particles Microfiltration (MF).

AN AN N N \ N/ (0.1-2 bar, > 100 nm,
\ \ \ \ \ convective)

Monovalent  Multivalent Small Macro- )
Solvent  ion ion molecule molecule  Particles  yjgrafiltration (UF)

\ \ \ \)’ \)' \)' (> 5 bar, 5-100 nm,
\ \ \ convective)

Monovalent ~ Multivalent Small ~ Macro- .
Solvent ion ion molecule molecule  Particles Nanofiltration (NF)

\/ \)’ \/ \/ (3-15 bar, 0.5-5 nm,

\ \ convective/diffusive)

Monovalent  Multivalent Small Macro- .
Solvent ion ion molecule molecule Particles Reverse Osmosis (RO)
\)’ \ bal \ bl \)' \/‘ (7-100 bar, > 0.1-1 nm,
\ convective/diffusive)

Figure 1.5. Characteristics of the pressure-driven membrane processes (Mulder 1997). In
parenthesis are emphasized the applied pressure range, membrane pore size range and type
of transport.

MF membranes have the largest pore size and typically reject large particles and many
microorganisms. MF is a pressure-driven membrane process based on a “sieving
mechanism” in which particles are separated from solution based on size. It is applied to
separate particles in the size range from 0.1 to 10 um. It is frequently used as a pre-
treatment step for NF or reverse osmosis. Similarly to MF, UF is used to separate material
in the 0.001-1 pm size range, i.e., from 2000 to 500000 of Molecular Weight Cut-Off
(MWCO), by sieving. The MWCO is defined as the molecular weight (MW) of standard
solutes that are 90% rejected by the membrane. This definition, however, strongly depends
on the process circumstances, therefore is only a qualitative characterization parameter
(Koops 1995). Components with a MW above the MWCO have a high retention whereas
molecules with a MW below the MWCO are barely retained. The typical unit of MWCO is

Dalton (Da), being equivalent to one gram per mol. UF membranes have smaller pores
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than MF membranes and, therefore, in addition to large particles and microorganisms, they
can easily reject bacteria and soluble macromolecules such as proteins (Elysée-Collen and
Lencki 1997). There is no a clear distinct border between MF and UF processes. TMPs

ranging from 0.1 to 5 bar are common in UF and MF applications.

RO is a membrane separation technique used to separate materials with molecular
diameters from ~10™ to 10~ um (less than ~ 200 Da in MWCO). RO is generally used to
remove salts and ions from solutions. Its major application is as both brackish and seawater
desalination technology. The transport mechanism in RO is based on the sorption-diffusion
concept. The typical TMP range from 7 to 100 bar. NF membranes are relatively new and
are sometimes called “loose” RO membranes. NF membranes were born from the
modification of RO membranes. They are porous membranes, but since the pores are on
the order of 1 nm or less, they exhibit performance between that of RO and UF
membranes. Its MWCO is typically found to be between 200 and 1000 Da; and TMP
ranging from 3 to 15 bar are common in NF applications. NF is generally used to remove
species nearly in the range from 10™ to 10 pm. NF is often used to dewater low MW
organic species such as pesticide and herbicide solutions (Perry and Green 1997).
Additionally, NF membranes are able to efficiently retain organic micropollutants and

multivalent ions from water and wastewater (Ahn et al. 1999, Kimura et al. 2003).

1.6.1 Nanofiltration

NF is a recently introduced term in membrane filtration processes. NF was developed in
the 1970s and 1980s through modification of reverse osmosis membranes (Braecken 2005).
Eriksson (1988) was one of the first authors using the word NF explicitly, some years
before FilmTec started to use this term for their NF50 membrane which was supposed to
be a very loose RO membrane or a very tight UF membrane (Conlon 1985). UF can
provide higher flux at lower operating pressure and can remove macromolecules.
However, it can not remove salts, acids, sugars etc. RO has lower flux at higher operating
pressure and is used for demineralization of total dissolved solids. NF appears as a process
falling between RO and UF, where it combines some attributes of RO and UF with the
ability to reject macromolecules and multivalent ions effectively at moderate operating
pressure (Amy et al. 1990). Using NF, effective removal of salts (multivalent), heavy

metals, colour, all viruses, bacteria and parasites from water and wastewater is possible
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(Cluff 1992). Thus NF is nowadays considered the most promising technique if a high

water quality has to be obtained, but extreme demineralization is not required.

Since its introduction, the application range of NF has extended tremendously. New
possibilities were discovered for drinking water production, providing answers to new
challenges such as arsenic removal (Brandhuber and Amy 1998, Kosutic et al. 2005, Shih
2005), removal of pesticides, endocrine disruptors and chemicals (Yoon et al. 2007, Xu et
al. 2005, Nghiem et al. 2004), and partial desalination (Hassan et al. 1998, Hassan et al.
2000, Al-Sofi et al. 1998). NF membranes can be divided into two categories concerning
their structures, i.e. porous and dense membranes. The porous and dense membranes have
the same separation performance, although their mechanism is different. Solutes will be
separated by sieving mechanism in case of porous membranes; whereas in dense
membranes a solution-diffusion type of mechanism will determine the transport (Peeters

1997).

At this moment, several polymeric NF membranes are commercially available. Typical
polymers are polyvinylalcohol (PVA), polyethersulfone (PES), cellulose acetate (CA),
polyamide (PA) and polypiperazineamide (PPA). Except those based on cellulose acetate,
which are symmetric membranes, all these membranes are thin film composite membranes
(TFC), i.e., membranes having a thin dense top layer (tens to hundreds of nanometres)
deposited on a more porous support. For solvent applications, the stability of polymeric
membranes is lower than in aqueous solution applications and low fluxes combined with
relatively low retentions are obtained (Schaep 1999). Ceramic NF membranes are being

developed to solve this problem.

As aforementioned, the separation performance (such as rejection, R, and permeation flux,
J) of a NF membrane generally depends on the characteristics of the feed stream, the

individual membrane characteristics, and the operating parameters.

1.6.1.1. Membrane rejection mechanisms

Depending on the physicochemical characteristics of the solute and the membrane,

separation can be achieved by one or several mechanisms. Physicochemical characteristics

imply that separation can be due to physical selectivity (charge repulsion, size exclusion or
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steric hindrance) or chemical selectivity (solvation energy or solute adsorption). This

section will provide a brief overview of these mechanisms.

Size exclusion

Transport of charged and uncharged solutes through a membrane pore will be susceptible
to steric hindrance/size exclusion effects. Steric hindrance is mainly determined by the size
of the solute, relative to the size of the membranes pores. Solutes larger than the membrane
pores (or with a molar mass above the MWCO) are well rejected; solutes smaller than the
membrane pores (or with a molar mass lower than the MWCO) can permeate through the
membrane more easily. The ratio of molecular size and membrane pore size plays an
important role in the transport through the membrane, not only because it has a large
influence on the rejection of the compound, but since it may also influence the water flux
when pores become blocked (Van der Bruggen and Vandecasteele 2001). As it was already
mentioned, the MWCO of a membrane is a parameter that indicates the relative size of

membranes pores.

Steric hindrance is comparable to a sieving phenomenon except that in membrane
filtration, pores neither have a uniform pore size nor are the solutes of a uniform shape.
Solutes of varying structures are not easily represented by equivalent spheres. However,
several researchers consider size exclusion as sieving phenomena since they have an
identical retention mechanism (Nghiem 2005). Several studies have shown that steric
hindrance represented by MW and/or molecular width is one of the main factors affecting
removal of uncharged organic solutes (Kiso et al. 2000, Kiso et al. 2001a, Ozaki and Li

2002, Kimura et al. 2003).

Anyway, MW is the most used parameter reflecting molecular size, although it is not a
direct measure of size. The MW is the molecular mass of a compound. MW can be used
for the rejection prediction of non-charged and non-polar compounds in low pressure
applications (Ozaki and Li 2002). Other possible parameters that can represent the
molecular size are the effective diameter (Van der Bruggen et al. 2000), the molecular
width (Kiso et al. 1992), the molecular volume, the Stokes radius (Van der Bruggen et al.

1999), and equivalent molar diameter (Davidson and Deen 1988).
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Charge exclusion

Electrostatic repulsion is known to be an important mechanism to separate charged solutes
from membranes. Most studies on electrostatic interactions have reported an increase in
rejection of negatively charged organic solutes due to electrostatic repulsion between the
negatively charged membrane surface and the negatively charged organic solute (Yoon et
al. 2006, Nghiem et al. 2006, Reed et al. 1997). This high rejection, however, depends on
feed water pH, since both membrane surface charge and organic solute charge change with

varying pH (Bellona and Drewes 2005).

Most NF/RO membranes carry fixed charged groups and the membrane surface or pore
wall can be considered as a charged surface (Nghiem 2005). Membrane surface charge is
usually quantified by zeta potential measurements. Membrane surface materials like
cellulose acetates or polyamides give a negative charge to most commercial NF

membranes (Thorsen 1999).

The effect of the membrane charge on the transport of charged components has already
been described by Donnan in the beginning of the last century (Donnan 1911). The well-
known Donnan exclusion mechanism is often used to give a qualitative explanation for the
retention of ions, frequently mentioned in the desalting and softening processes using
NF/RO membranes. Because of the presence of this fixed membrane charge, the
concentrations of the ionic species in the membrane surface are not equal to those in the
solution. The counter-ion (opposite sign of charge to the fixed charge in the membrane)
concentration is higher in the membrane phase than in the bulk solution, while the co-ion
(same sign of charge as the fixed membrane charge) concentration is lower in the
membrane phase. An electrical potential difference at the interface, called the Donnan
potential, is created to counteract the transport of counter-ions to the solution phase and of
co-ions to the membrane phase. When a pressure gradient across the membrane is applied,
water is transported through the membrane. The effect of the Donnan potential is then
repelling the co-ion from the membrane (Schaep et al. 1998). Several numerical models
have been suggested to explain the electrostatic effects on the rejection of charged solutes
and inorganic ions (Schaep et al.2001, Vezzani and Bandini 2002). These models always

account for the Donnan exclusion.
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The organic solute charge is a function of the solute acid dissociation constant, pK,. The
acid dissociation constant, K,, is an equilibrium constant that measures the ability of a
Bronsted acid to donate a proton to a specific reference base, the greater the value of K,,,
the stronger the acid. In dilute aqueous solutions, water is the reference base. The acidity
constant, pK,, is defined as —log K,, The pK, of a compound is a measure of its acid
strength, and practically tells the pH above which the compound is mostly charged (acids)
or neutral (bases). The charge of a compound at a given pH depends for compounds
containing acidic or basic groups. In combination with the pH of the solution, pK,
influences the rejection because charge interactions are different at different pH values.
Hence, depending on its charge, the compound will be attracted to the membrane or

repelled. Attraction of molecules to the membrane surface may enhance flux decline.

The moment dipole can also be a measure for electrostatic interactions between the
molecule and the membrane. A molecule has an electric dipole moment when it has a net
separation of centres of positive and negative charge. If the separation is characteristic of
the molecule without the application of an electric field, the molecule is said to have a
permanent electric dipole moment. The dipole moment is usually expressed in Debye units,
equal to 10™ esu-cm. The permanent dipole moment reflects the charge distribution within
a molecule in solution. Thus, the dipole is directed towards the membrane charge in such a
way that the side of the dipole with the opposite charge is closer to the membrane. This
direction is not static, but must be seen as a statistical tendency of the fast moving
molecules to have this preferential orientation. The dipole is thus directed towards the pore
and enters more easily into the membrane structure. Once the molecule is in a non dead-
end pore, it will permeate. Thus this could possibly be connected with an enhanced flux

decline for compounds with high dipole moments (Van der Bruggen et al. 1999).

Adsorption

The adsorption of compounds onto membranes may be an important factor in the rejection
of organic solutes during membrane applications. Molecules can get attached to the
membrane pores or to the membrane surface by adsorption. This can be physical or
chemical in nature or both. Physical adsorption arises from dispersive and electrostatic
interaction and chemical adsorption is a result of chemical bonding. By adsorption, pores

could become narrower making thinner the free path for the water flow, which decrease the
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net pore opening and lead to flux decline. When adsorption has a strong effect, it could
even lead to pore blocking when the whole cross section of the pore is filled. When the top
surface of the membrane is in contact with the solution, solute molecules adsorb onto the
membrane surface due to physic-chemical interactions, e.g. hydrophobic interactions
(dispersion forces), polar interactions (dipole-dipole and dipole-induced dipole forces) and

charge transfer (hydrogen bonding).

Kiso et al. (2001b) showed over 99% compound rejection by NF membranes of more
hydrophobic alkyl phthalates in their study. Researches have shown that hydrophobic
solutes can also adsorb onto hydrophobic membranes and into the membrane pores by
hydrophobic interactions (Agenson et al. 2003, Kiso et al. 2001b, Nghiem and Schéfer
2002). Hydrophobicity of organic molecules is usually expressed as the logarithm of the
octanol-water partition coefficient, log K,,,. The octanol-water partition coefficient, K,
describes equilibrium partitioning of a chemical between octanol and water phases. A
chemical that resides preferentially in the water phase is called hydrophilic; a chemical that
resides preferentially in the octanol phase is called hydrophobic or lipophilic, and has a
large value of K., (probably 10°, 10* or even greater). Since measured values range from
10 to 10%, the logarithm of the octanol-water partition coefficient (log K., or log P) is
commonly used as a measure for the hydrophobicity of a compound. Log K, is defined
only for neutral species, the partition coefficient for partially ionised mixtures or the
effective partition coefficient for dissociative systems need the correct description of the

complex partitioning equilibrium (Sangster 1997).

Compounds with log K,,, > 2 are referred to as hydrophobic, and those with log K,,, <2 are
hydrophilic (Connell 1990). Partitioning of trace organics to the membrane substrate and
organic matter in the feed water can be understood and predicted to some extent based on
the log K,,. It has been reported that trace organics, which can adsorb to polymeric
membranes, usually have high log K,,, and are sparely soluble in water (Kiso et al. 2001b).
Adsorption of trace organics to the membrane can implicate the accumulation of them,
which can lead to several deteriorative problems. Additionally, concentration gradient
built-up as a result of adsorption followed by diffusion can partly reduce the membrane

effectiveness (Nghiem 2005).
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Furthermore, the solubility of a given compound in water reflects its affinity for water.
Thus, the component tends to remain in the aqueous solution as more high its water
solubility is, so less adsorption on the membrane surface is expected. Therefore, water

solubility might be a first indication of the effect of a compound on the water flux.

In turn, the hydrophobicity of the membrane surface is measured by the contact angle
water-membrane. In this method, a drop of liquid (i.e. water) is placed upon a flat surface
(membrane) and the contact angle is measured (Shaw 1992). More hydrophobic
membranes are less wettable by a drop of water; the contact angle will consequently have a
value greater than 90°. If this is the case, they often exhibit lower water flux. Meanwhile,
for membranes with high water affinity, more hydrophilic, the contact angle will be less
than 90°. Adsorption of organic compounds has been related to a change in
hydrophobicity/hydrophilicity of the membrane surface. Thus, the change of the contact
angle may be a tool to measure adsorption (Van der Bruggen et al. 2000). Some results
have shown that membranes with larger contact angles can adsorb more mass of organic
compounds per unit area than membranes with smaller contact angles, and hydrophobic

molecules are more easily adsorbed than hydrophilic molecules (Kimura et al. 2003).

1.6.1.2 Transport model for NF membranes

The mechanism of transport and rejection characteristics of NF membrane are quite
complex. Mass transport in UF is due to pure convection, whereas diffusion determines the
transport in RO. Because NF is an intermediate process between UF and RO (considering
pressure, pore size, etc, both convection and diffusion contribute to the solute transport. In
addition, NF membranes carry a charge due to dissociation of acidic and basic groups on
the polymer chains. Charge interactions can thus influence the solute transport, too. Many
models have been developed to identify the effect of different parameters on the transport
mechanism and to predict the NF membrane performance. The two major theories are

Souriraja’s sorption surface-capillary flow approach and the solution-diffusion theory.

The preferential sorption-capillary flow (PSCF) model proposed by Sourirajan (1970),
assumes that the mechanism of separation is determined by both surface phenomena and
fluid transport through pores in the RO/NF membranes. In this model the membrane is

assumed to be microporous. The model states that the membrane barrier layer has chemical
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properties such that it has a preferential sorption for the solvent or preferential repulsion
for the solutes of the feed solution. As a result, a layer of almost pure solvent is
preferentially adsorbed on the surface and in the pores of the membrane. Solvent transport
occurs as solvent from this layer is forced through the capillary membrane pores under
pressure. Charged solutes are excluded, even smaller than the membrane pores, by Donnan

effect.

The solution-diffusion (SD) model was proposed by Lonsdale et al. (1965); as its name
implies, this model is based on diffusion of the solute and solvent through the membrane.
The model assumes that the RO/NF membrane has a homogeneous, nonporous surface
layer; both the solute and solvent dissolve in this layer and then each diffuses across it; the
solute and solvent diffusion is uncoupled and due to its own chemical potential gradient
across the membrane; and these gradients are the result of concentration and pressure

differences across the membrane.

1.6.1.3 Factors affecting NF permeate flux

Different factors affect the flux through the membrane. These are briefly discussed in the

following blocs:

Temperature

The increase of the process temperature enhances the NF membrane flux due to viscosity
reduction. However, deviations occur in practice because the total resistance also changes
with temperature. When adsorption is the dominant mechanism of flux decline, the
adsorption equilibrium is influenced by temperature. The effect of viscosity can thus be
partly counterbalanced by mechanisms of flux decline. The rejection of NF membranes is

usually not dependent on the process temperature.

Pressure

Generally, the pure water flux through a porous membrane in pressure driven processes is

directly proportional to the applied hydrostatic pressure. However, when solutes are added

to the water the behaviour observed is completely different. When the pressure is increased
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the flux increases, but beyond a finite (minimum) pressure has been attained, the flux does
not increase further on increasing the pressure. This maximum flux is called the limiting
flux (Mulder 1997). Cheryan (1998) defined this behaviour in two regions. The pressure-
controlled region where the increase in the pressure result in an increase in the permeate
flux and the mass transfer-controlled region where the limiting flux is reached. The solute
rejection used to be greater at higher filtration pressure. Physically, that occurs because an
increase in transmembrane pressure causes higher water flux whereas the solute flux is
electrically (Donnan exclusion) and sterically hindered and, therefore, does not change as

much (Labbez et al. 2003).

Feed concentration

The increase of the feed concentration during NF generally results in a decrease in the
permeate flux as the higher the bulk solute concentration, the higher the osmotic pressure
and the lower the permeate flux obtained (Garcia et al. 2006). Osmosis is the flow of
solvent (usually water) through a semi-permeable membrane from a region of low
chemical potential to a region of higher chemical potential. When the concentration
increases, an osmotic pressure will result. The reason for this is that when dissolved
components cannot permeate the (NF) membrane, a concentration difference between feed

and permeate side of the membrane arises.

pH

The pH affects the performance of NF membranes in more than one way. The charged sites
on the NF membrane surface can be modified depending on the feed solution pH. It is well
know that the rejection of NF membranes could vary at different pH. Since different
membrane manufacturers use different chemistries to produce their thin film composite

layer, the pH dependency of the membrane should be determined for each membrane type.

Cross-flow velocity

The increase of cross-flow velocity improves the mass transfer of the system as the degree
of mixing near the membrane surface is better. This could reduce the fouling on the

membrane surface and thus increases the permeate flux.
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1.6.1.4 Factors controlling permeate flux and flux decline

The decline in flux is caused by an increase in resistance against mass transfer. The total
resistance presented in Equation 1.22 is the sum of all individual resistances. The
resistances Rcp, R4, Rg, Rp and R denote the additional resistances which result from the
exposure of the membrane to a solution containing foulants, and R, is the membrane
resistance. Specifically, Rcp is the resistance due to concentration polarisation, R, the
resistance due to adsorption, R the resistance due to gel formation, Rp the internal pore
fouling resistance, and R¢ the resistance due to external deposition or cake formation. It
should be noted here that the selection of resistances varies in literature and is somewhat
ambiguous (Schéfer et al. 2004). The term “fouling” is used to represent all the different
additional resistance with exception of Rcp. The different resistances are shown in

Figure 1.6 and their contribution in the permeate flux is represented in Equation 1.23.

AP

J=
N, (Rp+R,+R,+R, +R.+R,,)

(eq. 1.23)

Concentration polarization

The build-up of solute at the membrane surface is known as “concentration polarization”,
(CP), and is largely responsible for the deviation of the permeate flux from the linear flux-
pressure model. The CP is the process of accumulation of retained solutes in the membrane
boundary layer and was first documented by Sherwood (Sherwood et al. 1965). It creates a
high solute concentration at the membrane surface, Cy,, compared to the bulk solution, Cy,
Figure 1.6. The retained solutes are brought into the boundary layer by convection and
removed by a generally slower back diffusion. This back diffusion of solute from the
membrane is assumed to reach an steady state with the convective transport. The extent of
the CP will be determined by the transport mechanisms in the boundary layer and in the

membrane. For both sections, a concentration profile can be obtained.
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Figure 1.6. Mechanisms contributing to the total resistance towards mass transport
(adapted from Mulder 1997).

The CP is a reversible process and will disappear when the driving force ceases. The
occurrence of CP results in a fast reduction in flux through the membrane and eventually in
adsorption, precipitation or gel formation of the solutes on the membrane surface. To avoid
CP, the thickness of the boundary layer can be decreased by increasing the tangential
velocity, which corresponds to a change from laminar to turbulent flow. When a turbulent
flow pattern is obtained, the CP will have only a marginal effect, due to the constant

velocity profile.

Fouling

Fouling is one of the main problems in any membrane separation, but for NF it might be
even somewhat more complex because the interactions leading to fouling take place at
nanoscale, and are therefore difficult to discern (Jarusutthirak et al. 2007, Her et al. 2007).
Fouling is a term used to describe the loss of throughput of a membrane device as it
becomes chemically or physically changed by a process fluid. Fouling is different from

CP. Both phenomena result in a reduced membrane system output and the resulting
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resistances due to both phenomena are additive, however, while CP disappears after

stopping the flux, fouling remains unaltered unless some cleaning is performed.

The feed water constituents retained on or in the membrane surface are called foulants.
With the increase of the foulants, the resistance of the membrane increases and with a
constant TMP, the flux decreases. Membrane fouling can be classified into inorganic or
mineral fouling, organic fouling, particles and biofouling, depending on the nature of the
involved foulants (Flemming 1995). The fouling mechanisms occurring in a membrane are
adsorption inside the membrane pores, gel formation, blocking of the membrane pores, and
deposition on the membrane surface even forming a cake layer. During filtration, the

fouling mechanisms may occur simultaneously.

Adsorption may occur on the membrane surface or inside the pores, essentially at any point
of contact between the solute and the membrane. Details about this mechanism were
already presented in the section 2.5.1.1. Gel formation is considered as the precipitation of
organic solutes on the membrane surface. This process usually occurs when the wall
concentration due to concentration polarisation exceeds the solubility of the organic (or
inorganic) species (Schéfer et al. 2004). The resistance against mass transport that is
exerted by the gel layer is very high. However, the gel layer formation occurs usually when
solutions containing macromolecules are filtered. In the case of pore blocking, solute
molecules or other minor constituents of the feed stream are forced into the membrane
pores resulting in a loss of permeate flow channels and thus a decrease in permeate flux. If
the membrane pores are bigger than the solute diameter, complete and partial pore
blocking can occur. Also an internal fouling of the pores is possible, leading to pore
narrowing. If the pores are very small in comparison to the solute diameter, the formation
of a so-called cake layer is favourable. The cake layer is affected by a lot of parameters,
such as pH, ionic strength, TMP, hydrodynamic conditions and still others (Cornelissen

1997).

38



UNIVERSITAT ROVIRA I VIRGILI

MEMBRANE-ASSISTED ADVANCED OXIDATION PROCESSES FOR WASTEWATER TREATMENT
Ivonne Graciela Escalona Hernandez
Diposit Legal: T 1832-2014

Chapter 2

Hypothesis and objectives



UNIVERSITAT ROVIRA I VIRGILI

MEMBRANE-ASSISTED ADVANCED OXIDATION PROCESSES FOR WASTEWATER TREATMENT
Ivonne Graciela Escalona Hernandez

Diposit Legal: T 1832-2014



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

Dipdsit Legal:

T 1832-2014

2.1 Previous considerations

It has been evidenced that BPA and tartrazine cannot be completely eliminated by
conventional treatment in drinking water supplies and in some cases, can drive to by-
products with higher environmental and health problems (Korshin et al. 2006). Due to
the role of powerful free radicals, AOPs have shown the ability to destructively oxidize

several pollutants up to 80% from municipal sewage and water (Nakada et al. 2007).

An AOP is defined as the oxidation process, which generates hydroxyl radicals in
sufficient quantity to carry out water treatment. For instance, AOPs could use Fenton’s
and ozone reagent to achieve high performance (Weinberg and Glaze 1997). Hydroxyl
radicals possess very high oxidizing power, next only to fluorine, and are able to

degrade the organic hazardous compounds to CO; and H.O.

Fenton reactions and ozone oxidation are still the most basic and yet practical AOPs for
the treatment of industrial effluents (Banerjee et al. 2007). The ozonation method is
known to be effective for degrading organic chemicals containing carbon—carbon
double bonds, olefinic double bonds, acetylenic triple bonds, aromatic compounds,
phenols, polycyclic aromatics, heterocyclics, carbon-nitrogen double bonds, carbon-
hydrogen bonds, silicon-hydrogen and carbon-metal bonds (Gould and Groff 1987). On
the other hand, Fenton process is considered as one of the most promising AOPs for
leachate treatment (Lopez et al. 2004). However, the removal of BPA and tartrazine
from water and wastewater with ozonation and Fenton process has scarcely been
researched. Similarly, since the nanofiltration was introduced, its application range has
extended tremendously. New possibilities were discovered for drinking water
production, providing answers to new challenges such as arsenic removal (Brandhuber
and Amy 1998), removal of pesticides, EDCs and chemicals (Xu et al. 2005), and water

softening and partial desalination (Hassan et al. 1998).

It should be noted that Fenton and ozonation have some disadvantages. Since Fenton
process requires iron salts for the oxidation reaction to take place, the environmentally
hazardous iron sludge formed after the reaction has to be removed before discharging.

Additionally, the tight acidic pH range in which the Fenton reaction proceeds forces the
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effluent neutralization after treatment, because the pH of most waters is not within the
optimal reaction range. Meanwhile, the major limitation of the ozonation process is the
relatively high cost of ozone generation process coupled with very short half-life period
of ozone. Thus, ozone needs to be generated always in site.

There have been numerous attempts to enhance oxidation with additional process steps.
In this sense, membrane separation is becoming a very attractive alternative because of
its purely physical nature of separation as well as the modular design of membrane
processes (Rautenbach and Mellis 1995). Separation without phase change, less energy
consumption, operability at ambient temperature, etc., have given an edge to membrane

processes over the conventional processes.

Independently, membrane and oxidation processes are well known processes in the field
of wastewater treatments by their capacity to eliminate pollutants from water. The
combination of these two processes appears to be of special interest due to the different
properties that these techniques present. Thus, some compounds produced in the
oxidation can be later separated by membrane filtration, or a concentration step by

membrane filtration can subsequently allow working at higher oxidation rate.

Most of integrated processes suffer from a lack of information on how to combine pre-
treatment and downstream processes. Detailed studies concerning the chemical step are
desirable for the design of an efficient integrated process, allowing a systematic
approach to decide the necessary degree of chemical oxidation severity in the pre-
treatment step. This work is to describe a process in which a nanofiltration membrane is
used to retain molecules derived from Fenton and ozonation process over BPA and

tartrazine.

2.2 Hypothesis

The coupled integration of AOPs with NF will allow saving cost whilst retain the
inherent advantages of both isolated processes, assuming zero harmful pollutant

discharges in the treated wastewater.
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2.3 Objectives

The overall objective of the present work was the degradation of BPA and tartrazine and
their removal by the combination of AOPs and NF. In AOPs, BPA and tartrazine
degradation will be faster if the concentrations of them are high, but the processes
become extremely slow at trace concentrations. Moreover, an AOP introduces other
chemicals into the system. On the other hand, NF yields higher permeate flux when the
concentration of pollutant is low. Thus, the purpose of this work was to conduct
experimental studies of the combined Fenton’s and ozonation oxidation with membrane
process to find out the right combination. The combined treatment process would offer
considerable advantages non encountered by each of them individually. So,
combination of these methods into a single process could offer an attractive alternative
to remedy the inherent disadvantages of Fenton oxidation, ozonation and membrane

filtration, separately.
The following specific tasks were formulated in order to meet the main objective:

e To optimize the performance of home-made cross flow laboratory
membrane cell, in terms of net fluxes and applied trans-membrane pressures
in the NF of BPA and tartrazine. To select the nanofiltration membrane and
the operating conditions to achieve the best permeate quality and the highest
permeate flux. To discuss the filtration mechanisms. To investigate the
effect of transmembrane pressure (TMP); initial concentration and
membrane properties on permeate flux decrease. Additionally, to compare
the performance of NF of tartrazine with the NF of synthetic dyes used in
different industries (Chapter 4).

e To study the classical Fenton process (hydrogen peroxide oxidation with
ferrous salt as catalyst) of target solutions in a batch reaction system. To
determine the dependence of BPA and tartrazine degradation on H,0,, Fe**
catalyst, pH and initial concentration. To select the Fenton’s process

conditions to achieve the best degradation rates (Chapter 5).
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To test the ozonation of target solutions in a batch reaction system. To study the
pH effect, ozone dosage, reaction time, initial concentration and ozone/air flow
rate on the BPA and tartrazine ozone oxidation. To select the ozonation

conditions to achieve the best degradations rate (Chapter 6).

To examine the applicability of the nanofiltration technique in the recovery of
low BPA and tartrazine concentration solutions resulting from Fenton and
ozonation degradation and in their oxidation intermediates (Chapter 5 and 6,
respectively). To study the effect of membrane properties, trans-membrane
pressure on permeate flux decline, BPA and tartrazine rejection and membrane
fouling. To demonstrate that, by means of a combination of an oxidation and a
separation step, a higher permeate quality of the overall process toward partial

oxidation can be achieved.

To compare the effectiveness of Fenton process against an emerging oxidation
process, specifically, the enzymatic oxidation using peroxidase and laccase was
selected (Chapter 7).
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Chapter 3
Methodology
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3.1 Materials

3.1.1 Model pollutants

All chemicals and reagents in the research were obtained in analytical grade. Model
pollutants were Bisphenol A (BPA) and tartrazine (TAR), purchased from Sigma-Aldrich.
Some properties of these compounds are shown in Table 3.1. Deionised water was used to

prepare all the solutions.

Table 3.1. Model compounds referenced in this study.

Properties Bisphenol A Tartrazine

Trinatrium-3-carboxy-5-hydroxy-1-

2.2+(44-dihydroxydiphenyl) psulfophenyl-4-p-sulfophenylazo-

Chemical name

propane

pyrazol
Formula C15H1602 C16H9N4Na30982
Molecular weight 228.28 534.3
Specific gravity at 25 °C,
3 1.06 ---
(g/cm’)
Octanol-wate.r partition 330 176
coefficient
pK. =1.8;pK,, =83
pK. 9.6 t010.2 pKys =108
Water solubility at 20 °C, 120-300 Soluble in water

(mg/L)

Molecular size (nm)

Molecular width X: 0.383;
Molecular width Y: 0.587;

Molecular width Z: 1.068

Supplier Sigma-Aldrich Sigma-Aldrich
Purity 99% 85%
NaO
o
HO OH AN :: °N\_-0 Na
N
N \ \N
Molecular structure o N
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In Chapter 4, four synthetic dyes, which have a wide industrial application, were selected,
namely; rhodamine 6G, reactive orange 16, reactive black 5 and procion red (from Sigma—
Aldrich) to investigate the effect of dyes molecular weight on permeate flux and dye
rejection in NF experiments. Dye solutions at 1000 mg/L were prepared by dissolving
accurately weighed amounts of dyes in deionised water. Table 3.2 summarises the

principal chemical and solution properties for these commercial dyes.

Table 3.2. Chemical characteristics of the dyes selected.

L\%0%%
(g/mol)

Molecular formule

Rhodamine 6G C28H31N203C1 479.01 524 4.94
Reactive black 5 C26H21N5Na401986 991.82 597 5.41

Reactive Orange 16  C,0H 7N3Na,0,;S; 617.54 380 5.74

Procion Red C|9H10C12N6N3207SZ 615.33 530 6.04

(@
(b)

The maximum absorbance, Az, Was experimentally measured, see section 3.3.2.
The pH of the solution containing dye at 1000 mg/L was experimentally measured.

3.2 Treatments

3.2.1 Nanofiltration

3.2.1.1 Membranes

Because of its commercial availability and successful application on different cases, five
standard polymeric NF membranes, 1.e., NFD, NF90, NF270 (Dow Filmtec), ESNA1-LF2
(Hydranautics) and CK (GE Osmonics), were used for studying the potential of NF over
model compounds and oxidation product solutions. These names correspond to the
commercial designations with the exception of NFD. NFD is commercially designated as
NF but, for avoiding confusions with the universally accepted acronym for nanofiltration
(NF), this membrane is named NFD throughout the text. Table 3.3 gives the most

important properties of the selected membranes.
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Table 3.3. Properties of the polymeric membranes tested.

Membrane NFD NF90 NF270 CK ESNA1-LF2
name
Supplier Dow-filmtec Dow-filmtec Dow-filmtec GeOsmonics Hydranautics
Isoelectric 510 4.09 3.5@ . 4.9©
point, (pH) ' ' ' '
Pore radius, _ 0.34@) 0.42((1) _ _
(nm)
MWCO, (Da) <200 200 300 150-300® 100-300)
PWE®, 8174046  1097+037  1444£080 156002  9.69+1.09
(L/m’.h.bar) . . . . . . . . . .
Polysulphone Polysulphone
Support Polysulphone Polysulphone Rnwf - Rowf
semi-aromatic semi-aromatic Cellulose meta-phenylene
Active layer  piperazine-based Polyamide TFC piperazine-based Acetate diamine-based
polyamide TFC polyamide TFC polyamide
(b)
Roughness™, 0.16 57.23 4.47 8.36 60.68
(nm)
Contaz:(})angle, 47@ 30@ 54 _ 60™
Salt rejection, 85-95 (NaCl) & 40-60 (CaCl,) & 92 (Na,SO4)&
(%) BOMESO) 97 MeSO,) <92 (MgSOy) <97 (MeS0,) o0 (Cach)
Maximum
. Operating 45 45 45 30 45
emperature'”,
C)
Maximum
Operating 41 41 41 31 41
Pressure™’,
O
pH range” 3-10 3-10 2-11 5.0-6.5 2-10
; ()
thickness™, 139+ 10 13245 128 + 24 142+ 14 125 +3
(um)
@ Pure Water Permeability, PWP, as experimentally measured; see section 3.2.1.1.

®) Roughness as determinate from AFM images using WSxM v5.0 Develop 6.2 software; see section

33.7.1

© From Tanninen et al 2006, @ Nghiem 2005, © Balannec et al. 2005 R O 1 jikanen 2006,

®  Benitez et al 2009, ™ Negaresha et al. 2012.
® Values supply by the manufacturer.
® Membrane thickness as measured by microscopy image, see section 3.3.7.2.

3.2.1.2 Filtration tests

Model compound solutions and effluents, after Fenton and ozonation degradation at

selected optimal oxidation conditions, were filtered in a NF system. The equipment was a

home-made cross flow laboratory unit. It includes a cross flow cell (CF042 Sterlitech

Corporation), a feed pump (ProMinent), an 1 L reservoir tank, a pressure dampener and
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several pressure gauges to control pressure along the experiment. Recycle mode was used
during all the experiments, where both the retentate and the permeate were returned to the
feed tank in order to maintain constant feed concentration at room temperature
(Te=30 = 1 °C). The permeate side was open at atmospheric pressure. The effective
membrane surface was 42 cm” and the cross flow velocity and Reynolds used were
adjusted in 5.3 cm/s and 290, respectively; corresponding to 20 L/h in the feed flow rate,
Qr. Figure 3.1 depicts a scheme of the system. Temperature and pH of the feed solution
were monitored using a Metter Toledo pHmeter. To control the feed temperature, the glass

reservoir tank was water-jacketed.

Membrane preconditioning is essential for the experiments. Prior to use, every membrane
was immersed in deionised water for 24 h to ensure the complete removal of any impurity
and to preserve the solution in the membrane. Later, the membrane was compacted for at
least 1 hour using deionised water at 8 bar. Pure permeate water flux of the clean
membrane, Jwo, was determined at the end of the compaction process. A typical NF test
started by filling up the feed tank with 1 L of given solution and then putting the system at
specified operational conditions. Permeate flux in the NF of model solution, J,, was
followed for approximately 250 min. Permeate and feed samples were collected for
analysis at specified intervals during NF. Once finished a filtration run, the pure water flux,
Jwt, was again measured using deionised water in order to know the permeate flux decrease
due to membrane fouling after filtration. The effect of initial concentration, membrane type
and transmembrane pressure on permeate flux were studied. A schematic diagram of the

NF test protocol is presented in Figure 3.2.

v

Feed
Permeate sampling and flow

measurement
Figure 3.1. Filtration experimental set-up. (1) Feed tank, (2) pump, (3) pulse dampener, (4)
relief valve, (5) bypass valve, (6) and (7) backpressure valves, (8) membrane cell, (P1) and
(P2) pressure gauges.
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Figure 3.2. Nanofiltration test protocol.

Membrane performance was assessed using the normalised permeate flux, i.e, the ratio
between permeate flux, J,, and pure permeate water flux of the clean membrane, Juo,
which is a measure of the flux decline and the rejection, R. Samples from de feed and
permeate solution were characterised in terms of total organic carbon (TOC), chemical
oxygen demand (COD), and colour. In the NF of Fenton effluents the Fe*"concentration in

the feed and the permeate was also measured.

To evaluate the repeatability in the NF experiments, an arithmetic mean was calculated
from three well-reproduced repetitions in each series of NF experiments. For instance, in
the NF of BPA at 300 mg/L, 6 bar and 30 °C using NF90 membrane, the difference
between each value and its corresponding arithmetic mean was less than 5 and 13% for

normalised flux and BPA rejection, respectively, which is typical and usually accepted.

As abovementioned, the pure water flux (Jywo) was always measured before starting a
filtration run. The permeate flux of water is proportional to the transmembrane pressure
(TMP) and the water flux per unit of pressure is defined as water permeability. Table 3.3
shows the pure water permeabilities of the selected membranes. They were calculated as

the average of pure water permeabilities determined for each new membrane at 30 °C.
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3.2.2 Fenton process
3.2.2.1 Materials

Hydrogen peroxide (H,0,) and iron (II) sulphate heptahydrate (FeSO4+7H,0) were used as
Fenton oxidant and catalyst sources, respectively. Hydrogen peroxide was received and
employed as 30% w/v solution and ferrous sulphate heptahydrate as 99.0% purity solid.

Both reagents were manufactured by Panreac.
3.2.2.2 Fenton oxidation procedure

Appropriate amounts of model solution and ferrous iron were added to a beaker and diluted
with deionised water to 1 L. The Fenton reaction was done in a water-jacketed glass
reactor. The experimental set-up used in the Fenton oxidation experiments is depicted in
Figure 3.3. The reactor was filled with 1 L of BPA and ferrous ion solution at selected
model compound concentrations and Fe*"/H,0, molar ratio. Iron hydrolysis was found to
affect Fenton process efficiency (Pignatello et al. 2006). In order to avoid it, the model
compound and ferrous ion solution were immediately used after their preparation. Then,
the initial pH was measured and in some cases adjusted at 3 using HCI 2 M. According to
literature (Guedes et al. 2003), the optimum pH is 3 to promote the generation of hydroxyl
radicals in a Fenton process. The reaction time started when hydrogen peroxide was added.
The actual H,O; to stoichiometric H,O, molar ratio was tested in the range from 0.05 to

1.00 and from 0.17 to 1.40 in the Fenton oxidation of BPA and TAR, respectively.

1
-

6l [300

m” !
-

Figure 3.3. Fenton oxidation set-up. (1) Thermostatic bath, (2) reactor, (3) pH probe, (4)
temperature sensor, (5) magnetic stirrer and (6) magnet.
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Samples (5 mL) were periodically withdrawn for analysis and placed in the refrigerator at
4+ 1°C or basified at pH 11-12 with NaOH 2 M to stop the reaction. When the reaction
solution was prepared with the aim of testing the efficiency of the subsequent membrane
treatment, basification was not used because the nature of the solution would change,
affecting the filtration efficiency and thus the reliability of the filtration results.
Basification was only applied in samples for Chemical Oxygen Demand (COD)
measurements because residual H,O, was found to affect COD determinations (Kang et

al.1999).

The effect of different system variables, namely Fez+/H202 molar ratio, H,O,/model
compound, and initial model compound concentration, was studied. All experiments were
conducted at room temperature (Tr = 30+ 1 °C) and at a stirring rate of 300 rpm for a
reaction time, tg, of 120 min. Stoichiometric mineralization of BPA and TAR would be
give by eq. 3.1 and 3.2, respectively. This equation was used to normalise the oxidant to
BPA and TAR molar ratio; it means, for instance, that H,O,/BPA stoichiometric molar
ratio equal to 1 represents the addition of stoichiometric amounts of the reagents (1 mol of

BPA and 36 mol of H,O,).

BPA: C,.H,.0,(BPA)+36H,0, —15CO, + 44H,0 (eq. 3.1)
TAR: C,H,N,Na,0,S, +45H,0, - 16CO, + 4HNO, + 2H,S0, +3NaOH +44H,0 (eq. 3.2)

The disappearance of organic compounds or removal efficiency was measured as

conversion of model compound, X. It was calculated as

X(%):(COC—Q)

0

x100 (eq. 3.3)

where Cy is the initial concentration of the model compound, and C; is the concentration at

time t.
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3.2.3 Ozonation

3.2.3.1 Materials

Ozonation experiments were carried out by using a Laboratory Ozonizer 301.19 ozone
generator (Erwin Sander Elektroapparatebau GmbH, Germany) combined with synthetic
air (78% nitrogen and 21% oxygen). The flow rate of air was adjusted with a needle valve,
built into the flow meter settled on the ozonizer control panel. The ozone-air gas flow
rates, Fozono-air, and concentration of used ozone gas varied from 50 to 200 NL/h and 11 to

33 mg/L, respectively.

3.2.3.2 Ozonation procedure

The purpose of this study was to optimize the operating parameters, which were further
used as the optimized conditions in the NF of ozonation effluents. To find out the
characteristics of the ozone generated, the ozone generator was initially calibrated. The
calibration was made as the concentration of the ozone generated as function of the fed air
flow rate and voltage applied for the generator. Since the ozone generator consists of a
silent electric discharge between two electrodes converting the oxygen to ozone, different
dosage of ozone can be achieved by adjusting the voltage of ozone generator. To determine
the ozone generated, its concentration in the gas phase was determined by iodometric
method, explained in section 3.3.6. Figure 3.4 shows the calibration curve underwent by

the ozone generator.

The experimental set-up for the ozonation treatment is presented in Figure 3.5. Air is led
through the ozone generator in which oxygen is partly converted to ozone. The ozone
enriched air then flowed into the reactor. All experiments were conducted in a semi-batch
mode where ozone was continuously fed to the reactor containing the model compound
solution. All experiments were carried out with 1 L model solution in a 1 L glass reactor.
The reactor was equipped with openings for ozone-air gas inlet and outlet, pH and
temperature probes and sampling collection. One glass diffuser was used to sparge ozone
gas into the solution. The air flow rate was controlled by a needle valve and measured by
air flow meters. The temperature was fixed at Tg=30.0 £0.1 °C during all the experiments.

It was controlled by thermostatic bath. The pH of the model solutions was adjusted to the
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desired value with NaOH 2 M and HCI 2 M. The reaction solution was stirred continuously
using a magnetic stirrer at 300 rpm. The remnant ozone was taken out of the bubble reactor
through a Teflon tubing, and bubbled into 40 mg/L KI solution in washing bottles. The
ozone concentration both in the inlet gas and outlet effluent was measured. Samples

(5 mL) were periodically withdrawn for analysis and placed in the refrigerator at 4 + 1 °C.
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Figure 3.4. Calibration curve of the ozone generator as a function of a) power applied and
b) air flow rate.

The degradation of model compound during ozonation was investigated under different
experimental conditions by varying initial compound concentration, influent ozone gas

concentration, ozone-air flow rate, pH and temperature.

The consumed ozone by the reaction was determined by using the equation below:

O3 consumed — 03 feed (OSIrap + 03 residual + O (eq 34)

3headspace)
where Osconsumed 1S the amount of ozone interacted with model compound molecules, O3 feeq
is the total ozone generated during an experiment and O3 t4p 1s the o0zone captured by the

trap. The O3 residual and O3 headspace 15 the residual dissolved ozone and the amount of ozone

collected in the head space above the reaction mixture. O3 resiqual and O3 headspace are very
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small when compared with O3 14, therefore, they can be neglected. The conversion of the

studied organic compounds by ozonation was determined using the eq. 3.3.

iLlals

e | 'l_ \_-- J
7% B Sander

Labar - Ozonisator

g®® 90 P W

1

Figure 3.5. Ozonation set-up. (1) synthetic air gas cylinder, (2) ozone generator, (3)
washing bottles, (4) heater, (5) pH probe and temperature sensor, (6) reactor, (7) magnetic
stirrer and (8) magnet.

3.2.4 Enzymatic oxidation

Enzymatic oxidation experiments were carried out during a research stay at the Faculty of
Science and Technology at University of Twente (Enschede, The Netherlands) in the
Membrane Technology Group. The enzymatic treatment was only applied for BPA

removal.

3.2.4.1 Materials

MilliQ water was used to prepare all the solutions in the enzymatic oxidation. Phosphate
buffer, Na,HPO,, was obtained from Acrds Organics and hydrogen peroxide, H,O,, 50%
wt. was purchased from Sigma-Aldrich. Horseradish peroxidase, HRP, was kindly
provided by X- Flow (The Netherlands) and was used without further purification. Laccase

10 U/mg produced from Trametes versicolor was purchased from Sigma-Aldrich.



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

Dipdsit Legal:

T 1832-2014

3.2.4.2 Enzymatic BPA oxidation procedure

HRP and laccase performance was tested in a wide range of reaction conditions. HRP
treatment experiments were performed by varying the aqueous phase pH (from 3 to 12),
H,0O, initial concentration (from 0 to 40 mg/L) and HRP doses (from 0 to 7.5% v/v).
Experiments were conducted batchwise in a 50 mL glass reactor. In each test, the reactor
contained 20 mL of 20 mg/L of BPA in 300 mg/L of phosphate buffer Na,HPO, (pH 8.7),
as well as predetermined amounts of HRP and H,O,. The reaction solution was prepared
following a fixed protocol. BPA was first added to phosphate buffer solution, followed by
addition of HRP. Then, the pH of the buffer, BPA and HRP solutions was adjusted using
0.01 M H3;PO4 and 0.01 M NaOH. H,O, was added to the reactor as the final reagent to
initiate the reaction. The reaction mixture was continuously mixed with a magnetic stirrer
at 120 rpm during the reaction at a temperature of 30 °C. Triplicate experiments were
conducted for each reaction condition. After 180 min, 1 mL samples were taken and
filtered with a 0.22 um filter for analysis. To stop the reaction, 50 pL of 37% v/v HCI was

added to each sample.

The laccase treatment was performed in the same manner as the HRP treatment except that
laccase was added, instead of H,O; as the final reagent in order to initiate the reaction. In
these assays, before the reaction was initiated, BPA and oxygen were dissolved in the
reaction solution by vigorous shaking. The pH of the reaction medium was varied from 3
to 11 and laccase initial concentration from 0 to 0.4 U/mL. The enzymatic BPA removal
efficiency was measured as BPA conversion, Xgpa. For both enzymatic treatments, it was

calculated according to equation 3.3.

3.2.4.3. Nanofiltration protocol for enzymatic BPA oxidation effluent

In order to evaluate the enzymatic BPA removal when operated in a recycle mode and
coupled to a NF membrane, experiments were conducted by employing optimized
parameters selected from HRP and laccase BPA degradation experiments. Optimal
conditions represent those where over 95% in the BPA removal was achieved. The
combination of enzyme degradation and NF allows recycling of the soluble enzyme to the

reaction vessel for reuse in subsequent batch BPA degradation.
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The NF equipment was a home-made cross flow lab scale filtration system. It includes the
same components than the NF system used for the filtration of model compound solutions
and effluents after Fenton and ozonation degradation, Figure 3.1. In this case it had a 5 L
feed tank, also performing as reactor, which did not allow temperature control. Full
recycling mode was used during the experiments. All experiments were consequently
performed at room temperature. The effective membrane area was 40 cm” and the cross
flow velocity and Reynolds number used were adjusted to 10.9 cm/s and 777, respectively;

and to 70 L/h in the feed flow rate, Q.

NF procedure was carried out in the same manner as the NF of model compounds, section
3.2.1.1. However, in this case the reaction and NF were conducted simultaneously. A
typical test started by filling up the feed tank (or reactor) with 2 L of enzymatic reaction
solution and adjusting the NF system at the selected transmembrane pressure, TMP, of
6 bar and initial Tg of 30 °C. Permeate and feed samples were periodically withdrawn for
analysis. Permeate and feed conductivities were also measured using a WTW COND 3210

conductimeter.

3.3 Analytical procedures

3.3.1 Determination of BPA and TAR concentration by high performance liquid
chromatography

Liquid samples from Fenton’s process, ozonation, enzymatic treatment and NF
experiments were analyzed by means of high liquid performance chromatography
(HPLC)in an Agilent Serie 1100 chromatograph using a C18 reverse phase column (Tracer
Extrasil ODS-2, 5 um, 25 x 0.4 cm). To properly separate compounds from the partial
oxidation products, the mobile phase was a mixture of methanol (99.9 %, Sigma-Aldrich)
and Milli-Q water, slightly acidified. The HPLC analysis will let the identification and

quantification of BPA and TAR and their main oxidation intermediates.

As stated, a methanol/water mixture (55/45 v/v) was used as the mobile phase with a flow-
rate of 1 mL/min to determine BPA aqueous concentration. For each sample, the injected

volume was 200 pL. Column effluent was monitored using a UV-visible spectrometer at
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270 nm (at a retention time (RT) = 7.77 min). The column temperature was maintained at
28 °C. TAR and sulfanilic acid, its main intermediate, concentrations were measured
applying a gradient of methanol-water mobile phase with a flow rate of 1 mL/min. At the
start, methanol was kept at 0% for three minutes; then it was linearly increased up to 70%
during the next 5 min, kept constant for the next 4 min, and finally linearly decreased back
to 0% in 3 min. TAR was determined at 427 nm (at a RT = 13.99 min) and sulfanilic acid
was determined at 252 nm (RT = 2.18 min).

In the experiments carried out in Twente University, BPA concentrations were determined
by ultra HPLC (Dionex Ultimate 3000 RS) using an Acclaim RSLC 120 C18 Phase
column (2.2 pm, 2.1 x 100 mm). The mobile phase was prepared using HPLC grade
acetonitrile (ACN) and an aqueous Na,HPO4 (20 mmol/L) buffer solution. Two mobile
phase solutions were prepared and designated as Eluent A (5% ACN/95% buffer solution)
and Eluent B (95% ACN/5% water). The injection volume was 50 uL. and separation of
analytes was achieved using a flow rate of 1 mL/min and a specially designed gradient
method. At the start, eluent B was kept at 0% for a minute; then the percentage of B was
linearly increased up to 95% during the next 3 min, kept constant for the next 1 min, and
finally linearly decreased back to 0% in 0.5 min. The column temperature was maintained
at 65 °C. Column effluent was monitored with a Dionex Ultimate 3000 RS Variable
Wavelength Detector at 225 nm.

3.3.2 Colour by spectrophotometry

Colour in oxidised and filtered Fenton and ozonation effluents was measured by
absorbance in the visible range using an UV-VIS spectrophotometer (Dinko, model 8500).
A wavelength scan was first carried out and the wavelength corresponding to the maximal

absorbance was selected for assessing the colour of the samples.

Additionally, the compound concentration of the dyes used in section 4.3.2 was also
determined by finding out the absorbance characteristic wavelength using the same UV-
spectrophotometer. Standard dilute solutions of the dyes were taken and the absorbances
were determined at different wavelengths to obtain a plot of absorbance versus
wavelength. The wavelength corresponding to maximum absorbance (Amax) Was

determined from this plot. Calibration curves were plotted between absorbance and
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concentrations of the dye solutions (Figure 3.6). These curves helped in making a

quantitative evaluation of the performance of decolourization by the NF process.
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Figure 3.6. Calibration curves for dye concentrations determination.

3.3.3 Determination of iron concentration

Atomic absorption spectrometry was used to analyze the concentration of Fe*" in Fenton
reaction solutions and Fenton-NF experiments. Iron was quantified in a Perkin Elmer
(model 3110) atomic absorption spectrometer. The iron concentration was determined by
absorbance at its characteristic wavelength and at specific analytical conditions. 1%
wt./vol. HCl was used to dilute the samples prior to metal analysis thus preventing
hydrolysis inside the sample vials. Iron was analysed in an oxidant acetylene-air flame and
absorbance was read at 248.8 nm. Previously, a calibration curve was completed in the

range of better sensibility.
3.3.4 Total Organic Carbon
The parameter most commonly used to describe the performance of any oxidation process

is the reduction of Total Organic Carbon (TOC), which is directly related to the

concentration of organics in solution. For TOC analysis, an Analytic Jena TOC Analyzer
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(model multi N/C 2100) was used. As previously mentioned, TOC values are of major
importance in view of the fact that they show the level of mineralization (i.e. conversion to

CO; and H,0) of the samples, which is a way to measure the efficiency of the process.

Besides to the determination of TOC in aqueous samples, this general parameter has also
been used to inform the percentage of sample identification (%IP). Sample identification
can be defined as the ratio of calculated TOC estimated from the concentration of organic
compounds (analysed by HPLC) to the analysed TOC. The difference accounts for the

compounds that are neither identified nor measured by HPLC.

3.3.5 Chemical Oxygen Demand

The Chemical Oxygen Demand (COD) is the amount of oxygen consumed to completely
oxidise the organic water constituents in inorganic end products. COD is commonly used
to indirectly measure the amount of organic compounds in water, being a useful measure
of its quality. Remaining COD in the oxidation samples was analysed by the Closed Reflux
Colorimetric Standard Method 5220D (American Water Association 1999, Clesceri et al.
1989), which consists of digesting a sample for two hours in an acidic medium in the
presence of a strong oxidant as potassium dichromate (K,Cr,O7) and a silver sulphate
catalyst. Mercury sulphate is usually added to eliminate possible interferences from
chloride ions. During the test, organic compounds are oxidised and the orange coloured
dichromate (Cr,O-*") is reduced to green coloured chromium ion (Cr’"), which is then
detected colourimetrically. The relation between Cr’" absorbance and COD concentration
is established by calibration with a standard solution of hydrogen phthalate, in the range of
COD values between 25 and 500 mg/L.

3.3.6 Measurement of ozone in the gas phase

Feed and trap ozone amounts in the gas phase were determined by iodometric method
titration with sodium thiosulphate, (Clesceri et al. 1989). The amount of ozone produced
was transferred to react with 40 mg/L KI directly. In the titration process, KI is used as
iodide ion source, ammonium molibdate as catalyst, starch as indicator and sulphuric acid
as protons’source. The titration endpoint is marked by a colour change from blue to

colourless. For each flow rate of synthetic air with variation of ozone contact time and
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supply voltage, the ozone consumed per unit of time was calculated by potassium iodide

(KI) method and equation 3.4.

3.3.5 Membrane characterization by microscopy

Membranes were characterised in terms of permeability, flux and rejection. However, in
particular applications, a more intensive characterisation was performed. Advanced
methods, such as atomic force microscope, AFM, and other characterisations by
microscopy were employed when it was necessary. In this section, the methods used are

explained.

3.3.5.1 Membrane topography and roughness determination by atomic force microscopy

The AFM is an excellent tool to study the topography of the membrane skin layer. Surface
morphology of the membranes was characterised using an Agilent Molecular Imaging
model Pico SPM II (Pico+) microscopy (model 5500). The AFM was handled in a contact
mode with standard contact mode tips. Images were scanned at a rate of 1 Hz. Ambient
conditions were maintained at approximately 20 °C and 30% relative humidity. AFM
images of virgin polymeric membranes used in this study are shown in Figure 3.7.

Membrane roughness was determined from AFM images using WSxM v5.0 Develop 6.2
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software.

ESNAI1-LF2

Figure 3.7. Surface topography image of virgin polymeric membranes.
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3.3.5.2 Characterisations by microscopy

Microscopic characterisation of membranes allows determining their morphological
properties. A large list of membrane separation studies have used these tools to understand
membrane properties as well as fouling and cleaning processes (Bowen et al. 1997, Al-
Almoudi and Lovitt 2007, Chakrabarty et al. 2008, Kim et al. 2008). Environmental
Scanning Electron Microscopy (ESEM) allows membrane surface and transversal
morphological characterisation by throwing electrons to the surface of the sample to be
characterised. This causes interactions between the beam and the material, which give
information on the membrane surface or transversal cut. When Energy Dispersive
Spectroscopy (EDS) is coupled to ESEM (ESEM-EDS), semiquantitative elemental
composition of membrane surface can be obtained. ESEM-EDS was used in this study for
characterising virgin polymeric NF membranes and after use, too. A FEI instrument
(model Quanta 600) was used for this purpose. ESEM images are presented in Figures 3.8

and 3.9 for virgin polymeric membranes.
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ESNA1-LF2

Figure 3.8. Surface ESEM images for virgin polymeric membranes.
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ESNA1-LF2

Figure 3.9. Cross section ESEM images for the virgin polymeric membranes.
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Chapter 4
Removal of BPA and tartrazine from

aqueous solutions by nanofiltration
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4.1 Introduction

Various potential physico-chemical treatment methods have been investigated for their
ability to remove BPA and tartrazine as it has been presented in Chapter 2. However,
membrane separation technologies have already demonstrated to be a practical and
competitive alternative for the removal of a large variety of dyes as well as BPA from
aqueous solutions due to their easiness of construction, process control, and feasible
recovery of these pollutants (Fersi et al. 2005, Yiiksel et al. 2013). Lower cost and
improved materials are making membrane processes, such as nanofiltration (NF), more and
more attractive for water and wastewater treatment in general. Indeed, this process is now
an important part of reclaimed water production and close-loop water recycle schemes

used in many industries (Alcaina et al. 2009).

There are many factors affecting the membrane performance: membrane characteristics
such as molecular weight cut off (MWCO), porosity, surface charge and membrane
hydrophobicity; solute characteristics and chemistry such as molecular weight (MW),
molecular size and shape, charge and polarity; background composition and solution
chemistry such as pH, ionic strength, hardness, and organic matter presence; or operation
conditions such as transmembrane pressure (7MP), temperature, cross-flow velocity and
recovery (Capar et al. 2006). In this chapter, NF was tested to treat BPA and one azo dye
(tartrazine). The effect of individual components was investigated with regard to the
permeate flux and rejection. The final goal of this part was to concentrate the effluent in
order to reduce volume handling, which could additionally be subjected to destructive
treatments, and obtain a permeate quality that could be safely and efficiently re-used in the

industry with minimal subsequent treatment.

4.2 Nanofiltration applied for the removal of model compounds

4.2.1. Removal of BPA by nanofiltration

Application of membrane technologies as treatment for wastewater has grown in recent
years. When applying membrane technology as wastewater treatment, a typical

configuration involves combined systems of microfiltration (MF), ultrafiltration (UF),
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nanofiltration (NF) and reverse osmosis (RO) (Coté et al. 2004. This allows flexibility and
means that the quality of the water produced can be adjusted to suit the different purposes.
Indeed, it has been reported that MF, UF, NF and RO processes are capable of removing
BPA at different extent.

Schifer et al. (2006) studied the performance of submerged and direct UF of synthetic
greywater, regarding the retention of a model trace organic contaminant, BPA, and fouling.
Their results indicated that UF can only remove 30-45% of BPA. Gomez et al. (2007)
determined the retention capacity of membrane technologies for high concentrations of
non-charged organic molecules such as BPA, which are frequent in industrial wastewater
and landfill leachate. Two modes of treatment were tested, the first consisting of a MF
module and an UF module working in parallel, and the second consisting of a RO module.
Although, MF and UF membranes demonstrated certain effectiveness at retaining BPA
(retention values of 50-60%), RO membranes achieved much better results. The removal of
BPA from drinking water by UF membrane using dead-end model was investigated by
Bing-zhi et al. (2008). UF with 2000—10000 molecular weight cut-off (MWCO) removed
BPA by over 92%, starting from an initial concentration of BPA ranging from 100 to 600

ug/L.

NF of BPA was investigated by Nghiem et al. (2005) and Zhang et al. (2006). They
concluded that adsorption of BPA onto the membrane was the dominant removal
mechanism at the initial stage of filtration. At later stages, adsorption and subsequent
diffusion of BPA in the membrane resulted in lower rejection where size exclusion was the
dominant mechanism. Various NF and RO membranes were compared for their BPA
rejections from a model solution of 50 mg/L at 10 bar of applied pressure (Yiiksel et al.
2013). The polyamide based membranes exhibited much better performance than cellulose

acetate membranes for BPA removal.

4.2.2. Removal of tartrazine by nanofiltration

Although, many studies have found that NF is a suitable process for the effective removal
of dyes from coloured wastewater, few researches have been carried out to separate and
purify tartrazine from aqueous solution. Kaya et al. (2009) treated a model solution of

liquid dishwasher detergent wastewater by using a two-step NF process. This wastewater
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contained an anionic surfactant, a non-ionic surfactant, tartrazine, and sodium chloride. In
the first step, a loose NF membrane was used for recovery of surfactants and dye. In the
second step, the quality of the permeate obtained from the loose NF membrane was
improved using a tight NF membrane. Results showed that concentration of tartrazine was
achieved (over 99%) for re-using in the production of liquid dishwasher detergent. Aydiner
et al. (2010) evaluated the membrane fouling and flux decline related with mass transport
in NF of a tartrazine solution. The feed solution pH seemed to be an important operational
parameter affecting the process performance rather than feed-dye concentration and
transmembrane pressure. Permeate flux and rejection increase as feed solution pH
increases. They also showed that the process could be employed to give a rejection rate of

almost 100%.
4.3 Nanofiltration of model compounds

4.3.1 Nanofiltration of BPA

The evolution of the normalised fluxes, expressed as the ratio between the instantaneous
permeate flux, J,, and the pure water permeate flux, J,,9, (measured with a fresh membrane
and deionised water) and BPA rejection for several NF membranes are presented in
Figure 4.1. These results were measured using a feed solution containing 300 mg/L BPA,
whereas NF was operated at 6 bar and 30 °C. As expected, it is evident that normalised
permeate flux is always lower than that corresponding to pure water flow. Of course, the
decrease must be assigned to the accumulation of BPA species close to the membrane
surface, thus affecting the membrane permeability, namely polarisation concentration (CP)
(Van der Bruggen and Vandecasteele 2001), although other phenomena as solute
adsorption or fouling on the membrane polymeric material (Gomes et al. 2005) can take

place.

In fact, all the membranes depicted a typical permeate flux profile where the membrane is
organically fouled. The normalised fluxes dropped between 47 and 77% within the first
minutes after starting the filtration; afterwards, the normalised fluxes remained almost
constant in a mostly steady state permeate flux. The normalised flux for the ESNAI-LF2
membrane presented the slowest decline, followed by NF90, NFD, NF270 and CK
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membranes. Therefore, the decline of the normalised flux during operation can mainly be
ascribed to CP or fouling; this latter can be reversible or irreversible. Irreversible fouling,
which cannot be removed by mechanical or chemical cleaning, can result from the
irreversible binding of substances -foulants- onto the membrane surface or even inside the

pores, which could ultimately determine the membrane lifetime.
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Figure 4.1. Nanofiltration of BPA. Normalised permeate flux and BPA rejection as a
function of filtration time for the different membranes tested. Experimental filtration
conditions:

[BPA]feeda = 300 mg/L, TMP = 6 bar, v=15.3 cm/s, pHp~ 6, and Tr = 30 °C.

Open symbols represent normalised fluxes and full symbols BPA rejections.

The NF protocol consisted of three main steps: (1) the clean water flux, J,,y, was measured
just after compaction of the membrane; (2) then the BPA permeate flux, J,, was followed
for 250 min; finally, (3) the membrane was flushed with water and its clean water flux, J,,
was measured again. Normalised fluxes using the steady state values and final BPA
rejection are depicted in Figure 4.2. The flux recovery after flushing the membranes with
water is an indicator of the CP and fouling. The portion of the flux not recovered
represents the irreversible flux decline (caused by fouling) and the reversible flux decline
represents CP and/or reversible adsorption phenomena. Since the reversible adsorption

phenomena is a slower process than the immediately elimination of CP by the water
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flushing, the normalised permeate flux measured after water flushing could be a qualitative
measure of CP. Thus, Figure 4.2 corroborates that both CP and fouling occurred in all the
membranes during the NF of BPA. CP is represented by the portion of normalised flux

recovered by water flushing, while the fouling is assumed to be the portion lost.
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Figure 4.2. Nanofiltration of BPA. Normalised permeate flux before, J,,0/J,,0, at 200 min of
NF (end), J,/Jw0, and after water flushing, J,,/J,.0, and BPA final rejection (symbols) for
the different membranes tested. Experimental filtration conditions:

[BPA]feed = 300 mg/L, TMP = 6 bar, v= 5.3 cm/s, pHr= 6, and Tr =30 °C.

As it can be seen, CP was the main responsible of the normalised flux decline for all the
studied membranes. The amounts of normalised fluxes lost by CP were much higher than
the loss by fouling. Membrane fouling showed to increase in the following order: NFD <
NF270 < CK < NF90 < ESNA1-LF2. The increased concentration of solutes at the surface
of the membrane increases the overall resistance to permeate flow. BPA has similar size to
the membrane pores, which suggests a fouling mechanism by pore blocking (Schéfer et al.
2004). However, in the evaluation of the performance of membranes for the rejection of
hydrophobic compounds, as BPA, the adsorption of the compound on the membrane has to
be taken into account. Hydrophobic compounds tend to strongly bind to hydrophobic
materials. Hence, adsorption of organic compounds may be related to the hydrophobicity
of the membrane surface, and may be a tool to predict the fouling. By inspecting Figure 4.2
and Table 3.3 at once, it can be deducted that the fouling increased as long as water contact

angle did. Hence, the fouling mechanism is, besides pore blocking, probably due to
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adsorption of BPA by hydrophobic-hydrophobic solute-membrane interactions, too. In
fact, both mechanisms are related as adsorption can occur inside the pores and,
consequently, totally or partially, hinder the pass of water. Similar rapid flux decline as a
result of initial pore restriction and compound adsorption on the membrane surface has
also been reported in previous studies (Van der Bruggen and Vandecasteele 2001, Nghiem

and Hawkes 2007, Xu et al 2005).

Furthermore, BPA rejection follows the same trend than membrane fouling. An increase on
membrane fouling could even enhance the rejection. Rejection of organic compounds by
NF membranes can be attributed to several mechanisms. The most common mechanisms
are size and charge exclusion. Since BPA is essentially hydrophobic and a non-charged
compound over almost the entire pH range, ionic (charge) interactions between BPA and
the membrane are assumed to be practically absent and size exclusion effect is expected to
dominate. The fact that results have shown a clear relationship between fouling and the
increase in BPA rejection suggests that an increase in BPA rejection might result from
stronger membrane fouling. Thus, adsorption of BPA onto the membrane might contribute

to BPA rejection, besides steric hindrance.

In fact, previous studies have reported that membrane fouling can either increase or
decrease solute rejection, depending on the solute, membrane, and foulant (Bellona et al
2010, Comerton et al. 2008, Nghiem and Hawkes 2007). The rejection of trace organics is
often explained by the solution diffusion model. According to this model, solute transport
across the membrane is a two-step process. First, the solute is dissolved in the membrane;
and, second, it migrates through the membrane by diffusion. This would mean that an
increase in the BPA adsorption, i.e., higher BPA concentration over the membrane surface,
could facilitate transport by diffusion, resulting in a decrease of its rejection.
Hypothetically, when the adsorption does not reach the equilibrium or saturation state, the
membrane accumulates the solute and the rejection is overestimated. The overestimation in
the BPA rejection before reaching equilibrium state was also recorded by Xu et al. (2005),
who found that the bromoform, which is more hydrophobic than chloroform, had a higher
initial removal. However, after approximately five hours of operation, its rejection
decreased significantly and levelled off to 20 to 35% for chloroform and 35 to 45% for
bromoform, respectively. This behaviour can slightly modify the interpretation of the

actual BPA rejections.
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The performance of NF90 membrane at different feed concentrations is shown in
Figure 4.3. Although ESNA1-LF2 membrane showed the lowest flow decay and highest
BPA rejection, NF90 membrane was selected as the best membrane for BPA removal by
NF, since NF90 membrane fouling was lower than ESNA1-LF2. Additionally, ESNA1-
LF2 membrane showed a BPA precipitation or scaling phenomenon, which was
corroborated by the presence of white precipitate on the membrane after filtration. Thus,
the examination of the effect of feed concentration was done using NF90. It can be clearly
seen that the feed concentration globally had a negative effect on BPA nanofiltration.
Normalised flux after 200 min of filtration decreased from 58.3 to 23.5% when the BPA
feed concentration increased from 25 to 300 mg/L. As it was expected, the progressive
decline in the normalised flux results from the creation of the CP and fouling layer, leading
to a loss in membrane performance. In Figure 4.4, it can be observed how these resistances
increased as a function of the feed concentration, considering as aforementioned the CP as
the portion of normalised flux recovered by water flushing, and the fouling as the portion
lost. The increase in the feed concentration enhances the accumulation of solutes retained

by the membrane thus increasing the CP.
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Figure 4.3. Nanofiltration of BPA. Normalised permeate flux as a function of filtration
time for the different BPA feed concentrations. Experimental filtration conditions:
Membrane = NF90, TMP = 6 bar, v = 5.3 cm/s, pHr = 6, and T = 30 °C. Open symbols
represent normalised fluxes and full symbols BPA rejections.
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Figure 4.4. Nanofiltration of BPA. Normalised permeate flux before, J,,0/J,0, at 200 min of
NF (end), J,/Jw0, and after water flushing, J,#J,,0, and BPA final rejection (symbols) for
several BPA concentrations. Experimental filtration conditions:

Membrane = NF90, TMP = 6 bar, v= 5.3 cm/s, pHr = 6, and Tr= 30 °C.

Figure 4.4 also depicts the final BPA rejection, after 200 min of filtration, for the different
feed concentration tested. BPA rejection seems to have a maximum value at 100 mg/L of
BPA. This removal behaviour by NF90 membrane shows the effect of adsorption
mechanism on BPA rejections. Below 100 mg/L of BPA, many available sites for
adsorption allowed membrane adsorbing more BPA, apparently resulting in higher BPA
removal. With the increase of BPA concentration, the membrane became close to

saturation, resulting in reduced BPA removal.

The fact that the BPA rejection depends on feed concentration obtained in this study is
somewhat inconsistent with previous studies (Su-Hua et al. 2010, Zhang et al. 2000),
where the BPA rejection decreased following the increase of feed concentration. This may
own to the high concentration of BPA used here or other different solution and/or
membrane characteristics. In contrast, similar results have also been reported by Bing-zhi

et al. (2010) for the removal of BPA by a hollow fiber microfiltration membrane.

Table 4.1 shows the effect of the TMP on the permeate flux decline. TMP is an important

operation parameter in pressure-driven membrane processes as it determines plant
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productivity. In this study, constant-pressure filtration experiments were conducted (i.e.
applied pressure was kept constant along the filtration time) for TMP of 2, 4, 6 and 8 bar.
As expected, it was observed that the permeate flux tended to increase as the applied
pressure was larger. Final permeate fluxes, at steady state, increased from 6.6 to
20.1 L/h m* as the TMP increased from 2 to 8 bar. This agrees with the fact that TMP is the
driving force of the filtration and, consequently, the higher the TMP, the higher the amount
of solvent able to permeate through the membrane per unit of time. Cheryan (1998)
defined two regions in the filtration processes: a pressure-controlled region and a mass
transfer-controlled region. At low pressure, still in the first region, the permeate flux
increases mostly linearly along with the operating pressure. However, in the mass transfer-
controlled region, the permeate flux is no longer proportional to the applied pressure,
because any increase in pressure only results in a build-up of the solute layer over the
membrane and an additional resistance. As the linear tendency of permeate flux with TMP
was appreciated (Table 4.1), the filtration system is probably inside the pressure controlled
region. As Table 4.1 shows, a slight decrease on %.J,/J.» was observed when TMP
increased. This was a consequence of the growing membrane fouling as long as the
filtration proceeded, because of the compaction of the fouling layer at high pressure.
Additionally, the higher the flux through the membrane at high pressure, the greater the

chance of membrane fouling.

Table 4.1. Nanofiltration of BPA. Final normalised permeate flux rejection for the several
transmembrane pressures applied. Experimental filtration conditions: Membrane = NF90,
v=>5.3 cm/s, pHe= 6, Tr= 30 °C, and tr = 200 min.

TMP Final flux Final J,¢#/Jyw  Flux decline ~ Fouling

(bar) (#08L/hHhm»  (+5%) % (%)

100-Jy/0ws Ffduodofdo 100-Tufldrg

2 6.6 26 74 49 25 88.9+0.1
4 133 28 72 48 24 93.9+0.4
6 15.9 23 77 51 26 93.5+£0.8
8 20.1 21 79 44 35 94.4+0.2

The potential of using NF membranes to concentrate BPA was later investigated. In this
assay the system was running at a batch mode (only the retentate was recycling back to the

feed reservoir). In this case, 5 L of a 25 mg/L BPA solution was concentrated at 30 °C at
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20 L/h of feed flowrate and at 6 bar using the NF90 membrane. NF90 membrane was
selected to evaluate the concentration of BPA due to its better performance in the
membrane screening experiments (Figures 4.1 and 4.2). The information on maximum
concentration is valuable for further process design, especially for those processes
favouring concentration instead of permeate purity. From Figure 4.5 showing the
behaviour of this BPA concentration test, NF90 gave a low normalised permeate flux at the
beginning and, as expected, it underwent further decrease over the filtration time. As it can
be seen, the normalised permeate flux decreases as concentration in retentate

(concentration in the feed tank, too) increases.
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Figure 4.5. Nanofiltration of BPA. Normalised permeate flux as a function of filtration
time for semi recirculation mode. Experimental filtration conditions:

[BPA]p =25 mg/L, membrane = NF90, TMP = 6 bar, v= 5.3 cm/s, pHr = 6, and Tr =30 °C.
Open symbols represent normalised flux and full symbols BPA concentration in the feed
tank.

The high flux decline was expected due to the derived enlargement of CP and fouling by
the increase in the BPA concentration in the bulk retentate side. The maximum BPA
concentration reached was 289 mg/L at 2300 min, when the experiment was stopped. This
means that BPA initial solution was concentrated by a factor of near 12. After the
membrane flushing with water, the NFO0 membrane recovered 33% of the total normalised
flux loss during the filtration, which indicates that the flux decline was mainly due to

recalcitrant fouling rather that CP. Additionally, rejections of BPA over 98% were
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underwent during all the concentration experiment. Thus, in spite of the high flux decay,
due to its high concentration efficiency, this proves that NF can be used as a separation-

concentration process for BPA removal.

4.3.2 Nanofiltration of tartrazine

The normalised flux performance for tartrazine NF using three different membranes (NFD,
NF90, and NF270) under a constant applied pressure of 6 bar is shown in Figure 4.6.
Normalised permeate fluxes decreased slowly over time, but relatively stable permeate
fluxes were achieved above 150 min in all cases (<36% flux reduction). The more
permeable membranes (NF270 and NF90) experienced greater flux reduction. As
evidenced in Figure 4.7, where the normalised fluxes corresponding to the virgin
membrane, after 200 min of filtration of TAR, and after flushing with water are depicted,
the major contribution to flux reduction owned to CP for membranes with higher initial
water permeabilities. For instance, the relative flux reduction for the membrane NF270 was
almost totally recovered when this was flushed with deionised water, indicating that most
of the additional resistance under operation was due to CP. In Figure 4.7 is also
represented the final TAR rejection for the NF membranes used. As observed, the TAR
rejection was very similar for all the membranes and very high (> 99%). This high TAR
rejection can be explained by size exclusion mechanism because the dye molecular size is
markedly higher than the NF membranes mean pore sizes. Therefore, the greater flux
reduction by CP was probably due to the increased hydrodynamic permeate drag at higher

initial flux, which facilitates the concentration of solute near to the membrane surface.
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Figure 4.6. Nanofiltration of TAR. Normalised permeate flux and TAR rejection as a
function of filtration time for the different membranes. Experimental filtration conditions:
[TAR]feea = 1000 mg/L, TMP = 6 bar, v = 5.3 ci/s, pHr = 6, and Tr =30 °C.
Open symbols represent normalised fluxes and full symbols TAR rejections.
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Figure 4.7. Nanofiltration of TAR. Normalised permeate flux before, J,.0/Jv0, at 200 min of
NF (end), J,/J0, and after water flushing, J,,/J,.0, and final TAR rejection (symbols) for
the several membranes tested. The feed solution contained 1000 mg/L of TAR in deionised
water. Experimental filtration conditions:

TMP = 6 bar, v=15,3 c/s, pHr = 6, and Tr =30 °C.
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To study the influence of the inlet concentration, feed solutions containing 100, 400, 800
and 1000 mg/L of tartrazine were nanofiltered using the NF270 membrane at 35 °C and
6 bar of TMP. The evolution of the normalised fluxes during the filtration is shown in
Figure 4.8. A maximum decline of the NF270 permeate flux of around 26% was observed
after 10 min of filtration for the highest feed concentration, 1000 mg/L of TAR. Regarding
the effect of the initial dye concentration, it is expected that the permeate flux decreases
when increasing the dye concentration, due to the enlarged CP. In fact, Figure 4.9
evidenced this expectation since the permeate flux at 200 min of NF decreases when dye
concentration in the feed solution is higher. Permeate flux values were found to vary over
21.9% between maximum and minimum dye concentration. On the other hand, a slight but
continuous decline of the permeate flux along the time is observed irrespective of the
initial concentration selected, which points out some kind of fouling in addition to CP. In
turn, dye rejection was found to be almost over 96% and practically constant regardless of

the inlet dye concentration used.
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Figure 4.8. Nanofiltration of TAR. Normalised permeate flux as a function of filtration
time for several TAR feed concentrations. Experimental filtration conditions:

Membrane = NF270, TMP = 6 bar, v=15.3 cm/s, pHp~ 6, and Ty = 30 °C.

Open symbols represent normalised fluxes and full symbols TAR rejections.
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Figure 4.9. Nanofiltration of TAR. Normalised permeate flux before, J,.0/Jv0, at 200 min of

NF (end), J,/J0, and after water flushing, J,,/J,.0, and final TAR rejection (symbols) for
several TAR concentrations. Experimental filtration conditions:

Membrane = NF270, TMP = 6 bar, v=15.3 cm/s, pHp~ 6, and Ty = 30 °C.

The effect of transmembrane pressure on the permeate flux behaviour is presented in
Table 4.2. As expected, these results show that the final permeate flux (at 200 min of
filtration) increased with increasing transmembrane pressure. As already observed during
the NF of BPA at several TMPs (Table 4.1), a relatively good agreement is observed
between experimental results and theoretical predictions. Thus, an increase in the

transmembrane pressure results in an increase in the permeate flux as predicted by Darcy’s

law in the pressure-controlled region.

Table 4.2. Nanofiltration of TAR. Final normalised permeate flux rejection for the several
transmembrane pressure applied. Experimental filtration conditions: Membrane = NF270,
v=>5.3 cm/s, pHr= 6, Ty= 30 °C and ty = 200 min.

TMP Final flux | Final J,/Jyw Flux decline ~CP ~Fouling Ri TAR

(bar)  (x0.8L/Mhm?)  (+5%) (%) (%) ) (%)

1 OO'Jpj/ Jw() J, w) Jw()'l]p// Jw() 1 00-J, w// Jw()

2 23.5 69 31 28 3 98.1£0.6
4 49.0 74 26 18 9 97.9+0.7
6 70.7 69 31 30 1 99.1+0.5

8 86.9 75 25 25 0 98.1+£0.5
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The effect of dye molecular weight over permeate flux decline and dye retention was also
investigated. Figure 4.10 shows the NF results obtained with the five dyes tested at 6 bar
and 35 °C using the NF270 membrane. These experiments aim at evaluating the effect of
molecular size in the decrease of the permeate flux. The molecular weight (MW) of the
dyes can play a crucial role in the dye transport through the membrane, not only because it
has a large influence on the rejection of the compound, but it may also influence the

permeate flux when pores become (partially) blocked (Van der Bruggen et al. 2001).

In almost all the cases, it is noted that a higher MW produces higher permeate flux decline.
This is clearly related to the fact that high MW dyes are more easily deposited onto the
membrane surface increasing cake layer resistance. It must be noted that procion red and
rhodamine 6G do not follow this general trend. The permeate flux can be mostly correlated
with the MW for tartrazine, reactive orange 16 and reactive black 5 dyes. For procion red
and rhodamine 6G the lower the MW, the lower the permeate flux, which suggests that for

these two dyes the permeate flux can be mostly assigned to a different fouling mechanism.
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Figure 4.10. Nanofiltration of several dyes. Normalised permeate flux and rejection as a
function of filtration time. Experimental filtration conditions:

[dyes] = 1000 mg/L, membrane = NF270, TMP = 6 bar, v =5.3 cm/s, pHr = 6, and
Tr=30°C.

Open symbols represent normalised fluxes and full symbols dye rejections.
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In fact, when stable conditions were attained for tartrazine and reactive orange 16 runs,
almost no further decrease on the permeate flux was observed, so the flux became
practically constant as a function of time. This behaviour is a typical example of CP
phenomenon where flux decline is completely reversible and no significant fouling occurs.
In turn, for reactive black 5, rhodamine 6G and procion red experiments, a continuous flux
decline was noted along the time. This behaviour could be the result of the membrane
fouling, which may be defined as the irreversible (reversible only after cleaning)
deposition of retained species onto the membrane surface or into the membrane pores. This

includes adsorption, pore blocking, and cake formation as potential mechanisms.

Figure 4.11 shows normalised water flux before and after filtration of the different dyes
using the same membrane in order to corroborate if fouling actually occurs. For each
experimental sequence, three procedures were performed. Excepting for tartrazine, it was
found that the initial water flux was not completely recovered after the filtration runs in
any case. This means that probably there was some permanent fouling on or within the
membrane in all the cases, but especially for procion red and rhodamine 6G, which led to
the lower values in normalised water flux after use. Tartrazine filtration experiments
suggest that its fouling can be easily removed by cross flow or relaxation operations, while
for the other dyes used the permanent lost flux can be caused by strong dye adsorption on
the membrane surface. This possibility is supported by the presence of colour on the
membrane after filtration (Figure 4.12), and is in accordance with findings from other

studies (Van der Bruggen et al. 2001).

As shown in Figures 4.8 and 10 and Table 4.2, feed dye concentration, TMP or dye
molecule type do not exhibit any significant effect on dye rejection given and its evolution
along the filtration time. The retention was always higher than 95% independently of the
operation parameters or dye. This behaviour can be related to the molecular size exclusion
mechanism and the electrostatic interactions between the membrane and dyes, which are
very effective leading to high rejection. The isoelectric point of the clean NF270
membrane is around pH 3.3 (Tanninen et al. 2006) and, according to the zeta potential data
reported, the membrane surface was negatively charged during NF experiments because
the pH of the dye solutions was always higher than the isoelectric point as Table 3.3
shows. These azo dyes, which have an anionic behaviour, can experiment an electrostatic

repulsion with the membrane material when the pH is higher than its isoelectric point.
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Therefore, this phenomenon can contribute to the good rejection of dye molecules by

NF270, coexisting with sieving effects.
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Figure 4.11. Nanofiltration of several dyes. Normalised permeate flux before, J,,»/J,0, at
200 min of NF (end), J,/Jw, and after water flushing, J,/J,o. Experimental filtration
conditions:

[dyes] = 1000 mg/L, membrane = NF270, TMP = 6 bar, v = 5.3 cm/s, pHr = 6, and

Tr=30°C.
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Procion red Reactive orange 16 Rhodamine

Figure 4.12. Used NF270 membranes after nanofiltration of several dyes.
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Membrane-assisted advanced oxidation processes for wastewater treatment

4.4 Conclusions

The NF of BPA showed the general ability of membrane processes to contribute
significantly to the removal of this contaminant in wastewater treatment. The BPA removal
was attributed to sieving as well as adsorption of BPA on membrane; this latter related
with the membrane hydrophobicity. This study suggests that an accurate evaluation of NF
polymeric membranes in terms of the rejection of BPA could need the previous saturation
of the membrane with BPA. Normalised flux decline in the NF of BPA was strongly
influenced by concentration polarisation. Since concentration polarisation is a phenomenon
that can be easily reduced by changes in the process hydrodynamics, this behaviour does
not limit the use of NF for removing BPA. NF90 was the membrane showing the best
performance to the NF of BPA; it gives a relative high BPA retention, over 90% and one of
the lowest permeate flux decay. Thus, NF90 membrane demonstrates the potential use of
NF membrane to concentrate BPA since it was able to concentrate near 12 times an

initially 25 mg/L BPA solution.

On the other hand, high retention and flux was found for tartrazine NF regardless of the NF
membranes, TMP and feed dye concentration applied. NF270 was the membrane providing
the best performance since this membrane gave the highest permeate flux with relatively
low flux decay. The removal of commercial dyes from aqueous solution by NF has thus
shown to be an efficient option for coloured wastewater purification, achieving retentions
above 95% for all the dyes tested (tartrazine, reactive black 5, reactive orange 16, procion
red and rhodamine 6G). Most of the flux decline occurs during the first minutes of the
filtration and almost steady permeate flux is only achieved after three hours of operation
and for certain dyes (tartrazine and reactive orange 16). Although permeate flux was found
mostly related to the dye MW, ranging from 50 to 75% of the original water permeability,
indeed clear dye behaviour differences are noted when compared along the operation time.
For instance, reactive black 5, procion red and rhodamine 6G showed continuous flow
decline suggesting significant fouling due to specific interaction with the membrane

surface. This fact could limit the feasibility of dye concentration to satisfactory ratios.
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Chapter 5
Fenton coupled with nanofiltration for

elimination of BPA and tartrazine
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5.1 Introduction

The Fenton, as an AOP, can be an effective way to treat wastewater and remove pollutants
such as BPA and tartrazine (TAR). Fenton’s reagent is particularly attractive because of
the low cost, the lack of toxicity of the reagents (i.e., Fe*" and H,0,), the absence of mass
transfer limitation due to its homogeneous catalytic nature and the simplicity of the
technology required (Walling 1975). In contrast, other AOPs have high demand of
electrical energy for devices such as ozonators, UV lamps, ultrasounds, etc., and this
makes them economically disadvantageous. However, since Fenton process requires
ferrous salt for the oxidation reaction to take place; then, the iron sludge, formed after

neutralization of the treated effluent, has to be removed before discharging.

The application of nanofiltration (NF), as mature membrane technology, can effectively
confine the iron cations in the reaction side, thus allowing recycling the catalyst and could
also be an alternative method for retaining and concentrating low molecular weight organic
pollutants derived from oxidant so they can subsequently be deeply oxidised. There have
been numerous attempts to enhance oxidation with additional process steps. In this case,
membrane separation is becoming a very attractive alternative because of its intrinsic
characteristics. Therefore, NF has a potential applicability in Fenton process as catalyst
remover, in order to reduce the iron concentration in wastewater before discharge and the
subsequent formation of iron hydroxide sludge. Additionally, the combination of Fenton
process and NF allows recycling of the soluble iron to the reaction tank for reuse during
continuous process of BPA degradation, which also reduces the constant addition of

catalyst as well as decreases treatment cost.

Thus, considering the widespread detection in the environment, extensive use and the
limited data available in the literature on the treatment of BPA and tartrazine; the main
objective of this chapter was to investigate the degradation of BPA and tartrazine by means
of Fenton’s process under different operational conditions, in addition to combine these
processes with rejection of low concentration of pollutant residues, and intermediates

derived from oxidation in a membrane system.
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5.2 Fenton process

Fenton’s liquor, consisting of hydrogen peroxide (H,O;) and ferrous salts, commonly
requires a relatively short reaction time compared with other AOPs (Zazo et al. 2005).
Historically, Fenton’s reagent was discovered about 100 years ago by H.J.H. Fenton
(Fenton 1894), but its application as an oxidation process for destroying toxic organics was
no applied until the late 1960s (Huang et al. 1993). Among AOPs, oxidation using
Fenton’s reagent has been employed for the treatment of both organic and inorganic
substances under laboratory conditions as well as real effluents from different processes
(Bigda 1996, Nesheiwat and Swanson 2000). Fenton’s reagent has been used to reduce the
organic load or toxicity of many different contaminated waters and wastewaters. This
includes residual water from a variety of industries, for instance, textile (Shyh-Fang et al.
2002, Karthikeyan et al. 2011), dyes (Kuo 1992, Nufiez et 2007), pharmaceutical (Tekin et
al. 2006, Sirtori et al. 2009), olive oil (Martinez et al. 2011, Zorpas and Costa 2010) and so
on. Fenton process and related methods can be divided into: homogeneous processes, such
as Fe’"/H,0,, Fe’"/H,0,, Fe*"/H,0,/light, Fe’"-ligand/H,0,/light, Fe’"-ligand/light; and
heterogeneous processes, such as Fe(Ill) oxide/H,O,; supported iron catalysts,
electrochemical Fenton processes and still other options. The Fenton system exploits the
reactivity of the hydroxyl radicals produced in acidic solution by the -catalytic
decomposition of H,O,. The production of hydroxyl radicals with these reagents triggers a
series of reactions shown in Table 5.1. Reaction (eq. 5.1) corresponds to the chain
initiation reaction whereby the reactive *OH is formed and is formally recognized as the
Fenton reaction. If both *OH and Fe’" ions are in excess, reaction (eq.5.3) will terminate

the chain reaction.

The newly formed ferric ions may also catalyse, with excess hydrogen peroxide, causing
its decomposition as shown (eq. 5.2) and forming back ferrous ions and new radicals. This
reaction is called Fenton-like reaction and is slower than the Fenton one. Equations 5.1 and
5.2 show that the Fenton process follows a cyclic mechanism in terms of iron species with
continuous consumption of hydrogen peroxide. Thus, iron can be considered a catalyst in
the Fenton reaction whilst hydrogen peroxide is a reagent. Production of hydroperoxyl
radicals (HOOe) in reactions (eq. 5.2 and 5.7) plays a critical role in the regeneration of

Fe*" ions (eq. 5.5) as well as in the attack of organic contaminants. However, they are less
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powerful than hydroxyl radicals. Because equations 5.2 and 5.5 are responsible for the
regeneration of ferrous ions, they represent the rate-limiting step in the Fenton chemistry.
Radical-radical reactions or hydrogen peroxide-radical reactions can also take place during
the Fenton process (egs. 5.6 to 5.9). As seen in equation 5.7, hydrogen peroxide itself can

act as *OH scavenger as well as initiator (eq.5.1).

Table 5.1 Fenton’s oxidation reactions and their rate constants.

Rate
Reaction equation constants Reference
(M*s™)
Fe*" + H,0, » Fe*' + «OH+ OH  (eq. 5.1) 40-80 (Rigg et al. 1954)
Fe’ + H,0, » Fe*' + HO,» + H*  (eq.5.2) 0.01 (Chen and Pignatello 1997)
Fe’"++OH — Fe’" + OH (eq. 5.3) 3-10* (Walling 1975)
Fe*' + HO,*» — Fe’" + HOy (eq. 5.4) 3.310°
Fe'' + HO,» — Fe*' + 0, + H' (eq. 5.5) 3.310° (Pontes et al. 2010)
*OH + *OH — H,0, (eq. 5.6) 5.2:10° (Pontes et al. 2010)
*OH + H,0, — H,0 + HO,¢ (eq. 5.7) 3.3-10
HO,» — O, +H" (eq. 5.8) 1.6:10° (Kang et al. 2002)
HO,* + «OH — O, + H,0, (eq. 5.9) 1.0-10" (Sun et al. 2007)

Hydroxyl radicals oxidize organics (RH) by abstraction of protons and producing organic
radicals (Re) as shown in eq. 5.10, which are highly reactive and can be further oxidized in

the following equations (Walling and Kato 1971):

OHe+RH —>Re+H,O (eq. 5.10)
Re+H,0—>ROH+OHe (eq. 5.11)
Re+0O, >ROO0e (eq. 5.12)
ROOe+RH-—->ROOH+R" (eq. 5.13)

The organic free radicals produced in eq. 5.10 may be oxidized by Fe’", reduced by Fe*',
or dimerised according to the following reactions (Tang and Tassos 1997, Neyens and

Baeyens 2003):

R e +Fe" — [R* |+ Fe** (eq. 5.14)
R e +Fe™ - [R" |+ Fe** (eq. 5.15)
2Re >R —-R (eq. 5.16)
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Figure 5.1 shows a typical reactor system used for Fenton oxidation. It consists of a batch
reactor non-pressurized and stirred, with metering pumps for the addition of acid, base, a
ferrous sulphate catalyst solution and industrial strength hydrogen peroxide. It is
recommended that the reactor vessel to be coated with an acid-resistant material, because

the Fenton reagent is very aggressive and corrosion is easily produced.

Hydrogen peroxide

Iron chloride (II) L1 | Alkaline Polymer
agent coagulant

PH adjusting agent |

Raw waste water m
> D1:0® o :
1Al Y Y
% % % Treated water

Oxidation Neutralization Flocculation
tank tank tank %

Solid liquid separation tank

Figure 5.1. Treatment flowsheet for Fenton oxidation (Gogate and Pandit 2004).
5.2.1. Operating parameters

Major parameters controlling the efficiency of the Fenton process are initial pH, dosage of
hydrogen peroxide and ferrous ion, temperature, and the initial concentration of the
pollutant. For many chemicals, ideal pH for the Fenton reaction is between 3 and 4
(Venkatadri and Peters 1993, Tang and Huang 1997, Ma et al. 2000, Rivas et al. 2001). At
very low pH, less than 2, the reaction is slower due to the formation of complex iron
species [Fe(IT)(H,0)*'] reacting more slowly with hydrogen peroxide and, therefore,
producing less amount of effective hydroxyl radicals, thereby reducing the degradation
efficiency. As well, the formation of oxnium ion [H30,]", which makes hydrogen peroxide
more stable and presumably reduces its reactivity with ferrous ions (Kwon et al. 1999). At
higher pH values, the generation of hydroxyl radical is slower due to the presence of

relatively inactive iron oxohydroxides or even iron (III) hydroxide precipitate (Parsons
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2004). Additionally, at pH >8 H,0O, is also unstable and may decompose to directly give

oxygen and water, losing its oxidation ability.

Usually the rate of degradation increases with an increase in the concentration of hydrogen
peroxide and ferrous ions (Lin and Peng 1995, Lin and Lo 1997, Benitez et al 2001).
However, care should be taken while selecting the operating oxidant and ferrous dosage.
For instance, the loading of hydrogen peroxide should be adjusted in such a way that the
entire amount is utilized and avoid the decrease in degradation efficiency where Fenton

oxidation is used as a pre-treatment to biological oxidation.

Not many studies are available dealing with the effect of temperature on the degradation
rates since ambient conditions can safely be used with good enough efficiency. An increase
in the reaction temperature will increase the reaction rate. However, once the temperature
reaches a certain point, some chemical species may be altered and, consequently, the
reaction could slow down or even stop (Kavitha and Palanivelu 2005, Guedes et al. 2003).
Lin and Lo (1997) have reported an optimum temperature of 30 °C whereas Rivas et al.
(2001) reported that the degradation efficiency is unaffected even when the temperature is
increased from 10 to 40 °C. Fenton oxidation of organic compounds is inhibited by
phosphate, sulphate, fluoride, bromide and chloride ions. Inhibition by these species may
be due to precipitation of iron, scavenging of HOe¢ or coordination to dissolved Fe(IIl) to

form a less reactive complex (Pignatello et al. 2006).

5.2.2. Advantages and disadvantages

While other AOPs have high demand of electrical energy for devices such as ozonators,
UV lamps, ultrasounds, etc., and this makes them economically disadvantageous; Fenton’s
reagent is particularly attractive due to the facts that: iron is a highly abundant and non
toxic element, hydrogen peroxide is easy to handle and environmentally benign, and the
absence of mass transfer limitation due to its homogeneous catalytic nature and the
simplicity of the technology required (Walling 1975). Additionally, no energy input is
necessary to activate hydrogen peroxide. Therefore, this method offers a cost-effective

source of hydroxyl radicals, using easy-to-handle reagents (Bautista et al. 2007).
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However, Fenton has some disadvantages. Since Fenton process requires ferrous salt for
the oxidation reaction to take place, the environmentally hazardous iron sludge formed
after the reaction has to be removed before discharging. Continuous injection of catalyst
(due to its loss in the reactor effluent) is thus needed, which increases treatment costs. The
radical scavenger character of the hydrogen peroxide itself, driving to autodecomposition
into water and inactive molecular oxygen, makes necessary the use of excess amounts of
H,0, and the consequent waste of bulk oxidant. Likewise, residual oxidant in the effluent
from the Fenton process can damage microorganisms into a subsequent biological
degradation, what forces its destruction before driving to any biological treatment.
Moreover, the tight acidic range, in which the reaction proceeds, first requires the
acidification because the pH of most waste water is not within the optimal reaction range
and later forces its neutralization after treatment, to precipitate the iron hydroxide and
adjust to pH for a subsequent biological treatment or just disposal. Finally, the Fenton
deactivation by some ion-complexing agents like phosphate anions can prevent the

completion of the oxidation.

5.2.3 Fenton applied for elimination of model compounds

5.2.3.1. Fenton for elimination of BPA

Several studies have investigated BPA degradation using a modified Fenton reaction such
as photo-Fenton (Katsumata et al. 2004), Fenton in combination with a glide arc discharge
(Abdelmalek et al. 2006), and Fenton with ultrasound (Ioan et al. 2007); however there is a
limited number of studies on its degradation using the conventional Fenton reagent alone.
Sajiki and Yonekubo (2004) studied the degradation rate of BPA in seawater by Fenton
oxidation. Although the BPA response to Fenton in seawater was poorer than in deionised
water, they concluded that BPA leaching to seawater from plastic debris could be degraded
to oxidative metabolites such as BPA-o-quinone in presence of hydroxyl radicals.
Furthermore, substantial BPA removal was obtained by He et al. (2009) from municipal

solid waste landfill leachates by a Fenton process.

The BPA degradation using four AOPs, i.e., Fenton reagent, UV/H,0,, UV and ultrasound,
was presented by Young et al. (2013). Fenton reagent showed to be the most effective

process, resulting in the complete removal of the BPA in less than 1 min. Torres et al



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

Dipdsit Legal:

T 1832-2014

(2007) and Poerschmann et al (2010) reported the formation of aromatic intermediates
during oxidative degradation of BPA by Fenton. It is generally accepted that an array of
stable aromatic products including p-isopropylphenol, 4-isopropenylphenol and 4-
hydroxyacetophenone are formed in abiotic Fenton reactions (Katsumata et al. 2004) in
addition to common aliphatic-ring opening products mainly including short chain

dicarboxylic acids.

Torres et al. (2007) evaluated the feature of ultrasound in the BPA sonochemical
degradation and its comparison to Fenton’s reaction in the cases of deionised acidic water
and natural water. They identified seven main aromatic by-products that had been reported
by authors in the investigation of electrochemical Fenton’s process and TiO;
photocatalysis (Fukahori et al. 2003) of BPA. These by-products, in the range of 150 and
242 g/mol are more hydrophilic than the BPA.

They also detected the occurrence of some aliphatic acids such as oxalic, formic and acetic
acids. Meanwhile, Poerschmann et al. (2010) expanded the presence of aromatic by-
products in the molecular weight range between 94 Da (phenol) and 470 Da, the
overwhelming majority of which have not been reported by far. Figure 5.2 gives molecular
structure of these aromatic intermediates identified with MW lower and similar than BPA.
4-isopropenylphenol and 4-hydroxyacetophenone were the most abundant aromatic
intermediates with molecular weights lower than BPA. Likewise, ring opening products
including lactic acid, as well as dicarboxylic acids could be detected. Lactic acid proved to
be the most abundant ring-opened surrogate in the diethyl ether extract. In addition, they
identified the occurrence of some aromatic intermediates larger than BPA, Figure 5.3.
These compounds typically share either a biphenyl or a diphenylether structure. The
formation of them was explained by oxidative coupling reactions of stabilized free radicals

or by the addition of organoradicals (organocations) onto BPA molecules or benzenediols.
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Figure 5.2. Intermediates with one o two aromatic rings formed during oxidative
degradation of BPA by sub-stoichiometric Fenton (adapted from Poerschmann et al. 2010).

It is worthwhile that some intermediates of the diphenyl ether- and biphenyl-type identified
by Poerschmann et al. (2010) are recalcitrant and possesses a potential ecotoxicological
risk, too. Therefore, further research needs to address the extent to which these reactions

contribute to ecotoxicological risks.
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Figure 5.3. Intermediates with more than three aromatic rings formed during oxidative
degradation of BPA by sub-stoichiometric Fenton (adapted from Poerschmann et al. 2010).

5.2.3.2. Fenton for elimination of tartrazine

There is still very little information in literature about removal of tartrazine using Fenton
process. Behnajady et al. (2007) published the decolourization of C.I. Acid Yellow 23
(tartrazine) by Fenton process. They also included a kinetic model to predict its
decolourization at different Fenton operation conditions. Their results showed the power of
Fenton for decolourization of tartrazine, achieving conversions as high as 98%. The
kinetics of the degradation of Food Yellow 3 and Food Yellow 4 (tartrazine) dyes by
oxidation using hydrogen peroxide in alkaline solution was studied by Fragoso et al.
(2009). They also concluded in the viability of the processes using hydrogen peroxide for
the decolourisation of dye effluents. Moreover, they proposed a route to the fragmentation
of the tartrazine, based on the structures and routes proposed by Lopez et al. (2004) in the

enzymatic degradation of the azo dye Orange II, where symmetrical azo bond cleavage and
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asymmetrical azo bond cleavage coexist. Figure 5.4 shows this tartrazine degradation

route.
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Figure 5.4. Possible pathway to the fragments of the tartrazine (adapted from Fragoso et al.
2009).

In Figure 5.4, it can be pointed out that the 4-aminobenzenesulfonate and benzenesulfonate
must be some of the intermediates present in the degradation of tartrazine. Quantitative
estimation of the reaction products in the Fe-TAML/hydrogen peroxide degradation of
concentrated solutions of the commercial azo dye tartrazine was done by Beach et al.
(2011). They identified 4-phenolsulfonic acid as a major product, which was result of
asymmetric hydrolytic cleavage of the azo bond of tartrazine. Formic, maleic, fumaric, and
malonic acids were also detected. They are well-known late oxidation products from
phenol oxidative degradation. The presence of these compounds was linked with the action
of Fe-TAML/H;0, on the intermediate 4-phenolsulfonic acid and they were terminal

products of the tartrazine degradation.
5.2.4. Fenton process assisted by nanofiltration

Nanofiltration is increasingly being used for the removal of EDCs and dyes because of the
high removal rate of low molecular weight organic micropollutants (Zhang et al. 2006,
Goméz et al. 2007, Bellona et al. 2010, Ellouze et al. 2012). However, membrane

processes by themselves are unable to destroy organics as they only transport them from
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one phase to another, therefore, require the subsequent disposal of concentrated pollutants.
Consequently, organic pollutants in the NF concentrated stream ultimately must be

mineralized and/or transformed into harmless or less harmful chemical species.

Membrane processes can be useful in applications where subsequent solute separation is
required; such is the case of Fenton process. Since iron ions end in form of
environmentally hazardous sludge, the recovery of the catalyst remains a problem to be
solved. Thus, membrane processes could be employed as iron recovery step after the
Fenton reaction, as well as, they can use to deeply oxidize pollutants, by recirculation of

the retentate back to the degradation step.

Membranes have been successfully employed in coupled processes where they are
combined with hydrogen peroxide oxidation technologies. Song et al. (2004) discussed the
applications of H,O,/UV oxidation pre-treatment with NF processes. Kim et al. (2008)
developed a new hybrid system combining the advantages of NF and homogeneous
catalytic oxidation. They wused iron(Ill)-tetrasulfophthalocyanine (Fe(Ill)-TsPc), a
homogeneous catalyst, which used hydrogen peroxide as an oxidant to degradation of
BPA. In this research, the catalyst was retained in the system by the NF membrane and was
used to continuously oxidize pollutants. They conclude that the combination of Fe(IIl)-
TsPc/H20;, and NF membrane enhanced removal of BPA compared with a conventional
NF-only system, BPA removal efficiency was >95%. Although membrane technology in
combination with Fenton processes for removal of BPA has been studied to solve some of
the Fenton process drawbacks; little has been checked out about the removal of tartrazine

by Fenton process and its coupling to membrane processes.
5.3 Fenton degradation of model compounds

5.3.1 Fenton degradation of BPA

The effect of different system variables, namely Fe**/H,0, and H,0,/BPA molar ratio,
initial BPA concentration and reaction time were studied. All experiments were conducted
at room temperature, 7z = 30 + 1 °C, pHp = 3.00 £ 0.01, stirring rate at 300 rpm for a time

reaction, #z, of 120 min. Theoretical complete mineralization of BPA is given by eq. 5.17.
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This equation was used to normalise the oxidant to BPA molar ratio, so a H,O,/BPA
stoichiometric molar ratio equal to 1 represents the addition of one time the stoichiometric

amount of H,O, (36 mol) needed to completely oxidize 1 mol of BPA.

C,.H,,0,(BPA) +36H,0, — 15CO, + 44H,0 (eq. 5.17)

The oxidation experiments were carried out in the 1 L batch reactor using hydrogen
peroxide as oxidizing agent and iron(Il) sulphate heptahydratate as catalytic agent (Fenton
reagent). Table 5.2 summarizes the operating conditions in terms of BPA initial
concentration and H,O,/BPA as defined, and Fe’"'H,0, initial molar ratio. Sub-
stoichiometric amounts of H,O, oxidant and Fe*", what correspondingly does not allow
complete mineralization, were used to simulate viable processes and operation under
economically and ecologically feasible conditions aimed at reducing high operating costs.
The purpose of the treatment is the elimination of the target compound rather than a deep
mineralization since a partially oxidized waste stream could be subsequently driven to a
biological process if its treatability has been sufficiently improved. The Fenton reaction
has been widely studied, but the optimal ratio of F e%/HzOz still differs between authors. In
the present study, the optimal ratio was considered to be 0.012, far from the theoretical
optimum ratio of 0.091 reported in some previous studies (Poerschmann et al. 2010, Tang

and Huang 1997).

Table 5.2 illustrates the effect of BPA concentration on the final conversion of BPA
(XBPA) after being subjected to Fenton treatment. The increase of BPA concentration
between 100 and 300 mg/L decreases the conversion in 13.7% however; the amount of
BPA destroyed in a 1L of solution for 120 min increases in all the studied concentrations.
Hydroxyl radical is mainly responsible for BPA degradation and its concentration is
expected to remain constant for all BPA concentrations, since H,O, and Fe’" initial
concentration used were constant in this set of tests. The increase in BPA concentration
increases the number of BPA molecules but not the hydroxyl radical concentration, so the
BPA disappearance rates increase. These results demonstrate that BPA is a highly reactive

species, as well as the efficient use of oxidant at higher BPA concentration.
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Table 5.2. Fenton treatment over BPA. Effect of BPA initial concentration, H,O,/BPA and
Fe?'/H,0, initial molar ratio on the conversion and colour formation. Conditions:
Tr =30 °C, tg = 120 min, pHy = 3 and 300 rpm.

[BPA] [H,0,] [Fe*'] H,0./BPA

XBPA  XCOD  XTOC  Abs®  pH;

(mg/L) (mg/L) (mg/L) M Fe*'/H0; (%) (%) (%)  +0.0002 +0.01
13 150 3 223 0012 10021 19.5+1.0 11.4+09 00201 2.94
25 150 3 1.12 0012  100+2.8 224+23 147+0.1 00385 2091
50 150 3 0.56 0012  100+22 453421 369+06 0.1200 2.84
100 150 3 0.28 0012  100+2.1 383+02 168+0.8 0.1920 2.81
200 150 3 0.14 0012  975+2.1 19.1+13 73+09 03245 28I
300 150 3 0.09 0012  863+20 11.9+0.1 33+0.1 03256 2.83
300 75 1 0.05 0012 57.5+19 378402 165+0.5 03252 298
300 159 3 0.10 0012 855+1.8 266+0.1 13.8+08 03922 2.80
300 242 5 0.15 0012 979+1.8 355+1.8 165+0.6 05800 2.81
300 323 6 0.20 0012  99.7+1.8 446421 261+0.8 06523 2.71
300 644 13 0.40 0012  998+18 661422 295+0.6 02671 2.54
300 1608 31 1.00 0012 100 £1.2 782+13 59.1£0.6 0.1059 2.45
300 323 0 0.20 0.000 198 +14 67+1.6 37+06 00258 2.97
300 323 2 0.20 0.003 933 +1.7 248+1.7 199+0.6 0.6973 2.80
300 323 3 0.20 0.006 948+17 250+19 19.6+0.6 0.6958 2.77
300 323 26 0.20 0050 978+ 1.1 23.6:£1.8 139403 07429 2.72
300 323 52 0.20 0.100 984+12 238+1.6 143+07 07565 2.79

M H>0,/BPA as the stoichiometric molar ratio.
@ Measured at 400 nm.

Figure 5.5 presents the temporal evolution of BPA conversion for 100, 200 and 300 mg/L
of initial BPA concentration. It must be noted that the maximum conversions were
immediately reached upon initiation of the reaction. The faster degradation of BPA is
believed to be due to the higher efficiency for the production of a large amount of hydroxyl
radicals by the reaction of Fe** with H,O, (eq. 5.1). This trend also suggests that there was
little competition between formed by-products and BPA for their attack by hydroxyl
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radicals, leading to the faster degradation of BPA and indicating that BPA is more reactive

specie.
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Figure 5.5. Fenton treatment over BPA. BPA conversion as a function of reaction time for
several initial BPA concentrations. Conditions:
[Fez+] =3 mg/L, [H202] = 150 mg/L, pHp = 3, Tz = 30°C and 300 rpm.

The effect of H,O,/BPA stoichiometric molar ratio on the Fenton process is also shown in
Table 5.2 and Figure 5.6. In those experiments, a F ez+/H202 molar ratio and a BPA initial
concentration of 0.012 and 300 mg/L were chosen, respectively. Altogether, an increase in
the H,O,/BPA stoichiometric molar ratio was positive, as expected, for the degradation of
BPA in all the studied range. The mineralization efficiency was better when increasing the
H,0,/BPA ratio in the range from 0.20 to 1. This behaviour could be due to the improved
oxidation power with increasing hydroxyl radical amounts in the solution generated from
H,0, concentrations. For H,O,/BPA above 0.20, the BPA conversion kept constant, still
very high, and X,COD and X;TOC continuously increased. X/COD increased from 44.6 to
78.2% and X;TOC from 26.1 to 59.1%. This was due to enhanced intermediate degradation
due to the improved availability of radicals. Furthermore, the increase in the X, COD as a
function of H,O,/BPA stoichiometric molar ratio in all the studied range is related to the
generation of by-products with a lower number of carbons atoms in their structures, which
required fewer amounts of oxygen moles for their oxidation. It is worth mentioning that, in

spite of the use of the stoichiometric amount required (H,O,/BPA = 1), so complete
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mineralization of BPA can hardly be achieved, as evidenced by the 59.1% in the X;TOC at
this condition, a notable mineralization was reached. In general, the maximum BPA

conversions were reached before 15 min of reaction as shown in Figure 5.6.
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Figure 5.6. Fenton treatment over BPA. BPA conversion as a function of reaction time for
several H,O,/BPA stoichiometric molar ratios. Conditions:
[BPAJo =300 mg/L, Fe*"/H,0, = 0.012, pHy =3, T = 30 °C and 300 rpm.

To find out the optimal iron load, several experiments were performed by increasing the
catalyst concentration from 0 to 52 mg/L. For this, the initial BPA concentration,
H,0,/BPA stoichiometric molar ratio and reaction time were set at 300 mg/L, 0.20 and 120
min, respectively. The BPA achieved 93% degradation under most experimental conditions
(Table 5.2). A Fe*"/H,0, ratio as low as 0.003 already yielded a BPA degradation of
93.3%. The increase on the catalyst load improves the generation rate of hydroxyl radicals,
which in turn leads to a higher radical attack probability. However, an increase of the
mineralization was not observed with the further increase of the catalyst concentration.
Beyond Fez+/H202 = 0.003, the X,COD and X;TOC remained almost unaltered despite
increasing doses of Fe*". Thus, the use of a much greater Fe** concentration could also lead
to the self-scavenging of hydroxyl radicals by Fe*" (eq.5.3) so there is not further
degradation of the intermediates created. Likewise, the ferric ions generated during Fenton
reaction could be coordinated by the benzene rings, thus stabilized, inhibiting the cyclic

mechanism of Fenton process, therefore hammering the regeneration of ferrous ions, and


http://www.sciencedirect.com/science/article/pii/S0304389409010395#fig1
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stopping the formation of new radicals responsible of the degradation. It was also observed
that in the absence of Fe*', there was a significant degradation, indicating that H,O, can
directly react with BPA without any catalyst. From the experiments in the range studied, it
is possible to conclude that higher iron load has not too much impact on BPA degradation

in Fenton treatment.

The BPA degradation rate as a function of the reaction time for several F e%/HzOz molar
ratio is shown in Figure 5.7. It is noteworthy that, at this low H,O,/BPA, the BPA is
rapidly consumed and the final conversion reached in minutes. Given the low X, COD and
X;TOC simultaneously achieved, this again evidences that the radicals are preferentially
consumed by the BPA instead of by the oxidation intermediates produced. This behaviour
clearly indicates that the BPA is highly reactive and its destruction is easily completed with
low doses of H,0,. In contrast, in the absence of Fe**, the reaction progresses more slowly
and stops at near 20% conversion. As the initial amount of H,O, is in excess, if just the
BPA disappearance is considered, and could reach total BPA elimination, this suggests that

there occurs a self-decomposition of the H>O, even in absence of catalyst.
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Figure 5.7. Fenton treatment over BPA. BPA conversion as a function of reaction time for

several Fe+2/H202 molar ratios. Conditions:
[BPA] =300 ppm, H,O,/BPA = 0.20, pHy =3, Tz = 30 °C and 300 rpm.
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In addition, Table 5.2 collects the absorbance (abs) of the pre-oxidized effluents
spectrophotometrically measured at a 400 nm wavelength. The colour differences or
absorbencies could be correlated with the formation of coloured aromatic intermediates.
Mijangos et al. (2006) analyzed the development of dark colour observed in phenol
oxidation by Fenton liquor. They related the colour generation to three main contributions:
1) phenol can be degraded to dihydroxylated rings (catechol, resorcinol, and
hydroquinone), which generate higher coloured compounds such as ortho- and
parabenzoquinone; 2) the dihydroxylated rings can react with their own quinones to
generate charge transfer complexes (quinhydrone), compounds imparting a dark colour at
low concentrations; and 3) iron reacts with hydrogen peroxide to form ferric ions that can

coordinate to benzene rings producing highly coloured metal complexes.

Since BPA is formed by two phenol rings, colour generation might be related with the
production of those intermediates, also expected. It was visually observed during BPA
oxidation by Fenton that, in the first minutes of the reaction, the BPA solution underwent a
fast colour change from colourless to dark brown in less than 5 min. Later, depending on
reaction conditions, it began to slowly clear up back to a light brown. Regarding Table 5.2,
the effect of the initial HoO, amount on colour formation showed to have a maximum
value. For H,O,/BPA=0.20 the absorbance at 400 nm was 0.6523. During the first steps of
oxidation, highly coloured intermediate compounds such as p-benzoquinone (yellow) and
o-benzoquinone (red) could be generated (Santos et al. 2002). Their colour comes from
their quinoidal structure, which contains chromophore groups substituted in benzene rings.
In addition, the mixture of single p-benzoquinone and hydroquinone (colourless) solutions
fits brown colour, resulting of occasional intermolecular interactions between quinones and
dihydroxylated rings. All these coloured species are very stable due to the conjugated
carbonyl groups contained in their internal structure, which render difficult to their further
degradation. Consequently, colour formation is also promoted by higher H,O,/BPA
stoichiometric molar ratio up to 0.20 by speeding up the degradation of BPA to coloured
compounds. When H,0,/BPA stoichiometric ratio is higher than 0.20 the final colour
decreased back due to the significant degradation of the coloured quinones, which need

high oxidant doses.

The final pH, pHy, of the oxidized effluent is also shown in Table 5.2. The uncontrolled pH

slightly decreases along the reaction in all conditions tested. The highest decrease was
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observed in the evaluation of the effect of H;O,/BPA stoichiometric molar ratio; the pH
varied from 2.98 to 2.43 for 0.05 to 1.00 in the H,O,/BPA stoichiometric molar ratio,
respectively. These pHs suggest the formation of acid species in the reaction medium. As
already mentioned in section 5.2.3.1, Torres et al (2007) and Poerschmann et al (2010)
reported the formation of aromatic intermediates during oxidative degradation of BPA by
Fenton. They detected a wide variety of aromatic products, including the occurrence of
aromatic intermediates larger than BPA. However, ring opening products, such as lactic,
acetic and dicarboxylic acids, were mostly detected. The decrease in the pH should be

related to the presence of these acid species.

5.3.2 Fenton degradation of tartrazine

The degradation of TAR was carried out at different conditions: Fe’'/H,0, and H,0o/BPA
molar ratios and initial TAR concentration. All the assays were performed at room
temperature, 7z = 30+ 1 °C, pHp = 3.00 + 0.01 and stirring rate of 300 rpm for a time
reaction of #z = 120 min. The equation 5.18 represents the theoretical complete

mineralization of TAR:

C,.H,N,Na,0,S, + 45H,0, —16CO, + 4HNO, + 2H,SO, + 3NaOH +44H,0  (eq. 5.18)

The effect of TAR initial concentration on the degradation efficiency was investigated at
different concentrations in the range of 100-1000 mg/L and is presented in Table 5.3 and
Figure 5.8. It was observed that the X;TAR, X,COD, X;TOC and X/Colour decrease with
increasing the initial concentration of the tartrazine. TAR destroyed, which are
respectively, 99.8 mg, 274.8 mg, 391.2 mg and 236.0 in 1L of solution after 120 min of
treatment for the studied concentrations, increases as initial TAR concentration did. As
well as in the case of BPA degradation, while the initial concentration of the dye is
increased, the H,O, amount is maintained so the hydroxyl radical concentration is
presumed to remain constants. Thus, the highest destruction rate was at 800 mg/L,

accordingly more oxidant was used for the target compound degradation. At lower
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concentrations, the oxidant is probably used in TAR intermediates degradation and wasted
in inefficient oxygen, whereas at higher concentrations (>800mg/L), the intermediates
efficiently compete for the radicals leaving less for the TAR. This behaviour could be
corroborated observing the decrease in the conversion of X COD, X;TOC from 63.7 to
4.36% and from 25.9 to 1.3%, respectively.
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Figure 5.8. Fenton treatment over TAR. TAR conversion as a function of reaction time for
several TAR initial concentrations. Conditions:
[Fez+] =6 mg/L, [H,02] =300 mg/L, pHy =3, Tz = 30 °C and 300 rpm.

The effect of both H,O,/TAR and Fez+/H202 molar ratios was also investigated. Firstly, in
order to check out the effect of hydrogen peroxide dosage on the decolourization rate,
experiments were conducted at different HyO,/TAR stoichiometric molar ratios from 0.17
to 1.40 at a fixed Fe*'/H,O, molar ratio of 0.012, as it is illustrated in Table 5.3 and
Figure 5.9. The increase of H,O,/TAR stoichiometric molar ratio from 0.17 to 1.40
increases the X;,TAR, X,COD, X;TOC and X;Colour from 90.3 to 100%, 37.1 to 79.6%, 3.89
to 34.0 and 47.20 to 92.28% respectively. This can be explained by the effect of the
additionally produced hydroxyl radicals. It is worth noting that while the H,O,/TAR
stoichiometric molar ratio increased gradually, for values higher than 0.70, the conversion

values changed slightly. At high H,O, dosage the decrease in TAR Fenton efficiency is
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due to the greater contribution of the hydroxyl radical scavenging effect of H,O, and
recombination of hydroxyl radicals. The highest TOC and TAR removals were found at
1.40 of H,O,/TAR stoichiometric molar ratio.

Later, the effect of addition of Fe?* represented as Fez+/H202 on the decolourisation of
TAR was studied. The results are shown in Table 5.3 and Figure 5.10. It can be seen that
decolourization of TAR distinctly improved along increasing amounts of Fe®'. The
application of Fe’'/H,O, from 0.000 to 0.024 increases X;TAR, X;,COD, X;TOC and
X/Colour removal from 0.7 to 99.7, 4.0 to 51.7, 0.0 to 23.6 and 1.10 to 38.41, respectively,
after 120 min of reaction. As eq. 5.1 shows, more hydroxyl radicals are expected after the
increase in the concentration of Fe*". Thus, 0.024 of Fe*"/H,0, appears to be the optimum

molar ratio for TAR decolourisation by Fenton.
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Figure 5.9. Fenton treatment over TAR. TAR conversion as a function of reaction time for
several HO,/TAR stoichiometric molar ratios. Conditions:

[TAR]o = 300 mg/L, Fe*"/H,0, = 0.012, pHy =3, Tz = 30 °C and 300 rpm.

In general, for the degradation of TAR by Fenton, the decolourisation was faster in the
early stage of the reaction than in the late stages. This trend suggests that most of the H,O,
was consumed in the early stage of the Fenton reaction. Since Fe®'catalyses H,O, to
quickly form hydroxyl radical as the initiation of the reaction, more decolourisation occurs

in the early stage of reaction. Thus, as expected, at low Fe*" and H,O, dosage, longer
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treatment time was required for complete decolourisation. Instead, an immediate TAR
degradation was observed at [TAR]y = 300 mg/L, H,O,/TAR = 1.40, Fez+/H202 =0.012,
pHo =3, Tx=30 °C and 300 rpm.
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Figure 5.10. Fenton treatment over TAR. TAR conversion as a function of reaction time
for several Fe"*/H,0, molar ratios. Conditions:
[TAR]p =300 mg/L, H,O»/TAR = 0.17, pHy =3, Tz = 30 °C and 300 rpm.

Normally, hydroxyl radicals attack unsaturated dye molecules and the azo bond (N=N),
which is the chromophore or chromogen bond, thereby decolorizing wastewater. It appears
that the Fenton process is more beneficial for decolourization rather than for mineralization
(TOC removal), since the maximum X;TOC reached was only 34.0%. Although the
chromophoric structure of TAR molecules was easily destroyed by hydroxyl radicals, some
colourless degradation intermediates were formed in the solution during the reaction. In
most cases, the adjacent aromatic ring structure is one of the intermediates. For efficient
removal of COD from dyes, one should add much more Fenton reagent than that strictly
used for dye decolourization. In this case, sulphanilic acid (SA) was the only by-product
identified, which has been previously reported as the product of asymmetric hydrolytic
cleavage of the azo bond (Fragoso et al. 2009) in TAR structure. Noteworthy that in

absence of iron no degradation was observed for Fenton treatment of TAR.

SA production increased as a function of initial concentration, H;O,/TAR and Fez+/H202.

Low TAR concentration at higher H,O,/TAR might facilitate the degradation of the by-
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products formed SA being one of them, due to the greater availability of hydroxyl radicals
in the reaction solution. Therefore, higher H,O,/TAR and F62+/H202 molar ratios allowed
higher degradation level, which help the transformation of TAR into by-products, such as
SA. As explained in Chapter 3, the percentage of IP is defined as the ratio of theoretical
TOC, which is estimated from the concentration of identified organic compounds
calculated by HPLC, to the measured final TOC, excluding the final TOC of the parent
compound. Thus, this percentage gives an idea of the product fraction which has not been
directly identified. The % of IP is proportional to the increase of H,O»/TAR and Fe*'/H,0,
molar ratios or, in other words, to the production of hydroxyl radicals. This means that the
SA, once produced, is hardly attacked by hydroxyl radicals, becoming one of the end

products of the reaction.

These results indicate that the efficiency of Fenton oxidation of TAR is lower than that for
BPA. Tartrazine needs more severe conditions to reach complete removal with lower
mineralization level. Furthermore, at similar reaction conditions, BPA showed to be specie
more reactive than TAR, since the reaction time to achieve the maximum conversion value

was much lower.

54 Removal of BPA effluent after Fenton oxidation by

nanofiltration membrane

The feed solution in this series of membrane NF experiments was the final solution after
Fenton process of BPA (BPA-Fenton effluent) in optimal conditions selected ([BPA], =
300 mg/L, H,Oo/BPA = 0.20 and Fe*"/BPA = 0.012). Optimal conditions represent those
where complete removal of BPA was practically achieved with the minimal addition of
H,0, and Fezf The BPA-Fenton effluent contained 571 + 50 mg/L of COD, 222 + 20 mg/L
of TOC, and showed a pH 2.71 + 0.04 and an absorbance of 0.6523 + 0.0002 read at 400
nm. Figure 5.11 represents the normalized permeate flux for the studied membranes as a

function of time for the NF of this BPA-Fenton effluent.

In general, the flux declined strongly during the first period of filtration. For instance, the
flux was 40% of the original pure water flux after 25 minutes of filtration for NF90

membrane. Afterwards, the flux declined more gradually until, in some cases, an almost
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steady state value was obtained at approximately 200 minutes. The patterns of flux decline
varied between the membranes in this screening study. As it can be seen from Figure 5.11,
the CK membrane featured the lowest permeate flux decay at 6 bar, followed by NFD,
NF270 and ESNA with close flux declines, and finally by NF90 with the highest flux fall.
These trends are connected to an increase of the resistance to the pass through the
membrane, which could result from either CP, adsorption of solutes on the membrane, gel

formation, internal pore fouling (pore blocking) and external deposition or cake formation.
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Figure 5.11. Nanofiltration of BPA-Fenton effluent. Normalised permeate flux as a
function of time for the several membranes tested. Experimental filtration conditions:
TMP = 6 bar, v= 5.3 cm/s, pHp= 3, and Tr = 30 °C.

Figure 5.12 proved that, in the NF of BPA-Fenton effluent, membrane fouling plays a
predominant role in the loss of flux. As it can be seen, after flushing the membranes with
water, the normalised permeate fluxes were recovered at the best 14% of the maximum
flux decay experienced by each membrane. Excluding NF270 membrane, the membrane
fouling seemed to be related with the pore size, porosity and pK, of the membrane. Based
on pure water permeabilities and MWCO of the studied membranes, it could be expected

that the pore size and porosity follow the same trend.

Depending on the ratio between the solute diameter and the pore diameter of the

membrane, the different types of fouling can occur. If the pores are very small in
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comparison to the solute diameter, the formation of a cake layer is favoured. If the pores
are bigger than the solute diameter, complete and/or partial pore blocking can occur. In this
study, the fouling increased with the membrane PWPs (pore size and porosity), see
Table 3.3. However, which specific type of fouling was predominant could be difficult to

distinguish, since it would require the detailed characterization of BPA-Fenton effluent.

The only fouling that could be confirmed was the formation of a cake layer, which was
visually observed at the end of each experiment as a dark brown layer of organic materials
firmly attached to the membrane. The used membranes in the filtration experiments of
BPA-Fenton effluent were characterised with ESEM-EDS. The differences in the
elemental composition due to the operation with respect to virgin membranes were

analysed.
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Figure 5.12. Nanofiltration of BPA-Fenton effluent. Normalised permeate flux before, at
the end, and after filtration, for the several membranes tested. Experimental filtration
conditions:

TMP = 6 bar, v=>5.3 c/s, pHp= 3, and Ty= 30 °C.

As Table 5.4 shows, the % wt. of C increased in 25.61, 3.05 and 5.66%, after the
membrane use, for NF90, CK and ESNAI1-LF2, respectively. Thus, as it could be
expected, the fouling on the membrane surfaces was mainly organic, and no iron was
detected in the elemental analysis performed by EDS. The changes in % wt. C for NFD

and NF270 were considered to fall within the experimental error, whereby do not provide
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information about the superficial fouling of these membranes. It is important to note the
fact that EDS analysis was carried out just in three points and not in the whole membrane.
Hence, the presence of iron or changes in % wt. of C could be different to those reported in
Table 5.3, especially because the cake layer formed on these membranes was not

homogeneous in the entire membrane surface.

Table 5.4. Elemental composition of virgin and used membrane for NF of BPA-Fenton
effluent at 6 bar and 30 °C.

Condition |

Membrane C (Yo wt.) N (% wt.) O (% wt.) S (% wt.)

Virgin 72.65+1.28 n.d 1748 +1.26  9.87+1.84
NFD
Used 69.70 £ 1.35 n.d 2151+1.16  8.79+1.36
Virgin 43.890+040 30.81+1.23 1898+0.17 632+0.42
NF90
Used 69.50 £ 1.11 n.d 22,11+ 1.35 838+ 1.12
Virgin 70.68 +1.14 n.d 1887+122 10.45+1.34
NF270
Used 72.53+1.16 n.d 1837+ 1.23 9.10+1.21
Virgin 43.78 £ 1.13 n.d 56.22+1.10 n.d
CK
Used 46.83 +1.10 n.d 53.17 = 1.03 n.d
Virgin 66.49 + 0.53 n.d 22.87+0.38 10.63+0.07
ESNAI1-LF2
Used 72.13+£0.41 n.d 19.97+£0.59  7.88+0.99

The sieving features of a NF membrane are important for the separation of uncharged
molecules; however, in the case of charged species, both sieving features and electrostatic
repulsion between the charged membrane and the solute may become important. The
production of species positively charge during the Fenton oxidation at pHr =3 could
facilitate their rejection by repulsion between the positively charged membrane and the
solutes, which decreased the probability of fouling. Regarding Table 3.3 and Figure 5.12,

one can observe that the fouling is less relevant for more positively charged membranes.

The normalised flux decays for NF of BPA-Fenton effluent were generally lower
compared to those from NF of BPA. Although the fouling in almost all the membranes was

higher than those experimented during the NF of BPA; excepting for the final normalised
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flux of NF90 which was slightly higher. From Figure 5.12 and 4.2 it can be found that the
final normalised permeate fluxes increased within 25,3; 28,0; 61,9 and 3,37% for NFD,
NF270, CK and ESNA1-LF2, respectively.

In general, the rejection of COD, TOC, colour and Fe’" in all NF of BPA-Fenton effluent
were higher than 80%, Table 5.5. This behaviour can be related to the molecular size
exclusion and the formation of a fouling layer. The membrane showing the best
performance in term of rejections was CK membrane. Bernat (2010) tested three out of the
commercial membranes used in this study: NF-D, NF90 and NF270. He proved that these
membranes are adequate candidates for retaining dissolved Fe(Il) from acidic synthetic
solutions and Fenton treated phenol effluents. In good agreement with his study, in terms
of iron rejection, NF90 and ESNA1-LF2 were the most attractive membranes for retaining

the homogeneous catalyst used in Fenton treatment of BPA-containing effluents.

Considering the process as a whole, the starting solution containing 300 mg/L of BPA (757
mg/L of COD and 237 mg/L of TOC) was oxidised by Fenton and then NF with several
polymeric membranes allowed obtaining permeates of <65 mg/L of COD and <27 mg/L of

TOC without presence of BPA.

Table 5.5. Nanofiltration of BPA-Fenton effluent. Rejection of COD, TOC, colour and
Fe”" for the several membranes tested. Experimental filtration conditions:
TMP = 6 bar, v=15.3 c/s, pH = 3, and 7= 30 °C.

I:QCOD RTOC Colour RFeZ+

Membrane ) (%) ) )
NFD 88.3+1.3 87.5+0.8 932+1.3 81.9 £1.9
NF90 84.0+2.8 76.5+0.5 97.7+1.1 96.2 +0.3

NF270 97.7+0.2 88.9+0.1 955+1.4 92.4+0.2

CK 100.0+£2.0 91.9+0.7 100.0+2.7 91.10+0.01

ESNAI1-LF2 85.1 +2.1 82.2+0.1 942 +0.7 97.7+0.4

The flux decay behaviour at different pressures was also studied. Four transmembrane
pressures (2, 4, 6 and 8 bar) were applied during the NF of BPA-Fenton effluent using
NF270 membrane, Figure 5.13. The normalised flux falls more quietly when the TMP is
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higher. This behaviour can be explained by the increase in particle deposition rate at
greater TMPs to form an enhanced cake layer. The formation of a more densely packed
cake layer can also contribute to the higher flux decline at high transmembrane pressure. If
the increase in fouling is severe, the additional resistance can set off the expected increase
in permeate flux due to the higher TMP applied, even the final flux can be smaller. If the
high pressure additionally induces the consolidation of the particle cake layer because of
the compressive forces, an increased hydraulic resistance due to the cake layer is generated
and, hence, an even lower flux (Seidel and Elimelech 2002). Thus, in this study, low
operating pressures showed lower membrane flux decline by decreasing the permeation

drag through the membrane, and consequently the contact between fouling material and

membrane.
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Figure 5.13. Nanofiltration of BPA-Fenton effluent. Normalised permeate flux as a
function of time for several transmembrane pressures. Experimental filtration conditions:
Membrane = NF270, v = 5.3 cm/s, pHp= 3, and Tr = 30 °C.

5.5 Removal of tartrazine effluent after Fenton oxidation by

nanofiltration membrane

The observed normalised flux decline as a function of time at constant TMP, which reflects
fouling generation, is shown for the different tested membranes in Figure 5.14. This set of
experiments uses the effluent after Fenton oxidation of tartrazine (TAR-Fenton effluent) as

a feed solution. The Fenton conditions, in which this effluent was obtained, are: [TAR], =
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300 mg/L, HO,/TAR = 0.035, Fe*"/H,0, = 0.024, pHo = 3, Tz = 30 °C and 300 rpm. The
TAR-Fenton effluent contained 103 + 26 mg/L of COD, 77 + 6 mg/L of TOC, pH 2.71 +
0.04 and an absorbance of 0.0806+ 0.0200 read at 427 nm. No significant permeate flux
decline was observed for NFD, NF270, CK and ESNA1-LF2 membranes, whose permeate
normalised fluxes at 200 min were higher than 80%. NFO90 membrane showed to be the
membrane that undergoes the largest drop in the normalised permeate flux, reaching 61%.
ESNA1-LF2 did not reach steady permeate flux during the time filtration; it slowly
decreased up to 82.5% at 200 min. No trend was clearly observed to correlate the
differences in normalised flux decline and membrane properties such as isoelectric point,
pore radio, MWCO, roughness and water contact angle. Excepting NF270 membrane, the
flux loss appeared to decrease according to the pore size and porosity of the membrane,
these latter governing the PWP of each membrane (see Table 3.3). In addition, the
differences in normalised flux decline could be also related to the active layer material of
the membrane and its interactions with occurring by-products after Fenton treatment. NFD
and NF270 membranes showed almost the same flux decline having the same active layer.
However, the presence of other organic species in the TAR-Fenton effluent did not cause a
detrimental influence on the permeated flux evolution compared to that of TAR

nanofiltration, Figures 4.6 and 5.14.
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Figure 5.14. Nanofiltration of TAR-Fenton effluent. Normalised permeate flux as a
function of time for the several membranes tested. Experimental filtration conditions:
TMP = 6 bar, v=15.3 cm/s, pHp~= 3, and Tr =30 °C.
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In this case, both, CP and fouling were equally contributing to the loss of permeate flux.
NF270 was the only membrane where the fouling seemed to have more relevance than CP.
After the flushing of NF270 with water, the permeate flux was recovered in just 5.5%,
remaining a 15.6% permanently lost (unless a chemical cleaning performed). These results
are evidenced by Figure 5.15, where the normalised fluxes of virgin, after filtration, and
after water flushing (indicator of the fouling) of the membranes are represented. The
highest fouling was observed for NF90 membrane, which could be related to its high
roughness. It can be assumed that the flux losses observed in this set of experiments are
mainly due to the internal fouling of organic matter in the membrane, since there was not
visual presence of colour or cake layer on the membranes after filtration. What is more, no
changes were detected in the elemental analysis performed by EDS between virgin and
used membranes for NF90, NF270 and CK, corroborating the absence of some cake layer
deposition, see Table 5.6. The slightly increase of C for NFD and ESNAI-LF2
membranes, respectively; suggest the presence of a small fouling layer in these

membranes.
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Figure 5.15. Nanofiltration of TAR-Fenton effluent. Normalised permeate flux before, at
the end, and after water flushing for the several membranes tested. Experimental filtration
conditions:

TMP = 6 bar, v=15,3 ci/s, pHp = 3, and Tr= 30 °C.
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Table 5.6. Elemental composition of virgin and used membranes for NF of TAR-Fenton

effluent at 6 bar and 30°C.

Membrane

Condition

C (% wt.)

N (% wt.)

O (% wt.)

S (Yo wt.)

Virgin 4534+1.56 29.58+1.11 18.62+1.06 6.47+0.98
NFD
Used 72.65 +1.28 n.d 1748+1.26 9.87+1.84
Virgin 43.89+1.02 30.81+1.15 1898+1.56 6.32+1.03
NF90
Used 43.60+1.05 3233+1.23 1795+1.26 6.12+1.31
Virgin 70.68 + 1.14 n.d 18.87+1.22 1045+1.34
NF270
Used 70.82 +£1.26 n.d 19.72+1.11 946+ 1.56
Virgin 43.78 £ 1.13 nd 56.22 +1.10 n.d
CK
Used 4540+ 0.95 n.d 54.60 £0.76 n.d
Virgin 66.49 £ 0.53 n.d 22.87+0.38 10.63 +0.07
ESNA1-LF2
Used 72.45 +£0.87 n.d 19.27+0.56  8.23+0.95

The performance of Fenton coupled with nanofiltration for removal of TAR was also
evaluated as the capability of the different membranes to remove COD, TOC, colour, Fe**
and SA (Table 5.7). As it can be seen, the highest COD and TOC rejections were found for
NF90 membrane, whereas the highest colour, Fe*" and SA rejections were obtained by
ESNA1-LF2 membrane. The rejections varied with PWPs of the membranes, so the
rejection was greater when the porosity was larger. Membranes with low permeabilities,
besides being less porous, may have pores with higher diameters allowing the easier pass

of compounds and causing low rejections.

In the whole process, the starting solution containing 300 mg/L of TAR (280 mg/L of COD
and 117 mg/L of TOC) was first oxidised by Fenton and then subjected to nanofiltration
with several polymeric membranes obtaining permeates of <39 mg/L of COD and <28

mg/L of TOC without detectable TAR.

With an increase in pressure, flux is expected to accordingly increase. The increase in the
feed pressure side improves the driving force, overcoming membrane resistance. This

phenomenon where flux grows linearly with increasing pressure was experimentally
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observed in this case. The permeate flux was as low as 23.1 L/h'm” at 2 bar, and it
increased along with the operating pressure to finally reach 72.38 L/h'm” at 8 bar during
the NF of TAR-Fenton effluent using NF270 membrane. For TAR-Fenton, unlike BPA-
Fenton, the normalised flux increased from 81.1 to 95.2% at 200 min as TMP went from 2
to 8 bar. Hence, an increasing pressure probably only resulted here in some compaction of

internal membrane fouling.

Table 5.7. Nanofiltration of TAR-Fenton effluent. Rejection of COD, TOC, colour and
Fe”" for the several membranes tested. Experimental filtration conditions:
TMP = 6 bar, v=>5.3 cm/s, pH = 3, and 7y= 30 °C.

RCOD

Membrane )

NFD 758+ 1.7 64.6 £0.1 322+1.9 77.6+0.6 68.93+0.03

NF90 81.9+1.6 84.8+0.1 653+ 1.8 90.0+£0.9 88.8+0.9

NF270 83.3+1.9 69.3+£0.5 36514 90.4+0.9 87.4+0.7

CK 50.8+ 1.5 60.7+0.8 40.4£ 1.8 81.2+0.5 77.1 £0.3

ESNAI-LF2 79.1+1.9 77.7+0.1 87214 96.91+£0.02 96.9=+0.5

5.7 Conclusions

The degradation of BPA and TAR in an aqueous stream by Fenton process under various
operating conditions was investigated. The experimental results indicate that both BPA and
TAR could be efficiently degraded in solution by Fenton treatment. The removal of BPA,
TAR, TOC and COD was hindered by excess H,O,, which acts as scavenger of the

hydroxyl radicals usable in the process.

BPA proved to be a more reactive compound than TAR against the Fenton reagent,
achieving higher levels of mineralization in softer conditions. Coupling Fenton process and
NF to deal with Fenton treated effluents allows almost total BPA and TAR abatement. The
NF of BPA-Fenton effluent achieved high COD, TOC, colour and Fe*" rejections; however

the initial high fluxes rapidly drop because severe fouling occurred. This makes necessary
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the study of some way to control cake layer formation and internal fouling, and draw a

cleaning protocol before future use.

Meanwhile, in NF of TAR-Fenton effluent, the observed flux decline was less significant
(Jp/Jwo > 80%). Furthermore, the high rejections observed corroborate the idea that this
coupling system could give a good contribution for not only the overall elimination of

TAR, but also for BPA.
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Chapter 6
Ozonation coupled with nanofiltration for

elimination of BPA and tartrazine
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6.1 Introduction

A number of methodologies based on physical and chemical treatment processes are
currently applied to the removal of EDCs and dyes (Liu et al 2009b, Forgacs et al. 2004).
Advanced oxidation processes (AOPs) have been regarded as a new technology for the
decomposition of several organic compounds including BPA and dyes. These processes
include ozonolysis (Al-kdasi et al 2004, Umar et al. 2013), Fenton oxidation (Su et al.
2011, Young et la. 2013), photocatalysis (Reutergadh and langphasuk 1997, Lu et al. 2013)
and wet air oxidation methods (Zhou and He 2007, Erjavec et al. 2013). Ozonation process
is a faster and cheaper process than photocatalysis or wet air oxidation and moreover no
extra chemicals are required as Fenton process does. When considering the overall factors,

ozonation has sometimes shown to be superior among the AOPs.

Ozonation has a particular interest in the removal of colour, since it specifically attacks the
conjugated chains that impart colour to a dye molecule (Sarayu et al. 2007). Although,
ozone has been demonstrated to have the ability to destroy dyestuffs, even high doses of
ozone do not completely convert the organic matter to carbon dioxide and water (Sancar
and Balci 2013, Soares et al. 2006, Muthukumar et al. 2004). In general, despite the fact
that ozone is a very strong oxidant, complete mineralization by ozonation is usually not
achievable (Ruppert et al. 1994, Jansen 2005), so the removal of the products following
ozonation is required. Therefore, systematic investigation of combining ozonation with

other treatment methods is quite necessary.

One process that appears to complement the needs for the treatment of ozonation products,
because it could potentially reduce waste volume for further oxidation while
simultaneously reduce the organic matter in its effluent stream (permeate), is membrane
filtration. The use of a membrane process in combination with a chemical or biological
treatment process is attractive for wastewater treatment (Sanchez and Tsotsis 2002). It
answers the demand for more efficient, compact and modular treatment units suitable for
densely populated areas where both the land cost and social sensitivity are exigent. The
most important disadvantage of membrane filtration is the loss of permeate flux due to

membrane fouling. A number of ways have been described for controlling fouling and
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concentration polarisation. Among them, the pre-treatment of the feed filtration solution is

where precisely the ozonation can be applied.

The ozonation as a pre-treatment, besides participating in the degradation of organic
matter, can enhance the permeate flux by reducing the membrane fouling through the
reduction of the organic load driven to the membrane process. Thus, the aim of this chapter
is to study the factors affecting the rate of BPA degradation and tartrazine (TAR) solutions
by ozone, and its effect on flux and retention over NF polymeric membranes in a combined

treatment.

6.2 Ozonation

Ozone as a gas was discovered in 1839 by the Swiss chemist Schonbein. The gas was
named “ozone” which is derived from the word “0z0”, Greek for smell (Jasen 2005). Later
it was found that the molecule is an allotrope of oxygen, build from three oxygen atoms
(O3). Since its discovery, this oxidant has been often used for water purification, due to its
strong bactericide activity. In the early period, a widespread application of ozone was only
seen in a few countries in Europe, namely France, Germany and Switzerland, in water
treatment for disinfection, and colour and odour removal. Nowadays, ozonation is
introduced in more and more water treatment plants as a replacement of primary
chlorination in order to control the formation of chlorination by-products, and it is

widespreading to many countries.

Because ozone is a strong oxidant, it can be used for both water and wastewater treatment.
Ozone use can be generalized into two applications: a deep disinfection and a strong
oxidation to remove colour and odour. Ozone is used for the treatment of water polluted
with pesticides or other anthropogenic substances. It can react with most species
containing multiple bonds (C=C, C=N, N=N, etc.), but not with singly bonded
functionalities such as C-C, C-O, O-H at high rates. Therefore, although the
thermodynamics for ozone-induced oxidation may be favourable (due to ozone high
oxidation potential), kinetic factors will mostly dictate if ozone could oxidize a pollutant in
a reasonable time frame. Albeit ozone has many advantages, it can be hazardous because

the third unstable atom has a strong tendency to break away and attach itself to other



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

Dipdsit Legal:

T 1832-2014

substances. Therefore, most ozone treatments usually require ozone trappers or ozone
destroying systems to eliminate the residual ozone in the exhaust gas before being emitted

to the atmosphere.

Ozone is thermodynamically unstable and its decomposition to oxygen is exothermic.
Therefore, it is mostly found as a mixture of oxygen and ozone. It is moderately soluble in
water. The solubility of ozone in pure water at 1 atm and 273 K is 1.1 g/L, which means
that it is more soluble than oxygen in water. Under standard conditions, ozone is a gaseous
compound with a pale blue colour. Ozone systems are typically comprised of four basic
parts: ozone generator, feed gas preparation system, contactor, and off-gas disposer. After
its generation from oxygen, the ozone gas is fed into the reaction medium or water. A
number of devices can be used to transfer the generated ozone into water such as counter
current bubble column, packed and plate columns, static mixers, jet reactors and agitated
vessels (Gogate and Pandit 2004). Ozone transfer efficiency should be maximized by
increasing the interfacial area of contact (reducing the bubble size by using small size
ozone diffusers such as porous disks, porous glass diffusers (Ledakowicz et al. 2001 ),
ceramic membranes (Janknecht et al. 2001) and increasing the contact time between the

gas and the effluent (increase the depth in the contactor).

Basic chemistry studies (Glaze et al. 1987) have shown that ozone spontaneously
decomposes during water treatment by a complex mechanism involving the generation of
hydroxyl free radicals. Ozone reacts with organic compounds through a direct pathway by
molecular ozone and a radical pathway by means of hydroxyl radicals. The direct oxidation
with aqueous ozone is relatively slow (compared to hydroxyl free radical oxidation) but
this is partially balanced by the relatively high concentration of aqueous ozone. On the
contrary, the hydroxyl radical reaction is faster, but the concentration of hydroxyl radicals

under normal ozonation conditions is relatively small.

The stability of ozone in water strongly depends on the water environment. Especially, the
pH of the water is important because the hydroxide ions initiate the ozone decomposition,
which takes place in chain reactions including initiation (eqs. 6.1 and 6.2), propagation
(egs. 6.3—6.7) and termination steps as given in Table 6.1. Termination step involves any
recombination with *OH, HO,* and O,. Under acidic conditions and in presence of radical

scavengers that inhibit the chain reactions and accelerates the decomposition of Os, the
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direct ozonation pathway dominates. However, under basic conditions or in presence of
solutes that promote the radical-type chain reaction and accelerates the transformation of
ozone into *OH radicals, the hydroxyl radical reactions dominate. The ozone molecule
selectively reacts with compounds containing C=C bonds, certain functional groups (e.g.,
OH, CHj3, OCHj3) and anions (those from N, P, O, S) (Alvares et al. 2001). Nevertheless,
oxidation by *OH is non-selective. Due to the presence of several types of radical
scavengers in wastewater, e.g. carbonate and bicarbonate, oxidation by molecular ozone is

the dominant mechanism particularly at lower ozone dosages.

Table 6.1 Ozone reactions and their rate constants.

Rate constant

Reaction equation

(M*s™)
05+OH —»HO, +0,*" (eq. 6.1) 70
HO,+03;—HO,++05* (eq. 6.2) 2.2-10°
05+0,°—05+0, (eq. 6.3) 1.6:10°
05 +H'—>HO;e (eq. 6.4) 5.0-10"
HO;*—+OH+0, (eq. 6.5) 1.4-10°
O5++OH—HO,» (eq. 6.6) 2.0-10°
HO,+—HO,*+0, (eq. 6.7) 2.8:10*

Typically, ozonation rarely produces complete mineralization to CO, and H,O, but leads to
partial oxidation products such as organic acids, aldehydes and ketones where oxygen is
introduced into carbonaceous sites within the product molecules (Gerald 1994). It has been
reported that the rate-limiting step in the ozonation of wastewater is the mass transfer of
ozone from the gas phase to the wastewater (Kabdash et al. 2002). Other AOPs are applied
when simple ozonation is not sufficient. In some cases, resulting intermediate products
after ozonation may be as toxic as or even more toxic than the initial compounds. The
generation of extra *OH could complete the oxidation by supplementing the reaction with
it. AOPs in which *OH radicals are generated, are usually a combination of two or three of
the following methods: ozone, H,O, and UV radiation. Also the application of ozone in a

high pH environment can be considered as AOPs by the generation of *OH.
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By properly combining ozone, H,O, and UV radiation, different AOP approaches have
been developed thus allowing making the choice of the most appropriate for each specific
problems. The Os/UV process is more effective when the compounds of interest can be
degraded through the absorption of the UV irradiation as well as through the reaction with
hydroxyl radicals (Metcalf and Eddy 2003). The O3/UV process makes use of UV photons
to activate ozone molecules, thereby facilitating the formation of hydroxyl radicals (Shu
and Huang 1995). While under H,O,/UV irradiation, H,O, are photolyzed to form two
hydroxyl radicals that subsequently react with organic contaminants (Al-Kdasi et al 2004).
The addition of both H,O, and O to wastewater accelerates the decomposition of ozone

and enhances the production of hydroxyl radicals.

Ozone finds its niche in any of the stages of a WWTP. During the preliminary step, ozone
is used for detoxification, whilst at secondary stage it is used for sludge reduction, or
during the tertiary stage ozone is more common and used for disinfection, micropollutant
removal, COD reduction and decolouration. The location of ozone is dependant on the goal
pursuit. In each of these cases, the use of ozone has been found to be very productive in
decolourisation, deodorization, detoxification, disinfection, COD/BOD reduction, and
sludge reduction. General applications of ozone in WWT are found in the oxidation of
organic wastes, cyanides, ground water petrochemicals, pulp and paper effluents, textile
mill effluents, textile dye and starch residues in the elimination of fate, oil and grease
(FOG), pesticides, herbicides and insecticides; in the reduction of BOD of domestic
wastes; and also as a secondary treatment for municipal wastewater, and mining heavy

metal precipitation (Chaturapruek 2003).

6.2.1 Operating conditions

The rate of decomposition of ozone is a complex function of temperature, pH, and
concentration of organic solutes and inorganic constituents (Hoigné and Bader 1976). The
accelerated ozone decomposition is undesirable because the residual ozone dissipates faster
and therefore reduces its efficient use, requiring a corresponding increase in the ozone
applied and its associated cost. Hence, the ability to maintain a high aqueous ozone

concentration is critical.
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The influence of the operation temperature can result from the two simultaneous effects:
the increase of the reaction rate constant, and the indirect effect derived from the variation
of ozone solubility with temperature. Due to an increase in the temperature, ozone
solubility decreases, thereby reducing the amount of ozone available for the reaction,
which may result in poorer degradation (Beltran et al. 1994). However, some researchers
have reported an increase in the degradation rate along an increase in the temperature
(Meijers et al 1995, Wu and Wang 2001). Additionally, the oxidation rate has been found
to be relatively independent of temperature at typical water treatment plant operating
temperatures, despite the reduction in solubility and stability at higher temperatures

(Kinman 1975).

Usually high pH is recommended. Ozone decomposition occurs faster in higher pH
aqueous solutions, forming various types of oxidants with differing reactivities (Langlais et
al. 1991). Higher organic solute concentration causes more ozone consumption, which
enhances mass transfer that causes a decrease in ozone concentration in liquid phase, thus
the increase of organics removal. Also, more intermediates, which consume more ozone,
are generated when the organic solute concentration is high. Increased ozone concentration
also enhances mass transfer; however, it is usually associated with a substantial increase in
the cost of ozone generation. Consequently, any additional demand in the degradation rate
must carefully be checked against the increase in the costs before the selection of the
operation conditions is made. It is worth to mention that the presence of radical scavengers
such as HCO; ions and humic substances impairs the extent of degradation. These
compounds act as inhibitors of the radical chain propagation. This is a very important point
to be considered as natural waters are expected to contain large amounts of these

substances.

6.2.2 Advantages and disadvantages

Ozone has unique properties, which offer advantages in wastewater treatment including
(Chaturapruek 2003):
e Ozone is more effective than chlorine in destroying viruses and bacteria as it has
twice potential than chlorine. This assures bactericidal and virucidal action with
shorter contact times and less sensibility towards pH and temperature than for

chlorine.
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e (Ozone reactions are very rapid. The ozonation process needs a short contact time
to reach the required effluent contaminant level.

e There are no harmful residuals that need to be removed after ozonation because it
leaves beneficial residual oxygen as reaction product resulting in more dissolved
oxygen (DO). The increase of DO can eliminate the need for reaeration and also
raises the level of DO in the receiving stream.

e Ozone is generated onsite, and thus, there are fewer safety problems associated
with shipping and handling.

The major limitation of the ozonation process is the relatively high cost of ozone
generation process in addition to its very short half-life period. Thus, ozone needs to be
generated always onsite. Additionally, ozonation has some other disadvantages:

e Low dosage may not effectively inactivate some viruses, spores, and cysts.

e Ozonation is a more complex technology than chlorine or UV disinfection,
requiring complicated equipment and efficient contacting systems.

e Ozone is very reactive and corrosive, thus requiring corrosion-resistant material,
e.g., stainless steel.

e Ozonation is not economical for wastewater with high levels of suspended solids
(SS), biochemical oxygen demand (BOD), chemical oxygen demand (COD), or
total organic carbon (TOC).

e Ozone is extremely irritating and possibly toxic, so off-gases from the contactor

must be destroyed to prevent worker exposure.

6.2.3 Ozonation applied for elimination of model compound

6.2.3.1 Ozonation for elimination of BPA

Ozone has been demonstrated to be highly effective for degrading BPA in water and
wastewater at both laboratory and full scale. However, most authors studied the loss of
BPA and only a limited number of studies investigated the mineralization of BPA.
Complete removal of BPA (initial concentration 5-50 mg/L) was reported during the
ozonation of water at 1 mg Os/L'min (Lee et al., 2003). They studied the effect of
ozonation concentration (0.4-2 mg/min), ozonation time (7-70 min) and pH (2, 7 and 12)

on the removal of BPA. Unexpectedly, apparent BPA degradation apparently was almost
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independent of the pH. Increasing ozone dosage enhanced BPA degradation efficiency.

The conversion of BPA decomposition was not dependent on the initial concentration.

Later, Choi et al. (2006) studied the above mentioned effects on BPA removal from river
water. They performed ozonation of BPA at various influent ozone concentrations (1-10
mg/L), at different initial BPA concentrations (10-8.4-10* mg/L) and pH 8.2-8.5. Unlike
the results reported by Lee et al. (2003), for low concentrations of BPA, the removal of
BPA was higher in the earliest minutes of reaction with ozone, but no further improvement
occurred thereafter and the removal remained constant indicating the need of high ozone
demand and prolonged contact time to further improve the degradation. Xu et al. (2007)
also analyzed the BPA degradation under conditions of different ozone dosage, BPA initial
concentration, and ozone adding time. Their results showed that ozone dosage plays a
dominant role during the process of BPA degradation while no change in the overall
oxidation efficiency was found at various ozonation times (7-34 min). They recorded a
decrease in BPA removal efficiency with increasing initial BPA concentration. Similar
results were reported by Kim et al. (2008) where a decrease in the BPA removal efficiency
was observed when the initial concentration of BPA was increased from 11 to 22.8 mg/L
for a similar inlet concentration of 15 mg O3/L. Xu et al. (2007) also studied the effect of
the presence of organic carbon on the degradation of BPA in water, concluding that the
consumption of ozone was greater in the presence of higher TOC due to the additional

ozone demand exerted by the organic compounds.

Although a significant amount of information is available about the removal of BPA by
ozonation, knowledge of the formation of the by-products during ozone treatment is
relatively limited. A mechanistic study of BPA ozonation has been undertaken by Deborde
et al. (2008). They identified oxidation products of BPA ozonation by LC coupled with a
UV diode array detector and a mass spectrometer. The formation of each degradation
compound was rationalized by taking into account the knowledge concerning ozone
reactivity and the structure of BPA. Due to the phenolic ring in BPA, the mechanisms and

by-products similar to the reaction of ozone with phenol were expected.



UNIVERSITAT ROVIRA I VIRGILI

MEMBRANE-ASSISTED ADVANCED OXIDATION PROCESSES FOR WASTEWATER TREATMENT
Ivonne Graciela Escalona Hernandez

Diposit Legal: T 1832-2014

1,4-benzoquinone

fo,

HO OH + HOOOH
—

2-(4-hydroxyphenyl)-propanol-2-ol o Hydroquinone
3
Bisphenola A
$ 0
0, O 0,
_ _OH ™
03 Catechol derivative 03
v K "“ v
O ...................... , no—{ o
HO C 0 O, ‘ N OH
o A Miicseid
Orthoquinone derivative |
(0] I CE
1
v
HO Q
~ OH
HO

0]

3-formylacrylic acid derivative

Figure 6.1 Proposed reaction pathways for the formation of products in the ozonation of
BPA (adapted from Deborde et al. 2008).

The authors identified five major transformation products, namely muconic acid
derivatives of BPA, benzoquinone, 2-(4-hydroxyphenyl)-propan-2-ol, orthoquinone, and
catechol, in addition to several other minor transformation products. They proposed the
reaction pathways depicted in Figure 6.1 to explain major transformation products with

MW lower or similar to BPA. The identification of reaction intermediates during ozonation



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

Dipdsit Legal:

T 1832-2014

of BPA in deionized water at pH 6 showed catechol as one of the major intermediate
products. In addition, Garoma et al. (2010) identified acetone, resorcinol, formaldehyde,
and the organic acids, acetic, formic, maleic and oxalic acid as additional reaction
intermediates during the ozonation (influent ozone concentration, 10 mg/L) of BPA at an

initial concentration of 11.6 mg/L.

6.2.3.2 Ozonation for elimination of tartrazine

There is a significant lack of information on the ozonation of tartrazine. However, AOPs
provide up-to-date methods for decolorizing dye effluent and reducing the proportion of
recalcitrant wastewater in industry that uses dyes. Among the various AOPs, the treatment
with ozone has been particularly successful (Wu and Ng 2008). Ozone is very effective for
decolourising dye wastewater because it attacks conjugated double bonds and these are
often associated with colour (Sarasa et al 1998). Thus, many researchers investigated the

use of ozonation to discolour dye effluents.

Results presented by some researchers revealed that ozone decolorize all dyes, except non-
soluble disperse and vat dyes, which react slowly and take longer time (Marmagne and
Coste, 1996; Al-kdasi et al. 2004). High colour removal could be achieved on wastewater
containing high initial dye concentration. Alkaline pH and high temperature have been also
found as favourable conditions for high TOC and COD removals. In spite of having high
colour removal efficiency, limited COD and TOC removal efficiencies have been reported

at soft conditions in the literature (Al-kdasi et al. 2004).

Sarayu et al. (2007) investigated the degradation of eight commercial reactive azo dyes
with different structures containing different substituted groups in a semi-batch reactor by
ozonation, both individually and in mixture. Their results demonstrated that ozonation
proved to be a viable technique for the treatment of highly recalcitrant azo dyes in
wastewater. A pH of 10 was effective for colour and COD removal of these dyes. Reactive
Yellow 145 (RY145) azo dyes and synthetic textile dye-bath effluents were treated by Gtil
and Ozcan-Yildirim (2009) with O3 and H,O,/UV processes. It was found that the fastest
colour and the highest TOC removal were obtained by ozonation at pH 11. Factors
affecting the rate of COD of a synthetic waste solution containing water soluble direct dyes

(Sirius Red F3B and Sirius Blue SBRR) by ozone gas were studied by Turhan and Turgut
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(2009b). They used a batch bubble column. Recently, Sancar and Balci (2013) used the
ozonation process to decolorize a wastewater containing nine commercial reactive dyes
containing different chromophore groups. The colour removal efficiency showed
differences according to the chromophore group of the reactive dye and dye amount in the

effluent. With increasing dye amount in the effluent, the removal of colour became harder.

6.2.4 Ozonation process assisted by nanofiltration

Although ozonation and membrane processes are extensively studied in literature, only a
few researchers have investigated the process where ozonation and membrane processes
are someway combined. Investigations of ozonation combined with membrane process are
divided in three main uses: 1) ozonation as a pre-treatment to reduce membrane fouling,
and to prolong the life-expectancy of the membrane as well as to enhance the water
quality; 2) the application of a membrane filtration system before the ozonation process in
order to remove organic compounds and ions which could act as inhibitors in the
oxidation, reducing the overall removal; and 3) as an ozone membrane reactor where
membranes are used for ozone distribution, as a reaction contactor and for product

separation.

Park (2002) conducted experimental studies of ozonation and Fenton’s oxidation before
MF membrane process. They treated raw chemical wastewater obtained from a large
dyeing and finishing plant in the Gyungkido-South Korea area. They obtained that their
combination offered considerable advantages compared with each isolated treatment. The
permeate flux rate increased as the input amount of ozone increased, however ozonation
did not show a significant role to prevent membrane fouling. Chang et al (2009b) proposed
a process where digital textile printing wastewater was ozone oxidized first, and then was
filtrated by UF and RO consecutively. The proposed process showed that could be
satisfactorily used. The fouling calculated after ozonation was lower than that without
ozonation, thus pre-ozonation was beneficial to enhance flux and to obtain good permeate
quality. Reduction of the total fouling rate of 70% was achieved by Stiiber et al. (2013)
when applied ozonation as a pre-treatment step in the MF of secondary effluent of
Ruhleben-Germany WWTP, confirming the high potential of combining those processes.
The positive impact of ozonation on the membrane process performance is usually

attributed to the reduction, transformation, and change of organic matter characteristics of
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the filtering solution due to ozonation, which results in an improvement in the membrane
fouling. The membrane performance has also been highly correlated with the residual
aqueous O3 concentration in the permeate. A higher membrane flux is obtained if the
aqueous O3 concentration at the membrane surface increases (Schlichter et al. 2004, Karnik

et al. 2005).

Because the literature on membrane fouling is generally focused on MF and UF, and O3
resistant membrane materials are usually available for those membrane processes, there are
few studies reporting O3 oxidation combined with NF or reverse osmosis. Van Geluwe et
al. (2010) investigated if membrane fouling can be reduced by decomposition of humic
acids in the concentrate stream by means of Oz oxidation using a NF membrane process.
Like UF and MF membrane processes, the membrane permeability of the ozonated

solution across NF membranes was higher than the permeability of the untreated solution.

Membrane processes, used as pre-treatment method in the removal of atrazine from surface
water by ozonation process, were applied by Luis et al. (2011). Membrane process was
aimed to remove organic compounds and ions prior to the oxidation. They could state that
the coupling of a membrane filtration with a subsequent ozone treatment can be beneficial
for an enhanced removal of atrazine from surface waters, since the removal of
carbonate/bicarbonate ions present in the surface water and inhibitors of the *OH radicals

production by RO increased the atrazine elimination.

A novel membrane reactor was designed by Heng et al (2007) for the ozonolysis of
refractory organic pollutants in water. The reactor was equipped with a porous alumina
membrane as ozone contactor and a ZSM-5 zeolite membrane for selective water
pervaporation. The uniform, microscopic ozone bubbles produced by the membrane
contactor ensured rapid ozone dissolution and transport, while the selective water removal
by membrane pervaporation concentrated the organic pollutants in the reaction zone. A 30
times higher TOC reduction was observed when a porous alumina capillary membrane was
used to produce a fine cascade of ozone bubbles instead of the traditional frit glass
sparging in the ozonolysis of phthalate in water. The zeolite membrane pervaporation unit
produced clean water with 99.7% of TOC rejection. Ho et al. (2012) designed an advanced
ozone membrane reactor using a mathematical model to guide the optimization and scale-

up the process for treatment of organic endocrine disrupting pollutants in water. The
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membrane reactor increased mineralization rate of phthalate, improved ozone utilization,

reduced membrane fouling and enhanced clean water production.
6.3 Ozonation of model compounds
6.3.1 Ozonation of BPA

Determination of the required ozone dose in the treatment of effluents is essential for the
economical evaluation of the process. It is evident that the treatment cost directly relates
with the applied ozone dose, which can be adjusted by two ways: influent ozone gas
concentration and ozone-air flow rate. To evaluate the effect of this parameter, influent

ozone gas concentration and ozone-air flow rate were investigated, and the results are

compiled in Figure 6.2a,b.
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Figure 6.2. Ozonation of BPA. BPA conversion as a function of reaction time for a) several
ozone influent concentrations at 100 NL/h of ozone-air flow rate; and for b) several ozone-
air flow rates at 11 mg/L in ozone influent concentration. Conditions:

[BPA]p =300 mg/L, pHy = 6 and T = 30°C.

The effect of the influent ozone gas concentration, [Os]in, on the removal of BPA from
aqueous solution was investigated using influent ozone gas concentrations of 11, 22, and

33 mg/L. Other operation parameters, including initial BPA concentration, pHoy,
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temperature, and ozone-air flow rate were kept constant at 300 mg/L, 6, 30 °C and
100 NL/h, respectively. The experimental results are presented in Figure 6.2a. These
results revealed that, as the influent ozone gas concentration increased, the removal rate of
BPA also increased. Complete BPA removal was achieved at 40, 60 and 80 min for
experiments conducted with influent ozone gas concentrations of 11, 22, and 33 mg/L,
respectively. These results were consistent with the theory of mass transfer. According to
this theory, as the ozone concentration increases in the air bubbles (carrier of ozone), the
driving force for ozone transport into the aqueous solution grows, also resulting in an
increase of the oxidation rate. It must be noted that the gas-phase resistance to mass
transfer is assumed to be negligible since ozone is only slightly soluble in water and the
amount of ozone reacted with organics is limited by the dissolved ozone in the liquid

reaction environment.

The effect of ozone-air flow rate, Fo,oneair, On BPA removal was also investigated using
300 mg/L of BPA initial concentration at pHy 6 and 30 °C. The ozone-air flow rate affects
fluid dynamic conditions of the reaction medium. The increase of the ozone-air flow rate
results in the increase of the gas holdup and the turbulence of the system. Hence, the gas—
liquid mass-transfer limitation lowers along an increasing gas volumetric flow rate.
Therefore, in the improved volumetric mass transfer coefficient, and thus ozone mass
transfer, correspondingly allows increasing the O3 concentration in the liquid phase. On the
other hand, it was experimentally observed during the performance of the ozonator that the
ozone capacity (grams of Oz produced per liter of air fed) increased in the inlet reactor gas
as a result of the increase of air flow rate to the ozonator, while the ozone concentration
decreased. An increase in the ozone production capacity favours an increase of removal
efficiency. Although both of these factors suggest the continuous increase of the BPA
removal as a function of ozone-air flow rate, the BPA removal efficiency actually showed
to peak at 100 NL/h in the range studied (Figure 6.2b) and then slowly decline beyond this
value. This behaviour could be related with the efficient use of the ozone; note that with a
higher ozone-air flow rate is also associated to a lower residence time of the ozone in the

reactor, which can offset the improved ozone transport conditions.

The effect of pH on the reaction between ozone and substrate is well known. As it was
above mentioned (section 6.2.1), the reaction of organics with ozone is directed in two

ways by pH. One of them is direct attack or electrophilic attack (at acidic pH) and the other
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mainly goes through free radical attack (at basic pH). Figure 6.3a presents the effect of pH
on the removal of BPA during ozonation. Initial BPA concentration, inlet ozone gas

concentration, ozone-air flow rate and reaction temperature were maintained constant at

300 mg/L, 11 mg/L, 100 NL/h and 30 °C, respectively.

BPA conversion improved as the pHy increased from 3 to 12. As stated, at basic pH, *OH
radical attack predominates and these radicals are much more reactive than molecular
ozone in aqueous phase. However, during the ozonation, an extreme foaming occurred in
the experiments carried out at higher pHy (9 and 12), making difficult the sampling. This

can be a serious drawback for its large scale application.

a) b)
100 @ 8
o o 8 8 o g
o ¢ © o
~ - O -
s 80 g ° o
< av ¢
A o
m O g
b 60 -
=1 X7 O (o]
o o
S 40t - 9
= ¢° o
3 oo o pH=3 g
< w J— 0,
H=6 o T,=30°C
& 20 Lo v P © e
® o pH=9 g v T=40°C
° o pH=12 o T=50°C
Oa 1 1 1 1 1 1
0 20 40 60 80 20 40 60 80

Time, #, (min)

Figure 6.3. Ozonation of BPA. BPA conversion as a function of reaction time for a) several
pHpy at 30 °C, and for b) several reaction temperatures at pHy 6. Conditions:
[BPA]p =300 mg/L, [Os]in = 11 mg/L, Fo.one-aire = 100 NL/h.

The effect of reaction temperature on the BPA ozonation was investigated between 30 and
50 °C (Figure 6.3b). These assays used 300 mg/L of BPA initial concentration, 11 mg/L of
inlet ozone gas concentration, 100 NL/h of ozone-air flow rate, at pHy 6. The reaction
temperature may influence ozonation processes in two aspects. First, the Henry's law
coefficient for the ozone increases at higher temperature (25-65 °C), so a progressive
decreased solubility is expected at high temperature, which can seriously affect the

degradation efficiency (Phattaranawik et al. 2005). Second, a higher temperature may
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enhance both the instability of the ozone itself, as well as the activation of the reactive
species leading to an enhancement of the degradation rate (Zhao et al., 2009). However, no
clear effect over the BPA removal as a function of the temperature is seen in Figure 6.3b
within the studied range. Thus, it could not be discriminated which of these effects was the

dominant in the present conditions.

Figure 6.4 shows the effect of the initial BPA concentration on the BPA removal using
11 mg/L of inlet ozone gas concentration, 100 NL/h of ozone-air flow rate, at pHy 6 and
30°C. As the initial concentration of BPA increased, BPA conversion evolution
significantly slows down for this constant inlet ozone gas concentration. Obviously, this is
because, as the BPA initial concentration increases, the molar ratio of ozone to BPA is
lower, so the high BPA conversion is achieved later. Anyway, even at the lower ozone to
BPA ratio, practically full conversion is reached at acceptable time reaction, around 10 min
for 25 mg/L and near 60 min for 300 mg/L. In term of O3/BPA stoichiometric molar ratio,
the ozone was overfed. The addition of 19, 12, 6, 3 and 2 times the stoichiometric amount
of O3 (12 mol to completely mineralization of 1 mol of BPA) were fed in the assays with

initial BPA concentrations of 25, 50, 100, 200 and 300 mg/L, respectively.
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Figure 6.4. Ozonation of BPA. BPA conversion as a function of reaction time for several
BPA initial concentrations. Conditions:
[Os3]in = 11 mg/L, Fozone-aire = 100 NL/h, Tz = 30 °C and pHy = 6.
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The deepness of the BPA oxidation is illustrated using TOC and COD changes during
ozonation treatment. Table 6.2 presents X;,TOC as well as X,COD at the end of ozonation
for the different experimental conditions. After 80 min of ozonation, X;,TOC reduced a
maximum of 34.9%, while initial BPA concentration was completely depleted at the end
for all experimental conditions. This maximum value was obtained using 300 mg/L of
BPA initial concentration, 11 mg/L of influent ozone gas concentration, 100 NL/h of

ozone-air flow rate at pHy 12 and 30 °C.

Table 6.2. Ozonation of BPA. Effect of BPA initial concentration, inlet ozone gas
concentration ([O3]in), 0zone-air flow rate (Fozone-qir), PHo and reaction temperature (7x) on
the COD and TOC conversions, and colour formation after 80 min of ozonation.

[BPA] [Ozlin  Fozoneair H Tr XfBPA X{COD X¢TOC  abs(400nm)  pHs XiO3

(mg/L) (mg/L) (NL/h) PHo (°C) (x1.8%) (%) (%) +0.0002  +0.01 (%)
25 11 100 6 30 100.0 883+0.8 302+0.2 0.0462 3.24 31.7+0.5
50 11 100 6 30 100.0 81.1+£0.8 28.6+0.5 0.0583 3.23 384+0.1
100 11 100 6 30 100.0 712+1.6 293+0.6 0.0635 3.19 353+04
200 11 100 6 30 100.0 494+£09 294+0.1 0.0809 3.19 351+0.2
300 11 100 6 30 100.0 369+ 1.2 14.1+£0.7 0.1374 3.03 42.0+0.2
300 22 100 6 30 100.0 452+ 14 114+0.1 0.0880 2.96 51.1+0.2
300 33 100 6 30 100.0 409+1.5 33.1+0.1 0.0749 2,67 472+0.1
300 20 50 6 30 100.0 21.8+0.8 11.0+£0.3 0.1404 2.95 35.9+0.1
300 8 150 6 30 99.6 303+14 9.44+0.7 0.1463 3.06 49.5+0.1
300 6 200 6 30 99.5 28.5+£0.5 8.6+ 0.4 0.1492 3.10 52.1+0.2
300 11 100 3 30 97.2 262+ 1.1 93+0.5 0.1306 2.81 40.8+£0.2
300 11 100 9 30 100.0 378 £19 154+0.7 0.1643 3.01 69.6 + 0.1
300 11 100 12 30 100.0 552 1.1 349+0.7 0.1513 9.90 96.0+0.2
300 11 100 6 40 99.7 29.6+1.3 8.2+ 0.8 0.1216 2.90 37.5+0.1
300 11 100 6 50 98.8 387+ 1.7 10.5+0.6 0.1229 2.77 37.0+0.1

As it can be seen, the mineralization of BPA by ozonation was relatively low. The rate of
TOC removal increased when greater inlet ozone gas concentration and pHy was applied,

this relates with the enhanced availability of oxidant in the aqueous medium and the
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derived generation of *OH radicals. This behaviour again demonstrates that the BPA is
preferentially attacked by the oxidant species, so it is readily degraded. Meanwhile, as
expected, COD removal was positively influenced by ozone-air flow rate and pHy, and
negatively by BPA initial concentration. However, ozone possesses higher capacity to
abate COD than TOC. This means that ozone is capable to easily oxidize BPA and the
earlier intermediates but the later partially oxidized compounds are hardly mineralized into
carbon dioxide and water. As aforementioned in section 6.2, ozone reacts weakly with
singly bonded compound, which usually appear as later reaction intermediates, for

instance, organic acids such as acetic, formic or oxalic acid.

BPA initial concentration and pH were the variables that more strongly impacted the
X/COD. As previously stated, variations in pH bring changes in the reaction mechanism. In
acidic conditions (pHy = 3), the COD conversion is just 26.2%, in turn, in basic medium
(pHp = 12), the COD conversion is twofold. The fact that COD removal drops as a function
of increasing BPA initial concentration is an indicator of the superior reactivity of BPA
with ozone, so the ozone is consumed by BPA rather than used in the degradation of by-

products.

During the ozonation of BPA, colour generation was observed. The reaction solution
passed from uncoloured BPA solution to dark green liquor. The ozonated BPA solution
showed a maximum in the absorbance spectrum at 400 nm of wavelength. Table 6.2
displays the absorbance (abs) at 400 nm at 80 min of ozonation for the different conditions
studied. As it can be seen, the colour generation is strongly influenced by the pHy, reaching
the maximum value at pHy 9. Table 6.2 also reports the pH after ozonation treatment of
BPA. The final pH of the reaction solution dropped around 3 units for the experiments
conducted at initial pH of 6, and in 6 and 2 units for those made at pHy 9 and 12,
respectively. The pH of the reaction medium immediately dropped after starting the ozone
addition. This is an indication of the formation of acidic groups during the ozonation
process. These groups are split from BPA molecules as a result of the oxidation. As it was
above mentioned (section 6.2.3.1), the oxidation of BPA leads to the formation of catechol
and hydroquinone, these in turn to o- and p-benzoquinone. Further oxidation leads to the
formation of aliphatic diacids as well as muconic acid which can reduce pH in the reaction

solution.
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The ozone consumption, X/O3, demonstrates that ozone was added in excess and was not
used efficiently. For most experimental conditions, only between one third and one half of
the ozone added was consumed during the process. Ozone consumption showed to vary as
a function of ozone-air flow rate and mainly of pH. Thus, a pHy of 12 yields an ozone

consumption of 90.0%.

6.3.2 Ozonation of tartrazine

Figure 6.5a,b shows the effect of ozone dose on tartrazine (TAR) ozonation in terms of
inlet ozone gas concentration and ozone-air flow rate. In particular, Figure 6.5a draws the
experiments carried out at different influent ozone gas concentrations (11, 22 and 33 mg/L)
at 300 mg/L of initial TAR concentration, pHy 6, 30 °C and 100 NL/h of ozone-air flow
rate. As expected, it can be noticed that an increase in the inlet ozone gas concentration
speeded up the TAR oxidation. A higher inlet ozone gas concentration results in a greater
aqueous ozone concentration, which either directly reacts with TAR or decomposes to
produce *OH that in turn reacts with TAR. The time required to achieve 100% TAR
removal decreased from 80 to 30 min if the inlet ozone gas concentration goes from 11 to
33 mg/L. Although larger values of TAR removal should be in principle presumed at
higher ozone-air flow rate, Figure 6.5b showed a decreasing TAR conversion as ozone-air
flow rate increases. Like in the BPA ozonation, this behaviour could be related with the
efficient ozone use, which gets worsen because of the residence time drops when ozone-air

flow rate is higher.

The effect of pH of the initial solution on removal efficiency of tartrazine by ozonation is
shown in Figure 6.6a. These assays were done at 300 mg/L of initial TAR concentration,
11 mg/L of inlet ozone gas concentration, 100 NL/h of ozone-air flow rate and 30 °C. It
can be seen that the maximum TAR removal, essentially complete conversion, could be
achieved for pHy values of 3, 6, 9 and 12 at 80, 60, 40 and 15 min, respectively. In acidic
pH, the ozone is available as molecular ozone while, in alkaline medium, it decomposes
into secondary oxidants such as *OH, HO;e, HO3* and HOg4e. Therefore, it could be
assumed that the increase of TAR removal following the increase of pH owns to the self-
decomposition of ozone to generate oxygen free radicals that can oxidize the organic
compounds more efficiently. It can be noticed from Figure 6.6b that an increase in reaction

temperature from 30 to 50 did not result in substantial change of the removal efficiency for
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TAR. This suggests that the process is actually mass transfer controlled, although it can be
also speculated that the two opposed influences of temperature, i.e., the positive effect of
Arrhenius dependence on reaction rate and the negative drop of ozone solubility, balances

one each other.
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Figure 6.5. Ozonation of TAR. TAR conversion as a function of reaction time for a)
several ozone inlet concentrations at 100 NL/h of ozone-aire flow rate, and for b) several
ozone-air flow rates. Conditions: [TAR]y =300 mg/L, pHy = 6 and Ty = 30°C.
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Figure 6.6. Ozonation of TAR. TAR conversion as a function of reaction time for a)
several pHy at 30 °C, and for b) several reaction temperatures at pHy 6. Conditions:
[TAR]p =300 mg/L, [Os]in = 11 mg/L, Fozone-gire = 100 NL/h.
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In order to inspect the effect of the initial dye concentration on the TAR removal, five
different initial TAR concentrations (100, 300, 400, 800 and 1000 mg/L) were fed
(Figure 6.7). The data evidence that dye degradation varied considerably with dye
concentration. At the large dye concentration, the reaction rate is at such extent that the

ozone is no longer present in excess, resulting in reduced conversion.

The effect of several parameters (inlet dye concentration, ozone dose fed, pH and
temperature) in COD, TOC and colour removal of a TAR solution was also investigated
and summarized in Table 6.3. A maximum COD and TOC removal of 92.0 and 68.0%,
respectively, were obtained at 33 mg/L of inlet ozone gas concentration, 100 NL/h of
ozone-air flow rate, pHy 6 and 30 °C for a TAR solution of 300 mg/L after 80 min of
ozonation. Overall, higher values of X,COD and X;,TOC were observed for higher inlet
ozone gas concentration and low values for high TAR initial concentrations. Of course,
COD and TOC removal increased because the applied ozone dose per volume of dye
solution was also greater. Meanwhile, the reduction of available ozone at high dye
concentration favours the incomplete oxidation of the dye, limiting the oxidation of

intermediate compounds and hence the reduction of COD and TOC.
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Figure 6.7. Ozonation of TAR. TAR conversion as a function of reaction time for several
TAR initial concentrations. Conditions:
[OS]in =11 mg/L, nggne_aire =100 NL/h, TR =30°C and pH() =6.
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Although, the mineralization is relatively low, very high values of colour removal were
observed for the different ozone doses and pHy (values always beyond 65% and frequently
over 90%). Although, hydroxyl radicals have superior oxidation potential than ozone, its
selectivity is poor to preferentially break up the double bond usually present in a dye.

Hence, as seen in Table 6.3, the colour slightly decreased as pHj increased.

On the other hand, the COD and TOC removal slightly dropped from 65.41 to 47.22% and
from 24.54 to 13.67%, respectively, when temperature varied from 30 to 50 °C. The
amount of ozone dissolved in the water phase is expected to be smaller at higher
temperature by the increase of Henry's law coefficient, i.e., lower solubility, which in
practice results in a reduction of COD and TOC removal capacity. It was found that the
final pH values of the reaction solution decreased throughout the ozonation time, which
points out the generation of by-products of acid nature as a result of the oxidation by
ozone. The pH decreased in average 3.3 + 0.2 units for those experiments conducted at pHy
of 6. At extreme acid and alkaline conditions (pH 3 and 12) no significant changes were
observed. The consumption of ozone was very similar in almost all studied conditions.
Only pHy seems to somewhat influence the ozone consumption. At low pH, 3, an ozone
consumption of 35.87% was observed in 80 min whereas at pH 12 the ozone consumption

was of 51.8%, probably because the ozone decomposition is favoured in basic conditions.
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6.4. Ozonation membrane assisted process

6.4.1 Nanofiltration of ozonated BPA effluent

Figure 6.8 shows the normalised flux decline in front of time for the filtration of the final
BPA effluent after ozonation (BPA-ozone effluent) using several NF membranes.
Ozonation was carried out in the optimal selected conditions: [BPA]y =300 mg/L, 33 mg/L
of inlet ozone gas concentration, 100 NL/h of ozone-air flow rate, pHy 6 and 30 °C.
Optimal conditions represent those where complete removal of BPA was achieved within
the lower ozone exposure time. The BPA-ozone effluent contained 324 + 13 mg/L of
COD, 134 + 12 mg/L of TOC, at pH 2.67 + 0.04 and with an absorbance of 0.0749 +
0.0002 read at 400 nm. In general, the fluxes decreased rapidly for all the studied
membranes at the beginning of filtration process. After 50 min of filtration, all membranes
had already reached a closely steady state. Decline in normalised flux followed the order:

ESNAI1-LF2 < NFD < NF270 < CK < NF90.

The contributions of the concentration polarisation and fouling to the flux decline in NF90
and NF270 were comparables. These results can be seen in Figure 6.9, where the
normalised fluxes measured with the virgin membrane (before), after 250 min of filtration
(end) and after flushing the membranes (after) are represented. As pointed out, the flux
recovery after flushing the membranes with water is an indicator of the concentration
polarisation and fouling. The portion of flux not recovered represents the irreversible flux
decline (caused by permanent fouling) and the reversible flux decline represents
concentration polarisation and/or easily reversible adsorption phenomena. As it can be
seen, the losses of flux by concentration polarisation were 44 and 56% of the total flux
decline for NF90 and NF270, respectively. This fact indicates that both phenomena were
equally dominants. These trends are clearly evidenced in Table 6.4 summarizing the flux
decline after 250 min of operation for all the studied membranes. NFD and CK were the
membranes showing a contribution of the concentration polarisation greater than those
provided by fouling. NFD and CK are the membranes with the lowest PWP, probably
because they are less porous with smaller pore diameter. These properties facilitate the

rejection of the organic compounds present in the BPA-ozone effluent at the beginning of
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the filtration, when the concentration polarisation layer forms. For ESNA1-LF2 membrane,

the fouling showed to be the main responsible for the flux decline.
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Figure 6.8. Nanofiltration of BPA-ozone effluent. Normalised permeate flux as a function
of time for several membranes. Experimental filtration conditions:

TMP = 6 bar, v=>5.3 c/s, pHr = 3 and Tr= 30 °C.

The absolute values of the concentration polarisation and fouling contributions underwent
by the studied membranes give the following order: NFD < CK, ESNAI-LF2 < NF270 <
NF90 and ESNA < NFD < NF270 <CK, NF90, respectively. It is difficult to relate the
order of these contributions with the membrane properties reported in Table 3.3 since no
clearly tendency is observed. In this sense, it is worthwhile that the adsorption could play
an important role in the fouling of NF membranes by organic compounds. This could alter
the membrane surface characteristics and thus the solute-membrane interactions, leading to
unexpected flux variations. This behaviour has been reported in previous studies (Schéfer

et al. 2004).
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Figure 6.9. Nanofiltration of BPA-ozone effluent. Normalised permeate flux before,
Jwo/Jwo, at the end, J,/J0 and after filtration, J,/J,0, for several membranes tested.
Experimental filtration conditions:

TMP = 6 bar, v=15.3 cm/s, pHp~ 3 and Tr =30 °C.

Table 6.4. Nanofiltration of BPA-ozone effluent. Flux decline, fouling and rejections for
several membranes after 250 min of operation. Experimental filtration conditions:
TMP = 6 bar, v=>5.3 cm/s, pHr = 3 and Ty = 30 °C.

Final J,/J,, Flux decline CP Fouling R:COD RiTOC

Membrane (£ 59%) (%) (%) (%) (%) (%)
100-Jy/dwo  JwiDwoI/Iwo  100-Jy/dg

NFD 88 12+1 8+2 4+1 67.2+1.7 46.6+0.8
NF90 59 41 £4 18+4 23+4 872+ 1.3 762+0.5
NF270 73 27+ 1 15+2 12+1 72.9+0.8 56.4+0.2
CK 78 22+3 17+ 4 5+1 76.6+12 569+0.2
ESNAI1-LF2 92 8+3 3+1 5+1 69.5+1.1 48.0+£0.2

Table 6.4 also presents final COD and TOC rejection in the NF of BPA-ozone effluent at
the end of the filtration. The COD and TOC rejections increased as the membrane fouling
increased, thus NF90 is the membrane showing the best rejection but simultaneously the
highest membrane fouling, too. The improvement of the rejection with membrane fouling
could be explained by the formation of some sort of cake layer on the membrane surface
by the foulant material, or as well by the blocking of the larger pores with small organic

molecules, both of them preventing solute transport and resulting in enhanced rejection. As
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already commented, the rejection of organic compounds can change because of the
membrane fouling. As a result of this fouling, the solute-membrane interactions that
determine organic compound rejection may be affected, and thus the rejection of the

organic compounds become altered.

Taking into account the whole process, the initial solution containing 300 mg/L of BPA,
757 mg/L of COD and 237 mg/L of TOC was firstly ozonated and then filtrated to
obtained a permeate with no detectable amount of BPA and with COD and TOC values
below 90 and 65 mg/L, respectively, for all the studied membranes. This represents an
overall rejection greater than 88% for COD and 73% for TOC. For NFOO membrane,
which showed the highest rejections, the COD and TOC overall rejection were as large as

95 and 83%, respectively.

Regarding the normalised permeate flux of the NF of BPA-ozone effluent and those
obtained in the NF of BPA-Fenton effluent (Figure 5.11 and 6.8) for the studied
membranes, it can be noted that, in spite of having the similar organic content (TOC), the
normalised permeate flux for BPA-ozone effluent are better in 39, 35, 28, 38 and 18% for
NFD, NF90, NF270, CK and ESNAI1-LF2, respectively. This is in agreement with the
lower concentration polarisation and fouling underwent for these membranes in the NF of

BPA-o0zone effluent when compared to BPA-Fenton effluent behaviour.

6.4.2 Nanofiltration of ozonated tartrazine effluent

The observed fluxes as a function of time in the NF of the final solution after ozonation of
tartrazine (TAR-ozone effluent) are shown in Figure 6.10 for the different membranes. The
starting feed solution contained 104 + 2 mg/L of COD, 74 + 2 mg/L of TOC, at pH 2.68 +
0.04 and with an absorbance of 0.0442 + 0.0002 at 427 nm. This resulted from the
ozonation of 300 mg/L of tartrazine using 11 mg/L of inlet ozone gas concentration,
100 NL/h of ozone-air flow rate, pHy 6 and 30 °C. Since the optimal condition in the
ozonation of TAR reached relatively low values of COD and TOC abatement, the
conditions to prepare the feed solution for the NF experiments were those where tartrazine

was degraded with a minimal ozone consumption and lowest COD and TOC conversion.
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Figure 6.10. Nanofiltration of TAR-ozone effluent. Normalised permeate flux as a function
of time for several membranes. Experimental filtration conditions:
TMP = 6 bar, v=5.3 ci/s, pHp~ 3 and Tr =30 °C.

NF90 was the only membrane where the flux strongly dropped during the first period of
filtration; the flux of NF90 was 86% of the original pure water flux after just 5 minutes of
filtration. Afterwards, the NF90 flux declined more gradually until an apparently steady
state value was obtained at approximately 200 min. Very slow flux decline is observed for
NFD, NF270 and ESNAI-LF before 90, 120 and 60 min of operation, respectively.
Figure 6.11, which shows the normalised permeate fluxes before, at the end, and after NF
of TAR-ozone effluent, demonstrates that the flux declines observed for NFD and ESNA1-
LF2 membrane were mainly due to concentration polarisation. For NF90 and NF270 was

the fouling the predominant mechanism influencing the performance of these membranes.

Concentration polarisation seems to increase with the membrane isoelectric point (see
Table 3.3). At the interfaces between the membrane surface and the feed solution, a
discontinuity in the concentration may be present as a result of electrostatic effects.
Depending on compound and membrane charge, the compound will be attracted to the
membrane or repelled. Repulsion of molecules by the membrane surface may enhance
concentration polarisation. At the pH of the feed solution, around 3, all the membranes are
positively charged. The TAR-ozone effluent at this pH may contain compounds with
caustic groups or with pKa lower that 3 that could be repelled by the membrane and

increase the concentration polarisation.
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Figure 6.11. Nanofiltration of TAR-ozone effluent. Normalised permeate flux before,
Jwo/Jwo, at the end, J,/J,, and after filtration, J,/J,» for several membranes tested.
Experimental filtration conditions:

TMP = 6 bar, v=15.3 ci/s, pHp~ 3 and Tr =30 °C.

The final COD, TOC and colour rejections for the NF of TAR-ozone effluent by different
membranes are summarized in Table 6.5. Differences observed in the rejections are
probably due to the concentration polarisation and fouling underwent by the different
membranes, which actually govern the interactions solute-surface. With the exception of
the NF270 membrane, the rejections dropped when increasing the concentration
polarisation. As usual, the rejection of organic compounds strongly deteriorates when
increasing the solute concentration either close to the membrane or in the bulk solution.
The enlarged concentration gradient between both sides of the membrane results in the

increase of the solute transport.

In turn, the low rejection given by NF270 could be a consequence of its higher porosity
and pore size. They can facilitate the pass of a large amount of compounds whose sizes
were greater than the MWCO of the other three membranes tested, but not big enough to
be rejected by NF270 membrane. The normalized fluxes at 200 min of operation time for
all membranes in NF of TAR-ozone effluent were slightly higher than those obtained in the
NF of TAR-Fenton effluent. The normalised flux declines were 14, 9, 17 and 4% higher in
the NF of TAR-Fenton effluent for NFD, NF90, NF270 and ESNA1-LF2, respectively.
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The ozonation coupled with NF to remove TAR reached overall rejections over 89 and

99% in COD and colour, respectively.

Table 6.5. Nanofiltration of TAR-ozone effluent. Flux decline, fouling and rejections for
several membranes after 250 min of operation. Experimental filtration conditions:
TMP = 6 bar, v=15.3 cm/s, pHr = 3 and Ty = 30 °C.

Membrane Final Jp/Jdwo Flux decline fouling RfCOD RfTOC  RfColour

name (£ 5%) (%) (%) C) (%) (%)

100-1/Jug  Jufhwod/Iw  100-/0 g

NFD 90 9.5+£0.2 9.6+0.4 0.0+0.1 748+1.6 542+15 31.8+1.0
NF90 70 30.5+£0.2 24+04 28.1+0.2 93.8+1.6 858+12 51.1+14
NF270 96 4.1£0.1 0.0 £0.2 42+0.2 13.8+£0.8 2.7+0.5 62.7+14
ESNAI1-LF2 87 134+£03 12.3+0.5 1.1+0.3 544+13 347+12 279+13

6.5 Conclusions

Ozonation was very successful for BPA and tartrazine removal from aqueous solution.
Under the optimal conditions (33 mg/L of inlet ozone gas concentration, 100 NL/h of
ozone-air flow rate, pHy 6 and 30 °C for a reaction time of 80 min), both model compounds
(starting from initial solutions of 300 mg/L) could be efficiently decomposed by ozone

oxidation, their removals reaching values close to 100%.

In general, ozonation is highly efficient in the decolourisation of the solutions, but
considerably less efficient in terms of TOC abatement. At optimal conditions, TOC
conversions were 33.1 and 68.0 % for the ozonation of BPA and tartrazine, respectively.
For all the operation conditions tested, the degradation efficiency improves with the
increase of the inlet ozone gas concentration and initial pH, and worsens with the increase
of ozone-air flow rate and model compound initial concentration. Unexpectedly, no
significant impact can be assigned to the reaction temperature. The results indicate that the

reaction rate between BPA and Os is slower than the reaction between tartrazine and Os.

Coupling of ozonation and NF to deal with effluents allows complete BPA and TAR

elimination. Moreover, ozonation indeed have a significant role to prevent membrane
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fouling; the normalised permeate fluxes were considerable higher than for the NF of the
model compounds (Chapter 4) as well as for the NF of Fenton-treated effluents (Chapter
6). Based on membrane-assisted ozonation process, the overall treatment efficiency gives
over 83% TOC abatement for NF90, which was the best performing membrane, and nearly

total elimination of the target compounds.



UNIVERSITAT ROVIRA I VIRGILI
MEMBRANE-ASSISTED ADVANCED OXIDATION PROCESSES FOR WASTEWATER TREATMENT
Ivonne Graciela Escalona Hernandez
Diposit Legal: T 1832-2014
Membrane-assisted advanced oxidation processes for wastewater treatment

156



UNIVERSITAT ROVIRA I VIRGILI

MEMBRANE-ASSISTED ADVANCED OXIDATION PROCESSES FOR WASTEWATER TREATMENT
Ivonne Graciela Escalona Hernandez
Diposit Legal: T 1832-2014

Chapter 7.
Removal of BPA by enzyme polymerization

using nanofiltration membranes
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7.1 Introduction

The removal of EDCs like BPA challenges the traditional water and wastewater treatment
technologies. Due to its highly selective nature, researchers have been focusing on the
study of enzymatic pre-treatment as a potential alternative to conventional methods. The
catalytic action of enzymes is extremely efficient and selective compared to chemical
catalysts due to higher reaction rates, unique substrate-specificity, capability to show
activity in the presence of toxic substances, and under a wide range of environmental
conditions (including temperature, pH, salinity, high and low concentrations of
contaminants, etc.). Most research on enzymatic processes has concentrated on evaluating
the application of oxidative enzymes, including polyphenols oxidases (e.g. laccases) or

hydrogen peroxide oxidoreductases (e.g., peroxidases from horseradishes).

Laccases have multiple copper atoms at their active sites and utilize molecular oxygen as
the oxidant for the degradation of a wvariety of phenols, including BPA, to the
corresponding reactive quinones (Tanaka et al 2001). Peroxidases from horseradish (HRP)
are typical oxidoreductases. HRP is a versatile enzyme applied in chemical, environmental,
pharmaceutical and biotechnological industries (Jeng et al. 2006). It is able to catalyze
different reactions using H,O,. HRP has been used in the oxidative polymerization of a
wide spectrum of phenols, biphenyls, anilines, benzidines and other aromatic compounds
to generate polyaromatics as a clean alternative for detoxifying wastewater (Pirillo et al

2010).

Peroxidases and laccases comprise two important classes of enzymes able to catalyze the
oxidative coupling reactions of phenolic substrates. Phenoxy radicals generated in these
enzymatic processes couple with each other to form polymeric precipitates that can be then
more readily removed from water (Uchida et al. 2001). In spite of the advantages of using
enzyme catalysis for industrial applications, the major limitations are the susceptibility of
the enzyme to inactivation, the high cost associated with isolation and purification of
enzymes and the stability and activity of their structures after isolation (Modaressi et al.

2005).
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The application of nanofiltration (NF) as promising membrane technology could be an
alternative method either for removing and concentrating low molecular weight organic
micropollutants or for removing polymeric precipitates after enzyme treatments. NF in
combination with enzymes appears to be an attractive approach for the treatment of
industrial wastewater, since removal by membrane filtration processes would benefit from
polymerization of these phenolic compounds after HRP or laccase action. In wastewater
treatment systems, polymerized phenolic compounds are assumed to be more easily
removed by sedimentation and filtration (Borneman et al. 1997, Aktas and Tanyolag 2003).
Nevertheless, studies regarding the possibility of recycling enzymes integrated with the use
of membrane processes to separate both enzyme and polymerized phenolic compounds are
still lacking. In this study, HRP and laccase are applied to polymerize BPA combined with
a membrane process to enhance BPA removal. The investigation of operational conditions
for the efficient treatment of BPA by laccase and HRP and the impact of enzyme

polymerization on the membrane operation and membrane fouling are studied as well.

7.2 Enzymes

Enzymes are proteins which enhance the rate of a thermodynamically feasible reaction and
are not permanently altered in the process. They are high molecular weight compounds,
ranging from 10,000 to 2,000,000 g/mol, made up principally of chains of amino acids
linked together by peptide bonds. Their catalytic efficiency is extremely high; one mole of
a pure enzyme may catalyze the transformation of as many as 10* to 10° moles of substrate
per minute. A very broad classification of enzymes would include hydrolytic enzymes
(esterases, proteases), phosphorylases, oxidoreductive enzymes (dehydrogenases, oxidases,

peroxidases), transferring enzymes, decarboxylases and others.

The existence of enzymes has been known for well over two century. Some of the earliest
studies were performed in 1835 by the Swedish chemist Jon Jakob Berzelius who termed
catalytic their chemical action. It was not until 1926, however, that the first enzyme was
obtained in pure form, a feat accomplished by James B. Sumner of Cornell University.
Sumner was able to isolate and crystallize the enzyme from the jack bean. His work was to

earn him the 1947 Nobel Prize (Gurung et al. 2013).
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Enzymatic activity is dependent upon several variables, such as enzyme and substrate
concentrations, pH, salt concentration of the buffer milieu, temperature and light. The

general formula describing the reactions of an enzyme with its substrate can be written as

E+S—>ES (eq. 7.1)
ES>E+P (eq.7.2)

where E represents the enzyme catalyzing the reaction, S the substrate, i.e.,the substance

being changed, ES is a enzyme-substrate complex and P the products of the reaction.

7.2.1 Horseradish Peroxidase (HRP)

HRP enzyme (molecular weight 40 kDa) is isolated from the root of the horseradish plant
(Cochlearia armoracia). HRP has an iron containing heme group (hematin) as its active
site, and is coloured brown in solution. The hematin of HRP first forms a complex with
hydrogen peroxide, and then causes it to decompose, resulting in water and atomic oxygen.
Details of the reaction mechanism are reported by Nicell et al. (1993), Torres et al. (2003)
and Hong-Mei and Nicell (2008). In earlier studies, it was demonstrated that HRP was able
to catalyze the polymerization of phenols in non-aqueous media when used to produce
phenolic resins (Klibanov 1997). Moreover, when used to treat BPA in aqueous phase, the
use of HRP led to the elimination of its estrogenic activity (Sakuyama et al. 2003), which
is a characteristic of growing concern associated with this chemical and related compounds

(Staples et al. 1998).

7.2.2 Laccase

Laccases are metal-containing enzymes capable of oxidizing numerous phenolic substrates
by one electron abstraction. Laccases (benzenediol: oxygen oxidoreductases) belong to the
group of blue oxidases and represent the largest subgroup of multicopper oxidases. These
enzymes have been studied since the nineteenth century due to their ability to oxidize
phenolic compounds, and their applications in several industrial sectors (Giardina et al.
2010, Férnandez-Férnandez et al. 2012). Laccases are monomeric, dimeric or tetrameric
glycoproteins with four copper atoms (belonging to three types: 1, 2 or 3) per monomer

located at the catalytic site. Type 1 (T1) copper is responsible for the oxidation of the
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substrate and imparts the blue colour to the enzyme (Kudanga et al. 2011, Majeau et al.
2010). Laccases use molecular oxygen to oxidize a variety of aromatic and non-aromatic

hydrogen donors via a mechanism involving radicals.

Laccases have been isolated in higher plants (Yoshida 1883), prokaryotes (Claus 2003),
insects (Kramer et al. 2001), and are widespread in fungi (Baldrian 2006). Stability of
laccases is usually higher at acidic pH, but optimal temperature activity and temperature
stability vary considerably among enzymes from different sources. Median values of
isoelectric point, optimum pH, optimum temperature and molecular weight are 3.9, 3.0,
55 °C and 66 kDa, respectively. The effect of different potential inhibitors varied among
laccases from different species. In most cases, Hg®" caused irreversible inactivation. In
addition to specific inhibitors, laccases are also sensitive to inhibitors of metalo-oxidases.
Special attention should be paid to ionic copper and iron concentrations as they are
common in wastewater and may interfere with laccase activity if they exceed a certain

level.

7.2.3 Enzymatic membrane system

The enzymatic membrane system described here aims at coupling a membrane separation
process with an enzymatic reaction. The main objective is to ensure the complete rejection
of the enzyme in order to maintain the full activity inside the reacting volume. Because a
lot of enzymes have a molecular weight between 10 and 80 kD, UF membranes are the
most frequently used. Recent studies have reported the classification of the main free
enzyme systems: dead-end or cross-flow filtration devices; continuous stirred tank or
porous fibre plug flow reactors; enzymatic reactor with direct or indirect contact of enzyme
and substrate; diffusion or convection reactor systems. The most important advantages and
drawbacks of enzymatic membrane system with respect to the classical reactor

configurations with enzymes immobilised on various solid supports are (Rios et al. 2004):

e Advantages: continuous mode (substrate feeding), free enzyme, retention and
reuse of enzyme, reduction in substrate/product inhibition, free enzyme end-
product, control of product properties by enzyme (specificity), and/or membrane

(selectivity) choice, integrated process (single-step reaction/separation).
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e Drawbacks: decrease of enzyme activity versus time (loss of catalytic functions,
effect of shear stress, etc.), heterogeneity of reaction conditions between the core of
solution and the membrane surface, polarisation layer and induced limitation,

membrane fouling.

Membrane fouling and enzyme activity decay are responsible for strong limitation on
performance of enzymatic membrane system. Membrane fouling has been examined in
many works (Edwards et al. 2002, Ko and Chen 2008). Mechanisms have been analysed
and various solutions such as membrane modifications, increased turbulence, back-
flushing, etc., not always easy to implement or being energy consuming, have been
suggested for classical separation processes. Enzyme activity decay has been far less
investigated. It seems to be in tight connection with several phenomena such as enzyme
leakage, but also enzyme denaturising under the effect of pH, temperature, shear stress or

adsorption/deposition over the membrane.

7.3 Enzymatic BPA degradation

7.3.1 HRP enzymatic treatment

Experiments were carried out to find out the optimal H,O, dose required to obtain the
maximum conversion of BPA. Several assays were conducted varying the H,O, initial
concentration (0—40 mg/L) for two HRP concentrations (2.5 and 5% v/v). BPA
concentration, temperature, Tg, and reaction time, tgr, were kept constant at 20 mg/L, 30 °C
and 180 min, respectively. The results are presented in Figure 7.1. Hydrogen peroxide acts
as a co-substrate to activate the enzymatic action of the peroxidase radical. It contributes to
the catalytic cycle of peroxidase, oxidizing the native enzyme to form an enzymatic
intermediate, which accepts the aromatic compound, then carrying out its oxidation to a
free radical form. Thus, it is expected that the BPA conversion for a given amount of
enzyme improves as initial HyO, concentration increases. As it can be seen in Figure 7.1,
for both enzyme doses, the XBPA rapidly increases with the H,O, dose, but after peaking
at around 10 mg/L, it smoothly drops. Therefore, the expected behaviour was only
observed for concentrations below 10 mg/L, where the HRP seemed to be in excess and the

H,0, reagent limits the reaction.
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Figure 7.1. Effect of H,O, concentration on HRP catalyzed BPA removal. Conditions:
[BPA]p =20 mg/L, Tr =30 °C, pHp = 7, tr = 180 min and [Na,HPO4] = 300 mg/L.

Above 10 mg/L, an increase in the H,O; initial concentration resulted in a decrease in the
BPA removal attained. This behaviour could be related to the excess of H,O,, which
probably oxidizes the enzymatic intermediate to a different enzymatic intermediate that is
catalytically less active (Hong-Mei and Nicell 2008). Nevertheless, its formation did not
represent a terminal inactivation of HRP. This partial inactivation showed to be more
relevant at lower enzyme dose. It must be noted that HRP showed activity in absence of
H,0,, achieving a conversion of 37%. The stoichiometric conversion is also illustrated in
Figure 7.1. Stoichiometric values were calculated using the BPA concentration
corresponding to the theoretical stoichiometric concentration of BPA oxidized by H,0O,
until complete mineralization, eq. 5.17. As it can be seen, for the same dose of H,O,,
achieved higher BPA conversion than the calculated

enzymatic  treatment

stoichiometrically.

The optimization of the enzyme amount was carried out aiming at a high efficiency of
BPA degradation. As it can be seen in Figure 7.2, at HRP amounts below 3% v/v the
enzyme dose was found to have significant influence on BPA oxidation reaction. The
increase in the HRP dose resulted in an initially sharp increase, followed by a more gradual

increase, in the BPA conversion for both studied H,O, doses. Figure 7.2 also seems to
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confirm enzyme deactivation at high H,O, dose, since the BPA conversion was always
lower for the highest HyO, dose experiments. The concentration that showed the best
enzyme performance for both H>O, doses was 7.5% v/v (over 98% of BPA conversion). In
the absence of HRP, degradation was also observed, indicating that H,O, can directly react
with BPA in absence of a catalyst. The effective removal of BPA using HRP observed is in
good agreement with other researches (Hong-Mei and Nicell 2008, Huang and Weber
2005).
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Figure 7.2. Effect of HRP initial concentration on HRP catalyzed BPA removal.
Conditions:
[BPA]y =20 mg/L, Tr =30 °C, pHp = 7, tr = 180 min and [Na,HPO4] = 300 mg/L.

The effect of pH on the removal of BPA was examined in the range from 3 to 12
(Figure 7.3). Generally, all enzymes have an optimum pH at which their activity is
maximal, but it is not necessarily identical to its normal intracellular surroundings
(Venkata et al. 2005). The relation of the enzymatic activity with pH, for any enzyme,
depends on the acidic-basic behaviour of the substrate, as well as other factors such as
chemical structure of substrates, substrate concentration, buffer molarity, H,O;
concentration and temperature (de Souza et al. 2007). Depending on these factors, the ideal
pH may vary for the same enzyme, highlighting the need to study the effect of pH at the
chosen conditions. The results show that the enzyme was able to oxidize BPA over the full
pH range studied, indicating that HRP is active over a broad pH range. Nevertheless, the

optimal BPA conversion was achieved at pH 7. These results are in agreement with those
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previously reported in the literature underlying that lower BPA conversions at non-optimal
pH may be due to the increased instability of the enzyme and, consequently, the loss in
activity, but also due to reduced interaction between the BPA and the enzyme (Tong et al.

1997, Kim and Nicell 20006).
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Figure 7.3. Effect of pH on HRP catalyzed BPA removal. Conditions:
[BPA]p =20 mg/L, Tr = 30 °C, [HRP] = 5% v/v, [H20,] = 10 mg/L, tg = 180 min and
[Na;HPO4] = 300 mg/L.

7.3.2 Laccase enzymatic treatment

Data for BPA removal using laccase as catalyst are presented in Figure 7.4 after a
treatment time of 180 min at different enzyme dosages and constant initial BPA
concentration, 20 mg/L, and temperature, 30 °C. It is evident from the results that the BPA
conversion achieved increases with increasing laccase concentration. The maximum was
achieved at 0.2 U/mL; beyond this value the BPA conversion remains almost constant at
very high values. Satisfactory BPA conversion of 95% can already be obtained at a laccase
concentration of 0.12 U/mL. The removal of BPA by laccase was studied over a pH range
from 3 to 11 at an initial BPA concentration of 20 mg/L, revealing the same behaviour
shown by HRP. As evidenced in Figure 7.5, it can be concluded that the optimal pH for
conversion of the BPA was approximately 6. This value is in good agreement with

previously reported results (Kim and Nicell 2006).
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Figure 7.4. Effect of laccase dose on laccase catalyzed BPA removal. Conditions:

[BPA]o =20 mg/L, Tr =30 °C, pHp = 6, tr = 180 min

and [Na,HPO4] = 300 mg/L.

100

o]
[en)

D
[en)

N

BPA conversion, X BPA (%)
S

\®)
]

pHy

10 12 14

Figure 7.5. Effect of pH on laccase catalyzed BPA removal. Conditions:
[BPA]p =20 mg/L, Tr =30 °C, [Laccase] = 0.08 U/mL, tg = 180 min and

[Na,HPO4] = 300 mg/L.

7.3.3 BPA removal using HRP and laccase in a membrane nanofiltration system

The integrated enzymatic degradation of BPA and NF of the exited effluent was

investigated for the optimized conditions previously identified. A NF270 membrane was
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used for this purpose. Experiments using HRP in the combined process were conducted at
pH 7.0, room temperature, an initial BPA concentration of 20 mg/L, an initial H,O,
concentration of 10 mg/L. and 50 mL of HRP in a 2 L reaction tank also performing as feed
reservoir for the NF system. Experiments with laccase were conducted using the same
operation parameters but without addition of H,O,; in this case, 10 mL of 24 U/mL
enzyme solution were added to the reaction tank, achieving an initial enzyme concentration
of 0.12 U/mL. Figure 7.6 shows the results for the combined membrane-enzyme BPA
removal tests for laccase and HRP enzymes, again in form of normalised permeate flux. In
the presence of enzyme, the normalised permeate flux additionally decreased around 17
and 29% for HRP and laccase cases, respectively, compared to the flux obtained for
nanofiltration of pure BPA solutions using NF270 (full symbols in Figure 7.6). It must be
noted that the progressive slight flux increase observed at the beginning in the NF of
untreated BPA is due to the temperature rise in the system, from 22 to 27 °C, during the
first hour approximately, i.e. until a nearly steady state is reached, as a result of the friction

and the inability to control the system temperature.
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Figure 7.6. Nanofiltration of treated BPA effluent by laccase, HRP and Fenton at 6 bar,
QrF = 70 L/h, room temperature using a NF270 membrane. Full symbols represent
normalised permeate flux in the NF of 20 mg/L BPA solution.

In both membrane-assisted enzymatic treatments, a decreasing flux is observed during the
first 20 min of operation, which can be assigned to CP and fouling phenomena mainly due

to the presence of enzymes in solution, but also to the polymeric products formed. Beyond
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20 min, there is a recovery of the flux until 100 min, referred to as defouling period. Then,
the flux mostly stabilizes although a slight progressive fall is again seen. Defouling is
defined as the increase of the normalised permeate flux during operation owing to changes
in CP and fouling. The fact that the feed solution is constantly changing due to the action
of the enzyme could result in reducing the CP and fouling by the progressive decrease of
the concentration reaching the membrane surface and changes in the feed solution

properties through the generation of by-products.

This behaviour is much more evident for HRP treatment. These results suggest the
formation of a reversible cake layer formed by the accumulation of polymeric by-product
macromolecules at the membrane-solution interface. This cake layer was visually verified
after NF test and then was characterised with ESEM-EDS, in contrast to the virgin NF270.
Figure 7.7 shows the pictures of a non-used NF270 membrane and of membranes used for
filtering the enzymatically treated BPA solutions. As it can be seen, morphology
differences are clearly observed between the virgin and used membranes. The fouling layer
on the membrane appears to be a cracked cake, especially for the laccase enzyme case.
Table 7.1 shows the elemental analysis performed by EDS for the used NF270 membranes.
EDS analysis provides a semi quantitative elemental composition of membrane surface,
which has a depth of 4.5 um. As it can be seen, the mass fraction of carbon (C) on the
membrane surface increased around 1.51 and 11.06% due to the membrane use in HRP and
laccase membrane enzyme treatment, respectively, which correlates well with is capacity

to transform BPA in polymeric derivatives.

The differences in the membrane fouling trends for the two membrane-enzyme treatments
could be related to present of different by-products resulting of the different oxidative
mechanism. It is worth mentioning that laccase has demonstrated to possess a higher
oxidation power than HRP, thus higher polymerization rate is expected and, consequently,
higher fouling should follow. It must be noted that one of membrane-enzyme degradation
experiments was conducted in triplicate and the deviation between experiments was less

than 8%, which is a very satisfactory repeatability for filtration tests.
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Figure 7.7. Micrographies of virgin and NF270 membranes applied for the enzymatic
degradation of BPA using laccase and HRP.

Table 7.1. Elemental composition of virgin and used NF270 membranes after BPA NF
experiments at 6 bar and room temperature for enzymatic degradation process.

Membrane C (% wt) O (% wt) S (% wt)
Virgin 70.7+1.1 189+1.2 104+1.3

NF270 Used-HRP 71.8+0.7 23.4+0.9 49+0.3

Used-Laccase  78.5+0.2 18.2+0.1 3.4+0.05

BPA concentration in the reactor tank (membrane feed) and permeate as a function of the
time after filtration using the NF270 is shown in Figure 7.8. It must be noted that the BPA
conversion, in connection to that obtained in the reactor alone, decreased in 4 and 13% for
laccase and HRP, respectively, in comparison with the conversion achieved for the
respective enzyme treatments without coupling to the NF system. This effect could be
related to the presence of retained enzyme over the membrane as multiple layers could be
formed by enzyme and polymeric by-products. The overall effect reduces the conversion
by decreasing the actual enzyme concentration in the reactor, as well as reducing the

permeate flux due to such additional barrier.
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Figure 7.8. Permeate and feed concentration of BPA as a function of filtration time for
different degradation process using NF270 membrane.

As Figure 7.8 also shows, BPA permeate concentration is initially around 5 mg/L for both
membrane-enzyme processes, then gradually decreases to values between 1 and 3 mg/L as
BPA concentration diminishes in the feed side. According to sorption-diffusion model
transport (the most widely accepted), both water (solvent) and BPA can dissolve in the
polymeric membrane and then diffuse through the membrane due to a chemical
concentration gradient. Taking this model into account, the BPA rejection should increase
when the feed BPA concentration decreases; however, this behaviour was not observed for
the present membrane-assisted enzyme processes using NF270. The BPA rejection drops
from 75 and 65% at 20 min up to 22 and 28% at 250 min for HRP and laccase membrane-
enzyme processes, respectively. This suggests a much more complex transport model
where adsorption-desorption phenomena and interaction with derived substances must play

a key role.

In any case, the BPA permeate concentrations for both membrane-enzyme processes were
initially well below the feed concentration, which indicates a relevant rejection due to
steric repulsion or size exclusion mechanism. The later poor BPA rejection, i.e., relatively
high BPA concentration in the permeate at large time, could be attributed to the formation
of the cake layer which hindered the diffusion of BPA back to the bulk solution thus

maintaining an elevated BPA concentration within the cake layer and close to the
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membrane surface (Vogel et al. 2010). Consequently, this led to an increased concentration
gradient of BPA across the membrane and, hence, a lower rejection. Similar behaviours
have also been reported in previous studies (Nghiem et al. 2008). Salt rejection for both
membrane-enzyme processes was also measured through permeate and feed conductivity
using NF270 membrane. Membrane-assisted laccase treatment gave higher values in
conductivity than HRP treatment, resulting in 99 and 96% of salt rejection, respectively. It
is worth mentioning that BPA permeate concentrations using membrane-enzyme treated
effluent were more than 50% lower than those observed for pure BPA solution
nanofiltration using NF270 membrane (Figure 7.8). Thus, membrane-enzyme processes
could be used as an enhanced method in the removal of BPA. Overall removal efficiencies
of the coupled membrane-enzyme processes, calculated as percentage of BPA in the
permeate, taken at 250 min, with respect to the initial BPA concentration in the reaction

tank, were 89 and 94% for HRP and laccase, respectively.

Nanofiltration experiments were also done in the absence of BPA (without reaction) in
order to study the potential recovery of laccase and HRP at reaction conditions (pH=7,
buffer concentration=300 mg/L and H,0,=10 mg/L for HRP assays) using NF270
membrane. In this case, no cake layer was observed attached to the membrane surface,
indicating that the fouling in reaction conditions mostly owns to the polymeric by-

products. The normalised permeate flux rapidly reached a steady state value of 79%.

The performance of membrane-assisted BPA degradation using the classical Fenton
process is added in Figures 7.6 and 7.8. The reaction conditions were set at 20, 10 and 0.4
mg/L for the initial BPA, H,O, and Fe**concentration, respectively, whereas the pH was
adjusted at 3. Fenton process showed to be less powerful than HRP treatment, since the
BPA concentration in the reactor tank was almost one and a half times higher than that
reached by HRP treatment at 250 min of reaction using the same amount of initial H,O».
Low values in the BPA permeate concentration for membrane-assisted Fenton degradation
could be related to the occurrence of internal membrane fouling, either by pore blocking
for the smaller by-products or by the solute membrane interactions taking place, which are
expected to be stronger at low pH. Previous studies have shown that organic fouling was

most severe at low pH (Hong and Elimelech 1997, Li and Elimelech 2004).
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Flux recoveries after cleaning for the membrane-assisted treatments using NF270
membrane are listed in Table 7.2. The flux recovery for both treatments was lower than
100%, which indicates the occurrence of irreversible fouling. In particular, for Fenton
process the formed layer was very stable and consolidated enough to be resistant against
soft water rinsing. On the contrary, HRP treatment gives a satisfactory recovery, around

90%.

Table 7.2. Normalised permeate flux before, at the end and after of BPA nanofiltration at
6 bar and room temperature for several degradation processes using NF270 membrane.

Treatment Normalised permeate flux

before, Jyo/dwo (%) At 250 min, Jpi/dyo (%)  after, Jyidwo (%)

Laccase 100 67 76
HRP 100 77 91
Fenton 100 71 69

A similar set of experiments was also conducted for membrane-assisted enzyme treatment
using NF90. Figure 7.9 represents the normalised flux evolution for each enzyme process.
As it can be observed, irrespective of the enzyme used, NF90 undergoes about 25% more
loss of permeate flux than NF270 (Figure 7.6). Furthermore, normalised permeate flux was
62% lower for the enzyme treated effluent when compared to that given for nanofiltration
of non-treated BPA solutions using the same membrane (Figure 7.6). Thus, both CP and
fouling were probably substantially larger for the NFOO membrane in presence of enzyme.
The defouling period is much less pronounced for the NF90 membrane. Thus, for
membrane-assisted laccase treatment, almost no increase in the permeate flux was
observed after the initial abrupt fall, while a slight increase around 7% in the period from
15 to 80 min can be observed for HRP. These results suggest the presence of severe
fouling during the nanofiltration of the enzyme treated effluent using NF90 membrane.
However, no cake layer formation was observed in these assays and, additionally, the mass
fraction of carbon did no vary between a virgin NF90 and the used membrane, what

therefore seems to indicate that internal fouling was the predominant fouling mechanism.
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Figure 7.9. Nanofiltration of treated BPA effluent by laccase and HRP at 6 bar, room
temperature, Qr = 70 L/h and NF90 membrane. Full symbols represent normalised
permeate flux in the NF of 20 mg/L BPA solution.

Furthermore, BPA concentration evolution in the feed side for NF90 (Figure 7.10) is very
similar to that obtained using NF270 (Figure 7.8). Only slight differences were observed in
the reaction rate for the HRP treatment, probably due to the successive decrease in enzyme
activity with every reuse. BPA permeate concentrations were constant and equal for both
treatments, although NF90 shows a better rejection as the BPA concentration of the
permeate was always lower than that obtained using NF270. As previously mentioned,
these differences could be mostly attributed to the lower pore size and slight higher
hydrophobicity of NF90 that leads to higher BPA rejection by steric hindrance and
adsorption. Table 7.3, which collects the normalised permeated fluxes of the virgin NF90
membrane, measured after 250 min filtration, and after soft rinsing with MilliQ water,
corroborates that severe fouling occurred. Moreover, NF90 showed higher remaining
fouling fraction (lowest normalised permeate flux after water rinsing) when compared to

NF270, which again matches an internal fouling, much more difficult to clean.
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Figure 7.10. Permeate and feed concentration of BPA as a function of filtration time for the
different enzyme process using NF90 membrane.

Table 7.3. Normalised permeate flux before, at the end and after of BPA nanofiltration at
6 bar and room temperature for several degradation processes using NF90 membrane.

Treatment Normalised permeate flux

before Jyo/Jwo (£4%)  at 250 min, JyJyo (== 4%) after, Jyi/Jwo (& 4%)
HRP 100 46 57
Laccase 100 44 55

7.4 Conclusions

BPA removal was conducted by means of enzymatic treatment using either HRP and
hydrogen peroxide or lacasse, which gives polymeric substances as main reaction products.
The results reveal that the efficiency of the enzyme treatment for BPA degradation varies
with enzyme dose and pH. Optimum levels have been identified. The wide pH range where
the enzymes maintain their activity evidences the potential of this alternative as extreme
fluctuations of pH can be expected for this kind of wastewater. Therefore, enzymatic
membrane reactors are a promising technology for continuous degradation of wastewaters

containing BPA.

Coupling of the reaction system with nanofiltration allows a further BPA removal by

rejection and also the recycling and continuous use of the enzymes. With this membrane-
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assisted enzyme treatment, using the NF270 membrane, over 89% removal of BPA was
observed for the two enzyme treatments, which shows to be clearly superior to medium
removal (55%) for classical Fenton treatment in similar conditions. In addition, acceptable
flux decline is observed for this membrane. Nanofiltration of enzyme pre-treated BPA was
also conducted using the NFOO membrane but this membrane undergoes a strong flux

reduction without relevant improvement in BPA rejection.

The presence of the enzyme and the polymeric products reduced the permeability for
around 50 min of filtration due to cake layer formation by polymerized BPA, pore
blocking and adsorption. However, no additional flux decline was observed afterwards,
reaching a quasi-steady state, which is acceptable for NF270 but too severe for NF90,
regardless its higher BPA rejection.
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Chapter 8

Conclusions and future work
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8.1 Conclusions

The necessity of water reclamation is growing, which forces the mandatory
improvement of current wastewater treatments. Numerous water reclamation schemes
have been developed where nanofiltration (NF) is widely used. NF can produce high
water quality, thus there is no doubt that NF will play an important role in the success of
future water reclamation processes. This thesis deals with the design and application of
NF membrane-assisted advanced oxidation processes. Fenton, ozonation and enzyme
treatments in combination with NF have been studied to enhance Bisphenol A (BPA)
and Tartrazine (TAR) removal. BPA and TAR were chosen as a model compounds
since even traces of these contaminants in water sources is of concern for environmental
health. This dissertation aims at contributing towards the promotion of both water
reclamation and the use of NF membranes for the production of high water quality from

wastewater.

Overall, the experimental data evidence that NF is a suitable technology for the
treatment of solutions containing BPA or TAR. Experiments with commercial flat-sheet
polymeric NF membranes showed that high BPA (>83%) or TAR (>98%) rejections
can be obtained, which may be mainly attributed to size exclusion or sieving effect as
well as adsorption whenever BPA is involved. While, as expected, pure water flux for
these NF membranes linearly increased with pressure according to the solution-
diffusion model and Darcy’s law, polarisation concentration was the main responsible
of flux decline during the NF of the models compounds, although fouling by adsorption
and pore blockage also determined the final permeate fluxes underwent in the NF of
BPA. Because the concentration polarisation governs the flux, feed concentration also
had a significant effect on it, so fluxes decreased with growing feed concentration.
NF90 and NF270, among other commercial membranes tested, were the elements that
showed the best performance in BPA and TAR removal, respectively. These
membranes showed relatively high BPA and TAR rejections and the lower permeate

flux decays.

Fenton process has proved to be an effective method to treat solutions containing BPA

or TAR since their complete degradation could be accomplished even with low doses of
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hydrogen peroxide. Although an increase in the concentration of BPA or TAR in the
initial solution resulted in a continuous decrease of their conversion, a maximum
absolute amount of model compound has been simultaneously identified, which proves
that is more favourable working at greater BPA or TAR concentrations in terms of
overall disappearance rate and hydrogen peroxide use. Of course, higher amounts of
hydrogen peroxide involved higher mineralization at the end of the reaction; however,
its excess with respect to the organic compound (e.g., H,O./BPA > 1.12) decreased the
oxidation efficiency by favouring the radical scavenger effect of the hydrogen peroxide.

An increase of the initial iron concentration always resulted in a faster reaction rate.

When comparing the results of the Fenton oxidation for treating BPA or TAR, it was
found out that BPA was more easily degraded than TAR as a lower H,O, to organic
compound was needed to degrade BPA. Although both compounds were almost
completely degraded, rather low total organic carbon (TOC) conversions were achieved.
Thus, Fenton process was more beneficial for degradation of model compound rather
than for mineralization. Concerning the NF of the exited effluents after Fenton
treatment, it can be said that the high flux decrease in the NF of BPA-Fenton treated
effluent was originated by membrane fouling. Meanwhile, concentration polarisation
and membrane fouling showed to have a comparable contribution in the flux decay for
NF of TAR-Fenton treated effluent. Anyway, high rejections were obtained in the NF of
Fenton effluents allowing very high permeate quality.

The degradation of BPA or TAR by ozonation was also assessed. Ozonation showed to
be an effective method for removal and decolourisation of both compounds. It was
observed that the pH and the initial BPA and TAR concentrations had a significant role
in the ozonation. Solutions with high pH and low BPA and TAR concentrations were
degraded faster by ozone. Mineralization of BPA or TAR solutions was not as
successful as their degradation for reaction times up to 80 min. At optimal conditions,
practically all BPA or TAR content was degraded, while they were mineralized only
around 33 and 68%, respectively. On the other hand, ozonation had a significant role to
prevent membrane fouling, so the permeability during filtration of ozonized BPA and
TAR solutions using NF90 membranes were consequently higher than the permeability
measured for the untreated or Fenton treated effluents. Like NF of Fenton treated
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effluents, high permeate quality was also obtained by NF of ozonized effluents,
exhibiting high overall COD (>88%) and TOC (>73%) rejections, too.

Finally, the application of HRP or laccase treatment for the degradation of BPA was
investigated. It has also showed that running enzymatic treatment in a membrane system
allows the recycling of the enzyme and a simultaneous high BPA removal. The
possibility of reusing the enzyme is important in order to promote its use in large-scale
reactions. The lower permeate fluxes observed for the NF of enzyme pre-treated BPA
effluents in comparison with the NF of untreated BPA solutions was mostly attributed
to membrane fouling. The accumulation of polymeric by-products over the membrane
surface was the main responsible of this membrane fouling for NF270 membrane.
Meanwhile, internal fouling caused the loss of permeate flux when membrane assisted
enzymatic treatment was conducted over a NF90 membrane. Therefore, NF270
membrane showed to be the best membrane to filter enzymatically treated effluents,

since acceptable flux decline was observed (<33%).

8.2 Future work

As recommendations, in the first place, the scaling-up of these membrane-assisted
advanced oxidation processes (bench, pilot or full scale) is strongly recommended. A
change in the operating mode from batch to continuous mode, experimental
demonstration using real wastewater effluents and changing of modules such as spiral
wound and tubular should be tested in order to operate in pilot scale or industrial scale.
Under these conditions, not only the efficiency of the processes in terms of organic load
or pollutant degradation must be investigated, but also the actual economical aspects of
the process. In this sense, the observed quality of NF permeate, as well as the results on
the operation, performance and costs of the NF process could give reliable information
about the performance of NF and the advantages of membrane-assisted advanced

oxidation processes versus other wastewater treatment schemes.

Secondly, to better understand the impact of membrane fouling on rejection of oxidised
effluents, more insight in the interactions between foulant material and the membrane

surface is necessary. If more knowledge is available on the compounds formed after
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oxidation and their interaction with membrane polymeric materials, it might be easier to
predict their behaviour during filtration and thus on rejection, fouling or flux. For this
purpose, a better characterisation of the used membrane surfaces and of the composition
of the oxidised effluents is essential. It could help to determine which of these
compounds mainly cause fouling and how the membrane surface properties could
modify by the deposition or internal fouling of these compounds. As both fouling and
cleaning alter the membrane characteristics, studies of long time membrane operation
and application of different membrane cleaning protocols could also give reliable data
that can be used for real application.

The use of membranes in combination with an oxidation treatment is attractive for
wastewater treatment. However, it requires the use of oxidation agents such as H,O;
that might play an important role in membrane lifetime. It is well known that polyamide
membranes, used in this work, can be degraded by oxidation agents. It could result from
loss of functional membrane properties, till production that no longer meets the
requirements in terms of volume or quality, or the sudden break down of the membrane,
resulting in a shut down of the process for maintenance, which is expensive. Although
no evidences of membrane deterioration have been seen in short-time tests, based on
these considerations, the effect of hydrogen peroxide reagents on polymeric membrane
materials needs to be investigated to allow selection of suitable membranes for the
coupling between HRP enzyme and Fenton with nanofiltration in one compacted single
unit. In addition, design and manufacture of oxidant-resistant membranes would allow
performing the oxidizing processes in combination with separation by membranes in a

safer manner.
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	Table 5.2 illustrates the effect of BPA concentration on the final conversion of BPA (XfBPA) after being subjected to Fenton treatment. The increase of BPA concentration between 100 and 300 mg/L decreases the conversion in 13.7% however; the amount of BPA destroyed in a 1L of solution for 120 min increases in all the studied concentrations. Hydroxyl radical is mainly responsible for BPA degradation and its concentration is expected to remain constant for all BPA concentrations, since H2O2 and Fe2+ initial concentration used were constant in this set of tests. The increase in BPA concentration increases the number of BPA molecules but not the hydroxyl radical concentration, so the BPA disappearance rates increase. These results demonstrate that BPA is a highly reactive species, as well as the efficient use of oxidant at higher BPA concentration. 
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	TR = 30 ºC, tR = 120 min, pH0 = 3 and 300 rpm.
	Figure 5.5 presents the temporal evolution of BPA conversion for 100, 200 and 300 mg/L of initial BPA concentration. It must be noted that the maximum conversions were immediately reached upon initiation of the reaction. The faster degradation of BPA is believed to be due to the higher efficiency for the production of a large amount of hydroxyl radicals by the reaction of Fe2+ with H2O2 (eq. 5.1). This trend also suggests that there was little competition between formed by-products and BPA for their attack by hydroxyl radicals, leading to the faster degradation of BPA and indicating that BPA is more reactive specie. 
	Figure 5.5. Fenton treatment over BPA. BPA conversion as a function of reaction time for several initial BPA concentrations. Conditions: 
	[Fe2+] = 3 mg/L, [H2O2] = 150 mg/L, pH0 = 3, TR = 30ºC and 300 rpm.
	To find out the optimal iron load, several experiments were performed by increasing the catalyst concentration from 0 to 52 mg/L. For this, the initial BPA concentration, H2O2/BPA stoichiometric molar ratio and reaction time were set at 300 mg/L, 0.20 and 120 min, respectively. The BPA achieved 93% degradation under most experimental conditions (Table 5.2). A Fe2+/H2O2 ratio as low as 0.003 already yielded a BPA degradation of 93.3%. The increase on the catalyst load improves the generation rate of hydroxyl radicals, which in turn leads to a higher radical attack probability. However, an increase of the mineralization was not observed with the further increase of the catalyst concentration. Beyond Fe2+/H2O2 = 0.003, the XfCOD and XfTOC remained almost unaltered despite increasing doses of Fe2+. Thus, the use of a much greater Fe2+ concentration could also lead to the self-scavenging of hydroxyl radicals by Fe2+ (eq. 5.3) so there is not further degradation of the intermediates created. Likewise, the ferric ions generated during Fenton reaction could be coordinated by the benzene rings, thus stabilized, inhibiting the cyclic mechanism of Fenton process, therefore hammering the regeneration of ferrous ions, and stopping the formation of new radicals responsible of the degradation. It was also observed that in the absence of Fe2+, there was a significant degradation, indicating that H2O2 can directly react with BPA without any catalyst. From the experiments in the range studied, it is possible to conclude that higher iron load has not too much impact on BPA degradation in Fenton treatment. 
	The BPA degradation rate as a function of the reaction time for several Fe2+/H2O2 molar ratio is shown in Figure 5.7. It is noteworthy that, at this low H2O2/BPA, the BPA is rapidly consumed and the final conversion reached in minutes. Given the low XfCOD and XfTOC simultaneously achieved, this again evidences that the radicals are preferentially consumed by the BPA instead of by the oxidation intermediates produced. This behaviour clearly indicates that the BPA is highly reactive and its destruction is easily completed with low doses of H2O2. In contrast, in the absence of Fe2+, the reaction progresses more slowly and stops at near 20% conversion. As the initial amount of H2O2 is in excess, if just the BPA disappearance is considered, and could reach total BPA elimination, this suggests that there occurs a self-decomposition of the H2O2 even in absence of catalyst.
	Figure 5.7. Fenton treatment over BPA. BPA conversion as a function of reaction time for several Fe+2/H2O2 molar ratios. Conditions: 
	[BPA] = 300 ppm, H2O2/BPA = 0.20, pH0 = 3, TR = 30 ºC and 300 rpm.
	In addition, Table 5.2 collects the absorbance (abs) of the pre-oxidized effluents spectrophotometrically measured at a 400 nm wavelength. The colour differences or absorbencies could be correlated with the formation of coloured aromatic intermediates. Mijangos et al. (2006) analyzed the development of dark colour observed in phenol oxidation by Fenton liquor. They related the colour generation to three main contributions: 1) phenol can be degraded to dihydroxylated rings (catechol, resorcinol, and hydroquinone), which generate higher coloured compounds such as ortho- and parabenzoquinone; 2) the dihydroxylated rings can react with their own quinones to generate charge transfer complexes (quinhydrone), compounds imparting a dark colour at low concentrations; and 3) iron reacts with hydrogen peroxide to form ferric ions that can coordinate to benzene rings producing highly coloured metal complexes. 
	Since BPA is formed by two phenol rings, colour generation might be related with the production of those intermediates, also expected. It was visually observed during BPA oxidation by Fenton that, in the first minutes of the reaction, the BPA solution underwent a fast colour change from colourless to dark brown in less than 5 min. Later, depending on reaction conditions, it began to slowly clear up back to a light brown. Regarding Table 5.2, the effect of the initial H2O2 amount on colour formation showed to have a maximum value. For H2O2/BPA=0.20 the absorbance at 400 nm was 0.6523. During the first steps of oxidation, highly coloured intermediate compounds such as p-benzoquinone (yellow) and o-benzoquinone (red) could be generated (Santos et al. 2002). Their colour comes from their quinoidal structure, which contains chromophore groups substituted in benzene rings. In addition, the mixture of single p-benzoquinone and hydroquinone (colourless) solutions fits brown colour, resulting of occasional intermolecular interactions between quinones and dihydroxylated rings. All these coloured species are very stable due to the conjugated carbonyl groups contained in their internal structure, which render difficult to their further degradation. Consequently, colour formation is also promoted by higher H2O2/BPA stoichiometric molar ratio up to 0.20 by speeding up the degradation of BPA to coloured compounds. When H2O2/BPA stoichiometric ratio is higher than 0.20 the final colour decreased back due to the significant degradation of the coloured quinones, which need high oxidant doses. 
	The final pH, pHf, of the oxidized effluent is also shown in Table 5.2. The uncontrolled pH slightly decreases along the reaction in all conditions tested. The highest decrease was observed in the evaluation of the effect of H2O2/BPA stoichiometric molar ratio; the pH varied from 2.98 to 2.43 for 0.05 to 1.00 in the H2O2/BPA stoichiometric molar ratio, respectively. These pHs suggest the formation of acid species in the reaction medium. As already mentioned in section 5.2.3.1, Torres et al (2007) and Poerschmann et al (2010) reported the formation of aromatic intermediates during oxidative degradation of BPA by Fenton. They detected a wide variety of aromatic products, including the occurrence of aromatic intermediates larger than BPA. However, ring opening products, such as lactic, acetic and dicarboxylic acids, were mostly detected. The decrease in the pH should be related to the presence of these acid species. 
	Figure 5.8. Fenton treatment over TAR. TAR conversion as a function of reaction time for several TAR initial concentrations. Conditions: 
	[Fe2+] = 6 mg/L, [H2O2] = 300 mg/L, pH0 = 3, TR = 30 ºC and 300 rpm.
	Figure 5.9. Fenton treatment over TAR. TAR conversion as a function of reaction time for several H2O2/TAR stoichiometric molar ratios. Conditions: 
	[TAR]0 = 300 mg/L, Fe2+/H2O2 = 0.012, pH0 = 3, TR = 30 oC and 300 rpm.
	Figure 5.10. Fenton treatment over TAR. TAR conversion as a function of reaction time for several Fe+2/H2O2 molar ratios. Conditions: 
	[TAR]0 = 300 mg/L, H2O2/TAR = 0.17, pH0 = 3, TR = 30 ºC and 300 rpm.





