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Abstract 

Agroindustry is a fundamental area of the global economy, where wine production is 

an important sector. According to the International Organization of Vine and Wine (OIV), 

in 2021, a production of 260 MhL of wine was reached around the world. Considering 

that each liter of wine needs about two to five liters of water in the different 

washing/cleaning operations in the cellar, it can be estimated the generation of high 

volumes of winery wastewater (WW). WW is a complex effluent characterized by a high 

level of recalcitrant organic matter, such as polyphenols, which can pose toxicity to its 

degradation by conventional biological treatment processes. Thus, wine production 

presents two considerable challenges: (1) the high volume of water consumed and (2) the 

consequent generation of wastewater and sludges with potential toxicity. To reduce the 

impact of wine production, and in view of a circular economy approach, the main aim of 

this thesis was the reduction of the organic load and polyphenols from the WW by 

coagulation-flocculation and advanced oxidation processes (AOPs) trying to achieve the 

legal limits for treated water reuse. 

Initially, it was studied an oxidation system based on the application of Fenton process 

to degrade a phenolic model compound (caffeic acid (CA)) present in relative abundance 

in WW. Although results showed high removal (92.3%), there was still CA remaining 

after the 15 min of reaction time. With the addition of a radiation source (UV-A LED) 

emitting at 365 nm, CA degradation achieved 99.9% within the same reaction time. 

Several studies showed that UV-A-Fenton reactions were sensible to parameters such as 

pH, H2O2 and Fe2+ concentrations. Results also showed that although higher 

concentrations of H2O2 and Fe2+ increased the kinetic rate of CA removal, little 

improvement was observed in terms of energy consumption reduction. Afterwards, a 

continuous reactor was studied using the best conditions found in batch mode, with results 

showing an increase of the kinetic rate of CA degradation and dissolved organic carbon 

(DOC) removal. 

A real winery wastewater presents a complex composition with high level of organic 

load (COD and BOD5), total suspended solids (TSS), dissolved organic carbon (DOC) 

and total polyphenols (TPh). In a first work, a WW pre-treatment by coagulation-

flocculation-decantation (CFD) with a plant-based coagulant (Acacia dealbata Link 

leaves powder (LP)) was studied. The results showed that with a LP:DOC ratio of 0.5:1 

it was achieved 18% of DOC removal. In order to reduce the remain DOC, it were tested 

three different photo-Fenton-based AOPs. Results showed that using Acacia dealbata LP 
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as a pre-treatment allowed the reduction of turbidity, TSS and total polyphenols (TPh), 

increasing the penetration of radiation into the water, thus, DOC removals reached of 

98.2, 96.2 and 95.4%, for respectively, photo-Fenton, photo-Fenton-like and 

heterogeneous photo-Fenton, with a cost of 1.55, 1.81 and 1.81 ú/g/L DOC. 

In a deeper study using plant-based coagulants, it were performed three additional 

works combining different strategies to minimize the operational limitations of photo-

Fenton-based processes, such as acidic pH and sludge formation. In this way, (1) 

ethylenediamine-N,N'-disuccinic acid (EDDS) was used as a chelation agent to reduce 

the precipitation of iron, (2) ferrocene (Fc) as a heterogeneous catalyst and (3) the study 

of persulfate (KPS) as oxidant.  

The results showed that EDDS increased the concentration of Fe2+ in solution reaching 

a near complete removal of DOC using UV-C radiation at pH 6.0. It was also observed 

that solar radiation achieved considerable DOC removals and the biodegradability index 

increased, thus the remaining wastewater could be discharged as domestic effluent. The 

application of Fc showed high efficiency in DOC removal. It was observed that the Fc 

catalysts releases the iron very slowly, incorporating part of the iron back inside, thus 

only Fermiôs kinetic model explained the results obtained. In a different work, H2O2 was 

applied in combination with KPS, showing high efficiency for DOC removal, with lower 

concentration of H2O2 required. A cost analysis revealed that treatment costs decreased 

with application of CFD with KPS-photo-Fenton. In all these three works, the wastewater 

reached the Portuguese legal values for wastewater discharge. 

In line with the previous work, natural-based coagulants often used in oenology, such 

as bentonite clay, were studied. The capacity of bentonite to adsorb organic carbon from 

the wastewater was tested, with results showing 61.1% total organic carbon (TOC) 

removal with application of 5.0 g/L at pH 3.0. The remaining TOC was degraded by the 

combination of KPS with sodium percarbonate (SPC). The advantages of SPC consisted 

in the slow release of H2O2, avoiding scavenger reactions. In this study, it was used high 

temperatures to activate sulfate radicals, avoiding metal catalysts. Results showed that 

combining bentonite adsorption with SPC-KPS treatment a removal of 76.7% TOC was 

achieved.   

The activation of sulfate radicals was further studied by combining a CFD process 

using almond skin extract (ASE) as a coagulant and UV/Co2+/PMS as the oxidation 

system. Results showed that ASE achieved high COD and DOC removal with application 

of 0.5 g/L of ASE at pH 3.0 (61.2 and 56.8%, respectively). A Box-Behnken Response 



vi 

 

Surface Methodology was used to study the relationship between PMS and Co2+ 

concentrations and radiation intensity. With application of the best conditions (pH = 6.0, 

[PMS] = 5.88 mM, [Co2+] = 5 mM, T = 343 K, time 240 min) the COD removal increased 

to 85.9, 82.6 and 80.2%, respectively, for UV-A, UV-C and ultrasound (US) reactors.  

In a final work, it was tested the efficiency of CFD with oenological coagulants 

combined with ozonation for the removal of organic matter from WW. The WW was 

initially treated by CFD process, using a simplex lattice design (SLD) to evaluate the best 

mixture between bentonite, potassium caseinate and polyvinylpolypyrrolidone (PVPP). 

Results showed that with application of 0.48 g/L potassium caseinate and 0.52 g/L 

bentonite allowed to achieve 98.3, 97.6, 48.0, and 44.6% removal of turbidity, TSS, COD 

and TOC. To complement this treatment, ozonation process was studied. Different AOPs 

(O3, O3/CFD and CFD/O3) were evaluated, showing that the combination of O3/CFD and 

CFD/O3 achieved 66.1 and 65.5%, respectively. In addition, an analysis of the phenolic 

content showed a near complete removal of flavonoids, non-flavonoids, total and colored 

anthocyanins, total pigments and tannins. 

In conclusion, the results obtained in this thesis support the idea that green 

technologies based in plant and natural products are potential alternatives to metallic-

based coagulants. It can be also concluded that advanced oxidation processes (particularly 

photo-Fenton-based processes) are efficient technologies for the degradation of 

recalcitrant organic carbon present in WW, allowing a future reuse of treated wastewater. 

 

Keywords: Advanced oxidation processes; coagulation-flocculation-decantation; plant-

based coagulants; ozonation; Fenton-based processes; phenolic compounds; water reuse.  
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Resumen 

Introducci·n 

La agroindustria es un §rea fundamental de la econom²a mundial, donde la producci·n 

de vino es un sector importante. Seg¼n la Organizaci·n Internacional de la Vi¶a y el Vino 

(OIV), en 2021 se alcanz· una producci·n de 260 MhL de vino en todo el mundo. 

Teniendo en cuenta que cada litro de vino necesita de dos a cinco litros de agua en las 

diferentes operaciones de lavado/limpieza de la bodega, se puede estimar la generaci·n 

de grandes vol¼menes de aguas residuales resultantes de la producci·n de vino. Los 

efluentes vitivin²colas (EV) son efluentes complejos caracterizados por elevados valores 

de materia org§nica incluyendo polifenoles, nutrientes que conducen a la eutrofizaci·n, 

salinidad, acidez y s·lidos en suspensi·n. As², la producci·n de vino presenta dos desaf²os 

considerables: (1) el grande volumen de agua consumida y (2) la consecuente generaci·n 

de aguas residuales y lodos, por veces, con potencial toxicidad. Los procesos biol·gicos 

muchas veces son insuficientes para degradar la materia recalcitrante, particularmente 

debido a la baja biodegradabilidad que presentan este tipo de aguas residuales. Por este 

motivo, los procesos de oxidaci·n avanzada (POA) aparecen como una hip·tesis de 

tratamiento sostenible, alternativa y/o complementaria a los tratamientos biol·gicos. En 

los POA se generan radicales hidroxilo (HO
Å
), que son ventajosos ya que (1) tienen un 

alto potencial de oxidaci·n (2,80 V), (2) no generan residuos adicionales, (3) no son 

t·xicos y (4) son simples de generar. 

La elevada turbidez y presencia de s·lidos suspendidos totales (SST) que son una 

caracter²stica de los EV, pueden plantear problemas a la eficiencia de los POA, debido al 

(1) bloqueo de la radiaci·n, reduciendo el contacto con oxidantes o catalizadores, (2) 

scavenger de radicales y (3) al aumento del consumo de reactivos. Por estas razones, se 

debe explorar un pretratamiento para reducir la turbidez de los EV antes de la aplicaci·n 

de POA, basado en coagulaci·n-floculaci·n-decantaci·n (CFD). En CFD, se a¶ade un 

coagulante a lo EV, para desestabilizar y aumentar el tama¶o de las part²culas coloidales 

en suspensi·n, forzando su precipitaci·n por gravedad. Muchas plantas de tratamiento de 

aguas residuales emplean sales met§licas de hierro y aluminio en el proceso de CFD; sin 

embargo, surgen varios problemas, como (1) la producci·n de grandes vol¼menes de lodo 

de hidr·xido met§lico (t·xico), (2) un v²nculo entre la neurotoxicidad del aluminio y la 

patogenia de la enfermedad de Alzheimer, (3) altamente sensible al pH, (4) ineficaz frente 

a part²culas muy finas, entre otros. Para reducir el impacto de la producci·n de vino, y 

bajo un enfoque de econom²a circular, el objetivo principal de esta tesis fue la reducci·n 



viii  

 

de la carga org§nica y de polifenoles de los EV mediante procesos de coagulaci·n-

floculaci·n y oxidaci·n avanzada tratando de lograr los l²mites legales para la 

reutilizaci·n del agua tratada. 

 

Trabajo experimental 

Inicialmente, se desarroll· un trabajo experimental, con el objetivo de comprender el 

efecto de varios POA en la degradaci·n de compuestos fen·licos en soluci·n acuosa. Para 

este prop·sito, se seleccion· el §cido cafeico (AC) como compuesto modelo, ya que este 

§cido existe en casi todos los tipos de aguas residuales agroindustriales, incluidas las 

aguas residuales resultantes de la producci·n de vino. Los experimentos discontinuos 

incluyeron la prueba de diferentes POA (H2O2, UV-A, Fe
2+ + UV-A, H2O2 + UV-A, 

Fenton y UV-A-Fenton), y los resultados mostraron una eliminaci·n importante de §cido 

cafeico, con destaque para la aplicaci·n de UV-A-Fenton. El UV-A-Fenton se optimiz· 

probando diferentes valores de pH, concentraciones de H2O2 y Fe
2+. Los resultados 

mostraron que a pH 3,0 se logr· la eliminaci·n de AC m§s significativa, disminuyendo la 

eficiencia de UV-A-Fenton a medida que el pH aumenta por encima de 3,0. Con la 

aplicaci·n de concentraciones de H2O2 y Fe
2+ de 22x10-4 mol L-1 y 1,1x10-4 mol L-1, 

respetivamente. Las velocidades cin®ticas de pseudo-primer orden aumentaron, sin 

embargo, la energ²a el®ctrica por orden (EEO) no mostr· una reducci·n significativa. En 

estas condiciones se emple· un reactor continuo, ensayando diferentes caudales (1, 2 y 4 

mL min-1). Los resultados mostraron que se logr· un estado estacionario de AC despu®s 

de 0,04 valores de espacio-tiempo, mientras que la mineralizaci·n de AC mostr· un 

estado estacionario de 0 a 0,02 valores de espacio-tiempo. Claramente, el AC fue 

r§pidamente degradado por los radicales HO
Å
, sin embargo, los subproductos fueron m§s 

dif²ciles de mineralizar. Con base en los resultados, se concluy· que UV-A-Fenton en 

modo continuo podr²a ser un m®todo eficiente para la reducci·n del carbono org§nico. 

Se realiz· un segundo estudio con el objetivo de tratar un efluente vitivin²cola y la 

posibilidad de reutilizar el agua tratada para riego y los lodos para fertilizante. Para lograr 

este objetivo, se recolectaron hojas de Acacia dealbata y se procesaron en part²culas de 

polvo fino. Se observ· que el polvo de hojas (PH) ten²a prote²nas cati·nicas en su 

composici·n y el an§lisis SEM mostr· una alta capacidad de absorci·n. El polvo de hojas 

se prob· a diferentes pH y concentraciones. Los resultados mostraron que mediante la 

aplicaci·n de las mejores condiciones pH = 3.0, [PH] = 200 mg/L, COD = 400 mg C/L, 

V = 500 mL, temperatura 298 K, mezcla r§pida 150 rpm/3 min, mezcla lenta 20 rpm/20 
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min, tiempo de sedimentaci·n 12 h, se logr· la remoci·n de turbidez, s·lidos suspendidos 

totales (SST) y s·lidos vol§tiles totales (SVT). El lodo fue recuperado y utilizado en la 

germinaci·n de semillas de pepino y r§bano, con resultados que muestran un alto ²ndice 

de germinaci·n y crecimiento radicular. Para reducir el carbono org§nico restante, se 

probaron varios POA y los resultados mostraron una reducci·n considerable del carbono 

org§nico disuelto (COD) y los polifenoles totales (PT) para CFD-photo-Fenton, CFD-

photo-Fenton-like y CFD-heterogeneous photo-Fenton. 

Se caracteriz· el efluente vitivin²cola (EV), mostrando alto valor de turbidez, SST, PT 

y DQO. Debido a estas caracter²sticas, se impuso un tratamiento en dos etapas: CFD y 

POA, con el objetivo de estudiar procesos m§s sostenibles para tratar EV y alcanzar los 

valores legales para descarga de aguas residuales. Inicialmente, una especie invasora 

(Acacia dealbata) y tres nativas (Quercus ilex, Platanus x acerif·lia y Tanacetum 

vulgare) fueron colectadas y utilizadas como coagulantes de origen vegetal (COV). Los 

COV se optimizaron mediante la variaci·n del pH frente a la concentraci·n y la velocidad 

de agitaci·n. Finalmente, se utiliz· polivinilpolipirrolidona (PVPP) para mejorar la 

eficiencia del coagulante y lograr una mayor reducci·n de la turbidez, de SST y de DQO. 

Adem§s, se demostr· que la PVPP aumenta la compactaci·n de los lodos, lo que permite 

una mayor recuperaci·n de agua. Para degradar la DQO restante, se probaron 3 reactores 

diferentes (UV-C, UV-A y solar) para mejorar la generaci·n de radicales en un sistema 

EDDS-photo-Fenton. Los resultados mostraron que EDDS redujo la precipitaci·n de 

hierro a pH 6,0, por lo que el agua podr²a tratarse en un rango de pH m§s alto, cumpliendo 

con la legislaci·n. La combinaci·n de COV con solar-Fenton mostr· un aumento de la 

biodegradabilidad de EV, por lo que se podr²a aplicar un proceso biol·gico para degradar 

la DQO restante. 

En un trabajo posterior, se utilizaron dos coagulantes enol·gicos (bentonita y caseinato 

de potasio), tres coagulantes naturales y cloruro f®rrico para tratar un EV, con el objetivo 

de potenciar la cat§lisis heterog®nea. Los resultados mostraron que los coagulantes 

enol·gicos y los coagulantes naturales ten²an la capacidad de alcanzar remociones de 

COD similares a las del cloruro f®rrico. Para degradar el COD restante, se investig· la 

cat§lisis heterog®nea, utilizando ferroceno (Fc) como catalizador. El foto-Fenton 

heterog®neo se optimiz· mediante la variaci·n del pH, la adici·n ¼nica versus m¼ltiple 

de H2O2, la concentraci·n de H2O2 y Fc. Los resultados de eliminaci·n de COD se 

ajustaron a un modelo cin®tico de Fermi, y los resultados mostraron la tasa cin®tica m§s 

alta (kCOD = 0,0432 min
-1) con la aplicaci·n de pH = 3,0, [H2O2] = 194 mM, [Fc] = 0,50 
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g/L, tiempo = 240 min. La combinaci·n de CFD con foto-Fenton heterog®neo mostr· que 

la aplicaci·n de coagulantes enol·gicos y naturales mejor· el proceso catal²tico, sin 

embargo, el cloruro f®rrico disminuy· la capacidad del foto-Fenton heterog®neo para 

reducir el carbono org§nico. Adem§s, el foto-Fenton heterog®neo de cloruro f®rrico 

mostr· valores no biodegradables, por lo que se puede concluir que los coagulantes 

enol·gicos y naturales podr²an ser una alternativa factible a los coagulantes de base 

met§lica. 

El efluente vitivin²cola ha demostrado en trabajos anteriores que es muy dif²cil de 

tratar, lo que lleva al consumo de altas cantidades de reactivos para reducir el carbono 

org§nico disuelto en el agua. Una separaci·n de EV de producci·n de vino tinto y blanco 

podr²a, en teor²a, reducir la dificultad del tratamiento, considerando la diferente 

composici·n, particularmente en contenido fen·lico. Por lo tanto, el objetivo de este 

trabajo fue evaluar el efecto de la separaci·n de EV tinto y blanco bajo tratamiento CFD 

y fotocatal²tico. Tambi®n tuvo como objetivo evaluar enfoques m§s sostenibles, mediante 

la aplicaci·n de coagulantes org§nicos naturales (CON) a base de semillas de Dactylis 

glomerata L., Daucus carota L., Festuca ampla Hack., Tanacetum vulgare L. y Vitis 

vinifera L. rachis. Tambi®n tuvo como objetivo evaluar el efecto de la combinaci·n de 

persulfato/per·xido de hidr·geno en la generaci·n de radicales y la remoci·n de carbono 

org§nico. El an§lisis FTIR revel· la presencia de §cidos grasos, carbohidratos y lignina, 

lo que significaba que los CON ten²an materiales a base de carbono en su composici·n. 

Tambi®n se demostr· la presencia de prote²nas cati·nicas con carga el®ctrica. El an§lisis 

SEM revel· que los CON ten²an una alta capacidad de adsorci·n con muchos espacios 

libres y poros bien definidos. El an§lisis inicial mostr· que los CON lograron una mayor 

eficiencia a pH 3,0, que era el pH de lo EV real, por lo que no se requirieron costos para 

el cambio de pH. Para comprender la eficiencia de los CON, se prob· el cloruro f®rrico 

en paralelo, y los CON revelaron una eficiencia similar a la del cloruro f®rrico. Para 

degradar el COD restante de lo EV, se estudiaron diferentes POA. Los resultados 

mostraron mejor cin®tica con la aplicaci·n de foto-Fenton (kCOD = 6,89x10
-3 min-1). Para 

mejorar el proceso de foto-Fenton y reducir la dependencia de H2O2, se agregaron KPS y 

PMS. Las condiciones [COD]0 = 400 mg C/L, [Fe
2+] = 2,5 mM, [H2O2] = 154,9 mM, 

[KPS] = 1,0 mM, pH = 3,0, radiaci·n UV-C mercurio l§mpara (254 nm), agitaci·n 350 

rpm, temperatura 298K, tiempo de reacci·n 240 min alcanzaron una mayor cin®tica (kCOD 

= 14,50 min-1) que el proceso foto-Fenton. El siguiente paso incluy· la aplicaci·n de CFD 

+ KPS-photo-Fenton combinados para tratar un EV tinto y blanco. Los resultados 
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mostraron altas remociones de COD con menores consumos de H2O2, que la aplicaci·n 

de KPS-photo-Fenton solo. Estos menores consumos fueron claramente motivados por la 

reducci·n de turbidez, SST y PT lograda desde el proceso CFD inicial. El proceso 

combinado, conjunto con separaci·n de EV tinto y blanco permiti· una reducci·n del 

consumo energ®tico y del coste del tratamiento. Con base en los resultados de este trabajo, 

se concluy· que la aplicaci·n de CON mejora en gran medida el proceso KPS-photo-

Fenton. Tambi®n se concluye que KPS mejora la eficiencia del proceso foto-Fenton para 

la degradaci·n de COD de EV. 

Aunque trabajos anteriores mostraron una alta eficiencia del proceso foto-Fenton, la 

precipitaci·n de hierro sigue siendo uno de los principales problemas asociados con este 

tipo de procesos. Por lo tanto, se deben evaluar nuevos procesos de tratamiento, con el 

objetivo de reducir la dependencia de los catalizadores en los procesos de cat§lisis. Se 

someti· un EV a un proceso combinado de adsorci·n/termocatal²tico, sin la adici·n de 

catalizadores para acelerar la generaci·n de radicales. En un paso inicial se a¶adi· 

bentonita (Na-Mt) como agente de adsorci·n, considerando su capacidad para adsorber 

grandes cantidades de agua. Se probaron diferentes concentraciones de bentonita y pH, 

con resultados que mostraron una reducci·n de carbono org§nico total (COT) del 61,1 % 

en condiciones [Na-Mt] = 5,0 g/L, pH = 3,0, V = 500 mL, agitaci·n 350 rpm, T = 298 K, 

t = 24 h. Para el proceso de oxidaci·n termocatal²tica se estudi· la activaci·n de KPS en 

combinaci·n con percarbonato de sodio (PCS). Los experimentos iniciales mostraron que 

PCS puede liberar grandes cantidades de H2O2 al agua y el carbonato se evapora como 

CO2. Se tomaron varios pasos de optimizaci·n, incluido el estudio del efecto de la 

relaci·n S2O8
2-
/H2O2, S2O8

2-
/H2O2 dosificaci·n, pH y temperatura de H2O2. Los resultados 

mostraron que, en las mejores condiciones, S2O8
2-
/H2O2 = 1:0,25, S2O8

2-
/H2O2 dosis = 

0,1:0,025 (g/g), pH = 7,0, T = 343 K, agitaci·n 350 rpm, t = 2 h), se logr· una alta 

generaci·n de radicales SO4
Å-
 y HO

Å
 logrando una remoci·n de COT del 63,4%. Para 

mejorar la remoci·n de carbono org§nico se realiz· el proceso combinado, observ§ndose 

un aumento de remoci·n de COT a 76,7%. Claramente, estos resultados podr²an atribuirse 

a turbidez, SST y PT removidos durante el proceso de adsorci·n. Para entender el tipo de 

compuestos fen·licos que se vieron afectados, se realiz· una diferenciaci·n de los 

fen·licos, en los cuales las antocianinas totales y los taninos fueron los m§s removidos 

despu®s del proceso combinado, lo que result· en una disminuci·n de color como lo 

muestra el CIELab (L = 95,5, a = 1,02, b = 8,34). Finalmente, se han realizado ensayos 
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de germinaci·n con semillas de cebolla, pepino, lechuga y ma²z, en el que los EV tratados 

mostraron un alto ²ndice de germinaci·n (IG Ó 80%), por lo que las aguas residuales 

tratadas podr²an reutilizarse para riego. 

Las agroindustrias son necesarias para el desarrollo de la sociedad humana, debido a 

las exigencias diet®ticas, y considerando el aumento del n¼mero de personas, es necesario 

aumentar el contenido de los productos alimenticios. Por ello se observa un crecimiento 

de la producci·n de productos alimenticios, entre los que se encuentra la producci·n de 

vino y almendra. Estas agroindustrias, en sus procesos de transformaci·n, generan 

significativos vol¼menes de EV y subproductos de almendras (como c§scara y piel). As², 

con el fin de disminuir el impacto ambiental de estas dos industrias, en este trabajo se 

produjo un extracto de piel de almendra (EPA) para separar los s·lidos de los EV, con el 

objetivo de reciclar los lodos como fertilizante. Para remover la materia org§nica disuelta 

en el agua, se prob· la activaci·n de radicales sulfatos. Para optimizar los experimentos 

CFD, se probaron diferentes rangos de pH (3,0 - 11,0) frente a concentraciones de EPA 

(0,1 - 2,0 g/L). Con aplicaci·n de condiciones de operaci·n: mezcla r§pida (rpm/min) = 

150/3, mezcla lenta (rpm/min) = 20/20, tiempo de sedimentaci·n 4 h, se observ· alta 

reducci·n de turbidez y de SST. Los resultados tambi®n mostraron que al aumentar el pH 

> 3,0, se observ· una menor eliminaci·n de PT, DQO y COD. Esto puede ser explicado 

por el punto isoel®ctrico de las prote²nas cati·nicas fijado en 4,73. Finalmente, se 

recuper· el lodo y se realiz· un ensayo de germinaci·n utilizando semillas de pepino y 

ma²z, con resultados que mostraron un alto crecimiento radicular y un IG Ó 80%, por lo 

que el lodo pudo ser reciclado como fertilizante. Para degradar la DQO remanente, se 

realiz· una Response Surface Methodology (RSM) ï Box-Behnken (BB), en la que se 

estudiaron tres variables (concentraciones de PMS y Co2+ e intensidad de radiaci·n). Las 

mejores condiciones obtenidas por este m®todo ([PMS] = 5,88 mM, [Co2+] = 5 mM, 

intensidad de radiaci·n = 32,7 W m-2) fueron optimizadas, mediante la variaci·n del pH, 

temperatura, tipo de catalizador y forma de adici·n. Utilizando la ecuaci·n de Arrhenius, 

se observ· que se requer²a una energ²a de 16,07 kJ mol-1 para la activaci·n de los radicales 

sulfato. Las mejores condiciones pHi = 6.0, [PMS] = 5.88 mM, [Co2+] = 5 mM, T = 343 

K, tiempo = 240 min fueron probadas bajo diferentes fuentes de radiaci·n (UV-A, UV-C 

y ultrasonido), en las cuales todas las fuentes de radiaci·n mostraron gran capacidad de 

remoci·n de PT. Al EV pretratado se han estudiado las tres fuentes de radiaci·n distintas 

y los resultados mostraron una alta remoci·n de DQO y un aumento de la 

biodegradabilidad para valores superiores a 0,3. Por lo tanto, se puede concluir que la 
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aplicaci·n de EPA con UV-A y reactores de ultrasonido son procesos eficientes y 

sostenibles para el tratamiento de WW. 

Los pa²ses del Sur de Europa tienen una extensa producci·n vitivin²cola, lo que 

conlleva la generaci·n de grandes vol¼menes de aguas residuales debido a la realizaci·n 

de actividades necesarias para asegurar la higienizaci·n de las bodegas. Considerando el 

alto contenido en turbidez y SST, un proceso CFD puede lograr una gran reducci·n de 

este tipo de par§metros. Sin embargo, debido a la necesidad de encontrar alternativas m§s 

sostenibles, en este trabajo se probaron tres coagulantes enol·gicos (bentonita, caseinato 

de potasio y PVPP), muy utilizados en enolog²a. Se utiliz· un reactor discontinuo que 

emplea un generador de ozono y una l§mpara UV-C, con el objetivo de reutilizar el agua 

para riego. El proceso de CFD se optimiz· mediante la aplicaci·n de un Simplex Lattice 

Design (SLD), en el que se realizaron siete ensayos, empleando diferentes mezclas de los 

3 coagulantes. En las mejores condiciones 0,48 g/L de caseinato de potasio, 0,52 g/L de 

bentonita, pH 4,0, temperatura 298 K, mezcla r§pida 150 rpm/3 min, mezcla lenta 20 

rpm/20 min, tiempo de sedimentaci·n 12 h, se logr· 98,3, 97,6 y 87,8%, remociones de 

turbidez, SST y PT. Para la remoci·n de carbono org§nico se emple· un reactor de ozono. 

El an§lisis inicial mostr· que la combinaci·n de O3 + Fe
2+ + UV-C lograba la mayor 

generaci·n de radicales O3
Å-
 y HO

Å
, lo que conduc²a a una mayor eliminaci·n de COT. Se 

variaron las concentraciones de pH y Fe2+ y en las mejores condiciones pH = 4,0, [Fe2+] 

= 1,0 mM, caudal de ozono 5 mg/min, caudal de aire 1,0 L/min, agitaci·n 350 rpm, tiempo 

600 min, radiaci·n UV-C l§mpara de mercurio (254 nm), se logr· una remoci·n de COT 

de 632,% y un EEO = 1843 kWh m
-3 orden-1. Los procesos combinados alcanzaron una 

remoci·n de COT de 66,1% (O3 ï CFD) y 65,5% (CFD ï O3) y una remoci·n casi 

completa de PT. Los tratamientos combinados O3/CFD y CFD/O3 tuvieron valores 

negativos para æa* y æb* (ī1.90 y ī3.29), lo que indic· una reducci·n en el color rojo y 

amarillo. La luminosidad (L*) aument· de 0,0% (EV sin procesar) a 99,7 y 100%, 

respectivamente, lo que signific· que los compuestos fen·licos estaban directamente 

relacionados con el color amarillo oscuro de las aguas residuales. Finalmente, se realiz· 

un ensayo de germinaci·n con semillas de cebolla, pepino, lechuga y ma²z, con un IG 

final Ó 80%, por lo que el agua residual puede ser reutilizada para riego. 

 

Conclusiones 

El trabajo realizado de suporte a esta tesis procurou encontrar enfoques m§s sostenibles 

para el tratamiento de EV, apuntando tambi®n al reciclaje de lodos como fertilizante y 



xiv 

 

reutilizaci·n del agua para riego, aumentando as² el valor de los tratamientos aplicados. 

Para lograr estos objetivos, el proceso CFD se estudi· intensamente, explorando 

coagulantes de origen vegetal y coagulantes enol·gicos, utilizados habitualmente en la 

elaboraci·n del vino, que no representan una amenaza para el medio ambiente. Adem§s, 

se explor· c·mo el proceso CFD podr²a mejorar la eficiencia de tratamientos qu²micos, 

en particular Procesos de Oxidaci·n Avanzada. Con base en los resultados obtenidos, las 

principales conclusiones son las siguientes: 

1. El reactor UV-A es muy eficiente para la generaci·n de radicales HO
Å
, lo que lleva 

a una alta remoci·n de §cido cafeico. Tambi®n se demuestra que los reactores UV-A se 

pueden usar en sistemas continuos; 

2. Las hojas de Acacia dealbata pueden ser recuperadas y utilizadas como polvo 

coagulante en el tratamiento de EV, permitiendo as² la valorizaci·n de una especie vegetal 

invasora. Los lodos producidos pueden ser reciclados y usados como fertilizantes, 

consiguiendo un alto crecimiento radicular. En combinaci·n con procesos basados en 

Fenton (foto-Fenton, foto-Fenton-like y foto-Fenton heterog®neo), se logra la remoci·n 

de alto contenido de carbono org§nico disuelto; 

3. Se pueden recolectar y utilizar diferentes partes de la planta (polen de Acacia 

dealbata Link., piel de bellota y harina de bellota de Quercus ilex L., semillas de Platanus 

x acerif·lia (Aiton) Willd. y semillas de Tanacetum vulgare L.) para producir coagulantes 

con alta capacidad para remover turbidez y SST de efluentes vin²colas. Para reducir la 

precipitaci·n de hierro en el proceso foto-Fenton, el EDDS se puede emplear como agente 

quelante, mejorando la capacidad del proceso de oxidaci·n a pH 6.0. Se concluye el 

empleo de la radiaci·n solar para generar altas cantidades de radicales HO
Å
 y aumentar la 

biodegradabilidad de los EV > 0,30, con reducido consumo energ®tico; 

4. Se concluye que Dactylis glomerata L. y Festuca ampla Hack. semillas, Vitis 

vinifera L. rachis, bentonita y caseinato de potasio tienen una capacidad similar para 

reducir los par§metros de turbidez y SST de EV. Se concluye que el ferroceno puede 

emplearse para foto-Fenton heterog®neo con alto impacto en la reducci·n de materia 

org§nica. El proceso combinado mejora la biodegradabilidad de las aguas residuales > 

0,30, por lo que se pueden aplicar procesos biol·gicos para remover el carbono org§nico 

restante; 

5. Las especies Daucus carota L., Dactylis glomerata L. y Festuca ampla Hack., 

Tanacetum vulgare L. y V²tis vinifera L. pueden utilizarse para producir coagulantes 

naturales con alto impacto en la turbidez y remoci·n de SST. Tambi®n se concluye que 
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KPS puede mejorar el proceso de foto-Fenton con una significativa eliminaci·n de COD. 

La combinaci·n de ambos procesos permite que los EV tratados alcancen los valores 

legales para la descarga de aguas residuales; 

6. Se concluye que la bentonita es muy efectiva en la reducci·n del carbono org§nico 

presente en los EV por adsorci·n. Tambi®n se muestra en este trabajo que KPS y PCS 

pueden activarse sin el empleo de catalizadores logrando una alta remoci·n de carbono 

org§nico, y el agua puede ser reutilizada para riego; 

7. La piel de almendra se puede procesar para generar un extracto l²quido capaz de 

tratar EV por proceso CFD. El lodo producido se puede reciclar como fertilizante, 

aumentando el valor del proceso. Tambi®n se muestra que los radicales sulfato pueden ser 

activados por radiaci·n UV-C, UV-A y ultrasonido, lo que conduce a una alta eliminaci·n 

de carbono org§nico y mejora la biodegradabilidad de las aguas residuales; 

8. Se concluye que la mezcla de coagulantes enol·gicos bentonita + caseinato de 

potasio es efectiva para la reducci·n de EV altamente contaminados, capaz de disminuir 

el contenido de turbidez y SST. Tambi®n se muestra que el proceso de ozonizaci·n puede 

conducir a elevadas reducciones de carbono org§nico. El proceso combinado de 

ozonizaci·n CFD + logra una eliminaci·n muy eficiente de PT. 

 

Palabras chave: Procesos de oxidaci·n avanzada; coagulaci·n-floculaci·n-

decantaci·n; coagulantes a base de plantas; ozonizaci·n; procesos basados en Fenton; 

compuestos fen·licos; reutilizaci·n de agua. 
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1. General overview 

The wine industry is one of the largest agro-industries in the world. The International 

Organisation of Vine and Wine (OIV) reports a production of wine in Portugal around 

7.3 MhL in 2022. Due to washing and sanitation processes, 3 ï 5 times the wine produced, 

of water, is spent every year, which creates a highly toxic wastewater. 

In order to reuse a large part of this wastewater for irrigation of crops, a new type of 

physical-chemical treatments has been studied, such as coagulation-flocculation-

decantation and adsorption. In order for these processes to be implemented and their 

application widespread, further studies need to be conducted. New plant-based coagulants 

can be developed to face the increasing use of aluminium and iron salts which are toxic 

to the environment.  

To complement physical-chemical treatment processes, advanced oxidation processes 

(AOPs) have received a lot of attention by researchers and wastewater treatment plants 

(WWTPs). In AOPs, several treatments can be explored, throughout the application of 

hydrogen peroxide (H2O2), persulfate or ozone. 

In this work are presented several new ideas, performed in order to improve the 

methodologies of chemical methods. To prove their safety, is needed to perform a serious 

work for developing, testing, designing and installing efficient and economical treatments 

in accordance with the Legislation in force. 

 

1.1. A review on Circular Economy 

1.1.1. Conceptualizations and Definitions of the Circular Economy 

The study of plant-based products, as well as new efficient and sustainable energy 

sources are in agreement with circular economy principles. Due to the scarcity of water 

and fertilizer, it is not enough to treat the wastewater, it is necessary to achieve the values 

for reuse. At the same time, organic material could prove in long term, material for 

fertilization.  

This line of investigation leads to the concept of circular economy. A linear economy 

is defined as converting natural resources into waste, via production. Such production of 

waste leads to the deterioration of the environment in two ways: (1) by the removal of 

natural resources from the environment (through mining/unsustainable harvesting); (2) 

by the reduction of the value of natural resources caused by pollution from waste [1]. 

The term linear economy was brought into popular use by those writing on the Circular 

Economy (CE) and related concepts. Thus, in many ways, the origin has been deliberately 
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set, in framing the antonym, to promote the term circular economy. By circular, an 

economy is envisaged as having no net effect on the environment; rather it restores any 

damage done in resource acquisition, while ensuring little waste is generated throughout 

the production process and in the life history of the product [2]. 

 

1.1.2. Origins of circular economy 

In order to understand the circular economy concept, it is necessary to study different 

points of view. The concept was primarily introduced by the environmental economists 

throughout the work of Boulding [1]. His idea of economy as a circular system was 

observed as a precondition for the preservation of human life feasibility on Earth. This 

work showed that as a consequence of the thermodynamics that dictate matter and energy 

degradation, a shift from traditional economy was created [3]. According to these authors, 

three economic functions of the environment could be identified: provision of resources, 

life support system, sink for waste and emissions [4]. 

To this matter, Bertalanffy [5] proposed that all organisms should be considered as 

systems, with the main characteristic being the relationships among their components [6]. 

In particular, the relationship between organizations and their environments can be seen 

as the main source of complexity and interdependence [7]. As a consequence, the 

behavior of an economic agent or organization should be investigated within the systems 

of economic relationships of other agents in the economy [8]. 

Industrial ecology (IE), come out as an antagonist to the idea that environmental 

impacts of industrial systems should be studied by keeping separate the ñindustrial 

systemò from ñthe environmentò. Industrial Ecology showed a complete new view by 

analyzing the industrial system and its environmental consequences as a joint ecosystem 

characterized by flows of material, energy and information as well as by provision of 

resources and services from the Biosphere [9]. The authors proposed three pillars to 

define the IE [10]: the first two are analytical and methodological, mainly aiming to grasp 

information on: ñhow the industrial system works, how it is regulated, and its interaction 

with the biosphereò [9] and about its industrial metabolism [11], while the third one is 

proactive [12], as IE can be used by companies to improve their performances or 

alternatively by policy makers for developing a roadmap to a more sustainable 

development [10,13]. Industrial ecology promotes the transition from open to closed 

cycles of materials and energy thus leading to less wasteful industrial processes [9,10,14]. 
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The circular economy began to be built on IE's concepts for the analysis of industrial 

systems operation and enhancement [15], scaling them up to an economywide system to 

establish a new model of economic development, production, distribution and recovery 

of products. In CE, products and processes are redesigned to maximize the value of 

resources through the economy with the ambition to decouple economic growth and 

resource use [4]. 

Finally, the Ellen Macarthur Foundation [16] attributes to more recent theories such as 

regenerative design, performance economy, cradle to cradle, biomimicry and blue 

economy an important contribution for the further refinement and development of the 

concept of circular economy. 

 

1.1.3. Core principles of the circular economy 

It can be distinguished two types of core principles: Those relating the R frameworks 

and the systems perspective. Various R frameworks have been used in academia as well 

as by practitioners for decades (indicating that the allegedly novel idea of CE is grounded 

in established thinking [17], whereas a specific article as a starting point for these 

frameworks cannot be traced [18,19]. Many authors, view the various R frameworks as 

the óhow-toô of CE and thus a core principle of it [20ï22]. Initially it was defined 3Rs 

(reduce, reuse, and recycle), however a 4R framework (which is at the core of the 

European Union (EU) Waste Framework Directive) was introduced [23]. 

Scholars have proposed R frameworks beyond the 4R framework, such as the 6Rs [18] 

or even 9Rs (Figure 1.1) [24,25]. All varieties of the R framework share a hierarchy as 

their main feature with the first R (which would be óreduceô in the 4R framework) viewed 

to be a priority to the second R and so on [18,24,25]. 
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Figure 1.1. The 9R Framework. Source: Adapted from Kirchherr et al., [23] and Potting et al., [24]. 

 

1.2. The water resource 

Water is one of the clear signs of prosperity, health, serenity, beauty, artistry, purity 

and many other attributes. Water resources of a country constitute one of its vital assets. 

Groundwater is a more reliable and less expensive water supply than those obtained from 

surface water (lakes, rivers and streams), marine and coastal; therefore, it is withdrawn in 

large quantities for domestic and agricultural applications all over the world. It is reported 

that more than 1.2 billion people lack access to safe drinking water; 2.6 billion have little 

or no sanitation; and millions of people die annually (3,900 children a day) from diseases 

transmitted through unsafe water or human excreta [26ï30] and only 2.5 % of the global 

water resources are consisted of fresh water. Among the fresh waters, only about 5 % of 

them or 0.15 % of the total world waters are readily available for beneficial use, the rest 

being contained in the polar glaciers or glaciers in altitude. Global freshwater reserves are 

rapidly depleting, and this is expected to significantly impact many densely populated 

areas of the world. Low to middle income developing regions as well as highly developed 

countries will face water stress in the future unless existing water reserves are managed 

effectively. Although, low- and middle-income developing countries currently have low 

per capita water consumption, rapid growth in population and inefficient use of water 

across sectors is expected to lead to a water shortage in the future. Developed countries 

traditionally have high per capita water consumption and need to focus on reducing their 

consumption through improved water management techniques and practices. By 2025, 
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India, China and select countries in Europe and Africa will face water scarcity if adequate 

and sustainable water management initiatives are not implemented [26].  

 

1.3. Winery wastewater 

1.3.1.  The wine industry in Portugal  

The wine industry is one of the largest marketplaces in agricultural production in the 

world. In a study performed by Instituto do Vinho do Douro e do Porto (IVDP), on 2021 

it were produced > 161 ML of wine on the Douro Region [31] and according to the 

International Organization of Vine and Wine (OIV) [32], in 2021 it were produced around 

260 million of hectoliters of wine around the world: 59.12% of the production originated 

from European countries while the Americas accounted for a further 9.27%, and Asia, 

Oceania, and Africa accounted for an additional 7%, 5%, and 4.08%, respectively. Italy, 

France, and Spain generated more than half of wine worldwide production. 

Unfortunately, the winemaking process creates some significant environmental 

drawbacks: the intensive use of land and water, the application of pesticides, the 

production of large amounts of semi-solid organic wastes (grape marc, vinasses, lees, 

sludge) [33,34], which require adequate treatments in order to be disposed.  

Grape marc and wine lees are traditionally used to recover the ethanol and tartaric acid. 

Vinasses is a distillery liquid waste characterized by its high content of soluble organic 

compounds. Sludge derived from biological treatment of wastewater has a solid content 

of 15ï30% following dewatering [35]. 

 

1.3.2.  The production of wine 

The production of wastewaters is a problem of major concern with water being used 

in several washing activities in the different wine-making steps. The production of wine 

is a very complex process. Depending on the type of wine, the process changes having 

different impact on the WW production (Figure 1.2). 
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Figure 1.2. Mass balance applied to wastewater production in wineries, representing specific values, 

i.e., values per cubic meter of produced wine. Losses of water by evaporation were neglected. Adapted 

from Brito et al., [36]. 

 

1.3.2.1. Phases of production 

The production of wine requires many sequential steps to ensure its quality, as well as 

its safety. The wine production begins by reception, stemming and maceration of the 

grapes. After these steps, the grapes are transformed into must. The must is inoculated by 

yeast and the alcoholic fermentation begins. In some type of wines, a second fermentation 

is also performed (malolactic fermentation). In the end of the fermentation process, the 

musts are left for sediment and the top is separated from the bottom in an operation called 

racking. At this point, the must is now called wine. The wine undergoes a maturation 

period for several months, or even years, before clarification and filtration process. 

Finally, it is applied a stabilization treatment prior to bottling. 

 

Reception White grapes are received at the winery as whole clusters (if hand-

picked) or as must that have been pressed from grapes harvested by 

machine. Red grapes are received at the winery in whole clusters but 

might arrive partially crushed due to machine-harvesting [37]. 

Stemming The clusters are directly sent to the destemmer for the removal of MOG 

(material other than grapes) [37]. This first step involves removing the 



Chapter 1. Introduction 

_____________________________________________________________________________________ 

8 

 

leaves and other extraneous material from the grapes, which is very 

important for the quality of the wines [38]. 

Maceration The grapes are then crushed (or pressed) to release the must and begin 

the process of maceration. Maceration facilitates the extraction of 

nutrients, flavorants, and other constituents from the pulp, skins, and 

seeds. Initially, hydrolytic enzymes released from ruptured cells 

promote this liberation. For white wines, maceration is kept to a 

minimum and seldom lasts more than a few hours. The must that runs 

freely from the crushed grapes (free run) is usually combined with that 

released by pressing. The free-run and first pressings are usually 

combined and fermented together. 

For red wines, maceration is prolonged and occurs simultaneously with 

alcoholic fermentation. The alcohol generated by yeast action enhances 

the extraction of anthocyanin and promotes the uptake of tannins from 

the seeds and skins (pomace). The phenolic compounds solubilized 

give red wines their basic properties of appearance, taste, and flavor. 

They are also required to give red wines their aging and mellowing 

characteristics. In addition, ethanol augments the liberation of aromatic 

ingredients from the pulp and skins. After partial or complete 

fermentation, the free run is allowed to flow away under gravity. 

Subsequent pressing extracts press fractions (most of the remaining 

juice). Press fractions may be incorporated with the free-run in 

proportions determined by the type and style of wine desired [38]. 

 

Alcoholic 

fermentation 

Alcoholic fermentation is the anaerobic transformation of sugars, 

mainly glucose and fructose, into ethanol and carbon dioxide. This 

process, which is carried out by yeasts such as Saccharomyces 

cerevisiae, can be summarized by this overall reaction (Equation 1.1) 

[39]: 

C6H12O6 Ÿ 2CH3CH2OH + 2CO2 (1.1) 

 

Besides ethanol, several other compounds are produced throughout 

alcoholic fermentation such as higher alcohols, esters, glycerol, 
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succinic acid, diacetyl, acetoin and 2,3-butanediol. The main yeast 

used in alcoholic fermentation is Saccharomyces cerevisiae which 

exists in the grapes skin, but is also added dried active yeasts, nutrients 

and vitamins. In order to keep the mustôs aroma, the process of 

fermentation is carried out between 15 and 18ºC [40].  

Malolactic 

fermentation 

Malolactic fermentation (MLF) in wine is by definition the enzymatic 

conversion of L-malic acid to L-lactic acid, a secondary process which 

usually follows primary (alcoholic) fermentation of wine but may also 

occur concurrently [41]. This reduction of malic acid to lactic acid is 

not a true fermentation, but rather an enzymatic reaction performed by 

lactic acid bacteria (LAB) after their exponential growth phase. MLF 

is mainly performed by Oenococcus oeni, a species that can withstand 

the low pH (<3.5), high ethanol (>10 % vol.) and high SO2 levels (50 

mg/L) found in wine. More resistant strains of Lactobacillus, 

Leuconostoc and Pediococcus can also grow in wine and contribute to 

MLF; especially if the wine pH exceeds 3.5 [39,42,43]. 

Racking Racking is a process performed after the alcoholic and malolactic 

fermentation of the musts, in which the liquid is separated from the lees 

by passage from one tank to another tank [40]. When the must has 

reached the end of fermentation, it becomes dry and can be called wine 

(Dryness is defined as 0.2 g/100 mL, or 2 g/L) [37]. 

Maturation  Each variety of wine and each winemaker sets the criteria for the length 

of time a wine is left in barrels to mature. Maturing in barrels adds 

different elements and flavor components to the wine. Flavor 

components can range from ñvanillaò to ñheavy smoke.ò Barrels 

interiors are charred (toast) to various degrees from a slight toast to a 

very heavy toast. Barrels are chosen totally by the flavor profile a 

winemaker desires. The longer a wine stays in a barrel, the more 

extraction of substances and the more complex the flavor profile 

becomes. Most premium wines are barrel matured 6 months to 2 years. 

Barrels require continual additions of wine to keep them full (topping) 

as evaporation takes place. Topping a barrel reduces possible oxidation 

of the wine. Every few months, for the first few years, the wine is taken 
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out of the barrels (racked), leaving the residue (lees) to be washed out 

of the barrels. The wine is then checked for SO2 content to ensure that 

it is protected from spoilage organisms and returned to the barrel to 

continue the maturation process. Racking helps to gradually clarify the 

wine [37]. 

Clarification 

and 

filtration  

After the alcoholic fermentation, the wine presents high turbidity, 

however during its maturation, it is clarified by decantation, 

centrifugation, finning or filtration [40]. The clarification of the wines 

promotes the removal of suspended particles in the wine, which is 

followed by gradual sedimentation of the particles and finally the 

decantation of the wines in order to separate them from the lees [44].  

Stabilization The tartaric precipitation occurs frequently in bottled wines due to the 

presence of K+ and Ca2+ ions at the wineôs pH. These ions react with 

the tartaric acid forming tartrate precipitations in the wine [39]. This 

salt is insoluble at low temperature, which causes the formation of 

crystals. To prevent the formation of these crystals in the wine, it is 

stabilized at low temperatures (-4ºC). This practice is always 

performed before bottling. It causes the formation, precipitation and 

elimination of potassium tartrate crystals by means of filtration [40]. 

Bottling The wine is bottled in special machines that prevent air contact, 

avoiding oxidation and contamination. The wine goes through a series 

of steps until it is bottled. First the bottles should be washed, since 

inside the bottles, even in new bottles, dust glass or others, small glass 

fragments, surface treatment residues, mold, condensation water and 

insects may occur. Therefore, although legislation is not clear about 

mandatory washing, bottlers need to avoid those risks and therefore, 

this operation has become widespread in bottling lines [40]. 

In order to present a global perception of the total inputs/outputs of a 

wine unit production, a mass balance is presented in Figure 1.2, 

showing water and energy inputs, and the outputs of residues, sub-

products, liquid effluents and air emissions. 
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1.3.2.2. Problematic of winery wastewater 

Wine production, traditionally and among the population, is perceived to be an 

environmentally friendly process and it is widely practiced in many agricultural and rural 

regions opening onto the Mediterranean and the Atlantic seas including France, Italy, 

Spain, Portugal, Greece, and Turkey, Central and East Europe including Germany, 

Hungary, Romania, and Bulgaria, the New World regions including Australia, New 

Zealand, South Africa, USA, Chile, Argentina and, finally, China in which the production 

of wine is predicted to soar. However, wine production requires a considerable amount 

of resources such as water, energy, fertilizers and organic supplements, and produces 

large volumes of waste streams [45,46]. These waste streams include solid organic waste 

(e.g., grape marc, skins, pips, etc.), wastewater, greenhouse gases (e.g., CO2, volatile 

organic compounds, etc.), and packaging waste [47,48]. 

Winery wastewater (WW), is a major waste stream resulting from a number of 

activities that includes cleaning of tanks, washing of floors and equipment, rinsing of 

transfer lines, barrel cleaning, off wine and product losses, bottling facilities, filtration 

units and rainwater diverted into, or captured in the wastewater management system. The 

effluent produced contains various contaminants, such as ethanol, sugars, organic acids, 

phenolic compounds, etc. [49ï51]. The WW can cause eutrophication (nutrient 

enrichment) of water resources (i.e., natural streams, rivers, dams and wetlands). If high 

levels of biological oxygen demand (BOD5) in untreated WW are allowed to flow into 

streams, rivers and lakes, the dissolved oxygen (DO) in the waterways may be quickly 

consumed, leading to the suffocation of aquatic and amphibious life [52]. 

In addition, application of WW to soil without an appropriate monitoring program, can 

alter the physicochemical properties of groundwater by affecting color, pH and electrical 

conductivity from the leaching of organic and inorganic ions [53]. The high acidity of the 

WW and high percentage of organic compounds and salts can affect plant vigor by 

reducing the availability of plant nutrients (particularly phosphorous and calcium) and 

decreasing populations of useful microbes [48], and can cause significant inhibitory 

effects on plant growth, while the high electrical conductivity causes retardation of 

germination, since it makes the water uptake by seeds difficult [54]. In addition, numerous 

phenolic compounds are present in wines and WW, as a result of their extraction from the 

skin, the flesh and seeds of grapes. Although, phenolic compounds form a relatively small 

portion of the organic load of WW, they can cause significant environmental damage if 

released untreated in the environment [55], since some of these compounds are toxic to 
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human, animals and many microorganisms, even at relatively low concentrations [56], 

and they are also particularly resistant to degradation [48,54]. In Table 1.1 it is resumed 

a number of constituents and properties, that can adversely affect the environment, should 

the untreated wastewater be discharged. 

 

Table 1.1. Potential environmental impact of winery and/or distillery wastes [55]. 

Constituent Indicators Effects 

Organic matter Biochemical oxygen demand, total 

organic carbon and chemical oxygen 

demand. 

Depletes oxygen when discharged into water leading to the 

death of fish and other aquatic organisms. Odors are 

generated by anaerobic decomposition if waste is stored in 

open lagoons or applied to land. Phenolic compounds may 

reduce light transmission in water. 

Acidity  pH Kills aquatic organisms at extreme values. Affects crop 

growth, microbial activity in biological wastewater 

treatment processes and heavy metal solubility 

Nutrients Nitrogen, phosphorus and potassium Can lead to eutrophication or algal blooms when discharged 

into water or stored in lagoons; algal blooms can cause 

undesirable odors. Toxic to crops in large doses. Nitrogen as 

nitrate and nitrite in drinking water can be toxic to infants. 

Salinity Electrical conductivity and total 

dissolved salts. 

Imparts undesirable taste to water, is toxic to aquatic 

organisms and affects water uptake by crops. 

Sodicity Sodium adsorption ratio and 

exchangeable sodium %. 

Affects soil structure (hard and dense subsoil) causing 

surface crusting, low infiltration and hydraulic conductivity. 

Heavy metals Cadmium, chromium, cobalt, copper, 

nickel, lead, zinc, mercury. 

Toxic to plants and animals. 

Solids  Total suspended solids. Reduces soil porosity and leads to reduced oxygen uptake. 

Reduces light transmission in water. Anaerobic 

decomposition generates odors. 

 

1.4. Chemical treatment as an effective treatment methodology 

Different physical-chemical and biological treatments are available for the treatment 

of these winey wastewaters. The high biodegradability of these wastewaters often justifies 

the choice of biological treatments (Figure 1.3). However, these techniques are difficult 

to apply due to the variable nature of wastewaters in terms of composition and quantity. 

For this reason, the redesign of treatment plants is required in order to be able to handle 

fluctuations in influent composition and volumes, allowing a series of start-up and 

shutdown activities, which are a challenge when working with biological systems [57]. 

In addition biologic treatments arenôt always the most effective, and are sometimes unable 

to eliminate recalcitrant or high molecular weight compounds [58], thus, as shown in 

Figure 1.3, chemical treatments are often applied as polishing methods, to degrade the 

recalcitrant organic matter, that biologic organisms can´t degrade. 
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Figure 1.3. Basic scheme for treatment of WW, with biogas production, sludge recycling and water 

reuse. 

 

AOPs appear as sustainable and economical alternatives to biological treatments. 

Regarding the methodology to generate hydroxyl radicals (HO
Å
), AOPs can be divided 

into chemical, electro-chemical, ultrasound-chemical and photochemical processes [59]. 

Conventional AOPs can be also classified as homogeneous and heterogeneous processes, 

depending on whether they occur in a single phase or they make use of a heterogeneous 

catalyst like metal supported catalysts, carbon materials or semiconductors such as 

titanium dioxide (TiO2), zinc oxide (ZnO), and tungsten trioxide (WO3) [60,61]. 

Among the homogeneous processes, the most commonly employed are:  

· O3 based processes, which include O3, O3 + UV, O3 + H2O2, O3 + UV + H2O2;  

· Wet peroxide oxidation, which implements H2O2 as oxidizing agent and usually 

operates at temperatures lower than 373 K; 

Å Fenton-based processes, such as the classical Fenton (H2O2 + Fe2+) as well as Fenton-

like (H2O2 + Fe3+), photo-Fenton (UV + H2O2 + Fe2+), ultrasound-Fenton (ultrasound + 

H2O2 + Fe2+), electro-Fenton, sonoelectro-Fenton, photo-electro-Fenton and sono-photo-

Fenton processes;  

Å Wet oxidation, operating at high temperature (470ï600 K) and pressure (20ï200 bar) 

and where dissolved oxygen is used as oxidizing agent. 
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Among the heterogeneous processes, the most commonly employed are:  

Å Heterogeneous photocatalysis, where a semiconductor photocatalyst is irradiated 

with UV and/or Vis-light; 

Å Catalytic wet peroxide oxidation (CWPO), implementing heterogeneous catalysts at 

temperatures between 323ï353 K; 

Å Catalytic ozonation (COz), where a heterogeneous catalyst increases the production 

of highly reactive species, leading to higher mineralization rates; 

Å Heterogeneous Fenton-like processes (e.g., H2O2 + (Fe2+/Fe3+/Mn+)-solid; H2O2 + 

immobilized zero valent iron) which is a particular case of the CWPO process;  

Å Catalytic wet oxidation where the catalyst allows less severe operating temperatures 

(400ï520 K) and pressures (5ï50 bar) in comparison with the non-catalytic wet oxidation 

route. 

 

1.5. Motivation and scope 

The wine industry had a significant growth in the recent years. Due to the winemaking 

operations, cleaning processes are required in order to guaranty the quality and safety of 

the wines. These cleaning processes often generate a non-biodegradable and, often, toxic 

wastewater which needs to be treated before released to the environment. 

The generation of a winery wastewater with high turbidity and suspended solids, 

requires the study of methodologies that mitigate these parameters such as coagulation 

and decantation processes. Nowadays, metallic-based coagulants (mainly iron and 

aluminium) are being used, however, due to the cost related with the removal of excessive 

ions from the wastewater, and the health concerns, new methodologies are required to be 

studied. In this work, it is sighted the study of organic and mineral-based coagulants 

applied in wine treatment. It is also intended to research and develop plant-based 

coagulants, which can represent a more sustainable treatment for the environment. 

Another perspective, is the study of Advanced Oxidation Processes (AOPs) in winery 

wastewater treatment. It is aimed to study different oxidant agents, such as hydrogen 

peroxide (H2O2), persulfate (PS), peroxymonosulfate (PMS) and ozone (O3). It is also 

planned to evaluate the effect of different radiation sources (UV-C, UV-A, ultrasound, 

solar) in the generation of HO
Å
 and SO4

Å-
 radicals. 

In this context, this work intends to better understanding of how these processes acts 

in the treatment of winery wastewater with high content of organic carbon, both isolated 

or combined. Furthermore, the biodegradability and phytotoxicity evolution of the 
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pollutant wastewaters will be analyzed, in order to evaluate the possibility of reuse the 

treated wastewater for irrigation and the sludge as fertilizer, in a circular economy 

perspective. 

 

1.6. Thesis organization 

This PhD represents a five yearsô work, carried out at the Chemical Center of Vila 

Real, UTAD, Portugal, with the support of Campus da Auga, University of Vigo, 

Ourense, Spain. The results obtained allowed to publish six research papers in Scopus 

journals, and also one research paper and one book chapter submitted. This work allowed 

numerous participations in national and international congresses. 

This work is divided in several chapters. Initially, a contextualization of the winery 

wastewater generation is carried out through Introduction and State of the Art. The main 

body of the thesis gathers eight chapters, which present the main results and discussion 

obtained. Finally, are presented the principal Conclusions and Future Perspectives. 

In Chapter 1, it is introduced the theme of circular economy, the winemaking process, 

throughout the different steps, and how they influence the production of winery 

wastewater. It is shown how the winery wastewater (WW) affects the environment if 

released without treatment, and what treatments can be applied to treat the WW. In this 

theme it is presented the motivation and scope of this thesis and the thesis organization. 

In Chapter 2, it is presented a review of the state-of-the-art, which focus mainly on the 

treatment technologies used in this thesis (CFD, adsorption, hydroxyl based-AOPs, 

sulfate radicals based-AOPs, ozone based-AOPs and biologic processes). 

From chapter 3 to 10, is presented the main work developed in this thesis. In these 

chapters are shown a detailed analysis of different methodologies developed for the 

treatment of winery wastewater, with a focus on ñwater for reuseò. It is also shown the 

development of plant-based products and their use for the recycling of sludge as fertilizer 

for crops development. In summary, it is shown a set of methodologies with focus on 

sustainable development, energy efficiency and cost reduction. 

In Chapter 11 are presented the main conclusions obtained in each work and future 

research perspectives. 
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2.1. Coagulation-Flocculation-Decantation 

Starting from the late of the 1940s, a new coagulation theory was developed, who 

distinguished two mechanisms for the removal of colloidal impurities: (a) the double layer 

compression, a process to allow the particles to overcome the repulsive forces and thus 

agglomerate and precipitate; and (b) precipitate enmeshment, a process in which small 

particles are physically enmeshed by metal precipitates when they are forming and 

settling (Figure 2.1) [1]. These two mechanisms have been elaborated upon and 

substantiated on a theoretic basis by Mer and Healy [2], who proposed the terms (a) 

ócoagulationô based on and (b) óflocculationô based on [3]. 

 

 

Figure 2.1. Coagulation-flocculation-decantation mechanism. 

 

Natural surface waters contain inorganic and organic particles. Inorganic particles, 

including clay, silt, and mineral oxides, typically enter surface water by natural erosion 

processes. Organic particles may include viruses, bacteria, algae, protozoan cysts and 

oocysts, as well as detritus litter that have fallen into the water source. In addition, surface 

waters will contain very fine colloidal and dissolved organic constituents such as humic 

acids, a product of decay and leaching of organic debris. Particulate and dissolved organic 

matter is often identified as natural organic matter (NOM). Removal of particles is 

required because they can (1) reduce the clarity of water to unacceptable levels (i.e., cause 

turbidity) as well as impart color to water (aesthetic reasons), (2) be infectious agents 

(e.g., viruses, bacteria, and protozoa), and (3) have toxic compounds adsorbed to their 
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external surfaces. The removal of dissolved NOM is of importance because many of the 

constituents that comprise dissolved NOM are precursors to the formation of disinfection 

by-products when chlorine is used for disinfection. NOM can also impart color to the 

water [4]. 

 

2.1.1. Fundamentals of coagulation-flocculation-decantation 

The coagulation-flocculation-decantation (CFD) process is one of the most commonly 

applied techniques to achieve efficient solid-liquid separation in water treatment [3,5ï9]. 

In the coagulation process, small, suspended colloids in water are destabilized after 

diminishing their surface charges by the addition of coagulants with an opposite charge; 

then, the destabilized particles aggregate and settle down, accelerate particle aggregation 

further and improve settlement efficiency. Polymeric flocculants with flexible long chain 

conformation are sometimes fed after coagulation as coagulant aids. These polymeric 

flocculants act as bridges that adsorb and connect various colloidal particles in water to 

form large flocs that can be effectively removed by sedimentation [9]. The latter process 

is called flocculation. CFD technology is widely employed in many industrial fields, 

including mining [10], oil extraction [11], paper production [12], mature landfill leachate 

[13], fruit juice wastewater [14], textile wastewaters [15], crystallized-fruit wastewater 

[16], beverage industrial wastewater [17,18], winery wastewater [19], cork processing 

wastewaters [20], etc. 

 

2.1.2. Principles of coagulation 

The purpose of this section is to introduce the principal coagulation mechanisms 

responsible for particle destabilization and removal. In accordance to Howe et al., [4], the 

mechanisms that can be exploited to achieve particle destabilization include (1) 

compression of the electrical double layer, (2) adsorption and charge neutralization, (3) 

adsorption and interparticle bridging, and (4) enmeshment in a precipitate, or óósweep 

floc.ôô 

 

2.1.2.1. Compression of the electrical double layer 

One method of destabilizing particles is to compress the double layer so that it does 

not reach as far from the particle surface. The electric double layer (EDL) forms to 

counteract the negative surface charge of particles and satisfy electroneutrality. If more 

ions are added into the solution or if the ions have greater charge (divalent or trivalent 
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instead of monovalent), then electroneutrality can be satisfied in a shorter distance. The 

Derjaguin, Landau, Verwey and Overbeek (DVLO) theory accurately predicts that an 

increase in ionic strength or ion valence can compress the EDL thickness sufficiently to 

allow van der Waals forces to extend further than the EDL, resulting in destabilized 

particles that will flocculate. The effect of ionic strength explains why particles are stable 

in freshwater (low ionic strength, EDL extends beyond van der Waals forces) and 

flocculate rapidly in saltwater (high ionic strength, compressed EDL) [4]. 

 

2.1.2.2. Adsorption and charge neutralization 

Particles can be destabilized by adsorption of oppositely charged ions or polymers. 

Most particles in natural waters are negatively charged (clays, humic acids, bacteria) in 

the neutral pH range (pH 6 to 8); consequently, positively charged hydrolyzed metal salts, 

prehydrolyzed metal salts, and cationic organic polymers can be used to destabilize 

particles through neutralizing the charge on the particle surface. If the particle surface has 

no net charge, the EDL will not exist and van der Waals forces can cause particles to stick 

together [7,21,22]. 

 

2.1.2.3. Adsorption and interparticle bridging 

Polymer chains adsorb on particle surfaces at one or more sites along the polymer 

chain as a result of (1) coulombic (chargeïcharge) interactions, (2) dipole interaction, (3) 

hydrogen bonding, and (4) van der Waals forces of attraction [23]. The rest of the polymer 

may remain extended into the solution and adsorb on available surface sites of other 

particles, thus creating a óóbridgeôô between particle surfaces that results in a larger 

particle that can settle more efficiently. Polymer bridging is an adsorption phenomenon; 

consequently, the optimum coagulant dose will generally be proportional to the 

concentration of particles present. Adsorption and interparticle bridging occur with 

nonionic polymers and high-molecular-weight (MW 105 to 107 g/mol), low surface-

charge polymers. High-molecular-weight cationic polymers have a high charge density 

to neutralize surface charge [4,7]. 

 

2.1.2.4. Enmeshment in a precipitate, or óósweep flocôô 

When high enough dosages are used, aluminum and iron form insoluble precipitates 

and particles become entrapped in the amorphous precipitates. This type of destabilization 

has been described as precipitation and enmeshment or sweep floc. Although the 
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molecular events leading to sweep floc have not been defined clearly, the steps for iron 

and aluminum salts at lower coagulant dosages are as follows: (1) hydrolysis and 

polymerization of metal ions, (2) adsorption of hydrolysis products at the particle surface 

interface, and (3) charge neutralization. This mechanism predominates in water treatment 

applications where pH values are generally maintained between pH 6 and 8, and 

aluminum or iron salts are used at concentrations exceeding saturation with respect to the 

amorphous metal hydroxide solid that is formed [7]. 

 

2.1.3. Types of coagulants 

2.1.3.1. Inorganic coagulants 

Inorganic salts of multivalent metals such as alum, polyaluminium chloride, ferric 

chloride, ferrous sulphate, calcium chloride and magnesium chloride have been widely 

used for decades as coagulant [24], due to advantages regarding low cost, where their 

market price is much lower compared to the chemical flocculants [9]. Table 2.1 shows 

some applications of CFD process in different wastewater treatments. 

Aluminum based chemicals include dry and liquid alum, with sodium aluminate used 

in activated sludge plants for phosphorus removal. The commercial dry alum most often 

used in wastewater treatment is known as filter alum and has the approximate chemical 

formula Al2(SO4)3Å18H2O and a molecular weight of about 600. Alum is white to cream 

in color and a one percent solution has a pH of about 3.5. 

Iron compounds have pH coagulation ranges and floc characteristics similar to 

aluminum sulfate. However, the iron compounds are generally corrosive and often 

present difficulties in dissolving, and their use may result in high soluble iron 

concentrations in process effluents. Among the most commonly used iron compounds 

used in wastewater treatment applications are ferric chloride, ferrous chloride, ferric 

sulfate, ferrous sulfate. 

Lime is among a family of chemicals which are alkaline in nature and contain 

principally calcium, oxygen and, in some cases, magnesium. In this grouping are included 

quicklime, dolomitic lime, hydrated lime, dolomitic hydrated lime, limestone, and 

dolomite. The most commonly used additives are quicklime and hydrated lime, but the 

dolomitic counterparts of these chemicals (i.e., the high-magnesium forms) are also 

widely used in wastewater treatment and are generally similar in physical requirements 

[25]. 
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2.1.3.1.1. Application of inorganic coagulants to wastewater treatment 

Physicochemical treatments such as CFD can be a suitable technique to reduce the 

polluting load of wastewaters and, particularly, the colloidal particles and natural organic 

matter from the wastewater. Table 2.1 presents several studies for the treatment of 

industrial wastewaters, showing operational conditions and removal achievements.  

The performance of CFD process was observed to be efficient. In a study performed 

in a winery wastewater [19] and in concentrated fruit juice wastewater [14], the CFD 

process was used as a complement to biological process. In the winery wastewater 

treatment, it was observed that the use of calcium hydroxide (Ca(OH)2) achieved a 

turbidity, COD and TSS removal of 73.4, 25.3 and 95.1% respectively and with 

combination of both processes it was achieved an overall efficiency of 96.6, 84.5 and 

99.1% respectively. In the treatment of concentrated fruit juice wastewater the application 

of ferric chloride achieved a COD, turbidity, total polyphenols and TSS removal of 84.5, 

95.8, 54.1 and 85.5% respectively. With combination of both processes it was achieved a 

final removal of 99.6, 94.4, 96.9 and 98.1% respectively. 

In literature, it has been found cases, in which coagulants are mixed with 

polyelectrolytes in order to improve their efficiency. For instance Amuda and Amoo [17] 

treated beverage industrial wastewater by mixing ferric chloride with a polyelectrolyte, 

and it was observed a COD, total polyphenols and TSS removal of 95, 99 and 90% 

respectively. Amuda and Alade [26] performed treatment of abattoir wastewater, by 

application of aluminium sulfate and a polyelectrolyte, and it was observed a COD, TSS 

and total polyphenols removal of 94, 89 and 98% respectively. 

The CFD process was also observed to enhance AOPs efficiency. In a study performed 

by Rivas et al., [27], a landfill leachate was treated by combination of CFD ï Fenton 

process. The application of CFD by Fe3+ addition (0.01 M) at pH 3.5 achieved a chemical 

oxygen demand (COD) removal å 40% related to COD of supernatant after coagulation 

step. The combination of both processes achieved a 90% COD removal. 
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Table 2.1. Employment of coagulationïflocculation process with chemical coagulant(s) and 

flocculant(s) in wastewater treatment. 

Wastewater Operational conditions Results Reference 

Beverage industrial 

wastewater 

COD = 3470 mg O2 L
-1, [FeCl3] = 300 mg L-1, Rapid mix = 

200 rpm/ 2 min, Slow mix = 60 rpm/ 30 min, Sedimentation 

time = 1 h, pH = 9, [Polyacrilamine] = 25 mg/L 

CODrem = 91% 

TSSrem = 97% 

TPrem = 99% 

Amuda and 

Amoo [17] 

Red winery 

wastewater 

COD = 38391 mg O2 L
-1, [FeSO4] = 20 mL (5%), pH = 7, 

Rapid mix = 150 rpm/ 3 min, Slow mix = 20 rpm/ 15 min, 

Sedimentation time = 30 min 

CODrem = 11.8% 

Turbidityrem = 81.6% 

VSSrem = 72.8% 

Braz et al., 

[19] 

White winery 

wastewater 

COD = 31369 mg O2 L
-1, [Ca(HO)2] = 20 mL (5%), pH = 6, 

Rapid mix = 150 rpm/ 3 min, Slow mix = 20 rpm/ 15 min, 

Sedimentation time = 30 min 

CODrem = 29.7% 

Turbidityrem = 80.0% 

VSSrem = 95.6% 

Concentrated fruit 

juice wastewater 

COD = 21040 mg O2 L
-1, Turbidity = 719 NTU, pH = 6.5, 

[Alum] = 0.4 g/L, Rapid mix = 150 rpm/ 3 min, Slow mix = 

20 rpm/ 15 min, Sedimentation time = 60 min 

CODrem = 74.5% 

Turbidityrem = 42.8% 

Amor et al., 

[14] 

Concentrated fruit 

juice wastewater 

COD = 21040 mg O2 L
-1, Turbidity = 719 NTU, pH = 5.5, 

[Ferric chloride] = 0.4 g L-1, Rapid mix = 150 rpm/ 3 min, 

Slow mix = 20 rpm/ 15 min, Sedimentation time = 60 min 

CODrem = 84.5% 

Turbidityrem = 54.1% 

Landfill leachate COD = 8800 mg O2 L
-1, Agitation = 40 rpm, pH = 3.5, [Fe3+] 

= 0.01 M 

CODrem = 40.0% Rivas et al., 

[27] 

Landfill leachate COD = 5123 mg O2 L
-1, COD:[FeCl3] = 1:2.2, pH = 7.95, 

Rapid mix = 150 rpm/ 2 min, Slow mix = 50 rpm/ 30 min, 

Sedimentation time = 60 min 

CODrem = 75.3% Ishak et al., 

[28] 

Winery wastewater COD = 5180 mg O2 L
-1, [FeCl3Å5H2O] = 500 mg L-1, pH = 6, 

Rapid mix = 120 rpm/ 1 min, Slow mix = 20 rpm/ 30 min, 

Sedimentation time = 60 min 

CODrem = 42.5% 

TSSrem = 59.7% 

Amaral-Silva 

et al., [29] 

Slaughterhouse 

wastewater 

pH = 7.31, COD = 5817 mg O2 L
-1, BOD5 = 2543 mg O2 L

-1, 

TSS = 3247 mg L-1, [PACl] = 100 mg/L, Sedimentation time 

= 24 h 

CODrem = 58% 

BOD5rem = 44$ 

TSSrem = 60% 

Bazrafshan et 

al., [30] 

Sanitary landfill 

leachates 

pH = 6.2, COD = 70900 mg O2 L
-1, color = 10550, [FeCl3] = 

1.5 g L-1, rapid mix = 5 min at 200 rpm, slow mix = 55 min 

at 60 rpm, sedimentation time = 1 h 

CODrem = 80% 

Colorrem = 100% 

Tatsi et al., 

[31] 

Palm oil mill 

effluent 

[Alum] = 15 000 mg/L, [profloc] = 300 mg/L, pH = 6 Turbidityrem = 98% 

Water recovery = 78% 

TSSrem = 95% 

Ahmad et al., 

[11] 

Olive mill effluent COD = 29.3 g L-1, TSS = 52.7 g/L, TP = 2.5 mg/L, [Lime] = 

30000 mg L-1, [K1] = 287 mg L-1, pH = 5.1, rapid mix = 200 

rpm/ 2 min, slow mix = 90 rpm/ 15 min, sedimentation time 

= 60 min 

TSSrem = 88.9% 

TPrem = 45.7% 

CODrem = 10.5% 

Ginos et al., 

[32] 

Olive mill effluent COD = 29.3 g L-1, TSS = 52.7 g/L, TP = 2.5 mg/L, [FeSO4] 

= 5000 mg/L, [K1] = 287 mg L-1, pH = 5.1, rapid mix = 200 

rpm/ 2 min, slow mix = 90 rpm/ 15 min, sedimentation time 

= 60 min 

TSSrem = 94.9% 

TPrem = 33.2% 

CODrem = 21.8% 

 

2.1.3.2. Enological coagulants 

In wine making operations, it is usual the use of coagulation processes of musts and 

wines. This operation is called fining. This operation consists in the incorporation of a 
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compound capable of flocculation and/ or sedimentation, removing the particles 

responsible for turbidity by adsorption [33,34]. This operation has by objectives, the 

clarification and stabilization of the wine, removing the compounds that cause instability, 

improving the sensorial characteristics of the wine [34]. 

Many of the coagulants used in wine treatment exhibits properties which can be of 

great use regarding wastewater clarification by CFD process. In this section it will be 

addressed some of the most used coagulants in wine treatment, such as gelatins, isinglass, 

albumin and egg white, milk and casein, polyvinylpyrrolidone and activated sodium 

bentonite. 

Gelatins Gelatins are produced by the almost complete hydrolysis of collagen from 

pig skins and animal bones. Their main components are glycine, proline, 

hydroxyproline and glutamic acid. This coagulant is the only animal based 

product that is recommended for oenological use by the International 

Organisation of Vine and Wine (OIV), due to the public health issues 

(Bovine spongiform encephalopathy) caused by the bovine based products 

[33,35,36]. Compositions and charges were defined as follows [37]:  

1. Heat-soluble gelatins (SC) have 30ï50% proteins with a molecular 

weight above 105 and a strong charge, 0.5ï1.2 meq/g. 

2. Liquid gelatins (L), produced by intense chemical hydrolysis, have 

medium-weight molecules (M < 105), a weak charge and many highly 

charged peptides. 

3. Cold-soluble gelatins (SF), produced by enzymic hydrolysis, have a 

very weak charge, a low peptide content and lightweight proteins: M < 

105. 

Regarding the electric charge, gelatins are electropositive at the wine pH, 

and the isoelectric point (IP) varies between 7.5 and 9.5 [38]. However, 

not all gelatins present the same surface charge density, and therefore the 

clarification and flocculation effect variates [39ï41]. Depending on the 

type of gelatin and the pH of the mean, the surface charge density can 

variate between 0.02 and 1.2 meq g-1 [42,43]. The molecular weigh is also 

a very important parameter, because it has direct influence in the amount 

of phenolic compounds removed from the wine [39,40,44ï47]. 
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Isinglass Isinglass is a raw, unprocessed product from the swim bladder of certain 

fish, such as sturgeon [36]. It consists mainly of collagen fibers with high 

molecular weigh (Ó150 kDa), and the proteins have a high percentage of 

a specific amino acid, hydroxyproline [34,48]. It is available in sheets, 

strips, whitish chips or coarse vermiculated powders. Preparation is long 

and laborious: the dry isinglass must be soaked in acidulated, sulfured 

water (0.5 ml HCl/L + 200 mg/l SO2) for about ten days at a cool 

temperature and then sieved to obtain a homogeneous jelly [33]. Marchal 

et al., [49] reported that the electrophoretic pattern of solid isinglass 

presented individualized bands with a molecular weigh (MW) between 17 

and 80 kDa, and another isinglass revealed bands with MWs between 110 

and 220 kDa. The surface charge density for different isinglasses, was 

evaluated at a pH between 2.8 and 3.8 , and ranged from 0.32 to 0.83 

meq/g [43], and the isoelectric point oscillates between 4.20 and 6.48 [40]. 

Egg 

albumin 

Egg albumin consists of several proteins and represents 12.5% of the 

weight of a fresh egg white. Ovalbumin (phosphoglycoprotein) makes up 

about 54% of the total proteins, with a MW of 45 kDa and an isoelectric 

point of 4.6 [50,51]. Therefore, egg white is electropositive at pH 3.0 ï 

4.0. The electrophoretic pattern of solid egg albumin had a band close to 

43-45 kDa, along with two other bands at 15 and 90 kDa, as well as several 

minor bands between 25 and 100 kDa [52]. Other proteins in egg white 

showed antimicrobial factors such as conalbumin (MW 76 kDa; IP = 6.1), 

lysozyme (MW 14.3 kDa; IP = 10.7) and avidin (MW 68.3 kDa; IP = 10.0) 

or enzyme inhibitors including ovomucoid (MW 28 kDa; IP = 4.1), 

ovoinhibitor (MW 49 kDa; IP = 5.1) and ficin (MW 12.7 kDa; IP = 5.1) 

[51]. The surface charge density for different egg albumin (solid and fresh) 

at a pH between 3.0 and 4.0 ranges from 0.22 to 0.96 meq/g [43]. 

Casein Casein is a heteroprotein containing phosphorus. It is obtained by 

coagulating skimmed milk. One characteristic of this fining agent is that 

flocculation occurs exclusively due to the acidity of the medium, but the 

presence of tannins is necessary for precipitation and clarification. Casein 

powder is not very soluble in pure water, but dissolves better in an alkaline 

medium, produced by adding potassium or sodium bicarbonate or 
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carbonate, or possibly potash [33,34]. The normal dose is from 10 to 20 

g/hL, although in curative treatment 50 g/hL or more may be used. The 

treatmentôs effectiveness is due to the milkôs fat content. Skimming 

reduces the adsorption capacity but increases the clarifying effect [33]. 

The MW distribution of casein and potassium caseinate observed in the 

SDS-PAGE electrophoretic pattern by Braga et al., [39], showed that 

casein and potassium caseinate are characterized by a major band which 

exhibits a MW of 30.0 kDa. Casein and potassium caseinate are 

electropositive at pH 3.0 ï 4.0, with an isoelectric point of 4.6 [53,54] and 

the surface charge density estimated at pH 7 is close to 0.5 meq/g [43]. 

Sodium 

alginate 

Sodium alginate is an alginic acid salt. It is extracted from various 

phaeophyceae algae, especially kelp, by alkaline digestion and 

purification. It is available as a practically odorless, flavorless, white or 

yellowish powder, consisting of fiber fragments that are visible under a 

microscope. When sodium alginate is mixed with water, it produces a 

viscous solution with a pH between 6 and 8. It is insoluble in alcohol and 

in most organic solvents. When a 20% calcium chloride solution (10ī1) is 

added to a 1% aqueous sodium alginate solution, a gelatinous calcium 

alginate precipitate is formed. If the calcium chloride is replaced by 10% 

dilute sulfuric acid, gelatinous matter also precipitates, due to the 

formation of alginic acid. Sodium alginate is a polymer of mannuronic 

acid, consisting of chains with a basic motif consisting of two mannuronic 

cycles. Alginic acid has a pK of 3.7. It is displaced from its salts by 

relatively strong acids and then precipitates at acid pH values Ò3.5, as it is 

insoluble in water. Flocculation is generally good but is nonexistent or 

incomplete at pH >3.5 [33]. 

PVPP The polymerization of vinylpyrrolidone produces water-soluble 

polyvinylpyrrolidone (PVP). However, if polymerization occurs in the 

presence of an alkali, the pyrrolidone cycle is broken, producing insoluble 

polyvinylpolypyrrolidone (PVPP). These products have a strong affinity 

for polyphenols [33]. It is thought that they interact with polyphenols via 

H bonds between their CO-N linkages and phenol groups. Similar 

interactions could explain the formation of the polyphenol-protein 






















































































































































































































































































































































































































































































































































































































































































































