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Resumen

RESUMEN

La presencia de moléculasganicascomercialmente valiosas es un factor comun en efluentes

de distintas actividades industriales o de gestion medioambiental. Sin embargo, a pesar de la
creciente importancia de los sistemas circulares de gestion de residuos, la mayor parte del valor
de las aguas residuales no se aprovecha, perdiendo la oportunidad de recuperar una gran
cantidad de compuestos valiosos. La recuperacion de estos compuestos podria generar un valor
afiadido durante el tratamiento de las corrientes que los contienen e incrementar la
sostenibilidad del proceso. El problema que plantea la recuperacion deoespagestoes que

estan contenidos en matrices de gran complejidad, por lo que es preciso analizar diversos

métodos de separacion para optimizar su recuperacion y purificacion.

En esta tesis se han estudiado y optimizado diversos procesos de recuperacion y purificacion de
varios compuestos de interés (acidos organicos, lignina, acidos hamicos, proteinas y
carbohidratos) mediante tecnologias de membranas y extraccion dJiquido a partir de

varias biomasas residuales liquidas (lixiviado de vertedero, licor negro Kraft y lodos
secundarios de depuradora). Asimismo, se ha estudiado la influencia de la matriz de la corriente
en dichos procesos de recuperacion y purificacion y de la aplicacion de un tratamiento
hidrotérmico previo para la mejora de los rendimientos de extracciébn de estos compuestos de

interés.

Por una parte, se ultrafiltraron lixiviados de vertedero y se estudio el efecto de su edad en
términos de ensuciamiento y retencibn de acidos humicos y de varios parametros
fisicoquimicos. Se observd que la maduracion del lixiviado tiene un efecto positivo en su

ultrafiltracion. La pérdida de permeabilidad de las membranas se debié principalmente al

ensuciamiento reversible, causado por la formacion de una torta de ensuciamiento en la
superficie de la membranAdemas, la oxidacidbn hiumeda resultd ser ucad®gia efectiva

para la reducciébn del ensuciamiento en lixiviados estabilizados (maduro y tratado

biol6gicamente), logrando incrementos de hasta el 66% en los flujos de permeado. El

tratamiento combinado de oxidacién humeda seguido de ultrafiltracion resulté adecuado para la
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recuperacion de acidos humicos a partir de lixiviados estabilizados, asi como para obtener un
agua tratada que cumpdm su mayor partes limitesnacionales de descarga a sistemas de

saneamiento publicequeridos.

Con respecto al licor negro, se estudiaron distintas estrategias para la recuperacién de acidos
organicos de cadena corta, consistentes en la aplicacion de distintos pretratamientos
(deslignificacion y oxidacion humeda), filtracion con membranas y extraccion liigiddo.

La deslignificacion fue el pretratamiento mas efectivo, consiguiéndose recuperar el 29.4% de
los acidos orgéanicos totales utilizando trioctilaanal 30% en heptano (v/v) como extractante.

Se observé que un aumento de temperatura hasta los 55 °C tuvo un efecto positivo en la

extraccion.

Por ultimo, en cuanto a los lodos secundarios de depuradora, se realizd6 una revisién
bibliografica sobre los distintos métodos de separacion y purificacion de biomoléculas de
interés que puedan ser aplicados a los lodos, proponiéndose un proceso integrado para optimizar
la recuperacion de compuestos valiosos de los lodos. Se emplearon dos estrategias distintas de
oxidacion humeda: una de condiciones mas suaves para conseguir la solubilizacion de los lodos,
y otra con condiciones mésertescon el objetivo de oxidar parcialmente los lodos y producir
acidos organicos de cadena corta. En cuanto a la primera estrategia, tras la oxidacion humeda se
fraccioné el lodo empleando membranas de distintos materiales y tamafos, llegando a conseguir
una separacion parcial entre proteinas y carbohidratos y &cidos hdmicos tras filtrar
sucesivamente con una membrana de polietersulfona de tamafio de corte de 50 kDa y otra del
mismo material con tamafio de corte de 3 kDa. Se caracterizé en profundidad el ensuciamiento
de las membranas, atendiendo a la reversibilidad del ensuciamiento y a la hidrofobicidad, la
rugosidad y la morfologia de la membrana. Se observé que las membranas de 50 kDa retenian
altos porcentajes de metales pesados, y se determin6 que el mecanismo por el cual ocurria esto

era mediante la complejacién con los acidos humicos y las proteinas presentes en el lodo.

En cuanto a la produccién de &cidos organicos a través de la oxidacién parcial de los lodos, se

obtuvo una concentracion maxima de0® g/L de acidos tras oxidar a 160 °C durante 240
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minutos. Posteriormente, se obtuvo una corrientegppridéicada de acidos organicos mediante

dos filtraciones sucesivas con membracasimicasde 50 y 1 kDa de tamafio de corte. Las
mayores extracciones de acidos organicos a temperatura ambiente se lograron con una mezcla
de trioctilamina y tributilfosfato al 10% en octasol, extrayendo eB4% del total de los acidos
presentes en el permeado de 1 kDa. El aumento de la temperatura dentro del rango de 25 a 50 °C
tuvo un efecto favorable en la extraccion. La matriz del lodo oxidBetnd de manera negativa

a rendimiento de la extraccion.
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ABSTRACT

The presence of commercially valuablganicmolecules is a common factor in effluents from
different industrial or environmental management activities. However, despite the growing
importance of circular waste management systems, most of the value of wastewater is not
utilized, losing the opportunity to recover a large amount of valuable compounds. The recovery
of these compounds could generate added value during the treatment of the streams that contain
them and increase the sustainability of the process. The problem posed by the recovery of these
materials is that they are contained in highly complex matrices, so it is necessaglytee

various separation methods to optimize their recovery and purification.

In this thesis, several recovery and purification processes of various compounds of interest
(organic acids, lignin, humic acids, proteins and carbohydrates) have been studied and
optimized using membrane technologies and lidjgidid extraction from various liquid

residual biomasses (landfill leachate, Kraft black liquor and waste activated sludge).
Additionally, the influence of the current matrix on those recovery and purification processes
and the application of a prior hydrothermal treatment to improve the extraction yields of these

compounds of interest has been studied.

On the one hand, landfill leachates were ultrafiltered and the effect of their age was studied in
terms of fouling and retention of humic acids and various physicochemical parameters. It was
observed that the aging of the leachate had a positive effect on its ultrafiltration. The loss of
permeability of the membranes was mainly due to reversible fouling, caused by the formation of
cake fouling on the membrane surfaEerthermore, wet oxidation proved to be an effective
technology for reducing fouling in stabilized leachates (mature and biologically treated),
resulting in increases of up to 66% in permeate fluxes. The combined treatment of wet oxidation
followed by ultrafiltration was suitable for humic acid recovery from stabilized leachates, as

well as for obtaining treated water that meets required national discharge limits.

With respect to black liquor, different strategies were studied for the recovery ofckhurt

organic acids, consisting of the application of different pretreatments (delignification and wet

VII
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oxidation), membrane filtration and liquidjuid extraction. Delignification was the most
effective pretreatment, recovering 29.4% of the total organic acids using 30% trioctylamide in
heptane (v/v) as extractant. It was observed that an increase in temperature to 55 °C had a

positive effect on the extraction.

Finally, regardingvasteactivated sludge, a bibliographic review was carried out on the different
methods of separation and purification of biomolecules of interest that can be applied to the
sludge, proposing an integrated process to optimize the recovery of valuable compounds from
the sludge. Two different wet oxidation strategies were used: onemilider conditions to
achieve solubilization of the sludge, and another with more severe conditions with the aim of
partially oxidizing the sludge and producing shdrain organic acids. Regarding the first
strategy, the solubilised sludge was fractionated using membranes of different materials and
sizes, achieving a partial separation between proteins and carbohydrates and humic acids after
successively filtering with a polyethersulfone membrane with eoffusize of 50 kDa and
another of the same material with a cutoff size of 3 kDa. Membrane fouling was characterized
in depth, taking into account the reversibility of the fouling and the hydrophobicity, surface
roughness and morphology of the membrane. It was observed that the 50 kDa membranes
retained high percentages of heavy metals, the mechanism by which this occurred being through

complexation with humic acids and proteins present in the sludge.

Regarding the production of organic acids through the partial oxidation of the sludge, a
maximum concentration d.07 g/Lof acids was obtained after oxidizing at 160 °C for 240
minutes. Subsequently, a prepurified stream of organic acids was obtained through two
successive filtrations witlteramic membranes of 50 and 1 kDa @ff size. The highest
extractions of organic acids at room temperature were achieved with a mixture of trioctylamine
and tributylphosphate at 10% in octhiol, extracting34% of the total acids present in the 1

kDa permeate. Increasing the temperature within the range of 25 to 50 °C had a favorable effect

on the extraction. The oxidized sludge matrgatively affectethe extraction yields.

Vil



Lista de figuras

LISTA DE FIGURAS

Figura 2.1. Gestion de residuos en modelos de economia lineal y citcular................... 10

Figura 2.2. Generacion y tratamiento de los lodos secundarios de depuradora. Adaptado de [7].
.................................................................................................................................. 11

Figura 2.3. ESquemMa de UN VEIEAEIO- .........uuuuuiieeeiieieieiiiie e 13

Figura 2.4. Esquema del proceso Kraft............cooooiiiiiiiiiieiiiececeeei e 17

Figura 2.5. Rango de aplicacién de distintos procesos de separacion por membranas basado en
tamanos de PartiCula [B9)..........uuvuiriiiiiiiiiiiiiiiie ettt 21

Figura 3.1. Esquema del equipo de oxidacién humeda. Adaptado de [1]...................... 39

Figura 3.2. Esquema de la unidad de filtracion Armfield FT1Z...........cccoceiiniminniiinnnnns 41

Figura 3.3. Curva tipica de flujo de permeado vs tiempo durante la filtracion con membranas.

F Yo F= o = To (oI [T 1] TP PP PP PP 44

Figura 4.1. Resumen gréfico del articulo Production and purification of organic acids from
partially oxidised waste activated SIUAGE...........uiii i 53

Figure 4.2. Filtration setup used in the ppairification experiments of the oxidised WAS.. 59
Figure43.Evol uti on of the concentrations of oxalic
(y), malic (Yy), lactic (y), formic (Yy-), acetic

Figure 4.4. Proposed model for the oxidation of WAS adapted from [36]. SOM: soluble organic

matter. DON: dissolved organic nitrogen. AA: acetic acid. VFA: volatile fatty acids without

including AA. f, s and nr subscripts stand for fast reacting, slow reacting, angaxiing,

FESPECTIVEIY.. ...t e et e e e et et e e e e e e e e e e nnb e eee ] 65

Figure 4.5. Flux evolution during the filtration of the oxidised WAS with the 50 kDa membrane

in TR (a) and VC (b) mode; and with the 1 kDa membrane in TR (c) and VC (d) mode66

Figure 46.CPB b], IPB[b], PPBb]andCFpB] fl ux model s, and experim
for 50 kDa (a) and 1 kDa (b) Membranes..........cooooveiii e 68

Figure47.Ef f ect of temperature i a odxattridcet iCAn (Wi)e lachs
volatile OA (y) from WAS (above)..and..sidnt hetic
Figura 4.8. Resumen grafico del articulo Separation and purification techniques for the

Figure 4.9. Normalised flux variation over VCR for the oxidised WAS filtration with (a) PES50
(3=102.4 + 0.2 L/rfh), (b) PESH50 1590 * 40 L/mh) and (c) PAN50 ¥420+ 40 L/nth).

Figure 410.Rn( V)iw( YR w@u(d/)R af t er filtration wilth PESS50
Figure411.Her mi ab6s ( dlockimlbg intermegliate pere blockindy|, partial pore

blocking [b] and cake formatiorf] ) a n d bMehnodets $or PES50 (a), PESH50 (b)

and PAN50 (c) exp.er.i.ment.al.. f.l.uxes..(.0).104

Figure 4.12. AFM images of clean and fouled PES50 (A and B), PESH50 (C and D) and

PAN50 (E and F) for membrane surface morphology analysis.........c.cccccovviieeeeennnnn.n. 107

Figure 4.13. Flux variation over VCR for the oxidised WAS filtration with PES10 (ax101.5

+ 0.9 L/nth), PES5610 (b) (3=102 * 3 L/n%h) and PES5@ (c) (3=13.72 + 0.01 L/rfh)....110

Figure 414.Rn( V)iw( YR w@u(d/)R af t er fil tr at-Bmembranes h PES10

Figure 415.Her mi a6s ( c o mp Ibg intermepliate pere bidckandk paniay poife
blocking b] and cake formatiorf] ) a n d bMephnmodets or FES10 (a), PES0 (b)

andPES58 (c) experi ment.al.. f.l.ux.es..(.0).......113
Figure 4.16. FTIR spectra of PES50 membranes from 600 to 4000 cm....................... 117
Figure 4.17. Size fractioning results and proposal for carbohydrates (CH) and proteins (P), and
humic acids (HA) PUNfICALION. .......ooue e 119



Lista de figuras

Figura 4.18. Resumen grafico del articulo Heavy metal removal from hydrothermally treated

waste activatedludge by ultrafiltration with polymeric membranes...............cccccvvvnnenn. 135
Figure 4.19. SEM images of pristine membrane surfaces of PES (a), PESH (b), PAN (c), and
PVDF () e 144
Figure 4.20. SEM images of fouled membrane surfaces of PES (a), PESH (b), PAN (c), and
PVDF (). e 145
Figure 4.21. EDX analysis of the fouled PAN (A) and the highly fouled PES (B) membranes
(BI1 TESUILS TN YOWE) ettt e ettt e e e e e e e eeeennnanas 147
Figure 4.22. EDX analysis of the superficial (A) and inner (B) fouled PESH membrane (all
TESUILS TN DOWE)... ettt ettt e e e e e e e et e et e e e e e et e e s b e e e e e eennne 149
Figure 4.23. Crosssectional SEM images of clean (.c) and fouledniémbranes for PES (a),
PESH (b), PAN (C), @aNd PVDF (0).......coveiveeieieeeieeeeeeeeeeeee e 151
Figure 4.24. EDX elementamapping of the crossectional SEM images of clean (.c) and
fouled (.f) membranes for PES (a), PESH (b), PAN (c), and PVDFE.(d)....................... 153

Figure 4.25. EDX elemental mapping of clean, fouled and highly fouled PES membrah&4
Figure 4.26. Concentrations of the eight most present heavy metals in the oxidised waste

ACHVALEA SIUAGE. ... et e e 155
Figure 427.Mean heavy met al retentions with PES (Y),
L= g o] 7= U 1= S PP 156

Figure 4.28. Left: Effect of concentration of Fe(Nf3.9H,0 (0, 0.37, 0.52, 1, 1.49, 2, 2.5210
mol/L) on fluorescence intensity of humic acid. Right: Stéoimer calibration curve of
FEINGE)3.9H20. .o e e e e 158
Figura 4.29. Resumen grafico del articulo Separation and purification techniques for the
recovery of addedalue biocompounds from waste activated sludgeview................... 173
Figure 4.30. Uses of precipitation technology for the recovery of add#de biomoleculed.82
Figure 4.31. Membrane presswdriven processes (Cui and Muralidhara, 2010)............ 197
Figure 4.32. Uses of membrane technology for the recovery of addége biomolecules..199
Figure 4.33. Uses of solvent extraction technology for the recovery of addi

DIOMOIECUIES. ... ettt e e e e eanae 215
Figure 4.34. Uses of adsorption technology for the recovery of adadde biomolecules..233
Figure 4.35. Proposed integrated methods for WAS revalorization.......................uee.... 245
Figura 4.36. Resumen gréfico del articulo Recovery of organic acids frorr@ated Kraft

black liquor using ultrafiltration and liquiliquid extraction..................ccccoeei e e, 277
Figure 4.37. Molecular structures of a) TOA, b) TBP, and ¢) TORPQ.............cccceeeerenen. 283

Figure438.Ext raction yields for NVA i.n..BL..RW) , LRBL
Figure 439.Ext raction yields for VA i.n..BL..(.295, LRBL (
Figure 4.40. Effect of temperature in extraction yields in BL, DBL and WOBL of (a) total

volatile OAol )i hadOAOGOY) ; (b) OA individually:
(y) and |l actic (Yy) acids; and (c.)..f.or.888c (VY), é

Figure 4.41. Overview of the integrated process for OA recovery from.BL................... 304
Figura 4.42. Resumen gréfico del articulo Effect of landfill leachate ageing on ultrafiltration
performance and membrane fouling behaviour................ccoooi e, 325
Figure 4.43. Experimental SEtUpP SChEME..........cooiiiiiiiiiieee e 331

Figure 444 Evol uti on of the permeate flux (08) during
young (b) leachate under TR mode. Cake model (solid black line), standard model (solid grey

line), complete model (dashed black line) and intermediate model (dotted line) predictions for

each of them. In all cases: 1.6 bar, 70 °C, flow rate of 5.4 L/min and cross flow velocity of 3.2
0SSP 335

Figure 4.45. Fouling resistances obtained during the ultrafiltration of the mature (a) or young

(b) leachate under TR or VCR mo&¢D (Y), Yi ‘Q¥), Y Qi #RandY Qi i QP énall

cases: 1.6 bar, 70 °C, flow rate of 5.4 L/min and cllogsvelocity of 3.2 m/s.................. 336



Lista de figuras

Figure 446.Evol uti on of the permeate flux (0) during
young (b) leachate under VCR mode. Cake model (solid black line), standard model (solid grey

line), complete model (dashed black line) and intermediate model (dotted line) predictions for

each of them. In all cases: 1.6 bar, 70 °C, flow rate of 5.4 L/min and cross flow velocity of 3.2

0 P 341

Figure 447.Evol uti on of the rejectilduooloer@¢dndi ci ents f
humic acids (1) and permeate flux (06) with the
mature (a) or a young leachate (b)alhcases: 1.6 bar, 70 °C, flow rate of 5.4 L/min and cross

FIOW VEIOCILY OF 3.2 M/S. .t e e 342

Figure 4.48.Proposed effect of the landfill age on the ultrafiltration of the leachate generated.

Figura 4.49. Resumen grafico del articuEnhancedreatment of stabilised landfill leachates:
wet oxidation and membrane filtratiQn............cooouiiiii e 355
Figure 4.50. Scheme of experimental setup used in the ultrafiltration experiments......361

Figure 4.51. Flux evolution for the BT leachatg) oxidised BT leachatg/}, MT leachate )

and oxidised MT 1€aChat)...........coveieieeiieee e, 366

Figure 452.Me mbr ane resi stances for untreated (Yy) an
fouling resistance for raw (Yy) and oxidised (Y)
raw (y) and oxi.di.s.ed..().)..l.eac.hat.es......369

Figure 4.53.Hermia (CPB Bb], IPB [b], PPB b] and CF b]) and Mehta) flux models for

the obtained exp.er.i.ment.al..f.l.ux.es.../(.0.)..371

Figure A.4.1. Pictures of sessile droplets on a) PES50, clean; b) PES50, fouled; ¢) PESH50,

clean; d) PESH50, fouled; €) PANSQ, clean; f) PANSO, fouled.............ccoooovvviienienennn. 131
Figure A.4.2. FTIR spectra of PES10, PES3, PESH0and PES53 membranes............. 132
Figure A.4.3.FTIR spectra of PESH50 and PAN50 membranes.............cccoeeveeveennnnnn.. 133
Figure A.4.4. EDX elemental mapping of the surface of clean and fouled PESH membranes.
................................................................................................................................ 170

Figure A.4.5.EDX elemental mapping of the surface of clean and fouled PAN membranigs
Figure A.4.6. EDX elemental mapping of the surface of clean and fouled PVDF membranes

Figure A.4.7. Left: Effect of concentration of Pb(Nf.0H,O (0, 0.52, 1.00, 1.49 and 210

mol/L) on fluorescence intensity of humic acid. Right: Stéosimer calibration curve of

PB(NGE)2.0H0 ... 171

Figure A48 Nor mal i sed fluxes of BL..(.3).,..DBlI314 1) and
Figure A49.Experi ment al dat a H),&SPB 69,NRB ba dnd CEB)ed CPB |

models for (a) BL, (b) DBL, and (C) WOBL...........ccooiiiii e 317
Figure A.4.10.Evolution of flux during ultrafiltration, rinsing and cleaning.................... 353
Figure A.4.11. Evolution of resistances during ultrafiltration, rinsing and cleaning. Adapted
L1C0 ] T 53 354

Xl






Lista de tablas

LISTA DE TABLAS

Tabla 2.1. Comparativa de las técnicas para el tratamiento de lixiviados de vertedero. [#2].
Tabla 2.2. Mecanismos de degradacion de la materia organica mediante la formacion de
radicales libres durante los tratamientos de hidroélisis térmica y oxidacion humeda......19
Tabla 3.1. Caracteristicas fisicoquimicas de los lodos secundarios de depuradora....... 35
Tabla 3.2. Caracteristicas fisicoquimicas de los lixiviados maduros, jévenes y tratados

(o]T0] (oo [Tor=Taa1=T 01 (=3P PP PPPPPPPPPI 37
Tabla 3.3. Caracteristicas fisicoquimicas del licor Negro............cccoeeeeeii, 38
Tabla 3.4. Membranas utilizadas durante los procesos de filtracidn.............................40
Tabla 3.5. Parametros medidos y método analiticos empleados en latesis..................46
Table 4.1. Physicalchemical parameters of the thickened waste activated sludge......... 57
Table 4.2. Average rejection coefficients with 50 kDa and 1 kDa membranes during the
operation iN TR @Nd VC MOUES.......ciiui it e e e et ree e e e e e e e e e e e e enens 69
Table 4.3. SCFA concentrations in the raffinate before extraction..................cccccceeee. 70
Table 4.4. Extraction yields (Y) OF NVAS.....oooiiii e ee e 70
Table 4.5. Extraction yields (Y) OF VAS. ... 71
Table 4.6. Distribution constants (B) OF NVAS. ......oooiiiiiiiii e 71
Table 4.7. Distribution constants (B) OF VAS. .......oiiiiiiiiiiii e 712
Table 4.8. Values of the pKa and LogP of the studied SCEAS...........cccooviviiiiieeniiiinees 73
Table 4.9. Kp values for norvolatile and volatile SCFAs using TOA25, TBP25 and T/T10 as
solvent mixtures in the temperature range 250CC............ccoovviiiiiieeivieeeeeiiiiinn e 9
Table 4.10. Main physicalchemical characteristics of the oxidised waste activated slud@®.
Table 4.11. Water surface contact angles on the studied membranes............................ 99
Table 4.12. Rejection coefficients (RC) obtained with the 50 kDa polymeric membrand©2
Table 4.13. Fitting parameters for the adjusted models.............ccccovveviiceiiiiviiin e, 106
Table 4.14. Membrane surface roughness parameterS..........ccceevevvivieeeeieiiiiieeeiieeeeeans 108
Table 4.15. Rejection coefficients obtained with PES10, PE2B&Gnd PES5G................. 111
Table 4.16. Fitting parameters for the adjusted models............ccccoovviriiiciiiiiiiin e, 115

Table 4.17.Main physicalchemical characteristics of oxidisedste activatedludge........ 139
Table 4.18 Lifetime measured for 10 ppm humic acid water solution and humic acid water

solution with 20 ppm for each metal element................cccooii i 157
Table 4.19. Calculated formation constant between humic acid and each metal.ian....158
Table 4.20. Biocompounds content in WAS..........cooiiiiiiiiiii e 179
Table 4.21. Consulted studies about precipitation in urban wastewatet....................... 187

Table 4.22. Consulted studies about precipitation in cell cultures and synthetic broths190
Table 4.23. Consulted studies about precipitation in farming and fedated sources....... 193

Table 4.24.Consulted studies about membrane separation in WAS.............ccccceeeeeeee 203
Table 4.25. Consulted studies about membrane separation in other industries............ 210
Table 4.26. Consulted studies about solvent extraction on WAS...........c..oooiieveeeeennen. 220
Table 4.27.Consulted studies about solvent extraction on cell cultures....................... 223

Table 4.28. Consulted studies about solvent extraction on animal and vegetal source£28
Table 4.29. Main characteristics of physical and chemical adsorption. Adapted from (Hu and

D (U 0 1 L ) PR 232
Table 4.30. Consulted studies about adSOrption.............cceeuiiieiiiiiiiiieceiie e 237
Table 4.31. Physicalchemical characteristics of BL, LRBL and WOBL........................ 287
Table 4.32. Physicalchemical characteristics of BL, LRBL and WOBL after UF............ 289
Table 4.33.Yields (%) for NVA obtained during solvent screening................cceeeeevveennn. 290
Table 4.34.Yields (%) for VA obtained during solvent screening............cc.ccccvveeeeeeeenn. 291
Table 4.35. Hydrophobicities (expressed as log P) and acidities of the studied. QA......292
Table 4.36. Estimated prices for the evaluated OAS...........oooeiiiiiiiiie e 297



Lista de tablas

Table 4.37.Kp values for NVA and VA using 30TOAhep as solvent...........cccooeeevvvvveens 301
Table 4.38.Main characteristics of the mature and young leachates (average values from 2008
to 2018) and values determined in this study (in brackets).........ccccccoeeviiiineiiiiiiinnnnnn. 330

Table 4.39. Main fouling mechanisms: brief description, fitted parameters and SRR obtained
using the experimental data for ultrafiltration of mature and young leachates under TR or VCR

70T [ 337
Table 4.40. Physicochemical characteristics of the leachates............cccccccovvieeeiiiiiinnnns 359
Table441.Descri ption of the..Her.mi.a.0.s...f.aul.3668g model s
Table 4.42. Physicochemical and rejection values for the MT and BT leachates......... 367
Table 4.43. Fitting parameters for the adjusted models............cccccovviviiici i, 372
Table 4.44. Parameters for wastewater discharge into public sanitation systems........ 373

Table A.4.1.EDX analysis of the fouled PES and PVDF membranes (all res@s/ip.....170
Table A.4.2. Additional consulted studies about precipitation in cell cultures and synthetic

o] (011 1 PP 266
Table A.4.3. Additional consulted studies about precipitation in farming and -fetated
10 11] (oL T PP 267
Table A.4.4. Additional consulted studies about membrane separation....................... 271
Table A.4.5. Minimized sum of squares due to regression (SSR) for the adjusted mod#ls.
Table A.4.6. Estimate of the cost of equipments required in the PWO process............ 319
Table A.4.7. Breakdown of the total capital iInvestment..............coovvviiiieerieeeeeeiiiiin, 320
Table A.4.8. Total ProdUCHION COSES.... . iiirtiieiiiiii e e e e e e e e 321

XV



ADH
AFM
AOPs
APTES
ATR
BL
BOD
BT
BTX
CAGR
CF
CFV
CN
COoD
CPB
DBO
DQO
EDAR
EDX

Fo
FTIR

Jecc

Jrc

Lista de abreviaturas

LISTA DE ABREVIATURAS

Alcohol dehydrogenase
Atomic force microscopy
Advanced oxidation processes
(3-aminopropyl)triethoxysilane
Attenuated total reflectance
Kraft black liquor
Biological oxygen demand
Stabilised leachate after biological treatment
Benceno, tolueno y xileno
Compound annual growth rate
Cake formation
Crossflow velocity
Colour number
Chemical oxygen demand
Complete pore blocking
Demanda biolégica de oxigeno
Demanda quimica de oxigeno
Estacioneslepuradoras daguasresiduales

Energy dispersive Xay analyzer

Fluorescence intensity in the presence of quencher

Fluorescence intensity in the absence of quencher

Fouriertransformed infrared spectroscopy
Humic acids
Total direct costs
Fixed-capital investment
Total indirect costs
Labour costs
Maintenance and repair costs
Operation supervision
Working capital
Internal pore blocking
Flujo de permeadoRermeatelfix
Limiting flux
Permeate flux achieved after chemical cleaning

Permeate flux achieved after physical cleaning

XV



Lista de abreviaturas

Js Permeate flux achieved at the end of the ultrafiltration
Kb Constant for CPBiermia model
KeL Distribution constants for black liquor
Ke Constant for CHermia model
Kb Constante de distribuciérDistribution constant
Ki Constant for IPBHermia model
KireL Distribution constants for black liquor after lignin recovery
Kp Constant for PPBiermia model
Kq Bimolecular quenchingonstant
KwosL Distribution constants for partially oxidised black liquor
LLE Liquid-liquid extraction
LMH L/m?h
log P Octanotwater partition coefficient
LR Lignin recovery
LRBL Black liquor after lignin recovery
V] Viscosidad dinamicADynamic viscosity
M Mature leachate
MBR Membrane bioreactor
MT Mature(leachatg
MF Microfiltration
MWCO Molecular weight cubff
NF Nanofiltration
NVAs Non-volatile shortchain organic acids
OA Organic acids
PAN Poliacrionitrilo/ Polyacrylonitrile
PAN50 PAN membrane, 5RDa
PES Polietersulfona Polyethersulphone
PES10 PES membrane, IKDa
PES3 PES membrane, Da
PES50 PES membrane, Da

PES5G10 PES membrane of IKDafiltering the pemeate fromPES50 membran
PES563 PES membrane of Dalfiltering the pemeate from PES50 membrar
PESH PES permanentemente hidrofili¢d?ermanently hydrophylic PES

PESH50 PESH membrane, Da
PPB Partial pore blocking Particle pore blocking
PS Polysulphone

XVI



PVDF
PVDF50
PVP
PWO
Q
R
R
Ra
RC
RC
Rirrecov
Rirrev
Rm
Rrev
Rr
rms
RO
SAC
SCFA
SEM
SSR
TBP
TCOD
TH
TMP
TOA
TOC
TOPO
TPSA
TR
UF
VAs
VC
VCR
VSS
WAS

Lista de abreviaturas

Fluoruro de polivinilidend Polyvinylidene fluoride
PVDF membrane, 5kDa
Polyvinylpyrrolidone
Partial wet oxidation
Concentration of quencher
Resistencia hidrauliceHydraulic resistance
Rejectioncoefficient
Mean roughness
Rejection coefficient
Regenerated cellulose
Hydraulic resistance caused by irrecoverable fouling
Hydraulic resistance caused by irreversible fouling
Hydraulic resistance caused by thembrane
Hydraulic resistance caused by reversible fouling
Total hydraulic resistance
Root mean square roughness
Reverse osmosis
Spectral absorbance coefficient
Shortchain organic acid $hort-chain fatty acid
Scanning electron microscopy
Sum of square residuals
Tributyl phosphate
Total COD
Thermal hydrolysis
Presién transmembrandrvansmembrane pressure
Trioctylamine
Total organic carbon
Trioctylphosphine oxide
Topological polar surface area
Total recycle
Ultrafiltration
Volatile shortchain organic acids
Volume concentration
Ratio de concentracion de volumevidlume concentration ratio
Volatile suspended solids
Waste activated sludge

XVII



Lista de abreviaturas

WO Wet oxidation
WOBL Partially oxidised black liquor
Y Rendimiento de extracciorEktraction yield
Y Young leachate
G Lifetime of the fluorophore in the absence of quencher

XVIII



Capitulo 1.
INTRODUCCION






1. Introduccién

1.1.Consideraciones previas

La correcta gestion das aguas residuales, tanto urbanas como industriales, se ha convertido en
un tema de gran relevancia debido al rdpido aumento de la poblacion y de la creciente
concienciacién ambiental tanto a nivel publico como gubernamental. Las estrategias actuales de
gestion buscan alejarse del modelo tradicional de economia lineal, centrado en la extraccion de
materias primas para fabricar productos que finalmente terminan como residuos y se desechan,
en favor de modelos de economia circular. Dichos modelos circulares buscan crear un flujo de
material de circuito cerrado, donde los subproductos de una operacion se conviertan en materias
primas para otra, conservando asi el valor de todos los materiales del proceso. Con ello, se
pretende que los modelos de produccion y consumo sean mas sostenibles al tratar de aprovechar

al maximo las materias primas de las que se dispone alargando el ciclo de vida de los productos.

Sin embargo, las aguas residuales también presentan compuestos de interés que no se
aprovechan en lanayoria de los casos, perdiendo asi la oportunidad de recuperar una gran
cantidad de productos de valor afiadido. Cabe destacar que la presencia de biomoléculas
comercialmente valiosas es un factor comun en efluentes de distintas actividades tanto de tipo
industrial como de gestibn medioambiental. Asi, por ejemplo, el licor negro de la industria
papelera contiene acidos organicos y lignina; los lixiviados de vertedero presentan acidos
hamicos; y los lodos de depuradora presentan en su composicidén proteinas, acidos humicos y
carbohidratos, que ademas pueden ser oxidados a acidos organicos). Todos estos compuestos
pueden resultar de interés en sectores como el agroalimentario, la quimica fina o la cosmética.
Asimismo, la recuperacién de estos compuestos podria mejorar significativamente la gestién de
este tipo corrientes e incrementar la sostenibilidad del proceso. Por tanto, la reutilizacion y
valorizacion de estas aguas residuales urbanas e industriales se presenta como un area de trabajo
fundamental para alcanzar una economia y una sociedad sostenibles. El problema que plantea la
recuperacion de estos compuestos es que estan contenidos en matrices de gran complejidad, por
lo que es preciso analizar diversos métodos de separacidn para optimizar su recuperacion y

purificacion.
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Por ello, en esta tesis se han estudiado y optimizado diferentes procesos de recuperacion y
purificacién de estas biomoléculas (4cidos organicos, lignina, acidos humicos, proteinas y
carbohidratos) mediante técnicas separativas de aplicacion industrial, como son la tecnologia de
membranas y la extraccion liquitiquido. Ademas, se ha estudiado la influencia de la matriz

de la corriente en dichos procesos de recuperacion y purificacion, asi como la aplicacion de un
tratamiento hidrotérmico previo para la mejora de los rendimientos de extracciéon de estos

compuestos de interés.

1.2.0Dbjetivos de la tesis doctoral

Los objetivos generales de la tesis doctoral son los siguientes: i) el analisis del empleo de
distintos tipos de procesos separativos para optimizar la recuperacion y/o purificacion de
biomoléculas de interés, haciendo hincapié en el uso de la tecnologia de membranas dado su
elevado uso a nivel industrial, ii) el estudio de la influencia de la composicién de la matriz en la
eficacia del proceso de separacion empleado vy iii) el estudio del efecto de los tratamientos

hidrotérmicos en el rendimiento de la obtencién de biomoléculas.
Asi, los objetivos especificos a cumplir son los siguientes:

1 ElI andlisis bibliografico de las tecnologias de separacién existentes para la
revalorizacion de lodos secundarios de depuradora mediante la recuperacion de
biomoléculas de valor afadido, incluyendo el disefio de una estrategia de valorizacion

del lodo por etapas.

1 El estudio de la eficacia decuperacién de biomoléculas (proteinas, carbohidratos y
acidos humicos) de lodos de depuradora tratados hidrotérmicamente mediante procesos
de membrana centrdndose en el contenido en materia organica (matriz) y el material y

tamario de corte de las membranas.

1 El estudio de la retencibn de metales pesados presentes en lodos de depuradora

mediante procesos de membrana centrdndose en el contenido en materia organica
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(matriz) y en el material de las membranas, asi como en la determinacion del

mecanismo por el que es posible esta retencion.

1 El estudio del efecto de un tratamiento hidrotérmico previo de tipo oxidativo del lodo
secundario de depuradora en términos de generacion de &cidos organicos de cadena
corta y de la recuperacion de estos acidos mediante procesos de membrana y extracciéon

liquido-liquido.

1 La recuperacion de acidos organicos de cadena corta a partir de licor negro mediante
procesos de membrana y extraccion ligdidaido atendiendo al contenido en lignina 'y

a la influencia de un tratamiento hidrotérmico previo.

1 El estudio de la eficacia de la recuperacion de acidos humicos a partir de lixiviados de
vertedero mediante filtracion con membranas haciendo hincapié en la influencia del
modo de operacion, contenido en materia organica (matriz), edad de lixiviado y la

existencia de un tratamiento biologico y/o hidrotérmico previo.

91 El estudio del ensuciamiento de las membranas durante la operacion con las diferentes
corrientes estudiadas (lixiviado de vertedero, licor negro y lodos de depuradora)
mediante analisis de estas con distintas técnicas de microscopia y modelizacion de los
flujos obtenidos, a fin de optimizar los ciclos de operacién y la vida util de la

membrana.

1.3.Estructura de la tesis doctoral

A lo largo de la presente tesis, el trabajo realizado a lo largo de la misma se ha ido recogiendo
en articulos de investigacién, la mayoria de los cuales han sido publicados en revistas incluidas
en Science Citation Index Expandddor tanto, se ha decidido presentar esta tesis como un

compendio de articulos.

El contenido de la tesis se ha dividido en cinco capitulos:
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El Capitulo 1 se corresponde con la introduccion, donde se exponen las consideraciones previas
al trabajo, se recogen los objetivos generales y especificos de la tesis y se justifica la estructura

del documento.

En el Capitulo 2 se desarrollan las consideraciones teéricas, donde se detallan los aspectos
tedricos de los elementos presentes a lo largo de la tesis, incluyendo las corrienteslostadas

tratamientos hidrotérmicgslos métodos de separacion empleados.

En elCapitulo 3 se recogen de forma general los materiales y métodos utilizados a lo largo de
toda la tesis. Los detalles especificos de cada articulo pueden ser consultados en sus

correspondientes seccionesMeaterials and Methods

El Capitulo 4 incluye todos los articulos de investigaciéon escritos durante la presente tesis, que
constituyen la seccion de resultados y discusion. Al comienzo del capitulo se incluye una
justificacion de la organizacién de los articulos. Por otro lado, al final del mismo se desarrolla
una discusién general y se proponen futuros trabajos para continuar con lo desarrollado en esta

tesis.

Por ultimo, en eCapitulo 5 seexponen las principales conclusiones obtenidas tras la tesis.

Se incluye también un anexo donde se detalla la difusién de la tesis doctoral a través de

publicaciones en revistas cientificas y comunicaciones en congresos y seminarios.

La bibliografia de cada capitulo se incluye al final del mismo, salvo en el capitulo 4, donde se
mantiene al final de cada subapartado, al tratarse de una compilaciébn de articulos

independientes.
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2. Consideraciones tedricas

2.1. Corrientes residuales en economia circular

En las Ultimagiécadas, la creciente actividad econémica y demogréfica global ha traido consigo
un aumento exponencial de la generacion de residuos a nivel mundial poniendo de relieve la
necesidad de desarrollar estrategias eficientes de gestion de residnedida quehan ido
aumentanddos esfuerzos para reducir el impadausado por el ser humamen el medio
ambiente [1,2], el concepto de economia circular se ha convertido en una estrategia prometedora
paralograr alcanzauna economia sostenible. En estatido, la Directiva Marco de residuos de

la Union Europea ha buscado desligar el crecimiento econdmico de la produccion de residuos
mediante el establecimiento del principio de jerarquia de los residliosSegun dicho
principio, las politicas de gestion de residuos deben priorizar la prevencioén, reutilizacién y
reciclado de los residuos, asi como otros tipos de valorizacion de los mismos, incluyendo la
energética, antes que su eliminaci@sta estrategia de gestion busmnsformar la Unién
Europea en una fAsociedad del recicladoodo y circt
esta Directiva, en Espafia se ha aprobadoela7/2022, de 8 de abril, de residuos y suelos
contaminados para una economia circulgme complementa la legislacién anteriormente
publicada en la que se introdujeron conceptos como subproducto (producto que se obtiene en un
proceso industrial cuyo fin no es la produccién del mismo, y que puede ser utilizado sin tener
gue someterse a ulteriores procesos de transformacion) o fin de la condicién de residuo
(criterios especificos que determinados residuos deben seguir para dejar de ser considerados
como tal, tras haber sido sometidos a alguna operacion de valorizacion) y refuerza la legislacion
concerniente a la gestién circular de los residuos. Por estas razpreeynbmia circular,
entendida como el aprovechamiento de subproductos derivados de la actividad industrial con el
fin de revalorizar los residuos generados y reducir el consumo de materias [@rBhassta

cobrando cada vez mas interés dentro del ambito industrial y medioambiental.

A pesar de estas directrices comunitaries,estima que el 600% del valor de las aguas
residuales en la Unién Europeain permanece desaprovechado, desperdiciando grandes

cantidades dealor, energia, nutrientes, minerales, metales, quimicosf4gtdincluyendo el
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caso particular de Espafia, en la que la gestion de residuos aun se basa mayoritariamente en la
deposicion en vertedef@]. Por ello, el desarrollo en el campo de la valorizacion de las aguas
residualegales como los lodos secundarios de depuradora, el licor netys lixiviados de

vertederces una gran oportunidad para poder seguir avanzando en materia de economia circular

(Fig. 2.1).
B alhE
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Figura 2.1. Gestion de residuos en modelos de economia lineal y circular.

2.1.1. Lodos de depuradora. Composicion. Aprovechamiento actual

Los lodos secundarios de depuradora son residuos generados durante la decantacién secundaria
tras el tratamiento biolégico de las aguas residuales en las Estaciones Depuradoras de Aguas
Residuales (EDAR) (Fig2.2). Estos lodos son el resultado del crecimiento biolégico de los
microorganismos empleados para el tratamiento de las aguas residuales, y por tanto estan
compuestos principalmente por fléculos de células bacterianas, los cuales estan formados por
interacciones fisicguimicas débiles con sustancipsliméricas extracelularef5]. Dichas
sustancias son una mezcla compleja de polimeros excretados por las bacterias, liberados tras la

lisis de las bacterias o presentes en las aguas residuales [@lratmrcomposicion de los lodos

10
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es muy variable, dependiendo de las caracteristicas del agua residual inicial y de los
tratamientos realizados en la EDAR. Por lo general, es una corriente con un gran contenido
acuoso (>95%), con materia suspendida o disuelta tanto con valor agronémico (materia
orgénica, nitrogeno, fésforo y varios micronutrientes) como con potencial contaminante

(metales pesados, patdgenos y contaminantes orgafmEos)

! A
Aglomeracién urbana Cursos de agua
L]
38
i = | Aguas residuales Aguas depuradas
= 7y 3
= »
H & S Tratamiento Decaniacion Tratamiento DEcantacion Eliminacion
2 ? fisico-quimico pEUALS biolégico secundaria de NyP
g r

|

Residuos del
pretratamiento

| Lodos secundarios ’ Lodos terciarios
Lodos mixtos

Tratamiento
de los lodos

Lodos tratados

-Aplicacion al suelo
-Incineracion/coincineracion
-Depdsito en vertedero

GENERACION Y TRATAMIENTO
DE LOS LODOS DE DEPURADORA

Figura 2.2. Generacion y tratamiento de los lodos secundarios de depuradora. Adaptado de [7].

En Europa se producen anualmente unas 10 millones de toneladas en peso seco de lodos de
depuradord8], de los cuales 1.2 millones de toneladas son generadas en Espafia. La gestion de
estos lodos es uno de los aspectos mas criticos de las, FDdiendo llegar auponer hasta el

65% de los costes de operaciénlaemismag9]. Actualmente, el método principal de gestién

de dichos lodoss la aplicaciénresuelo agricola, siendo destinados a este fin aproximadamente

el 80% de los lodos producidos en Espafia. Le siguen el depésito en vertedero (8%) y la
incineracion (4%]7], aunque también se han empleado en menor medida en suelos no agricolas
(reforestacion, recuperacion de suelos) y ewcaropostajg10,11] Estos procesos de gestion
presentan una serie de inconvenientes entre los que se inphdencausaremisiones de gases

de efecto invernadelfd2] y contaminacién del airg 3]; acidificacion y eutrfizacién terrestre

11
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[14]; incremento de la presencia de genes de resistencia a antibioticos en la microbiota del suelo
[15] y contaminacién del suelo por patogerd§], contaminantes organicgs7] o metales
pesadog18]. Ademasdesperdician legran potencial que tienen los lodos de depuradora como
materia prima de biorrefineria, ya que son una fuente de distintas biomoléculas, como proteinas,
lipidos, acidos organicos, carbohidratos y acidos humicos; fésforo; bioplasticos; biopesticidas; y
energia en forma de biodiésel o bioffE& 25]. La recuperacion de las biomoléculas citadas es
una via novedosa para la valorizacion del lodo de depuradora y para conseguir su inclusion

completa en un modelo econdémico circular.

El principal problemajue se debe afrontal intentar obtener dichas biomoléculas es el hecho

de que se encuentran contenidas en las células que conforman los lodos y en sus estructuras
poliméricas extracelulares. Esto hace que sea necesgietrstamientgara lasolubilizacién

de los lodos, para lo cual se hestudiado variagécnicas talescomo la sonicaciofi26,27],
cavitacion[28], tratamiento alcaling27,29] ozondlisis[30], oxidacion humeda e hidrélisis
térmica[31]. La oxidacién humeda es una tecnologia particularmente interesante, Y& que
modificacion delos parametros de la operacién permite variar la severidad del tratamiento,
pudiendo tanto simplemente solubilizar el lodo rompiendo las estructuras poliméricas
extracelulares y las paredes celulares, como convertir los biocompuestos mas complejos y

menos oxidados en otros compuestos de valor, como acidos organicos de cadena corta.

Por altimo, hay que tener en cuenta que la solubilizacién de los lodos da lugar a una matriz
compleja en la que estan contenidas todas las biomoléculas de interés, por lo que son necesarios
uno o varios procesos de separacion pacaiperary purificar cada uno de los compuestos

obijetivo.

2.1.3. Lixiviados de vertedero

De acuerdo con la jerarquia actual de gestion de residuos a nivel comunitario, la deposicion de
residuos en vertedero es la opciébn menos preferible, y deberia ser reducida al minimo. El
objetivo marcado por la Unién Europea es que menos de un 10% de los residuos urbanos

generados sean depositados en vertederos para el 2035. Sin embargo, y a pesar de que en la

12



2. Consideraciones tedricas

Ultima década seartonseguido disminuir la tasa de vertidogésstion de los residuos urbanos a
través de la deposicion en vertedero sigue suponiend@rde media en la Unidon Europea

[32]. En Espafia las cifras resultan muy superiores a la media, con un 52% de los residuos
urbanos depositados en vertederos en PBZ0Por otro lado,d composicién de estos residuos

es muy variable, pudiendo clasificarse como residuos biodegradables de comida y otros; papel y
cartén; vidrios; plasticos y composites; domeésticos peligrosos (medicamentos, bombillas,

|l atasé); e inertes [B4de construcci - -n, piedrasé)

Los lixiviados de vertedero son una corriente residual que se genera por la percolacion del agua
de lluvia a través de la capa de residuos del vertedero durante el proceso de descomposicion de

los residuos so6lidd85] (Fig. 2.3).

Recuperacion de metano Recogida y tratamiento
del lixiviado

Tapa de
arcilla

agua
subterranea Lixiviado

Acuifero

Figura 2.3. Esquema de un vertedero.

Estos lixiviados presentan una gran variabilidad en sus caracteristicas, las cuales dependen de
factores como el clima local, la estacion del afio, la profundidad del vertedero y, especialmente,
la composicién de los vertidos y la edad del lixivig@86i 38]. En funcion de su edad, los
lixiviados son clasificados como jovenes si proceden de un vertedero de menos de un afio, y
maduros si proceden de un vertedero de mas de cinco afios. Los lixiviados jévenes poseen una
elevada carga de materia organica (demandiniga de oxigeno [DQO] >15 g/L D
proveniente de compuestos altamente biodegradables. En los vertederos jévenes ocurre una

primera fermentacion anaerobia rdpida (fase acidogénica), cuyo producto principal son los
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acidos grasos volatiles. Durante esta fase, hasta el 95% de la materia organica es convertida en
acidos grasos volétiles libres. Posteriormente, durante la etapa metanogénica, estos acidos
grasos volatiles son transformados en biogas: (CEIO,) por organismos metanogénicos. Asi,

la fraccion organica restante en el lixiviado maduro presenta valores de DQO que no superan los
3 g/lL O, estando formada mayoritariamente por compuestos refractarios, principalmente
sustancias humicag39,40] Ademas, el tamafio medio de los biocompuestos y su
biodegradabilidad (relacion entre la demanda biol6gica y quimica de oxigeno: DBO/DQO), que
suele presentar valores de-0.¢ a 0.20.05[41], también disminuye rapidamente durante el

envejecimiento del vertedero.

Debido a esta alta variabilidad de los lixiviados, no es posible disponer de una metodologia de
tratamiento estandar, debiendo esta adecuarse a las caracteristicas de cada corriente. Las
técnicas de tratamiento convencionales de dichas corrientes residuales son la recirculacién al
vertedero y su tratamiento conjunto con las aguas residuales urbanas en las EDAR. Asimismo,
los lixiviados también pueden ser tratados por diferentes métodos de tipo biolégico, quimico o

fisicoquimico [41]. En la Tabld.]l, se recoge una comparativa de dichos tratamientos.

Ademés de estos métodos de tratamiento, se ha propuesto valorizar el ligiviadediode
diferentesvias, como la generacion de enei@fal; la recuperacién de sustancias himicas para
la elaboracién de fertilizantelgl4]; recuperacion de nutrientes mediante operaci@oeso
filtracibn can membranas, coagulacifioculacion, precipitaciénstripping o electrodialisis
[45]; co-compostajg46]; o la obtencidnposttratamientode un subproducto semisélidgue

puede ser usado pdeaelaboracion de productos ceramif®g).

Tal y como se ha habia indicad®&bitlo a la alta variabilidad de los lixiviadas se puede
elaboraruna metodologiale tratamiento o valorizacion general, debiendo atender a factores

criticos como la edad del vertedero a la hora de decidir la mejor opcién en cada caso.
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Tabla 2.1. Comparativa de las técnicas para el tratamiento de lixisideloertederd42].

Método Principio Ventajas Inconvenientes
Devolucion del Acelera la
lixiviado de estabilizacion de los
vertedero residuos del

Tratamientos
convencionales

Tratamientos
biolégicos

Tratamientos
quimicos

Recirculacién

Co
tratamiento

Precipitacion
quimica

Procesos
avanzados de
oxidacion

Coagulacion /
floculacién

recogido al propio
vertedero. El
relleno del
vertedero actia
como biofiltro.

Tratamiento del
lixiviado en una
EDAR.

Degradacion de
contaminantes
organicos en el
lixiviado
mediante
reacciones
aerobias o
anaerobias.

Reaccién entre
quimicos 'y
sustancias
solubles del
lixiviado para
formar
precipitados.

Destruccion de la
materia organica
mediante
radicales libres y
degradacién a
moléculas mas
simples o
mineralizacién a
COy H0.

Compresion de la
doble capa,
neutralizacion de
cargas, adsorcion
y puente, y
atrapamiento de
particulas en un
precipitado.

vertedero; aumenta
la cantidad de
residuos degradada;
reduce el volumen
de lixiviado.

Conveniencia; bajo
coste.

Simplicidad;
fiabilidad; buena
relacion coste
eficiencia.

Gran capacidad,;
simplicidad; bajos
costes de operacion,

Fuerte poder
oxidativo; alta
eficiencia;
condiciones suaves
de operacion;
facilidad de
operacién y poca
necesidad de
mantenimiento;
rapida velocidad de
reaccion.

Bajo coste; alta
eficiencia.

Acumulacién de materia
orgénica disuelta, la cus
es mas dificil de tratar.

Hace inefectivo el
proceso de desinfeccior

No efectivo para
eliminar la materia
orgéanica disuelta no
biodegradable.

Baja eficiencia en la
eliminacion de DQO;
dependiente del pH;
empleo de grandes
cantidades de reactivos;
elevada generacién de
lodos.

Alto consumo de
reactivos quimicos; alto
consumo de energia; nc
renovable

Elevada generacion de
lodos; contaminacion
secundaria; dependiente
del pH.

15



2. Consideraciones tedricas

Tabla 2.1. Comparativa de las técnicas paratr@atamiento de lixiviade de vertederd42]
(continuacion)

Los contaminantes

son transferidos de

la fase liquida a la
Adsorcién  superficie de un

Regeneracion de los

Bajo coste; alta adsorbentes; alto

eficiencia.

s6lido mediante consumo de adsorbente

interacciones fisicas

y/o quimicas.

Transferencia del simplicidad y Fgg_as d_e Nk baja

. NHs-N de la fase - eficiencia en la
Tratamientos . PR estabilidad del T
. P Desorcion  liquida a una ) eliminacion de DQO,
fisicoquimicos . : . proceso; gran ) X
por aire corriente de aire o incrustaciones de

adaptabilidad; bajos

. -y carbonato de calcio de |
costes de inversion.

vapor pasada a

través del lixiviado. torre de extraccion.
Separacion .
Pe N Alta efectividad; —
: mediante tamafio e : i ... Ensuciamiento de las
Tratamiento . . bajo coste; requisito:
interacciones : . membranas y
con de equipamiento

produccion de lixiviado
concentrado.

electroquimicas
entre las membrana
y las moléculas.

membranas simples; condiciones

suaves.

2.1.4. Licor negro de papelera

El consumo de madera en Europa por fabricas de pulpa de papel ascendié a cerca de 154.9
millones de toneladas en 20[B]. De entre los procesos de obtencion de pulpa de celulosa, el
meétodo Kraft es el mas utilizado, correspondiendo aproximadamente al 75% de la produccion

total [49].

El licor negro es un subproducto derivado de este proceso, y generado durante la etapa de
coccién de la madera con licor blanco (una disolucion formada principalmente por compuestos
como NaOH y NgB) (Fig. 2.4). Esta corriente es resultado de la disolucién de diversos
compuestos organicos e inorganicos presentes en la madera (tales como resinas, ligninas,
hemicelulosas, carbohidratos, metanol, acidos organicos y otros cientos de compuestos) en el
licor blanco[50,51] Por cada tonelada de pulpa producidadiarge el proceso Kraft, se
generan 7 toneladas de licor negro con aproximadamente un 15% de sdélidos totales (10%
compuestos organicos y 5% inorganicos), elevados valores de DQO (>70 g/L), un pH altamente

basico (>11) y un contenido cal6rico total de 1345MJ por kg de soélidgs2].
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Madera
r Agua
clasificacion,
blanqueamiento, secado

1

Licor blanco Licor negro
o Pulpa de papel
débil R
Licor Licor negro
verde concentrado

Caldera
recuperadora

Vapor

Figura 2.4. Esquema del proceso Kraft.

Actualmente,el licor negrose esta aprovechangmra la generacion de vapor dentro de la
misma planta mediante combustidn, previa concentracion por evaporacion hasta un contenido
en solidos totales de @b%. Sin embargo, este método de gestion conlleva problemas como la
liberacion de malos olores durante la evaporadB] y la generacion de gases efecto
invernadero, materia particulada, N@ SO durante la combustiofb4,55] Ademas, este
procedimientose puede consideraubdptimo desde un punto de vista econémico, ya que el
valor especifico de la lignina y de otros compuestos organicos de valor afiadido empleados
como combustible es menor gogando actlan de materias primas para otros procesos 0 como

precursores de otros compuestos vali¢S6k

Las estrategias mas recientes de revalorizacion del licor negro incluyen la produccion de
polihidroxialcanoatos, biodiésel, hidrogeno, biogas o acidos organicos mediante procesos
biolégicos aunque la alta toxicidad del licor negro exige un tratamiento previo para poder
usarlo como sustrat®.g, medianteotros organismos come@leurotus ostreatu Pichia
pastoris fotocatalisis conCuO/TiQ, hidrdlisis erzimatica empleando lacgsadsorcion o
sobreencalado. Asimismo, también se ha estudiado la genedeidmocarbén, bioaceite,

sings8s, met anol , di metil ®t er , compuestos arom
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plasticos, poliuretanos, poliésteres, acidos organicos, metano o hidrogeno mediante métodos
quimicos como pirdlisis, tratamiento con BTX (benceno, tolueno y xileno), oxidacion himeda o

gasificacion57].

2.2. Técnicas de aprovechamiento

En los dltimos afios, conse ha desarrolladen elapartado 2.1se estan realizando esfuerzos

con el fin de cambiar la gestiéon de residuos desdeilosaffa de eliminacién a una de reciclaje

y valorizacion, siguiendo los principios de la economia circular. Para ello, se moedéaterar

varias estrategias, que pueden estar dirigidas a la valorizacién del residuo sin necesidad de
pretratamiento, al tratamiento parcial de las corrientes para generar compuestos intermedios de

valor afiadido, o0 a una degradacién mas completa para la produccion de biocombustibles.

Mediante una degrad@n parcial de las corrientes estudiadas, pueden obtenerse una gran

variedad de compuestos biolégicos de valor, como proteinas, enzimas, lipidos, acidos humicos,
carbohidratos, o acidos organicos. Sin embargo, las corrientes residuales suelen ser muy
complejas, por lo que es necesario aplicar pasos de separacién y purificacién para recuperar los

compuestos de interés.

2.2.1.Tratamientos hidrotérmicos

Los tratamientos hidrotérmicae llevan a caba presion y temperatura elevadsspleando un
medioacuosade reaccién58], lo que los convierte en métodos adecuados para tratar corrientes
residuales acuosas como las estudiadas en estaBstwistecnologia ofrece varias ventajas,
como poder emplear unéinentacion mixta, no tener que secar el residuo a tratar 0 no generar
apenas emisiones contaminantes gasgé8s80] En funcién de los pardmetros de presién y
temperatura empleados, esta operacién puede dirigirse a la obtencion de corrientes acuosas
susceptibles de ser valorizadas, ya sea en ausencia (hidrélisis térmica) o en presencia (oxidacién
hameda) de oxigeno. Las condiciones tipicas de estas operaciones son una temperatura de 150

350°C para la oxidacion humef®l], y una temperatura menor, ente 100 y 200°C, para la
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hidrolisis térmica[58]. En cuanto a la presion, no se trata de un factor tan critico como la

temperatura, pudiendo ir desde los 3 a los 70a24r

Los tratamientos hidrotérmicos degradan la materia organica mediante una serie de mecanismos

[63]:

9 Formacién de radicales libresanto durante la hidrdlisis térmica como durante la oxidacion

hameda, se produsesendageacconesen cadena propagada por radicales libres, siendo el
mecanismo distinto en cada caso (Tabld. Se ha investigado el uso de catalizadores
metdlicos para reduciro$ altos requerimientos térmicamcesariospara iniciar dichas

reaccionesle formacién de radicales librfgo].

Tabla 2.2. Mecanismos de degradacion de la materia organica mediante la formacion de
radicales libres durante los tratamientos de hidrdlisis térmica y oxidacion hiumeda.

Hidrdlisis térmica[63] Oxidacion humed§s0]

Y Y O @ [yo sy o ®

0O OuvoQ@W O 2 |0 YOo'YW 2

YO Q%Y 00 3 |'YO @ ©°'Y "Ov (3)

YOO QW oY) 00 4) |00 © Oy 4)
YO Y®Y YOUO (5)

9 Hidrdlisis: la temperatura aplicada durante los tratamientos hidrotérmicos aumenta la
reactividad del agua, lo que la lleva a destruir enlaces de moléculas complejas para dar lugar

a otras mas simples, de acuerdo con la siguiente red6di@s}
0 6 0ObLOPo O 06 00O

1 Reaccidon de Maillarda las temperaturas a las que se realizan los tratamientos hidrotérmicos,

es posible que se formen polimeros refractarios por la reaccion de Maillard, que es un
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conjunto de reacciones no enziméaticas entre grupos carbonilo y grupos amino presentes en
las proteinas y carbohidrat§®6]. Por debajo de los 140 °C se pueden formar productos
Amadori, con tamafios generalmente por debajo de los 70 kDa, fruto de la polimerizacion de
aminoacidos de cadena corta y de carbohidratos. A partir de esta temperatura pueden
formarse otros polimeros de mayor tamafio (>100 kDa), como las melanoidinas, que son el

producto final de la reaccion de Mailld@B].

Este tratamiento se ha empleado para obtener acidos organicos a partir de licfB7egsd
como para valorizar la lignina proveniente del mig6¥j. En cuanto a los lodos de depuradora,
se ha propuesto como pretratamiento para solubilizar los lodos para posteriormente producir

biogas[63] o recuperar proteing31], lipidos, carbohidratos o acidos grasos volaftés

2.2.2. Métodos de separacion

2.2.2.1. Separacién por membranas

El concepto detras de los procesos de separacion por membraekgiemmentesimple: las
membranas pueden describirse como filtros convencionales, pero con un tamafio de malla o
poro mucho méas pequefio, lo que permite la separacién de particulas del ordienade
nanometrog69]. Los procesos de membranas mas estandarizados son aquellos que usan la
presion como fuerza impulsofa0]. Asi, dependiendalel peso moleculague permite rechazar

el 90% del soluto macromolecularlo que es lo mismdel tamafio de corte de la membrana,

[71], esta tecnologia pueddasificarse comanicrofiltracion, ultrafiltracion, nanofiltracion u
6smosis inversaFHg. 2.5). Por otro lado, ds membranas se pueden producir en una amplia
gama de materiales (ceramscopolimérios) y geometrias (planas, en espiral, tubulares o de
fibra huecd72]), los cuales determinan caracteristicas operativas como el flujo, la vida util o la

selectividad de la membrafié3,74]
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Figura 2.5. Rango de aplicacion de distintos procesos de separacién por membranas basado en
tamafios de particu[&9].

Esta tecnologia ha experimentadosignificativo crecimiento en los Ultimos afios debidsus
multiples ventajasal tratarse de una tecnolodiaxible, limpia, con bajos costes energéticos,
gue permitesustituir a otros procesos convencionalegig puedeacoplarse a otras tecnologias

como un proceso hibrid@s].

El principal inconveniente de esta tecnologia es la pérdida de flujo debida al ensuciamiento de
membranaDicho ensuciamiento es causado por interacciones fisicas, quimicas o bioldgicas
entre la membrana Yy los distintos solutos 0 materia suspendida de la corriente filtrada, lo que
conduce a una pérdida de permeabilidad y/o selectividad de la merfd@hr@omprender los
mecanismos de ensuciamiento y la naturaleza de las particulas que causan el ensuciamiento es
fundamental para abordar correctamente este importante proflém®ara este fin, pueden
encontrarse varios modelos en la literatura, como los modelos de Hé8hial modelo de

Mehta[79] o el modelo de resistencias en si8i@.

La tecnologia de membranas se ha estudiado en lodos secundarios para obtener concentrados de
acidos humicos mediante microfiltracién o ultrafiltrac[@6,81 83]. En cuanto al licor negro,
se ha estudiado la obtencién de retenidos concentrados en lignina y hemicelulosas mediante

microfiltracion, ultrafiltracién y nanofiltracion, y la recuperacion de acidos organicos de cadena
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corta y sales inorganicas mediante 6smosis iny8&aPor ultimo, también se ha estudiado la
recuperacion de fosforo y nitrogeno de los lixiviados mediante nanofiltracion y ésmosis inversa

para elaborar fertilizantg85].

En el contexto de esta tesis, la tecnologia de membranas permiientiacgna corriente
empleando membranas de distinto tamafio de corte, pudiendo separar asi los distintos
compuestos presentes en el residuo a valorizar; o bien prepurificar dicha corriente con el fin de
facilitar una etapa posterior de separacién y mejorar su eficacia.

2.2.2.2. Extraccion liquiddiquido

La extraccion por disolventes consiste en el proceso de recuperacion de un soluto contenido en
una matriz mediante un disolvente. Cuando tanto la matriz como el disolvente son liquidos, el
proceso se denomina extraccion liquittpuido, y @ principio en que se bassla diferencia

entre las solubilidades de un soluto en dos disolventes inmiscibles o poco miscibles entre ellos.
Al poner en contacto la matriz en la que esta contenida el soluto con el disolvente adecuado, la
mayor afinidad por este ultimo hard que el soluto migre de la matriz al diso[@6éihtd.a
extraccion condisolventes presentana serie deventajas tales como un mejor efecto de
separacion que la precipitacion, una mayor selectividad y velocidad de transferencia de masa
gue el intercambio idnico, 0 un menor consumo de energia y una operacion cangraura
escalamas facil que la destilaciéf87]. Una correcta eleccion ddisolvente es critica en la
idoneidad de la operacién y debe tener en cuenta factores como la selectividad y el coeficiente
de distribuciérsegunel compuesto de interés, la inmiscibilidad con la fase liquida contraria, la
facilidad de recuperacién, la densidad, la tension interfacial, la reactividad quimica, la
viscosidad, la presion de vapor y el punto de congelacion, y la disponibilidad y8&]steos
disolventes pueden ser fisicos o reactivos. Estos ultimos forman complejos con el soluto, y
suelen ser compuestos, formados por un agente extractante que forma los complejos, y un

diluyente que facilita el contacto entre el soluto y el extracf@Bie

Esta tecnologia se ha empleado en lodos de depuradora para la recuperacion ¢edipios

y biodiésel[93]; en licor negro para la recuperacion de biocrudo, &cidos organicos, compuestos
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aromaticos y ligning84]; y en lixiviados de vertedero para la recuperacion de acidos grasos

volatiles[94,95]
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3. Material y métodos

3.1.Corrientes residuales

Las corrientesresidualeautilizadas durantesta tesisueronlodos secundarios de depuradora,
licor negro Kraft ylixiviados de vertederceEn este apartado selicanlos intervalosie valores

gue presentan los distintos paramety@sque se utilizaron diferentes lotes de padigi@nte la
experimentaciénLa caracterizacidnoncretade cada corriente se encuentra en los subapartados

correspondientedel Capitulo 4

3.1.1. Lodossecundariosde depuradora

Los lodos secundarios de depuradora empleados se recogielarestacion depuradora de
aguas residualesituada enBaifa, (Asturias, Espafjauna vez sometidos al tratamiento de
espesamiento llevado a cabo por flotacion con aire disuelto. Tras su recogliciacEaron a

4 °C hastesu tratamiento hidrotérmic@ue enningln caso supemhas de tres dias desde su
recogida.En la Tabla3.1, se indican los intervalos de valores de los principales parametros

fisicoquimicos de los lodos utilizados.

Tabla 3.1. Caracteristicas fisicoquimicas de los lodos secundarios de depuradora.

Parametro Valor

pH 6.57 6.8
Demanda quimica de oxigeno total (mgLp 371217 37200
Demanda quimica de oxigeno soluble (mg.p 2007 507
Carbono orgéanico total (mg C/L) 3731 484
Sélidos suspendidos totales (g/L) 3271 33.5
Sélidos suspendidos volatiles (g/L) 26.51 27.2
Proteinas (mg/L}y’ 261181
Acidos htimicos (mg/L{" 1047 281
Carbohidratos (mg/L} 17182

() Referido a la concentracién soluble
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3. Material y métodos

3.1.2. Lixiviados

Los lixiviados estudiados durante esta tesis fueron obtenidos del vertedero de La Zoreda y
proporcionados poel Consorcio para la Gestion de Residuos Sélidos de As{@GRSERSA
S.A.U,Asturias, Espafiapurante la experimentacion se emplearon diferentesdeté®sipos
distintos de lixiviados: jovemmaduro y tratado biol6égicamentgl lixiviado joven se obtuvo de

una nueva area del vertedero que se encuentra en expansion, mientras que el lixiviado maduro
procede de una zona del vertedero en la que no se depositan residuos deddkliRiViddo

tratado biol6gicamente procede del tratamiento combinado de tipo bioldgico y fisicoquimico de
los lixiviados jovenes y maduros, que esta basado en la tecnologia BIOMEMBRIAT estos
efluentes son sometidos a procesos biolégicos de nitrificacion y desnitrificacion para la
eliminaciéon de la materia organica y amonio, seguidos de un tratamiento con membranas de

tamafio de poro 0.08m. Como efluentes se obtienen el lixiviado tratado y los lodos biolégicos.

En la Tabla3.2 se recogelos intervalos de valores de los principales parametros fisicoquimicos
de los lixiviados utilizadosTodos los lixiviados fueron prefiltrados con un filtro de malla
metalica de 250 um de tamafio de poro y 200 mm de diametro para eliminar las particulas

gruesas. Las muestras se almacenaron a 5°C antes de ser utilizadas.
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Tabla 3.2. Caracteristicas fisicoquimicas de los lixiviados maduros, jovenes y tratados
biolégicamente.

Tipo de lixiviado

Parametro

Tratado
Maduro Joven biolégicamente
pH 7.87 8.6 8.67 9.0 6.71 6.9

Demanda quimica dexigeno

soluble (Mg @'L) 341371 4597 514571 9973 12551 1271

Demanda bioldgica de oxigeno (r

0ulL) 27971 839 14617 3409 2571 31
Sdlidos suspendidos totales (mg/ 57 53 2771 157 617

Amonio (mg/L) 18321 2568 2532 3386 1871 24
Cloruros(mg/L) 18327 2568  2147i 4511  n/dY

Nitratos (mg/L) 47 6 115 39071 548
Nitritos (mg/L) 0.57 1.5 173 171 2
Alcalinidad (mg CaC@L) 1847 240 2227 294 n/d?
Conductividad if5/cm) 165321 25646 224147 29060 112701 12176

@ n/a: datos nalisponibles

3.1.3. Licor negro

El licor negro Kraftempleado en esta tesis procede de la coccidmadiera décucalyptussp, y
fue proporcionado pda empres&NCE Energia y Celulosa S.A. (Espaf&ps su recogida,
el licor negro fue almacenado a 4°C hasta su uso postericante la experimentacién, se
emplearon diferentes lotes. Por ello, en la T&uBserecogen los intervalos de valores de los

principales parametros fisicoquimicdal licor negro
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Tabla 3.3. Caracteristicas fisicoquimicas del licor negro.

Parametro Valor

pH 127 13
Demanda quimica de oxigeno (g¢/l1Q 1107 150
Carbono orgénico total (g C/L) 407 60
Materia seca (%) 127 18
Numero decolor (cm?) 1407 160

3.2. Procedimientos experimentales

A lo largo de esta tesis, las corrientes a estudiar fueron tratadas medihaaientos

hidrotérmicos @xidacion hiumedaprocesosle membrana y extraccion liquidimuido.

3.2.1. Oxidacion humeda

Los experimentos dexidacibn humeda se realizaron en un reactemicontinuo de acero
inoxidable 316 (Parr Instrument Co., Moline, IL.de 1 L de capacidadequipado con
controladores de presiptemperaturaagitacion y caudal de oxigeno, sus correspondientes
indicadores, un sistema de muestreo y una chaqueta calefd&dit@m@ntenido del reactor se
mantuvo agitado durante todas las operaciones gracias a dos agitadores de turbina magnéticos
de seis hojaszl oxigeno necesario para la oxidaciéon hiumeda fuaagmipor una botella de
oxigeno comprimido, el cual fue saturado de vapor de agua y calentado antes de su introduccién
en el reactor por medio de un humidificador de 2 L que precedia al mismo. Tanto el reactor
como el humidificador fueron cargados hasta un maximo del 70% de su capacidad por motivos
de seguridadAdemas el reactorcontaba con sistemas de seguridad para evitar que la presién

superara los 120 bardsn laFig. 3.1se muestra un esquema detallado del equipo.
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Controlado .
de caudal .
)

Vilvula
antirretorno

Humidificador

Oxigeno comprimido

H
Temperatura
reactor

r.p.m.
reactor

B 1
T Caudalde [Temperatura
oxigeno |humidificador

Controlador P.I.D.

Figura 3.1. Esquema del equipo de oxidacién hiumeda. Adaptadb] de

Las oxidaciones humedasrealizaron a temperaturas entre 160 y 200 °C, presiones entre 40

y 70 bar, flujos de oxigeno entre 1200 y 1800 mlo(@h, velocidad de agitacion de entre 150 y

500 rpm y tiempos de operacion de hasta 300 minutos.

Todas las corrientes tratadas fueron centrifugadas tras la oxidacion humeda para trabajar con el
sobrenadante y descartar la fraccion sélidicidnalmente, se afiadié azida de sodio 0.1% (p/v)
al lodo de depuradora oxidado para prevenir el crecimiento microbiol6gico. Las corrientes

oxidadas se conservaron a 4°C hasta el momento de su uso.
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3.2.2.Procesos de membrana

3.2.2.1.Membranas

Durante esta tesis se emplearon diferentes membranas ceramicas y poliméricas, que se recogen

en la Tabl&.4.

Tabla 3.4. Membranas utilizadas durante los procesos de filtracion.

. Geometria 'y ~
Marca Material dimensiones Tamafo de corte
bul I 150 kDa
Tubular monocana
Tami ZrOx-TiO ’ 50 kDa
Z e 6002 6 mm
1 kDa
. . . 50 kDa
Synder Filtration Polietersulfona (PES)  Plana, 63.62 cfn
3 kDa
Polietersulfona
Synder Filtration permanentemente Plana, 63.62 cm 50 kDa
hidrofilica (PESH)
. . Fluoruro de
Synder Filtration polivinilideno (PVDF) Plana, 63.62 cm 50 kDa
Suez Polietersulfona (PES)  Plana, 63.62 cfn 10 kDa
Suez Poliacrilonitrilo (PAN) Plana, 63.62 cf 50 kDa

3.2.2.2.Equiposde filtracion

Las filtraciones se llevaron a cabo en tres equipos de filtracioén distintos:

Los procesos de filtracion de los lodos de depuradora tratados hidrotérmicamente relativos a la
recuperacion de biomoléculas y la retencion de metales se llevaron a cabo en una unidad de
filtracién de escala de laboratorio de flujo cruzado FT17 (Armfield Ltd., Reino Unido), que
permite realizar filtraciones con flujo tangencial en membranas plBstEssistemacomercial
cuentacon un recipiente de alimentacion de acero inoxidable 316 ldelel capacidadcon
encamisado para permitir el enfriamiento de limmentacion La alimentacién se bombea
mediante unabomba de pistdn de triple émbolo construida con acero inoxidable y316
controlada porvariador de velocidadinvertel), que permiteajustar la velocidad del flujo

cruzado sobre la superficie de la membrabBlaflujo de permeado se midi6 mediante una
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balanzaelectrénica y los pardmetros del proceso se registraron mediante software/registro de

datos. Se muestra un diagrama del equipo en |8 g.

Alimentacion
(encamisada)

X

@ ?} Modulo de membrana
TR

Des%ziie | Contenedor de
permeado
— Unidad de

enfriamiento A

Balanza

Figura 3.2. Esquema de la unidad de filtracion Armfield FT17.

En dichas filtraciones se emplearon las membranas poliméricas de PES, PESH, PVDF y PAN

con tamafios de corte entre 3 kDa y 50 kDa suministradas por Synder Filtration y Suez.

Los procesos de filtracion de lixiviados de vertedero y de licor negro Kraft se realizaron en una
unidad de filtracion de laboratorio equipada con un vaso de vidrio de 3 L y una bomba
peristaltica Masterflex I/P 75985 (ColeParmer, EEUU) acoplada a un cabezal Easyload
Masterflex I/P 776040 (ColeParmer, EEUU). Dicha unidad contaba con indicadores y
valvulas de presion en la linea de flujo colocadas antes y después del médulo de filtracion para
medir y controlar la presion transmembraRga. dichas filtraciones se emplearon membranas
ceramicas con un tamafio de corte de 150 kDa sumistradas porPladé encontrarse un

diagrama de este equipo en la BEigl.

Por otro lado, los procesos de filtracién de los lodos de depuradora tratados hidrotérmicamente
relativos a la recuperacion acidos organicos de cadena corta se reaimaronequipo de
filtracién a escala de laboratorio fabricado por Addefi (Espafia). El equipo, construido en acero

inoxidable AISI316 e interconectado con racores de alta presidon, constaba de un tanque de
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alimentaciéon encamisado de 10 L provisto de una resistencia de calentamiento y conectado a
una bomba trifasica IEC 60034 (AEG, Alemania). Asimismo, disponia de un controlador de
temperatura y de mandmetros antes y después del médulo de filtracidon, sensores de caudal y

temperatura y una valvula de presién para ajustar la presion transmembrana.

Los caudales de permeado se determinaron gravimétricamente en todos los casos. El flujo de

permeado se calculé mediante la siguiente ecuacion:

*

1
—

Donde J es el flujo de permeado (); 9 es el caudal de permeado®(gt), y Au es el area

superficial de la membrana fjn

Las filtraciones se realizaron en dos modos de operacion distintos: por una parte, y con el fin de
evaluar la evolucion del ensuciamiento de la membrana con el timapoabajé en reciclo

total, devolviendo el permeado al tanque de alimentaciébn para mantener constante la
composicion de la misma. Por otro lado, se trabaj6é en concentracion, retirando continuamente el
permeado a fin de analizar el efecto de la concentracién de la alimentacién en la evolucién del
ensuciamiento de la membrana. En todos los casos, se recogieron muestras de permeado y
retenido periédicamente para determinar las retenciones de los distintos compuestos vy

parametros de interés mediante la siguiente férmula:

: 0 i
Y p =
0 q
Donde6 py0 rson | a concentraci-n del compuesto

respectivamente.

Las filtraciones se realizaron con presiones transmembrah& de30 bar, de 50 a 70 °C, de 3.0
a 3.2 m/s de velocidad de flujo cruzatia duracién de las filtraciones fde hast&800 minutos
para el modo de operacién de reciclo total o hasta alcanzar una ratio de concentracion de

volumen (VCR) de hasta 3.
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Al finalizar cada filtracién, la membrana sela haciendo pasaagua destiladain presion
transmembran&asta alcanzar un valor de flujo estalhlas membranas cerdmicas tambsén
limpiaronde forma quimic&on unadisolucion acuosal 0.5%de detergente basico (Divos 124

VM5, Diversey)a 70°C hasta alcanzar un flujo de al men®0&b del flujo de agua inicial

Con el objetivo de modelizar el ensuciamiento en funcién de su reversibilidad y su mecanismo
de formacién, durante esta tesis se utilizaron los modelos de resistencias en serie, los modelos

de Hermia y el modelo ddehta

La reversibilidad del ensuciamiento se estudié mediante el modelo de resistencias en serie, que
descompone la resistencia hidraulica total de la membrana como la suma de diferentes
resistencias causadas por los ensuciamientos reversible, irreversible o por la propia membrana.

La resistencia hidraulica se puede calcular como se muestra en la sigcistién:

_TMP
N

R

Donde R es la resistencia hidraulicaj, TMP es la presion transmembrana (kg-83), /7 es

la viscosidad dinamica de la corriente (kg-M+ J es el flujo de permeadm-s?).

Los mecanismos de formacion del ensuciamiento se estudiaron mediante los modelos de

Hermia[2], que siguen el modelo general:

Dondet es el tiempo (min)K es una constant®, es el flujo limitante(m-s*), y n es una
constante que toma diferentes valores para los cuatro mecanismos simples de ensuciamiento
propuestos por Hermia: bloqueo completo de poros (nk==2[min™]), donde los poros de la
membrana se van cegando por la adsorcién o deposicién de particulas mas pequefias que el
tamario del poro; bloqueo estandar de poros (n &K15|m™]), donde el area de la membrana

activa queda bloqueada por particulas de tamafio similar al de los poros ; bloqueo intermedio de
poros (n = 1K = [m™]), donde las particulas pueden acabar taponando un poro con el tiempo, o

formar un puente en su abertura y no bloquearlo por completo; y filtracién de torta kh= 0,

43



3. Material y métodos

[min-m?), en el que las particulas tienen un tamafio mucho mayor que el de los poros,
depositandose sobre la superficie de la misma y llegando a forma una torta. La eleccion del
modelo que mejor se ajusté a los datos se baso en la suma de residuos al cuadrado, donde cada

residuo es igual a la diferencia entre los datos experimentales y el valor predicho por el modelo.

El flujo también se modeliz6 utilizando el modelo de Mehta que tiene en cuenta los dos
dominios de disminucion del flujo que tienen lugar durante la filtracion por membrana: el
dominio 1, donde se produce una rapida disminucion del flujo durante la etapa inicial de la
filtracion; y el dominio 2, donde el flujo disminuye mas lentamente hasta alcanzar un valor casi

establgFig. 3.3) [3]. El modelo se expresa mediante la siguiente ecuacion:

J Jrlpie xb+ Ji-Jpole xP+ Iy,

DondelJy, ; es el flujo al término del dominio (in-s?); Jy ,es el flujo al término del dominio 2

(i.e., al final del experimento)m-s?); y U( mi) gy b ( mt) son dos constantes determinadas
experimentalmente que describen la tasa del decaimiento del flujo asociado con el
ensuciamiento de membrana y con la polarizacion de concentracion y la formacién de la capa de

gel, respectivamente.

Dominio Dominio
1 2

Flujo de permeado

Tiempo

Figura 3.3. Curva tipica de flujo de permeado vs tiempo durante la filtracion con membranas.
Adaptado dg3].
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3.2.3.Extraccion liquido-liquido

3.2.3.1. Extractantes y diluyentes usados

Las extracciones liquididquido realizadas durante edesis se llevaron a cabo empleando
trioctilamina @7 %, Acros Organigs tributilfosfato 9.9 %, VWR)y 6xido de trioctilfosfina

(98 %, Alfa Aesar)como extractantes y-tmexano (grado HPLC, Merck), heptan@d (6%,
Panrear y octanl-ol (99%, Sigma como diluyentes. Las combinaciones especificas entre

extractantes y diluyentes pueden consultarse erajoitulos4.1.1y 4.2.1

Las extracciones fueron realizadas a temperaturas entre 25 y 55 °C en proporcion 1:1 (v/v) y

agitadas a 250 rpm hasta alcanzar el equilibrio.

El rendimiento de la extraccion {{se calculé de la siguiente forma:

0 i
wbp p =— pPTW
OnR
Donde Gies | a concentraci - -n del geolanqoncensacianddii 0 en
compuesto Ai 0 en |l a alimentaci - n.

Las constantes de distribuciongkse calcularon siguiendo la ecuacion:

. Op
0 -
OnR
Donde6ép yOp son |l as concentraciones del compuesto

tras haber alcanzado el equilibrio, respectivamente.

3.2.4. Extraccion de lignina

La lignina fuerecuperadanediante precipitacion acida. Se agreg&®& 5M al licor negro
mediante gotebasta alcanzam pH de 2.5. Dado que este tratamiento provoca la liberacion de
H.S gaseoso, se realiz6 bajo una campana extractora usando una mascarilla conpanafiltro
gases y vapores inorganicéscontinuacion el licor negro acidificadee centrifugd a 10000 g

durante 30 minutoslras retirar el sobrenadante Jignina precipitadase lavo con 3 volimenes
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de agua acidificada para elimiras sales residuales y se mantuvo a 110°C durante 24 h para

cuantificarla mediante gravimetria.

3.3.Métodos analiticos

Debido al elevado nimero de métodos analiticos empleados a lo largo de esta tesis, se han
recopilado los métodos empleadas la Tabla3.5 indicandoen cada caso el parametro junto

con el método analitico o equipo empleado para su determinaciétaydodelCapitulo 4 se

pueden encontrar las descripciones detalladas y referenciadas de dichos métodos aplicadas a

cada caso concreto.

Tabla 3.5. Parametros medidos y método analiticos empleados en la tesis.

Parametro Método analiticd/ Equipo
pH pH-metro
Conductividad Conductivimetro
Demanda quimica de oxigeno Método estandar de oxidacion con dicrom
Demanda biol6gica de oxigeno Respirometria manométrica (método de Warbt
Carbono orgéanico e inorganico total Analizador TOGV CSH
Solidos totales Método estandar de secado en estufa a 1C
Solidos volétiles Método estandar de calcinado en mufE2&550 °C
Carbohidratos totales Método de Dubois
Numero de color Espectrofotometrie
Proteinas Método de Lowry modificadc
. . Método de Thurman y Malcolm, método de Low
Acidos humicos .
modificado
Compuestos fendlicos totales Método deFolin-Ciocalteu y fenol
Densidad Picnometria
Viscosidad cinemética Viscosimetro invertido CanneRenske
Acidos organicos Cromatografia liquida de alta resoluci
lones inorganicos Cromatografia iénice
Rugosidad superficial (membranas) Microscopia de fuerza atémic
Hidrofilicidad (membranas) Medida de angulo de contac
Caracterizacién morfoldgica superficial y
composicién elemental semicuantitativa Microscopia electrénica de barric
(membranas)

. Espectrometria de masas con plasma acof
Concentracion de metalgtros elementos . .

inductivamente
Quenchingde &cidos humicos y proteinas cc
metales

Toxicidadaguda Ensayos de bioluminiscencia cWibrio fischeri

Medidas de espectros de fotoluminiscen
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4. Resultados y discusién

4.0. Justificacion de la organizacion

Para facilitar la lectura de los resultados, esta seccidbn se ha dividido en tres apartados,

atendiendo a la biomasa residual liquida tratada.

En el apartado 4.1 se recogen los trabajos relacionados con los lodos secundarios de depuradora.
En el subapartado 41lse estudia la produccion de acidos organicos de cadena corta mediante

la oxidaciébn humeda de lodos secundarios de depuradora y su recuperacion mediante
ultrafiltracion y extraccion liquiddiquido. En los subapartados 2%, 4.13 se presentan los
resultados obtenidos durante la estancia en la Universidad de Aalborg, en la que se estudio el
fraccionamiento de los lodos solubilizados mediante ultrafiltracion con membranas poliméricas.
Concretamente, el subapartado 2.donsiste en un estudio sobre el efecto del material y el
tamafio de corte de la membrana en la separacion de biomoléculas de interés, mientras que en el
subapartado 4.3 se analiza la capacidad de retencién de metales pesados por estas membranas
y el mecanismo de retencién. Por dltimo, el subapartado #edoge, a modo deerspectivas

para futuros trabajosel estado del arte dewd métodos de separacion y purificaciéon de

biomoléculas de interé@plicablesabiomasas liquidas o acuosas, y en patrticular a los lodos.

En el apartado 4.2 se incluyen los trabajelativos alas otras biomasas residuales liquidas
tratadasj.e., lixiviados de vertedero y licor negro Krain el subapartado 4.2.1, se recogen las
distintas estrategiasstudiadapara la recuperacion de acidos organicos de cadenaaqoaidir

de licor negro Kraftconsistentes en la aplicacion de distintos pretratamientos (deslignificacidon
y oxidacion humeda), filtracion con membranas y extraccion lidigdido. En el subapartado

4.2.2, se detalla el efecto de la edad del lixiviado en su ultrafiltraciéon, en términos de
ensuciamientode membranay retencibn de &cidos humicos y de varios pardmetros
fisicoquimicos Por ultimo, el subapartado 4.2.3 se centra en el tratamiento combinado de
oxidacion humeda seguido de ultrafiltracion para la recuperacién de acidos humicos a partir de
lixiviados estabilizados, y la obtencion de un agua trataga cumph con los estandares

requeridos para diberacionen el medio ambiente
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Los resultados obtenidos durante esta tesis ya hampaid@mimente publicados, resultando en
un total de cuatro articulos cuyas referencias se indican al comienzo de cada subapartado

correspondiente.
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4.1. Valorizacion de lodos secundarioseddepuradora

4.1.1.Production and purification of organic acidsfrom

partially oxidised waste activated sludge

Daniel Nufez, Martina ZabaftBaulaOulego, FanciscoA. Riera Mario Diaz*

Department of Chemical and Environmental Engineering, University of Oviedo, ¢/
Julian Claveria 8, 33006, Oviedo, Spain
*Corr espond-malgnarodiaz@uniovbes e

Phone: +34 985 10 34 39, FAX: +34 985 10 34 40
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Abstract

Shortchain organic acids (SCFAs) are widely used in the chemical and food industries.
However, their conventional production relies heavily on fossil raw materials, necessitating
sustainable alternatives. Waste activated sludge (WAS) can serve as a renewable feedstock for
SCFA production through oxidative hydrothermal pretreatment. Thus, the aim of this work was
to optimize the production and recovery of SCFAs from partially oxidised WAS. To achieve
this, WAS was treated by wet oxidation (WO) at different temperatures-20®) and
ultrafiltered using ceramic membranes (50 and 1 kDa) tgppriéy the SCFAs. Subsequently,
these acids were extracted with different combinations of trioctylamine (TOA),
tributylphosphate (TBP) and octdrol in the temperature range-88°C.

WO at 160°C for 240 min maximized the SCFA production, obtaining a concentration of 6.07
g/L, with acetic acid as the main component (28.2%).

Membrane ultrafiltration operating in total recycle mode achieved rejections of 39% for TOC
and 73% for colour, with a low SCFA rejection (4%) effectively-pugifying the SCFAs
present in the WAS. The main fouling mechanism was cake formation.

The highest extraction yields of SCFAs at room temperature were achieved with a mixture of
TOA and TBP at 10% in octatrol, extracting 34% of the total SCFAs present in the 1 kDa
permeate. Lower extraction yields were obtained with thepprified WAS compared to
synthetic solutions of SCFAs, showing the detrimental effect of the matrix in Jiquid
extraction. Increasing the temperature within the range of 25 to 50 °C generally had a favourable
effect on the SCFA extraction.

Keywords: Hydrothermal treatmentsliquid-liquid extraction membrane filtration fouling;

waste valorisation
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1. Introduction

As global efforts to reducne impact of human activitgave gainedmportanceover the years

[1,2], the concept of circular economy has become a promising strategy to achieve a sustainable
society. Circular economy can be defined as a clusgg material flowwithin the entire
economic systemwhere it is aimed tonaintainall the materials at their highest utility value

[3,4]. This standsin contrastto the traditional linear economy, where raw materials are

transformednto products anéventuallydiscarded as residues at the end of their lifespan.

The circularizationof the economy involving urban wastewaters is of particular significance.
The production volumes of these wastewaters and the restrictions on their discharge are
increasing due to the global population growth and the rise on the environmental c{#6éérns
Moreover, wastewater treatment plants themsetosribute to adverse environmental effects
throughmaterial and energy consumptjaas well aghe release ofarious emissionto the
environment In this sensesignificant amounts ofvaste activatedludge(WAS) are generated

daily, necessitating subsequent treatmpfjt This sludge has been traditionally discarded in
landfills or used as a lowalue product, fuel or fertilizef8]. However, this residue, mainly
composed of microorganismes, their debris and extracellular polymeric substances, represents a
promising source of valuable biological products like enzymes, proteins, humic acids,
saccharides and lipids, along with shodnain fatty acids (SCFAs)8,9]. This offers an
interesting opportunity to valorise WAS and obtain higltue products through their recovery

In particular,SCFAs due to their high industrial importance, are produced in large volantks

find wide-ranging applicationacross industriecluding food, chemical, biochemicabjofuel,

textile, cosmetic and pharmaceutica[10i 12]. While SCFAs are nolbundantin WAS, its

organic matter can be transformed into organic acids through mild wet oxidation (WO), a
hydrothermal technique that, in addition to SCFA production, also solubilises and sterilises the
sludge [13]. The optimisation of the production of SCFAs using WO requires careful

consideration of both operation time and temperdistg
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The treatment of the WAS by mild WO results in a complex matrix comprising a[$6]idnd

a liquid phase containing the solubilised organic and inorganic nati¢ras well as the
SCFAs. As a result, separation and purification processes are necessary for their recovery.
Membrane agparation proves to be a very suitable technology for th@uécation of these

acids. It is considered a green technology since it can be continuously conducted under mild
conditions without the need for additional chemicals, with high selectivity and low energy
consumption, and it can be easily coupled with other operdtigihsin addition,affinity-based
methods, such as resin adsorptiodiquid-liquid extraction (LLE) are normally employed for

the purification of SCFAs due to low energy and temperature requirefBetity

Both membrane filtration and LLEre conditioned by several factors. In the case of membrane
filtration, factors such as geometry, material composition and, especially, molecular weight cut
off (MWCO), significantly impact selectivity and permeabil[ty8,19] On the other hand, the
election of the solvensicritical for LLE, with the most suitable option depending on the nature

of the desired compounds and the phase in which it is dissolved (the stationary phase). In
particular, reactive extraction has gained relevance for the extraction of carboxylic acids, and
has proven to be highly effective for thairsitu recovery[20,21] A reactive solvent typically
consists of a diluent, which is immiscible with the stationary phase, and acts as a transport
phase; and an extractant, which forms a reversible complex with the carboxyl22jcitthile

both polar and nepolar diluents can be employed in reactive extraction, it has been reported
that polar diluents are more effective, particularly for carboxylic dé@dk In such caseshé

optimal extration yield of SCFAs is determined bhea ratio between the diluent and the
extractant On one hand, the polar diluent provides additional solvating power to the relatively
low polar extractants, allowing for higher levels of SG&&ractant complexes to be formied

the transport phas®n the other hand, increasing the proportion of diluent reduces the number

of extractant molecules available for forming comple24s.
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Works studying the production of SCFAs from WAS have mainly focused on bioproduction via
fermentation[25]. Few of them studied physicochemical meth{#&27] and, to the best of

our knowledge, none of them has focused on the recovery process of SCFAs.

Taking into accounthese considerationthis study wasfocused on evaluating th@ocessor

the production, separation and purification of SCFAs from WAB achieve this, the study
aimed to: i) optimize the production of SCR&sough partial WOii) analyse the impact of the
pre-purification by membrane filtratioon partially oxidised WASandiii) assess the effect of

LLE on the recovery of SCFAs.

2. Material and methods

2.1. Waste activated sludge

The thickenedVAS was collected from a wastewater treatment plaBaiifia, AsturiasSpain,
andthenstored at 4 °Q@intil it underwent partial oxidation, a process that took place within no
more than threelays after collectionlts physicalchemical characteristics are shown in Table

4.1.

Table 4.1. Physicalchemical parameters of the thickened waste activated sludge.

Parameter Value
pH 66+0.2
Total chemical oxygen demaifichg Gy/L) 22030+ 40
Soluble chemical oxygen demafrdg G./L) 350+ 150
Total organic carbon (mg C/L) 6100+ 800
Total suspended solids (g/L) 33+1
Volatile suspended solids (g/L) 268+0.4

2.2. Production of organic acids by partial wet oxidation

Different conditions of time and temperature were studied to optimize the production of SCFAs
from WAS. PartialWOtess wer e performed in a 1 L 316 SS
Moline, IL.) equipped with pressure and temperature controllers, indicators, a sampling system

and a heating jacket. The reactor content (loaded up to the 70% of its capacity for safety
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purposes) was stirred at 150m by two sixbladed magnetically driven turbine agitators. A
constant flow ofL600 mL/minof oxygen, previously saturated with water by a humidifier, was
provided from a compressed bottteoughout theperation, and the pressure was set at 40 bar

A detailed scheme of the experimental setup can be foup8JnThe reaction was carried out
without pH adjustment nor addition of catalyst. Temperatures of 160°C, 180°C and 200°C were
tested for a total reaction time of I§ taking samples at different intervals dnalysethe

evolution of SCFAs antheir degradation throughotite partial oxidation

After the partial WO, 0.1% (w/v) sodium azide was added to prevent microbiological growth.

The oxidised sludge wabkenstored at 4 °C for further usage.

2.3. Membrane filtration

In order to prepurify the oxidised WAS prior to the LE of SCFA, differentfiltration
experiments were conducted. The filtrations were carried out withosakaloy-scale filtration
device manufactured by Addefi (Spain). The equipment, built in AISI316grgssure stainless

steel and connected with higinessure fittings, consisted a jacketed 10 L feed tardquipped

with a heating resistancErom there the feedwaspumped into the gasketed membraseng

an IEC 60034 threphase pump (AEG, Germany). The equipmedts equippedwith a
temperature controllepressure gaugesefore and after the ultrafiltration modulas well as

flow and temperature sensors. Transmembrane pressure (TMPegudatedby a pressure

valve located in the retentate line. The permeate line was built in rubbediractedto a
PS750R2 (Radwag, Poland) weighting scale for flux determination. A scheme of the device is

shown in Fig4.2
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Figure 4.2. Filtration setupused in the prpurification experiments of the oxidised WAS

Tubular monechannel Zr@-TiO, membrane®f 50 and 1 kDa (TAMI Industries, France) were
used for the experiments. The permeate obtained after the filtration with the 50 kDa membrane
was used athefeed for the filtration with the 1 kDa membrane. The membranes had a length of
604 mm and an internal diameter of 6 mm. All filtration experiments were performed at 50°C,

with a TMP of4 bar and a crosflow velocity 3.2m/s.
Two modes of filtration were tested:

-Total reg/cle (TR) mode: thaetentate anglermeate wrereturned to the feed tank toaintain
a constant feed composition. This mode allowfed the evaluaton of membrane fouling

evolutionovertime. TR experiments were conducted for a tota@@Fmin.

-Volume concentration (VC) modeonly the retentate was returned to the feed tank,
concentrating thdeed compositionThis modeallowed for theasseswment of the effect of
concentration on fouling development. VC experiments were performed until a volume
concentration ratio (VCR) & was reacheavith the 50 kDa membranes; and of 1.5 with the 1

kDa membrane, due to the slow flux rate obtain&eR is calculated as follows:
o, D
wWwo'Y —
w
Where V is the initial feed volume, and;\6 the retentate volume.
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In both modes, retentate and permeate samples were taken periodically and frozen until further

use. Rejection coefficients {)Rvere determinedsingthefollowing equation

O=
¢

Whered p andd jrepresent he concentration of the compound

retentate, respectively.

After eachfiltration, the membrane was rinsed with distilled water until attaining a stable flux
value Subsequently, it wasleaned atmoderate temperaturg0°Q with a Diverseybasic
detergen{0.5% v/). Cycles of chemical cleaning were performed as neeuhid the final flux

was over 90% of the initial water fly9]. All experiments were performed in duplicate.

Membrane fouling was modelled with resistaiceseries and Hermia models, which are

described elsewhef80].

2.4. Liquid-liquid extraction

Tributyl phosphate (TBP{99.9%, VWR)and tioctylamine (TOA)(97%, Acros Organics)
were used as extractants, and odtan (99%, Sigma) as diluent. Octdrol was selected due

its polar character, which, as previously stated, favours the extraction of SCFAs. Additionally, it
is totally immiscible with water; and presents a low latent heat of vaporization (65 kJ/mol). The
tested solvents were prepared by dissolving TOA, TBP and a 50:50 (v/v) TOA/TBP mixture at
concentrations of 10%, 25% and 40% (v/v) in oetasl. They were designated based on the

employed extractant and its concentration (e.g., TBP40 represents TBP at 40%-raiitan

Firstly, the extractions were performed at 25°C by mixing the 1 kDa permeate with the solvent
in a 1.1 (v/v) proportion and stirred overnight to ensure the equilibrium was reached. The

agueous phase was then analysed to determine the SCFA content.

After this initial screening, the effect of temperature on the extraction yields of SCFAs was also

studied. The TOA, TBP and TOA/TBP mixtures that delivered the highest yields at room
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temperature were tested at 30, 40 and 50 °C following the same procedure described above.
Additionally, these extractions were performed using a synthetic solution prepared dissolving
the studied SCFAs at the same concentrations present in the oxidised WAS, in order to study the

effect of the WAS matrix on the LLE yield.

The extraction yield (Y wasdeterminedas follows:

‘ 0 i
wb P = pTT
0 ~
Where0 representshe concentration of thBCFARi i 0 i n t hel i aftfei nat e,
concentration of th€CFAfii 6 i n the feed solution.

The distribution constants X weredetermineddy the following equation:

5

q

Where0 r and0 h representhe concentrations of ttf«CFAfii 06 i n t he organi

agueous phase respectively, afeachingthe equilibrium.

2.5. Analytical methods

Density and kinematicviscosity were measured at 50°C and room temperature with a
pycnhometer and a Cannéienske inverseflow viscometer (Proton, UK), respectively. pH was
determined using a Basic 20 pH meter (Crison, Spain). Spectral absorbance coefficients (SAC)
were measured at 436, 525 and 620 nm using a Helios Alph&idJ¥pectrophotometer
(Thermo Scientific, USA) to calculate the colour number (CN). Both SAC and CN have units of

cm®. CN was calculated as follows:

Yoo YOO YOO

00 ———
YO O YO O YO O
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Total organic carbonTOC) was determined using a TOC analyzer (Shimadzu-VQ§). The
concentration of SCFAs were determined by HPLC Agilent Technologies 1200 Series, using an
ICSep ICEION-300 column (Teknokromé&Spain) as the stationary phase and wigB® 0.45

mM (with pH adjusted to 3-3.3) as the mobile phase.

A refractive index detector was used to measure SCFAs. Standard curves of oxalic, maleic,
pyruvic, lactobionic, malic, lactic, formic, acetic and propionic acids were elaborated to

properly identify and quantify these SCFAs.

3. Resultsand discussion

3.1. Optimization of SCFAs production by partial WO

The production of SCFAs lyyartial oxidation of WAS is shown in Figt.3

7.0 7
160 °C 180°C 200°C
6.0 4 -
- |
5.0 A
3 I I
- |
3.0 - B
w
Q — |
2.0 A _-— | - -
1.0 A — [ | - B
0.0 = BE=ES =N —=n = == = -
I [T PN o T ¥ S T = T e B - R S T v I s B 7 T e T T s T o Y - B o B e T O O Mo 9O Qo Q9
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— =~ — = ] o — =~
t (min)

Figure 4.3. Evolution of the concentrations of oxali€)( maleic {/), pyruvic (), lactobionic
(), malic (/), lactic (), formic (/), acetic () and propionicy() over time in the range 160
200°C.

In all cases, the concentration of SCR#&ssented a consistgpatternover time.Initially, the
SCFA concentrations increased with time, as shalge was solubilised, and the released

biocompoundsnto the reaction mediaere oxidised into thesacids.The @ncentration values
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eventually reachedithera peak or a plateaafter which they began to decrease. This can be
attributed tothe SCFA degradation ratevhich started to be faster than its production rate (Fig.
4.3). This behaviour was in accordance witther studies that have analysed degradation
pathways of organic mattefhese studies indicated that the process involliedsuccessive
formation and degradation of peroxides, alcohols, ketones, and organic acids, consecutively,

until their ultimate degradation to GQH.O and aslj31].

Volatile SFCAs (propionic, acetic, and formic acids) were produced in larger quantities than the
nonvolatile ones (oxalic, maleic, pyruvic, lactobionic, malic and lactic acids). This trend was
more pronounced at higher temperatures (180°C and 200°C) and longer reaction times (from
180 min onwards), in which the average concentration of volatile SCFAs represented 70% of
the total concentration of SCFAs. Among these, acetic acid showed at the highest concentration,
reachinga maximunvalueof 2.83° 0.08 g/Lat 200°C after 240 minof oxidation Furthermore,

it was observed that increasing the temperature favoured the formation of acetic acid.
Specifically, a concentration of 1.280.07 g/Lwas obtained at 160°C for 180 min, while the
value was 1.65 times higher at 180°C for the same fithis. finding is consistent with the
studies ofChung et al[29], whoreported that acetic acid was the most produced SCFA due to
its stability among the low molecular SCFAdtainedas intermediatel82]. Moreover the
production ofacetic acid as final compoundof the WO of sludge has been described by
several other authof82i 35]. A similar behaviouwas alsabserved fothe nonvolatile lactic,
lactobionic andmalic acid, which achieved maximumoncentratios at 200°Cthat werel.3,

2.3 and 1.8imes higher tharbseobtained at 160 °@(75+ 0.02g/L, 0.16+ 0.05mg/L; 0.11

+ 0.01 g/L, respectively. As for propionic acid, the increase in concentration with higher
temperatures was more significant within 45 min of reaction. Specifically, the values were 3
times and 3.8 times higher at 180°C and 200°C for 45 min, compared to that of at 160°C for the
same reaction time (0.106 0.003 g/L). Chung et al. [29] reported a similar increase in
propionic acid concentration when oxidising sewage sludge at temperatures ranging from 200 to

240°C.
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However, he opposite behaviowas observed for oxalic, pyruvi@and formic acids, as their
degradatiorrate accelerated withincreasingtemperaturgalthough it was less pronounced for
formic acid. Particularly, the maximum concentrationogélic aciddecreasedrom 1.3+ 0.1
g/L at 160°C, td.243+ 0.004g/L at 200°C For pyruvic acid the concentration droppdtbm
0.700+ 0.006 mg/L at 160°C t®.20+ 0.01mg/L at 200°C andfor formic aciddecreasedrom

1.19+0.08mg/L at 160°C td.7+ 0.1 mg/L at 200°C.

Increasing the temperaturestdted in a decrease ihe maximum concentration of total SCFAs

generated Specifically, the concentrations were 6% and 18.3% lower at 180°C and 200°C
compared to that of at 160°C (6.07 g/his reduction canbe attributedto a greater

mineralization of the organic mattevherethe oxidationroutes leading to CCformation are

more favoured than those leading to acetic acid at higher temperatured.4Fighis can be

supported based on the data reported by RPiike etal. [33] related to the oxidation of the

Afast reactingod and #fAsl ow j a&ceatic acid and othersvoldtie b1 e o r
fatty acids calculated from the. At |l ow temper:
predominant, with higher kinetic constants for its oxidation to acetic acid (varied from4s9 10

! for 160°C to 1.5-16 s? for 200°C) and other volatile fatty acids (varied from 3.7 §bfor

160°C to 8.9-1¢ s for 200°C) compared to its oxidation to £@anged from 4.8 1®s? for

160°C to 6.0-10 s*f or 200UC) . However, at higher tempe
organic matter is more favoured, resulting in higher kinetic constant for its oxidation;to CO

(varied from 9.7 18 s? for 160°C to 2.2-1¢ s* for 200°C) compared to that obtained for the

oxidation to acetic acid (varied from 3.816* for 160°C to 1.6-1¢ s* for 200°C) and other

volatile fatty acids (ranged from 1.1-30s? for 160°C to 8.0-1¢ s for 200°Q.
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SOM;
WAS —| sOM, CO,
SOM..
AA
DON
VFA; [—
~ NH, vFA, — (O

Figure 4.4. Proposed model for the oxidation of WAS adapted from [36]. SOM: soluble organic
matter. DON: dissolved organic nitrogen. AA: acetic acid. VFA: volatile fatty acids without
including AA. f, s and nr subscripts stand for fast reacting, slow reacting, andreacting,
respectively.

These results followed the trend reported by other aufB&r86], who observed an increase in
the concentration of SCFAs with reaction time. However, their experiments were only
performed within 6680 min, and stoppedhem while SCFAs were still beinggenerated
Additionally, these studiedid not analyse the concentration of navlatile SCFAs. Thigs why

they reported SCFA concentratior@ngingfrom approximately 1 g/L to 4 g/L for the oxidation

of sewage sludge at temperatubetweenl180°Cand 240°C, andoressuregrom 20 bar to 60

bar

The highest concentration of total SCFASO® g/L) was reached at 160 °C after 240 min
Therefore the subsequent experiments were performed with the pékisally oxidised at these

conditions.

3.2.Membrane filtration

3.2.1. Flux

The obtained fluxes for all filtration experiments are shown in£4y.

65



4. Resultados y discusion

600
600 ¢

- 540 1 b

480 1
480 -

420

360 gsso 1
g 300 1

420 §

d 300 d i
- 240 =240 ¢
180 180 L
120 120
60 60
0000000009000 0000990000
0 - T T T T T 1 0 4 T —|—M|
0 50 100 150 200 250 300 1 1.5 2 2.5 3
t (min) VCR
60 I 60 I
544 C 7 d
48 1 48 1
42 4 12 4
gjs [ 36 -
30 g 30 A
= g i
- 24 1 24 4
L H :
18 1 18 1
12 1 9000%0%06% 00 %00 12
6 + 6
. i ""V'"""“\'v
T T T T T 1 O T T T T T T 1
0 50 100 150 200 250 300 1 1.1 1.2 1.3 1.4 1.5 1.6
t (min) VCR

Figure 4.5. Flux evolution during the filtration of the oxidised WAS with the 50 kDa membrane
in TR (a) and VC (b) mode; and with the 1 kDa membrane in TR (c) and VC (d) mode.

The permeabilityof the clean 50 kDa membraf&81° 1 LMH) was over 10 times higher than

that of the clean 1 kDa membrane (5%4.8.1 LMH). It should be noted that the oxidised WAS
filtered with the 1 kDa membrane was previously-iitered with the 50 kDa membrane, thus
showing the importance of a giiiration stage. The concentration of the feed also significantly
influenced the resulting flux, this effect being more pronounced with the 1 kDa membrane.
Thus, the mean fluxes in VC mode with 50 kDa and 1 kDa membranes (excluding the clean
fluxes) were approximately 1.85 times and 2 times lower, respectively, than those obtained in

the TR mode (60 40 LMH and 14° 5 LMH, respectively) in both cases.
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In terms of flux loss during filtration, higher relative losses (compared to the initial flux) were

measured during the filtration with the 50 kDa membrane in both TR and VC modes (93.9 %
and 98.5%, respectively) than those achieved with the 1 kDa membrane (78% and 94.3%,
respectively). This can be explained by considering that the stream filtered with the 1 kDa

membrane had already undergonefpteation with the 50 kDa membrane.

The measured fluxes weggenerally lower compared to those obtained in ultrafiltration and
nanofiltration studies with different polymeric and ceramic membranes, which reported values
from 300 to 30 LMH (50 kDa) and from 40 to 20 LMH (1 kD&y,38,47,48,3046]. This
difference can be attributed to the high complexity of the solubilised.\WM&Snstance, Cassini

et al. [48] achieved fluxes of around 300 LMH with a 50 kDa ceramic membrane, which
approximately 5 times higher than the fluxes obtained in this study with the 50 kDa membrane

under similar operation conditions when treating soy protein wastewaters.

Fluxes obtained in TR mode were also modelled with Hermia models in order to determine the
main fouling mechanism (Figk.6). Knowing this can facilitate the optimization of the cleaning
cycles of the membrane, improving its performance and expanding its lifespan. Hermia models
contemplate four different fouling mechanisms: complete pore blocking (CPB), where particles
are larger than the pore size and reduce the active membrane area; internal pore blocking (IPB),
where the particles are smaller than theepand reduce the pore size itself; partial pore
blocking (PPB), where particles may bridge pores without completely seal them, resulting in
similar effects to CPB but less severe; and cake formation (CF), where fouling particles form a
layer on the top of the membrane without entering the pores. The main fouling mechanism of
both 50 and 1 kDa membranes was CF, which is primarily reversible, and can be removed by

physical method9].
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Figure 46. CPB [b], IPB [b], PPB [-] and CF §]
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As shown in Tabld.2, hardly any retention of SCFAs was observed with the 50 kDa membrane

operating in TR modeand even negative retentions occurred for some SCHfese negative
retentions can battributedto the Donnan effecCN in organic matter (NOM) is produced by

compounds rich in aromatic C=C born@¢], such as humic acids (the main biopolymer found

in the studied WAS) or melanoidin, which are a group of large, negatively charged, coloured,

refractory, nitrogenous molecules produced by Maillard reaction from the heating of amino

acids and carbohydrat§sl], and thus generated during the WO of the WA Bmic acidsand

melanoidinare strongly negatively charge theoperationalpH [52]. With the high rejection

values for CN, it is likely thathese negatively charged moleculgere concentrated in the

retentate sideConsequentlySCFAswere compelledo pass through the membranesréach

charge equilibrium[53]. Furthermore, negative charges would be attracted to the selution

membrane surface interface, as Zf0; has been reported to be positively chargegH

levels below ~6.954], which facilitated the permeation of the SCFAs through the membrane.

Negative retentions of SCFAs have already been reported by several fftlsh

In contrast with the SCFAs rejections, TOC rejection of around 5@%woitainedwith the 50

kDa membranén TR mode indicating that a partial purification of the SCFAs was achieved

after membrane filtratianHowever, a slightly lower TOC rejection (393%) was observed

during the filtration with the 1 kDa membrane in TR mode. This can be due to the removal of a
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significant portion of larger molecules by the 50 kDa filtration. The high TOC rejections

obtained are consistent with the considerable CN rejections achieved in all cases, ranging from

53 to 73% Operating in VC mode significantly increased the CN rejections when filtering with

the 50 kDa membrane, but made no significant difference filtering with the 1 kDa membrane

Table 4.2. Average rejection coefficients with 50 kDa and 1 kDa membranes during the

operation in TR and VC modes.

R TR 50 kDa VC 50 kDa TR 1 kDa VC 1 kDa
CN 0.53+0.09 0.73 £0.07 0.86 £ 0.06 0.73£0.06
Total SCFAs -0.08 £0.2 0.1+0.3 0.04+0.1 0.2+0.2
Oxalic 0.03+0.2 0.3+0.2 0.3+0.3 0.47 £0.09
Maleic 0.002 £ 0.191 0.2+05 0.2+0.2 0.42 + 0.06
Pyruvic 0.07 £0.44 04+05 -0.3%x1 0.45 +0.09
Lactobionic -0.2+£0.3 0.3+04 04+04 04+0.1
Malic -0.010 £ 0.285 0.2+0.3 0.002 +0.4 0.05+0.2
Lactic -0.03+£0.2 -0.2+0.7 -0.1+£0.3 0.05+0.4
Formic -0.03£0.3 0.1+0.3 0.2+0.2 0.3+04
Acetic -0.2+£0.3 -0.01£0.5 -0.04£0.1 0.2+0.2
Propionic 214 -05+1 -0.2+0.7 0.3£0.2
Total TOC 0.48 £ 0.07 0.61 +0.06 0.39 £0.03 0.469 + 0.005
Theoretical COD

trom SCEAS -0.18 £ 0.05 0.0280 + 0.0003 -0.01+0.02 0.20 £0.20

Based on the flux loss and the increase in SCFA rejections observed in VC mode, this operating

mode can beonsidered inadequate for the treatment of oxidised WAS.

3.3.Liquid -liquid extraction

3.3.1.Solvent Screening

Initial concentrations in the permeate before the LLE are shown in Table 4.3.
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Table 4.3. SCFA concentrations in the raffinate before extraction.

SCFA Concentration (g/L)

Oxalic 0.68+0.02

Maleic 0.020+ 0.002
Pyruvic 0.51+0.07
Lactobionic 0.08 £0.01

Malic 0.120+ 0.001
Lactic 0.91+0.02
Formic 0.54+0.02
Acetic 1.89+0.07
Propionic 0.23+0.06

Extraction yields and distribution constants obtained during the solvent screening are displayed
in Tables4.4, 45, 46 and4.7. To ensureclarity, the SCFAswere divided into norvolatile
SCFAs(NVASs) (oxalic, maleic, pyruvic, lactobionic, malic and lactic acids) and volStl€As

(VAs) (formic, acetic and propionic acids).

Table 4.4. Extraction yieldqY) of NVAs.

Extraction Yield (%) - NVAs

TOA10 TOA25 TOA40 TBP10 TBP25 TBP40 T/T10 T/T25 TI/T40

120+ 119+ 0.63+ 2.7+
i (1)
Oxalic 09 02 15+1 n.d. 0.07 21+2 264 31x4 04
Maleic 380 29.2 247 16.5 19.3 0 1.0 118 79.8
+ +
Pyruvic 38+5 29+6 25+3 171 1%‘2‘ n.d.® 5(')12‘ 10+10 80 +80

Lactobionic 8.2 1000 105 329 27.6 2838 42.2 291 319

Malic n.d.® 9(')7; 12(3).?1i n.d.® 6(')2; 11+1 nd® nd® 50450
Lactic 25.7 355 29.7 9.2 90.8 2.6 889 42.3 90.6

*Large: SCFA not detected in the raffinate.

@n.d.: not detected.
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Table 4.5. Extraction yieldgY) of VAs.

Extraction Yield (%) - VAs

TOA10 TOA25 TOA40 TBP10 TBP25 TBP40 T/T10 T/T25 T/T40

. 29.522 9.215+ 233+
Formic ~ 60420 309 28%8 _ > 231 [ °F 80%10 U7 64%7
Acetic 197 276 208 127 164 64 892 191 800

- 127+ 164+ 6.4+ 101+ 223+ 16.0+
+ + +
Propionic 202 28%2 21*1 5 44 04 02 09 09

Table 4.6. Distribution constantép) of NVAs.

Distribution Constants - NVAs

TOA10 TOA25 TOA40 TBP10 TBP25 TBP40 T/T10 T/T25 T/T40

0.006x 0.27+ 0.36x 0.45+ 0.015%

Oxalic 0.14+ 0.14+ 0.18% n.d®
0.01 0.05 0.02 o 0.001 0.03 0.06 0.07 0.002
Maleic 0.61 0.41 0.33 0.20 0.24 / 0.01 0.13 3.94

6+ 0.4+ 0.32+ 0.20+ 0.24% nd® 0.054+ 0.1+ 4+4

. 0.
Pyruvic 0.1 01 004 002 001 0.004 0.1
o 010+ 022+ 0.067+ 0.12+
1) 1) @) @) +
Lactobionic n.d. 0.01 0.02 n.d. 0.007 0.02 n.d. n.d. 1+1
Valic 009 . 012+ 049: 038 040: 07+ 04% 047%
oo1 "¢ 001 004 003 006 08 04 0.6

47+ 3.80+ 2.2+ 3.8+
. 1) @ (6]
Lactic 04 0.06 01 04 11+11 3+3 n.d. n.d. n.d.

Dn.d.: not detected.
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Table 4.7. DistributionconstantgKp) of VAs.

Distribution Constants - VAs

TOA10 TOA25 TOA40 TBP10 TBP25 TBP40 T/T10 T/T25 T/T40

Formic 141 04+ 04+ 04+ 03+ 010+ 543 03+ 18+
B 0.3 0.3 0.2 0.1 0.04 B 0.1 0.9

025+ 038+ 026+ 015+ 020+ 007+ 024+ 029+ 0.19%

Acetic 005 007 004 002 003 001 003 004 003
oropione L1t 115% 12 11x 107¢ 09¢ 1lx 10+ 09%
P 04 009 02 02 007 02 0.1 0.2 0.2

The effect of the extractant on the yield obtained for the different SCFAs varies depending on
the nature of the extractant. In the case of TBP, which is a phosptiased extractant, its
complexation mechanism with SCFasmarily relies on the hydrophobicity foSCFAs due to
hydrogen bond formatiofb7]. As a result, the complexation is more pronounced when the
SCFA is less hydrophobic. The octanwamter partition coefficient (log P) is the parameter
commonly employed to quantify hydrophobicityhéllower the log P value, théower the
hydroplobicity of the SCFA [57]. In this context, polar and hydrophilic compounds may even
exhibit negative log P values. As for the complexation with amines like TOA, the mechanism is
more intricated, involving different factors such as acid concentration, the nature of the diluent
and the number of carboxyl groufi8]. However, the pKa value can serve as an indidator
monocarboxylic acids: pyruvic, lactobionic, lactic, formic, acetic and propionic acids. In this
sense, the strongest acids (i.e., those with lower pKa values) are more strongly complexed and,

consequently, more efficiently extracted.

Thevalues ofLogPs angKas of the studieB CFAsare shown irmable4.8.
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Table 4.8. Values of the pKa and LogP of the studied SCFAs.

SCFAs pKa ref Log P ref
Ka, = 1.46; pKa = 59 60
Oxalic® P& P 159] 10.688 160]
4.40
Ka, = 1.90; pKa= 61 62
Maleic® P& P (61] -0.650 162]
6.07
Pyruvic 2.39 [63] -0.38 [64,65]
Lactobionic 3.28° 0.35@ [66] -4.847 [67]
Ka, = 3.51; pKa= 68 69
Malic® Pha P 168] -1.474 169]
5.03
Lactic 3.86 [24] -0.413 [24]
Formic 3.75 [24] -0.538 [24]
Acetic 4.75 [24] -0.313 [24]
Propionic 4.87 [24] 0.290 [24]

@ Dicarboxylic acid{® Predicted value

Some deviations from the theoretically expected extraction order were observed. After the
extraction with TOA, all monocarboxylic acids were recovered in the expected order except for
pyruvic and propionic. In this sense, pyruvic acid exhibited the lowest extraction efficiency,
with a maximum value of 12.9%, whereas it was anticipated to be the most efficiently extracted
monocarboxylic SCFA. Conversely, propionic acid presented an average yield of B8,

being expected to be the leafficiently extracted acid_actobionic acid was also less extracted
than expected when using TOA10 and TOA40 as solvents, although it could not be detected in
the raffinate after extracting with TOA25. Regarding the extractions with TBP, slight deviations
from the expected order were observed for most of the acids, with significant deviations noted
for propionic, lactobionic and pyruvic acids. Consequently, propionic acid, which was expected
to be the least extracted acid, yielded an average of 50.3%eCrhter hand, lactobionic acid,
which was expected to be the acid extracted more efficiently, exhibited an average yield of
29.8%, while malic acid obtained the highest average value at 82.1%. In the case of pyruvic
acid, higher values were expected, but the maximum observed was 5.2%. This behaviour can be

attributed to differences between the concentrations of the different acids or to interferences
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between the SCFAs or with other elements of the maSimilar results were obtained by
Morales et alwhen theystudied the extraction of butyric, propionic, formic, acetic and lactic
acids with TBP indodecane and with TOA in decahel and dodecan{3]. They reported
extraction yields that differed from what was expected. Thus, propionic and butyrioveics,

were expected to be the least complexed, turned out to be the most extracted SCFAs with both
TOA and TBPSimilarly, formic acidwith the lowest pKa among the extracted SCFAs, was the
least extracted with TOA, contrary to expectati¢2®]. These deviations from the theoretical
extractions were also observed in other stufli€} although some authors have been able to

observe a rough correlation between log K and I8P

The effect of extractant concentration also varied between S@&Asxplained before, the
optimization of the solvent composition while using a polar diluent relies on a compromise
between the concentration of diluent and of extractant. On viewing the results, no clear trends
were observed, and the optimal choice of extractant and the ideal diluent:extractant ratio
differed for nearly every acid. The combination of TOA and TBP seemed to enhance the
extraction in most cases, except for malic acid. Similar synergistic effects between TBP and
TOA have been reported by other authi@®,71] Matsumoto et al., in particular, observed an
enhancement in the extraction efficiency for all acids, thus showing that the complex matrix of

the oxidised WAS can alter the extraction equilibria.

Regarding ks values, high values indicate that the extraction process was efficient. In the case
of pyruvic acid, low I values were obtained with TOA extractant, ranging féddn+ 0.01to

0.22+ 0.02.These values are in line with those reported Marti et al. (4@2],)who obtained a

Kp value of 0.10, when they extracted pure pyruvic asithg concentrations of TOA ranging
from 01 M to 04 M in 1-octanol at pH 4For oxalic acid, a significant increase (25%) in K
value was observed when TOA concentration increased from 25% to 40%. Qin et al[{3D01)
also reported that an increase in TOA from 10% to 50% resulted in an increas&ahués

when pure oxalic acid was extracted in TOAgtanol mixtures. In the case of TBRidtanol

mixtures, ko values (varied fron®.006+ 0.001to 0.27+ 0.03 were lower than that reported by
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Barnes et al. (1999y4] for the extraction of aqueous solutions of oxalic acid with pure TBP
(1.275).In the case of malic acid, the values obtained for TOA280(x+ 0.0¢ and TOA40 2.2

+ 0. were 4 and 1.5 ti mes hi gher t[fbp hhist hos e
difference can be due to the effect of the matrix and the initial acid concentration, as pure malic
acid with a concentration of approximately 107 g/L was used, while in this study the
concentration was 0.12 g/L. For lactic acidy ¥alues ranging fron.027 £ 0.003to 0.10 +

0.01 were achieved with TBP:&ctanol mixturesLabbaci et al. (2010)76] also obtained

similar Kp values, varying between 0.03 and 0.08, when extracting pure lactic acid using

TBP:dodecane mixtures at similar concentrations.

Considering VAs, when TOA:bctanol mixtures were usethe Ko values for formic acid
ranged fronD.4 + 0.3to 1 + 1, for acetic acid fron®.25+ 0.05t0 0.38+ 0.07, and for propionic

acid from1.1 £ 0.4to 1.2 + 0.2 These values were higher compared to those obtained with
TBP:1-octanol mixtures, whickariedfrom 0.10 + 0.04to 0.4 + 0.2 for formic acid, from0.07 +
0.01to 0.20 £ 0.03 for acetic acid, and from.9 + 0.2to 1.1 + 0.2 for propionic acid. This
difference may be attributed to-attanol exhibiting an acid interaction functional group,
resulting in higher specific and general solvation to the-&€4 complexes, leading to a

greater distribution than the TBP mixtar@Keshav et al., 20087 7].

By comparingthe extraction yields obtained for each SQi#ng different combinations of
extractandiluent, the moseffective process was found to be the one involvirgatanol as
diluent and a combination of TOA and TBP at 10% (v&g) extractant. Both extractants
synergised when combined, as indicated in the previous sethimterthese conditions, the
total extracted SCFAs consisted mainly of formic £12% of total SCFAs weight in feed) and
acetic (10.4t 0.1% of total SCFAs weight in feed) acids, followed by propionic and lactic acids
(4.0+ 0.2 and 3.7# 0.01%of total SCFAs weight in feed each). Altogether, a maximum of

34% of total SCFAs weight in feed was extracted under these conditions.
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3.3.2.Effect of temperature on organic acid extraction

Based on the results obtainedDA25, TBP25 and T/T10 were thehosensolvents for the
temperature studydditionally, synthetic solutions containing the same quantities of SCFAs as
those found in the prpurified WAS were prepared and subjected to extraction to evaluate the
effect of the matrixThe extraction yields obtained for total, NVAs and VAs are showiign

4.7.
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Figure 4.7. Effect of temperature in extraction yields of totd), (nonvolatile OA (/) and
volatile OA (/) from WAS (above) and synthetic SCFAs solution (below).
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As it can be gen in Fig. 4.7, temperature had a generally positive effect on the extraction of
both NVAs and VAs from prpurified WAS in the range 25960°C. It is important to note that

a further increase in temperature could lead to a loss of extractables caused by thermal
degradation[70,78] Higher yields were observed for total NVAs, ranging from 18.8% to
72.6%, compared to total VAs, in which the values varied from 22.7% to 46.1%. These results
are in agreement with those reported by other authbesr SCFAs from oxidised Kraft black
liquor was extracted with 30% TOA in heptane in the rang&5*&, who obtained extraction
yields for NVAs and VAs, which varied from 28% to 72%, and from 15% to 45%, respectively
[56]. Additionally, the influence of temperature was more pronounced for TOA25 and T/T10 in
comparison to TBP25. Thus, in the temperature range of-28°C, the extraction yields for
NVAs and VAs with TOA25 and T/T10 were notably higher, showing increases of 2.4 times and
1.5 times, respectively, at 50°C compared to 25°C forTOA25, and of 2.8 and 1.4 times,
respectively, in the case of T/T10/T10 was the most efficient solvent footal SCFAs at all
temperatures, with slightly higher yields than TOA25. The extraction yields for NVAs were

higher with TOA25, while they were higher for VAs using T/T10.

The extraction of SCFAs from the synthetic solution showed that the components present in the
sludge matrix hindered the LLE. As a result, the extraction yields of NVAs and VAs were
significantly higher than those of WAS for every solvent and temperature. Besides, the
synergistic effect of both extractants was more significant in synthetic solution for both NVAs
and VAs, achieving complete separation with T/T10 at 50°C. Additionally, the theoretical
extraction order was neither observed in the synthetic solution. Therefore, it can be concluded
that the presence of multiple SCFAs can also alter the theoretical distribution constants,
presumably due to competition influenced by the different concentrations in which the SCFAs

are presenfr9].

In this case, a positive effect of temperature was also observed for the extraction of VAs from
synthetic solution when temperature increased from 25°C to 50°C. The most marked influence

was obtained with TBP25 in which the yield increased 1.6 times at 50°C compared to 25°C
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(44.9%). However, in the case of TOA25, a slight detrimental effect of temperature was

observed for NVAs, where the yield decreased from 94.8% at 25°C to 89.1% at 50°C.

Besides, the highest extraction yields were obtained with the T/T10 solvent at all temperatures.
This showed the beneficial synergistic effect of TOA and TBP for both real and synthetic
solutions. TBP25xhibited the lowest extraction efficiendgr WAS at 40 and 50°Calthough it
yielded slightly better results than TOA25 at 25°C. In the cassyathetic solutiog TBP25

consistently producetthe lowest yields across all temperatures.

The values of K for the extraction from prpurified WAS and synthetic solutiorse shownri

Table 4.9.
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Table 4.9. Kp values for nonvolatile and volatileSCFAs using TOA25, TBP25 and

T/T10as solventixtures in the temperature ran2eG50°C

WAS
Oxalic Maleic Pyruvic
T(C) TOA25 TBP25 T/T10 TSSA TBP25  T/T10 TgsA TBP25  T/T10
014+ 0006+ 036< 024+ 0054+ 010+ 0067 < o
25 005 0001 006 24*01 501 0.004 0.01 o007 M
032+ 1.1+ 0.64+ 1.0+ 04+ 1.0+
40 1803 o oa  24:03  oF oa  22:¢03 oo o
06+ 1.8+ 08+  3.0% 04+ 1.1+
50 24%09 4 oo 48x03 T o4 26£03 oo Py
Lactobionic Malic Lactic
T(C) TOA25 TBP25 T/T10 TSSA TBP25  T/T10 TSSA TBP25  T/T10
038+ 07+ 380z 055+ 009+
@) @
25 n.d 0.03 08 006 1111 nd 0.09 001 8%l
11+ 1.6+ 0.8+ 1.0+
* * *
40 1903 - o 0804 o i
. . . 0.9+ 05+ 1.0+
50 28:08  o>f 22605 12501 o oA
Formic Acetic Propionic
T(C) TOA25 TBP25 T/T10 TSSA TBP25  T/T10 TSSA TBP25  T/T10
03+ 038+ 020+ 024t 115+ 107+ 11%
25 04103 4y 523 0.07 003 003 0.09 0.07 0.1
046+ 2.2+ 0.35+  0.45+ 11+ 1.9+
40 12201 44 02  95%#01 504 gps 10%05 T4 09
06+ 5.6+ 030+ 0.6+ 14+ 2.1+
50 15+03 43 04 0601 55 01 2+1 05 08
Synthetic solution
Oxalic Maleic Pyruvic
T(eC) TOA25 TBP25 T/T10 TZOSA TBP25  T/T10 TSSA TBP25  T/T10
0.3+ 0.524+
* * * * *
25 o 11207 >0 5x1
0.4+
* * * * * * *
40 0 o1
12+
* * * * * * *
50 47:03 5,
Lactobionic Malic Lactic
T(C) TOA2s TBP25 TTI0 D% TBP25  TTIO DA TBP25  T/TI0
23t 20+ 22+
25  24%03 Y * s * * * 743
0.2+
40 20:02 * * * * 5+2 * *
50 058+ 1.8+ . . 21+ . X X X
0.04 02 09
Formic Acetic Propionic
T(C) TOA25 TBP25 T/T10 TSSA TBP25  T/T10 TSSA TBP25  T/T10
0.69+ 11t 44+
25 52+03 007 16+ 1 7+1 02 08 n.d. n.d. n.d.
19.8+ 091+ 35+
40 5.2+ 05 * 08 6.0+ 08 0.05 0.9 n.d. n.d. n.d.
71+ 1.6+ 15+
50 * 69 * 79506 ) * 1004 > *

*Large: SCFA not detected in aqueous phase.

@n.d.: not detected.

79



4. Resultados y discusion

The Kos observed were in line with those reported by other auf@880] Turk et al.[81]
obtained ks in the range of 0.638.609 for acetic acid and of 0.496602 for formic acid
extracting with TBP diluted in cyclopentyl methyl ether anch@hyltetrahydrofuran at similar
extractant concentrationdlonetheless, the g6 for oxalic, pyruvic, and propionic acids were
lower than those found in the literatg#,72,82,83]For instance, Keshav et #4] achieved

Kps in the range of 5.720.11 for propionic acid while extracting TOA 30% in oleyl alcohol,
while in our case itould only be extracted at 50 °C with g & 1.0 + 0.4. It should be noted
than these studies analysed the extraction of the pure acid, witleohindering effects of a
complex matrix or the competition with other SCFAs for the formation of complexes with the

solvent.

4. Conclusions

WO proved to be an efficient treatment for theorisationof WAS, convertinga significant
portion of the natural organic matter ton valueadded SCFAs, such as acetic, lactic, and
lactobionic acidsHowever, the combination ofdher reaction temperaturasd longer reaction
times favoured the oxidation of the organic matter to,,d€ading to a reductioin the
maximum concentration of SCFAs obtain@thus, the most suitable conditiongre achieved

at lower temperature and longer reaction time (160 °C, 240 minjying for the achievement

of a maximum concentration tftal SCFAs 06.07 g/L

Membrane filtration effectively prpurified the SCFAgresent in the oxidised WAEacilitating

the subsequent extractio@perating in TR mode with the 50 kD&O.-TiO, membrane
resulted in weragerejectionsof 53% of CN and 48% of TOC and also negative rejections of the
SCFAs (15%) due to the Donnan effect. Concentrating the oxidised WAS positively influenced
CN and TOC retentions, increasing to 73% and 61%, respectively; but also increased the
retention of SCFAs to a 4%espite the effectiveness iarins of rejections, the substantial flux

loss (94.29%in VC modecompared to 78.00% in TR mode) indicated that concentrating the

oxidized WAS was impracticalSubsequent filtration of the 50 kDa permeate with the 1 kDa
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membrane in TR modturther purified the SCFAs, achieving rejections of 73% for CN and
39% for TOC, with a low SCFAs rejection of 4%. Concentrating the oxidised WAS was
considered unsuitable for SCFAs recovery, given their high retention (23%). In all cases, the
main fouling mechanism was cake formation, indicating thataggressive cleaning protocols

can be applied to maintain membrane efficiency.

LLE extraction with a mixture of OA and TBPat 10% in octati-ol was found to be the most
suitable for the recovery of both NVAs and VAs, obtaining a total yield of 34% prtnedthe
synergistic effect of the two extractamhgring the extraction d8CFAs Lower extraction yields
were obtained with the piaurified WAS compared to synthetic solutions of SCFAs, thus
showing the detrimental effect of the matrix in LUEcreasing the temperature within the range

of 20 to 50 °Cgenerallyhad a favourable effecn the etraction of SCFAs.
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Abstract

The recovery of addedalue biocompounds from waste activated sludge (WAS) is a promising

alternative to its current management. In this study, WAS was patrtially wet oxidised producing a
highly complex stream mainly composed of humic acids, proteins and carbohydrates. This
stream was ultrafiltered to assess the influence of membrane material and molecular weight cut
off (MWCO) on its fractioning based on the different sizes of the biomolecules contained in the

oxidised WAS.

Flatsheet polyethersulfone (PES), permanently hydrophilic polyethersulfone (PESH), and
polyacrylonitrile (PAN) membranes with a MWCO of 50 KDa were evaluated. The best
performance was obtained with PES membrane, achieving high retention values (around 70%
for proteins and carbohydrates, and 47% for humic acids) and high differences in selectivity
between proteins and carbohydrates with humic acids (around 23%). For the size fractioning
experiments, PES membranes of 10 and 3 kDa (PES10 and PES3) were used, obtaining the best
results when filtering the PES50 membrane permeate with the PES3 membrane, retaining 83%
of carbohydrates, 87% of proteins and 69% of humic acids. These results open the possibility of

separating carbohydrates, proteins and humic acids through an integrated membrane process.

Besides, membranes were characterized by atomic force microscopy, infrared spectroscopy, and

contact angle measurements.

Multiple fouling models were assessed, and the main fouling in PAN membrane, and to a lesser
extent in PES, was reversible. Conversely, PESH membrane fouling had a strongly irreversible

character. Cake filtration can be considered the main fouling mechanism in all experiments.

Keywords: Biomoleculesnodelisation ultrafiltration; waste valorisationwet oxidation
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1. Introduction

The biorefining of biowastes has been proposed as a sustainable means of waste valorisation,
obtaining energy and biochemical resources while the volume of final waste is rdiiliced
Although it is yet at its conceptual phg2&, the steady rising trend of the biorefinery market
value, expected to show an annual growth of 2.2% until reaching a total value of USD 52680
million by 2027[3], is a reliable marker for its potential. Waste activated sludge (WAS) is a
promising raw matter for biorefinery, as it is a source of biomolecules (proteins, lipids,
carbohydrates, humic acids and enzymes), phosphorugldsitics, bigpesticides and also
energy[4i 10]. The current global market size of just the biomolecules present inigVAS

almost USD 200 billion, turning its recovery economically appedlit

WAS mainly consists of flocs of bacterial cells, which are formed by weak physical chemical
interactions with extracellular polymeric substan¢&g] (a complex mixture of polymers
generated by bacterial excretion, released after cell lysis or present in the incoming wastewater
[13]). Thus, in order to recover the abawentioned biocompounds, a prior solubilisation of the
sludge is needed in order to break both the structure formed by the extracellular polymeric
substances and the cell walls, thus releasing their intracellular content to the liquid medium.
Several solubilisation methods have been tested for WAS, includingsahtieation[14,15],
cavitation [16], alkali treatment15,17] ozonolysis[18], wet oxidation (WQO) and thermal
hydrolysis[19]. Among these techniques, WO is particularly interesting, due to its feasibility to

be used at an industrial scale for sludge stabilis§®oh

It should be noted that this solubilisation results in a complex matrix, where interactions
between the different released biomolecules can difficult their purification. For instance,
electrostatic interactions between proteins and humic acids occur while binding to heavy metals
such as Cii, Zr**, and Cd* [21]; and even aggregates are formed when complexed with Cu
[22], hindering a suitable separation of these molecules by immobilised metal affinity

chromatography. Besides, a selective precipitation is also not possible from this complex matrix,
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as proteins, carbohydrates and humic acidpreoipitate with several precipitation methods

[19]. These molecules have important industrial applications separately: proteins are used in
cosmetics, food industry, pharmaceuticals and animal feed; humic acids can be applied in
agriculture, pharmaceuticals or ecological remediation, among other uses; and carbohydrates are
often used in the food industrjdl]. Thus, their separation is of great interest for the
incorporation of WAS as a valuable raw material in a context of circular econosigeBgelipid
recovery for its use as biofuel from WAS faces difficulties during its purification with solvent
extraction, as other lipidic contaminants such as wax esters, terpenoids and polycyclic aromatic

hydrocarbons are extracted together with the desired [#jds

For thesereasons, fractioning the solubilised WAS would improve the efficiency of further
separation and purification steps. To that end, membrane filtration is a suitable technology for
this purpose due to its advantages, such as high selectivity, low energy consumption, low cost,
and mild operating conditiorj23]. Nevertheless, the performance of the membrane filtration is
affected by several factors, especially the choice of membrane material and its molecular weight
cutoff (MWCO) [24i 26]. Most membranes are polymeric, and the choice of this polymer is
critical for the efficiency of the operation, since it affects the permeability rate, the separation

ability or the fouling process, key parameters in the filtration prdé&}s

Despite their utter importance, polymeric materials have not yet been studied for the filtration of
solubilised WAS, and the effect of MWCO has been scarcely studied. Hence, only Li et al. have
tested the use df, 10, 30, and 50 kDa polysulphone membranes to concentrate humic acids
[27,28] Therefore, the objective of this work was to study the influence of the membrane
material and MWCO on the fractionation of hydrothermally solubilised WAS in order to
separate carbohydrates, proteins, and humic acids based on their size differences aiming to
obtain partially purified streams of these compoundsthis sense, 3 different polymeric
materials: polyethersulphone, hydrophylic polyethersulphone and polyacrylonitrile, with a
MWCO from 3 KDa to 50 KDa, were evaluated, paying special attentifouting modelling.

Hydrophilic polyethersulfone and polyacrylonitrile have a hydrophilic character, unlike
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polyethersulfone, which is a hydrophobic material. Besides, an integrated membrane process for

the recovery of biomolecules from WAS was also proposed.

2. Experimental

2.1. Oxidised waste activated sludge

Waste activated sludge was collected from the thickening unit of a wastewater treatment plant
located in northern Spain (Baifia, Asturias). The collection was performed by trained plant
personnel to ensure the representativeness of the samples. WAS was immediately solubilised by
a partial WO at 160 °C and 40 bar for 80 minutes. These oxidation conditions were selected to
maximise the production of the target molecules: if the intensity of the treatment is too high, the
target molecules get oxidised or mineralised; if the intensity is too low, the sludge does not
completely solubilisd29]. Additionally, as the oxidation intensity increases, the particle size
decreases, reducing the retention capabilities of the membranes. A constant flow of 1200
mL/min of G, saturated with steam was maintained during the entire reaction. The content of
the reactor was kept stirring at 150 rpm. A more detailed description of the reactor can be found
in [30]. After the reaction, the oxidised WAS was centrifuged in order to work with the liquid
phase. Sodium azide 0.1% (w/v) was added to the oxidised WAS in order to prevent
microbiological growth. The oxidised sludge was stored at 4 °C for 15 days and then replaced

with fresh oxidised sludge.

2.2. Membrane filtration

2.2.1. Membranes

MQ (Synder Filtration) polyethersulfone (PES), UHO050 (Microdyn Nadir) hydrophylic
polyethersulfone (PESH), and MW (Suez) polyacrylonitrile (PAN)-dlatet membranes with
MWCO of 50 kDa (named as PES50, PESH50, and PAN50, respectively) were employed to

perform the material screening experiments. Additionally, ST (Synder Filtration) and VT
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(Synder Filtration) PES flatheet membranes with MWCO of 3 and 10 kDa, respectively
(named as PES3 and PES10), were used for theffcsize screening experiments. All

membranes were cut to a circular shape of 9 cm of diameter, and a filtration area of 63.62 cm

Membrane hydrophilicity was characterized by contact angle measurements. The images were
obtained with a CAM 200 optical contact angle meter (KSV Instruments Ltd., Finland). Sessile
water droplets were dropped on tlean and fouled membrane surfaces using a syringe and let
to spread freely. Images of the droplets were taken by arbggiiution CCD camera at 40 ms
intervals for the first 0.36 s, and at 1 s intervals for the subsequent 19 s. Equilibrium sessile drop
contact angles were determined from the stesdie angles using the KS3AM 200 software

by measuring the angle between the baseline of a liquid drop and the tangent atitheusdlid
boundary. All contact angle measurements were performed in triplicate using three different

membrane samples.

2.2.2. Equipment and filtration conditions

Filtration experiments were carried out in duplicate using an FT17 @ovsd-iltration Unit
(Armfield Ltd., United Kingdom), which allows to perform tangential flow filtrations with flat
sheet membranes. Prior to conducting the experiments, all polymeric membranes were pre
conditioned by running the equipment with no pressure for 30 minutes using distilled water.
Subsequently, water was filtered under the operational conditions (indicated below) for an
additional 30 minutes. The flux obtained in this sted was considered as the flux at t=0. The
permeate flux of the clean membranes was measured during this step for further fouling
modelling. All the material screening filtration experiments were performed under the following
conditions: temperature of 504#0.4 °C, transmembrane pressure (TMP) of#4@®2 bar and
crossflow velocity (CFV) of 3.00 m/s. The oxidised WAS was filtrated without permeate

recirculation until a volume concentration rate (VCR) of 2.5 was reached.

During the MWCO screening experiments, the oxidised WAS was filtered with the PES50,
PES10 and PES3 membranes. Besides, in order to assess the viability of the fractioning of the

oxidised WAS, the permeate obtained after the filtration with PES50 was subsequently filtered
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with the PES10 or with the PES3 membranes, naming these permeates ad @BESGPES50
3, respectively. The experiments were performed under the same conditions than those used in
the material screening ones. Only for obtaining the PESSp@rmeate, pressure was set at 30

bar and a VCR value of 1.25 was achieved.

Permeate flow was determined by gravimetric measurements of the permeate, which were
collected automatically by the FT17 Craksw Filtration Unit software. Flux was calculated by

the following equation (Eqg. 1):

*

1
T 1)
Where J is th@ermeate flux (ns?), Qr is the permeate flow (%), and Ay is the membrane

surface area (A

In addition, samples of the permeate and retentate were collected periodically and kept at 4 °C

for further analysis.

After the filtrations, the fouled membrane was rinsed with distilled water until a constant flux

was obtained, and its permeability was measured for further fouling modelling.

2.2.3. Fouling modelling
Resistancéen-s er i e s , Her mi ads, and Ment habés fouling I
both the reversibility and main mechanism of membrane fouling occurred during the different

filtration experiments.

Resistancén-series model expresses the total hydraulic resistance of the membrame)(Rs
the sum of different resistances caused by reversible fouling (R'), irreversible fouling
(Rirev, M%), or by the membrane itself (Rm™) (Eq. 2). Hydraulic resistance can be calculated

as shown in Eq. 3:

R=Rn*+RrevtRirev (2)
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TMP
R=—— (3)
eJ
Where W is the dynamic viscosity of the WAS58&°C (kg-m-3). By adding or subtracting the
resistances obtained with the clean, fouled, or rinsed membrane 3.y, and Ry can
be easilycalculated. A more detailed explanation of these calculations can be found in the

Appendix of[31]).

The main fouling mechanism occurred on each membrane during ultrafiltration was determined

t hrough He[32i(Eq 8s model

SV N N (4)

&

d
d

Where t is time (min), Ks the model constant that depends onfthi#ing phenomenon,,Js

the limiting flux (m-s), and n is a constant that varies for the fouling mechanism: complete
pore blocking (CPB) (n=2, &in min™), where the active membrane area is blocked by particles
larger than the pore size; internal pore blocking (IPB) (n=1.5) #™), where membrane pores

are blinded by either adsorption or deposition of particles smaller than the pore size; particle
pore blocking (PPB) (n=1, Kin m™), where particles might seal a pore over time, or bridge it
and not block it completely; and cake filtration (CF) (n=Q,itK min-m?), where a cake of

particles that does not enter the pores is formed on the membrane B8face

The K for the four models were calculated by minimizing the difference between the predicted
values and the experimental data, calculated as the sum of squared residuals (SSR). The model

with the lowest SSR was chosen as the most suitable one for each set of experimental data.

I n addition, fl ux was al s[84], whick takied irdodaccoustithe g t h e
two flux decline domains that take place during membrane filtration: domain 1, where a rapid
flux decline occurs during the early stage of filtration; and domain 2, where the flux decline

decreases until the flux remains gusisible[35]. It can be expressed as follows (Eqg. 5):
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J Il ie xb+ Jo1-Joole X%+ I, (5)

WhereJp is the flux at the end of domain(th-s?); Jp »is the flux at the end of domain 2 (i.e.,
at the end of the experimergth-s?); andU [ Elandb | E# are two constants determined
experimentally that describe the rate of flux decline associated with the membrane fouling and

the concentration polarization and gel layer formation, respectively.

2.3. Atomic force microscopy

The roughness of the fouled and clean membranes was analysed by atomic force microscopy
(AFM). All AFM measurements were performed at room temperature (20°C) using a Nanoscale
scanning tunnelling microscope (Nanotec Cervantes FullMode SPM), working in contact mode
in air medium with gold coated silicon nitride tips. Membrane samples were fixed to the sample
holder of the microscope with higlacuum silicone grease. Roughness parameters were
determined from the collected data using the WSxM 5.0 soft{@&ile Membrane roughness

was compared in terms of mean roughness[r{R/um]), root mean square roughness (rms),
peakto-peak distance (nmm), and surface skewness and kurtosissRhe mean value of the
surface relative to the centre plane; rms is the standard deviation of the heights for all the pixels
in the image from the arithmetic mef8Y]; and skewness and kurtosis describe the shape of a

probability distribution, reflecting the obliquity and the flatness of the curve, resped8&ly

2.4. Infrared spectroscopy

Infrared spectra (FTIR) of the clean and fouled membranes were taken in the range from 600 to
4000 cm?® using Varian 670R FTIR spectrometer equipped with a Golden Gate horizontal
attenuated total reflectance (ATR) accessory. Experimental conditions were 32 scan, 4 cm

resolution and aperture open.
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2.5. Analytical methods

Proteins, humic acids, carbohydrates, colour number (CN) and chemical oxygen demand (COD)
were measured by colorimetric methods. Proteins and humic acids were measured following the
modified Lowry method described by Frglund et[&8B], using bovine serum albumin and
commercial humic acid as standards. Carbohydrates were measured according to the Dubois
method[40] using Dglucose as standard. Spectral absorbance coefficients (SAY) [aere

measured at 436, 525 and 620 nm and used to calculate the CN vatyadcording to Eq. 6:

SA LS AES AL
SALHS AL RS AL

CN (6)

The absorbances of proteins, humic acids, carbohydrates and SAC were measured with a Helios

Alpha U\-Vis spectrophotometer (Thermo Scientific, USA).

Density was measured at 50 °C and 1 atm with a pycnometer. Kinematic viscosity was measured
at 50 °C and 1 atm with a CannBanske inversetlow viscometer (Proton, UK). Dynamic
viscosity was calculated by multiplying the kinematic viscosity by the density. pH was
measured with a Basic 20 pH meter (Crison, Spain). COD values were determined by the
potassium dichromate meth@tll], and the absorbance at 600 nm was measured with a HACH
DR/2500 spectrophotometer (Hach Company, USA). Total organic carbon (TOC) was

determined with &himadzu TOG/csy TOC analyser (Shimadzu, Japan)

Rejection coefficients (REwerecalculated according to the Eq. 7:

S 7
' T Cr, i 0

WhereCp @andCg t he concentration of the compound

(g-L™h), respectivelyAll analytical measurements were conducted at least three times.
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3. Results and discussion

3.1. Oxidised waste activated sludge

The oxidised WAS was slightly acid and presented a deep brown colour. Its main physical

chemical characteristics are shown in Tabl®.

Table 4.10. Main physicalchemical characteristics of the oxidised wasttvated sludge.

Parameter Value
pH 5.04+ 0.03
COD" (g O.L™) 20.5+0.5
TOC (gL™ 8.00+0.01
CN’" (cm™) 3.9+0.2
Proteins (g L) 3.4+0.3
Humic acids (g L") 8.4+0.2
Carbohydrates (g L) 2.75+0.03

*COD: chemical oxygedemand; TOC: total organic carbon; CN: colour number.

3.2. Membrane material screening

3.2.1. Contact angle measurements
Measured contact angles of water on the polymeric membranes used in the ultrafiltration of the
oxidised WAS are shown in Tablell A selection of the pictures of the sessile drops, from

which the contact angles were calculated, can be fouRid)i\.4.1.

Table 4.11 Water surface contact angles on the studied membranes.

Membrane size Membrane material Membrane state Contact angle

Clean 90+3

PES
Fouled 70+ 2
Clean 721

50 kDa PESH

Fouled 54+ 11
Clean 39+4

PAN
Fouled 57+ 10
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A surface is considered hydrophilic if the contact angle is lower thaf42D°Thus, PES50

could be considered hydrophobic, while PESH50 and PAN50 were found to be hydrophilic.
This was in accordance with the results obtained by other authors related to fouling resistance of
ultrafiltration membranept3]. After filtering the oxidised WAS, the fouled PES50 and PESH50
turned more hydrophilic than the pristine ones, while PAN50 became less hydrophilic after
being fouled, which showed the different nature of the foulaeinbrane interactions
depending on the membrane material: it seems that PES50 and PESH50 were coated with more

hydrophilic foulants, while PANS50 interacted with foulants less hydrophilic than itself.

3.2.2. Permeability tests

The fluxes obtained with PES50, PESH50 BAMNS0 are shown in Figt.9.

1 s ) 100 19 b) - 1600
L 1400
0.8 4 | 0.8
80 - 1200
0.6 1 L 0 g« 0.6 F 1000 g
= 4 oy |
2 : <} 2 800 <}
40 = 0.4 1 L s00
i L 400
20 0.2 -
L 200
0 ——— 0 0 ! — — 0
1 12 14 16 1.8 2 22 2.4 2.6 1 12 14 16 1.8 2 22 24 26
VCR VCR
19 - 420
| )
L 360
0.8
L 300
_ %07 L 240 gg
H
= 180 =
0.4 =y
L 120
"1 60
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1 1.2 14 16 1.8 2 22 24 26
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Figure 4.9. Normalised flux variation over VCR for the oxidised WAS filtration with (a) PES50
(3=102.4 + 0.2 L/rth), (b) PESH50 ¥1590 + 40 L/mh) and (c) PAN50 X420+ 40 L/nth).
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Final fluxes approximately 3 times higher were obtained with PESH50 £60.2 LMH) and

PAN50 (74+ 3 LMH) compared to the one achieved by PES50(25LMH), due to their
hydrophilic character. In this sense, membrane hydrophilicity prevented fouling, in accordance
to what was reported by other authg4€,45] The resistanci-series models (Fig4.10)
confirmed the aforementioned about hydrophobicity and its higmelency to fouling. In this
sense, all the resistances (membrane, reversible and irreversible) measured for PES50, which
added up a total hydraulic resistance of 1.07-a0", were higher than those of PESH33.@,

2.5 and 1.1 times highearespectively) and PAN5@{4, 2.4 and 6.3 times higheespectively).

On the other hand, the different behaviour between fluxes in PESH50 and PAN50 can be
explained based on the values of irreversible fouling for each membrane. Thus, the resistance
in-series modelling showed that the higher tendency to fouling observed in PESH50 is due to
irreversible fouling, since its iRy accounted for the 49.6% of its total hydraulic resistance,
while Riev Observed in PAN5SO only represented 12.4% of the total hydraulic resistance. The
total Rrev also seemed to be correlated with the hydrophobicity of the membrane, as PES50
showed the highest;R, ([2.8 + 0.4}-10"* m™), followed by PESH50 ([2.45% 0.01}10" m?)

and PAN50 ([4.3: 0.6]- 10" m™).
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0 : : [ ——

PES50 PESHS50 PANS50

Figure 4.10. R (), Rev (V) and Rirev (V) after filtration with PES50, PESH50 and PANS0.

Besides, reversible fouling was found to be the main fouling in PES50 and PAN50 membranes,
corresponding to a 53.4% and to a 68.9% of the tfaling for PES50 and PANS5O0,

respectively.
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The fluxes obtained in this study were in the same order of magnitude than those obtained by
other authors when PES membranes were used during the filtration of6iilkefinery and
petrochemical wastewat§47] and oitin-water emulsionf48,49} and with PAN membranes

when tap watef50] and oitin-water emulsiorj49] were filtered. Besides, lower initial fluxes

were obtained when PESH membranes were employed for the filtration of m¢&idsegile

similar fluxes were attained for olive oil washing wastewgizat.

It should be noted that the higher fluxes obtained with PESH50 and PAN50 come along with
lower rejection coefficients and lower selectivities between proteins and humic acids (Table
4.12). In particular, the lowest rejection coefficients for CN, TOC, and the three measured
biocompounds were those corresponding to PESH50. On the other hand, the highest rejections
were obtained with PES50, also achieving the highest rejection differences between proteins
and humic acids (22% difference vs 7% difference obtained with PAN50, and 10% difference
obtained with PESH50); and between carbohydrates and humic acids (23% difference vs 13%

obtained with PAN50 and 17% difference obtained with PESH50).

Table 4.12. Rejection coefficients (RC) obtained with the 50 kDa polymeric membranes.

PESS50* PESH50* PANS50*
RConr 0.80+ 0.02 0.69+ 0.03 0.73+0.04
RCroc+ 0.47+0.03 0.34+0.04 0.38+0.05
RCcop+ 0.48+0.08 0.41+0.03 0.4+0.1
RCch+ 0.70+0.02 0.57+0.07 0.60+ 0.06
RCerot 0.69+ 0.06 0.50+0.05 0.54+0.09
RCuar 0.47+0.04 0.40+0.03 0.47+0.03

*CN: colour number; TOC: total organic carbon; COD: chemical oxygen demand; CH: carbohydrates; PROT: proteins; HA: humic
acids; PES50: polyethersulphone, 50 kDa; PESH50: permanently hydrophilic polyethersulphone, 50 kDa; PAN: polyacrylonitrile,

50 kDa.
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These higher retentions may be due to the formation of a thicker cake layer on top of the
membrane, which would act assacondaryfiltration mesh, increasing the selectivity of the
membrane[53]. The formation of this thicker fouling cake could be observed through the
resistancen-series model (Figd.10), where the Ry, mainly associated with the formation of

the fouling cakd54], was more than twiold higher after filtering with PES50 ([5£0.8]-10°

m™) than with PESH50 ([2.3 0.2]-10"* m?) or PAN50 ([2.41+ 0.07]-10® m). Rejection
differences between PESH50 and PAN50 are coherent with this explanation, as, e R

PESH50 is slightly lower than that of PANS5O.

As both higher rejection coefficients and higher rejection differences between humic acids and
the other biomolecules (proteins and carbohydrates) were achieved with PES50, the
fractionation tests with membranes of different MWCO (MWCO screening experiments) was

carried out with PES membranes.

3.2.3. Flux modelling

As it can be seen in Fi¢d.11l and Table 43 (SSR), CFwasthebebti t t i ng Her mi aés m
al | three cases, although the fittings indicat
fouling mechanism, thus indicating several fouling mechanisms may have occurred throughout

the filtration. Indeed, the fact that different fouling mechanisms occur at different stages of the

filtration is well documented in the literatufg5,56]and it was taken into ac:
model [34]. Thus, CF was the main fouling mechanism overall, although irreversible pore

blocking also occurred; especially during the filtration with PESH50, where the IPB model

showed better fitting than in the filtrations with PES50 and PAN5O, reflecting the -above
mentioned more irreversible nature of the PESH50 fouling. Besides, CF has also been described

by other authors as the main fouling mechanism of natural organic matter during ultrafiltration

with PES membranefo7,58]
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Figure4.11. He r micanilste pore blockinfo], intermediate pore blockinid], partial pore
blocking[i>] and cake formatiofb] ) a n d bWfewkhmodelsfor RES50 (a), PESHEHS)
and PANS5O (c) experimental fluxes)(

However, it should be noted that the best fitting of the experimental data was achieved with

Meht ads model , which provides information about
and concentration polarization and gel |l ayer f
optimised values for these two constants are shown in TabB 4 Hi gher U and b
represent faster initial membrane fouling and faster stabilisation of the flux by the establishment

of the concentration polarization gradiemtd g e | |l ayer formati on, resp

obtained for the filtrations with PESH50 and PAN50 werddl@ higher than those of PES50
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(3.88), whi | e -fold mwebthan thdses abtaineavferrPES5@ (5.26)1This
indicates that a strong initial membrane fouling occurred after starting the filtration of the
oxidised WAS with PESH50 and PANS50, causing a rapid decrease in the flux. After this initial
drop, the stabilisation of the flux by concentration polarization occurred more slowly. Regarding
the behaviour during the filtration with PES50, it was opposite to that of the other polymeric
membranes: the initial drop caused by membrane fouling was less drastic, and the equilibrium

in concentration polarization was reached faster.

This result is in accordance with the literature, and can be explained considering the polarization

sieving mode[59], based on the differences of hydrophilicity between the membranes:

Thus, in hydrophilic membranes, an initial irreversible adsorption layer is formed, regardless of
the solute concentration, and subsequent fouling will appear in the form ofpalaetation

layer. On the other hand, in hydrophobic membranes, the size of the irreversible adsorption
layer increases until its thickness protects the hydrophobic surface from the adsorbed molecules,
which generates higher values of irreversible fouling than in hydrophilic surfaces, and only after
this limit is reached, the gglolarization layer starts to forrfb9]. According to this, the
behaviour of PES50 can be explained by its hydrophobic character, since more time was
required for the initial membrane fouling to be fully occur, and the final concentration
polarization layer needed less time to stabilise, thus starting to form at higher feed

concentrations.
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Table 4.13. Fitting parameters for the adjusted models.

PES50 PESH50 PANS50
Her mi ads model s
Kp(min™) 3.31.10° 5.29 9.43.1¢%
CPB
SSR 172041.83 617253.55 628747.63
Ki(m™) 4.58-10° 1.37-10" 7.31:1C°
IPB
SSR 116241.52 590551.29 431129.86
Kp (M™) 6.54-10% 1.40-10° 5.97-10%
PPB
SSR 77545.23 852391.39 286513.46
K¢ (min-m?) 1.45-10° 4.42.10° 3.86-10°
CF
SSR 32776.51 255336.20 129005.00
Meht ads model
Jp 1(LMH) 46.05 114.16 116.08
Um§™ 3.88 30.70 30.70
bm{D 5.20-107 1.33.1¢% 1.26-10?
SSR 700.38 1401.89 783.73
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3.2.4. Atomic force microscopy

AFM images were taken from clean and fouled membranes in order to analyse the surface
morphology (Fig.4.12). The vertical profile of the membrane surface was represented by the
colour intensity, with lighter colours indicating higher regions, and darker colours indicating

depressions.

Figure 4.12 AFM images of clean and fouled PES50 (A and B), PESH50 (C and D) and
PAN50 (E and F) for membrane surface morphology analysis.

The surface of all the three clean membranes
inodul e and valleyo pattern, originated by the
structure[60]. This surface arrangement has also been observed by other authors when PES,

PAN and polyamide membranes with fiiteet, tubular and hollefibre geometries were used

in ultrafiltration and nanofiltration processii 63]. The presence of valldike formations is

highly related to fouling, as foulant particles tend to deposit in these formfng his fact

was supported by the images of fouled membranes, wherdikeskirmations could no longer

be seen, indicating that the vaHidge regions had been clogged by foulants.
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In addition to AFM imaging, membrane roughness was compared in terms of mean roughness

(Ra [nm/um]), root mean square roughness (rms), gegheak distance (hmm), and surface

skewness and kurtosis in order to analyse its relationship with fouling @.d4)e

Table 4.14. Membrane surface roughness parameters.

Clean Fouled
PES50 PESH50 PAN50 PES50 PESH50 PAN50
Ra [nm/um] 23.0+0.6 74+5 67+8 56+15 164+37 92+6
rms 30.4+0.9 94+7 89+5 41+12 212+47 1197
Peakto-
peak
_ 142+5 391+32 365+16 255459 918+208 487+26
distance
[nm/pm]
Skewness -0.23t0.04 - -0.08+0.03 - -0.050.03
Kurtosis 3.35+0.03 2.72+0.05 2.8:0.3 3.4+0.4 2.8%0.01 2.740.1

The loss of normalised flux wasversely related to Rand rms values. In this sense, PES50,

whose normalised flux decreased the least (77%) during the ultrafiltration of the oxidised WAS,

also showed the lowest,Rrms and peako-peak distance values. Furthermore, the highest

values were obtained with PESH50, which lost the highest proportion of normalised flux (96%).

The difference between normalised fluxes of PES50 and PAN50 was less marked than the

roughness values may suggest, which could be explained based on their differephitigdro

properties (fouling allegedly increases with hydrophobifty]). The relationship between loss

of normalised flux and Rand rms values is in accordance with the existing literature, indicating

that surface roughness plays a key role in flux |i8564 66]. As it was previously

commented,

n

t
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formations of the membranes, clogging these depressed regions. Membranes with lower surface
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roughness pr edadrkte of dwearmai v alnlseyon their surf ace
molecules is restrictefb4]. The effect of this fewer presence of valldge regions can be

attended contrasting the roughness values from Palidlewith the images in Fig. 42. Valley

formations were more evident in PAN50 and PESH50 than in PES50, and the depth of the

valleys was lower in the latter membrane, as it can be confirmed by théogaadk distance.

As proved by the permeability tests and the AFM measurements, flux loss is a complex
phenomenon, which depends on several factors, among which, the nature of the membrane
surface (hydrophilic surfaces prevent fouling) and its rugosity (the higher the rugosity, the more

space the solute molecules have for depositing) can be considered determinant.

3.3. Membrane molecular weight cuoff screening

3.3.1. Permeability tests

As PES was selected #ise most suitable material for WAS fractioning (section 3.2.2), the
MWCO screening experiments were carried out with membranes made of this polymeric
material (PES10 and PES3). The flux obtained with PES3 was extremely low (around 0.5 LMH
on average), making this filtration unfeasible, and thus no data from this experiment are

depicted. The fluxes obtained with PES10, PESB@&nd PES53 are showiin Fig. 4.13.
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Figure 4.13. Flux variation over VCR for the oxidised WAS filtration with PES10 (a¥101.5
+ 0.9 L/nth), PES5010 (b) (=102 * 3 L/n%h) and PES5@ (c) (3=13.72 + 0.01 L/rth).

The highest flux obtained during the MWCO screening was achieved with PESbbwever,

the low rejection coefficients observed made this option unfeasible (Faldle The highest
rejections in terms of CN, TOC and COD were achieved with PBSB:vertheless, in the
case of the biomolecules, slightly differences were observed in rejections and rejection

differences between PES10 and PES50
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Table 4.15. Rejection coefficients obtained with PES10, PE&BGNnd PES5G.

PES10 PES5G10 PES5G3
RCen 0.90+0.01 0.35+0.01 0.9942+ 0.0009
RCroc 0.70+0.16 0.17+0.09 0.88+0.01
RCcop 0.60+0.04 0.09+0.04 0.66+ 0.04
RCch+ 0.79+0.05 0.14+0.05 0.83+0.05
RCerot+ 0.84+0.09 0.21+0.08 0.87+0.06
RCua- 0.63+0.05 0.15+0.06 0.67+0.06

*CH: carbohydrates; PROT: proteins; HA: humic acids

Based on the rejection coefficients and the observed decrease in flux during the ultrafiltration of
the oxidised WAS using PES10, as well as the permeates obtained from PES50 with PES10 and
PES3, it can be concluded that the majority of molecules retained by the PES10 membrane can
also be retained by the PES50 membrane. Therefore, coupling these two membranes would be
redundant and unnecessary. This behaviour was in accordance with the work by Urrea et al.
[67], where the effect of WO on the different molecular weight fractions of WAS was studied.
They reported that, after a WO treatment at 190 °C and 90 min, the molecular weight of the
majority of the present molecules was comprised in the ranges betvateka (referred by

Urrea et al. as low molecular weight molecules) and 8% kDa (medium molecular weight
molecules). Moreover, hydrophobic molecules were also present due to the interactions with
sizeexclusion column. According to the results attained in this study, the sizes of the majority
of the low molecular weight molecules were comprised betweEh KDa, and the ones of the

medium molecular weight molecules were above 50 kDa.

The resistancen-series model (Fig4.14) showed that approximately half of the membrane
fouling during the filtration with both PES10 and PESbWas irreversible, which contrast to
the results obtained with PES50, where only 33% of the fouling resistance was attributable to

irreversible fouling. Moreover, a comparison between the values of theafl the Rev
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obtained when filtering with PES50 and PES10 shows that no significant differences could be
found between the values of reversible fouling, whereas the irreversible one of the PES10
membrane was around 2.5 times higher than that of the PES50 membrane. Thus, the additional
flux decay observed between the filtration with PES10 and PES50 was exclusively due to an
increase in irreversible fouling. It has been reported that irreversible fouling during the filtration
of natural organic matter is primarily caused by the hydrophilic fraction of this organic matter
[68i 70]. Therefore, the additional irreversible fouling observed in this study is likely attributed

to hydrophilic substances, presumably oxidised HA, since their rejection coefficients were
lower than those of the other biomolecules, which suggests a lower average size. In this sense,
several authors have reported that the oxidation of HA increased their hydroppilicitd] by
oxidizing benzene groups into different aldehydes and carboxylic §¢Rig4] After a
subsequent reduction of the membrane MWCO to 3 kDa, the fouling profile remained similar
(slightly more irreversible than reversible fouling), proving that the molecules retained by the
PES50 membrane mainly caused reversible fouling. In this sense, Taniguchi [&T]al.
compared the fouling of PES membranes with MWCOs from 10 to 1000 kDa during the UF of
natural organic matter, and reported that membranes with lower MWCO (10 and 30 kDa)

showed higher irreversible fouling, although fouling was mostly reversible in all cases.
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Figure4.14. Rn (Y), Rev (V) and Rirev (V) after filtration with PES10 and PESS0nembranes.
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3.3.2. Fouling modelling
The fitting of the studied fouling models to the experimental data corresponding to the

filtrations with PES10, PES500 and PES5Q is shownin Fig. 4.15.
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Figure 415 Her mi a6s ( c o mp | e]ti”ermedate gporebtlookmdofi, pedial [
pore blocking -] and cake formationd] ) a n d bWk modelsgor RES10 (a), PES50
10(b)andPES58 (c) experimental fluxes (0).

Similarlytot he f il tration with the 50 kDa membranes,
in the three filtrations. This results were in accordance to those reported by PeeVast al.

related to the ultrafiltration of humic acid solutions with PES membranes. However, as it was
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discussed in the previous section, the fitting showed that this model alone could not adequately
explain the observed fouling tendency. In this case, the ultrafiltration of both the oxidised WAS
with PES10 and the permeates obtained from PES50 with PES10 and PES3 suffered a
proportionately higher irreversible fouling compared with the ultrafiltration of oxidised WAS
with the PES50 membrane, which in all cases could be mainly attributed to PPB, as it was the
seconeb e st fitting H e d.16). ah& sfact rthatdRPB rerfiainadb thee main
irreversible fouling mechanism in membranes with lower MWCO is in accordance with the
literature. Thus, it has been reported that, when filtering humic acids with PES membranes, a
bigger pore size implied a greater fouling tendency towards pore narrowing instead of pore
blocking [75]. This may indicate that the modification of the PES membrane to convert it into
PESH enlarged its pores, which led to pore narrowing due to internal pore blocking as the major

cause of its irreversible fouling.

Meht ads model fitted the data of the three
PES5010 (Table4.16) highlights the drastic initial membrane fouling. This may have occurred

due to a fast pore clogging caused by the removal of molecules of higher molecular weight.
These molecules, bigger than the pores, would have partially obstructed the access to the pores,
thus starting to form the cake layer. Without the presence of the molecules higher than 50 kDa to
favour the formation of this second barrier, smaller molecules would have entered the pores
with much more ease at the beginning of the operation, clogging the pores in a faster way. This
theory is supported by t he #t18was almdstan orderroe b
magnitude smaller than that obtained for PES10, which indicates that the concentration

polarization gradient and gel layer formation took more time to stabilise.
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Table 4.16. Fitting parameters for the adjusted models.

PES10 PES5010 PES503
Her mi aés model s
CPB Kp (min™) 2.68-10 1.65-107 1.36-107
SSR 129413.22 37272.70 596.61
IPB Ki(m™) 1.26-107 1.99-10° 5.52-10°
SSR 108753.21 33256.49 372.75
PPB Kp(m™) 1.51-10° 2.41-10% 2.32-10°
SSR 73673.60 29768.57 227.88
CF K¢ (min-m?) 3.92.10° 3.54.10° 4.12-10*
SSR 30830.14 24176.71 78.10
Meht ads model
Jp 1(LMH) 35.50 69.07 6.00
U(min™ 4.03 36.27 4.09-10
b (min™) 1.40-10 3.69-107 1.92-10°
SSR 701.32 5599.28 3.95

3.4. Infrared spectroscopy

In order to better understand the nature of the membrane materials used, as well as the

interactions between the WAS and membranes of different materials and MWCOs, FTIR

measurements were conducted on both the clean and fouled membranes.
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All PES membranes and the PESH membrane exhibited the same FTIR profile4(Hgs.
A.4.2 & A.43), characterized by small bands at 3096 and 3068 corresponding to aromatic
CH vibration; a small band at around 2964 ‘¢ncaused byo, CHs asymmetric aliphatic
stretching; two aromatic peaks Hi76 and 1484 ch[76]; and peaks at 1409, 1296 and 1147
cmt indicating the presence e8=0 residues corresponding to the polysulfone maf@i7ars]

The band appearing at 1666 trmould possibly be attributed to the presence of a preservative

agent in the membrarjé6].

The clean PAN membrane exhibited peaks at 2934 corresponding to alkane stretching, and

at 2242 cnt, resultingfromC N stretching. Additi on-#0DOcry, it
! region, indicative of alkanes. Furthermore, peaks at 1735 andch6b{Fig. A.4.3) may be
attributed to the C=C stretching of residual acrylonitrile monomers present in the membrane

[78].

After filtration, a peak appeared in the fouled PES membranes at17a35cnt (Figs.4.16 &

A.4.2), which is associated with C=0 bor{@3,79] The stretchingt 1735 crit corresponds to

an aldehyde (which may originate from the alcohols present in carbohydrates, proteins and
humic acids), while the peak at 1714 tto carboxylic acids (which are part of proteins, humic
acids and fatty acids generated during the oxidation of organic rig@igr Additionally, the
spectra of all the fouled PES membranes showed a band at 1378acnasponding to phenolic

-OH groupg[81], which are highly prevalent in humic substanf8®. These two signals were
relatively weak in the PESE00 spectrum, indicating lighter fouling of the membrane due to

low retentions.
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PES50, clean

PES50, fouled N

Transmittance (%)
D

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavelength, cm!

Figure 4.16. FTIR spectra of PES50 membranes from 600 to 4000 cm

In addition to this, a band at 950 ¢ntaused by alkene flexing, appeared only in the-B&®d
membranes that directly filtered the WAS (PES50, PESH50 and PES10), but not in the
membranes that filtered WAS permeate (PES160and PES 53). This indicates that the

molecule containing alkenes that interacted with the membrane surface was totally retained by

the PES50 membrane.

PES563 exhibited the highest level of surface interactions after filtering, which is consistent
with its predominant irreversible fouling. The aromatic bands at 3095 and 3068oanpletely

disappeared, while the aromatic peaks at 1578 and 1486nearly vanished. Similarly, the
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peaks at 1296, 1147 and 1071 Gmorresponding to the sulfone group of the membrane, were
significantly diminished. Furthermore, peaks associated-ktblonds (at 830, 699 and 626 cm
) were no longer observable. This indicates that chemical (irreversible) interactions occurred

between the foulants and both the aril and sulfone groups of the membrane.

The protein surface interaction with PESH50 membrane was confirmed by the presence of a
peak at 1651 ci corresponding to Amine[F8], and a poorly resolved shoulder at 1550'cm
attributed to Amide II[76]. There is also a potential Amide | peak at 1640"di#5] that

overlaps with the Amine | peak6].

The spectrum of the PAN membrane showed only minor changes after filtering the WAS,
indicating that most of its fouling was reversible. However, there were noticeable increases in
the intensity of certain peaks after filtration. Thus, the peak at 1661asmwell as the peaks at
1040 and 1069 crh showed an increased intensity, which are often correlated with
carbohydrateq83]. Some bands corresponding teHCbonds disappeared, indicating that
foulantmembrane interactions occurred primarily in the alkane section of the polymer rather

than the nitrile radical.

3.5. Proposal of an integrated membrane process for biomolecule

fractioning

The results here obtained were used as a basis to propasegrated membrane process to
recover valuable biocompounds from WAS in order to valorise it in the context of circular
economy. This process is based on size fractioning of oxidised WAS, thus obtaining two
purified streams, one containing carbohydrates and proteins and the other one containing humic

acids Fig. 4.17).
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Figure 4.17. Size fractioning results and proposal for carbohydrates (CH) and proteins (P), and
humic acids (HA) purification.

PES membranes were found to be the suitable material for the ultrafiltration steps of the
oxidised WAS due to their higher rejection coefficients and higher rejection differences between
humic acids and the other biomolecules (proteins and carbohydrates). In this sense, a
prefiltration with PES50 would be needed prior to the filtration with PES3 to prevent excessive
fouling and the retentate of this prefiltration would be recirculated to the feed in order to keep
the target biomolecules within the proceBlsen, the permeate of the PES50 prefiltration would

be filtered with PES3. The concentration of the biomolecules at each ultrafiltration step was
determined based on the rejection coefficients obtained in this study. Afterwards, a diafiltration
step of the retentate of PES3 filtration would take place. The high rejection coefficients of
proteins and carbohydrates (nearly 1), and the significant difference with the rejection
coefficient of humic acid would allow a concentration and purification of carbotegdend
proteins thanks to this diafiltration, while humic acid would be washed in the permeate. Proteins
and carbohydrates could then be separated by a chromatographic technique, such as expanded
bed chromatography with an ion exchange refd] or immobilised metal affinity
chromatography{85]. The permeate of PES3 filtrations, mainly consisting of a humic acid
solution, could be concentrated by nanofiltration or reverse osmasis to obtain humic fertilizer, as
reported by Li et al[27,28,86] It is important to note that the high proportion of irreversible

fouling observed during the filtration with the PES3 membrane (51.5% of total fouling) would
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pose challenges to the viability of the process. Therefore, future studies should focus on
optimizing the filtration conditions, such as investigation the critical fR& or employing
techniques like backwashing, air scour{88], membrane patternin@7], and surface coating

[89], among others.

4. Conclusions

The screening tests of membrane material showed that PES was found to be the best material
for the fractionation of humic acids and proteins from oxidised WAS, since higher rejection
coefficients and differences between these biomolecules were achieved after filtering with
PESS50, although lower fluxes were obtained compared to PESH50 and PAN50 membranes. In
particular, the rejection coefficients attained with the PES50 membrane were: 0.9Q for
carbohydrates).69+ 0.06 for proteins an@.47 £ 0.04 for humic acids (with a difference of

23% and 22% comparing carbohydrates and proteins selectivities with humic acids,

respectively).

The main fouling mechanism can be considered CF in all cases, but with an important
irreversible component in PES50 and especially in PESH50, as shown by the registance
series model. Thanks to AFM imaging, the key role of the arrangement of the surface of the
membranes and their mean roughness in flux loss was proven in all cases. The screening tests of
membrane MWCO showed that both the 50 kDa and 10 kDa PES membranes exhibited high
biomolecule retentions, reaching rates of up to 84%. However, whepetheate from the

PESS0 filtration was subsequently filtered using the PES10 membrane, lower retentions (up to
21%) were observed. Therefore, in order to fractionate the oxidised WAS, the use of PES50 and
PES3 membranes would be more adequate, the filtration with the PES50 one being necessary to
attain acceptable fluxes with the PES3 membrane. Excellent retentions af Q.@3 andD.87

+ 0.06 for carbohydrates and proteins, respectively, as well as a difference of 20% in selectivity
between proteins anduhmic acids, were obtained with the PES3 membranes, although its

efficiency was affected by a significant irreversible foulibd.6% of total fouling) Although
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CF was still the main fouling mechanism, a reduction of the membrane MWCO derived in a

more irreversible fouling, presumably due to particle pore blocking.

Based on the results here obtained, an integrated process of membrane filtration was proposed
in order to obtain purified streams of humic acids, carbohydrates and proteins. Future works
should indicate the efficiency of the suggested steps of diafiltration and nanofiltration/reverse
osmosis, and evaluate how affects the higher concentration of humic acids in the WAS in

comparison with proteins and carbohydrates on the effective separation of these biomolecules.
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1. Contact angle measurements

Representative obtainguctures of the assile water droplets, from which the contact angles

were measured, are shown in FAg.1.

Figure A.4.1. Pictures of sessile droplets on a) PES50, clean; b) PES50, fouled; ¢) PESH50,
clean; d) PESH50, fouled; €) PANSO, clean; f) PAN5O0, fouled.
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2. Infrared spectroscopy

The Fourier transform infrared spectroscopy (FTIR) spectra of the clean and fouled membranes
employed in this study are shown kigs. A4.2 and A43. Not e t hat nPES3, cl e
APES10, cleand spectra are t he-3ahdodPESIGandnt er p al

PES5010, respectively.
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Figure A.4.2. FTIR spectra of PES10, PES3, PES%0and PES53 membranes.
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Figure A.4.3. FTIR spectra of PESH50 and PAN50 membranes.
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Abstract

This study assessed the capability of various polymeric membranes to retain hazardous metals
form hydrothermally treatedvaste activatedsludge WAS). After the ultrafiltration of the
treatedWAS with flat sheet membranes of 50 kDa composed of polyethersulphone (PES),
permanently hydrophylic polyethersulphone (PESH), polyacrylonitrile (PAN) and
polyvinylidene fluoride (PVDF), it was found that the PES membrane exhibited the highest
retentions for all of the main metals (Fe, Zn, Mn, Al, Ni, Cu and Cr) with values varying from
41% to 96%, except for Pb, in which the higher value (79%) was achieved with the PAN
membrane. Foulants, including hazardous metals, were present on the surface of the
membranes, but not within the pores, thus suggesting that fouling comprised cake layer
formation. Additionally, crystal structures composed of sulphate or silicates of heavy or alkali

metals were also identified on the membrane surfaces.

Photoluminescence and absorption spectra measurements revealed that interaction of the studied
metals (Fe, Zn, Mn, Al, Ni, Cu, Cr and Pb) and humic acid can be explained considering static
guenching, implying the formation of growsthte complexes with humic acid. Formation
constants were also determined, witif Cili** and Cf* being the metal ions which formed the
strongest complex. Other mechanisms, including complexation with proteins and precipitation
may also contribute to metal retention.

Keywords: Formation constants; membrane fouling; metal complexes; photoluminescence;

sewage sludge; ultrafiltration.
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1. Introduction

Waste activated sludge (WA a hazardous residue generated duringsdoendantreatment

of urban wastewaters#ts management, which can take up to 65% of the wastewater treatment
pl ant 6s o p ewastdwater treatmentsplagty, bas arisen great concern due to the
large amounts of WAS generated, reaching around 10 million tons (dry weight) in Europe in
2019[2]; and the increasing legal regulatidBs4] imposedbecause of the toxisature of the

WAS. Currently, the standard methods for its management, includigigcultural use, land
reclamation, incineratioar landfill disposal5,6], can cause environmental and health problems
such as geenhouse gas emissiorfg], air pollution [8], terrestrial acidification and
eutrophicatiori9], increment of the presence of antibiotic resistance genes in the soil microbiota
[10], and contamination of sdily pathogen§l1], organic pollutant§l2] or heavy metal§l3].
Additionally, biogas production is also gaining attention to valorise sewage sludge because of its
high organic contertL4]. Nevertheless, anaerobic digestion requires extended processing times

and a strict control of conditiorf&5].

Heavy metals are defined asturally occurring metal/metalloglhaving an atomic number
greater than 20 and elemental density greater thguers ®, and include iron (Fe), zinc (Zn),
manganese (Mn), nickel (Ni), copper (Cu), chromium (Cr) or lead[(®B0) 7] These elements,
which have been reported to account for2b of the total solids in WAEL8], arehazardous
contaminants due to their drastic effects on health and thehdemradability and high
abundance in the environmejit6]. Furthermore, they are bioaccumulated and biomagnified
throughout the whole trophic chainwith dietary exposure being the major pathwayhi@aman
exposure to heavy meta[46,19] primarily via food cropq19], fish [20,21] and seafood
[22,23] Overexposure to these elements has carcinogenic, genotoxic, teratogenic and mutagenic
effects [24,25] and may cause endocrine disruption and various neurological and
neurobehavioral disorders even at low concentrations of expfisby25 27]. Additionally,
overexposure to other metals like aluminium (Al) may also trigger neurological disorders such

as cognitive impairment or demenjs].
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Alternative WAS management methodsicls as hydrothermal treatmer{29], fermentation
[30], ozonation[31], activated sludge proce$32], ultrasonication33J]or wor ms 6 pr edat
technology[34] do not solve the heavy metal problem, requiring another treatment specifically

for the removal of heavy metals.

To this end, membrane filtration is an interesting separation technology as it is considered a
green technology with low energy requirements. Besides, it can be easily coupled with other
processes, and is technically mat{36,36] However, due to the molecular weight of heavy
metals, membranes with a small pore size or molecular weigleffdMWCO), in the range of
nanofiltration or reverse osmosis, are required in order to retain these compounds, leading to
higher equipment and operations cd8i% 38] While ultrafiltration (UF) membranes have been
studied for heavy metal removal, their large pore size have led to the use of additives to form
complexes with the heavy metdB9,40] thus increasing operation codieverthelesswith a

proper solubilisation step, the use of additives may become unnecessary thanks to the
composition oWAS. In this sense, the interaction between heavy metals and proteins, the main
biocompound inWAS [41], through chelation or complex formation is wdbcumented
[42,43] Moreover, humic acids are also present in significant quantiti®$Ai§ composition

[44]. These compounds, with sizes between 2 and 130Q &f2acharacterized by being
amphiphilic weak acidic electrolytes with carboxylic, phenolic or quinone grgli46], and

their interaction with metals has also been repof#&d48] As previously mentioned, it is
necessary to release these biocompounds into the liquid media through a solubilisation process.
In this sense, partial wet oxidation (WO) can be considered an interesting methodology due to
its ability to both solubilise and sterilis8®AS. Besides, its feasibility at an industrial scale has
also been reported49]. Furthermore, proteins could be recovered after filtration by
precipitation[50], and concentrated humic acids could be used as ferffizérAdditionally,
membrane performance mgnificantly determined by their materigb2]. Therefoe, it is
necessary to analyse the effect of the membrane material in heavy metal separation. To the best

of our knowledge, there is no studies related to the assessment of heavy metal retention from
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WAS treated by partial WO with UF membranes. Thus, the effect of the membrane material on
the separation performance, along with the mechanism involved in retention, was carefully

studied.

2. Materials and methods

2.1. Waste activated sludge

Thickened WAS was collected from a wastewater treatment plant in northern Spain (Baifia,
Asturias). WAS solubilization was achieved by a partial WO at 160 °C and 40 bar ricin80
These mild conditions were chosen to solubM#eS and avoid the oxidation or mineralisation

of the biomolecules released into the reaction medtish A constant flow of 1200 mL/min of

O, saturated with stearand a stirring speed of 150 rpm were employ&dmnore detailed
description of the reactor can be found54]. To prevent microbial growth, sodium azide 0.1%
(w/v) was added to the oxidised WAsBd stored at 4 °C for further usagehe main physico

chemicalcharacteristics of the oxidis®&AS can be found in Tabke17.

Table 417. Main physi@l-chemical characteristics of oxidisedse activatedludge

Parameter Value
pH 5.02° 0.02
Colour number (cr) 3.8°0.1
Chemical oxygen demand (mg/O) 20500° 510
Total organic carbon (mg C/L) 8000° 10
Proteins (mg/L) 3400° 300
Humic acids (mg/L) 8400° 200
Carbohydrates (mg/L) 2750° 30

2.2. Membrane filtration

All membrane filtration experiments were performed using an FT17 @mgd-iltration Unit
(Armfield Ltd., United Kingdom), which allows to carry out tangential filtrations with-glatet

membranes. Different polymeric flaheet membranes were used for the filtration of the
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oxidised sludge: MQ (Synder Filtration), made paflyethersulphon¢PES); UH050 (Synder
Filtration), made of hydrophylipolyethersulphonéPESH); MW (Suez), made of hydrophilic
polyacrylonitrile (PAN); and BN (Synder Filtration), made of polyvinylidene fluoride (PVDF).
All membranes had a MWCO of 50 kDAIl membranes were shaped into circles with a

diameter of 9 cm , providing a filtration area of 63.62 cm2.

The conditions for the filtration experiments were set as folldaaperature 050.0+ 0.4 °C,
transmembrane pressure (TMP) of 4®.2 bar, and crossflow velocity (CFV) of 3.00 m/s.
Membranes wereonditionedbefore every experimerity running the equipmerior 30 min

with distilled water without pressure, and at the operation conditions for another 30 min.
SubsequentlyWAS was ultrafiltered without recirculation of the permeate until a volume
concentration rate (VCR) of 2.5 was reached. Permeate and retentate samples were taken
periodically and stored at 4°C for further usage. All filtration experiments were performed in

duplicate.

2.3. Scanning electron microscopy

In order to assess membrameavy metals interactions, the surface morphology of the fouled
membranes was examined by scanning electron microscopy (SEM). Additionally, compositional
analysis of deposits and elemental mapping of membrane surface were conducted. A scanning
electron microscope (JEOL JMEB10LV) coupled with energy dispersive-ray analyser

(EDX) at 20 kV was used. The membrane samples were coated with a thin layer of gold to make

them conductive before the SEM analysis.

2.4. Measurement of metal concentrations

A semiquantitative analysis was performed with an Agilent 7500ce Inductively Coupled
Plasma Mass Spectrometer (Agilent Technologies, CA, USA) to measure the concentrations of

75 metals. The eight most prevalent hazardous metals (Al, Cu, Fe, Mn, Ni and Zn) were
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guantitatively determined in both the permeate and retentate using the same apparatus. Their

rejection coefficients (R) were calculated according to Eq. 1:

8« .
Ri= 1" (1)
Ore
Where6 ; and0 ; arethe concentration of thmetalii 6 i n the permeate and

respectively.

The internal standards used wé&igc for Al, and'*Rh for Cu, Fe, Mn and Ni.

2.5.Photoluminiscence and absorption spectra measurements

Photoluminiscence spectraeasurementsere conducted to measutee quenching of humic
acids and proteins with metaldn addition, absorptionspectra measurements were maae

determine the characteristics of the interacbhetween humic acids and proteins with metals

2.5.1. Instruments

The Edinburgh Instruments FS5 assembled with a 150W continuous and pulkedpXeas
used to record fluorescence spectra and lifetime measurements (405 nm ps laser). Determination

of lifetime can be obtained from Eq. 2:
0o "M ownort (2)

Where | refeis to intensity at different timeandU represergthe decay time.

2.5.2. Experimental

Aliquots of each metal solution (1000 ppm in water) wiadkvidually added to a series of 10
mL volumetric flasks. Subsequently, 1 mL of phosphate buffer solution (pH 5.05; 0.1 M), 0.1
mL of humic acid solution (1000 ppm in water), and M@lliwater were added to reach a final

volume of 10 mL.
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To measure the fluorescence spectra for each solution, the excitation wavelength was fixed at
297 nm and was used to record the emission spectra. For lifetime measurements, samples were

irradiated with a 405 nm laser, and fluorescence decay was recorded at 513 nm.

To investigate the formation of metal ion complexes, fluorescence quenching was measured. In
this sense, fluorescence quenching usually refers to nonradiative energy transfer from an excited
species to other molecul¢s5] and it has been used as a basis for determination of analytes

using the spectrofluorimetric technique.

Fluorescence quenching can be static (complex formation) or dynamic (collisional) quenching
[56,57] Collisional quenching of fluorescence is described by Stelmer equation (Eq. 3)

[58].

% p Qt 0 p 0 O ©)
Where Fp and F are the fluorescence intensities in the absence and presence of quencher,
respectively; kis the bimolecular quenching constdiis the lifetime of the fluorophore in the
absence of quencher and Q is the concentration of quencher. Th&/@teen equation can be
derived by consideringfluorescence intensities observed in the absence and presence of

guencher and thieq. 4 can be obtained:
T .
T p Qt o 4

This equation illustrates an equivalent decrease in fluorescence intensity and lifetime for

collisional guenchindEq. 5)
ot
- 5
o T (5)

In static quenching, nonfluorescent grotsidte complex are formed between the fluorophore
and quencher. The dependence of the fluorescence intensity on quencher concentration is

derived by association constant for complex formation (Eq. 6):
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"O 0
"0 0

(6)

Where [F-Q] is the concentration of the complex, [F] is the concentration of uncomplexed
fluorophore and [Q] is the concentration of quencher. The total concentration of fluorophore

[Flois given byEqg. 7

O O O v (7

o 0 0 :
O —57 o5 T ®
0 i
© . 9
o P 00 9)

In static quenching the complexed fluorophores are nonfluorescent, and the only observed
fluorescence is from uncomplexed fluorophores. Therefore, for static quendfitkg in
contrast to dynamic quenching (Eqg. 5). In this sense, measuring fluorescence lifetime is the

most definitive method to distinguish static and dynamic quenching.

3. Results

3.1. Scanning electron microscopy

The morphology of the ambrane surfaces was analysed by SEM. Imaging at x15000 augments
(Fig. 4.19) highlighted the differences between membrane morphologies: PES and PESH
membranes displayed a highly cracked surface, PVDF had a slightly cracked surface, and PAN
surface was smooth. These differences on the membrane surface can be due to the different

manufacturing methods, and could imply differences between the selective and support layers of
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the different membranef59], which can be related to their different permeabilities and

selectivities.

x15,000  1pm . x15,000 1pm o)

X15,000 fpm  e— X15,000 fpm  e—

Figure 4.19. SEM images of pristine membrane surfaces of PES (a), PESH (b), PAN (c), and
PVDF (d)

After filtration, a crust was formed on top of the membrane surface, indicating the formation of
the fouling cake (Fig. 4@. Additionally, deposits with crystal structures of various

morphologies were also identified on the fouled membrane surfaces
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U X15000 Apm  —

x15,000 1l R x15,000 1pm  SSS—
/ =

Figure 4.20. SEM images of fouled membrane surfaces of PES (a), PESH (b), PAN (c), and
PVDF (d).

EDX analysis allowed us to determine the average elemental composition of both the clean and
fouled membranes, as well as the specific composition of different parts/points. In this sense, C,
N and S were identified in PES and PESH clean membranes, with average concentrations (%
wt.) of 60+ 2%, 26+ 3% and 12 2% for PES and 50.50.6%, 33+ 1 % and 14.& 0.3% for

PESH, respectively. For PAN clean membranes, the identified elements weretQ¥e7 N

(26 £ 3%), and O (& 1%). In the case of PVDF clean membranes, the elements weretC (36
1%) and F (6 1%). Additionally, Na (found in both PES and PESH) and CI (found in PES)
were detected in very low concentrations (from 0#48.01% to 1.2+ 0.3%) in the clean
membranes. This can be explained by considering slight surface contamination during handling

or storage.

Regarding the fouled membranes, EDX analyses highlighted the significant changes in the
elemental composition of the membrane surfaces, providing insights into the nature of the
deposited fouling on the membranes. After the filtration of WAS, nitrogen (N) was detected in

various deposits across all fouled membranes, i.e. PES, PESH, PVDF and PAN, obtaining

concentrations between 2.75 to 35.01 %wt. This indicates the retention of nitrogenated
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compounds like proteins and humic acids (Fig. 4.21, Fig. 4.22Tabte A4.1). Besides,
sulphur (S) was also identified in the fouled membranes of PES, PESH and PAN, with values up
to 9.8 %wt, which also suggested the retention of sulphsed compounds like proteins.
Additionally, the EDX results of the crystal structures observefign 4.20 suggested the
presence of Gaontaining precipitates, although other metals, such as Si and Al, as well as

heavy metals (Fe and Cu), were also observed in PAN fouled membrane @tigad21A).

In order to delve into the nature of this superficial fouling, a-@mnm filtration experiment was

made with the PESnembrane (Fig. 41B). EDX analysis of this highly fouled membrane
showed the presence of metals (Al and Si), heavy metals (Fe) and nutrients (P, Cl, K and Ca),
indicating effective retention of at least these elements during the filtration with the 50 kDa

membrane
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2 57.56  35.01
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Figure 4.21 EDX analysis of the fouled PAN (A) and thighly fouled PES (B) membragsdall results in %wt).
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0.20
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0.08
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EDX analysis of the inner structures of the fouled membranes did not reveal the presence of
metals, unlike the membrane surfaces, as illustrated by the example of(PigS#.22).This
suggested that at least a significant amount of the metals and heavy metals was retained either
on the membrane surface or embedded in the cake layer atop of the membrane, not being
present in the pores. This observation may also imply that the structures in which the metals
were complexed were larger than the pore size of the 50 kDa membranes. The retention of the
Pb, Cu and Cd through the cake layer during the ultrafiltration of extracellular polymer
substances (EPS) from excess sludge was also reported by Ca{6@} aking a membrane

with a MWCO of 10 kDa
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Spectrum C N (@] Si S Ca Fe
1 39.38 14.20 34.32 0.67 8.62 0.62 2.18
2 4483 12.31 2865 0.75 11.07 0.26 2.14
3 47.20 13.25 24.67 057 1258 0.47 1.26
4 59.67 n.d.* 2447 065 1330 0.28 1.62
5 43.25 14.67 2427 112 1431 0.07 2.31

n.d.*: not detected

Spectrum C N (6] S

1 5740 9.81 23.06 9.72

Figure 4.22. EDX analysis of the superficial (A) and inner (B) fouled PESH memiaheesults in %wt).
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Elemental mapping of therosssectional SEM images of the fouled membranes confirmed the
absence of metals inside the membranes, indicating that metal retention occurred exclusively at
the membrane surface level (Fig. 4).2Differences were observed not only on the membrane
surface but also in the inner membrane morphology, depending on the material @igAl4.2
membranes consisted of a selective layer, comprised a thin, dense top layer and a porous sub
layer, along with a supporting fibre layer. The PVDF membrane also édlasur outer sponge

layer, with the porous layer positioned between the sponge and the support layer. This structural
configuration resulted from the use of more concentrated poly®igr as reported in other

PVDF membrane studig62]. The aim was to reduce pore wetting while reducing membrane
tortuosity and, consequently, increasing water f[68,64] PAN and PESH membranes
exhibited a thinner porous layer and thicker fibres in the support layer, potentially contributing

to their higher permeability and lowselectivity.
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X300 50pM  —

X300 SOpm  e—

X300 S50um  e— X300 S0UM  se—

X300 S0pM  e—

Figure 4.23. Crosssectional SEM images of clean (.c) and foulddmembranes for PES (a),
PESH (b), PAN (c), and PVDF (d).
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The distribution of the selective and support layers could be better appreciated with the EDX
mapping(Fig. 4.24) A dense layer of sulphur in the porous layer of the PES membrane, fluorine

in the porous layer of the PVDF membrane, and more subtly, nitrogen in the porous layer of the
PAN membrane (indicating a higher presence of their corresponding monomers on those areas)
revealed that the selective layer was concentrated at the contact surface of the membrane,
forming part only of the porous or macro void structures. This observation is particularly
significant for the PVDF membrane. The absence of fluorine in the outer sponge layer
highlighted that the selective layer is sandwiched between the sponge and the fibre layers. In
contrast, a network of sulphur can be identified throughout the entire support layer of the PESH

membrane, in addition to the sulphur present in the porous layer.

After membrane filtration, changes in the morphology of the membranes were identified. In this
sense, a compaction of the support fibres and/or of the selective layer was observed at different
levels in PES, PESH and PVDF membranes. Membrane compaction can lead to an irreversible
flux loss and affect separation efficienf85], even when it occurs in the support lay@8].
Strikingly, the PAN membrane suffered a decompaction after filtration, resulting in an increased
size of its fingedike macro void sulayer. This might be indicative of a manufacturing defect,

or more severe damage of the membrane.
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Figure 4.24. EDX elemental mapping of therosssectional SEM images of clean (.c) and
fouled (.f) membranes for PES (a), PESH (b), PAN (c), and PVDF (d).

Apart from morphology changes, no new elements were detected in thesectssal

mappings, indicating that fouling did not occur at a pore level. On the contrary, as observed
during the EDX analysis, various foulants were present on the surface of all the membranes
(Fig. 4.25).Structures of calcium, copper and zinc sulphates, magnesium silicate, phosphates, as

well as calcium, magnesium, aluminium and iron oxides were identified on the different
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membrane surfacéfig. 4.25, Figs. A.44). Furthermore, elements like Fe and N were evenly
distributed on the fouled surfaces PES, PESH and PAN membranes. Besides, even distributions
were also observed in the foulants (Al, Si, Fe, Ca, K, Mg, N and P) of the highly fouled PES
membrane. This is indidae of reversible fouling since they did not form part of any

recognizable particlgg7].

PES, ¢lean

Figure 4.25. EDX elemental mapping of clean, fouled and highly fouled PES membranes.
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3.2. Membrane retention

As previously indicated, the semuantitative metal analysis showed that the hazardous metals
in present in higher concentrationsWAS were Fe, Zn, Mn, Al, Ni, Cu, Cr and Pb, in that

order. A quantitative analysis of these 8 metals provided their initial concentrations, which are

shown inFig. 4.26.
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Figure 4.26. Concentrations of the eight most present heavy metals oxitised waste
activatedsludge.

Contrary to expectations based on the-aftitsize of themembranes and in line with the
findings from the EDX analysis, all metals were significantly retained by the four 50 kDa
membranes (Fig. 472. The highest retentions were achieved with the PES membrane for all
metals, except for Pb, which exhibited the highest value in the PAN membrane. Remarkably
high retentions, reaching up to 96% (Al retention with the PES membrane) were obtained. Even

the least retained metal, Mn, showed acceptable mean retentions (41% with the PES

membrae).
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Figure 4.27. Mean heavy metal retentions with PES, PESH (), PAN (/) and PVDF ()
membranes.

The metal retention by the 50 kDa membranes could be explained by various mechanisms,
including metal precipitation @omplexation with macromolecules present in\i#eS, such as
proteins, carbohydrates or humic acids. In this sense, Juang [6BJabbserved increased
retention of Cu(ll), Co(ll), Ni(ll) and Zn(ll) retention with membranes of 10 and 30 kDa,
achieved through complexation with chitosan (a high molecular weight carbohydrate) and
precipitation induced by pH shifting. Thus, the effect of pH proved to be crucial, as retentions
increased from below 0.2 to almost 1 after shifting the pH to values over 6, due to the formation
of crystal precipitates. To investigate whether complexation with metals occurred,
photolumiscence and absorption spectra measurements were carried out. As thengtatein
interaction has been thoroughly studjéd,69 71], andgiventhe prevalence of humic acids in

the oxidisedWAS, these measurements aimed to determine the formation ofhoetal acid

complexes, and their formation constants.
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3.3. Analysis of the formation of metathumic acid complexes:

photolumiscence and absorption spectra measurements

Firstly, fluorescence lifetime was measured to assess whethguémehing between every
metal and humic acid was static or dynamic quenching; i.e., if the foormationetathumic

acid complexes was taking place in the oxidised WAS.

Table4.18 confirmsthat for every metal the quenchieffect is due to statiquenching, thereby

proving that these metals can form growtate complexes with humic acid.

Table 4.18. Lifetime measured for 10 ppm humic acid water solution and humic acid water
solution with 20 ppm for each metal element.

Lifetimes (ns)

d ¢ ¢ 2
Humic acid 0.8 3.5 7.6 1.2
@ O & O W 0
Fe 1 1.03 1
Cu 1 1 1
Ni 0.9 1 0.99
Cr 1.15 0.95 1.03
Zn 1.15 1 1
Pb 1 1.07 0.97
Al 1.15 0.95 0.97
Mn 0.9 1 1.04

The formation constant for the reaction can be calculated Esing. SternVolmer plot for
fluorescence quenching at 513 nm betweghk Bnd [Q] were found lineamd the slop gives
the formation constant between humic acid anetal Fe is depicted irFig. 4.28 as an

examplg. Table4.19 shows the calculated formation constant for each metal ion.
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Figure 4.28. Left: Effect of concentration of Fe(Nf3.9H,0 (0, 0.37, 0.52, 1, 1.49, 2, 2.39*
mol/L) on fluorescence intensity of humic aciRight SternVolmer calibration curve of
Fe(NG)s3.9H.0.

Table 4.19. Calculated formation constant between humic acid and each metal ion.

Ks (M™)
Fe* 7000 + 417
cu? 60053 + 3220
Ni2* 18676 + 965
Cr® 11639 + 379
Zn% 4350 + 152
Pb?* 738+ 96
Al® 822 + 40
Mn 3 1573 + 116

The observed formation constamtslicated strong complex formation betwe@da’*, Ni** and

Cr** with the measured humic aciduggesting a significant role of complexation in the

retention of these three metal species.

Despite its notable affinity for humic aci@?* is welFknown for forming stable complex with

proteins[72i 74]. However, Af* and Fé* exhibited higher retention than this metal.
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